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Who in their right mind would ever mix enantiopure mole-
cules to make a racemate, after going to all the trouble to
make them? This question is addressed in the Concept by
D. P. Curran and Q. Zhang on page 4866 ff. A short history
is provided, the terms are defined and illustrated, and
recent applications of quasienantiomers, quasiracemates,
and related species are reviewed.
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Quasienantiomers and Quasiracemates: New Tools for Identification,
Analysis, Separation, and Synthesis of Enantiomers


Qisheng Zhang[a] and Dennis P. Curran*[b]


History and Definitions


In 1874, van$t Hoff and Le Bel independently proposed that
a tetravalent carbon is tetrahedral, thereby laying the molec-
ular basis for chirality and stereoisomerism. All stereoisom-
ers were later grouped into the now familiar classes of
“enantiomers” or “diastereomers”, and the basis for chirali-
ty was extended beyond tetrahedral atoms to include axial
(helical) and planar chirality.


Eliel defines an enantiomer as “one of a pair of molecular
species that are mirror images of each other and not super-
imposable”.[1] All enantiomeric pairs must be stereoisomers


since non-isomers can never reflect each other in a mirror.
“A composite of equimolar quantities of two enantiomeric
species” is the familiar “racemate”. Diastereomers are “ster-
eoisomers not related as mirror images”. These definitions
are unambiguous, though the definition of diastereomers
based on exclusion rather than inclusion reflects the fre-
quent conundrums in defining familiar concepts in organic
chemistry.[2]


Enantiomers based on tetrahedral carbon have the gener-
al formula Cabcd where C is the stereogenic carbon bearing
four different groups a–d. All molecules with a single stereo-
center are chiral and therefore not superimposable on their
mirror images. The generic case is exemplified by (+)- and
(�)-chlorosuccinic acid 1 a, as shown in Figure 1.


Abstract: The old adage “never mix pure organic com-
pounds” holds in spades for enantiomers. After going to
all the trouble to make enantiopure molecules, who in
their right mind would ever mix them to make a race-
mate? Quasienantiomers are almost enantiomers, but
not quite. Yet unlike enantiomers, the interest is not so
much in separating them but in mixing them to make
quasiracemates. This backwards thinking opens new
possibilities for identification, analysis, separation and
synthesis of enantiomers. A short history is provided,
the terms are defined and illustrated, and recent appli-
cations of quasienantiomers, quasiracemates and related
species are reviewed.
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In 1899, Centnerszwer discovered that the phase behavior
of a 1:1 mixture of (+)-chlorosuccinic acid (+)-1 a and (�)-
bromosuccinic acid (�)-1 b was very similar to that of the
corresponding true racemic compounds.[3,4] The compounds
are not isomers and cannot be enantiomers. But they have
an obvious “almost mirror image” relationship. Such com-
pounds later came to be called “quasienantiomers”, and it
follows that a 1:1 mixture of quasienantiomers is a “quasira-
cemate”. Centnerszwer$s observations laid the foundation
for the “method of quasiracemates” discussed below.


Eliel defines quasienantiomers as “heterofacially substi-
tuted tetrahedral molecules Xabcd and Xabce” with e taking
the place of d but on the opposite face of the abc plane.[1]


The definition nicely accommodates (+)-chlorosuccinic acid
and (�)-bromosuccinic acid and many other related pairs of
molecules. But it is at the same time too narrow and too
broad. Too narrow because it does not encompass molecules
like (S)-BINOL (S)-2 a and (R)-F8BINOL (R)-2 b that do
not have tetrahedral atoms. And too broad because d and e
can be anything so long as they are not the same. The sense
of quasienantiomers is that d and e should be similar but
not the same.


We define quasienantiomers to be any pair of compounds
that can be turned into true enantiomers by slightly chang-
ing the chemical composition of one or more substituents.
So quasienantiomers are “almost enantiomers”, but not
quite. This definition is of necessity vague. The ersatz defini-
tion of quasienantiomers as “almost enantiomers” is readily
extended with equal ambiguity to “quasidiastereomers”,
“quasi-isomers”, “quasimeso compounds”, and so on.


The terms “pseudoenantiomer” and “pseudoracemate”
are often used interchangeably with quasienantiomer and
quasiracemate. But we follow Eliel$s lead[1] in discouraging
the use of the “pseudo” prefix in this context because the
word “pseudoracemate” has another well established mean-
ing—it is one of the three possible crystalline forms of true
racemates. The term “pseudoracemate” should be reserved
for its use as a crystal form, and it follows that the term
“pseudoenantiomer” should not be used at all. The words
quasienantiomer and quasiracemate are sometimes hyphen-
ated (quasi-enantiomer, quasi-racemate), but we recom-
mend the spelling without hyphenation. “Quasi” is a prefix
and prefixes are not customarily separated from their nouns
by hyphenation.[5]


In short, nix the hyphen, quasi ¼6 pseudo, and a precise
definition of quasienantiomers is neither possible nor even
desirable. Like beauty, quasienantiomerism is in the eye of
the beholder. In this article, we behold the field of quasi-
enantiomers and quasiracemates and strive to convince the
reader that there is beauty here as well as practicality.


Properties of Quasienantiomers


Enantiomers must come in pairs that share the same physi-
cal and spectroscopic properties but differ in optical rota-
tion. Likewise, they have the same chemical reactivity and


chromatographic mobility under achiral conditions but can
differ under chiral conditions. None of these considerations
necessarily applies to quasienantiomers. A given chiral mol-
ecule has a virtually limitless number of possible quasienan-
tiomers whose properties are subject to design and therefore
limited only by imagination. So individual properties of
members of pairs of quasienantiomers can range from being
effectively identical to being as different as night and day.


Consider, for example, the quasienantiomer pair (S)-3 a
and (R)-3 b shown in Figure 2. These differ only in the iso-
topic composition of the acetyl methyl group (CH3 and
CD3). Such isotopomers will have similar—almost identi-
cal—chemical, physical, and chromatographic properties[6] in
most aspects. Barring unusual isotope effects, a quasirace-
mate made of these two compounds should behave very
much like either true racemate. Like true resolutions, the
separation of this mixture into its quasienantiomeric compo-
nents would probably require a chiral resolving agent. But
the quasienantiomers differ in molecular weight by 3 amu.
This difference is readily detected by mass spectrometry and
forms the basis of a number of screening techniques for
asymmetric reactions discussed below.


In contrast, now consider the quasienantiomeric pair (S)-
4 a and (R)-4 b ; the former is a material by virtue of the
linkage to polystyrene while that latter is a small molecule.
The physical properties of (S)-4 a are dominated by the
polystyrene and are very different from (R)-4 b. Separation
of 4 b and 4 a by filtration, the equivalent of a resolution, is
trivial.


So unlike enantiomers, which have fixed properties, the
properties of quasienantiomers can be tuned to be similar in
many respects but different in one or more key respects.
The varying differences and similarities of quasienantiomers
dictate their unique applications in identification, analysis,
separation, and synthesis of enantiomers.


Diastereomers as Quasienantiomers


Certain pairs of diastereomers with near-mirror-image rela-
tionships are sometimes referred to as quasienantiomers.


Figure 2. The variable properties of quasienantiomers.
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Nature provides classic examples with cinchona alkaloids
such as quinine 5 a and quinidine 5 b shown in Figure 3.
These have opposite configurations at C8 and C9, but are
not enantiomers because they have the same configuration
of the vinyl group on the quinidine ring. These and related
molecules tend to behave as if they were enantiomers in cat-
alyzing assorted asymmetric transformations including con-
jugate additions, ketene cycloadditions, and dihydroxyla-
tions, among others.[7,8]


Diastereomers are typically used as quasienantiomers as a
convenience because the true enantiomers are not readily
available. In other words, the same properties are sought
and not different ones. This differs fundamentally from the
use of non-isomers as quasienantiomers, where at least one
key property is different. In the applications of quasienan-
tiomers described below, it is typically the quasiracemate
that is of interest. A quasiracemate formed by mixing equal
quantities of quinine 5 a and quinidine 5 b (which, strictly
speaking, is simply a mixture of diastereomers) is of little
use for asymmetric catalysis because it is expected to
behave more or less like a true racemate. However, because
diastereomers are fundamentally different, essentially all of
the applications of quasienantiomers described below in a
“non-isomer” mode can also succeed in principle in a “dia-
stereomer” mode.


Quasienantiomers as Tools for Enantiomer
Identification: The Method of Quasiracemates


Although it has been eclipsed by more powerful spectro-
scopic and crystallographic methods, the “method of quasi-


racemates” was formerly an important method for assign-
ment of absolute configurations of unknown compounds.[9]


Briefly, when two very similar quasienantiomers (such as
(+)-chloro- and (�)-bromosuccinic acid in Figure 1) are
mixed, a “quasiracemate” that shows similar phase behavior
to a true racemate may be formed. In contrast, the combina-
tion of the homofacial pair ((+)-chloro and (+)-bromosuc-
cinic acid) shows a eutectic behavior of a typical conglomer-
ate. More generally, the difference in ideality of phase be-
havior can often be used to assign absolute configuration of
a molecule if a close analogue of known configuration is
available because the heterofacial (quasienantiomeric) com-
bination of molecules almost always deviates more from ide-
ality than the homofacial combination.[10]


In a related method, cocrystallization of a pair of quasi-
enantiomers, one of known absolute configuration and the
other of unknown configuration, followed by X-ray crystal-
lographic analysis of the quasiracemate can directly yield
the absolute configuration of the unknown component.
Again, the method is limited since the pair of compounds
must yield suitable crystals. In an interesting application to-
wards crystalline supramolecular architectures, Wheeler and
co-workers conducted a series of experiments with quasi-
enantiomers as building blocks for crystal design and
growth.[11]


Quasienantiomers as Tools for Enantiomer
Analysis


The coupling of a suitable mass spectrometric assay with a
pair of quasienantiomers of differing mass is the key ele-
ment featured in a number of simple yet powerful assays of
enantiomer reactivity or composition. These methods share
the feature that a mass code provides information about
each of an individual pair of true enantiomers (which have
the same molecular weight) from a pair of quasienantiomers
(which have different molecular weights).


A key step in the development of most chiral drugs is the
study of the ADME (absorption, distribution, metabolism
and excretion) properties of both enantiomers of the drug.
Because even very small structural differences can cause sig-
nificant changes in complex organisms, the use of non-iso-
meric quasienantiomers is not suitable for such studies. In-
stead, pharmacologists often gain such information by using
a quasiracemic mixture of isotopomers.[12] In a typical exam-
ple, six healthy volunteers received doses of the calcium an-
tagonist (R)-gallopamil (R)-6 and its dideuterated (S) enan-
tiomer [D2]-(S)-6 (Figure 4).[12c] Various fluids were collected
and gallopamil and its metabolites were assayed by mass
spectrometry to provide information about metabolism
paths, clearance and serum protein binding as a function of
configuration. Appreciable stereoselectivity was observed in
a number of the processes.


Organic synthesis shares with pharmacology the common
need to study the chemical behavior of pairs of enantiomers.
But because reactions in flasks are both less precious and


Figure 3. Diastereomeric alkaloids are sometimes called quasienantiom-
ers.
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less capricious than reactions in organisms, the synthetic
community adopted the practice of separately reacting and
analyzing each individual enantiomer. However, the advent
of parallel screening of catalysts has stepped up the need for
simple and rapid yet accurate analyses of enantiomer ratios,
and an assortment of imaginative new assays have ap-
peared.[13] Among these, the assays based on quasiracemates
coupled with mass spectrometry[14] are of broad applicability
and offer attractive features.


Reetz and co-workers launched the application of mass
spectrometry in high-throughput detection of asymmetric
catalysis and biotransformations by isotopically labeling one
of the starting enantiomers of a racemic pair. In a demon-
stration example (Scheme 1), a quasiracemic mixture of (S)-
7 and [D5]-(R)-7 was used to mimic racemic glycidyl phenyl
ether in a hydrolytic kinetic resolution by the enzyme epox-
ide hydrolase.[13a] To determine the ee of the products (S)-8
and [D5]-(R)-8, the crude reaction mixture was analyzed by
ESI-MS. The areas below mass traces at m/z 191 and 196
(both as [M+Na]+) for the nonlabeled and labeled quasi-
enantiomers of diol 8 were integrated against a standard to
provide the enantiomeric excess. Likewise, information on
the efficiency of the epoxide hydrolase can also be obtained
by integration of the peaks at m/z 173 and 178, which corre-
spond to the remaining epoxides (S)-7 and [D5]-(R)-7.


These techniques do not require the chromatographic sep-
aration of enantiomers or quasienantiomers of the products
involved, and provide a fast and accurate way to determine
the enantioselectivity and conversion for a library of ligands
or catalysts in a given reaction. The reliability of the method
is generally comparable to that of methods based on chro-
matographic analysis over chiral stationary phases. The prin-
ciple is not limited to mass spectroscopic analysis, and NMR
and IR spectroscopy have also been used.[13d–f]


This strategy can also be applied to the desymmetrization
of quasimeso compounds. In this application, the quasienan-
tiomers are generated during the reaction. The isotopically
labeled quasimeso compounds must be enantiopure or
highly enantioenriched. As demonstrated in Scheme 2,
lipase-catalyzed hydrolysis of the quasimeso compound 9
provides a mixture of quasienantiomeric products 10 a and
10 b.[12b] Again, no separation is needed and the difference in
the mass of the quasienantiomers reflects the selectivity of
the desymmetrization process.


Analyses that require the preparation and mixing of qua-
sienantiomeric substrates are convenient for screening one
substrate against many catalysts, but not for screening many
substrates against one catalyst. The attachment of mass
coded tags to reaction products offers an attractive alterna-
tive for substrate screening since a single tag can be used for
many different reaction products.


Siuzdak, Finn and co-workers measured the ee of samples
of chiral secondary alcohols by coupling them with mass
coded quasienantiomeric acids (S)-12 a and (R)-12 b.[15] An
extension of the classic Horeau method for determination of
configuration of secondary alcohols, the method is founded
on the principle that reactions of the enantiomers of 11 with
acids (S)-12 a and (R)-12 b provide diastereomeric products
13 a,b and should therefore occur at different rates. The ee
values of the samples can be calculated simply from the in-
tensities of the appropriate peaks in the mass spectrum and
the selectivity factor (s) for the reactions involved. The
method has suitable accuracy for high throughput screening
and is convenient because no separation is involved.


This method is a parallel kinetic resolution, and such reac-
tions are described in detail for enantiomer separation
below. However, because the goal is analysis and not separa-


Figure 4. Structures of (R)-gallopamil and [D2]-(S)-gallopamil.


Scheme 1. Mass coded analysis in enzymatic hydrolysis of quasiracemate
7.


Scheme 2. Lipase-catalyzed hydrolysis of quasimeso compound 9 gives
quasienantiomers 10 a and 10 b.
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tion, a high selectivity factor is not needed; selectivity fac-
tors between 2–2.5 proved suitable for analysis with (S)-12 a
and (R)-12 b (Scheme 3). Indeed, high selectivity factors are
not desirable since there becomes a risk that the slower re-
acting enantiomer is not completely consumed (the analysis
assumes 100% conversion and yield of both enantiomers).


In a recent new direction, Markert and Pfaltz[16] pointed
out that screening based on product analysis does not neces-
sarily represent the inherent se-
lectivity of a chiral catalyst due
to potential unselective back-
ground reactions, catalytically
active impurities and partial
dissociation of a chiral ligand
from a metal catalyst. They in-
troduced a complementary ap-
proach that focuses on the de-
tection of the catalytic inter-
mediates instead of the precur-
sors or products, and exempli-
fied this in a setting of
palladium-catalyzed allylic alky-
lation.


The kinetic resolution of al-
lylic esters by palladium-cata-
lyzed substitution is generally
thought to occur via a cationic
palladium–allyl complex, and is
thus suitable for the examina-
tion of the catalyst-reactant
complexes. Pfaltz and co-workers probed the relative rate of
formation of complexes from quasienantiomer precursors as
shown in Scheme 4. Quasienantiomers (S)-14 a and (R)-14 b
were treated with in situ generated catalysts in the presence
of the sodium salt of ethyl malonate. After 2 min at room


temperature, the reaction mixtures were directly analyzed
by ESI-MS. The peaks at m/z 1118 and 1132 correspond to
the quasienantiomeric reactive intermediates 15 a and 15 b,
and the ratio of their intensities (9:91 in this case) repre-
sents the selectivity imparted by the ligand in the reaction.
By using this technique, Pfaltz and co-workers were able to
identify several ligands from a library of 60 members with
selectivity factors of >20.


Since the ligand is still bound to the metal center in the
intermediates detected, Pfaltz$s method makes the evalua-
tion of several chiral ligands in one reaction possible.
Indeed, by lowering the reaction temperature from +23 to
�78 8C to minimize ligand exchange, the catalytic efficien-


Scheme 3. Determining ee by mass coded tagging with parallel kinetic resolution.


Scheme 4. ESI-MS Screening of ligands for the kinetic resolution of quasiracemate 14.
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cies (stereoselectivities and relative rates) of five different
chiral ligands were evaluated in a single reaction.


Although it could be potentially highly attractive, Pfaltz$s
strategy has to be used with scrutiny. Detailed knowledge of
the reactive intermediates of the reaction has to be available
for the experiment planning so that the mass readout is rele-
vant to the goal. Nonetheless, the use of a pair of quasienan-
tiomers instead of a racemic compound for catalyst screen-
ing opens a creative new avenue to identifying better cata-
lytic systems for suitably well understood reactions.


Quasienantiomers as Tools for Enantiomer
Separation


Enantiomers can be separated by combining them with
chiral resolving agents in reactions that are under either
thermodynamic control or kinetic control.[17] Reactions
under thermodynamic control include the formation of salts
from chiral acids and bases, while reactions under kinetic
control include familiar kinetic resolutions with enzymes
and other chiral catalysts or reagents.


It is, of course, not possible to resolve a racemic substrate
with a racemic resolving agent. However, if the resolving
agent is instead a quasiracemate, then both enantiomers of
the substrate can in principle be simultaneously resolved in
processes called parallel thermodynamic or parallel kinetic
resolutions. The quasienantiomers of the resolving reagent
or catalyst must be designed to react selectively with one of
the enantiomers of the substrate. They can also be designed
to have different chromatographic or physical properties for
easy separation of the products through chromatography or
filtration.


Consider the general case of resolution of a racemic acid
(R/S)-A with a racemic base (R/S)-B in Figure 5. Salts
(R,R)-AB/(S,S)-AB and (R,S)-AB/(S,R)-AB are diastereom-
ers and therefore do not have to be formed in a 1:1 ratio.
Presumably, the thermodynamic ratio is generally obtained.
However, even if these diastereomeric salts are readily sepa-
rable, each is racemic so no resolution has occurred. Now
consider the case where one of the components, here base
B, is a pair of quasienantiomers with one of the enantiomers,
here (S)-B*, bearing a phase tag.[18] After salt formation, the
product is readily bifurcated into two fractions based on the
presence or absence of the tag. Now, the diastereoselectivity
of the tagged and untagged products equals the diastereose-
lectivity of the original salt forming reaction. Breaking the
salts by neutralization then provides enantioenriched sub-
strates (R)-A and (S)-A in ee values that equal the diaster-
eoselectivity of the salt forming reaction along with the re-
covered quasienantiomers of the resolving agent B and B*.
We call this process “parallel thermodynamic resolution”.


In 1993,[19] Bergbreiter and Zhang resolved racemic 10-
camphorsulfonic acid (CSA) with a pair of quasienantiomer-
ic amines (Scheme 5) (R)-17 a (with a polyethylene phase
tag) and (S)-17 b (with no phase tag). These amines form di-
astereomeric salts with CSA in an 82:18 ratio. In the resolu-


tion experiment, a 1:1 mixture of (R)-17 a and (S)-17 b was
heated with racemic CSA (2 equiv) in toluene at 110 8C for
20 min to achieve the complete salt formation. Salts derived
from the polymeric amine (R)-17 a are not soluble in cold
toluene while those from (S)-17 b are, so cooling the reac-
tion mixture to room temperature and filtration provided
the polyethylene solid fraction enriched in (R,S)-18 a. The
ratio of the salts of (S,S)-18 b to (S,R)-18 b in the soluble
fraction was measured by polarimetry to be 18:82. Neutrali-
zation of the soluble fraction then provided (+)-CSA in
64% ee, which corresponds to the original diastereoselectivi-
ty of the salt forming reaction (82 � 18 = 64). While the
analysis of the polymeric salt was not reported, it presuma-
bly also has an 82:18 ratio of diastereomeric salts and would
provide (�)-CSA in 64% ee after neutralization.


Figure 5. Parallel thermodynamic resolution of enantiomeric acids A with
quasienantiomeric bases B/B*.


Scheme 5. Resolution of (rac)-10-camphorsulfonic acid with quasienan-
tiomeric amines 17.
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While the ee of Bergbreiter$s resolution is modest, the
concept is clear and readily extendable to many types of
quasiracemic acids and bases and other resolving agents. In
principle, both enantiomers of a substrate can be obtained
in a single parallel thermodynamic resolution in an ee that is
determined by the reaction under thermodynamic control.
Reactions with sufficiently high equilibrium free energies,
say 3 kcalmol�1 or so, have the potential to provide both
enantiomers in quantitative yield in effectively enantiopure
form.


The separation of two enantiomers with the aid of an irre-
versible asymmetric reaction is the standard technique
called kinetic resolution.[20] However, a major drawback of
classical kinetic resolutions is that enantioselectivity de-
creases as the conversion increases due to the negative ef-
fects of mass action as reaction progresses. For a practical
kinetic resolution, a selectivity factor (s) must be >100 to
achieve a very high ee of both possible products at about
50% conversion. Of course, attempting a kinetic resolution
of a racemic substrate with a racemic resolving agent is
pointless. But the use of a quasiracemate as a resolving
agent again offers fundamentally new options.


In 1977, Ugi and co-workers described a general theory of
independent parallel reactions that encompasses what today
is called parallel kinetic resolution.[21,22] But they focused on
situations of partial conversion where at least one of the re-
acting components was partially enantiomerically enriched
and did not explicitly suggest that reactions of racemates
and quasiracemates might be useful. In closing their short
but thought-provoking paper, Bergbreiter and Zhang sug-
gested that parallel thermodynamic resolution could be ex-
tended to irreversible reactions.[18]


In 1997, Vedejs and Chen[23] clearly articulated the fea-
tures of parallel kinetic resolution (PKR) of racemates by
quasiracemates[24] and exemplified these with the acyl trans-
fer reaction shown in Scheme 6. In this PKR, two quasi-
enantiomeric acyl transfer reagents (R)-20 a and (S)-20 b si-
multaneously derivatize each enantiomer of a racemic mix-
ture of alcohols to give quasienantiomeric esters. Pyridine
(R)-19 a was activated by reaction with trichloro-tert-butyl
chloroformate to generate acyl transfer reagent (R)-20 a.
Similarly, the quasienantiomeric pyridine (S)-19 b was acti-
vated as (S)-20 b by reacting with fenchyl chloroformate. (In
this reaction, the use of the chiral fenchyl substituent is in-
consequential; any ester substituent with suitable chemical
and physical properties should suffice.) The quasienantio-
meric DMAP-derived salts (R)-20 a and (S)-20 b show excel-
lent selectivities in the acyl transfer reaction with enantio-
mers of 1-(1-naphthyl)ethanol 21: (R)-20 a preferentially
reacts with the (S)-alcohol (s = 42) while (S)-20 b prefers to
react with the (R)-alcohol (s = 41).


In a parallel kinetic resolution, the two salts 20 a,b were
mixed and treated with racemic 1-(1-naphthyl)ethanol (rac)-
21. The reaction was allowed to proceed to completion to
provide a mixture of quasienantiomers (S)-22 a and (R)-22 b.
This mixture was then treated with Zn in acetic acid to se-
lectively cleave the trichloro-tert-butyl carbamate of (S)-


22 a, and the resulting (S)-1-(1-naphthyl)ethanol (S)-19 and
the fenchyl carbonate (R)-22 b were separated by column
chromatography for enantiomeric excess analysis. In this
process, the alcohol (S)-21 was obtained in 46% isolated
yield with 88% ee, while ester (R)-22 b was obtained in
49% yield with 95% ee. The quasienantiomeric pyridines
19 a,b could also be recycled with about 90% recovery.


This implementation of PKR with selective cleavage of
one of the quasienantiomeric products back to the starting
alcohol resembles a standard kinetic resolution. However, in
a standard resolution, the selectivity of formation of the re-
action product can never exceed the s factor and decreases
continuously with increasing conversion. In contrast, the se-
lectivity of an ideal PKR does not depend on the conversion
and is equal to s at all times for both products. Further, the
selective ester cleavage reaction in Scheme 6 is not an essen-
tial design component since the quasienantiomeric products
22 are already directly separable in principle.


Practically useful parallel kinetic resolutions with quasi-
enantiomers will result when the two parallel reactions:
1) occur with little or no mutual interference, 2) have identi-
cal or very similar rates, 3) have opposite enantioselectivity,
and 4) provide readily separable products.[21,22]


The ease of designing PKR reactions of quasienantiomers
depends on whether the reactions are stoichiometric or cata-
lytic in the quasienantiomeric resolving agent. For stoichio-
metric reactions, essentially any traditional kinetic resolu-
tion serves as starting point; one simply converts one enan-
tiomer of the resolving agent into a quasienantiomer by suit-


Scheme 6. Parallel kinetic resolution of rac-1-(1-naphthyl)ethanol with
quasienantiomeric acylating reagents.


Chem. Eur. J. 2005, 11, 4866 – 4880 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4873


CONCEPTSQuasienantiomers and Quasiracemates



www.chemeurj.org





ably altering one or more remote substituents. Three recent
examples of parallel kinetic resolutions of racemates with
stoichiometric quantities of quasiracemates are summarized
in Figure 6. Brandi and co-workers used triacetyl-d-glucal
(S)-24 a and triacetyl-l-rhamnal (R)-24 b as quasiracemates
to resolve nitrones 23 with modest selectivities.[25] In con-
trast, high selectivities were observed by Fox and co-workers
in resolution of cyclopropene carboxylic acid chlorides 26
with quasienantiomeric oxazolidinones derived from d-phe-
nylalanine (S)-27 a and l-tyrosine (R)-27 b.[26] Davies and co-
workers resolved 3-alkylcycopentene-1-carboxylate esters 29
by 1,4-addition reactions with
quasienantiomeric derivatives
(S)-30 a and (R)-30 b of phen-
ethyl amine (Figure 6).[27]


Many classical kinetic resolu-
tions use catalytic amounts of
the resolving agent, and it is
possible in principle to conduct
parallel kinetic resolutions with
a chiral quasiracemic catalyst.
However, the implementation
is much more challenging be-
cause each quasienantiomer of
the catalyst must be charged


with a different stoichiometric reagent in order to provide
quasienantiomeric products. To the extent that cross-charg-
ing occurs, the selectivity of the PKR decreases below the
theoretically attainable level.


Vedejs and Rosner[28] met the challenge of catalytic ver-
sion of parallel kinetic resolution by designing and imple-
menting a three-phase system that allows selective reagent
activation by using two different charging reactions with two
catalysts—one soluble and one insoluble—and two tagging
reagents—one soluble and insoluble. As shown in Scheme 7,
the reaction system consists of a commercial cross-linked


Figure 6. Examples of PKRs with quasiracemic resolving agents.


Scheme 7. A three-phase system allows parallel kinetic resolution under catalytic conditions.
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lipase acylation catalyst chiroCLEC-PC 32 a, a chiral phos-
phine catalyst 32 b,[29] stoichiometric amounts of vinyl piva-
late 33 and polymer-supported mixed anhydride 34. Soluble
vinyl pivalate can be activated by insoluble ChiroCLEC-PC
32 a but not by phosphine 32 b. On the other hand, the reac-
tion between mixed anhydride 34 and chiroCLEC-PC 32 a is
negligible because both are in the solid phase. The mixed
anhydride 34 is therefore only activated by phosphine 32 b.
Sterically differentiated vinyl ester 33 also enables selective
carbonyl activation. Furthermore, activated chiroCLEC-PC
35 a is selective for the formation of (R)-36 a while the acti-
vated chiral phosphine 35 b selectively forms (S)-36 b. In typ-
ical reactions with racemic 1-(1-naphthyl)ethanol 21 with
conversions in the range of 85–90%, (S)-21 was recovered
with 91–93% ee after cleavage of the polymer support,
while the soluble pivalate (R)-36 a was obtained with 94–
97% ee.


In an interesting twist on the concept, Al-Sehemi and co-
workers[30] used a single reagent with two quasienantiotopic
groups in place of two quasienantiomeric reagents. The two
enantiomers of a racemic substrate can then react selectively
and at about the same rate with the two enantiomeric func-
tional groups to generate two quasienantiomers.


The parallel kinetic resolution of racemic 2-methylpiperi-
dine 38 by using this strategy is shown in Scheme 8. The re-
solving agent is imide 37, which resembles biaryls such as
BINOL and BINAP and is accordingly axially chiral and
has a relatively high rotation barrier about the N�N bond.
We call the two N-acyl groups of this imide “quasienantio-
topic” because they would be truly enantiotopic if they were
the same. In other words, 37 is only chiral because these two
groups are different. The reactions of either quasienantio-
topic group with a racemic reagent pass through diastereo-
meric transitions states, so selectivity can be observed ac-
cording to the usual kinetic principles.


Reaction of enantiopure 37 (but with unknown absolute
configuration) with one equivalent of racemic amine (rac)-
38 was carried out at 5 8C for 48 h and provided quasienan-
tiomeric amides (R)-39 a and (S)-39 b, which were easily sep-
arated by column chromatography over silica gel. Both (R)-
39 a and the (S)-39 b were obtained in 42% yield and
>95% ee. Thus, the reaction has occurred with exceptional-
ly high group selectivity. Compared with other resolution
methods, this approach combines the advantage of tradition-
al kinetic resolution (only one resolving reagent used) with
that of parallel kinetic resolution (complete conversion, high
enantiopurity of the product).


Zwanenburg and co-workers applied a conceptually simi-
lar strategy in a different way for synthesis of both enantio-
mers of oxazolidinones from a common chiral precursor.[31]


The reaction involves the unselective cyclization of com-
pound with quasienantiotopic leaving groups to generate
two readily separable quasienantiomers. As shown in
Scheme 9, the enantiomerically pure 41 (made from (S)-40)


was treated with 1,5-diazobicyclo[4.3.0]non-5-ene (DBN) to
induce unselective cyclization to the quasienantiotopic tosy-
lates (one is resin bound, the other not). The so-formed qua-
sienantiomers (S)-42 a and (R)-42 b were separated by a
simple filtration. An intermolecular substitution with LiCl
then generates two true enantiomers (S)-43 and (R)-43 with
95% and 100% ee, respectively.


Al-Sehemi$s and Zwanenburg$s reactions of quasienantio-
topic groups share the feature that a single chiral reagent is
converted into both quasienantiomers of a product in about
equal quantities and ee values. However, they differ in that
Al-Sehemi$s reaction (Scheme 8) is a resolution (a racemic
substrate is separated into its enantiomer components),
whereas Zwanenberg$s (Scheme 9) is a “reverse resolution”.
In other words, a single chiral reagent (S)-40 ultimately


Scheme 8. Selective reactions of quasienantiotopic groups can resolve a
racemic substrate to provide quasienantiomeric products in high ee.


Scheme 9. Polymer-aided stereodivergent synthesis of both enantiomers
of 43.
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gives rise to two enantiomeric products 43 in equal quanti-
ties. A true reverse resolution—the conversion of an enan-
tiopure starting material to a racemic product—is of little in-
terest. However, a reverse resolution to form quasienan-
tiomers is potentially very useful when both enantiomers of
a product are desired and one enantiomer of the appropri-
ate chiral precursor is much more readily available than the
other.


Quasienantiomers as Tools for Enantiomer
Synthesis


The two standard ways to make enantiopure compounds are
racemic synthesis followed by resolution and asymmetric
synthesis. Racemic synthesis[32] has the advantage of making
both enantiomers of a target compound in a single process,
but the separation of the final racemate and the identifica-
tion of the individual enantiomers can be difficult. While
racemic synthesis still plays an important role in production
of drugs and fine chemicals, it has largely been supplanted
by asymmetric synthesis in an academic research setting.
This provides single enantiomers, bypassing the need for
separation and identification, but two separate syntheses are
needed if both enantiomers are desired.


In 2001, we and our co-workers introduced the technique
of “quasiracemic synthesis” as a complement to racemic
synthesis and asymmetric synthesis.[33] As Figure 7 illustrates,
each enantiomer of a starting material (SM) is differentially
tagged with related but non-
identical tags (T) to give a pair
of quasienantiomers. These are
mixed to form a quasiracemic
mixture [(R/S)-SM-T1/T2],
which is taken through a series
of synthetic steps. At the end of
the synthetic sequence, the qua-
sienantiomers are separated
based upon a property of their
tags. This type of tag-based sep-
aration is called “demixing”.
Removal of the tags (detag-
ging) then provides both enan-
tiomers of the chiral product.
Quasiracemic synthesis simulta-
neously captures the efficiency
of racemic synthesis (two prod-
ucts made in one synthesis)
while retaining the key advan-
tages of asymmetric synthesis
(enantiomerically pure products
can be obtained without resolu-
tion).


The tags are the key to suc-
cessful quasiracemic synthesis.
In most respects, they should be
similar to each other so that the


tagged enantiomers have nearly identical physical and spec-
troscopic properties and chemical reactivities towards achi-
ral reagents. They should also be different from each other
in at least one key feature so that the quasienantiomers can
be separated based on the tag in a reliable way. The use of
fluorous tags to achieve easy separations of the tagged mol-
ecules from non-tagged ones and from each other on fluo-
rous silica gel has developed rapidly.[34, 35] Fluorous silica gel
has been found to separate molecules primarily by their flu-
orine content.[36] To demonstrate the concept of quasirace-
mic synthesis, we selected fluorous protecting groups with
slightly different perfluorinated fragments as tags for the
synthesis of both enantiomers of natural product mappicine
(Scheme 10).


Figure 7. Quasiracemic synthesis with separation tags (T).


Scheme 10. Quasiracemic synthesis of both enantiomers of mappicine.
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True enantiomers (R)- and (S)-44 were prepared in 79%
ee by asymmetric reduction, and then tagged with homolo-
gous silyl protecting reagent 45. The resulting quasienan-
tiomers (R)-46 a and (S)-46 b were mixed in 1:1 molar ratio
to form a quasiracemate. Exchange of trimethylsilyl group
for iodine with ICl and demethylation with BBr3 followed
by N-propargylation and subsequent radical cyclization with
phenyl isonitrile provided quasiracemic mixture M-47 a,b.
The separation of this mixture over fluorous silica gel yield-
ed two quasienantiomers (R)-47 a and (S)-47 b. Both (+)-
and (�)-mappicine 48 were then obtained in enantiopure
forms after deprotection with TBAF in THF in 68 and 74%
yields, respectively.


All the traditional chromatographic and spectroscopic
techniques (including flash chromatography, LCMS,
1H NMR, 19F NMR and 13C NMR spectroscopy) that have
been used in solution-phase synthesis are also used in qua-
siracemic synthesis. Due to the inert nature of the fluorous
tags, all the quasiracemic mixtures in Scheme 10 behaved
like racemic mixtures as judged from Rf values on silica gel
TLC (all single spots) and 1H NMR spectra.[37] However,
unlike racemic synthesis, the mixtures can be resolved at
any time into their quasienantiomeric components by fluo-
rous chromatography.


Quasiracemic synthesis should be considered whenever
both enantiomers of the target are needed. The assignment
of the absolute configuration of a natural product is one
such application. As a demonstration, both enantiomers of
natural product pyridovericin were synthesized by using a
quasiracemic synthesis approach.[31] As summarized in
Scheme 11, equimolar amounts of quasienantiomers (S)-49 a


and (R)-49 b were mixed to start the quasiracemic synthesis.
The mixture M-50 a,b was obtained after seven synthetic
steps and separated over fluorous silica gel into two pure
quasienantiomers (S)-51 a and (R)-51 b. Both enantiomers of
pyridovericin (S)- and (R)-52 were obtained after deprotec-
tion and detagging by treatment with TMSCl/NaI in acetoni-
trile. By comparing the optical rotations of the synthetic
samples with that of the natural one, we assigned the abso-
lute configuration of pyridovericin as (R).


The technique of fluorous quasiracemic synthesis is the
simplest in a larger suite of tagged-based mixture synthesis
techniques that go under the rubric of fluorous mixture syn-
thesis. Diastereomers and even non-isomeric sets of ana-
logues can be tagged. In each case, the theme is the same;
stereochemical or substituent information is coded to a fluo-
rous tag, which also serves as a protecting group and orches-
trates the final demixing.[38,39]


The syntheses of 16-member stereoisomer libraries of the
natural products murisolin[40] and the pine sawfly sex phero-
mone[41] by using fluorous mixture synthesis leveraged by
splitting have recently been reported. Scheme 12 summariz-
es the synthesis of four diastereomers of murisolin in one re-
action sequence. Two pairs of quasienantiomers (R,S)-53 a/
(S,R)-53 b and (S,S)-54 c/(R,R)-54 d were synthesized individ-
ually in enantiopure form and mixed. The acetate mixture
M-55 a–d obtained after five steps of mixture synthesis was
epoxidized with chiral ketone 56 and Oxone to generate two
new stereocenters in M-57 a–d. Another eight steps of mix-
ture synthesis provided mixture M-58 a–d, which was dem-
ixed into its four underlying components by fluorous HPLC.
Deprotection and detagging of each component then gener-


Scheme 11. Quasiracemic synthesis of both enantiomers of pyridovericin.
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ated four murisolin isomers 59 shown in Scheme 12. The use
of diastereomeric pairs of quasienantiomers as starting ma-
terials with subsequent splitting and generation of new ster-
eocenters greatly extends the scope of this mixture synthesis
method to make stereoisomers of natural products.


Tagged-based mixture synthesis is not limited to fluorous
tags, and recently Wilcox and Turkylimaz have introduced a
series of oligoethylene glycol reagents as suitable tags.[42]


These reagents have varying numbers of (OCH2CH2)n units,
and this variation imparts huge differences in polarity. Mole-
cules with larger tags are more polar, and demixing is ac-
complished by standard silica gel chromatography. In the
first example of OEG-mixture synthesis,[43] a quasidiastereo-
meric mixture of four hydroxy lactones M-60 suitable for
use in synthesis of murisolin isomers has been made
(Figure 8). Strategically, the exercise is similar to that in
Scheme 12. Two pairs of quasienantiomers are made as qua-


siracemates and then combined to make the quasidiaster-
eomer mixture that is taken forward to M-60 a–d. Though
conceptually similar, fluorous and OEG tagging methods
have significant practical differences that make them com-
plementary techniques.


All these applications feature quasienantiomers as syn-
thetic intermediates, but they have also been used as asym-
metric catalysts. A racemic mixture of ligands naturally
cannot provide asymmetric induction, and likewise quasira-
cemates might, at first glance, appear to have no use as cata-
lysts. However, quasienantiomers are not isomers, and
Yudin and co-workers have recently reported remarkable
asymmetric induction in the ene reaction shown in
Scheme 13.[44]


When a 1:1 mixture of (S)-BINOL 2 a and (R)-F8BINOL
2 b was used as the ligand for Ti(OPir)4-catalyzed ene reac-
tion of ethyl glycolate 62 with a-methyl styrene 61, the hy-
droxy ester (S)-63 was formed in 95% yield and with 99%
ee (Scheme 13). In contrast, the racemic product 63 was ob-
tained as expected when a racemic mixture of BINOL was
used as the ligand. Moreover, significant yield enhancement
was observed when the pair of quasienantiomers was used
instead of enantiopure BINOL or F8BINOL alone. While
some structural evidence is available and electronic effects
are presumably important, it is still not clear how the
changes in the ligands lead to these dramatic differences.
Nonetheless, this interesting observation is likely to stimu-
late new directions in the field of asymmetric catalysis.


Scheme 12. Synthesis of four isomers of murisolin from two quasidiastereomeric pairs of quasienantiomers.


Figure 8. Oligoethylene glycol (OEG) encoded mixture of hydroxy bute-
nolide intermediates 60 for murisolin synthesis.
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Conclusions and Outlook


We suggest that these recent applications of quasienantiom-
ers and quasiracemates in the identification, analysis, separa-
tion and synthesis of enantiomers only begin to scratch the
surface. Organic chemists are predisposed to thinking that
racemates are of little use until they are separated into their
individual enantiomers. Accordingly, mixing pure enantio-
mers is an anathema because it violates the long held adage
to “never mix pure organic compounds”. Quasienantiomers
are, by definition, similar to enantiomers. But using them ef-
fectively requires a reversal of the logical mindset—quasi-
enantiomers typically become interesting after you mix
them. This backwards thinking opens many new possibilities
for uses of quasienantiomers, quasidiastereomers and relat-
ed quasisymmetric molecules.
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Head-Group Size or Hydrophilicity of Surfactants: The Major Regulator of
Lipase Activity in Cationic Water-in-Oil Microemulsions


Debapratim Das, Sangita Roy, Rajendra Narayan Mitra, Antara Dasgupta, and
Prasanta Kumar Das*[a]


Introduction


Enzymology in self-organized aggregates such as water-in-
oil (w/o) microemulsions has been an area of interest for
several decades, because of its potential biotechnological ap-
plications.[1–4] Lipases, a class of surface-active enzymes,[1]


are widely exploited in diverse transformations in w/o mi-
croemulsions.[1,5–7] The catalytic efficiencies of these enzymes
are believed to be dependent primarily on the local concen-
trations of water and other ions present in the vicinity of the
enzyme.[8–11] To this end, Das and Chaudhuri showed that
the activity of Chromobacterium Viscosum (CV) lipase in


cetyltrimethylammonium bromide (CTAB)/water/isooctane/
n-hexanol w/o microemulsions across W0 ([water]/[surfac-
tant])=12–44 was unchanged, presumably due to the unal-
tered interfacial water concentration, [H2O]i (28.1–31.8m).


[10]


The reported [H2O]i is significantly lower than bulk water
concentration (55.5m) and held responsible for poor activity
of lipase in CTAB microemulsions. At the same time, while
determining the role of interfacial water with respect to the
superior activity of lipase in AOT-based microemulsions
(AOT= sodium bis(2-ethyl-1-hexyl)sulfosuccinate),[1,6] Sri-
lakshmi and Chaudhuri found a value of [H2O]i=27.9–
32m,[12] similar to that observed in CTAB systems.[10] Thus,
the correlation between the lipase activity and the [H2O]i is
far from straightforward and deserves further investigation
to determine the role of several other parameters. However,
the higher surface area occupied by the AOT-head group
may have crucial role on the superior activity of lipase in ad-
dition to the influence of [H2O]i.
In our previous study,[11] the hydrolytic ability of lipase


was dramatically enhanced in cationic w/o microemulsions


Abstract: To determine the crucial role
of surfactant head-group size in micel-
lar enzymology, the activity of Chro-
mobacterium Viscosum (CV) lipase
was estimated in cationic water-in-oil
(w/o) microemulsions of three different
series of surfactants with varied head-
group size and hydrophilicity. The dif-
ferent series were prepared by subse-
quent replacement of three methyl
groups of cetyltrimethylammonium
bromide (CTAB) with hydroxyethyl
(1–3, series I), methoxyethyl (4–6, ser-
ies II), and n-propyl (7–9, series III)
groups. The hydrophilicity at the polar
head was gradually reduced from se-
ries I to series III. Interestingly, the
lipase activity was found to be marked-


ly higher for series II surfactants rela-
tive to their more hydrophilic ana-
logues in series I. Moreover, the activi-
ty remained almost comparable for
complementary analogues of both ser-
ies I and III, though the hydrophilicity
was drastically different. Noticeably,
the head-group area per surfactant is
almost similar for comparable surfac-
tants of both series I and III, but dis-
tinctly higher in case of series II surfac-
tants. Thus the lipase activity was large-
ly regulated by the surfactant head-


group size, which plays the dominant
role over the hydrophilicity. The in-
crease in head-group size presumably
allows the enzyme to attain a flexible
conformation as well as increase in the
local concentration of enzyme and sub-
strate, leading to the higher efficiency
of lipase. The lipase showed its best ac-
tivity in the microemulsion of 6 proba-
bly because of its highest head-group
size. Furthermore, the observed activity
in 6 is 2–3-fold and 8-fold higher than
sodium bis(2-ethyl-1-hexyl)sulfosucci-
nate (AOT) and CTAB-based microe-
mulsions, respectively, and in fact high-
est ever in any w/o microemulsions.
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by the introduction of hydroxyethyl groups at the surfactant
polar head. Hydroxyethyl groups were introduced with the
aim of increasing the local concentration of water at the in-
terface.[11] The hydroxyethyl groups not only improved the
hydrophilicity, but at the same time also increased the head-
group size and consequently the surface area per head
group at the interface. The increase in the surface area with
hydroxyethyl groups may provide enough space to attain
flexible secondary conformation[13] of enzyme and also may
allow a larger population of substrate and enzyme molecules
at the interface,[14] leading to the enhancement in lipase ac-
tivity.[15]


At this point, the issue remains unresolved whether the
surfactant head-group size or the local concentration of
water at the interface plays the dominant role in regulating
the lipaseFs efficiency. A considerable amount of work has
been reported toward investigating the effect of the head-
group size and the hydrophilicity on numerous physical
properties[16,17] and also different self-assembly-mediated
chemical transformations.[18] The role of head-group size in
modulating the enzyme activity is mostly a neglected param-
eter in micellar enzymology. To the best of our knowledge,
no such attempt has been made to correlate the catalytic ac-
tivity of the lipase with the head-group size and its hydro-
philicity in reverse micelles.
In the present study, for the first time a possible correla-


tion between the catalytic efficiency of lipase in cationic w/o
microemulsions with the head-group size of surfactant is de-
lineated. The catalytic activity of lipase was estimated in the
w/o microemulsions of cationic surfactants (1–9) with vary-
ing head-group size and hydrophilicity. Interestingly, the ef-


ficiency of CV lipase was found to be similar in case of com-
parable head-group size, but with different hydrophilicity.
The lipase activity distinctly increases with the head-group
size regardless of its hydrophilic nature. Through the varia-
tion in the head-group size, we found that the use of surfac-
tant 6 leads to the highest ever activity of CV-lipase in any
w/o microemulsions. The observed activity in w/o microe-
mulsion of 6 is almost 2–3-fold higher than that in AOT-
based systems and eight times higher than that found in
CTAB-based w/o microemulsions.


Results and Discussion


In deciphering the role of head-group size and hydrophilici-
ty (the ability to increase the [H2O]i) on the efficiency of
lipase, we have synthesized three series of surfactants. The
hydrophilicity and size of the surfactant head groups in all
the series have been methodically varied through the re-
placement of the methyl groups at the CTAB polar head by
hydroxyethyl, methoxyethyl, and n-propyl groups (series I–
III, respectively).
The aqueous critical micelle concentration (cmc) of the


surfactants (1–9) has been measured tensiometrically using
the ring method (Table 1). The cmcFs were determined from


plots of surface tension versus logc (log [surfactant]). The
cmc values obtained for each series were in good agreement
with the fact that with increase in the head-group size the
cmc of the surfactant decreases.[19] The minimum area per
surfactant head group at the micellar interface, Amin in nm2,
was calculated from the following equations [Eqs. (1) and
(2)], as obtained from literature.[16,19]


Gmax ¼
1


4:606RT
lim
c!ccmc


dp
d log c


ð1Þ


Amin ¼
1018


NGmax


ð2Þ


In these equations, p is the surface pressure calculated
from the equation p=gwater�gsolution (g denotes the surface
tension), Gmax is the maximum surface excess concentration,
and N is the AvogadroFs number. The calculated Amin values
show a proportional dependence on the head-group size.
The surface area per head group for each series of surfac-
tants increased with increasing head-group size and this
trend is in accordance with the literature.[16]


The pseudoternary phase diagrams of the surfactants (1–
9) with n-hexanol (1:2, w/w)/water/isooctane systems at
25 8C are presented in Figure 1. These three diagrams
(Figure 1) have been the subject of a systematic phase be-
havior study to determine the water solubilization region


Table 1. The critical micellar concentration (cmc), area minimum (Amin)
of surfactants 1–9, isosbestic point, and the molar extinction coefficients
(e) of p-nitrophenol/p-nitrophenolate couple in the w/o microemulsions
of surfactants 1–9.


Surfactant cmc [m][a] Amin [nm
2] Isosbestic


point [nm]
e [m�1 cm�1]


1 2.02H10�4 1.18�0.02 340.0 4350
2 1.53H10�4 1.42�0.02 338.0 4250
3 0.36H10�4 2.30�0.03 339.8 4277
4 2.03H10�4 2.12�0.04 339.2 4529
5 1.22H10�4 2.53�0.03 337.0 4735
6 0.73H10�4 2.90�0.05 338.6 4420
7 6.12H10�4 1.23�0.01 338.0 4656
8 2.04H10�4 1.40�0.02 339.4 4509
9 1.38H10�4 2.20�0.04 338.2 4558


[a] Values were determined tensiometrically at 25 8C.
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with varying head-group size and hydrophilicity. In each
phase diagram, complementary analogues of series I–III
were merged together to observe the effect of variation in
head-group hydrophilicity. The diagrams show that the pres-
ence of hydroxyethyl group(s) increases the hydrophilicity
of the surfactant head, since the isotropic regions for the
amphiphiles 1–3 are higher relative to the corresponding
members of the other two series. The high isotropic area in
the w/o microemulsion region for 1–3 is probably the result
of high water uptake by the hydroxyethyl groups due to the
presence of hydrogen-bond donor and acceptor atoms. The
isotropic area is distinctly lower in the case of methoxyeth-


yl-containing surfactants (4–6) than the corresponding hy-
droxyethyl-substituted analogues (1–3); possibly because of
the replacement of hydrogen-bond acceptor atoms of latter
analogues with methyl ether linkages. The isotropic area is
further lowered (Figure 1) for n-propyl-substituted ana-
logues (7–9), perhaps due to the complete absence of any
hydroxyl moiety at the head group. Thus, the head-group
hydrophilicity of the surfactant plays an important function
in the molecular packing of organized aggregates.
Toward investigating the role of head-group hydrophilicity


and size, the catalytic activity of CV lipase was examined in
the w/o microemulsions of 0.05m surfactant (1–9)/isooctane/
n-hexanol/water at pH 6.0 (20 mm phosphate), z ([alcohol]/
[surfactant])=4.8 and 25 8C across a varying range of W0 (at
which isotropic solutions are formed). The second-order
rate constant, k2 (Figure 2) for the lipase-catalyzed hydroly-


sis of p-nitrophenyl-n-hexanoate was found to be independ-
ent of W0 for all the surfactants. In accordance with our pre-
vious report,[11] the activity of lipase increased (Figure 2)
from 1–3 by ~65% (324�13, 461�10, and 540�
8 cm3g�1 s�1 for 1–3, respectively) with sequential increase
in the number of hydroxyethyl moiety at the polar head
group (series I). Under the similar experimental conditions,
the k2 was found to be 308�12 cm3g�1 s�1 in case of CTAB
and 161�9 cm3g�1 s�1 when z=16 (most commonly used so-
lution compositions of CTAB w/o microemulsion).[11] Intro-
duction of hydroxyethyl group(s), possessing significant hyd-
rating ability due to the presence of hydrogen-bond donor
and acceptor atoms at the polar head of surfactants (1–3),
possibly increases the [H2O]i.


[11,20] At the same time, the
area per head group (Amin) of surfactants also increases
(Table 1) from 1–3 (series I), due to the sequential substitu-
tion of hydroxyethyl groups. Thus, the influence of either of
the parameters towards observed enhancement in lipase ac-
tivity from 1–3 (Figure 2) is yet uncertain.
To this end, we reduced the hydrophilicity of surfactant


head groups (1–3) by protecting the �OH groups with a


Figure 1. Pseudoternary phase diagrams of the quaternary systems of
(1–9)/n-hexanol(1:2 w/w)/water/isooctane at 25 8C. Scale magnitudes are
reduced by 1/100th of the plot.


Figure 2. Variation of the second order rate constant (k2) for the lipase-
catalyzed hydrolysis of p-nitrophenyl-n-hexanoate in different cationic
w/o microemulsions formed at z=4.8, 25 8C, and pH 6.0 (20 mm phos-
phate). [surfactant]=50 mm, [enzyme]=1.02H10�6 gmL�1, [substrate]=
3 mm. The experimental errors are given in the text.
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methyl ether linkage to obtain the methoxyethyl analogues
(4–6, series II) of the series I surfactants. Replacement of
hydroxyethyl by methoxyethyl groups (series II) expectedly
leads to a decline in the hydrophilicity at polar head, due to
the removal of the hydrogen-bond acceptor atoms (H). The
catalytic activity of lipase was measured in the w/o microe-
mulsions of series II surfactants (4–6) keeping all other ex-
perimental conditions identical. The k2 was found to be fur-
ther increased by ~35–65% (530�9, 618�6, and 770�
8 cm3g�1 s�1 for 4, 5, and 6, respectively) compared to their
hydroxyethyl analogues 1–3 (Figure 2). The hydrolytic effi-
ciency of lipase was also found to improve with sequential
increment in the number of methoxyethyl groups at the
polar head of the surfactants 4–6 similar to that observed in
series I (Figure 2). The decrease in the hydrophilicity at
polar head of surfactant did not reduce the activity of
lipase; instead it was increased (Figure 2) in spite of lower-
ing the hydrophilicity. At this point, a distinct enhancement
in the head-group size of series II surfactants compared to
their corresponding surfactants of series I is evident from
their Amin values (Table 1). Similarly, the head-group area is
also increased with the sequential increase in the number of
methoxyethyl groups at the polar head of surfactants from
4–6. Thus, the increase in the head-group size of surfactants
may be correlated with the enhanced efficiency of the
lipase, while head-group hydrophilicity may not have signifi-
cant influence on the catalytic activity of lipase in cationic
w/o microemulsions.
In the preceding paragraph, lipase activity was measured


in series II surfactants, whereby the head-group hydrophilic-
ity was partially reduced with concurrent increase in the
area per head group relative to series I surfactants. At this
stage, to examine the straightforward correlation between
the head-group size and lipase activity, series III surfactants
(7–9) were synthesized in which the hydroxyethyl groups of
series I were replaced by n-propyl groups. The hydrophilicity
at polar head, due to the presence of hydroxyl moieties in
series I, was completely removed in series III by substituting
the �OH functionalities with
methyl groups and keeping the
head-group size similar
(Table 1) for comparable sur-
factants of both series. The cat-
alytic efficiency of lipase was
measured in the w/o micro-
emulsions of 7–9 under the
same experimental conditions
as mentioned above. As the
number of propyl group in-
creases at the polar head of
the surfactants 7–9, the k2


again increased (365�7, 425�
7, and 565�8 cm3g�1 s�1, re-
spectively) with head-group
size (Table 1) similar to the
trend observed in series I and
II (Figure 2). Interestingly, the


lipase activity in 7–9 was found (Figure 2) to be similar to
their complementary analogues of series I (1–3). The calcu-
lated Amin values (Table 1) indicate that the surface area per
head group also does not vary for the corresponding surfac-
tants of series I and III. Although the head-group hydrophi-
licity is distinctly different between series I and III surfac-
tants, the almost unchanged lipase activity in comparable
surfactants of both series is presumably attributed to their
similar head-group size. Thus, a possible correlation can be
established for the first time that the efficiency of lipase is
steadily dependent on the head-group size of surfactant in
cationic w/o microemulsions. Moreover, the dominating role
of head-group size in modulating the efficiency of enzyme in
organized solution is also delineated.
At this point an obvious question arises: how does the


head-group size affect the catalytic efficiency of lipase in
cationic w/o microemulsions? It is a well-known fact that
the head-group structure of an amphiphile has an important
role towards the molecular packing of organized self-assem-
blies.[16,17,21] An increase in the head-group size leads to in-
crease in the interfacial area,[16,19] and accordingly the space
between two head groups is also enhanced. The augmented
space between two head groups presumably allows the
lipase to solubilize itself smoothly at the interfacial region.
Consequentially the enzyme may attain a more flexible sec-
ondary conformation (Scheme 1), leading to its higher effi-
ciency. Furthermore, the possibility of increasing concentra-
tion of both enzyme and substrate is also improved at the
enhanced interfacial region[14] (Scheme 1), probably because
of alteration in partition coefficients.[6,9,22] As it was found
that the lipase activity is larger in series II surfactants (4–6)
relative to corresponding surfactants of series I and III, we
can explain this from the present study exclusively on the
basis of the head-group area (Table 1). Although the differ-
ences in Amin value did not appear to be significant in some
cases, it is probably sufficient enough to affect the enzyme
activity. At the same time, surfactants of different series
with comparable head-group area (3, 4, and 9, Table 1)


Scheme 1. Pictorial representation of the interfacial region of w/o microemulsions prepared with varying head-
group size. The increase in head-group size leads to smooth occupancy of lipase and increases in the local con-
centration of the enzyme and substrate.
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showed similar activity (Figure 2) under equivalent solution
compositions (z=4.8). Therefore, the increase in the surfac-
tant head-group size plays a crucial role in modulating the
lipase efficiency, presumably by rendering a flexible confor-
mation to the enzyme and increasing the local concentration
of the reactants (Scheme 1) at the augmented interface.[13–16]


One of the aims of our research is to improve the lipaseFs
efficiency in cationic w/o microemulsions.[11] To this end, be-
sides the molecular architecture of surfactant, solution com-
positions also play a role in regulating the enzyme activity.
Till now we have prepared the w/o microemulsions using
the solution composition surfactant, (0.05m)/water/isooc-
tane/n-hexanol at z=4.8. At this stage the competitive in-
hibition by alcohols on the lipase activity has also been iter-
ated several times in the literature.[11,23] Hence, to enhance
the lipaseFs efficiency in cationic w/o microemulsions it is es-
sential to prepare the microemulsions without or with a
minimum amount of alcohol (co-surfactant). To reduce the
inhibitory action of n-hexanol, we prepared the cationic w/o
microemulsions of 0.05m 1–9/water (pH 6.0)/isooctane with
the minimum amount of n-hexanol needed to form isotropic
solutions (z values for each surfactant are given on top of
the activity bar in Figure 3). Noticeably, the n-hexanol con-


tent could be reduced in case of series II (4–6) and III (7–9)
surfactants, which are distinctly less hydrophilic at the inter-
face relative to series I analogues (1–3). As expected, the ac-
tivity of lipase was found to increase (Figure 3) by ~15–
70% (820�15, 920�13, 1290�12, 420�8, 500�10, and
715�10 cm3g�1 s�1 for 4–9, respectively) with decreasing al-
cohol content in the microemulsions of 4–9. Here also the
observed k2 values show similar trend of head-group-size de-
pendence, as the activity of lipase enhanced with the in-


creasing head-group size of series II and III surfactants. The
observed k2 values for 4–6 (Figure 3) is 2–2.5-fold higher
than the corresponding more hydrophilic analogues 1–3 in
series I and also compared to AOT/isooctane/water micro-
emulsions.[1,6] Moreover, this activity is 4- and 8-fold higher
than that found in CTAB w/o microemulsions at z=4.8 and
16, respectively. Thus, overall we can conclude that the
head-group size of surfactant is the major regulator of lipase
activity profile in cationic w/o microemulsions.
Since co-surfactant plays a significant role in the packing


of the microemulsions, it is necessary to verify whether this
head-group size effect on lipase activity profile is dependent
on the co-surfactant architecture. Accordingly, the activity
of enzyme was studied (Figure 4) in the microemulsions of


1, 4, and 7 (comparable analogues of each series) with n-bu-
tanol, n-hexanol, and n-octanol as the co-surfactant at z=
9.6 (solution compositions at which each surfactant can form
w/o microemulsions at same z value with any co-surfactant).
Irrespective of the co-surfactants, the efficiency of lipase
(Figure 4) increased with head-group size from 1 to 4. Al-
though 1 and 7 are of comparable head-group size (Table 1),
the k2 was found to be lower in case of 1, possibly because
of the different inhibiting effect of alcohols at such high z=
9.6. However, for each of the surfactants the lipase activity
increased with increasing alcohol chain length, and was
highest in the case of n-octanol.
To ascertain whether or not the observed head-group size


effect is substrate specific, p-nitrophenylalkanoates of vari-
ous chain length (C4 to C16) were hydrolyzed (Figure 5) by
CV lipase in the cationic w/o microemulsions of 2, 5, and 8
(corresponding surfactants of each series) keeping all other
experimental conditions identical. As it can be seen in
Figure 5, surfactants 2 and 8, with comparable head-group
size (Table 1), had very similar activity profiles across the
range of substrates. Whereas regardless of the substrate


Figure 3. Variation of the second-order rate constant (k2) for the lipase-
catalyzed hydrolysis of p-nitrophenyl-n-hexanoate in different cationic
w/o microemulsions of surfactants using least amount of n-hexanol re-
quired at 25 8C and pH 6.0 (20 mm phosphate). [surfactant]=50 mm.
[enzyme]=1.02H10�6 gmL�1. [substrate]=3 mm. The experimental errors
are given in the text. The W0 ranges where activity was measured are
40–56, 40–60, 56, 44–60, 32–44, 36–52, 32–44, 12–16, 8–20, 28–32, and 12
for CTAB, 1–9, and AOT respectively.


Figure 4. Effect of varying co-surfactant on the second-order rate con-
stant for lipase-catalyzed hydrolysis of p-nitrophenyl-n-hexanoate in dif-
ferent cationic w/o microemulsions at z=9.6, 25 C, and pH 6.0 (20 mm


phosphate). [surfactant]=50 mm. [enzyme]=1.02H10�6 gmL�1. [sub-
strate]=3 mm.
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chain length, surfactant 5 exhibited markedly higher activity
(Figure 5), presumably due to its larger head-group size
(Table 1). Furthermore, irrespective of the surfactants, the
highest activity was found for p-nitrophenyloctanoate (C8),
and bell-shaped activity profiles were obtained in all cases.
Variations in the number of methylene groups in the hydro-
phobic domain of the substrates alter the hydrophilic–lipo-
philic balance (HLB) of the molecules. The HLB probably
reaches an optimal value at C8, at which the interfacial lo-
calization of the molecules becomes highest for isooctane/n-
hexanol bulk oil composition. Accordingly, the local concen-
tration of C8 substrate possibly increases at the interface
and consequently the lipase activity increases. Throughout
the investigation the best lipase activity was observed either
in the microemulsions of 6 or by using C8 substrate in re-
spective series of surfactants and substrates. In continuation
of our efforts to improve the lipase activity in w/o micro-
emulsions, we measured the enzymeFs efficiency in 6/water/
isooctane-n-hexanol (z=2.9, W0=32–44) using p-nitrophe-
nyloctanoate as the substrate. The observed k2 value (1748�
24 cm3g�1 s�1) is more than three times higher than that
found in the widely used AOT-based system and in fact the
highest ever activity of lipase found in any w/o microemul-
sions.


Conclusion


The regulatory role of the surfactant head-group size on the
lipase activity is distinct throughout the investigation. The
activity was found to increase markedly for series II surfac-
tants relative to their more hydrophilic analogues in series I.
At the same time the activity in case of series III surfactants
remained almost comparable to that with series I, in spite of
large differences in their hydrophilicity. Notably, the head-


group area per surfactant is similar for comparable surfac-
tants of both series I and III, but distinctly higher in case of
series II surfactants. Thus, the hydrophilicity of the surfac-
tant head group does not have much influence over the
enzyme efficiency, while the head-group size was found to
largely regulate the activity. The increase in the head-group
size presumably provides greater space for the enzyme to
attain a flexible conformation and also increases the local
concentration of enzyme and substrate molecules at the in-
terface, leading to the higher efficiency of lipase. The overall
results showed for the first time that the hydrolytic activity
of lipase steadily increased with the head-group size of sur-
factant irrespective of its hydrophilicity. The observed k2


value in microemulsions of 6 is 2–3-fold higher than that
found in AOT-based systems and 8-fold higher compared to
the CTAB/water/isooctane-n-hexanol (z=16) system; it is
also the highest ever in any w/o microemulsions.


Experimental Section


Materials : Chromobacterium viscosum Lipase (EC 3.1.1.3, Type XII) was
purchased from Sigma and was used as received. Analytical grade CTAB
from Spectrochem (India) was recrystallized three times from methanol/
diethyl ether; the recrystallized CTAB was without minima in its surface
tension plot. HPLC grade isooctane, n-butanol, n-hexanol, n-octanol, sol-
vents, and all other reagents used in the syntheses were obtained from
SRL (India) and were of the highest analytical grade. Amberlyst A-26
bromide ion exchange resin from Lancaster was used to convert the
iodide salts to their corresponding bromide forms. 1H NMR spectra were
recorded on an Avance 300 MHz (Bruker) spectrometer. Chemical shifts
are reported in ppm, by using TMS for 1H NMR as internal standard.
Mass spectrometric (MS) data were acquired by electrospray ionization
(ESI) techniques on a Q-TOF Micro-Quadruple mass spectrometer, Mi-
cromass, UK. The p-nitrophenylalkanoate substrates were synthesized
conventionally from an equimolar solution of the corresponding acid and
p-nitrophenol in dichloromethane with an equivalent amount of N,N-di-
cyclohexylcarbodiimide (DCC) and catalytic amount of 4-N,N-dimethyl-
aminopyridine (DMAP). The syntheses of different surfactants are listed
below.


Synthesis of N-hexadecyl-N-(2-hydroxyethyl)-N,N-dimethylammonium
bromide (1) and N-hexadecyl-N,N-bis(2-hydroxyethyl)-N-methylammoni-
um bromide (2): Both the amphiphiles were prepared following the pro-
cedure mentioned in a recently published protocol.[11, 17a] Briefly, 1-bro-
mohexadecane and the corresponding amines (N,N-dimethylethanola-
mine for 1 and N-methyldiethanolamine for 2) were taken in the molar
ratio 1.2:1 in 30% methanol/acetonitrile and refluxed. After 24 h, the sol-
vent was evaporated on a rotary evaporator and pure products were ob-
tained by crystallization of the reaction mixture from methanol/ethyl ace-
tate. The yields were 87% and 80% for 1 and 2, respectively.


Data for 1: 1H NMR (300 MHz, CDCl3): d=4.14 (br, 2H), 3.69 (br, 2H),
3.48–3.45 (br, 2H), 3.41 (s, 6H), 1.77 (br, 2H), 1.33–1.18 (m, 26H),
0.86 ppm (t, J=6.9 Hz, 3H); elemental analysis calcd (%) for
C20H44BrNO: C 60.89, H 11.24, N 3.55; found: C 60.85, H 11.16, N 3.39;
MS (ESI): m/z calcd for C20H44NO (the 48 ammonium ion, 100%):
314.34; found: 314.2605 [M+].


Data for 2 : 1H NMR (300 MHz, CDCl3) : d=4.13 (br, 4H), 3.71 (br,
4H), 3.49 (br, 2H), 3.31 (s, 3H), 1.75 (br, 2H), 1.36–1.18 (m, 26H),
0.88 ppm (t, J=6.9 Hz, 3H); elemental analysis calcd (%) for
C21H46BrNO2: C 59.42, H 10.92, N 3.30; found: C 59.45, H 10.86, N 3.08;
MS (ESI): m/z calcd for C21H46NO2 (the 48 ammonium ion, 100%):
344.60; found: 344.4506 [M+].


Synthesis of N-hexadecyl-N,N,N-tris(2-hydroxyethyl)ammonium bromide
(3): Aqueous solution of NaOH (2.72 g, 0.068 mol, in 25 mL doubly dis-


Figure 5. Effect of the substrate chain length on the second-order rate
constant (k2) for the lipase-catalyzed hydrolysis of p-nitrophenylalka-
noates in different cationic w/o microemulsion systems at 25C and
pH 6.0 (20 mm phosphate). [surfactant]=50 mm. [enzyme]=1.02H
10�6 gmL�1. [substrate]=3 mm. The W0 ranges where activity was mea-
sured are 56, 36–52, 32–44, and 8–20 for 2, 5, 6, and 8, respectively.
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tilled water) was added dropwise to a mixture of 2-bromoethanol (6.5 g,
0.081 mol) and hexadecylamine (5 g, 0.027 mol) under reflux. After 24 h
of refluxing, the reaction mixture was extracted with chloroform (3H
50 mL). Chloroform was removed on a rotary evaporator followed by
drying under vacuum. The residue was then crystallized from methanol/
ethyl acetate and filtered. The resulting mixture showed three spots (with
Rf=0.55, 0.4, and 0) on thin-layer chromatography (TLC) by using 25:75
(v/v) methanol/chloroform as the TLC developing solvents. The dried
product (with Rf=0.55) was purified from the white solid obtained from
crystallization by column chromatography in a 230–400 mesh silica gel
column with 7% methanol/chloroform. The yield was 40%. 1H NMR
(300 MHz, CDCl3): d=4.08 (br, 6H), 3.49–3.35 (br, 6H), 3.23–3.18 (br,
2H), 1.83 (br, 2H), 1.34–1.25 (m; 26H), 0.88 ppm (t, J=6.9 Hz, 3H); ele-
mental analysis calcd (%) for C22H48BrNO3: C 58.15, H 10.57, N 3.08;
found: C 58.13, H 10.64, N, 3.08; MS (ESI): m/z calcd for C22H48NO3 (the
48 ammonium ion, 100%): 374.62; found: 374.2458.


Synthesis of N-hexadecyl-N-(2-methoxyethyl)-N,N-dimethylammonium
bromide (4), N-hexadecyl-N,N-bis(2-methoxyethyl)-N-methylammonium
bromide (5), and N-hexadecyl-N,N,N-tris(2-methoxyethyl)ammonium
bromide (6): Compounds 4–6 were prepared from compounds 1–3, re-
spectively. The corresponding starting materials were treated with excess
methyl iodide in dry DMF in presence of sodium hydride (2, 4, and
6 equiv for 4–6 respectively) under a nitrogen atmosphere for 48 h. After
completion of the reaction, water was added to the reaction mixtures,
which were then extracted with chloroform. The organic layer was
washed with aqueous sodium thiosulfate solution followed by brine, con-
centrated on a rotary evaporator, and finally under reduced pressure.
The dried material was washed with dry diethyl ether and then passed
through Amberlyst A-26 bromide ion exchange column to get the bro-
mide form of the compound. The white solids were then washed with dry
diethyl ether three times to get the pure forms of compounds 4, 5, and 6.


Data for 4 : 1H NMR (300 MHz, CDCl3): d=3.94–3.9 (br, 2H), 3.87 (br,
2H), 3.56–3.53 (br, 2H), 3.45 (s, 6H), 3.33 (s, 3H), 1.79–1.74 (br, 2H),
1.25 (br, 26H), 0.88–0.84 ppm (t, J=6.48 Hz, 3H); elemental analysis
calcd (%) for C21H46BrNO: C 61.74, H 11.35, N 3.43; found: C 61.40, H
11.50, N 3.33; MS (ESI): m/z calcd for C21H46NO (the 48 ammonium ion,
100%): 328.36; found: 328.4758 [M+].


Data for 5 : 1H NMR (300 MHz, CDCl3): d=3.94–3.84 (br, 4H), 3.80 (br,
4H), 3.55–3.46 (br, 2H), 3.42 (s, 3H), 3.33 (s, 6H), 1.69 (br, 2H), 1.26
(br, 26H), 0.83–0.78 ppm (t, J=6.96 Hz, 3H); elemental analysis calcd
(%) for C23H50BrNO2: C 61.04, H 11.14, N 3.10; found: C 60.88, H 11.09,
N 3.20; MS (ESI): m/z calcd for C23H50NO2 (the 48 ammonium ion,
100%): 372.38; found: 372.4155 [M+].


Data for 6 : 1H NMR (300 MHz, CDCl3): d=3.95–3.9 (br, 6H), 3.87 (br,
6H), 3.54–3.52 (br, 2H), 3.38 (s, 9H), 1.7 (br, 2H), 1.25 (br, 26H), 0.88–
0.86 ppm (t, J=6.92 Hz, 3H); elemental analysis calcd (%) for
C25H54BrNO3: C 60.46, H 10.96, N 2.82; found: C 60.30, H 10.88, N 2.96;
MS (ESI): m/z calcd for C25H54NO3 (the 48 ammonium ion, 100%):
416.41; found: 416.5907 [M+].


Synthesis of N-hexadecyl-N,N-dimethyl-N-propylammonium bromide (7)
and N-hexadecyl-N-methyl-N,N-dipropylammonium bromide (8):
Hexadecylamine(1eq) and n-propyl bromide (1.2 equiv) were refluxed in
30% MeOH/MeCN solvent mixture for 36 h, and then the white solid
was crystallized from MeOH/ethyl acetate three times. The desired com-
pound with Rf=0.5 (in 10% MeOH/CHCl3) was isolated by column
chromatography on a 60–120 mesh silica gel column using MeOH/CHCl3
as the mobile phase. The ammonium salt thus obtained was basified with
ammonia and then extracted with diethyl ether; the ether layer was
washed with brine to neutrality and concentrated. The secondary amine
(N-propyl-N-hexadecylamine) thus obtained was divided in two parts and
the first part was quarternized with excess methyl iodide in presence of
K2CO3 (2.2 equiv) and a pinch of [18]crown-6 ether in dry DMF for 2 h.
The reaction mixture was extracted with ethyl acetate and washed with
5% aqueous sodium thiosulfate solution and brine. It was then concen-
trated to get the iodide form of surfactant 7. Another part of the secon-
dary amine was again refluxed with n-propyl bromide (1.2 equiv). The
corresponding tertiary amine was isolated following the similar procedure
mentioned above. The tertiary amine thus obtained was then quaternized


with methyl iodide in methanol for 2 h and then methanol was evaporat-
ed on a rotary evaporator and the material was taken in ethyl acetate
and washed with sodium thiosulfate solution followed by brine wash. The
organic part was concentrated to get the iodide form of surfactant 8. The
iodides were then passed through Amberlyst A-26 bromide ion exchange
column to get the corresponding bromides 7 and 8. These salts were crys-
tallized from MeOH/diethyl ether three times to get the pure com-
pounds.


Data for 7: 1H NMR (300 MHz, CDCl3): d=3.48–3.40 (br, 4H), 3.32 (s,
6H), 1.76–1.56 (br, 4H), 1.18–1.11 (br, 26H), 1.03–0.97 (t, J=7.2 Hz,
3H), 0.83–0.79 ppm (t, J=6.82 Hz, 3H); elemental analysis calcd (%) for
C21H46BrN: C 64.26, H 11.81, N 3.57; found: C 64.35, H 11.60, N 3.49;
MS (ESI): m/z calcd for C21H46N (the 48 ammonium ion, 100%): 312.36;
found: 312.4034 [M+].


Data for 8 : 1H NMR (300 MHz, CDCl3): d=3.47–3.41 (br, 6H), 3.34 (s,
3H), 1.81–1.69 (br, 6H), 1.25 (br, 26H), 1.09–1.04 (t, J=7.23 Hz, 6H),
0.90–0.85 ppm (t, J=6.81 Hz, 3H; elemental analysis calcd (%) for
C23H50BrN: C 65.69; H 11.98; N 3.33; found: C 65.85, H 11.80, N 3.42;
MS (ESI): m/z calcd for C23H50N (the 48 ammonium ion, 100%): 340.9;
found: 340.4234 [M+].


Synthesis of N-hexadecyl-N,N,N-tripropylammonium bromide (9): Am-
phiphile 9 was synthesized by refluxing n-hexadecyl bromide (1.2 equiv)
and tripropylamine (1 equiv) in 30% methanol/acetonitrile. After 48 h
the solvents were removed on a rotary evaporator and the mixture was
then crystallized from methanol/diethyl ether three times to get the pure
ammonium salt 9. 1H NMR (300 MHz, CDCl3): d=3.31–3.29 (br, 8H),
1.74–1.60 (br, 8H), 1.17 (br, 26H), 1.01–0.96 (t, J=7.11 Hz, 9H), 0.79–
0.77 (t, J=6.6 Hz, 3H); elemental analysis calcd (%) for C25H54BrN: C
66.93, H 12.13, N 3.12; found: C 66.59, H 11.93, N 3.03; MS (ESI): m/z
calcd for C25H54N (the 48 ammonium ion, 100%): 368.43; found:
368.4215 [M+].


Critical micelle concentration and minimum surface area : Unless other-
wise mentioned, the aqueous critical micelle concentration (cmc) values
of the surfactants were determined by measuring surface tension with a
temperature-controlled KrOss tensiometer by means of the ring method
at 25�0.1 8C. The cmc values are listed in Table 1. The accuracy of meas-
urements in duplicate experiments was within�2%.


Preparation of microemulsions (phase behavior): The mixture of surfac-
tants, n-hexanol, and water were titrated with isooctane to prepare the
microemulsions. A constant mass ratio (1:2) of the surfactant and n-hexa-
nol was dissolved in water, forming solutions of different concentrations
taken in different screw-topped test tubes and stirred until the solutions
became clear. Isooctane was then added to these solutions in measured
quantities at 25 8C until just turbid or phase separation. The pseudoterna-
ry phase diagrams of the different surfactants (1–9) are presented in
Figure 1. The isotropy/turbidity of the solutions were checked by the
naked eye, which means the measured phase boundaries are of fair accu-
racy.


Activity of interfacially solubilized lipase : The second-order rate constant
(k2) in lipase-catalyzed hydrolysis of p-nitrophenyl-n-hexanoate in cation-
ic w/o microemulsions was determined spectrophotometrically (on a Shi-
madzu 1700 spectrophotometer) at the isosbestic points as described pre-
viously.[6,10, 11, 22] In a typical experiment, the aqueous enzyme stock solu-
tion (4.5 mL, 0.34 mgmL�1) and the substrate (10 mL, from 0.45m stock
solution in isooctane) were added to the w/o microemulsion (1.5 mL)
previously prepared with the desired surfactant concentration and pH
(pH refers to the pH of the aqueous buffer solutions used for preparing
the w/o microemulsions; pH within the water pool of w/o microemulsions
did not vary significantly, <1 unit),[6,24] in a cuvette to attain the particu-
lar W0 and reactant concentrations. Gentle shaking produced clarification
of the microemulsion within 1 min. The initial linear rate of increase in
absorbance, that is, the absorbance of the liberated p-nitrophenol, was
then recorded at the isosbestic points (liso). The overall concentrations of
lipase and p-nitrophenyl-n-hexanoate were 1.02H10�6 gcm�3 and 3H
10�3m, respectively. Although the lipase was essentially confined to the
dispersed water droplets (at the oil/water interface), for simplicity, the
concentration of reactants were referred to the overall concentration to
avoid the complexity of the volume fraction of water droplet in the w/o
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microemulsions and the partitioning coefficient of the substrate.[6, 9,22]


Moreover, for the sake of consistency with the previous observations, we
measured the second-order rate constant (k2) instead of first-order Mi-
chaelis–Menten catalytic constant (Kcat), since the initial rate of lipase-
catalyzed hydrolysis of p-nitrophenyl alkanoate were observed to be first
order with respect to the substrate concentration.[6, 10, 11, 22] Similar observa-
tions of second-order rate constant have also been found in micelle-medi-
ated organic transformations in chemical systems.[18c–e] The isosbestic
points (liso) and the molar extinction coefficients (e) at liso of the p-nitro-
phenol/p-nitrophenolate couple in w/o microemulsions of different sur-
factants (1–9)/water/isooctane/n-hexanol were determined spectrophoto-
metrically (Table 1).
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Water Cluster Growth in Hydrophobic Solid Nanospaces


Tomonori Ohba, Hirofumi Kanoh, and Katsumi Kaneko*[a]


Introduction


Water is indispensable to living cells.[1–3] Although lipid
membrane bilayers exhibit highly limited water permeabili-
ty, water can penetrate the cells.[4–9] The presence of water
channels in membranes was already predicted in the 1950s.
The narrowest water-channel pore size is presumed to be
0.3 nm, which is only slightly larger than the diameter of a
water molecule (0.28 nm).[10–12] The membrane with a water
channel has hydrophobic properties and the presence of
active sites in the narrowest pores is assumed. Water mole-
cules are supposed to be stable in such hydrophobic nano-
scale spaces. Hence, the hydrophobicity-gain mechanism of
water molecules in nanopores needs to be elucidated. Fur-
thermore, the structure of water confined in nanoscale
spaces has been presumed to be different from that of the
bulk. For instance, water molecules in nanopores cannot
form large clusters that are larger than the nanopore width
due to the size restriction, while in the bulk vapor clusters
are not formed as evidenced by IR spectroscopy.[13,14] In-
stead they associate to form larger clusters on condensation.
Thus, the properties and structures of water in hydrophobic
nanopores have been actively studied.[15–24]


Graphite carbon materials are typically hydrophobic. The
simplest evidence for the hydrophobicity of graphite carbon
materials is given by the fact that the contact angle of water
on a graphite basal plane is in the range of 50–908, though
the contact angle value is sensitive to surface contamina-
tion.[25,26] Thus, study of water adsorption in carbon nano-
pores can be associated with the fundamental subject of
water in hydrophobic nanoenvironments. Many studies on
water adsorption in carbon nanopores have given the cur-
rent mechanism that oxygen-containing groups at the sur-
face of the grpahite induce water adsorption.[27–39] However,
it is also known that some nanoporous carbon materials that
have been heat-treated in an inert atmosphere or treated in
hydrogen provide a characteristic adsorption isotherm;[40]


the water adsorption below P/P0=0.4 is zero, but a marked
increase occurs just above P/P0=0.5. Consequently, we need
a new mechanism for water adsorption in carbon nanopores
that are free of surface functional groups; this should be
helpful in understanding the stability of water in the chan-
nels of membranes. Recent molecular simulation studies
pointed out that graphite slit nanopores which are free of
surface functional groups give a predominant adsorption
uptake near P/P0=0.5.[41–43] In particular Ohba et al. showed
the reason why water molecules are stabilized in graphite
nanopores.[45] With in situ X-ray diffraction and in situ
small-angle X-ray scattering (SAXS), Iiyama et al. showed
clear evidences that water molecules confined in carbon
nanopores have an solid-like structure.[17,46,47] Accordingly, a
combined study on water adsorption in carbon nanopores


Abstract: The growth mechanism of
water clusters in carbon nanopores is
clearly elucidated by in situ small-angle
X-ray scattering (SAXS) studies and
grand canonical Monte Carlo (GCMC)
simulations at 293–313 K. Water mole-
cules are isolated from each other in
hydrophobic nanopores below relative
pressures (P/P0) of 0.5. Water mole-
cules associate with each other to form
clusters of about 0.6 nm in size at


P/P0=0.6, accompanied by a remarka-
ble aggregation of these clusters. The
complete filling of carbon nanopores
finishes at about P/P0=0.8. The corre-
lation length analysis of SAXS profiles
leads to the proposal of a growth


mechanism for these water clusters and
the presence of the critical cluster size
of 0.6 nm leads to extremely stable
clusters of water molecules in hydro-
phobic nanopores. Once a cluster of
the critical size is formed in hydropho-
bic nanopores, the predominant water
adsorption begins to fill carbon nano-
pores.
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with grand canonical Monte Carlo (GCMC) simulation and
in situ SAXS can elucidate the cluster structure of water
molecules and the growth mechanism of water nanoclusters
in hydrophobic nanopores. This paper describes the critical
water cluster size for cluster growth and the molecular
mechanism of the cluster growth in the nanopores.


Results and Discussion


The experimental adsorption isotherms of water at 293, 303,
and 313 K together with a simulated isotherm at 303 K are
shown in Figure 1. These experimental isotherms almost per-


fectly coincide with each other, showing an adsorption hys-
teresis loop. On the other hand, the simulated isotherm has
no adsorption hysteresis, agreeing with the desorption
branch of the experimental isotherm. The simulated iso-
therm is obtained under complete equilibrium conditions
and, thus, the desorption branch of the experimental iso-
therm should reflect the equilibrium process. Therefore, we
cannot describe the experimental adsorption branch over
the whole P/P0 range by GCMC simulation. As experimen-
tal adsorption and desorption branches overlap each other
up to a 0.08 fractional filling (f), the GCMC simulation
data below f=0.08 must be referable. Consequently, we will
discuss the GCMC simulation data at f=0.06. However, we
need information on the abrupt adsorption jump in the ad-
sorption branch. The in situ SAXS profiles at 303 K on ad-
sorption and desorption branches coincided with each other
until f=0.24, although those data are not shown here. Ac-
cordingly, we can use the GCMC simulation data at f=0.24
for determining molecular states on the adsorption branch.
Snapshots of the GCMC simulated isotherm at f=0.06,
0.24, and 0.60 are shown in Figure 2. The experimental ad-
sorption amount of the desorption branch near P/P0=0.5 is
in the range of f=0.06–0.24, while f=0.60 corresponds to
that at P/P0=0.6. That is, snapshots at f=0.06 and 0.24 ex-
press adsorption states before and just after the adsorption
jump of the isotherm. Figure 3 shows the cluster distribution
determined from the snapshots in Figure 2. The peak posi-


tions at f=0.06, 0.24 and 0.60 are 7, 8, and 13, respectively,
indicating the increase of the cluster size with the filling.
Some clusters consisting of less than ten water molecules
are observed at f=0.06; water molecules already form clus-
ters of considerable size even at f=0.06. They rarely form
clusters below f=0.02 and in such cases they are mostly iso-
lated from each other, although the snapshot is not shown.
Accordingly, water clusters grow gradually with the increase
in P/P0 before the adsorption jump of the isotherm. The
snapshot at f=0.24 expresses a different feature from that
of f=0.06; clusters merge with each other to form a partial-
ly continuous adsorbed layer. Thus, the greater the filling,
the broader the cluster-size distribution. The peak of the


Figure 1. Adsorption isotherms of water at 293 K (*), 303 K (~), and
313 K (&) together with the simulated isotherm at 303 K (*).


Figure 2. Snapshots at f=0.06, 0.24, and 0.60. Blue circle: oxygen, red
circle: hydrogen.


Figure 3. Cluster size distributions of water at f=0.06 (*), 0.24 (~), and
0.60 (&).
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cluster size distribution at f=0.60 evidently shift to the
right side, as mentioned above, which shows the growth of
clusters.


The growth of water clusters shown by GCMC simulation
can be experimentally verified by in situ SAXS. The SAXS
profiles at f=0.4 are shown in Figure 4a. Then we applied


an Ornstein–Zernike (OZ) analysis to these SAXS profiles.
Figure 4b shows linear OZ plots for the SAXS profiles. Con-
sequently, the correlation length can be determined. The
correlation lengths versus the fractional filling at different
temperatures are shown in Figure 5. The correlation length


gives the direct information of average cluster size. Thus,
the water cluster growth mechanism in hydrophobic nano-
pores can be shown experimentally by using the variation of
the correlation length with the fractional filling. The correla-
tion length versus f relationship is independent of the tem-
perature, because the data at different temperatures form a
common linear relation. This linear relationship bends
downward at f=0.5, and in the small f region is has been
extrapolated to f=0. The intercept of the steep linear rela-
tion corresponds to the correlation length of 0.3 nm, which
originates from the water–carbon distance (ssf=0.33 nm).
Therefore, water molecules are initially adsorbed on the
nanopore wall, and then they associate with each other to
form the clusters. The linear increase of the correlation
length with f stems from the growth of unit clusters below
f=0.5. On the other hand, the linear relationship above f=


0.5 comes from the merging of unit clusters, because the
merging can be regarded as the filling of intercluster voids
with water molecules and thereby the correlation length
does not increase so much. Consequently, the extrapolation
of the linear relationship in the higher fractional filling
range to f=0 provides the average size of the unit cluster,
which should be essential for the induction of the predomi-
nant water adsorption. Hence, this unit cluster size is named
the critical cluster size in this article. The correlation length
at the intercept is 0.6 nm, which corresponds to 8–10 associ-
ated water molecules under the assumption of the spherical
cluster shape.[48–51] That is, clusters such as octamers to deca-
mers of water molecules have enough hydrophobicity to be
stably adsorbed in carbon nanopores, agreeing with the pre-
diction by the preceding interaction potential calculation.
Furthermore, the correlation length corresponding to the
bending point of the linear relationship indicates the cluster
size (~0.7 nm) of which clusters initiate bridging to form
uniform adsorbed layers in the nanopores.


The schematic model of the water cluster growth is shown
in Figure 6. Isolated molecules associate with each other to
form unit clusters of the critical size of 0.7 nm, as shown in
Figure 6a,b. Then, unit clusters bridge each other to form an
adsorbed layer with interstices, as shown by Figure 6c. Final-
ly water molecules are adsorbed in the interstices.


Thus, snapshot analysis of GCMC simulation and in situ
SAXS can determine the critical unit size of the water clus-
ters that gain a sufficient hydrophobicity and give the mo-
lecular basis for the adsorption jump in the water adsorption
isotherm on nanoporous carbon near P/P0=0.5. At the
same time, the growth process of the clusters can be shown.
The hydrophobicity gain by the water cluster formation
should be studied with the relevance to water channels in
the cell membrane in future.


Experimental and Simulated Section


Pitch-based activated carbon fiber (ACF P20) was used as the model
graphitic nanoporous system, because previous studies with X-ray photo-
electron spectroscopy, magnetic susceptibility, X-ray diffraction, and en-


Figure 4. SAXS profiles at f=0.4 (a) and the OZ plots (b). *: 293 K, ~:
303 K, and &: 313 K.


Figure 5. Correlation lengths of adsorbed water at 293 K (*), 303 K (~),
and 313 K (&).
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thalpy of immersion confirm that ACF P20 has a good nanographitic
structure.[52–54] Water adsorption isotherms were measured volumetrically
every 10 K in the temperature range 293–303 K. The SAXS of water-ad-
sorbed ACF P20 was measured by using CuKa radiation. The SAXS pro-
files were measured for the angle range 0.2–7.08. The SAXS experiments
were performed on apparatus that had a two-axial and three-slit system.
ACF P20 was heat-treated at 383 K below 1 mPa for 2 h prior to the ad-
sorption and in situ SAXS measurements. The correlation length was ob-
tained from the Ornstein–Zernike (OZ) analysis of SAXS profile near-
scattering factor s=0 using Equation (1).[55]


IðsÞ ¼ Ið0Þ
1þ x2s2


ð1Þ


Here, I(s), I(0), and x are the scattering intensity at s, the scattering in-
tensity at s=0, and the OZ correlation length, respectively. The goodness
of the OZ relationship can be examined by the following OZ plot
[Eq. (2)]:


1
IðsÞ ¼


1
Ið0Þ þ


x2


Ið0Þ s
2 ð2Þ


The linear plot of I(s)�1 versus s2 provides both I(0) and x. Here x can be
a scale of the size of water clusters in the carbon nanopores in the initial
stage of adsorption. Although I(0) can give information on the cluster–
cluster structure, we will focus on the change of x with water adsorption
in this article.


As water molecules form hydrogen bonds, the intermolecular interaction
of water molecules should be approximated by the sum of the dispersion
interaction and the electrostatic interaction between partial charges on
the atomic sites of a water molecule, as given by the TIP-5P model
[Eq. (3)].[56]
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Here eff and sff are the intermolecular potential-well depth (eff/kB=


80.5 K) and the effective diameter (sff=0.312 nm), respectively. The ab-
solute value of the effective electric charges of the hydrogen atom and
the oxygen lone pair (jqi j ) are 3.86J10�20 C. The distances between the
H�O and O-lone pair are 0.0957 and 0.0700 nm, respectively.


On the other hand, the interaction of a water molecule with the graphite
surface can be described by SteeleKs 10-4-3 potential function,[57] Equa-
tion (4) in which A is 2pssf


2esf1DC, z is the distance of a molecule from
the graphite surface, 1 is the carbon atomic number density, DC is the in-
terlayer distance of the graphite, and esf and ssf are fitted parameters of
the water-carbon potential depth and effective diameter, respectively,
which were obtained using the Lorentz–Berthelot rules (esf/kB=49.3 K,
ssf=0.327 nm).
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In the case of the graphite slit pore, the interaction of the water molecule
with the pore is expressed by the sum of the interaction potentials of the
water molecule with both graphite walls, as given by Equation (5).


�p ¼ �sfðzÞ þ �sfðH�zÞ ð5Þ


Here H is the physical slit pore width, which is the internuclear distance
between opposite graphite walls. The physical slit pore width is associat-
ed with the effective pore width w, which is approximated by the experi-
mentally determined pore width [Eq. (6)].[58]


w ¼ H�ð2 z0�sffÞ z0 ¼ 0:856ssf ð6Þ


Here, z0 is the closest contact distance between the water molecule and
the graphite pore wall.


The water adsorption isotherm of the graphite slit pore at 303 K was si-
mulated with the established grand canonical Monte Carlo (GCMC) pro-
cedure.[59, 60] We used a rectangular cell lJ lJw for the calculation to de-
termine which size is replicated two-dimensionally to form an infinite
slit-shaped pore. Here, the values of l and w are 10 and 1.1 nm, respec-
tively.
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Precursors of Biological Cofactors from Ultraviolet Irradiation of
Circumstellar/Interstellar Ice Analogues


Uwe J. Meierhenrich,[b] Guillermo M. MuÇoz Caro,*[a, c] Willem A. Schutte,[a]


Wolfram H.-P. Thiemann,[d] Bernard Barbier,[e] and Andr* Brack[e]


Introduction


Dense interstellar clouds are cold regions, T�10 K, mainly
composed of gas and dust. Dust particles in dense clouds ac-
crete ice mantles containing mostly H2O, but also CH3OH,
CO, CO2, and NH3. The aim of our experiments is to simu-
late the physical conditions of low pressure, low tempera-
ture, and UV irradiation that circumstellar/interstellar ice
mantles coating dust particles may experience.[1,2] For this,
an ice layer with a composition analogous to that of inter-
stellar ices was deposited on a substrate while being irradiat-
ed by UV photons. After irradiation, the sample was slowly
warmed up to room temperature leaving a residue contain-
ing the most refractory products of photo- and thermal pro-
cessing. Previous laboratory work shows that the sample
contains a rich variety of organic molecules.[1,3–6] These stud-
ies suggest that circumstellar/interstellar ices might contain
a rich mixture of organic compounds.
The grain material from dense clouds will eventually


enter circumstellar disks. In addition, photoprocessing of ice
mantles may take place at different stages of the protostellar


Abstract: Biological cofactors include
functionalized derivatives of cyclic tet-
rapyrrole structures that incorporate
different metal ions. They build up
structural partnerships with proteins,
which play a crucial role in biochemical
reactions. Porphyrin, chlorin, bacterio-
chlorin, and corrin are the basic struc-
tures of cofactors (heme, chlorophyll,
bacteriochlorophyll, siroheme, F 430,
and vitamin B12). Laboratory and theo-
retical work suggest that the molecular
building blocks of proteins (a-amino
acids) and nucleic acids (carbohydrates,
purines, and pyrimidines) were gener-
ated under prebiotic conditions. On the
other hand, experimental data on the


prebiotic chemistry of cofactors are
rare. We propose to search directly for
the pathways of the formation of cofac-
tors in the laboratory. Herein we
report on the detection of N-heterocy-
cles and amines in the room-tempera-
ture residue obtained after photo- and
thermal processing of an interstellar ice
analogue under high vacuum at 12 K.
Among them, hexahydro-1,3,5-triazine
and its derivatives, together with mo-
nopyrrolic molecules, are precursors of


porphinoid cofactors. Hexahydropyri-
midine was also detected. This is the
first detection of these compounds in
experiments simulating circumstellar/
interstellar conditions. Except for 2-
aminopyrrole and 2,4-diaminofuran,
which were only found in 13C-labeled
experiments, all the reported species
were detected in both 12C- and 13C-la-
beled experiments, excluding contami-
nation. The molecules reported here
might be present in circumstellar/inter-
stellar grains and cometary dust and
could be detected by the Stardust and
Rosetta missions.
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evolution, for instance, during the T Tauri phase (i.e., the
stage between deeply embedded protostars and low-mass
main sequence stars, characterized by ultraviolet and infra-
red excesses with respect to a main sequence star of the
same effective temperature), and in the outer regions of
protoplanetary disks around young stellar objects (ref. [1]
and references therein). Comets were presumably formed
by aggregation of dust particles in the solar nebula, the in-
terstellar cloud from which our solar system formed, and
could contain the products of ice processing. These objects
are thought to host the most pristine material in our solar
system.[7,8] The similarity between the compounds produced
in our experiments and the oxygen-rich complex organic
molecules found abundantly in comet Halley[9,10] suggests
that presolar energetic processing in the interstellar
medium, and/or the solar nebula, could play an important
role in determining the organic inventory of the early solar
system. The organic fraction of comets may have important
implications for the origin of life on Earth, as first predicted
by OrO.[11]


Herein we present the products obtained by UV irradia-
tion and subsequent warm up of the H2O/CH3OH/NH3/CO/
CO2 (2:1:1:1:1) ice mixture characteristic of circumstellar re-
gions.[1,12–14]


Experimental Section


The experimental setup consisted of a high-vacuum chamber (P�1P
10�7 torr) at room temperature, in which a gas mixture was deposited
onto an aluminium block at the cold finger tip and irradiated with UV
photons. The system was pumped by a turbo pump (Pfeiffer Balzers TSH
280H) backed up by a diaphragm pump (Vacuubran MD4T). A tempera-
ture of 12 K, typical of dense clouds, was achieved by means of a closed-
cycle helium cryostat (Air Products Displex DE-202). For a detailed de-
scription, see ref. [15]. The gas mixtures were prepared in a gas line with
a vacuum pressure of �10�5 torr, containing the following components:
H2O (liquid), distilled; CH3OH (liquid), Janssen Chimica, 99.9%; NH3


(gas), Praxair, 99.999%; CO (gas), Praxair, 99.997%; CO2 (gas), Praxair,
99.996%. CO2 was kept in a separate bulb in order to prevent it from re-
acting with the ammonia, NH3, with deposition through two independent
tubes. Simultaneously to deposition, the ice layer was photoprocessed
with a microwave-stimulated hydrogen-flow discharge lamp. The lamp
output was �1.5P1015 photons per second;[16] the emission spectrum of
the lamp ranged from 7.3 to 10.5 eV, with the main emission at Lyman-a
(10.2 eV) for a hydrogen pressure (PH) of 0.5 torr.


The deposition and irradiation time was typically 24 h, with a gas flow of
�1016 molecules per second, corresponding to an average dose of
�0.15 UV photons per molecule. A long simultaneous deposition and ir-
radiation was required to obtain enough organic residue material for the
analysis. After irradiation, the system was warmed up gradually by means
of a temperature controller (Scientific Instruments Inc. 9600-1) at
1 Kmin�1 until T=40 K, in order to prevent explosive reactions caused
by UV-produced free radicals embedded in the ice.[17] Subsequently, the
warm up proceeded at ~4 Kmin�1 up to room temperature, at which
point the refrigerator and temperature controller were turned off and the
system slowly reached thermal equilibrium with the environment. The Al
block containing the residue was removed from the system and stored in
a capsule filled with nitrogen. Experiments using 13C-labeled gases (13CO
(gas), Cambridge Isotope Laboratories Inc. (C.I.L.), 99% 13C; 13CO2


(gas), C.I.L., 99% 13C; 13CH3OH (liquid), Sigma, 99% 13C) were per-
formed to deduce the number of C atoms in the organic products and to
exclude the possibility of contamination.


Analytical procedure : Water extracts of the residues were prepared for
GC–MS analyses. The analyses were performed by using an Agilent 6890
GC system equipped with a 5973N MS detector. A 12 m Varian-Chrom-
pack Chirasil-L-Val capillary column (Lexington, MA) with 0.25 mm
inner diameter and 0.12 mm layer thickness was applied for gas chromato-
graphic separations with a 1:2 split injection and 1.5 mLmin�1 constant
flow of He carrier gas. Under standard conditions, the temperature pro-
gram of the oven was 3 min at 70 8C, then increased at a rate of
5 8Cmin�1, followed by 17.5 min at 180 8C. Mass spectrometric operating
conditions were 72 eV for electron-induced ionization and mass windows
between 50 and 550 amu for the total-ion-current mode. All calculations
were performed using the ChemStation and Data Analysis software from
Agilent.


The sample extracts were dissolved in HCl (30 mL, 0.1m) and derivatized
using the procedure of Abe et al. ,[18] which transforms alcohols into ethyl
esters, amines into N-ethoxycarbonyl derivatives, and amino acids into
N-ethoxycarbonyl ethyl esters (ECEE). The analytical protocol differs
from our previous work[5] because a 24 h hydrolysis step with 6m HCl at
110 8C was not included.


By using the single-ion monitoring mode (SIM) it was possible to select a
given ion mass, in order to increase both chromatographic resolution and
sensitivity.


Results


Figure 1 shows the chromatogram corresponding to the resi-
due obtained from photo- and thermal processing of the
13C-labeled ice mixture (H2O/


13CH3OH/NH3/
13CO/13CO2


2:1:1:1:1), henceforth referred to as the 13C residue. A simi-
lar chromatogram was obtained for the residue of a similar
experiment using unlabeled ices, the 12C residue. The abun-
dance of glycine was obtained by integrating the peak area
calibrated with a standard. The abundances of the other spe-
cies were calculated assuming the same sensitivity for each
compound. The quantum yield (F) was obtained by dividing
the abundance by the number of photons. Table 1 gives the
identification of the products corresponding to both the 12C
and 13C residues. The next column gives the quantum yield
(F in molecules per photon) of these species relative to hex-
ahydro-1,3,5-triazine, F(tri), where F(tri)�1.6P10�4. For
comparison, the quantum yield of hexamethylenetetramine
(HMT, (CH2)6N4), the most abundant component in the in-
frared spectrum of these residues, is F(HMT)�0.01.[1] The
mass fragments of the elutants in the 12C and 13C residues
are given along with their retention times, tR, in minutes.
Except for 2-aminopyrrole and 2,4-diaminofuran, which
were not detected in the 12C residue, the same species were
found in both samples. The reported molecules are, there-
fore, true products of photo- and thermal processing of the
ices, and organic contamination can be excluded. A
common contaminant, bis(2-ethylhexyl)phthalate, present in
vinyl gloves, was detected; however, its presence is not ex-
pected to affect the results. N-Heterocycles and amines are
the dominant components in the chromatogram. The N-het-
erocycles include, in order of abundance, (diamino-
methyl)hexahydro-1,3,5-triazine, hexahydro-1,3,5-triazine,
(1-aminoethyl)hexahydro-1,3,5-triazine, hexahydropyrimi-
dine, 2,5-diaminofuran, 2-aminopyrrole, and 2,4-diaminofu-
ran; the amines detected are 1,1,2,2-tetraminoethane, 1,1,2-
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triaminopropane, diaminomethane, and 1,1-diamino-2-meth-
ylpropane. Also, N-methylurea was identified as a compo-
nent of the residues. The small peak eluting at 7.23 min for
the 13C residue (Figure 1) corresponds to glycine. Shown su-
perposed onto this peak (gray inset, enlarged for clarity) is
the same peak in the extract ion mode for 103 amu of the
GC–MS data, corresponding to derivatized glycine.


Discussion


We report the detection of a
number of N-heterocyclic mole-
cules as products of photo- and
thermal processing of circum-
stellar/interstellar ices. Previ-
ously, 2,5-diaminofuran and 2,5-
diaminopyrrole were report-
ed.[5] A number of these mole-
cules are of biogenic interest.
For the molecular origin of the
biological cofactor family, on
the one hand, an autotroph
origin was discussed considering
that organisms are capable of
synthesizing all their carbon
constituents from carbon diox-
ide (or other C1 units). On the
other hand, a heterotroph
origin was proposed which as-
sumes that structural prototypes
of cofactors were of prebiologi-


cal origin and taken from the environment by biological sys-
tems, used as catalysts, genetically fixed, copied, and struc-
turally optimized. Important types of cofactors were proba-
bly not modified during the phases of biological evolu-
tion.[19,20] The key building block of all porphinoid cofactors,
with the exception of a few hexahydroporphyrins, is the
macrocyclic molecule uroporphyrinogen (constitutional type


Figure 1. Gas chromatogram showing the N-heterocyclic molecules and the amines generated under simulated
interstellar conditions, corresponding to the 13C residue (photolyzed H2O/


13CH3OH/NH3/
13CO/13CO2 2:1:1:1:1


ice). The inset peak (gray, enlarged for clarity) shows the abundance of glycine in the 13C residue recorded in
the extract ion mode for 103 amu of the GC–MS system.


Table 1. Peak identification for 12C and 13C products from the photolyzed H2O/CH3OH/NH3/CO/CO2 (2:1:1:1:1) ice shown in Figure 1.
[a]


Molecule F[b] MS fragmentation MS fragmentation tR
[c] tR


[c]


13C residue 12C residue [amu] 13C residue [amu] [min] [min]
FP100/F(tri) 12C residue 13C residue


glycine 1.76 102 177, 132, 103 7.51 7.23
2-aminopyrrole 2.50 �d.l.[d] 158, 135, 113, 85 �d.l.[d] 8.42
unidentified 18.6 189, 131, 117, 103 193, 133, 121, 105 9.61 9.43
1,1-diamino-2-methylpropane 6.16 189, 161, 145, 117, 102, 89 236, 220, 207, 191, 190, 162, 12.97 12.85


147, 118, 103, 91, 63
diaminomethane 8.08 161, 117, 102, 89 191, 190, 162, 118, 103, 90 13.60 13.52
N-methylurea 2.71 102, 73 220, 205, 204, 176, 159, 13.95 13.95


147, 103, 87, 74
2,5-diaminofuran 3.84 242, 169, 153, 125, 97, 81, 69, 53 246, 173, 157, 129, 101, 85, 72, 56 14.58 14.42
2,4-diaminofuran 1.01 �d.l.[d] 246, 173, 157, 129, 101, 85, 56 �d.l.[d] 16.08
(1-aminoethyl)hexahydro-1,3,5-triazine 43.1 272, 230, 171, 143, 129, 116 277, 233, 175, 146, 131, 118 18.15 18.17
hexahydropyrimidine 26.7 230, 214, 189, 170, 158, 234, 217, 190, 174, 161, 21.03 21.08


143, 129, 115, 102, 85 146, 131, 117, 103, 88
hexahydro-1,3,5-triazine 100 274, 258, 230, 202, 157, 129, 102 277, 261, 233, 204, 159, 131, 103 21.42 21.49
1,1,2,2-tetraminoethane 49.9 203, 189, 117, 102 205, 190, 118, 103 22.70 22.74
1,1,2-triaminopropane 39.0 290, 246, 231, 217, 293, 249, 234, 219, 23.04 23.08


202, 189, 117, 102 204, 190, 118, 103
unidentified 5.13 330, 229, 214, 201, 170, 337, 235, 219, 207, 174, 25.37 25.39


143, 129, 116, 100 146, 131, 118, 104
bis(2-ethylhexyl)phthalate (19.5) 279, 167, 149, 113, 279, 167, 149, 113, 30.81 30.89
(contamination) 104, 83, 71, 57 104, 83, 71, 57
(diaminomethyl)hexahydro-1,3,5-triazine 147 315, 302, 258, 230, 215, 202, 319, 305, 261, 233, 218, 204, 38.81 39.07


189, 187, 157, 129, 115, 102 190, 159, 131, 117, 103


[a] Numbers designated in boldface are the main mass fragments. [b] Quantum yield. For triazine hydrate, F(tri)�1.6P10�4. [c] Gas chromatographic re-
tention time. [d] Detection limit.
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III, that is, one isomer out of four constitutional isomer
types I–IV).[20] The central step in the synthesis of uropor-
phyrinogen is known to be the tetramerization of monopyr-
rolic porphobilinogen to uroporphyrinogen.[21,22] Studies on
the prebiotic generation of uroporphyrinogen structures in
the laboratory of A. Eschenmoser showed that desaminome-
thylporphobilinogendinitrile reacts with hexahydro-1,3,5-tri-
azinetrinitrile in the presence of montmorillonite to form ur-
oporphyrinogenoctanitrile (Scheme 1). The monopyrrolic re-


actant desaminomethylporphobilinogendinitrile was pro-
posed to be formed from a previous reaction of glutaminedi-
nitrile and glycinenitrile. Both the monopyrrolic compounds
(in small quantities; other constitutional isomers are expect-
ed to be detected in the near future) and the macrocyclic
hexahydro-1,3,5-triazine (and its derivatives) are now de-
tected in residues made from UV photoprocessing of inter-
stellar/circumstellar ice analogues. In addition, species bear-
ing a nitrile group are produced by energetic processing of
interstellar ice analogues: OCN� is formed by thermal, UV,
or ion processing;[23] it is observed in the solid state toward
various young stellar objects, while HCN can be formed by
ion irradiation,[24] and is present in the gas phase of the in-
terstellar medium and in several cometary comae. These
species are potential candidates for prebiological starting re-
actants to form uroporphyrinogen, which can be trans-
formed, by follow-up reactions of known considerable self-
constituting potential,[20] into biological porphinoid cofac-
tors. Hexahydropyrimidine (hexahydro-1,3-diazine) was also
detected. Our results support a heterotroph origin of the
biological cofactor family, which means that these com-
pounds resulted from abiotic chemical evolution. An auto-
trophic origin, that is, the synthesis of biological cofactors by
biological organisms, is difficult to study experimentally, and
might require in vivo experiments.
2-Aminopyrrole was detected in the 13C residue, along


with 2,5-diaminofuran and 2,4-diaminofuran.
It was found that several N-bearing molecules detected in


the water extracts of our residues (diaminomethane, N-
methylurea, (1-aminoethyl)hexahydro-1,3,5-triazine, hexahy-


dro-1,3,5-triazine, and 1,1,2,2-tetraminoethane) were also
formed by 6m HCl hydrolysis of standard HMT. As HMT
does not decompose in water unless heated to 270 8C,[25] and
the abundances in the residues were much larger than those
obtained after acid hydrolysis of the standard HMT, these
species cannot be decomposition products of the HMT pres-
ent in our residues. Some of these molecules might, howev-
er, be related to HMT formation; such as the case of hexa-
hydro-1,3,5-triazine, which is known to be a precursor of


HMT. In addition, the products
(1-aminoethyl)hexahydro-1,3,5-
triazine and (diaminomethyl)-
hexahydro-1,3,5-triazine could
lead to formation of HMT-
based species.[26] The true
number of N-heterocyclic mole-
cules present in the residues is
expected to be larger than the
values reported here, as the cur-
rent detection technique is only
sensitive to N-heterocycles
bearing -NH or -NH2 groups.
A similar experiment was


performed using H2O/
13CO/


NH3 (2:1:1) as the starting ice,
in order to test the role played
by CH3OH ice in the formation


of refractory species. The resulting chromatogram, not
shown, was dominated by 1,1,2,2-tetraminoethane and hexa-
hydro-1,3,5-triazine (the peak area of the latter is 27% that
of the former), and a unidentified product eluting at
14.45 min. It can thus be concluded that CH3OH plays an
important precursor role in the formation of most of the
products reported in Table 1. The effect of adding H2S to
the initial gas composition will be discussed elsewhere.
Urea, along with several other amides known to be prod-


ucts of ice photoprocessing,[3,27] were not found in our sam-
ples, while N-methylurea was detected (Table 1). This differ-
ence might be due to the different ice composition or analy-
sis protocol.
The analysis of these residues after hydrolysis with 6m


HCl and derivatization led to a large variety of amino acids
as well as 2,5-diaminofuran and 2,5-diaminopyrrole.[5] Of
these, only glycine, the simplest amino acid, and 2,5-diami-
nofuran were detected in the present analysis. The glycine
abundance is enhanced from a factor of ~7 to 100 after acid
hydrolysis. For 2,5-diaminofuran, the abundance after acid
hydrolysis is increased from a factor of 1 to 30. For both
molecules, this enhancement is not quantitatively reproduci-
ble and the cause of the increase itself is actually unknown.
This effect is also observed in the analysis of amino acids[28]


and diamino acids[29] in meteorites.


Astrophysical implications : It is important to bear in mind
that the products reported here were detected at room tem-
perature after dissolving the residues in water. Thus, the for-
mation temperature of these species, ranging from cryogenic


Scheme 1. The central step in the synthesis of the macrocyclic uroporphyrinogen. Tetramerization of desami-
nomethylporphobilinogendinitrile with hexahydro-1,3,5-triazinetrinitrile in the presence of montmorillonite.
Adapted from Eschenmoser:[20] a) montmorillonite K 10, CH3CN/180 8C/0.5 h/N2; 80% yield.
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temperatures to room temperature, is unknown, as well as
any possible effects of dissolving the residues in water. As a
result, it is not possible to derive any conclusions on the ini-
tial abundance of these products in photolyzed ice mantles
in the interstellar medium. The reported species should be
searched for in environments where annealing of icy grains
took place, like hot cores or our solar system, where the ag-
glomeration of such grains might have led to the formation
of asteroids and comets. Interplanetary dust particles of as-
teroidal or cometary origin could host some of these prod-
ucts, but their small mass (of the order of nanograms) would
currently prevent their detection in individual particles.
Following the abiotic synthesis of adenine from hydrogen


cyanide,[30] other nucleic bases were produced under simulat-
ed primitive Earth conditions,[31] as well as different N- and
O-heterocycles. A large number of N-heterocyclic molecules
were found to be constituents of the Murchison meteorite,
among them biochemical compounds, such as purines and
uracil.[32] To our knowledge, there is no exact correspon-
dence between the N-heterocycles currently detected in our
samples and those found in Murchison. Nevertheless, the N-
heterocyclic compounds reported here are similar to those
which are very likely to be present in the dust of comet
Halley, that is, pyrrole, pyridine, pyrimidine, and its deriva-
tives.[9] Similar N-heterocycles were also observed in comet
81P/Wild 2.[33]


Recently, the positive detection of glycine was reported,[34]


although it is still under debate. The column density upper
limit for pyrrole in the dark cloud TMC-1 is 6P1012 cm�2.[35]


The detection of ethylene oxide (cyclic C2H4O) may herald
the interstellar presence of furan (cyclic C4H4O), the next
largest similar ring.[36]


Part of the Stardust and Rosetta missions is to analyze
cometary material. The Stardust spacecraft aims to collect
the dust surrounding comet 81P/Wild2 and return it to
Earth for analysis in 2006. The COSAC experiment on
board the Rosetta mission is designed to perform in situ
GC–MS analysis of a comet nucleus.[37] A comparison be-
tween the laboratory results and the cometary data will pro-
vide information on the chemical composition of the solar
nebula and the physical/chemical processes that played a
role prior to comet formation. The similarity between the
N-heterocycles tentatively found in comets and those pro-
duced in our experiments suggests that photoprocessing of
icy dust particles may have been a common phenomenon in
the local molecular cloud and/or the solar nebula. The previ-
ous detection of amino acids as products of combined
photo- and thermal processing of circumstellar/interstellar
ice,[5,6] coupled to the heterocyclic molecules reported here,
among them a cofactor precursor, suggests that these bio-
genic species might be present in comets and interplanetary
dust particles. The delivery of extraterrestrial organic matter
on Earth might have contributed to the emergence of the
first living organisms.[11,38]
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2,5-Dioxido-1,4-benzoquinonediimine (H2L
2�), A Hydrogen-Bonding


Noninnocent Bridging Ligand Related to Aminated Topaquinone: Different
Oxidation State Distributions in Complexes [{(bpy)2Ru}2(m-H2L)]


n


(n=0,+ ,2+ ,3+ ,4+ ) and [{(acac)2Ru}2(m-H2L)]
m (m=2�,�,0,+ ,2+ )


Sanjib Kar,[a] Biprajit Sarkar,[b] Sandeep Ghumaan,[a] Deepa Janardanan,[a]


Joris van Slageren,[c] Jan Fiedler,[d] Vedavati G. Puranik,[e] Raghavan B. Sunoj,*[a]


Wolfgang Kaim,*[b] and Goutam Kumar Lahiri*[a]


Abstract: The symmetrically dinuclear
title compounds were isolated as dia-
magnetic [(bpy)2Ru(m-H2L)Ru(bpy)2]-
(ClO4)2 (1-(ClO4)2) and as paramagnet-
ic [(acac)2Ru(m-H2L)Ru(acac)2] (2)
complexes (bpy=2,2’-bipyridine;
acac�=acetylacetonate=2,4-pentane-
dionato; H2L=2,5-dioxido-1,4-benzo-
quinonediimine). The crystal structure
of 2·2H2O reveals an intricate hydro-
gen-bonding network: Two symmetry-
related molecules 2 are closely con-
nected through two NH(H2L


2�)···O-
(acac�) interactions, while the oxygen
atoms of H2L


2� of two such pairs are
bridged by an (H2O)8 cluster at half-oc-
cupancy. The cluster consists of cyclic
(H2O)6 arrangements with the remain-
ing two exo-H2O molecules connecting
two opposite sides of the cyclo-(H2O)6


cluster, and oxido oxygen atoms form-
ing hydrogen bonds with the molecules
of 2. Weak antiferromagnetic coupling
of the two ruthenium(iii) centers in 2
was established by using SQUID mag-
netometry and EPR spectroscopy. Ge-
ometry optimization by means of DFT
calculations was carried out for 12+ and
2 in their singlet and triplet ground
states, respectively. The nature of low-
energy electronic transitions was ex-
plored by using time-dependent DFT
methods. Five redox states were rever-
sibly accessible for each of the com-


plexes; all odd-electron intermediates
exhibit comproportionation constants
Kc>108. UV-visible-NIR spectroelec-
trochemistry and EPR spectroscopy of
the electrogenerated paramagnetic in-
termediates were used to ascertain the
oxidation-state distribution. In general,
the complexes 1n+ prefer the rutheni-
um(ii) configuration with electron
transfer occurring largely at the bridg-
ing ligand (m-H2L


n�), as evident from
radical-type EPR spectra for 13+ and
1+ . Higher metal oxidation states (iii,
iv) appear to be favored by the com-
plexes 2m ; intense long-wavelength ab-
sorption bands and RuIII-type EPR sig-
nals suggest mixed-valent dimetal con-
figurations of the paramagnetic inter-
mediates 2+ and 2� .


Keywords: bridging ligands ·
density functional calculations ·
EPR spectroscopy · N,O ligands ·
ruthenium
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Introduction


The present work is part of our con-
tinuing efforts in designing new classes
of ligand-bridged diruthenium com-
plexes that exhibit strong intermetallic
electronic coupling in their mixed-va-
lence states through the effective over-
lap with suitably placed ligand p or p*
orbitals in the bridge.[1] Intramolecular electron transfer be-
tween metal ions in polynuclear arrays is of fundamental im-
portance for the design of molecular electronic devices.[2]


The extent of metal–metal coupling can be substantially
tuned by a judicious selection of ancillary functions.[1]


The recognition of variable electronic delocalization be-
tween the frontier p orbitals of quinone derivatives and
metal dp orbitals in mononuclear systems[3] has initiated
programs of exploring quinone-based noninnocent bridging
units useful for the construction of polynuclear complexes.
In this context, the doubly deprotonated forms of 2,5-dihy-
droxy-1,4-benzoquinones,[4,5] 5,8-dihydroxy-1,4-naphthoqui-
none,[6] 1,4-dihydroxyanthraquinone[7] and 1,5-dihydroxyan-
thraquinone[7] with [O,O;O,O] bis-chelate coordination as
well as anions of potentially [N,N;N,N] bis-chelating 2,5-dia-
mino-1,4-benzoquinonediimines[8,9] and 1,2,4,5-tetraimino-
3,6-diketocyclohexane[10] have been studied in recent years
as bridging ligands in polymetallic complexes containing Ru,
Mo, Rh, Ni, Cu, or Pt. However, the analogous doubly de-
protonated 2,5-dihydroxy-1,4-benzoquinonediimine bridging
ligand, (H2L


2�), with an [O,N;O,N]2� donor set has not yet
been explored; an N,N’-disubstituted form was used recently
in connection with dinickel(ii)-catalyzed olefin polymeriza-
tion,[11a] and an isomeric system based on 2-hydroxy-5-
amino-1,4-benzoquinonemonoimine was described very re-
cently by Braunstein and co-workers.[11b] The present article
describes the synthesis of [{(bpy)2RuII}2(m-H2L


2�)](ClO4)2 (1-
(ClO4)2) and [{(acac)2RuIII}2(m-H2L


2�)] (2) (bpy=2,2’-bipyri-
dine, acac�=acetylacetonate=2,4-pentanodionato, H2L=


2,5-dioxido-1,4-benzoquinonediimine), the crystal structure
of 2·2H2O, which has an intricate hydrogen-bonding net-
work, and EPR and UV-visible-NIR spectroelectrochemical
investigations of the metal–ligand valence combinations in
1n+ (n=0,1,2,3,4) and 2m (m=2�,�,0,+ ,2+ ). We address
such issues as the efficacy of H2L


2� for metal–metal cou-
pling in various mixed-valent states, particularly with respect
to other relevant mediators, the role of the electronic effects
from the ancillary ligands, bpy (p-acidic) and acac� (elec-
tron-donating), for the valence-state composition of the
complexes as well as their participation in the coupling proc-
esses. Whereas the readily accessible metal oxidation states
are RuII, RuIII


, and RuIV, the bridging ligand can adopt an
aromatic form H2L


4�, a semiquinone state H2LC3�, and the
quinonoid form H2L


2�. Further oxidation through H2LC� to a
presumed triplet species H2LCC is considered less favorable
because of the high energies and reactivities involved.


1,2,4,5-Donor-substituted benzenes as well as correspond-
ing semiquinone and iminoquinone intermediates are also


part of the postulated reaction cycles for copper-dependent
amine oxidase enzymes; this may involve electron-transfer
interactions between metal and ligand.[12] Considering the
hydrogen-bonding network present in corresponding protein
structures,[12c–h] it is fortunate that we could obtain the mole-
cules of 2 crystallizing with water clusters (H2O)8, showing
intracluster, intermolecule, and cluster–molecule hydrogen-
bonding interactions.


Results and Discussion


Synthesis, identification, and structure : The complexes
[{(bpy)2Ru}2(m-H2L)](ClO4)2 (1-(ClO4)2) and [{(acac)2Ru}2-
(m-H2L)] (2) were prepared by reactions of [(bpy)2Ru-
(EtOH)2]


2+ or [(acac)2Ru(CH3CN)2], respectively, with 1,4-
diamino-2,5-hydroquinone (H6L) in a 2:1 molar ratio in the
presence of excess CH3COONa (Scheme 1). During the re-
action, the H6L ligand underwent a 2e�/4H+ oxidation pre-


Scheme 1.
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sumably by O2 to the state of 2,5-dioxido-1,4-benzoquinone-
diimine (H2L


2�), which symmetrically bridges two units of
the metal-complex fragment, either [RuII(bpy)2]


2+ or [RuIII-
(acac)2]


+ in 12+ or 2, respectively, through the anionic O�


and imino nitrogen (=NH) donor centers at each end. While
the +2 oxidation state of the ruthenium ion in the precursor
{RuII(bpy)2} is retained in 12+ , the RuII state of the starting
{RuII(acac)2} moiety oxidizes to the +3 state in 2. The pres-
ence of electron-rich acac� ancillary ligands in 2 as opposed
to the p-acidic bpy in 12+ facilitates the stabilization of the
RuIII state in 2 ; this is also reflected in the redox potentials
(see later).


In principle, H2L
2� could also exist in the alternative ben-


zoquinone (A) form; however, the preferential stabilization
of the benzoquinonediimine
form is supported by the crystal
structure of 2·2H2O (see below).
The greater electronegativity of
oxygen relative to nitrogen
favors the diimine structure.


Purity and identity of the com-
plexes is demonstrated by their


satisfactory elemental analyses (see Experimental Section)
and by the electrospray (ES) mass spectra. The observed
ES+ signals are centered at m/z values of 1062.8 and
735.18/637.1 for 1-(ClO4)2 and 2, respectively (Figure S1 in
the Supporting Information), which correspond to [1-ClO4]


+


(calculated mass: 1062.45) and [2]+ (calculated mass:
734.69)/[2�acac]+ (calculated mass: 636.97).


The presence of the p-quinonediimine form of H2L
2� in 2


is supported by a single-crystal X-ray structural study of
2·2H2O, with 2 in the meso configuration (see below;
Figure 1). Crystallographically important parameters and se-
lected bond lengths and angles are given in Tables 1 and 2.


Note the discrepancy between positional numbering of
H2L


2� according to organic nomenclature (Scheme 1) and
the numbering of the crystal structure of 2. The H2L


2�


ligand bridges the two Ru3+ ions symmetrically in a bis-bi-
dentate fashion through the anionic O� and imino nitrogen
donor centers. The Ru1–Ru2 separation is 7.864 S; the two
ruthenium(iii) ions lie in plane with the bridging ligand, the


average deviation being only 0.2 S. The intraring bond
lengths involving the bridging H2L


2� ligand (Table 2) estab-
lish that the C=C double bonds are associated only with the
C3�C4 (1.357(9) S) and C6�C1 bonds (1.353(9) S). The
C2�N1 (1.295(8) S) and C3�O1 (1.323(7) S) bonds linked
to Ru1 signify double and single bonds, respectively, where-
as the corresponding C5�N2 (1.310(8) S) and C6�O2
(1.314(7) S) bonds connected with Ru2 exhibit rather simi-
lar lengths. The comparison of C�C, C�O, C�N, Ru�O, and
Ru�N bond lengths involving H2L


2� in 2 with those of the
mononuclear o-quinonoid derivatives reported earlier by
us[3a] or Bhattacharya and Pierpont[3d] justifies the RuIII(p-
quinonediimine)RuIII formulation of 2, as shown in
Scheme 1.


The crystal structure analysis of 2·2H2O reveals an intri-
cate hydrogen-bonding network (Figure 2, Table 3). Two
symmetry-related molecules of 2 are closely connected
through two NH(H2L


2�)···O(acac�) interactions at about
3.02 S (O···N distance). The other type of anionic oxygen
centers in 2, the O(H2L


2�) atoms of two pairs of symmetry-
related molecules of 2 are
bridged by (H2O)8 clusters at
half-occupancy. Water clusters
in crystals of coordination com-
pounds are not uncommon;[13]


however, the present case
shows quite a remarkable ex-
ample of not only intermolecu-
lar, but also intracluster and
cluster–molecule hydrogen
bonding (Figure 2). Each clus-
ter consists of a cyclic (H2O)6
arrangement, and the remaining
two exo-H2O molecules (O11)
connect two opposite sides of
cyclo-(H2O)6 with oxido oxygen


atoms (O2) at the molecules of 2. All O�O lengths are at or
below 3.0 S (Table 3), confirming the stability of the hydro-
gen-bond network.


Thus, having both basic O� and, through RuIII coordina-
tion, acidic NH functions in the same complex molecule
strongly facilitates the tendency towards intramolecular hy-
drogen bonding as well as towards addition and structuring


Figure 1. ORTEP diagram of 2. Ellipsoids are drawn at 50% probability.


Table 1. Crystallographic data for 2·2H2O.


formula C26H36N2O12Ru2 T [K] 295 [2]K
Mr 770.71 hkl range �14�h�14
crystal size [mm] 0.35U0.12U0.04 �23�k�23
crystal system monoclinic �17� l�17
space group P21/c 1calcd [g cm


�3] 1.488
a [S] 12.185(2) 2q range [8] 5 to 50
b [S] 19.871(4) reflections collected 32245
c [S] 14.864(3) unique reflections [Rint] 6066 [0.0554]
b [8] 107.044(3) data/restraints/parameters 6066/0/405
V [S3] 3440.9(12) R1 [I>2s(I)] 0.0527
Z 4 wR2 [all data] 0.1565
F(000) 1560 goodness-of-fit 1.112
m [mm�1] 0.934 residual electron density [eS�3] 1.230, �0.387
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of water of crystallization. A detailed study of the influence
of such interactions on the electronic properties in protic
media will therefore be among the projects resulting from
the present investigation, especially since hydrogen-bonding
networks are often known to be essential for the control of
active-site reactivity in metalloproteins.[12,14]


The computed structural parameters of 2 in its triplet
ground state at the B3LYP level of theory are found to be
in good agreement with the corresponding values obtained
from the X-ray structure (Table 2, Figure 3). The largest de-


viations between experimental and computed bond lengths
and angles are only about 0.09 S and 3.48, respectively. It
should be noted that the agreement between the computed
(7.96 S) and experimental (7.86 S) intermetallic separation
between the RuIII centers is also good.


The optimized geometry for 12+ in its singlet ground state
is summarized in Table S1 and Figure S2 in the Supporting
Information. As in the case of 2, the planarity of the bridg-
ing ligand in 12+ is evident from the optimized geometry.
The intermetallic separation between the (larger) rutheni-
um(ii) centers in 12+ is calculated at 8.075 S, which is slight-
ly longer than that in 2.


The dinuclear complexes 1-(ClO4)2 and 2 with three bi-
dentate ligands around each metal center should be able to
exist as pairs of enantiomers (DD, LL ; C2 symmetry) or as


Table 2. Experimental and calculated selected bond lengths [S] and
angles [8] for 2.


Bond lengths Bond angles
Exptl[a] Calcd[b] Exptl[a] Calcd[b]


Ru1�O3 1.993(5) 2.024 O3-Ru1-O4 91.30(18) 88.93
Ru1�O4 2.003(4) 2.031 O3-Ru1-N1 91.90(19) 93.17
Ru1�N1 2.010(5) 2.036 O4-Ru1-N1 96.7(2) 97.37
Ru1�O6 2.012(4) 2.020 O3-Ru1-O6 178.85(19) 179.04
Ru1�O1 2.013(4) 2.028 O4-Ru1-O6 89.73(17) 90.68
Ru1�O5 2.054(5) 2.051 N1-Ru1-O6 87.46(19) 87.75
Ru2�O7 1.999(4) 2.020 O3-Ru1-O1 85.47(19) 88.85
Ru2�O10 2.009(5) 2.025 O4-Ru1-O1 175.02(17) 175.73
Ru2�O2 2.010(4) 2.028 N1-Ru1-O1 79.68(2) 79.12
Ru2�O9 2.009(4) 2.031 O6-Ru1-O1 93.47(17) 91.60
Ru2�N2 2.021(6) 2.036 O3-Ru1-O5 88.1(19) 88.98
Ru2�O8 2.038(5) 2.051 O4-Ru1-O5 89.35(19) 88.63
N1�C2 1.293(8) 1.322 N1-Ru1-O5 173.99(19) 173.66
N2�C5 1.314(8) 1.322 O6-Ru1-O5 92.44(19) 90.13
O1�C3 1.321(7) 1.324 O1-Ru1-O5 94.32(17) 94.98
O2�C6 1.314(7) 1.324 O7-Ru2-O10 178.10(19) 179.04
C1�C6 1.357(9) 1.378 O7-Ru2-O2 91.07(17) 91.60
C1�C2 1.418(8) 1.413 O10-Ru2-O2 87.03(19) 88.84
C2�C3 1.488(8) 1.494 O7-Ru2-O9 90.60(17) 90.68
C3�C4 1.361(9) 1.378 O10-Ru2-O9 91.3(19) 88.93
C4�C5 1.415(9) 1.413 O2-Ru2-O9 176.40(18) 175.72
C5�C6 1.493(8) 1.494 O7-Ru2-N2 87.63(19) 87.75
Ru1�Ru2 7.864 7.958 O10-Ru2-N2 92.20(19) 93.17


O2-Ru2-N2 80.09(19) 79.12
O9-Ru2-N2 96.80(19) 97.36
O7-Ru2-O8 92.54(17) 90.14
O10-Ru2-O8 87.42(18) 88.98
O2-Ru2-O8 93.79(18) 94.98
O9-Ru2-O8 89.31(18) 88.63
N2-Ru2-O8 173.88(19) 173.67
O2-C6-C5 116.0(5) 115.98
N2-C5-C6 113.5(5) 112.91
O1-C3-C2 115.8(5) 115.97
N1-C2-C3 113.4(5) 112.91


[a] From X-ray crystal data. [b] Calculated at the B3LYP level of theory
by employing the LanL2DZ basis set for Ru and 3-21G for all other
atoms.


Figure 2. Hydrogen bonding network in 2·2H2O.


Table 3. Distances relevant to hydrogen bonds in 2·2H2O.


Atom1 Atom2 Symm1 Symm2 Distance [S]


O7 N1 x,y,z x,0.5�y,�0.5+z 2.992
N2 O6 x,y,z x,0.5�y,�0.5+z 3.044
O2 O11 x,y,z x,0.5�y,�0.5+z 2.939
O12 O11 x,y,z 1�x,0.5+y,1.5�z 2.724
O12 O13 x,y,z 1�x,1�y,1�z 2.825
O12 O14 x,y,z x,y,z 2.930
O13 O12 x,y,z 1�x,1�y,1�z 2.825
O13 O14 x,y,z x,y,z 2.911
O14 O11 x,y,z 1�x,0.5+y,1.5�z 3.002
O12 O11 1�x,1�y,1�z x,0.5�y,�0.5+z 2.724
O12 O14 1�x,1�y,1�z 1�x,1�y,1�z 2.930
O14 O11 1�x,1�y,1�z x,0.5�y,�0.5+z 3.002
O14 O13 1�x,1�y,1�z 1�x,1�y,1�z 2.911
O11 O2 1�x,0.5+y,1.5�z 1�x,1�y,1�z 2.939


Figure 3. Optimized geometry for the triplet ground-state of 2 at the
B3LYP/3-21G level.
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the meso form (D,L ; Cs symmetry).[15] The 1H NMR spec-
trum of 12+ clearly exhibits only one set of signals, corre-
sponding to either the meso or the rac form; an unambigu-
ous identification was not possible. The crystal structure of
paramagnetic 2 confirms its meso configuration, the other
data also support the presence of only one isomer.


The 1H NMR spectrum of 1-(ClO4)2 in (CD3)2SO shows
two clear singlets at d=5.58 and 9.67 ppm, corresponding to
the CH and NH protons of the bridging ligand. The expect-
ed 16 bipyridine proton resonances appear in the region be-
tween d=7.2 and 8.8 ppm as a partially overlapping cluster
of signals (Figure 4).


In agreement with the oxidation state assignment in
Scheme 1, compound 2 does not exhibit a well-resolved
1H NMR spectrum, but rather exhibits an EPR signal and
magnetic susceptibility that reflect the diruthenium(iii) con-
figuration. The EPR spectrum of 2 at 4 K shows a weak but
distinct half-field signal at g=4.26 in addition to the axial
pattern for d5 configuration (g1,2=2.26 and g3=1.81) (Fig-
ure 8a, see later), indicating an accessible triplet state (S=
1).[16]


Both complexes 1-(ClO4)2 and 2 are paramagnetic as evi-
denced by SQUID magnetometric measurements. For 1-
(ClO4)2 this seems to contradict the +2 oxidation state as-
signed to the ruthenium ions and to the closed-shell charac-
ter of the bridging ligand. However, the magnetic suscepti-
bility (c) of 1-(ClO4)2 is virtually temperature-independent
between 300 and 30 K; at lower temperatures it rises pro-
portionally with respect to 1/T. The latter is probably due to
very small amounts of a paramagnetic impurity, while the
former can be assigned to temperature-independent para-
magnetism (TIP).[16] The TIP phenomenon arises from
mixing induced by spin-orbit coupling of the excited-state
orbital angular momentum into the ground state. It has
been observed before, although usually the absolute value is
of the order of cTIP=10�4–10�3 cm3mol�1, while for 1-
(ClO4)2 cTIP=0.011 cm3mol�1.[17] The large cTIP value leads
to a steep slope in the cT versus T plot (Figure 5). A similar,
even slightly steeper slope can be observed in the cT curve
for 2 from room temperature down to about 50 K. Below
that the cT value drops more quickly. This last feature is at-
tributed to weak antiferromagnetic exchange coupling. A fit


using cTIP, the g value, and the exchange coupling constant
(h=�2JSi·Sj) as free parameters yields the following
values: cTIP=0.021�0.001 cm3mol�1 and J=�4�1 cm�1.
The g value is incredibly low at g=1.62, which may be due
to the interdependence of the fit parameters. The fit is good
at higher temperatures (see Figure 5), whereas the calculat-
ed cT value is lower than that calculated at lower tempera-
tures.


Electrochemistry and EPR spectroscopy : In CH3CN, 1-
(ClO4)2 exhibits two successive oxidation couples (Figure 6a,
Table 4). The intermediate 13+ displays a very intense band


Figure 4. 1H NMR spectrum of 1-(ClO4)2 in (CD3)2SO.


Figure 5. cT versus T recorded on powder samples of 1-(ClO4)2 (open cir-
cles) and 2 (filled squares). The drawn line is a fit to the data for 2.


Figure 6. a) Cyclic voltammograms of 1-(ClO4)2 and b) cyclic voltammo-
grams (c) and differential pulse voltammograms (a) of 2 in CH3CN.


Table 4. Redox potentials of complexes.[a]


n/n�1[b] Couple E1/2 (DEpp)
[c] Couple E1/2 (DEpp)


[c]


6/5 – – 22+/2+ 1.22 (110)
5/4 – – 2+/2 0.61 (80)
4/3 14+/13+ 0.79 (95) 2/2� �0.48 (90)
3/2 13+/12+ 0.27 (90) 2�/22� �1.18 (90)
2/1 12+/1+ �1.02 (70) – –
1/0 1+/1 �1.51 (80) – –
0/� 1/1�[d] �1.70 (60) – –


[a] From cyclic voltammetry in CH3CN/0.1m NEt4ClO4 at 100 mVs�1.
[b] Charge change of the [Ru(m-H2L)Ru](n/n�1)+ core. [c] In V versus
SCE; peak potential differences DEpp in mV (in parentheses). [d] Further
bpy-based reductions at �1.91 (80) and �2.02 (60) V (mV).
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in the near-infrared region (see
later) and an axial EPR spec-
trum at 4 K (Figure 7a,
Table 5). Both the small g ani-
sotropy g1�g3=0.049 and the
average gav=2.024, close to the
free-electron value of 2.0023,
suggests a radical-complex[18]


formulation RuII(LC�)RuII for
13+ instead of the mixed-valent
alternative RuII(L2�)RuIII.[19]


The 520 mV separation be-
tween the oxidation couples in
12+ leads to a comproportiona-
tion constant (Kc) of 6.5U108


for the paramagnetic intermedi-
ate (calculated using the equa-
tion RTlnKc=nF(DE)), which


is significantly higher than the values observed for corre-
sponding mixed-valent complexes of p-benzoquinone-de-
rived bridging ligands such as [{(bpy)2Ru}2(m-L


2�)]2+ , L2�=


2,5-dioxido-1,4-benzoquinone (Kc=6U105),[4] 5,8-dioxido-
1,4-naphthoquinone (Kc=1.8U105),[6] 1,4-dioxidoanthraqui-
none (Kc=3.7U104),[7] or 1,5-dioxidoanthraquinone (Kc=


3.4U102).[7] A neutral 1,2,4,5-tetraimino-3,6-diketocyclohex-
ane-bridged bis[Ru(bpy)2] complex also showed a rather
low Kc value at 105.[10] On the other hand, the diruthenium
complex [{(NH3)5Ru}2(m-H2L’)]


5+ involving the neutral bis-
monodentate p-benzoquinonediimine bridging ligand
(H2L’)


[20] exhibits a Kc value of 1010. The effects on Kc of
strongly s-donating NH3 (and of acac�) as ancillary ligands
in comparison to p-acidic bpy were demonstrated earlier in
a series of tetrazine-bridged diruthenium systems,
[(bpy)2Ru(m-bptz)Ru(bpy)2]


5+ (Kc=108.5),[21] [(acac)2Ru(m-
bptz)Ru(acac)2]


+ (Kc=1013.6),[14b] and [(NH3)4Ru(m-bptz)Ru-
(NH3)4]


5+ (Kc=1015.0),[22] in which bptz=3,6-bis(2-pyridyl)-
1,2,4,5-tetrazine.


Complex 1-(ClO4)2 exhibits multiple reduction processes
in the range between �1 and �2 V versus SCE (Table 4).
Stepwise reductions of the coordinated bridging ligand,
H2L


2�!H2LC3� and H2LC3�!H2L
4�, occur at �1.02 and


�1.51 V, respectively, followed by successive bpy-based re-
duction processes (Table4). The comproportionation con-


stant for the diruthenium complex 1+ with the bridging radi-
cal trianion H2LC3� is of a similar magnitude (Kc=2U108) to
that of 13+ . The intermediate 1+ displays a free-radical-type
EPR signal at g=1.995, indicative of m-H2LC3� bridging two
RuII centers (see Figure 7b, Table 5).[23] No intense absorp-
tion was observed beyond 900 nm.


The complex [{(acac)2RuIII}2(m-H2L
2�)] (2) exhibits two


successive one-electron couples on oxidation (Figure 6b,
Table 4). The cyclic-voltammetric current associated with
the second oxidation process appears larger than that in-
volved with the other reversible processes, due to the onset
of solvent oxidation; however, a direct comparison of differ-
ential pulse-voltammetric current heights relative to the
other reversible processes establishes unequivocally two
one-electron-transfer processes with a large Kc value of 2.1U
1010 for the intermediate 2+ . That intermediate exhibits a
rather intense near-infrared absorption (see later), but there
was little change in the EPR signal except for some decrease
in intensity (Table 5). The RuIII-type EPR signal points to a
RuIII(m-H2L


2�)RuIV formulation; however, it may also be
possibly caused by contributions from an alternative formu-
lation in which the bridging ligand is oxidized to yield a
three-spin situation RuIII(m-H2LC�)RuIII. The occurrence of a
near-infrared band (see below) favors the former alternative
in which an intervalence charge-transfer (IVCT) transition
could be induced.


In addition, 2 also shows two successive one-electron re-
duction processes with a Kc value for the intermediate of
7.3U1011, which could correspond either to successive RuII/
RuIII couples or to the bridging-ligand-based transitions
H2L


2�!H2LC3� and H2LC3�!H2L
4�. Considering the ob-


served rhombic EPR spectrum of the one-electron-reduced
intermediate 2� at 4 K with g1=2.31, g2=2.11 and g3=1.90
(Figure 8b, Table 5), it may be tempting to assume that the
reduction occurs primarily at the metal ions although both
formulations RuII(m-H2L


2�)RuIII and RuIII(m-H2LC3�)RuIII


may produce metal-centered
spin. The absence of near-infra-
red absorptions (see below)
may indicate the latter alterna-
tive without a mixed-valence
situation. The presence of elec-
tron-rich acac� functions in 2
reduces the RuII/RuIII potential
by ~0.8 V relative to the bpy
derivative 12+ , which leads to a
preference for the rutheni-
um(iii) state in 2 (Scheme 1).


Spectroelectrochemistry : Multi-
ple intraligand transitions of 12+


appear in the UV region
(Table 6). In addition, two in-
tense metal-to-ligand charge-
transfer (MLCT) transitions
with similar intensities are ob-
served at 632 nm (e=


Figure 7. EPR spectra of a) 13+


and b) 1+ in CH3CN/0.1m
Bu4NPF6 at 4 K.


Table 5. EPR data[a] of paramagnetic states[b] and comproportionation
constants Kc.


G1 g2 g3 gav Dg=g1�g3 Kc
[c]


13+ 2.057 2.008 2.008 2.024 0.049 6.5U108


1+ 1.995 1.995 1.995 1.995 <0.01 2.0U108


2+ 2.26 2.26 1.81 2.11 0.45 2.2U1010


2[d] 2.26 2.26 1.81 2.11 0.45 3.0U1018


2� 2.31 2.11 1.90 2.11 0.41 7.3U1011


[a] g components measured at 4 K. [b] From EPR spectroelectrochemis-
try in CH3CN/0.1m Bu4NPF6, except for 2. [c] Comproportionation con-
stant from RTlnKc=nF(DE); for DE see Table 4. [d] Half-field signal at
g1/2=4.26.


Figure 8. EPR spectra of a) 2
and b) 2� in CH3CN/0.1m
Bu4NPF6 at 4 K.
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18650m�1 cm�1) (Ru!H2L
2�) and 550 nm (e=


18500m�1 cm�1) (Ru!bpy) (Figure 9a, Table 6). On oxida-
tion to 13+ , two new bands appear at 705 and 450 nm


(MLCT or LMCT), along with a very intense near-infrared
transition at 1425 nm (e=11300m�1 cm�1) with a width-at-
half-height (Dn1/2) of 1000 cm�1. The experimentally ob-
tained Dn1/2 value is much less than what would be calculat-
ed at 4026 cm�1 using the Hush formula [Dn1/2= (2310
Eop)


1/2][24] for a localized Class II mixed-valent system. This
disagreement and the very high intensity of the absorption
support the notion of a ligand-based oxidation to RuII(m-
H2LC�)RuII, as strongly suggested by the EPR result. It may
be noted that the corresponding dinuclear [Ru(bpy)2]


n+


complex of the 2,5-dioxido-1,4-benzoquinone bridging


ligand failed to show any IVCT band up to 1800 nm.[4a] On
further oxidation to the presumably isovalent RuIIIRuIII


complex 14+ , the near-infrared band disappears and RuIII-
based ligand-to-metal charge-transfer (LMCT) transitions
are observed at 597 and 465 nm (Figure 9b).


On one-electron reduction to 1+ , the RuII-based MLCT
transitions are blue-shifted from 632 to 613 nm and from
550 to 465 nm with substantial reduction in intensity (Fig-
ure 9c). This is in accord with placement of one electron in
the LUMO of H2L


2� (which thus becomes the singly occu-
pied molecular orbital, SOMO). The reduction of the coor-
dinated bridging ligand results in a moderately intense low-
energy band at 840 nm (e=5150m�1 cm�1), which probably
corresponds to an internal SOMO!LUMO transition of
(H2LC3�). On further reduction to 1, the radical-anion-based
transition at low-energy disappears and the d(Ru)!p*(bpy)
MLCT transition is red-shifted to 651 nm (Figure9d). This is
consistent with the second reduction forming the (m-H2L


4�)
ligand.[21]


The native RuIIIRuIII species 2 exhibits an intense
H2L


2�!RuIII-based LMCT transition at 545 nm (e=
17750m�1 cm�1), in addition to ligand-based transitions in
the ultraviolet region (Figure 10a, Table 6). In the one-elec-


tron-oxidized species 2+ , the LMCT transition is red-shifted
to 698 nm with a decrease in intensity, and a moderately in-
tense IVCT band appears at 1565 nm (e=4400m�1 cm�1), in
agreement with expectations for a mixed-valent RuIII(m-
H2L


2�)RuIV species (Figure 10a). The width-at-half-height
(Dn1/2) of the IVCT band is measured at 2000 cm�1, which is
narrower than that obtained by means of the Hush theory
(3842 cm�1).[24] This implies a Class III mixed-valent state of
2+ , as is also suggested by the high Kc value of 2.1U1010.
Considering the Class III characteristics, Vab is calculated as


Table 6. UV-visible-NIR data of 1n [n=0, 1, 2, 3, 4] and 2m [m=�2, �1,
0, 1, 2] from spectroelectrochemistry.[a]


lmax [nm] (e [m�1 cm�1])


14+ 1130(2720), 597(16300), 465(6650), 375(sh), 315(sh), 295(25800),
270(sh), 244(25100)


13+ 1425(11300), 705(17900), 450(5750), 295(28400), 280(sh),
240(26200)


12+ 632(18650), 550(18500), 392(sh), 347(9500), 297(28200), 280(sh),
242(25000)


1+ 840(5150), 613(12100), 465(9400), 370(10100), 296(28200), 281(sh),
241(25000)


1 651(4000), 540(sh), 490(sh), 355(7850), 295(15100), 240(13500)
22+ 612(6000), 284(12700)
2+ 1565(4400), 698(14300), 276(16600), 240(sh)
2 545(17750), 340(sh), 280(20700)
2� 735(32200), 396(8950), 273(24900)
22� 855(27600), 505(8100), 272(30600)


[a] Measurements in CH3CN/0.1m Bu4NPF6 (OTTLE spectroelectro-
chemistry).


Figure 9. UV-visible-NIR spectroelectrochemistry for the conversions of
a) 12+!13+ , b) 13+!14+ , c) 12+!1+ , and d) 1+!1 in CH3CN/0.1m
Bu4NPF6 (the step at 1000 nm is a detector switch artifact).


Figure 10. UV-visible-NIR spectroelectrochemistry for the conversions of
a) 2!2+ , b) 2+!22+ , c) 2!2� , and d)2�!22� in CH3CN/0.1m Bu4NPF6


(the step at 1000 nm is an artifact from detector switching).
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Eop/2 at 3195 cm�1.[25] On further one-electron oxidation to
the RuIVRuIV state in 22+ , the IVCT band disappears and a
moderately intense LMCT absorption appears at 612 nm
(Figure 10b).


The one-electron-reduced form 2� displays an unusually
strong and narrow absorption band at 735 nm (e=
32200m�1 cm�1) (Figure 10c). The species fails to show any
distinct band in the near-infrared region. It should be noted
that very weak-to-undetectable IVCT bands have been re-
ported previously for the RuIIRuIII mixed-valent state for
diruthenium– and triruthenium–acac systems[1a,e,22, 26] in spite
of reasonably large Kc values, and it was concluded that
large Kc values are independent of the IVCT band intensi-
ty.[26b] However, 2� displays a rhombic RuIII-type EPR spec-
trum (Figure 8b). Assuming a RuIII(m-H2LC3�)RuIII formula-
tion with partially coupled spins because of the absent near-
infrared absorption, we would have to assign the very in-
tense band at 735 nm to a predominantly LMCT transition.
Strong mixing of metal and ligand orbitals could explain the
very narrow (Dn1/2=1540 cm�1) and thus the intense band
appearance. On further reduction to 22�, this charge-transfer
band is red-shifted to 855 nm with a slight decrease in inten-
sity (e=27600m�1 cm�1) (Figure 10d). Both the RuII(m-
H2L


2�)RuII and RuIII(m-H2L
4�)RuIII descriptions can be as-


sumed.
The above observations are supported by the computed


vertical excitation energies, using the time-dependent densi-
ty functional theory (TD-DFT) method.[27] Sets of key tran-
sitions are given in Tables 7 and 8 in the text, and in Ta-


bles S7 and S8 in the Supporting Information, representative
orbital contours are shown in Figure 11. Other orbital con-
tours for 2 and 12+ are provided in the Supporting Informa-
tion (Tables S2 and S3).


In the case of complex 2, the
highest intensity charge-trans-
fer transitions are predicted to
be between dpRu and p*(m-
H2L


2�). The low-energy transi-
tions for 12+ are found to be of
a similar type, even though the
donor orbital shows slight
mixing with p(m-H2L


2�). The
experimentally observed UV-
visible transitions for both 2
and 12+ are in reasonable
agreement with the computed
values. For instance, the MLCT
band for 2 appearing at 545 nm
(e=17750m�1 cm�1) is in agree-
ment with the computed value
at 504 nm (e=23814m�1 cm�1).
Similarly, for complex 12+ the
MLCT transition of 632 nm
(e=18650m�1 cm�1) is compara-
ble to the calculated value of
638 nm (e=13238m�1 cm�1).
The predicted low-energy tran-


sitions for 2 (HOMO!LUMO, HOMO�1!LUMO+1)
are of zero oscillator strength and are not observed experi-
mentally.


Table 7. Selected list of higher intensity vertical excitations computed at the TD-DFT/B3LYP//B3LYP/3–21G
level[a] for 12+ .


Excitation
energy[a,b]


Oscillator
strength


e[c] yo�yv
[d] Type of


transition


15668 (638) 0.1885 13238 HOMO!LUMO (0.61)[e] dp(Ru), p(m-H2L
2�)!p*(m-H2L


2�)
16640 (601) 0.0156 1096 HOMO!LUMO+2 (0.51) dp(Ru), p(m-H2L


2�)!p*(bipy), dp(Ru)
17122 (584) 0.0409 2872 HOMO�1!LUMO+3 (0.55) dp(Ru), p(m-H2L


2�)!p*(bipy)


[a] Calculations were done by employing a LanL2DZ basis set for Ru and 3–21G for the other elements; sin-
glet excitation energies in cm�1. [b] Wavelengths in nm given in parentheses. [c] e in m


�1 cm�1. [d] Occupied
and virtual orbitals. [e] Transition coefficients.


Table 8. Selected list of vertical excitations computed at the TD-DFT/B3LYP//B3LYP/3–21G level[a] for 2.


Excitation
energy[a,b]


Oscillator
strength


e[c] yo�yv
[d] Type of


transition


2770 (3610) 0.0000 0.00 HOMO!LUMO (0.90)[e] dp(Ru), p(acac)!dp(Ru)
17710 (565) 0.0000 0.00 HOMO�1!LUMO+1 (0.77) dp(Ru), p (m-H2L


2�)!dp (Ru)
19830 (504) 0.3391 23814 HOMO�2!LUMO+2 (0.73) dp(Ru)!p*(m-H2L


2�)
20000 (500) 0.5065 35570 HOMO�2!LUMO+2 (0.59) dp (Ru)!p*(m-H2L


2�)


[a] Calculations were done by employing LanL2DZ basis set for Ru and 3–21G for other elements; triplet ex-
citation energies in cm�1. [b] Wavelengths in nm given in parentheses. [c] e in m


�1 cm�1. [d] Occupied and virtu-
al orbitals. [e] Transition coefficients.


Figure 11. Representative orbital contours for 2.
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It is interesting to note that the higher-energy transitions
predicted for 12+ are of an MLCT-type involving p*(bpy) as
the acceptor (see Table 7 and Table S8 in the Supporting In-
formation). For instance, the transition at 584 nm corre-
sponds to HOMO�1!LUMO+3. While there are minor
contributions (mixing) to dpRu (HOMO�1) from the bridg-
ing ligand orbitals, the LUMO+3 is mostly located on bpy.
A complete list of various other computed transitions is pro-
vided in Table S8 in the Supporting Information. The nature
of these transitions is identified by using the orbital contours
as shown in Table S3 in the Supporting Information. The
computed HOMO–LUMO energy gap for 2 is found to be
lower than that of 12+ by 0.48 eV (Table S6 in the Support-
ing Information).


The presence of RuIII centers in 2 is further supported by
the computed spin densities on both Ru centers which
amounts to 0.81, clearly indicating the presence of one un-
paired electron on each metal center.


Conclusion


Starting from the unequivocally established compounds
[(bpy)2RuII(m-H2L


2�)RuII(bpy)2](ClO4)2 (1-(ClO4)2) and
[(acac)2RuIII(m-H2L


2�)RuIII(acac)2] (2) with the previously
unexploited 2,5-dioxido-1,4-benzoquinonediimine bridging
ligand H2L


2� we have attempted to establish the oxidation
state distribution for various accessible redox states of these
compounds, using a combination of UV-visible-NIR and
EPR spectroelectrochemistry. The results are summarized in
Scheme 2.


Scheme 2 illustrates that the dinuclear complexes 1n+


prefer the bis(2,2’-bipyridine)ruthenium(ii) configuration.
Electron-transfer occurs largely at the bridging ligand m-
H2L


n� as evident from radical (m-H2LC� or m-H2LC3�) EPR
signals for 13+ and 1+ . In contrast, higher metal oxidation
states (RuIII, RuIV) seem to be favored by the dinuclear bis-
(acetylacetonato)ruthenium complexes 2m, leading to more
complex and ambivalent oxidation state combinations. In-
tense long-wavelength absorption bands and RuIII-type EPR
signals point to mixed-valent dimetal configurations of the
intermediates 2+ and 2� ; however, three-spin arrangements
with two ruthenium(iii) centers and radical ligand bridges m-
H2LC� or m-H2LC3� cannot be ruled out. The results confirm
again the essential role of ancillary ligands in determining
oxidation state distributions within potential redox-ambiva-
lent arrangements between electro-active metal ions and or-
ganic mediators. Clearly, H2L


2� is a good noninnocent[3g,h]


bis-chelating ligand, a hitherto neglected member of the qui-
none ligand family. An additional feature emerging from the
study of this particular ligand is the potential for interligand
and ligand–solvent hydrogen bonding, which could eventual-
ly lead to a better understanding of metal–ligand electron-
transfer control through hydrogen-bonded networks, as is
typical for many metalloproteins.[14]


Experimental Section


Materials and instrumentation : The precursor compounds [Ru(acac)2-
(CH3CN)2]


[28a] and cis-[Ru(bpy)2Cl2]·2H2O
[28b] were prepared according


to reported procedures. The ligand precursor 1,4-diamino-2,5-hydroqui-
none (H6L) was purchased from Aldrich. Other chemicals and solvents


were reagent-grade and used as re-
ceived. For spectroscopic and electro-
chemical studies HPLC-grade solvents
were used.


UV-visible-NIR spectroelectrochemi-
cal studies were performed in CH3CN/
0.1m Bu4NPF6 at 298 K by using an
optically transparent thin-layer-elec-
trode (OTTLE) cell[29] mounted in the
optical path of a J&MTidas spectrom-
eter by means of an adapted sample
holder. FTIR spectra were taken on a
Nicolet spectrophotometer with sam-
ples prepared as KBr pellets. Solution
electrical conductivity was checked by
using a Systronic 305 conductivity
bridge. 1H NMR spectra were ob-
tained with a 400 MHz Varian FT
spectrometer. The EPR measurements
were performed on a two-electrode ca-
pillary tube[30] with an X-band Bruker
system ESP300, equipped with a
Bruker ER035m gaussmeter and an
HP 5350B microwave counter. Cyclic-
voltammetric, differential-pulse-vol-
tammetric, and coulometric measure-
ments were carried out by using a
PAR model 273A electrochemistry
system. Platinum-wire working and
auxiliary electrodes and an aqueous
saturated calomel reference electrodeScheme 2.
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(SCE) were used in a three-electrode configuration. The supporting elec-
trolyte was [NEt4]ClO4 (0.1m) and the solute concentration was ~10�3


m.
The half-wave potential Eo


298 was set equal to 0.5(Epa+Epc), in which Epa


and Epc are the anodic and cathodic cyclic-voltammetric peak potentials,
respectively. A platinum wire-gauze working electrode was used in the
coulometric experiments. The elemental analyses were carried out with a
Perkin–Elmer 240C elemental analyzer. Electrospray mass spectra were
recorded on a Micromass Q-ToF mass spectrometer. The magnetic sus-
ceptibility of 1-(ClO4)2 and 2 as a function of temperature was recorded
from 1.8 to 300 K by using a 0.1 T applied field on a Quantum Design
MPMS XL7 SQUID magnetometer. The data were corrected for diamag-
netic contributions to the magnetic susceptibility by using PascalXs con-
stants and for the diamagnetic contribution from the sample holder.


Caution! Perchlorate salts of metal complexes with organic ligands are
potentially explosive. Heating of dried samples must be avoided; han-
dling of small amounts must proceed with great caution using protection.


[{(bpy)2Ru}2(H2L)](ClO4)2 (1-(ClO4)2): The starting complex cis-[Ru-
(bpy)2Cl2]·2H2O (100 mg, 0.20 mmol) and AgClO4 (108.6 mg, 0.52 mmol)
were added to absolute ethanol (15 mL), and the mixture was refluxed
for 2 h with stirring. The initial violet solution changed to orange-red; the
mixture was then cooled and filtered through a sintered glass funnel. The
ligand H6L (21 mg, 0.10 mmol) was added to the above solution contain-
ing [Ru(bpy)2(EtOH)2]


2+ , followed by sodium acetate (34 mg,
0.40 mmol). The resulting mixture was heated under reflux for 12 h
under a dinitrogen atmosphere. The resultant solution was reduced to
5 mL and kept at 0 8C overnight. The blue precipitate that formed on
cooling was filtered and washed thoroughly with ice-cold water followed
by cold ethanol and diethyl ether. The product was recrystallized from
acetonitrile/benzene (1:4). Yield: (70 mg, 63%); elemental analysis calcd
(%) for Ru2C46H36N10O10Cl2 (1161.90): C 47.55, H 3.12, N 12.06; found: C
47.73, H 3.46, N 12.36; LM in acetonitrile at 25 8C: 230 W�1 cm2


m
�1.


[{(acac)2Ru}2(H2L)] (2): The starting complex [Ru(acac)2(CH3CN)2]
(100 mg, 0.26 mmol), the ligand H6L (28 mg, 0.13 mmol) and sodium ace-
tate (44 mg, 0.52 mmol) were dissolved in ethanol (20 mL) and the mix-
ture was heated under reflux for 12 h under a dinitrogen atmosphere.
The initial orange solution gradually changed to purple-red. The solvent
of the reaction mixture was evaporated to dryness under reduced pres-
sure and the residue was then purified using a neutral alumina column.
Initially, a red compound corresponding to [Ru(acac)3] was eluted by
CH2Cl2/CH3CN (25:1), followed by a purple-red compound with CH2Cl2/
CH3CN (10:1), corresponding to 2. Evaporation of solvent under reduced
pressure yielded the pure complex 2. Yield: (45 mg, 47%); elemental
analysis calcd (%) for Ru2C26H32N2O10 (734.69): C 42.51, H 4.39, N 3.81;
found: C 42.72, H, 4.67, N 3.98.


Crystallography : Single crystals of 2·2H2O were grown by slow diffusion
of a solution of the complex in undried acetonitrile into benzene, fol-
lowed by slow evaporation under atmospheric conditions. The crystal
data of 2·2H2O were collected on a Bruker SMARTAPEX CCD diffrac-
tometer at 293 K. Selected data collection parameters and other crystal-
lographic results are summarized in Table 1. All data were corrected for
Lorentz polarization and absorption effects. The program package
SHELX-97 (SHELXTL)[31,32] was used for structure solution and full-
matrix least-squares refinement on F2. Hydrogen atoms were included in
the refinement using the riding model. Contributions of hydrogen atoms
for the water molecules were included but were not fixed.


CCDC-264905 contains the supplementary crystallographic data for 2.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_
request/cif.


Computational details : Complete geometry optimization was carried out
using the density functional theory method at the (U)B3LYP level. All
elements except ruthenium were assigned 3–21G basis set. A Los
Alamos effective core potential (ECP) with a double zeta quality (DZ)
valence basis set (LanL2DZ) was employed for the ruthenium
atoms.[33a–c] Calculations were performed with Gaussian98.[33d] Vertical
electronic excitations based on B3LYP-optimized geometries were com-
puted by using the time-dependent density functional theory (TD-DFT)
formalism[33e,f] with the B3LYP functional with the above combination of


basis sets. Visual inspection of all key orbitals was done with MOL-
DEN[33g] to assign the nature of various electronic transitions.
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Structure and Bonding of Zinc Antimonides:
Complex Frameworks and Narrow Band Gaps


Arkady S. Mikhaylushkin, Johanna Nyl#n, and Ulrich H&ussermann*[a]


Introduction


Probing solid-state materials at the boundary between
metals and nonmetals is an exciting field of research. The in-
termediate region between valence compounds and fully de-
localised metallic systems exhibits a rich, unique, structural
chemistry and interesting physical properties.[1–3] The pecu-
liarity of the metal–nonmetal border is splendidly exempli-
fied by binary zinc antimonides, which combine remarkable
thermoelectric figures of merit with an immense structural
complexity. The Zn/Sb system affords three fields of phases
which are located in the narrow range between 50 and 60
atom% Zn.[4,5] ZnSb is a stoichiometric compound with a
well characterised crystal structure (CdSb-type)[6] and stable
up to 822 K. Zn4Sb3 displays involved temperature poly-
morphism.[7–10] At around 250 K the transition a ! b takes
place. b-Zn4Sb3 is succeeded by g-Zn4Sb3 above approxi-
mately 765 K. At even higher temperatures two more modi-
fications are proposed (d and d’).[5] Zn3Sb2 is metastable and
appears in a low-temperature (between 677 and 714 K) and


high-temperature form (between 677 and 841 K). The struc-
tures and exact compositions of the Zn4Sb3 and Zn3Sb2


phases have been either reported controversially or frag-
mentary. Only very recently b-Zn4Sb3 was recognised as sub-
stantially disordered[11,12] and the structure of high-tempera-
ture Zn3Sb2 could be identified as a complex incommensur-
ately modulated one with the modulation vector coupled to
a small homogeneity range Zn3�xSb2 (0.167 < 5 < 0).[13]


ZnSb and Zn4Sb3 are narrow gap semiconductors and
have interesting thermoelectric properties.[14,15] (The proper-
ties of Zn3Sb2 are virtually unknown.) In particular, b-
Zn4Sb3 is considered to be a state-of-the-art material at
moderate temperatures (450–650 K) closing the gap between
low-temperature materials (Bi2Te3 based systems) and inter-
mediate temperature materials (AgSbTe2–GeTe based sys-
tems (TAGS)).[16] A good thermoelectric material requires
that a high thermopower S is combined with a low electrical
resistivity 1 and a low thermal conductivity k.[17] Interesting-
ly, the values and temperature behaviour for S and 1 are
very similar for ZnSb and b-Zn4Sb3. What makes b-Zn4Sb3


special is the exceptional thermal conductivity, which is as
low as that for glass-like materials.[16] The discovery of disor-
dered Zn in b-Zn4Sb3 provides a plausible reason for this
phenomenon and stresses an important issue: Prior to un-
derstanding the complex interplay of different transport
properties defining thermoelectric efficiency, very careful


Abstract: We investigated crystal struc-
ture relationships, phase stability and
chemical bonding of the thermoelectric
materials ZnSb, a-Zn4Sb3, and b-
Zn4Sb3 by means of first principles cal-
culations. The structures of these mate-
rials are difficult to rationalise. This is
especially true for b-Zn4Sb3 because of
the presence of vacancies and intersti-
tial atoms. We recognised rhomboid
rings Zn2Sb2 as central structural build-
ing units present in all materials. Im-
portantly, these rings enable to estab-


lish a clear relationship between disor-
dered b-Zn4Sb3 and ordered low-tem-
perature a-Zn4Sb3. Concerning the
phase stability of Zn4Sb3 we identified
a peculiar situation: a-Zn4Sb3 is meta-
stable and b-Zn4Sb3 can only be ther-
modynamically stable when its structur-
al disorder accounts for a large entropy


contribution to free energy. According
to their electronic structure zinc anti-
monides represent heteroatomic frame-
work structures with a modest polarity.
The peculiar electronic structure of Zn/
Sb systems can also be modelled by Al/
Si systems. The high coordination num-
bers in the frameworks implies the
presence of multicentre bonding. We
developed a simple bonding picture for
these frameworks where multicentre
bonding is confined to rhomboid rings
Zn2Sb2.
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crystallographic studies of the considered material have to
be performed, in order to unambiguously determine its
structure and composition.[12,18,19]


Recently we reported on the complex structure of low-
temperature a-Zn4Sb3.


[20] Surprisingly, this phase is com-
pletely ordered and, furthermore, the order-disorder a–b
transition occurs reversibly in single crystal X-ray diffraction
experiments. We could show that the crystallographic com-
position of a-Zn4Sb3 is Zn13Sb10 (Zn3.9Sb3), which implies
that the actual composition of disordered b-Zn4Sb3 has to be
Zn13Sb10 as well. As a matter of fact, only a composition
Zn13Sb10 is compatible with the narrow gap semiconductor
properties of both forms of Zn4Sb3. In this work we present
a clear relationship between the crystal structures of a- and
b-Zn4Sb3. Additionally we perform a detailed analysis of the
electronic structure and phase stability of ZnSb and Zn4Sb3


by means of first principles calculations. Finally we attempt
to rationalise the bonding properties of the complex ZnSb
and Zn4Sb3 framework structures by a simple model, which
accounts for the narrow band gap. Our study aims at a
deeper understanding of the complex phase and structural
relations, and eventually also the origin of properties, in the
remarkable Zn/Sb materials. Such an understanding is of
utmost importance for possibly optimising the thermoelec-
tric performance of these materials by, for example, control-
led doping.


Structural Relationships


ZnSb : The structure of orthorhombic ZnSb (space group
Pbca, Z = 8) was reported already in 1948.[6] Zn and Sb
both occupy general positions and attain a peculiar five-fold
coordination by one like and four unlike neighbours (Fig-
ure 1a). The nearest neighbour distances vary between 2.67
and 2.84 L and are well separated from the next nearest
ones starting off at 3.66 L. ZnSb may be regarded as an ar-
rangement of Zn centred, vertex and corner sharing, Sb4 tet-
rahedra (quasitetrahedral close-packing). However, we
prefer to focus on the planar rhomboid rings Zn2Sb2 (dia-
monds) containing the Zn–Zn contact as central building
units. In ZnSb each diamond is linked to 10 neighbouring
ones. Figure 1b shows a layer of diamonds in the ac plane.
In such a layer each diamond is surrounded by six neigh-
bouring ones, two are attached to the Sb atoms and one to
the Zn atoms. This leaves one coordination site per atom to
bind diamonds in the b direction (two up and two down,
Figure 1c). (Note, that because of the three axial glides this
description holds for any direction.)


Zn4Sb3 : Zn4Sb3 occurs in at least three modifications.[5] The
crystal structures of a- and b-Zn4Sb3 could be characterised
properly only recently, the structures of the high-tempera-
ture polymorph(s) still await solution.[11,12,20] The structure
of b-Zn4Sb3 is rhombohedral (space group R3̄c) and contains
three distinct atomic positions (36 Zn, 18 Sb1, and 12 Sb2).
The structure of a-Zn4Sb3 is triclinic, conveniently described


with a C-centred, metrically monoclinic cell (space group
C1̄), and contains 26 Zn and 20 Sb general positions. Both
structures are composed of Zn2Sb2 diamonds, that is, the
structural unit already identified in the ZnSb structure (Fig-
ure 2a). As a matter of fact, the coordination of Zn atoms in
a and b-Zn4Sb3 appears to be identical to that in ZnSb.
However, in b-Zn4Sb3 diamonds form chains by sharing
common Sb1 atoms. These chains run in three different di-
rections in the rhombohedral structure and result in a
framework with channels along the c direction (Figure 2b).
The channels are centred by Sb2 atoms, which are located
on the three-fold axes. Sb2 atoms display alternating short
(2.82 L) and long (3.39 L) contacts to each other. Addition-
ally, each Sb2 atom is coordinated to three Zn atoms within
diamonds and thus attains a tetrahedral environment (Fig-
ure 2a). Sb1 atoms are exclusively surrounded by Zn atoms
(six, at distances between 2.7 and 2.8 L). Four of these Zn
atoms are located within the same diamond chain and two
in neighbouring chains.


Figure 1. Crystal structure of orthorhombic ZnSb: Zn (*) and Sb (*)
atoms, respectively. The rhomboid (diamond) ring Zn2Sb2 is used as cen-
tral structural building unit and emphasised by bold lines, the remaining
nearest neighbour contacts are drawn as thin lines. a) Coordination envi-
ronment for Zn (right) and Sb (left). The inserted numbers indicate in-
teratomic distances in L. b) A layer of diamonds in the ac plane. c) Two
layers of diamonds along the c direction related by glide operation. The
layers are distinguished by dark and pale colour.
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Figure 2. Comparison of the crystal structures of triclinic a-Zn4Sb3 and rhombohedral b-Zn4Sb3. Note that the unit cell of a-Zn4Sb3 is monoclinic C-cen-
tred: Zn atoms (*), two different types of Sb atoms: Sb1 (*) and Sb2 (*). The rhomboid (diamond) ring Zn2Sb2 is used as central structural building
unit and emphasised with bold lines. a) Coordination environment for Zn (right), Sb1 (middle), and Sb2 (left). The inserted numbers indicate inter-
atomic distances in L found in the idealised rhombohedral framework of b-Zn4Sb3. b) Left: Idealised framework (Zn6Sb5) of b-Zn4Sb3 along [001]. The
framework is built from chains of condensed diamonds Zn2Sb12/2 (cf. Figure 2a, middle) and consists of channels, which are stuffed by Sb2 atoms. Right:
Structure of a-Zn4Sb3 along [301̄] which is equivalent to the [001] direction in b-Zn4Sb3. Grey circles denote “non-rhombohedral” Zn atoms, that is, Zn
atoms with no counterpart in Zn6Sb5. Distances below 3 L between “non-rhombohedral” Zn atoms are drawn as lines in order to emphasise the location
of these atoms. Lines defining diamond rings are not drawn for clarity. c) Left: Section of the Zn2Sb12/2 framework of b-Zn4Sb3 (marked in Figure 2b) ro-
tated by 90o (yielding approximately the [11̄0] direction). Sb2 atoms are not shown for clarity. Grey circles highlight pairs of Zn atoms present in Zn6Sb5


but absent in a-Zn4Sb3. Right: Equivalent section of the a-Zn4Sb3 structure. Two five-atom clusters of non-rhombohedral Zn atoms (“interstitials”) re-
place three pairs of Zn atoms from the rhombohedral framework (“vacancies”).
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The unit cell content of the above-described rhombohe-
dral framework of b-Zn4Sb3 amounts to just Zn36Sb30


(Zn3.6Sb3). The deviation from the nominal (i.e. , synthesis)
composition[21] and its implication to crystal structure has
been the subject of controversy.[10,22] A detailed solution to
the problem was finally obtained by Snyder et al. and Car-
goni et al. when identifying a high degree of disorder in the
Zn substructure of b-Zn4Sb3.


[11,12] By analysing the experi-
mental electron density, which was calculated by the maxi-
mum entropy method from high-resolution synchrotron
powder diffraction data, they found interstitial Zn atoms
distributed on three weakly occupied general sites in space
group R3̄c (36f). Additionally, the regular framework posi-
tion (also 36f) of the pairs of Zn atoms within the diamonds
displayed a considerable occupational deficiency (0.89–0.9).
The composition obtained from the refined occupancies of
the different Zn sites is Zn3.83Sb3, which puts the crystallo-
graphic composition closer to the nominal one and especial-
ly removes the discrepancy between the measured and crys-
tallographic density of b-Zn4Sb3.


Below about 250 K b-Zn4Sb3 transforms into a-Zn4Sb3,
which somewhat surprisingly, has a completely ordered
structure.[20] The C-centred unit cell of a-Zn4Sb3 contains
104 Zn and 80 Sb atoms and thus the composition is
Zn13Sb10 (Zn3.9Sb3). Since the a–b transition is reversible in
a single-crystal X-ray diffraction experiment the actual com-
position of disordered b-Zn4Sb3 has to be the same, for ex-
ample, Zn3.9Sb3, which is very close to the reported values in
references [11] and [12]. Figure 2b displays the structure of
a-Zn4Sb3 along [301̄] which corresponds to the c direction in
rhombohedral b-Zn4Sb3. As already pointed out in our earli-
er work, the Sb atom substructures of a and b-Zn4Sb3 differ
only fractionally.[20] The 80 Sb atoms (20 sites) in the unit
cell of a-Zn4Sb3 divide into 48 atoms (12 sites) and 32 atoms
(8 sites) corresponding to the Sb1 and Sb2 atoms in b-
Zn4Sb3, respectively. A careful inspection reveals that also
large parts of the Zn atom substructure are virtually identi-
cal in both structures. In Figure 2c equivalent sections of the
diamond-chain framework shown perpendicular to the chan-
nel direction are compared for b- and a-Zn4Sb3. We note
the stunning similarity, but especially the usefulness of the
structural description in terms of Zn2Sb2 diamonds becomes
apparent. This description can easily identify Zn atoms not
participating in the regular framework, that is, “non-rhom-
bohedral” Zn atoms (denoted as grey circles in Figure 2b
and c). These atoms (Zn10, Zn23, Zn24, Zn25, Zn26 in the
CIF[23]) are assembled in clusters consisting of a triangle
with a tail of two more Zn atoms attached. Interatomic dis-
tances within this five-atom arrangement are between 2.65
and 2.93 L. Two five-atom clusters are grouped together
and related by a centre of inversion (the closest intercluster
distance is around 4 L). Each pair of five-atom clusters re-
places three pairs of Zn atoms from the regular diamond-
chain framework (as indicated in Figure 2c).


There are 20 “non-rhombohedral” Zn atoms (4 five-atom
clusters) and 84 regular framework Zn atoms in the unit cell
of a-Zn4Sb3. The monoclinic C-centred cell of triclinic a-


Zn4Sb3 is by a factor 8=3 larger than the hexagonal cell of
rhombohedral b-Zn4Sb3 (note,


8=3 is the ratio of Sb atoms in
the two cells). When applying the situation in a-Zn4Sb3 to
disordered b-Zn4Sb3 the hexagonal unit cell of the latter
would contain an average of 31.5 framework Zn atoms
(which are described by the regular 36f Zn position) and an
average of 7.5 “non-rhombohedral” Zn atoms. It is very
tempting to relate the former value to Zn vacancies present
in the diamond-chain framework of b-Zn4Sb3 and the latter
to interstitial Zn atoms. Indeed, the ratio 31.5/36 = 0.875 is
close to the refined occupation of the regular Zn position in
b-Zn4Sb3 (0.89–0.9) and the refined occupations of the inter-
stitial positions in b-Zn4Sb3 sum up to about 6.5, which com-
pares well to 7.5. To relate a- and b-Zn4Sb3 in this way
allows a quantification of the disorder (vacancies and inter-
stitials) in b-Zn4Sb3 and implies that the vacancies in the Zn
framework are also present in a-Zn4Sb3, but occur, as the in-
terstitial Zn atoms, completely ordered. Adding the number
of vacancies (4.5) and interstitials (7.5) in the hexagonal unit
cell of b-Zn4Sb3 amounts to a high degree of disorder (12=39,
that is, about 30%) in the Zn substructure of this com-
pound. This fact is indeed a ready explanation for its extra-
ordinarily low, glass-like, thermal conductivity because struc-
tural disorder has a strong scattering effect to heat-carrying
phonons.


In the next step we analyse the electronic structure of the
ZnSb and Zn4Sb3 materials. Their transport properties imply
that they are narrow-gap semiconductors.[24] Further, the
similar electronegativity of Zn and Sb suggests that zinc an-
timonides are moderately polar compounds. As a matter of
fact, weak polarity is a prerequisite of a good thermoelectric
material because polar phonon scattering would significantly
limit the mobility of electrons.[25] Thus, we expect the pecu-
liar situation of electron precise frameworks with high coor-
dination numbers displaying localised multi-centre bonding.


Electronic Structures


We computed the electronic density of states (DOS) of or-
thorhombic ZnSb, of the idealised rhombohedral framework
of b-Zn4Sb3 with composition Zn6Sb5 (i.e., assuming fully oc-
cupied regular Zn position and no interstitials), and of tri-
clinic a-Zn4Sb3 (Zn13Sb10) in their respective theoretical
equilibrium structures. The result is assembled in Figure 3.
For ZnSb (Figure 3a) the DOS is divided into distinct parts.
At low energies we recognise the Sb-s band for which the
bonding and antibonding component is split, and the Zn-d
band. These bands have a low dispersion and are clearly de-
tached from the succeeding valence band. The valence band
is composed of Zn-s, Zn-p, and Sb-p states (Zn-d has a
minor contribution) and is separated from the conduction
band by a small band gap of about 0.2 eV. We note that the
contribution of Zn based states to the valence band is sub-
stantial, which is anticipated from the small electronegativity
difference between Zn and Sb. ZnSb can be considered as a
polarised but covalently bonded framework structure. The
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DOS of Zn6Sb5 and Zn13Sb10 are very similar to that of
ZnSb (Figure 3b). For Zn6Sb5 the narrow band gap is above
the Fermi level and a considerable amount of the valence
band remains unoccupied. If existing, the material would be
a good metallic conductor. Disordered b-Zn4Sb3, however,
displays transport properties corresponding to a narrow-gap
semiconductor and accordingly should have a filled valence
band. Complete band filling is achieved for Zn13Sb10 (a-
Zn4Sb3). The narrow band gap has a size of about 0.3 eV.


We now turn to the question of phase stability of ZnSb,
Zn6Sb5, and Zn13Sb10. For that we calculated energies of for-
mation (formation enthalpies at 0 K) with respect to ele-
mental Zn and Sb. These energies are displayed in Figure 4.
ZnSb is the most stable system with a formation energy of
about 0.04 eVatom�1 (7.75 kJmol�1 ZnSb). As expected, the


non-existing idealised rhombohedral framework of b-Zn4Sb3


is least stable but still has a negative energy of formation.
Surprising is the fact that existing a-Zn4Sb3 is unstable with
respect to a decomposition into ZnSb and Zn. Actually its
formation energy should be larger by at least 0.02 eVatom�1


in order to achieve a negative reaction energy for 10 ZnSb
+ 3Zn = Zn13Sb10. Against this background, disorder in b-
Zn4Sb3 has not only interesting consequences for the physi-
cal properties of this compound but has also a dramatic
effect on its phase stability: Thermodynamic stability of
b-Zn4Sb3 has to be ensured by a large entropy contribution
to the free energy arising from the presence of a high
degree of structural disorder. a-Zn4Sb3 is metastable; its de-
composition into ZnSb and Zn is kinetically prevented be-
cause of the low temperature at which the a–b transition
occurs.


It is interesting to investigate
if the peculiar electronic struc-
ture of the zinc antimonide
frameworks can also be ach-
ieved with other systems. In
principle, mixtures of elements
13 and 14 may result in isoelec-
tronic arrangements. Figure 5
shows the DOS of Al/Si sys-
tems in the structures of ZnSb,
Zn6Sb5, and Zn13Sb10 at their re-
spective calculated equilibrium
volumes. AlSi is isoelectronic to
ZnSb and indeed its DOS is
very similar to that of ZnSb
(compare Figure 3a). However,
there are two notable differen-
ces: For AlSi the low lying,
split, s band (stemming from
more electronegative Si) is at-
tached to the valence band and
secondly, no real band gap is
opened at the Fermi level. The
distribution of Al and Si-based
states in the valence and con-


duction band of AlSi corresponds well to that of Zn and Sb-
based ones in ZnSb. Al6Si5 is a semiconductor: The Fermi
level is located at a band gap with a size of about 0.7 eV
(Figure 5b). This system has 38 electrons per formula unit,
one more than Zn6Sb5. Thus, the proper composition of dis-
ordered b-Zn4Sb3, that is, Zn13Sb10 with 76 = 3852 electrons
per formula unit, ensures complete filling of the valence
band, in agreement with the physical properties. Conversely,
the 13–10 framework is a semiconductor for the Zn–Sb
system but not for the Al–Si system.


This investigation reveals that the electronic structures of
the high-coordination number frameworks found in zinc an-
timonides basically follow a rigid band behaviour. This is an
important result. The kind of constituting s–p elements de-
termines if a real band gap is opened at the Fermi level, or
just a pseudogap expressed. However, the location of this


Figure 3. a) Electronic density of states (DOS) for ZnSb. Top: total DOS, bottom: site and orbital decomposed
DOS. The Zn-d decomposed DOS is not shown explicitly. These states are well localised in the narrow band
located around �7 eV below the Fermi level. b) DOS for Zn6Sb5 and Zn13Sb10. The distribution of the site and
orbital decomposed components is very similar to ZnSb and not shown. The Fermi level is indicated by a verti-
cal line.


Figure 4. Energy of formation for ZnSb, Zn6Sb5 and Zn13Sb10. The dotted
line indicates zero energy for the reaction ZnSb + xZn = Zn1+xSb.
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feature in the DOS and the shape of the DOS around the
Fermi level are not dependent on the elemental combina-
tion. Finally, we mention that mixtures of Group 13 and 14
elements typically do not yield stable compounds. Figure 6
shows the formation energies for the hypothetical 1–1, 6–5,
and 13–10 Al/Si frameworks with all values clearly positive.
Most stable is Al6Si5, that is, the 6–5 framework displaying a
real band gap. This band gap indicates that Al6Si5 could be
an accessible, although metastable material. Interestingly,
there are a number of metastable phases reported for the
Al/Ge system.[26] Amongst them is Al6Ge5, which was as-
signed the rhombohedral structure of the 6–5 framework.[27]


The calculated energy of formation for Al6Ge5 is
0.026 eVatom�1 and thus is considerably lower than that of
Al6Si5.


As a last step of our work we attempt to establish a bond-
ing model for the 1–1 and 6–5 frameworks. We recall their
peculiarity: The frameworks are s�p bonded and display a


narrow band gap while at the
same time the constituting
atoms have coordination num-
bers larger than 4. Importantly,
it is not immediately obvious to
consider the structures of zinc
antimonides as frameworks.
Earlier efforts to rationalise the
electronic structure of these
compounds were performed on
the basis of the Zintl–Klemm
concept.[10–12] This implies an
ionic (or at least polar) descrip-
tion of the structures. Zn would
formally reduce Sb, which then
forms an electron-precise poly-
anion on the basis of the (8�N)
valence rule. Interestingly, at
first sight this description would
apply: The formulas ZnSb =


(Zn2+)2 Sb2
4� and Zn13Sb10 =


(Zn2+)13(Sb1
3�)6(Sb22


4�)2 ac-
count for the presence of short
Sb–Sb distances characteristic


of a single bond and isolated, that is, exclusively Zn coordi-
nated, Sb atoms. However, the short Zn–Zn distances also
present in the structures provide a problem. They are indica-
tive of Zn–Zn interactions and not compatible with distan-
ces between Zn cations. Further, good thermoelectric mate-
rials have typically a low polarity—and a low polarity for
zinc antimonides is suggested form our electronic structure
analysis above, which reveals a rather high contribution of
Zn based states to the valence band. Also, the fact that the
peculiar electronic structures of Zn/Sb systems can be mod-
elled by Al/Si systems is a strong argument for a framework
description of zinc antimonide structures.


In order to achieve a bonding model for the 1–1 and 6–5
framework structures we take a look again at the local coor-
dination of the constituting atoms. From Figures 1a and 2a
we recognise a pattern for the coordination environments in
zinc antimonides: Zinc atoms appear to be preferably five-
coordinated and part of Zn2Sb2 diamonds. The coordination
to the unlike neighbours is a distorted tetrahedral one. Sb
atoms are tetrahedrally surrounded by either isolated Zn
atoms or pairs of Zn atoms being part of diamonds. Thus, al-
though higher coordination numbers than four are realised,
coordination is ruled by an underlying tetrahedral principle.
This fact tempts to firstly assign each atom in the framework
a basis set of four sp3 hybrid orbitals. In the next step, bonds
not involved in diamonds are considered as two-centre two-
electron (2c2e) bonds. (Note, that these bonds are shorter
than the distances within diamonds, compare Figures 1a,
2a.) This leaves six basis functions for diamond ring bond-
ing. It is important to note that this assignment holds for
both types of frameworks: Zn-type atoms always participate
with two basis functions and Sb-type atoms with one basis
function to bonding in one particular diamond ring. (In


Figure 5. a) Electronic density of states (DOS) for AlSi. Top: total DOS, bottom: site and orbital decomposed
DOS. b) DOS for Al6Si5 and Al13Si10. The distribution of the site and orbital decomposed components is very
similar to AlSi and not shown. The Fermi level is indicated by a vertical line.


Figure 6. Energy of formation for AlSi, Al6Si5, and Al13Si10.
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Zn6Sb5 Sb1 atoms are involved in two rings without chang-
ing this picture.) Now it is easy to assemble appropriate mo-
lecular orbitals (MOs) for the diamond ring (point group
symmetry D2h), which is shown in Figure 7. There are two


strongly bonding MOs (1ag and 1b3u), two slightly antibond-
ing (b2u and b1g), and two strongly antibonding ones (2ag and
2b3u). With four electrons occupying the bonding MOs the
diamond ring emerges as 4c4e bonded and an electron pre-
cise situation is attained corresponding to all states filled up
to the narrow band gap. In particular, the diamond ring re-
quires 10 electrons for 2c2e terminal bonding (three bonds
and two bonds from the atoms defining the long and short
diagonal, respectively) and four electrons for ring bonding.
This is the situation of the 1–1 framework, which is electron
precise for an electron count of 3.5 e� per atom (i.e., ZnSb
and AlSi). In the 6–5 framework diamonds are condensed to
chains via the long diagonal. A chain can be expressed as
[S2L2/2] when denoting atoms at the short and long diagonal
as S and L, respectively. Upon condensation ring bonding
remains unaffected but L-type atoms loose one terminal
bond. Thus, a chain requires six electrons for 2c2e terminal
bonding and four electrons for ring bonding per unit [S2L2/2],


that is, per three atoms, and is electron precise for an
electron count of 3.333 e� per atom. The 6–5 framework
consists of three chains making up the channel structure and
additional tetrahedrally coordinated atoms T stuffing the
channels (Sb2 atoms in Zn6Sb5). T-type atoms are only in-
volved in 2c2e bonding, which requires four electrons. One
bond is to another T atom and three bonds (to S) terminate
diamond-ring chains. The 6–5 framework can be rewritten
as [S2L2/2]3T2 and, thus, is electron precise for an electron
count of 3.454 e� per atom (i.e., Al6Si5).


The framework description of their structures puts zinc
antimonides close to III/V semiconductors (GaAs, InSb)
with the ZnS structure. The latter exhibit exclusively 2c2e
bonding, whereas the more electron poor Zn/Sb frameworks
develop localised multicentre bonding accompanied with a
much higher structural complexity. The presented bonding
model for the 1–1 and 6–5 frameworks is primarily a means
of rationalising electron count in such electron poor, hypo-
valent, arrangements. The applied sp3 hybrid basis functions
are not necessarily justified from the band structures—espe-
cially not for zinc antimonides, where the Sb-s band is sepa-
rated from the valence band. However, the same situation is
encountered for tetrahedral III/V antimonides without ques-
tioning the 2c2e bonding picture. If further elaborating on
our bonding model it would be natural to proceed from the
1–1 framework (separated diamonds) and 6–5 framework
(one-dimensional chains of diamonds) to even more elec-
tron poor frameworks by further condensing diamonds via
the long diagonal nodes (L atoms) into two- or three-dimen-
sional assemblies. The recipe is simple; a terminal bond of
an L atom is replaced by an additional diamond. A maxi-
mum number of four diamonds could be condensed at one
node without changing the bonding picture. Such scenarios
occur partly in the 13–10 framework and most likely also in
the Zn3Sb2 structures. However, the bonding analysis of
these more electron poor frameworks is obstructed by the
fact that the sharp separation between nearest and next
nearest neighbours present in the 1–1 and 6–5 frameworks
is considerably weakened.


We conclude our electronic structure investigation by
mentioning a recent article of Balakrishnarajan and Hoff-
mann who performed a detailed bonding analysis of a varie-
ty of molecular and extended boron structures containing a
rhomboid (diamond) ring.[28] This work also dealt with the
structure of b-SiB3.


[29] In b-SiB3 = Si4B12 an array of B12 ico-
sahedra is interwoven with one-dimensional zigzag chains of
Si4 diamonds. Interestingly, these chains can be considered
as fragments of the 1–1 framework. Each Si4 diamond has
10 terminal bonds to either neighbouring diamonds or
boron icosahedra. Thus, the zigzag chain is electron precise
for an electron count of 3.5 e� per atom. Since also all the
boron atoms in the icosahedra attain a terminal bond the
formula Si4


2+B12
2� expresses an electron precise situation for


each substructure in b-SiB3. The Si4
2+ diamonds have not


been recognised as 4c4e bonded entities in reference [26]
and the example of b-SiB3 demonstrates nicely the wider ap-
plicability of our bonding model.


Figure 7. Four-centre four-electron (4c4e) bonding in the Zn2Sb2 diamond
ring (D2h). The top row figures show the tetrahedral-like coordination en-
vironments of the constituting atoms in the 1–1 and 6–5 frameworks.
Bonds not involved in diamonds are considered as terminal 2c2e bonds.
Then, Sb-type atoms donate one and Zn-type atoms two basis functions
to ring bonding. Six molecular orbitals can be constructed of which two
are bonding (1ag and 1b3u).
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Conclusion


The binary Zn/Sb system affords phases with complex crys-
tal structures. These structures challenge crystallography be-
cause of the presence of disorder or incommensurate modu-
lations—features, which in turn also influence the exact
composition of the underlying phases. Only recently the
structures of a and b-Zn4Sb3 and that of the high-tempera-
ture form of Zn3Sb2 could be established unambiguously.
The actual composition of the Zn4Sb3 phases is Zn13Sb10.
The structures of several more phases still await solution.
ZnSb and Zn4Sb3 are narrow-gap semiconductors and dis-
play interesting thermoelectric properties. This is especially
the case for disordered b-Zn4Sb3. We have analysed phase
stability, electronic structure and bonding of ZnSb and
Zn4Sb3 by means of first principles calculations. For Zn4Sb3


we find a peculiar situation: a-Zn4Sb3 is metastable and
thermodynamic stability of b-Zn4Sb3 can only be explained
when its structural disorder accounts for a large entropy
contribution to free energy. The electronic density of states
of the ZnSb and Zn4Sb3 (Zn13Sb10) phases reveal a band gap
of 0.2–0.3 eV at the Fermi level, which is in agreement with
measured transport properties. Importantly, we find that the
electronic structure of zinc antimonides correspond to that
of heteroatomic framework structures with a modest polari-
ty. This is analogous to III/V semiconductors, but Zn/Sb
frameworks are more electron poor and thus multicentre
bonded. Interestingly, multicentre bonding appears localised
and is confined to 4c4e bonded Zn2Sb2 diamond rings. These
rings occur separated (in ZnSb) or condensed into chains
(in Zn4Sb3) and are linked by classical 2c2b bonds. The pe-
culiar electronic structure of Zn/Sb frameworks can also be
modelled by Al/Si or Al/Ge systems, which proves their s�p
bonded nature.


Another result of our study is the establishment of a clear
relationship between disordered b-Zn4Sb3 and ordered low-
temperature a-Zn4Sb3 by using nonclassically bonded
Zn2Sb2 diamonds as structural building units. The structural
description of a and b-Zn4Sb3 on the basis of diamond rings
is superior to our previous attempt using nonbonded Zn6 oc-
tahedra as a central structural unit[20] because it allows to
identify explicitly the vacancies and interstitials of b-Zn4Sb3


in the structure of a-Zn4Sb3. This is an important issue: The
high thermoelectric performance of b-Zn4Sb3 originates in
its exceptional low thermal conductivity, which is intimately
connected to the structural disorder. At the moment the
nature of the disorder in b-Zn4Sb3 is not clear. Cargoni et al.
proposed static disorder while modelling b-Zn4Sb3 as a mix-
ture of unit cells with different concentrations of vacancies
and interstitials.[12] However, the disorder could as well be
dynamic with rapidly exchanging vacancies and interstitials.
Currently we are working on the elucidation of the puzzling
a–b order–disorder transition, which should provide an
answer to this question. The final goal is a complete under-
standing of the remarkable thermoelectric properties of
Zn4Sb3. Such an understanding must also provide some gen-
eral additional insight into the mechanism of thermal con-


ductivity, which is the most involved contribution to thermo-
electric efficiency, and thus guide the search for improved
materials.


Computational Details


Total energy calculations for Zn/Sb and hypothetical Al/Si compounds
were performed with the frozen core all-electron Projected Augmented
Wave (PAW) method,[30] as implemented in the program VASP.[31] The or-
thorhombic structure of ZnSb (1–1 framework), the idealised rhombohe-
dral structure of b-Zn4Sb3 (6–5 framework) and the triclinic structure of
a-Zn4Sb3 structure (13–10 framework) were considered. As structural
input the crystallographic data according to references [6,20,22] were
used. The cut-off energy for the plane wave expansion was set to 350 eV.
The cut-off for the augmentation charges was set to 550 eV. We used the
same cut-off for all structures in order to extract accurate formation ener-
gies. Exchange and correlation effects were treated with the generalized
gradient approximation (GGA).[32] The integration over the Brillouin
zone (BZ) was done on a grid of special k points determined according
to the Monkhorst–Pack scheme,[33] by using varying grids depending on
the unit cell. For the triclinic 13–10 frameworks we applied a 45454 k
points grid. For the 1–1 and 6–5 frameworks 85858 k point grids and
for the pure elements even finer grids of k points were used. The atomic
position parameters and lattice parameters of all structures were relaxed
for a set of constant volumes until forces had converged to at least
0.01 eVL�1. The relaxation procedure was carried out according to the
Methfessel–Paxton scheme,[34] while accurate total energy calculations
were done with the linear tetrahedron method with Blçchl corrections.[35]


All necessary convergence tests were performed and total energies were
converged to within 0.1 meVatom�1.
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Valence Shell Charge Concentrations at Pentacoordinate d0 Transition-Metal
Centers: Non-VSEPR Structures of Me2NbCl3 and Me3NbCl2


G. Sean McGrady,*[a] Arne Haaland,*[b] Hans Peter Verne,[b] Hans Vidar Volden,[b]


Anthony J. Downs,*[c] Dmitry Shorokhov,[d] Georg Eickerling,[d] and Wolfgang Scherer*[d]


Introduction


Pentacoordinate molecules are intriguing as they possess no
low-energy geometry with equivalent sites: the characteristic
fluxionality of many such systems derives from the energetic
proximity of, and facile interconversion between, the trigo-
nal bipyramid (TBP) and the square-based pyramid (SQP).
Typical examples are coordinatively unsaturated, allowing
for facile inter- as well as intramolecular ligand exchange,[1]


and such systems are apt also to display the lasting effects of
intermolecular interaction or exchange, as witnessed by the
solid-state structure of PCl5.


[2] Pentacoordinate derivatives
of the Group 15 elements played a central role four decades
ago in the formulation and refinement of the VSEPR
theory.[3] The TBP-derived structures deduced by gas elec-
tron diffraction (GED) studies of molecules such as
Me2PF3


[4] and Me3PF2
[5] led to the development of concepts


such as apicophilicity, and to much discussion of the bonding
displayed by such hypervalent main group systems.[6] By


Abstract: The molecular structures of
the monomeric, pentacoordinated
methylchloroniobium(iv) compounds
Me3NbCl2 and Me2NbCl3 have been
determined by gas electron diffraction
(GED) and density functional theory
(DFT) calculations, and, for Me3NbCl2,
by single crystal X-ray diffraction.
Each of the molecules is found to have
a heavy-atom skeleton in the form of a
trigonal bipyramid (TBP) with Cl
atoms in the axial positions, in accord
with their vibrational spectra. The TBP
is somewhat distorted in the case of
Me2NbCl3 with the two axial Nb�Cl
bonds bent away from the equatorial,
slightly shorter Nb�Cl bond. In the
case of Me3NbCl2, moreover, the X-ray
model suggests structural distortions


away from the idealized C3h geometry,
in line with the results of quantum
chemical calculations. Structure optimi-
zations by DFT calculations and least-
squares refinement to the GED data
yield the following structural parame-
ters (calcd/exptl; eq=equatorial; ax=
axial; distances in :, angles in degrees;
average values in hi brackets):
Me3NbCl2, in C3v symmetry, Nb�Cl
h2.370i/h2.319(3)i, Nb�C 2.173/
2.152(4), C�H h1.096i/1.124(5),
aNbCH h109.3i/105.2(8), aClNbC
92.2/93.3(2), aCNbC 119.9/119.7(1);
Me2NbCl3, in C2v symmetry, Nb�Clax


2.361/2.304(5), Nb�Cleq 2.321/2.288(9),
Nb�C 2.180/2.135(9), C�H h1.094i/
1.12(1), aClaxNbCleq 98.5/96.5(6),
aCNbC 121.0/114(2), aNbCH
h108.9i/109(2). The electronic struc-
tures of Me2NbCl3 and Me3NbCl2 have
been explored by rigorous analysis of
both the wavefunction and the topolo-
gy of the electron density, employing
DFT calculations. Hence the structures
of these compounds are shown to re-
flect repulsion between the Nb�C and
Nb�Cl bonding electron density and
charge concentrations induced by the
methyl ligands in the valence shell of
the Nb atom and arising mainly from
use of Nb(4d) functions in the Nb�C
bonds.
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contrast, analogous derivatives of the Group 5 elements V,
Nb, and Ta have received relatively little attention. Thus, al-
though the compounds MenNbCl5�n (n=1–3) have been
known for three decades,[7] no structural studies of these or
other gaseous monomeric species of the type MenMX5�n (M
= V, Nb, or Ta; X=halogen; n = 1–5) have been reported
to date, with the exceptions of TaMe5,


[8] Me3TaF2,
[9] and


Me3TaCl2.
[10]


Mononuclear pentavalent compounds of the Group 5 ele-
ments with monodentate ligands are generally found to re-
semble analogous derivatives of the Group 15 elements in
adopting a TBP coordination geometry. There are, however,
some exceptions, notably TaMe5,


[8] SbPh5,
[11] and BiPh5,


[12] in
each of which the five-coordinate central atom forms an
SQP rather than a TBP. No single reason for this change is
universally recognized. Although electronic effects are im-
portant, there is evidence, at least for selected main group
compounds,[13] that ligand···ligand interactions play a signifi-
cant part in dictating the preference for a particular geome-
try.
The past decade has witnessed a realization that the coor-


dination geometry of d0 transition-metal (TM) centers is
controlled by factors distinct from those espoused by
VSEPR theory in its simplest form.[14] Since the pioneering
studies by Eisenstein et al.,[15] who predicted a non-VSEPR
geometry for [TiH6]


2� on the basis of extended HIckel cal-
culations, several prominent examples of non-VSEPR d0


TM structures—most notably [ZrMe6]
2�,[16] Me2TiCl2,


[17] and
W(CH3)6


[18,19]—have been confirmed by structural and spec-
troscopic techniques, or have been predicted by theoretical
studies.[14,19] Several models based on MO theory have been
advanced to rationalize this phenomenon,[14,19] but these
cannot compete with the simplicity and success rate of the
VSEPR model in predicting the geometries of main group
molecules. It is not surprising, therefore, that attempts have
been made to develop further the VSEPR concept. In a pio-
neering study, Gillespie et al.[20] proposed topological analy-
sis of the charge density as a non-empirical way of account-
ing for the polarization of metal atoms, and discovered so-
called ligand-induced charge concentrations (LICCs) to
exist trans to the M�X bonds in the non-linear alkaline-
earth dihalides. As with these geometries, which are also
successfully predicted by the polarized ion model,[21] so too
more generally does polarization of the metal by the coordi-
nating ligands seem to be a primary factor in promoting dis-
tortion away from the expected VSEPR geometries. In fact,
Bader et al. had shown earlier that the presence of ligands
in covalent or polar molecules induces local charge concen-
trations (CCs) in the valence shell of the central atom which
are revealed by an Atoms-in-Molecules (AIM) theory analy-
sis as (3,-3) critical points (CPs) in the Laplacian function
L(r) = �521(r) of the charge density.[22] Furthermore, the
number and relative positions of these so-called valence
shell charge concentrations (VSCCs) not only depend on,
but also counteract, the number and relative positions of the
localized electron pairs (electron pair domains) associated
with the bonding and non-bonding electron pairs of the


VSEPR model. Despite the success of this concept in pre-
dicting the geometries of some non-VSEPR compounds,
such as Me2TiCl2,


[23] the true nature and origin of the
VSCCs remained unclear. In a recent experimental and the-
oretical charge density study of agostic d0 TM alkyls, howev-
er, VSCCs have been shown to originate in the formation of
covalent M�C bonds employing valence d orbitals at the
metal, thereby endowing the extended VSEPR concept with
a rational physical basis.[24]


In order to develop the extended VSEPR model further
and to test its predictive power, we have searched for new
non-VSEPR benchmark structures. In this respect, hetero-
leptic d0 derivatives of Group 5 offer a unique opportunity
on account of their highly flexible coordination geometry,
which leads to a variety of structural possibilities. The rela-
tively high volatility of the niobium compounds Me2NbCl3
and Me3NbCl2, allied to their accessibility and ease of purifi-
cation, has therefore prompted us to determine the struc-
tures of these molecules not only by quantum chemical cal-
culations, but also experimentally by GED and single-crystal
X-ray measurements. The results invite comparison with
those of related pentacoordinate molecules centered on a
Group 5 or Group 15 element, and also with the structures
reported for other non-VSEPR compounds, such as the tet-
racoordinate Group 4 molecule Me2TiCl2


[17] and the penta-
coordinate Group 7 one Me3ReO2.


[25]


Experimental and Computational Section


Me2NbCl3 and Me3NbCl2 were each prepared by the reaction of NbCl5
with Me2Zn


[26] in pentane, according to the procedures of Fowles et al.
and Juvinall, respectively.[7] In typical experiments NbCl5 (1.00 g,
3.7 mmol) in n-pentane solution was treated with ZnMe2 (0.35 g,
3.7 mmol or 0.60 g, 6.3 mmol) to give Me2NbCl3 or Me3NbCl2, respective-
ly. The volatile materials were separated by vaporization and fractional
condensation in vacuo in all-glass apparatus, and the purity of each was
assessed by reference to the 1H NMR spectrum of a CD2Cl2 solution


[7]


and to the IR spectrum of the annealed solid condensate at �196 8C.[27]
NMR spectra were recorded by using a Bruker AM500 MHz spectrome-
ter. IR spectra of solid films and of solid N2 matrices doped with
Me2NbCl3 or Me3NbCl2 were measured with a Perkin–Elmer 580B dis-
persive spectrometer with an optimal resolution of 0.5 cm�1. Raman spec-
tra were recorded for solutions in CCl4 and C6H6 using a Perkin–Elmer
1700X FT-Raman spectrometer at a resolution of 4 cm�1. Samples for
electron diffraction were sealed in glass ampoules and stored at �196 8C
until required.


Gas electron diffraction data were recorded on the Balzers KGD-2 unit
at the University of Oslo.[28] Experimental conditions and data processing
details are summarized in Table 1 and in the Supporting Information.


Crystallographic data for Me3NbCl2 at 193 K: Mr=208.91; space group
P63mc (Int. Table No. 186), a = 7.4356(5), c=8.1081(5) :, V=


388.22(4) :3; Z=2, F(000)=204, 1calcd=1.787 gcm�3, m=21.3 cm�1. De-
tailed information on data reduction and refinements, fractional atomic
coordinates and mean square atomic displacement parameters are pre-
sented in the Supporting Information.


CCDC-246742 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Calculations on Me3NbCl2, Me2NbCl3 and several benchmark systems
were carried out in GAUSSIAN03 and GAUSSIAN98.[29] The B3LYP/
DZVP computational level[30–32] will be our default in the following. The


M 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4921 – 49344922



www.chemeurj.org





built-in NBO code of the GAUSSIAN98 program was used for the con-
struction of orthonormal natural bond orbitals (NBOs).[33] Topological
analyses of theoretical charge densities were performed with the program
system AIMPAC[34] and the NBO2WFN conversion routine developed by
one of us (D.S.). The solid-state structure of Me3NbCl2 was optimized at
the PBEPBE/LANL2DZ computa-
tional level[35,36] with the periodic
boundary condition algorithm of
Kudin and Scuseria[37] implemented in
GAUSSIAN03.


Results


Vibrational spectra : For a pen-
tacoordinated system
MenMCl5�n (n=2 or 3) cen-
tered on a M atom formally
possessing a 10-electron valence
electron count, the VSEPR
model predicts a TBP configu-
ration with the more electro-
negative Cl substituents occu-
pying axial positions. This will give the C2NbCl3 skeleton of
Me2NbCl3 C2v symmetry, with stretching vibrations that span
the representation 3a1 + 1b1 + 1b2. The C3NbCl2 skeleton
of Me3NbCl2 will on the other hand have D3h symmetry with
the vibrational representation 2a1’ + 1a2’’ + 1e’ for the
stretching modes. The internal vibrations of the methyl
groups, which resemble closely those reported for the mole-
cules MeTiCl3


[38] and Me2TiCl2,
[39] are unlikely to be useful


reporters on the skeletal geometries of the molecules.
Assignment of the skeletal fundamentals was assisted by


reference to the vibrational spectra reported previously for
NbCl5,


[40] Me2AsCl3
[41] and Me3AsCl2,


[42] by the response of
the different bands to deuteration of the methyl groups; and
by the depolarization ratios of the Raman bands of the mol-
ecules in solution. In the event, we find that the IR spec-
trum of Me2NbCl3 isolated in an N2 matrix contains at least
four absorptions, two (at 340 and 382 cm�1) attributable to
n(Nb�Cl) and two (at 413 and 511 cm�1) attributable to
n(Nb�C) modes. By contrast, the IR spectrum of Me3NbCl2
under similar conditions shows only one absorption of each
type (at 375 and 518 cm�1, respectively). These results are
totally consistent with the selection rules expected to oper-
ate for molecular frameworks with the highest possible sym-
metries of C2v and D3h, respectively.


Choice of models—DFT calculations : The vibrational spec-
tra of Me3NbCl2 imply axial siting of the Cl atoms, with D3h


symmetry for the heavy-atom
skeleton. With due allowance
for the orientations of the CH3


groups in the equatorial plane,
the molecule may then be rep-
resented by models with either
C3h or C3v symmetry. The C3h


model is characterized by a hor-
izontal mirror plane so that the


NbC3 unit must lie in this plane together with one H atom
of each CH3 group, and the two Nb–Cl distances must be
equal. The C3v model (Figure 1b) can be derived from the


C3h one by rotating all the CH3 groups through 308 in a
clockwise sense so that one C�H bond in each CH3 group
eclipses the same Nb�Cl bond. Since this model does not
imply any horizontal mirror plane, it admits the possibilities
i) that the Nb–Cl distances are different, and ii) that the
ClNbC angles deviate from 908. Such a model is indeed sta-
bilized by 1 kJmol�1 in the DFT calculations in comparison
with the C3h model; the Nb�Cl bond lengths differ slightly
(by 0.012 :) with the eclipsed Nb�Cl bond being the short-
er, and subtending a ClNbC angle of 92.28. In addition,
three imaginary frequencies for methyl group rotation (a’’=
�65.6, e’’=�65.0, �65.0 cm�1) classify the C3h model as a
transition state on the potential energy surface between two
forms of the minimum-energy C3v geometry. We note that
the C3v model is in accord with the observed IR spectrum,
since the skeletal fundamentals are not significantly affected
by the orientation of the methyl groups in either D3h or C3v


symmetry.
The most likely configuration for Me2NbCl3 is based on a


TBP model but with one equatorial CH3 group in this mole-
cule replaced by a Cl atom. The skeletal symmetry is then
C2v, as indicated by the vibrational spectra of the compound.
Such a geometry is endorsed by our DFT calculations which
find a potential energy minimum for a structure with the
two CH3 groups oriented so as to maintain the symmetry of
the skeleton, as shown in Figure 1c. With this symmetry, the
axial Nb�Cl bonds are equivalent, but both the axial Cl-Nb-


Table 1. Gas electron diffraction measurements on Me3NbCl2 and Me2NbCl3.


Me3NbCl2 Me2NbCl3


camera distance [mm] 498.8 248.9 498.7 248.9
nozzle temperature [8C] 44�2 48�2 21�2 44�2
number of plates 6 6 5 6
s range [:�1] 1.750–15.250 3.500–30.000 1.750–15.125 3.500–30.000
Ds [:�1] 0.125 0.250 0.125 0.250


Figure 1. Molecular models of a) Me3ReO2, b) Me3NbCl2, and c) Me2NbCl3 characterized by Cs, C3v, and C2v


symmetries, respectively. Salient valence angles [8] are specified and compared with the calculated values (in
square brackets).
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Cl and equatorial C-Nb-C angles are free to deviate from
the values of 180 and 1208, respectively, which would be ex-
pected for the idealized TBP model.
Further ab initio and DFT calculations, employing differ-


ent bases on Me3NbCl2, consistently returned the same find-
ings, that is, a C3v rather than a C3h equilibrium structure for
Me3NbCl2 and a C2v one for Me2NbCl3, with only minor
changes in the relevant dimensions (see Supporting Infor-
mation for further details). Investigation of a C3 model for
Me3NbCl2, generated by concerted rotation of the CH3


groups through 158 away from the C3v configuration, showed
persistent convergence back to
the C3v structure at all the com-
putational levels employed.


Structure refinements


i) Gas electron diffraction :
Analysis and refinement of the
GED data were accommodated
by the models described above
and represented in Figure 1. In
each case, the CH3 groups were
additionally restricted to having
local C3v symmetry and being
equidimensional, in keeping
with the results of the DFT cal-
culations. Hence the C3h model
for Me3NbCl2 is described by
four independent parameters
[the distances Nb�Cl, Nb�C,
and C�H; and the angle
aNbCH), while the C3v model
is described by six such parame-
ters (the distances Nb�Clav,
Nb�C, C�H and Dr = r(Nb�
Cl’) � r(Nb�Cl’’); and the
angles aClNbC and aNbCH].
The C2v model for Me2NbCl3 is
described by seven parameters:
the distances Nb�Clax, Nb�Cleq, Nb�C, and C�H; and the
angles aClaxNbCleq, aCNbC, and aNbCH. The DFT cal-
culations permitted vibrational correction terms to be in-
cluded for Me2NbCl3 and Me3NbCl2 (C3v) but not for
Me3NbCl2 (C3h) with its three imaginary vibrational frequen-
cies. The refinements proceeded smoothly for a total of 17,
17 and 18 parameters (excluding scale factors) for Me3NbCl2
(C3h), Me3NbCl2 (C3v) and Me2NbCl3 (C2v), respectively. The
difference Dr between the axial Nb�Cl bond lengths in the
C3v model of Me3NbCl2 and the C···C amplitude in the C2v


model of Me2NbCl3 could not be refined independently. For
the purposes of the GED analysis, the magnitudes of these
two parameters were therefore set equal to the values indi-
cated by the DFT calculations. The optimum values of sali-
ent parameters are presented in Table 2 for Me3NbCl2 and
Table 3 for Me2NbCl3. In addition to the seven vibrational
amplitudes listed for Me3NbCl2 (C3v) in Table 2, we refined


four non-bonded Cl···H amplitudes as independent parame-
ters; the three C···H amplitudes were refined with constant
differences. However, these amplitudes were determined
with large uncertainties and are therefore not included in
Table 2. For Me3NbCl2 (C3h) we refined, in addition to the
seven vibrational amplitudes listed in Table 2, three Cl···H
and three C···H amplitudes as independent parameters, the
remaining C···H amplitude being fixed at the estimated
value of 0.20 :. In total, 11 vibrational amplitudes were re-
fined for Me2NbCl3 (Table 3). Molecular scattering intensi-
ties and radial distribution curves are displayed in Figure 2.


The GED analysis gives results which are consistent with
the models of Me3NbCl2 and Me2NbCl3 depicted in Figure 1.
The axial positions of the Cl atoms in a TBP framework are
at once confirmed by the distinct peak near 4.6 : in each of
the radial distribution curves attributable to scattering from
the Clax···Clax atom pairs (see Figure 2). Less agreement is
found between some of the dimensions determined experi-
mentally and those computed by our DFT methods; the cal-
culated Nb–Cl distances appear systematically longer than
the experimental ones. We believe the GED results to be
the more reliable and the discrepancies to arise primarily
from deficiencies of the DFT approximations.
For Me3NbCl2, it may be noted, the GED analysis shows


a marginal preference for the C3h rather than the C3v model
(R=3.9 vs 4.0%), although vibrational corrections have
been included in one case but not the other. This contrasts
with the outcome of the DFT calculations favoring, also


Figure 2. a)–b): upper part: experimental (dots) and calculated (solid line) modified molecular intensity curves
of a) Me3NbCl2 and b) Me2NbCl3; below: difference curves. c)–d): upper part: experimental (dots) and calcu-
lated (solid line) radial distribution curves of c) Me3NbCl2 and d) Me2NbCl3. Artificial damping constant k=
0.0025 :2; below: difference curves.


M 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4921 – 49344924


W. Scherer, A. J. Downs, A. Haaland, G. S. McGrady et al.



www.chemeurj.org





marginally, the C3v model. A similar indeterminate situation
arises in the case of Me3AsCl2, a C3v model of which yields a
lower energy than a C3h one in an HF study, while GED re-
sults come out with a slight preference for the latter
model.[13] Whatever the symmetry of the equilibrium struc-


ture may be, it seems clear that
the barrier to concerted inter-
nal rotation of the three methyl
groups of both molecules is
smaller than the thermal energy
at the temperature of the GED
experiments (namely RT=


2.5 kJmol�1 at room tempera-
ture). For most molecules in
the molecular beam, this means
virtually unhindered internal
rotation of the methyl groups.
In order to secure further evi-
dence for the postulated distor-
tions of Me3NbCl2 in the C3v


DFT model, we have per-
formed an X-ray study on a
single crystal of Me3NbCl2.


ii) X-ray diffraction : Crystals of
Me3NbCl2 were found to consist
of essentially discrete
Me3NbCl2 molecules. The final
model of Me3NbCl2 deduced
from our X-ray diffraction ex-


periment at 193 K is presented in Figure 3a along with sali-
ent structural parameters. The Me3NbCl2 molecules display
a hexagonal close packing arrangement (NiAs-type) without
significant intermolecular interactions. Hence, the structural
parameters of Me3NbCl2 in the solid state are in good agree-
ment with those determined in the gas phase by GED and
DFT calculations. In both states C3v models with pyramidal
Me3Nb structures result. The structural distortion of the
Me3Nb fragment is further supported by periodic DFT opti-
mization of the solid state structure[43] of Me3NbCl2; the de-
viations from C3h symmetry are clearly signaled by the Cl1-
Nb-C angle with an average value of 92.78 for the DFT
model (Figure 3b) in close agreement to the experimental
one of 93.7(7)8. Hence a consistent picture emerges from ex-
perimental and theoretical studies in the solid and gas
phases: the NbC3 skeleton displays a slightly pyramidal
structure.


Comparison with related molecules : In Table 4 we compare
the dimensions determined for Me2NbCl3 and Me3NbCl2
with those reported in the literature for other TBP mole-
cules of Groups 5 and 15. Several features relating to the
structure and bonding of TM and main group TBP mole-
cules are revealed, as discussed below.
A recent reinvestigation of the gaseous NbCl5 molecule


on the basis of GED and high-level quantum chemical stud-
ies showed it to possess a TBP skeleton with D3h symmetry
and axial and equatorial Nb�Cl bonds measuring 2.306(5)
and 2.275(4) :, respectively.[44] These come close to the di-
mensions we have found for the corresponding bonds in
Me2NbCl3 [2.304(5)/2.288(9) :]. Me3NbCl2 invites compari-
son with the analogous tantalum compound. On the evi-


Table 2. Structural parameters and r.m.s. vibrational amplitudes as obtained from GED and quantum chemical
calculations for Me3NbCl2 under C3h and C3v symmetries. Standard deviations in parentheses in units of the
last digit. Distances in :; angles in degrees.


Parameter C3h C3v


GED B3LYP/DZVP GED B3LYP/DZVP


bond length ra re ra re
Nb�Cl 2.318(3) 2.369 2.319(3)[a] 2.370[a]


Dr[b] [0.000][c] [0.000][c] [0.012][d] 0.012
Nb�C 2.148(4) 2.174 2.152(4) 2.173
C�H 1.119(5) 1.096[a,e] 1.124(5) 1.096[a, f]


valence angle aa ae aa ae


aNbCH 108(3) 109.4[a,e] 105.2(8) 109.3[a, f]


aClNbC [90.0][c] [90.0][c] 93.3(2) 92.2
aCNbC [120.0][c] [120.0][c] 119.7(1) 119.9
vibrational amplitude l
Nb�Cl 0.064(2) 0.061(2) 0.054[a]


Nb�C 0.086(6) 0.078(6) 0.059
C�H 0.068(6) 0.072(7) 0.077[a]


Nb···H 0.20(3) 0.22(2) 0.142[a]


C···C 0.14(2) 0.16(2) 0.127
Cl···C 0.145(4) 0.09(1) 0.145[a]


Cl···Cl 0.075(7) 0.078(7) 0.070
R[g] [%] 3.9 – 4.0 –


[a] Mean value. [b] Dr= r(Nb�Cl’) � r(Nb�Cl’’). [c] Parameter constrained by symmetry. [d] Fixed value. [e]
Individual bond lengths and valence angles are: C�H 1.099 : (1U) and 1.094 : (2U); aNbCH 106.38 (1U)
and 110.98 (2U). [f] Individual bond lengths and valence angles are: C�H 1.093 : (1U) and 1.097 : (2U);
aNbCH 111.08 (1U) and 108.58 (2U). [g] R = [�W(Iobs � Icalcd)


2/�WIobs
2]


1=2 .


Table 3. Structural parameters and r.m.s. vibrational amplitudes as ob-
tained from GED and quantum chemical calculations for Me2NbCl3
under C2v symmetry. Standard deviations in parentheses in units of the
last digit. Distances in :; angles in degrees.


Parameter GED B3LYP/DZVP


bond length ra re
Nb�Clax 2.304(5) 2.361
Nb�Cleq 2.288(9) 2.321
Nb�C 2.135(9) 2.180
C�H 1.12(1) 1.094[a,b]


valence angle aa ae


aClaxNbCleq 96.5(6) 98.5
aClaxNbC 86.5(3) 85.8
aCNbC 114(2) 121.0
aNbCH 109(2) 108.9[a,b]


vibrational amplitude l
Nb�Clax 0.07(1) 0.052
Nb�Cleq 0.05(1) 0.048
Nb�C 0.13(1) 0.059
C�H 0.09(1) 0.076[a]


Nb···H 0.17(4) 0.139[a]


C···C [0.130][c] 0.130
Clax···C 0.14(1) 0.126
Cleq···C 0.13(1) 0.137
Clax···Cleq 0.16(1) 0.132
Clax···Clax 0.084(9) 0.077
R[d] [%] 3.8 –


[a] Mean value. [b] Individual bond lengths and valence angles are: C�H
1.099 : (1U) and 1.092 : (2U); aNbCH 106.38 (1U) and 110.28 (2U).
[c] Fixed value. [d] R= [�W(Iobs � Icalcd)


2/�WIobs
2]


1=2 .
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dence of its GED pattern,[10] Me3TaCl2 is also a TBP mole-
cule with skeletal bond lengths, Ta�Clax 2.317(3) and Ta�Ceq


2.158(5) :, very close to the corresponding distances of the
niobium compound [namely Nb�Clax 2.319(3) and Nb�Ceq


2.152(4) : for the C3v model]. This similarity provides yet
another manifestation of the lanthanide contraction.
For species of the type MenMX5�n (M = P, As, or Sb;


X = halogen), both r(M�C) and r(M�X) increase with in-
creasing value of n. Any similar trend for the derivatives of
niobium and tantalum appears much less marked. Further-


more, the difference in the
lengths of axial and equatorial
bonds, Dr = r(M�Xax) � r(M�
Xeq), depends strongly on
whether M is a Group 5 or a
Group 15 element. In the
former case, values of Dr are
found in the range 0.00–0.05 :,
whereas in the latter Dr spans
the range 0.05–0.10 :, the last
value representing a 5% differ-
ence (in the P�Cl bonds of
PCl5


[45]). This familiar behavior
of the Group 15 derivatives has
been rationalized in terms of
the effective electronegativity
of the central atom and the hy-
pervalent nature and conse-
quent orbital deficiency of the
molecule, implying a significant
difference in polarity between
axial and equatorial M�X


bonds.[46] By contrast, the Group 5 derivatives have no such
problem of orbital deficiency in accommodating bonding
electron density; if anything, they are electron-deficient, at
least with regard to the 18-electron rule.[47]


In both Me2NbCl3 and Me3NbCl2, the methyl groups
occupy exclusively equatorial sites, with the chloro ligands
filling the remaining positions. In this respect at least, they
resemble the phosphoranes Me2PF3 and Me3PF2.


[4,5] An in-
teresting contrast with Me3NbCl2 is provided, though, by
Me3ReO2,


[25] which can be formally derived from the niobi-


Figure 3. Molecular model and unit cell dimensions of Me3NbCl2 as obtained by a) X-ray diffraction at 193 K
(ORTEP representation at 50% probability level) and b) by DFT calculations employing periodic boundary
conditions (PBC) and simultaneous optimization of the molecular geometry and translational vectors
(PBEPBE/LANL2DZ). Bond lengths [:] and valence angles [8] (calculated average values in square brack-
ets): Nb�Cl1 2.358(7) [2.419]; Nb�Cl2 2.285(8) [2.417]; Nb�C 2.133(5) [2.139]; aCl1-Nb-C 93.7(7) [92.7];
aCl2-Nb-C 86.3(7) [87.3]; aC-Nb-C 119.6(17) [119.8]; note that two independent Me3NbCl2 molecules per
unit cell were optimized in the solid by the PBC calculations without any symmetry restraints. However, the
final geometries of both molecules closely conform to local C3v symmetry (as in the experimental structure)
and both molecules are related by symmetry. See Supporting Information and ref. [43] for further information.


Table 4. Comparison of structural parameters of some pentacoordinate derivatives of the halides of transition and main group elements. Distances in :;
angles in degrees.


Molecule r(M–Ceq) r(M–Xax) r(M–Xeq) aCMC aXaxMXeq Method Ref.


Group 5
VF5 1.734(7) 1.708(5) [90.0][a] GED [64]


NbCl5 2.306(5) 2.275(4) [90.0] GED [44]


Me2NbCl3 2.135(9) 2.304(5) 2.288(9) 114(2) 96.5(6) GED [b]


Me3NbCl2 2.152(4) 2.319(3)[d] 119.7(1) GED [b,c]


Me3NbCl2 2.133(5) 2.322(8)[d] 119.6(17) X-ray [b]


Me3TaF2 2.125(5) 1.863(4) [120.0] GED [9]


TaCl5 2.313(5) 2.266(4) [90.0] GED [1]


Me3TaCl2 2.158(5) 2.317(3) [120.0] GED [10]


Group 15
PF5 1.577(5) 1.534(4) [90.0] GED [65]


Me2PF3 1.798(4) 1.643(3) 1.553(6) 124.0(8) 88.9(3) GED [4]


Me3PF2 1.813(1) 1.685(1) [120.0] GED [5]


PCl5 2.125(3) 2.021(3) [90.0] GED [45]


AsF5 1.711(5) 1.656(4) [90.0] GED [66]


Me3AsF2 1.897(6) 1.820(6) [120.0] GED [67]


AsCl5 2.207(1) 2.113(1)[d] 89.98(2)[d] X-ray [68]


Me3AsCl2 1.925(2) 2.349(3) [120.0] GED [13]


Me3SbF2 2.091(3)[d] 1.999(3)[d] 120.0(1)[d] X-ray [69]


SbCl5 2.338(7) 2.277(5) [90.0] GED [70]


SbCl5 2.333(2) 2.270(2) [90.0] X-ray [68]


Me3SbCl2 2.107(6) 2.460(6) [120.0] GED [71]


[a] Values constrained by symmetry. [b] This work. [c] For C3v model (see text). [d] Mean value (standard deviations for averaged solid-state structure pa-
rameters were obtained by the error propagation method).
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um compound by replacing the weak p-donor chloro ligands
by strongly p-donating oxo ligands at the Group 7 metal
center (Figure 1a). In this case, both oxo ligands occupy
equatorial sites, rather than the axial sites favored by the
chloro ligands in Me3NbCl2, in what has been described as
an edge-bridged tetrahedral (EBT)[48] structure.
More striking, however, is the case of Me2NbCl3. Whereas


the skeletal angles in the main group compound Me2PF3


conform to conventional VSEPR arguments based on the
different electronegativities of the methyl and fluoro ligands
[aFaxPFeq=88.9(3)8],[4] those of Me2NbCl3 show that it has
to be classified as a non-VSEPR compound. Thus, the axial
Nb�Cl bonds in Me2NbCl3 bend away from, and not toward,
the equatorial Nb�Cl bond; at 96.5(6)8 the angle aClaxNb-
Cleq must be considered significantly larger than 908, and
this feature is also modeled by the DFT calculations. At the
same time, the equatorial C-Nb-C unit closes down from
120 to 114(2)8, showing that the C atoms are pushed closer
together.[49] Such a geometry contrasts with the normal
VSEPR forecasts to the effect that the bonds to the less
electronegative ligands have larger spatial requirements on
the surface of the central atom and thus span a larger
angle.[3] The observed structure is not unprecedented, how-
ever, for the AX2Y2 molecule Me2TiCl2 one finds the Ti�Cl
bonds spanning not the smallest but the largest angle, with
aClTiCl=117.3(3), aClTiC=108.9(2), and aCTiC=


102.8(9)8,[17] an anomaly that cannot be explained by steric
congestion of the individual M–C and M–Cl electron pair
domains.
It is clear that other factors not accounted for by the clas-


sical VSEPR model are at work in determining the geome-
try of Me2NbCl3. Accordingly, we have carried out further
DFT calculations to explore the total pattern of electron lo-
calization at the Nb center in both Me2NbCl3 and
Me3NbCl2. The topology of the Laplacian of the electron
density, 521(r), was analyzed to reveal local charge concen-
trations at the metal atom likely to have a significant impact
on the structures of these d0 TM alkyl derivatives.[20,22–24,50]


To complement these studies, we outline for the first time a
concept that explains the nature and occurrence of LICCs
by a rigorous interpretation of the wavefunctions of
Me3NbCl2 and Me2NbCl3, which may be regarded as para-
digms of heteroleptic d0 molecules.


Discussion: LICCs and the Structures of TM
Compounds


Overview: In a recent review of non-VSEPR structures,
Kaupp pointed out that a complex interplay of four factors
is responsible for the formation of structures which obey or
violate the predictions of the VSEPR model:[14b] in summa-
ry, core polarization and d-orbital participation in s-bonding
disfavor VSEPR arrangements, whereas ligand repulsion
and p-bonding encourage such arrangements. Kaupp con-
cluded that the structural influence of p-bonding is rather
difficult to assess, since it depends not only on the p-donor


capacity of the ligands, but also in a complex way on the va-
lence angle subtended by these ligands at the central atom.
Furthermore, the type of p-bonding (namely in-plane or
out-of-plane) must be identified in order to analyze its ef-
fects. To complicate matters yet further, the structural influ-
ence of p-bonding was found to depend on the coordination
number of the metal center.[14a] Within this rather labyrin-
thine situation, calculations may be reliable in prediction
but are, as pointed out by Seppelt,[51] rather opaque of ex-
pression in simple physical terms. Accordingly, there is a
compelling need to extend a readily understood model, such
as VSEPR, so as to accommodate the various factors clearly,
consistently, and faithfully.
Such an extension was in fact proposed by Gillespie et al.


in 1996[52] and refined by Bader, Gillespie and Martin
(BGM) in 1998.[23] BGM proposed that a heavy central
atom may be susceptible to ligand-induced polarization of
the outer shell of the core—termed the “effective valence
shell”. These authors further concluded that the Laplacian
of the charge density, 521(r), can be used to localize
LICCs[53] as a signature of the local polarization of the cen-
tral atom. They also found that the more covalent a metal�
ligand bond, the larger is the trans-LICC induced at M dia-
metrically opposed to it. In the BGM approach, trans-
LICCs, along with bonding CCs (BCCs) and the ligands
themselves, each make spatial demands at the central atom;
the global resolution of these leads to the lowest energy
conformation that may or may not agree with the predic-
tions of the simple VSEPR theory. However, there has been
no consensus on this point or on other simplified explana-
tions[51,54] that have been advanced, since the precise signifi-
cance of the LICCs has remained unclear. Not without
reason Seppelt has contended[51] that these features have not
been observed experimentally and are merely the creatures
of sophisticated computational methods.
Herein we demonstrate a solution to these inadequacies.


In a study by Scherer and McGrady in 2003, the existence
of pronounced LICCs was confirmed experimentally for
a TM alkyl complex, and their origin was traced to co-
valent metal–ligand bond formation employing metal d orbi-
tals.[24] In a search for further support of the extended
VSEPR model, we have analyzed the wavefunctions of the
present molecules Me3NbCl2 and Me2NbCl3 by a combined
study employing both MO- and charge-density-based meth-
ods.


The nature and origin of LICCs : We first consider the sim-
plest model system which displays covalent bonding be-
tween a TM and a ligand, namely CaH+ . The charge density
contours of the natural bond orbital (NBO) representing the
s(Ca-H) bond are depicted in Figure 4 in juxtaposition to
the s-bonding NBO of its main group congener MgH+ . Ac-
cording to an NBO analysis, the Ca�H bond shows 20.2%
metal character, indicative of significant covalent bonding
employing sd0.67 hybridization at the Ca atom (59.6% 4s-
and 40.0% 3dz2 character). The overall p-type contribution
amounts to a mere 0.4% for the s(Ca–H) NBO making
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CaH+ the simplest and therefore optimal testbed for analyz-
ing the origin and nature of LICCs in d0 TM compounds.
In Figure 5a,b the total charge densities, 1(r), of MgH+


and CaH+ are shown as relief maps which reveal hardly any
features hinting at significant metal polarization. In the case
of the TM model, CaH+ , however, the Laplacian of the
charge density, 521(r), displays clearly a polarization of the
metal center[55] in the profile of 521(r) along the Ca�H
bond (Figure 5d), and also in the corresponding relief map
and isosurface map at a constant 521(r) value of
�71.0 e:�5 (Figure 5f). Hence the Laplacian as a localiza-
tion function reveals a BCC at the Ca atom facing the hy-
drogen ligand, and a trans-LICC diametrically opposite. In
addition to these two charge concentrations, a third one
forming a belt around the Ca atom is denoted cis-LICC. Ac-
cording to the NBO analysis, any contribution by natural p-
AO functions to the s(Ca–H) NBO is marginal. Hence the
ligand-induced polarization of the cation must be directly
related to the contribution of the 3dz2 AO to the total
charge density. This can be demonstrated in greater detail


by analysis of the individual contribution of the s(Ca–H)
NBO to the total charge density: the Laplacian of the s-
NBO density contours (Figure 4c–f)[56] of our models CaH+


and MgH+ reveals all the essential features that characterize
the nature of the LICCs, as set out below.


i) All three or four quantum shells of the Mg and Ca
atoms, respectively, are resolved in the 521(r) relief map
of the charge density of the corresponding s-NBOs.
Closer inspection of Figure 4e, f shows the M shell of the
Mg cation and the N shell of Ca cation to be rather in-
distinct, in agreement with the relatively diffuse charac-
ter of the 3s and 4s atomic functions, and the cationic
nature of both metals in MgH+ and CaH+ . As a conse-
quence, this weak undulation is damped out in the Lap-
lacian of the total charge density. Accordingly, only
three shells are resolved for the Ca atom when the total
charge density is analyzed (Figure 5). In this respect, Ca


Figure 4. Constant probability density surfaces for bonding NBOs of
a) MgH+ and b) CaH+ , with corresponding contour (c, d) and relief
plots (e, f) of the negative Laplacian of charge densities of the NBOs,
L(r), in a plane containing the metal–hydrogen directrix of MgH+ (left)
and CaH+ (right). Default contour values equal �2.0U10n, �4.0U10n,
�8.0U10n e:�5, where n=0, �3, �2, �1; positive and negative values
of L(r) are marked by red solid and blue dashed lines, respectively. The
relief plots are truncated at 100.0 e:�5 for the sake of clarity. Extra con-
tour lines at 1.23, 0.30 (c, e) and 2.45, 6.00 e:�5 (d, f) are drawn to
reveal relative positions of the LICCs; 1(r) values in e:�3; L(r) values
are listed in bold in e:�5.


Figure 5. Relief plots of total charge densities of a) MgH+ and b) CaH+ ,
1(r), in a plane containing the metal–hydrogen directrix. Default contour
values equal �2.0U10n, �4.0U10n, �8.0U10n e:�3, where n=0, �3,
�2, �1. The plots are truncated at 6.0 e:�3 for the sake of clarity.
Below: corresponding bond profiles (c, d), relief, and isosurface plots (e,
f) of the negative Laplacian of 1(r) of MgH+ (left) and CaH+ (right).
Default contour values and cut-offs as defined in Figure 4c–f were used.
Nuclei and BCPs are denoted with closed black circles and green crosses,
respectively. Black solid lines on the relief plots (e, f) correspond to the
isovalue (envelope) surfaces of L(r) drawn at 71.0 e:�5 and presented in
the respective insets.
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shows the same incomplete shell structure as a regular
transargonic element: the (n�1) quantum shell is not re-
vealed in the Laplacian. Nevertheless, careful analysis of
the Laplacian along the Ca–H directrix still reveals a
point of inflection (Figure 5d). This point coincides with
the region of the fourth quantum shell, when only the
charge density contribution of the s-NBO of CaH+ is
taken into account. Hence it may be considered as the
residual echo of the fourth quantum shell of Ca.[57] This
result clearly underlines the success of our concept for
analysis not only of the total charge density, 1(r), but
also of its individual contributions to the underlying
NBOs. Hence, partitioning of the charge density via the
NBO methods appears to provide a new and detailed in-
sight into the electronic structures of compounds.


ii) As a spin-off of this approach, we can now visualize how
the ligand in each of our benchmark systems induces a
clear polarization of the inner core shells of the metal.
In MgH+ (Figure 4c,e), the charge concentration of the
L shell is clearly polarized toward the hydrogen ligand:
the ligand-opposed rear side of the L shell of charge
concentrations is substantially depleted. In the case of
the more covalent CaH+ ,[58] the core polarization is even
more pronounced: the corresponding rear side of the L
shell of charge concentration in Figure 4f is completely
depleted, and displays a positive value of 521(r). The re-
maining polarization features can now be assigned to the
remnants of the N shell (denoted by a broken line) and
the characteristic polarization pattern of the M shell
which is less pronounced but still recovered in the global
polarization pattern of the total charge density of CaH+


(Figure 5f). According to the character of the s NBO of
CaH+—composed of 4s and 3dz2 natural atomic orbitals
(NAOs) at the Ca atom—the existence of the BCC and
LICC in the M shell of charge concentration at the Ca
atom can now be clearly ascribed to the contribution of
the 3dz2 NAO function at Ca (Figure 5f). As a conse-
quence, it is the nodal structure of the 3dz2 NAO which
is ultimately responsible for the formation of the diffuse
belt denoted cis-LICC, as well as for the BCC and the
trans-LICC, and hence for the polarization of the Ca
cation (Figure 5f). Most chemists concur that the 4s and
3d orbitals of a first-row TM are its valence orbitals. Ac-
cordingly, we prefer to avoid the potentially confusing
terms “core charge concentrations” or “charge concen-
trations of the outermost core” introduced by Gilles-
pie[20,52] and Bader[22,50] and to use instead “valence shell
charge concentrations”, or simply “charge concentra-
tions” (CCs), for both main-group and TM compounds.


iii) In the final step of our analysis, we consider whether the
pronounced trans-LICC seen in CaH+ might arise from
use of Ca p functions in the bonding. To address this
question, we have analyzed the electronic situation in
the lighter congener MgH+ (Figure 4c,e). The NBO of
MgH+ can be classified as a s(Mg–H) bonding orbital
with the characteristics typical of a main-group hydride
(97.7% s- and 2.3% p-character at the Mg cation). In


contrast to its heavier congener, the polarization at the
metal is now solely accomplished by p functions, which
induce dipolar polarization of the metal cation during
M–H bond formation, and thus create a more ionic Mg�
H bond in comparison with CaH+ . As a result, charge
density is no longer concentrated trans to the Mg�H
bond, and no LICC can be observed (Figure 4e). This
example clearly illustrates that it is the different nodal
structures of p and d wavefunctions that give rise to the
different polarization patterns at the metal center. It
thus follows the valence bond arguments outlined by
Firman and Landis[59] in accounting for the disfavor for
valence angles of 1808 typically displayed by TM com-
pounds containing strong s-bonding ligands. Figure 6a,b
shows the deformation densities of MgH+ and CaH+ in
support of our conclusion: in the case of the second
short period metal Mg, a basically dipolar polarization is
observed, while the first long period metal Ca displays a
complex polarization pattern. Figure 6 elegantly reveals
the fundamental difference between these two metals
that may be traced to the ability of Ca to form sd-hybrid
orbitals.


In the next section we will demonstrate that it is this
greater orbital flexibility that allows d0 TM compounds to
adopt non-VSEPR structures. Our partitioning of the total
charge density in the benchmark systems CaH+ and MgH+


using the NBO method may then offer the last word in a
long and controversial debate on the nature and origin of
local charge concentrations at TM centers. These concentra-
tions arise from polarization of the valence electrons, and
are induced by covalently bonded s and p ligands. They are
an integral part of the bonds formed using metal orbitals
possessing d character. It is not surprising therefore that
they contain all the information necessary to refine the
VSEPR model without increasing its complexity.


Non-VSEPR geometries of Me3NbCl2 and Me2NbCl3 : In the
case of simple diatomic molecules such as CaH+ or MgH+ ,


Figure 6. Deformation densities of a) MgH+ and b) CaH+ , D1(r) =


1(r)total � 1(r)promolecule, in a plane containing the metal–hydrogen direc-
trix; the promolecule density, 1(r)promolecule, is the superposition of charge
density of spherical ground-state atoms centered at the nuclear position.
Default contour values as defined in Figure 5a, b were used. Extra con-
tour lines at �100.0 e:�3 were added; positive and negative values of
D1(r) are marked by red solid and blue dashed lines, respectively.
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dissection of the charge density
was straightforward since the
effect of the covalent M�H
bonding on the total charge
density could be attributed to a
single NBO. We now show that
a similar partitioning of the
charge density into the individ-
ual contributions of all the s-
type NBOs can be applied to
more complex TM compounds.
In the case of Me3NbCl2 and
Me2NbCl3, all s(Nb–C) and s-
(Nb–Cl) NBOs have been ana-
lyzed with respect to formation
of valence shell charge concen-
trations at the Nb atom.
As shown in Figure 7, all s-


type NBOs formed by the
chloro and methyl ligands in
Me2NbCl3 resemble the s-type
NBO in CaH+ . The charge
density in the Ca�H bonding
domain of CaH+ resulted
mainly from the overlap between the 1s AO of hydrogen
and the 4s and 3dz2 NAOs of the metal. In Me3NbCl2 and
Me2NbCl3, bonding is mainly established by the 5s and 4d
orbitals at the metal and 2p or 3p orbitals at the carbon or
chlorine atoms, respectively. Hence the origin of LICCs in
these systems is similar to that in CaH+ : they arise from the
characteristic shape and symmetry of a d orbital.[60] The
Laplacian of the total charge density of Me2NbCl3 (Fig-
ure 8b) is approximately composed of the sum of the indi-
vidual s-(NBOs) shown in Figure 7d–f (see Supporting In-
formation).
We note further that BCCs at TM atoms are typically


weakly—if at all—pronounced in the Laplacian of the total
charge density. In the case of Me3NbCl2 and Me2NbCl3,
which display rather polarized metal–ligand bonds, no BCCs
at all can be located. As a result, only the pronounced trans-
LICCs of the individual ligands dominate as maxima or
(3,�3) critical points in the negative Laplacian of the polari-
zation pattern at niobium (Figure 8). We conclude that the
polarization pattern of Me2NbCl3 is consonant with the pic-
ture emerging from our NBO analysis of the molecule.
Figure 8a,b shows the envelope maps of the Laplacian at


�521(r)=40 e:�5 around the central niobium atom of
Me3NbCl2 and Me2NbCl3 each at the optimized geometry.
In accord with the results of BGM for Me2TiCl2,


[23] the
trans-LICCs induced by the methyl ligands, LICC(C), are in
each case significantly larger than those arising from the
chloro ligands, LICC(Cl). Hence it is the more covalent
Nb�C bonds rather than the more ionic Nb�Cl bonds that
give rise to the more pronounced LICCs. These charge con-
centrations are not merely polarizations of the metal va-
lence shell then, but can be regarded as signatures of the co-
valent bonding. In principle, they even offer a basis for


ligand (L) classification according to its capacity to form
strong M–L s bonds.
The polarization of the metal atom valence shell in the su-


perficially more straightforward Me3NbCl2 is therefore do-


Figure 7. Constant probability density surfaces for a) Nb�Cleq, b) Nb�C, and c) Nb�Clax bonding NBOs of
Me2NbCl3, with corresponding contour plots of the negative Laplacian of charge densities of the NBOs, L(r),
in C-Nb-Cleq (d, e), and Clax-Nb-Cleq (f) planes, respectively. Default contour values as defined in Figure 4c–f
were used; 1(r) values in e:�3; L(r) values listed in bold in e:�5.


Figure 8. Isovalue surface (envelope) plots of the negative Laplacian
[L(r)=40 e:�5] for equilibrium structures of a) Me3NbCl2, b) Me2NbCl3,
aClaxNbCleq=98.58, and reoptimized models of Me2NbCl3 displaying
fixed valence angles: c) aClaxNbCleq=908 and d) aClaxNbCleq=838 ;
1(r) values at metal–ligand BCPs (indicated by grey spheres) and L(r)
values of LICCs at the Nb atom (listed in bold) are in e:�3 and e:�5,
respectively.
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minated by the three pronounced trans-LICCs induced by
the methyl groups. As a consequence, these groups adopt
with the metal atom an array which is displaced by 0.083 :
from a strictly trigonal planar configuration, a scenario that
results in C-Nb-C valence angles of 119.98, close to the opti-
mal value of 1208 for the three LICC(C) features. The axial
positions in Me3NbCl2 are then occupied by the two chloro
ligands; these are mutually destabilized by the LICC(Cl)
features induced trans to each Nb�Cl bond. Hence the axial
positions are energetically less favorable and are occupied—
as predicted in the simple VSEPR model—by the ligands
which i) have a reduced charge density in the M�L bonding
region, and ii) induce a smaller charge concentration.
The slight deviation from planarity of the NbC3 skeleton


and inequality of the axial Nb�Cl bonds characterize the C3v


model of the molecule which is predicted by the calculations
to be its equilibrium ground state. The magnitudes of the
LICCs are essentially the same for the C3h as for the C3v


model, but the locations differ, with the preference for the
C3v model arising from Pauli-type repulsion between the
Nb�C bonding electron pair domains and the LICC(C)s. As
a consequence, the three methyl ligands and the three
LICC(C)s adopt the form of a very shallow trigonal anti-
prism rather than a planar hexagon. Such a distortion has al-
ready been identified on the basis of IR spectra for non-
VSEPR molecules such as LnMe3 (Ln = Sc, Y, or La),[61]


which apparently display a more pronouncedly pyramidal
MC3 unit than is forecast for Me3NbCl2. The chloro ligands
could thus be seen as inhibiting further pyramidalization of
the NbMe3 unit i) by interligand repulsion between the Nb�
Cl and Nb�C bonding electron pair domains, and ii) by re-
pulsion arising from the presence of the LICC(C)s.
Whether Pauli repulsion (favoring C3v or C3 symmetry)


overcomes interligand repulsion (favoring C3h symmetry) in
practice we are unable to judge. However, if Pauli repulsion
dominates, we are now able to predict the distortion coordi-
nate (C3h ! C3v) on the potential energy surface of the free
molecule. Whatever the true equilibrium structure may be,
the energy difference between the C3h and C3v forms is prob-
ably smaller than the zero point energy associated with the
three CH3 rotational modes, implying virtually unhindered
internal rotation of the CH3 groups in the gaseous molecule.
In the case of Me2NbCl3 (Figure 8b), the situation is more


complex. Here we have to consider two different types of
chloro ligand, and the molecular symmetry is reduced to C2v.
Once again, the LICCs induced trans to the methyl ligands
are significantly larger than those trans to the axial Nb�Cl
bonds; these in turn are larger than the trans-LICC induced
by the equatorial chloro ligand, with the result that the third
CC, LICC(Cl) in the equatorial plane of the molecule, is sig-
nificantly smaller (ca. 45 e:�5) than both the LICC(C)s.
Hence the largest repulsion is expected between the M�C
bond domains and the LICC(C)s. As a direct consequence,
a aCMC angle smaller than 1208 is predicted and observed,
in contrast to the expectations of the classical VSEPR
model. In a similar manner, the axial positions of the chloro
ligands are dictated by the dominant repulsion between the


M�Cl bond domain [1(M–Cl)] and the LICC(C)s. This sit-
uation leads to a aClaxNbCleq greater than 908, as observed
by experiment [96.5(6)8] and theory [98.58]. Hence the ex-
tended VSEPR concept proposed by BGM[23] accommo-
dates the structure of Me2NbCl3. It is important therefore to
expose the physical basis of this concept, and to test its gen-
eral applicability to pentacoordinate compounds with unusu-
al geometries.
In the final step of our analysis, a relaxed potential-


energy surface (PES) scan with a varying ClaxNbCleq angle
was carried out to explore how distortions away from the
equilibrium geometry affect the topology of the charge den-
sity (Table 5). Figure 8c,d shows the isosurface plots of
521(r) at the values of aClaxNbCleq = 90 and 838, respec-
tively. Optimal bond lengths and valence angles obtained by
a relaxed scan over aClaxNbCleq are also listed in Table 5
along with the absolute values of the LICCs obtained for
each optimized geometry. The magnitudes of the
LICC(C)s—and to a lesser extent the LICC(Clax)s—de-
crease monotonically with increasing aClaxNbCleq, whereas
that of the LICC(Cleq) remains relatively constant. The po-
tential energy of Me2NbCl3 as a function of aClaxNbCleq is
depicted in the Supporting Information. The molecule be-
comes destabilized more rapidly by distortion of the equilib-
rium geometry toward a smaller ClaxNbCleq angle than by
distortion toward a larger angle. This provides further evi-
dence for the structure-determining role of the LICC(C)s,
since smaller ClaxNbCleq angles lead to a tighter CMC angle
and thus a closing of the angle formed by the corresponding
LICC(C)s. Consequently the repulsion between both
LICC(C)s leads to an increase of the total energy on reduc-
ing the ClaxNbCleq angle. In contrast, a widening of
aClaxNbCleq leads to both a larger CMC angle and a larger
angle between the LICC(C)s. Thus, the dominating repul-
sion between the LICC(C)s is reduced along this coordinate,
though it is still overcompensated by increased repulsion be-
tween the Nb�C bonding electrons and the LICC(C)s, as
signaled by significantly elongated Nb�C bonds.
In summary, the observed and calculated equilibrium


structures of Me2NbCl3 and Me3NbCl2 are easily rational-
ized by taking into account the polarization of the d0 metal
center, with Pauli repulsion between the dominant CCs in-
duced by the covalent M�C bonds turning out to be the crit-
ical structure-determining factor.


Conclusions


The TBP structures of Me2NbCl3 (C2v) and Me3NbCl2 have
been confirmed experimentally and theoretically, although
the overall symmetry of the latter molecule in its equilibri-
um ground state could not be established unequivocally.
However, the X-ray model for Me3NbCl2 clearly indicates a
slightly distorted TBP structure which does not conform
with the VSEPR model but is in close agreement with the
results of DFT calculations that suggest a C3v geometry for
the equilibrium ground state of the molecule, with one C�H
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bond of each CH3 group eclipsing a common axial Nb�Cl
bond and rendering the Nb�Cl bonds inequivalent. The
structure of Me2NbCl3 also deviates from the predictions of
the simple VSEPR model in that the expected C2v geometry
features axial Nb�Cl bonds that are bent away from rather
than toward the equatorial Nb�Cl bond.
Topological analysis of total electron densities by using


521(r) as an electron localization function reveals tiny but
important features of the seemingly featureless total elec-
tron density, 1(r), and provides a wealth of information on
the polarization of charge in complex systems such as these.
Analysis of the total charge density shows ligand-induced
charge concentrations (LICCs) at the Nb atom to account
for the non-VSEPR structures adopted, certainly by
Me2NbCl3 and probably by Me3NbCl2. In particular, the sig-
nificant bending of Nb�Clax bonds toward the C-Nb-C equa-
torial unit in Me2NbCl3 may be rationalized in terms of the
mutual repulsion between bonded and ligand-opposed CCs
present in the valence shell of Nb, in agreement with the ex-
tended VSEPR model suggested by BGM.[23] However, the
conventional AIM-based approach for topological analysis
of the total electron density is restricted to the evaluation of
“local” topological parameters at so-called critical points.
This is a severe limitation, since LICCs induced by different
ligands appear to have different local, as well as non-local,
properties, such as shape and size. Since it is the entire dis-
tribution of charge in space that determines the equilibrium
geometry of a molecule, further insight into the spatial dis-
tribution of electron density may be gained by analyzing
non-local properties of the charge density, such as envelope
maps of the �521(r) function. As a result of this sort of
analysis, the rather unusual structure of Me2NbCl3 appears
to derive primarily from repulsion between the Nb�Clax
bonding electron density and the LICCs associated with the
equatorial Nb�C bonds; the interactions between the Nb�
Clax bonds and their mutually disposed LICCs appear to be
less important.
An important outcome of our study is the first identifica-


tion of a powerful approach that explains the nature and oc-
currence of LICCs by a direct and rigorous interpretation of
the wavefunction. All information about the origin of
LICCs is directly accessible from the wavefunction via the
natural bond orbital (NBO) method. In the first step of our


approach, we use the NBO method to partition the total
charge density in a physically meaningful way into its indi-
vidual core and valence density contributions.[62] The valence
density is thus unequivocally represented by the superposi-
tion of bonding NBOs, in agreement with the Lewis con-
cept.[56] In the next step, we demonstrate that all polariza-
tion features in the Laplacian of the total charge density are
composed of the individual contributions from bonding
NBOs. In the final step, the NBO analysis allows us to con-
clude that LICCs arise from polarization of the valence shell
of a transition-metal center, and are induced by covalently
s- and p-bonded ligands. They are an integral part of the
bonds formed using metal orbitals possessing d-character. It
is then the different nodal structures of p and d wavefunc-
tions that give rise to different atomic polarization patterns
at main group metals and transition metals. Our study thus
validates the earlier suggestion made by SzentpXly and
Schwerdtfeger,[63] that polarization of a metal center and si-
multaneous d-orbital contribution are not different but
rather two sides of the same coin, since it is the subvalence
(n�1)d orbitals that are responsible for the polarization of
the metal core.
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Solution- and Solid-Phase Synthesis of Radicicol (Monorden) and
Pochonin C


Sofia Barluenga, Emilie Moulin, Pilar Lopez, and Nicolas Winssinger*[a]


Introduction


Monorden (1, Figure 1) was first isolated over half a century
ago[1] from Monocillium nordinii and later reported to have
mild sedative activity along with antibiotic activity.[2] The
same molecule was independently isolated from Nectria rad-
icicola and given the name of radicicol (1, Figure 1).[3] The
absolute stereochemistry of its three chiral centers was as-
signed by X-ray crystallography[4] and confirmed by total
synthesis.[5,6] The reported biological activity initially attrib-
uted to this compound did not arouse much interest until it
was reported that radicicol was a tyrosine kinase inhibitor.[7]


It was later discovered that the inhibitory effect of radicicol
for certain kinases stemmed from the fact that radicicol was
an inhibitor of HSP90;[8,9] this molecular chaperone is neces-
sary for the maturation and function of the kinases whose
inhibition was originally observed. In the absence of this
chaperoning activity, the clients of HSP90 are targeted for
degradation by the proteosome.[10,11] The list of HSP90 cli-
ents includes notorious oncogenic proteins such as Src, Bcr-
Abl, Raf1, ErbB2, Akt and mutated p53. The fact that mul-
tiple oncogenic proteins can be shut down by the inhibition


of HSP90 has made it an attractive target for chemothera-
py.[12] Radicicol (1, Figure 1) as well as geldanamycin (2,
Figure 1) have been reported to be potent inhibitors of
HSP90. This renewed interest in radicicol prompted further
work on its total synthesis notably by the Lett group[13,14]


and the Danishefsky group[15] as well as studies to define the
structure–activity relationship of this potential therapeu-
tic.[16–20] Pearl and co-workers showed that despite the lack
of structural similarity between radicicol and ATP, radicicol
was a competitive ligand for the ATP binding site of
HSP90.[21] More recently, a third natural product, novobiocin
(3, Figure 1), has also been shown to inhibit HSP90, though
through a different binding site.[22–24] Structural information
about HSP90 has led to the design of inhibitors based on ad-
enosine thus yielding new leads such as compound 4.[25,26]


Keywords: metathesis · natural
products · solid-phase synthesis ·
total synthesis


Abstract: A modular synthesis for pochonin C and radicicol is reported. The two
natural products were prepared in seven and eight steps, respectively, from three
readily available fragments. Alternative syntheses of these compounds were ach-
ieved using a combination of polymer-bound reagents and solid phase reactions.
The conformation of the two natural products was studied and compared by using
2D NMR spectroscopy.
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Chem. Eur. J. 2005, 11, 4935 – 4952 DOI: 10.1002/chem.200500160 F 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4935


FULL PAPER







A new family of closely related resocyclic macrolides iso-
lated from the fermentation of Pochonia chlamydosporia
was recently reported and named pochonin A–F (5–10,
Figure 2).[27] Several members of this family were identified
as having activity in a cellular replication assay against the
herpes simplex virus (HSV). While radicicol was the most
potent inhibitor (0.2–0.8 mm), it was also cytotoxic whereas
the closely related pochonin C was less active (6 mm) but
was not toxic at that concentration and had the highest se-
lectivity index (cytotoxicity50/IC50) amongst the resorcy-
clides. Our total synthesis of pochonin C[28] clarified the ster-
eochemistry of the chlorine atom at carbon 5 (Figure 2) and
established that pochonin C is indeed the product of a
formal ring opening of radicicol as suggested by Hellwig et
al. in their initial isolation report.[25] Molecular dynamics/
minimization of radicicol showed that its lowest energy con-
formation is the bioactive one and that the epoxide moiety
is important to maintain this conformation.[29] This observa-
tion can rationalize the difference in activity between po-
chonin C and radicicol.


Results and Discussion


Our interest in the resorcyclides stems from the observation
that several closely related natural products have been re-
ported to be selective inhibitors of different kinases. LL-
Z1640-2 is a potent and selective TAK-1 kinase inhibitor for
which nor radicicol nor other resorcyclides have been found
to be active.[30] Closely related compound LL-783277 is a
potent inhibitor of MEK kinase,[31] yet another closely relat-
ed macrolide, hypothemycin has been reported to inhibit
the ras-signaling pathway.[32] Although structural informa-
tion has been reported only for the radicicol-HSP90 interac-
tion wherein radicicol substitutes the adenosine in the ATP-
binding pocket,[21] it can be speculated that the kinase inhib-
ition observed with closely related family members stems
from the ability of these resorcyclides to act as ATP mimics.
This speculation prompted us to develop a diversity-oriented
synthesis of the resorcyclides. We have directed our first ef-
forts towards radicicol and the pochonins based on their
therapeutic potentials. A major criterion in the development
of the synthesis was its amenability to combinatorial synthe-
sis and suitability of the chemistry to prepare analogues ex-
tending beyond the diversity of natural resorcyclides. To this
end, we developed a strategy that disconnects the macrocy-
cle into three fragments 12–14 (Figure 3).[28] It was anticipat-


ed that the use of a thioether could not only be important in
protecting the a,b-conjugate system (12, Figure 3) but also
serve as an attachment point to a polystyrene resin. The cor-
responding selenide (not shown) was also considered as an
alternative. At the onset of this work, the stereochemistry of
pochonin CKs chlorine atom (C5, Figure 3) had not been es-
tablished. While the trans epoxide fragment 14 would be re-
quired to reach radicicol, the stereochemistry of both possi-
ble diastereoisomers of the C-5 chlorine center of pochonin
C would require access to both the cis or the trans epoxide
fragment 14. For both radicicol and pochonin C, a cis olefin
would be required as the product of the metathesis reaction.
To this end, it was anticipated that the timing of the epoxide
opening and thioether elimination could be used to alter the
conformational strain and relative equilibrium of the cis and
trans products.
The Weinreb amide fragment 12 was prepared in two


steps. First, alkylation of commercially available 2-chloroa-
cetamide with thiophenoxide, or selenophenoxide allowed
us to obtain 15 and 16, respectively (Scheme 1). Both of
these products could be allylated smoothly under alkylation
conditions (LDA or LiHMDS, HMPA; allyl bromide) to
afford products 12 and 17 in good yields. Thioether 15 was
also allylated using a Pummerer reaction; oxidation of 15 to
the sulfoxide followed by treatment with trifluoroacetic an-
hydride in the presence of All-SiMe3 or All-SnBu3 afforded
the desired product 12 in comparable yield to the alkylation
procedure. For the oxidation of thioether 15, mCPBA at
�78 8C gave poor results with substantial amount of over ox-
idation to the sulfone despite incomplete reaction. Oxida-
tion with H2O2 in the presence of Lewis acids such as Sc-
(OTf)3


[33] or protic acid such as hexafluoroisopropanol[34]


was found to be more reliable. The Pummerer allylation of
selenide 16 was found to be less efficient using the same
conditions as for 15 except that a Lewis acid is not required
in the oxidation with H2O2.
Coupling of fragments 13 and 12 was then investigated


(Figure 3).[35] To this end, commercially available 2,4-dihy-
droxytoluate 18 (Scheme 2) was protected with methyl


Figure 2. Structure of pochonin deriatives.


Figure 3. Retrosynthetic analysis of radicicol and pochonin C.
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groups to obtain 19 which was
subsequently chlorinated to
yield 20. Interestingly, the cou-
pling reaction with 19 required
two equivalents of LDA despite
the fact that the characteristic
deep red color of the toluate
anion was obtained with the
first equivalent. Deuterium
quenching experiments using
one equivalent of LDA showed
no incorporation of deuterium
at the benzylic position
(Table 1, entry 1) whereas the
use of two equivalents afforded
70% deuterium incorporation
(entry 2). This was attributed to
the fact that although the tolu-
ate anion is formed with one
equivalent of LDA, it was in-
volved in a strong hydrogen
bond to the diisopropyl amine
and is not accessible to the D2O
nor the Weinreb amide 12 as
was previously observed by See-
bach et al. for enolates.[36] The
use of HMPA only afforded a
marginal improvement (entry 3).
The coupling of 19 with Weinreb
amide 12 or 15 using two equiv-
alents of LDA afforded the de-
sired products in good yield (en-
tries 4 and 7). The coupling could also be carried out with
the more congested chlorinated toluate 20 (entry 9), howev-
er, only with nonallylated Weinreb amide 15 (entry 9 vs
entry 10). It was found to be necessary to keep the reaction
at �78 8C to avoid formation of coumarin 30 (entry 5).
While the reaction of the anion of toluate 19 with 2-seleno
Weinreb amide 16 proceeded as well as with 2-thio Weinreb


amid 15 (entry 4 vs entry 6), it was
not the case for the reaction with
the allylated 2-seleno Weinreb
amide 17 which unexpectedly af-
forded compound 31 as the only
isolable reaction product (entry 8).
The introduction of the allyl


group could potentially be carried
out after the coupling between the
toluate fragment and the Weinreb
amide. As shown in Scheme 3, oxi-
dation of 22 with H2O2 and cata-
lytic scandium triflate afforded the
sulfoxide 32 which was allylated
under Pummerer conditions in
good yield (trifluoroacetic anhy-


dride, All-SiMe3). Interestingly, alkylation of the ketosulfox-
ide with a p-ally complex afforded product 33 suggesting
that the benzylic position is more nucleophilic than the ke-
tosulfoxide. Nevertheless, cyclization to coumarin 30 was
not observed during the reaction.
The propensity of compound 22 to form the coumarin 30


(Scheme 4) is well known and, indeed, treatment of 22 with


Scheme 1. Synthesis of Weinreb amides 12 and 15–17. a) Thiophenol (1.0 equiv), K2CO3 (1.0 equiv), DMF,
23 8C, 2-chloro-N-methoxy-N-methylacetamide (1.0 equiv), 23 8C, 4 h, 95%; b) diphenyl diselenide
(1.0 equiv), NaBH4 (2.0 equiv), 23 8C, 1.5 h; 2-chloro-N-methoxy-N-methylacetamide (1.0 equiv), 23 8C,
30 min, 90%.


Scheme 2. Deprotonation and reaction toluate of esters 19 and 20. a) K2CO3 (4.0 equiv), Me2SO4 (4.0 equiv),
acetone, reflux, 4 h, 98%; b) NH2SO3H (3.5 equiv), CH3CHO (1.0 equiv), NaClO2 (3.25 equiv), THF/H2O 1:2,
0!23 8C, 20 h, 78%.


Table 1. Reaction conditions for chlorination of compound 19 or 20.


Toluate Base Electrophile Product Yield [%]


1 19 1 equiv LDA, �78 8C D2O 21 0
2 19 2 equiv LDA, �78 8C D2O 21 70
3 19 1 equiv LDA, HMPA, �78 8C D2O 21 5
4 19 2 equiv LDA, �78 8C 15 (S) 22 88
5 19 2 equiv LDA, �78 ! 0 8C 15 (S) 30 84
6 19 2 equiv LDA, �78 8C 16 (Se) 24 90
7 19 2 equiv LDA, �78 8C 12 (AllS) 26 85
8 19 2 equiv LDA, �78 8C 17 (AllSe) 31 45
9 20 (Cl) 2 equiv LDA, �78 8C 15 (S) 23 75
10 20 (Cl) 2 equiv LDA, �78 8C 12 (AllS) 27 0
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alkoxide or hydroxide led to the rapid formation of coumar-
in 30 (Scheme 4). We were gratified to find that a hydrolysis
of the ester was nevertheless possible using the alkoxide of
3-hydroxypropionitrile which presumably first participates
in a transesterification followed by an elimination thus af-
fording the hydrolyzed product as a mixture of hemiketals
34 and 35. It is noteworthy that this procedure was also ef-
fective to hydrolyze the coumarin 30. Esterification of the
acid 34 through activation of the carbonyl led to significant
formation of coumarin 30 while esterification under Mitsu-
nobu conditions were not effective presumably due to the
fact that the ortho-phenol is protected.[37]


The last required fragment was alcohol 14. Access to both
the cis and trans epoxides (14a and b), was achieved with a
divergent strategy starting from commercially available alco-
hol 36a (Scheme 5) which was protected with a silyl group
(TBDPS) and subjected to an ozonolysis to obtain aldehyde
39 in excellent yield. Treatment of aldehyde 39 with (Z)-(g-
chloroallyl)diisopinocampheylborane[38,39] yielded the halo-


hydrin 40 with good diastereoselectivity. Direct oxirane for-
mation with DBU followed by TBAF deprotection of the
silyl group afforded the cis-epoxide 14b. Importantly, it was
found that the epoxide could be converted back to the
chlorohydrin functionality present in pochonin C stereospe-
cifically. The corresponding trans-epoxide 14a was obtained
by SN2 displacement of the chloride 40 with thiophenoxide
to obtain compound 41 which was activated for oxirane for-
mation by methylation of the sulfur.[40] Treatment with DBU
followed by removal of the silyl group afforded the trans-ep-
oxide 14a. Alcohol 14a could also be reached via a six-step
sequence involving silyl protection of alcohol 36a followed
by cross metathesis with an excess of 1,4-butanediol to
afford allylic alcohol 37 which was subjected to a Sharpless
asymmetric epoxidation as previously reported.[15,41] Impor-
tantly the epoxidation reaction required a bulky protecting
group on the homoallylic alcohol to obtain high enantiomer-
ic excess, the use of TBS instead of TBDPS led to disap-
pointing results. Oxidation of alcohol 38 followed by a
Wittig olefination and deprotection of the silyl protecting
group afforded alcohol 14a. The same sequence starting
from alcohol 36c yielded the diastereomer 14c.
To test the efficacy of the metathesis reaction in our


system, we prepared the open diene 11 (Figure 3) containing
all the functional groups present in the natural product.
Thus, esterification of alcohol 14c (Scheme 6) with 2,4-dime-
thoxytoluyl chloride afforded toluate 43 which was coupled
with Weinreb amide 12 to yield the desired open precursor
44 in good yield. Importantly, the potential side reaction of
the toluate anion with the epoxide was slow relative to the
desired reaction with the Weinreb amide. However, it was
found that leaving the toluate anion of 43 at �78 8C for over
20 min led to significant decomposition presumably due to
this type of side reactions. Treatment of this open chain
diene with Grubbs second-generation catalyst[42,43] in toluene
at reflux for 10 minutes (kinetic ring-closure condition)[44]


gave the cyclization product 45 in 85% isolated yield as a
mixture of olefin geometry. It is noteworthy that this meta-
thesis was accomplished in the presence of a thioether in b-
position to the carbene reactive center which has been re-
ported to poison the catalytic cycle.[45] Oxidation of 45
proved to be challenging as mCPBA gave unsatisfactory re-
sults and the H2O2 in the presence of scandium triflate led
to epoxide opening (at the time of this experiment, we were
not aware of the HFIP[34] conditions which have proven to
be very effective). An acceptable oxidation was achieved
with NaIO4 although the reaction was sluggish, never reach-
ing completion despite large excess of oxidant. Isolation of
the major oxidation product (there are eight possible prod-
ucts corresponding to a mixture of olefin geometry, stereo-
chemistry of the a-ketosulfoxide center and the sulfoxide
itself) and heating to reflux in toluene afforded dimethyl
monocillin I[46] 46 very cleanly and in good yield. It was
clear from previous attempts[15,47] that the methyl groups on
the phenols could not be removed in the presence of the
sensitive functionalities of radicicol and pochonin C and
that other protecting groups were required. We chose MOM


Scheme 3. Allylation of ketosulfoxide 32. a) H2O2 (5.0 equiv), Sc(OTf)3
(0.2 equiv), CH2Cl2/EtOH 10:1, 23 8C, 3 h, 91%; b) tBuOK (1.0 equiv),
[Pd2(dba)3]·CHCl3 (0.1 equiv), dppe (0.1 equiv), allyl acetate (5.0 equiv),
THF, 0!23 8C, 10 min, 84%; c) All-TMS (5.0 equiv), CH2Cl2, �78 8C;
TFAA (3.0 equiv), �78 ! 23 8C, 80%.


Scheme 4. Hydrolysis of ester 22 and isocoumarin 30. a) NaH (2.0 equiv),
THF, 0 ! 23 8C, 10 min, quant.; b) 3-hydroxipropionitrile (10.0 equiv),
NaH (4.0 equiv), THF, 0 ! 23 8C, 10 min, 93%.
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based on their stability to enolate chemistry. The most con-
vergent sequence of assembly of fragment 12–14 (Figure 3)
requires alcohol 14 to be coupled to benzoic acid 13 prior to
coupling to Weinreb amide 12 to avoid protecting group ma-
nipulations. As previously discussed, esterification of the 2-
hydroxy toluic acid 47 under Mitsunobu or carbodiimide
conditions was found to work best with the 2-hydroxy posi-
tion free.[37] It was found that the acid 47 (Scheme 7) with
both ortho- and para-phenols free could be selectively es-
terified using a Mitsunobu esterification[48] with tris(3-chlor-
ophenyl)phosphine.[49] This product was then protected with
MOM-Cl to afford ester 48a. The esterification under classi-
cal Mitsunobu conditions (Ph3P, DIAD, CH2Cl2, THF or tol-
uene) gave a poor selectivity between the desired esterifica-
tion and undesired ether formation of the para-phenol. Re-
action of toluate 48a using two equivalents of LDA fol-


lowed by addition of Weinreb amide 12 afforded cyclization
precursor 49a in good yield. Treatment of intermediate 49a
with the second generation Grubbs catalyst in toluene at
reflux led to rapid ring closure to obtain the macrocycle 53
as an inseparable mixture of cis/trans olefins (1:1), according
to the previous results with the ring closure of 44. With the
low yield of the NaIO4 oxidation and the inadequacy of
mCPBA or H2O2/ScOTf3, we were gratified to find that thio-
ether 53 could be chemoselectively oxidized with H2O2 in
hexafluoroisopropanol[34] with no over-oxidation product
nor epoxide opening. As this oxidation proceeded in a clean
fashion, the elimination could be carried out on the crude
sulfoxide which is a mixture of diasteroisomers (two olefin
geometry, stereochemistry of the a-ketosulfoxide center and
the sulfoxide itself). Interestingly, only the desired cis/trans
product 51a was obtained despite the fact that the reaction


Scheme 5. Stereodivergent synthesis of alcohols 14a–c. a) tBuPh2SiCl (1.1 equiv), Imid (1.7 equiv), CH2Cl2, 23 8C, 4 h, 98%; b) 2-butene-1,4-diol
(4 equiv), Grubbs II (10%), toluene, 80 8C, 12 h, 56%; c) (+)-DET, Ti(OiPr)4, TBHP, Et2O, �30 8C, 12 h, 90%, >93% ee ; d) SO3·Py (1.5 equiv), Et3N
(1.6 equiv), DMSO, 1 h, 90%; e) Ph3PCH3Br, NaHMDS, 0 8C, 80%; f) TBAF (1.2 equiv), THF, 23 8C, 6 h, 98%; g) O3, CH2Cl2, �78 8C, 5 min; Ph3P
(1.5 equiv), 23 8C, 2 h, 94%; h) AllCl (2.0 equiv), LiNcHex (2.0 equiv), (�)-IpcBOMe (1.5 equiv), BF3OEt2 (2.5 equiv), �95 8C, 4 h, 68% (85% de);
i) DBU (3.0 equiv), CH2Cl2, 0 8C, 8 h, 97%; j) TBAF (1.2 equiv), THF, 23 8C, 6 h, 98%; k) thiophenol (4.4 equiv), tBuOK (3.3 equiv), 23 8C, 1 h and then,
40 (1.0 equiv), DMF, 0!23 8C, 86%; l) Me3OBF4 (2.0 equiv), CH2Cl2, 0!23 8C, 4 h; m) DBU (3.0 equiv), CH2Cl2, 0 8C, 4 h, 80% (two steps).


Scheme 6. Synthesis of dimethyl monocillin. a) Oxalyl chloride (1.0 equiv), DMF (cat), CH2Cl2, 0 ! 23 8C, 1 h, and then at 0 8C Et3N (2.0 equiv), 14c
(0.8 equiv), DMAP, 0 ! 23 8C, 3 h, 80%; b) LDA (2.0 equiv), THF, �78 8C, 5 min; 12 (1.0 equiv), THF, �78 8C, 5 min, 75%; c) Grubbs II (5% mol), tol-
uene (2 mm), 87%; d) NaIO4 (1.5 equiv), MeOH, 23 8C, 8 h, 40%; e) toluene, reflux, 1 h, 80%.
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was done on a mixture of ole-
fins! Presumably, elimination of
the sulfoxide proceeded only
for the compound leading to
the desired trans/cis diene 53,
the trans-olefin 53 not being
able to adopt the adequate con-
formation to participate in a
1,2-syn elimination of the sulf-
oxide. While this was conven-
ient, the overall yield was poor.
However, the selectivity in the
elimination reflects the rigidity
of the macrocycle and suggest-
ed that carrying out the meta-
thesis on the triene 50a should
lead to the desired trans/cis
diene. Oxidation/elimination of
the thioether 49a followed by
RCM in refluxing toluene led
indeed exclusively to the de-
sired trans/cis conjugated diene
51a within 10 min in excellent
yield. It has been shown that
the cis/trans selectivity of the
RCM in unsubstituted 14-mem-
bered macrocycles is kinetically
controlled;[50] however, the high
degree of selectivity in the ring
closure of 50a can not be attributed to short reaction time
considering the lack of selectivity for the closure of 49a
under the same conditions. There remained to chlorinate
the aryl ring and open the epoxide stereospecifically to
reach pochonin C. The epoxide could be cleanly opened by
using several equivalents of HCl in dioxane while the chlor-
ine atom could be efficiently introduce with hypochloride.
However, it was found that both operations could be carried
out in a single step by using an excess of the SO2Cl2 which
generates an equivalent of HCl in situ (no overchlorination
of the aromatic ring was observed).[15,51] Final deprotection
of the MOMs led to compound 8 which was found to have
identical NMR spectra to natural pochonin C.[52] Treatment
of compound 8 with K2CO3 led to rapid and clean oxirane
formation thus yielding compound 1 which was identical to
radicicol (Scheme 7).
A similar reaction sequence starting from alcohol 14b


(Scheme 8) and toluic acid 47 led to the triene 50b. Treat-
ment of this compound to the successful metathesis condi-
tions used for 50a afforded the ring closure product 51b as
the conjugated trans/cis diene albeit in poor yield
(Scheme 8).
Considering the fact that the metathesis gives better selec-


tivity on triene 50a rather than diene 49a, we asked whether
it would be possible to carry out the coupling of toluate 48a
directly on the a,b,d,g-conjugated Weinreb amide. As shown
in Scheme 9, this reaction led to a mixture of desired 1,2-ad-
dition 50a as well as the 1,4-addition 55 and 1,6-addition


product 56. Despite several attempts to favor the 1,2-addi-
tion product, we could not obtain more than 30% yield of
50a with this reaction. It is interesting to note that similar
reactions on simple a,b-conjugate systems rather than conju-
gated dienes have proved more productive.[29,53]


Solid-phase synthesis of pochonin C and radicicol : Aside
from masking the a,b-conjugated system thus providing a
protection during the toluate–Weinreb amide coupling step,
the thioether was foreseen as a possible attachment point to


Scheme 7. Synthesis of pochonin C and radicicol. a) 14a (1.0 equiv), P(mClPh)3 (2.0 equiv), DIAD (2.0 equiv),
toluene, 23 8C, 3 h, 84%; b) MOMCl (4.0 equiv), EtiPr2N (4.0 equiv), TBAI (cat), DMF, 80 8C, 3 h, 91%;
c) LDA (2.0 equiv), THF, �78 8C; 12 (1.0 equiv), 81%; d) H2O2 (2.0 equiv), (CF3)2CHOH, 23 8C, 3 h; toluene,
80 8C, 1 h, 92%; e) Grubbs II (5% mol), toluene (2 mm), reflux, 10 min, 87%; f) SO2Cl2 (3.0 equiv), Et2O, 0 8C,
68%; g) HClconc (2.5% in dioxane), 0!23 8C, 1 h, 74%; h) K2CO3 (2.0 equiv) DMF, 23 8C, 1 h, 86%; i) Grubbs
II (5% mol), toluene (2 mm), reflux, 10 min, 94%; j) H2O2 (2.0 equiv), (CF3)2CHOH, 23 8C, 3 h; toluene, 80 8C,
1 h, 22% two steps (85% based on recovered sulfoxide).


Scheme 8. Synthesis of pochonin C and radicicol using the cis-epoxide.
a) 14b (1.0 equiv), P(mClPh)3 (2.0 equiv), DIAD (2.0 equiv), toluene,
23 8C, 3 h, 84%; b) MOMCl (4.0 equiv), EtiPr2N (4.0 equiv), TBAI (cat),
DMF, 80 8C, 3 h, 91%; c) LDA (2.0 equiv), THF, �78 8C; 50b (1.0 equiv),
81%; d) H2O2 (2.0 equiv), (CF3)2CHOH, 23 8C, 3 h; toluene, 80 8C, 1 h,
92%; e) Grubbs II (5% mol), toluene (2 mm), reflux, 10 min, 21%.
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a solid phase. As shown in
Scheme 10, the polymer-bound
equivalent of compound 15 was
prepared in one pot by a selec-
tive S-alkylation of 3-hydroxy-
thiophenol with 2-chloroaceta-
mide by using one equivalent of
base, followed by the addition
of Merrifield resin and a second
equivalent of base to obtain 57.
By using the same conditions as
were developed in solution, the
thioether linker of resin 57 was
oxidized with H2O2 using hexa-
fluoroisopropanol as a Lewis
acid. The resulting sulfoxide
was activated with trifluoroace-
tic anhydride in the presence of
All-SnBu3 for a Pummerer ally-
lation to obtain resin 59. The success of this reaction and
subsequent reactions could be assessed by taking an aliquot
of resin (10 mg) and cleaving the thioether under reductive
conditions (Bu3SnH, AIBN) in deuterated benzene such
that the product was analyzed directly by NMR after filtra-
tion of the resin. For convenience and speed, the reactions
were carried out in a microwave and found to go to comple-
tion in 10 min. More importantly, oxidation of resin 59 with
H2O2 followed by a brief heat-
ing afforded compound 54 in
80% yield based on the loading
of the Merrifield resin and
>95% purity as judged by
NMR. The fact that the sulfoxide
does not eliminate at room
temperature is practical as it
allows for washing the resin
and performing the elimination
in a solvent free of reagents.
As shown in Scheme 11, the


polymer-bound Weinreb amide
59 was coupled with suitably
protected toluic ester 61 to
afford the polymer bound prod-
uct 62. The calculated yield of
the reaction based on the free
radical cleavage procedure is
60%; however, using the oxida-


tion/elimination procedure and drying the product in vacuo
overnight showed only the desired product 64 as the a,g-
conjugate olefin 54 is volatile enough to be removed. Trying
to drive the reaction to completion with more equivalents of
toluate anion did not improve the yield. Interestingly, the
coupling of the toluate anion with polymer bound Weinreb
amide 57 did not proceed at all even though the correspond-
ing reaction in solution is very effective. This was rational-


Scheme 9. Direct coupling between toluate of 48a and a,b,g,d-unsaturated Weinreb amide 54.


Scheme 10. Pummerer rearrangement on solid support. a) 3-mercaptophenol (1.0 equiv), K2CO3 (1.0 equiv), 2-
chloro-N-methoxy-N-methylacetamide (1.0 equiv), DMF, 23 8C, 2 h; Merrifield resin (0.6 equiv), K2CO3


(2.0 equiv), TBAI, 50 8C, 2 h, 90%; b) nBu3SnH (5.0 equiv), AIBN (cat), C6D6, hn (150 8C, 300 W), 10 min;
c) H2O2 (4.0 equiv), (CF3)2CHOH/CH2Cl2 1:1, 23 8C, 12 h; d) AllylSnBu3 (5.0 equiv), �78 8C, CH2Cl2; then
TFAA (3.0 equiv), �78!23 8C; e) H2O2 (4.0 equiv), (CF3)2CHOH/CH2Cl2 1:1, 23 8C, 12 h and then, toluene,
80 8C, 30 min, 80% isolated yield from Merrifield resin; f) nBu3SnH (5.0 equiv), AIBN (cat), C6D6, mW


(150 8C, 300 W), 10 min.


Scheme 11. Coupling of toluate 61 and Weinreb amide 59 on solid support. a) 61 (4.0 equiv), LDA (8.0 equiv),
THF, �78 8C, 10 min, and then 60 (1.0 equiv) �78 8C, 4 h; b) TBAF (1.2 equiv), THF, 23 8C, 6 h, >95%;
c) H2O2 (4.0 equiv), (CF3)2CHOH/CH2Cl2 1:1, 23 8C, 12 h; toluene, 80 8C, 30 min, 60% from resin 59.
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ized by the fact that the polystyrene environment altered
the relative rates of Weinreb amide enolization relatively to
the coupling reaction and the less hindered Weinreb amide
was enolized rather than participating in the coupling. Like-
wise, the use of larger excess of reagents did not improve
the reactions since the enolized Weinreb amide is simply not
reactive towards the coupling. Nevertheless, considering that
the elimination product of the unreacted Weinreb amide is
volatile, clean product could be obtained anyhow. The TMS
ethanol could be selectively removed using TBAF to afford
polymer bound acid 63 which is similar to solution inter-
mediate 35 (Scheme 4) and requires the free ortho-phenol
to be esterified. The ortho-MOM could be selectively depro-
tected with 5% TFA but based on our previous observation
that it was possible to achieve a selective Mitsunobu esterifi-
cation in the presence of both free phenols, we opted to
remove the three protecting groups in one operation using
20% TFA, thus yielding the deprotected intermediate 66
(Scheme 12). Esterification of this product according to the
same reaction conditions as previously used in solution af-
forded the polymer bound cyclization precursor which was
released from the resin by oxidation–elimination. Disap-
pointingly, this compound did not give good yields in the
metathesis ring closure. It has been shown that the presence
or absence of a protected ortho-phenol in a similar system
could affect the outcome of a RCM by virtue of the hydro-
gen bond to the carbonyl and its impact on the preorganiza-
tion of the open chain system.[54] However, in this case, the
incompatibility stems from the para-phenol as the metathe-
sis was very effective when only the para-phenol was pro-
tected (not shown). Re-protection of the phenols with TBS-
Cl afforded product 69 which was an excellent substrate for
the metathesis reaction yielding macrocyle 70 in 83%. Com-
pound 70 was converted to radicicol according to known
procedures.[6] Conversely, the acid 47 could be esterified


with alcohol 14a by using polymer-bound DEAD
(Scheme 13) followed by MOM protection to obtain toluate
48a which could be used in the subsequent coupling without
further purification. Deprotonation of the crude toluate 48a
with LDA and reaction with polymer bound Weinreb amide
59 afforded the polymer bound diene 71. Oxidation–elimi-
nation of compound 71 followed by metathesis afforded
compound 51a which was the same as the one previously
obtained in solution. SO2Cl2 mediated chlorination/halohy-
drin formation followed by MOM deprotection thus afford-
ed pochonin C.


Conformational study of radicicol and pochonin C : The dif-
ference in selectivity in the ring closing metathesis reaction
between compound 49a versus 50a reflects the rigidity of
radicicolKs macrocyle. NMR analysis of radicicolKs conforma-
tion in solution (CD3OD) clearly showed a very well define
conformation with strong NOE between the proton of
methyl group (C1) and the proton of C8 and C11 in accord-
ance with its conformation bound in the active site of
HSP90 (Figure 4).[21] In comparison, pochonin C showed a
very different pattern of c with the strong NOE between C1
and C8/C11 clearly absent suggesting a more planar and less
organized conformation. The difference in biological activity
reported by Hellwig et al.[27] for pochonin C and radicicol
may be in part rationalize by the fact that despite the struc-
tural similarity of these compounds, they have very different
conformations.


Conclusion


A concise and modular synthesis of pochonin C and radici-
col has been achieved in seven and eight steps, respectively,
from benzoic acid 47, alcohol 14 and Weinreb amide 12. The


Scheme 12. Solid support assisted synthesis of TBS protected monocillin 70. a) TFA (20%), CH2Cl2, 1 h, >95%; b) 14a (4.0 equiv), P(mClPh)3
(4.0 equiv), DIAD (4.0 equiv), CH2Cl2, 23 8C, 4 h; c) H2O2 (4.0 equiv), (CF3)2CHOH/CH2Cl2 1:1, 23 8C, 12 h and then, toluene, 80 8C, 12 h, 70% from
resin 62 ; d) Grubbs II (5% mol), toluene (2 mm), reflux; e) TBSCl (10.0 equiv), Imid. (10.0 equiv), DMF, 12 h, 90%; f) Grubbs II (5% mol), toluene
(2 mm), reflux, 83%.
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longest linear sequence is 13 steps for pochonin C and 14
steps for radicicol. The combination of polymer supported
reagents and solid phase reactions greatly facilitate the
chemistry requiring only two traditional chromatography for
the seven steps from the three fragments 47, 14 and 12. The
two dimensional NMR studies clearly point to the fact that
although radicicol and pochonin C are closely related struc-
turally, they are quite different topologically. The topologi-
cal diversity that is achievable by closely related resorcy-
clides may explain the different biological activity of closely
related compounds. Finally, these synthetic studies add to
our knowledge of the scope of the ring closing metathesis by
adding a precedent for a very cis-selective closure from a
triene having four possible RCM products.


Experimental Section


General procedures : All polymer-bound reagents and Merrifield resin
were obtained from Novabiochem. The Grubbs catalyst was purchased
from Materia Inc. Solid phase reactions were carried on a Quest 210 or
round bottom flasks and filtered in fritted funnels. All reactions were car-
ried out under a nitrogen atmosphere with dry, freshly distilled solvents
under anhydrous conditions. Tetrahydrofuran (THF), toluene and diethyl
ether (Et2O) were distilled from sodium/benzophenone, and methylene
chloride (CH2Cl2) from calcium hydride. Anhydrous solvents were also
obtained by passing them through commercially available alumina
column (Solv-Tek, Inc., VA). Reactions were monitored by thin layer
chromatography (TLC) and preparative thin layer chromatography
(PTLC) were carried out on 0.25 mm E. Merck silica gel coated glass
plates (60F-254) using UV light as visualizing agent and 10% ethanolic
phosphomolybdic acid or vanillin solution and heat as developing agents.
E. Merck silica gel (60, particle size 0.040–0.063 mm) was used for flash
column chromatography. NMR spectra were recorded on Bruker Ad-
vance-400 instruments and calibrated by using residual undeuterated sol-
vent as an internal reference. The following abbreviations were used to
explain the multiplicities: s= singlet, d=doublet, t= triplet, q=quartet,
qt=quintet, m=multiplet, br=broad. IR spectra were recorded on a
Perkin–Elmer 1600 series FT-IR spectrometer. LC-MS were recorded
using an Agilent 1100 HPLC (Supelco C8, 5 cmQ4.6 mm, 5 mm particules
column) with a Bruker micro-TOF instrument (ESI) by using a linear
elution gradient from 100% H2O (0.5% HCO2H) to 100% MeCN in
13 min at a flow rate of 0.5 mLmin�1. Unless otherwise stated, LDA was
prepared at a concentration of 0.566m by treating a solution of diisopro-
pyamine (1.0 equiv) in THF at �78 8C with n-butyllithium (1.0 equiv) and
stirred for 30 min at that temperature before used.


Weinreb amide 15 : 2-Chloro-N-methoxy-N-methylacetamide (10.3 g,
74.5 mmol) was added at 23 8C to a solution of thiophenol (7.6 mL,
74.5 mmol) and K2CO3 (10.3 g, 74.5 mmol) in dry DMF (40 mL). After
4 h stirring at room temperature, the mixture was quenched by addition
of a solution of saturated NH4Claq (50 mL), diluted with Et2O (50 mL),
washed several times with saturated NH4Claq (30 mL) and brine (30 mL)
and dried over MgSO4. Concentration under reduced pressure afforded
compound 15 (13.4 g, 95%). Rf=0.22 (silica gel, EtOAc/hexane 3:1);
1H NMR (400 MHz, CDCl3, 25 8C): d = 7.46 (d, J=7.6 Hz, 2H), 7.32–
7.28 (m, 2H), 7.23–7.19 (m, 1H), 3.84 (s, 2H), 3.70 (s, 3H), 3.21 (s, 3H);
13C NMR (100 MHz, CDCl3, 25 8C): d = 169.9, 135.8, 129.6, 128.9 (Q3),
126.5, 61.4, 35.3, 32.3; IR (film): ñmax=3059, 2925, 1654, 1584, 1438, 1380,
999, 741, 690 cm�1; HRMS (ESI-TOF): m/z : calcd for C10H13O2NS:
234.0559, found 234.0533 [M+Na+].


Weinreb amide 12 : Sc(OTf)3 (49 mg, 0.1 mmol) and H2O2 (255 mL,
5 mmol) were sequentially added to a solution of compound 15 (211 mg,
1 mmol) in CH2Cl2/EtOH (10:1, 5.5 mL). After 3 h stirring at room tem-
perature, the reaction was diluted with EtOAc (10 mL), washed with a
saturated aqueous solution of NaHCO3/Na2S2O3 (10:1, 11 mL), dried


Scheme 13. Polymer-assisted synthesis of pochonin C. a) 14a (1.0 equiv),
P(mClPh)3, (2.0 equiv), PS-DEAD (2.0 equiv, 1.3 mmolg�1), toluene,
23 8C, 3 h, 83%; b) MOMCl (4.0 equiv), EtiPr2N (4.0 equiv), TBAI (cat),
DMF, 80 8C, 3 h, 95%; c) 48a (2.0 equiv), LDA (4.0 equiv), THF, �78 8C,
10 min, and then 59 (1.0 equiv) �78 8C, 4 h; d) H2O2 (4.0 equiv),
(CF3)2CHOH/CH2Cl2 1:1, 23 8C, 12 h; toluene, 80 8C, 12 h, 53% (three
steps); e) Grubbs II (5% mol), toluene (2 mm), 120 8C, 10 min, 87%;
f) SO2Cl2 (3.0 equiv), Et2O, 0 8C, 68%; g) HClconc (2.5% in dioxane), 0!
23 8C, 1 h, 74%.


Figure 4. Conformational aspects of radicicol and pochonin C. a) NOE
signals observed for radicicol and pochonin C. [Numbering according to
pochonin C definition]. b) Conformation of radicicol bound to HSP90
(PDB structure ID 1BGQ).[21]
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over MgSO4 and concentrated under reduced pressure. The crude mix-
ture (206 mg, 0.9 mmol) was then diluted in CH2Cl2 (10 mL) and allyltri-
methylsilane (723 mL, 4.6 mmol) was added. The resulting solution was
cooled down to �78 8C and, trifluoroacetic anhydride (384 mL, 2.7 mmol)
was added. After 10 min at �78 8C, the reaction was allowed to warm up
to room temperature for 1 h. Concentration under reduced pressure, fol-
lowed by flash chromatography (silica gel, 0–50% EtOAc/hexane), af-
forded compound 12 (151 mg, 60%). Rf=0.34 (silica gel, EtOAc/hexane
1:3); 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.53–7.51 (m, 2H), 7.35–
7.32 (m, 3H), 5.88–5.77 (m, 1H), 5.12 (dd, J=17.0, 1.8 Hz, 1H), 5.09 (dd,
J=11.2, 1.8 Hz, 1H), 4.21 (br s, 1H), 3.62 (s, 3H), 3.20 (s, 3H), 2.73–2.66
(m, 1H), 2.55–2.48 (m, 1H); 13C NMR (100 MHz, CDCl3, 25 8C): d =


172.0, 134.6, 133.7 (Q2), 132.9, 128.9 (Q2), 128.1, 117.7, 61.4, 46.2, 36.4,
32.4; IR (film): ñmax=2923, 1660, 1654, 1439, 1379, 990, 739, 697 cm


�1;
HRMS (ESI-TOF): m/z : calcd for C13H17O2SNa: 274.0872, found
274.0812 [M+Na+].


Weinreb amide 16 : NaBH4 (237 mg, 6.4 mmol) was added to a solution
of diphenyl diselenide (1 g, 3.2 mmol) in EtOH/THF (4:1, 32 mL). The
reaction was stirred at room temperature until the mixture turned color
from orange to light yellow (~1.5 h). At that time, 2-chloro-N-methoxy-
N-methylacetamide (882 mg, 6.4 mmol) was added to the mixture. The
reaction was stirred for 30 min and then quenched with brine (50 mL),
extracted with EtOAc (50 mL) and dried over MgSO4. Concentration
under reduced pressure, followed by flash chromatography (silica gel, 0–
30% EtOAc/hexane), afforded compound 16 (744 mg, 90%). Rf=0.17
(silica gel, EtOAc/hexane 1:3); 1H NMR (400 MHz, CDCl3, 25 8C): d =


7.66–7.64 (m, 2H), 7.31–7.30 (m, 3H), 3.76 (s, 2H), 3.70 (s, 3H), 3.22 (s,
3H); 13C NMR (100 MHz, CDCl3, 25 8C): d=171.2, 133.0, 129.9, 129.1 (Q
3), 127.5, 61.3, 32.4, 26.6; IR (film): ñmax=2935, 1661, 1578, 1478, 1438,
1379, 999, 739, 691 cm�1; HRMS (ESI-TOF): m/z : calcd for
C10H13O2NSeNa: 282.0004, found 282.9980 [M+Na+].


Weinreb amide 17: A solution of compound 16 (130 mg, 0.5 mmol) in an-
hydrous THF (5 mL) was treated at �78 8C with LiHMDS (500 mL, 1m
solution, 0.5 mmol). After 10 min at that temperature, HMPA (87 mL,
0.5 mmol) and allyl bromide (43 mL, 0.5 mmol) were sequentially added.
The resulting solution was then allowed to warm up to 0 8C and followed
by TLC until completion (~1 to 3 h). The reaction mixture was diluted
with EtOAc and washed several times with 1n HCl and brine. The or-
ganic phase was dried over MgSO4, concentrated under reduced pressure
and purified by flash chromatography (silica gel, 0–30% EtOAc/hexane
gradient) to yield compound 17 (127 mg, 85%). Rf=0.44 (silica gel,
hexane/EtOAc 3:1); 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.61 (d, J=
7.0 Hz, 2H), 7.33–7.26 (m, 3H), 5.82–5.71 (m, 1H), 5.08 (d, J=18.1 Hz,
1H), 5.04 (d, J=10.5 Hz, 1H), 4.14 (br s, 1H), 3.59 (s, 3H), 3.15 (s, 3H),
2.77–2.69 (m, 1H), 2.54–2.47 (m, 1H); 13C NMR (100 MHz, CDCl3,
25 8C): d = 172.6, 135.9 (Q2), 135.3, 128.9 (Q2), 128.4, 127.6, 117.3, 61.3,
38.8, 36.4, 32.5; IR (film): ñmax=3073, 2973, 2936, 1658, 1578, 1477, 1438,
1382, 1175, 992, 919, 740, 692 cm�1; HRMS (ESI-TOF): m/z : calcd for
C13H17O2NSeNa: 322.0317, found 322.0266 [M+Na+].


2,4-Dimethoxy ester 19 : A solution of 2,4-dihydroxy ester 18 (980 mg,
5 mmol) and potassium carbonate (2.76 g, 20 mmol) in acetone (20 mL)
was treated with dimethyl sulfate (1.89 mL, 20 mmol) and heated for 4 h
at reflux. The mixture was then concentrated under vacuum, dissolved in
EtOAc (20 mL) and washed with 1n HCl (2Q20 mL) and brine (20 mL).
The organic layer was dried over MgSO4 and concentrated under reduced
pressure to provide compound 19 (1.10 g, 98%). Rf=0.43 (silica gel,
EtOAc/hexane 1:3); 1H NMR (400 MHz, CDCl3, 25 8C): d=6.33 (s, 2H),
4.38 (q, J=7.0 Hz, 2H), 3.81 (s, 6H), 2.32 (s, 3H), 1.38 (t, J=7.0 Hz,
3H); 13C NMR (100 MHz, CDCl3, 25 8C): d=168.2, 161.2, 158.1, 138.0,
116.8, 106.6, 96.2, 60.9, 55.9, 55.3, 19.8, 14.3; IR (film): ñmax=2978, 1724,
1606, 1459, 1267, 1203, 1160, 1098, 1052 cm�1; HRMS (ESI-TOF): m/z :
calcd for C12H16O4Na: 247.0941, found 247.0872 [M+Na+].


Chlorinated ester 20 : Sulfamic acid (300 mg, 3.12 mmol) and acetalde-
hyde (50 mL, 0.89 mmol) was added to a solution of compound 19
(200 mg, 0.89 mmol) in THF/H2O (1:2, 15 mL). After cooling down to
0 8C, sodium chlorite (260 mg, 2.90 mmol) was added and the solution
was stirred for 20 h at room temperature. The reation was diluted with
saturated NH4Claq (20 mL) and extracted with EtOAc (15 mL). The or-


ganic layer was then dried over MgSO4 and concentrated under vacuum.
Crude 1H NMR indicated 60% conv. Flash chromatography (silica gel,
0–30% EtOAc/hexane) afforded compound 20 (108 mg, 78% based on
recovery of the starting material). Rf=0.49 (silica gel, EtOAc/hexane
1:3); 1H NMR (400 MHz, CDCl3, 25 8C): d=6.43 (s, 1H), 4.41 (q, J=
7.0 Hz, 2H), 3.95 (s, 3H), 3.87 (s, 3H), 2.35 (s, 3H), 1.40 (t, J=7.2 Hz,
3H); 13C NMR (100 MHz, CDCl3, 25 8C): d=167.5, 156.4, 155.7, 135.4,
117.9, 114.9, 94.3, 61.3, 56.3, 56.2, 17.4, 14.2; IR (film): ñmax=2982, 1724,
1594, 1459, 1259, 1211, 1081 cm�1; HRMS (ESI-TOF): m/z : calcd for
C12H15O4ClNa: 281.0551, found 281.0528 [M+Na+].


Toluate 21: A solution of compound 19 (50 mg, 0.22 mmol) in anhydrous
THF (500 mL) was treated at �78 8C with freshly made LDA (777 mL,
0.44 mmol). The resulting mixture was then stirred for 5 min and
quenched by addition of a mixture of D2O/THF (1:1, 1 mL). Upon warm-
ing to room temperature, the reaction was diluted with EtOAc (5 mL),
washed several times with saturated NH4Claq (4 mL) and brine (4 mL),
and dried over MgSO4. Concentration under reduced pressure afforded
compound 21. Crude 1H NMR (400 MHz, CDCl3, 25 8C): d=6.34 (s, 2H),
4.38 (q, J=7.2 Hz, 2H), 3.82 (s, 6H), 2.30 (t, J=2.2 Hz, 2H), 1.39 (t, J=
7.0 Hz, 3H).


Sulfide 22 : A solution of compound 19 (100 mg, 0.45 mmol) in anhydrous
THF (2 mL) was treated at �78 8C with freshly made LDA (1.6 mL,
0.90 mmol). After 5 min stirring, a solution of compound 15 (95 mg,
0.45 mmol) in THF (0.5 mL) was added dropwise. The resulting mixture
was then stirred for 5 min at �78 8C and quenched at this temperature by
addition of saturated NH4Claq (5 mL). Upon warming to room tempera-
ture, the reaction was diluted with EtOAc (10 mL), washed several times
with saturated NH4Claq (8 mL) and brine (8 mL), and dried over MgSO4.
Concentration under reduced pressure, followed by flash chromatography
(silica gel, 0–33% EtOAc/hexane gradient) afforded compound 22
(147 mg, 88%). Rf=0.34 (silica gel, EtOAc/hexane 1:3); 1H NMR
(400 MHz, CDCl3, 25 8C): d=7.36–7.33 (m, 2H), 7.31–7.26 (m, 2H),
7.23–7.19 (m, 1H), 6.41 (d, J=2.3 Hz, 1H), 6.31 (d, J=2.2 Hz, 1H), 4.32
(q, J=7.2 Hz, 2H), 3.89 (s, 2H), 3.82 (s, 3H), 3.79 (s, 3H), 3.78 (s, 2H),
1.34 (t, J=7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 8C): d=201.8,
167.5, 161.7, 159.1, 134.9, 129.8, 129.4 (Q2), 129.0 (Q2), 126.7, 116.4,
107.6, 98.0, 61.2, 56.0, 55.4, 46.0, 43.1, 14.2; IR (film): ñmax=2980, 1718,
1604, 1459, 1204, 1161, 1092, 741, 691 cm�1; HRMS (ESI-TOF): m/z :
calcd for C20H22O5SNa: 397.1080, found 397.1021 [M+Na+].


Sulfide 23 : A solution of compound 20 (100 mg, 0.39 mmol) in anhydrous
THF (1 mL) was treated at �78 8C with freshly made LDA (1.37 mL,
0.77 mmol). After 5 min stirring, a solution of compound 15 (82 mg,
0.39 mmol) in THF (0.5 mL) was added dropwise. The resulting mixture
was then stirred for 5 min at �78 8C and quenched at this temperature by
addition of saturated NH4Claq (5 mL). Upon warming to room tempera-
ture, the reaction was diluted with EtOAc (10 mL), washed several times
with saturated NH4Claq (8 mL) and brine (8 mL), and dried over MgSO4.
Concentration under reduced pressure, followed by flash chromatography
(silica gel, 0–30% EtOAc/hexane gradient) afforded compound 23
(119 mg, 75%). Rf=0.25 (silica gel, EtOAc/hexane 1:3); 1H NMR
(400 MHz, CDCl3, 25 8C): d=7.37 (d, J=7.6 Hz, 2H), 7.32–7.27 (m, 3H),
6.48 (s, 1H), 4.26 (q, J=7.0 Hz, 2H), 4.10 (s, 2H), 3.90 (s, 3H), 3.83 (s,
3H), 3.81 (s, 2H), 1.28 (t, J=7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3,
25 8C): d=202.4, 166.8, 156.9, 156.7, 135.0, 132.7, 129.4 (Q2), 129.1 (Q2),
126.7, 117.6, 115.3, 95.8, 61.4, 56.3, 56.3, 43.6, 43.6, 14.1; IR (film): ñmax=
2936, 1719, 1592, 1257, 1212, 1083, 741, 691 cm�1; HRMS (ESI-TOF):
m/z : calcd for C20H21O5ClSNa: 431.0690, found 431.0624 [M+Na+].


Selenide 24 : A solution of compound 19 (95 mg, 0.42 mmol) in anhydrous
THF (2 mL) was treated at �78 8C with freshly made LDA (1.5 mL,
0.85 mmol). After 5 min stirring, a solution of compound 16 (109 mg,
0.42 mmol) in THF (0.5 mL) was added dropwise. The resulting mixture
was then stirred for 5 min at �78 8C and quenched at this temperature by
addition of saturated NH4Claq (5 mL). Upon warming to room tempera-
ture, the reaction was diluted with EtOAc (10 mL), washed several times
with saturated NH4Claq (8 mL) and brine (8 mL), and dried over MgSO4.
Concentration under reduced pressure, followed by flash chromatography
(silica gel, 0–30% EtOAc/hexane gradient) afforded compound 24
(161 mg, 90%). Rf=0.32 (silica gel, EtOAc/hexane 1:3); 1H NMR
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(400 MHz, CDCl3, 25 8C): d=7.53–7.52 (m, 2H), 7.29 (m, 3H), 6.41 (s,
1H), 6.33 (s, 1H), 4.33 (q, J=7.0 Hz, 2H), 3.90 (s, 2H), 3.82 (s, 3H), 3.80
(s, 3H), 3.68 (s, 2H), 1.35 (t, J=7.0 Hz, 3H); 13C NMR (100 MHz,
CDCl3, 25 8C): d=202.0, 167.5, 161.7, 159.0, 135.0, 133.1 (Q2), 129.3 (Q2),
129.1, 127.6, 116.6, 107.4, 97.9, 61.2, 56.0, 55.4, 45.9, 35.1, 14.2; IR (film):
ñmax=2937, 1719, 1604, 1272, 1204, 1161, 1097, 1047, 739, 691 cm


�1;
HRMS (ESI-TOF): m/z : calcd for C20H22O5SeNa: 445.0526, found
445.0683 [M+Na+].


Sulfide 26 : A solution of compound 19 (100 mg, 0.45 mmol) in anhydrous
THF (2 mL) was treated at �78 8C with freshly made LDA (1.58 mL,
0.89 mmol). After 5 min stirring, a solution of compound 12 (112 mg,
0.45 mmol) in THF (0.5 mL) was added dropwise. The resulting mixture
was then stirred for 5 min at �78 8C and quenched at this temperature by
addition of saturated NH4Claq (5 mL). Upon warming to room tempera-
ture, the reaction was diluted with EtOAc (10 mL), washed several times
with saturated NH4Claq (8 mL) and brine (8 mL), and dried over MgSO4.
Concentration under reduced pressure, followed by flash chromatography
(silica gel, 0–30% EtOAc/hexane gradient) afforded compound 26
(157 mg, 85%). Rf=0.34 (silica gel, EtOAc/hexane 1:3); 1H NMR
(400 MHz, CDCl3, 25 8C): d=7.40–7.39 (m, 2H), 7.32–7.29 (m, 3H), 6.41
(d, J=2.4 Hz, 1H), 6.31 (d, J=2.3 Hz, 1H), 5.85–5.75 (m, 1H), 5.12–5.07
(m, 2H), 4.33 (q, J=7.0 Hz, 2H), 4.08 (d, J=16.1 Hz, 1H), 3.92 (d, J=
16.1 Hz, 1H), 3.82 (s + m, 4H), 3.78 (s, 3H), 2.58 (ddd, J=14.9, 7.2,
7.2 Hz, 1H), 2.43 (ddd, J=14.6, 7.2, 7.2 Hz, 1H), 1.35 (t, J=7.0 Hz, 3H);
13C NMR (100 MHz, CDCl3, 25 8C): d=202.1, 167.6, 161.4, 158.7, 134.6,
134.3, 133.4 (Q2), 131.8, 129.0 (Q2), 128.2, 117.6, 116.8, 107.2, 97.9, 61.1,
55.9, 55.3, 54.5, 45.1, 34.0, 14.2; IR (film): ñmax=2935, 1717, 1604, 1459,
1161, 1096, 1050, 744, 691 cm�1; HRMS (ESI-TOF): m/z : calcd for
C23H26O5SNa: 437.1393, found 437.1269 [M+Na+].


Isocoumarin 30 : A solution of compound 19 (43 mg, 0.19 mmol) in anhy-
drous THF (1 mL) was treated at �78 8C with freshly made LDA
(671 mL, 0.38 mmol). After 5 min stirring, a solution of compound 15
(40 mg, 0.19 mmol) in THF (0.5 mL) was added dropwise. The resulting
mixture was then stirred for 10 min at �78 8C and heated up to 0 8C.
After 30 min at that temperature, the red color of the solution had disap-
peared and TLC revealed the formation of isocoumarin 30. The reaction
mixture was warmed up to room temperature, quenched by addition of
saturated NH4Claq (5 mL), diluted with EtOAc (10 mL), washed several
times with saturated NH4Claq (8 mL) and brine (8 mL) and dried over
MgSO4. Concentration under reduced pressure, followed by flash chro-
matography (silica gel, 0–30% EtOAc/hexane gradient) afforded com-
pound 30 (54 mg, 84%). Rf=0.31 (silica gel, EtOAc/hexane 1:1);
1H NMR (400 MHz, CDCl3, 25 8C): d=7.40 (d, J=7.0 Hz, 2H), 7.33–7.23
(m, 3H), 6.47 (s, 1H), 6.31 (s, 1H), 6.25 (s, 1H), 3.99 (s, 3H), 3.89 (s + s,
3H + 2H); 13C NMR (100 MHz, CDCl3, 25 8C): d=165.4, 163.3, 158.9,
154.1, 141.7, 134.8, 130.6 (Q2), 129.1 (Q2), 127.1, 104.6, 103.1, 100.2, 98.7,
56.3, 55.6, 36.3; IR (film): ñmax=2933, 1718, 1663, 1598, 1570, 1458, 1370,
1214, 1164, 742, 690 cm�1; HRMS (ESI-TOF): m/z : calcd for C18H16O4S:
329.0842, found 329.0755 [M+H+].


Bis-selenide 31: A solution of compound 19 (196 mg, 1 mmol) in anhy-
drous THF (4 mL) was treated at �78 8C with freshly made LDA (2 mL,
2 mmol, 1m in THF). After 5 min stirring, a solution of compound 17
(109 mg, 1 mmol) in THF (1 mL) was added dropwise. The resulting mix-
ture was then stirred for 5 min at �78 8C and quenched at this tempera-
ture by addition of saturated NH4Claq (5 mL). Upon warming to room
temperature, the reaction was diluted with EtOAc (10 mL), washed sev-
eral times with saturated NH4Claq (8 mL) and brine (8 mL), and dried
over MgSO4. Concentration under reduced pressure, followed by flash
chromatography (silica gel, 0–30% EtOAc/hexane gradient) afforded
compound 31 (240 mg, 45%). Rf=0.45 (silica gel, hexane/EtOAc 3:1);
1H NMR (400 MHz, CDCl3, 25 8C): d=7.49 (d, J=6.5 Hz, 4H), 7.33–7.22
(m, 6H), 6.74 (d, J=1.6 Hz, 1H), 6.31 (d, J=1.6 Hz, 1H), 5.82 (s, 2H),
4.25 (q, J=7.1 Hz, 2H), 3.78 (s, 3H), 3.74 (s, 3H), 1.26 (t, J=7.1 Hz,
3H); 13C NMR (100 MHz, CDCl3, 25 8C): d=167.1, 161.4, 158.0, 141.4,
136.1, 134.3 (Q4), 131.1, 128.9 (Q4), 128.0 (Q2), 114.8, 105.3, 98.4, 61.2,
56.0, 55.4, 40.1, 14.2; IR (film): ñmax=2977, 2932, 1731, 1704, 1602, 1267,
1159, 1100, 1045, 737, 688 cm�1; HRMS (ESI-TOF): m/z : calcd for
C24H24O4Se2Na: 558.9902, found 558.9874 [M+Na+].


Sulfoxide 32 : Sc(OTf)3 (99 mg, 0.2 mmol) and H2O2 (257 mL, 5 mmol)
were added sequentially to a solution of compound 22 (380 mg, 1 mmol)
in CH2Cl2/EtOH (10:1, 5.5 mL). After 3 h stirring at room temperature,
the reaction was diluted with EtOAc (10 mL), washed with a saturated
solution of NaHCO3/Na2S2O3 (10:1, 11 mL), dried over MgSO4 and con-
centrated under reduced pressure to yield compound 32 (355 mg, 91%).
Rf=0.42 (silica gel, EtOAc/hexane 1:1); 1H NMR (400 MHz, CDCl3,
25 8C): d=7.68–7.66 (m, 2H), 7.53–7.52 (m, 3H), 6.42 (d, J=1.2 Hz, 1H),
6.28 (d, J=1.8 Hz, 1H), 4.30 (q, J=7.0 Hz, 2H), 3.92 (d, J=7.0 Hz, 2H),
3.81 (s, 6H), 3.75 (d, J=5.3 Hz, 2H), 1.32 (t, J=7.0 Hz, 3H); 13C NMR
(100 MHz, CDCl3, 25 8C): d=198.6, 167.4, 162.0, 159.3, 143.3, 134.2,
131.5, 129.4 (Q2), 124.2 (Q2), 116.1, 107.7, 98.3, 67.4, 61.2, 56.0, 55.5, 49.9,
14.2; IR (film): ñmax=2944, 1720, 1605, 1275, 1162, 1090, 1047, 750,
691 cm�1; HRMS (ESI-TOF): m/z : calcd for C12H15O4ClNa: 281.0551,
found 281.0528 [M+Na+].


Sulfoxide 33 : In a first flask, a mixture of allylacetate (59.8 mL,
0.55 mmol), [Pd2(dba)3]·CHCl3 (11.4 mg, 0.011 mmol) and dppe (4.4 mg,
0.011 mmol) in THF (1 mL) was stirred for 30 min until the reaction
color change from deep purple to orange. In another flask, a solution of
compound 32 (46 mg, 0.11 mmol) in THF (1 mL) was sequentially treated
at room temperature with tBuOK (13.2 mg, 0.11 mmol) and the palladi-
um solution. After completion of the reaction, as judged by TLC, the so-
lution was diluted with EtOAc (5 mL), washed several times with saturat-
ed NH4Claq and brine, and dried over MgSO4. Evaporation of solvents,
followed by flash chromatography (silica gel, 0–33% EtOAc/hexane) af-
forded compound 33 (43 mg, 84%) as a mixture of diastereoisomers 1:1.
Rf=0.45 (silica gel, EtOAc/hexane 1:1); 1H NMR (400 MHz, CDCl3,
25 8C): d=7.68–7.64 (m, 4H), 7.53–7.49 (m, 6H), 6.42 (s, 1H), 6.38 (s,
1H), 6.21 (s, 1H), 6.14 (s, 1H), 5.63–5.55 (m, 2H), 5.03–4.94 (m, 4H),
4.44–4.35 (m, 4H), 4.08 (d, J=14.5 Hz, 1H), 4.03 (d, J=14.0 Hz, 1H),
3.84–3.76 (m, 14H), 3.70 (d, J=14.0 Hz, 1H), 3.65 (d, J=14.5 Hz, 1H),
2.80–2.70 (m, 2H), 2.47–2.38 (m, 2H), 1.40–1.36 (m, 6H); 13C NMR
(100 MHz, CDCl3, 25 8C): d=200.2, 199.7, 167.7, 167.6, 161.9, 161.8,
158.5, 158.4, 143.5, 143.2, 136.3, 136.0, 134.8, 134.6, 131.4, 131.1, 129.3 (Q
2), 129.2 (Q2), 124.3 (Q2), 124.2 (Q2), 117.8, 117.7, 117.2, 117.1, 104.0,
98.2, 98.1, 67.6, 66.9, 61.6, 61.5, 56.9, 56.2, 55.9 (Q2), 55.5 (Q2), 35.4 (Q2),
14.3, (2 Cquat. are not visible); HRMS (ESI-TOF): m/z : calcd for
C23H26O6SNa: 453.1342, found 453.1363 [M+Na+].


Sulfide 26 from sulfoxide 32 : A solution of compound 32 (500 mg,
1.28 mmol) in CH2Cl2 (12.8 mL) was treated at �78 8C with allyltrime-
thylsilane (1.02 mL, 6.40 mmol). After 30 min stirring, trifluoroacetic an-
hydride (543 mL, 3.84 mmol) was added to the mixture. After 10 min at
that temperature, the reaction was warmed up to room temperature.
Concentration under reduced pressure, followed by flash chromatography
(silica gel, 0–30% EtOAc/hexane), afforded compound 26 (425 mg,
80%). Rf=0.34 (silica gel, EtOAc/hexane 1:3); 1H NMR (400 MHz,
CDCl3, 25 8C): d=7.40–7.39 (m, 2H), 7.32–7.29 (m, 3H), 6.41 (d, J=
2.4 Hz, 1H), 6.31 (d, J=2.3 Hz, 1H), 5.85–5.75 (m, 1H), 5.12–5.07 (m,
2H), 4.33 (q, J=7.0 Hz, 2H), 4.08 (d, J=16.1 Hz, 1H), 3.92 (d, J=
16.1 Hz, 1H), 3.82 (s + m, 4H), 3.78 (s, 3H), 2.58 (ddd, J=14.9, 7.2,
7.2 Hz, 1H), 2.43 (ddd, J=14.6, 7.2, 7.2 Hz, 1H), 1.35 (t, J=7.0 Hz, 3H);
13C NMR (100 MHz, CDCl3, 25 8C): d=202.1, 167.6, 161.4, 158.7, 134.6,
134.3, 133.4 (Q2), 131.8, 129.0 (Q2), 128.2, 117.6, 116.8, 107.2, 97.9, 61.1,
55.9, 55.3, 54.5, 45.1, 34.0, 14.2; IR (film): ñmax=2935, 1717, 1604, 1459,
1161, 1096, 1050, 744, 691 cm�1; HRMS (ESI-TOF): m/z : calcd for
C23H26O5SNa: 437.1393, found 437.1269 [M+Na+].


Compounds 34 and 35 : A preformed solution of 3-hydroxypropionitrile
(77 mL, 1.13 mmol) and sodium hydride (18 mg, 0.45 mmol) in THF
(1.5 mL) was added to a solution of compound 22 (37 mg, 0.11 mmol) in
THF (1.5 mL) at 0 8C. The reaction was warmed up to room temperature
and after stirring for 10 min, was quenched with 1n HCl (5 mL), diluted
with EtOAc (10 mL), washed several times with saturated NH4Claq (2Q
5 mL) and dried over MgSO4. Concentration under reduced pressure, fol-
lowed by flash chromatography (silica gel, 0–100% EtOAc/hexane gradi-
ent) afforded a mixture of compounds 34 and 35 (36 mg, 93%). Rf=0.51
(silica gel, EtOAc); 1H NMR (400 MHz, (CD3)2CO, 25 8C): d=7.50–7.48
(d, J=7.6 Hz, 2H), 7.39–7.29 (m, 6H), 7.24–7.20 (m, 2H), 6.63 (d, J=
1.8 Hz, 1H), 6.54 (s, 1H), 6.49 (d, J=1.8 Hz, 1H), 6.45 (s, 1H), 4.07 (s,
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2H), 4.02 (s, 2H), 3.94 (s, 3H), 3.90–3.86 (m, 10H), 3.85 (s, 3H); HRMS
(ESI-TOF): m/z : calcd for C18H18O5SNa: 369.0767, found 369.0662
[M+Na+].


Alcohol 37: A solution of (S)-4-penten-2-ol 36a (228 mg, 2.65 mmol) in
anhydrous CH2Cl2 (9 mL) at 0 8C was treated with imidazole (306 mg,
4.50 mmol) in one portion. After 10 min stirring, tert-butyldiphenylchloro-
silane (760 mL, 2.91 mmol) was added dropwise and the reaction was al-
lowed to warm to 23 8C and stirred for 4 h. Then, the reaction mixture
was diluted with Et2O and washed successively with 5% NH4Claq and
brine. The organic layer was dried over MgSO4, concentrated under re-
duced pressure and purified by flash chromatography (silica gel, hexane)
to provide (S)-2-(tert-butyldiphenylslyloxy)pent-4-ene (0.85 g, 98%). Rf=


0.44 (silica gel, hexane/Et2O 10:1).


A solution of this compound (287 mg, 1.0 mmol) in toluene (5 mL) was
treated at room temperature with but-2-ene-1,4-diol (329 mL, 4.0 mmol).
The mixture of both compounds was heated up to 80 8C and Grubbs II
catalyst (80 mg, 0.1 mmol) was added once the solution was hot. The re-
action was then stirred for 12 h at that temperature. Evaporation of the
solvents, followed by flash chromatography (silica gel, 0–33% EtO2/
hexane), afforded compound 37 (199 mg, 56%) and found to be identical
to previously reported compound 37.[15] Rf=0.50 (silica gel, hexane/Et2O
5:1); 1H NMR (400 MHz, CDCl3, 25 8C): d=7.72–7.69 (m, 4H), 7.47–7.39
(m, 6H), 5.63–5.59 (m, 2H), 4.05 (d, J=3.8 Hz, 2H), 3.93 (m, 1H), 2.26–
2.17 (m, 2H), 1.12 (d, J=6.1 Hz, 3H), 1.09 (s, 9H); 13C NMR (100 MHz,
CDCl3, 25 8C): d=135.9 (Q4), 134.6, 134.5, 131.5, 129.6, 129.5, 129.1,
127.6 (Q2), 127.5 (Q2), 69.4, 63.6, 42.4, 27.1 (Q3), 23.1, 19.3; IR (film):
ñmax=3332, 2930, 2857, 1427, 1111, 997 cm


�1; HRMS (ESI-TOF): m/z :
calcd for C22H30O2SiNa: 377.1907, found 377.1932 [M+Na+]. (�)-
(2E,5S): [a]20D = �20.6 (c 1.00, CHCl3).
Aldehyde 39 : Ozone was bubbled into the cooled solution (�78 8C) of
(S)-2-(tert-butyldiphenylsilyloxy)pent-4-ene (820 mg, 2.52 mmol) in
CH2Cl2 (40 mL) until it turned blue (~5 min). The reaction was purged
with argon and triphenylphosphine (990 mg, 3.78 mmol) was added. The
solution was removed from the cold bath and stirred at 23 8C for 2 h.
Concentration under reduced pressure and purification by flash chroma-
tography (silica gel, 0–2% Et2O/hexane gradient) furnished aldehyde 39
(750 mg, 94%). Rf=0.40 (silica gel, hexane/EtOAc 5:1); 1H NMR
(400 MHz, CDCl3, 25 8C): d = 9.79 (s, 1H), 7.73–7.68 (m, 4H), 7.50–7.38
(m, 6H), 4.43–4.33 (m, 1H), 2.56 (ddd, J=15.8, 5.9, 2.9 Hz, 1H), 2.49
(ddd, J=15.8, 5.9, 2.3 Hz, 1H), 1.21 (d, J=6.4 Hz, 3H), 1.07 (s, 9H);
13C NMR (100 MHz, CDCl3, 25 8C): d = 202.0, 135.8 (Q4), 134.0, 133.6,
129.8, 129.7, 127.7 (Q2), 127.6 (Q2), 65.7, 52.7, 26.9 (Q3), 23.8, 19.2; IR
(film): ñmax=2959, 2930, 2857, 1709, 1428, 1113, 998 cm


�1; HRMS (ESI-
TOF): m/z : calcd for C20H26O2SiNa: 349.1594, found 349.1596 [M+Na+].
(�)-(3S): [a]20D = �4.0 (c 1.00, CHCl3).
Chlorohydrin 40 : To a stirred and cooled (�95 8C, Et2O, dry ice) mixture
of (�)-Ipc2BOMe (5.12 g, 16.2 mmol) and allyl chloride (1.76 mL,
21.6 mmol) in anhydrous Et2O (78 mL) was added a solution of LiN(c-
Hex)2 (21.6 mmol) [prepared from dicyclohexylamine (4.3 mL,
21.6 mmol) in THF (20 mL) by deprotonation with nBuLi (13.5 mL, 1.6m
in hexane, 21.6 mmol) and stirring at 0 8C for 0.5 h. The mixture was stir-
red at �95 8C and after 1 hour, BF3·OEt2 (3.19 mL, 27.0 mmol) was
slowly added. After stirring 0.5 h, solution of 39 (3.52 g, 10.8 mmol) in an-
hydrous Et2O (10 mL) cooled at �95 8C was added dropwise. The mix-
ture was maintained at �95 8C for an additional 2.5 h and quenched by
the addition of MeOH (11 mL). Then, 3m NaOAc (11 mL) and 35%
H2O2 (6.7 mL) were sequentially added and the reaction was allowed to
slowly warm up to room temperature for ~10 h. Then, water was added
and the reaction mixture was extracted with Et2O (3Q50 mL). The com-
bined organic layers were sequentially washed with saturated NH4Claq,
brine and finally dried over MgSO4. Concentration under reduced pres-
sure and purification by flash chromatography (silica gel, 0–10% Et2O/
hexane gradient) yielded chlorohydrin 40 (2.96 g, 68%). Rf=0.39 (silica
gel, hexane/EtOAc 5:1); 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.77–
7.73 (m, 4H), 7.50–7.41 (m, 6H), 6.01–5.92 (ddd, J=17.0, 10.6, 8.1 Hz,
1H), 5.38 (d, J=16.7 Hz, 1H), 5.29 (d, J=10.6 Hz, 1H), 4.31 (dd, J=8.3,
5.6 Hz, 1H), 4.27–4.22 (m, 1H), 4.11–4.06 (m, 1H), 3.02 (d, J=3.8 Hz,
1H), 1.73–1.69 (m, 2H), 1.17 (d, J=6.5 Hz, 3H), 1.12 (s, 9H); 13C NMR


(100 MHz, CDCl3, 25 8C): d = 135.9 (Q2), 135.9 (Q2), 135.2, 134.0, 133.5,
129.9, 129.8, 127.7 (Q2), 127.6 (Q2), 118.7, 71.2, 68.0, 67.8, 41.7, 27.0 (Q3),
23.2, 19.2; IR (film): ñmax=3475, 2962, 2951, 2857, 1472, 1428, 1378,
1112 cm�1; HRMS (ESI-TOF): m/z : calcd for C23H31O2SiClNa: 425.1674,
found 425.1603 [M+Na+]. (�)-(2S,4R,5R): [a]20D = �11.8 (c 1.00,
CHCl3).


Sulfide 41: A solution of thiophenol (2.3 mL, 22.0 mmol) in anhydrous
DMF (100 mL) at room temperature was treated with potassium tert-but-
oxide (1.8 g, 16.4 mmol) and stirred at this temperature for 1 h. The mix-
ture was filtered and added dropwise to a 0 8C solution of halohydrin 40
(2.0 g, 5.0 mmol) in anhydrous DMF (100 mL). The resulting mixture was
allowed to warm up to room temperature and stirred until consumption
of the starting material (reaction monitored by TLC). The reaction mix-
ture was diluted with Et2O and washed several times with water and
brine. The organic phase was then dried (MgSO4), concentrated under re-
duced pressure and purified by flash chromatography (silica gel, 0–10%
Et2O/hexane gradient) to provide compound 41 (1.98 g, 86%). Rf=0.39
(silica gel, hexane/EtOAc 5:1); 1H NMR (400 MHz, CDCl3, 25 8C): d =


7.76–7.72 (m, 4H), 7.51–7.42 (m, 8H), 7.36–7.29 (m, 3H), 5.97–5.88 (m,
1H), 5.16 (d, J=10.2 Hz, 1H), 5.06 (d, J=17.2 Hz, 1H), 4.27–4.21 (m,
2H), 3.66 (dd, J=8.5, 4.0 Hz, 1H), 3.07 (d, J=2.7 Hz, 1H), 1.80 (ddd, J=
14.0, 10.2, 3.8 Hz, 1H), 1.68 (ddd, J=14.5, 6.4, 2.1 Hz, 1H), 1.67 (d, J=
6.4 Hz, 3H), 1.09 (s, 9H); 13C NMR (100 MHz, CDCl3, 25 8C): d = 135.9,
134.4, 134.2, 134.1, 133.5, 132.7, 129.8, 129.7, 128.8, 127.7, 127.5, 127.3,
118.1, 69.1, 67.9, 59.3, 42.7, 26.9, 23.1, 19.2; IR (film): ñmax=3408, 2929,
1472, 1427, 1378, 1111 cm�1; HRMS (ESI-TOF): m/z : calcd for C29H36O2-
SiSNa: 499.2098, found 499.2007 [M+Na+]. (�)-(2S,4R,5S): [a]20D =


�14.2 (c 1.00, CHCl3).
Alcohol 14a : A solution of the b-hydroxyphenylsulfide 41 (1.30 g,
2.7 mmol) in CH2Cl2 (20 mL) was added dropwise to a cooled (0 8C) and
well-stirred suspension of trimethyloxonium tetrafluoroborate (800 mg,
5.5 mmol) in dry CH2Cl2 (20 mL). The resulting mixture was stirred at
0 8C for 2 h, warmed to room temperature and stirred until TLC analysis
indicated quantitative formation of the sulfonium salt by expense of the
starting material (ca. 2–3 h). After re-cooling to 0 8C, the reaction was di-
luted with CH2Cl2 (10 mL) and a solution of DBU (1.2 mL, 8.2 mmol) in
CH2Cl2 (10 mL) was added dropwise. After stirring at 0 8C for 4 h, water
was added and the mixture was quickly partitioned between water and
Et2O. After washing with brine and drying with MgSO4, the organic
phase was concentrated under reduced pressure and purified by flash
chromatography (silica gel, 0–5% Et2O/hexane gradient) to yield
TBDPS-protected-14a (7.8 g, 80% over two steps). Rf=0.6 (silica gel,
hexane/EtOAc 5:1).


nBu4NF (10.74 mL, 1.0m solution in THF, 10.74 mmol) was added drop-
wise at 23 8C to a solution of TBDPS-protected-14a (3.28 g, 8.95 mmol)
in anhydrous THF (85 mL). The reaction was stirred for 6 h and then,
concentrated under reduced pressure. Flash chromatography (silica gel,
0–25% Et2O/hexane gradient) provided alcohol 14a (1.1 g, 98%). Rf=


0.14 (silica gel, Et2O/hexane 1:3);
1H NMR (400 MHz, CDCl3, 25 8C): d


= 5.50 (ddd, J=17.1, 9.7, 7.5 Hz, 1H), 5.44 (dd, J=17.2, 1.6 Hz, 1H),
5.25 (dd, J=9.7, 1.6 Hz, 1H), 3.98 (m, 1H), 3.18 (dd, J=7.5, 2.2 Hz, 1H),
3.03–3.00 (m, 1H), 1.82 (ddd, J=13.9, 8.1, 4.3 Hz, 1H), 1.58 (ddd, J=
14.5, 7.0, 4.3 Hz, 1H), 1.20 (d, J=6.4 Hz, 3H); 13C NMR (100 MHz,
CDCl3, 25 8C): d = 135.3, 119.5, 65.5, 58.3, 58.0, 40.1, 23.4; IR (film):
ñmax=3413, 2969, 1458, 1408, 1137 cm


�1; HRMS (ESI-TOF): m/z : calcd
for C7H12O2: 129.0910, found 129.0716 [M+H+]. (+)-(2S,4R,5R): [a]20D =


+ 35.4 (c 1.00, CHCl3).


Alcohol 14b : Halohydrin 40 (2.96 g, 7.3 mmol) was dissolved in anhy-
drous CH2Cl2 (30 mL) and treated with a solution of DBU (3.3 mL,
22.0 mmol) in CH2Cl2 (15 mL) at 0 8C. Stirring was continued at 0 8C
until TLC showed quantitative conversion of the halohydrin (ca. 8 h).
The mixture was poured into a saturated NaHCO3aq solution (20 mL),
the organic layer separated, and the aqueous phase was extracted with
Et2O (3Q20 mL). The combined organic extract was washed with brine,
dried (MgSO4), and concentrated under vacuum. The crude product was
purified by flash chromatography (silica gel, 0–5% Et2O/hexane gradi-
ent) to yield compound TBDPS-14b (2.6 g, 97%). Rf=0.58 (silica gel,
hexane/EtOAc 5:1).
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nBu4NF (10.74 mL, 1.0m solution in THF, 10.74 mmol) was added drop-
wise at 23 8C to a solution of compound TBDPS-14b (3.28 g, 8.95 mmol)
in anhydrous THF (85 mL). The reaction was stirred for 6 h and then,
concentrated under reduced pressure. Flash chromatography (silica gel,
0–25% Et2O/hexane gradient) provided alcohol 14b (1.1 g, 98%). Rf=


0.15 (silica gel, Et2O/hexane 1:3);
1H NMR (400 MHz, CDCl3, 25 8C): d


= 5.76 (ddd, J=17.2, 10.2, 3.5 Hz, 1H), 5.49 (d, J=16.7 Hz, 1H), 5.40 (d,
J=10.5 Hz, 1H), 4.15–4.05 (m, 1H), 3.48 (dd, J=7.0, 2.6 Hz, 1H), 3.34–
3.29 (m, 1H), 1.76 (ddd, J=14.3, 7.6, 4.7 Hz, 1H), 1.68 (ddd, J=14.0, 7.6,
4.4 Hz, 1H), 1.31 (d, J=6.1 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 8C):
d = 132.4, 120.6, 66.2, 56.9, 55.9, 36.7, 23.9; IR (film): ñmax=3408, 2966,
1452, 1140 cm�1; HRMS (ESI-TOF): m/z : calcd for C7H12O2Na: 151.0729,
found 151.0426 [M+Na+]. (+)-(2S,4R,5S): [a]20D = ++3.8 (c 0.16, CHCl3).


Alcohol 14c : Rf=0.16 (silica gel, Et2O/hexane 1:3);
1H NMR (400 MHz,


CDCl3, 25 8C): d = 5.53 (ddd, J=17.0, 8.8, 8.6 Hz, 1H), 5.43 (d, J=
16.9 Hz, 1H), 5.24 (d, J=9.4 Hz, 1H), 4.03–3.97 (m, 1H), 3.10 (d, J=
7.6 Hz, 1H), 2.99 (m, 1H), 1.80–1.75 (m, 1H), 1.68 (ddd, J=14.1, 10.7,
7.0 Hz, 1H), 1.20 (d, J=6.4 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 8C):
d = 135.3, 119.4, 66.0, 58.3, 58.2, 40.8, 23.3; IR (film): ñmax=3408, 2967,
1452, 1144 cm�1; HRMS (ESI-TOF): m/z : calcd for C7H12O2Na: 151.0729,
found 151.0449 [M+Na+]. (+)-(2R,4R,5R): [a]20D = ++13.1 (c 1.00,
CHCl3).


Ester 43 : Oxalyl chloride (219 mL, 2.6 mmol) was added at 0 8C to a solu-
tion of 2,4-dimethoxy-6-methylbenzoic acid (500 mg, 2.6 mmol) in anhy-
drous CH2Cl2 (10 mL) and catalytic DMF (10 mL). The solution was then
stirred at 25 8C. After 1 h, the reaction was recooled at 0 8C, and treated
sequentially with Et3N (798 mL, 5.8 mmol), alcohol 14c (260 mg,
2.0 mmol) and a solution of DMAP (catalytic amount) in anhydrous
CH2Cl2 (3 mL). The reaction was followed by TLC until consumption of
the starting material (~3 h). It was then diluted with CH2Cl2 (50 mL),
washed with saturated NH4Claq (50 mL) and dried over MgSO4. Evapora-
tion of the solvents followed by flash chromatography (silica gel, 0–10%
EtOAc/hexane gradient) yielded ester 43 (625 mg, 80%). Rf=0.33 (silica
gel, EtOAc/hexane 1:3); 1H NMR (400 MHz, CDCl3, 25 8C): d = 6.34 (s,
2H), 5.64–5.57 (m, 1H), 5.49 (d, J=17.6 Hz, 1H), 5.39–5.34 (m, 1H),
5.30 (d, J=10.5 Hz, 1H), 3.83 (s, 3H), 3.80 (s, 3H), 3.18 (d, J=7.3 Hz,
1H), 3.06–3.03 (m, 1H), 2.32 (s, 3H), 2.09–2.02 (m, 1H), 1.93–1.87 (m,
1H), 1.44 (d, J=6.4 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 8C): d =


167.5, 161.2, 158.0, 137.7, 135.4, 119.0, 116.7, 106.6, 96.1, 69.0, 57.9, 56.9,
55.7, 55.2, 38.0, 19.9, 19.7; IR (film): ñmax=2977, 1720, 1605, 1459, 1327,
1266, 1202, 1151, 1096, 1051 cm�1; HRMS (ESI-TOF): m/z : calcd for
C17H22O5Na: 329.1359, found 329.1273 [M+Na+]. (�)-(R,R,R): [a]20D =


�22.2 (c 0.46, CHCl3).
Sulfide 44 : A solution of compound 43 (150 mg, 0.49 mmol) in anhydrous
THF (1 mL) was treated at �78 8C with freshly made LDA (1.78 mL,
0.98 mmol). After 5 min stirring, a solution of compound 12 (123 mg,
0.49 mmol) in THF (0.7 mL) was added dropwise. The resulting mixture
was then stirred for 5 min at �78 8C and quenched by addition of saturat-
ed NH4Claq. Upon warming to room temperature, the reaction was dilut-
ed with EtOAc, washed several times with saturated NH4Claq, brine and
dried over MgSO4. Concentration under reduced pressure, followed by
flash chromatography (silica gel, 0–50% EtOAc/cyclohexane gradient)
afforded sulfide 44 as a mixture of two diasteroisomers 1:1 (182 mg,
75%). Rf=0.28 (silica gel, EtOAc/hexane 1:3); 1H NMR (400 MHz,
CDCl3, 25 8C): d = 7.39 (br s, 2H), 7.31–7.30 (m, 3H), 6.40 (d, J=1.2 Hz,
1H), 6.30 (s, 1H), 5.86–5.76 (m, 1H), 5.65–5.58 (m, 1H), 5.48 (d, J=
16.9 Hz, 1H), 5.32–5.27 (m, 2H), 5.12–5.07 (m, 2H), 4.16–3.90 (m, 2H),
3.80 (s, 3H), 3.77 (s, 3H), 3.85–3.77 (m, 1H), 3.14 (bd, J=7.0 Hz, 1H),
3.06–3.05 (m, 1H), 2.62–2.55 (m, 1H), 2.47–2.39 (m, 1H), 2.02–1.88 (m,
2H), 1.39 (d, J=6.4 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 8C): d =


202.2, 167.2, 161.6, 158.8, 135.5, 134.9, 134.4, 133.4, 129.0 (Q3), 128.3,
128.2, 119.2, 117.7, 116.8, 107.3, 97.9, 69.4, 58.1, 57.0, 55.8, 55.4, 54.8, 45.0,
38.1, 34.1, 19.9; IR (film): ñmax=2973, 2939, 1713, 1604, 1579, 1459, 1272,
1205, 1161, 1094, 1048, 922, 750, 692 cm�1; HRMS (ESI-TOF): m/z : calcd
for C28H32O6SNa: 519.1812, found 519.1662 [M+Na+].


Macrocycle 45 : A 2 mm solution of compound 44 (150 mg, 0.3 mmol) in
anhydrous toluene was heated at reflux and treated with 5% mol of
Grubbs catalyst, 2nd generation. The reaction mixture was stirred for


10 min at that temperature and quenched quickly by cooling down to
�78 8C. The reaction mixture was then filtered through a pad of silica
gel, washed with CH2Cl2 and concentrated under reduced pressure. Puri-
fication by flash chromatography (silica gel, 0–25% EtOAc/cyclohexane
gradient) afforded 45 (123 mg, 87%) as a mixture of diastereoisomers.
Rf=0.22 (silica gel, EtOAc/hexane 1:3); 1H NMR (400 MHz, CDCl3,
25 8C): d = 7.57–7.55 (m, 4H), 7.39–7.37 (m, 6H), 6.39 (s, 2H), 6.05 (s,
2H), 5.79–5.72 (m, 2H), 5.26–5.20 (m, 2H), 5.02 (dd, J=15.8, 8.8 Hz,
2H), 4.01 (d, J=19.3 Hz, 2H), 3.84–3.77 (m, 2H), 3.82 (s, 6H), 3.79 (s,
6H), 3.65 (d, J=19.3 Hz, 2H), 3.13 (d, J=8.8 Hz, 2H), 2.80–2.77 (m,
2H), 2.53–2.30 (m, 8H), 1.36 (d, J=6.4 Hz, 6H); 13C NMR (100 MHz,
CDCl3, 25 8C): d = 203.0, 167.8, 161.5, 159.1, 135.0, 134.5 (Q2), 129.2 (Q
2), 129.1, 128.9, 128.3, 107.9, 98.0, 70.5, 68.5, 56.8, 55.9, 55.8, 55.4, 54.1,
53.2, 48.4, 37.1, 34.7, 20.4; IR (film): ñmax=2924, 2854, 1712, 1604, 1459,
1272, 1204, 1162, 1094, 1047, 747, 692 cm�1; HRMS (ESI-TOF): m/z :
calcd for C26H28O6SNa: 491.1499, found 491.1364 [M+Na+].


Bismethyl-monocillin 46 : A solution of compound 45 (100 mg,
0.21 mmol) in MeOH (20 mL) was treated with an aqueous solution of
NaIO4 (68.5 mg in 200 mL of water, 0.32 mmol). The reaction was stirred
for 8 h at room temperature. After extraction with EtOAc (20 mL), the
organic phase was washed with saturated NH4Claq (20 mL), dried over
MgSO4 and the solvents were evaporated under reduced pressure. The
major product was isolated by flash chromatography (silica gel, 0–33%
EtOAc/hexane) to recover 40 mg (40%) of sulfoxide-45. The resulting
compound was then dissolved in toluene (10 mL) and heated up to 80 8C
for 1 h. Concentration under reduced pressure, followed by flash chroma-
tography (silica gel, 0–33% EtOAc/hexane), afforded bismethyl-monocil-
lin 46 (24 mg, 80%), which was found to have identical proton NMR to
previously reported compound 46.[45] Rf=0.45 (silica gel, hexane/EtOAc
1:1); 1H NMR (400 MHz, CD3OH, 25 8C): d = 7.33–7.26 (dd, J=16.0,
11.1 Hz, 1H), 6.53 (d, J=2.0 Hz, 1H), 6.34 (s, 1H), 6.23 (dd, J=11.0,
11.0 Hz, 1H), 6.01 (d, J=16.1 Hz, 1H), 5.90 (d, J=11.2 Hz, 1H), 5.34–
5.30 (m, 1H), 4.27 (d, J=13.9 Hz, 1H), 3.85 (s, 3H), 3.79 (s, 3H), 3.51 (d,
J=13.7 Hz, 1H), 3.22 (d, 1H, obscured by CD3OD), 3.15–3.11 (m, 1H),
2.46 (d, J=14.4 Hz, 1H), 1.56–1.52 (m, 1H), 1.51 (d, J=6.1 Hz, 3H).


Compound 48a : A solution of compound 47 (336 mg, 2.0 mmol), com-
pound 14a (256 mg, 2.0 mmol) and tris(3-chlorophenyl)phosphine (1.46 g,
4.0 mmol) in anhydrous toluene (5 mL) was treated at room temperature
with DIAD (788 mL, 4.0 mmol). After stirring for 3 h, the reaction mix-
ture was diluted with EtOAc and washed several times with saturated
NH4Claq and brine. The organic phase was dried over MgSO4, concentrat-
ed under reduced pressure and purified by flash chromatography (silica
gel, 0–10% EtOAc/cyclohexane gradient) to yield compound bis-phenol-
48a (467 mg, 84%). Rf=0.31 (silica gel, EtOAc/hexane 1:3); 1H NMR
(400 MHz, CDCl3, 25 8C): d = 11.84 (s, 1H), 6.29 (d, J=2.2 Hz, 1H),
6.26 (s, 1H), 6.22 (d, J=2.2 Hz, 1H), 5.63–5.51 (m, 1H), 5.49 (d, J=
16.1 Hz, 1H), 5.47–5.41 (m, 1H), 5.32 (d, J=10.2 Hz, 1H), 3.18 (dd, J=
7.0, 1.6 Hz, 1H), 3.02 (m, 1H), 2.52 (s, 3H), 2.10–1.96 (m, 2H), 1.45 (d,
J=5.9 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 8C): d = 171.1, 165.4,
160.7, 143.9, 134.8, 120.1, 111.6, 105.4, 101.3, 69.9, 58.4, 57.3, 38.2, 24.6,
20.1; IR (film): ñmax=2928, 1646, 1448, 1383, 1313, 1260, 1199, 1159,
1106 cm�1; HRMS (ESI-TOF): m/z : calcd for C15H18O5Na: 301.1046,
found 301.1067 [M+Na+]. (�)-(2R,4S,5R): [a]20D = �15.0 (c 0.48,
CHCl3).


To a stirred solution of bis-phenol-48a (467 mg, 1.6 mmol) in anhydrous
DMF (5.5 mL) at room temperature were added in sequential fashion:
diisopropylethylamine (1.06 mL, 6.4 mmol), tetrabutylammonium iodide
(catalytic) and chloromethyl methyl ether (486 mL, 6.4 mmol). The result-
ing solution was heated up to 80 8C and stirred for 4 h at that tempera-
ture. The reaction was then allowed to cool down to room temperature,
diluted with EtOAc and washed several times with saturated NH4Claq.
The organic phase was dried over MgSO4, concentrated under reduced
pressure and purified by flash chromatography (silica gel, 0–50%
EtOAc/cyclohexane gradient) to yield compound 48a (719 mg, 91%).
Rf=0.40 (silica gel, EtOAc/hexane 1:3); 1H NMR (400 MHz, CDCl3,
25 8C): d = 6.69 (d, J=1.6 Hz, 1H), 6.57 (d, J=1.6 Hz, 1H), 5.60 (ddd,
J=17.2, 10.2, 7.5 Hz, 1H), 5.49 (dd, J=17.2, 1.1 Hz, 1H), 5.42–5.36 (m,
1H), 5.30 (dd, J=10.2, 1.1 Hz, 1H), 5.18 (s, 2H), 5.16 (d, J=1.1 Hz, 2H),
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3.49 (s, 3H), 3.48 (s, 3H), 3.18 (dd, J=7.0, 2.2 Hz, 1H), 3.03 (td, J=5.6,
2.2 Hz, 1H), 2.32 (s, 3H), 2.00 (ddd, J=14.5, 5.9, 5.9 Hz, 1H), 1.90 (ddd,
J=14.5, 5.4, 5.4 Hz, 1H), 1.45 (d, J=6.4 Hz, 3H); 13C NMR (100 MHz,
CDCl3, 25 8C): d = 167.4, 158.6, 155.2, 137.7, 135.3, 119.2, 118.6, 110.6,
101.0, 94.6, 94.2, 69.2, 57.9, 56.9, 56.1, 56.0, 38.1, 19.9, 19.6; IR (film):
ñmax=2933, 1724, 1607, 1452, 1320, 1268, 1214, 1268, 1148, 1095, 1051,
1025, 926 cm�1; HRMS (ESI-TOF): m/z : calcd for C19H26O7Na: 389.1571,
found 389.1601 [M+Na+]. (�)-(2R,4S,5R): [a]20D = �15.3 (c 0.51,
CHCl3).


Compound 49a : A solution of compound 48a (366 mg, 1.0 mmol) in an-
hydrous THF (1 mL) was treated at �78 8C with freshly made LDA
(3.8 mL, 2.0 mmol). After 5 min stirring, a solution of compound 12
(251 mg, 1.0 mmol) in THF (0.7 mL) was added dropwise. The resulting
mixture was then stirred for 5 min at �78 8C and quenched by addition
of a solution of saturated NH4Claq. Upon warming to room temperature,
the reaction was diluted with EtOAc, washed several times with saturat-
ed NH4Claq, brine and dried over MgSO4. Concentration under reduced
pressure, followed by flash chromatography (silica gel, 0–10% EtOAc/cy-
clohexane gradient) afforded compound 49a (450 mg, 81%) as a mixture
of diastereoisomers. Rf=0.35 (silica gel, hexane/EtOAc 3:1); 1H NMR
(400 MHz, CDCl3, 25 8C): d=7.40–7.35 (m, 4H), 7.33–7.30 (m, 6H), 6.69
(d, J=2.2 Hz, 2H), 6.57 (d, J=2.2 Hz, 2H), 5.83–5.77 (m, 2H), 5.63–5.44
(m, 4H), 5.35–5.26 (m, 4H), 5.16 (s, 4H), 5.14 (s, 4H), 5.18–5.08 (m, 4H),
4.10 (d, J=16.1 Hz, 1H), 4.07 (d, J=16.6 Hz, 1H), 4.02 (d, J=16.5 Hz,
1H), 3.97 (d, J=16.1 Hz, 1H), 3.85–3.77 (m, 2H), 3.48 (s, 6H), 3.46 (s,
6H), 3.13 (dd, J=7.3, 2.2 Hz, 2H), 3.08–3.04 (m, 2H), 2.66–2.55 (m, 2H),
2.47–2.39 (m, 2H), 1.96–1.92 (m, 4H), 1.41 (d, J=6.4 Hz, 6H).


Compound 50a : A solution of compound 49a (333 mg, 0.6 mmol) in hexa-
fluoroisopropanol (3 mL) was treated with hydrogen peroxide (35% so-
lution in water, 117 mL, 1.2 mmol) and stirred for 3 h at room tempera-
ture. The reaction mixture was diluted in EtOAc, washed with a saturat-
ed aqueous solution of NaHCO3/Na2S2O3 (10:1, 11 mL), dried over
MgSO4 and concentrated under reduced pressure. The crude mixture was
then dissolved in toluene (5 mL) and stirred for 1 h at 80 8C. Concentra-
tion under reduced pressure, followed by flash chromatography (silica
gel, 0–50% EtOAc/cyclohexane gradient) afforded compound 50a
(249 mg, 92%). Rf=0.20 (silica gel, hexane/EtOAc 3:1); 1H NMR
(400 MHz, CDCl3, 25 8C): d = 7.22 (dd, J=15.6, 10.7 Hz, 1H), 6.80 (d,
J=2.2 Hz, 1H), 6.56 (d, J=2.2 Hz, 1H), 6.51–6.41 (m, 1H), 6.27 (d, J=
15.6 Hz, 1H), 5.69 (d, J=17.2 Hz, 1H), 5.63–5.55 (m, 2H), 5.48 (dd, J=
17.2, 1.6 Hz, 1H), 5.34–5.26 (m, 2H), 5.17 (s, 4H), 3.94 (m, 2H), 3.49 (s,
3H), 3.48 (s, 3H), 3.14 (dd, J=7.5, 2.1 Hz, 1H), 3.04 (td, J=5.9, 2.1 Hz,
1H), 1.99–1.87 (m, 2H), 1.41 (d, J=6.4 Hz, 3H); 13C NMR (100 MHz,
CDCl3, 25 8C): d = 196.3, 167.0, 159.1, 156.2, 143.2, 135.4, 135.2, 135.1,
129.2, 126.7, 119.3, 118.5, 111.4, 102.5, 94.8, 94.3, 69.5, 58.1, 56.9, 56.3,
56.2, 45.9, 38.1, 19.9; HRMS (ESI-TOF): m/z : calcd for C24H30O8Na:
469.1833, found 469.1952 [M+Na+].


Compound 51a : A 2 mm solution of compound 50a (150 mg, 0.34 mmol)
in anhydrous toluene was heated at reflux and treated with 5% mol of
Grubbs catalyst, 2nd generation (14 mg, 0.017 mmol). The reaction mix-
ture was stirred for 10 min at that temperature and quenched by cooling
it down to �78 8C. The reaction mixture was then filtered through a pad
of silica gel, washed with CH2CL2 and concentrated under reduced pres-
sure. Purification by flash chromatography (silica gel, 0–25% EtOAc/cy-
clohexane gradient) afforded 51a (122 mg, 87%). Rf=0.19 (silica gel,
EtOAc/cyclohexane 1:3); 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.68
(dd, J=16.1, 11.3 Hz, 1H), 6.75 (d, J=2.1 Hz, 1H), 6.59 (d, J=2.1 Hz,
1H), 6.26 (dd, J=11.3, 11.2 Hz, 1H), 6.05 (d, J=16.1 Hz, 1H), 5.84 (dd,
J=10.8, 4.4 Hz, 1H), 5.42–5.33 (m, 1H), 5.21–5.17 (m, 2H), 5.14 (s, 2H),
3.97 (d, J=14.0 Hz, 1H), 3.86 (d, J=13.4 Hz, 1H), 3.57 (m, 1H), 3.48 (s,
3H), 3.47 (s, 3H), 3.13–3.10 (ddd, J=7.5, 3.7, 2.2 Hz, 1H), 2.47 (dt, J=
14.5, 4.8 Hz, 1H), 1.73 (ddd, J=15.0, 7.5, 3.2 Hz, 1H), 1.59 (d, J=6.4 Hz,
3H); 13C NMR (100 MHz, CDCl3, 25 8C): d = 197.9, 166.8, 159.2, 156.0,
140.2, 136.6, 134.5, 131.8, 130.2, 117.8, 108.7, 102.1, 94.6, 94.3, 69.8, 56.3,
55.8, 54.9, 42.4, 37.1, 29.7, 18.9; IR (film): ñmax=2923, 2849, 1719, 1664,
1602, 1461, 1286, 1149, 1027, 920 cm�1; HRMS (ESI-TOF): m/z : calcd for
C22H26O8Na: 441.1520, found 441.1595 [M+Na+]. (�)-(2R,4S,5R): [a]20D =


�50.0 (c 0.11, CHCl3).


Compound 53 : A 2 mm solution of compound 49a (100 mg, 0.18 mmol)
in anhydrous toluene was heated at 120 8C and treated with 5% mol of
Grubbs catalyst, 2nd generation (8 mg, 0.009 mmol). The reaction mix-
ture was stirred for 10 min at that temperature and quenched quickly by
cooling down to �78 8C. The reaction mixture was then filtered through a
pad of silica gel, washed with CH2Cl2 and concentrated under reduced
pressure. Purification by flash chromatography (silica gel, 0–25%
EtOAc/hexane gradient) afforded compound 53 (89 mg, 94%) as a mix-
ture of diastereoisomers (epimers and mixture of cis/trans olefin 1:1). By
preparative TLC (silica gel, 50% EtOAc/hexane), it was possible to sepa-
rate the two epimers: Rf=0.10 (silica gel, EtOAc/hexane 1:3); less polar
epimer : 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.43 (d, J=7.0 Hz, 2H),
7.35–7.26 (m, 3H), 6.73 (d, J=2.4 Hz, 1H), 6.19 (d, J=2.1 Hz, 1H), 5.88–
5.81 (m, 1H), 5.53–5.46 (m, 1H), 5.17–5.13 (m, 1H), 5.15 (d, J=2.4 Hz,
2H), 5.07 (d, J=1.2 Hz, 2H), 4.23 (d, J=18.7 Hz, 1H), 4.00–3.93 (m,
1H), 3.91 (d, J=18.7 Hz, 1H), 3.50 (s, 3H), 3.48 (s, 3H), 3.25 (bd, J=
4.1 Hz, 1H), 2.82–2.77 (m, 1H), 2.57–2.47 (m, 2H), 2.40–2.34 (m, 2H),
1.38 (d, J=6.2 Hz, 3H); more polar epimer : 1H NMR (400 MHz, CDCl3,
25 8C): d = 7.57–7.54 (m, 2H), 7.40–7.35 (m, 3H), 6.73 (d, J=2.0 Hz,
1H), 6.35 (d, J=2.0 Hz, 1H), 5.80–5.71 (m, 1H), 5.25–5.13 (m, 5H), 5.01
(dd, J=15.5, 8.9 Hz, 1H), 3.98 (d, J=19.3 Hz, 1H), 3.81 (dd, J=12.1,
3.6 Hz, 1H), 3.64 (d, J=19.3 Hz, 1H), 3.52 (s, 3H), 3.48 (s, 3H), 3.25 (dd,
J=8.8, 2.3 Hz, 1H), 2.79–2.76 (m, 1H), 2.65–2.50 (m, 2H), 2.44–2.29 (m,
2H), 1.37 (d, J=6.2 Hz, 3H).


Compound 52 : Neat sulfuryl chloride (7.5 mL, 0.09 mmol) was added to a
cooled (0 8C) solution of compound 51a (13 mg, 0.03 mmol) in Et2O
(1 mL). The reaction was stirred for 1.5 h at 0 8C and then diluted with
CH2Cl2 (5 mL). The mixture was washed several times with saturated
NH4Claq (8 mL) and dried over MgSO4. Removal of the solvents under
reduced pressure, followed by flash chromatography (silica gel, 0–33%
EtOAc/cyclohexane), afforded compound 52 (10 mg, 68%). Rf=0.25
(silica gel, EtOAc/cyclohexane 1:1); 1H NMR (400 MHz, CDCl3, 25 8C):
d = 7.18 (dd, J=16.2, 11.2 Hz, 1H), 7.04 (s, 1H), 6.26 (dd, J=10.9,
10.9 Hz, 1H), 6.10 (d, J=16.4 Hz, 1H), 5.81 (dd, J=10.2, 10.2 Hz, 1H),
5.47 (m, 1H), 5.35–5.12 (m, 5H), 4.11 (d, J=15.8 Hz, 1H), 3.92 (d, J=
15.8 Hz, 1H), 3.55 (s, 3H), 3.53 (s, 3H), 3.55–3.48 (m, 1H), 2.08–2.04 (m,
2H), 1.57 (d, J=6.4 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 8C): d =


196.3, 166.7, 159.3, 156.0, 140.8, 137.9, 134.7, 133.2, 131.2, 117.8, 102.0,
95.2, 94.6, 71.9, 69.7, 60.4, 56.7, 56.4, 45.1, 21.0, 18.8, (1Cquat. is not visi-
ble); IR (film): ñmax=3075, 2930, 1685, 1647, 1618, 1571, 1439, 1235, 1147,
1112, 1080, 1017, 942 cm�1; HRMS (ESI-TOF): m/z : calcd for
C22H26Cl2O8: 510.9994, found 511.0002 [M+Na+].


Pochonin C (8): A solution of compound 52 (10 mg, 0.02 mmol) in diox-
ane (5 mL) was treated at 0 8C with HClconc (125 mL, to reach a 2.5% so-
lution). The reaction was then allowed to warm up to room temperature
and stirred for 1 h. The resulting solution was filtered on a pad of silica
gel and washed several times with Et2O. The solvents were removed
under reduced pressure and preparative TLC (silica gel, 50% EtOAc/cy-
clohexane) provided synthetic pochonin C (8) (6.3 mg, 74%). Synthetic
pochonin C was found to have identical 1H NMR as natural pochonin C
(see Supporting Information). Rf=0.11 (silica gel, EtOAc/cyclohexane
1:3); 1H NMR (400 MHz, CDCl3, 25 8C): d = 9.28 (s, 1H), 8.59 (s, 1H),
7.11 (dd, J=14.7, 12.3 Hz, 1H), 6.66 (s, 1H), 6.31 (t, J=10.4 Hz, 1H),
6.10 (d, J=16.1 Hz, 1H), 5.91 (m, 1H), 5.78 (t, J=9.9 Hz, 1H), 5.22 (d,
J=15.8 Hz, 1H), 4.92 (t, J=9.1 Hz, 1H), 3.96 (d, J=15.8 Hz, 1H), 3.95
(m, 1H), 2.48 (dd, J=15.8, 10.7 Hz, 1H), 2.13 (m, 1H), 1.54 (d, J=
6.4 Hz, 3H); 1H NMR (400 MHz, [D6]DMSO, 25 8C): d = 10.58 (s, 1H),
10.13 (s, 1H), 7.12 (dd, J=16.1, 11.3 Hz, 1H), 6.56 (s, 1H), 6.27 (t, J=
10.8 Hz, 1H), 6.04 (d, J=16.1 Hz, 1H), 5.78 (t, J=10.8 Hz, 1H), 5.46 (d,
J=5.4 Hz, 1H), 5.28 (m, 1H), 5.10 (dd, J=9.9, 4.8 Hz, 1H), 4.05 (d, J=
16.1 Hz, 1H), 3.99 (m, 1H), 3.60 (d, J=16.1 Hz, 1H), 1.87 (m, 2H), 1.37
(d, J=6.2 Hz, 3H); 1H NMR (400 MHz, CD3OD, 25 8C): d = 7.28 (dd,
J=16.0, 11.1 Hz, 1H, H8), 6.53 (s, 1H, H15), 6.25 (dd, J=10.7, 10.7 Hz,
1H, H7), 6.02 (d, J=16.6 Hz, 1H, H9), 5.82 (dd, J=10.7, 10.7 Hz, 1H,
H6), 5.47–5.43 (m, 1H, H2), 5.20 (dd, J=9.7, 5.9 Hz, 1H, H5), 4.27 (d, J=
16.1 Hz, 1H, H11), 4.03–4.00 (m, 1H, H4), 3.73 (d, J=16.1 Hz, 1H, H11),
2.11 (dd, J=14.0, 6.9 Hz, 1H, H3), 2.00–1.92 (m, 1H, H3), 1.48 (d, J=
6.4 Hz, 3H, H1);


13C NMR (100 MHz, [D6]DMSO, 25 8C): d = 197.0,
166.5, 155.5, 139.1, 137.0, 133.2, 132.1, 129.9, 115.1, 112.2, 102.9, 71.1,
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69.5, 60.8, 44.9, 37.8, 19.0; HMQC 2D (125.77 MHz, CD3OD, 25 8C): d =


199.7, 157.1, 141.0, 138.1, 134.6, 132.4, 130.8, 116.2, 114.3, 103.7, 72.6,
70.8, 60.6, 45.7, 38.1, 19.2, (2Cquat. are not visible); HRMS (ESI-TOF):
m/z : calcd for C18H18Cl2O6Na: 422.9995, found 423.0337 [M+Na+].
(�)-(2R,4S,5R): [a]20D = �68.3 (c 0.06, CHCl3).
Radicicol (1): A solution of compound 8 (5.0 mg, 0.01 mmol) in DMF
(500 mL) was treated with K2CO3 (4.0 mg, 0.02 mmol) and stirred for 1 h
at room temperature. The reaction was then diluted with EtOAc (5 mL)
and washed several times with saturated NH4Claq (10 mL). Removal of
the solvents and preparative TLC (silica gel, 50% EtOAc/cyclohexane)
provided radicicol (1) (4.0 mg, 86%). Analisys of synthetic radicicol were
found to be identical to the natural ones. Rf=0.32 (silica gel, EtOAc/cy-
clohexane 1:1); 1H NMR (400 MHz, CD3OD, 25 8C): d = 7.62 (dd, J=
16.0, 9.9 Hz, 1H, H8), 6.48 (s, 1H, H15), 6.26 (dd, J=10.6, 10.6 Hz, 1H,
H7), 6.12 (d, J=16.0 Hz, 1H, H9), 5.80 (dd, J=10.6, 3.8 Hz, 1H, H6),
5.42–5.39 (m, 1H, H2), 4.19 (d, J=16.0 Hz, 1H, H11), 3.95 (d, J=16.4 Hz,
1H, H11), 3.33 (m, 1H, H5, obscured by CD3OD), 3.08 (dt, J=7.8, 3.1 Hz,
1H, H4), 2.44 (dt, J=14.7, 3.4 Hz, 1H, H3), 1.74 (ddd, J=18.4, 8.5,
3.7 Hz, 1H, H3), 1.54 (d, J=6.5 Hz, 3H, H1);


13C NMR (100 MHz,
CD3OD, 25 8C): d = 198.2, 167.7, 159.0, 158.0, 139.2, 135.5, 133.6, 130.1,
129.4, 102.4, 70.6, 55.4, 55.1, 45.1, 36.3, 17.4, (2Cquat. are not visible);
HRMS (ESI-TOF): m/z : calcd for C18H17ClO6Na: 387.0611, found
387.0795 [M+Na+]. (+)-(2R,4R,5R): [a]20D = ++95.3 (c 0.06, CHCl3).


Compound 48b : In a similar manner as that described for compound
48a, compound 48b was prepared with a 76% yield in two steps from 47.
Bis-phenol of 48b : Rf=0.30 (silica gel, EtOAc/hexane 1:3); 1H NMR
(400 MHz, CDCl3, 25 8C): d = 11.81 (s, 1H), 7.29 (s, 1H), 6.30 (d, J=
2.2 Hz, 1H), 6.24 (d, J=2.3 Hz, 1H), 5.79–5.69 (m, 1H), 5.52 (d, J=
16.3 Hz, 1H), 5.45–5.36 (m + s, 3H), 3.47 (m, 1H), 3.27 (m, 1H), 2.55 (s,
3H), 2.02–1.98 (m, 2H), 1.48 (d, J=6.2 Hz, 3H); 13C NMR (100 MHz,
CDCl3, 25 8C): d = 171.1, 165.5, 160.3, 143.9, 131.8, 120.9, 111.3, 105.8,
101.3, 70.3, 56.3, 55.3, 34.0, 24.6, 20.1; IR (film): ñmax=2928, 1646, 1458,
1378, 1314, 1262, 1173, 1098 cm�1; HRMS (ESI-TOF): m/z : calcd for
C15H18O5Na: 301.1046, found 301.1054 [M+Na+]. (�)-(2R,4S,5S): [a]20D =


�16.9 (c 0.55, CHCl3).
Compound 48b : Rf=0.36 (silica gel, EtOAc/hexane 1:3); 1H NMR
(400 MHz, CDCl3, 25 8C): d = 6.69 (d, J=1.8 Hz, 1H), 6.57 (d, J=
2.4 Hz, 1H), 5.80–5.72 (ddd, J=16.9, 10.5, 7.0 Hz, 1H), 5.51 (d, J=
16.9 Hz, 1H), 5.40 (dd, J=10.5, 1.8 Hz, 1H), 5.39–5.33 (m, 1H), 5.17 (s,
2H), 5.16 (s, 2H), 3.49 (s, 3H), 3.48 (s, 3H), 3.48–3.44 (dd, J=7.0, 2.3 Hz,
1H), 3.33–3.29 (m, 1H), 2.32 (s, 3H), 2.02 (ddd, J=14.6, 6.5, 6.4 Hz, 1H),
1.90 (ddd, J=14.6, 5.4, 5.3 Hz, 1H), 1.43 (d, J=6.4 Hz, 3H); 13C NMR
(100 MHz, CDCl3, 25 8C): d=167.5, 158.7, 155.3, 137.7, 132.1, 120.7,
118.7, 110.6, 101.1, 94.6, 94.3, 69.5, 56.4, 56.2, 56.1, 55.3, 34.0, 20.1, 19.7;
IR (film): ñmax=2957, 1724, 1606, 1451, 1267, 1147, 1050, 925 cm


�1;
HRMS (ESI-TOF): m/z : calcd for C19H26O7: 389.1571, found 389.1605
[M+Na+]. (�)-(2R,4S,5S): [a]20D = �7.9 (c 0.33, CHCl3).
Compound 49b : In a similar manner as that described for compound
49a, compound 49b was prepared in 81% yield. Rf=0.36 (silica gel,
EtOAc/hexane 1:3); 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.45–7.35
(m, 4H), 7.33–7.28 (m, 6H), 6.78 (d, J=2.2 Hz, 2H), 6.55 (s, 2H), 5.87–
5.70 (m, 4H), 5.50 (d, J=17.2 Hz, 2H), 5.38 (d, J=10.2 Hz, 2H), 5.33–
5.27 (m, 2H), 5.17 (s, 4H), 5.15 (s, 4H), 5.20–5.09 (m, 4H), 4.12 (d, J=
16.6 Hz, 1H), 4.06 (d, J=16.3 Hz, 1H), 4.02 (d, J=14.3 Hz, 1H), 3.98 (d,
J=16.6 Hz, 1H), 3.82 (t, J=7.5 Hz, 1H), 3.81 (t, J=7.5 Hz, 1H), 3.49 (s,
6H), 3.48 (s, 6H), 3.45–3.42 (m, 2H), 3.34–3.32 (m, 2H), 2.61–2.55 (m,
2H), 2.47–2.41 (m, 2H), 2.02–1.95 (m, 2H), 1.8 (m, 2H), 1.40 (d, J=
6.4 Hz, 6H).


Compound 50b : In a similar manner as that described for compound
50a, compound 50b was prepared in 92% yield. Rf=0.22 (silica gel,
hexane/EtOAc 3:1); 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.23 (dd,
J=15.8, 11.1 Hz, 1H), 6.80 (d, J=1.8 Hz, 1H), 6.56 (d, J=2.3 Hz, 1H),
6.45 (m, 1H), 6.27 (d, J=15.8 Hz, 1H), 5.77–5.67 (m, 1H), 5.69 (d, J=
16.4 Hz, 1H), 5.57 (d, J=9.4 Hz, 1H), 5.50 (d, J=17.0 Hz, 1H), 5.39 (d,
J=9.9 Hz, 1H), 5.33–5.27 (m, 1H), 5.19 (s, 2H), 5.18 (s, 2H), 3.95 (m,
2H), 3.50 (s, 3H), 3.48 (s, 3H), 3.44 (dd, J=6.4, 4.7 Hz, 1H), 3.31 (td, J=
10.5, 5.8 Hz, 1H), 2.00–1.94 (m, 1H), 1.84 (ddd, J=14.7, 5.3, 5.3 Hz, 1H),
1.39 (d, J=6.4 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 8C): d = 196.3,


167.1, 159.1, 156.3, 143.2, 135.3, 135.2, 132.2, 129.2, 126.7, 120.6, 118.5,
111.4, 102.5, 94.8, 94.3, 69.7, 56.3, 56.3, 56.2, 55.3, 46.0, 34.0, 20.0; IR
(film): ñmax=2932, 1718, 1605, 1438, 1275, 1149, 1020, 924 cm


�1; HRMS
(ESI-TOF): m/z : calcd for C24H30O8Na: 469.1833, found 469.1913
[M+Na+]. (�)-(2R,4S,5S): [a]20D = �2.8 (c 0.18, CHCl3).
Compound 51b : In a similar manner as that described for compound
51a, compound 51b was prepared in 21% yield. Rf=0.19 (silica gel,
EtOAc/cyclohexane 1:3); 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.66
(dd, J=15.8, 10.8 Hz, 1H), 6.75 (d, J=2.1 Hz, 1H), 6.58 (d, J=2.1 Hz,
1H), 6.25 (dd, J=9.7, 9.7 Hz, 1H), 6.04 (d, J=15.8 Hz, 1H), 5.83 (dd, J=
10.8, 4.3 Hz, 1H), 5.37 (m, 1H), 5.20–5.16 (m, 2H), 5.13 (s, 2H), 3.96 (d,
J=13.7 Hz, 1H), 3.85 (d, J=13.7 Hz, 1H), 3.56 (m, 1H), 3.48 (s, 3H),
3.46 (s, 3H), 3.11–3.09 (m, 1H), 2.47 (ddd, J=15.2, 5.1, 4.3 Hz, 1H), 1.71
(ddd, J=15.2, 7.2, 3.0 Hz, 1H), 1.58 (d, J=6.3 Hz, 3H); 13C NMR
(100 MHz, CDCl3, 25 8C): d=197.8, 166.8, 159.2, 156.1, 140.1, 136.6,
132.8, 131.8, 130.2, 114.2, 108.7, 102.1, 94.6, 94.3, 69.8, 56.3, 55.7, 54.9,
42.4, 37.1, 29.7, 18.8; HRMS (ESI-TOF): m/z : calcd for C22H26O8Na:
441.1520, found 441.1599 [M+Na+].


Resin 57: 3-Mercaptophenol (1.63 mL, 16.0 mmol) and K2CO3 (2.2 g,
16.0 mmol) were added at 23 8C to a solution of 2-chloro-N-methoxy-N-
methylacetamide (2.2 g, 16.0 mmol) in dry DMF (15 mL). The resulting
suspension was stirred at 23 8C for 2 h. After that period of time, the mix-
ture was added to Merrifield resin (10 g, 1.0 mmolg�1) swelled in dry
DMF (100 mL), followed by K2CO3 (4.4 g, 32.0 mmol) as well as a cata-
lytic amount of TBAI (tetrabutylammonium iodide), and the suspension
was heated up to 50 8C. After 2 h at such temperature, the resin was fil-
tered and washed several times: HClaq (50 mL), MeOH (50 mL), CH2Cl2
(50 mL) and Et2O (50 mL). The resin was dried to constant mass under
reduced pressure before use. The final mass gain of 1.72 g indicates an es-
timate loading of 0.77 mmolg�1. A yield of 90% yield was calculated
based on mass gain.


Weinreb amide 58 : A catalytic amount of AIBN and nBu3SnH (104 mL,
0.385 mmol) was added to a suspension of resin 57 (100 mg,
0.77 mmolg�1) in C6D6 (1 mL). The resulting mixture was heated up in
the microwave (150 8C, 300 W) for 10 min. After that period of time, the
solution was directly subjected to a 1H NMR: Crude 1H NMR (400 MHz,
C6D6, 25 8C): d=3.07 (s, 3H), 2.95 (s, 3H), 1.99 (s, 3H).


Resin 59 : Resin 57 (10 g, 0.77 mmolg�1) was suspended in a 1:1 mixture
of HFIP/CH2Cl2 (100 mL, HFIP=hexafluoroisopropanol). To this sus-
pension, H2O2 (3 mL, 31 mmol) was added at 23 8C and the resulting mix-
ture was shaken overnight at room temperature. The resulting resin was
then filtered, washed using MeOH (100 mL), CH2Cl2 (100 mL) and Et2O
(100 mL) and dried to constant mass. This resin was then suspended in
dry CH2Cl2 (100 mL), cooled down to �78 8C and treated sequentially
with allyltributyltin (11.9 mL, 38.4 mmol) and trifluoroacetic anhydride
(3.27 mL, 23.1 mmol). After 10 min at that temperature, the reaction was
allowed to warm up to room temperature for 1 h and then was filtered
and washed several times: HClaq (100 mL), MeOH (100 mL), CH2Cl2
(100 mL) and Et2O (100 mL) to obtain resin 59. The resin was dried to
constant mass under reduced pressure before use. A yield of 85% was es-
timated based on the NMR interpretation of 58 relatively to 60 after
cleavage under free radical conditions.


a,b,g,d-Unsaturated Weinreb amide 54 : Resin 59 (1 g) was suspended in
a 1:1 mixture of HFIP/CH2Cl2 (10 mL). To this suspension H2O2 (300 mL,
3 mmol) was added at 23 8C and the resulting mixture was shaken for
12 h. The resulting resin was then filtered, washed with MeOH (100 mL),
CH2Cl2 (100 mL) and Et2O (100 mL) followed by toluene. This resin was
resuspended in toluene (10 mL) and heated up to 80 8C for 30 min. The
resulting mixture was filtrated and washed several times with more tolu-
ene. The combined toluene solutions were evaporated giving pure com-
pound 54 (113 mg 80% yield from Merrifield resin). Compound 54 is vol-
atile and can not be dried at 0.1 mmHg for extended time: 1H NMR
(400 MHz, CDCl3, 25 8C): d =7.33 (dd, J=15.3, 11.0 Hz, 1H), 6.52 (m,
2H), 5.61 (d, J=16.6 Hz, 1H), 5.48 (d, J=10.2 Hz, 1H), 3.73 (s, 3H),
3.27 (s, 3H); 13C NMR (100 MHz, CDCl3, 25 8C): d = 166.8, 143.4, 135.1,
124.7, 119.7, 61.7, 32.3; IR (film): ñmax=2936, 1658, 1598, 1427, 1382,
1181, 1095, 1005 cm�1.


Chem. Eur. J. 2005, 11, 4935 – 4952 www.chemeurj.org F 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4949


FULL PAPERNatural Products



www.chemeurj.org





g,d-Unsaturated Weinreb amide 60 : A catalytic amount of AIBN and
nBu3SnH (90 mL, 0.335 mmol) was added to a solution of resin 59
(100 mg, estimated loading 0.67 mmolg�1) in C6D6 (1 mL). The resulting
mixture was heated up in the microwave (150 8C, 300 Watts) for 10 min.
After that period of time, the solution was directly subjected to a
1H NMR: Crude 1H NMR (400 MHz, C6D6, 25 8C): d=5.97–5.90 (m,
1H), 5.15 (d, J=17.2 Hz, 1H), 5.06 (d, J=10.2 Hz, 1H), 3.09 (s, 3H),
2.93 (s, 3H), 2.53 (m, 2H), 2.44–2.42 (m, 2H).


Compound 73 : POCl3 (65.8 mL, 706 mmol) was dropped slowly into an-
hydrous DMF (106 mL) at 0 8C. The resulting solution was then stirred at
room temperature for 20 min. A solution of orcinol (21.9 g, 176 mmol) in
anhydrous DMF (20 mL) was then added slowly and the reaction mixture
was warmed up to 75 8C for 2 h. After cooling down to room tempera-
ture, the solution was poured into ice water (500 mL) and neutralized
slowly with NaOH pellets. The aqueous solution was extracted several
times with Et2O (3Q250 mL). The combined organic layers were washed
with brine and dried over MgSO4. After removal of solvents, crude
1H NMR indicated 50% conversion. Flash chromatography (silica gel,
CH2Cl2) afforded 2,4-dihydroxy-6-methylbenzaldehyde (9.6 g, 72% based
on recovery of the starting material). Rf=0.29 (silica gel, EtOAc/hexane
1:3); 1H NMR (400 MHz, CDCl3, 25 8C): d = 12.41 (s, 1H), 10.13 (s,
1H), 6.25 (s, 2H), 2.55 (s, 3H); 13C NMR (100 MHz, CDCl3, 25 8C): d =


193.4, 166.3, 165.3, 145.1, 112.9, 110.6, 100.5, 17.3; IR (KBr): ñmax=3126,
2345, 1621, 1481, 1276, 1232 cm�1.


To a solution of this product (2.9 g, 19 mmol) in anhydrous CH2Cl2
(40 mL), were added in a sequential fashion, diisopropylethylamine
(14.0 mL, 80 mmol) and chloromethyl ethyl ether (7.42 mL, 80 mmol).
The reaction was stirred at room temperature until TLC analysis indicat-
ed reaction completion (3 h). The reaction was then diluted with EtOAc
(50 mL), washed with saturated NH4Claq (70 mL) and dried (MgSO4).
Evaporation of the solvents under reduced pressure afforded bis-EOM-
formylated orcinol 73, used without further purification in the next step.
Rf=0.49 (silica gel, EtOAc/hexane 1:3); 1H NMR (400 MHz, CDCl3,
25 8C): d = 10.54 (s, 1H), 6.76 (s, 1H), 6.55 (s, 1H), 5.33 (s, 2H), 5.28 (s,
2H), 3.81–3.73 (m, 4H), 2.60 (s, 3H), 1.28–1.26 (m, 6H); 13C NMR
(100 MHz, CDCl3, 25 8C): d = 190.7, 162.9, 161.9, 144.2, 118.5, 112.2,
100.5, 93.5, 92.7, 64.8, 64.6, 22.2, 15.0, (1Cquat. is not visible); IR (KBr):
ñmax=2976, 1676, 1600, 1150 cm


�1; ESI-TOF: m/z : calcd for C14H20NaO5:
291; found 291 [M+Na+].


Compound 61: To a solution of compound 73 (4.3 g, 16 mmol) in DMSO
(40 mL) at 0 8C, were added slowly in a sequential fashion, NaH2PO4·
H2O (12.5 g, 80 mmol) dissolved in H2O (25 mL) and NaClO2 (7.3 g,
80 mmol) dissolved in H2O (25 mL). After stirring for 12 h, the reaction
was diluted with Et2O (80 mL), washed with saturated NH4Claq (70 mL)
and dried (MgSO4). Evaporation of the solvents under reduced pressure
resulted into the corresponding acid used without further purification in
the next step.


To a solution of this acid (3.9 g, 13.2 mmol) dissolved in anhydrous
CH2Cl2 (40 mL), were added in a sequential fashion, trimethylsilylethanol
(3.8 mL, 26.4 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
pochloride (EDC) (2.5 g, 13.2 mmol) and a catalytic amount of dimethy-
laminopyridine (DMAP). After stirring at room temperature for 30 min,
the reaction was diluted with EtOAc (50 mL), washed with saturated
NH4Claq (50 mL) and dried (MgSO4). Concentration under reduced pres-
sure, followed by flash chromatography (silica gel, 0–10% EtOAc/cyclo-
hexane) afforded compound 61 (2.6 g, 52% over 3 steps): Rf=0.60 (silica
gel, EtOAc/hexane 1:3); 1H NMR (400 MHz, CDCl3, 25 8C): d = 6.72 (s,
1H), 6.55 (s, 1H), 5.21 (s, 4H), 4.40 (t, J=9.2 Hz, 2H), 3.75–3.72 (m,
4H), 2.31 (s, 3H), 1.27–1.22 (m, 6H), 1.15–1.10 (m, 2H), 0.10 (s, 9H);


13C NMR (100 MHz, CDCl3, 25 8C): d = 171.5, 161.5, 158.1, 139.4, 119.7,
111.1, 101.4, 93.2, 92.6, 62.6, 61.5, 15.8 (Q2), 13.5, 11.0, 6.4 (Q3); IR
(film): ñmax=2954, 2897, 1724, 1607, 1266 cm


�1; ESI-TOF: m/z : calcd for
C19H32NaO6Si: 407; found 407 [M+Na+].


Resin 62 : A solution of compound 61 (1.3 g, 5.4 mmol) in anhydrous
THF (20 mL) was treated at �78 8C with freshly prepared LDA
(19.1 mL, 10.8 mmol). In a separated flask, resin 59 (2 g, estimated load-
ing of 0.67 mmolg�1, 1.34 mmol) was swelled and cooled to at �78 8C in


anhydrous THF (10 mL) and then treated
with the solution of compound 61. The
resulting mixture was then stirred for 4 h
at �78 8C. After that time, the resin was
filtered and washed several times: satu-
rated NH4Claq (30 mL), MeOH (30 mL),
CH2Cl2 (30 mL) and Et2O (30 mL). The
resin was dried to constant mass under
reduced pressure before use.


Compound 64 : Resin 62 (250 mg) was suspended in a 1:1 mixture of
HFIP/CH2Cl2 (1.2 mL). To this suspension H2O2 (50 mL, 0.5 mmol) was
added at 23 8C and the resulting suspension was shaken for 12 h. The re-
sulting resin was then filtered, washed using MeOH (20 mL), CH2Cl2
(20 mL) and Et2O (20 mL) and toluene. This resin was resuspended in
toluene (2.5 mL) and heated up to 80 8C for 30 min. The resulting mix-
ture was filtrated and washed several times with more toluene. The com-
bined toluene solutions were evaporated and dried overnight at
0.1 mmHg to afford pure compound 64 (40 mg, 60% yield from resin 59):
Rf=0.49 (silica gel, EtOAc/hexane 1:3); 1H NMR (400 MHz, CDCl3,
25 8C): d = 7.23 (dd, J=15.5, 10.8 Hz, 1H), 6.85 (d, J=1.8 Hz, 1H), 6.56
(d, J=1.8 Hz, 1H), 6.50–6.41 (m, 1H), 6.27 (d, J=15.2 Hz, 1H), 5.68 (d,
J=17.0 Hz, 1H), 5.56 (m, 1H), 5.24 (s, 2H), 5.22 (s, 2H), 4.37–4.32 (m,
2H), 3.89 (s, 1H), 3.79–3.70 (m, 4H), 1.27 (t, J=7.0 Hz, 3H), 1.25 (d, J=
7.0 Hz, 3H), 1.10–1.05 (m, 2H), 0.07 (s, 9H); 13C NMR (100 MHz,
CDCl3, 25 8C): d=196.4, 167.7, 159.1, 156.4, 143.6, 143.1, 135.2, 129.2,
126.6, 124.1, 111.4, 102.9, 93.8, 93.0, 64.4 (Q2), 63.4, 46.1, 17.4, 15.1, 15.0,
�1.5 (Q3).
Resin 66 : Resin 62 (1.5 g, estimated loading 0.34 mmolg�1, 0.51 mmol)
was stirred in a mixture CH2Cl2/TFA (5:1, 10 mL) for 1 h at room tem-
perature. After that time, the resin was filtered and washed several
times: 1n HClaq (50 mL), MeOH (50 mL), CH2Cl2 (50 mL) and Et2O
(50 mL). The resin was dried to constant mass under reduced pressure
before use. LC-MS analysis of the oxidation elimination product showed
a complete conversion, therefore giving an estimated yield of >95%.


Resin 67: A solution of resin 66 (1 g, 0.33 mmol, estimated loading
0.33 mmolg�1), compound 14a (168 mg, 1.32 mmol) and tris(3-chlorophe-
nyl)phosphine (478 mg, 1.32 mmol) in anhydrous CH2Cl2 (10 mL) was
treated at room temperature with DIAD (260 mL, 1.32 mmol). After stir-
ring for 4 h, the resin was filtered and washed several times: saturated
NH4Claq (60 mL), MeOH (60 mL), CH2Cl2 (60 mL) and Et2O (60 mL).
The resin was dried to constant mass under reduced pressure before use.


Triene 68 : Resin 67 (~1 g, consider loading of 0.34 mmolg�1) was sus-
pended in a 1:1 mixture of HFIP/CH2Cl2 (10 mL). To this suspension
H2O2 (48 mL, 0.5 mmol) was added at 23 8C and the resulting mixture was
shaken for 12 h. The resulting resin was then filtered, washed using
MeOH (40 mL), CH2Cl2 (40 mL) and Et2O (40 mL) and dried under re-
duced pressure before used. Then, this resin was suspended in toluene
(10 mL) and heated up to 80 8C for 12 h. The resulting mixture was fil-
trated and washed several times with more toluene. The combined tolu-
ene solutions were evaporated giving pure triene 68 (34 mg, 70% from
resin 62). Rf=0.22 (silica gel, hexane/EtOAc 3:1).


1H NMR (400 MHz,
CDCl3, 25 8C): d = 11.8 (s, 1H), 7.52 (s, 1H), 7.30 (dd, J=15.3, 11.5 Hz,
1H), 6.56–6.46 (m, 1H), 6.30–6.28 (m, 1H), 6.25 (s, 1H), 6.11 (d, J=
2.1 Hz, 1H), 5.74 (d, J=17.2 Hz, 1H), 5.62 (d, J=10.2 Hz, 1H), 5.59–5.44
(m, 2H), 5.41–5.28 (m, 2H), 4.43 (d, J=17.7 Hz, 2H), 3.95 (d, J=
17.7 Hz, 2H), 3.10 (dd, J=7.3, 1.9 Hz, 1H), 2.92–2.88 (m, 1H), 1.97 (dt,
J=14.2, 4.5 Hz, 1H), 1.76 (ddd, J=14.5, 7.5, 7.5 Hz, 1H), 1.29 (d, J=
6.4 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 8C): d=198.8, 170.2, 165.6,
161.5, 143.9, 138.7, 135.1, 134.8, 129.1, 127.4, 120.0, 113.4, 105.3, 103.0,
70.4, 58.0, 57.4, 49.4, 38.1, 20.0.
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Triene 69 : A solution of 68 (30 mg, 0.08 mmol) in DMF (1 mL) was treat-
ed sequentially at room temperature with imidazole (55 mg, 0.8 mmol)
and TBSCl (121 mg, 0.8 mmol). After 12 h stirring at that temperature,
the reaction was diluted in Et2O (5 mL) and washed several times with
saturated NH4Claq and brine. Evaporation of the solvents, followed by
flash chromatography (silica gel, EtOAc/hexane 1:6), afforded triene 69
(42.2 mg, 90%). Rf=0.15 (silica gel, hexane/EtOAc 6:1); 1H NMR
(400 MHz, CDCl3, 25 8C): d = 7.20 (dd, J=15.6, 10.7 Hz, 1H), 6.42 (dt,
J=16.6, 10.2 Hz, 1H), 6.30–6.29 (m, 2H), 6.23 (d, J=15.1 Hz, 1H), 5.67
(d, J=16.1 Hz, 1H), 5.57–5.53 (m, 2H), 5.47 (dd, J=17.2, 1.6 Hz, 1H),
5.30–5.24 (m, 2H), 3.80 (d, J=4.3 Hz, 2H), 3.10 (dd, J=7.5, 2.2 Hz, 1H),
2.97 (td, J=5.6, 2.1 Hz, 1H), 1.93 (t, J=5.6 Hz, 2H), 1.43 (d, J=6.4 Hz,
3H), 0.99 (s, 9H), 0.98 (s, 9H), 0.26 (s, 6H), 0.25 (s, 6H).


Macrocycle 70 : A 2 mm solution of triene 69 (40 mg, 0.068 mmol) in an-
hydrous toluene was heated at 120 8C and treated with 5% mol of
Grubbs catalyst, 2nd generation (3 mg, 0.0034 mmol). The reaction mix-
ture was stirred for 10 min at that temperature and quenched quickly by
cooling down to �78 8C. Then, the reaction mixture was filtered through
a pad of silica gel, washed with CH2Cl2 and concentrated under reduced
pressure. Purification by flash chromatography (silica gel, 0–25%
EtOAc/cyclohexane gradient) afforded 70 (32 mg, 83%). Rf=0.10 (silica
gel, hexane/EtOAc 6:1); 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.76
(dd, J=16.4, 11.5 Hz, 1H), 6.30 (d, J=1.6 Hz, 1H), 6.25 (d, J=1.6 Hz,
1H), 6.30–6.20 (m, 1H), 6.03 (d, J=16.1 Hz, 1H), 5.89 (dd, J=10.7,
3.2 Hz, 1H), 5.41–5.33 (m, 1H), 3.93 (d, J=14.0 Hz, 1H), 3.67 (d, J=
14.0 Hz, 1H), 3.48 (m, 1H), 3.15–3.11 (m, 1H), 2.51 (dt, J=14.5, 3.5 Hz,
1H), 1.78–1.72 (m, 1H), 1.63 (d, J=6.4 Hz, 3H), 0.98 (s, 9H), 0.97 (s,
9H), 0.27 (s, 6H), 0.25 (s, 6H); HRMS (ESI-TOF): m/z : calcd for
C30H46O6Si2: 559.2906, found 559.2878 [M+H+].


Compound 48a : Polymer-assisted synthesis: A solution of 2,4-dihydroxy-
6-methyl-benzoic acid (336 mg, 2.0 mmol), compound 14a (256 mg,
2.0 mmol) and tris(3-chlorophenyl)phosphine (1.46 g, 4.0 mmol) in anhy-
drous CH2Cl2 (32 mL) was treated at room temperature with polymer-
bound DEAD (3.2 g, 1.3 mmolg�1). After stirring for 3 h, the reaction
mixture was filtrated on silica and washed with hexane/EtOAc (10:1,
50 mL) and hexane/EtOAc (3:1, 50 mL). The 3:1 mixture was concentrat-
ed under reduce pressure to yield bis-phenol-48a (460 mg, 83%).


To a stirred solution of bis-phenol-48a (460 mg, 1.6 mmol) in anhydrous
DMF (10 mL) at room temperature were added in sequential fashion:
diisopropylethylamine (1.1 mL, 6.4 mmol), tetrabutylammonium iodide
TBAI (catalytic) and chloromethyl methyl ether (500 mL, 6.4 mmol). The
resulting solution was heated up to 80 8C and stirred for 3 h at that tem-
perature. The reaction was then allowed to cool down to room tempera-
ture, diluted with EtOAc and washed several times with saturated
NH4Claq. The organic phase was dried over MgSO4 and concentrated
under reduced pressure to provide compound 48a as a crude (600 mg,
>95%).


Resin 71: A solution of crude compound 48a (500 mg, 1.36 mmol) in an-
hydrous THF (3 mL) was treated at �78 8C with freshly made LDA
(4.8 mL, 2.72 mmol). After 5 min stirring at that temperature, the solu-
tion was added over resin 59 (380 mg, 0.27 mmol, estimated loading
0.74 mmolg�1) pre-swelled and cooled at �78 8C in THF (4 mL). The re-
sulting mixture was then stirred for 4 h at �78 8C, and then, the reaction
was filtered and washed several times: saturated NH4Claq (30 mL),
MeOH (30 mL), CH2Cl2 (30 mL) and Et2O (30 mL). The resin was then
dried to constant mass under reduced pressure before use.


Triene 50a from resin 71: Resin 71 (~380 mg) was suspended in a 1:1
mixture of HFIP/CH2Cl2 (4 mL). To this suspension H2O2 (110 mL,
1.1 mmol) was added at 23 8C and the resulting mixture was shaken for
12 h. The resulting resin was then filtered, washed using MeOH (40 mL),
CH2Cl2 (40 mL) and Et2O (40 mL) and dried under reduced pressure
before used. Then, this resin was suspended in toluene (4 mL) and
heated up to 80 8C for 12 h. The resulting mixture was filtrated and
washed several times with more toluene. The combined toluene solutions
were evaporated giving pure compound 50a (66 mg, 53% after 3 steps).
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Triplet Acetylenes as Synthetic Equivalents of 1,2-Bicarbenes, Part II:
New Supramolecular Scaffolds from Photochemical Cycloaddition of
Diarylacetylenes to 1,4-Cyclohexadienes


Tarek A. Zeidan,[a] Ronald J. Clark,[a] Ion Ghiviriga,[b] Serguei V. Kovalenko,[a] and
Igor V. Alabugin*[a]


Introduction


Recently, we reported an efficient method to prepare 1,5-
diaryl substituted tetracyclo[3.3.0.02,8.04,6]octanes (homoqua-
dricyclanes) by means of photocycloaddition of diaryl acety-
lenes, in which at least one of the aryl groups is either a pyr-


idine or a pyrazine, to 1,4-cyclohexadiene (Scheme 1).[1]


Mechanistic and photophysical studies showed that this pho-
tocycloaddition proceeds through an electrophilic triplet
state which is efficiently formed due to enhanced intersys-
tem crossing (ISC) between 1p,p* and 3n p* states. Although
this convenient one-pot transformation involves the cascade
formation of four s bonds, it often proceeds in high quan-
tum and chemical yields. From a practical perspective, this
process is interesting because “capping” the triple bond with
the polycyclic framework orients the terminal aryl (4-pyrid-
yl, 4-tetrafluoropyridyl, phenyl etc.) groups in an almost per-
fect 608 angle. It was suggested recently that this structural
feature renders such molecules potentially useful ligands in
coordination chemistry and offers promising supramolecular
building blocks.[2]


In this context, it is interesting to quote a recent paper by
Stang and co-workers: “The relative dearth of triangles syn-
thesized to-date can be explained by the difficulty in finding


Abstract: 1,5-Diaryl substituted homo-
quadricyclanes which are readily avail-
able through cascade photocycloaddi-
tion of diarylacetylenes to 1,4-cyclohex-
adienes are useful supramolecular scaf-
folds with an angle of about 608
formed by the two aromatic rings de-
fining a hydrophobic cavity. These
structural features of pyridinyl homo-
quadricyclanes were applied to the
design of composite organic/inorganic
materials with topologies depending on
the ratio of ligand to metal. The crystal
structure of complex 1 (L1/AgNO3 in a
1:1 ratio) shows an alternating ligand–
metal polymer in which each of the
silver ions in its linear coordination ge-
ometry is shared between two L1 mole-


cules. A small change in the crystalliza-
tion method yields a supramolecular
rhomboid (complex 2, L1/AgNO3 3:2
ratio) which has two ligands that
occupy opposite corners of the rhom-
boid and two silver atoms occupy the
other two corners. Connection of the
rhomboids units through a third mole-
cule forms unique “beads on a string”
polymeric chains. In complex 2, the
silver ions adopt a distorted tetrahedral
geometry with the nitrate anion occu-
pying one of the vertices of the tetrahe-


dron. The crystal packing of the chain
of rhomboids generates cavities which
are filled with disordered solvent mole-
cules. Non-symmetrical homoquadricy-
clane L3 coordinates with silver only
through the nitrogen of the pyridine
ring but not through the nitrogen of
the tetrafluoropyridine ring in which
the electron density of the nitrogen
lone-pair is very low. The substituents
on the polycyclic moiety of the homo-
quadricyclane cause restricted rotation
of the pyridine rings which suggests
that the flexibility of such systems can
be fine-tuned to create a family of
supramolecular scaffolds of controlled
rigidity.


Keywords: coordination polymers ·
homoquadricyclanes · restricted
rotation · self-assembly · silver
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the appropriate corner unit … there exist no single-center
complex that possesses a 608 angle between coordinated li-
gands.”[3] Intrigued by these comments, we decided to inves-
tigate the supramolecular chemistry of 1,5-(4,4’-dipyridyl)
homoquadricyclane L1 which has potential to serve as a
corner unit for such supramolecular triangles or rhomboids[4]


and provides other examples of V-shape textons that exhibit
interesting solid state packing motifs.[5] Several groups have
adopted a tactic for the synthesis of molecular triangles
which uses a suitable ligand as the corner units and metal
coordination acts as the linker between these ligands.[6]


Here we report the synthesis and characterization of a
family of organometallic coordination polymers based on
pyridine-metal interaction. Silver(i) is frequently used as the
metal in crystal engineering because the flexibility of its co-
ordination sphere can produce a large array of coordination
architectures.[7] The ability to modify the ligand-to-metal
ratio, the counterions and noncovalent interactions reflects
this flexibility.[8] Different types of spacers (e.g. rigid, semi-
rigid and flexible) were utilized in the construction of coor-
dination polymers and supramolecular complexes with po-
tential application in crystal engineering.


Results and Discussion


Photocycloadditions of 4,4’-bispyridyl acetylene,[9] bis-tetra-
fluoropyridyl acetylene and 4-pyridyl tetrafluoropyridyl
acetylene to 1,4-cyclohexadiene (1,4-CHD) afford 1,5-diaryl
homoquadricyclanes L1, L2 and L3 in 45, 48 and 80% iso-
lated yields, respectively.[10] The structures of L1, L2 and L3
were determined using spectroscopic techniques and con-
firmed by single crystal X-ray analysis.


The first useful structural feature of L1 is the high (C2v)
symmetry of the molecule—a generally useful property in
supramolecular chemistry (Figure 1). The two pyridine rings
form a diverging cavity with an angle of 63.28. The distance
between the two nitrogens is 6.049 O and the dihedral angle
formed by the C1(Ar)-C6(Hq)-C7(Hq)-C1(Ar’) carbon
bonds is 08.


The torsional angle between the two pyridyl rings in ho-
moquadricyclane L2 is 1.18 (Figure 2a). Despite this slight
distortion, the angle between the two electron deficient TFP
rings flanking the cavity is essentially unchanged (62.98). A
similar situation is observed in the case of unsymmetric 1,5-
diaryl homoquadricyclane L3, Figure 2b, where the angle
formed by the two aryl rings of different acceptor abilities
(TFP and 4-Py) is 63.38. The distance between the two pyr-
idyl nitrogens is 6.023 O and the dihedral angle is 2.648.
Comparison of selected distances, angles and torsional


angles of ligands L1, L2 and L3 in Table 1 suggests that the
main geometrical features of the scaffold remain nearly
intact in these structural modifications.


Symmetry, shape and electronic properties of the hydro-
phobic cavity control packing of the diaryl homoquadricy-
clanes (Figure 3) in the crystals. In L1, the cavity formed by


Scheme 1. One-pot synthesis of 1,5-diaryl homoquadricyclane.


Figure 1. ORTEP representations of geometry of L1 [di-4,4’-[7,6-tetracy-
clo[3.2.1.02,7.04,6]octyl]-pyridine] (a) and a side view showing molecular
symmetry and the angle between the planes of the two pyridine rings (b).


Figure 2. ORTEP representations of a) L2 [Di-4,4’-[7,6-tetracy-
clo[3.2.1.02,7.04,6]octyl]-2,3,5,6-tetrafluoropyridine] and b) L3 [4-[7-(2,3,5,6-
tetrafluoropyridin-4-yl)-tetracyclo [3.2.1.02,7.04,6]oct-6-yl]-pyridine].
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the pyridyl rings accommodates C�H bonds from the poly-
cyclic homoquadricyclane moiety, possibly due to weak CH-
p interactions of the aromatic moieties and the homoquadri-
cyclane C�H bonds.[11] L1 also shows p–p stackings of paral-
lel pyridyl rings in an offset fashion with a distance of about
3.373 O.[12] Interestingly, the pyridine rings are twisted
inward by about 58, thus opening up the cavity from one
side.


By contrast, the electron deficient cavity of bis-TFP
ligand L2 is occupied by the edge of another TFP molecule.
This is due to the stabilizing interaction between the elec-
tron deficient p system and the lone pairs of the fluorine
atoms that supplement the p–p interactions in providing in-
termolecular forces in the solid state. The most regular and
well-defined packing is in the mixed Py-TFP ligand L3
which is controlled by face-to-face stacking interactions be-


tween the electron acceptor
TFP and the electron donor Py
rings, see Figure 3.[13] Finally,
hydrogen bond interactions be-
tween aromatic hydrogens of 4-
Py rings and fluorine atoms
provides additional stabilization
to the crystal network (see also
Figure 4).[14]


Homoquadricyclanes L1 and
L3 readily form silver com-
plexes when mixed with
AgNO3. Details of their X-ray
analyses are presented in
Table 2.[15] Interestingly, L1 pro-
duces different AgNO3 com-
plexes at different L1:AgNO3


ratios, see below. When a THF
solution of L1 is layered on top
of a CH3CN solution of AgNO3


in a 1:1 ratio, slow diffusion af-
fords X-ray quality single crys-
tals of a 1:1 complex.[16]


X-ray analysis shows that silver cations are shared be-
tween two pyridine moieties from two different homoqua-
dricyclane molecules which pack in infinite zigzag layers
(Figure 5). The structure of 1 shows the coordination sphere
of Ag to be almost linear with a L1-Ag-L1 angle of 171.268.
The average Ag–N distance is 2.149 O indicating strong co-
ordination between the pyridyl nitrogen and the silver
cation. Although, NO3


� is usually a relatively strong coordi-
nating anion,[17] it interacts
rather weakly with Ag+ in this
system where the shortest Ag–
O distance in complex 1 is only
2.902 O. The NO3


� positions
itself perpendicularly to the L1-
Ag-L1 plane, thus providing
pseudo-square planar geometry
at Ag+ (Ag-O-N 96.68). The ni-
trate counterions complete the
“salt” inorganic layers which
are sandwiched between the hy-
drophobic organic layers of
silver complexes. Furthermore,
the nitrate ions bridge the adja-
cent Ag–L1 chains through two
of their oxygen atoms. The
packing of this interesting com-


posite material which combines two potentially tunable and
interchangeable organic and inorganic moieties is shown in
Figures 5 and 6. Silver cations and nitrate anions alternate
through the packing layers forming polar rods which are
separated by organic relatively nonpolar “pipes”.


A slight change in the crystallization conditions (slow dif-
fusion of ligand and inorganic salt through a U-tube) leads
to formation of a different complex, 2, with the L1/AgNO3


Table 1. Selected distances [O] and angles [8] for homo-quadricyclanes L1, L2 and L3 and for complexes 1, 2
and 3.


L1 L2 L3 1 2 3
L1 (corner) L1 (linker)


angles [8]
Ar–Ar’ 63.2 62.9 63.3 65.7 71.8 69.6 65.4
C1(Ar)-C6(Hq)-C1(Ar’) average 121.2 120.8 120.9 123.1 126.7 121.9 121.1
torsion angles [8]
C1(Ar)-C6(Hq)-C7(Hq)-C1(Ar’) 0 1.14 2.64 5.8 4.5 11.6 4.20
C2(Ar)-C1(Ar)-C6(Hq)-C7(Hq) 85.3 103.9 101.2 119.7 162.4 126.9 103.5
C2(Ar)-C1(Ar)-C6(Hq)-C7(Hq) 85.3 75.6 94.1 58.2 82.9 58.1 70.2
distances [O]
p–p Ar1–Ar2 3.373 3.338 3.621 – – – –
N(Ar)–N(Ar’) 6.049 5.987 6.023 6.193 6.539 6.416 6.151
H at C1 (Hq1)–N(Ar2) 2.619 – 2.575 – – – –
H at C3 (Hq1)–F at C1 (Ar2) – 2.572 2.599 – – – –
F at C2 (Ar1)–F at C3 (Ar12) – 2.755 – – – – –
N(Ar1)–C1(Ar2) – 3.063 – – – – –


Figure 3. Crystal packing of homoquadricyclanes a) L1, b) L2 and c) L3.
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3:2 ratio (Figure 7). X-ray analysis of this complex also indi-
cates presence of disordered CHCl3 molecules. Thermal
gravimetric analysis (TGA) suggests that there are two mol-
ecules of chloroform per each (L1)3/(AgNO3)2 unit, see
below. In this complex, two pyridine moieties are assembled
into rhomboids by coordination with two Ag+ ions. Each of
the two Ag+ ions which occupy two opposite corners of theFigure 4. Distances, angles and torsion angles of homoquadricyclanes


a) L1, b) L2 and c) L3.


Figure 5. Alternating layers of organic and inorganic molecules in the
crystal structure of complex 1 (1:1 ratio L1:AgNO3).


Figure 6. Distances, angles and torsion angles of complex 1.
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rhomboid (Ag–Ag 11.544 O), is also coordinated with an
oxygen atom of a nitrate anion and with the third bis-Py
ligand that bridges it to an analogous adjacent (bis-Py)2–
(AgNO3)2 unit. As a result, the silver cation adopts a distort-
ed tetrahedral coordination sphere where each Ag cation
coordinates with pyridyl nitrogens belonging to three differ-
ent L1 molecules and an oxygen atom from the NO3


� anion
(Ag–O 2.537 O) (Figure 8a). All three Ag–N distances (Ag–
N(1) 2.311 O, Ag–N(2) 2.350 O, Ag–N(3) 2.260 O) are sig-
nificantly longer than in the linear complex 1:1, see above.
The distance between the parallel pyridine rings which form
the four sides of the rhomboid are 8.013 and 7.452 O. The
chains of interconnected rhomboids pack in a highly porous


structure with large cavities
that are also rhomboid (Fig-
ure 8b). The density of 2,
Table 2, which is less than in
other complexes and ligands in-
dicates its unusual porous crys-
tal architecture. These large
voids are occupied by disor-
dered solvent molecules to sus-
tain the structure. The dimen-
sions of the cavities are as fol-
lows: the diagonal distances
(from one corner to the oppo-
site one) are 14.92 and 14.70 O
and distances from one edge of
the rhomboid to the opposite
one are 10.46 and 8.09 O. In
both complexes 1 and 2 the ge-
ometry of the homoquadricy-
clane L1 is altered from the ge-
ometry of the free ligand as
shown in Table 1.


Figure 9 compares the TGA
plots for complexes 1 and 2. As
a reference point, we have also
included data for L1 alone. L1


sublimes almost completely at 500 8C. In contrast, complexes
1 and 2 show only 40 and 75% loss of weight at 500 8C, re-
spectively. The remaining weight is consistent with the
amount of silver nitrate present in the complexes. Most in-
terestingly, the thermal analysis for complex 2 (the dotted
line in Figure 9) shows a shoulder between 190 and 200 8C
which is absent for both L1 and complex 1. This 18% loss is
consistent with loss of two molecules of CHCl3 from the
silver rhomboid. The TGA data suggest that the 1:1 com-
plex 1 may also contain an acetonitrile molecule.[18]


Equally interesting is the possibility of changing the sym-
metry and coordinating properties of the homoquadricy-
clane ligands. Not surprisingly, homoquadricyclane L2 does
not react with silver nitrate due to the low donor ability of
the TFP nitrogen atoms. However, cocrystallization of Py-
TFP homoquadricyclane L3 with AgNO3 resulted in forma-
tion of complex 3 in a L3/AgNO3 2:1 ratio. In complex 3,
only nitrogen in the stronger donor Py moiety participates
in coordination with the silver ions. Similar to complex 1,
the silver ions in 3 adopt a square planar geometry (L3-Ag-
L3 180.08 and Ag–N 2.159 O) where each Ag coordinates
with two L3 molecules and two nitrate oxygens. As a result,
the layers of AgNO3 are separated by thicker “organic
walls” (Figure 10). Disordered nitrate anions bridge two Ag
ions (Ag–O (NO3


�) 2.594 O) providing communication be-
tween the layers which form a stair-like network.


The data in Table 1 suggest that the homoquadricyclane
framework possesses significant flexibility to accommodate
geometric requirements in respective complexes. Remarka-
bly, this flexibility can be readily fine-tuned by substituent
effects. We found that rather subtle modifications in the ho-


Table 2. Details of X-ray crystallographic analysis of homoquadricyclanes L1, L2 and L3 and the correspond-
ing silver nitrate complexes 1, 2 and 3.


L1 L2 L3 1 2 3


empirical C18H16N2 C18H8F8N2 C18H12F4N2 C18H16AgN3O3 C27H24AgN4O3 C36H24AgF8N5O3


formula
M [gmol�1] 260.33 404.26 332.30 430.21 560.37 834.47
l [O] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system orthorhombic triclinic monoclinic monoclinic orthorhombic monoclinic
space group Pnma P1̄ P2(1)/n P2/c Pccn P2(1)/n
a [O] 11.3748(9) 8.0015(7) 7.7667(6) 9.6811(6) 34.8648(17) 6.7893(4)
b [O] 15.1163(12) 8.1970(7) 14.8121(12) 8.1066(5) 10.9050(5) 7.6743(5)
c [O] 7.6120(6) 11.9516(10) 12.6730(10) 12.6643(9) 15.1589(7) 31.3763(18)
a [8] 90 85.903(2) 90 90 90 90
b [8] 90 81.555(2) 99.8570(10) 121.3020(10) 90 93.5760(10)
g [8] 90 75.332(2) 90 90 90 90
V [O3] 1308.84(18) 749.63(11) 1436.4 849.23(10) 5763.4(5) 1631.62(17)
Z 4 2 4 2 8 2
1calcd [gcm


�3] 1.321 1.791 1.537 1.682 1.292 1.699
m(MoKa) [mm�1] 0.078 0.177 0.128 1.209 0.730 0.711
T [K] 100(2) 173(2) 173(2) 173(2) 173(2) 100(2)
F[000] 552 404 680 432 2280 836
reflns measured 16961 10295 19245 11302 7186 21.666
independent
reflns


1697 3696 3557 2109 7186 4051


ratio min/max 0.8090 0.8490 0.8474 0.8591 0.8768 0.8819
R1 [I > 2s(I)] 0.0568 0.0581 0.0670 0.0905 0.0948 0.0513
wR2 0.1448 0.1405 0.1805 0.1514 0.2302 0.1055


Figure 7. View of the basic trimeric unit [Ag2(L1)3(NO3)2(CHCl3)2] of
complex 2.
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moquadricyclane skeleton may fine-tune the shape and con-
formational properties of the cavity flanked by the two aryl
groups. This sensitivity makes substituted diaryl homoqua-
dricyclanes interesting scaffolds for molecular recognition.
Interestingly, the 19F NMR of TFP moiety in dimethoxy-ho-
moquadricyclanes L4 (readily produced by the reaction of
the respective acetylenes with 1,5-dimethoxy-1,4-cyclohexa-
diene) displays four fluorine signals (Scheme 2).


The structure of compound L4 was elucidated based on
the H1�C13 one-bond and long-range couplings, revealed
by the gHMQC and gHMBC spectra.[19] The TFP moiety is
silent in the gHMBC experiment, although it is accounted
for in the F19 spectrum, which displayed four signals at d


�143.23, �138.36, �93.96 and �93.24. These four signals, to-


gether with the broadening of the signals of the bridgehead
hydrogens in the 1H NMR spectrum suggest restricted rota-
tion of the TFP moiety.


Figure 8. a) Distances, angles and torsion angles of the basic unit in complex 2. b) “Beads on a string” packing of supramolecular rhomboids in complex
2. Different colors show three different strings forming the cavities. Hydrogens are omitted for clarity.


Figure 9. TGA plots for L1 (solid line) and complexes 1 (dashed line)
and 2 (dotted line). Complex 2 shows a shoulder where the weight loss is
18%, corresponding to two CHCl3 molecules in complex 2.


Figure 10. Thicker “walls” between the inorganic layers in the 2:1 (L1/
AgNO3) complex 3.
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Conclusion


Symmetry and geometry of bis-pyridinyl homoquadricyclane
ligands renders them promising supramolecular scaffolds for
preparation of self-assembling metal-coordination polymers
and rhomboids. Reaction with silver nitrate produces metal-
coordinate polymers in which the silver coordination sphere
is sensitive to the ligand/metal ratio. Electronic properties
and rigidities of the scaffolds can be modified by appropri-
ate substitution. For example, homoquadricyclanes bearing
substituents on their aliphatic polycyclic framework dis-
played restricted rotation of the aryl groups, thus indicating
the possibility for controlling the rigidity of the hydrophobic
cavity by such substituents.
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Nonlinear Optical Properties in Calix[n]arenes:
Orientation Effects of Monomers
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Introduction


Nonlinear optics has emerged as a topic of great current in-
terest because of its potential applications in lasers, optoe-
lectronic devices and optical limiting processes.[1] A substan-
tial amount of the present research is thus directed towards
selection of materials and molecules which exhibit large
nonlinear optical properties (NLO).[2] The factors that
govern the response of these materials to the applied elec-
tric field have been studied quite extensively over the last
few decades from a microscopic point of view.[3] With the
rapid development in efficient quantum-chemical algorithms
and computational power, it is now possible to perform
highly accurate calculation of the NLO properties for very
large molecules.
In general, molecules having large permanent dipole


moment are suitable for strong second-order optical proc-
esses such as second harmonic generation (SHG), optical


rectification and electrooptic Pockels effect. For these mole-
cules, the electric field induced dipole moment is also very
large and thus the difference between the ground state
dipole moment and the excited state dipole moment is quite
high. In this context, the most preferred systems for NLO
active materials are the organic p-conjugated molecules,
since the p electrons are more polarizable than the localized
s electrons.[4]


However, the molecular second-order optical polarizabili-
ty, b, as well as the bulk second-order susceptibility for ma-
terials, c (2), being a tensor of rank 3, disappear for systems
with center of symmetry. Molecules having a substantial
ground state dipole moment and thus having large molecu-
lar NLO responses have a preferential antiparallel orienta-
tion in the molecular crystals. Thus, most often, although the
constituent molecules of the crystals are NLO active, their
arrangements in the crystalline form make the crystal non-
suitable for NLO device integration.[5] While there has been
a lot of effort to understand the microscopic NLO coeffi-
cients such as a, b and g, a proper understanding of the fac-
tors governing the bulk susceptibilities of a crystal or in a
supramolecular assembly is still elusive.[6] The seemingly
weak intermolecular forces as the dipole–dipole interactions,
hydrogen bonding,[7] however, play profound roles in gov-
erning the overall activity in a macromolecular aggregate.
Noncentrosymmetricity in assemblies can be incorporat-


ed: a) by inclusion of chiral centers in the molecules and
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also by selection of octupolar molecules or molecules such
as 3-methyl-4-nitropyridine-1-oxide (POM) that do not have
a ground state dipole moment and have substantial optical
responses due to higher order moments.[8] b) Self-assembled
monolayers where the individual dipoles are connected in
1-dimensional arrays through phosphate or zirconate units
or through hydrogen-bonding interactions.[9]


Much effort has been directed towards the synthesis of
calix[n]arenes in the last decade.[10] In these class of systems,
the individual chromophores are arranged in the form of
“baskets” by connecting the constituent molecules by linkers
such as (CH2)n or (CH2O)n. Thus, these compounds provide
an innovative way of arranging the chromophores in a paral-
lel arrangement.[11] Moreover, one can even increase the
number of chromophores in such an assembly by changing
“n”. The interdipolar angle can be varied by functionalizing
the lower and upper rims of the “baskets” with groups of
different sizes. The overall structure is then controlled by
steric classes of interactions. It would thus be very interest-
ing to ask how the individual dipoles of the chromophores
interact in such a multi-molecular assembly and how such
interactions and molecular properties translate into control-
ling the overall NLO properties of the calix[n]arenes. Al-
though there has been a substantial effort in NLO character-
istics of calix[n]arenes,[12] a proper understanding from a mo-
lecular viewpoint is clearly missing. To our knowledge, there
has been only one work to model the NLO properties of
these systems,[13] which, however, addresses none of the
issues discussed above.
In this paper, we have modelled the NLO properties in


calix[3]arenes by studying the dipolar interactions in a simi-
lar geometrical arrangement for a hydrogen fluoride trimer,
(HF)3. The dipole interaction is varied by i) changing the in-
terdipolar angle amounting to opening up of the “baskets”
and ii) increasing the interdipolar distance. Additionally,
since the most favorable arrangement for any dipolar
system is the antiparallel arrangement, we perform similar
calculation for such a “frustrated” dipolar system, (HF)3,
with two dipoles in the parallel arrangement while the third
one in the antiparallel orientation with the other two. For
such a “frustrated” arrangement with the basket opening up,
a favorable hydrogen-bonding interaction is developed,
which further stabilizes the system. Finally, we performed
calculations on the calix[3]arenes and compare the results
with our model developed for (HF)3 system.


Theory


Geometry of the model (HF)3 system : Three HF molecules
are arranged parallel to each other so that the lower base
(lower rim) has three H atoms and the upper base (upper
rim) has three F atoms. The three H and the three F atoms
in each rim form two equilateral triangles. The geometry is
shown in Figure 1a. This is the all-parallel arrangement for
the dipoles, applicable for a parallel cylindrical arrangement
as in calix[n]arenes.


However, the most stable arrangement of such a dipolar
arrangement is the antiparallel arrangement. Systems such
as calix[4]arene have a significant percentage of the antipar-
allel form (u,d,u,d; u,u,d,d) apart from the all-parallel cone
geometry (u,u,u,u or d,d,d,d).[14] Such a relaxation from the
all-parallel to the antiparallel arrangement is possible only
for calix[n]arenes with even number of chromophores, n=4,
6, 8 and so on. For odd number of dipoles in the assembly,
such a relaxation is, however, not possible. For example, for
n = 3, 5, 7 and so on the dipoles are in a frustrated arrange-
ment where the overall dipole moment for the relaxed ge-
ometry does not vanish. The individual chromophores in cal-
ix[n]arenes are connected by short bridges that prevent
random orientations of the dipoles. The simplest of such an
arrangement is the (HF)3 system shown in Figure 1b. In fact,
the (HF)3 system is the simplest case for a molecular assem-
bly that can be studied for both parallel and frustrated cases
simultaneously.
The interdipolar angle for real molecular systems is con-


trolled by the steric bulk of the groups on the lower and the
upper rim of the cylinder. An increase in bulkiness of the
groups in the upper rim while keeping the steric bulk of the
lower rim constant, increases the interdipolar angle with
opening up of the basket. Thus, the system having a cylindri-
cal symmetry is converted into a conical-shaped geometry.
For modeling the opening up of the cylinder for both the


parallel (A) and frustrated dipoles (B), we keep the lower
rim with corresponding three atoms constant and vary the
coordinates of the three atoms in the upper rim. The radius
of the upper rim can be increased by translating the corre-
sponding atomic coordinates according to: X = X+kX, Y
= Y+kY and Z = Z�kZ, while keeping all the three molec-
ular (HF) bond lengths fixed. The Z axis corresponds to the
internuclear axis and k is the flattening parameter which
varies from 0 to 1.0. While the k = 0 case corresponds to
the perfect cylindrical arrangement for an interdipolar angle
q=08 [see Figure 1a], the k = 1.0 signifies the other ex-
treme where the cylinder becomes completely flat (Z coor-


Figure 1. Arrangement of dipoles in a basket-type geometry for A) paral-
lel and B) anti-parallel geometries. a) Parallel dipoles with interdipolar
angle, q=08 ; b) geometry as the dipoles open up, the lower rim radius re-
mains constant and the upper rim radius changes; c) fully opened basket
with interdipolar angle, q=1208.
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dinates are zero) so that all the six atoms (3H and 3F) are
on the same plane, forming a circular disk. For such a case
(k=1.0), the interdipolar angle q=1208 [see Figure 1c]. For
all intermediate values of k, between 0.0 to 1.0, the cylinder
is progressively opened and the interdipolar angle, q, in-
creases from 0 to 1208 [see Figure 1b].


Ground state dipole moment : With the dipoles opening up,
the total ground state dipole moment changes as a function
of the interdipolar angle. A general dipole moment expres-
sion for the combined effect of three dipoles can be written
as Equation (1):


mG ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m 2
a þ m 2


b þ m 2
c � 2ma mb cosqab � 2mb mccosqbc � 2mc macosqca


q
ð1Þ


where ma, mb and mc are the dipole moment vectors for three
dipoles a, b, c and qab, qbc and qca represent the angles be-
tween the corresponding dipoles. Note that the dipolar
angle determines the phase (+ve for parallel and �ve for
frustrated arrangement) of the dipoles.
For the present case when all the dipoles are same (homo-


molecular system), ma = mb = mc = mi and qab = qbc =qca =


qij. In the parallel orientation (A), all the vectors are in-
phase. Thus, the total dipole moment is given by Equa-
tion (2):


mG ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3m 2


i þ 6m 2
i cosqij


q
ð2Þ


For qij = 08, the mG has a maximum value of 3mi. When qij
increases from 0 to 1208, the mG decreases monotonically to
zero.
In the frustrated arrangement (B), two of the interdipolar


angles are out-of-phase and one of them is in-phase. Thus
the total dipole moment is given in Equation (3):


mG ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3m 2


i � 2m 2
i cosqij


q
ð3Þ


For this geometry, the mG increases from mi (for qij = 08) to
2mi (for qij = 1208). Thus, for such a frustrated dipolar
system, the ground state dipole moment is a monotonically
increasing function of the interdipolar angle.


Excitonic splitting for a multidipolar aggregate : The above
expressions for the dipole moments are purely classical with-
out any correlation among the dipoles. However, for systems
with nonzero ground state dipole moment, there exists a
strong dipole–dipole interaction. This dipole–dipole interac-
tion leads to a large excitonic coupling and the effects are
most prominent in the excited state of the molecules.[15–20] A
Scheme of interaction between the three dipolar molecules
is shown in Figure 2. For such an aggregate, while the
ground state, G[jGi = jg1g2g3i] is stabilized with respect to


the monomer ground states, the excited states which remain
degenerate at infinite distance between the monomers, un-
dergo splitting into three states, (E1 [ jE1i = 2 je1g2g3i �
jg1g2g3i � jg1g2g3i], E2 [ j /E2i = jg1e2g3i � jg1g2e3i] and
E3 [ jE3i = je1g2g3i + jg1e2g3i + jg1g2e3i]), when they are
brought closer (see Figure 2). Interestingly, out of these
three states, two states (E1 and E2) are degenerate while E3
is nondegenerate and symmetric. The extent of splitting,
DE, however, depends on the strength of dipole–dipole in-
teractions, given by Equation (4):


DE ¼
X
i,j


2
M 2


gs


r 3
ij


ðcosqij � 3cos2yiÞ ð4Þ


where Mgs is the transition dipole from the ground state to
the excited singlet state of the monomer, rij is the interdipo-
lar distance between the molecules i and j and the summa-
tion index is over all the three molecules. The aggregate is
constructed such that the orientation angle between any two
monomers is qij [qij = q12 = q23 = q31 = q] and each mono-
mer creates an angle y with its molecular axis [also yi = y1
= y2 = y3 = y].[21] From the above expression it is evident
that a singlet excited state of the monomer molecule would
split according to the intermolecular angles (q) and mole-
cule-dipole angles (y). For linear molecules or donor–p–ac-
ceptor type chromophores with a para orientation (e.g.
para-nitroaniline), the dipolar axis and the molecular axis
are collinear and thus y=08.
With the increase in the inter-monomer angle correspond-


ing to the flattening up of the basket, there is a variation in
the oscillator strength in the three states, E1, E2 and E3. For
the parallel case, at q=0, E3 is the only dipole allowed state
with large oscillator strength, since it corresponds to the in-
phase combination of all the three dipoles. However, as the
interdipolar angle increases, in addition to E3, E1 and E2
also become dipole allowed, more so for large flattening
angle. For the frustrated assembly however, all the states are
dipole allowed at q=0 and as q increases, the E1 and E2


Figure 2. Excitonic splitting in a trimolecular dipolar aggregate due to
dipole–dipole interactions. jGi and jE1i, jE2i, jE3i represent the unnor-
malized eigenfunctions for the ground and excited states, respectively, in
the assembly. Each jgigjeki is a direct product state of the aggregate in-
volving the monomer states jgii, jgji and jeki of the monomers i, j and
k, respectively.
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become strongly allowed (higher oscillator strength) while
E3 becomes progressively weaker.


Results and Discussions


We started our calculations by calculating the dipole
moment and the equilibrium ground state bond length for
hydrogen fluoride (HF). We have taken into account sub-
stantial amount of electron correlation by two different
methods: The BeckeLs three parameterized hybrid DFT
method (B3LYP) and the MP2 methods.[23,24] In order to
compare the effects of electron-correlation as well as basis
set effects, we have varied the level of basis set from the 6-
31G to aug-cc-pVQZ for both the two methods. They are
shown in Table 1. The experimental values for the Req and
dipole moment of HF are 0.920 O and 1.80 Debye, respec-
tively.[25] Thus, the B3LYP at a large basis-set of aug-cc-


pVQZ can reproduce the experimental parameters very
well and we select the dipole moment of HF, m(HF) =


1.8084 Debye for all further calculations.
In the previous section, we have derived the expression


for the total ground-state dipole moment, mG as a function
of the interdipolar angle. Since it does not include any cor-
relation effect, we have calculated the ground-state dipole
moment for the (HF)3 assembly at various interdipolar
angles using the B3LYP//aug-cc-pVQZ method. The varia-
tion of the dipole moment with the interdipolar angle for
the all-parallel geometry of the dipoles (case A in Figure 1)
is plotted in Figure 3. The interdipolar distances (d) are
varied from 1.5 to 4.5 O. For comparison, the same plot for
the analytical classical dipole moment is also shown.
At small interdipolar distances like 1.5 O, the computed


dipole moment shows a very large deviation from the non-
interacting analytical value. For example, at q=08, the mag-
nitude of the total dipole moment is only 3.9721 Debye
compared with the analytical 5.4252 Debye, a reduction of
27%. But, as the basket opens up, the deviation decreases
and both the computed and the analytical values converge
to 0 Debye for q=1208. This signifies the role of electronic
correlations for the (HF)3 assembly at small interdipolar dis-
tances and small interdipolar angles. But, as the interdipolar


distance (d) between the HF
monomers increases (around d
~4.5 O), the intermolecular in-
teraction decreases and the
system transforms into a classi-
cal dipolar assembly, so that
the classical expression for the
dipole moment remains valid
at large interdipolar distances.
The variation of mG for the


frustrated dipolar system (B)
shows very interesting features
(see Figure 4). At small inter-


dipolar angles, the calculated dipole moments differ from
the classical values particularly at small d. This is similar to
the case for parallel dipoles. However, contrary to the paral-
lel dipoles (see Figure 3) where, with increase in the dipolar
angle, the deviation becomes less prominent, the frustrated
dipolar systems show very large deviation from the classical
dipole moment values for large q. The deviation is the larg-
est for the case of small interdipolar distance of 1.5 O.
As the basket starts to open up, two of the hydrogen


atoms in two HF molecules come close to the fluorine atom
of the third HF molecule. Initially the F···H-F angle is 908
but as the dipoles flatten up, the F···H-F angle increases to-
wards 1808. Such a linear F···H-F conformation has been
found to be most suitable for the hydrogen-bonding interac-
tion.[26] Therefore, with the increase in the interdipolar
angle, the hydrogen-bonding interaction increases. The
effect is most profound for the interdipolar distance of 1.5 O
as the F···H�F bond is strongest at such distances. Hydro-
gen-bonding interaction is primarily electrostatic in nature
with d� on the F atoms and d+ on the hydrogen atoms. Not
only the linearity, the distance between the electronegative
atom and hydrogen atom also is crucial for effective charge
transfer. Therefore, there is an overall enhancement of 30%
in the dipole moment magnitude compared with the non-in-


Table 1. The bond length [O] and dipole moment [Debye] for HF for different level of basis sets and different
methods.


Basis set B3LYP MP2
bond length dipole moment bond length dipole moment


6-31G 0.94926 2.150 0.94700 2.3368
6-31G(d,p) 0.95202 1.8277 0.92142 1.9800
6-31G++(d,p) 0.92788 1.9913 0.92650 2.0888
6-311G 0.93945 2.2155 0.93666 2.3588
6-311G(d,p) 0.92008 1.9023 0.91289 2.0118
6-311G++(d,p) 0.92216 1.9818 0.91668 2.0662
cc-pVQZ 0.92142 1.8239 0.91715 1.9339
aug-cc-pVQZ 0.92216 1.8084 0.91861 1.9255


Figure 3. mG as a function of the interdipolar angle, q for the parallel di-
polar assembly; interpolar distance d : ~ 4.5, ^ 3.5, & 2.5, * 1.5 O, c
analytical.
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teracting value in the ground state dipole moment at small
interdipolar distances and large q values. However, as the
interdipolar distance increases, the H�F···H bond becomes
weaker and there is very little enhancement in the dipole
moment from the classical value.
From the above discussion it is clear that the extent of ex-


citon splitting as well as the ground state dipole moment
depend on the angular orientation of the dipoles. It will be
novel to study such effects on the variation of the nonlinear
optical properties for such systems.
For a quantitative estimation of the non-linear optical re-


sponse property such as the 1st hyperpolarizability (b) for
the geometries at the various interdipolar angles, we calcu-
late the frequency dependent hyperpolarizability at 1064 nm
corresponding to the experimental Nd/YAG frequency using
the well-established analytical TDHF formalism with 6-31G-
(d,p) basis set.[27] The level for the basis set was varied from
6-31G(d,p) to 6-311G++(d,p) without any significant
change in the magnitudes for b. We report below the b


values obtained at the level of TDHF/6-31G(d,p).
In Figure 5, we plot the HOMO–LUMO gap as a function


of the interdipolar angle for the (HF)3 (all-parallel system,
case A, in Figure 1) for a number of interdipolar distances.
We have further verified that the HOMO–LUMO gap from
TDHF/6-31G(d,p) actually corresponds to the optical gap
found from ZINDO-CI calculations (see next Section for a
detailed description of the calculations involving ZINDO-CI
approach). The optical gap is calculated as the energy differ-
ence between the geometry relaxed ground state and the
lowest optically allowed state with substantial oscillator
strength. This corresponds to the vertical optical absorption
gap. We see that for the (HF)3 system at a small interdipolar
distance of 1.5 O, the optical gap is only 14 eV compared to
21 eV for large interdipolar distance, both for a small inter-
dipolar angle, q=0. As the interdipolar angle increases, the
gap for the small interdipolar distance increases up to q


	708, after which the optical gap saturates to a value of


21 eV. For larger interdipolar distances of 2.5, 3.5 and 4.5 O
there is no excitonic splitting and the gap remains almost
constant at 21 eV. To quantify the extent of splitting in the
(HF)3 system, we calculated the optical gap for a single HF
molecule. The gap is 	22 eV. But as we have shown, it is
possible to reduce the optical gap to 60% of the monomer
value in an aggregate. Such a remarkable effect can be real-
ized by only fine tuning the interdipolar distance and the as-
sociated phase angle.


The same feature is also seen for the frustrated dipolar as-
sembly, shown in Figure 6. The optical gap increases from
16 eV to the monomer (non-interacting) limit of 22 eV after
an interdipolar angle of 	708. For, larger interdipolar dis-
tances, there is no excitonic splitting and the gap remains
constant at 22 eV. Note that, for small interdipolar distance
of 1.5 eV and for q=0, the frustrated case (case B in
Figure 1) shows larger gap (16 eV) compared to the all-par-
allel geometry (A) (14 eV) due to hydrogen-bonding stabili-
zation of the ground state for the former.
We now investigate the variation of the first hyperpolariz-


ability (b) as a function of the interdipolar angle and the dis-
tances between them for the parallel orientations. At a
small interdipolar distance of 1.5 O, the magnitude of b de-
creases very rapidly with the increase in the interdipolar
angle till q 	308 (Figure 7a). After such an initial steep
decay, b decreases monotonically and reduces to zero at q=
120. Thus, the b profile shows a clear signature of two pa-
rameters. At smaller interdipolar angles (q < 508), it is the
optical gap that controls the magnitude of b. In fact, for
smaller q, the plot is similar to the plot for the optical gap
(mirror image) which increases and then saturates (see
Figure 5). Since the optical gap appears in the denominator
in the b expression, the optical gap and the b have an in-
verse relation, clearly visible by comparing Figures 5 and 7a.
At larger interdipolar angles however, when the optical gap


Figure 4. mG as a function of the interdipolar angle, q for the frustrated di-
polar assembly; interpolar distance d : * 4.5, ! 3.5, & 2.5, + 1.5 O, c
analytical.


Figure 5. Optical gap as a function of the interdipolar angle, q for the par-
allel dipolar assembly at TDHF/6-31G(d,p) level; interpolar distance d :
~ 4.5, ^ 3.5, & 2.5, * 1.5 O.
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almost saturates, the ground state dipole moment (effec-
tively the difference between the ground state and the excit-
ed state dipole moment) controls b. This is again clearly
seen by comparing Figures 7 and 3.
However, with the increase in the interdipolar distances,


the optical gap becomes constant with a large value as in
the monomer limit. For such cases, the dipole moment dif-
ference between the ground state and the excited state (with
the maximum oscillator strength) plays the major role in de-
termining b with the increase in interdipolar distance. This
is seen in the Figure 7b. For the interdipolar distance of


2.5 O, the plot for b shows a monotonic decrease and decays
to zero at q=120. If the optical gap was solely responsible
for b, then the graph would have looked flat. A qualitative
idea for such a feature can be understood from the two-
state model for b. This model assumes that the electronic
properties of the molecule are determined by a ground state
and a low-energy charge transfer excited state. Polarization
results primarily from the mixing of the charge-transfer
state with the ground state through the interaction of the
molecule with the electric field.[28]


btwo-level ¼ 3e2


2�h
w12 fDm12


ðw2
12�w2Þðw2


12 � 4w 2Þ
ð5Þ


where w12 is the frequency of optical transition between
states 1 and 2, f is the oscillator strength and is the square of
the transition moment between the ground state and the ex-
cited state h1 jer j2i and Dm12 is the difference between the
ground-state and the excited-state dipole moments. The
most important aspect to note from this equation is that the
b is directly proportional to Dm12 and inversely proportional
to the optical gap.
At large interdipolar distances, optical gap saturates, so


that the magnitude of the excitonic splitting is no more im-
portant. However, the question remains whether the excita-
tion is more polarizable than the ground state. In fact, we
find that it is the Dm12 which governs the magnitude of b at
intermediate dipolar angles for large interdipolar distances.
The signatures for such dipole moment controlled b is also
seen for higher interdipolar distances which also decay mo-


notonically to zero at q=120.
The b value for distances 3.5
and 4.5 O are shown in Fig-
ure 7c and d, respectively, for
the parallel dipolar assembly.
The frustrated dipolar as-


sembly (case B in Figure 1)
also exhibit very similar quali-
tative trends. For a small inter-
dipolar distance of 1.5 O, b


decays with the increase in the
interdipolar angle till q 	308
(Figure 8a). Such a steep de-
crease is also due to the in-
crease in the optical gap at
such interdipolar angles. But
after the saturation of the opti-
cal gap, b is entirely controlled
by the dipole moment which
increases with the increase in
the dipole moment (Figure 4).
At larger interdipolar distance
of 2.5 O (Figure 8b), 3.5 O
(Figure 8c) and 4.5 O (Fig-
ure 8d) where the optical gap
saturates, b shows a monotonic


Figure 6. Optical gap as a function of the interdipolar angle, q for the
frustrated dipolar assembly at TDHF/6-31G(d,p) level; interpolar dis-
tance d : ~ 4.5, ^ 3.5, & 2.5, * 1.5 O.


Figure 7. Variation of b with respect to the interdipolar angle at varying interdipolar distance d [a) 1.5, b) 2.5,
c) 3.5, d) 4.5 O] for parallel orientation at TDHF/6-31G(d,p) level. b is in atomic units.
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increase with the increase in the interdipolar angle again
due to similar features in dipole moment (see Figure 4).


Calix[3]arenes : Until now we have considered the case for a
model system of (HF)3 with three dipolar units. Molecular
species such as calix[3]arenes have a similar arrangement
for the chromophores and by suitable functionalization at
either end of these constituent units, these chromophores
can be made dipolar. We consider a simple prototype cal-
ix[3]arene that can serve as the model for any other higher
order (n >3) and more involved examples of such calix-
[n]arenes. Figure 9 shows the two molecules i) and ii) that
we have used for calculation. The geometries were opti-
mized at the ab initio level using the B3LYP method at a 6-
31G++(d,p) basis set. The geometry optimized synthon,
(CH3)3C-Ph-NO2, is also shown. We have selected this syn-
thon as the monomer because the steric interaction between
the tert-butyl groups will prevent the aggregate to flatten.
Additionally, three synthons are connected by -CH2-CH2-
CH2- units. Such a linker is useful since it is optically inert
and does not add any further complexity that an oxo bridge
has because of its high electronegativity. Thus the change in
the optical properties in the aggregate and the individual
monomer can be understood from our model (HF)3 case dis-
cussed above.
Figure 9i shows a parallel orientation for the dipoles. As


can be seen from the structure, the monomers do not have
the same phase angle with each other as the structure re-
laxes from the exact parallel arrangement to a relaxed ge-
ometry. For ii), we consider a similar case of frustrated dipo-


lar geometry that we have dis-
cussed earlier in the context of
(HF)3. Two of the (CH3)3C-Ph-
NO2 moieties are parallel
while the third one remains
anti-parallel to the other two.
Energy minimization for the
structure leads to a relaxation
from the all unidirectional ori-
entation. The dipole moment
of the monomer is 5.92 D
while the aggregate i) has a
dipole moment of 13.1 D. One
can calculate the average cone
angle, qij for such an arrange-
ment using Equation (2), as
both mG and mi are known. We
find that for structure i), qij =
71.578. Note that the individual
dipoles do not make a uniform
angle with respect to each
other and thus qij is not a
uniquely defined angle due to
relaxation in the optimized
structure. This is true for all
the real molecular architec-
tures in calix[n]arenes. Howev-


er, qij does provide a very simple “thumb-rule” parameter
for defining the cone angle and the dipole interaction for
such otherwise complicated geometries. For ii), the net
dipole moment for the aggregate is 4.67 D, less than that for
a single molecule and the dipolar axis for ii) (seen as a green


Figure 8. Variation of b with respect to the interdipolar angle at varying interdipolar distance d [a) 1.5, b) 2.5,
c) 3.5, d) 4.5 O] for frustrated orientation TDHF/6-31G(d,p) level. b is in atomic units.


Figure 9. Structure of the synthon, (CH3)3-Ph-NO2, i) the all-parallel dipo-
lar aggregate; ii) the frustrated dipolar aggregate; iii) geometry from crys-
tal structure of a molecule in all-parallel arrangement of dipoles. H not
displayed in i), ii) and iii) for sake of clarity. The light green arrow shows
the direction of the computed dipole moment. Atom colour code: H=


white, C=black, N=blue and O= red.


Chem. Eur. J. 2005, 11, 4961 – 4969 www.chemeurj.org E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4967


FULL PAPERCalix[n]arenes



www.chemeurj.org





arrow) does not coincide with the cylindrical axis of the
geometry. Using Equation (3) for ii), qij is found to be 67.808.
For these molecules, the SCF MO energies and then the


spectroscopic properties were computed using the ZernerLs
INDO method.[29] We have varied the levels of CI calcula-
tions, with singles (SCI) and multi-reference doubles CI
(MRDCI), to obtain a reliable estimate of the second order
optical response functions. The later method is particularly
important since it includes correlation effects substantially.
The MRDCI approach adopted here has been extensively
used in earlier works, and was found to provide excitation
energies and dipole matrix elements in good agreement with
experiment.[30, 31] As reference determinants, we have chosen
those determinants which are dominant in the description of
the ground state and the lowest one-photon excited states.[32]


We report below the MRDCI results with four reference de-
terminants including the Hartree–Fock ground state. For
each reference determinant, we use five occupied and five
unoccupied molecular orbitals to construct a CI space with
configuration dimension of 800 to 900. To calculate NLO
properties, we use correction vector method, which implicit-
ly assumes all the excitations to be approximated by a cor-
rection vector.[33] Given the Hamiltonian matrix, the ground
state wave function and the dipole matrix, all in CI basis, it
is straightforward to compute the dynamic nonlinear optic
coefficients using either the first order or the second order
correction vectors. Details of this method have been pub-
lished in a number of papers.[34–36] All the calculations have
been performed for the frequency 1064 nm corresponding to
the Nd/YAG laser.
For the parallel arrangement of the monomers, (structure


i in Figure 9) excitonic splitting due to dipole–dipole interac-
tions is substantial, Db (bmolecule � 3bmonomer) = 705 au (see
Table 2). Note that there is a large increase of b compared
to its monomer value of 7593.2 au, even though interdipolar
angle, qij, is quite large. However for structure ii, Db =


�3734.1 au, supporting the fact that dipolar axis and the cy-
lindrical axis do not coincide due to relaxation of the structure.
For a more conclusive comparison of the evolution of the


1st hyperpolarizability with respect to the interdipolar angle,
we compute the magnitude of b with the increase in the in-
terdipolar angle, qij. This is done by removing the -CH2-
CH2-CH2- connectors between the chromophores and then
flattening the calix[3]arene similar to that done for (HF)3
(Figure 1). The profile is shown in Figure 10. b shows a mon-
otonic decay with the increase in the interdipolar angle and
decays to zero at q=120. It is very interesting to note that
in Section on Theory we discussed similar features for the


(HF)3 assembly (Figure 7b–d) in the case of (HF)3 with all-
parallel geometry. Thus our (HF)3 model system serves as a
very good template for studying interactions in real supra-
molecular assembly.


CSD search : For high NLO responses, the intermolecular
conformation of the dipoles should be parallel or almost
parallel. To find out real molecular systems where such a
single orientation is possible, we carried a search using the
keyword “calix[3]arene” in the Cambridge Structural Data-
base[37] (CSD version, 5.25, November 2003 release). Struc-
tures of low quality (R > 10%), disordered or in which the
position of H atoms have not been determined were exclud-
ed. A total of four structures were retrieved. Of these, two
of the structures, CSD code: DIPWEE[38] and QETWAN[39]


maintain a parallel-like orientation of the monomer chromo-
phores. These two molecules maintain such a parallel ar-
rangement for two entirely different reasons. DIPWEE has
a large cavity size that incorporates a fullerene which pre-
vents crossover to the frustrated dipolar form. However,
due to its large cavity, it gives a large angle cone conforma-
tion. From our analysis based on the (HF)3 geometry, we
have shown that structures with a large cone angle are not
suitable for efficient NLO applications. Thus, we did not
pursue the NLO calculations for this molecular crystal.
QETWAN, on the other hand is the simplest yet extreme-


ly interesting. The structure has been shown in Figure 9iii. It
has all the three individual chromophores in the same paral-
lel orientation. The fourth chromophore is functionalized at
the meta-positions such that it acts as a stitch for the rest of
the three and forces a parallel orientation for the dipoles.
The light green arrow is the ground state dipole moment
axis and it passes almost exactly through the central axis of
this basket and thus is very suitable candidate that supports
our dipolar model based on (HF)3. The compound has the
highest magnitude for the 1st hyperpolarizability among all
the systems considered for this work (b=32076.64 au).


Table 2. Ground state dipole moment (in Debye) and first hyperpolariza-
bility (in atomic units) for individual constituent and their aggregates in
calix[3]arene.


Molecule mG b


(CH3)3-Ph-NO2 5.920 7589.727
trimer: parallel 13.093 23474.100
trimer: frustrated 4.670 19035.087
trimer: crystal geometry 6.650 32076.640


Figure 10. Variation of b with respect to the interdipolar angle at varying
interdipolar distance for parallel orientation of the monomers in calix[3]-
arene at ZINDO/MRDCI-CV level. b is in atomic units and q is in de-
grees.
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Conclusions


In this work we have developed an analytical theory for the
variation of the ground state dipole moment on the orienta-
tion of the dipoles with cyclic boundary conditions. We have
proposed the “cone-angle” as a unique parameter by which
many interesting states of aggregation can be derived. To
the best of our knowledge this is the first comprehensive
study on such calix[n]arene geometries for NLO applica-
tions. Our numerical calculations on the small model dipolar
aggregates of (HF)3 (parallel and frustrated cases) show that
these analytical expressions are very reliable provided the
molecular orbitals of the individual species do not overlap
with each other.
Our high level numerical calculations for the optical prop-


erties such as b show a very large role of excitonic splitting
at small dipolar distances as a result of which b decays very
rapidly. At large interdipolar distances however, b shows a
monotonic decrease due to similar ground state dipole
moment. Our calculations provide the means of finding non-
linear polarizabilities for various cone angles, applicable for
real molecular entities as well. Finally, our calculations on
calix[3]arenes show that indeed our dipole orientation
model is very suitable for studying actual molecular baskets
where the conical symmetry is preserved.
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A Low-Cost Biofuel Cell with pH-Dependent Power Output Based on
Porous Carbon as Matrix


Ying Liu, Mingkui Wang, Feng Zhao, Baifeng Liu, and Shaojun Dong*[a]


Introduction


The biofuel cells (BFCs) that use biocatalysts, such as mi-
crobes[1–3] and enzymes,[4–9] can generate a power source by
making use of animal or plant body fluids, without the pro-
duction of poisonous materials. Such BFCs provide a green
power source that protects the environment. The low and
stable output of power that is generated can supply devices
that require relatively little power, such as small sensor-
transmitter systems in animals and plants,[10] microdevices,
nanorobots, and pacemakers. Abundant biomass products,
such as methanol or glucose, can be used as substrates
(fuels) at the anode, whereas H2O2 or O2 serve as the re-
ducible products at the cathode (oxidizer).[4] Because they
have the potential to act as an alternative power source to,
for example, rechargeable batteries, these BFCs have
become the subject of extensive research.[8–15] To satisfy the
needs of increasingly diverse power sources, many novel and


“smart” BFCs have been developed.[8,10,15] In particular, the
miniature BFC made of two carbon fibers[11,14] is expected
to act as an implantable medical device. Recently, the Will-
ner group demonstrated how the adoption of a constant
magnetic field parallel to the electrode surface could affect
the rate of electrochemical reactions and enhance the per-
formance of BFCs.[16] The performance of BFCs can be eval-
uated mainly by measuring the power output (W), which is
determined by the cell voltage (Vcell) and cell current (Icell)
(W=Vcell 9 Icell). The communication of electrons between
the biomolecules and electrodes is the key factor influencing
the performance of BFCs in bioelectronic systems.[6] Howev-
er, because the active centers of most redox enzymes are
buried deep within the protein matrices, there is no direct
communication between the electrons and the electrodes.
Many attempts have been adopted to enhance the electron
transfer rate between enzyme and electrode, for example,
the reconstitution of apoprotein by using gold nanoparticles
as an electron relay,[17] carbon nanotubes as the electrical
contacting connector,[18] or boronic acid as the relay.[19] An-
other useful method is the orientation and covalent binding
of an enzyme onto a monolayer-modified electrode.[4,20] In-
corporation of the enzyme into redox-active polymers to fa-
cilitate the electrical connection of the enzyme with elec-
trodes[11,21] has also been adopted. The use of a variety of
electron mediators to facilitate the electrical communication
between enzyme and electrodes is often involved in the fab-


Abstract: A glucose/O2 biofuel cell
(BFC) possessing a pH-dependent
power output was fabricated by taking
porous carbon (PC) as the matrix to
load glucose oxidase or fungi laccase as
the catalysts. The electrolytes in the
anode and cathode compartments con-
tain ferrocene monocarboxylic acid
and 2,2’-azino-bis-(3-ethylbenzthiazo-
line-6-sulfonic acid) diammonium salt
as the mediators, respectively. The
power of the BFC was enhanced signif-


icantly by using PC as the matrix,
rather than glassy carbon electrode.
Additionally, the power output of the
BFC decreases as the pH of the solu-
tion increases from 4.0 to 7.0, which
provides a simple and efficient method
to achieve the required power output.


More importantly, the BFC can oper-
ate at pH 6.0, and even at pH 7.0,
which overcomes the requirement for
cathode solutions of pH<5.0 when
using fungi laccase as a catalyst. Opera-
tion of the BFC at neutral pH may
provide a means to power medical de-
vices implanted in physiological sys-
tems. The facile and low-cost fabrica-
tion of this BFC may enable its devel-
opment for other applications.


Keywords: biofuel cell · carbon ·
enzyme catalysis · glucose oxidase ·
laccase


[a] Y. Liu, Dr. M. Wang, Dr. F. Zhao, Prof. B. Liu, Prof. S. Dong
State Key Laboratory of Electroanalytical Chemistry
Changchun Institute of Applied Chemistry
Changchun Jilin, 130022
Graduate School of the Chinese Academy of Sciences
Beijing 100039 (China)
Fax: (+86)431-568-9711
E-mail : dongsj@ns.ciac.jl.cn


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


H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200500308 Chem. Eur. J. 2005, 11, 4970 – 49744970







rication of BFCs,[7,22,23] and has greatly promoted their devel-
opment. The cell voltage can be controlled by the formal
potential of the two mediators used in the cathode and
anode, as shown in Scheme 1. The performance of the cell


can be improved by minimizing the potential difference
(DE) between the enzyme and the mediator. This is
achieved by choosing mediators with a formal potential
close to that of the enzyme.


The catalysts in the anode of BFCs usually contain en-
zymes, such as glucose oxidase (GOD), glucose deghydroge-
nase, lactate dehydrogenase, and alcohol dehydrogenase.
The microperioxidase-11, cytochrome oxidase, bilirubin ox-
idase (BOD), and laccase are often adopted as the cathodic
catalysts of BFCs.[6,12,24–26] Due to their plentiful sources and
good catalytic properties, GOD and laccase have been coop-
eratively assembled into BFCs.[9,11–13] Mediators often adopt-
ed for GOD include polymer-Os,[8,9,13,14] pyrroloquinoline
quinone (PQQ), ferrocene (Fc) and its derivatives, ferricya-
nide, methylene blue, benzoquinone, and N-methyl phena-
zine.[25] So far, the best mediator of GOD that has been
adopted in the anode of BFCs is PQQ, due to its formal po-
tential being relatively low; however, the high costs involved
limit its application. In comparison, the stable and low-cost
Fc has been used as mediator in the anode of BFCs.[22]


Common mediators of laccase include 2,2’-azinobis(3-ethyl-
benzthiazoline-6-sulfonic acid) diammonium salt (ABTS),
syringal dazine, Fc, K3Fe(CN)6/K4Fe(CN)6, I2/I3


� , and poly-
mer-Os.[7–9,13,14] ABTS was found to be the best electron me-
diator for use in the cathode of BFCs, due to it having a rel-
atively high formal potential and being easily obtainable.


The material and microstructure of the electrode surface
are also important factors for the improvement of the per-
formance of BFCs.[27] A variety of materials, such as glassy
carbon (GC),[7] Au,[25] carbon felt sheet,[28] carbon cloth,[26,29]


carbon fiber,[26] acetylene carbon black, and colloid graph-
ite[30] have been adopted as electrode materials to fabricate
BFCs. Porous materials with three-dimentional structure
have also attracted interest in a variety of fields;[21,31,32] how-
ever, to our knowledge, the use of porous carbon (PC) as
the matrix for BFCs has not yet been reported. The three-
dimensional structure and higher surface area of PC relative
to planar materials makes it suitable for preparing cells re-


quired to improve power output. The one-dimensional,
porous electrode model transporting oxygen has been evalu-
ated,[27] and indicates that electrode materials can increase
the diffusion of gas or ions and generate higher current den-
sity. In fact, the performance of conventional fuel cells has
been improved by using PC as the matrix for the catalyst.[32]


The use of carbon cloth, with a similarly porous structure, as
the matrix to load laccase resulted in increased catalytic
ability and the improvement of laccase stability.[21] In addi-
tion, PC has much greater mechanical strength and better
conductivity than the previously used carbon felt and
carbon cloth.


The present work involved the fabrication of a facile and
economic BFC with a pH-dependent power output based on
a PC matrix. GOD and laccase were entrapped in separate
suspensions of carbon nanotubes–chitosan (CNTs–CS),
which were then cast onto the PC matrix to form the cata-
lyst of the anode and cathode, respectively. The mediators
ferrocene monocarboxylic acid (FMCA) and ABTS were
dissolved in the electrolytes of the anode and cathode, re-
spectively. Glucose was used as the fuel at the anode, and
oxygen acted as the oxidant at the cathode. The power of
this BFC was shown to be higher than that of the cell pre-
pared with the GC matrix. Furthermore, a BFC that can op-
erate at pH 6.0–7.0 overcomes the restriction of using fungi
laccase, which normally requires a solution of pH<5.0.[9,14,21]


The system described is substantially less expensive than
that involving the mediators PQQ and polymer-Os,[4–6,21,25–27]


which is advantageous for the practical and extensive appli-
cation of such BFCs.


Results and Discussion


The electro-catalytic behavior of oxygen and glucose at the
GC electrode : The catalytic activity of laccase towards O2


decreases as the pH of the solution increases from 4.0 to 7.0
(data not shown). Cyclic voltammograms of ABTS in the
N2-saturated and O2-saturated solution (pH 6.0) at the GC
electrode modified with laccase were studied, respectively
(see Supporting Information). A pair of peaks at 0.44 and
0.58 V can be ascribed to the redox reaction of ABTSC�/
ABTS2� (N2-saturated). Upon saturation of the solution
with oxygen, the cathodic catalytic current increases dramat-
ically, whereas the anodic current drops. This effect is simi-
lar to that observed upon using another multicopper ox-
idase, BOD, to catalyze the reduction of O2 in the presence
of ABTS as the mediator.[28] This is due to laccase catalyzing
the oxidation of ABTS2�, while the reduction of ABTSC�


occurs on the cathode. This result shows that the fungi lac-
case can still catalyze the reduction of O2 under conditions
of pH 6.0, which overcomes the difficulty in using most
fungi laccase in solutions of pH<5.0.[21]


The catalytic activity of GOD towards glucose increases
as the pH is increased from 4.0 to 7.0 (data not shown).
Cyclic voltammograms of FMCA at a GOD-modified GC
electrode in the absence and presence, respectively, of 7 mm


Scheme 1. Mechanism of a mediated BFC.


Chem. Eur. J. 2005, 11, 4970 – 4974 www.chemeurj.org H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4971


FULL PAPER



www.chemeurj.org





glucose in the anode compartment (pH 6.0) were investigat-
ed (data not shown). In the absence of glucose, a distinct
pair of FMCA peaks at 0.31 and 0.37 V were obtained.
After addition of 7 mm glucose, the anodic current of
FMCA increases, accompanied by the dramatic decrease in
the cathodic current. This is consistent with results reported
previously by our group,[33] and means that GOD, reduced
by glucose, catalyzes the reduction of FMCA, which is oxi-
dized at the anode. The phenomena described illustrate that
ABTS and FMCA are effective mediators of laccase and
GOD, respectively. The DE, based on the formal potential
of ABTS and FMCA, is about 170 mV. In principle, these
mediators can be used to create a BFC. In fact, for the BFC,
the open-circuit voltage (Voc) is approximately 410 mV and
the short-circuit current (Isc) is approximately 1 mA (corre-
sponding to 15 mAcm�2, according to the geometrical area
of the GC electrode), which are similar to previously report-
ed results.[4]


Performance of the BFC based on PC as matrix : The elec-
tro-catalytic behavior of oxygen and glucose with laccase
and GOD, respectively, at the PC electrode is similar to that
observed at the GC electrode. The performance of the BFC
with PC as the matrix was investigated in solutions of
pH 4.0–7.0 at ambient temperature. The values of cell volt-
age and current were recorded immediately after the circuit
was closed. The BFC generated Voc of approximately 0.66
(pH 4.0), 0.55 (pH 5.0), 0.42 (pH 6.0), and 0.16 V (pH 7.0),
and Isc of around 1.52 (pH 4.0), 1.18 (pH 5.0), 0.51 (pH 6.0),
and 0.23 mA (pH 7.0). The current density of Isc corresponds
to 950 (pH 4.0), 738 (pH 5.0), 319 (pH 6.0), and 144 mAcm�2


(pH 7.0), according to the geometric area of the PC elec-
trode, and is much higher than that of the planar GC elec-
trode. These results suggest that PC is a more suitable mate-
rial for the preparation of cells, as its three-dimensional,
porous structure facilitates the increase in active monolayer
enzyme, which in turn leads to a higher loading and degree
of dispersion of the enzyme. Figure 1, top and bottom,
shows the cell voltage and current, respectively, operating at
variable external loads and in solutions of different pH. As
the external load increases, the voltage of the BFC increas-
es, reaching a plateau at a load of around 20 kW (Figure 1
top). By contrast, the cell current decreases, and reaches
almost zero at an external load of around 30 kW (Figure 1
bottom). Figure 2, top and bottom, shows plots of the cur-
rent versus voltage and the power output versus voltage, re-
spectively, at various external loads of the BFC and at dif-
ferent pH. The maximum power output is 159.6 (0.27 V,
pH 4.0), 23.6 (0.15 V, pH 5.0), 12.7 (0.26 V, pH 6.0), and
3.2 mW (0.11 V, pH 7.0), which corresponds to a power den-
sity of 99.8 (pH 4.0), 14.75 (pH 5.0), 7.94 (pH 6.0), and
2.0 mWcm�2 (pH 7.0), according to the geometric area of the
PC electrode. The dependence of power output on pH is
consistent with that of laccase activity on pH; the reverse re-
lationship applies in the case of GOD. This implies that the
laccase activity at the cathode limits the power of the BFC.
Thus, the activity of the enzyme is usually the key factor in


Figure 1. The voltage (top) and current (bottom) for the BFC at different
external loads. a) pH 4.0, b) pH 5.0, c) pH 6.0, and d) pH 7.0.


Figure 2. Current-voltage behavior of the BFC at different external loads
(top), and the power output of the BFC at different cell voltages
(bottom). a) pH 4.0, b) pH 5.0, c) pH 6.0, and d) pH 7.0.
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influencing the performance of the cells. The relationship
between pH and power output may provide an alternative
means of adjusting the output as required, and eliminate the
possible side-effects caused by tuning the external load.[15]


The greater the initial external load, the greater the de-
crease in the BFC current. This may be attributed to the
limitation of electron-transfer kinetics at the mediator/elec-
trode interface or the ohmic cell resistance.[5] Thus, it could
result in the linear and non-rectangular relationship of the I
versus E plot (Figure 2 top), which is similar to previously
reported results.[4,5] Although the operating voltage of the
cell described here is lower than the highest reported volt-
age of 0.88 V,[13] the current and voltage of the BFC would
be enhanced greatly by optimizing the mediator of GOD,
for example, by substituting FMCA by PQQ[4] or polymer-
Os.[11] Because PQQ and polymer-Os exhibit more negative
formal potential (�0.155 V vs saturated calomel electrode
(SCE)[4] and +0.10 V vs Ag/AgCl[11]) than FMCA (+
0.34 V), the power output of the BFC incorporating media-
tors other than FMCA would be enhanced greatly. More im-
portantly, we emphasize that the BFC incorporating laccase
can operate at pH 6.0–7.0, which may provide a microenvir-
onment with better biocompatibility for immobilizing lac-
case. This enzyme is often inactive at neutral pH and usually
requires an environment of pH 5.0.[9,14,21] A unique charac-
teristic of BOD is that this copper enzyme is not inhibited
at neutral pH. No BFCs with fungi laccase as the catalyst
operating at pH 6.0–7.0 have yet been reported. Operation
at neutral pH facilitates the use of BFCs as a power supply
for implantable physiological devices. There is no change in
the magnitude of cell voltage and current during continuous
operation of the BFC for 3 h. To maintain the long-term
working stability of the BFCs, the electrolyte in the anodic
and cathodic compartments needs to be refreshed every 3 h,
or a flow system should be applied to eliminate possible de-
pletion of fuels (glucose) and oxidants (oxygen), or degrada-
tion of the mediators.


Conclusion


We describe a BFC with a pH-dependent power output
based on PC as matrix. The power output was enhanced
greatly by using PC as the matrix, relative to that achieved
with the GC electrode. The maximum power density was
around 99.8 (pH 4.0), 14.75 (pH 5.0), 7.94 (pH 6.0), and
2.0 mWcm�2 (pH 7.0), according to the geometric area of the
PC electrode. The BFC with laccase as the cathodic catalyst
can operate at neutral or near neutral pH, which overcomes
the major impediment of using laccase below pH 5.0. This
makes the application of the BFC to implantable medical
devices possible. The facile and low-cost fabrication is also
advantageous for the extension of BFC applications.


Experimental Section


Materials : Laccase (EC 1.10.3.2, p-diphenol:dioxygen oxidoreductases,
from Coriolus versicolor) was purchased from Fluka (Switzerland). 2,2’-
Azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt
(ABTS), glucose oxidase (GOD) (EC 1.1.3.4 from Aspergillus niger), fer-
rocene monocarboxylic acid (FMCA), and chitosan (CS) (from crab
shells, minimum 85% deacetylation) were obtained from Sigma
(Canada). All reagents were used as received. Multiwall carbon nano-
tubes (CNTs) (95%, 20–50 nm), purchased from Shenzhen Nanotech
Port. Co. (Shenzhen, China), were purified by using nitric acid. All other
chemicals were of analytical grade. Phosphate buffer solutions (0.1m
PBS, pH 5.0–7.0) were made from Na2HPO4 and NaH2PO4. The pH 4.0
buffer solution was made from 0.1m Na2HPO4 and citric acid. Pure water
was used throughout, and was obtained by using a Millipore Q water pu-
rification apparatus with resistivity greater than 18mWcm.


Porous carbon (PC) (T204), obtained from Harbin Electric Carbon Fac-
tory (Harbin, China), had a thickness of 3–4 mm, average pore size of
5.1 mm, and porosity of 39.4%.


Apparatus : Cyclic voltammetry was performed at a CHI 660B electro-
chemical workstation (CH Instruments, USA) with a conventional three-
electrode cell. The modified electrodes were used as the working elec-
trode. Coiled platinum wire and Ag/AgCl (saturated KCl) electrodes
were used as the counter electrode and reference electrode, respectively.
The PBS was purged with high-purity nitrogen or oxygen for at least
30 min prior to use, and the solutions in the cell were maintained under a
nitrogen or oxygen environment.


Preparation of CNTs–CS and enzyme–CNTs–CS suspensions : CNTs
(0.3 mg) were added to a solution of CS in acetic acid (1 mL, 1%) with
ultrasonic agitation for 15 min. A uniformly black, viscous suspension
was obtained, which displayed good film-forming ability, conductivity,
and biocompatibility.[33,34] The enzymes GOD (12.5 mg) and laccase
(7.5 mg) were dissolved separately in PBS (1 mL), and the enzyme sus-
pension was obtained by mixing the CNTs–CS suspension with the GOD
or laccase solution in a ratio of 2:1 (v/v), respectively.


Glassy carbon (GC) electrode as the matrix of the loading enzyme : GC
electrode (3 mm in diameter) was used as a matrix to load either GOD
or laccase. The enzyme suspension (5 mL) was spread evenly onto the sur-
face of the GC electrode and dried at 4 8C for 24 h. The electro-catalytic
characteristics of the relevant substrates on the electrodes modified with
the enzymes were investigated.


PC as the matrix of the loading enzyme : The suspension of GOD or lac-
case (30 mL) was spread onto the mounted PC (89891 mm) in a stepwise
manner, so that the PC electrode became thoroughly wetted and evenly
coated by the suspension. The modified PC electrodes were then dried at
4 8C.


Scheme 2. Schematic configuration of the BFC employing glucose and
oxygen as substrate and oxidant, respectively.
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Assembly of biofuel cells (BFCs): The perfluorinated membrane
(NafionP 115), with thickness 0.125 mm, was used to separate the anodic
and cathodic compartments, which each had a volume of 5 mL. The ano-
lyte with nitrogen-saturated solutions of different pH contained FMCA
(0.5 mm) and glucose (7 mm). The oxygen-saturated solutions of different
pH acted as the catholyte containing ABTS (0.1 mm). The variable exter-
nal load, ranging from 0–100 kW, was connected in series between anode
and cathode. The construction of the BFC is illustrated schematically in
Scheme 2.


Acknowledgements


This research was supported by the National Natural Science Foundation
of China (Nos. 20275036 and 2021130506).


[1] M. J. Cooney, E. Roschi, I. W. Marison, C. Comniellis, U. von Stock-
er, Enzyme Microb. Technol. 1996, 18, 358–365.


[2] W. Habermann, E. H. Pommer, Appl. Microbiol. Biotechnol. 1991,
35, 128–133.


[3] T. Ikeda, K. Kano, Biochim. Biophys. Acta 2003, 1647, 121–126.
[4] I. Willner, G. Arad, E. Katz, Bioelectrochem. Bioenerg. 1998, 44,


209–214.
[5] E. Katz, B. Filanovsky, I. Willner, New J. Chem. 1999, 23, 481–487.
[6] I. Willner, Science 2002, 298, 2407–2408.
[7] G. T. R. Palmore, H.-H. Kim, J. Electroanal. Chem. 1999, 464, 110–


117.
[8] N. Mano, F. Mao, A. Heller, J. Am. Chem. Soc. 2003, 125, 6588–


6594.
[9] N. Mano, F. Mao, W. Shin, T. Chen, A. Heller, Chem. Commun.
2003, 4, 518–519.


[10] E. Katz, A. F. BQckmann, I. Willner, J. Am. Chem. Soc. 2001, 123,
10752–10753.


[11] T. Chen, S. C. Barton, G. Binyamin, Z. Gao, Y. Zhang, H.-H. Kim,
A. Heller, J. Am. Chem. Soc. 2001, 123, 8630–8631.


[12] R. F. Service, Science 2002, 296, 1223.
[13] V. Soukharey, N. Mano, A. Heller, J. Am. Chem. Soc. 2004, 126,


8368–8369.
[14] N. Mano, F. Mao, A. Heller, J. Am. Chem. Soc. 2002, 124, 12962–


12963.


[15] E. Katz, I. Willner, J. Am. Chem. Soc. 2003, 125, 6803–6813.
[16] E. Katz, O. Lioubashevski, I. Willner, J. Am. Chem. Soc. 2005, 127,


3979–3988.
[17] Y. Xiao, F. Patolsky, E. Katz, J. F. Hainfeld, I. Willner, Science 2003,


299, 1877–1881.
[18] F. Patolsky, Y. Weizmann, I. Willner, Angew. Chem. 2004, 116,


2165–2169; Angew. Chem. Int. Ed. 2004, 43, 2113–2117.
[19] M. Zayats, E. Katz, I. Willner, J. Am. Chem. Soc. 2002, 124, 2120–


2121.
[20] T. Lotzbeyer, W. Schuhmann, E. Katz, J. Falter, H. L. Schmidt, J.


Electroanal. Chem. 1994, 377, 291–294.
[21] S. C. Barton, H.-H. Kim, G. Binyamin, Y. C. Zhang, A. Heller, J.


Phys. Chem. B 2001, 105, 11917–11921.
[22] A. Pizzariello, M. Stred’ansky, S. Miertuš, Bioelectrochemistry 2002,
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Rigid Nanoscopic Containers for Highly Dispersed, Stable Metal and Bimetal
Nanoparticles with Both Size and Site Control


Chunlei Wang, Guangshan Zhu,* Jian Li, Xiaohui Cai, Yuhong Wei, Daliang Zhang, and
Shilun Qiu*[a]


Introduction


Great attention has been paid in recent years to solid-sup-
ported metal nanoparticles, due to their unique chemical
and physical properties, such as small size and extremely
large surface area, as well as their important applications in
nanotechnology and heterogeneous catalysis.[1] Generally,
control of the metal particle size is achieved by using pre-
formed nanoparticles,[2] or the confined growth of nanoparti-
cles within the void of porous materials, such as mesoporous
silica.[3] The latter can be accomplished by adding the pre-
cursors directly to the synthesis gel,[4] by impregnation,[5] or
by metal complex immobilization.[6] However, these meth-
ods have limited control over the size of the particles, due
to the uncontrolled growth of the nanoparticles both inside


the pores and on the external surface of the host.[4–6] Conse-
quently, the ability to control precisely the sizes of nanopar-
ticles when using porous host materials remains a great chal-
lenge.


An important goal in the investigation of catalysis is to
develop synthetic approaches that achieve the accurate con-
trol of catalytic sites.[7] The structural homogeneity that
arises from isolated single and uniformly distributed active
sites (e.g., organic groups, metallic or bimetallic sites, nano-
clusters, and nanoparticles) provides improved catalytic per-
formance. Mesoporous silica-supported metal or bimetal
nanoparticles have been extensively studied in recent
years,[8] however, little effort has been devoted to tailoring
the sites of the particles. This could be particularly attractive
for the investigation of the structure-property relationships
of the hybrid materials, and for the oriented growth of the
nanostructures,[9] as well as for their application as artificial
enzymes.[10]


Polyaminoamine (PAMAM) dendrimers[11] are cascade-
branched macromolecules with fairly defined composition
and structure, making them ideal candidates as hosts for
metal nanoparticles.[12,13] Dendrimer branches can be used
as selective gates to control the access of small molecules to


Abstract: We demonstrate a novel
strategy for the preparation of mesopo-
rous silica-supported, highly dispersed,
stable metal and bimetal nanoparticles
with both size and site control. The
supporting mesoporous silica, function-
alized by polyaminoamine (PAMAM)
dendrimers, is prepared by repeated
Michael addition with methyl acrylates
(MA) and amidation reaction with eth-
ylenediamine (EDA), by using amino-
propyl-functionalized mesoporous
silica as the starting material. The en-
capsulation of metal nanoparticles
within the dendrimer-propagated meso-


porous silica is achieved by the chemi-
cal reduction of metal-salt-impregnated
dendrimer–mesoporous silica by using
aqueous hydrazine. The site control of
the metal or bimetal nanoparticles is
accomplished by the localization of
inter- or intradendrimeric nanoparticles
within the mesoporous silica tunnels.
The size of the encapsulated nanoparti-


cles is controlled by their confinement
to the nanocavity of the dendrimer and
the mesopore. For Cu and Pd, particles
locate at the lining of mesoporous tun-
nels, and have diameters of less than
2.0 nm. For Pd/Pt, particles locate at
the middle of mesoporous tunnels and
have diameters in the range of 2.0–
4.2 nm. The Pd and Pd/Pt nanoparticles
are very stable in air, whereas the Cu
nanoparticles are stable only in an
inert atmosphere.
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rous materials · metal ions · nano-
structures · organic–inorganic
hybrid composites
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the encapsulated nanoparticles. Because metal particles are
confined to the interior of the dendrimers, a large propor-
tion of the surface is unpassivated, and can participate in
the catalytic reaction. However, the dendrimer-encapsulated
nanoparticles have poor mechanical and chemical stability
and are difficult to separate.[14] Mesoporous silica,[15] with its
highly regular structure, large surface area, as well as ther-
mal and chemical stability, provides an excellent matrix for
guest materials. However, as with other inorganic supports,
the main drawback of mesoporous silica lies in the limited
control over particle size and distribution in the ultimate
catalyst. PAMAM-propagated porous silica, which combines
the merits of both the dendrimer and the inorganic support,
provides an ideal host for the preparation of a highly dis-
persed heterogeneous catalyst, in which the particle size and
binding site of the nanoparticles are well controlled.[16]


Herein, we demonstrate a novel strategy for the prepara-
tion of mesoporous silica-supported stable metal and bimet-
al nanoparticles with both size and site control. PAMAM
dendrons were grafted onto the surface of the tunnels of
mesoporous silica, and metal or bimetal nanoparticles were
then encapsulated by the dendrons (intra- or interdendrim-
er). The mesopores of the silica and the nanocavities of the
dendrimer acted as a dual template for the control of the
size of the metal or bimetal nanoparticles. The site control
was achieved by dendrimers that were tethered onto the sur-
face of the mesoporous tunnels. As a result, nanoparticles
were located in either the middle or at the lining of the tun-
nels.


Results and Discussion


PAMAM dendrimers ranging from half to four generations
were propagated onto SBA-15 by modification of the litera-
ture methods and by using aminopropyl-functionalized meso-
porous silica SBA-15 (AMP-SBA-15, 1.3 mmol per g of
amine group per g of SiO2) as starting material (G0-SBA-
15).[17] For Gn.5-SBA-15 (n=0–3), the amino propionates
were formed by reacting preexisting amino groups with
methyl acrylates (MA) through an aza-Michael-type addi-
tion in the presence of quaternary ammonium tetrabutyl
ammonium bromide (TBAB) as catalyst.[18] Subsequently,
the ester moieties were amidated by ethylenediamine
(EDA) to complete the generation (Gn-SBA-15, n=1–4).
The desired generation of the dendrimer was produced by
repeating these two steps. The grafting of the G4-PAMAM-
dendron onto mesoporous silica is illustrated in Scheme 1.


Evidence for the successful grafting of the PAMAM den-
dron onto SBA-15 was obtained by performing FTIR spec-
troscopy, cross-polarized magic-angle spinning (CP-MAS)
13C NMR spectroscopy, and thermal gravimetric analysis
(TGA). FTIR spectroscopy proved to be a very powerful
technique to characterize the PAMAM dendrimers. The IR
spectrum of aminopropyl-functionalized SBA-15 (Figure 1a)
shows a band at 1640 cm�1, which is characteristic of the
amino group. All IR spectra of Gn.5-propagated SBA-15


(n=0–3) (Figure 1b) exhibited a band at 1739 cm�1, which
was attributed to the formation of an ester group
(�COOCH3) by the Michael-type addition reaction of amino
groups. Ester groups of Gn.5-PAMAM-SBA-15 reacted with
EDA to produce amides (�CONH�) and amino groups,
which resulted in an increase in the intensity of the amide
IR band (1540 cm�1) and the disappearance of the ester
group (1720 cm�1) from the IR spectra of the Gn-PAMAM-
SBA-15 sample (n=1–4, Figure 1b). Weak ester bands were
still present in the G1-PAMAM-SBA-15, indicating the in-
complete amidation with EDA. Although IR spectra can
provide evidence for whether the amidation reactions pro-
ceed to completion, they cannot show completion of the Mi-
chael addition reactions. CP-MAS 13C NMR spectroscopy
was used to identify the functional groups of G4-PAMAM
(Figure 1c). A representative spectrum of G4-PAMAM-
SBA-15 shows a distinct peak at 173.84 ppm, which is attrib-
uted to the carbon residue of the amide group (�CONH�).
The peaks at 10.63, 22.15, and 32.57 ppm represent the origi-
nal aminopropyl moiety, and the peak at 39.71 ppm is due
to the carbon residue next to the amide group (�CH2CH2�
CONH�). The broad peak at 49.61 ppm corresponds to the
sum of the methylene carbon atoms attached directly to the
nitrogen moiety (�N(CH2CH2CONHCH2CH2N)2�). Ther-
mal analysis data for G0 to G4-SBA-15 are summarized in
Table 1. The weight loss for each generation was smaller
than the theoretical value, indicating that the growth of the
dendrimer on the mesoporous support was not complete.


Statistically, when using the divergent growth approach,
only a small proportion of the higher generations of
PAMAM dendrimers can be perfect. With the use of a solid
support, the steric interference effect is pronounced, espe-
cially in nanosized tunnels of mesoporous silica. Bu et al.[19]


investigated the structural defects of PAMAM-dendron-
propagated silica gel. The structural defects were generated
by cross-linking during amidation and the insufficient Mi-
chael addition of MA to diamine, which was hindered by
steric crowding. The common method to achieve the
PAMAM-dendron-propagated mesoporous silica or silica
gel is time-consuming (4–10 days of reaction at 25–50 8C to
complete a full generation). We found that quaternary am-
monium salts are extraordinarily effective and useful cata-
lysts for both Michael addition and amidation reactions
during the preparation process; our modified method in-
volving quaternary ammonium salt as catalyst requires only
two days to complete each generation.[16]


The encapsulation of metal nanoparticles in dendrimer-
propagated mesoporous silica was achieved by the chemical
reduction of a metal-salt-impregnated dendrimer SBA-15 by
using aqueous hydrazine, as demonstrated in Scheme 2. The
small-angle X-ray diffraction (SAXRD) patterns of SBA-15,
G4-SBA-15, and Cu0-G4-SBA-15 (Figure 2a) showed three
distinct peaks that can be indexed to the hexagonal P6mm
space group. This result suggests that the mesoporous struc-
ture of SBA-15 has been retained after fourth-generation
propagation of PAMAM, ion exchange, and reduction treat-
ment. The wide-angle X-ray diffraction (WAXRD) patterns
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Scheme 1. Schematic illustration of the preparation of the G4-PAMAM-dendron-propagated mesoporous silica SBA-15, and the theoretical structure of
Gn-SBA-15.
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of the M0-G4-SBA-15 (M=Cu, Pd, Pd/Pt) did not show any
distinct peak (Figure 2b), indicating that the M0 nanoparti-
cles encapsulated inside the fourth-generation PAMAM-
propagated SBA-15 are very small.


Figure 3a shows representative UV/Vis spectra for the
G4-SBA-15, Cu2+ ion-exchanged fourth-generation
PAMAM-propagated SBA-15 (Cu2+-G4-SBA-15), Cu0-G4-


Figure 1. FTIR spectra showing a) the full-generation and b) the half-gen-
eration PAMAM-dendron-propagated mesoporous silica, demonstrating
the stepwise synthesis by using a time-saving method with TBAB as cata-
lyst. c) The CP-MAS 13C NMR spectrum of G4-PAMAM-SBA-15.


Table 1. Amount of PAMAM dendron grafted onto SBA-15, determined
by thermal gravimetric analysis (TGA).


Generation[a] Weight
loss [%]


Grafted amount
[mgg�1 SiO2]


[b]
Theoretical grafted
amount [mgg�1 SiO2]


0 7.5 8.1 8.1
1 19.4 241 399.8
2 28.6 401 1037.2
3 34.6 529 2326.1
4 45.5 836 4875.8


[a] Generation 0 refers to the aminopropyl-functionalized SBA-15.
[b] Determined from the TGA weight-loss curves, weight loss%=


(weight at 110 8C�weight at 700 8C)/weight at 700 8C.


Scheme 2. Representation of the procedure used for the preparation of
G4-SBA-15-encapsulated metal or bimetal nanoparticles, and their theo-
retical structure.


Figure 2. a) Small-angle XRD patterns for NH2-SBA-15 (G0-SBA-15),
G4-SBA-15, Cu2+-G4-SBA-15, and Cu0-G4-SBA-15. b) Wide-angle XRD
patterns for Cu0-G4-SBA-15, Pd0-G4-SBA-15, and Pd/Pt0-G4-SBA-15.
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SBA-15, and Cu0-G4-SBA-15 after exposure to air for one
week. The G4-SBA-15 spectrum showed a band centered at
270 nm. Cu2+-G4-SBA-15 exhibited a strong d–d transition
of Cu2+ with a peak center at 590 nm. After reduction by
aqueous hydrazine, the adsorption band originating at
590 nm disappeared and was substituted by a spectrum in-
creasing almost exponentially toward shorter wavelengths.
This result implies that the reduced Cu inside the nanocon-
tainer of PAMAM dendrons exists as clusters rather than as
isolated atoms.[12b] A plasmon resonance band was not ob-
served in the absorption spectra of Cu0-G4-SBA-15, which
indicates that the Cu nanoclusters are smaller than 5 nm.[20]


The Cu cluster encapsulated in PAMAM-propagated SBA-
15 was very stable in an inert atmosphere, as shown by the
results of UV/Vis spectroscopy performed for up to 10 days.
However, after exposure to air for one week, the Cu clusters
reverted to intradendrimer Cu2+ ions, as indicated by the re-
appearance of the band at 590 nm (Figure 3a). High-resolu-
tion transmission electron microscopy (HRTEM) provides
direct evidence for the control at the atomic level of the
sites of the nanoparticles. Figure 3b shows that the Cu clus-
ters are of uniform size (<2.0 nm), and are highly dispersed
in G4-SBA-15. Most of the nanoparticles are located at the
lining of the tunnels of the mesoporous silica, indicating that
the nanoparticles are intradendrimeric. Despite the presence
of defects in the dendron-propagated SBA-15, the encapsu-


lated nanoparticles retain their shape and size, as do the in-
dividual dendrimers, after reduction of Cu2+-G4-SBA-15 by
hydrazine. Energy-dispersive X-ray spectra (EDX) of the
carbon-film-coated copper grids, which were used in the
EDX sample preparation, showed the Cu content to be
2.2�0.4 mol% (average value taken over several large re-
gions), whereas in the Cu0-G4-SBA-15 sample regions, the
Cu content was 7.0�0.6 mol% (Figure 3c). This result con-
firms the presence of copper in the sample PAMAM-den-
dron-grafted mesoporous silica.


The representative UV/Vis spectra of G4-SBA-15, Pd2+-
G4-SBA-15, and Pd0-G4-SBA-15 are shown in Figure 4a.
The absorption peak at 280 nm of Pd2+-G4-SBA-15, which
was attributed to a ligand-to-metal charge-transfer (LMCT)
transition, disappeared after reduction by hydrazine.
HRTEM images of Pd0-G4-SBA-15 (Figure 4b and c) clearly
show how the nanoparticles are roughly spherical and
nearly monodispersed, with diameters less than 2.0 nm. No-
tably, most of them were encapsulated intradendrimerically
at the lining of the tunnels, with only a small fraction encap-
sulated interdendrimerically in the middle of the tunnels (in-
dicated by the white arrow in Figure 4b).


The UV/Vis spectra of G4-SBA-15, Pd2+/Pt2+-G4-SBA-
15, and Pd/Pt0-G4-SBA-15 (Figure 5a) show results similar
to those for Pd. However, HRTEM images (Figure 5b and
c) show that, in contrast to the Pd nanoparticles, most of the


Figure 3. a) UV/Vis absorption curves for G4-SBA-15, Cu2+-G4-SBA-15, Cu0-G4-SBA-15, and Cu0-G4-SBA-15 after exposure to air for one week;
b) TEM image of the Cu0 nanoparticles in G4-SBA-15 (scale bar=20 nm); c) comparison of EDX spectra of carbon film and the Cu0-G4-SBA-15
sample.
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Pd/Pt bimetal nanoparticles were encapsulated interdendri-
merically in the middle of the mesoporous silica tunnels and
were of irregular shape, with diameters ranging from 2.0 to
4.2 nm. A small fraction of the Pd/Pt nanoparticles with di-
ameter<2.0 nm were encapsulated intradendrimerically at
the brim of the tunnels (Figure 5c, indicated by the white
arrows). These results indicate that the Pd/Pt bimetal parti-
cle sizes were insensitive to the stabilizer (PAMAM den-
drimer), due to the introduction of Pt. Because the interac-
tions between the Pt nanoparticles and the PAMAM den-
drimer are weaker than for the Pd nanoparticles, more den-
drimers are required to stabilize the Pd/Pt alloy nanoparti-
cles than the Pd nanoparticles.[12j,k,13c] The complexation
behavior of Pt2+ with interior tertiary amines is much
slower than that of Pd2+ . The Pt2+/Pd2+-G4-SBA-15 solu-
tion was stirred for only one day before reduction with
aqueous hydrazine, so that most Pt2+ ions and some of the
Pd2+ ions were complexed with (or only adsorbed onto) the
periphery amine groups and not the interior tertiary amines.
As a result, the Pd/Pt bimetal nanoparticles were formed on
the exterior of the dendrimers after reduction.


Results of EDX spectroscopic analysis of Pd0-G4-SBA-15
and Pd/Pt0-G4-SBA-15 are shown in Figure 6. The distinct
Pd signal of the Pd0-G4-SBA-15 sample is seen in Figure 6a.
The EDX spectrum of the Pd/Pt-G4-SBA-15 gave a Pd/Pt
atom ratio of about 4 (Figure 6b). Highly dispersed Ag and
Pt nanoparticles were not achieved by using this method,
possibly due to the weak interaction between the dendri-


Figure 4. a) UV/Vis absorption curves for G4-SBA-15, Pd2+-G4-SBA-15,
and Pd0-G4-SBA-15. b) and c) TEM images of the Pd0 nanoparticles in
G4-SBA-15. Each scale bar represents 50 nm.


Figure 5. a) UV/Vis absorption curves for G4-SBA-15, Pd/Pt2+-G4-SBA-
15, and Pd/Pt0-G4-SBA-15. b) and c) TEM images of the Pd/Pt0 bimetal
nanoparticles in G4-SBA-15. The scale bars in (b) and (c) represent
50 nm and 10 nm, respectively. Figure 6. EDX spectra of a) Pd0-G4-SBA-15 and b) Pd/Pt0-G4-SBA-15.
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mers and the nanoparticles. Both Pd and Pd/Pt nanoparti-
cles encapsulated by the G4-PAMAM-SBA-15 were stable
in air for one month without aggregation.


For comparison, blank mesoporous silica SBA-15 was
used to accommodate Pd and Pd/Pt nanoparticles under the
same conditions. The loading amount of the metal nanopar-
ticles in the blank SBA-15 is much lower than that in G4-
SBA-15, due to the absence of the complexation metal ions
of the PAMAM dendrons and the rediffusion of metal ions
in solution during reduction with aqueous hydrazine. Fig-
ure 7a and b show the TEM images of Pd nanoparticles in


the tunnels of blank SBA-15. Pd nanoparticles that are
larger than the mesopore diameter are observed outside the
mesopores (black arrows), due to the reduction of metal
ions diffused in solution. The size distribution of the nano-
particles is not uniform, and they are larger than 2 nm, due
to the uncontrolled growth of the particles. TEM images for
Pd/Pt nanoparticles accommodated in SBA-15 are shown in
Figure 7c and d. Some nanoparticles are adsorbed onto the
external surface, however, several areas without any parti-
cles are also observed (Figure 7c, marked regions). The
result of microarea elemental analysis (by EDX) indicates
that the Pd/Pt atom ratio is not homogeneous, in contrast to
that for Pd/Pt0-G4-SBA-15.


In conclusion, we have demonstrated a method for pre-
paring highly dispersed, stable metal (Cu and Pd) and bi-
metal (Pd/Pt) nanoparticles on a solid support by using
PAMAM dendrons as stabilizers. Fairly monodispersed
metal nanoparticles were confined to the nanocavities of


dendrimers or were encapsulated by external dendrimers.
The sites of the nanoparticles, which located close to the
walls or in the middle of the tunnels, were controlled by the
formation of either intra- or interdendrimerically-encapsu-
lated nanoparticles. These hybrid materials provide an ideal
means to investigate structure-property relationships in het-
erogeneous catalysis.


Experimental Section


Synthesis of PAMAM-dendron-propagated mesoporous silica SBA-15 :
In a typical synthesis, 1 g of aminopropyl-functionalized mesoporous
silica (1.3 mmolg�1 silica, prepared according to the literature[17]) was dis-
persed in MeOH (50 mL). Catalyst TBAB (tetrabutyl ammonium bro-
mide, 10 mol%) was added to this suspension, then methyl acrylate
(MA, 56 mL) was added under stirring. The mixture was refluxed for
24 h under nitrogen. The solid was then filtered, washed with MeOH (3N
30 mL) and dichloromethane (3N30 mL), and dried at 40 8C in a vacuum.


The full-generation PAMAM-SBA-15 was prepared as follows: 1 g of the
half-generation PAMAM-SBA-15 was added to ethylenediamine
(200 mL) in methanol (100 mL), with TBAB as catalyst. The mixture was
stirred at 70 8C under nitrogen for 1 day. The solid was filtered, washed
with MeOH (3N30 mL) and dichloromethane (3N30 mL), and dried at
40 8C in a vacuum.


General method for the preparation of metal or bimetal nanoparticles
encapsulated within dendrimer-propagated SBA-15 : G4-SBA-15 (0.1 g)
was added to 250 mL of a freshly prepared aqueous solution (16 mm) of
a metal salt or a mixture of metal salts. The mixture was stirred for 24 h
at room temperature, then the powder was filtered and washed thorough-
ly. The products were defined as M2+-G4-SBA-15 (M=Cu, Pd, Pd/Pt).
The resulting M2+-G4-SBA-15 was redispersed in deionized water
(50 mL), and aqueous hydrazine was added dropwise (0.4 mL). The re-
sulting suspension was stirred for 2 h. The solid was then filtered, washed
with water (3N50 mL), and dried in a vacuum. The product M0-G4-SBA-
15 was stored in an inert atmosphere. Pd and Pd/Pt nanoparticles incor-
porated in blank mesoporous silica SBA-15 were prepared under the
same conditions.


Characterization : The IR spectra were recorded by using a Bruker 66V
FTIR spectrometer in the range of 400–4000 cm�1 using the KBr disk
method. The UV/Vis diffuse reflectance spectra were obtained by using a
Perkin–Elmer Lambda 20 spectrometer. Powder X-ray diffraction was re-
corded by using a Siemens D5005 diffractometer with CuKa radiation
(l=1.5406 O) at 35 kV and 30 mA. Thermal gravimetric analysis (TGA)
was performed by using a Perkin–Elmer TGA-7 instrument with a heat-
ing rate of 20 8Cmin�1 in air. Transmission electron microscopy (TEM)
experiments were performed by using a JEM 3010 electron microscope
(JEOL, Japan) with an acceleration voltage of 300 kV. Energy-dispersive
X-ray spectroscopy (EDX) analysis was performed by using an EDAX
PHOENIX 30T.
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Mechanism of Hierarchical Porosity Development in MFI Zeolites by
Desilication: The Role of Aluminium as a Pore-Directing Agent


Johan C. Groen,*[a] Louk A. A. Peffer,[a] Jacob A. Moulijn,[a] and Javier P,rez-Ram.rez*[b]


Introduction


Zeolites are crystalline aluminosilicates that possess a
unique combination of properties such as high surface area,
high thermal stability, intrinsic acidity, shape selectivity, and
the ability to confine active metal species. As a conse-
quence, zeolites find widespread use in industry in separa-
tion processes and as heterogeneous catalysts for oil refining
and in the production of petrochemicals and fine chemicals,
as well as in several environmental applications. The Brønst-
ed acidic properties are a consequence of the presence of Al
in tetrahedral coordination in the zeolite framework and
enable the replacement of environmentally unfriendly min-


eral acids as homogeneous catalysts. The high surface area is
a result of a purely microporous network of pores with mo-
lecular dimensions offering an ideal matrix for shape selec-
tivity, but frequently at the expense of slow mass transport
of reactants and products, especially when bulky molecules
are involved. Zeolites could be used more efficiently if the
diffusion path length of the micropores could be reduced,
leading to improved transport of molecules to and from the
active sites, for example by synthesis of nanocrystals[1] or by
mesopore formation in larger zeolite crystals. Difficulties in
the synthesis and use of nanocrystals include control of the
crystal size and separation of the crystals from the reaction
mixture by conventional filtration. Creation of mesoporosity
in zeolite crystals has proven to be an effective approach to
minimize diffusion limitations.[2,3] An attractive method of
inducing mesopores is by incorporation of carbon during
synthesis of the zeolite (carbon templating). To this end,
porous carbon, carbon nanotubes or carbon fibres are in-
cluded in the synthesis gel during hydrothermal synthesis;
thus pores are left in the zeolite matrix after high-tempera-
ture combustion of the carbon–zeolite composite.[4–6] Al-
though substantial and tunable mesoporosity can be ob-
tained in this way by varying the amount and nature of the


Abstract: The role of the concentration
and the nature of aluminium in the cre-
ation of hierarchical porosity in both
commercial and synthesized MFI zeo-
lites have been investigated through
controlled mesoporosity development
by desilication in alkaline medium.
Framework aluminium controls the
process of framework silicon extraction
and makes desilication selective to-
wards intracrystalline mesopore forma-
tion. An optimal molar Si/Al ratio in
the range 25–50 has been identified;
this leads to an optimal mesoporosity
centred around 10 nm and mesopore
surface areas of up to 235 m2g�1 while


preserving the intrinsic crystalline and
acidic properties. At lower framework
Si/Al ratios the relatively high Al con-
tent inhibits Si extraction and hardly
any mesopores are created, while in
highly siliceous ZSM-5 unselective ex-
traction of framework Si induces for-
mation of large pores. The existence of
framework Al sites in different T posi-
tions that are more or less susceptible
to the alkaline treatment, and the oc-


currence of re-alumination, are tenta-
tive explanations for the remarkable
behaviour of Al in the desilication pro-
cess. The presence of substantial extra
framework Al, obtained by steam
treatment, inhibits Si extraction and re-
lated mesopore formation; this is at-
tributed to re-alumination of the extra-
framework Al species during the alka-
line treatment. Removal of extraframe-
work Al species by mild oxalic acid
treatment restores susceptibility to de-
silication, which is accompanied by for-
mation of larger mesopores due to the
enhanced Si/Al ratio in the acid-treated
zeolite.
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carbon, the crystallinity of the final product can be a prob-
lem. Moreover, this method cannot be applied easily to zeo-
lite production on a large scale. Creation of mesoporosity by
post-synthesis modification of the parent zeolite is an alter-
native, well-established methodology, of which one of the
benefits is that it can be applied to synthesized zeolites, for
example commercial samples, and thus it does not require
major alteration of the synthesis procedure. De-alumination
is well known in this respect;[7] it is generally achieved by
steam treatment at relatively high temperatures (typically
773–873 K) or, to a greater extent, by acid leaching with, for
example, nitric or hydrochloric acid solution, and leads to
selective removal of Al from the framework, thereby affect-
ing its Si/Al ratio (Scheme 1). Dislodgement of framework
Al unavoidably alters the ion-exchange and acidic properties
of the de-aluminated zeolite, as these are determined by the
framework Al and its counterbalancing cation (typically
H+). In the case of steam treatment, extraframework alumi-
nium species are often obtained, leading to formation of


Lewis acid sites which can benefit certain catalytic applica-
tions.[8–10] Mesoporosity development by de-alumination is
primarily effective for zeolites with a relatively high concen-
tration of framework Al (a low Si/Al ratio), such as zeo-
lite Y[11] and mordenite.[12]


Recently, Si extraction by treatment in aqueous alkaline
solution, “desilication”, has proven to be a promising
method of creating mesoporosity to a greater extent than
de-alumination in various zeolite structures, among which


MFI zeolites appear to be very suitable.[13–19] The porosity
developed seems to be obtained by preferential extraction
of framework Si due to hydrolysis in the presence of OH�


ions (Scheme 1). As these observations are rather recent, a
detailed mechanistic understanding of the treatment has not
yet been obtained. Besides, only a few studies have been re-
ported on the optimization of this treatment. Previous inves-
tigations have shown the influence of time and temperature
of the alkaline treatment on the desilication for tuning the
formation of mesoporosity.[14,17] We have recently highlight-
ed the influence of framework aluminium on mesoporosity
development in commercial zeolites by desilication.[20]


In this contribution, we elaborate on the role of Al as a
pore-directing agent in the desilication of MFI zeolites upon
treatment in alkaline medium. The impact of the concentra-
tion and the nature of Al on leaching of framework Si and
the related development of mesoporosity has been investi-
gated. Both commercial and synthesized MFI zeolites in a
broad range of Si/Al ratios were subjected to the alkaline


treatment and characterized by
techniques such as N2 adsorp-
tion, SEM, HRTEM (high-res-
olution electron transmission
microscopy), temperature-pro-
grammed NH3 desorption
(NH3-TPD), and Fourier trans-
form IR (FTIR). Combination
of the alkaline treatment with
other post-treatments such as
steaming and acid leaching en-
ables detailed elucidation of
the pore formation mecha-
nism.


Results and Discussion


Alkaline treatment of commer-
cial MFI zeolites


Effect of the framework Si/Al
ratio on mesopore formation :
N2 adsorption measurements
on the untreated commercial
ZSM-5 samples lead to the
characteristic isotherms resem-
bling type I behaviour as clas-
sified by IUPAC recommenda-


tions (Figure 1).[26] Microporosity prevails in all the iso-
therms, as can be derived from the high uptake of N2 at low
relative pressures (<0.1). Only a small contribution of mes-
oporosity is observed at higher relative pressures. The t-plot
method[24] confirms that most of the surface area (>90%) is
a result of microporosity (Table 1). Variation in the meso-
pore surface area (10–45 m2g�1) among the various untreat-
ed zeolites is a consequence of differences in size, degree of
aggregation and surface roughness of the crystals, as the


Scheme 1. Post-synthesis treatments to create mesoporosity: de-alumination upon steaming or acid treatment
and desilication upon treatment in an alkaline medium.


H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4983 – 49944984



www.chemeurj.org





commercial zeolites mostly consist of aggregated small crys-
tals leading to particles in the sub-micrometre range, with
some intercrystalline porosity.


Alkaline treatment of the
commercial zeolites in NaOH
leads to mesoporosity develop-
ment, which varies dramatical-
ly for the different zeolites.
Desilication of CZ-35 in alka-
line medium has been shown
previously to result in extraor-
dinary changes in the adsorp-
tion properties upon treatment
in 0.2m NaOH at 338 K for
30 min.[17] The N2 isotherm is
transformed from type I to
combined types I and IV, with
a pronounced hysteresis loop


at higher relative pressures (Figure 2). The largely parallel
disposition of the adsorption and desorption branches of the
hysteresis loop suggests the presence of open (cylindrical)
mesopores connected to the outer surface, in contrast to
cavities, which give rise to a distinct broadening of the hys-
teresis loop by their delayed emptying along the desorption
branch.[27] The latter type of pores is less suitable if the aim
is to improve molecular transport by shortening of the diffu-
sion lengths in the micropores. The mesoporosity in CZ-35-
at (see Experimental Section for notation), as derived from
the isotherm by application of the t plot, amounts to a spec-
tacular 235 m2g�1, compared with 40 m2g�1 in the untreated
sample. Simultaneously, the micropore volume in this partic-
ular sample decreases only about 25% and, more important-
ly, the size of the micropores in the alkaline-treated zeolites
remains unchanged,[17] which is crucial when shape selectivi-
ty properties are desired. Ogura et al.[14] subjected CZ-20
samples to alkaline treatment by applying similar condi-
tions; surprisingly, they reported that the isotherm of CZ-
20-at hardly differed from that of the untreated zeolite, and
accordingly the newly created mesoporosity was rather low.
We suggested earlier that this difference in mesopore forma-
tion stems from the difference in the Si/Al ratio in the sam-
ples.[20] To support this statement, the commercial samples
in Table 1, covering a broad range of Si/Al ratios, were alka-


line-treated in 0.2m NaOH at
338 K. This leads to remarka-
ble differences in the suscepti-
bility of the zeolites to the de-
silication treatment and relat-
ed mesoporosity development.
Representative examples are
given in Figure 2, highlighting
the impact of the alkaline
treatment on zeolites with
measured molar Si/Al ratios of
17, 37 and 176 (nominally 15,
35 and 200, respectively). At a
low Si/Al ratio (CZ-15) the
shape of the isotherm is hardly


Figure 1. N2 adsorption (^) and desorption (^) isotherms at 77 K of the
untreated commercial MFI zeolites. For comparative purposes, the iso-
therms are shifted upwards with 100 cm3g�1 intervals between them.


Table 1. Chemical composition and textural properties of the untreated commercial MFI zeolites.


Sample[a] Commercial code
and supplier


Si/
Al[b, c]


SBET
[d]


[m2g�1]
Smeso


[e]


[m2g�1]
Vmicro


[e]


[cm3g�1]
Vmeso


[f]


[cm3g�1]


CZ-15-nt CBV 3024E, Zeolyst 17 415 40 0.15 0.10
CZ-20-nt NTZS-4, TOSOH 19 400 10 0.16 0.03
CZ-25-nt PZ 2/40, Chemie 26 410 35 0.16 0.10


Uetikon
CZ-35-nt CBV 8020, Zeolyst 37 430 40 0.17 0.09
CZ-40-nt CBV 8014, Zeolyst 42 415 45 0.16 0.14
CZ-200-nt PZ 2/400, Chemie 176 405 30 0.17 0.06


Uetikon
CZ-1000-nt T-960502, TOSOH 1038 390 15 0.16 0.03


[a] The number in the sample name denotes the nominal molar Si/Al ratio. [b] Measured by ICP-OES.
[c] Negligible concentration of extraframework Al species evidenced by 27Al MAS-NMR. [d] BET method.
[e] t-plot method. [f] Vmeso = Vads,p/p0=0.99�Vmicro.


Figure 2. N2 adsorption (open symbols) and desorption (full symbols) isotherms at 77 K of untreated (~, ~)
and alkaline-treated (^, ^) commercial MFI zeolites with nominal molar Si/Al ratios of 15, 35 and 200. Condi-
tions of alkaline treatment: 0.2m NaOH for 30 min at 338 K.
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affected by the alkaline treatment, while at a high Si/Al
ratio (CZ-200) the N2 isotherm shows adsorption preferen-
tially at relative pressures above 0.8, which indicates forma-
tion of a significant number of large pores. The alkaline-
treated sample with an intermediate Si/Al ratio (CZ-35)
shows particularly enhanced adsorption in the 0.4–0.8 pres-
sure range, related to the presence of smaller mesopores in
CZ-35-at than in CZ-200-at. The differences in mesoporosity
development are confirmed by the Barret–Joyner–Halenda
(BJH) pore size distribution (PSD) derived from the adsorp-
tion branch of the isotherm (Figure 3a). The PSDs of the


untreated zeolites are plotted for comparison. Indeed,
hardly any mesopore formation is evident in zeolites with a
relatively low Si/Al ratio (<20) compared with untreated
zeolites, as could be expected from the similar isotherms of
the untreated and alkaline-treated samples. With increasing
Si/Al ratios the materials become more susceptible to desili-
cation and a mesopore size distribution centred around
10 nm is developed upon alkaline treatment (CZ35-at and
CZ-40-at). The mesopore size is in good agreement with
HRTEM results on the CZ-35-at sample in Figure 4, which
also confirms the preservation of the microporous lattice. A
further increase in the Si/Al ratio (CZ-200-at) causes a shift
towards larger meso- and macropores. The PSD of CZ-200
might also suggest a well-defined distribution of pores
around 2 nm. However, this contribution does not represent
real pores and is caused by a fluid–crystalline-like phase
transition of the adsorbed phase,[28] which is typical for
ZSM-5 zeolites and depends on the framework Si/Al ratio
and synthesis procedure.[29,30] The contribution should
become less pronounced at lower Si/Al ratios: this correlates
with the lower intensity of this peak in the alkaline-treated
sample, which indeed represents a lower Si/Al ratio than the
untreated zeolite because of preferential Si extraction. In
CZ-1000-at, a more random distribution of mesopores, and


particularly macropores, is obtained as a result of the unse-
lective hydrolysis of T atoms from the mainly siliceous
framework. Treatment of the commercial zeolites at a
higher temperature (358 K) gives rise to two features of the
mesoporosity formed that differ from those obtained by
treatment at 338 K: 1) the PSD broadens and is shifted to-
wards larger pore sizes; 2) the zeolites with a lower Si/Al
ratio tend to become more susceptible to mesopore forma-
tion (compare Figures 3a and b). This indicates accelerated
dissolution of framework Si (and Al) atoms with tempera-
ture, thereby creating larger “holes” in the zeolite crystals.


Apparently the higher temper-
ature enables the extraction of
a fraction of Si atoms that
would be stabilized by the
neighbouring Al atoms at
lower temperatures.
The increased surface area


and volume of the mesopores
upon alkaline treatment is ac-
companied by reduction of the
micropore volume (Table 2).
This decrease in micropore
volume appears to be related
to the degree of mesopore for-
mation; limited mesoporosity
development leads to a minor
decrease in micropore volume,
while at high mesopore surface
areas the decrease in Vmicro


amounts to about 25%. Inter-
estingly, the mesopore surface


area and the framework Si/Al ratio are related by a volca-
no-type dependency (Figure 5a). DSmeso represents the in-
crease in mesopore area as a consequence of the alkaline
treatment: that is, corrected for the mesopore surface area
of the untreated zeolites in Table 1. The Si/Al range of 25–
50 appears to be optimal for mesopore formation, leading to
increased mesopore surface areas of up to ~200 m2g�1 and a
distribution of mesopores centred around 10 nm. The rela-
tively low increase in mesopore surface area at Si/Al ratios
<20 is a result of limited mesopore formation, as can be de-
rived from the PSDs in Figure 3. The evolution in mesopore


Figure 3. BJH adsorption pore size distribution of the alkaline-treated (symbols) commercial MFI zeolites
upon alkaline treatment at a) 338 K and b) 358 K in 0.2m NaOH for 30 min. The pore size distribution of the
untreated samples (lines) is included for comparative purposes.


Figure 4. HRTEM micrographs of untreated and alkaline-treated CZ-35.
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surface area of the more siliceous zeolites with Si/Al ratios
above 200 can be attributed to the formation of larger meso-
pores and macropores that should contribute mainly to the
pore volume and less to the mesopore surface area. Surpris-
ingly, the increase in mesopore volume (DVmeso) also exhibits
an optimum at intermediate Si/Al ratios (Figure 5b). The
limited DVmeso at low Si/Al ratios clearly results from the ab-
sence of substantial new mesoporosity in the treated materi-


als, but the small increase in pore volume at high Si/Al
ratios is at first unexpected. This observed limited change in
pore volume can be explained by the formation of macro-
pores, which are outside the conventional measuring range
of N2 adsorption at 77 K. Although the total pore volume of
pores smaller than 100 nm can be measured appropriately,
the contribution of larger pores to the total pore volume
cannot be taken fully into account, since capillary condensa-
tion will not occur in these large pores.


Si and Al extraction upon alkaline treatment : Elemental
analysis of the dried zeolites before and after the alkaline
treatment, as well as analysis of the resulting filtrate, further
proves the differences in susceptibility to Si and Al extrac-
tion of the zeolites with varying Si/Al ratios. At Si/Al <20
and 338 K, a relatively low Si concentration was measured
in the filtrate (Figure 6), which correlates with the minor


degree of mesopore formation in these zeolites. The degree
of Si dissolution increases with increasing Si/Al ratio, partic-
ularly in the 25–50 range. The maximum concentration of Si
(approximately 6 gL�1) measured in the filtrate is related to
the initial concentration of OH� ions in the alkaline solution
and corresponds to about 40 wt.% Si extraction. This proves


Figure 5. Variation of a) the mesopore surface area and b) the mesopore
volume with the molar Si/Al ratio of the commercial MFI zeolites upon
alkaline treatment in 0.2m NaOH for 30 min at 338 K (open symbols)
and 358 K (solid symbols). The secondary (upper) x-axis displays the
equivalent number of Al atoms per unit cell associated with a certain Si/
Al ratio.


Table 2. Chemical composition and textural properties of the alkaline-treated commercial MFI zeolites in 0.2m NaOH for 30 min at different tempera-
tures.


T = 338 K T = 358 K
Sample Si/


Al[a]
SBET


[b]


[m2g�1]
Smeso


[c]


[m2g�1]
Vmicro


[c]


[cm3g�1]
Vmeso


[d]


[cm3g�1]
Si/
Al[a]


SBET
[b]


[m2g�1]
Smeso


[c]


[m2g�1]
Vmicro


[c]


[cm3g�1]
Vmeso


[d]


[cm3g�1]


CZ-15-at 15 390 50 0.14 0.16 14 410 65 0.14 0.24
CZ-20-at 18 385 25 0.14 0.04 16 425 80 0.14 0.10
CZ-25-at 18 505 195 0.13 0.31 17 470 165 0.14 0.33
CZ-35-at 24 510 235 0.13 0.48 23 505 180 0.13 0.55
CZ-40-at 29 540 225 0.13 0.61 28 490 180 0.13 0.45
CZ-200-at 133 425 105 0.16 0.33 111 445 100 0.16 0.46
CZ-1000-at 560 475 75 0.16 0.20 460 440 80 0.15 0.15


[a] Measured by ICP-OES. [b] BET method. [c] t-plot method. [d] Vads,p/p0=0.99�Vmicro.


Figure 6. Concentration of Si (solid symbols) and Al (open symbols) in
the filtrate obtained upon alkaline treatment of the commercial zeolites
in 0.2m NaOH for 30 min at 338 K.
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that nearly all the OH� is consumed for the hydrolysis of Si.
Clearly, dissolution of Si is favoured over that of Al. The
concentration of Al in the filtrate is more than two orders
of magnitude lower than the concentration of Si (Figure 6).
This can also be represented by the Si/Al ratio in the fil-
trate, which is generally much higher than that of the zeo-
lites (Figure 7). In the optimal Si/Al range (25–50), the Si/Al


ratio in the filtrate after treat-
ment at 338 K amounts to ~
1500. For zeolites with a lower
Si/Al ratio this difference is
not so spectacular because of
the limited extraction of Si. As
a consequence, the molar Si/Al
ratio in the alkaline-treated
zeolites decreases overall
(Table 2). Furthermore, a good
correlation has been establish-
ed between the concentrations
of Si and Al measured in the
filtrates and the weight loss of
the zeolites upon alkaline
treatment, filtration and drying. A higher treatment temper-
ature (358 K) in particular affects the materials with a lower
Si/Al ratio and leads to enhanced Si extraction (Figure 7).
Despite the considerable extraction of framework Si, the
crystallinity of the alkaline-treated zeolites is mostly pre-
served.[17]


Impact of alkaline treatment on acidic properties : In con-
trast to de-alumination, preferential extraction of Si by
treatment in alkaline medium should not substantially alter
the acidic properties related to the presence of framework
Al, although the substantial mesoporosity development
could modify the Al environment. FTIR measurements on
CZ-35 in the OH stretching region (Figure 8) confirm that a
controlled alkaline treatment in general preserves the zeo-
lite acidity, supporting previously reported NH3-TPD results


(see also Figure 9).[18] The absorption band at 3610 cm�1,
which is characteristic of Brønsted acid sites,[31] completely
vanishes after alkaline treatment because of the rapid ion
exchange with Na+ cations, but is fully recovered upon ion
exchange in 0.1m NH4NO3 and subsequent calcination of
the alkaline-treated zeolite. This preservation of acidity is
applicable to the various desilicated zeolites. Interestingly,


no distinct signs of additional extra framework Al species
(3660 cm�1)[32] can be observed in the alkaline-treated
sample; this has been confirmed by 27Al MAS-NMR (not
shown). In CZ-35-at, the band at 3740 cm�1 becomes more
intense while the broad band at 3590 cm�1 vanishes, indicat-
ing the development of isolated silanol groups and the re-
moval of hydroxyl nests, respectively.[33] These observations
do not fully corroborate the original hypothesis that meso-
porosity formation is initiated preferentially at boundaries
or defect sites of the zeolite crystals,[34] which would lead to
a decrease in the respective absorption bands. However, the
mesoporosity development is accompanied by the creation
of new, isolated silanol groups at the higher “external” sur-
face of these mesopores, inducing a more intense contribu-
tion at 3740 cm�1. Moreover, if re-alumination during the
treatment did occur, this would lead to “healing” of the hy-


Figure 7. Molar Si/Al ratios in the filtrate obtained upon alkaline treat-
ment of the various zeolites in 0.2m NaOH for 30 min at 338 and 358 K;
&: 338 K, &: 358 K.


Figure 8. FTIR spectra in the OH stretching region of CZ-35 upon vari-
ous treatments (see Table 3). Spectra were recorded in He at 473 K.


Figure 9. NH3-TPD profiles of a) CZ-35 and b) CZ-25 upon various treatments (see Table 3).
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droxyl nests, as was previously observed when zeolite beta
was treated with Al isopropoxide[35] or Na aluminate,[36] and
de-aluminated ultra-stable Y-sieve (USY) zeolite in alkaline
medium,[37,38] and results in a further decrease in the corre-
sponding absorption band at 3590 cm�1. The possibility of
re-alumination is further discussed below.


Mesopore formation mechanism : The remarkable meso-
porosity development and Si extraction discussed above is
determined mainly by the Si/Al ratio of the zeolites. The
presence of tetrahedrally coordinated aluminium regulates
the process of Si extraction and mechanism of mesopore for-
mation according to Figure 10. As a result of the negatively


charged AlO4
� tetrahedra, hydrolysis of the Si�O�Al bond


in the presence of OH� is hindered compared with the rela-
tively easy cleavage of the Si�O�Si bond in the absence of
neighbouring Al.[34,39] Materials with a relatively high densi-
ty of framework Al sites (low Si/Al ratio) are relatively
inert to Si extraction, as most of the Si atoms are stabilized
by nearby AlO4


� tetrahedra. Consequently, these materials
show a relatively low degree of Si dissolution and limited
mesopore formation. Contrarily, the high density of Si
atoms in zeolites with a high Si/Al ratio (low Al content)
leads to substantial Si extraction and porosity development.
Formation of these large pores due to the excessive Si re-
moval is undesirable, since pores in the lower nanometre
size range will already provide adequate transport character-
istics to and from the active sites accompanied by only mod-
erate Si dissolution compared with the excessive dissolution
in the case of higher Si/Al ratios. An intermediate frame-
work Al content, equivalent to a molar Si/Al ratio in the
range 25–50, is optimal and leads to a relatively high degree


of selective Si dissolution from which well-controlled meso-
pores originate.
Formation of mesopores in the nanometre size range


(Figure 3) with a substantial mesopore volume (Table 2) re-
quires the dissolution of a significant volume of the zeolite
framework and consequently should be accompanied by the
removal of both framework Si and framework Al. However,
only a small fraction of the expected Al is measured in the
filtrate after alkaline treatment (Figures 6 and 7). This sug-
gests that not all the Al removed from the framework
during the alkaline treatment remains in the liquid phase,
but is somehow re-incorporated in the solid. Particularly
when the pH decreases due to consumption of OH� ions
during the alkaline treatment, the solubility of Al decreases
and deposition is promoted.[40,41] For zeolites with a molar
Si/Al ratio in the range 25–50, a decrease is typically ob-
served from pH 13.3 to 12.2, which indicates that more than
90% of the initial OH� ions have been consumed. Deposi-
tion of Al species during the alkaline treatment is further
supported by the observations[14,17] that the Al concentration
in the filtrate decreases when the duration of the alkaline
treatment is increased, while the Si concentration increases
progressively. Formation of amorphous extra framework
aluminium oxide or aluminosilicate could occur, but this
would typically lead to extra bands in the FTIR spectra
around 3660 cm�1, which were not observed in our spectra.
The Brønsted acidity seems to be preserved (FTIR and
NH3-TPD),[17,18] and even increases due to the lower Si/Al
ratio of the resulting alkaline-treated sample; this suggests
that most of the Al atoms in the alkaline-treated sample are
in framework positions and indicates that part of the Al ex-
tracted during the alkaline treatment has been re-inserted in
the zeolite framework (re-alumination), as has already been
noticed on the basis of FTIR[42,43] and 27Al MAS-NMR
measurements.[43,44] The re-aluminated Al species should
preferably be located close to the mesopores since this is
where most of the vacancies are created during the desilica-
tion process. Consequently, in principle these newly created
Al sites should have excellent accessibility.
The coexistence of various Al sites which are more or less


susceptible to hydrolysis in NaOH solution is strongly sug-
gested by the observations that 1) mesopores are created
which size clearly depends on the framework Al concentra-
tion and 2) the filtrate contains a much smaller fraction of
the expected Al. The existence of different framework Al
sites with a different tendency to be extracted has been pre-
viously reported for zeolite beta, in which de-alumination
and re-alumination seem to occur for specific T1 and T2
sites in the framework.[35] Similar conclusions on the re-alu-
mination of specific T sites during treatment of zeolite beta
with a NaAlO2 solution were derived by Zaiku et al.[36] 27Al
MQ-MAS NMR measurements by Sarv et al.[45] have also
confirmed the existence of different Al sites in zeolite ZSM-
5, which supports our hypothesis on the role of Al during
the desilication process. Forthcoming MQ-MAS NMR inves-
tigations should confirm changes in the ratio of Al in differ-
ent T positions before and after alkaline treatment.


Figure 10. The influence of the Si/Al ratio on the desilication treatment
of MFI zeolites in NaOH solution and the associated mechanism of pore
formation.
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Nonframework aluminium as pore-directing agent? Not
only the concentration, but also the nature of the aluminium
and its location, may play a role in desilication by alkaline
treatment. To investigate the impact of extraframework alu-
minium (AlEF), some of the commercial zeolites were
steam-treated at 873 K for 5 h. This induces dislodgement of
lattice Al into non-lattice positions. As expected, the molar
Si/Al ratio of the zeolites as determined by inductively cou-
pled plasma optical emission spectroscopy (ICP-OES) is not
affected by the steam treatment (Table 3 for CZ-35). A
broad absorption band that appears at 3660 cm�1 in the
FTIR spectrum of CZ-35-st (Figure 8) is ascribed to hydrox-
yl groups connected to AlEF species.[32] In addition, a weak
band at 3780 cm�1 is observed, which is assigned to hydroxyl
groups connected to partially framework Al species, which
are not in pure tetrahedral coordination.[46] NH3-TPD meas-
urements on the steamed samples also confirm distinct
changes in acidity related to the extraction of Al from the
framework, extensively depleting Brønsted acid sites
(Figure 9). The intensity of the peak around 673 K, which
represents strong acidity and is associated with lattice Al, is
reduced, while the low-temperature contribution (ca. 550 K)
related to NH3 desorption from weakly acid sites (probably
of Lewis nature) increases. The total acidity in the steamed
sample is much lower than that of the untreated sample,
suggesting significant clustering of the AlEF species.
Importantly, the porosity development in the steamed


sample is very limited compared with the alkaline-treated
zeolite. The mesopore surface area only increases from
40 m2g�1 in CZ-35-nt to 55 m2g�1 in CZ-35-st (Table 3), in
contrast to 235 m2g�1 in the alkaline-treated sample CZ-35-
at. Furthermore, the resemblance of the BJH adsorption
PSD of CZ-35-st to that of CZ-35-nt confirms the negligible
mesoporosity development (Figure 11). Moreover, a slight
decrease in micropore volume is observed, probably related
to the blockage of some microporosity by AlEF species.
These results confirm that in the optimal Si/Al range of 25–
50 desilication is superior to de-alumination as a post-treat-
ment for mesoporosity development in MFI zeolites
(Figure 12). At lower Si/Al ratios (and higher framework Al
concentrations, as in CZ-15) de-alumination and desilication
seem to result in similar but only minor mesoporosity devel-
opment, while at high Si/Al ratios (CZ-200) desilication is
still favorable because of the extremely low framework Al
content that can be extracted by de-alumination.
Based on the mesopore formation mechanism proposed


in the previous section, alkaline treatment of hydrothermal-


ly de-aluminated samples should result in more extensive Si
dissolution and formation of preferentially larger pores, a
consequence of the higher framework Si/Al ratio. However,
the steamed sample appears to be less susceptible to the al-
kaline treatment than the untreated sample, as can be de-
duced from the concentration of Si and Al in the filtrate
and the porosity development. Table 3 shows that the Si
concentration in the filtrate upon alkaline treatment of CZ-
35-st is about three times lower than that of CZ-35-at. Addi-
tionally, the Al concentration is about four times higher,
which can be explained by the dissolution in the alkaline
medium of AlEF species that can remain in solution as a
result of the lower consumption of OH� ions, that is, at
higher pH. The disappearance of the absorption band at


Table 3. Chemical and textural properties of CZ-35 upon different treatments and their combinations.


Sample Treatment Si/
Al[a]


[Si]filtrate
[a]


[gL�1]
[Al]filtrate


[a]


[gL�1]
SBET


[b]


[m2g�1]
Smeso


[c]


[m2g�1]
Vmicro


[c]


[cm3g�1]
Vmeso


[d]


[cm3g�1]


CZ-35-nt untreated 37 – – 430 40 0.17 0.09
CZ-35-at alkaline 24 4.64 0.004 510 235 0.13 0.48
CZ-35-st steam 39 – – 375 55 0.16 0.11
CZ-35-st-oat steam + oxalic acid 60 – – 385 55 0.16 0.12
CZ-35-st-at steam + alkaline 38 1.65 0.015 415 80 0.15 0.16
CZ-35-st-oat-at steam + oxalic acid + alkaline 46 3.20 0.006 405 100 0.13 0.27


[a] Measured by ICP-OES. [b] BET method. [c] t-plot method. [d] Vads,p/p0=0.99�Vmicro.


Figure 11. BJH pore size distribution of CZ-35 upon various treatments
(see Table 3).


Figure 12. Evolution of the mesopore surface area of selected zeolites
upon various treatments (see Table 3).
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3780 cm�1 and a slight decrease in the absorption band at
3660 cm�1 are evident in the FTIR spectrum of the steamed
sample after a subsequent alkaline treatment, confirming
the dissolution of AlEF species created by steaming. Interest-
ingly, NH3-TPD of CZ-35-st-at implies a partial recovery of
the original acidic properties (Figure 9a). The high-tempera-
ture contribution (strong acidity) clearly intensifies upon al-
kaline treatment of the steamed sample, strongly suggesting
a partial re-alumination of the AlEF species, since the Si/Al
ratio does not change significantly. This effect is even more
pronounced in the CZ-25 series, while Si/Al (22) in CZ-25-
st-at is only slightly lower than Si/Al (26) in the untreated
and steamed samples (Figure 9b). In agreement with the
ICP results, N2 adsorption also reveals that the alkaline
treatment of the steamed sample is less efficient than that of
the untreated sample; this is supported by the PSD in
Figure 10 and the data in Table 3. A much smaller propor-
tion of mesopores has been formed upon alkaline treatment
of the steamed sample (CZ-35-st-at) than in CZ-35-at,
which is tentatively attributed to the surpressing role of AlEF
species.
Although AlEF species could dissolve in the alkaline


medium and therefore interfere with the Si extraction, the
relatively low content of Al should not affect the consump-
tion of OH� ions significantly. To eliminate AlEF species,
before the alkaline treatment the steamed sample was treat-
ed in 0.1m oxalic acid at 343 K, which preferentially re-
moves these extra framework species while not significantly
affecting framework Al.[47] Indeed, ICP analysis of the
steamed zeolite before and after oxalic acid treatment
shows a significant increase in the molar Si/Al ratio of CZ-
35-st-oat (to Si/Al 60:1). The untreated zeolite was also
treated in oxalic acid under similar conditions; as expected,
neither the Si/Al ratio nor the acidic properties were affect-
ed. The analogous results from NH3-TPD and FTIR of CZ-
35-nt-oat and CZ-35-nt confirm 1) the inertness of frame-
work Al to the oxalic acid treatment and 2) the negligible
content of extra framework species in the untreated sample.
Alkaline treatment of CZ-35-st-oat leads to spectacular
changes compared with CZ-35-st-at (which is without an in-
terim oxalic acid treatment). As can be deduced from
Table 3 and Figure 10, the Si extraction of 3.2 gL�1 mea-
sured in the filtrate and the porosity development upon al-
kaline treatment of the steamed sample with the additional
oxalic acid treatment are much higher. The mesopore
volume of 0.27 cm3g�1 in CZ-35-st-oat-at is significantly
higher than that (0.16 cm3g�1) of the alkaline-treated
steamed sample. Interestingly, the sample does not only
show a higher degree of mesopore formation than CZ-35-st-
at, but also contains larger pores than CZ-35-at. This shift in
pore size is attributed to the higher framework Si/Al ratio
of CZ-35-st-oat, supporting the proposed mechanism of
mesopore formation in Figure 10. Despite the larger pore
size in CZ-35-st-oat-at, the pore volume (0.27 cm3g�1) is
lower than that in CZ-35-at (0.48 cm3g�1). The reason for
this is twofold. CZ-35-st-oat-at has a somewhat lower sus-
ceptibility to Si extraction than CZ-35-at, as can be deduced


from the lower Si concentration in the filtrate, which is
probably a result of some AlEF species remaining after the
oxalic acid treatment. Besides, larger pores are created in
CZ-35-st-oat-at that cannot be fully assessed by N2 adsorp-
tion.
On the basis of the observations above, the role of the


AlEF species can be described tentatively as follows: AlEF
species, created for example by steam treatment, will dis-
solve at high pH (pH ~13) and are subsequently re-alumi-
nated during the alkaline treatment at lower pH (pH ~11–
12). Re-alumination of dissolved AlEF will occur particularly
at structural vacancies, which are available extensively at
the outer surface of the crystals where Si has been extracted.
This will lead to an Al-rich outer surface, and accordingly
during the treatment the zeolite will become less susceptible
to Si extraction, as can be deduced from Figures 5 and 10.
Upon removal of the extra framework species by oxalic
acid, the zeolite will act like an untreated material with a
higher Si/Al ratio, it will be more susceptible to the alkaline
treatment and larger mesopores will be formed. The effect
of the various treatments and their combination on the de-
velopment of porosity is represented in Figure 13.
Re-alumination of AlEF species upon alkaline treatment


has been reported previously by Lietz et al.,[42] who investi-
gated the modification of the catalytic properties, for con-
version of propane and methanol, of calcined and steamed
ZSM-5 zeolite upon treatment in NaOH solution. Disap-
pearance of the IR absorption band at 3660 cm�1, which is
characteristic for AlEF species, was observed in the steamed
zeolite after treatment in NaOH. In addition, the absorption
band at 3610 cm�1 associated with Brønsted acid sites, that
is, framework Al, was recovered. In agreement with our
findings, these authors also observed decreased dissolution
of Si for the steamed sample compared with the calcined
zeolite.


Synthesized zeolites : In addition to the above study of com-
mercial zeolites, zeolites with Si/Al ratios of 36 (SZ-35) and
>2000 (SZ-2000) were synthesized and post-treated to con-
firm the universal effect of the alkaline treatment and the
validity of the mesopore formation mechanism derived
therefrom. Figure 14 shows that SZ-35 consists of larger par-
ticles (~3 mm) than those (<1 mm) generally observed in the
commercial zeolites, and in particular in CZ-35 with a simi-
lar Si/Al ratio. As a consequence, the mesopore surface area
of SZ-35-nt (15 m2g�1; Table 4) is considerably lower than
the 40 m2g�1 in CZ-35-nt. The purely siliceous SZ-2000 con-
sists of elongated hexagonal crystals, length~60 mm, and
shows an even lower mesopore surface area of ~5 m2g�1.
Importantly, the mesoporosity development in the alka-


line-treated synthesized zeolites correlates perfectly with the
trend in the commercial zeolites. The increase in mesopore
surface area of SZ-35-at amounts to 200 m2g�1, which, based
on the Si/Al ratio of 36 in the untreated material, fits well in
the optimum of the volcano plot in Figure 5 and is very simi-
lar to the increase of 195 m2g�1 upon alkaline treatment of
CZ-35. Contrarily, SZ-2000-at shows a negligible increase in
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mesopore surface area of 5 m2g�1, which should be attribut-
ed to a progressive dissolution of the siliceous crystals in the
absence of the pore-directing framework Al species. More-
over, the mesopore size distribution developed in SZ-35-at
coincides with that of CZ-35-at (Figure 15). This proves the
universal character of this treatment and further supports


the suggestion that the mecha-
nism of intracrystalline meso-
pore formation is primarily to
the Si/Al ratio of the untreated
zeolite. In particular, the intra-
crystalline mesopore formation
will significantly improve the
transport properties to and
from the active sites present in
the micropores, with the pros-
pect of more efficient utiliza-
tion of zeolite crystals in cata-
lytic processes.


Conclusion


Aluminium in framework posi-
tions directs the preferential
extraction of framework Si
upon alkaline treatment of
MFI zeolites, leading to con-
trolled mesopore formation.
An optimal molar framework
Si/Al range of 25–50, has been
identified, leading to increased
mesopore surface areas of up
to about 200 m2g�1 coupled
with a decrease of less than
25% in micropore volume and
preservation of the micropore
size. At higher Si/Al ratios un-
controlled extraction of Si
occurs, leading to large pores,
while a high Al content (low
Si/Al ratio) leads to restricted
Si extraction and minor meso-
porosity development. The
preservation of the acidic
properties of the alkaline-
treated zeolites coupled to
spectacular mesopore forma-
tion implies re-alumination of
extracted Al species, which
should lead to easily accessible
acidity. Alkaline treatment of
both commercial and synthe-
sized MFI zeolites leads to
very similar results and con-
firms the universality of the al-
kaline treatment and the pro-


cess of intracrystalline mesopore formation. A high concen-
tration of extra framework Al species, as created by steam
treatment, inhibits Si extraction and connected mesoporosity
development; this is tentatively attributed to re-alumination
of the extra framework species at the outer surface. A mild
oxalic acid treatment of the steamed zeolite removes extra


Figure 13. Schematic proposed hierarchical evolution of mesoporosity upon various treatments and their com-
binations.


Figure 14. SEM micrographs of selected untreated zeolites.
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framework Al and recovers susceptibility to desilication ac-
companied by formation of larger mesopores as a result of
the higher framework Si/Al ratio.


Experimental Section


Materials and treatments


Parent zeolites : Various commercial and synthesized MFI zeolites, denot-
ed as CZs and SZs respectively, were used. Table 1 shows the commercial
ZSM-5 zeolites supplied by various manufacturers; they cover a broad
range of nominal molar Si/Al ratios (15–1000). ZSM-5 with a molar Si/Al
ratio of ~35 (SZ-35) was prepared by hydrothermal synthesis in an alka-
line medium with tetrapropylammonium ions (TPA) as the template.[21]


The seeding gel, prepared by adding silicic acid to the basic solution of
TPAOH and NaOH, was mixed and shaken vigorously with the synthesis
gel consisting of sodium aluminate, NaOH solution and silicic acid. The
gel obtained in this way was then transferred to a Teflon-lined stainless
steel autoclave and kept in a static air oven at 453 K for 40 h. The solid
product was recovered by filtration and washed with demineralized
water.


Pure silica MFI (silicalite) (SZ-2000) was synthesized using fluoride ions
as a mineralizing agent.[22] Ludox HS suspension (40 wt.%) was used as
the silica source and stirred to homogeneity with NaF, HF and TPABr.
Incubation of the gel at 443 K for 60 h in a Teflon-lined stainless steel au-
toclave was followed by filtration and washing with demineralized water.


The template in the as-synthesized samples was removed by calcination
in air at 823 K for 10 h using a ramp of 2 Kmin�1. The calcined zeolite
was then converted into the H-form by three consecutive exchanges with
an ammonium nitrate solution (0.1m) and subsequent calcination at
823 K for 5 h with the same temperature ramp.


Throughout this account, the suffix -nt refers to untreated samples, -st to
steamed samples, -oat to oxalic acid-treated samples, and -at to alkaline-
treated samples. Combinations of treatments are denoted by the appro-


priate suffices according to the time sequence of the treatments applied.
For example, CZ-35-st-oat-at refers to the commercial zeolite with a
nominal Si/Al ratio of 35 that has been successively steamed, then treat-
ed with oxalic acid and finally submitted to alkaline treatment.


Steam treatment : The zeolites underwent steam treatment in a quartz
fixed-bed reactor in a flow of steam (water partial pressure = 300 mbar)
and helium (30 cm3min�1) at atmospheric pressure and 873 K for 5 h,
after heating in He with a temperature ramp of 10 Kmin�1.


Oxalic acid treatment : Oxalic acid treatment was applied in order to
remove AlEF species created by steam treatment: each sample (500 mg)
was stirred in 0.1m oxalic acid at 343 K for 2 h. The resulting product was
filtered, washed carefully with demineralized water and dried overnight
at 373 K.


Alkaline treatment : The zeolites were treated with an aqueous NaOH
solution (0.2m) at 338 and 358 K: each sample (330 mg) was stirred vigo-
rously in NaOH solution (10 mL)in a polypropylene flask for 30 min at a
specific temperature. The reaction was quenched by submersion of the
flask in an ice–water mixture; the solid product was then filtered, washed
thoroughly with demineralized water, dried overnight at 373 K.


Characterization : N2 adsorption at 77 K was performed in a Quantach-
rome Autosorb-6B gas adsorption analyser to derive information on the
porous characteristics of the untreated and treated samples. Before the
adsorption measurement the samples were treated in vacuum at 573 K
for 12 h. The BET method[23] was applied in the adapted relative pressure
range of 0.01–0.1 to calculate the total surface area, while the t-plot
method[24] was used to discriminate between micro- and mesoporosity. In
the t-plot, the reported mesopore surface area (Smeso) consists of contribu-
tions from the outer surface of the particles as well as mesopores and
macropores. The BJH model[25] applied to the adsorption branch of the
isotherm provides information on the mesopore size distribution. Si and
Al concentrations in the zeolites and in the filtrates obtained upon alka-
line treatment were determined by ICP-OES in a Perkin–Elmer Optima
3000DV. The crystal size and morphology of the untreated and treated
zeolites were investigated by SEM on JEOL JSM-6700F and Philips XL-
20 microscopes. HRTEM investigations were performed on a Philips
CM30UT electron microscope. FTIR spectra were recorded in He at
473 K on a Nicolet Magna 860 Fourier transform spectrometer using a
Spectratech diffuse reflectance (DRIFT) accessory, equipped with a high-
temperature cell. The sample was pretreated at 723 K in a flow of He to
remove any contaminants. NH3-TPD was carried out in a Micromeritics
TPR/TPD 2900 system equipped with a thermal conductivity detector
(TCD). The sample (25 mg) was pretreated at 823 K in He for 1 h. After-
wards, pure NH3 (25 cm


3min�1) was adsorbed at 473 K for 10 min. Subse-
quently a flow of He (25 cm3min�1) was passed through the reactor for
20 min to remove weakly adsorbed NH3 from the zeolite. This procedure
was repeated three times. Desorption of NH3 was monitored in the range
473–823 K.
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Diastereoselective Synthesis of Five- and Seven-Membered Rings by
[2+2+1], [3+2], [3+2+2], and [4+3] Carbocyclization Reactions of b-
Substituted (Alkenyl)(methoxy)carbene Complexes with Methyl Ketone
Lithium Enolates


Jos. Barluenga,* Jorge Alonso, and Francisco J. FaÇan3s[a]


Introduction


The design of new methods for the selective synthesis of
medium-size carbocycles continues to be of great interest
for organic chemists[1] due to the importance of carbocyclic
skeletons in biologically relevant compounds.[2] Organome-
tallic compounds have considerably contributed in the de-
velopment of important processes for the construction of
cyclic products with different ring sizes.[3] In this context,
Fischer carbene complexes, which have been revealed as ex-
traordinarily useful tools for synthesizing a wide variety of
complex molecules,[4] have turned out to be a solid asset for
the preparation of cyclization products.[5] In particular, stabi-
lized Group 6 alkenylcarbene complexes are recognized as
valuable building blocks for the preparation of five- and
seven-membered carbo- and heterocycles. In fact, there are


diverse examples in which these compounds act as a C3 com-
ponent for the formation of five- and seven-membered
rings. Thus, reactions of alkenylcarbene complexes with al-
kynes,[4c,6] electronically neutral 1,3-dienes,[7] electron-rich
1,3-dienes,[8] 1-amino-1-aza-1,3-dienes,[9] electron-poor al-
kenes,[10] enamines,[11] ynamines,[12] imines,[13] and isoni-
triles[14] give rise to five-membered rings by a formal [3+2]
cyclization process. In this last case, if the isonitrile stoichi-
ometry is changed, a new cyclopentane ring can also be
formed by a formal [3+1+1] cyclization reaction.[14,15] The
participation of alkenylcarbene complexes as a C1 compo-
nent in the formation of five-membered rings is rather un-
common. Thus, when these complexes react with electroni-
cally neutral 1,3-dienes[7] or 1-amino-1-azadienes,[9] cyclo-
pentene and pyrrole derivatives arising from a formal [4+1]
cyclization reaction are obtained. Nevertheless, 1,3-diamino-
1,3-dienes and chromium alkenylcarbene complexes can
also undergo a [4+1] cyclization reaction.[16] Alkenylcarbene
complexes can also take part in the construction of seven-
membered rings, generally as a C3 component. Certainly,
they react with both electron-rich[17] and electron-poor
dienes[18] or azadienes[19] to give the corresponding [4+3]
cyclization adducts. Recently,[20] a nickel-mediated [3+2+2]


Abstract: b-Substituted alkenylcarbene
complexes react with methyl ketone
lithium enolates to give different car-
bocyclization products depending on
the structure of the lithium enolate, on
the metal of the carbene complex, and
on the reaction media. Thus, the reac-
tions of aryl and alkyl methyl ketone
lithium enolates with b-substituted al-
kenyl chromium and tungsten carbene
complexes in diethyl ether afford 1,3-
cyclopentanediol derivatives derived
from a formal [2+2+1] carbocycliza-


tion reaction. However, the lithium
enolates of acetone and tungsten com-
plexes furnish formal [3+2+2] carbo-
cyclization products. In the case of al-
kynyl methyl ketone lithium enolates,
competitive formal [2+2+1] and [3+2]
carbocyclization reactions occur and
1,3-cyclopentanediol and 3-cyclopente-
nol derivatives are formed. Conversely,


alkenyl methyl ketone lithium enolates
react with alkenylcarbene complexes
under the same reaction conditions to
form 2-cycloheptenone derivatives by a
formal [4+3] carbocyclization reaction.
Finally, when the reaction was per-
formed in the presence of a coordinat-
ing medium, the [3+2] carbocyclization
pattern was observed independently of
the nature of the methyl ketone lithium
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cyclization reaction of alkenyl chromium carbene complexes
and alkynes has been described in which the carbene com-
plexes act as a C3 unit. Alternatively, while lithium enolates
add to a,b-unsaturated carbene complexes in a Michael
fashion,[21] Casey and Brunsvold[21a] described only an exam-
ple in which the lithium enolate of acetone added to these
complexes through 1,2-nucleophilic attack to furnish a,b-un-
saturated ketones. In this context, we have recently[22] re-
ported the novel and solvent-controlled diastereoselective
[3+2] and [4+1] cyclization reactions of a,b-substituted
(alkenyl)(methoxy)carbene complexes and methyl ketone
lithium enolates to form five-membered carbocyclic rings.
Herein, we present the reaction of b-substituted (alkenyl)-
(methoxy)carbene complexes and lithium enolates derived
from methyl ketones to afford five- and seven-membered
carbocyclic rings in a diastereoselective way. Formal
[2+2+1], [3+2], [3+2+2], and [4+3] cyclization reactions
are observed and the reaction outcome depends on the
nature of the substituent on the lithium enolate, the metal
of the carbene complex, and the presence or absence of a
strong coordinating cosolvent in the reaction medium.


Results and Discussion


Since the results of the reaction of b-substituted alkenyl car-
bene complexes 1, 2 and lithium enolates 3 are highly de-
pendent on the nature of the R group of the enolate, the re-
sults and discussion have been systematized according to the
structure of the methyl ketones 4, which are the precursors
of the lithium enolates 3 (Scheme 1).


Aryl methyl ketones—Formal [2+2+1] cyclizations : When
b-substituted (alkenyl)(methoxy)carbene complexes 1 (M =


Cr) or 2 (M = W) were treated with two equivalents of aryl
methyl ketone lithium enolates 3a–c, generated by the reac-
tion of the corresponding silyl enol ethers 5 with butyllithi-
um at 0 8C, in diethyl ether at temperatures of 0–20 8C, 1,3-
cyclopentanediol derivatives 6a–e were obtained, after hy-
drolysis with silica gel, in moderate yield and as single dia-
stereoisomers (Scheme 1 and Table 1). Compounds 6a–e
can be considered as the result of a three-component,
formal [2+2+1] carbocyclization reaction, in which three
quaternary stereogenic centers have been generated with
complete diastereoselectivity. The structure and relative
configuration of the stereogenic centers of compounds 6a–e
were determined by 2D NMR spectroscopic analysis
(COSY, HMQC, HMBC, and NOESY).


It is interesting to note that the use of one equivalent of
the lithium enolate 3a–c under the same reaction conditions
led to the formation of compounds 6a–e in lower yields and
the recovery of almost half of the carbene complexes 1. Re-
markably, the reaction only works when the lithium enolates
3 were prepared from silyl enol ethers 5 and with diethyl
ether as solvent. When the same reaction was carried out
with tetrahydrofuran (THF) as the solvent, a mixture of un-
identified products was observed. When enolates 3 were
formed by deprotonation of the corresponding aryl methyl
ketones 4 with LDA in THF and were then treated with car-
bene complexes 1 or 2, the open-chain adducts, derived
from a 1,2-addition reaction, were formed.[20a] Probably, the
presence of diisopropylamine in the reaction medium inhib-
ited the progress of the reaction. With regard to the carbene
complex, both chromium and tungsten derivatives were
competent in this chemistry, although the yields obtained
with the former were slightly higher. In particular, the most
noticable difference was observed in the reaction with the
lithium enolate 3c. Although compound 6c could be ob-
tained in low yield from carbene complex 1a, the same reac-
tion did not proceed with the tungsten carbene complex 2a.


Alkyl methyl ketones—Formal [2+2+1] and [3+2+2] cycli-
zations : Taking into account the results described above for
the aryl methyl ketone lithium enolates 3a–c, we decided to


Abstract in Spanish: Los complejos alquenilcarbeno b-susti-
tuidos reaccionan con enolatos de litio de metil cetonas para
dar diferentes productos de carbociclaci�n dependiendo de la
estructura del enolato de litio, del metal del complejo carbeno
y del medio de reacci�n. As�, la reacci�n de enolatos de litio
de aril y alquil metil cetonas con complejos alquenilcarbeno
de cromo y wolframio b-sustituidos en dietil eter origina deri-
vados de 1,3-ciclopentanodiol, derivados de una reacci�n de
carbociclaci�n formal [2+2+1]. Sin embargo, el enolato de
litio de la acetona y complejos de wolframio dan lugar a pro-
ductos de carbociclaci�n formal [3+2+2]. En el caso de eno-
latos de litio de alquinil metil cetonas, se observa la forma-
ci�n de una mezcla de derivados de 1,3-ciclopentanodiol y 3-
ciclopentenol derivados de reacciones de carbociclaci�n
formal [2+2+1] y [3+2] competitivas. Por el contrario, los
enolatos de litio de alquenil metil cetonas reaccionan con
complejos alquenilcarbeno en las mismas condiciones de
reacci�n para generar derivados de 2-cicloheptenona a trav*s
de una reacci�n de carbociclaci�n formal [4+3] Finalmente,
cuando la reacci�n se lleva a cabo en presencia de PMDTA,
un medio coordinante, se observa el modelo de carbocicla-
ci�n formal [3+2], independientemente de la naturaleza del
enolato de litio utilizado.


Scheme 1. Reaction of carbene complexes 1 or 2 with aryl methyl ketone
lithium enolates 3a–c to give 1,3-cyclopentanediol derivatives 6a–e.
LDA= lithium diisopropylamide, TMS= trimethylsilyl.
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investigate the behavior of alkyl methyl ketone lithium eno-
lates towards carbene complexes 1 and 2. The reaction of
two equivalents of lithium enolates 3d–f with chromium car-
bene complexes 1 in diethyl ether at 20 8C gave rise, after
hydrolysis, to 1,3-cyclopentanediol derivatives 6 f–k in mod-
erate yields and as a mixture of diastereoisomers (Scheme 2
and Table 2).


A different reaction outcome was observed when tungsten
carbene complexes 2 were used. Treatment of carbene com-
plexes 2 with the lithium enolate of acetone, 3d, under the
same reaction conditions as those described above led, after
hydrolysis, to cycloheptenediol derivatives 7, which could be
isolated in the case of 7b in moderate yield. In general, cy-
cloheptenediol derivatives 7 were characterized as the 8-


oxabicyclo[3.2.1]octane deriva-
tives 8, generated by simple dis-
solution of the former in
chloroform containing hydro-
gen chloride. Both products 7b
and 8 were obtained as unique
diastereoisomers, as deduced
from the 2D NMR spectrosco-
py analysis (Scheme 2). The
global reaction can be consid-
ered as formal [3+2+2] cycliza-
tion of three components. Un-
fortunately, attempts to extend
this transformation to other
alkyl methyl ketone lithium


enolates failed and the corresponding cycloheptenediol de-
rivatives were not formed.


Alkynyl methyl ketones—Formal [2+2+1] and [3+2] cycli-
zations : Considering the influence of the nature of the R
group of the lithium enolate and the metal of the carbene
complex, we decided to study further the behavior of lithi-
um enolates derived from alkynyl methyl ketones in this
chemistry. Treatment of carbene complexes 1 or 2 with lithi-
um enolates 3g or 3h under the same reaction conditions as
those described before led to separable mixtures of the cor-
responding 1,3-cyclopentanediol derivatives 6 l–p and 3-cy-
clopentenol derivatives 9a–e, both as single diastereoisomers
(Scheme 3 and Table 3). The former compounds correspond,


as before, to a formal [2+2+1]
cyclization of three components
and the latter products indicate
a formal [3+2] cyclization of
two components.


It is difficult to explain the
influence of the R1 substituent
of the alkynyl lithium enolate
and the metal of the carbene
complex in the product distri-
bution. Remarkably, com-
pounds 6 are obtained as Z/E
mixtures in different ratios in
almost all the cases (Table 3,
entries 6–8 and 10).


Alkenyl methyl ketones—
Formal [4+3] cyclizations :[23]


Finally, we have applied the re-
action of b-substituted alkenyl
carbene complexes 1 and 2 to
alkenyl methyl ketone lithium
enolates. When the reaction
was performed with enolates
3 i–l, 2-cycloheptenone deriva-
tives 10 were obtained in mod-
erate yields and as single dia-
stereoisomers (Scheme 4 and


Table 1. Synthesis of 1,3-cyclopentanediol derivatives 6a–e from carbene complexes 1 and 2 and aryl methyl
ketone lithium enolates 3a–c.


Carbene complex Ar Enolate[a] Ar’ Product Yield [%][b]


1a Ph 3a Ph 6a 51
2a Ph 3a Ph 6a 49
1a Ph 3b 4-MeOC6H4 6b 55
2a Ph 3b 4-MeOC6H4 6b 43
1a Ph 3c 2-furyl 6c 28
1b 2-furyl 3a Ph 6d 52
2b 2-furyl 3a Ph 6d 52
1b 2-furyl 3b 4-MeOC6H4 6e 42
2b 2-furyl 3b 4-MeOC6H4 6e 34


[a] Enolates 3 were generated by reaction of the corresponding silyl enol ether 5 with butyllithium at 0 8C.
[b] Yield after product isolation and based on starting carbene complexes 1 or 2.


Scheme 2. Reaction of carbene complexes 1 or 2 with alkyl methyl ketone lithium enolates 3d–f to give 1,3-cy-
clopentanediol derivatives 6 f–k, 5-cycloheptene-1,3-diols 7, and 8-oxabicyclo[3.2.1]octanes 8.


Table 2. Synthesis of 1,3-cyclopentanediol derivatives 6 f–k from chromium carbene complexes 1 and alkyl
methyl ketone lithium enolates 3d–f.


Carbene complex Ar Enolate[a] R Product Yield [%][b] de [%]


1a Ph 3d Me 6 f 36 90
1b 2-furyl 3d Me 6g 44 80
1b 2-furyl 3e Ph(CH2)2 6h 40 67
1c 4-MeOC6H4 3d Me 6 i 42 50
1c 4-MeOC6H4 3e Ph(CH2)2 6j 38 95
1c 4-MeOC6H4 3 f iBu 6k 41 90


[a] Enolates 3 were generated by reaction of the corresponding silyl enol ether 5 with butyllithium at 20 8C.
[b] Yield after product isolation and based on starting carbene complexes 1.
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Table 4). The relative cis configuration of product 10 was
determined on the basis of the coupling constant (JH5,H6=


5.5 Hz) and NOESY experiments. In a similar way, the b,b-
disubstituted carbene complex 11 reacted with the lithium
enolate 3 i to give, after hydrolysis, the 2-cycloheptenone de-
rivative 12 in 41% yield (Scheme 4). The formation of com-
pounds 10 and 11 can be considered as a formal [4+3] cycli-
zation reaction, in which two
carbon–carbon bonds and two
or three stereogenic centers
have been generated.


From the results summarized
in Table 4, the following conclu-
sions can be extracted. The re-
action outcome does not
depend on the nature of the
metal of the carbene complex
and the yields of the reactions
are comparable (Table 4 en-
tries 1, 2). The solvent used de-
pended on the method used for
the formation of the enolate.
Thus, THF was used when the
lithium enolate was generated
by deprotonation of the corre-
sponding ketone 4 with LDA


and diethyl ether was used
when the enolate was formed
by treatment of the correspond-
ing silyl enol ether with butyl-
lithium. The solvent does not
seem to have an influence on
the formation of the final prod-
uct 10, either in the diastereose-
lectivity or the chemical yield,
when the Ar, R2, or R3 groups
do not have heteroatoms
(Table 4, entries 4, 5). However,
when either the carbene com-
plex or the lithium enolate con-
tain a heteroatom at certain po-
sitions in their structure, an in-
teresting reaction variation was
noticed as a function of the re-


action conditions. For example, in the reaction of tungsten
carbene complex 2a with lithium enolate 3 l, containing a di-
hydropyran moiety in its structure, cycloheptenone 10d was
not formed when the reaction was performed in THF, while
in diethyl ether product 10d was obtained in 52% yield
(Table 4, entries 6, 7). In a similar way, cycloheptenone 10e


Table 3. Synthesis of 1,3-cyclopentanediol derivatives 6 l–p and 3-cyclopentenol derivatives 9a–e from carbene
complexes 1 and 2 and alkynyl methyl ketone lithium enolates 3g and 3h.


Entry Carbene complex Ar Enolate[a] R1 Product 6 (yield [%])[b] Product 9 (yield [%])[b]


1 1a Ph 3g Bu 6 l (14) 9a (52)
2 2a Ph 3g Bu 6 l (9) 9a (61)
3 1a Ph 3h TMS – 9b[c] (80)
4 2a Ph 3h TMS 6m (11) 9b (59)
5 1b 2-furyl 3h TMS – 9c[d] (69)
6 2b 2-furyl 3h TMS 6n[e] (54) 9c (19)
7 1c 4-MeOC6H4 3g Bu 6o[f] (19) 9d (52)
8 2c 4-MeOC6H4 3g Bu 6o[f] (63) 9d (20)
9 1c 4-MeOC6H4 3h TMS – 9e (68)
10 2c 4-MeOC6H4 3h TMS 6p[g] (20) 9e (42)


[a] Enolates 3 were generated by reaction of the corresponding silyl enol ether 5 with butyllithium at 0 8C.
[b] Yield after product isolation and based on starting carbene complexes 1 or 2. [c] Obtained as a separable
88:12 mixture of diastereoisomers. [d] Obtained as a separable 94:6 mixture of diastereoisomers. [e] Obtained
as a nonseparable 1.3:1 mixture of Z/E diastereoisomers. [f] Obtained as a nonseparable 1:1.4 mixture of Z/E
diastereoisomers. [g] Obtained as a nonseparable 1:2 mixture of Z/E diastereoisomers.


Scheme 3. Reaction of carbene complexes 1 or 2 with alkynyl methyl
ketone lithium enolates 3g,3h to give 1,3-cyclopentanediol derivatives
6 l–p and 3-cyclopentenols 9a–e.


Scheme 4. Synthesis of 2-cycloheptenone derivatives 10 and 12 by reac-
tion of carbene complexes 1, 2, or 11 with alkenyl methyl ketone lithium
enolates 3 i–l.


Table 4. Synthesis of 2-cycloheptenone derivatives 10 from carbene complexes 1 and 2 and alkenyl methyl
ketone lithium enolates 3 i–l.


Entry Carbene complex M Ar Enolate[a] R2 R3 Solvent Product Yield [%][b]


1 1a Cr Ph 3 i H H THF 10a 46
2 2a W Ph 3 i H H THF 10a 48
3 1a Cr Ph 3 j H Me THF 10b 44
4 1a Cr Ph 3k H Ph THF 10c 51
5 1a Cr Ph 3k H Ph Et2O 10c 53
6 2a W Ph 3 l O(CH2)3 THF –[c]


7 2a W Ph 3 l O(CH2)3 Et2O 10d 53
8 1b Cr 2-furyl 3k H Ph THF –[c]


9 2b W 2-furyl 3k H Ph THF 10e 6
10 2b W 2-furyl 3k H Ph Et2O 10e 46
11 1c Cr 4-MeOC6H4 3 i H H THF 10 f 52
12 1c Cr 4-MeOC6H4 3k H Ph THF 10g 43


[a] Enolates 3 were generated by deprotonation of the corresponding ketone 4 with LDA when the reaction
was carried out in THF and by treatment of the corresponding silyl enol ether 5 with butyllithium at 0 8C
when the reaction was performed in diethyl ether. [b] Yield after product isolation and based on starting car-
bene complexes 1 and 2. [c] No defined product was observed.
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was not formed when the chromium carbene complex 1b
(Ar = 2-furyl) reacted with the lithium enolate 3k, and
only a 6% yield of 10e was obtained from the tungsten car-
bene 2b when the reaction was performed in THF (Table 4,
entries 8, 9). However, the seven-membered ring 10e was
obtained in 46% yield when the reaction was carried out in
diethyl ether (Table 4, entry 10). It seems that both the sol-
vent and/or the presence of diisopropylamine in the reaction
medium could be responsible for the different result of the
reaction. In this context, we carried out an experiment in
the absence of diisopropylamine by treating carbene com-
plex 1b with lithium enolate 3k, generated by the reaction
of silyl enol ether 5k and butyllithium, in THF under the
same reaction conditions, but unfortunately an intractable
mixture of compounds was obtained and the 2-cyclohepte-
none derivative 10e was not observed.


Given the complete diatereoselectivity for 10 in all the
cases examined, we carried out a reaction with the homochi-
ral enolate derived from ketone 4m (Scheme 5), which is
easily obtained by treatment of (�)-myrtenal with methyl-
lithium and further Swern oxidation of the resulting mixture
of diastereoisomeric alcohols. The reaction of the enolate
3m with chromium carbene complex 1a at �78 to 20 8C fol-
lowed by hydrolysis at �78 8C with a solution of ammonium
chloride afforded the fused tricyclic compound 13 in 41%
yield with diastereoselectivity higher than 99%. The struc-
ture and absolute configuration of the new stereogenic cen-
ters were unequivocally determined by 2D NMR spectrosco-
py analysis.


Mechanistic proposals : In Scheme 6, tentative mechanisms
to rationalize the different results obtained in the reaction
of b-substituted alkenylcarbene complexes 1 or 2 with
methyl ketone lithium enolates 3 are presented. We assume
that a 1,2-addition of the lithium enolates 3 to the carbene
complexes 1 or 2 occurs first to form intermediates 14,
which could be in equilibrium with 14’ derived from an 1,3-
migration[24] of the pentacarbonylmetal. The evolution of
these intermediates depends on the nature of the R group
of the lithium enolate, on the metal of the carbene complex,


and on the solvent. Thus, when R is an alkyl, aryl, or alkynyl
group and the reaction is carried out in diethyl ether, the
lithium atom could coordinate to the oxygen atoms of the
carbonyl and methoxy groups, thereby increasing the rigidity
of intermediates 14 or 14’ and the electrophilic character of
the carbonyl group. In these circumstances, addition of a
second molecule of lithium enolate 3 to the carbonyl group
of intermediates 14 or 14’, giving the new intermediates 15
or 15’, could be preferred over an intramolecular ring clos-
ing. A nucleophilic attack of the g-carbon atom of the allyl-
pentacarbonylmetallate on the carbonyl group in intermedi-
ates 15 would lead to the cyclic systems 16, which after hy-
drolysis, would give rise to the 1,3-cyclopentanediol deriva-
tives 6. Alternatively, compounds 6 could be formed by an
attack of the a-carbon atom of the allyl metallate moiety of
intermediates 15’ on the carbonyl group. However, the for-
mation of compounds 6 as Z/E isomers in some cases (see
Table 3) supports the former proposal rather than the latter.
On the other hand, in cases where R = Me and M = W,
the evolution would be from intermediates 15’, which would
undergo a cyclization reaction induced by a 1,2-migration[25]


of the pentacarbonyltungsten fragment to afford the seven-
membered intermediate 17. Further elimination of the metal
moiety would furnish, after hydrolysis and metal decoordi-
nation, the cycloheptenediol derivatives 7. The reason why
the last reaction only works with R = Me and evolves in a
different manner to the other cases is not clear. Possibly, the
difference could be attributed to steric effects hindering the
addition of a second molecule of alkyl enolate to tungsten
intermediates 14 or 14’. On the other hand, the formation of
seven-membered rings in the reaction of the lithium enolate
of acetone and tungsten complexes could be due to the
greater steric volume of the tungsten fragment favoring the
formation of intermediates 15’ over 15. Moreover, the high
diastereoselectivity found in the formation of compounds 6
and 7 could be attributed to transition states with the same
geometric disposition as intermediates 15 and 15’, respec-
tively, in which the coordination of the three oxygen atoms
to the lithium atom would favor these dispositions.


Alternatively, and only when R is an alkynyl group
(R = ��R1) due to its shorter size compared with the alkyl
and aryl groups, intermediates 14 could undergo a cycliza-
tion reaction promoted by an 1,2-migration of the pentacar-
bonylmetal fragment to give the five-membered ring inter-
mediates 18, which after elimination of the metal moiety,
hydrolysis, and metal decoordination would afford the 3-cy-
clopentenol derivatives 9 (Scheme 6). The formation of a
unique diastereoisomer of 9 is a consequence of the more
favorable trans disposition of the aryl and alkynyl groups in
the lithium-coordinated intermediate 14, which would avoid
the steric interactions between these groups.


Finally, when the R substituent is an alkenyl group (R =


C(R2)=CHR3), the evolution is also different and, in this
case, intermediates 14 undergo a cyclization induced by a
1,2-migration of the pentacarbonylmetal group, in which a
Michael addition is involved, thereby furnishing the seven-
membered intermediates 19. Subsequent elimination of the


Scheme 5. Synthesis of tricyclic compound 13 from homochiral lithium
enolate 3m, derived from (�)-myrtenal, and chromium carbene complex
1a.
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metal fragment followed by hydrolysis, metal decoordina-
tion, and double bond isomerization, gives rise to 2-cyclo-
heptenone derivatives 10 (Scheme 6). The generation of the
cis diastereoisomers can be explained by invoking a chair-
like transition state, derived from 14 and presumably fa-
vored by the internal coordination of the oxygen atoms to
the lithium atom. The importance of this coordination in the
outcome of the reaction is manifested by the fact that the
presence of other heteroatoms, either in the carbene com-
plex or lithium enolate, influences the result of the reaction
and the fact the seven-membered rings 10 are formed in di-
ethyl ether but not, or in very low yields, in THF. The coor-
dination of the lithium atom to the other heteroatoms or to
THF could disfavor the chairlike conformation of intermedi-
ate 14 and, therefore, the ring closing. Furthermore, the
presence of diisopropylamine in the reaction medium could
lead to decomposition of intermediate 14.


As stated in all the mechanistic proposals presented
above, the coordination of the oxygen atoms to the lithium


atom has been proposed as a key feature for the diastereo-
selective formation of the final products. In order to verify
the validity of this statement, we carried out a set of reac-
tions with carbene complex 2a and lithium enolates 3, gen-
erated from the reaction of the corresponding silyl enol
ethers 5 and butyllithium, in diethyl ether at temperatures
of 0–20 8C and in the presence of N,N,N’,N’,N’’-pentamethyl-
diethylenetriamine (PMDTA). In these cases, the formal
[3+2] cyclization products 9 were formed in moderate yields
and as single diastereoisomers, independently of the nature
of the R substituent of the lithium enolate 3 used (Scheme 7
and Table 5).


In order to prove the influence of the metal in the reac-
tion outcome, a reaction was carried out with the chromium
carbene complex 1a and the lithium enolate 3d under the
same reaction conditions and compound 9g was obtained in
55% yield and also as a single diastereoisomer.


The formation of 9 when PMDTA was used can be ration-
alized in terms of coordination of the lithium atom to the
triamine; this coordination lowers the rigidity of the transi-
tion structure derived from 14’’, thereby favoring the ap-
proach of the allylic carbon atom of the s-allyltungsten
moiety to the carbonyl atom and giving the cyclization inter-
mediates 20. The elimination of the metal fragment and the
final hydrolysis would furnish the 3-cyclopentenol deriva-
tives 9. The diastereoselectivity found can also be under-


Scheme 6. Mechanistic proposal for the formation of compounds 6, 7, 9,
and 10.


Scheme 7. Reaction of carbene complex 2a with lithium enolates 3 in the
presence of PMDTA to give 3-cyclopentenol derivatives 9 and a proposal
for the mechanism of product formation.


Table 5. Synthesis of 3-cyclopentenol derivatives 9 from carbene com-
plex 2a and lithium enolates 3 in the presence of PMDTA.


Enolate[a] R Product Yield [%][b]


3a Ph 9 f 53
3d Me 9g[c] 64
3 f iBu 9h 51
3h C=CTMS 9b[d] 61
3k (E)-PhCH=CH 9 i 20


[a] Enolates 3 were generated by reaction of the corresponding silyl enol
ether 5 with butyllithium at 0 8C. [b] Yield after product isolation and
based on starting carbene complex 2a. [c] A small amount of compound
6 f was also obtained (22%, >95% de). [d] Obtained as a separable 95:5
mixture of diastereoisomers.
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stood by assuming that the phenyl and the R groups would
adopt a trans disposition in the transition structure to avoid
steric interactions.


Conclusion


We have described the reaction of b-substituted alkenylcar-
bene complexes and methyl ketone lithium enolates. The re-
action outcome is highly dependent on the structure of the
lithium enolate, on the metal of the carbene complex, and
on the reaction medium. Thus, in a noncoordinating
medium, aryl and alkyl methyl ketone lithium enolates react
with b-substituted alkenyl chromium and tungsten carbene
complexes to give 1,3-cyclopentanediol derivatives derived
from a formal [2+2+1] carbocyclization reaction. Only for
the lithium enolate of acetone with tungsten complexes was
a formal [3+2+2] carbocyclization reaction observed. Both
carbocyclization reactions involve two equivalents of alkyl
or aryl lithium enolates and one equivalent of carbene com-
plex. In the case of alkynyl lithium enolates, competitive for-
mation of five-membered rings by formal [2+2+1] and
[3+2] carbocyclization reactions occurs. Conversely, alkenyl
methyl ketone lithium enolates react with alkenylcarbene
complexes under the same reaction conditions to form
seven-membered carbocycles by formal [4+3] carbocycliza-
tion reactions. This last cyclization pattern has been success-
fully applied in the diastereoselective transformation of a
natural product, (�)-myrtenal. On the other hand, when the
reaction is performed in a coordinating medium, in the pres-
ence of PMDTA, the [3+2] carbocyclization pattern was ob-
served, independently of the nature of the methyl ketone
lithium enolate used. Mechanistic proposals for all cycliza-
tion patterns, taking into account all the factors above men-
tioned, have also been discussed herein. Finally, it is impor-
tant to point out the simplicity of the starting materials,
methyl ketones and Fischer-type carbene complexes. Investi-
gations to clarify the mechanism of the reactions, the appli-
cation of this method to organic synthesis, and the search
for a version leading to enantiopure products are underway
in our laboratories.


Experimental Section


General : All reactions involving organometallic species were carried out
under an atmosphere of dry N2 by using oven-dried glassware and syring-
es. THF and Et2O were distilled from sodium/benzophenone under N2


immediately prior to use. TLC was performed on aluminum-backed
plates coated with silica gel 60 with F254 indicator (Scharlau). Flash
column chromatography was carried out on commercial and deactivated
silica gel 60 (230–240 mesh). (Deactivated silica gel was prepared as fol-
lows: Silica gel (125 g) was stirred with a 4% aqueous solution of
K2HPO4 (500 mL) for 3 h. After filtration, the resulting solid was oven-
dried at 100 8C for 2 d.) 1H NMR (200, 300 MHz) and 13C NMR (50.5,
75.5 MHz) spectra were measured at room temperature on Bruker AC-
200, AV-300, and DPX-300 instruments, with tetramethylsilane (d=
0.0 ppm, 1H NMR) and CDCl3 (d=77.0 ppm, 13C NMR) or C6D6 (d=
127.8 ppm, 13C NMR) as internal standards. Carbon multiplicities were


assigned by DEPT techniques. Two-dimensional NMR experiments
(COSY, HMQC, HMBC, and NOESY) were recorded on a Bruker
AMX-400 (400 MHz) instrument. High-resolution mass spectra were de-
termined on a Finnigang MAT95 spectrometer. Elemental analyses were
carried out on a Perkin–Elmer 2400 microanalyzer.


Materials : Butyllithium (1.6n in hexanes) was purchased from Acros Or-
ganics; methyl ketones 4, silyl enol ethers 5a and 5d, diisopropylamine,
and PMDTA were purchased from Aldrich and used without further pu-
rification, except PMDTA, which was dried prior to use. The other silyl
enol ethers 5 were prepared in a similar way to the literature proce-
dures.[26] (Alkenyl)(methoxy)carbene complexes 1, 2,[27] and 11[28] were
prepared according to literature procedures. Ketones 4g and 4 l were pre-
pared by addition of the corresponding organocuprate to acetyl bro-
mide.[29]


General procedure for the preparation of compounds 6 and 7: In a
flame-dried round-bottomed flask, enolates 3 were prepared by treat-
ment of silyl enol ethers 5 (1 mmol) with BuLi (0.63 mL, 1.6n in hexanes,
1 mmol) in diethyl ether (10 mL), at room temperature for 30 min for
silyl enol ethers 5d and 5 f, and at 0 8C for 30 min for the rest of the silyl
enol ethers 5. Carbene complexes 1 or 2 (0.4 mmol) were then added at
0 8C and the mixture was warmed to room temperature and stirred for
30 min. The reaction mixture was quenched with a small amount of silica
gel, solvents were removed, and the resulting residue was purified by
flash column chromatography on silica gel (hexanes/ethyl acetate 10:1!
3:1) to give compounds 6 and 7.


(1R*,3R*,4S*)-4-Methoxy-1,3-diphenyl-4-[(E)-styryl]-1,3-cyclopentane-
diol (6a): Silyl enol ether 5a (192 mg, 1 mmol), BuLi (0.63 mL, 1.6n in
hexanes, 1 mmol), and carbene complex 1a (135 mg, 0.4 mmol) or 2a
(188 mg, 0.4 mmol) afforded 6a (79 mg, 51% from 1a ; 76 mg, 49% from
2a) as a colorless oil. 1H NMR (300 MHz, C6D6): d=7.96–7.18 (m, 15H;
ArH), 6.43 (d, J=16.5 Hz, 1H; =CHPh), 5.19 (d, J=16.5 Hz, 1H; =
CHC), 5.39 (s, 1H; OH), 4.70 (t, J=1.7 Hz, 1H; OH), 3.07 (dd, J=14.3,
1.7 Hz, 1H; PhCCHHCPh), 2.55 (dd, J=14.3, 1.7 Hz, 1H;
PhCCHHCPh), 2.98 (d, J=15.2 Hz, 1H; CHHCOMe), 2.72 (d, J=
15.2 Hz, 1H; CHHCOMe), 2.91 ppm (s, 3H; OMe); 13C NMR
(75.5 MHz, C6D6): d=146.9, 141.7, 136.2, 133.0, 130.0, 128.7, 128.3, 128.1,
127.8, 127.3, 127.0, 126.8, 126.6, 125.7, 89.3, 86.5, 78.9, 51.9, 49.6,
48.7 ppm; HRMS (70 EV, EI): m/z : calcd for C25H21O: 337.1592; found:
337.1579 [M�H2O�MeO]+ ; elemental analysis calcd (%) for C26H26O3:
C 80.80, H 6.78; found: C 80.98, H 6.59.


(1R*,3R*,4S*)-4-Methoxy-1,3-bis(4-methoxyphenyl)-4-[(E)-styryl]-1,3-cy-
clopentanediol (6b): Silyl enol ether 5b (222 mg, 1 mmol), BuLi
(0.63 mL, 1.6n in hexanes, 1 mmol), and carbene complex 1a (135 mg,
0.4 mmol) or 2a (188 mg, 0.4 mmol) afforded 6b (98 mg, 55%, from 1a ;
77 mg, 43% from 2a) as a colorless oil. 1H NMR (300 MHz, C6D6): d=
7.85, 7.49, 6.87 (3d, J=8.8 Hz, 6H; ArH), 7.11–7.02 (m, 7H; ArH), 6.49
(d, J=16.5 Hz, 1H; =CHPh), 5.81 (d, J=16.5 Hz, 1H; =CHC), 5.38, 4.70
(2s, 2H; 2QOH), 3.48, 3.38, 2.98 (3s, 9H; 3QOMe), 3.09 (d, J=14.2 Hz,
1H; ArCCHHCAr), 2.62 (d, J=14.2 Hz, 1H; ArCCHHCAr), 3.04 (d,
J=15.1 Hz, 1H; CHHCOMe), 2.79 ppm (d, J=15.1 Hz, 1H;
CHHCOMe); 13C NMR (75.5 MHz, C6D6): d=159.2, 159.0, 139.2, 136.3,
133.9, 133.0, 130.3, 128.7, 128.1, 128.0, 126.9, 126.6, 113.7, 113.2, 89.4,
86.3, 78.6, 54.7, 54.5, 51.9, 49.6, 49.1 ppm; HRMS (70 EV, EI): m/z : calcd
for C28H26O3: 410.1882; found: 410.1884 [M�2H2O]+ .


(1R*,3S*,4S*)-1,3-Bis(2-furyl)-4-methoxy-4-[(E)-styryl]-1,3-cyclopentane-
diol (6c): Silyl enol ether 5c (182 mg, 1 mmol), BuLi (0.63 mL, 1.6n in
hexanes, 1 mmol), and carbene complex 1a (135 mg, 0.4 mmol) afforded
6c (41 mg, 28%) as a colorless oil. 1H NMR (300 MHz, C6D6): d=7.18–
7.05 (m, 5H; ArH), 7.03, 6.97 (2d, J=1.8 Hz, 2H; 2Q=CHO), 6.63 (d,
J=16.2 Hz,1H; =CHPh), 5.85 (d, J=16.2 Hz, 1H; =CHC), 6.55, 6.03
(2d, J=3.3 Hz, 2H; 2QCHCH=CHO), 6.09, 5.96 (2dd, J=3.3, 1.8 Hz,
2H; 2QCH=CHO), 4.44, 4.37 (2 s, 2H; 2QOH), 3.08, 3.07, 2.49, 2.46 (4d,
J=14.4 Hz, 4H; 2QCH2), 2.86 ppm (s, 3H; OMe); 13C NMR (75.5 MHz,
C6D6): d=158.5, 155.0, 142.6, 141.2, 136.8, 133.1, 129.3, 128.6, 128.1,
126.7, 110.6, 110.1, 107.1, 105.4, 89.3, 83.2, 76.8, 51.9, 47.9, 46.6 ppm;
HRMS (70 EV, EI): m/z : calcd for C22H18O3: 330.1250; found: 330.1252
[M�2H2O]+ .
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(1R*,3R*,4S*)-4-[(E)-2-(2-Furyl)ethenyl]-4-methoxy-1,3-diphenyl-1,3-cy-
clopentanediol (6d): Silyl enol ether 5a (192 mg, 1 mmol), BuLi
(0.63 mL, 1.6n in hexanes, 1 mmol), and carbene complex 1b (131 mg,
0.4 mmol) or 2b (184 mg, 0.4 mmol) afforded 6d (76 mg, 52% from 1b ;
76 mg, 52% from 2b) as a colorless oil. 1H NMR (400 MHz, C6D6): d=
7.92–7.06 (m, 10H; ArH), 6.91 (d, J=1.9 Hz, 1H; =CHO), 6.18 (d, J=
16.4 Hz, 1H; 2-FuCH=), 5.84 (d, J=16.4 Hz, 1H; =CHC), 6.02 (dd, J=
3.3, 1.9 Hz, 1H; CH=CHO), 5.90 (d, J=3.3 Hz, 1H; CHCH=CHO), 5.39,
4.65 (2s, 2H; 2QOH), 3.03 (dd, J=14.3, 1.9 Hz, 1H; PhCCHHCPh), 2.55
(dd, J=14.3, 1.9 Hz, 1H; CPhCHHCPh), 2.88 (s, 3H; OMe), 2.84 (d, J=
15.2 Hz, 1H; CHHCOMe), 2.70 ppm (dd, J=15.2, 1.2 Hz, 1H;
CHHCOMe); 13C NMR (100.6 MHz, C6D6): d=152.0, 147.0, 142.4, 141.6,
128.3, 127.8, 127.7, 127.3, 126.9, 126.8, 125.6, 121.5, 111.3, 108.7, 89.2,
86.6, 78.8, 51.9, 49.9, 49.1 ppm; HRMS (70 EV, EI): m/z : calcd for
C24H20O2: 340.1463; found: 340.1471 [M�2H2O]+ ; elemental analysis
calcd (%) for C24H24O4: C 76.57, H 6.43; found: C 76.80, H 6.19.


(1R*,3R*,4S*)-4-[(E)-2-(2-Furyl)ethenyl]-4-methoxy-1,3-bis(4-methoxy-
phenyl)-1,3-cyclopentanediol (6e): Silyl enol ether 5b (222 mg, 1 mmol),
BuLi (0.63 mL, 1.6n in hexanes, 1 mmol), and carbene complex 1b
(131 mg, 0.4 mmol) or 2b (184 mg, 0.4 mmol) afforded 6e (73 mg, 42%
from 1b ; 59 mg, 34% from 2b) as a colorless oil. 1H NMR (200 MHz,
C6D6): d=7.74, 7.32, 6.94, 6.76 (4d, J=8.9 Hz, 8H; ArH), 6.79 (d, J=
1.8 Hz, 1H; =CHO), 6.18 (d, J=16.4 Hz, 1H; 2-FuCH=), 5.88 (d, J=
16.4 Hz, 1H; =CHC), 5.91 (dd, J=3.3, 1.8 Hz, 1H; CH=CHO), 5.82 (d,
J=3.3 Hz, 1H; CHCH=CHO), 5.29 (s, 1H; OH), 4.53 (br s, 1H; OH),
3.38, 3.26 (2s, 6H; 2QOMe), 2.98 (d, J=14.1 Hz, 1H; ArCCHHCAr),
2.53 (d, J=14.1 Hz, 1H; ArCCHHCAr), 2.83 (s, 3H; OMe), 2.82 (d, J=
15.1 Hz, 1H; CHHCOMe), 2.68 ppm (d, J=15.1 Hz, 1H; CHHCOMe);
13C NMR (75.5 MHz, C6D6): d=159.1, 158.9, 152.1, 142.3, 139.3, 133.8,
128.2, 128.1, 126.8, 121.4, 113.7, 113.2, 111.3, 108.7, 89.4, 86.3, 78.5, 54.6,
54.4, 51.9, 49.8, 49.5 ppm; HRMS (70 EV, EI): m/z : calcd for C24H24O4:
400.1675; found: 400.1692 [M�2H2O]+ .


(1R*,3S*,4S*)-4-Methoxy-1,3-dimethyl-4-[(E)-styryl]-1,3-cyclopentane-
diol (6 f): Silyl enol ether 5d (144 mg, 1 mmol), BuLi (0.63 mL, 1.6n in
hexanes, 1 mmol), and carbene complex 1a (135 mg, 0.4 mmol) afforded
6 f (38 mg, 36%, 90% de) as a colorless oil. 1H NMR (300 MHz, C6D6,
major diasteromer): d=7.22–7.08 (m, 5H; ArH), 6.36 (d, J=16.4 Hz,
1H; =CHPh), 5.98 (d, J=16.4 Hz, 1H; =CHC), 3.61 (br s, 1H; COH-
COMe), 3.34 (s, 1H; CH2COHCH2), 2.89 (s, 3H; OMe), 2.19 (d, J=
14.8 Hz, 1H; CHHCOMe), 1.98 (d, J=14.8 Hz, 1H; CHHCOMe), 2.05
(d, J=14.2 Hz, 1H; MeCCHHCMe), 1.69 (2d, J=14.2 Hz, 2H;
MeCCHHCMe), 1.36 (s, 3H; CH2CMeCH2), 1.10 ppm (s, 3H; CMe-
COMe); 13C NMR (75.5 MHz, C6D6, major diasteromer): d=136.5, 132.4,
129.5, 128.7, 128.1, 126.6, 88.9, 82.7, 75.1, 53.4, 51.4, 46.3, 28.6, 22.9 ppm;
HRMS (70 EV, EI): m/z : calcd for C16H22O3: 262.1569; found: 262.1565
[M]+ .


(1S*,3R*,4S*)-4-[2-(2-Furyl)ethenyl]-4-methoxy-1,3-dimethyl-1,3-cyclo-
pentanediol (6g): Silyl enol ether 5d (144 mg, 1 mmol), BuLi (0.63 mL,
1.6n in hexanes, 1 mmol), and carbene complex 1b (131 mg, 0.4 mmol)
afforded 6g (44 mg, 44%, 80% de) as a colorless oil. 1H NMR
(300 MHz, CDCl3, major diastereomer): d=7.38 (d, J=2.0 Hz, 1H; =
CHO), 6.41 (dd, J=3.1, 2.0 Hz, 1H; CH=CHO), 6.34 (d, J=16.3 Hz, 1H;
2-FuCH=), 6.03 (d, J=16.3 Hz, 1H; =CHC), 6.29 (d, J=3.1 Hz, 1H;
CHCH=CHO), 3.64, 3.45 (2br s, 2H; 2QOH), 3.22 (s, 3H; OMe), 2.33
(d, J=14.8 Hz, 1H; CHHCOMe), 2.19 (d, J=14.8 Hz, 1H; CHHCOMe),
2.04 (d, J=14.5 Hz, 1H; MeCCHHCMe), 1.88 (d, J=14.5 Hz, 1H;
MeCCHHCMe), 1.34, 1.13 ppm (2s, 6H; 2QMe); 13C NMR (75.5 MHz,
CDCl3, major diastereomer): d=151.9, 142.2, 127.4, 120.7, 111.4, 108.5,
88.6, 82.9, 75.5, 53.0, 52.1, 46.4, 28.3, 22.9 ppm.


(1S*,3R*,4S*)-4-[2-(2-Furyl)ethenyl]-4-methoxy-1,3-diphenethyl-1,3-cy-
clopentanediol (6h): Silyl enol ether 5e (220 mg, 1 mmol), BuLi
(0.63 mL, 1.6n in hexanes, 1 mmol), and carbene complex 1b (131 mg,
0.4 mmol) afforded 6h (69 mg, 40%, 67% de) as a colorless oil. 1H NMR
(300 MHz, CDCl3, major diastereomer): d=7.42–7.16 (m, 11H; ArH and
=CHO), 6.42 (dd, J=3.1, 1.9 Hz, 1H; CH=CHO), 6.38 (d, J=16.3 Hz,
1H; 2-FuCH=), 6.04 (d, J=16.3 Hz, 1H;=CHC), 6.32 (d, J=3.1 Hz, 1H;
CHCH=CHO), 4.10, 3.58 (2br s, 2H; 2QOH), 3.31 (s, 3H; OMe), 3.04–
1.66 ppm (m, 12H; CH2CCH2 and 2CH2CH2Ph);


13C NMR (75.5 MHz,


CDCl3, major diastereomer): d=151.7, 142.7, 142.3, 128.3, 127.6, 125.6,
120.3, 111.4, 108.7, 88.7, 84.8, 77.8, 52.4, 47.9, 47.1, 43.9, 37.8, 30.6,
30.4 ppm; HRMS (70 EV, EI): m/z : calcd for C28H32O4: 432.2301; found:
432.2286 [M]+ .


(1S*,3R*,4S*)-4-Methoxy-4-[2-(4-methoxyphenyl)ethenyl]-1,3-dimethyl-
1,3-cyclopentanediol (6 i): Silyl enol ether 5d (144 mg, 1 mmol), BuLi
(0.63 mL, 1.6n in hexanes, 1 mmol), and carbene complex 1c (147 mg,
0.4 mmol) afforded 6 i (49 mg, 42%, 50% de) as a colorless oil 1H NMR
(300 MHz, CDCl3): d=7.38 (d, J=8.8 Hz, 2H; ArH, minor diastereom-
er), 7.36 (d, J=8.8 Hz, 2H; ArH, major diastereomer), 6.89 (d, J=
8.8 Hz, 4H; ArH, both diastereomers), 6.58, 6.03 (2d, J=16.5 Hz, 2H;
CH=CH, minor diastereomer), 6.47, 5.95 (2d, J=16.4 Hz, 2H; CH=CH,
major diastereomer), 3.82 (s, 6H; 2QMeO, both diastereomers), 3.28 (s,
6H; 2QMeO both diastereomers), 3.75, 3.71 (s, 2H; 2QOH, minor dia-
stereomer), 3.62, 3.53 (s, 2H; 2QOH, major diastereomer), 3.28 (s, 3H;
MeO, major diastereomer), 3.12 (s, 3H; MeO, minor diastereomer),
2.38–1.90 (m, 8H; 4CH2, both diastereomers), 1.40, 1.34 (2 s, 6H; 2QMe,
minor diastereomer), 1.39, 1.18 ppm (2s, 6H; 2QMe, major diastereom-
er); 13C NMR (75.5 MHz, CDCl3, major diastereomer): d=159.5, 132.0,
127.7, 127.6, 126.3, 114.0, 88.9, 82.7, 75.5, 55.2, 53.4, 51.8, 45.7, 28.2,
23.1 ppm; HRMS (70 EV, EI): m/z : calcd for C17H24O4: 292.1675; found:
292.1674 [M]+ .


(1S*,3R*,4S*)-4-Methoxy-4-[2-(4-methoxyphenyl)ethenyl]-1,3-dipheneth-
yl-1,3-cyclopentanediol (6 j): Silyl enol ether 5e (220 mg, 1 mmol), BuLi
(0.63 mL, 1.6n in hexanes, 1 mmol), and carbene complex 1c (147 mg,
0.4 mmol) afforded 6j (72 mg, 38%, >95% de) as a colorless oil.
1H NMR (300 MHz, CDCl3): d=7.38–7.19 (m, 12H; ArH), 6.90 (d, J=
8.8, 2H; ArH), 6.49 (d, J=16.3 Hz, 1H; =CHAr), 5.98 (d, J=16.3 Hz,
1H; =CHC), 4.07, 3.62 (2br s, 2H; 2QOH), 3.86, 3.31 (2s, 6H; 2OMe),
3.04–1.58 ppm (m, 12H; CH2CCH2, 2CH2CH2Ph);


13C NMR (75.5 MHz,
CDCl3): d=159.5, 142.7, 131.6, 128.7, 128.3, 127.7, 126.8, 125.7, 114.0,
88.9, 84.7, 77.8, 55.2, 52.4, 48.0, 46.6, 43.8, 37.9, 30.6, 30.3 ppm; HRMS
(70 EV, EI): m/z : calcd for C31H36O4: 472.2614; found: 472.2598 [M]+ .


(1S*,3R*,4S*)-1,3-Diisobutyl-4-methoxy-4-[2-(4-methoxyphenyl)ethenyl]-
1,3-cyclopentanediol (6k): Silyl enol ether 5 f (172 mg, 1 mmol), BuLi
(0.63 mL, 1.6n in hexanes, 1 mmol), and carbene complex 1c (147 mg,
0.4 mmol) afforded 6k (62 mg, 41%, 90% de) as a colorless oil. 1H NMR
(300 MHz, CDCl3): d=7.38 (d, J=8.5 Hz, 2H; ArH), 6.91 (d, J=8.5 Hz,
2H; ArH), 6.53 (d, J=16.5 Hz, 1H; =CHAr), 5.92 (d, J=16.5 Hz, 1H; =
CHC), 4.02, 3.36 (2s, 2H; 2QOH), 3.83, 3.23 (2s, 6H; 2QOMe), 2.31–
1.14 (m, 10H; CH2CCH2 and 2QCH2CH), 1.07–0.88 ppm (m, 12H;
4Me); 13C NMR (75.5 MHz, CDCl3): d=159.4, 131.2, 129.0, 127.6, 127.5,
114.0, 89.2, 85.3, 78.4, 55.3, 52.2, 50.3, 49.1, 47.5, 43.9, 24.8, 24.7, 24.6,
24.5, 24.3 ppm; HRMS (70 EV, EI): m/z : calcd for C23H36O4: 376.2614;
found: 376.2601 [M]+ .


(1S*,3R*,4R*)-4-(2-Furyl)-1,3-dimethyl-6-methoxy-5-cycloheptene-1,3-
diol (7b): Silyl enol ether 4d (144 mg, 1 mmol), BuLi (0.63 mL, 1.6n in
hexanes, 1 mmol), and carbene complex 1b (184 mg, 0.4 mmol) afforded
7b (56 mg, 56%) as a colorless oil. 1H NMR (400 MHz, C6D6): d=7.16
(d, J=1.0 Hz, 1H; =CHO), 6.22 (dd, J=3.0, 1.0 Hz, 1H; CH=CHO),
6.19 (d, J=3.0 Hz, 1H; CHCH=CHO), 4.76 (d, J=5.2 Hz, 1H; CH=),
3.52 (d, J=5.2 Hz, 1H; CH), 3.41, 3.25 (2s, 2H; 2QOH), 3.17 (s, 3H;
OMe), 2.48 (d, J=14.5 Hz, 1H; CHHCOMe), 2.34 (dt, J=14.5, 2.0 Hz,
1H; CHHCOMe), 1.84 (dd, J=14.5, 2.0 Hz, 1H; COHCHHCOH), 1.28
(d, J=14.5 Hz, 1H; COHCHHCOH), 1.07 (s, 3H; CH2CMeCH2),
0.91 ppm (s, 3H; CHCMe); 13C NMR (100.6 MHz, C6D6): d=158.4,
157.4, 140.6, 110.3, 106.1, 96.2, 73.3, 69.5, 55.0, 54.0, 46.0, 45.2, 32.7,
30.3 ppm; HRMS (70 EV, EI): m/z : calcd for C14H20O4: 252.1362; found:
252.1359 [M]+ ; elemental analysis calcd (%) for C14H20O4: C 66.65, H
7.99; found: C 66.79, H 7.86.


General procedure for the preparation of compounds 8 : The reaction de-
scribed before to obtain compound 7 was performed. The resulting resi-
due was filtered through a small amount of silica gel (hexanes/ethyl ace-
tate 2:1). The solvents were removed, and the resulting mixture was dis-
solved in CHCl3 (3 mL) and left for 24 h. The solvent was then removed,
and the residue was purified by flash column chromatography on silica
gel (hexanes/ethyl acetate 10:1!5:1).
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(1S*,3S*,5S*,6S*)-1-Methoxy-3,5-dimethyl-6-phenyl-8-oxabicyclo-
[3.2.1]octan-3-ol (8a): Silyl enol ether 4d (144 mg, 1 mmol), BuLi
(0.63 mL, 1.6n in hexanes, 1 mmol), and carbene complex 1a (188 mg,
0.4 mmol) afforded 8a (48 mg, 46%) as a colorless oil. 1H NMR
(300 MHz, C6D6): d=7.33–7.14 (m, 5H; ArH), 3.46 (s, 3H; MeO), 2.78
(dd, J=9.2, 4.3 Hz, 1H; CHPh), 2.54 (br s, 1H; OH), 2.47–2.39 (m, 2H;
MeOCHH, CHHCH), 2.26 (dd, J=13.9, 9.2 Hz, 1H; CHHCH), 1.85 (d,
J=13.9 Hz, 1H; MeCCHHCMe), 1.73 (d, J=13.7 Hz, 1H; MeOCHH),
1.51 (d, J=13.9 Hz, 1H; MeCCHHCMe), 1.31, 0.98 ppm (2s, 6H; 2Q
Me); 13C NMR (75.5 MHz, C6D6): d=144.5, 128.8, 128.6, 126.5, 106.0,
81.8, 69.7, 52.6, 52.1, 50.0, 47.7, 45.1, 29.9, 25.6 ppm.


(1S*,3S*,5S*,6R*)-6-(2-Furyl)-1-methoxy-3,5-dimethyl-8-oxabicyclo-
[3.2.1]octan-3-ol (8b): Silyl enol ether 4d (144 mg, 1 mmol), BuLi
(0.63 mL, 1.6n in hexanes, 1 mmol), and carbene complex 1b (184 mg,
0.4 mmol) afforded 8b (48 mg, 48%) as a colorless oil. 1H NMR
(300 MHz, CDCl3): d=7.36 (d, J=1.7 Hz, 1H; =CHO), 6.33 (dd, J=3.1,
1.7 Hz, 1H; CH=CHO), 6.13 (d, J=3.1 Hz, 1H; CHCH=CHO), 3.51 (s,
3H; MeO), 3.19 (dd, J=9.5, 5.3 Hz, 1H; 2-FuCH), 2.65 (br s, 1H; OH),
2.43 (dd, J=14.0, 5.3 Hz, 1H; CHHCH), 2.24 (dd, J=14.0, 9.5 Hz, 1H;
CHHCH), 2.21 (dd, J=14.0 Hz, 1H; MeOCHH), 1.93 (d, J=14.0 Hz,
1H; MeCCHHCMe), 1.94 (d, J=14.0 Hz, 1H; MeOCHH), 1.82 (d, J=
14.0 Hz, 2H; MeCCHHCMe), 1.40, 1.03 ppm (2s, 6H; 2QMe); 13C NMR
(75.5 MHz, C6D6): d=156.4, 141.4, 110.0, 106.5, 105.5, 81.3, 70.0, 51.8,
50.0, 48.7, 45.5, 39.0, 29.8, 24.4 ppm; HRMS (70 EV, EI): m/z : calcd for
C14H20O4: 252.1362; found: 252.1351 [M]+ .


(1S*,3S*,5S*,6S*)-1-Methoxy-6-(4-methoxyphenyl)-3,5-dimethyl-8-
oxabicyclo[3.2.1]octan-3-ol (8c): Silyl enol ether 4d (144 mg, 1 mmol),
BuLi (0.63 mL, 1.6n in hexanes, 1 mmol), and carbene complex 1c
(200 mg, 0.4 mmol) afforded 8c (54 mg, 46%) as a colorless oil. 1H NMR
(400 MHz, CDCl3): d=7.17, 6.83 (2d, J=8.8 Hz, 4H; ArH), 3.80, 3.51
(2s, 6H; 2QMeO), 2.97 (dd, J=9.1, 4.1 Hz, 1H; CH), 2.74 (br s, 1H;
OH), 2.48 (dd, J=13.9, 9.1 Hz, 1H; CHHCH), 2.32 (d, J=13.9 Hz, 1H;
O2CCHHC), 2.28 (dd, J=13.9, 4.1 Hz, 1H; CHHCH), 1.93 (d, J=
14.0 Hz, 1H; CMeCHHCMe), 1.89 (d, J=13.9 Hz, 1H; O2CCHHC), 1.79
(d, J=14.0 Hz, 1H; CMeCHHCMe), 1.39, 0.92 ppm (2s, 6H; 2QMe);
13C NMR (100.6 MHz, C6D6): d=158.1, 135.9, 129.4, 113.4, 105.9, 82.0,
70.4, 55.1, 51.8, 51.7, 50.5, 47.6, 45.0, 29.5, 25.5 ppm; HRMS (70 EV, EI):
m/z : calcd for C17H24O4: 292.1675; found: 292.1673 [M]+ ; elemental anal-
ysis calcd (%) for C17H24O4: C 69.84, H 8.27; found: C 69.95, H 8.21.


General procedures for the preparation of compounds 6 l–p and 9a–e :
These compounds were prepared by using the method described before
for compounds 6a–k. The only difference was the amount of lithium eno-
late, as 0.8 mmol were generated from silyl enol ethers 4 (0.8 mmol) and
BuLi (0.5 mL, 1.6n in hexanes, 0.8 mmol).


(1R*,3R*,4S*)-1,3-Bis(1-hexynyl)-4-methoxy-4-[(E)-styryl]-1,3-cyclopen-
tanediol (6 l) and (1R*,2R*)-1-(1-hexynyl)-4-methoxy-2-phenyl-3-cyclo-
pentenol (9a): Silyl enol ether 5g (157 mg, 1 mmol), BuLi (0.63 mL, 1.6n
in hexanes, 1 mmol), and carbene complex 1a (135 mg, 0.4 mmol) or 2a
(188 mg, 0.4 mmol) afforded 6 l (22 mg, 14% from 1a ; 14 mg, 9% from
2a) and 9a (56 mg, 52% from 1a ; 66 mg, 61% from 2a) as colorless oils.


Compound 6 l : 1H NMR (300 MHz, C6D6): d=7.46–7.02 (m, 5H; ArH),
6.88 (d, J=16.4 Hz, 1H; =CHPh), 6.57 (d, J=16.4 Hz, 1H; =CHC), 3.63,
3.38 (2s, 2H; 2QOH), 2.98 (d, J=14.6 Hz, 1H; HOCCHHCOH), 2.77
(d, J=14.6 Hz, 1H; HOCCHHCOMe), 2.70 (d, J=14.6 Hz, 1H;
HOCCHHCOH), 2.48 (d, J=14.6 Hz, 1H; HOCCHHCOMe), 2.03, 1.93
(2 t, J=6.9 Hz, 4H; 2QCH2Pr), 1.31–1.19 (m, 8H; 2QCH2CH2Me), 0.72,
0.66 ppm (2t, J=7.4 Hz, 6H; 2QMe); 13C NMR (75.5 MHz, C6D6): d=
136.8, 129.9, 128.7, 128.1, 126.8, 88.6, 86.5, 84.5, 83.2, 80.0, 79.2, 71.2, 54.4,
52.0, 48.9, 30.9, 30.7, 22.0, 21.9, 18.4, 13.5, 13.4 ppm; HRMS (70 EV, EI):
m/z : calcd for C26H34O3: 394.2508; found: 394.2501 [M]+.


Compound 9a : 1H NMR (200 MHz, C6D6): d=7.58–7.17 (m, 5H; ArH),
4.47 (s, 1H; CHPh), 4.40 (s, 1H; =CH), 3.31 (s, 3H; OMe), 3.27 (d, J=
17.7 Hz, 1H; CHHCOH), 3.11 (d, J=17.7 Hz, 1H; CHHCOH), 2.12 (t,
J=6.5 Hz, 2H; CH2Pr), 1.49 (s, 1H; OH), 1.44–1.28 (m, 4H;
CH2CH2Me), 0.89 ppm (t, J=6.9 Hz, 3H; Me); 13C NMR (75.5 MHz,
C6D6): d=159.7, 138.7, 129.7, 128.3, 127.5, 94.0, 84.2, 83.9, 72.5, 60.8, 56.0,
48.3, 30.8, 22.0, 18.4, 13.5 ppm; HRMS (70 EV, EI): m/z : calcd for


C18H22O2: 270.1620; found: 270.1610 [M]+ ; elemental analysis calcd (%)
for C18H22O2: C 79.96, H 8.20; found: C 80.10, H 8.01.


(1R*,3R*,4S*)-4-Methoxy-1,3-bis(trimethylsilylethynyl)-4-[(E)-styryl]-
1,3-cyclopentanediol (6m) and (1R*,2R*)-4-methoxy-1-(trimethylsilyle-
thynyl)-2-phenyl-3-cyclopentenol (9b): Silyl enol ether 5h (170 mg,
1 mmol), BuLi (0.63 mL, 1.6n in hexanes, 1 mmol), and carbene complex
1a (135 mg, 0.4 mmol) or 2a (188 mg, 0.4 mmol) afforded 6m (19 mg,
11% from 2a) and 9b (92 mg, 80%, 76% de from 1a ; 68 mg, 59% from
2a) as colorless oils.


Compound 6m : 1H NMR (200 MHz, C6D6): d=7.59–7.12 (m, 5H; ArH),
6.97 (d, J=16.0 Hz, 1H; =CHPh), 6.66 (d, J=16.0 Hz, 1H; =CHC), 3.69,
3.28 (2s, 2H; 2QOH), 3.22–2.53 (m, 4H; 2QCCH2C), 0.22, 0.16 ppm (2s,
18H; 6QMe); HRMS (70 EV, EI): m/z : calcd for C24H34O3Si2: 426.2046;
found: 426.2042 [M]+ .


Compound 9b : 1H NMR (200 MHz, C6D6): d=7.59–7.19 (m, 5H; ArH),
4.48 (s, 1H; CHPh), 4.33 (s, 1H; =CH), 3.28 (s, 3H; OMe), 3.23 (d, J=
16.3 Hz, 1H; CHH), 3.06 (d, J=16.3 Hz, 1H; CHH), 1.47 (s, 1H; OH),
0.27 ppm (s, 9H; 3QMe); 13C NMR (75.5 MHz, C6D6): d=159.5, 138.2,
129.4, 128.3, 128.1, 109.9, 93.7, 87.6, 72.5, 60.6, 56.0, 47.9, �0.3 ppm;
HRMS (70 EV, EI): m/z : calcd for C17H22O2Si: 286.1389; found: 286.1391
[M]+ .


(1R*,3R*,4S*)-4-[(Z/E)-2-(2-Furyl)ethenyl]-4-methoxy-1,3-bis(trimethyl-
silylethynyl)-1,3-cyclopentanediol (6n) and (1R*,2S*)-2-(2-furyl)-4-me-
thoxy-1-(trimethylsilylethynyl)-3-cyclopentenol (9c): Silyl enol ether 5h
(170 mg, 1 mmol), BuLi (0.63 mL, 1.6n in hexanes, 1 mmol), and carbene
complex 1b (131 mg, 0.4 mmol) or 2b (184 mg, 0.4 mmol) afforded 6n
(90 mg, 54%, cis :trans 1.3:1 from 2b) and 9c (76 mg, 69%, 88% de from
1b ; 21 mg, 19% from 2b) as colorless oils.


Compound 6n : 1H NMR (300 MHz, C6D6): d=7.13 (d, J=1.7 Hz, 1H; =
CHO, trans diastereomer), 6.99 (d, J=1.7 Hz, 1H; =CHO, cis diaster-
eomer), 6.96 (d, J=3.4 Hz, 1H; CHCH=CHO, cis diastereomer), 6.79,
6.72 (2d, J=16.5 Hz, 2H; CH=CH, trans diastereomer), 6.60, 5.80 (2d,
J=13.1 Hz, 2H; CH=CH cis diastereomer), 6.31 (d, J=3.4 Hz, 1H;
CHCH=CHO, trans diastereomer), 6.20–6.16 (m, 2H; CH=CHO), 3.70,
3.65, 3.38, 3.26 (4br s, 4H; 4QOH), 3.20–2.38 (m, 8H; 2QCH2CCH2),
3.19 (s, 3H; OMe, cis diastereomer), 2.91 (s, 3H; OMe, trans diastereom-
er), 0.25, 0.20 (2s, 18H; 6QMeSi, trans diastereomer), 0.18, 0.14 ppm (2s,
18H; 6QMeSi, cis diastereomer); 13C NMR (75.5 MHz, C6D6): d=152.5,
151.1, 142.4, 142.3, 128.1, 125.1, 122.7, 113.2, 112.1, 111.5, 110.0, 109.9,
109.1, 108.9, 106.0, 105.0, 90.5, 90.3, 88.4, 88.3, 86.6, 79.3, 77.9, 71.3, 71.2,
54.6, 53.6, 53.5, 52.4, 52.1, 48.6, �0.3, �0.4, �0.5, �0.6 ppm.


Compound 9c : 1H NMR (300 MHz, C6D6, major diastereomer): d=7.16
(d, J=1.8 Hz, 1H; =CHO), 6.23 (d, J=3.1 Hz, 1H; CHCH=CHO), 6.18
(dd, J=3.1, 1.8 Hz, 1H; CH=CHO), 4.56–4.53, 4.27–4.25 (2m, 2H;
CHCH-2-Fu), 3.18 (s, 3H; OMe), 3.14 (d, J=15.9 Hz, 1H; CHH), 3.03
(d, J=15.9 Hz, 1H; CHH), 2.02 (br s, 1H; OH), 0.22 ppm (s, 9H; 3Q
Me); 13C NMR (75.5 MHz, C6D6, major diastereomer): d=159.3, 153.3,
142.3, 110.4, 109.8, 108.2, 92.0, 87.1, 72.3, 55.9, 54.8, 47.9, �0.3 ppm;
HRMS (70 EV, EI): m/z : calcd for C15H20O3Si: 276.1182; found: 276.1184
[M]+ .


(1R*,3R*,4S*)-1,3-Bis(1-hexynyl)-4-methoxy-4-[(Z/E)-2-(4-methoxyphe-
nyl)ethenyl]-1,3-cyclopentanediol (6o) and (1R*,2R*)-1-(1-hexynyl)-4-
methoxy-2-(4-methoxyphenyl)-3-cyclopentenol (9d): Silyl enol ether 5g
(157 mg, 1 mmol), BuLi (0.63 mL, 1.6n in hexanes, 1 mmol), and carbene
complex 1c (147 mg, 0.4 mmol) or 2c (200 mg, 0.4 mmol) afforded 6o
(32 mg, 19%, cis :trans 1:1.4 from 1c ; 107 mg, 63%, cis :trans 1:1.4 from
2c) and 9d (62 mg, 52% from 1c ; 24 mg, 20% from 2c) as colorless oils.


Compound 6o : 1H NMR (300 MHz, C6D6): d=7.59 (d, J=8.7 Hz, 2H;
ArH, cis diastereomer), 7.58, 6.94 (2d, J=8.7 Hz, 4H; ArH, trans diaster-
eomer), 6.88, 6.50 (2d, J=16.4 Hz, 2H; CH=CH, trans diastereomer),
6.83–6.74 (m, 6H; ArH), 6.61, 5.98 (2d, J=13.1 Hz, 2H; CH=CH, cis di-
astereomer), 3.71–3.48 (m, 4H; 4QOH), 3.32, 3.28, 3.24, 2.98 (4s, 12H;
4QMeO), 3.30–2.50 (m, 8H; 2QCH2CCH2), 2.08–0.63 ppm (m, 18H; 2Q
Bu); 13C NMR (75.5 MHz, C6D6): d=160.0, 159.7, 134.7, 133.2, 131.8,
129.6, 128.1, 126.5, 114.2, 113.6, 88.7, 88.0, 86.5, 84.6, 83.2, 81.0, 79.3, 78.1,
71.2, 54.6, 54.5, 54.3, 51.9, 48.9, 30.9, 30.7, 30.5, 22.0, 21.9, 18.5, 18.3,
13.5 ppm.
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Compound 9d : 1H NMR (300 MHz, C6D6): d=7.42, 6.83 (2d, J=8.8 Hz,
4H; ArH), 4.39, 4.31 (2s, 2H; ArCH, =CH), 3.31, 3.22 (2s, 6H, 2Q
MeO), 3.18 (d, J=15.9 Hz, 1H; CHHCOMe), 3.03 (d, J=15.9 Hz, 1H;
CHHCOMe), 2.02 (t, J=6.8 Hz, 2H; CH2Pr), 1.37–1.24 (m, 5H;
CH2CH2Me, OH), 0.75 ppm (t, J=6.9 Hz, 3H; Me); 13C NMR
(75.5 MHz, C6D6): d=159.6, 130.4, 130.2, 113.9, 94.3, 84.4, 83.8, 72.4,
60.1, 56.0, 54.5, 48.2, 30.9, 21.9, 18.4, 13.5 ppm; HRMS (70 EV, EI): m/z :
calcd for C19H24O3: 300.1725; found: 300.1730 [M]+ .


(1R*,3R*,4S*)-4-Methoxy-4-[(Z/E)-2-(4-methoxyphenyl)ethenyl]-1,3-
bis(trimethylsilylethynyl)-1,3-cyclopentanediol (6p) and (1R*,2R*)-2-me-
thoxy-2-(4-methoxyphenyl)-1-(trimethylsilylethynyl)-3-cyclopentenol
(9e): Silyl enol ether 5h (170 mg, 1 mmol), BuLi (0.63 mL, 1.6n in hex-
anes, 1 mmol), and carbene complex 1c (147 mg, 0.4 mmol) or 2c
(200 mg, 0.4 mmol) afforded 6p (36 mg, 20%, cis :trans 1:2 from 2c) and
9e (86 mg, 68% from 1c ; 53 mg, 42% from 2c) as colorless oils.


Compound 6p : 1H NMR (300 MHz, C6D6): d=7.66, 6.85 (2d, J=8.4 Hz,
4H; ArH, cis diastereomer), 7.58, 6.94 (2d, J=8.4 Hz, 4H; ArH, trans di-
astereomer), 6.98, 6.62 (2d, J=16.4 Hz, 2H; CH=CH, trans diastereom-
er), 6.68, 6.01 (2d, J=13.1 Hz, 2H; CH=CH, cis diastereomer), 3.39, 3.22
(2s, 6H; 2QMeO, cis diastereomer), 3.36, 2.99 (2 s, 6H; 2QMeO, trans di-
astereomer), 3.35–2.42 (m, 12H; 4QOH and 2QCH2CCH2), 0.24, 0.20
(2s, 18H; 6QMeSi, trans diastereomer), 0.21, 0.18 ppm (2s, 18H; 6Q
MeSi, cis diastereomer).


Compound 9e : 1H NMR (300 MHz, C6D6): d=7.38, 6.81 (2d, J=8.4 Hz,
4H; ArH), 4.38, 4.24 (2s, 2H; ArCH, =CH), 3.30, 3.18 (2s, 6H; 2Q
OMe), 3.13 (d, J=15.9 Hz, 1H; CHH), 2.96 (d, J=15.9 Hz, 1H; CHH),
1.48 (s, 1H; OH), 0.16 ppm (s, 9H; 3QMeSi); 13C NMR (75.5 MHz,
C6D6): d=159.7, 159.4, 130.4, 129.8, 114.0, 110.1, 94.0, 87.4, 72.5, 59.9,
56.1, 54.5, 47.7, �0.2 ppm; HRMS (70 EV, EI): m/z : calcd for C18H24O3Si:
316.1495; found: 316.1483 [M]+ .


General procedures for the preparation of compounds 10 and 12 : Meth-
od A : The compounds were prepared following the procedure described
before for compounds 9a–e.


Method B : Alternatively, when chromium carbene complexes were used,
compounds 10 were prepared by treatment of ketones 4 (0.44 mmol)
with LDA (1 equiv) at �30 8C for 30 min in THF (10 mL). Carbene com-
plexes 1 (0.4 mmol) were then added, and the mixture was warmed to
room temperature and stirred for 1 h. The reaction was quenched with
water (10 mL) and extracted with diethyl ether (3Q50 mL). The solvents
were removed, and the residue was dissolved in hexanes/ethyl acetate
(5:1; 25 mL). Air was bubbled through the mixture, and the solution was
exposed to direct sunlight for 3 h. The resulting suspension was filtered
through Celite, the solvents removed, and the obtained residue was puri-
fied by flash column chromatography on silica gel (hexanes/ethyl acetate
5:1!2:1) to give compounds 10 or 12. Compounds 10d and 10e were pu-
rified on deactivated silica gel (hexanes/ethyl acetate 10:1!5:1).


3-Methoxy-5-phenyl-2-cycloheptenone (10a): Method B : Ketone 4 i
(31 mg, 0.44 mmol), LDA (0.44 mmol), and carbene complex 1a (135 mg,
0.4 mmol) or 2a (188 mg, 0.4 mmol) afforded compound 10a (40 mg,
46%, from 1a ; 42 mg, 48% from 2a) as a colorless oil. 1H NMR
(200 MHz, CDCl3): d=7.36–7.19 (m, 5H; ArH), 5.48 (s, 1H; CH=), 3.65
(s, 3H; OMe), 3.26–1.91 ppm (m, 7H; CH2CHPhCH2CH2);


13C NMR
(50.5 MHz, CDCl3): d=202.1, 175.1, 145.9, 128.6, 126.5, 126.4, 105.3, 55.8,
41.5, 40.8, 39.7, 30.0 ppm; HRMS (70 EV, EI): m/z : calcd for C14H16O2:
216.1150; found: 216.1165 [M]+ .


cis-3-Methoxy-6-methyl-5-phenyl-2-cycloheptenone (10b): Method B :
Ketone 4j (57 mg, 0.44 mmol), LDA (0.44 mmol), and carbene complex
1a (135 mg, 0.4 mmol) afforded compound 10b (40 mg, 44%) as a color-
less oil. 1H NMR (400 MHz, CDCl3): d=7.35–7.05 (m, 5H; ArH), 5.45 (s,
1H; CH=), 3.62 (s, 3H; OMe), 3.29 (ddd, J=11.0, 5.5, 2.2 Hz, 1H;
CHPh), 3.11 (dd, J=16.9, 11.0 Hz, 1H; CHHCOMe), 2.68–2.56 (m, 3H;
CH2CO, CHHCOMe), 2.37–2.28 (m, 1H; CHMe), 0.68 ppm (d, J=
6.8 Hz, 3H; Me); 13C NMR (100.6 MHz, CDCl3): d=201.0, 176.8, 143.3,
128.2, 127.5, 126.3, 105.4, 55.7, 49.8, 46.0, 35.4, 33.0, 16.4 ppm; HRMS
(70 EV, EI): m/z : calcd for C15H18O2: 230.1307; found: 230.1299 [M]+ .


cis-3-Methoxy-5,6-diphenyl-2-cycloheptenone (10c): Method B : Ketone
4k (64 mg, 0.44 mmol), LDA (0.44 mmol), and carbene complex 1a


(135 mg, 0.4 mmol) afforded compound 10c (60 mg, 51%) as a colorless
oil.


Method A : Silyl enol ether 5k (174 mg, 0.8 mmol), BuLi (0.50 mL, 1.6n
in hexanes, 0.8 mmol), and carbene complex 1a (135 mg, 0.4 mmol) af-
forded 10c (62 mg, 53%) as a colorless oil. 1H NMR (300 MHz, CDCl3):
d=7.18–6.73 (m, 10H; ArH), 5.62 (s, 1H; CH=), 3.93–2.67 (m, 6H;
CH2CHCHCH2), 3.73 ppm (s, 3H; OMe); 13C NMR (75.5 MHz, CDCl3):
d=200.8, 175.5, 142.0, 140.8, 128.1, 127.8, 127.7, 126.3, 126.2, 105.4, 55.8,
46.7, 46.4, 45.0, 36.8 ppm; HRMS (70 EV, EI): m/z : calcd for C20H20O2:
292.1463; found: 292.1472 [M]+ .


(4aR*,5R*,9aR*)-3,4,4a,5,6,9a-Hexahydro-7-methoxy-5-phenyl-2H-cyclo-
hepta[b]pyran-9-one (10d): Method A : Silyl enol ether 5 l (158 mg,
0.8 mmol), BuLi (0.50 mL, 1.6n in hexanes, 0.8 mmol), and carbene com-
plex 2a (188 mg, 0.4 mmol) in diethyl ether (10 mL) afforded 10d
(58 mg, 53%) as a colorless oil. 1H NMR (400 MHz, C6D6): d=7.22–6.84
(m, 5H; ArH), 5.56 (s, 1H; CH=), 4.41 (d, J=4.2 Hz, 1H; OCH), 3.84–
3.78 (m, 1H; CHHO), 3.53–3.47 (m, 1H; CHHO), 3.32–3.26 (m, 1H;
CHHCHPh), 3.17 (dd, J=12.7, 3.7 Hz, 1H; CHPh), 3.06 (s, 3H; OMe),
2.48 (d, J=16.6 Hz, 1H; CHHCHPh), 2.25–2.21 (m, 1H; CHCHPh),
1.52–1.04 ppm (m, 4H; OCH2CH2CH2);


13C NMR (100.6 MHz, C6D6):
d=197.1, 173.8, 144.6, 128.5, 127.3, 126.4, 103.8, 85.3, 65.2, 54.8, 44.0,
41.4, 36.3, 24.6, 22.1 ppm; HRMS (70 EV, EI): m/z : calcd for C17H20O3:
272.1412; found: 272.1416 [M]+ ; elemental analysis calcd (%) for
C17H20O3: C 74.97, H 7.40; found: C 75.09, H 7.24.


cis-5-(2-Furyl)-3-methoxy-6-phenyl-2-cycloheptenone (10e): Method B :
Ketone 4k (64 mg, 0.44 mmol), LDA (0.44 mmol), and carbene complex
2b (184 mg, 0.4 mmol) afforded compound 10e (7 mg, 6%) as a colorless
oil.


Method A : Silyl enol ether 5k (174 mg, 0.8 mmol), BuLi (0.50 mL, 1.6n
in hexanes, 0.8 mmol), and carbene complex 2b (184 mg, 0.4 mmol) af-
forded 10e (52 mg, 46%) as a colorless oil. 1H NMR (400 MHz, C6D6):
d=7.11–6.66 (m, 5H; ArH), 6.89 (d, J=1.8 Hz, 1H; =CHO), 5.86 (dd,
J=3.3, 1.8 Hz, 1H; CH=CHO), 5.51 (s, 1H; =CHCOMe), 5.44 (d, J=
3.3 Hz, 1H; CHCH=CHO), 2.98 (s, 3H; OMe), 3.47–2.83 (m, 5H;
CH2CHCHCH2), 2.46 ppm (ddd, J=16.2, 4.2, 1.3 Hz, 1H;
CH2CHCHCH2);


13C NMR (100.6 MHz, C6D6): d=199.0, 171.4, 155.1,
142.2, 141.0, 127.9, 127.5, 126.3, 109.9, 106.7, 105.1, 55.0, 46.3, 43.5, 40.2,
35.9 ppm; HRMS (70 EV, EI): m/z : calcd for C18H18O3: 282.1256; found:
282.1259 [M]+ ; elemental analysis calcd (%) for C18H18O3: C 76.57, H
6.43; found: C 76.69, H 6.29.


3-Methoxy-5-(4-methoxyphenyl)-2-cycloheptenone (10 f): Method B :
Ketone 4 i (31 mg, 0.44 mmol), LDA (0.44 mmol), and carbene complex
1c (147 mg, 0.4 mmol) afforded compound 10 f (51 mg, 52%) as a color-
less oil. 1H NMR (200 MHz, CDCl3): d=7.12, 6.87 (2d, J=6.9 Hz, 4H;
ArH), 5.49 (s, 1H; CH=), 3.83, 3.65 (2 s, 6H; 2QOMe), 3.23–1.86 ppm
(m, 7H; CH2CHCH2CH2);


13C NMR (50.5 MHz, CDCl3): d=202.1,
175.0, 158.1, 138.1, 127.5, 114.0, 105.3, 55.8, 55.2, 41.1, 40.7, 40.0,
30.1 ppm; HRMS (70 EV, EI): m/z : calcd for C15H18O3: 246.1256; found:
246.1255 [M]+ .


cis-3-Methoxy-5-(4-methoxyphenyl)-6-phenyl-2-cycloheptenone (10g):
Method B : Ketone 4k (64 mg, 0.44 mmol), LDA (0.44 mmol), and car-
bene complex 1c (147 mg, 0.4 mmol) afforded compound 10g (55 mg,
43%) as a colorless oil. 1H NMR (200 MHz, CDCl3): d=7.16–6.66 (m,
9H; ArH), 5.59 (s, 1H; CH=), 3.73, 3.70 (2 s, 6H; 2QOMe), 3.53–3.19
(m, 4H; CHHCHCHCHH), 2.90 (dd, J=15.3, 3.1 Hz, 1H; CHHCH),
2.70 ppm (d, J=17.0 Hz, 1H; CHCHH); 13C NMR (50.5 MHz, CDCl3):
d=201.2, 175.5, 157.9, 141.2, 134.2, 128.9, 128.1, 127.8, 126.4, 113.1, 105.3,
55.8, 55.2, 46.4, 45.9, 45.1, 37.3 ppm; HRMS (70 EV, EI): m/z : calcd for
C21H22O3: 322.1569; found: 322.1550 [M]+ .


3-Methoxy-5,5-dimethyl-6-phenyl-2-cycloheptenone (12): Method B :
Ketone 4k (64 mg, 0.44 mmol), LDA (0.44 mmol), and carbene complex
11 (169 mg, 0.4 mmol) afforded compound 12 (47 mg, 48%) as a colorless
oil. 1H NMR (200 MHz, CDCl3): d=7.32–7.02 (m, 5H; ArH), 5.43 (d, J=
2.2 Hz, 1H; CH=), 3.70 (s, 3H; OMe), 3.04 (dd, J=16.6, 11.3 Hz, 1H;
CHCHH), 2.87 (d, J=11.3 Hz, 1H; CH), 2.83 (d, J=14.6 Hz, 1H;
CHHCMe2), 2.71 (d, J=16.6 Hz, 1H; CHCHH), 2.20 (dd, J=14.6,
2.2 Hz, 1H; CHHCMe2), 1.05, 0.65 ppm (2s, 6H; 2QMe); 13C NMR
(50.5 MHz, CDCl3): d=203.5, 173.5, 142.3, 129.2, 127.6, 126.2, 103.7, 55.8,
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49.1, 46.6, 46.5, 35.0, 27.9, 25.5 ppm; HRMS (70 EV, EI): m/z : calcd for
C16H20O2: 244.1463; found: 244.1465 [M]+ ; elemental analysis calcd (%)
for C16H20O2: C 78.65, H 8.25; found: C 78.50, H 8.13.


1-{(1R,5S)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl}ethanone (4m):
MeLi (1 equiv, 6.7 mL, 1.5m in diethyl ether) was added dropwise to a so-
lution of (�)-myrtenal (1.52 g, 10 mmol) in diethyl ether (20 mL) at
�78 8C, thereby warming the mixture to room temperature; it was then
stirred for 10 min. The reaction was quenched with water (20 mL) and
extracted in diethyl ether (3Q20 mL). After removing solvents, the ob-
tained crude residue was used in the next step without further purifica-
tion. Dimethyl sulfoxide (4 equiv, 3.12 g, 40 mmol) was added dropwise
to a solution of oxalyl chloride (2 equiv, 2.54 g, 20 mmol) in CH2Cl2
(20 mL) at �78 8C. After the reaction mixture had been stirred for 5 min,
a solution of the residue from the previous step in CH2Cl2 (30 mL) was
added dropwise and the resulting mixture was stirred for 30 min. Tri-
ethylamine (6.5 equiv, 9 mL, 65 mmol) was then added and the reaction
was warmed to room temperature. After stirring for 12 h, the reaction
was quenched with water (30 mL) and extracted with diethyl ether. The
solvents were removed, and the resulting residue was purified by flash
column chromatography on silica gel (hexanes/ethyl acetate 10:1!5:1)
to afford compound 4m as a pale yellow oil (1.26 g, 76%). [a]20D =�29.7
(c=0.77, CH2Cl2);


1H NMR (300 MHz, CDCl3): d=6.68–6.64 (m, 1H;
CH=), 2.86–1.98, 0.98–0.94 (2m, 6H; CH2CHCH2CH), 2.18 (s, 3H;
MeCO), 1.21, 0.62 ppm (2s, 6H; 2QMe); 13C NMR (75.5 MHz, CDCl3):
d=196.9, 149.4, 137.5, 40.0, 39.1, 37.1, 32.3, 30.9, 25.6, 24.7, 20.6 ppm;
HRMS (70 EV, EI): m/z : calcd for C11H16O: 164.1201; found: 164.1195
[M]+ .


(1S,2S,7R,8R,10S)-5-Methoxy-11,11-dimethyl-7-phenyltricyclo[8.1.1.02,8]-
dodec-4-en-3-one (13): Ketone 4m (73 mg, 0.44 mmol) was added to a so-
lution of lithium diisopropylamide (0.44 mmol) in THF (10 mL) at
�40 8C and the mixture was stirred for 30 min and then cooled to �78 8C.
A solution of carbene complex 1a (188 mg, 0.4 mmol) in THF (5 mL)
was added dropwise and the reaction mixture was slowly warmed over-
night. The reaction mixture was cooled again to �78 8C and a saturated
solution of ammonium chloride (5 mL) was added. The mixture was
warmed to room temperature and extracted with diethyl ether (3Q
20 mL). Solvents were removed and the resulting crude residue was dis-
solved hexanes/ethyl acetate (5:1, 20 mL). Air was bubbled through the
mixture and the solution was exposed to direct sunlight for 1 h. The ob-
tained suspension was filtered on celite, the solvents were removed, and
the resulting residue was purified by flash column chromatography on
silica gel (hexanes/ethyl acetate 20:1!5:1) to afford compound 13 as a
colorless oil (51 mg, 41%). [a]20D =�59.3 (c=0.44, CH2Cl2);


1H NMR
(400 MHz, CDCl3): d=7.34–7.17 (m, 5H; ArH), 5.57 (s, 1H; CH=), 3.62
(s, 3H; OMe), 3.53–3.41 (m, 2H; CHHCHPh), 3.11 (dd, J=10.2, 5.1 Hz,
1H; CHCO), 2.83 (apparent q, J=5.7 Hz, 1H; CHPhCH), 2.74 (q, J=
10.2 Hz, 1H; CH2CHCHCO), 2.65 (d, J=16.2 Hz, 1H; CHHCHPh),
2.20–2.14 (m, 1H; CHPhCHCHH), 1.98–1.84 (m, 2H;
CHPhCHCH2CHCHH), 1.51–1.36 (m, 2H; CHPhCHCHHCHCHH),
1.18, 0.76 ppm (2s, 6H; 2QMe); 13C NMR (100.6 MHz, C6D6): d=202.5,
172.8, 144.9, 128.6, 128.5, 125.9, 106.8, 54.6, 54.6, 46.3, 44.0, 40.0, 39.4,
35.8, 34.8, 28.1, 26.3, 23.1, 22.3 ppm; HRMS (70 EV, EI): m/z : calcd for
C21H26O2: 310.1933; found: 310.1939 [M]+ ; elemental analysis calcd (%)
for C21H26O2: C 81.25, H 8.44; found: C 81.33, H 8.35.


General procedures for the preparation of compounds 9b, f–i : BuLi
(1 equiv) was added to a solution of silyl enol ethers 5a,d, f,h,k
(0.8 mmol) in diethyl ether (10 mL) at 20 8C for silyl enol ethers 5d, f or
at 0 8C for silyl enol ethers 5a,h,k, and the reaction mixture was then
stirred for 30 min. PMDTA (0.50 mL, 2.4 mmol) was then added at 0 8C,
and the mixture was stirred for further 10 min. Carbene complex 2a
(188 mg, 0.4 mmol) was then added and the reaction was warmed to
room temperature and stirred for 30 min. After that, a small amount of
silica gel was added, the solvents were removed, and the resulting residue
was purified by flash column chromatography on silica gel (hexanes/ethyl
acetate 10:1!3:1).


(1R*,2S*)-4-Methoxy-1,2-diphenyl-3-cyclopentenol (9 f): Silyl enol ether
5a (154 mg, 0.8 mmol), BuLi (0.50 mL, 1.6n in hexanes, 0.8 mmol), and
carbene complex 2a (188 mg, 0.4 mmol) afforded 9 f (56 mg, 53%) as a


colorless oil. 1H NMR (300 MHz, C6D6): d=7.47–7.05 (m, 10H; ArH),
4.44–4.40 (m, 2H; =CH, CHPh), 3.39 (s, 3H; OMe), 3.17 (d, J=16.3 Hz,
1H; CHH), 3.01 (d, J=16.3 Hz, 1H; CHH), 1.61 ppm (s, 1H; OH);
13C NMR (50.5 MHz, C6D6): d=159.7, 147.5, 138.6, 129.0, 128.4, 128.0,
127.4, 126.6, 125.4, 94.4, 80.6, 61.6, 56.1, 50.0 ppm; HRMS (70 EV, EI):
m/z : calcd for C18H18O2: 266.1307; found: 266.1302 [M]+ .


(1R*,2R*)-4-Methoxy-1-methyl-2-phenyl-3-cyclopentenol (9g): Silyl enol
ether 5d (144 mg, 0.8 mmol), BuLi (0.50 mL, 1.6n in hexanes, 0.8 mmol),
and carbene complex 2a (188 mg, 0.4 mmol) afforded 9g (52 mg, 64%)
as a colorless oil along with compound 6 f (22 mg, 22%, >95% de).
1H NMR (300 MHz, C6D6): d=7.28–7.20 (m, 5H; ArH), 4.44 (br s, 1H;
CH=), 3.88 (br s, 1H; CHPh), 3.48 (s, 3H; OMe), 2.63 (d, J=16.1 Hz,
1H; CHH), 2.58 (d, J=16.1 Hz, 1H; CHH), 1.61 (br s, 1H; OH),
0.91 ppm (s, 3H; Me); 13C NMR (75.5 MHz, C6D6): d=158.5, 142.2,
128.2, 126.6, 95.8, 79.4, 61.0, 55.7, 47.7, 25.6 ppm; HRMS (70 EV, EI): m/
z : calcd for C13H16O2: 204.1150; found: 204.1159 [M]+ .


(1R*,2R*)-1-Isobutyl-4-methoxy-2-phenyl-3-cyclopentenol (9h): Silyl
enol ether 5a (138 mg, 0.8 mmol), BuLi (0.50 mL, 1.6n in hexanes,
0.8 mmol), and carbene complex 2a (188 mg, 0.4 mmol) afforded 9h
(50 mg, 51%) as a colorless oil. 1H NMR (300 MHz, C6D6): d=7.26–7.16
(m, 5H; ArH), 4.46 (ddd, J=3.3, 2.6, 0.8 Hz, 1H; CH=), 3.70 (d, J=
2.6 Hz, 1H; CHPh), 3.37 (s, 3H; OMe), 2.80 (dd, J=16.1, 3.3 Hz, 1H;
CCHHC), 2.52 (dd, J=16.1, 0.8 Hz, 1H; CCHHC), 1.91–1.82 (m, 1H;
CHMe2), 1.75 (br s, 1H; OH), 1.28 (dd, J=14.4, 5.3 Hz, 1H; CHHCH),
1.03 (dd, J=14.4, 6.4 Hz, 1H; CHHCH), 0.88 (d, J=6.7 Hz, 3H; Me),
0.86 ppm (d, J=6.3 Hz, 3H; Me); 13C NMR (75.5 MHz, C6D6): d=160.0,
142.3, 128.6, 128.3, 126.6, 96.6, 81.8, 63.2, 55.9, 46.7, 45.8, 24.7, 24.3 ppm;
HRMS (70 EV, EI): m/z : calcd for C16H22O2: 246.1620; found: 246.1619
[M]+ .


(1R*,2R*)-4-Methoxy-2-Phenyl-1-[(E)-styryl]-3-cyclopentenol (9 i): Silyl
enol ether 5k (174 mg, 0.8 mmol), BuLi (0.50 mL, 1.6n in hexanes,
0.8 mmol), and carbene complex 2a (188 mg, 0.4 mmol) afforded 9 i
(23 mg, 20%) as a colorless oil. 1H NMR (300 MHz, C6D6): d=7.35–7.06
(m, 10H; ArH), 6.63 (d, J=15.9 Hz, 1H; =CHPh), 6.41 (d, J=15.9 Hz,
1H; =CHCOH), 4.42 (s, 1H; =CHCOMe), 4.04 (s, 1H; CHPh), 3.39 (s,
3H; OMe), 3.28 (s, 1H; OH), 2.90 (d, J=15.8 Hz, 1H; CHH), 2.82 ppm
(d, J=15.8 Hz, 1H; CHH); 13C NMR (75.5 MHz, C6D6): d=160.3, 142.1,
137.3, 135.6, 130.0, 129.2, 126.7, 94.5, 79.8, 58.7, 56.1, 46.8 ppm.


Acknowledgements


Financial support for this work was provided by the Ministerio de Cien-
cia y Tecnolog;a (project BQU2001-3853) and Junta del Principado de
Asturias (project PR-01-GE-9) of Spain.


[1] a) T. Hudlicky, J. D. Price, Chem. Rev. 1989, 89, 1467–1486; b) R. D.
Little in Comprehensive Organic Synthesis, Vol. 5 (Eds.: B. M. Trost,
I. Fleming), Pergamon Press, Oxford, 1991, Chapter 3.1B, pp. 239–
270; c) D. M. T. Chan in Comprehensive Organic Synthesis, Vol. 5
(Eds.: B. M. Trost, I. Fleming), Pergamon Press, Oxford, 1991, Chap-
ter 3.2, pp. 271–314; d) S. E. Denmark in Comprehensive Organic
Synthesis, Vol. 5 (Eds.: B. M. Trost, I. Fleming), Pergamon Press,
Oxford, 1991, Chapter 6.3, pp. 751–784; e) M. Lautens, W. Klute, W.
Tam, Chem. Rev. 1996, 96, 49–92.


[2] a) T. L. Ho, Carbocycle Construction in Terpene Synthesis, VCH,
New York, 1988 ; b) T. Hudlicky, F. Rulin, T. C. Lovelace, J. W. Reed
in Studies in Natural Products Chemistry (Ed.: T. Atta-Ur-Rahman),
Elsevier Science, Essex, UK, 1989.


[3] H.-W. FrShauf, Chem. Rev. 1997, 97, 523–526.
[4] For recent reviews, see: a) K. H. Dçtz, P. Tomuschat, Chem. Soc.


Rev. 1999, 28, 187–198; b) J. W. Herndon, Tetrahedron 2000, 56,
1257–1280; c) A. de Meijere, H. Schirmer, M. Duetsch, Angew.
Chem. 2000, 112, 4124–4162; Angew. Chem. Int. Ed. 2000, 39, 3964–
4002; d) M. A. Sierra, Chem. Rev. 2000, 100, 3591–3637; e) J. Bar-
luenga, F. J. FaÇan8s, Tetrahedron 2000, 56, 4597–4628; f) J. Barluen-


Chem. Eur. J. 2005, 11, 4995 – 5006 www.chemeurj.org F 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5005


FULL PAPERCarbocyclization Reactions



www.chemeurj.org





ga, J. FlUrez, F. J. FaÇan8s, J. Organomet. Chem. 2001, 624, 5–17;
g) J. Barluenga, Pure Appl. Chem. 2002, 74, 1317–1325; h) J. Bar-
luenga, M. Tom8s, J. Santamar;a, Chem. Rev. 2004, 104, 2259–2283;
i)Metal Carbenes in Organic Synthesis: Topics in Organometallic
Chemistry, Vol. 13 (Ed.: K. H. Dçtz), Springer, Berlin, 2004 ; j) J.
Barluenga, M. A. Fern8ndez-Rodriguez, E. Aguilar, J. Organomet.
Chem. 2005, 690, 539–587.


[5] a) W. D. Wulff in Comprehensive Organometallic Chemistry II,
Vol 12 (Eds.: E. W. Abel, F. G. A. Stone, G. Wilkinson), Pergamon,
Oxford, 1995, pp. 469–547; b) J. Barluenga, F. Rodr;guez, F. J.
FaÇan8s, J. FlUrez in Metal Carbenes in Organic Synthesis: Topics in
Organometallic Chemistry, Vol. 13 (Ed.: K. H. Dçtz), Springer,
Berlin, 2004, pp. 59–121.


[6] For a rhodium-promoted [3+2] cyclization of alkenylcarbene com-
plexes and alkynes, see: J. Barluenga, R. Vicente, L. A. LUpez, E.
Rubio, M. Tom8s, C. Vlvarez-Rffla, J. Am. Chem. Soc. 2004, 126,
470–471.


[7] a) F. Zaragoza Dçrwald, Angew. Chem. 2003, 115, 1372–1374;
Angew. Chem. Int. Ed. 2003, 42, 1332–1334; b) J. Barluenga, S.
LUpez, J. FlUrez, Angew. Chem. 2003, 115, 241–243; Angew. Chem.
Int. Ed. 2003, 42, 231–233.


[8] a) M. Hoffmann, M. Buchert, H.-U. Reissig, Angew. Chem. 1997,
109, 281–283; Angew. Chem. Int. Ed. Engl. 1997, 36, 283–285;
b) M. Hoffmann, M. Buchert, H.-U. Reissig, Chem. Eur. J. 1999, 5,
876–882.


[9] J. Barluenga, A. Ballesteros, J. Santamar;a, M. Tom8s, J. Organomet.
Chem. 2002, 643, 363–368.


[10] a) A. Wienand, H.-U. Reissig, Chem. Ber. 1991, 124, 957–965; b) M.
Hoffmann, H.-U. Reissig, Synlett 1995, 625–627; c) J. Barluenga, M.
Tom8s, A. L. Su8rez-Sobrino, Synthesis 2000, 935–940.


[11] a) A. G. Meyer, R. Aumann, Synlett 1995, 1011–1013; b) R.
Aumann, A. G. Meyer, R. Frçhlich, Organometallics 1996, 15, 5018–
5027; c) R. Aumann, M. Kçssmeier, A. JYntti, Synlett 1998, 1120–
1122; d) J. Barluenga, M. Tom8s, A. Ballesteros, J. Santamar;a, C.
Brillet, S. Garc;a-Granda, A. PiÇera-Nicol8s, J. T. V8zquez, J. Am.
Chem. Soc. 1999, 121, 4516–4517.


[12] R. Aumann, H. Heinen, M. Dartmann, B. Krebs, Chem. Ber. 1991,
124, 2343–2347.


[13] a) H. Kagoshima, T. Akiyama, J. Am. Chem. Soc. 2000, 122, 11741–
11742; b) H. Kagoshima, T. Okamura, T. Akiyama, J. Am. Chem.
Soc. 2001, 123, 7182–7183.


[14] a) R. Aumann, H. Heinen, Chem. Ber. 1985, 118, 4186–4195; b) R.
Aumann, H. Heinen, Chem. Ber. 1986, 119, 3801–3811.


[15] R. Aumann, H. Heinen, C. KrSger, Chem. Ber. 1987, 120, 1287–
1291.


[16] J. Barluenga, F. Aznar, M. Fern8ndez, Chem. Eur. J. 1997, 3, 1629–
1637.


[17] a) W. D. Wulff, D. C. Yang, C. K. Murray, J. Am. Chem. Soc. 1988,
110, 2653–2655; b) W. D. Wulff, W. E. Bauta, R. W. Kaesler, P. J.
Lankford, R. A. Miller, C. K. Murray, D. C. Yang, J. Am. Chem.
Soc. 1990, 112, 3642–3659; c) J. Barluenga, F. Aznar, C. ValdZs, A.
Mart;n, S. Garc;a-Granda, E. Mart;n, J. Am. Chem. Soc. 1993, 115,
4403–4404; d) J. Barluenga, F. Aznar, A. Mart;n, S. Garc;a-Granda,
M. A. SalvadU, P. Pertierra, J. Chem. Soc. Chem. Commun. 1993,


319–321; e) J. Barluenga, F. Aznar, A. Mart;n, J. T. V8zquez, J. Am.
Chem. Soc. 1995, 117, 9419–9426; see also refs. [8b] and [16].


[18] J. Barluenga, F. Aznar, A. Mart;n, Organometallics 1995, 14, 1429–
1433.


[19] a) J. Barluenga, M. Tom8s, A. Ballesteros, J. Santamar;a, R. J. Car-
bajo, F. LUpez-Ortiz, S. Garc;a-Granda, P. Pertierra, Chem. Eur. J.
1996, 2, 88–97; b) J. Barluenga, M. Tom8s, A. Ballesteros, J. Santa-
mar;a, A. L. Su8rez-Sobrino, J. Org. Chem. 1997, 62, 9229–9235.


[20] J. Barluenga, P. Barrio, L. A. LUpez, M. Tom8s, S. Garc;a-Granda,
C. Vlvarez-Rffla, Angew. Chem. 2003, 115, 3116–3119; Angew.
Chem. Int. Ed. 2003, 42, 3008–3011.


[21] a) C. P. Casey, W. Brunsvold, Inorg. Chem. 1977, 16, 391–396; b) S.
Aoki, T. Fujimura, E. Nakamura, J. Am. Chem. Soc. 1992, 114,
2985–2990; c) E. Nakamura, K. Tanoka, T. Fujimura, S. Aoki, P. G.
Villiard, J. Am. Chem. Soc. 1993, 115, 9015–9020; d) J. Barluenga, J.
Montserrat, J. FlUrez, S. Garc;a-Granda, E. Mart;n, Chem. Eur. J.
1995, 1, 236–242.


[22] J. Barluenga, J. Alonso, F. J. FaÇan8s, J. Am. Chem. Soc. 2003, 125,
2610–2616.


[23] For a previous communication, see: J. Barluenga, J. Alonso, F. Ro-
dr;guez, F. J. FaÇan8s, Angew. Chem. 2000, 112, 2555–2558; Angew.
Chem. Int. Ed. 2000, 39, 2460–2462.


[24] For 1,3-metal migrations, see: a) H. F. Sleiman, L. McElwee-White,
J. Am. Chem. Soc. 1988, 110, 8700–8701; b) L. S. Hegedus, B. R.
Lundmark, J. Am. Chem. Soc. 1989, 111, 9194–9198; c) C. T. Maxey,
H. F. Sleiman, S. T. Massey, L. McElwee-White, J. Am. Chem. Soc.
1992, 114, 5153–5160; d) H. Fischer, A. Schlageter, W. Bidell, A.
FrSh, Organometallics 1991, 10, 389–391; e) J. Barluenga, M. Tom8s,
E. Rubio, J. A. LUpez-Pelegr;n, S. Garc;a-Granda, M. PZrez-Priede,
J. Am. Chem. Soc. 1999, 121, 3065–3071.


[25] For 1,2-metal migrations, see: a) H. Fischer, T. Meisner, J. Hofmann,
Chem. Ber. 1990, 123, 1799–1804; b) K. H. Dçtz, C. Christoffers, P.
Knochel, J. Organomet. Chem. 1995, 489, C84–C86; c) J. Barluenga,
M. Tom8s, E. Rubio, J. A. LUpez-Pelegr;n, S. Garc;a-Granda, P. Per-
tierra, J. Am. Chem. Soc. 1996, 118, 695–696; d) N. Iwasawa, K.
Maeyama, M. Saitou, J. Am. Chem. Soc. 1997, 119, 1486–1487; e) N.
Iwasawa, K. Maeyama, J. Org. Chem. 1997, 62, 1918–1919; f) N.
Iwasawa, T. Ochiai, K. Maeyama, Organometallics 1997, 16, 5137–
5139; g) N. Iwasawa, T. Ochiai, K. Maeyama, J. Org. Chem. 1998,
63, 3164–3165; h) J. Barluenga, E. Rubio, J. A. LUpez-Pelegr;n, M.
Tom8s, Angew. Chem. 1999, 111, 1163–1165; Angew. Chem. Int. Ed.
1999, 38, 1091–1093.


[26] M. E. Jung, C. A. McCombs, Y. Takeda, Y.-G. Pan, J. Am. Chem.
Soc. 1981, 103, 6677–6685.


[27] a) R. Aumann, H. Heinen, Chem. Ber. 1987, 120, 587–588; b) K. H.
Dçtz, R. Noack, K. Karms, Tetrahedron 1990, 46, 1235–1252.


[28] W. D. Wulff, W. E. Bauta, R. W. Kaesler, P. J. Lankford, R. A.
Miller, C. K. Murray, D. C. Yang, J. Am. Chem. Soc. 1990, 112,
3642–3659.


[29] G. H. Posner, C. E. Whitten, J. J. Sterling, J. Am. Chem. Soc. 1973,
95, 7788–7800.


Received: February 15, 2005
Please note: Minor changes have been made to this manuscript since its
publication in Chemistry—A European Journal Early View. The Editor


Published online: June 15, 2005


F 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4995 – 50065006


J. Barluenga et al.



www.chemeurj.org






Synthesis and Properties of Electrophosphorescent Chelating Polymers with
Iridium Complexes in the Conjugated Backbone


Hongyu Zhen, Changyun Jiang, Wei Yang,* Jiaxing Jiang, Fei Huang, and Yong Cao*[a]


Introduction


Recently, electrophosphorescent light-emitting diodes
(LEDs), in which both singlet and triplet excitons contribute
to light emission, have attracted great scientific and com-
mercial attention because of their high quantum efficiency.[1]


Iridium-based complexes are a popular choice as efficient
dopants due to the relatively short phosphorescent lifetime[2]


Green organic light-emitting diodes (OLEDs) with
[(ppy)2Ir(acac)] (ppy=2-phenylpyridine, acac=acetylaceto-
nate) doped into 3-phenyl-4-(1’-naphthyl)-5-phenyl-1,2,4-tri-
azole (TAZ) show a high external quantum efficiency of
19 % ph/el and a power efficiency of 60 Lm W�1.[3] The ease
of fabrication by utilization of printing techniques and po-
tential applications in large-area flat-panel displays at low


power consumption make phosphorescent dye-doped poly-
mer LEDs (PHPLEDs) extremely attractive.[4] Jiang et al.[5]-


reported red PLEDs in which [(piq)2Ir(acac)] (piq=1-phe-
nylisoquinolyl-N,C2’) is doped into conjugated poly(9,9-dio-
ctylfluorene) (PFO) and nonconjugated polyvinylcarbazole
(PVK) with external quantum efficiencies of 12 and 10.2 %
ph/el, respectively, which demonstrate that conjugated and
nonconjugated polymers can both be used as hosts with high
external quantum efficiency.


Although devices in which phosphorescent dyes are
doped into small-molecular or polymer hosts are successful
in the realization of high-efficiency O/PLEDs, these dye-
doped devices may undergo phase segregation, which leads
to fast decay of efficiency with increasing current density. A
solution to this problem is to introduce the phosphorescent
dye into the polymer chain. Lee et al.[6] synthesized noncon-
jugated polyethylene main chains with phenylpyridine at-
tached to side chains as a ligand and pendant N-vinylcarba-
zole as host material. High external quantum efficiency of
4.4 % ph/el was achieved at a current density of
6.4 mA cm�2. A similar approach of using a nonconjugated
main chain with a pendant diketone was reported by Tokito
et al.[7] High external quantum efficiencies of 5.5, 9, and


Abstract: The synthesis of electrophos-
phorescent chelating polymers by
Suzuki polycondensation of A-A- and
B-B-type monomers is described, in
which the fluorene-alt-carbazole
(PFCz) segment is used as polymer
backbone. By using alkyl-substituted li-
gands of iridium complex monomers,
chelating copolymers with higher con-
tents of iridium complex can be synthe-
sized. Chemical and photophysical
characterization confirm that the Ir
complex is incorporated into the poly-
mer backbone as one of the monomer
repeat units by means of two 5-bromo-
tolylpyridine ligands. Chelating poly-


mers with Ir complexes in the conjugat-
ed polymer backbone show highly effi-
cient energy transfer of excitons from
the PFCz host segment to the Ir com-
plex by an intramolecular trapping
mechanism. The external quantum and
luminous efficiencies of a device made
with PFCzMppyIrhm4 copolymer
reach 4.1 % ph/el (photons/electron)
and 5.4 cd A�1, respectively, at a cur-
rent density of 32.2 mA cm�2, an emis-


sion peak of 577 nm, and a luminance
of 1730 cd cm�2. Most important, the
devices made from the chelating co-
polymers show no notable efficiency
decay with increasing current density
due to reduced concentration quench-
ing and triplet–triplet (T–T) annihila-
tion. This indicates that incorporation
of the phosphorescent complex into
the rigid conjugated polymer main
chain is a new way to simultaneously
realize high efficiency, long-term stabil-
ity, and simple processing of phosphor-
escent polymer light-emitting diodes.


Keywords: chelates · iridium · lumi-
nescence · polymerization · poly-
mers
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3.5 % in red, green, and blue PLEDs were respectively ach-
ieved. Phosphorescent conjugated polymers based on a poly-
fluorene backbone with diketone pendants attached to the
C-9 position of fluorene were reported by Chen et al.[8] A
device made from the graft polymer of 1.3 mol % [(btp)2


Ir(acac)] (btp=2-(2’-benzo[4,5-a]thienyl)pyridinato-N,C3’)
with a diketone attached to the 9-position of the fluorene
unit has an external quantum efficiency of 1.59 % ph/el and
a luminous efficiency of 2.8 cd A�1 at 7.0 V with a luminance
of 65 cd m�2 and peak emission at 610 nm. A series of well-
defined conjugated oligo- and polyfluorenyl bis-cyclometa-
lated Ir complexes was synthesized by Suzuki homo-
polycondensation of A-B monomer by Sandee et al.[9] Maxi-
mum external quantum efficiencies of 1.5 and 0.12 % ph/el
were obtained, respectively, by introducing [(btp)2Ir(acac)]
and [(ppy)2Ir(acac)] complexes covalently into a poly(9,9’-
dioctylfluorene) backbone.


Recently, we reported that the intramolecular trapping
may be a very quick and efficient process in a number of
narrow-gap monomers incorporated into conjugated copoly-
mers.[10] It would be interesting to investigate a chelating
polymer with a phosphorescent metal complex as a repeat
unit incorporated into a conjugated main chain. In this case,
the conjugated segment plays two roles: polymer ligand and
host for the energy-transfer system. High-efficiency energy
transfer from the polymer host to the triplet metal complex
in the polymer main chain by efficient intramolecular
energy transfer would be expected. Besides Ir complexes,
there are also many reports on the incorporation of other
organometallic species into polymer main chains.[11] Wang
et al.[12] synthesized two bipyridyl-phenylene-vinylene-based
polymers for metal-ion sensor studies. Terpyridine-based
metal coordination polymers were synthesized and charac-
terized.[13] A series of poly(1,1’-ferrocenylene-4,4’’-p-oligo-


phenylenes) with high molecular weight was obtained by
Pd-catalyzed polycondensation of haloaromatics and aryl-
boronic acid derivatives.[14] Recently, a group of platinum-
containing diyne and polyyne materials consisting of 9,9-di-
hexylfluorene, 9-butylcarbazole, and oligopyridine linkage
units was prepared.[15]


Here we report the synthesis of chelating copolymers by
Suzuki polycondensation of A-A- and B-B-type monomers
by exploiting two bromine atoms in different ligands of iridi-
um bis-chelate complexes. In such polycondensations, gela-
tion of the reaction mixture or formation of highly insoluble
products leads to incomplete metal chelation and to phos-
phor loadings lower than those targeted.[9] By using mono-
meric Ir complexes of alkyl-substituted ligands, that is,
[(mppyBr)2Ir(acac)] (mppyBr=5-bromo-2-p-tolylpyridine-
C2’,N) and [(mppyBr)2Ir(hmacac)] (hmacac=2,2,6,6-tetra-
methyl-3,5-heptanedione), the solubility of Ir complexes is
improved, gelation of the reaction mixture is avoided, and
chelating copolymers with higher contents of Ir complex are
synthesized. The fluorene-alt-carbazole segment was used as
polymer backbone because the HOMO level of carbazole-
based copolymers can be tuned by substitution at the 3-, 6-,
and 9-positions, while the triplet level remains sufficiently
high to accommodate even blue triplet emitters.[16]


Results and Discussion


Synthesis of the complexes and copolymers : The synthetic
routes to the iridium bis-chelate complex monomers and the
corresponding complexes with bromine-free ligands, which
are the actual units in the copolymers, are depicted in
Scheme 1. 5-Bromo-2-p-tolylpyridine was synthesized by a
Pd-catalyzed cross-coupling reaction.[17] Since 2,5-dibromo-


Scheme 1. Synthesis of the iridium complexes.
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pyridine contains two reactive bromine atoms, we used aryl-
zinc chloride, in which zinc has intermediate electronegativi-
ty, rather than highly electronegative lithium for the Pd-
catalyzed cross-coupling reaction. As a result, the reaction
takes place selectively at the 2-positon to give 5-bromo-2-
tolylpyridines. In the reaction between the chloro-bridged
dimmers and the b-diketonate, the yields of the iridium bis-
chelate complex depend on the solubility of the products.
Compared to the complexes with acac, those with hmacac
are formed in higher yield. The synthetic routes to the cor-
responding chelating copolymers are depicted in Scheme 2.
Brominated Ir complexes [(mppyBr)2Ir(acac)] and
[(mppyBr)2Ir(hmacac)] copolymerized with dioxaborolanyl-
dioctylfluorene in the presence of dibromocarbazole to form
chelating copolymers by Suzuki polycondensation. The feed
ratios of Ir complexes in the polycondensation were 1, 2, 4,
5, 10, and 20 mol%, and the corresponding copolymers are
respectively named PFCzMppyIr1, PFCzMppyIr2,
PFCzMppyIr5, PFCzMppyIr10 and PFCzMppyIrhm1,
PFCzMppyIrhm4, PFCzMppyIrhm10, and PFCzMppy-
Irhm20.


The two brominated Ir complexes [(mppyBr)2Ir(acac)]
and [(mppyBr)2Ir(hmacac)] differ in that the two Me groups
of acac in the former are substituted by two tBu groups in
the latter. The resulting higher solubility in organic solvents
leads to better compatibility with other comonomers and
avoids gelation during copolymerization. The fact that co-
polymers PFCzMppyIrhm have a higher molecular weight
and higher content of Ir complex in the chelating copoly-
mers than PFCzMppyIr seems to support such a prediction
(Table 1).


The iridium contents of copolymers were estimated by X-
ray fluorescence (XRF) spectrometry. The molar ratio of Ir
complex in the copolymers was calculated by combining
XRF data with C, N elemental analyses (Table 1). The re-
sults indicate that Ir complexes were introduced into the
polymer backbone, although the actual contents of Ir com-
plex in the copolymers were slightly lower than that of the
complex monomer in the feed. The 1H NMR signal of the H
atom between the two carbonyl groups in b-diketonate li-
gands with d=5.72 is observable in the chelating copolymers
with high contents of Ir complex (PFCzMppyIrhm20).


Optical and electrochemical properties : UV/Vis absorption
spectra of [(mppy)2Ir(acac)] (mppyIr) and [(mppy)2Ir-
(hmacac)] (mppyIrhm) and photoluminescence (PL) spec-


trum of PFCz are shown in
Figure 1. The good overlap be-
tween the emission spectra of
the host (PFCz) and the ab-
sorption spectra of the guests
(Ir complexes) meets the re-
quirement for efficient Fçrster
transfer from the host polymer
to the Ir complexes in copoly-
mers. The UV/Vis absorption
spectra of the chelating copoly-
mers PFCzMppyIr and
PFCzMppyIrhm are shown in
Figure 2 a and b, respectively,
along with the absorption spec-
tra of PFCz copolymer. UV/Vis
spectra of the chelating copoly-
mers with low contents of Ir
complex are dominated by a
single peak with maximum ab-
sorbance around 350 nm, which
is almost the same as that of
the PFCz copolymer.[18] With
increasing content of Ir com-
plex, a weak absorption at
480 nm becomes observableScheme 2. Synthesis of the chelating copolymers.


Table 1. Molecular weights and composition of the copolymers.


Copolymer 10�3Mn
[a] PDI Complex content [mol %]


in feed in copolymer[b]


PFO 23.1 2.47 – –
PFCz 6.5 1.58 – –
PFCzMppyIr1 4.9 2.18 1 0.56
PFCzMppyIr2 6.6 1.45 2 0.65
PFCzMppyIr5 4.1 1.47 5 3.02
PFCzMppyIr10 4.3 1.52 10 4.79
PFCzMppyIrhm1 9.3 1.44 1 0.97
PFCzMppyIrhm4 17.0 1.42 4 3.41
PFCzMppyIrhm10 8.7 1.48 10 8.61
PFCzMppyIrhm20 8.2 1.50 20 15.89


[a] Number-average molecular weight Mn was estimated by GPC in THF
by using a calibration curve of polystyrene standards. [b] Calculated from
the carbon, nitrogen, and iridium content in the copolymers.
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and the peak intensity increases, due to triplet metal-to-
ligand charge-transfer (3MLCT) transition.[19]


The redox behavior of the polymers was investigated by
cyclic voltammetry (CV). All copolymers show a partial re-
versible oxidation wave with onset around 1.0–1.15 V; un-
fortunately, we failed to record the reduction peaks after
many attempts. The HOMO levels of the copolymers were
calculated according to the empirical formulas EHOMO/eV=


�e(Eox+4.4).[20] As shown in Table 2, the HOMO levels of
homopolyfluorene (PFO) and PFCz are estimated as �5.76
and �5.52 eV, respectively. Thus, introduction of a carbazole
unit into the PFO main chain raises the HOMO level. Simi-
larly, there is a tendency for higher HOMO levels of copoly-
mers with increasing content of Ir complex, which implies a
lower barrier for hole injection in devices.[18] The optical
band gaps Eopt were deduced from the absorption onset of
the polymers. From the HOMO levels and the optical gaps,
the LUMO levels of the polymers could be determined. The
LUMO levels of carbazole-based copolymer are at about
�2.4 eV (Table 2). This means a small barrier for election
injection from the barium cathode used in this work, which
has a work function of �2.2 eV.[21]


Photophysical properties : The PL spectra of the two kinds
of chelating copolymers, compared with the corresponding
blends of Ir complexes mppyIr and mppyIrhm doped into
PFCz are shown in Figures 3 and 4. The contents of Ir com-
plex in the blends are 1, 2, 3, and 8 mol % for mppyIr and 1,
2, 8, and 16 mol % for mppyIrhm. As can be seen from Fig-
ures 3 a and 4 a, the emission peak from the PFCz host seg-
ment at around 420 nm is almost completely quenched for
both types of chelating copolymers. Only a weak emission at
420 nm can be observed for chelating copolymers even with
1 mol % of Ir complex, especially for PFCzMppyIrhm. The
PL emission from Ir complexes is slightly red-shifted with
increasing content of Ir complex from 575 nm for
PFCzIrMppy1 to 585 nm for PFCzIrMppy10. In contrast, no
significant red shift in PL emission can be observed for
PFCzMppyIrhm (Table 3). For comparison, PL spectra of
the pristine complexes mppyIr and mppyIrhm are shown in


Figure 1. PL spectra of PFCz host polymer and UV/Vis absorption of the
guest Ir complex in film.


Figure 2. UV/Vis absorption spectra of the copolymers in film:
a) PFCzMppyIr and b) PFCzMppyIrhm.


Table 2. Electrochemical properties of the copolymers in film.


Copolymer Eox HOMO Eopt
[a] LUMO[b]


[V] [eV] [eV] [eV]


PFO 1.37 �5.77 2.76 �2.91
PFCz 1.12 �5.52 3.09 �2.43
CzMppyIr1 1.14 �5.54 3.07 �2.47
PFCzMppyIr2 1.16 �5.56 3.06 �2.50
PFCzMppyIr5 1.13 �5.53 3.03 �2.50
PFCzMppyIr10 1.10 �5.50 3.00 �2.50
PFCzMppyIrhm1 1.10 �5.50 3.05 �2.45
PFCzMppyIrhm4 1.10 �5.50 3.04 �2.46
PFCzMppyIrhm10 1.06 �5.46 2.98 �2.48
PFCzMppyIrhm20 0.98 �5.38 2.95 �2.43


[a] Estimated from the onset of the absorption edge attributed to the co-
polymer. [b] Calculated from the optical band gap Eopt and oxidation po-
tential.


Figure 3. PL spectra in film of a) PFCzMppyIr copolymers and
b) mppyIr/PFCz blends.
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Figures 3 a and 4 a, respectively. The PL spectra of both che-
lating copolymers are red-shifted by around 50–60 nm com-
pared with the PL emission of pristine complexes mppyIr
and mppyIrhm. To determine the origin of this significant
red shift in PL emission of chelating copolymers relative to
pristine small-molecule complexes, a study was made of the
PL spectra of the blends from corresponding small molecu-
lar complexes doped into PFCz copolymers (Figures 3 b and
4 b). The PL emissions from Ir complexes in the doped sys-
tems are almost identical with those of the pristine small-
molecule complexes (Figures 3 a and 4 a). Therefore, the sig-
nificant red shift in PL emission for chelating copolymers
must be related to the incorporation of Ir complexes into
the polymer main chain. Judged from the structure of the
chelating copolymer (Scheme 2), it is reasonable to conclude
that the red shift in PL emission is due to the extended con-
jugation length of tolylpyridine, which is in conjugation with
a neighboring fluorene segment in the chelating copolymers.
The significant red shift of the emission peak in the chelat-


ing copolymers in comparison with that of guest–host blend-
ed system provides strong evidence that Ir complexes are
indeed incorporated into the polymer main chain. The fact
that extending the conjugation length in ligand of phosphor-
escent complexes will generally shift PL emission to lower
energy was reported previously.[9,16a, 22]


Comparing PL spectra of chelating polymers in Figures 3 a
and 4 a with those of blend films (Figures 3 b and 4 b), it is
noteworthy that the PL spectrum of PFCzMppyIr1 (actual
content of Ir complex in the polymer is 0.56 mol %) resem-
bles the PL spectra of 8mppyIr/PFCz (doping concentration
of 8 %) in terms of the quenching of PFCz emission (Fig-
ure 3 b). It was reported that complete quenching of host PL
emission in guest–host blended systems required 4–8 %
loading of phosphorescent complexes.[23] A significantly
lower complex loading is required for complete quenching
of host emission in the chelating conjugated copolymer in
this study, and this suggests that intramolecular energy
transfer is much more efficient than intermolecular energy
transfer between guest–host systems. Further evidence for
the relative roles of intra- and interchain interaction in
energy transfer from host to guest can be obtained from the
PL spectra in solution. Figure 5 compares PL spectra of the
chelating copolymer PFCzMppyIrhm20 (Figure 5 a) with
that of 20 mppyIrhm/PFCz blend (Figure 5 b) in THF solu-
tion. The chelating copolymer clearly shows much more effi-
cient energy transfer than the Ir complex/PFCz blend. For
chelating copolymer PFCzMppyIrhm20, emission of the
PFCz segment was quenched completely at a solution con-
centration of around 0.1m, while a strong PFCz emission re-
mained at concentration of 1m for the 20mppyIrhm/PFCz
blend. Since both the molar ratios of Ir complex to PFCz or
PFCz segment of copolymers in solution are almost equal,
the difference in PL spectra must originate from the differ-
ent structures of the two systems. In the blended system,


Figure 4. PL spectra in film of a) PFCzMppyIrhm copolymers and
b) mppyIrhm/PFCz blends.


Table 3. Optical properties of the copolymers.


Copolymer labs.max Photoluminescence
[nm] lPL [nm] QPL [%]


PFO 385 435 51
PFCz 350 410 42
PFCzMppyIr1 350 410, 575 25
PFCzMppyIr2 350 410, 575 35
PFCzMppyIr5 350 585 34
PFCzMppyIr10 350, 480 585 12
PFCzMppyIrhm1 350 410, 575 31
PFCzMppyIrhm4 350 575 21
PFCzMppyIrhm10 350, 485 575 17
PFCzMppyIrhm20 350, 485 580 6


Figure 5. PL spectra in THF solution of different concentration of
a) PFCzMppyIrhm20 copolymer and b) 20mppyIrhm/PFCz blend.
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energy transfer is exclusively intermolecular, while for the
chelating copolymer both intra- and interchain interactions
contribute to energy transfer. Significantly more efficient
energy transfer of the chelating copolymers unambiguously
indicates that intramolecular energy transfer in these sys-
tems is a more efficient process. The PL efficiencies of co-
polymer films were measured in an integrating sphere under
325 nm excitation of an HeCd laser. Introducing Ir complex
into the polymer main chain reduces PL efficiency
(Table 3). The PL efficiencies decrease with increasing con-
tent of Ir complex in the copolymers.


Electroluminescent properties : Figures 6 a and 7 a show the
electroluminescnce (EL) spectra of devices made from che-
lating copolymers. Compared with PL spectra (Figure 3,
Figure 4), PFCz host emission at 420 nm in EL spectra is


completely quenched for devices made from all copolymers
with contents of Ir complex as low as 1 %. Complete
quenching of host EL emission at lower concentration of Ir
complex than that of PL emission was reported by many au-
thors,[23b, 24] and is evidence that the dominant emission
mechanism in such systems is charge trapping (rather than
Fçrster energy transfer) followed by recombination on an
Ir-complex unit. A slight red shift of EL emission is ob-
served from 570 nm for PFCzMppyIr1 to 590 nm for
PFCzMppyIr10 (Figure 6 a). Like in the case of PL emission,
no obvious red shift can be observed for PFCzMppyIrhm. In
comparison, the EL spectra of the devices made from corre-
sponding blends of mppyIr and mppyIrhm doped into PFCz
copolymer are shown in Figures 6 b and 7 b, respectively.
Like the case of PL emission, EL peaks for chelating co-
polymers are also red-shifted by 50–60 nm in comparison


with the blended systems. As discussed in the case of PL
emission, this is the result of the extended conjugation
length of ligands due to the incorporation of tolylpyridine
into the polymer main chain. Comparing EL spectra of the
devices made from chelating copolymers (Figures 6 a and
7 a) with those of the devices made from blends (Figures 6 b
and 7 b) reveals that the former show much more efficient
energy transfer than the latter, which again indicates that in-
tramolecular trapping along the conjugated polymer chain is
a more efficient energy-transfer process. We also note that
the devices made from mppyIrhm/PFCz blends show much
more quenching of host emission at low content of complex
(Figure 7 b) than those from the blends of mppyIr/PFCz
(Figure 6 b), which indicates much more efficient energy
transfer in the former. Since the difference between the two
complexes is only in more bulky substitution (tBu instead of
Me) of the b-diketonate in the former, the more efficient
energy transfer is obviously due to better compatibility be-
tween guest and PFCz host in mppyIrhm/PFCz blends.[23b]


Most important, in contrast to the significant influence in
compatibility in phosphorescent dye/host blended systems,
both chelating copolymers show much less difference in
energy-transfer efficiencies (Figures 6 a and 7 a). This again
indicates that intrachain (via conjugated main chain) energy
transfer is more efficient in the chelating copolymers than
interchain interaction. Since the dominant energy-transfer
mechanism in chelating copolymers is intramolecular, it is
less sensitive to polymer morphology. This indicates another
advantage of incorporating phosphorescent dye into conju-
gated polymer main chain over blended systems.


Preliminary device performance (although not optimized)
is encouraging (Table 4). Copolymers with different contents
of Ir complex were used as the emitting layer in a light-emit-


Figure 6. EL spectra of a) PFCzMppyIr copolymers and b) mppyIr/PFCz
blends. Device structure: ITO/PEDOT/copolymer (or blend)+PBD
(30 wt %)/Ba/Al.


Figure 7. EL spectra of a) PFCzMppyIrhm copolymers and b) mppyIrhm/
PFCz blends. Device structure: ITO/PEDOT/PVK/polymer (or blend)/
Ba/Al.
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ting device with the configuration ITO/PEDOT/
PFCzMppyIr+30 % PBD/Ba/Al and ITO/PEDOT/PVK/
PFCzMppyIrhm/Ba/Al. PBD was blended into PFCzMppyIr
copolymers to increase the electron-transport capability, in
accordance with several previous reports.[5,18a] Device perfor-
mance from PFCzMppyIr+30 % PBD blends are listed in
Table 4. We note that the device efficiencies from
PFCzMppyIr without PBD are around 30 % lower than
those with PBD (data for device without PBD are not listed
in Table 4). The external quantum efficiencies of the devices
made from PFCzMppyIr containing 30 % of PBD reach 1.2–
1.3 % at a current density of around 35 mAcm�2 with no sig-
nificant variation with copolymer composition (Table 4).
Device efficiencies for copolymers PFCzMppyIrhm are
much higher than those for PFCzMppyIr, especially for de-
vices without PBD. The best device performance was ach-
ieved by PFCzMppyIrhm4 at a current density of
32.2 mA cm�2, for which the external quantum and luminous
efficiencies respectively reached 4.1 % and 5.4 cd A�1, with a
luminance of 1730 cd m�2. At a current density of
5.7 mA cm�2, a maximum external quantum efficiency of
4.7 % and a luminous efficiency of 6.1 cd A�1 are obtained,
among the highest reported for polymer phosphorescent
emitters. Figure 8 compares the current density J and lumi-
nance L versus bias voltage for the devices made from the
copolymer PFCzMppyIrhm4 and the blend 4mppyIrhm/
PFCz with the same concentration of Ir complex (4%). The
device made from chelating copolymer shows a sharper ex-


ponential rise in J–V after
turning on, a lower operating
voltage, and higher efficiency.
Other chelating copolymers
show a similar tendency. This
clearly indicates a much better
device performance from che-
lating polymers compared to
blended systems. Figure 9
shows the external quantum
efficiency as a function of cur-
rent density for devices made
from two chelating copoly-


mers. Unlike the phosphorescent devices made from dye-
doped blends (either small-molecule or polymer host),
which show a sharp decay in device efficiency with increas-
ing current density,[18] the device efficiencies of the chelating


polymers in this study initially increase slightly with increas-
ing current density, and show essentially no decay with fur-
ther increase in current density up to 100 mA cm�2.This indi-
cates that incorporation of phosphorescent complexes into
the polymer main chain may have an advantage in suppress-
ing concentration quenching and T–T annihilation, which
are the primary quenching mechanisms for blended systems
at high current density.[25] We also note that the decay pat-
tern essentially does not change with increasing content of
complex in the copolymer up to 20 mol% Ir complex in the
copolymer (PFCzMppyIrhm20, Figure 9). This indicates that
the incorporation of phosphorescent complexes into the


Table 4. Device performance of the copolymers.


Copolymer lmax Bias J Luminance Efficiency
[nm] [V] [mA cm�2] [cd m�2] QEext [%] LE [cd A�1]


PFCzMppyIr1[a] 570 11.5 39 1160 1.3 3.0
PFCzMppyIr2[a] 570 7.2 39.8 680 0.9 1.7
PFCzMppyIr5[a] 585 12.0 34.7 660 1.2 1.9
PFCzMppyIr10[a] 590 18.7 34.2 470 1.3 1.4
PFCzMppyIrhm1[b] 575 12.5 33.5 1150 2.8 3.4
PFCzMppyIrhm4[b] 575 13.0 32.2 1730 4.1 5.4
PFCzMppyIrhm10[b] 577 15.7 33.3 780 1.8 2.4
PFCzMppyIrhm20[b] 577 17.0 36.4 580 1.4 1.6


[a] ITO/PEDOT/copolymer+PBD (30 wt %)/Ba/Al. [b] ITO/PEDOT/PVK/copolymer/Ba/Al.


Figure 8. Comparison of J–V and L–V curves of the devices made from
PFCzMppyIrhm4 copolymer and 4mppyIrhm/PFCz blend. Device struc-
ture: ITO/PEDOT/PVK/polymer (or blend)/Ba/Al.


Figure 9. External quantum efficiency versus current density of the devi-
ces made from copolymers: a) PFCzMppyIr; device structure: ITO/
PEDOT/PFCzMppyIr+PBD (30 wt %)/Ba/Al. b) PFCzMppyIrhm;
device structure: ITO/PEDOT/PVK/PFCzMppyIrhm/Ba/Al.
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rigid conjugated polymer main chain prohibits aggregation
of phosphorescent complexes and thereby reduces concen-
tration quenching.[26]


Conclusion


In summary, we have demonstrated the efficient synthesis of
chelating copolymers with Ir complexes incorporated into a
conjugated polymer backbone by Suzuki polycondensation
involving brominated tolylpyridine in the 5-position of a
pyridine unit. Photophosphorescence and electrophosphor-
escence studies reveal that such chelating polymers with Ir
complexes in the main chain show highly efficient energy
transfer of excitons from the host segment (PFCz) to the Ir
complexes by an intramolecular trapping mechanism. The
more efficient energy transfer observed in chelating copoly-
mers versus the corresponding blended systems of the same
composition unambiguously indicates that intramolecular
energy transfer is a more efficient process than interchain
interaction. The best device performance in two series of
chelating copolymers was realized with copolymer
PFCzMppyIrhm4. External quantum efficiency of 4.1 % and
luminous efficiency of 5.4 cd A�1 with a luminance of
1730 cd cm�2 and an emission peak of 577 nm at a current
density of 32.2 mA cm�2 were realized. Most important, de-
vices made from chelating copolymers are free of the effi-
ciency decay with increasing current density and increasing
content of Ir complex which is common to phosphorescent
dye/host blended systems.


Experimental Section


Measurements : 1H and 13C NMR spectra were recorded on a Bruker
DRX 400 spectrometer operating respectively at 400 and 100 MHz in
CDCl3 with TMS as reference. The molecular weight of the polymers was
determined by Waters GPC 2410 in THF. Number-average (Mn) and
weight-average (Mw) molecular weights were estimated by using a cali-
bration curve of polystyrene standards. Elemental analyses were per-
formed on Vario EL Elemental Analysis Instrument (Elementar Co.). Iri-
dium content was determined by using a Philips (Magix PRO) sequential
X-ray fluorescence (XRF) spectrometer with a rhodium tube operated at
60 kV and 50 mA, a LiF 200 crystal, and a scintillation counter. [IrIII-
(acac)3] (Alfa Aesar Co.) was used as standard. Samples were prepared
as homogeneous tablets (1 30 mm) of compressed (375 MPa) powder of
the copolymers. UV/Vis absorption spectra were recorded on a HP 8453
spectrophotometer. The PL quantum yields were determined in an Inte-
grating Sphere IS080 (LabSphere) with 325 nm excitation of a HeCd
laser (Melles Griot). PL spectra of the copolymer solution were obtained
on a Fluorolog-3 Spectrometer (Jobin-Yvon) with 908 angle detection.
PL spectra of the copolymers in thin films on a quartz substrate were re-
corded on an Instaspec IV CCD spectrophotometer (Oriel Co.) under
325 nm excitation of an HeCd laser. Cyclic voltammetry was carried out
on a Potentiostat Galvanostat Model 283 (Princeton Applied Research)
with platinum working electrodes at a scan rate of 50 mV s�1 against a
calomel reference electrode with a nitrogen-saturated acetonitrile
(CH3CN) solution of 0.1m tetrabutylammonium hexafluorophosphate
(Bu4NPF6).


Materials : All manipulations involving air-sensitive reagents were per-
formed in an atmosphere of dry argon. The solvents (THF, toluene) were


purified by routine procedures and distilled under dry argon before use.
All reagents, unless otherwise specified, were obtained from Aldrich,
Acros, and TCI Chemical Co. and were used as received.


5-Bromo-2-p-tolyl-pyridine (1) was synthesized by the method reported
by Jefferson and Sonja.[17] 1-Bromo-4-methylbenzene (8.14 g, 47.6 mmol)
was added dropwise to a solution of of n-butylithium in hexane (1.6m,
31.3 mL, 50 mmol) in THF (50 mL). When addition was complete, the re-
action mixture was allowed to stir at �70 8C for 40 min. Zinc chloride
(6.48 g, 47.6 mmol) was introduced into the solution through double-
tipped syringe needle under argon pressure. After the resulting mixture
had warmed to room temperature over 30 min, [Pd(PPh3)4] (0.6 g,
0.85 mmol) suspended in THF (50 mL) was added. After stirring at room
temperature for 15 min, 2,5-dibrompyridine (11.0 g, 46.6 mmol) was
added to the reaction mixture, and the resulting mixture was stirred at
room temperature for 18 h. The reaction mixture was concentrated by
evaporation of solvents, and the residue was dissolved in ethyl acetate,
washed with water and a saturated aqueous solution of sodium chloride,
and dried over anhydrous sodium carbonate. After evaporation of the
solvent, the obtained product was purified by column chromatography
(silica gel, 2% ethyl acetate/hexane) (yield 70 %). 1H NMR (400 MHz,
CDCl3): d=8.71 (s, 1H), 8.02 (d, 1 H), 7.78 (d, 1H), 7.76 (d, 2 H), 7.20 (d,
2H), 1.54 ppm (s, 3H); elemental analysis (%) calcd for C12H10BrN: C
58.06, H 4.03, N 5.65; found: C 57.98, H 4.08, N 5.60.


[(mppy)2Ir(acac)] (2) was prepared according to the published proce-
dure.[27] Iridium trichloride hydrate (178 mg, 0.56 mmol), 2-p-tolylpyri-
dine (282 mg, 1.68 mmol), 2-ethoxyethanol (10 mL), and water (5 mL)
were added to a three-neck flask (100 mL). The mixture was refluxed
under an Ar atmosphere for 24 h and then cooled to room temperature.
The yellow precipitate was collected by filtration and washed with water
and ethanol several times. The resulting yellow solid was purified by re-
crystallization from CH2Cl2/hexane. Then the dried product (476 mg,
0.078 mmol) was mixed with acetylacetone (22 mg, 0.22 mmol) and
sodium carbonate (13 mg) in degassed 2-ethoxyethanol (8 mL) in a
three-neck flask. The mixture was refluxed in an argon atmosphere for
13 h. After the mixture had been cooled to room temperature, a yellow-
orange precipitate formed, which was collected by filtration, washed with
water and methanol, and purified by column chromatography (silica gel,
dichloromethane) to give a yellow powder (yield 75 %). 1H NMR
(400 MHz, CDCl3): d=8.47 (d, 2 H), 7.76 (d, 2H), 7.67 (t, 2 H), 7.42 (d,
2H), 7.07 (t, 2H), 6.62 (d, 2H), 6.06 (s, 2H), 5.18 (s, 1H), 2.04 (s, 6H),
1.76 ppm (s, 6 H); elemental analysis (%) calcd for C29H27IrN2O2: C
55.50, H 4.30, N 4.47; found: C 55.32, H 4.48, N 4.21.


[(mppy)2Ir(hmacac)] (3) was prepared by following a similar procedure
as for [(mppy)2Ir(acac)] except that the acetylacetone was replaced by
2,2,6,6-tetramethyl-3,5-heptanedione (yield 85%). 1H NMR (400 MHz,
CDCl3): d=8.34 (d, 2H), 7.75 (d, 2H), 7.65 (t, 2 H), 7.42 (d, 2H), 7.10 (t,
2H), 6.60 (d, 2 H), 6.16 (s, 2 H), 5.44 (s, 1H), 2.06 (s, 6H), 0.87 ppm (s,
18H); elemental analysis (%) calcd for C35H39IrN2O2: C 59.07, H 5.49, N
3.94; found: C 58.93, H 5.58, N 3.80.


[(mppyBr)2Ir(acac)] (4) was prepared by following a similar procedure as
for [(mppy)2Ir(acac)] (2) except that 2-p-tolylpyridine was replaced by 5-
bromo-2-p-tolylpyridine (yield, 70%). 1H NMR (400 MHz, CDCl3): d=


8.50 (s, 2H), 7.81 (d, 2 H), 7.69 (d, 2H), 7.46 (d, 2H), 6.60 (d, 2 H), 6.02
(s, 2 H), 5.23 (s, 1H), 2.10 (s, 6 H), 1.80 ppm (s, 6 H); elemental analysis
(%) calcd for C29H25Br2IrN2O2: C 44.27, H 3.18, N 3.56; found: C 44.15,
H 3.36, N 3.48.


[(mppyBr)2Ir(hmacac)] (5) was prepared by following a similar proce-
dure as described above except that the acetylacetone was replaced by
2,2,6,6-tetramethyl- 3,5-heptanedione (yield 80%). 1H NMR (400 MHz):
d=8.42 (s, 2H), 7.74 (d, 2H), 7.64 (d, 2H), 7.39 (d, 2H), 6.62 (d, 2H),
6.13 (s, 2H), 5.52 (s, 1H), 2.08 (s, 6 H), 0.93 ppm (s, 18H); elemental
analysis (%) calcd for C35H37Br2IrN2O2: C 48.22, H 4.25, N3.21; found: C
48.03, H 4.42, N 3.00.


2,7-Dibromofluorene (6) and 2,7-dibromo-9,9-dioctylfluorene (7) were
prepared according to the published procedures.[28]


2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene
(8) was prepared following the published procedure from 2,7-dibromo-
9,9-dioctylfluorene (7).[29] The resulting boronic ester was recrystallized
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from methanol and further purified by column chromatography (silica
gel, 10% ethyl acetate in hexane) to give a white solid (yield 50 %). m.p.
128–131 8C. 1H NMR (400 MHz, CDCl3): d=7.81 (d, 2 H), 7.76 (s, 2H),
7.72 (d, 2H), 1.97 (m, 4H), 1.37 (s, 24H, CH3), 1.22–0.98 (m, 20H), 0.81
(t, 6H), 0.54 ppm (m, 4 H); elemental analysis (%) calcd for C41H64O4B2:
C 76.74, H 10.04; found: C 76.43, H 9.95.


3,6-dibromo-9-n-hexylcarbazole (9) was prepared according to the pub-
lished procedure.[30] 1H NMR (400 MHz, CDCl3): d=8.09 (s, 2 H), 7.53
(d, 2 H), 7.24 (d, 2H), 4.17 (t, 2 H,), 1.81–1.24 (m, 8 H), 0.85 ppm (t, 3 H);
elemental analysis (%) calcd for C18H19Br2N: C 52.81, H 4.64, N 3.42;
found: C 52.72, H 4.83, N 3.22.


General procedure for Suzuki polycondensation taking
PFCzMppyIr1(10) as an example :[31] 8 (341 mg, 0.5 mmol), 9 (200 mg,
0.49 mmol), [(mppyBr)2Ir(acac)] (8 mg, 0.01 mmol), and bis(tri-o-toly-
phosphine)palladium dichloride (5 mg) were dissolved in toluene/THF
(1/1, 15 mL), stirred for 0.5 h, and then an aqueous solution of Et4NOH
(20 %, 4 mL) was added. The mixture was heated to 100 8C and stirred
for 2 d under argon. Then the polymer was capped by adding 2-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (50 mg) with
continued stirring for 12 h, and then bromobenzene (0.25 mL), followed
by continued reaction for a further 12 h. The whole mixture was poured
into methanol. The precipitated polymer was recovered by filtration and
purified by chromatography on silica column with toluene to remove mo-
lecular complex and catalyst residue (yield, 50%). 1H NMR (400 MHz,
CDCl3): d=8.50 (2 H), 7.51–7.84 (11 H), 4.39 (2 H), 2.04–2.14 (4 H), 1.95
(2 H), 1.11–1.52 (7 H), 1.1 (24 H), 0.74–0.89 ppm (16 H); 13C NMR
(100 MHz, CDCl3): d=151.70, 141.04, 140.85, 140.41, 139.60, 133.10,
126.16, 125.53, 123.64, 121.68, 119.88, 118.96, 109.04, 78.10, 77.31, 76.99,
76.68, 55.36, 40.64, 31.80, 31.64, 30.11, 29.24, 29.07, 27.03, 23.91, 22.58,
14.02 ppm; elemental analysis (%) calcd: C 87.86, H 9.24, N 2.21; found:
C 88.2, H 9.22, N 1.67.


PFCzMppyIr2 (11): Prepared from 8 (0.5 mol), 9 (0.48 mol) and
[(mppyBr)2Ir(acac)] (0.02 mol). Yield: 49%. 1H NMR (400 MHz,
CDCl3): d=8.50 (2 H), 7.51–7.84 (11 H), 4.39 (2 H), 2.04–2.14 (4 H), 1.95
(2 H), 1.25–1.53 (7 H), 1.1 (24 H), 0.74–0.90 ppm (16 H); 13C NMR
(100 MHz, CDCl3) d=151.70, 140.84, 140.40, 139.56, 133.10, 126.14,
125.52, 123.63, 121.67, 119.87, 118.95, 109.03, 77.30, 76.99, 76.67, 55.35,
43.41, 40.63, 31.79, 31.63, 30.10, 29.23, 29.06, 27.02, 23.90, 22.57,
14.01 ppm; elemental analysis (%) calcd: C 87.24, H 9.15, N 2.23; found:
C 88.13, H 9.90, N 1.70.


PFCzMppyIr5 (12): Monomer feed: 8 (0.5 mol), 9 (0.45 mol), and
[(mppyBr)2Ir(acac)] (0.05 mol). Yield: 46%. 1H NMR (400 MHz,
CDCl3): d=8.52 (2 H), 7.85–7.87 (10 H), 7.75 (3 H), 7.67, 7.55 (2 H), 7.27
(2 H), 4.2 (2 H), 2.10 (6 H), 2.08, 1.81, 1.56 (2 H), 1.37 (6 H), 1.28 (2 H),
1.10–1.14 (20 H), 0.90–0.92 (5 H), 0.79–0.86 ppm (4 H); 13C NMR
(100 MHz, CDCl3): d=165.62, 163.97, 151.70, 140.84, 140.41,
139.56,133.10, 126.73, 126.14, 125.54, 123.63, 121.63, 119.89, 118.95,
109.04, 77.31, 76.99, 76.68, 55.35, 55.17, 43.41, 40.63,31.79, 31.63, 30.09,
29.70, 29.23, 29.06, 27.02, 23.90, 23.61, 22.58, 14.02 ppm; elemental analy-
sis (%) calcd: C 85.48, H 8.92, N 2.28; found: C 83.76, H 9.10, N 1.78.


PFCzMppyIr10 (13): Monomer feed: 8 (0.5 mol), 9 (0.4 mol), and
[(mppyBr)2Ir(acac)] (0.1 mol) Yield: 47%. 1H NMR (400 MHz, CDCl3):
d=8.51 (2 H), 7.85–7.69 (11 H), 7.6 (5 H), 7.67, 7.55, 6.6, 6.25, 4.32 (2 H),
2.24–1.97 (12 H), 1.47–1.26 (9 H), 1.12 (36 H), 0.90–0.76 ppm (22 H);
13C NMR (100 MHz, CDCl3): d=151.72, 141.07, 140.88, 140.44,139.59,
138.14, 128.77, 127.21, 126.19, 125.56, 123.67, 121.70, 119.90, 118.98,
109.07, 77.34, 77.02, 76.70, 55.38, 55.20, 43.44, 40.65, 40.52, 31.81, 31.65,
30.12, 29.25, 29.09, 27.04, 23.93, 22.60, 14.03 ppm; elemental analysis (%)
calcd: C 82.87, H 8.45, N 2.36; found: C 81.60, H 8.87, N 2.63.


PFCzMppyIrhm1 (14): Monomer feed: 8 (0.5 mol), 9 (0.49 mol), and
[(mppyBr)2Ir(hmacac)] (0.01 mol). Yield: 50%. 1H NMR (400 MHz,
CDCl3): d=8.50 (2 H), 7.83–7.85 (4 H), 7.77–7.73 (4 H), 7.53–7.51 (2 H),
4.40 (2 H), 2.14 (4 H), 1.95 (2 H), 1.31–1.52 (7 H), 1.1 (24 H), 0.91–
0.75 ppm (17 H); 13C NMR (100 MHz, CDCl3): d=151.71, 140.86, 140.43,
139.58, 133.12, 126.17, 125.54, 123.66, 121.70, 119.88, 118.97, 109.06,
108.92, 77.32, 77.01, 76.70, 55.38, 55.19, 43.38, 40.66, 31.81, 31.65, 30.13,
29.25, 29.08, 27.04, 23.92, 22.60, 14.03 ppm; elemental analysis (%) calcd:
C 87.91, H 9.19, N 2.21; found: C 87.36, H 9.60, N 2.06.


PFCzMppyIrhm4 (15): Monomer feed: 8 (0.5 mol), 9 (0.46 mol), and
[(mppyBr)2Ir(hmacac)] (0.04 mol). Yield: 49%. 1H NMR (400 MHz,
CDCl3): d=8.50 (2 H), 7.86 (4 H), 7.74 (4 H), 7.52 (2 H), 6.67, 6.40, 4.39
(2 H), 2.12 (4 H), 1.96 (2 H), 1.51–1.34 (8 H), 1.16 (24 H), 0.91–0.75 ppm
(15 H); 13C NMR (100 MHz, CDCl3): d=151.71, 140.86, 140.42, 139.57,
133.11, 126.18, 123.65, 121.70, 119.90, 118.97, 109.06, 77.33, 77.01, 76.69,
55.36, 43.43, 40.64, 31.81, 31.65, 30.12, 29.25, 29.08, 28.43, 27.04, 23.92,
22.60, 14.03 ppm; elemental analysis (%) calcd: C 86.10, H 8.97, N 2.24;
found: C 85.39, H 9.28, N 1.94.


PFCzMppyIrhm10 (16): Monomer feed: 8 (0.5 mol), 9 (0.4 mol), and
[(mppyBr)2Ir(hmacac)] (0.1 mol) Yield: 47%. H NMR (400 MHz,
CDCl3): d=8.52 (2 H), 7.87–7.73(10 H), 7.65–7.55(3 H), 7.49, 6.70, 6.41,
4.40 (2 H), 2.14 (6 H), 1.97 (2 H), 1.48–1.27 (8 H), 1.20 (29 H), 0.91–
0.77 ppm (18 H); 13C NMR (100 MHz, CDCl3): d=151.74, 140.89, 140.45,
139.60, 133.14, 128.78, 127.22, 126.20, 125.56, 123.68, 121.71, 119.91,
118.98, 109.08, 77.34, 77.02, 76.70, 55.39, 43.44, 40.66, 31.83, 31.67, 30.14,
29.27, 29.10, 28.45, 27.05, 23.94, 22.61, 14.04 ppm; elemental analysis (%)
calcd: C 82.92, H 8.58, N 2.30; found: C 84.03, H 8.45, N 3.21.


PFCzMppyIrhm20 (17): Monomer feed: 8 (0.5 mol), 9 (0.3 mol), and
[(mppyBr)2Ir(hmacac)] (0.2 mol). Yield : 45%. 1H NMR (400 MHz,
CDCl3): d=8.48 (2 H), 8.03 (2 H), 7.87–7.31 (30 H), 7.24 (4 H), 6.68(2 H),
6.37 (2 H), 5.72 (1 H), 4.39 (3 H), 2.10–1.97 (10 H), 1.51–1.31 (12 H), 1.25
(32 H), 0.91–0.77 ppm (28 H); 13C NMR (100 MHz, CDCl3): d=167.23,
152.10, 151.73, 146.28, 142.16, 140.44, 139.60, 134.96, 128.76, 127.21,
126.08, 125.63, 123.62, 123.33, 122.89, 121.64, 120.71, 120.24, 119.90,
119.59, 118.97, 117.32, 109.07, 89.46, 77.32, 77.00, 76.68, 55.51, 55.35,
43.40, 41.37, 40.50, 31.75, 31.56, 30.07, 29.23, 28.94, 28.42, 27.43, 27.03,
26.95, 23.91, 22.57, 21.73, 14.02 ppm; elemental analysis (%) calcd: C
78.56, H 8.06, N 2.39; found: C 75.95, H 7.33, N 2.61.


Fluorene-alt-carbazole (PFCz, 18): Monomer feed: 8 (0.5 mol) and 9
(0.5 mol). 1H NMR (400 MHz, CDCl3): d=8.52 (2 H), 7.5–7.84 (10 H),
4.38 (2 H), 2.03–2.13 (4 H), 1.95 (2 H), 1.11–1.52 (9 H), 1.1 (24 H), 0.74–
0.89 ppm (16 H); 13C NMR (100 MHz, CDCl3): d=151.69, 140.84, 139.55,
133.10, 126.15, 123.63, 121.67, 119.87, 118.93, 109.04, 77.30, 76.99, 76.67,
56.95, 55.35, 40.63, 31.79, 30.10, 29.23, 29.06, 27.02, 23.90, 22.57,
14.01 ppm; elemental analysis (%) calcd for (C29H40)50(C18H19N)50: C
88.48, H 9.32, N 2.20; found: C 88.03, H 9.33, N 1.88.


LED fabrication and characterization Polymers were dissolved in p-
xylene and filtered through a filter (0.45 mm). Patterned glass substrates
coated with indium tin oxide (ITO) were cleaned with acetone, deter-
gent, distilled water, and 2-propanol, and subsequently in an ultrasonic
bath. After treatment with oxygen plasma, poly-(3,4-ethylenedioxythio-
phene) (PEDOT) doped with poly(styrenesulfonic acid) (PSS; Batron-P
4083, Bayer AG) (150 nm) was spin-coated onto the ITO substrate fol-
lowed by drying in a vacuum oven at 80 8C for 8 h. A thin film of poly-
mers was coated onto the anode by spin casting in a dry box. The film
thickness of the active layers was around 75–80 nm, measured with an
Alfa Step 500 surface profiler (Tencor). A thin layer of Ba (4–5 nm) and
a layer of Al (200 nm) were vacuum-evaporated subsequently on the top
of the EL polymer layer under a vacuum of 1 O 10�4 Pa. Device perfor-
mance was measured in a dry box. Current–voltage (J–V) characteristics
were recorded with a Keithley 236 source meter. EL spectra were record-
ed by an Oriel Instaspec IV CCD Spectrograph. Luminance was mea-
sured by a PR 705 photometer (Photo Research). The external quantum
efficiencies were determined by a Si photodiode with calibration in an in-
tegrating sphere (IS080, Labsphere).
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[CH3�MoF], [CH2=MoHF], and [CH�MoH2F] Formed by Reaction of
Laser-Ablated Molybdenum Atoms with Methyl Fluoride: Persistent
Photoreversible Interconversion through a-Hydrogen Migration and Agostic
Interaction


Han-Gook Cho[a] and Lester Andrews*[b]


Introduction


Simple methylidene complexes, [CH2=MHF], have been
synthesized recently by reacting laser-ablated Group 4 tran-
sition-metal atoms with CH3F.


[1–3] These complexes exhibit
distortion of the CH2 group and agostic bonding. Since the
first preparation of high-oxidation-state transition-metal
complexes, a large number of substituted alkylidenes
([R1R2C=M]) and alkylidynes ([RC�M]) have been investi-
gated.[4] These compounds are typically prepared by intra-
molecular a-hydrogen transfer from a bis(alkyl) precursor
and are important for catalytic activities in metathesis reac-
tions of alkenes and alkynes.[5,6]


Stable alkylidene complexes of Group 4 metals are rela-
tively rare, but such Group 6 metal complexes are abundant,


and the higher valence capacity allows the formation of sub-
stituted alkylidyne complexes not possible with Group 4
metals.[4] Accordingly we have reacted excited Mo atoms
with CH3F to initiate the formation of simple methylidene
and methylidyne complexes that are related by intramolecu-
lar a-hydrogen transfer. Here, these complexes are first
identified through comparison of their matrix IR spectra
and density functional theory (DFT) frequency calculations.


Experimental Section


The laser-ablation matrix infrared experiment has been described previ-
ously.[7–9] Briefly, laser-ablated molybdenum atoms (Goodfellow) were re-
acted with CH3F (Matheson), CD3F (synthesized from CD3Br and
HgF2),


[10] and 13CH3F (Cambridge Isotopic Laboratories) in excess argon
(MG Industries) during condensation on a CsI window at 7 K. Infrared
spectra were recorded at 0.5 cm�1 resolution on a Nicolet 550 spectrome-
ter with type B HgCdTe detector. Samples were irradiated by a mercury
arc lamp (175 W, globe removed) for 20 min periods, were then annealed,
and more spectra were recorded.


Computational methods : Complementary DFT calculations were carried
out by using the Gaussian 98 package,[11] with B3LYP density functional,
6-311++G(2d, p) and 6-311++G(3df, 3pd) basis sets for C, H, and F,
and SDD effective core potential and basis set for Mo (14 valence elec-
trons) to provide vibrational frequencies for anticipated reaction prod-
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ucts. Geometries were fully relaxed during optimization, and the opti-
mized geometry was confirmed by means of vibrational analysis. All the
vibrational frequencies were calculated analytically.


Results and Discussion


Infrared spectra in the regions of 1770–1870 cm�1 and 500–
850 cm�1 for laser-ablated Mo atoms co-deposited with Ar/
CH3F at 7 K and their variation upon photolysis and anneal-
ing are illustrated in Figure 1. In the region of 1770–
1870 cm�1, major product absorptions are found at 1797.7
and 1844.8 cm�1 (labeled II and III, respectively). Visible,
broad-band irradiation with an Hg lamp and a filter (l>
420 nm), following the co-deposition, leads to a considerable
decrease in the absorption at 1797.7 cm�1 and an increase in
the absorption at 1844.8 cm�1. However, UV irradiation
(240–380 nm) causes a dramatic increase in the absorption
at 1797.7 cm�1 and a decrease in the absorption at
1844.8 cm�1. In the subsequent irradiations with visible (l>
420 nm) and UV light (240–380 nm), the variation in absorp-
tion intensity repeats persistently.
Similar dramatic variations in absorption intensity during


photolysis are also observed in the region of 500–850 cm�1,
accompanied by variations in the 1770–1870 cm�1 region, as
shown in Figure 1. In particular, the strong absorptions at
642.5 and 675.4 cm�1 (labeled II) weaken considerably on
visible photolysis, while the neighboring absorptions at
557.4, 571.6, and 715.8 cm�1 (marked III) increase signifi-
cantly. On the other hand, the following UV photolysis


leads to a reverse result. The remarkable variations in ab-
sorption intensity are observed repeatedly in the following
cycles of irradiation with visible and UV light with a gradual
increase in the total absorption intensity. The variations in
absorption intensity suggest that two major products are
formed in the reaction of vaporized Mo atoms with methyl
fluoride, the increase in intensity of one product in the pro-
cess of photolysis is accompanied by the decrease in intensi-
ty of the other and vice versa.
The weak absorption at 589.3 cm�1 (labeled I) exhibits in-


tensity behavior on irradiation cycles almost like that of
group II, but UV irradiation only restores or reproduces
part of this absorption whereas the group II absorptions
become even stronger. A weak 441.4 cm�1 band (not shown)
is associated with the 589.3 cm�1 absorption.
As shown in Figures 2 and 3, whereas 13C substitution


leads to negligible shifts in frequency of the product absorp-
tions at 1797.7 and 1844.8 cm�1, deuteration results in large
shifts in the two major absorptions to 1292.1 cm�1 and two
bands at 1322.1 and 1330.5 cm�1 (H/D isotopic ratios of
1.391:1, 1.395:1, or 1.387:1), indicating that they are Mo�H
stretching absorptions of the reaction products. In earlier
studies, the hydrogen stretching absorptions of molybdenum
hydrides were observed in the same frequency region.[12]


This indicates that Mo�H bonds are formed readily in the
reaction of Mo atoms with methyl fluoride, and that the two
major [R�MoHx] products are interconvertible by using visi-
ble and ultraviolet irradiation.
The product absorptions are sorted into three groups on


the basis of their behavior upon irradiation, annealing, and
variation in precursor concen-
tration, as listed in Table 1, and
compared with the predicted
product vibrational characteris-
tics shown in Tables 2, 3, and 4.
The group I and II absorptions
are relatively stronger in the
original spectrum after the co-
deposition of methyl fluoride
and Mo atoms, but decrease in
intensity to less than a half
upon visible irradiation. Group
I is restored to its original in-
tensity, but group II absorption
intensities increase by more
than three times upon UV irra-
diation. The Mo�H stretching
absorptions at 1797.7, 1797.7,
and 1291.1 cm�1 in Figures 1, 2,
and 3, respectively, belong to
group II. In the process of an-
nealing, these bands sharpen
and weaken gradually.
The group III absorptions are


relatively weak in the original
spectrum after co-deposition,
but increase by more than twice


Figure 1. IR spectra in the 1870–1770 and 850–500 cm�1 regions for laser-ablated Mo atoms co-deposited with
CH3F at 7 K. a) Mo+0.5% CH3F in Ar co-deposited for 1 h, b) after broad-band irradiation with a filter (l>
420 nm) for 20 min, c) after broad-band irradiation with a UV-transmitting filter (240<l<380 nm), d) after
l>420 nm irradiation, e) after 240–380 nm irradiation, f) after l>420 nm irradiation, g) after 240–380 nm irra-
diation, and h) after annealing to 26 K. I, II, or III stands for the product band group. The * absorption is un-
identified.
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in intensity upon visible irradiation. They increase and de-
crease repeatedly upon irradiation with visible and UV
light, in reverse to group II. Group III absorptions first in-
crease slightly in annealing, but later sharpen and weaken
gradually. The Mo�H stretching absorptions at 1844.8 cm�1


in Figure 1 and the corresponding group III absorptions in


Figures 2 and 3 belong to this
group. The Mo�H stretching
absorptions of groups II and III
are 47.1 cm�1 apart, and the dis-
tinct vibrational characteristics
and behavior upon photolysis
and annealing of groups II and
III indicate that they are two
different photoreversible Mo�
H species.
Absorptions of H2CF, HCF,


and CF radicals, fragments of
methyl fluoride, result from
photolysis by the laser-ablation
plume.[13,14] These absorptions
are common to previous inves-
tigations with methyl fluo-
ride.[1–3]


Group I : Following our investi-
gations with Group 4 metal
atoms and CH3F, we expected
metal insertion into the C�F
bond to form the methyl mo-
lybdenum fluoride [CH3�MoF].
Accordingly we performed
B3LYP calculations on this mol-
ecule in quintet and triplet
states and found that the quin-
tet state is lower in energy by
19 kcalmol�1. For comparison,
the quintet [CH2F�MoH]
isomer is 50 kcalmol�1 higher in
energy. The computed [CH3�
MoF] structure is illustrated in
Figure 4. The two strongest in-
frared absorbing modes are pre-
dicted to be at 628.8 cm�1


(148 kmmol�1; mostly Mo�F
stretching mode) and
448.6 cm�1 (23 kmmol�1; mostly
C�Mo stretching mode)
(Table 2). The 589.3 cm�1 ab-
sorption shows no 13C shift and
a 0.3 cm�1 D shift, which is ap-
propriate for the strong absorp-
tion computed at 628.8 cm�1


with no 13C shift and a 0.2 cm�1


D displacement. The weak
441.4 cm�1 absorption is tenta-
tively assigned to the C�Mo


stretching mode; unfortunately, this band was not observed
in the 13CH3F experiment.


Group II : The IR spectra in Figures 1, 2, and 3 show that
the compound responsible for group II is formed originally
in a relatively large amount in the reaction of methyl fluo-


Figure 2. IR spectra in the 1860–1780 and 850–500 cm�1 regions for laser-ablated Mo atoms co-deposited with
13CH3F at 7 K. a) Mo+0.5% 13CH3F in Ar co-deposited for 1 h, b) after broad-band irradiation with a filter
(l>420 nm) for 20 min, c) after broad-band irradiation with a UV-transmitting filter (240<l<380 nm),
d) after l>420 nm irradiation, e) after 240–380 nm irradiation, f) after l>420 nm irradiation, and g) after an-
nealing to 26 K. I, II, or III stands for the product band group. The * absorption is unidentified.


Figure 3. IR spectra in the 1340–1270 and 759–500 cm�1 regions for laser-ablated Mo atoms co-deposited with
CD3F at 7 K. a) Mo+0.5% CD3F in Ar co-deposited for 1 h, b) after broad-band irradiation with a filter (l>
420 nm) for 20 min, c) after broad-band irradiation with a UV-transmitting filter (240<l<380 nm), d) after
l>420 nm irradiation, e) after 240–380 nm irradiation, f) after l>420 nm irradiation, and g) after annealing to
26 K. I, II, or III stands for the product band group. P indicates precursor absorption.
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ride with Mo atoms in comparison with group III, but the
amount decreases on visible irradiation and increases mark-
edly on UV irradiation. In order to help the assignment of
the experimental spectrum, we computed the triplet [CHF=
MoH2] and [CH2=MoHF] isomers, and found that the latter
is 56 kcalmol�1 lower in energy. The group II frequencies
are compared in Table 3 with frequencies computed for the


triplet methylidene complex [CH2=MoHF] using the B3LYP
functional and both 6-311++G(2d,p) and 6-311++G-
(3df,3pd) basis sets, and agreement is quite good for the
four strongest infrared absorptions. Note that some frequen-
cies are predicted more accurately with the medium basis
set and some with the larger basis set. We also used the
BPW91 functional, and these similar frequencies are also
listed in Table 3.
The strong 1797.7 cm�1 absorption shifts to 1292.1 cm�1 on


deuteration (H/D ratio 1.391:1), which is appropriate for the
Mo�H stretching mode. The scale factor (obsd/calcd=
1797.7/1890.1=0.951) is comparable to values for other
Mo�H species.[15,16] The 824.0 cm�1 absorption shifts to
813.9 cm�1 with 13CH3F and to 737.2 cm�1 with CD3F, which
are compatible with shifts for the calculated 843.4 cm�1


mode. The very weak 801.0 cm�1 band shifts by 13.8 cm�1


with 13CH3F and 181.0 cm�1 with CD3F and the harmonic
computed C�Mo�H bending
mode at 810.0 cm�1 shifts by 9.0
and 221.8 cm�1. The strong
675.4 cm�1 absorption shifts by
4.8 cm�1 with 13CH3F and
144.2 cm�1 with CD3F. The pre-
dicted 700.5 cm�1 CH2 out-of-
plane wagging mode shifts by
5.7 and 153.8 cm�1 in the har-
monic approximation. The
strong 642.5 cm�1 band shifts
down 0.5 cm�1 with 13CH3F and
up 11.8 cm�1 with CD3F, and
the mostly Mo�F stretching
mode computed at 644.0 cm�1


has a 0.7 cm�1 redshift and a
18.4 cm�1 blueshift. Clearly
mixing is involved between
nearby in-plane modes, which
causes the uncommon deuteri-


um blueshift. This arises because the in-plane vibrational
modes are mixed internal coordinates: The 801.0 and
642.5 cm�1 bands for [CH2=MoHF] are mostly C�Mo�H
bending and Mo�F stretching modes, respectively, but on
deuteration the C�Mo�D bending mode shifts below the
Mo�F stretching mode. Thus, the [CD2=MoDF] modes mix
differently and cause a blueshift and intensification for the


Table 1. Frequencies of product absorptions observed from reactions of
methyl fluoride with Mo in excess argon.[a]


Group CH3F CD3F
13CH3F Description


I 589.3 589.0 589.3 Mo�F str
441.4 C�Mo str


II 1797.7, 1810.4 1292.1, 1300.8 1797.7, 1810.4 Mo�H str
824.0 737.2 813.9 C=Mo str
801.0 620.0 787.2 CMoH bend
673.1, 675.4 531.2 670.6, 672.7 CH2 wag
640.3, 642.5 656.0, 654.3 639.2, 642.0 Mo�F str


III 1844.8, 1849.7 1330.5 1844.7, 1849.5 MoH2 str
1322.1 MoH2 str


769.0 675.0 769.0 MoH2 bend
712.7, 715.8 552.2 708.4, 711.4 MoH2 wag
571.6, 574.3 571.6, 574.7 MoH2 twist
555.0, 557.4 554.1, 556.9 MoCH bend


[a] All frequencies are in cm�1. Stronger absorptions are bold. Descrip-
tion gives major coordinate. Abbreviations used: str, stretching; bend,
bending; wag, wagging; twist, twisting.


Figure 4. Structures computed for [CH3�MoF], [CH2=MoHF], and [CH�MoH2F] at the B3LYP/6-311++G(3df, 3pd)/SDD level of theory. Bond distan-
ces are in angstroms and bond angles in degrees.


Table 2. Observed and calculated fundamental frequencies of CH3�MoF in the ground electronic state (5A’).[a]


Approximate [CH3�MoF] [CD3�MoF] [13CH3�MoF]
description obsd calcd I obsd calcd I obsd calcd I


n1 A’ CH3 str 3094.1 3 2290.7 1 3082.9 3
n2 A’ CH3 str 3051.3 9 2240.5 4 3043.5 9
n3 A’ CH3 str 2931.0 11 2111.4 3 2925.8 11
n4 A’ CH3 def 1440.6 2 1046.7 2 1437.2 2
n5 A’ CH2 sciss 1400.2 2 1016.9 2 1397.0 1
n6 A’ CH2 sciss 1186.4 5 927.7 4 1177.3 5
n7 A’ Mo�F str 589.3 628.8 148 589.0 628.6 146 589.3 628.8 148
n8 A’’ MoCH bend 594.3 15 504.7 20 585.3 15
n9 A’’ CH3 rock 588.2 15 438.1 9 584.9 13
n10 A’ C�Mo str 441.4 448.6 23 371.5 11 –[b] 440.0 23
n11 A’’ CH2 rock 153.8 0 111.7 0 153.7 0
n12 A’’ CMoF bend 119.5 5 107.5 5 118.3 5


[a] B3LYP/6-311++G(3df, 3pd)/SDD level. Frequencies and intensities (I) are in cm�1 and kmmol�1, respec-
tively. Infrared intensities are calculated values. Abbreviations used: str, stretching; bend, bending; def, defor-
mation; sciss, scissoring; rock, rocking. [b] Not observed in lower yield 13CH3F experiment.
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654.3 cm�1 absorption. The overall fit between the five cal-
culated [CH2=MoHF] and observed group II absorptions
and the isotopic counterparts supports our identification of
the methylidene complex [CH2=MoHF].
The [CH2=MoHF] structure for the planar triplet-state


complex illustrated in Figure 4 shows distortion of the CH2


subgroup and an agostic bonding interaction to stabilize the
C=Mo double bond. The agostic H-C-M angle for the Mo
methylidene, 86.38, is considerably smaller than the 96.38
value for the Zr methylidene computed at the same 6-311+
+G(2d,p)/SDD level of theory.[3] (This angle decreases to
84.58 with the large basis set, Figure 4.) The BPW91 calcula-
tion gave virtually the same structure. Hence, we conclude
that [CH2=MoHF] exhibits a stronger agostic interaction
than [CH2=ZrHF]. The former complex is planar at the
metal center whereas the latter is non-planar. These methyl-
idene complexes become distorted in order to stabilize the
C=M double bond.[17–19]


Notice that the agostic hydrogen is trans to fluorine in
[CH2=MoHF]. A calculation starting with a cis-agostic-hy-
drogen structure converged to the trans form. A single-point
calculation for the cis structure gave a value 0.7 kcalmol�1


higher in energy than that for the trans ground-state energy.
Two other comparisons are of interest. The [CH2=MoHF]


methylidene complex we have characterized in solid argon
has a calculated 1.838 L C=Mo bond length. This bond
length may be compared to our computed 1.870 L value for
the simple hydrogen derivative [CH2=MoH2] and to X-ray
diffraction values ranging from 1.827 to 1.878 L for several
heavily ligated and substituted methylidene complexes dis-
cussed by Schrock.[4] The Mo�H stretching frequency in
[CH2=MoHF] (1797.7 cm�1) is slightly higher than values re-
cently observed for [CH2=MoH2] in solid argon (1791.6 and
1759.6 cm�1).[16]


Group III : The group III absorptions are favored on visible
irradiation, and they appear to be formed by rearrangement
of [CH2=MoHF]. Note that the sharp 1844.8 cm�1 band
gives way, on deuteration, to two bands at 1322.1 and


1330.5 cm�1. Calculations performed for the [CH�MoH2F]
molecule revealed the singlet structure shown in Figure 4
and two Mo�H stretching modes within 2 cm�1 (our band-
width) and two Mo�D stretching modes separated by
9.6 cm�1 with the higher frequency antisymmetric stretching
mode stronger by half again. Our 1322.1 and 1330.5 cm�1


group III bands for the deuterated product separated by
8.4 cm�1 are in excellent agreement. Thus, the 1844.8 cm�1


absorption is due to both antisymmetric and symmetric
Mo�H2 stretching modes of [CH�MoH2F], and the scale
factor (1844.8/1940.1=0.951) is the same as that found for
[CH2=MoHF]. The 1330.5 cm�1 band is then due to the anti-
symmetric Mo�D2 stretching mode and the 1322.1 cm�1


band to the symmetric Mo�D2 stretching motion of [CD�
MoD2F].
The four next strongest [CH�MoH2F] modes have been


assigned following the computed frequencies (Table 4). The
769.0 cm�1 band shows no 13C shift but shifts to 675.0 cm�1


with deuterium substitution, which follows the computed
797.3 cm�1 MoH2 bending mode. The 715.8 cm�1 absorption
shifts 4.4 cm�1 with 13C and 163.6 cm�1 with deuterium: The
computed MoH2 wagging mode at 748.2 cm�1 has a 4.8 cm�1
13C shift and a 161.6 cm�1 deuterium shift. The sharp
557.4 cm�1 band shifts 0.5 cm�1 with 13C and the 571.6 cm�1


band shows no 13C shift, which are both in agreement with
the computed Mo�C�H bending mode at 584.6 cm�1 and
MoH2 deformation mode at 599.9 cm�1. Unfortunately, the
weak C�Mo stretching mode computed at 1052 cm�1 is
masked by CH3F precursor absorption. In summary, the ex-
cellent agreement between the six computed [CH�MoH2F]
modes and isotopic variants and the observed group III
bands confirms our assignments to [CH�MoH2F].
The singlet for the [CH�MoH2F] methylidyne is comput-


ed to be 5 kcalmol�1 higher in energy than the triplet for
the [CH2=MoHF] methylidene, which is 5 kcalmol�1 higher
than the quintet for the [CH3�MoF] methyl insertion prod-
uct, and these structure and bonding isomers are intercon-
verted through a-hydrogen transfers on irradiation. Finally,
the singlet for the [CF�MoH3] isomer is found to have C3v


Table 3. Observed and calculated fundamental frequencies of CH2=MoHF isotopomers in the ground 3A’’ electronic state.[a]


Approximate [CH2=MoHF] [CD2=MoDF] [13CH2=MoHF]
description obsd calcd[b] calcd[c] calcd I obsd calcd I obsd calcd I


n1 A’ C�H str 3168.8 (3227.4) 3233.6 7 2397.0 7 3222.4 7
n2 A’ C�H str 2647.8 (2775.7) 2759.2 5 2007.5 4 2753.0 5
n3 A’ Mo�H str 1797.7 1873.7 (1893.0) 1890.1 160 1292.1 1344.4 83 1797.7 1890.1 160
n4 A’ CH2 bend 1343.0 (1356.8) 1368.5 23 1066.8 17 1360.1 24
n5 A’ C=Mo str 824.0 851.7 (835.4) 843.4 78 737.2 739.7 51 813.9 827.5 86
n6 A’ CMoH bend 801.0 808.8 (803.4) 810.0 13 620.0 598.2 13 787.2 801.1 4
n7 A’ Mo�F str 642.5 640.9 (634.5) 644.0 113 654.3 662.4 125 642.0 643.3 112
n8 A’ CH2 rock 534.6 (503.2) 525.7 16 397.2 7 522.7 15
n9 A’ CMoF bend 200.6 (191.9) 195.9 2 179.2 2 194.2 2
n10 A’’CH2 wag 675.4 679.1 (680.1) 700.5 69 531.2 546.7 46 670.6 694.8 68
n11 A’’ CH o-o-p bend 442.1 (455.9) 449.0 14 327.8 5 449.0 14
n12 A’’ MoH o-o-p bend 95.1 (107.3) 94.1 44 71.8 25 93.8 44


[a] B3LYP/6-311++G(3df, 3pd)/SDD level. Frequencies and intensities (I) are in cm�1 and kmmol�1, respectively. Infrared intensities are calculated
values. Abbreviations used: str, stretching; bend, bending; wag, wagging; rock, rocking; o-o-p, out-of-plane. [b] Frequencies computed using BPW91/6-
311++GH(3df,3dp)/SDD. [c] Frequencies computed using B3LYP/6-311++G(2d,p)/SDD.
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symmetry, 46 kcalmol�1 higher in energy than [CH�
MoH2F], and a {C�MoH3} subunit similar to that computed
for [CH�MoH3].


[16]


Three additional comparisons are noteworthy. The [CH�
MoH2F] methylidyne complex we have observed here has a
computed 1.719 L C�Mo bond length. This may be com-
pared to the 1.714 L value computed[16] for the simple hy-
drogen compound [CH�MoH3], the 1.743 and 1.754 L
measurements for [(AdO)3Mo�CR] complexes, and the
1.762 L bond length determined for [(R1R2N)3Mo�
CPPh]� .[20,21] In addition, the strong Mo�H frequency
(1844.8 cm�1) for [CH�MoH2F] is slightly higher than that
for [CH�MoH3] (1830.0 cm


�1).[16] Finally, Table 5 compares
geometrical parameters and Mulliken charges computed for
the three structures. We note that the positive charge on the
metal center increases with oxidation state of the metal.
This contracts the 4d orbitals and facilitates bonding to
carbon.


Reaction mechanisms : Laser-ablated Mo atoms are excited
and overcome any energy barrier for insertion to form
[CH3�MoF]. Larger amounts of [CH2=MoHF] and [CH�
MoH2F] result from successive a-hydrogen-transfer[22] reac-
tions in the energized [CH3MoF]* and [CH2MoHF]* inter-
mediates first formed. Even though CH3F has three C�H
bonds to compete with one C�F bond for insertion by Mo,
the [CH2F�MoH] product is 56 kcalmol�1 higher in energy,
and Mo inserts exclusively into the C�F bond. We employed
photochemistry to evolve and group the three major product
absorptions from the activation of CH3F by Mo atoms,
shown in Equation (1).


Moð7SÞ þ CH3F
UV
�!½CH3MoF�* !


CH3�MoF
Vis


UV


�! �½CH2¼MoHF�
Vis


UV


�! �½CH�MoH2F� ð1Þ


Visible irradiation of the initial
sample containing all three
products halves the absorption
intensity of groups I and II and
doubles that of III. Thus, by
two successive a-hydrogen
transfers, [CH2=MoHF] and
[CH�MoH2F] are formed from
[CH3�MoF]. Subsequent ultra-
violet irradiation reverses the
process, but the amount of
[CH2=MoHF] is tripled and
that of [CH3�MoF] is only dou-
bled as the amount of [CH�
MoH2F] is decreased slightly, so
one hydrogen on Mo is re-
turned to carbon more rapidly
than two. The relative energies


of the [CH3�MoF], [CH2=MoHF], and [CH�MoH2F] bond-
ing isomers are important here, but the relative rates of re-
laxation of an excited state and a-hydrogen transfer to an
isomer excited state are also important: both contribute to
the photochemical product yield observed here. The ultra-
violet irradiation contains the 7S!7P resonance absorption
of Mo in solid argon,[23] and this excitation can promote the
insertion reaction to form more [CH3�MoF]. The final UV


Table 4. Observed and calculated fundamental frequencies of CH�MoH2F isotopomers in the ground 1A’ elec-
tronic state.[a]


Approximate [CH�MoH2F] [CD�MoD2F] [13CH�MoH2F]
description obsd calcd[b] calcd I obsd calcd I obsd calcd I


n1 A’ C�H str (3201.2) 3212.7 14 2387.4 12 3200.3 14
n2 A’ MoH2 str 1844.8 (1944.9) 1940.1 132 1322.1 1376.5 68 1844.7 1940.1 132
n3 A’ C�Mo str (1052.5) 1052.3 16 1005.8 13 1019.8 16
n4 A’ MoH2 bend 769.0 (794.3) 797.3 89 675.0 681.5 140 769.0 797.1 91
n5 A’ MoH2 wag 715.8 (726.9) 748.2 56 552.2 589.6 4 711.4 743.4 53
n6 A’ Mo�F str (646.5) 656.3 36 540.3 17 655.5 25
n7 A’ MoCH bend 557.4 (563.9) 584.6 101 426.6 39 556.9 583.8 101
n8 A’ CMoF bend (260.5) 261.2 5 242.5 5 257.4 5
n9 A’’ MoH2 str 1844.8 (1945.5) 1942.0 204 1330.5 1386.1 108 1844.7 1942.0 204
n10 A’’ CH o-o-p bend (823.4) 841.8 1 669.2 2 833.6 1
n11 A’’ MoH2 def 571.6 (584.9) 599.9 76 430.2 40 571.6 599.8 76
n12 A’’ MoH2 rock (423.4) 423.6 0 317.8 0 423.5 0


[a] B3LYP/6-311++G(3df, 3pd)/SDD level. Frequencies and intensities (I) are in cm�1 and kmmol�1, respec-
tively. Infrared intensities are calculated values. Abbreviations used: str, stretching; bend, bending; wag, wag-
ging; def, deformation; rock, rocking; o-o-p, out-of-plane. [b] Frequencies computed using 6-311++G(2d, p)
basis set.


Table 5. Geometrical parameters and physical constants of [CH3�MoF],
[CH2=MoHF], and [CH�MoH2F].


[a]


Parameters [CH3�MoF] [CH2=MoHF] [CH�MoH2F]


r(C�H1) 1.106 1.127 1.085
r(C�H2) 1.093 1.081 –
r(C�Mo) 2.113 1.845 1.725
r(Mo�H3) – 1.710 1.701
r(Mo�F) 1.914 1.896 1.884
r(Mo···H) 2.586 2.098 2.805
aH1CH2 108.2 116.5 –
aH2CH3 109.5 – 118.3
aCMoF 122.5 132.2 107.9
aCMoH3 – 108.6 93.9
aH3MoF – 119.2 117.6
aH1CMo 102.3 86.3 173.0
aH2CMo 114.1 157.2
F(H1CMoH2) 116.6 0.0 �120.6
F(H1CMoF) 180.0 180.0 0.0
symmetry Cs Cs Cs


q(C)[b] �0.94 �0.87 �0.73
q(H1)[b] 0.12 0.15 0.09
q(H2)[b] 0.14 0.09 �0.09
q(H3)[b] 0.14 �0.13 �0.09
q(Mo)[b] 1.02 1.21 1.27
q(F)[b] �0.49 �0.45 �0.46
m[c] 2.93 2.20 1.29
state[d] 5A’ 3A’’ 1A’
DE[e] 58.1 52.8 48.3


[a] Bond lengths and angles are in L and degree, respectively. Calculated
using the 6-311++G(2d, p) basis set. [b] Mulliken atomic charge. [c] Mo-
lecular dipole moment in D. [d] Electronic state. [e] Binding energies in
kcalmol�1.
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irradiation, Figure 1g, does deplete [CH�MoH2F] and repro-
duce [CH2=MoHF] and [CH3�MoF]. The matrix infrared
spectra clearly show that these a-hydrogen transfers are per-
sistent and completely reversible.


Conclusion


Simple molybdenum methyl, carbene, and carbyne com-
plexes, [CH3�MoF], [CH2=MoHF], and [CH=MoH2F], were
formed by reaction of laser-ablated molybdenum atoms with
methyl fluoride and isolated in an argon matrix. These mol-
ecules provide a persistent photoreversible system through
a-hydrogen migration between the carbon and metal atoms;
the methyl and carbene complexes are produced by irradia-
tion with UV light (240–380 nm) while the carbyne complex
is depleted, and the process reverses on irradiation with visi-
ble light (l>420 nm). An absorption at 589.3 cm�1 is attrib-
uted to the Mo�F stretching mode of [CH3�MoF], which is
in fact most stable among the plausible products. DFT fre-
quency calculations provide an accurate model for these
new compounds, and structure calculations show that one of
the a-hydrogen atoms of the carbene complex is considera-
bly bent toward the metal atom (aHCMo=84.58), which
provides evidence of a strong agostic interaction in the trip-
let ground state. The calculated C�Mo bond length in the
carbyne is in the range of triple-bond values in larger ligated
methylidyne complexes.
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Efficient C�F and C�C Activation by a Novel N-Heterocyclic
Carbene–Nickel(0) Complex


Thomas Schaub and Udo Radius*[a]


Dedicated to Herbert W. Roesky on the occasion of his 70th birthday


Introduction


During the past decade there has been considerable interest
in N-heterocyclic carbenes (NHC) as spectator ligands in or-
ganometallic chemistry, particularly as alternatives to phos-
phane ligands in the field of homogeneous catalysis.[1] Al-
though the first metal compounds synthesized from isolated
N-heterocyclic carbenes were nickel complexes,[2a,3a] NHC
nickel(0) chemistry generally lacks compounds of the type
[(NHC)2NiLn] similar to the ubiquitous nickel(0) bisphos-
phane complex fragments. Structurally characterized, well-
defined NHC nickel(0) complexes are rare, known examples
including a few NHC adducts of nickel carbonyls[2] and two-
coordinate nickel(0) biscarbene complexes.[3] Starting with
[Ni(cod)2] (COD=1,5-cyclooctadiene) and sterically de-


manding carbene ligands, the homoleptic complexes [Ni-
(Mes2Im)2] (Mes=2,4,6-Me3C6H2),


[3a] and [Ni(DIP2Im)2]
(Dip=2,6-iPr2C6H4)


[3d] have been synthesized by the groups
of Arduengo and Herrmann, respectively. Cloke et al. have
reported the synthesis of [Ni(tBu2Im)2] in 10% yield from
the co-condensation reaction of nickel vapor and 1,3-di(tert-
butyl)imidazole-2-ylidene,[3c] and more recently the molecu-
lar structure of [Ni(tBu2Im)2] as well as the attempted con-
ventional synthesis by reaction of tBu2Im with [Ni(cod)2].


[3g]


For the tert-butyl-substituted NHC, this reaction proceeds
with tert-butyl cleavage to give different mono(NHC)-stabi-
lized complexes. Recent reports show that Mes2Im- and
Dip2Im-stabilized nickel(0) complexes generated in situ are
precatalysts for catalytic transformations such as C�C and
C�N coupling reactions, dehalogenation, and transfer hydro-
genation reactions,[3d,4] although no intermediates have been
characterized, isolated, or synthesized by means of stoichio-
metric organometallic transformations. In this contribution
we report some of our results on the synthesis and reactivity
of the dimeric complex [Ni2(iPr2Im)4(cod)] (1), which is sta-
bilized by the sterically less-demanding isopropyl-substituted
NHC ligand.


Abstract: The NHC-stabilized complex
[Ni2(iPr2Im)4(cod)] (1) was isolated in
good yield from the reaction of [Ni-
(cod)2] with 1,3-diisopropylimidazole-2-
ylidene (iPr2Im). Compound 1 is a
source of the [Ni(iPr2Im)2] complex
fragment in stoichiometric and catalytic
transformations. The reactions of 1
with ethylene and CO under atmos-
pheric pressure or with equimolar
amounts of diphenylacetylene lead to
the compounds [Ni(iPr2Im)2(h


2-C2H4)]
(2), [Ni(iPr2Im)2(h


2-C2Ph2)] (3), and
[Ni(iPr2Im)2(CO)2] (4) in good yields.
In all cases the [Ni(iPr2Im)2] complex


fragment is readily transferred without
decomposition or fragmentation. In the
infrared spectrum of carbonyl complex
4, the CO stretching frequencies are
observed at 1847 and 1921 cm�1, and
are significantly shifted to lower wave-
numbers compared with other
nickel(0) carbonyl complexes of the
type [NiL2(CO)2]. Complex 1 activates
the C�F bond of hexafluorobenzene
very efficiently to give [Ni(iPr2Im)2(F)-


(C6F5)] (5). Furthermore, [Ni2(iPr2Im)4-
(cod)] (1) is also an excellent catalyst
for the catalytic insertion of diphenyl-
acetylene into the 2,2’ bond of biphenyl-
ene. The reaction of 1 with equimolar
amounts of biphenylene at low temper-
ature leads to [Ni(iPr2Im)2(2,2’-biphen-
yl)] (6), which is formed by insertion
into the strained 2,2’ bond. The reac-
tion of diphenylacetylene and bipheny-
lene at 80 8C in the presence of
2 mol% of 1 as catalyst yields diphe-
nylphenanthrene quantitatively and is
complete within 30 minutes.


Keywords: C�C activation · car-
bene ligands · carbenes · nickel
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Results and Discussion


We are interested in electron-rich yet sterically not too de-
manding NHC nickel(0) complexes. To avoid too much
steric crowding and to keep the NHC as electron rich as
possible we chose 1,3-diisopropylimidazole-2-ylidene
(iPr2Im). This isopropyl-substituted carbene was synthesized
similarly to a procedure published by Erker et al.[5] Some
improvements in the preparative details provided the car-
bene in better yield and with a significantly higher purity.
This NHC reacts readily in toluene with [Ni(cod)2] to afford
the dimeric complex [Ni2(iPr2Im)4(cod)] (1) as a yellow, ex-
tremely air- and moisture-sensitive solid after workup, which
decomposes at approximately 60 8C in solution and in the
solid state. This type of dinuclear, COD-bridged compound
is unprecedented in nickel NHC chemistry and is the first
binuclear complex in which the two nickel centers are sur-
rounded by one olefinic ligand and two terminal NHC li-
gands.


The molecular structure of 1 is given in Figure 1 and
shows a dinuclear nickel(0) complex with distorted square-
planar geometry at the nickel atom. The Ni�CCarbene distan-
ces of 1.904(3) and 1.906(3) G are slightly longer than those
observed in the structurally characterized homoleptic com-
pounds [Ni(Mes2Im)2] (1.827(6) and 1.830(6) G)[3a] and [Ni-
(tBu2Im)2] (1.874(2) G),[3b] either due to the threefold coor-


dination in 1 or due to reduced back-bonding to the carbene
carbon atom. It is noteworthy that the nickel atom reveals
an agostic interaction to the methine hydrogen atoms of the
isopropyl group, resulting in Ni�HC(CH3)2 bond lengths in
a range between 2.807 and 2.903 G (d{Ni�CiPr} 3.308–
3.458 G).


Compound 1 is a useful synthon for transfer reactions of
the [Ni(iPr2Im)2] complex fragment in solution (see
Scheme 1). It reacts smoothly at room temperature with eth-
ylene and CO under atmospheric pressure or with stoichio-
metric amounts of diphenylacetylene to give the complexes
[Ni(iPr2Im)2(h


2-C2H4)] (2), [Ni(iPr2Im)2(h
2-C2Ph2)] (3), and


[Ni(iPr2Im)2(CO)2] (4) in good yields. In all cases the [Ni-
(iPr2Im)2] complex fragment is readily transferred from 1
without decomposition or fragmentation. The 1H and 13C
NMR spectra of complexes 2 and 3 reveal significantly shift-
ed resonances for the ethylene and acetylene hydrogen and
carbon atoms. The coordination shifts in both cases are of a
magnitude typically found for alkene or alkyne complexes
with a high degree of p backbonding into the carbon–
carbon multiple bond. The molecular structures of com-
plexes 2 and 3 (Figures 2 and 3, respectively) show that the
nickel atoms are threefold coordinated to two iPr2Im ligands
and the ethylene or alkyne ligand, respectively. The Ni�
Ccarbene distances of 1.905(2) and 1.915(2) G in 2 and 1.904(3)
and 1.914(2) G in 3 are similar to those found in 1 (1.904(3)
and 1.906(3) G), whereas the Ccarbene-Ni-Ccarbene angles of
102.41(9)8 (2) and 108.33(11)8(3) are significantly smaller
(118.11(14)8 in 1).


The excellent charge transfer from the nickel atom to the
ethylene and diphenylacetylene ligands was a first indication
of the high metal basicity of the [Ni(iPr2Im)2] complex frag-
ment. This was substantiated by an analysis of the CO
stretching frequencies of the carbonyl complex [Ni-
(iPr2Im)2(CO)2] (4) and comparison with other known com-
plexes of the type [NiL2(CO)2]. First of all, compound 4 is
suitable to achieve a deeper understanding of the fundamen-
tal steric and electronic factors of the ligand system. Where-


Abstract in German: Der NHC stabilisierte Komplex [Ni2-
(iPr2Im)4(cod)] (1) wurde aus der Reaktion von [Ni(cod)2]
mit 1,3-Diisopropylimidazole-2-ylidene (iPr2Im) in guter
Ausbeute isoliert. Verbindung 1 ist eine Quelle f4r das Kom-
plexfragment [Ni(iPr2Im)2] sowohl in stçchiometrischen als
auch in katalytischen Transformationen. So liefert die Reak-
tion von 1 mit Ethylen und CO bei Atmosph9rendruck oder
mit 9quimolaren Mengen an Tolan die Verbindungen [Ni-
(iPr2Im)2(h


2-C2H4)] (2), [Ni(iPr2Im)2(h
2-C2Ph2)] (3) bzw.


[Ni(iPr2Im)2(CO)2] (4) in guten Ausbeuten. In allen F9llen
wurde das Komplexfragment [Ni(iPr2Im)2] ohne Zersetzung
oder Fragmentierung auf das organische Substrat 4bertragen.
Im Infrarotspektrum des Carbonylkomplexes 4 wurden die
CO Streckschwingungen bei 1847 und 1921 cm�1 detektiert,
also bei signifikant niedrigeren Wellenzahlen als sie f4r
andere Nickel(0) Carbonylkomplexe des Typs [NiL2(CO)2]
beobachtet werden konnten. Verbindung 1 addiert sehr effi-
zient eine der C�F-Bindungen von Hexafluorobenzol unter
Ausbildung des Komplexes [Ni(iPr2Im)2(F)(C6F5)] (5). Dar-
4ber hinaus ist [Ni2(iPr2Im)4(cod)] (1) ein ausgezeicheter Ka-
talysator f4r die katalytische Insertion von Tolan in die 2,2’-
Bindung des Biphenylens. Die Reaktion von 1 mit 9quimola-
ren Mengen an Biphenylen f4hrt schon bei tiefen Temperatu-
ren zu [Ni(iPr2Im)2(2,2’-biphenyl)] (6), dem Insertionspro-
dukt in die gespannte 2,2’-Bindung des Biphenylens. Die Um-
setzung von Tolan mit Biphenylen bei 80 8C unter Verwen-
dung von 2 mol% 1 als Katalysator liefert innerhalb einer
halben Stunde quantitativ Diphenylphenanthren.


Figure 1. ORTEP diagram of the molecular structure of [Ni2(iPr2Im)4-
(cod)] (1) in the solid state (ellipsoids set at 40% probability level). H
atoms have been omitted for clarity. Selected bond lengths [G] and
angles [8]: Ni�C1 1.906(3), Ni�C10 1.904(3), Ni�C19 1.995(3), Ni�C20
1.989(3); C1-Ni-C10 118.11(14), C1-Ni-C20 142.55(14), C1-Ni-C19
100.97(13), C10-Ni-C19 140.89(14), C10-Ni-C20 99.01(14), C19-Ni-C20
41.94(13).


Chem. Eur. J. 2005, 11, 5024 – 5030 www.chemeurj.org B 2005 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 5025


FULL PAPER



www.chemeurj.org





as Hermann et al.[2a] synthesized [Ni(Me2Im)2(CO)2] from
the reaction of [Ni(CO)4] and 1,3-dimethylimidazole-2-yli-
dene, Nolan and co-workers[2d] synthesized the four-coordi-


nate complexes [Ni-
(X2Im)(CO)3] (X=Mes, Dip,
cyclohexyl) and three-coordi-
nate compounds [Ni-
(X2Im)(CO)2] with the sterical-
ly more demanding carbenes
(X= tBu) as ligands.


In the infrared spectrum of 4,
the carbonyl stretching frequen-
cies are detected at 1847 and
1921 cm�1 and thus confirm the
high metal basicity of the [Ni-
(iPr2Im)2] fragment. These fre-
quencies are significantly shift-
ed to lower wavenumbers com-
pared to other nickel(0) car-
bonyl complexes of the type
[NiL2(CO)2] (see Table 1),
which is an experimental proof


of the excellent donor properties of the iPr2Im ligand com-
pared to other widely used ligands, including other NHC li-
gands with different substituents, such as Me2Im.


The X-ray analysis of 4 (Figure 4) reveals a distorted tet-
rahedral structure in which the C10-Ni-C10’ angle between
the carbonyl carbon atoms (108.47(12)8) is very close to the
tetrahedral angle, whereas the C1-Ni-C1’ angle between the
carbene carbon atoms of the sterically much more demand-
ing NHC ligands is significantly smaller (95.85(9)8). Both
iPr2Im ligands are roughly oriented along the C10-Ni-C10’
plane, which intersects the planes through the atoms N1, C1,
and N2, with an angle of 6.968. The Ni�C10 distance to the
carbon atom of the carbonyl ligand of 1.758(2) G is similar
to those found for other nickel carbonyl complexes such as
[Ni(Me2Im)2(CO)2]


[2a] (1.758(5) G) and [Ni(PPh3)2(CO)2]
[7]


(1.763(3) G). The Ni�C1 bond length to the carbene carbon
atom of 2.002(2) G is approximately 0.25 G longer than the
Ni�CCO distance due to much stronger back-bonding be-
tween the nickel atom and the carbonyl ligand. This Ni�C1


Scheme 1. Reactivity of [Ni2(iPr2Im)4(cod)] (1).


Figure 2. ORTEP diagram of the molecular structure of [Ni(iPr2Im)2(h
2-


C2H4)] (2) in the solid state (ellipsoids set at 40% probability level). H
atoms have been omitted for clarity. Selected bond lengths [G] and
angles [8]: Ni�C1 1.905(2), Ni�C10 1.915(2), Ni�C19 1.950(3), Ni�C20
1.946(2), C19�C20 1.420(4); C1-Ni-C10 102.41(9), C1-Ni-C20 151.25(11),
C1-Ni-C19 108.53(11), C10-Ni-C19 149.04(11), C10-Ni-C20 106.28(11),
C19-Ni-C20 42.76(12), C19-C20-Ni 68.77(14), C20-C19-Ni 68.48(14).


Figure 3. ORTEP diagram of the molecular structure of [Ni(iPr2Im)2(h
2-


C2Ph2)] (3) in the solid state (ellipsoids set at 40% probability level). H
atoms have been omitted for clarity. Selected bond lengths [G] and
angles [8]: Ni�C1 1.914(2), Ni�C10 1.904(3), Ni�C19 1.870(3), Ni�C20
1.881(3), C19�C20 1.290(3); C19-Ni-C20 40.22(10), C1-Ni-C10
108.33(11), C1-Ni-C20 108.85(10), C10-Ni-C19 102.65(11), C19-C20-C27
142.5(3), C20-C19-C21 143.8(3).


Table 1. Frequencies of the CO stretches of symmetry A1 and B1 for se-
lected nickel carbonyl complexes of the type [NiL2(CO)2].


[a]


Complex A1 [cm�1] B2 [cm�1]


[Ni(iPr2Im)2(CO)2] (4) 1927 1847
[Ni(Me2Im)2(CO)2]


[2a] 1946 1873
[Ni(bipy)(CO)2]


[6a] 1950 1861
[Ni(bdepe)(CO)2]


[6a] 1984 1920
[Ni(PiPr3)2(CO)2]


[6b] 1984 1922
[Ni(Me4Triaz)2(CO)2]


[6c] 1982 1906
[Ni(PMe3)2(CO)2]


[6b] 1990 1926
[Ni(bdppm)(CO)2]


[6d] 1991 1925
[Ni(PPh3)2(CO)2]


[6b] 1994 1936
[Ni(Dip2DAB)(CO)2]


[6e] 2014 1954
[Ni(bdppp)(CO)2]


[6f] 2020 1968


[a] Abbreviations used: bipy: 2,2’-bipyridyl; bdepe: 1,2-bis(diethylphos-
phanyl)ethane; Me4Triaz: 1,2,3,4-tetramethyl-1,2,4-triazole-2-ium-5-yli-
dene; bdppm: bis(diphenylphosphanyl)methane; Dip2DAB: N,N’-bis(2,6-
di(isopropylphenyl)glyoxylimine; bppp: 1,3-bis(diphenylphosphanyl)pro-
pane.
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distance is even longer than Ni�C single bonds found in dif-
ferent organyl complexes such as [Ni(h4-cod)(C6F5)2]
(1.921(2) G),[8a] [Ni(acac)(PPh3)(Et)] (1.970(1) G),[8b] [Ni-
(acac)(PPh3)(PhC=CPh)(CH3)] (1.897 G),[8c] and [Ni-
(dippe)(Ph)(CN)] (1.935(2) G for Ni�Ph),[8d] which indicates
that nickel–carbene p back-bonding is rather unimportant in
4. The Ni�Ccarbene distances in 1–3 are approximately 10 pm,
and those of [Ni(Mes2Im)2] and [Ni(tBu2Im)2] more than
10 pm,[3a,g] shorter than the corresponding distances in 4.
This effect might arise from the different coordination num-
bers, but it presumably also reflects the different electronic
situations at the metal atoms in these compounds. The Ni�
Ccarbene distances are short for the electron-rich complex [Ni-
(X2Im)2] and approximately 20 pm longer for the carbonyl
complex 4, in which electron density at the metal atom is
lower due to back-bonding to the carbonyl ligand. This ob-
servation supports recent reports that NHC ligands may
very well be capable of efficient p back-bonding to stabilize
electron-rich complexes.[9] Thus, the NHC ligand system re-
veals a remarkable electronic flexibility and is suitable, due
to its s donating and p accepting properties, for the stabili-
zation of metal atoms in both low and high oxidation states.


The activation of aromatic carbon–fluorine bonds has
nowadays been observed with a wide variety of transition
metals with different electron configurations.[10] In particu-
lar, it has been proven that nickel complex fragments such
as [Ni(PEt3)2]


[11] and [Ni(dtbpe)] (dtbpe = tBu2PCH2CH2P-
tBu2)


[12] are effective in C�F activation reactions and exhibit
selectivity for C�F over C�H bonds. In this field, the activa-
tion of hexafluorobenzene is an especially demanding prob-
lem, since the activation of C6F6 usually requires long reac-
tion times under thermal conditions. The oxidative-addition
chemistry of [Ni(PEt3)2(cod)] was first examined by Fahey
and Mahan,[11a] who provided evidence for the oxidative ad-
dition of hexafluorobenzene in the reaction with [Ni(cod)2]
in the presence of PEt3. A more thorough study by Perutz
et al. demonstrated that the reaction of [Ni(PEt3)4] and 1.2
equivalents of C6F6 requires four weeks to be driven to com-
pleteness.[11b] Pçrschke and co-workers have described a de-
tailed study of the reactivity of the 14-electron fragment [Ni-
(dtbpe)] with a variety of arenes.[12] This fragment reacts in
the presence of an excess of C6F6 to give the h2-coordinate


complex [Ni(dtpbe)(h2-C6F6)], which undergoes thermal oxi-
dative addition at 293 K to form [Ni(dtpbe)(F)(C6F5)]. Un-
fortunately, no kinetic data were provided in the paper, just
a statement that the rearrangement requires days to be com-
plete. Hofmann et al. have reported the direct oxidative ad-
dition of hexafluorobenzene after eight days reaction with
[Pt(dtbpm)] using the substrate as a solvent.[13] This inert-
ness of C6F6 to undergo C�F addition to transition metal
complex fragments, as well as two recent reports on catalytic
C�F activation mediated by either [Ni(cod)2] associated to
aryl-substituted NHCs[3d] or [Ni(acac)2] and a mixture of
aryl-substituted imidazolium salts in the presence of NaH,[4e]


led us to investigate the reactivity of 1 with respect to C�F
activation of hexafluorobenzene in some detail. Surprisingly,
the reaction of 1 with equimolar amounts of C6F6 in benzene
or toluene proceeds rapidly but smoothly. The reaction is
complete within one hour and gives a yellow reaction prod-
uct, [Ni(iPr2Im)2(F)(C6F5)] (5), which is readily soluble in
nonpolar organic solvents. Three sets of signals at d=


�116.0, �163.3, and �165.0 ppm are observed for the per-
fluorinated phenyl ligand in the 19F NMR spectrum of 5
and, most significantly, a highly shifted resonance at d=


�373.7 ppm for the fluoride ligand. Complex 5 presumably
adopts a trans configuration, which is in accordance with the
observation of equivalent NHC ligands in the 1H and 13C
NMR spectra. This complex, however, could not be isolated
in the form of crystals suitable for X-ray analysis. However,
complex 1 activates aryl C�F bonds very efficiently and this
is, to the best of our knowledge, the only example known
for an oxidative addition of hexafluorobenzene with forma-
tion of a pentafluorophenyl fluoride complex on a reasona-
ble timescale. We are currently further exploring the reactiv-
ity of 5 and the reaction behavior of 1 towards other fluori-
nated organic molecules.


In addition to the C�F activation of hexafluorobenzene
we were interested in the performance of 1 in C�C activa-
tion reactions,[14] in particular in the catalytic insertion of di-
phenylacetylene into the strained C�C bond of biphenylene
to yield diphenylphenanthrene (see Equation (1)). For bis-
(phosphane)nickel(0) complexes, this reaction has been in-
vestigated in the last few years mainly by Jones and co-
workers.[15–17]


The reaction of 1 with an equimolar amount of bipheny-
lene at low temperature leads to the insertion product into
the 2,2’ bond, [Ni(iPr2Im)2(2,2’-biphenyl)] (6 ; see Figure 5).
Furthermore, both complexes 1 and 3 catalyze the insertion
of diphenylacetylene into the 2,2’ bond of biphenylene very
efficiently. The reaction proceeds at room temperature,
albeit very slowly, and is finished after a period of approxi-
mately three days with 2 mol% of 1 as catalyst. At 80 8C,


Figure 4. ORTEP diagram of the molecular structure of [Ni-
(iPr2Im)2(CO)2] (4) in the solid state (ellipsoids set at 40% probability
level). H atoms have been omitted for clarity. Selected bond lengths [G]
and angles [8]: Ni�C1 2.002(2), Ni�C10 1.758(2), C10�O1 115.5(2); C1-
Ni-C1’ 95.85(9), C10-Ni-C10’ 108.47(12).
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however, the catalytic insertion is completed within 30 min-
utes.


Neither 1 nor 3 catalyzes the cyclooligomerization of di-
phenylacetylene. The reaction of this alkyne with 0.1 equiva-
lents of 1 for three days in C6D6 at 80 8C leads to complex 3
and unreacted alkyne; no oligomerization product such as
hexaphenylbenzene was observed. Another major side-reac-
tion, the dimerization of biphenylene, is very slow compared
to the catalytic insertion. Thus, the reaction of biphenylene
with 7 mol% of 1 in C6D6 at 80 8C gave, after a period of
three days, the dimerization product, tetraphenylene, in
58% yield.


Complexes 1 and 3 compete nicely with other known cat-
alysts for the insertion of internal alkynes into the 2,2’ bond
of biphenylene and are superior to other well-defined cata-
lytic systems reported to date. The corresponding bis(phos-
phanyl)-substituted complexes [Ni(dippe)(h2-C2Ph2)]
(dippe= iPr2PC2H4PiPr2) and [Ni(PPh3)2(h


2-C2Ph2)] produce
only small amounts of 9,10-diphenylphenanthrene (2.5%
conversion after 40 h at 110 8C using 12.5% of the dippe
complex).[17a] In these systems, however, the rate increases
dramatically to a turnover frequency of 3 h�1 (10% catalyst,
70 8C) if molecular oxygen (6 mol%) is present in the reac-
tion mixture. Neither the role of the oxygen addition nor
the catalytically active species and the nature of the precata-
lyst have ever been clarified, but it has been proposed that
the oxygen removes the phosphane ligands to generate a re-
active nickel species. We hope to shed further light on the
mechanism of the reaction using 1 as a catalyst in the future.


To summarize, we have shown that the NHC ligand 1,3-
diisopropylimidazole-2-ylidene (iPr2Im) provides a unique
balance of donor properties and steric congestion that ren-
ders the carbene an ideal ligand for investigations directed
at the isolation and characterization of nickel(0) bis-
(carbene) complexes. The reaction with [Ni(cod)2] leads to
an unprecedented dinuclear nickel(0) complex [Ni2(iPr2Im)4-
(cod)] (1). Compound 1 is a source of the [Ni(iPr2Im)2] frag-
ment in stoichiometric and catalytic transformations. This
was demonstrated for the reaction of 1 with CO, ethylene,
and alkynes, and also for the activation of the C�F bond of


hexafluorobenzene and the C�C bond of biphenylene. Com-
plex 1 activates the C�F bond of hexafluorobenzene most
efficiently, and is, to the best of our knowledge, the best
thermal C�F activator (in terms of an oxidative addition to
a metal atom) for C6F6 reported so far. Furthermore, 1 also
catalyzes the insertion of diphenylacetylene into the 2,2’
bond of biphenylene very efficiently.


Experimental Section


All reactions and subsequent manipulations involving organometallic re-
agents were performed under nitrogen using standard Schlenk techni-
ques, as reported previously.[18] Elemental analyses were performed in
the microanalytical laboratory of the authorOs department. EI mass spec-
tra were recorded on a Varian MAT 3830 (70 eV). NMR spectra were re-
corded on a Bruker AV 400 at 298 K. 13C NMR spectra are broad-band
proton decoupled. NMR spectroscopic data are listed in parts per million
(ppm) and are reported relative to tetramethylsilane. Coupling constants
are quoted in Hertz. Residual solvent peaks used as internal standards:
C6D6: d=7.15 ppm (1H) or natural-abundance carbon signal at d=


128.0 ppm. Infrared spectra were recorded as KBr pellets on a Bruker
IFS 28 and are reported in cm�1.


1,3-Diisopropylimidazolium chloride : A modified literature procedure
was used for the synthesis of the imidazolium salt.[5] Isopropyl amine
(61.8 mL, 0.72 mol) was added dropwise to a suspension of formaldehyde
(21.6 g, 0.71 mol) in toluene (120 mL). The temperature of the reaction
mixture was kept below 40 8C during the addition. Afterwards, the reac-
tion mixture was stirred for ten minutes and then cooled to 0 8C. Another
equivalent of isopropylamine (61.8 mL, 0.72 mol) and 6 n HCl (120 mL,
0.72 mol) were then added slowly. The temperature of the solution was
raised to 25 8C and glyoxal (82.8 mL, 0.72 mol; 40% in H2O) was added
dropwise. The mixture was stirred overnight to give a dark solution. All
volatile material was then removed in vacuo. The brown residue was vig-
orously dried in vacuo at 150 8C for 6 h to yield a brown solid (113 g,
83%). 1H NMR (400 MHz, D2O, 25 8C): d=1.43 (d, 12H, CH3), 4.52 (m,
2H, iPr-CH), 7.47 (s, 2H, NCHCHN), 8.76 ppm (s, 1H, NCHN);
13C{1H} NMR (400 MHz, D2O, 25 8C): d=22.07 (CH3), 53.04 (iPr-CH),
120.47 (NCCN), 132.47 ppm (NCN).


1,3-Diisopropylimidazol-2-ylidene : THF (600 mL) was added at room
temperature to a mixture of 1,3-diisopropylimidazole (113.0 g, 0.60 mol),
sodium hydride (15.7 g, 0.65 mol), and potassium tert-butoxide (3.30 g,
29.4 mmol). The mixture was stirred overnight to give a dark suspension.
All volatile material was then removed in vacuo and the resulting brown
oil was distilled at 150 8C into a trap cooled with liquid nitrogen to afford
1,3-diisopropylimidazol-2-ylidene (73 g, 80%) as a colorless liquid (melt-
ing point approximately 20 8C). The carbene is thermally labile and forms
a dark oil at room temperature, but it can be stored for a longer period
of time at �40 8C without decomposition. 1H NMR (400 MHz, C6D6,
25 8C): d=1.27 (d, 12H, CH3), 4.40 (m, 2H, iPr-CH), 6.63 ppm (s, 2H,
NCHCHN); 13C{1H} NMR (100 MHz, C6D6, 25 8C): d=24.27 (iPr-CH3),
52.12 (iPr-CH), 115.74 (NCCN), 211.86 ppm (NCN); IR (KBr): ñ=407
(m), 496 (w), 555 (m), 640 (w), 669 (m), 682 (m), 710 (s), 879 (m), 928
(w), 981 (m), 1089 (m), 1131 (s), 1215 (vs), 1242 (s), 1267 (s), 1328 (m),
1388 (vs), 1459 (s), 1669 (m), 2642 (w), 2874 (s), 2963 (vs), 3055 (m),
3103 cm�1 (m).


Compound 1: A solution of [Ni(cod)2] (4.50 g, 16.4 mmol) in toluene
(50 mL) was added at �78 8C to a solution of 1,3-diisopropylimidazol-2-
ylidene (5.00 mL, 32.8 mmol) in toluene (50 mL). The reaction mixture
was allowed to warm to room temperature overnight. Insoluble material
was then filtered off and all volatiles of the filtrate were removed in
vacuo. The yellow residue was suspended in hexane (50 mL), filtered,
washed with a small portion of hexane, and dried in vacuo to yield a
yellow powder (3.70 g, 54%). Crystals suitable for X-ray diffraction were
obtained from saturated THF solutions of 1 at 0 8C. 1H NMR (400 MHz,
C4D8O, 25 8C): d=1.27 (m, 48H, iPr-CH3), 1.46–2.09 (m, 12H, COD),


Figure 5. ORTEP diagram of the molecular structure of [Ni-
(iPr2Im)2(2,2’biphenyl)] (6) in the solid state (ellipsoids set at 40% proba-
bility level). H atoms have been omitted for clarity. Selected bond
lengths [G] and angles [8]: Ni1�C1 1.946(11), Ni1�C10 1.927(10), Ni1�
C19 1.942(11), Ni1�C26 1.949(10); C1-Ni1-C10 95.3(4), C1-Ni1-C26
92.7(4), C10-Ni1-C19 90.4(4), C19-Ni1-C26 83.3(5).
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5.29 (sept, 8H, 3JH,H = 6.9 Hz, iPr-CH), 6.75 ppm (s, 8H, NCHCHN);
13C{1H} NMR (100 MHz, C6D6, 25 8C): d=23.81 (iPr-CH3), 23.98 (iPr-
CH3), 31.96 (COD-CH2), 33.52 (COD-CH2), 38.57 (COD-CH), 50.58
(iPr-CH), 50.69 (iPr-CH), 54.57 (COD-CH), 113.93 (NCCN), 114.29
(NCCN), 204.19 (NCN), 205.28 ppm (NCN); IR (KBr): ñ=3216 (w),
2964 (s), 2925 (s), 2814 (m), 1659 (w), 1599 (w), 1466 (m), 1410 (s), 1393
(s), 1366 (m), 1279 (m), 1259 (s), 1217 (vs), 1130 (m), 1085 (w), 1006 (m),
982 (m), 925 (w), 875 (w), 793 (m), 673 (s), 549 cm�1 (m); elemental anal-
ysis calcd (%) for C44H76N8Ni2 (834.5): C 63.33, H 9.18, N 13.34; found:
C 63.56, H 9.09, N 12.99; MS: m/z (%): 362.2 (24) [(iPr2Im)2Ni]+ , 320.1
(8) [(iPr2Im)2Ni�Pr]+ .


Compound 2 : Ethylene was passed through a solution of complex 1
(363 mg, 0.42 mmol) in toluene (30 mL) at room temperature. All volatile
material was removed in vacuo, and the residue was suspended in 20 mL
of hexane, filtered, and dried in vacuo to afford 2 as a yellow powder
(280 mg, 72%). Crystals suitable for X-ray diffraction were obtained
from saturated hexane solutions of 2 at 0 8C 1H NMR (400 MHz, C6D6,
25 8C): d=1.13 (d, 24H, 3JH,H = 6.8 Hz, CH3), 1.95 (s, 4H, CH2), 5.41
(sept, 4H, 3JH,H = 6.8 Hz, iPr-CH), 6.48 ppm (s, 4H, NCHCHN);
13C{1H} NMR (100 MHz, C6D6, 25 8C): d=22.24 (iPr-CH3), 24.85 (Cethene),
49.71 (iPr-CH), 113.46 (NCCN), 203.00 ppm (NCN); IR (KBr): ñ=381
(m), 478 (m), 572 (w), 675 (m), 709 (m), 801 (s), 921 (m), 958 (m), 1018
(vs), 1093 (s), 1139 (m), 1221 (s), 1263 (s), 1288 (m), 1368 (m), 1397 (m),
1415 (m), 1465 (m), 1669 (m), 2870 (m), 2944 (s), 3119 (w), 3158 cm�1


(w); MS: m/z (%): 362.3 (28) [(iPr2Im)2Ni]+ .


Compound 3 : Complex 1 (417 mg, 0.50 mmol) and diphenylacetylene
(89.0 mg, 0.50 mmol) were dissolved in toluene (20 mL) and stirred over-
night. Undissolved components were removed by filtration through a pad
of Celite and all volatiles of the filtrate were removed in vacuo to afford
3 as a dark-red powder (310 mg, 57%). Crystals suitable for X-ray dif-
fraction were obtained from saturated solutions of 3 in diethyl ether at
�40 8C. 1H NMR (400 MHz, C6D6, 25 8C): d=1.03 (d, 24H, 3JH,H =


6.8 Hz, CH3), 5.53 (sept, 4H, 3JH,H = 6.8 Hz, iPr-CH), 6.55 (s, 4H,
NCHCHN), 7.02 (m, 2H, aryl-Hp), 7.19 (m, 4H, aryl-Hm), 7.61 ppm (d,
4H, 3JH,H = 7.0 Hz, aryl-Ho);


13C{1H} NMR (100 MHz, C6D6, 25 8C): d=
23.92 (CH3), 51.78 (iPr-CH), 115.78 (NCCN), 124.60 (aryl-Cp), 129.50
(aryl-Cm), 132.60 (aryl-Co), 139.26 (C�C), 139.69 (aryl-Ci), 201.49 ppm
(NCN); IR (KBr): ñ=556 (m), 668 (m), 697 (m), 763 (e), 911 (w), 1006
(w), 1013 (w), 1128 8w), 1214 (vs), 1258 (m), 1274 (m), 1395 (m), 1413
(m), 1472 (m), 1490 (m), 1576 (m), 1741 (m, nC�C), 2866 (m), 2932 (m),
2966 (m), 3049 cm�1 (w); elemental analysis calcd (%) for C32H42N4Ni
(541.4): C 70.99, H 7.82, N 10.35; found: C 70.97, H 7.70, N 9.56; MS:
m/z (%): 540 (1) [M�H]+ , 362.1 (15) [(iPr2Im)2Ni�H]+ .


Compound 4 : Carbon monoxide was passed through a solution of com-
plex 1 (363 mg, 0.42 mmol) in toluene (30 mL) at room temperature. All
volatile material was removed in vacuo to afford 4 as a yellow powder
(310 mg, 88%). Crystals suitable for X-ray diffraction were obtained
from saturated solutions of 4 in dieth-
yl ether at �40 8C. 1H NMR
(400 MHz, C6D6, 25 8C): d=1.05 (d,
2JH,H=6.8 Hz, 24H, CH3), 5.39 (sept,
5JH,H=6.8 Hz, 4H, iPr-CH), 6.49 ppm
(s, 4H, NCHCHN); 13C{1H} NMR
(100 MHz, C6D6, 25 8C): d=23.63
(iPr-CH3), 51.68 (iPr-CH), 116.19
(NCCN), 198.01 (CO), 205.80 ppm
(NCN); IR (KBr): ñ=473 (w), 507
(w), 572 (w), 672 (s), 712 (s), 725 (m),
800 (w), 882 (m), 989 (s), 1016 (m),
1079 (m), 1134 (m), 1216 (vs), 1248
(m), 1285 (s), 1367 (s), 1398 (s), 1415
(s), 1466 (m), 1847 (vs, br, nCO), 1927
(vs, br, nCO), 2872 (m), 2931 (m), 2979
(s), 3107 (w), 3142 (w), 3173 cm�1


(w); elemental analysis calcd (%) for
C20H32N4NiO2 (419.2): calcd for C
57.31, H 7.69, N 13.37; found: C
56.94, H 7.65, N 12.95.


Compound 5 : Complex 1 (363 mg, 0.42 mmol) was dissolved in toluene
(20 mL) and hexafluorobenzene (0.12 mL, 1.00 mmol) was added. The re-
sulting yellow solution was stirred overnight. The reaction mixture was
then filtered through a pad of Celite and all volatile material was re-
moved from the filtrate in vacuo. The remaining yellow solid was sus-
pended in 20 mL of hexane, filtered, and dried in vacuo to afford 5 as a
yellow powder (360 mg, 65%). 1H NMR (400 MHz, C6D6, 25 8C): d=1.08
(br s, 12H, CH3), 1.40 (br s, 12H, CH3), 6.25 (s, 4H, NCHCHN), 6.51 ppm
(sept, 4H, 3JH,H=6.8 Hz, iPr-CH3);


19F NMR (376.4 MHz, C6D6, 25 8C,
CFCl3): d=�116.0 (d, 2F, 3JF,F=28.7 Hz, aryl-Fo), �163.3 (t, 1F, 3JF,F=


20.3 Hz, aryl-Fp), �165.0 (m, 2F, aryl-Fm), �373.7 ppm (s, 1F, Ni-F); IR
(KBr): ñ=438 (m), 477 (m), 578 (w), 673 (m), 708 (w), 732 (m), 777 (m),
951 (s), 1013 (s), 1130 (m), 1215 (s), 1226 (s), 1263 (m), 1370 (m), 1394
(m), 1441 (s), 1495 (s), 2876 (w), 2936 (m), 2980 (s), 3050 (s), 3118 cm�1


(w); MS: m/z (%): 549.2 (3) [M]+ , 362.3 (40) [(iPr2Im)2Ni]+ .


Compound 6 : Complex 1 (363 mg, 0.42 mmol) and biphenylene (152 mg,
1.00 mmol) were dissolved in toluene (30 mL) and stirred overnight. Un-
dissolved components were removed by filtration through a pad of Celite
and all volatiles were removed from the filtrate in vacuo. The remaining
orange solid was treated with small portions of hexane and dried in
vacuo to afford 6 as an orange powder (345 mg, 66%). Crystals suitable
for X-ray diffraction were obtained from saturated solutions of 6 in di-
ethyl ether at �40 8C. 1H NMR (400 MHz, C6D6, 25 8C): d=0.70 (d, 12H,
3JH,H=6.8 Hz, CH3), 1.14 (d, 12H, 3JH,H=6.8 Hz, CH3), 5.43 (sept, 4H,
3JH,H=6.8 Hz, iPr-CH), 6.37 (d, 2H, aryl-Hm), 6.39 (s, 4H, NCHCHN),
6.97 (m, 2H, aryl-Hp), 7.18 (m, 2H, aryl-Hm), 7.70 ppm (m, 2H, aryl-Ho);
13C{1H} NMR (100 MHz, C6D6, 25 8C): d=23.26 (iPr-CH3), 23.86 (iPr-
CH3), 52.07 (iPr-CH), 116.76 (NCCN), 119.30 (aryl-Cp), 124.52 (aryl-Cm),
125.31 (aryl-Cm), 141.05 (aryl-Co), 161.61 (aryl-Co), 173.51 (aryl-Ci),
193.47 ppm (NCN); IR (KBr): ñ=575 (w), 669 (m), 676 (m), 692 (m),
708 (m), 735 (s), 878 (w), 991 (m), 1018 (m), 1107 (m), 1131 (m), 1216
(vs), 1258 (w), 1294 (m), 1369 (m), 1390 (s), 1407 (s), 1417 (s), 1467 (m),
1570 (m), 2871 (m), 2929 (s), 2971 (vs), 3034 (s), 3098 (m), 3130 (w),
3159 cm�1 (m); elemental analysis calcd (%) for C30H404N4Ni (515.4):
calcd for C 69.92, H 7.82, N 10.87; found: C 69.34, H 7.95, N 11.21.


9,10-Diphenylphenanthrene: Biphenylene (30.4 mg, 0.20 mmol), diphenyl-
acetylene (36.0 mg, 0.20 mmol), and complex 1 (10 mg, 0.012 mmol) were
mixed in an NMR tube and dissolved in C6D6 (1.00 mL). The reaction
mixture was heated to 80 8C for 30 min. According to 1H NMR spectros-
copy, the yield was greater than 95%. 1H NMR (400 MHz, C6D6, 25 8C):
d=6.94 (m, 2H, aryl-CH2), 6.98–7.13 (m, 10H, aryl-CHphenyl), 7.41 (m,
2H, aryl-CH3), 7.55 (m, 2H, aryl-CH1), 8.74 ppm (m, 2H, aryl-CH4);
13C{1H} NMR (100 MHz, C6D6, 25 8C): d=139.17 (aryl-C7), 136.70 (aryl-
C6), 131.55 (aryl-Ci), 130.97 (aryl-C5), 130.37 (aryl-Co), 129.68 (aryl-C1),
126.95 (aryl-Cm), 125.95 (aryl-C2), 125.77 (aryl-C3), 125.70 (aryl-Cp),
121.96 ppm (aryl-C4).


Table 2. X-ray data collection and processing parameters.


1·C4H8O 2 3 4 6


formula C26H46N4NiO C20H36N4Ni C32H42N4Ni C10H16N2ONi C120H168N16Ni4
Fw 489.38 391.24 541.42 209.61 2069.56
crystal system monoclinic tetragonal monoclinic orthorhombic orthorhombic
space group P21/c P42/n P21/n Pbcn P212121


a [G] 16.061(2) 21.7887(14) 17.478(4) 9.5275(8) 20.1563(14)
b [G] 9.4571(7) – 10.101(2) 14.7564(14) 23.544(2)
c [G] 18.5381(18) 9.5251(5) 17.817(4) 16.6747(12) 27.913(3)
b [8] 94.962(15) – 108.79(3) – –
V [G3] 2805.2(5) 4522.0(5) 2977.9(10) 2342.7(3) 13246(2)
Z 4 8 4 8 4
m [mm�1] 0.380 0.867 0.677 0.562 0.404
total/indep. reflns. 16183/5652 28737/4409 18790/7055 21008/2929 58561/19036
obsd reflns.[a] 4147 3227 4608 2038 10087
parameters 297 226 334 123 1255
final R,[b] wR2


[c,d] 0.0560, 0.1334 0.0378, 0.0815 0.0588, 0.1664 0.0350, 0.0811 0.0779, 0.1668


[a] Reflections with I>2s(I). [b] R=� j jFo j� jFc j j /� jFo j . [c] wR2= {�[w(F 2
o�F2


c)
2]/�[w(F 2


o)
2]}


1=2 . [d] For data
with I>2s(I).
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Tetraphenylene : Biphenylene (50.0 mg, 0.33 mmol) and complex 1
(20.0 mg, 0.024 mmol) were mixed in an NMR tube and dissolved in
C6D6 (1.00 mL). The reaction mixture was heated to 80 8C for three days.
According to 1H NMR spectroscopy, the yield of tetraphenylene in this
reaction was 58%. 1H NMR (400 MHz, C6D6, 25 8C): d=7.13 (m, 8H,
aryl-CHo), 7.25 ppm (m, 8H, aryl-CHm); 13C{1H} NMR (100 MHz, C6D6,
25 8C): d=116.26 (aryl-Ci), 127.14 (aryl-Co), 128.06 ppm (aryl-Cm).


Crystal structure determinations of [Ni2(iPr2Im)4(cod)] (1), [Ni(iPr2Im)2-
(h2-C2H4)] (2), [Ni(iPr2Im)2(h


2-C2Ph2)] (3), [Ni(iPr2Im)2(CO)2] (4), and
[Ni(iPr2Im)2(2,2’biphenyl)] (6): Crystal data collection and processing pa-
rameters are given in Table 2. The crystals were immersed in a film of
perfluoropolyether oil on a glass fiber and transferred to a Stoe-IPDS
diffractometer (AgKa radiation for compounds 1, 4, and 6; MoKa radiation
for compounds 2 and 3), equipped with an FTS AirJet low-temperature
device. Data were collected at 203 K. The images were processed with
the Stoe software packages and equivalent reflections were merged. Cor-
rections for Lorentz-polarization effects and absorption were performed,
where necessary, and the structures were solved by direct methods. Sub-
sequent difference Fourier syntheses revealed the positions of all other
non-hydrogen atoms; hydrogen atoms were included in calculated posi-
tions. Extinction corrections were applied as required. Crystallographic
calculations were performed using SHELXS-97 and SHELXL-97.[19]


CCDC-262330-–262334 (1–4 and 6) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif/.
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Synthesis, Crystal Structures, and Properties of Oxovanadium(iv)–
Lanthanide(iii) Heteronuclear Complexes


Wei Shi,[a] Xiao-Yan Chen,[a] Yan-Nan Zhao,[a] Bin Zhao,[a] Peng Cheng,*[a] Ao Yu,[b]


Hai-Bin Song,[c] Hong-Gen Wang,[c] Dai-Zheng Liao,[a] Shi-Ping Yan,[a] and
Zong-Hui Jiang[a]


Introduction


In recent years, increasing interest has been paid to self-as-
sembled supramolecular compounds because of their ex-
ploitable properties such as magnetism, catalysis, molecular


sensors, and so on.[1] The artificial construction of transition-
metal–lanthanide supramolecular complexes is expected to
generate new functional materials due to their optical and
magnetic properties. Although a number of structures con-
taining 3d/4f metals solely or 3d–4f discrete complexes has
been successfully designed and synthesized, the assembly of
extended structures of 3d–4f heteronuclear coordination
polymers is still a challenge and of current interest for
chemists.[2,3]


The coordination chemistry of the 3d metal vanadium is
of interest for applications in the areas of biochemistry,
medicine, and catalysis.[4] To the best of our knowledge, re-
ported X-ray structure determinations of vanadium com-
pounds have focused mainly on polyoxovanadates, polyoxo-
vanadate/metal–ligand systems, and mono- or binuclear va-
nadium complexes,[5] while multidimensional oxovanadium–
lanthanide coordination polymers remain elusive.[6] There
are various synthetic strategies for the construction of di-
verse complexes and coordination polymers; for example:
choosing appropriate polycarboxylic acids as structure-di-


Abstract: A new series of oxovanadi-
um(iv)–lanthanide(iii) heteronuclear
complexes [Yb(H2O)8]2[(VO)2-
(TTHA)]3·21H2O (1), {[Ho(H2O)7-
(VO)2(TTHA)][(VO)2(TTHA)]0.5}·
8.5H2O (2), {[Gd(H2O)7(VO)2-
(TTHA)][(VO)2(TTHA)]0.5}·8.5H2O
(3), {[Eu(H2O)7][(VO)2(TTHA)]1.5}·
10.5H2O (4), and [Pr2(H2O)6(SO4)2]-
[(VO)2(TTHA)] (5) (H6TTHA= tri-
ethylenetetraaminehexaacetic acid)
were prepared by using the bulky flexi-
ble organic acid H6TTHA as structure-
directing agent. X-ray crystallographic
studies reveal that they contain the
same [(VO)2(TTHA)]2� unit as build-
ing block, but the Ln3+ ion lies in dif-


ferent coordination environments. Al-
though the lanthanide ions always ex-
hibit similar chemical behavior, the
structures of the complexes are not ho-
mologous. Compound 1 is composed of
a [Yb(H2O)8]


3+ ion and a [(VO)2-
(TTHA)]2� ion. Compounds 2 and 3
are isomorphous; both contain a trinu-
clear [Ln(H2O)7(VO)2(TTHA)]+ (Ln=
Ho for 2 and Gd for 3) ion and a
[(VO)2(TTHA)]2� ion. Compound 4 is
an extended one-dimensional chain, in


which each Eu3+ ion links two [(VO)2-
(TTHA)]2� ions. For 5, the structure is
further assembled into a three-dimen-
sional network with an interesting
framework topology comprising V2Pr2
and V4Pr2 heterometallic lattices.
Moreover, 4 and 5 are the first oxova-
nadium(iv)–lanthanide(iii) coordination
polymers and thus enlarge the realm of
3d–4f complexes. The IR, UV/Vis, and
EPR spectra and the magnetic proper-
ties of the heterometallic complexes
were studied. Notably, 2 shows unusual
ferromagnetic interactions between the
VO2+ and Ho3+ ions.
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properties · N,O ligands · vanadium
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recting agents, adjusting the pH of the reacting system, alter-
ing the reaction temperature and pressure, controlling the
molar ratio of the raw materials, and changing the atomic
size of the metal ions.[7] The lanthanide ions can modulate
the structures of some complexes with flexible ligands due
to the decreasing atomic size with increasing atomic
number, but this phenomenon was not observed for 3d–4f
mixed complexes or coordination polymers.[7] We have syn-
thesized a new series of heteronuclear oxovanadium–lantha-
nide complexes 1–5 (H6TTHA= triethylenetetraaminehexa-
acetic acid). To the best of our knowledge, the structure of
the complexes formed by H6TTHA and lanthanide ions had
not been studied by X-ray diffraction until 1997.[8] Hetero-
nuclear complexes or coordination polymers formed with
this ligand remain elusive.


½YbðH2OÞ8�2½ðVOÞ2ðTTHAÞ�3 � 21H2O 1


f½HoðH2OÞ7ðVOÞ2ðTTHAÞ�½ðVOÞ2ðTTHAÞ�0:5g � 8:5H2O 2


f½GdðH2OÞ7ðVOÞ2ðTTHAÞ�½ðVOÞ2ðTTHAÞ�0:5g � 8:5H2O 3


f½EuðH2OÞ7�½ðVOÞ2ðTTHAÞ�1:5g � 10:5H2O 4


½Pr2ðH2OÞ6ðSO4Þ2�½ðVOÞ2ðTTHAÞ� 5


X-ray crystallographic studies revealed that dimensional
variation of oxovanadium(iv)–lanthanide(iii) polymers can
be realized by exploiting the lanthanide contraction: 1 is an
ion-pair complex containing two [Yb(H2O)8]


3+ ions and
three [(VO)2(TTHA)]2� ions per structural formula. In 2
and 3, lanthanide ions coordinated by seven water molecules
are connected to the binuclear [(VO)2(TTHA)]2� unit


through one carboxylic oxygen atom to give a trinuclear
cluster. Interestingly, the Eu3+ ion is nine-coordinate in 4
with seven water ligands and two bridging oxygen atoms
from two [(VO)2(TTHA)]2� ions, which result in a one-di-
mensional chain. In 5 the structure is further assembled into
a hybrid three-dimensional network with carboxylate and
sulfate bridges, in which an interesting framework topology
composed of heterometallic V2Pr2 and V4Pr2 lattices is ob-
served for the first time. With increasing lanthanide atomic
radius, the structures of 1–5 varied from discrete clusters to
three-dimensional networks. At the same time, the lantha-
nide coordination number increases from eight (Yb, Ho,
Gd) to nine (Eu, Pr), and the Ln�O and V···Ln distances in-
crease correspondingly as a result of the lanthanide contrac-
tion. The few previous reports on adjusting atomic size for
structure modulation are concerned with lanthanide-con-
taining polymers,[7b–d] and as far as we know this is the first
example of tuning the structures of 3d–4f complexes by
means of the lanthanide-contraction effect.


Results and Discussion


Crystallography : Single-crystal XRD analyses were per-
formed on selected crystals of complexes 1–5 (Table 1). Se-
lected bond lengths and angles are listed in Table 2. In poly-
oxovanadate/metal–ligand systems, organic amines are com-
monly used as structure-directing agents that act as 1) a
charge-compensating and space-filling constituent, 2) a
ligand that coordinates to secondary metal sites, and 3) a
ligand that directly coordinates to the vanadium skeleton.[5,9]


Here the organic acid H6TTHA was first used as a struc-


Table 1. Crystal data and structure refinement for 1–5.


1 2 3 4 5


formula C54H146N12O79V6Yb2 C27H67HoN6O36.5V3 C27H67GdN6O36.5V3 C27H71EuN6O38.5V3 C18H36N4O28Pr2S2V2


Mr 2879.55 1377.62 1369.94 1400.68 1204.33
crystal system monoclinic triclinic triclinic monoclinic triclinic
space group P2(1)/n P1̄ P1̄ C2/c P1̄
crystal size [mm] 0.20O0.20O0.16 0.18O0.14O0.10 0.18O0.14O0.10 0.35O0.32O0.24 0.06O0.08O0.12
a [P] 13.323(4) 10.381(3) 10.395(3) 19.895(7) 6.554(2)
b [P] 19.741(6) 13.678(4) 13.710(4) 20.127(7) 11.857(4)
c [P] 21.257(6) 18.954(6) 19.028(6) 26.815(10) 11.933(4)
a [8] 90 83.076(5) 82.935(5) 90 75.523(6)
b [8] 97.326(5) 78.309(5) 78.146(5) 99.000(7) 89.970(7)
g [8] 90 71.016(4) 71.098(5) 90 75.043(7)
V [P3] 5545(3) 2487.8(13) 2506.2(13) 10606(7) 865.4(5)
Z 2 2 2 8 1
1calcd [Mgm�3] 1.725 1.839 1.815 1.754 2.311
absorption coefficient [mm�1] 2.269 2.231 1.960 1.790 3.522
2qmax [8] 52.80 52.84 52.86 52.94 50.06
limiting indices �16	h	14


�24	k	24
�26	 l	23


�12	h	12
�16	k	17
�23	 l	19


�13	h	8
�17	k	12
�23	 l	22


�24	h	11
�24	k	25
�33	 l	33


�7	h	7
�14	k	10
�13	 l	14


reflections
collected/unique


31575/11321
[R(int)=0.0423]


14400/10066
[R(int)=0.0298]


14469/10135
[R(int)=0.0338]


30241/10863
[R(int)=0.0914]


3620/3047
[R(int)=0.0393]


data/restraints/parameters 11321/36/721 10066/36/687 10135/24/677 10863/60/709 3047/0/250
GOF on F2 1.060 1.055 1.029 1.049 0.961
R1, wR2 [I>2s(I)] 0.0417, 0.1050 0.0390, 0.0893 0.0462, 0.0945 0.0661, 0.1674 0.0471, 0.0895
R1, wR2 (all data) 0.0738, 0.1230 0.0585, 0.1063 0.0786, 0.1157 0.1333, 0.1966 0.0826, 0.1030
largest diff. peak/hole [eP�3] 0.901/�0.608 1.336/�0.930 1.350/�1.050 0.977/�0.702 1.102/�1.050
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ture-directing agent to produce a novel oxovanadium–lan-
thanide system containing the [(VO)2(TTHA)]2� unit. In
complex 1, for instance, V1(V2) has a distorted octahedral
coordination geometry with three oxygen atoms (V�O
1.992(4)–2.015(4) P) and one nitrogen atom (V1�N2
2.164(4) P) from the TTHA ion in the equatorial plane
(Figure 1). The terminal oxo atom O1 and N1 occupy the
axial positions and form an O1-V1-N1 angle of 171.44(19)8.
The V1 atom is displaced from the mean equatorial plane
toward the vanadyl oxygen atom by 0.382(3) P. The V�N


distances are clearly in the range observed for a formal V�
N single bond,[10] of which the V1�N1 bond length
(2.284(4) P) is modestly elongated due to the trans-labilizing
influence of the terminal oxo group, as observed in other
oxovanadium complexes.[11] In the binuclear [(VO)2-
(TTHA)]2� core, the V=O bonds are cis to the bridge but
trans to each other. The two terminal V=O bond lengths of
1.596(4) and 1.600(4) P are almost identical to the reported
mean value of 1.600(1) P.[12] The V1···V2 distance is
7.479(7) P.


Table 2. Selected bond lengths [P] and angles [8] for 1–5.[a]


Complex 1


Yb1�O22 2.269(4) Yb1�O25 2.274(4) Yb1�O23 2.358(4) Yb1�O29 2.272(4) Yb1�O26 2.302(4)
Yb1�O28 2.368(4) Yb1�O27 2.374(4) Yb1�O24 2.381(4) V1�N1 2.284(4) V1�O1 1.596(4)
V1�O4 1.992(4) V1�O6 2.015(4) V1�O8 1.994(4) V1�N2 2.164(4)
O22-Yb1-O29 102.42(19) O22-Yb1-O25 144.41(16) O29-Yb1-O25 88.32(15) O22-Yb1-O26 93.22(19) O29-Yb1-O26 146.69(15)
O25-Yb1-O26 95.87(15) O22-Yb1-O23 74.73(17) O23-Yb1-O27 135.13(15) O28-Yb1-O27 71.48(13) O22-Yb1-O24 76.56(17)
O29-Yb1-O24 140.19(14) O4-V1-O8 87.92(16) O1-V1-O4 104.70(18) O1-V1-O8 103.09(19) O1-V1-O6 95.04(18)
O4-V1-O6 94.83(16) O8-V1-O6 160.34(15) O1-V1-N2 100.58(18) O4-V1-N2 154.03(15) O8-V1-N2 80.62(15)


Complex 2


Ho1�O5 2.304(4) Ho1�O28 2.318(4) Ho1�O27 2.333(4) Ho1�O25 2.356(3) Ho1�O23 2.359(3)
Ho1�O24 2.359(3) Ho1�O26 2.397(4) Ho1�O22 2.410(4) V1�O1 1.609(4) V1�O8 1.978(4)
V1�O6 1.996(4) V1�O4 2.027(4) V1�N2 2.166(4) V1�N1 2.294(4)
O5-Ho1-O28 86.40(14) O5-Ho1-O27 71.96(15) O28-Ho1-O27 85.93(16) O5-Ho1-O25 117.44(14) O28-Ho1-O25 141.23(13)
O27-Ho1-O25 74.60(15) O5-Ho1-O23 71.22(13) O28-Ho1-O23 145.71(13) O27-Ho1-O23 110.11(15) O25-Ho1-O23 73.06(12)
O5-Ho1-O24 140.84(14) O28-Ho1-O24 104.89(14) O27-Ho1-O24 144.76(14) O25-Ho1-O24 76.49(13) O8-V1-O6 87.47(16)
O1-V1-O8 102.88(19) O1-V1-O6 105.11(18) O1-V1-O4 96.14(18) O8-V1-O4 159.69(15) O6-V1-O4 94.46(15)
O1-V1-N2 100.26(18) O8-V1-N2 80.37(15) O6-V1-N2 153.75(16) O8-V1-N1 84.39(15) O4-V1-N2 89.38(15)
O1-V1-N1 172.72(18) O6-V1-N1 75.43(14) O4-V1-N1 76.59(14) N2-V1-N1 80.27(15)


Complex 3


Gd1�O28 2.373(4) Gd1�O27 2.379(5) Gd1�O25 2.394(4) Gd1�O23 2.399(4) Gd1�O26 2.434(4)
Gd1�O22 2.454(4) Gd1�O24 2.408(4) V1�O1 1.612(4) V1�O8 1.978(4) V1�O6 1.992(4)
V1�O4 2.022(4) V1�N2 2.175(5) V1�N1 2.294(5)
O5-Gd1-O28 86.86(16) O5-Gd1-O27 71.96(16) O28-Gd1-O27 85.88(18) O27-Gd1-O25 74.59(16) O5-Gd1-O25 117.18(15)
O28-Gd1-O25 141.04(14) O27-Gd1-O23 110.22(17) O5-Gd1-O23 70.97(15) O28-Gd1-O23 145.80(15) O28-Gd1-O24 105.02(15)
O25-Gd1-O23 73.16(14) O5-Gd1-O24 140.44(15) O23-Gd1-O24 79.35(14) O27-Gd1-O24 144.98(15) O25-Gd1-O24 76.53(14)
O1-V1-O8 103.1(2) O5-Gd1-O26 143.38(15) O8-V1-O6 87.62(18) O8-V1-O4 159.36(17) O1-V1-O6 105.3(2)
O1-V1-O4 96.2(2) O8-V1-N2 80.38(17) O6-V1-O4 94.40(17) O1-V1-N2 100.4(2) O6-V1-N2 153.50(18)
O4-V1-N2 89.04(17)


Complex 4


Eu1�O4 2.373(6) Eu1�O23 2.392(6) Eu1�O16 2.405(6) Eu1�O25 2.409(6) Eu1�O27 2.413(7)
Eu1�O28 2.451(6) Eu1�O26 2.456(7) Eu1�O24 2.518(7) Eu1�O22 2.728(10) V1�O1 1.593(6)
V1�O8 1.966(6) V1�O6 2.002(6) V1�O5 2.024(6) V1�N2 2.165(6) V1�N1 2.295(6)
O4-Eu1-O23 80.7(3) O4-Eu1-O16 78.8(2) O23-Eu1-O16 130.3(2) O4-Eu1-O25 76.0(2) O23-Eu1-O25 140.3(2)
O16-Eu1-O25 75.8(2) O4-Eu1-O27 132.9(3) O23-Eu1-O27 76.7(3) O16-Eu1-O27 85.3(3) O25-Eu1-O27 141.6(2)
O4-Eu1-O28 141.4(2) O23-Eu1-O28 137.9(2) O16-Eu1-O28 74.0(2) O25-Eu1-O28 71.2(2) O27-Eu1-O28 71.5(2)
O1-V1-O8 103.5(3) O1-V1-O6 104.4(3) O8-V1-O6 87.1(3) O1-V1-O5 96.3(3) O8-V1-O5 159.6(3)
O6-V1-O5 92.9(2) N2-V1-N1 80.2(2) O1-V1-N1 172.9(3) O6-V1-N1 75.1(2) O5-V1-N2 90.1(2)
O8-V1-N1 83.6(3) O5-V1-N1 76.7(2)


Complex 5


Pr1�O4#1 2.414(6) Pr1�O10#2 2.469(6) Pr1�O6 2.503(6) Pr1�O14 2.508(5) Pr1�O2#3 2.514(7)
Pr1�O9 2.534(6) Pr1�O12 2.534(6) Pr1�O8 2.581(6) Pr1�O13 2.597(5) Pr1�S1 3.171(2)
V1�O5 1.979(6) V1�O1 2.021(6) V1�O7 1.587(6) V1�N2 2.151(7) V1�N1 2.325(8)
V1�O(3) 2.024(6)
O4#1-Pr1-O6 72.3(2) O10#2-Pr1-O6 73.7(2) O4#1-Pr1-O14 142.60(19) O10#2-Pr1-O14 82.02(19) O6-Pr1-O14 136.54(19)
O4#1-Pr1-O2#3 73.4(2) O10#2-Pr1-O2#3 72.3(2) O6-Pr1-O2#3 132.2(2) O14-Pr1-O2#3 69.19(19) O4#1-Pr1-O9 129.5(2)
O10#2-Pr1-O9 142.3(2) O6-Pr1-O9 106.2(2) O9-Pr1-S1 27.64(14) O12-Pr1-S1 84.73(15) O8-Pr1-S1 27.27(13)
O13-Pr1-S1 65.36(12) O7-V1-O1 98.2(3) O5-V1-O1 158.0(3) O7-V1-O5 103.9(3) O7-V1-O3 105.4(3)
O5-V1-O3 84.6(2) O1-V1-O3 90.0(3) O7-V1-N2 101.6(3) O5-V1-N2 81.2(3)


[a] Symmetry codes: #1: �x+1,�y+1,�z+1; #2: x+1,y,z ; #3: x,y+1,z.
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Complex 1 crystallizes in the monoclinic system, space
group P2(1)/n, and is composed of a [Yb(H2O)8]


3+ ion and
a [(VO)2(TTHA)]2� ion (Figure 1). The YbIII atom has a
square-antiprismatic coordination geometry formed by eight
oxygen atoms from water molecules with an average Yb�O
bond length of 2.324(4) P. The shortest Yb···V distance is
15.885(6) P.


Complex 2 crystallizes in the triclinic system, space group
P1̄, and consists of a trinuclear [Ho(H2O)7(VO)2(TTHA)]+


ion and a binuclear [(VO)2(TTHA)]2� ion (Figure 2). The
terminal V=O bond lengths vary from 1.605(4) to
1.615(3) P and compare well with the average value of
1.600(1) P.[12] The Ho3+ ion lies in a square-antiprismatic
coordination geometry with O5 of the C1O4O5 group bridg-


ing to the V1 ion, and seven coordinated water molecules
complete the coordination sphere with an average Ho�O
bond length of 2.354(4) P. The V1···Ho1 distance is
6.068(3) P. Complex 3 is isomorphous to complex 2 except
that the Ho atom is replaced by a Gd atom (Figure 3). The
larger atomic radius leads to larger average Gd�O bond
length (2.397(4) P) and V1···Gd1 distance (6.099(4) P).


Complex 4 is a 1D zigzag chain composed of [(VO)2-
(TTHA)] building blocks connected by Eu ions (Figure 4).
It crystallizes in the monoclinic system, space group C2/c.
The vanadium ion is 0.398(2) P from the equatorial plane
with respect to the terminal oxo group (V=O 1.593(6) P).
Two oxygen atoms from carboxyl groups and seven coordi-


nated water molecules com-
plete the coordination sphere of
the Eu ion, which conforms
most closely to a tricapped
trigonal prism. The average
Eu�O bond length is
2.460(6) P. The TTHA ion
joins two V centers (V1-N2-C9-
C10-N3-V2; V1···V2
7.477(5) P), and the O4C1O5
carboxyl group acts as a m1,3


bridge connecting the V and Eu
centers at a distance of
6.364(7) P.


Complex 5 crystallizes in the
triclinic system, space group P1̄,
and forms a 3D framework con-
taining nine-coordinate Pr3+


centers and six-coordinate V4+


centers. The Pr atom is coordi-


Figure 1. ORTEP plot of [Yb(H2O)8]
3+ ion and [(VO)2(TTHA)]2� ion in


1; H atoms and lattice water molecules are omitted for clarity.


Figure 2. ORTEP plot of {[(VO)2(TTHA)Ho(H2O)7][(VO)2(TTHA)]0.5}·8.5H2O (2); H atoms and lattice water
molecules are omitted for clarity.


Figure 3. ORTEP plot of [(VO)2(TTHA)Gd(H2O)7]
+ in 3 ; H atoms and


lattice water molecules are omitted for clarity.
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nated by three carboxylic oxygen atoms from TTHA ions,
three oxygen atoms from SO4


2� ions, and three water mole-
cules. The coordination geometry around the V4+ center is a
pseudo-octahedron, in which N1 occupies the trans position
with respect to the terminal oxo group. The O1, O3, O5, N2
atoms constitute the equatorial plane. The terminal oxo
group is anti and the vanadium ion is 0.381(6) P from the
equatorial plane with respect to the terminal oxo group. The
vanadyl bond length of 1.587(6) P compares well with the
average value of 1.600(1) P.[12] The Pr and V centers are al-
ternately arrayed and linked by carboxyl groups to construct
a heterometallic square lattice V2Pr2 with dimensions of
6.377O6.389 P (Figure 5a). This lattice composed of 3d and
4f metals, which is extremely rare, assembles into an infinite
1D molecular ladder. The ladders are further linked into 2D
layers in the bc plane through V�NCCN�V bridges (V�N
2.151(7)–2.325(8) P) with a V···V distance of 7.540(4) P to
form six-metal V4Pr2 rings (Figure 5a,b). Moreover, along
the a axis the 2D layers are connected to each other through
sulfate bridges with a Pr1�O(SO4


2�) bond length of
2.534(6) P and a Pr2�O(SO4


2�) bond length of 2.469(6) P
to form a novel 3D framework (Figure 6). The Pr1···Pr2 dis-
tance across the sulfate bridge and the Pr1···S1 distance are
6.554(8) and 3.171(2) P, respectively.[13]


The effect of lanthanide contraction may play an impor-
tant role in the formation of the structures of the complexes.
The lanthanide series can be divided into three groups ac-
cording to mass: the lighter La–Pm (Group 1), the inter-
mediate Sm–Dy (Group 2), and the heavier Ho–Lu
(Group 3). While Group 3 element Yb (1) forms an ion-pair
complex and Ho and Gd (2 and 3) form trinulear structures,
the Group 2 element Eu (4) gives rise to a one-dimensional
chain. However, for Group 1 element Pr (5), a three-dimen-
sional network is formed. The structural differences are re-
lated to the coordination number of the Ln3+ centers, which
increases from eight to nine for complexes 1 to 5. The aver-
age bridging Ln�O bond lengths and V···Ln distance in-
crease correspondingly for complexes 1–5 (Table 3). All
these regular changes result from the decreasing size of
these ions.[14]


However, not all structures of 3d–4f complexes show the
obvious effect of lanthanide contraction on the structure.
Our previous studies on Mn6Ln6 coordination polymers gave
a series of isomorphous 3d–4f complexes.[2] Because the re-
action conditions are similar, the flexibility of the ligand


may have a strong influence on the variation of the structure
dimensionality. H6TTHA is a large flexible ligand with four
nitrogen atoms and twelve oxygen atoms that can coordi-
nate to metal ions, and nine C�C bonds and twelve C�N


Figure 4. 1D chain of {[Eu(H2O)7][(VO)2(TTHA)]1.5}·10.5H2O (4); H atoms and lattice water molecules are omitted for clarity.


Figure 5. a) V2Pr2 and V4Pr2 heterometallic lattice of [Pr2(H2O)6(SO4)2]
[(VO)2(TTHA)] (5). b) The 3D framework of complex 5 ; V: black; Pr:
gray; thin black lines: carboxyl bridges; dashed lines: -NCCN- bridges;
thick black lines: sulfate bridges.
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bonds can rotate freely around
the bond axis. Thus the mole-
cule can easily change its struc-
ture to acclimatize itself to the
metal ion and form a minimal-
energy state. The Mn6Ln6 coor-
dination polymers were assem-
bled with pyridine-2,6-dicarbox-


ylic acid (H2dipic). The greater rigidity of H2dipic leads to
an isostructural series, whereas the flexible H6TTHA can be
influenced by external factors, such as metal-ion radius, to
form various dimensional complexes.


IR and UV/Vis spectroscopy : The FTIR spectra of 1–5 are
similar. All the spectra exhibit a broad band (2900–
3700 cm�1), mainly due to n(H2O) centered at about
3430 cm�1. For complex 1, a very strong band appears at
1636 cm�1 due to the antisymmetric stretching of carboxyl
groups, and the symmetrical carboxyl stretching band ap-


pears at 1385 cm�1. The difference between nas and ns of
252 cm�1 is larger than 200 cm�1. This indicates monochela-
tion of the carboxyl group to the metal ion, which is in
accord with the X-ray crystal analysis.[15] Another strong
band at 971 cm�1 is attributed to n(V=O) stretching.[16] De-
tailed bands for all complexes are listed in Table 4.


The UV/Vis spectra of complexes 1–4 were measured in
DMSO solution at a concentration of 10�3


m. The absorption
spectrum of 3D complex 5 was not recorded due to its ex-
tremely low solubility. All complexes exhibit very strong
peaks at about 260 nm, which are assignable to charge-trans-
fer transitions in the oxovandium(ii) chromophores. Two rel-
atively stronger peaks centered at about 590, 784 nm and a


weak shoulder peak around
739 nm were observed that can
be attributed to d–d transitions
of VIV in an environment close
to distorted octahedral. The
peaks are red-shifted (by ca.
+70 nm) compared to the di-
nuclear VO–Ln complexes re-
ported by Okawa et al.[16] The
hypersensitive transition bands
of the lanthanide ions were not
observed.[17] The detailed data
are listed in Table 4.


The fluorescence spectrum of complex 4 was also mea-
sured in DMSO solution at a concentration of 10�3


m. The
excitation wavenumber was selected as the maximum of the
absorption spectra at 590 and 784 nm, but no emission spec-
tra were observed. This result indicates that the fluorescence
of EuIII may be effectively quenched by energy loss from the
excited EuIII to the VIV center as intramolecular energy
transfer.[16]


Magnetic measurements : Continuous interest has been de-
voted to the magnetic properties of complexes containing
both d and f ions.[18] Since the electronic confirmation of VIV


is d1, the V–Ln complexes constitute an interesting family
for the study of exchange coupling. Magnetic measurements
on 2–5 showed interesting behavior in the temperature
range of 2–300 K. The cMT value of 8.14 cm3Kmol�1 of 2 at
300 K is higher than the theoretical value of
7.79 cm3Kmol�1 for 1.5 isolated V4+ and 0.5Ho3+ in the 5I8
ground state (g=5/4).[19] As the sample is cooled, the cMT
value slowly increases and reaches a maximum of
9.84 cm3Kmol�1 at 20 K, and further decreases quickly to


Figure 6. Sulfate bridges in complex 5. H and part of the C atoms are
omitted for clarity.


Table 3. Main structural parameters for 1–5.


1 2 3 4 5


lanthanide ion Yb Ho Gd Eu Pr
group by mass 1 1 1 2 3
ionic radius [pm][14] 85.8 89.4 93.8 95.0 101.3
coordination number 8 8 8 9 9
structure dimensionality ion pair trinuclear trinuclear one-dimensional three-dimensional
V···V [P] 7.479(7) 7.459(8) 7.475(6) 7.477(5) 7.540(8)
Ln�Oav [P] 2.324(4) 2.354(4) 2.397(4) 2.460(6) 2.517(1)
Ln···V [P] 15.885(6) 6.068(3) 6.099(4) 6.364(7) 6.377(7)


Table 4. Primary IR bands and absorption spectra in DMSO Solution of 1–5.


IR [cm�1] UV/Vis [nm]
n(H2O) nas(COO) ns(COO) n(V=O) p–p* dxy!dz2 dxy!dx2�y2 dxy!dyz,dzx


1 3442 1636 1385 972 261 591 739(sh) 784
2 3424 1634 1373 970 260 591 740 (sh) 786
3 3423 1636 1372 971 262 592 739 (sh) 786
4 3425 1632 1371 973 262 591 737 (sh) 784
5 3421 1628 1385 983
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4.10 cm3Kmol�1 at 2 K, which indicates the presence of fer-
romagnetic interaction in 2 (Figure 7). The c�1


M verus T plots
are almost linear with C=8.15 emuKmol�1 and q=4.79 K,
which confirms the ferromagnetic interactions in 2. Remark-
ably, this is the first report of a ferromagnetically coupled


V–Ln complex. For 4, the cMT value decreases steadily to
1.06 cm3Kmol�1 on cooling to 10 K, then decreases dramati-
cally to 0.93 cm3Kmol�1 at 2 K. Eu3+ has six unpaired elec-
trons and J=L�S=0.[19] The energy levels of the J=0 and
J=1 states are very close to each other; therefore, the excit-
ed state can easily be achieved by an external magnetic
field. The cMT value of 4 at room temperature is
1.78 cm3Kmol�1, which is higher than 1.13 cm3Kmol�1 for
three isolated V4+ ions. This may be due to the contribution
from Eu3+ caused by a second-order mixture between the
ground state and the excited state. For 5, the cMT value of
3.78 cm3Kmol�1 at 300 K is lower than the theoretical value
of 3.95 cm3Kmol�1 expected for two isolated V4+ and two
Pr3+ in the 3H4 ground state (g=4/5).[20] With decreasing
temperature, cMT decreases gradually, then drops rapidly in
the lower temperature region to 0.91 cm3Kmol�1 at 2 K.
The nature of the magnetic coupling between adjacent V
and Ln ions in 4 and 5 could not be interpreted exactly due
to the existence of strong spin–orbit coupling for lanthanide
atoms.


The magnetic susceptibility of 3 was measured in a field
of 1000 Oe. The cMT value at 300 K of 9.57 cm3Kmol�1 is
close to the theoretical value of 9.0 cm3Kmol�1 for one free
Gd3+ and three V4+ ions. When the temperature decreases
to 30 K the cMT value remains constant, then decreases rap-
idly on further cooling, possibly due to antiferromagnetic in-
teractions between Gd3+ and V4+ and/or zero-field splitting
(Figure 8). The cM


�1 versus T plots are almost linear with
C=9.57 emuKmol�1 and q=�0.21 K. Since Gd3+ , with a
8S7/2 singlet ground state, does not possess a first-order orbi-
tal moment, its magnetic properties are amenable to a
rather simple analysis based on a spin-only Hamiltonian.


Compared with the carboxyl group between the VO2+ and
Gd3+ , the bridging atom group -N-C-C-N- between two
VO2+ ions is not an effective pathway for transferring the
magnetic interaction, so the total magnetic susceptibility cM
is given by the sum of the contributions from one half of bi-
nuclear anion [(VO)2(TTHA)]2� and trinuclear cation
[(VO)2(TTHA)Gd(H2O)7]


+ (composed of mononuclear V
and binuclear VGd): cM=cVGd+cV+0.5cBi, where cVGd is
given by the expression based on the spin Hamiltonian H=


�JSGd·SV with the quantum numbers SGd=7/2 and SV=1/2
[Eq. (1)][6b] .


cM ¼ 4Ng2b2


kT
� 7þ 15 expð�4J=kTÞ
7þ 9 expð�4J=kTÞ þ 2cV ð1Þ


Least-squares fitting of the experimental data leads to J=
�0.21 cm�1, g=1.99, and the agreement factor R, defined as
R=�(cobsd�ccalcd)


2/(cobsd)
2, is 3.8O10�5. The result indicates


very weak antiferromagnetic interaction between Gd3+ and
V4+ ions, which may result in the decrease in cMT at low
temperature.


EPR spectra: Since the vanadium(iv) ion has a simple S=1/2
electronic spin, and 51V has a high natural abundance and
an I=7/2 nuclear spin, the vanadyl ion can be used to assess
the bonding of ligands to the divalent complex ion. Howev-
er, no systematic EPR investigation of V–Ln systems has
been carried out. The X-band EPR powder spectra of 1–5
recorded at both room temperature and 77 K show broad
bands centered at about g=1.98, except for that of 3, which
is centered at about g=2.06, and the hyperfine pattern can
not be resolved. In frozen DMF solution at 77 K, unusual
hyperfine structures were observed which are clearly differ-
ent from those of mononuclear octahedral VO2+ com-
plexes.[21] Figure 9 shows the EPR spectrum of 5 with hAi=
68 G and hgi=1.98. Consulting the crystal structures we find
that the interaction between vanadium atoms via the
-NCCN- bridge is comparatively weak, and the hyperfine


Figure 7. Plots of cMT versus T for 2, 4, and 5.


Figure 8. Plots of cMT versus T for 3. Inset: Fitting to the Curie–Weiss
law.
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structure may be due to the magnetic spin-exchange interac-
tion between the V4+ and Ln3+ ions. The superhyperfine
structure of nitrogen atoms is also found with an average A
value of 16 G.


Conclusion


We have synthesized a new class of 3d–4f complexes. To the
best of our knowledge, 4 and 5 are the first VIV–LnIII coordi-
nation polymers. The structures vary from trinuclear to 3D
with increase of the lanthanide coordination number from
eight (Yb, Ho, Gd) to nine (Eu, Pr), and the Ln···O, and the
V···Ln distance increases correspondingly as a result of the
lanthanide contraction. Notably, 5 has an unprecedented 3D
framework. The magnetic behavior of these systems de-
serves further investigation owing to the need for insights
into the fundamental nature of vanadium–lanthanide com-
plexes, to understand the chemistry of such compounds al-
ready in use and tailor similar compounds for future appli-
cations. Moreover, the successful synthesis of such systems
provides an interesting example of using an organic acid as
structure-directing agent to construct new oxovanadium(iv)
compounds. Given the large variety of bulky organic acids
that can be used in this synthetic procedure, and the range
of lanthanide elements observed in 3d–4f systems, the scope
for further synthesis of other novel oxovanadium(iv)–
lanthanide(iii) complexes appears to great.


Experimental Section


General remarks : Elemental analyses for C, H, and N were obtained at
the Institute of Elemental Organic Chemistry, Nankai University. The
FTIR spectra were measured with a Bruker Tensor 27 Spectrometer on
KBr disks, and the UV/Vis spectra on a JASCO V-570 Spectrophotome-
ter. The fluorescence spectrum was measured on a Varian Cary Eclipse
Fluorescence spectrophotometer. Variable-temperature magnetic suscep-
tibilities were measured on a Quantum Design MPMS-7 SQUID magne-


tometer. Diamagnetic corrections were made with PascalUs constants for
all constituent atoms. The EPR spectra were measured on a BRUKER
EMX-6/1 EPR spectrometer.


[Yb(H2O)8]2[(VO)2(TTHA)]3·21H2O (1): A mixture of H6TTHA
(0.247 g), VOSO4·3H2O (0.109 g), Yb2O3 (0.197 g), and H2O (10 mL) was
placed in a 20 mL acid digestion bomb and heated at 150 8C for three
days. The product (66% yield based on V) was collected after washing
with water (2O5 mL) and diethyl ether (2O5 mL). Elemental analysis
calcd (%) for C54H146N12O79V6Yb2: C 22.52, H 5.11, N 5.84; found: C
22.87, H 5.29, N 5.41.


{[Ho(H2O)7(VO)2(TTHA)][(VO)2(TTHA)]0.5}·8.5H2O (2): A mixture of
H6TTHA (0.247 g), VOSO4·3H2O (0.218 g), Ho2O3 (0.378 g), and H2O
(10 mL) was placed in a 20 mL acid digestion bomb and heated at 150 8C
for three days. The product (55% yield based on V) was collected after
washing with water (2O5 mL) and diethyl ether (2O5 mL). Elemental
analysis calcd (%) for C27H67HoN6O36.5V3: C 23.54, H 4.90, N 6.10;
found: C 23.11, H 4.62, N 5.97.


{[Gd(H2O)7(VO)2(TTHA)][(VO)2(TTHA)]0.5}·8.5H2O (3): An aqueous
solution of H6TTHA (25 mL, 0.494 g), VOSO4·3H2O (0.218 g), and
Gd2O3 (0.363 g) was refluxed for 5 h while stirring, then filtered. Crystals
were grown by slow evaporation in ethanol atmosphere. Yield: 45%
based on V. Elemental analysis calcd (%) for C27H67GdN6O36.5V3: C
23.67, H 4.93, N 6.13; found: C 23.89, H 4.48, N 6.41.


{[Eu(H2O)7][(VO)2(TTHA)]1.5}·10.5H2O (4): A mixture of H6TTHA
(0.247 g), VOSO4·3H2O (0.109 g), Eu2O3 (0.176 g), and H2O (10 mL) was
placed in a 20 mL acid digestion bomb and heated at 150 8C for three
days. The product (70% yield based on V) was collected after washing
with water (2O5 mL) and diethyl ether (2O5 mL). Elemental analysis
calcd (%) for C27H71EuN6O38.5V3: C 23.15, H 5.11, N 6.00; found: C
22.91, H 4.77, N 6.15.


[Pr2(H2O)6(SO4)2][(VO)2(TTHA)] (5): A mixture of H6TTHA (0.247 g),
VOSO4·3H2O (0.109 g), Pr(ClO4)3·6H2O, (0.547 g) and H2O (10 mL) was
placed in a 20 mL acid digestion bomb and heated at 150 8C for three
days. The product (60% yield based on V) was collected after washing
with water (2O5 mL) and diethyl ether (2O5 mL). Elemental analysis
calcd (%) for C18H36N4O28Pr2S2V2: C 17.96, H 3.01, N 4.65; found: C
17.72, H 3.55, N 4.81.


Crystallographic studies : Crystals of 1–5 were mounted on glass fibers.
Determination of the unit cell and data collection were performed with
MoKa radiation (l=0.71073 P) on a BRUKER SMART 1000 diffractom-
eter equipped with a CCD camera. The w�f scan technique was em-
ployed. Crystal parameters and structure refinements for 1–5 are sum-
marized in Table 1. Selected bond lengths and angles are listed in
Table 2.


The structures were solved primarily by direct methods and secondly by
Fourier difference techniques and refined by the full-matrix least-squares
method. The computations were performed with the SHELXL-97 pro-
gram.[22,23] All non-hydrogen atoms were refined anisotropically. The hy-
drogen atoms were set in calculated positions and refined as riding atoms
with a common fixed isotropic thermal parameter.


CCDC-2244535 (1), CCDC-227934 (2), CCDC-255621 (3), CCDC-227933
(4), CCDC-227932 (5) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Oxidation States and CO Ligand Exchange Kinetics in a Self-Assembled
Monolayer of a Triruthenium Cluster Studied by In Situ Infrared
Spectroscopy


Wei Zhou,[a, b] Shen Ye,*[a, b] Masaaki Abe,[c] Takuma Nishida,[a, b] Kohei Uosaki,*[c]


Masatoshi Osawa,[a, b] and Yoichi Sasaki*[c]


Introduction


Recent progress made in basic studies and in applications of
molecular electronic devices has encouraged efforts in the
construction of novel molecular materials into ordered func-
tionalized nanostructures.[1–3] Self-assembled monolayers
(SAMs) based on alkanethiols or dialkyl disulfides are suita-
ble templates that can be employed to build molecular units
into ordered functional layers on electrode surfaces.[4–7] Tai-
loring SAMs with functional groups (in general, HS-(CH2)n-
X) provides unique opportunities to improve our fundamen-
tal understanding of these functional components and also
offers novel functionalized structures that may allow new
applications in the fields of molecular switches, sensors,
nanoelectronics, and optical devices, etc.[4,8–11]


Abstract: Oxidation states and CO
ligand exchange kinetics in a self-as-
sembled monolayer (SAM) of an oxo-
centered triruthenium cluster [Ru3(m3-
O)(m-CH3COO)6(CO)(L


1)(L2)] (L1 =


[(NC5H4)CH2NHC(O)(CH2)10S-]2, L
2


= 4-methylpyridine) have been exten-
sively investigated on the surface of a
gold electrode in aqueous and nonaqu-
eous solutions. The SAM exhibits three
consecutive one-electron transfers and
four oxidation states, which have been
characterized by electrochemistry, in
situ infrared spectroscopy, and in situ
sum frequency generation (SFG) vibra-
tional spectroscopy measurements. The
original electron-localized state of the
Ru cluster center was changed to elec-
tron delocalization states by oxidation
or reduction of the central Ru ions.


These changes are revealed by the IR
absorptions of the CO ligand and the
bridging acetate ligands of the triruthe-
nium cluster in the SAM. The IR ab-
sorptions of the two kinds of ligands
are strongly dependent on the oxida-
tion state of the Ru cluster center.
One-electron oxidation of the central
Ru ion in the SAM triggers a CO
ligand liberation process. Solvent mole-
cules may then occupy the CO site to
result in a CO-free SAM. One-electron
reduction of this CO-free SAM in a
CO-saturated solution leads to re-coor-


dination of the CO ligand into the
SAM. Both processes can be precisely
controlled by tuning the electrode po-
tential. The kinetics of the CO ex-
change cycle in the SAM, including lib-
eration and coordination, has been in-
vestigated by in situ IR and SFG meas-
urements for the first time. The CO ex-
change cycle is significantly dependent
on the temperature. The reaction rate
greatly decreases with decreasing solu-
tion temperature, which is an impor-
tant factor in the CO ligand exchange
process. The activation energies of
both CO liberation and coordination
have been evaluated from the reaction
rate constants obtained at various tem-
peratures.
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Transition-metal complexes with versatile chemical and
physical properties are attractive components employed in
functionalized monolayer or multilayer construction.[12–16]


Among them, the oxo-centered triruthenium cluster with
the general formula [Ru3(m3-O)(m-CH3COO)6L3]


n (L is a
monodentate terminal ligand; n=net charge) is a prominent
candidate owing to its unique properties that include rever-
sible multielectron transfer, site-selective terminal ligand
substitution reactions in solution, ligand-bridged oligomeric
structure formation, and catalysis.[17–28] Fabrication of the
cluster into a monolayer or a multilayer will provide novel
functional nanostructures and new related applications.
Recently, we succeeded in constructing a SAM containing


an oxo-centered triruthenium cluster from the complex
[Ru3(m3-O)(m-CH3COO)6(CO)(L


1)(L2)]0 (Scheme 1, L1 =


[(NC5H4)CH2NHC(O)(CH2)10S-]2, L
2 = 4-methylpyridine)


on the surface of a gold electrode. We found that the CO
ligand in the SAM is released when the triruthenium cluster
center is oxidized by one electron.[13] The CO liberation pro-
cess was employed to construct multilayers of the cluster on
gold electrode surfaces through subsequent formation of
metal–ligand coordination bonds.[14]


In the present study, the oxidation states of the trirutheni-
um cluster in the SAM (Scheme 1) are characterized by
electrochemistry, in situ IR spectroscopy, and in situ sum
frequency generation (SFG) vibrational spectroscopy meas-
urements. Oxidation state-dependent reversible CO ligand
exchange reactions, including CO liberation and coordina-
tion (Scheme 2), which have already been preliminarily re-
ported by our group,[28] are realized in the SAM by tuning
the electrode potential. The kinetics of both reactions has
also been evaluated.
Since the synthesis of oxo-centered triruthenium com-


plexes containing the CO ligand was established in earlier
studies, CO ligand liberation upon oxidation of the triruthe-
nium cluster center has been investigated.[19,21] It is of great
interest to develop a nanostructure built from the trirutheni-
um cluster into a novel CO sensor by combination of CO
liberation and coordination processes of the cluster. In this


study, following a detailed characterization of the oxidation
states of the SAM during three consecutive one-electron
transfers by means of electrochemistry and IR spectroscopy,
a reversible exchange of the CO ligand in the SAM is realiz-
ed under electrochemical control. Not only can the CO
ligand be released from the CO-bound SAM (denoted as
CO-SAM), to result in a CO-free SAM, but the CO ligand
can also be re-coordinated to its original site in the SAM in
a CO-saturated solution by electrochemically controlling the
oxidation state of the triruthenium cluster center in the CO-
free SAM (Scheme 2). The CO re-coordination combined
with the CO liberation process establishes a reversible CO
ligand-exchange cycle, which can hopefully be employed in
the development of novel nanodevices capable of sensing
the CO molecule in the near future.
The fundamental kinetics of the CO substitution reac-


tions, including CO coordination and the liberation of the
triruthenium clusters, have rarely been reported.[13] Fixation
of the triruthenium cluster onto an electrode surface pro-
vides a good opportunity to carry out a detailed kinetics
study. The reaction kinetics of both processes is evaluated
by in situ IR spectroscopy in the present study. Temperature
and solvent effects on both CO liberation and CO re-coordi-
nation processes are also examined. Reactions rates of both
processes are affected by the solvent employed and are also
significantly affected by the solution temperature, which
constitutes another important factor in CO exchange con-
trol.


Results and Discussion


It is well known that the triruthenium cluster [Ru3(m3-O)(m-
CH3COO)6L3]


n usually shows strong electronic delocaliza-
tion within the cluster.[26] Although the formal oxidation
states of the triruthenium cluster center are usually ex-
pressed in different Roman numerals, such as [Ru3


II,III,III] or
[Ru3


IV,III,III], in most cases, the actual oxidation states of each
Ru ion in the cluster cannot be clearly distinguished owing
to electronic delocalization in the system.[26] However, when
the CO ligand is coordinated to the cluster, the electronic
delocalization in the triruthenium cluster is significantly dis-


Scheme 1. Structure of the triruthenium complex. Roman numerals rep-
resent the formal Ru oxidation states.


Scheme 2. Reversible CO exchange cycle in the SAM of the triruthenium
cluster.
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turbed.[21] It is known that the CO ligand, as a strong p-acid
ligand, can form a strong electron donation and back-dona-
tion bond with Ru ions. As a result, only [(RuII�CO)RuIII-
RuIII] , in which the formal electron density of the Ru ion
bound by the CO ligand is higher than those of the other
two Ru ions, can be isolated as a stable species from a syn-
thesis process.[29] However, the information about the oxida-
tion state in other oxidation states of the Ru–CO cluster is
still not available because these species are not stable
enough to be isolated. In the present study, in situ IR mea-
surement is employed to study the oxidation states of the
Ru–CO cluster in the SAM during the multielectron trans-
fer process. It is found that the spectroscopic and electro-
chemical features of the SAM and the stability of the CO
ligand are closely related to the electronic localization
within the cluster.


IR spectra of the complex and the SAM


Basic peak assignment : The transmission IR spectrum of the
complex dispersed in a KBr disk and the IR reflection ab-
sorption spectrum of the SAM in air are shown in Figure 1a


and b, respectively. In both cases, the triruthenium cluster
centers are in the identical oxidation state of [(RuII–CO)-
RuIIIRuIII]0.[13,26] In the spectrum of the complex in the KBr
matrix, the stretching mode n(CO) of the CO ligand is ob-
served at 1942 cm�1. The asymmetric stretching mode nas-
(OCO) of the acetate bridges shows two absorption peaks
at 1609 cm�1 and 1571 cm�1, and the symmetric stretching
mode ns(OCO) gives one broad peak at 1420 cm


�1,[13, 21]


which shows a wider peak width than those of the nas(OCO)


modes (Figure 1a and Table 1). The C=O stretching mode of
the amide group gives an absorption band at 1651 cm�1. In
the spectrum of the SAM on the gold surface in air (Fig-


ure 1b), two new features are observed in comparison with
those in the KBr matrix: 1) the absorption peak for the C=
O stretching mode of the amide group is absent in the case
of the SAM. According to the surface selection rule of the
IR reflection absorption spectroscopy,[30] the absence of this
peak indicates that the direction of the C=O stretching of
the amide group must be parallel to the surface of the gold
electrode, that is, the long alkyl chain in the SAM is perpen-
dicular to the surface of the gold electrode. 2) The peak po-
sitions of the CO ligand and the acetate bridges of the SAM
in air shift slightly to a higher wavenumber compared to
those in the bulk crystal (Table 1). The peak shift is ascribed
to the fact that the molecules exist in two different environ-
ments, that is, in the KBr matrix and in the monolayer on
the surface of the gold electrode.


nas(OCO) and ns(OCO) absorptions : It is interesting to note
that IR spectra of both the complex crystal and the SAM
give two peaks for nas(OCO) but only one peak for ns(OCO)
(Figure 1). Similar phenomena have also been reported for
an analogous triruthenium complex.[21,31,32] It has been sug-
gested that the appearance of the two IR peaks of nas(OCO)
is due to a lowering of the molecular symmetry of the clus-
ter center.[21,32] However, it is still puzzling why only one
peak is observed for the ns(OCO) mode of the acetate
ligand. This phenomenon can be understood on the basis of
the electron distribution in the cluster, which determines its
molecular symmetry. The dipoles of the nas(OCO) and ns-
(OCO) modes are affected by the electronic localization
states in the triruthenium cluster, especially in the carbonyl
triruthenium complex, which has a clear electronic localiza-
tion state as [(RuII–CO)RuIIIRuIII]0. The stretching vibration
modes of the acetate ligands coordinated to RuII and RuIII


Figure 1. a) IR transmission spectrum of the triruthenium complex in a
KBr matrix. b) IR reflection absorption spectrum of the monolayer self-
assembled from the triruthenium complex on an evaporated gold sub-
strate in air. Both are obtained by integrating 300 interferograms, which
requires 60 s.


Table 1. IR peaks of the CO ligand and the acetate bridging ligands in
the cluster with the formal oxidation state [(RuII–CO)RuIIIRuIII]0 in dif-
ferent environments.


Samples IR absorption (Dfwhm
[a]) [cm�1]


n(CO) nas(OCO) ns(OCO) n(CO)amide


crystalline complex in KBr
matrix


1942 1609 (21),
1571 (16)


1420
(34)


1651


SAM in
air


1948 1615 (20),
1575 (15)


1431
(32)


[b]


SAM in
solu-
tion


HClO4/H2O
(0.1m)


1960 1600, 1570 1432 [b]


SAM in
solu-
tion


TBAPF6/
CH3CN (0.1m)


1940 1610, 1576 1430 [b]


SAM in
solu-
tion


TBAPF6/1,2-
dichloroethane
(0.1m)


1939 1610, 1575 1430 [b]


[a] fwhm: Full width at half maximum [b] Peak of n(CO)amide in the SAM
is absent.


H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 5040 – 50545042


S. Ye, K. Uosaki, and Y. Sasaki et al.



www.chemeurj.org





ions should show a different IR absorptions from those of
the acetate ligands coordinated to two RuIII ions. In the clus-
ter, two of the six acetate bridges coordinate to two RuIII


ions, while four of them coordinate to RuII and RuIII ions
(Scheme 1). Hence two IR peaks are expected for either nas-
(OCO) or ns(OCO) modes. It appears that the coupling in-
teraction between the RuIII–RuII intramolecular electric
field and the dipole of the nas(OCO) mode seems to be
stronger than that with the dipole of the ns(OCO) mode on
account of the symmetry of the triruthenium cluster under
the electron localization state of [(RuII–CO)RuIIIRuIII]0. As
a result, the peak separation between two nas(OCO) modes
is larger than that of the ns(OCO) mode. In a fully electroni-
cally delocalized state, it is anticipated that only one absorp-
tion peak should be observed for both ns(OCO) and nas-
(OCO) since the electronic environment for all acetate
bridges is the same. This observation will be discussed below
for the generation of an electronic localization state in the
cluster under electrochemical control.


Electrochemical behavior of the SAM : Although the multi-
step electron-transfer behavior of the triruthenium complex
in solution has been widely studied,[13,19–21,33–35] this electron-
transfer behavior of the cluster assembled as a monolayer
on an electrode surface has not yet been investigated. The
one-electron oxidation in the SAM has been previously in-
vestigated in aqueous solutions by our group.[13,28] In this
report, the multistep electron-transfer behavior of the SAM
is investigated in nonaqueous solutions in which a wider po-
tential window is available.
The cyclic voltammogram (CV) of the SAM in acetoni-


trile is shown as a solid line in Figure 2. Two oxidation reac-
tions with nearly identical charges are observed at Ea =


+0.63 V and +1.26 V, which are more positive than its rest
potential (ca. +0.3 V). Each of the two reactions has its cor-
responding reverse reaction and the peak separation of each
redox peak is about 20 mV, indicating good reversibility.
With reference to the redox peaks on the CV of the complex


(1mm) dissolved in acetonitrile (dashed trace in Figure 2),
the peaks at +0.63 V and +1.26 V from the SAM are in
similar positions with respect to the two oxidation peaks of
the complex in solution, which are assigned to the first one-
electron oxidation [(RuII–CO)RuIIIRuIII]0/[Ru3


III,III,III–CO]+ ,
and the second one-electron oxidation [Ru3


III,III,III–CO]+/
[Ru3


III,III,IV–CO]2+ , respectively.[13, 35] The peak currents of
the SAM increase linearly with increasing scan rate, indicat-
ing that the current observed in the CV is caused by the re-
action of the redox center fixed on the electrode surface.
Baumann et al. pointed out that the presence of the CO


ligand has a significant effect on the electrochemical oxida-
tion potential of the triruthenium cluster in the bulk
phase.[21] The potential for the one-electron oxidation of a
CO-bound cluster is +0.67 V, which is more positive than
that of a tris(pyridine) Ru cluster in solution. The effect is
attributed to electron localization caused by the CO ligand:
backdonation from the Ru ion to the CO ligand withdraws
electron density from the cluster.[21] An almost identical
electron localization effect is also observed in the SAM
(Figure 2), which indicates similar oxidation behavior of the
cluster in the bulk phase.
The charge of the one-electron oxidation peak (+0.63 V)


was integrated to estimate the surface coverage of the SAM
with Ru moiety on the surface of the gold electrode. This
yields a value of about 1.1(�0.1)L10�10 molcm�2, which is
similar to our previous reports.[13] Considering that the disul-
fide ligand [(NC5H4)CH2NHC(O)(CH2)10S-]2 adsorbs on the
gold surface through a Au�S bond while one of them is elec-
trochemically inactive (Scheme 1), the total coverage of the
surface species should be about 2.2L10�10 molcm�2. This
coverage is much lower than that of the SAM of decane-
thiol, CH3(CH2)9SH, on the surface of a gold electrode (ca.
8L10�10 molcm�2),[5] and this should be related to the large
size (ca. 10 M diameter) of the terminal Ru cluster in the
present SAM.
The SAM also gives a broad redox peak at about �1.10 V


(Figure 2, solid line), which is about 0.15 V more negative
compared to that of the one-electron reduction [Ru3


II,II,III–
CO]�/[(RuII–CO)RuIIIRuIII]0 of the complex in solution at
Ec = �0.96 V (dashed line, Figure 2). In situ IR spectra of
this process provide further evidence for a reduction process
of the triruthenium cluster center. On the other hand, the
coverage of the SAM estimated from the CV peaks largely
decreases when the negative limit of the potential sweep be-
comes more negative than �1.1 V. Previous studies indicat-
ed that n-alkanethiol monolayers on gold can be desorbed
in both aqueous and nonaqueous solutions under electro-
chemical reduction in the negative potential region.[36,37] An
electrochemical quartz crystal microbalance (EQCM) study
showed that the SAM of decanethiol, which has a similar
length to the triruthenium cluster monolayer here, desorbed
from the electrode surface at a potential more negative than
�1.3 V in an acetonitrile solution.[37] If one considers the rel-
atively low coverage of the Ru SAM in the present study, it
is reasonable that the Ru SAM here could start to desorb
from the surface of the gold electrode at more positive po-


Figure 2. Cyclovoltammograms of the SAM (c, 500 mVs�1) and the
complex (a, 200 mVs�1) in an acetonitrile solution of TBAPF6 (0.1m)
at room temperature. A glassy carbon working electrode was used for
the CV measurement of the complex (1 mm).
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tentials, for example, �1.1 V, in the region where the one-
electron reduction of the Ru cluster also takes place.
The irreversible second one-electron reduction [Ru3


II,II,II–
CO]2�/[Ru3


II,II,III–CO]� of the complex in solution, which
occurs at Ec = �1.90 V (dashed line, Figure 2), is not ob-
served in the SAM because the SAM is already desorbed
when the potential is swept in such a negative potential region.
Detailed electrochemical results of the SAM as well as


the complex are summarized in Table 2. The electron-trans-
fer behavior of the triruthenium cluster monolayer is a good
example of reversible multistep electron transfer in mono-
layers on surfaces, which is still rarely reported in the litera-
ture.[38–40]


In situ IR characterization of
the oxidation states of the
SAM : The triruthenium com-
plex containing the CO ligand
can only be isolated in the
formal oxidation state of
[(RuII–CO)RuIIIRuIII]0 owing to
its high stability induced by the
strong backdonating nature of
the Ru into the p*-antibonding
orbital of CO ligand.[21,26,41] The
Ru–CO complex in other oxi-
dation states is not stable
enough to be evaluated by
means of conventional ex situ
techniques. To investigate the
structural changes and oxida-
tion states of the SAM during
successive redox cycles, we em-
ployed in situ IR measure-
ments, which have a high time
resolution and are sensitive
enough to monitor the reac-
tions of monolayers.[42–45] The
use of in situ IR spectroscopy
provides rich structural infor-


mation on the SAM in different oxidation states, which is
impossible to obtain by conventional electrochemical meas-
urements.
In situ IR spectra were obtained by subtraction, that is, a


background measured at a reference potential was subtract-
ed from a sample spectrum at a target potential. In absorb-
ance units, IR absorptions in sampling states produce
upward peaks, while IR absorptions in background states
produce downward peaks. IR spectra for sampling states of
n = ++1, +2, and �1 referenced to a background spectrum
in the original state (n = 0) of the SAM in an acetonitrile
solution at +0.3 V are shown in Figure 3a, b, and c, respec-
tively. Downward peaks at ñ = 1940, 1610, 1576, and
1430 cm�1 are observed in all three spectra, corresponding
to the IR absorptions of the original [(RuII–CO)RuIIIRuIII]0


in the SAM. Based on the peak assignments of the complex
and the SAM in the same oxidation state, the three peaks
are assigned to n(CO), nas(OCO) (doublet), and ns(OCO),
respectively. The positions of these peaks are influenced by
the solvent used (Table 1). CV measurement in 1,2-dichloro-
ethane gives almost identical peak positions as those ob-
served in acetonitrile. As shown in Table 1, n(CO) shifts to a
higher wavenumber, while nas(OCO) shifts to a lower wave-
number, and ns(OCO) remains in nearly the same position
in an aqueous solution with respect to those obtained in a
nonaqueous solution. The effect of the solvent on the IR ab-
sorption frequencies of solutes is complicated, and its mech-
anism is still not well understood. Previous studies show that


Table 2. CV data of the SAM and the complex (1 mm) in TBAPF6/
CH3CN (0.1m). Scan rates were 500 mVs


�1 and 200 mVs�1 for the SAM
and the complex, respectively.


Redox processes +2/+1 +1/0 0/�1 �1/�2
[SAM]n Ea


[a] [V] vs. SCE +1.26 +0.63 �1.08
Ec
[b] +1.24 +0.61 �1.10


E1=2
[c] +1.25 +0.62 �1.09 [f]


DEp
[d] [mV] 20 20 20


DEfwhm
[e] [mV] 120 150 260


Complex (1 mm) E1=2 +1.24 +0.60 �0.93 �1.90
DEp [mV] 80 80 60[g]


[a] Anodic peak potential versus SCE. [b] Cathodic peak potential.
[c] Calculated from the averages of anodic and cathodic peak potentials.
[d] Peak-to-peak separation. [e] Full width at half maximum obtained
from anodic peaks. [f] The second electron reduction can not be observed
in the SAM. [g] Irreversible process, a reduction wave only.


Figure 3. IR spectra of the SAM in different oxidation states in an acetonitrile solution of TBAPF6 (0.1m).
Spectra a, b, and c were recorded at +0.8 V, +1.55 V, and �1.6 V, respectively. The background spectrum was
recorded at +0.3 V. Upward and downward peaks represent the species in sample and in the background
state respectively. All the spectra are integrated from 15 interferograms over 3 s. Simulated spectra for the
peak shift : only downward peaks and triplet features are given in d1/e1, d2/e2, and d3/e3, respectively. Spec-
tra d are generated from the function y = Aexp


�
�ðx�xcÞ


2


2w2


�
(A amplitude, xc center, 2w = w1/


ffiffiffiffiffiffiffiffi
ln 4
p


, w1 full
width at half maximum). The spectra in e1–e3 were generated by subtracting the background from the sample
in d1–d3, respectively.
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electrostatic interaction between the solvent and the solute
affects the IR frequency of the solute, which indicates that
the dielectric constant of the solvent is an important
factor.[46–48] Here, the interaction between the solvent and
the SAM is considered to be the main reason for the differ-
ence in the positions of the IR peaks. IR peak shifts caused
by solvent or environment effects are totally different from
those caused by redox processes in the triruthenium cluster
center, as observed in the in situ IR spectra.


n(CO) peak in each oxidation state : Different upward IR
peaks were recorded in three different oxidation states. The
n(CO) peak, which is located at 1940 cm�1 in n = 0, shifts
to 2060 cm�1, 2114 cm�1, and 1890 cm�1 in n = ++1, +2 and
�1, respectively (Figure 3a, b and c). The blue-shift of the
CO peak position means the strengthening of the n(CO) vi-
bration, which can be attributed to the weakening of the
dp(Ru)–p*(CO) electron backdonation owing to electron
redistribution during the oxidation of the triruthenium clus-
ter center.[35] The one-electron reduction, which increases
the electron density in the triruthenium cluster center and
therefore, increases the electron backdonation from the Ru
ions to the CO ligand, leads to the shift of the peak to a
lower wavenumber.
A detailed comparison of the IR peaks of the CO ligand


in different oxidation states (Table 3) shows two important
features: 1) among the three one-electron transfer processes,


the CO peak shift of the one-electron oxidation [(RuII–CO)-
RuIIIRuIII]0/[Ru3


III,III,III–CO]+ is nearly 120 cm�1 and is much
larger than the other two which are about 50 cm�1. This fea-
ture indicates that the one-electron oxidation takes place at
the RuII site directly bound by the CO ligand. Because the
other two redox process (+2/+1, 0/�1) can only induce a
shift of the CO peak by about 50 cm�1, it is suggested that
the Ru-CO cluster in the SAM changes its electronic locali-
zation state [(RuII–CO)RuIIIRuIII]0 to the delocalization
states in [Ru3


II,II,III-CO]� , [Ru3
III,III,III–CO]+ , and [Ru3


IV,III,III–
CO]2+ after the redox process of the Ru central ions in the
cluster. 2) The peak width of the CO ligand at [Ru3


III,III,III–
CO]+ is about 40 cm�1, which is nearly twice that of the
other three states (ca. 20–25 cm�1). The broader CO peak at
the one-electron oxidation state indicates a wider state dis-
tribution of the CO ligand than the other three states. It is
possible that there is a partial electronic localization state,
such as [(RuII–CO)RuIII.5RuIII.5]+ , even in the [Ru3


III,III,III–
CO]+ state owing to the strong coordination ability of the


CO ligand with the Ru ion. As discussed below, the elec-
tronic localization/delocalization state in the Ru–CO cluster
greatly affects the binding state of Ru–CO and the stability
of the CO ligand, resulting in the liberation of the CO
ligand.


nas(OCO) and ns(OCO) peaks in each oxidation state : The
changes of the acetate bridge peaks are quite different and
more complicated than the changes of the CO ligand peak
induced by the three redox processes. As described above,
IR measurements can only probe the relative structural
change to the background state since subtraction of the
background is always necessary. In order to understand the
complicated spectral features of the acetate bridges as well
as those of the CO ligand observed in the different oxida-
tion states, spectral subtractions simulations were carried
out (d and e in Figure 3). Assuming that all IR absorptions
follow Gaussian functions (see the legend to Figure 3), IR
subtractive spectra e1–e3 were reproduced by subtracting
the background absorption from the sample absorption in
spectra d1–d3, respectively. Spectrum e1 exhibits a peak
shift similar to those of CO observed in spectra a–c is well
reproduced.
The simulation for the acetate bridge (e2 and e3 in


Figure 3) is slightly complicated. As shown in a and b of
Figure 3, nas(OCO) of the acetate bridges shows no upward
peaks in the two oxidized states [Ru3


III,III,III–CO]+ and
[Ru3


IV,III,III–CO]2+ , indicating
that the IR absorption at
1610 cm�1 and 1576 cm�1 be-
comes weak or even disappears
after one-electron oxidation or
two-electron oxidation. This sit-
uation is simulated in Figure 3,
d2 and e2. To confirm the as-
sumption made in the simula-
tion, in situ SFG measurements
were carried out in the states


Table 3. IR data of the SAM in TBAPF6/CH3CN (0.1m) and HClO4/H2O (0.1m).


Redox of the [SAM]n : n/(n�1) +2/+1 +1/0 0/�1
solvent CH3CN CH3CN aqueous solution CH3CN
CO peak in n/(n�1) [cm�1] 2112/2058 2058/1940 2070/1960 1940/1890
peak shift of redox [cm�1] 54 118 110 50
Dfwhm


[a] in n/(n�1) [cm�1] 25/40 40/20 55/25 20/20


[a] fwhm: Full width at half maximum.


Figure 4. In situ sum-frequency generation (SFG) spectra of the SAM in
the frequency region of the nas(OCO) vibration at +0.3 V and +0.9 V,
respectively. Each spectrum is co-added over 100 s.
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[(RuII–CO)RuIIIRuIII]0 and [Ru3
III,III,III–CO]+ , as shown in


Figure 4. As a second-order nonlinear vibrational technique,
SFG measurement demonstrates high surface selectivity and
sensitivity, and can directly give an absolute vibrational
spectrum thus avoiding any confusion arising from subtrac-
tion of the background.[49–51] The SFG spectrum of the nas-
(OCO) at +0.3 V shows two peaks at 1615 cm�1 and
1573 cm�1, which agree well with both the ex situ and in situ
IR results. When the Ru cluster center is one-electron oxi-
dized to [Ru3


III,III,III–CO]+ at +0.9 V, the peak at 1615 cm�1


decreases to nearly half intensity and the peak at 1573 cm�1


almost disappears. This result proves that the simulation
made above is reasonable, namely one of the IR absorptions
of nas(OCO) becomes weaker and another one disappears
after one-electron oxidation at +0.9 V. On the other hand,
an ex situ IR measurement also demonstrated that the nas-
(OCO) absorption of the triruthenium complex [RuIII3(m3-
O)(m-CH3COO)6(L)3]


+ (L: H2O or pyridine), which has an
identical oxidation state to [Ru3


III,III,III–CO]+ , was signifi-
cantly weakened, although the CO ligand is absent in this
case.[32] Based on the discussion above, when the electron
density in the Ru cluster is fully delocalized among the
three metal centers, all six acetate ligands are in an identical
electronic environment and there is only one absorption
peak for the nas(OCO) mode, as in Figure 4.
In the case of the reduced state [Ru3


II,II,III–CO]� , an
upward peak is observed at 1624 cm�1 in addition to two
downward peaks at 1610 cm�1 and 1576 cm�1 for nas(OCO)
absorption (Figure 3c). This indicates two issues: 1) nas-
(OCO) still has a comparable IR absorption intensity after
the reduction process, although the peak position is shifted.
2) Only one upward peak suggests that all the acetate li-
gands are in a similar electronic environment, that is, the
electron density is delocalized in the cluster in the state of
[Ru3


II,II,III–CO]� . This conclusion also agrees with the above
discussions for the CO ligand.
On the other hand, ns(OCO) shows more complicated fea-


tures compared to those observed for nas(OCO). A triplet,
which occurs as a downward peak in the center of two
peaks, is observed near the ns(OCO) position at 1430 cm


�1


in each charged state (Figure 3c). As shown in Figure 3(e3),
this triplet shape may result from the subtraction of a slight-
ly decreased and broadened absorption peak from the origi-
nal one. The absorption of ns(OCO) is not affected as signif-
icantly by redox processes of the triruthenium cluster center
compared to that of nas(OCO). Detailed reasoning for this is
still under investigation.


Dynamic observation of the first one-electron oxidation pro-
cess : A series of IR spectra were recorded concurrently with
the potential sweeping from +0.1 V to +0.9 V and then
back to +0.1 V at a scan rate of 20 mVs�1 (Figure 5a). The
background spectrum was recorded at +0.1 V and the sam-
pling was started at +0.1 V with an interval of 60 mV. Flat
IR spectra were observed until +0.46 V, indicating that no
structural change takes place in the SAM. After +0.46 V, a
downward peak at 1940 cm�1 of CO in the original state and


the upward peak at 2060 cm�1 of CO in the oxidized state
appear and their intensities increase as the potential is
swept positively, indicating that the oxidation of the triru-
thenium complex greatly affects the state of the CO ligand,
as discussed above. The intensities of the downward peaks
of nas(OCO) at 1610 cm


�1 and 1576 cm�1 as well as the trip-
let feature of ns(OCO) around 1430 cm


�1 also increase as
the potential is swept from +0.46 V to +0.9 V. As the po-
tential is swept back from +0.9 V to +0.1 V, all the peaks
begin to decrease. The evolution of IR spectra shows good
agreement with the redox process in the SAM. However,
very small downward peaks can still be observed for n(CO),
nas(OCO), and ns(OCO) after the potential has returned to
+0.1 V. The normalized IR peak intensity of the CO ligand
at 1940 cm�1 as a function of the electrode potential is


Figure 5. a) Series of time-resolved IR spectra of the SAM on an Au elec-
trode surface collected sequentially during a potential sweep from +


0.1 V to +0.9 V and back to +0.1 V at a scan rate of 20 mVs�1 in aceto-
nitrile with TBAPF6 (0.1m). The time resolution is 3 s, that is, the sam-
pling interval is 60 mV. Each spectrum is co-added from 15 interfero-
grams. The background spectrum was recorded at +0.1 V. b) Variation of
the normalized IR peak of CO (1940 cm�1) intensity (Ai/Amax) with po-
tential sweeping as in part a. Ai represents the IR peak intensity of CO
in each spectrum in part a, and Amax is the maximum value.
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shown in Figure 5b. When the potential returns to +0.1 V,
the CO peak intensity does not return to zero, indicating
that a small amount of CO ligand or Ru cluster may be lost
after one CV cycle of the one-electron redox process with a
scan rate of 20 mVs�1. The IR spectra confirm the previous
electrochemical observations that the one-electron oxidation
of the triruthenium complex either in solution or assembled
as a monolayer on an electrode surface triggers a CO libera-
tion process.[13,21] This will be discussed in detail in the next
section.


Reversible CO ligand exchange cycle in the SAM


CO liberation process : The liberation of CO upon one-elec-
tron oxidation of the SAM in an aqueous solution was ob-
served previously by electrochemical characterization.[13]


Here, the change in the CO ligand in the SAM in the nona-
queous solution is monitored by CV and in situ IR measure-
ments with the potential held at +0.9 V, whereby the SAM
was oxidized to [Ru3


III,III,III–CO]+ . As shown in Figure 6a, se-
quential changes are observed for a series of CVs from A to
K, while in situ IR spectra are sampled concurrently with


electrolysis with an interval of 2 min. The two redox peaks
of the SAM at +0.62 V and +1.25 V in cyclic voltammo-
gram A decrease as the electrolysis time increases, while
two new redox peaks at +0.01 V and +1.05 V increase. The
arrows in the figure represent the direction of change. After
the potential was kept at +0.9 V for one hour, cyclic vol-
tammogram A changed to cyclic voltammogram K. The
charges of the new redox peaks at +0.01 V and +1.05 V are
almost identical to those of the two redox peaks at +0.62 V
and +1.25 V, which disappear after electrolysis.
The IR spectrum of the SAM prior to the electrolysis pro-


cess (0 min) is identical to that shown in Figure 3a, indicat-
ing one-electron oxidization of the SAM to the [Ru3


III,III,III–
CO]+ state. As the electrolysis time increases, the IR peak
at 2060 cm�1, assigned to the n(CO) absorption in
[Ru3


III,III,III–CO]+ , decreases sequentially. The doublet peaks
of the nas(OCO) at 1612 cm


�1 and 1576 cm�1 do not change
in shape or in intensity, and the peak of ns(OCO) still pres-
ents itself as a triplet shape and does not change much in in-
tensity. However, a small upward peak at 1448 cm�1 increas-
es with electrolysis time in comparison with other two
peaks, indicating that the position of ns(OCO) in the oxida-
tion state shifts slightly to a higher wavenumber. The in situ
IR spectra of the acetate ligand indicate that the main struc-
ture of the triruthenium cluster center is maintained, but the
CO ligand is released from the monolayer when the surface
immobilized cluster is electrochemically controlled as
[Ru3


III,III,III–CO]+ . The weakening of the dp–p* backdona-
tion caused by the oxidation process is expected to contrib-
ute to this CO liberation process.[13,21] After the CO libera-
tion process, the CO-SAM is changed to a CO-free SAM.
An interesting issue is what has happened on the Ru site


originally bound by CO after electrolysis. A conventional
explanation is that solvent molecules take the place of CO
and bind to the Ru center. Baumann et al. proposed that
solvent molecules, such as acetonitrile or dichloromethane,
could occupy the vacant coordination site following oxida-
tion of [Ru3(m-O)(CH3COO)6(CO)(py)2]


+ in acetonitrile or
dichloromethane solution because they could isolate an ace-
tonitrile complex [Ru3(m-O)(CH3COO)6(CH3CN)(py)2]


+ .[21]


In the case of the SAM here, it would be expected that the
IR absorption of the C–N stretching, n(CN), would appear
if acetonitrile replaced CO and bound to the Ru center.
However, n(CN) was not observed by the present in situ IR
experiment. Two possible reasons are considered at this
stage.
The first possibility is that n(CN) may become very weak,


even though CH3CN is coordinated to the Ru center. It has
been reported that the IR absorption intensity of the nitrile
stretching vibration is strongly affected by the coordinated
group.[52,53] When electronegative groups are coordinated to
the C terminus of the nitrile group, the nitrile absorption be-
comes very weak or absent.[52] As an example, the Support-
ing Information contains an IR spectrum of the complex
[Ru2(m-O)(m-CH3COO)2(bpy)2(CH3CN)](PF6)2, in which
acetonitrile is known to coordinate to the Ru center by the
N terminus, as confirmed by XRD and NMR measurements.


Figure 6. a) Various CVs of the SAM on a gold surface recorded in
TBAPF6/CH3CN (0.1m) at a scan rate of 500 mVs


�1 with the electrolysis
times increasing in the sequence shown. Lines A and K represent the CV
of the original CO-SAM and the CV of the CO-free SAM, that is, sol-
vent-SAM, respectively. The electrode potential was held at +0.9 V in
which the triruthenium cluster center is in the [Ru3


III,III,III–CO]+ state.
b) In situ IR spectra of the SAM measured during the electrolysis process
with the potential kept at +0.9 V. The background was recorded at
+0.3 V. Each spectrum was integrated from 300 interferograms over 60 s.
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However, it is hard to see the n(CN) band from acetonitrile
and only strong absorptions from acetate bridges are ob-
served. A contrary case was observed by Zavarine et al. for
the triruthenium cluster bound to the C terminus of isocya-
nide ligands as [Ru3(m-O)(m-CH3COO)6(L)3] (L = xylyl iso-
cyanide or tert-butyl isocyanide).[54] The IR peak of the iso-
cyanide group exhibits strong oxidation state dependence,
which is similar to the present case of the CO ligand in the
SAM here. Therefore, it is possible that the absorption of
the nitrile group in the SAM here can be weakened as the
electropositive group of the RuIII center is coordinated to
the N terminus of the nitrile group.
The second possibility is that the interaction between the


acetonitrile and the Ru center may be very weak. Baumann
et al. noted that the solvent molecules are weakly bound in
the solvent complex [Ru3(O)(CH3COO)6(solvent)3]


+ , and
they are easily replaced by a variety of ligands.[21] Because
the interaction between the acetonitrile and Ru center is
very weak, n(CN) may be not significantly affected by the
change in the oxidation state of the Ru centers. Therefore, it
may be reasonable that no peak for n(CN) is observed in
the subtractive in situ IR spectra. The interaction between
the acetonitrile and Ru center may not be a real chemical
bond as is the case for the CO ligand. Although an acetoni-
trile complex [Ru3(m-CH3COO)6(CH3CN)(py)2]


+ was isolat-
ed by Baumann et al. , the possibility of a crystallized solvent
molecule in the complex can not be ruled out. The interac-
tion between the solvent molecule and the Ru center is a
fundamental and interesting subject in inorganic chemistry,
and further study is still being carried out in our laboratory.
Herein, the CO-free SAM is annotated as solvent-SAM


for brevity. As shown by its CV (line K, Figure 6a) in a non-
aqueous solution, the solvent-SAM also exhibits multistep
electron-transfer behavior. By comparison with the redox
peaks of a similar complex [Ru3(m3-O)(CH3COO)6(mpy)2-
(solvent)]ClO4 (mpy=4-methylpyridine) in acetonitrile solu-
tion, the new redox peaks at +0.01 V and +1.05 V are as-
signed to redox couples of [Ru3


II,III,III–solvent]0/[Ru3
III,III,III-


solvent]+ and [Ru3
III,III,III–solvent]+/[Ru3


IV,III,III–solvent]2+ in
the SAM, respectively.[34] The charges of the two redox proc-
esses are identical. The conversion ratio from solvent-SAM
to CO-SAM can be estimated by comparing the surface
charge of solvent-SAM to that of CO-SAM. After electroly-
sis for 1 h, about 90% of the initial carbonyl complex assem-
bled on the gold surface was converted to a CO-free one,
which means that the surface coverage of solvent-SAM is
about 0.9L10�10 molcm�2, while 5% remains as the CO-
SAM, and the other 5% remaining may be desorbed from
the gold surface.


CO re-coordination : Reintroduction of CO into the SAM is
of great interest because it can be combined with the CO
liberation process to form a novel CO exchange cycle in the
monolayer. Although the synthesis of a triruthenium com-
plex containing a CO ligand has been achieved,[19,21] intro-
ducing a CO ligand into the monolayer of the triruthenium
complex has not yet been realized.


The first attempt was carried out by introducing CO gas
into the aqueous or nonaqueous solution under open circuit
conditions with a rest potential of about +0.3 V, whereby
the solvent-SAM is in the [Ru3


III,III,III–solvent]+ state. The
experimental results in an aqueous solution are shown in
Figure 7. CV and in situ IR spectra of the original CO-con-


taining SAM and the CO-free SAM are shown as Figure 7a1
and b1, and Figure 7a2 and b2, respectively. After maintain-
ing CO saturation of the solution for 1 h, no change was ob-
served in either the CV or the IR spectra (Figure 7a3 and
b3), indicating that it is difficult for CO to react with the
triruthenium cluster monolayer in the state [Ru3


III,III,III–sol-
vent]+ . Similar results were also observed in acetonitrile
and 1,2-dichloroethane solutions.
Considering that the CO-bound Ru ion site in the CO-


SAM is only stable in the RuII–CO state, the solvent-SAM
is subjected to a one-electron electrochemical reduction by
controlling the electrode potential at �0.3 V to trap CO on
the RuIII-solvent site. Surprisingly, this electrochemical con-
trol leads to re-coordination of the CO ligand, as confirmed
both by the CV and in situ IR spectra. A series CVs, from
lines A–K in Figure 8a, were recorded sequentially in a CO-
saturated acetonitrile solution while the potential was held
at �0.3 V. Both redox peaks at +0.01 V and +1.05 V, which
are assigned to the two consecutive one-electron transfer
processes of the solvent-SAM, begin to decrease over time,
while two other redox peaks significantly increase at the po-
sitions corresponding to those of the CO-SAM (+0.62 V
and +1.25 V). IR spectra recorded concurrently referenced
to the background taken at the same potential of �0.3 V
prior to the introduction of CO gas also showed a dramatic
change, as illustrated in Figure 8b. The in situ IR spectrum
taken 2 min after CO gas was introduced into the solution is


Figure 7. CV and IR spectra of the SAM of the triruthenium cluster in
the aqueous solution of HClO4 (0.1m). a1 and b1: original SAM contain-
ing CO; a2 and b2: after electrolysis at 0.8 V for 20 min; a3 and b3: after
introduction of CO gas at the rest potential (+0.3 V) for 1 h. Scan rate
of CV is 500 mVs�1. Potentials of IR sample and background spectra are
+0.8 V and +0.3 V, respectively. Each spectrum was obtained by co-
adding 15 interferograms over 3 s.
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still an almost flat line, that is, no change has yet taken
place. However, after 4 min, four IR peaks at 1940 cm�1,
1610 cm�1, 1575 cm�1, and 1433 cm�1 emerge and gradually
increase. A comparison of the IR spectra of the SAM shown
in Figure 1b and Figure 3a, allows the exact assignment of
these peaks to n(CO), nas(OCO), and ns(OCO) of the CO-
SAM. Combining the results of the CV and in situ IR spec-
tra, it is clear that the CO molecule dissolved in the solution
binds to the triruthenium cluster exactly at the RuII–solvent
site, which is reduced from RuIII–solvent in the solvent-
SAM, and the solvent-SAM has been converted to CO-
SAM in the formal [(RuII–CO)RuIIIRuIII]0 state.
By comparing the charges of the redox peaks at +0.01 V


of line A and +0.62 V of line K (Figure 8a), which were re-
corded prior to the reintroduction of CO and at 60 min after
the reaction, respectively, about 56% of the solvent–SAM
was recovered as CO–SAM, while 26% remained as the sol-
vent–SAM. The remainder may be desorbed or damaged.
Compared to the initial charge of the CO–SAM before the


CO liberation process, about 50% of the triruthenium spe-
cies were exchanged back to the CO–SAM and �23% are
in the solvent–SAM state after this CO exchange cycle de-
scribed above. This CO ligand coordination triggered by
electrochemical control in the SAM is very clean, facile, and
efficient in comparison with the CO ligand-coordination re-
action of the triruthenium complex dissolved in the solution,
which requires chemical reduction of the metal cluster by
hydrazine.[21]


Reversible CO exchange in the SAM : The reversibility of the
CO ligand-exchange cycle, including the liberation and re-
coordination steps, has been examined. The electrochemical
control method described above was used to achieve up to 9
consecutive CO ligand-exchange cycles in aqueous solution
(Figure 9a and b). The CO was reversibly switched on and


Figure 8. a) CVs recorded during the CO re-coordination process of the
SAM in TBAPF6/CH3CN (0.1m) at a scan rate of 500 mVs


�1. Each line
from A to K was obtained at the reaction times shown inside the figure.
The electrode potential was held at �0.3 V, at which the triruthenium
cluster center is in the [Ru3


II,III,III–solvent]0 state. b) In situ IR spectra of
the SAM during the CO re-coordination process. The background was re-
corded at �0.3 V. Each spectrum is integrated from 300 interferograms
over 60 s. Increases in the CO peak at 1940 cm�1 as well as in the peaks
of the acetate bridges confirms that the solvent-SAM has converted to
the CO-SAM.


Figure 9. a) IR spectra recorded after each CO liberation and recovery
step in 9 consecutive CO exchange cycles in an aqueous HClO4 solution
(0.1m). The sample and background potential are +0.9 V and +0.3 V, re-
spectively. Annotation L and R represent liberation and recovery respec-
tively. Each spectrum is integrated from 15 interferograms over 3 s.
b) Variation of the charges of the CO species (Qco), solvent species
(Qsolvent) and the sum (Qco + Qsolvent) during the 9 CO exchange cycles.
Arrows indicate the loss of the surface species.
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off the triruthenium cluster monolayer. After nine CO ex-
change cycles, about 50% of the surface species remain
active, as estimated from the CO peak intensity in the IR
spectrum (Figure 9a). The charges of the CO-bound species
(Qco), the solvent-bound species (Qsolvent), and the sum
(Qco + Qsolvent) after each reaction step are summarized in
Figure 9b. The gradually decreasing surface charge (Qco +


Qsolvent) with increasing cycle number indicates that the
quantity of surface species decreases gradually in such a
long-term reaction process. Two possible reasons are consid-
ered for the loss of the surface species: 1) in a previous ki-
netics study of the pyridine/[D5]pyridine (C5D5N) ligand-ex-
change reaction, the rate constant of the reaction in a triru-
thenium cluster [Ru3


II,III,III(O)(CH3CO2)6(pyridine)3]
0 was de-


termined to be 2.1L10�3 s�1 in CD3CN and was approxi-
mately two-orders of magnitude larger than that in
[Ru3


III,III,III(O)(CH3CO2)6(pyridine)3]
+ in CD3CN (5.0L


10�5 s�1) under identical conditions.[41] During the process of
introducing CO into the Ru3


II,III,III cluster, the Ru–pyridyl
bond, which tethers the cluster core to the alkyl moiety, can
dissociate and lead to the disconnection of the cluster from
the backbone of the SAM. From the variation of (Qco +


Qsolvent) with cycles numbers in Figure 9b, almost all the loss
occurs after the CO re-coordination step, as indicated by
arrows in the figure. This supports the assumption made
above. 2) It is possible that the molecule assembled on the
gold substrate could be desorbed from the surface of the
gold electrode during the repeated potential control process-
es. However, since the double layer charge of the electrode
from the CV does not change much after consecutive ex-
change cycles, the second possibility may be less likely and
the first one is more likely to dominate the loss of surface
species.


Kinetics of CO liberation and coordination : There are a few
kinetic studies of ligand coordination reactions in trirutheni-
um complexes in solution.[41,55–57] The reaction rate constant
of CO liberation in the triruthenium cluster monolayer was
previously carried out by evaluating the change of the peak
charge in the CV with respect to the electrolysis time.[13]


However, in order to record a series of CV, the reaction pro-
cess has to be frequently stopped. In addition, it is always
difficult to calculate precisely the peak charge in the CV on
account of the baseline problem. Furthermore, an electro-
chemical method is not applicable in evaluating the kinetics
of CO coordination because anodic oxidation of the CO
molecule dissolved in solution greatly affects the accuracy of
the measurement of the CV of the SAM, especially in aque-
ous solutions. In the present study, the kinetics of the CO
liberation and coordination process are analyzed from the in
situ IR spectra recorded synchronously with the reactions.
Compared to the electrochemical methods, this method is
more efficient because it is continuous and in real-time with
high time resolution and accuracy. Assuming that the IR
peak intensity of the CO ligand is proportional to the
amount of triruthenium complex containing CO assembled
on the surface of the gold electrode, the rate constant can


be estimated from the variation of the IR peak intensity of
the CO ligand as a function of the reaction time.


CO liberation kinetics : The CO liberation reaction can be
described by the equilibrium given in Equation (1).


½Ru3
III,III,III � CO�þ þ solvent


k1


k�1


�! �½Ru3
III,III,III � solvent�þ þ CO


ð1Þ


Because the CO ligand does not bind to the triruthenium
cluster monolayer at +0.90 V in the [Ru3


III,III,III–solvent]+


state, as described above, the reverse reaction can be ignor-
ed at this potential (k1@k�1�0). In a similar manner to the
previous procedure for the rate analysis of the CO liberation
process,[13] a first-order rate law [Eq. (2)] can be applied to
CO liberation in the SAM.


ln
A0


A
¼ k1  t ð2Þ


In Equation (2), A0 and A are the CO peak intensities at
2060 cm�1 initially and at time t after the start of the elec-
trolysis at +0.90 V; they are proportional to the concentra-
tion of triruthenium cluster containing CO initially and at
reaction time t, respectively. Figure 10 shows a plot of Equa-
tion (2) which is fitted to a linear function giving a slope of
5.4(�0.3)L10�4 s�1, namely the rate constant for the CO lib-
eration from the SAM. Unfortunately, there are no kinetic
results on the homogeneous solution reaction for compari-
son with the SAM data in acetonitrile solution. In aqueous
solution, the CO liberation rate constant of the SAM, de-
duced by the same method, is 1.4(�0.1)L10�3 s�1, which is
close to the previously reported result.[13] CO liberation was
also investigated in 1,2-dicloroethane for comparison. The
rate constant was evaluated to be 1.3(�0.1)L10�3 s�1, which
is close to the result in the aqueous solution. The details of
the CO liberation rate in different solvents are given in
Table 4. The reaction rate of CO liberation is dependent on


Figure 10. Rate constant of CO liberation from the SAM at room tem-
perature (25 8C) from first-order kinetics. A0 and A are the peak intensi-
ties of the CO peak at 2060 cm�1 at the initial and at time t after the start
of the electrolysis, respectively.
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the solvent employed. The interaction between the solvent
and the SAM should be an important factor. However, the
exact role played by the solvent molecule in the ligand ex-
change reaction in the SAM is still not clear yet.


CO coordination kinetics : The CO coordination reaction in
the SAM can be represented by the equilibrium given in
Equation (3).


½Ru3
II,III,III � solvent�0 þ CO


k0


k01�1


��! ��½ðRuII � COÞRuIIIRuIII�0


þ solvent


ð3Þ


The Ru–CO bond remains intact at �0.3 V in the state
[(RuII–CO)RuIIIRuIII]0, and the reverse reaction can be ne-
glected at this potential (k’1@k’�1�0). A first-order rate law
has been applied to the CO re-coordination reaction and
leads to Equation (4); where A and Af are the CO peak
(1940 cm�1) intensities at reaction time t and after the reac-
tion at �0.3 V, respectively.


ln
Af


Af�A
¼ k01  t ð4Þ


The function ln [Af/(Af�A)] was plotted against the reac-
tion time t ; the linear fit gives the reaction rate constant.
According to Figure 11, the rate constant for CO coordina-
tion in acetonitrile solution is 1.2(�0.1)L10�3 s�1, which is
similar to those observed in aqueous solutions (1.3(�0.1)L


10�3 s�1) and 1,2-dichloroethane solutions (1.2(�0.1)L
10�3 s�1). The solvent effect in the CO re-coordination reac-
tion seems to be less than that observed in the CO libera-
tion process.


Temperature effect on CO exchange kinetics : In the reversi-
ble CO ligand exchange in the triruthenium cluster mono-
layer, the temperature is expected to be an important key
factor. A study of the temperature effect on the CO ligand-
exchange rate can provide basic kinetic information, includ-
ing the reaction rates at different temperatures and the acti-
vation energy of the reaction.
The CO liberation and recovery processes were moni-


tored in acetonitrile solution at temperatures ranging from
�30 8C to +50 8C by in situ IR measurement. The normal-
ized IR peak intensities of CO in RuIII–CO during the CO
liberation process and in RuII–CO during the CO recovery
process at different temperatures are shown as a function of
time in Figure 12a and b, respectively, at different tempera-
tures. As the temperature decreases, both the rates of CO
liberation and recovery decrease. At �30 8C, the CO libera-
tion rate is so slow that the IR peak intensity of CO in
RuIII–CO is almost constant with time, implying that the CO
ligand is stabilized at the RuIII site at low temperatures and
thus the CO ligand-exchange process almost stops at tem-
peratures as low as �30 8C. This is an extremely interesting
feature exhibited by the SAM, and time-resolved IR mea-
surements at low temperature are being carried out in our
laboratory to gain further information on the possible reac-
tion intermediate. Conversely, an increase in the tempera-
ture leads to a high CO exchange rate as well as to desorp-
tion of the SAM from the surface of the gold electrode.
The rate constants of both the CO liberation and recovery


processes at different temperatures are listed in Table 5.
From the Arrhenius equation, the activation energies calcu-
lated from the slopes of the lnk versus 1/T plots (Figure 12c
and d) are �53.0 kJmol�1 and �50.0 kJmol�1 for the CO
liberation at +0.9 V and the recovery processes at �0.3 V,
respectively. To analyze this ligand-exchange process and to
understand its mechanism in detail, studies of the Arrhenius
relationships of the CO-liberation and CO-coordination
processes as a function of the electrode potentials are in
progress in our laboratory.


Conclusion


In the present work, we have confirmed a novel CO
ligand-exchange cycle in the SAM of the oxo-triruthen-
ium cluster [Ru3(m3-O)(m-CH3COO)6(CO)(L


1)(L2)] (L1 =


[(NC5H4)CH2NHC(O)(CH2)10S-]2, L
2 = 4-methylpyridine)


under electrochemical control. The oxidation state of the
triruthenium cluster center is crucial to the ligand-exchange
reactions. The CO-free SAM, that is, solvent-SAM, can be
generated upon oxidation of the SAM to the state
[Ru3


III,III,III–CO]+ , while solvent-SAM can be returned to
CO-SAM when it is electrochemically reduced to the


Table 4. Rate constants for the CO liberation and recovery processes in
the SAM at 25 8C in nonaqueous and aqueous solutions.


Solution kCO liberation [s
�1] kCO recovery [s


�1]


HClO4/H2O (0.1m) 1.4(�0.1)L10�3 1.3(�0.1)L10�3
TBAPF6/CH3CN (0.1m) 5.4(�0.3)L10�4 1.2(�0.1)L10�3
TBAPF6/1,2-dichloroethane (0.1m) 1.3(�0.1)L10�3 1.2(�0.1)L10�3


Figure 11. Rate constant of the CO ligand recovery by the solvent-SAM
at room temperature (25 8C) from first-order kinetics. Af and A are the
intensity of the CO peak at 1940 cm�1 after a reaction time of 1 h and
during reaction, respectively.
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[Ru3
II,III,III–solvent]0 state in contact with CO in solution.


The CO exchange process is greatly affected by the temper-
ature and can be nearly stopped at low temperature, which
provides a useful tuning factor for CO switching control. Ki-
netics of both the CO liberation and coordination of the trir-
uthenium cluster on the electrode surface were evaluated by
in situ IR spectroscopy.
The reversible ligand-exchange capability of the metal


cluster nanostructure on the electrode surface is of great in-
terest for the future development of a novel CO molecule
recognition nanodevice. Electrochemically triggered NO
ligand exchange in a SAM containing a triruthenium cluster
was also achieved recently and will be reported in a later
paper.


Experimental Section


The synthesis of the triruthenium complex has been described else-
where.[13] An approximately 50 nm-thick gold film, which was chemically
deposited on the reflecting surface of a hemicylindrical Si prism with a
dimension of 2.5L2 cm2,[58] was used as a substrate for monolayer con-
struction and also served as the working electrode. The roughness factor
of the gold film surface was estimated to be 4.0 from the reduction
charge of gold oxide on the cyclic voltammogram of the gold film be-
tween 0.0 and +1.6 V versus SCE (all potentials in this paper are refer-
enced to SCE) at a scan rate of 1 Vs�1. After the gold electrode surface
was electrochemically cleaned by sweeping the electrode potential be-
tween 0.0 V and +1.4 V for 2–5 cycles, the gold substrate was immersed
in an ethanol solution of the complex (50 mm) for about 20 h at room
temperature to construct the SAM of the triruthenium complex. The
modified gold electrode was rinsed with copious quantities of ethanol,
dried with Ar gas, and finally mounted in an spectroelectrochemical cell
for electrochemical and in situ IR spectroscopic measurements. A sample
of the SAM for ex situ IR reflection absorption spectroscopic (IRRAS)
measurement was prepared on a gold film (ca. 200 nm thick) evaporated
on a Ti-coated (ca. 2 nm thick) glass plate.


The reaction process was monitored by means of in situ IR measurement
with the Kretschmann attenuated total reflection (ATR) configuration.[59]


The use of an ATR configuration for IR measurement facilitates the in
situ monitoring of the electrode process owing to the fact that it is free
from the mass transport problem. This problem is inherent in convention-
al in situ IR reflection absorption spectroscopy in which a thin solution
layer is needed between the reflective electrode surface and the IR
window.[60] IR spectra at 4 cm�1 resolution were recorded on a Bio-Rad


Figure 12. a and b: Plots of normalized IR intensity of the CO peak at different temperatures versus the reaction time in the CO liberation and recovery
processes in TBAPF6/CH3CN (0.1m), respectively. Integration time for each spectrum is 30 s. c and d: Plots of lnk versus 1/T of the CO liberation and re-
covery processes, respectively.


Table 5. Reaction rate constants for CO liberation and recovery in the
SAM at various temperatures in TBAPF6/CH3CN (0.1m) solution.


T [8C] kCO liberation [s
�1] kCO recovery [s


�1]


50 – 5.8L10�3


40 4.8L10�3 –
25 5.4L10�4 1.2L10�3


10 1.5L10�4 4.5L10�4


�30 9.0L10�6 –
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FTS 60 A/896 FT-IR spectrometer equipped with a liquid nitrogen-
cooled MCT detector. All the IR spectra are shown in absorbance units,
defined as A = �log I/I0, where I and I0 represent the IR absorption in-
tensities of the sample state and background state, respectively. The inte-
gration time of the IR spectra in different experiments ranged from 3 s
to 60 s, and are given in the Figure captions. A homemade single-reflec-
tion accessory (incident angle of 708) and a Harrick grazing angle (ca.
708) reflection accessory were used for in situ and ex situ IR measure-
ments, respectively. The spectroelectrochemical cells were of a three-elec-
trode design.[61]


In situ sum-frequency generation (SFG) measurement in a thin-layer cell
was also employed to characterize the SAM. The SFG spectra were re-
corded with a broad-band femtosecond SFG system constructed by our
group. Details of the system have been described elsewhere.[62–64]


The counter electrode was a Pt foil and the reference electrode was
either a saturated calomel electrode (SCE) for aqueous solutions or a
Ag/Ag+ electrode for organic electrolyte solutions. Aqueous solutions of
0.1m HClO4 and nonaqueous solutions of CH3CN or 1,2-dichloroethane
with nBu4NPF6 (TBAPF6, 0.1m) were employed as the electrolytes. A po-
tentiostat (model 263 A, EG&G PARC) was used to control the elec-
trode potential. Prior to electrochemical measurement, the electrolyte so-
lution was deaerated with Ar gas for about 30 min.


In temperature-controlled experiments, a homemade double-jacketed
spectroelectrochemical cell and a programmable low-temperature bath
(model NCB-1200, Rikakikai, Tokyo), with which the temperature was
controlled in the range between �30 8C and 95 8C.
All reagents and solvents were of commercially available analytical-
grade quality, unless otherwise stated. The CO gas was of ultra-high
purity (Sumitomo Seika, Japan).
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Site-Isolated Porphyrin Catalysts in Imprinted Polymers


Estelle Burri, Margarita �hm, Corinne Daguenet, and Kay Severin*[a]


Introduction


Starting with the pioneering work of Hirobe et al.,[1] rutheni-
um–porphyrin catalysts in conjunction with 2,6-disubstituted
pyridine N-oxides as the oxidant have been widely used for
oxygen-transfer reactions.[2] Recent developments include
the utilization of dendritic ruthenium porphyrins,[3] the ex-
tension to asymmetric reactions using chiral porphyrin com-
plexes,[4] the investigation of new substrates such as alka-
nes[5] or amides,[6] and the utilization of alternative oxidation
agents such as N2O


[7] or O2.
[8] Generally, Ru–carbonyl com-


plexes of the formula [Ru(por)(CO)] (por=meso-tetra-
(aryl)porphyrin) are used as catalyst precursors. They are
easily accessible from [Ru3(CO)12] and the free-base porphy-
rin. Alternatively, dichloro or dioxo complexes of the formu-
la [Ru(X)2(por)] (X=O, Cl) have been employed.[2]


Immobilized ruthenium–porphyrin catalysts have been
synthesized by encapsulation in mesoporous molecular
sieves[9] or sol–gel silica,[10] by electropolymerization of com-
plexes with fluorene groups,[11] and by covalent attachment
to Merrifield resins.[12] Good catalytic activity was observed
for these systems although problems with leaching were en-


countered in some cases.[9b,10] We have recently reported a
supported Ru–porphyrin catalyst, which was obtained by co-
polymerization of [Ru{meso-tetra(styryl)porphyrin}(CO)]
with an excess of ethylene glycol dimethacrylate
(EGDMA).[13] The resulting mesoporous, highly cross-linked
polymer was found to efficiently catalyze the epoxidation of
olefins as well as the oxidation of alkanes and secondary al-
cohols. Herein, we describe the synthesis of a new EGDMA
copolymer P2, which is based on the ruthenium complex 2
having four polymerizable 4-vinylbenzoxy groups
(Scheme 1). For the oxidation of secondary alcohols and al-
kanes with 2,6-dichloropyridine N-oxide (Cl2pyNO), this
polymeric catalyst was found to be by far superior to the ho-
mogeneous counterpart. Furthermore, the activity of the
supported catalyst could be increased significantly by using
the technique of molecular imprinting.[14,15]


Results and Discussion


In order to obtain the metallomonomer 2, we first synthe-
sized the free-base porphyrin 1 by reaction of pyrrole with
4-(vinylbenzoxy)benzaldehyde in propionic acid under
reflux (Scheme 1).[16] After cooling, the product precipitated
as a purple, microcrystalline material in a 12% yield. Com-
pared to other procedures for the preparation of porphyrin
ligands with polymerizable acrylate[17,18] or styrene[13] side
chains, this new method has the advantage that the required
aldehyde can be easily synthesized from commercially avail-
able starting materials.[19] The porphyrin is then obtained in


Abstract: A meso-tetraaryl ruthenium
porphyrin complex having four poly-
merizable vinylbenzoxy groups (2) has
been synthesized by reaction of pyrrole
with 4-(vinylbenzoxy)benzaldehyde
and subsequent metalation with
[Ru3(CO)12]. The porphyrin complex
was immobilized by copolymerization
with ethylene glycol dimethacrylate.
The resulting polymer P2 was found to


catalyze the oxidation of alcohols and
alkanes with 2,6-dichloropyridine N-
oxide without activation by mineral
acids. Under similar conditions, the ho-
mogeneous catalyst 2 was completely


inefficient. By using diphenylamino-
methane and 1-aminoadamantane as
coordinatively bound templates during
the polymerization procedure, the mo-
lecularly imprinted polymers P3 and
P4 have been synthesized. Compared
with the polymer P2, the imprinted cat-
alysts displayed a significantly in-
creased activity with rate enhance-
ments of up to a factor of 16.
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a one-step procedure with no chromatographic purification
steps being required.


Following a standard procedure,[20] the free-base porphy-
rin 1 was metalated by reaction with [Ru3(CO)12] to give
complex 2 in a 70% yield. An excess of styrene was added
as a “hydrogen scavenger” because previous results had
shown that reduction of the vinyl groups can occur during
the reaction with [Ru3(CO)12].


[13] The infrared spectrum of
complex 2 showed a characteristic carbonyl band at nCO=


1929 cm�1. Compared with the free ligand 1, a hypsochromic
shift of 7.3 nm was found for the Soret band of 2.


Complex 2 was subsequently copolymerized with
EGDMA (2/EGDMA=1:400) in the presence of chloro-
form as the porogen (Scheme 2). To initiate the reaction,
2,2’-azobis(isobutyronitrile) (AIBN) was employed. After
24 h, a dark-red polymer (P2) was obtained, which was


ground in a mortar. The nearly colorless washing solutions
indicated a quantitative incorporation of the metallomono-
mer 2 in the polymeric EGDMA matrix. A BET surface
area of 409 m2g�1 and an average pore size of 54 P was de-
termined for P2.[21] These data suggested that the Ru com-
plexes in the interior of the polymeric particles are accessi-
ble for catalytic transformations.


To evaluate the catalytic properties of the polymer P2, we
investigated the oxidation of secondary alcohols at 55 8C
using 0.5 mol% Ru. The amount of polymer that was re-
quired was calculated based on a quantitative incorporation


of the metallomonomer 2. As
the oxidant, Cl2pyNO was em-
ployed. The results are summar-
ized in Table 1.


For all alcohols that were in-
vestigated, good to excellent
conversions to the correspond-
ing ketones were observed after
6 h. Even for the least reactive
substrate, indanol, a quantita-
tive conversion was determined
after 24 h. It is important to
note that for the homogeneous
oxidation of alcohols and alka-
nes with [Ru(por)(CO)] cata-


lysts, it was reported that the addition of strong mineral
acids such as HCl or HBr was crucial for the success of the
reaction[4d,5e] unless a highly fluorinated[5c] or a sterically
very encumbered porphyrin ligand[5a] was employed. In ac-
cordance with these observations, only a very low yield
(<2%) of ketones was obtained when complex 2 was used
as a homogeneous catalyst instead of the polymer P2 under
otherwise identical conditions. It seems likely that a site-iso-
lation effect is responsible for the significantly increased ac-
tivity of the polymer P2. In fact, it has been reported that
inactive dimeric m-oxo–RuIV complexes may form rather


Scheme 1. Synthesis of the tetraarylporphyrin 1 and its {Ru(CO)} complex 2 : a) 142 8C, CH3CH2CO2H;
b) 111 8C, [Ru3(CO)12], styrene, toluene.


Scheme 2. Synthesis of the polymeric catalyst P2 : a) 65 8C, CHCl3,
EGDMA, AIBN.


Table 1. Catalytic oxidation of secondary alcohols with the polymeric
catalyst P2.[a]


Substrate Product Conversion [%]


>99


91


91


80 (99)[b]


89


96


82


[a] The reactions were performed in benzene at 55 8C with a substrate/
Cl2pyNO/catalyst molar ratio of 200:250:1. The conversion was deter-
mined after 6 h by gas chromatography. [b] Conversion after 24 h.


J 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 5055 – 50615056



www.chemeurj.org





easily from the catalytically relevant [RuO(por)] and
[Ru(O)2(por)] species.


[22,23]


Next we were interested in whether we could improve the
activity and selectivity of the immobilized catalyst by using
the technique of molecular imprinting. The key step of mo-
lecular imprinting with a transition-metal catalyst is the uti-
lization of a pseudosubstrate, which is coordinatively bound
to the active site of the catalyst during the polymerization
procedure.[15] After polymerization, the pseudosubstrate is
selectively cleaved off, thereby generating an imprint (“sub-
strate pocket”) in direct proximity to the active site. So far,
molecular imprinting studies with porphyrin metallomono-
mers have focused on ligand-recognition studies[18] and only
recently a report about a molecularly imprinted hemin cata-
lyst has been published.[24]


For [Ru(por)(CO)] complexes it was known that they
form stable adducts with N-donor ligands.[2a,25] We thus in-
vestigated whether primary amines could be used as pseudo-
substrates. When one equivalent of aminodiphenylmethane
was added to complex 2 in [D6]acetone, the immediate for-
mation of the new complex 3 was observed by 1H NMR
spectroscopy (Figure 1, Scheme 3). For the signal of the pyr-


role-CH proton, for example, a shift towards higher field
was observed during the progressive addition of amine to
the ruthenium–porphyrin complex. The complexation of the
amine could be cleanly reversed by addition of trifluoroace-
tic acid (Figure 1). These results suggested that aminodiphe-
nylmethane could indeed be employed to create a substrate
pocket next to the ruthenium center.


The imprinted polymer P3 was synthesized as outlined in
Scheme 3. Addition of one equivalent of aminodiphenyl-
methane to complex 2 gave the adduct 3, which was copoly-
merized with EGDMA using chloroform as the porogen.
The reaction conditions (initiator, temperature, EGDMA


ratio) were the same as those used for P2 in order to allow
for a direct evaluation of the imprinting effect. The pseudo-
substrate was cleaved off by washing the polymer with a so-
lution of CF3CO2H in acetone. As the decomplexation step
was fast and quantitative for complex 3 in homogeneous so-
lution, it was expected that the CF3CO2H treatment would
also be effective for the polymer P3. This was indirectly con-
firmed by results of the catalysis experiments as outlined
below.


First, the oxidation of diphenylmethane was investigated,
a substrate which displays a strong structural similarity to
the pseudosubstrate. For both polymeric catalysts, the time
course of the reaction was examined by removing samples
from the reaction mixture, which were analyzed by gas chro-
matography. The imprinted catalyst P3 was found to be sig-
nificantly more active than the nonimprinted polymer P2 :
the initial rate, calculated from the conversion of diphenyl-
methane after 6 h, was 6.4 times higher for polymer P3 than
for polymer P2 (Figure 2). For both reactions, the main oxi-
dation product was benzophenone with small amounts of di-
phenylmethanol being present, in particular at the beginning
of the reaction. This points to the fact that the reaction pro-
ceeds in two steps and that the alcohol oxidation is consider-
ably faster than the alkane oxidation. A slight induction
period was evident from the time course of the reactions.
This was not unexpected as the {Ru(CO)} complexes are
catalyst precursors from which the catalytically active Ru=O
species are generated by decarbonylation.[2]


When 2 equivalents of diphenylaminomethane were
added to the reaction mixture, the rates dropped to zero in-
dicating that the amine acts as a catalyst poison. According-
ly, only very low conversions were observed when the im-
printed polymer P3 was not washed with trifluoroacetic acid


Figure 1. Part of the 1H NMR spectrum (400 MHz, [D6]acetone) high-
lighting the signals of the pyrrole-CH groups of a) complex 2, b) complex
2+ (0.5 equiv of H2NCHPh2), c) complex 2+ (1 equiv of H2NCHPh2),
d) complex 2+ (1 equiv of H2NCHPh2)+ (0.5 equiv CF3COOH), and
e) complex 2+ (1 equiv of H2NCHPh2)+ (excess of CF3COOH).


Scheme 3. Synthesis of the imprinted polymer P3 : a) 65 8C, CHCl3,
EGDMA, AIBN; b) CF3CO2H.
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prior to being used as a catalyst. These results clearly ex-
cluded the possibility that residual pseudosubstrate in the
polymer P3 was responsible for the increased activity. In
order to verify that the difference in activity between P2
and P3 was not due to the washing step with trifluoroacetic
acid, polymer P2 was likewise treated with CF3CO2H/ace-
tone. This treatment, however, had no effect on the catalytic
activity of P2 as evidenced by control experiments with a
second batch of P2, which was exclusively washed with ace-
tone.


The rate enhancement due to molecular imprinting was
found to depend strongly on the reaction temperature and
the nature of the substrate. When the oxidation of diphenyl-
methane was performed at 55 8C, the difference between the
rates of reactions with the catalysts P2 and P3 was only a
factor of 4.3. When the temperature was lowered to 20 8C,
on the other hand, the difference increased to a factor of
16.3 (Figure 3). A similar temperature dependence has been


reported for the binding affinities of some molecularly im-
printed polymers;[26] this was attributed to the increased
flexibility of the polymer backbone at higher temperatures,
which reduces the structural integrity of the imprinting site,


and an analogous explanation can be put forward in the
present case.


Similarly, the nature of the substrate has a pronounced
effect on the relative reaction rates. This is evident when the
results for the oxidation of diphenylmethanol, diphenylme-
thane, and anthracene are compared (Figure 4). All three


substrates have a size and shape which is related to that of
the pseudosubstrate diphenylaminomethane. For diphenyl-
methanol, however, a rate enhancement due to imprinting
of a factor of 2.5 was observed, whereas factors of 6.4 and
15.7 for the oxidation of diphenylmethane and anthracene,
respectively, were determined. This difference can be ex-
plained by the fact that the oxidation of diphenylmethane
and anthracene requires two- or multiple oxidation steps, re-
spectively. As the imprinting effect will manifest itself in
each step, higher rate enhancements are indeed expected
for diphenylmethane and in particular for anthracene.


To further probe the selectivity of the polymeric catalysts,
we performed competition experiments with equimolar
amounts of two substrates, which undergo the same oxida-
tion step (alcohol!ketone), but which differ in terms of
their size and shape. Previous results with imprinted rutheni-
um catalysts for transfer hydrogenations had shown that mo-
lecular imprinting may result in an increased selectivity for
the substrate, the structure of which most closely resembles
that of the pseudosubstrate.[27] For the imprinted catalyst P3,
however, the rate enhancements relative to P2 were similar
for all alcohol pairs tested. A moderate substrate selectivity
was found when the imprinted polymer P4 was employed.
P4 was generated by using 1-aminoadamantane instead of
aminodiphenylmethane as the pseudosubstrate. In competi-


Figure 2. Oxidation of diphenylmethane by Cl2pyNO with the nonim-
printed catalyst P2 (*) or with the imprinted catalyst P3 (*). The reac-
tions were performed in benzene at 35 8C with a substrate/Cl2pyNO/cata-
lyst molar ratio of 100:250:1. The data points represent averaged values
from two independent experiments, the errors are less than 1%.


Figure 3. Rate enhancements for the oxidation of diphenylmethane with
the imprinted catalyst P3 when compared to the nonimprinted catalyst
P2 at three different temperatures. The reactions were performed in ben-
zene with a substrate/Cl2pyNO/catalyst molar ratio of 100:250:1. The rate
enhancements were calculated from the conversions after 6 h.


Figure 4. Conversions and rate enhancements for the oxidation of three
different substrates with the imprinted catalyst P3 compared with the
nonimprinted catalyst P2. The reactions were performed in benzene at
35 8C with a substrate/Cl2pyNO/catalyst molar ratio of a) 1000:1250:1,
values after 1 h, b) 200:500:1, values after 6 h, and c) 100:500:1, values
after 6 h.
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tion experiments with the substrate pair 2-adamantanol/2-
octanol and the catalyst P2, the two substrates were oxi-
dized with the same rates but in reactions with the imprint-
ed catalyst P4, a clear preference for adamantanol was ob-
served (Figure 5). The selectivity, as calculated from the rel-


ative conversion after 4 h,[28] was found to be 1.0 for P2 and
1.4 for P4.


The results indicated that the imprinting procedure had a
strong effect on the catalytic activity of the porphyrin-con-
taining polymers (in particular for substrates which undergo
multiple consecutive oxidation steps) but only a small effect
on the selectivity within the same class of substrates. This
might be due to the fact that the pseudosubstrate was at-
tached to the metallomonomer by a single coordinative
bond. Consequently, the pseudosubstrate had a high confor-
mational flexibility during the imprinting procedure, which
resulted in large but structurally ill-defined substrate pock-
ets. This is in agreement with studies of Spivak et al. which
highlight the importance of multipoint interactions during
the formation of the molecularly imprinted polymer.[29]


Despite the moderate selectivity, the imprinted polymers
show clear advantages in terms of catalytic performance.
This was further substantiated by oxidation reactions with
simple hydrocarbon substrates. Using only 1 mol% of the
imprinted polymer P3 and no activating mineral acid, good
conversions were observed for most substrates investigated
(Table 2). For the nonimprinted polymer P2, on the other
hand, only one substrate—tetralon—displayed a conversion
of more than 50% under similar conditions. As found for
the oxidation of alcohols, negligible conversions of less than
2% were obtained in reactions with the homogeneous cata-
lyst 2.


Conclusion


A ruthenium–porphyrin complex has been incorporated into
a mesoporous, highly cross-linked polymer by copolymeriza-
tion with a large excess of EGDMA. Due to site isolation of
the complexes within the rigid polymeric matrix it was possi-
ble to use the polymer as an efficient catalyst for the oxida-
tion of alcohols and alkanes. This is in sharp contrast to the
corresponding homogeneous catalyst, which was completely
ineffective for these reactions. The utilization of an
EGDMA polymer as the solid support allowed manipula-
tion of the microenvironment of the catalyst by using the
technique of molecular imprinting. It was thus possible to
increase the activity of the catalyst by more than one order
of magnitude by carrying out the polymerization in the pres-
ence of aminodiphenylmethane as a template. This increase
in activity is significant given the fact that the imprinted and
the nonimprinted polymer contain the same amount of
ruthenium complexes with an identical first coordination
sphere. Highly cross-linked organic polymers therefore rep-
resent ideal supports for immobilized Ru–porphyrin cata-
lysts: they not only prevent intermolecular deactivation re-
actions but also allow manipulation of the microenviron-
ment of the catalyst in a controlled fashion. It is conceivable
that future research along these lines may lead to porphyrin
catalysts with an even more defined substrate pocket. This
could be achieved by using secondary interactions (e.g., hy-


Figure 5. Oxidation of 2-adamantanol (circles) and 2-octanol (triangles)
by Cl2pyNo catalyzed with the nonimprinted catalyst P2 (open symbols)
or the imprinted catalyst P4 (closed symbols). Reaction conditions:
a) benzene, RT, 2-adamantanol/2-octanol/Cl2pyNO/catalyst (molar ratio
100:100:250:1), and 1 mol% P2 or P4. The data points represent aver-
aged values from two independent experiments, the errors are less than
1%.


Table 2. Catalytic oxidation of alkanes with the nonimprinted catalyst P2
and the imprinted catalyst P3.[a]


Substrate Product Conv. [%] Conv. [%]
P2 P3


48 >99


13 62


76 98


49 96


6 38


12 87


[a] The reactions were performed in benzene at 55 8C with a substrate/
Cl2pyNO/catalyst molar ratio of 100:250:1 (100:500:1 for anthracene).
The conversion (conv.) was determined after 24 h by gas chromatogra-
phy.
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drogen bonding) between the pseudosubstrate and the poly-
meric matrix. Attempts in this direction are currently being
pursued in our laboratory.


Experimental Section


General : All complexes were synthesized under an inert atmosphere of
dinitrogen using standard Schlenk techniques. The solvents (analytical
grade purity) were degassed and stored under a dinitrogen atmosphere.
4-(Vinylbenzoxy)benzaldehyde was synthesized according to the litera-
ture.[19] Ethylene glycol dimethacrylate (EGDMA) was purchased from
Aldrich. It was washed with NaOH (1m) and saturated NaCl solution
and dried with Na2SO4. After filtration, the monomer was distilled under
reduced pressure. AIBN was purchased from Fluka and was re-crystal-
lized from methanol before use. 2,6-Dichloropyridine N-oxide was pur-
chased from Aldrich. Polymerizations were performed in a glovebox con-
taining less than 1 ppm of oxygen and water. The 1H and 13C spectra
were recorded on a Brucker Advance DPX 400 instrument using the re-
sidual protonated solvents as internal standards. The spectra were record-
ed at room temperature. The GC analyses were performed with a Varian
3800 gas chromatograph using a CP-Sil 8 CB column (30 m). The BET
measurements were carried out by Quantachrome GmbH, Odelzhausen,
on a Quantachrome Autosorb-3 instrument. Prior to the measurements,
the samples were dried under vacuum at 100 8C for 2 h.


Synthesis of porphyrin 1: To propionic acid (100 mL) at reflux (b.p.
142 8C), pyrrole (1.9 mL, 27.3 mmol) and 4-(vinylbenzoxy)benzaldehyde
(6.5 g, 27.3 mmol) were added and stirred for 30 min at reflux. After
cooling, the violet precipitate was filtered off and washed with methanol
(200 mL) and pentane (50 mL) and dried under vacuum. Yield: 920 mg
(12%); 1H NMR (400 MHz, CDCl3): d=�2.77 (s, 2H; NH), 5.31 (d, 3J=
11 Hz, 4H; CH=CH2), 5.35 (s, 8H, OCH2), 5.83 (d, 3J=18 Hz, 4H; CH=


CH2), 6.80 (dd, 3J=11, 3J=18 Hz, 4H; CH=CH2), 7.35 (d, 3J=8 Hz, 8H;
RC6H4R’), 7.59 (m, 16H; RC6H4R’), 8.12 (d, 3J=8 Hz, 8H; RC6H4R’),
8.86 ppm (s, 8H; pyrrole-H); 13C NMR: not determined due to low solu-
bility; UV/Vis (CHCl3): lmax (e in cm2mol�1)=423 (457000), 519 (35000),
551 (28000), 592 (21000), 650 nm (20000); MS (FAB+) m/z : 1143.3
[M]+ ; elemental analysis calcd (%) for C80H62N4O4 (1143.39): C 84.04,
H 5.47, N 4.90; found: C 84.04, H 5.56, N 4.82.


Synthesis of complex 2 : A mixture of toluene (150 mL), porphyrin 1
(400 mg, 0.35 mmol), [Ru3(CO)12] (293 mg, 0.46 mmol), and styrene
(4.0 mL, 42.3 mmol) was protected from light and heated to reflux for
48 h. The solvent was evaporated and the product was washed with
hexane and then purified by column chromatography (SiO2; first CHCl3
then CHCl3/THF 99:1). The product was dissolved in a minimal amount
of chloroform and precipitated in hexane. Removal of the solvent and
drying in vacuum yielded the product. Yield: 330 mg (70%); 1H NMR
(400 MHz, CDCl3): d=5.32 (br, 12H; OCH2 and CH=CH2), 5.83 (d, 3J=
18 Hz, 4H; CH=CH2), 6.80 (dd, 3J=11, 3J=18 Hz, 4H; CH=CH2), 7.31
(m, 8H; RC6H4R’), 7.59 (m, 16H; RC6H4R’), 8.12 (m, 8H; RC6H4R’),
8.86 ppm (s, 8H; pyrrole-H); 13C NMR (400 MHz, CDCl3): d=70.17,
113.07, 113.10, 114.17, 121.51, 126.47, 127.94, 131.73, 134.72, 135.25,
135.30, 136.47, 137.47, 144.38, 158.06, 181.75 ppm (CO); IR: ñCO=


1929 cm�1; UV/Vis (CHCl3): lmax (e in cm2mol�1)=415 (229000), 531
(31000), 565 nm (17000); MS (FAB+) m/z : 1270.3 [M�THF]+ ; elemental
analysis calcd (%) for C81H60N4O5Ru·THF (1342.56): C 76.04, H 5.11, N
4.17; found: C 76.55, H 4.66, N 4.02.


Synthesis of the polymer P2 : EDGMA (2.7 mL, 14.32 mmol) was added
to a solution of complex 2 (48 mg, 35.8 mmol) and AIBN (60 mg,
366 mmol) in CHCl3 (2.7 mL) in a 6 mL screw-cap vial. The vial was
closed and heated for 24 h at 65 8C. The resulting polymer was ground,
treated 3 times with a solution of trifluoroacetic acid in acetone (40 mL,
0.02m), washed with acetone (3U40 mL), and dried under vacuum. Yield:
2.7 g (95%). BET surface area: 409 m2g�1; average pore size: 54 P.


Synthesis of the polymer P3 : EDGMA (1.8 mL, 9.55 mmol) was added
to a solution of complex 2 (32 mg, 23.8 mmol), the template aminodiphe-
nylmethane (4.36 mg, 23.8 mmol), and AIBN (40 mg, 244 mmol) in CHCl3


(1.8 mL) in a 6 mL screw-cap vial. The vial was closed and heated for
24 h at 65 8C. The resulting polymer was ground, treated 3 times with a
solution of trifluoroacetic acid in acetone (20 mL, 0.02m), washed with
acetone (3U20 mL), and dried under vacuum. Yield: 1.9 g (>98%). BET
surface area: 357 m2g�1; average pore size: 58 P.


Synthesis of the polymer P4 : The synthesis was performed analogous to
that of P3 but using 1-aminoadamantane instead of aminodiphenylme-
thane.


Catalytic oxidation of alcohols : A suspension/solution of polymer P2/
complex 2 (20.0 mg/0.33 mg, 0.248 mmol Ru) and Cl2pyNO (10.2 mg,
62 mmol) in benzene (1.0 mL) was stirred for 5 min. The reaction was
then started by addition of the substrate (49.6 mmol) and the Schlenk
tube was placed immediately in an oil bath regulated at 55 8C. Samples
(50 mL) were removed at regular intervals, filtered (or quenched with
pyridine for the homogenous catalysis), and analyzed by GC.


Catalytic oxidation of alkanes : The reactions were performed as de-
scribed for the oxidation of alcohols but 2.5 equivalents of Cl2pyNO
(with respect to the substrate) were added (20.3 mg, 124 mmol).
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Are the Hydrogen Bonds of RNA (A·U) Stronger Than those of DNA
(A·T)? A Quantum Mechanics Study


Alberto P#rez,[a] Jiri Sponer,[b, c] Petr Jurecka,[b, c] Pavel Hobza,[c] F. Javier Luque,*[d] and
Modesto Orozco*[a, e]


Introduction


It is known that for equivalent complementary sequences,
the RNA duplex is more stable than the DNA duplex under
most laboratory and physiological conditions.[1] Traditionally,
this has been explained by a variety of factors, including dif-
ferential stacking, sugar puckering, and solvation.[1] This


generally accepted view has been recently challenged by the
results of various experimental studies suggesting that the
hydrogen bonds (HBs) in A·U are intrinsically more stable
than those of A·T. For example, Chattopadhyaya and co-
workers[2] found the pKa values of the donors and acceptors
of r(A·U) pairs to be more similar than those of d(A·T)
pairs. This was interpreted as evidence for the greater intrin-
sic strength of the A·U HBs. In addition, from measure-
ments of C2 chemical shifts and deuterium isotope effects in
adenine, Vakonakis and LiWang[3] concluded that the r-
(A·U) HBs are intrinsically stronger (around 0.4 kcalmol�1/
step) than those of d(A·T). These two experimental studies
challenge our current understanding of the stability of nucle-
ic acids, because the small differences in energy between d-
(A·T) and r(A·U) pairing, when propagated along long
double helices, result in a major difference in the stability of
DNA and RNA duplexes.


Theoretically, the suggested greater stability of A·U pairs
is counterintuitive, if the large chemical and structural simi-
larity between thymine and uracil is considered. Further-
more, the results of gas-phase quantum-mechanical (QM)
studies have never suggested an enhanced intrinsic stability
of HBs in A·U.[4] For example, Bickelhaupt and co-work-
ers[5] recently reported a marginal difference (0.08 kcalmol�1


from BP86/TZ2P calculations) between A·T and A·U pairs,
and provided convincing arguments that the results of NMR
experiments do not directly reflect the strength of HBs. This
raises doubts concerning the existence of a systematic and


Abstract: The intrinsic stability of
Watson–Crick d(A·T) and r(A·U) hy-
drogen bonds was analyzed by employ-
ing a variety of quantum-mechanical
techniques, such as energy calculations,
determination of reactivity indexes,
and analysis of electron density topolo-
gy. The analyses were performed not
only for equilibrium gas-phase geome-
tries, but also on hundreds of confor-


mations derived from molecular dy-
namics (MD) and database analysis.
None of our results support the idea
that r(A·U) hydrogen bonds are in-
trinsically more stable than those of d-


(A·T). Instead, our data are in accord-
ance with the traditional view that the
greater stability of RNA relative to
DNA is attributable to a variety of ef-
fects (e.g., stacking, sugar puckering,
solvation) rather than to a significant
difference in the hydrogen bonding of
DNA and RNA base pairs.


Keywords: density functional calcu-
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biologically meaningful difference in the stability afforded
by HBs in A·T and A·U. Here, we have examined this prob-
lem by using QM computations, and found no evidence to
support the idea that A·U HBs are stronger than A·T HBs.
Instead, our results support the classical view of the relative
stability of DNA and RNA, which relies on a subtle balance
between stacking, solvation, and intrastrand energy.


Experimental Section


Gas-phase optimum geometries : We first analyzed the intrinsic stability
of A·T and A·U in the gas phase. To achieve this, the dimers were fully
optimized at the RI-MP2/cc-pVTZ level, and the interaction energies
were determined at the MP2-complete-basis-set level (extrapolated from
MP2/aug-cc-pVDZ and MP2/aug-cc-pVTZ calculations[6]) with CCSD(T)
corrections computed with the 6–31G*(0.25) basis set[6] (this level is re-
ferred in the text as CCSD(T)/CBS). Energy corrections arising from ge-
ometry distortion and basis-set superposition errors were corrected by
using standard procedures.[6] Calculations were also performed at the
B3LYP/6–31G(d,p) level (using both RI-MP2 and DFT geometries),
which allowed us to verify the quality of simple DFT calculations for the
evaluation of the relative stabilities of hydrogen-bonded complexes of
nucleic acid bases. BaderQs[7] and GMIPs[8] analyses were used to examine
further the stability of individual HBs in A·T and A·U base pairs. The
CCSD(T)/CBS level is the state-of-the-art for quantum-mechanical calcu-
lations of interaction energies, and yields results that reproduce very ac-
curately experimental data for a variety of hydrogen-bonded systems.[9]


RNA/DNA adapted geometries : Because calculations on the optimum
gas-phase geometries might not properly reflect the situation in the
DNA/RNA duplex, we extended our QM study to five A·T and A·U
pairs derived from crystal geometries. For this limited set of structures
(taken from protein data bank (PDB) entries showing very typical, classi-
cal interaction energies: bd0002, bd0004, bd0007, bd0031, bdj052, ar0006,
ar0008, ar0022, arn0035, and url029), interbase geometries were fixed at
crystal values, and intrabase geometries were optimized at the DFT level.
Interaction energies were then computed (with BSSE correction) at
CCSD(T)/CBS levels (distortion terms were determined at the DFT
level). For comparison, these calculations were repeated at the B3LYP/
6–31G(d) level and also classically by using the parm98 force-field.[10]


As described below, these calculations allowed us to verify the quality of
the B3LYP/6–31G(d,p) results. Accordingly, this level of calculation was
used to analyze the A·T and A·U pairing in a large subset[11] of B-DNA
and A-RNA duplex crystal structures collected from the PDB that were
at least 8-mer long and contained no drug/protein overhanging, mis-
matching, or modified nucleobases (a complete list of structures is avail-
able from the authors upon request). This subset was further filtered to
remove all the G·C steps, the terminal A·T/U dimers, and any unusual
pairs that showed unfavorable (positive) interaction energies. Backbones
were replaced by a proton, and all of the intrabase geometries of the nu-
cleobases (147 A·T, 30 A·U) were optimized at the B3LYP/6–31G(d,p)
level, keeping the X-ray interbase geometry fixed. Finally, interaction en-
ergies corrected by using BSSE and geometry distortion terms were com-
puted and averaged (individual data are available upon request). As
before, BaderQs analysis was performed at the B3LYP/6–31G(d,p) level
for all of the optimized dimers.


Additionally, classical calculations were performed by taking 1000 geo-
metries of d(A·T) and r(A·U) dimers, randomly selected from 10 ns mo-
lecular dynamics (MD) trajectory in aqueous solution.[12] These simple
calculations helped us to detect possible bias in the results, by the use of
crystal geometries instead of solution structures.


The effect of specific water molecules : The effect of tightly bound water
molecules in modulating the strength of A·T/A·U HBs in DNA/RNA
was explored by defining consensus hydration sites for DNA and RNA.
These were obtained by inspecting 10 ns MD simulations of DNA and
RNA duplexes of the same sequence.[13] This analysis showed the pres-


ence of two regions of very high water density for RNA (located in both
major and minor grooves) and one for DNA (in the minor groove).
TIP3P[13] water molecules were placed in the center of these regions and
oriented for the different crystal or MD geometries of the A·T and A·U
pairs by using parm98. The wave functions of the A·T/U pairs were then
obtained by considering the perturbing effect of the atomic charges of
TIP3P[13] water molecules in B3LYP/6–31G(d,p) calculations. BaderQs
analysis was also performed on the resulting electron density obtained
for these microsolvated systems. This type of calculation allowed us to in-
vestigate specifically the polarizing effect of water on the strength of the
hydrogen bond.


Quantum-mechanical calculations were performed by using Turbo-
mole,[14] Gaussian-03,[15] PROAIMS,[16] and MOPETE[17] software pack-
ages. The remaining calculations/structural manipulations were per-
formed by using home software.


Results and Discussion


The best results of the ab initio calculations (complete basis
set/MP2 with CCSD(T) correction, hereafter referred to as
CCSD(T)/CBS) suggest a marginal difference (only
0.1 kcalmol�1) in the stability of A·T and A·U base pairs if
the geometry is fully optimized in the gas phase (see
Table 1). Interestingly, B3LYP/6–31G(d,p) calculations (per-


formed by using either RI-MP2 or DFT geometries) de-
crease the interaction energy (in absolute terms) by
2.7 kcalmol�1, but the energy difference between A·T and
A·U remains unaltered. This supports the quality of the
DFT calculations (see above).


As described in the Experimental Section, dimerization
energy involves many different elemental interactions other
than the stabilization due purely to hydrogen bonding be-
tween donor and acceptor atoms. Fortunately, topological
analysis of electron density by using BaderQs analysis pro-
vides a simple method to isolate the contribution of hydro-
gen bonds alone. Stronger HBs correspond to higher elec-
tron densities at the corresponding bond critical points
(BCPs), and typically to larger values of the Laplacian.[7]


The data in Table 2, obtained from either MP2/6–31G(d,p)
or B3LYP/6–31G(d,p) electron densities, suggest that the
N1�N3 hydrogen bond seems to be slightly stronger than
the N6�O4 bond for both A·T and A·U pairs (the use of
MP2 or DFT geometries does not alter the results). The dif-
ferences in the properties of the BCPs between A·T and
A·U are very small and compensate each other. For exam-
ple, the N6�O4 HB seems to be slightly stronger for A·T


Table 1. Interaction energies (kcalmol�1) computed at the CBS/
CCSD(T) and B3LYP/6–31G(d,p) levels for A·T and A·U dimers by
using geometries optimized at the RI-MP2/cc-pVTZ (MP2) and B3LYP/
6–31G(d,p) (DFT) levels (see text).


Dimer DE(CCSD(T)/CBS) DE(DFT)


A·T(MP2) �15.0 �12.0
A·T(DFT) – �12.3
A·U(MP2) �15.1 �12.1
A·U(DFT) – �12.3
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than for A·U, whereas the reverse is true for the N1�N3
bond. The sums of the electron densities at the N1�N3 and
N6�O4 BCPs for the A·T and A·U pairs are equal, suggest-
ing that no difference exists (for optimum gas-phase geome-
tries) between the strength of HBs in A·T and A·U pairs.
This conclusion is supported by the results of GMIPp analy-
sis, which demonstrates that no difference exists in the hy-
drogen-bond donor/acceptor propensities of T and U (see
Table 2).


An inevitable criticism of the results presented above is
that they correspond to an ideal situation in the gas phase
and not to that found in DNA and RNA polymers, in which
geometrical restrictions can bias the A·T/A·U interactions
and favour one interaction over the other. Calculations for
ten (5+5) crystal structures of A·T and A·U dimers in real
DNA and RNA orientations (see Experimental Section for
details) confirms that subtle geometrical changes required
for the adaptation of both A·T and A·U to the structure of
DNA/RNA lead to non-negligible changes in the stability of
the dimers (see Table 3). However, in relative terms, these


changes are small and actually suggest that A·T pairs are
more stable than A·U pairs, which is just the reverse to the
suggestion derived from NMR spectroscopy experiments
(see Introduction). Interestingly, as expected from the re-
sults in Table 1, B3LYP/6–31G(d,p) results reproduce very
accurately the relative stability of A·T to A·U (note the
shift of 2.7 kcalmol�1 between CCSD(T)/CBS and DFT in-


teraction energies). Surprisingly, force-field results also re-
flect the relative difference between A·T and A·U pairs,
which supports the suitability of force-field-based methods
to analyze DNA and RNA structures.


The ability of DFT calculations to reproduce correctly in-
teraction energies (Tables 1 and 3) and electron density top-
ology (Table 2), as well as the computational efficiency of
this method, makes it an ideal choice for the large-scale
analysis of d(A·T) and r(A·U) dimers in the PDB (see Ex-
perimental Section). Interaction energies (including BSSE
and distortion corrections) computed for all of the geome-
tries (see Table 4, individual values are available upon re-


quest), show that upon moving from optimum gas-phase ge-
ometries to those found in the crystal, there is a non-negligi-
ble loss of stability in the A·T and A·U dimers (around
2 kcalmol�1 from the data in Tables 1 and 4). This cannot be
justified completely by errors in refinement of the struc-
tures, and reflects how polymer restrictions avoid the forma-
tion of an optimum hydrogen-bonding arrangement in DNA
and RNA duplexes. In addition, the interaction energies in
Table 4 do not support the idea that A·U (RNA) pairs are
more stable than A·T (DNA) pairs. In fact, any differences
that do exist support the opposite situation. The results do
not change if outliers (pairs showing anomalously poor in-
teraction energies, i.e., with energies larger than three stan-
dard deviations from the average) are eliminated from the
study. Furthermore, classical (parm98) analysis performed
on 1000 configurations of d(A·T) and r(A·U) collected from
structures sampled along MD simulations of duplex DNA
and RNA revealed the same trends, suggesting that possible
packing effects in the crystal do not bias the analysis
(Figure 1).


Results of electron density topology analysis (Table 5)
performed for all the dimers (individual values are available
upon request) show a consistent reduction in the strength of
HBs upon moving from ideal gas-phase to crystal geome-
tries (see Tables 2 and 5), which is in accordance with the
behavior of interaction energies. These analyses failed to
reveal any difference in the strength of either N6�O4 or
N1�N3 HBs in A·T and A·U pairs when the crystal geome-
tries of both pairs in DNA and RNA are considered. A test


Table 2. Electron density (1(r); au) and its Laplacian (521(r); au) at the
bond critical points connecting HB donor and acceptor atoms obtained
from BaderQs analysis by using B3LYP/6–31G(d,p) (non-italic) or MP2/
6–31G(d,p) (italic) wave functions, and either RI-MP2/cc-pVTZ (MP2)
or B3LYP/6–31G(d,p) (DFT) levels. GMIPp (HF/6–31G(d,p) in kcal
mol�1) was computed for T and U donor (N3) and acceptor (O4) atoms
that were connected with the corresponding acceptor/donor groups in the
paired A (see text).


Dimer H-bond 1(r)T10�2 52(R)T10�2 GMIPp


A·T(MP2) N6�O4 3.3/3.2 9.3/9.5 �7.9
N1�N3 4.4/4.4 9.8/10.1 �4.9


A·T(DFT) N6�O4 2.8 7.6 �7.9
N1�N3 4.3 9.6 �4.9


A·U(MP2) N6�O4 2.9/4.7 8.3/10.2 �7.8
N1�N3 2.9/4.6 8.6/10.5 �5.0


A·U(DFT) N6�O4 2.8 7.5 �7.8
N1�N3 4.4 9.6 �5.0


Table 3. Average interaction energies (CCSD(T)/CBS, B3LYP/6–31G-
(d,p), and parm98 in kcalmol�1) and standard errors (also in kcalmol�1)
for five A·T and five A·U dimers in typical DNA and RNA conforma-
tions (see text). Individual values are available from the authors upon re-
quest.


Dimer CCSD(T)/CBS B3LYP/6–31G(d,p) Parm98


A·T �14.4�0.3[a] �11.6�0.2 �13.4�0.2
A·U �13.9�0.3[a] �11.2�0.3 �12.8�0.3


[a] Geometries and distortion energies computed by performing DFT cal-
culations.


Table 4. Average interaction energies and standard errors (in kcalmol�1)
computed at the DFT and classical (parm98) levels for crystal and MD
A·T and A·U dimers (see text for details). Each cell contains values for
the entire crystal data base (top), those obtained eliminating outlier pairs
(those with interaction energies that deviate by more than three times
the standard deviation from the average value (middle)), and values ob-
tained from the ensemble of structures collected from MD (bottom).


Dimer DE(DFT) DE(Parm98)


A·T �10.3�0.2 �11.5�0.2
�10.5�0.2 �11.6�0.2


– �11.2�0.0
A·U �10.1�0.4 �11.1�0.4


�10.1�0.4 �11.1�0.4
– �10.8�0.0
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calculation performed by using the MD-average conforma-
tion of d(A·T) and r(A·U) pairs in dodecamers (data not
shown) confirms the conclusions derived here from crystal
structures.


Our final concern was whether or not the different solva-
tion patterns in DNA and RNA duplexes could polarize
A·T and A·U dimers differently, and thus increase the
strength of HBs in the A·U dimers. To analyze this, we mi-
crosolvated all of the crystal d(A·T) and r(A·U) by using
average solvation contours detected from extended MD sim-
ulations of DNA and RNA duplexes (see Experimental Sec-
tion). Results of BaderQs analysis on these microsolvated
clusters (see Table 6) showed that the impact of structural
water molecules on the strength of A·T and A·U HBs is
very small and does not alter the conclusions derived from
the analysis of unsolvated crystal dimers.


In summary, our analyses of the d(A·T) and r(A·U)
dimers, performed by applying state-of-the-art quantum
theory, and by considering not only optimum gas-phase geo-
metries, but also crystal conformations found in DNA and
RNA duplexes, failed to provide any convincing evidence
that: 1) A·U pairs are intrinsically more stable than A·T
pairs, and 2) A·U HBs are stronger than A·T HBs. These
findings confirm results from Swart et al.[5] and do not sup-


port suggestions by Acharya et al.[2] and Vakonakis and
LiWang.[3] Therefore, our data suggest that differences be-
tween the stability of RNA duplexes containing A·U pairs
and DNA duplexes containing A·T dimers are due to a vari-
ety of effects, including bulk solvation, different sugar puck-
ering, changes in intra- and intermolecular stacking, and
other subtle contributions related to the global conforma-
tion of DNA and RNA duplexes. Our findings support the
classical explanation of the relative stability of DNA and
RNA duplexes, rather than the alternative view that system-
atic differences in the intrinsic strength of A·T and A·U
HBs are a major determinant of the greater stability of
RNA duplexes containing A·U pairs relative to DNA du-
plexes containing A·T dimers.
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Heavy Group 14 1,(n+2)-Dimetallabicyclo[n.n.n]alkanes and 1,(n+2)-
Dimetalla[n.n.n]propellanes: Are They All Realistic Synthetic Targets?


Niclas Sandstrçm and Henrik Ottosson*[a]


Introduction


Recently, Kira et al. prepared the first 1,3-disilabicyclo-
[1.1.0]butane,[1] a compound with a partially inverted Si�Si
bond.[2] A fully inverted Si�Si bond is found in 1,3-disila-
[1.1.1]propellane, a species that hitherto has not been made,
even though the parent all-carbon [1.1.1]propellane and a
pentastanna[1.1.1]propellane derivative, that is, ligand-stabi-
lized cluster compounds with “naked” Group 14 atoms,[3]


were prepared by Wiberg and Walker[4] and Sita et al.[5] Of
the larger synthesized [n.n.n]propellanes, only 3,7,10-
trichalcogenaoctasila[3.3.3]propellanes[6] and a 1,6-disila-
[4.4.4]propellane[7] have heavy Group 14 bridgehead atoms.


The bridgehead Si atoms in the former species are not in-
verted, but the Si-Si-C angles (105.98) in the latter reveal a
trend towards inversion.[7b]


With shorter tethers the strain will increase, and if 1,-
(n+2)-dimetalla[n.n.n]propellanes with C-, N-, or O-based
tethers with n=3 were to be made their M�M (M=Si, Ge,
or Sn) bonds could break with formation of biradicals.[8] M�
M bond breakage in small polyhedral compounds with
three-membered rings is facile,[9] and Kutzelnigg concluded
that Si, Ge, Sn, and Pb prefer four-membered over three-
membered rings due to an inability to properly form hybrid
orbitals.[10] Such M�M bond breakage followed by oligome-
rization would yield heavy-core staffanes,[11] that is, oligom-
ers of 1,3-dimetalla[1.1.1]propellanes, that could have inter-
esting electronic and optical properties, since the M atoms
in these chains may couple. Due to possibly useful optoelec-
tronic properties of the oligomers, the stabilities of 1,(n+2)-
dimetallabicyclo[n.n.n]alkanes are also of interest, as these
represent the oligomer repeat units. Through-space interac-
tions in bicyclo[1.1.1]pentane and in staffanes have been ob-
served,[12–20] and stronger interactions in heavy-core staffanes
can be envisioned.


Abstract: [n.n.n]Propellanes and
bicyclo[n.n.n]alkanes (1�n�3) in
which the bridgeheads and bridges are
composed of different Group 14 ele-
ments will not be ideal homologues of
the all-carbon propellanes and bicy-
cloalkanes. We used quantum-chemical
calculations to conclude which of these
could possibly be stable at ambient
temperature. Structures, strain, and di-
merization energies of [n.n.n]propel-
lanes and bicyclo[n.n.n]alkanes with C-
based tethers and with Si, Ge, or Sn at
the bridgehead positions were calculat-
ed. The aptitude to add water was
probed in selected cases. Comparisons
were made with the analogous all-C


propellanes and bicycloalkanes. All
heavy 1,(n+2)-dimetallabicyclo-
[n.n.n]alkanes should be thermally
stable and suitable synthetic targets,
even though the moisture sensitivity of
1,3-dimetallabicyclo[1.1.1]pentanes in-
creases as Group 14 is descended. For
1,(n+2)-dimetalla[n.n.n]propellanes,
the incompatibility between the tether
and M�M bond lengths impacts strong-
ly on structure and stability. At ambi-


ent temperature 1,3-disila-
[1.1.1]propellanes should oligomerize
instantly upon formation, whereas 1,3-
digerma- and 1,3-distanna-
[1.1.1]propellanes should be less prone
to oligomerize and possibly isolable.
The 1,4-dimetalla[2.2.2]propellanes
with M=Si–Sn have biradical ground
states and can presumably only be ob-
served under inert conditions at cryo-
genic temperatures. Finally, we predict
that 1,5-disila[3.3.3]propellane will be
persistent at ambient temperature, but
1,5-distanna[3.3.3]propellane should
rapidly oligomerize.
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However, the selection of reported heavy bicyclo-
[n.n.n]alkanes is limited. Bicyclo[1.1.1]pentanes and bicyclo-
[2.2.2]octanes in which all C atoms have been replaced by
heavier elements have been made,[5b,21–26] and those with all
C atoms replaced by Si or Sn show structural homology to
the all-C compounds. However, with different Group 14 ele-
ments in tethers and at bridgeheads, these species cannot
display such homology. The 9,10-dimetallatriptycenes of Ta-
kahashi et al.[27] and Bickelhaupt et al.[28] are the bicyclic
species with the shortest C-based tethers linking bridgehead
Si, Ge, and Sn atoms. This near lack of Group 14 1,(n+2)-
dimetalla[n.n.n]propellanes and 1,(n+2)-dimetallabicyclo-
[n.n.n]alkanes with n=3 (Scheme 1) led us to probe compu-


tationally which of these are realistic synthetic targets. Allen
et al. earlier computed structures and strain energies of
[1.1.1]propellanes and bicyclo[1.1.1]pentanes with some or
all C atoms exchanged for Si,[29] and concluded that these
species will not be prone to polymerize and thus represent
good candidates for synthesis. We probed the structures of
1,(n+2)-dimetalla[n.n.n]propellanes and 1,(n+2)-
dimetallabicyclo[n.n.n]alkanes (n=1–3 and M=C–Sn) and
found trends in strain and stability against oligomerization
that, in part, contradict earlier findings.


The all-C bicyclo[n.n.n]alkanes and [n.n.n]propellanes
(n=1–3) were prepared earlier,[30–35] but their stabilities vary
greatly. Bicyclo[n.n.n]alkanes and the [3.3.3]propellane are
inert, but most [2.2.2]- and [1.1.1]propellanes polymerize
and/or rearrange, the exceptions being the fluorinated
[2.2.2]propellanes of Lemal et al.[36] One could reason that if
a heavy dimetalla[n.n.n]propellane or dimetallabicyclo-
[n.n.n]alkane is less strained than its all-C analogue, it will
be at least as stable as the latter, and this could be particu-
larly true if the strain difference of a heavy propellane/bicy-
cloalkane pair is smaller than the strain difference of the
analogous all-C pair. However, such a comparison of the all-
C with the heavier systems is oversimplified, as the stability
of the propellane depends on the relative M�M bond
strengths of the propellane and the oligomer. High M�M
bond polarizabilities of the heavy propellanes should also fa-
cilitate their oligomerization. We analyzed these and other
issues using computations, with the aim of rationalizing
which species can possibly exist at ambient temperature.


Computational Methods


All calculations were done with the Gaussian03 program package.[37] The
first optimizations were done at the B3LYP hybrid density functional
theory level[38] with the 6-31G(d) basis set for C and H[39] and the
LANL2DZ relativistic effective core potential (ECP) of Hay and Wadt
for Si, Ge, and Sn,[40] extended with the d-type polarization functions of
Sunderlin et al. , optimized for B3LYP and MP2 calculations.[41] We write
this basis set combination as 6-31G(d)(LANL2DZd). The stationary
points were subjected to frequency calculations to check their characters
as minima or saddle points. The structures that correspond to minima
were further optimized at the B3LYP level with the cc-pVTZ basis set
for C, Si, and H, and the SDB relativistic ECP of Martin and Sunder-
mann for Ge and Sn.[42] This basis set combination is written here as cc-
pVTZ(SDB). Geometry optimizations of all compounds were also per-
formed at the MP2 level with 6-31G(d)(LANL2DZd) and cc-pVTZ-
(SDB) for 1,3-dimetalla[1.1.1]propellanes and 1,3-dimetallabicyclo-
[1.1.1]pentanes. For the last two compound classes we also performed
CCSD(T)/cc-pVTZ(SDB)//MP2/cc-pVTZ(SDB) calculations to evaluate
the quality of strain energies calculated with B3LYP and MP2.


The stability of the Kohn–Sham solutions was checked for the 1,(n+2)-
dimetalla[n.n.n]propellanes and their biradical oligomers.[43] The Kohn–
Sham solutions were in all cases found to be stable. Biradicals were cal-
culated with CASSCF, unrestricted B3LYP, spin-projected UMP2
(PMP2), and Brueckner doubles with perturbative triples excitations
[BD(T)]. The norm of amplitudes of the single excitations (T1 diagnos-
tics) in the CCSD wavefunctions was calculated for systems with possible
multiconfigurational character.[44]


The nature of the bonding interaction was investigated with the help of
the calculated electron density distribution 1(rb) at the bond critical
points rb by using the AIM2000 program.[45,46] Static dipole polarizabili-
ties of the 1,3- and 1,5-dimetalla[n.n.n]propellanes were calculated at the
B3LYP level with the 6-31G(d)(LANL2DZd) and cc-pVTZ(SDB) basis
sets. These calculations were performed to estimate how the M�M long-
axis polarizability component azz of a compound class scales when
Group 14 is descended, and not to provide the most precise values.


Results and Discussion


We first probed the quality of the strain energies calculated
with the inexpensive methods against those from high-level
CCSD(T) calculations on the two smallest systems. Results
for a 1,(n+2)-dimetallabicyclo[n.n.n]alkane are presented
before those of the analogous 1,(n+2)-dimetalla-
[n.n.n]propellane, as the strain and geometry of the former
is helpful when discussing the oligomerization aptitude of
the latter. When going down Group 14 systems 1–6 show
different trends in strain. The strain is connected to geomet-
rical distortions, and the reference distances for M�M and
C�M single bonds were taken from H3M�MH3 and H3C�
MH3 (Table 1). The strains of 2, 4, and 6 were also com-
pared to those of 1,2-dimetallacycloalkanes 7–9 (Scheme 2
and Table 2). We estimated strain energies by means of ho-
modesmotic reactions, which involve equal numbers of dif-
ferently hybridized atoms in reactants and products
(Scheme 3).[47] Earlier computations show that homodesmot-
ic reactions best describe strain energies in three-membered
cyclic heterosilanes.[48]


1,3-Dimetallabicyclo[1.1.1]pentanes (1): The strain energy
of 1a at the B3LYP/cc-pVTZ level is 65.4 kcalmol�1, and a


Scheme 1. 1,(n+2)-Dimetallabicyclo[n.n.n]alkanes and 1,(n+2)-dimetalla-
[n.n.n]propellanes investigated in this study.
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value of 61.3 kcalmol�1 is computed with B3LYP/6-311G(d)
zero-point energy (ZPE) correction. This is lower than the
measured value (66.6 kcalmol�1),[49] and better agreements
are obtained at the CCSD(T)/cc-pVTZ//MP2/cc-pVTZ,
MP2/cc-pVTZ, and MP2/6-31G(d) levels (64.9, 64.1, and
65.2 kcalmol�1, respectively, with MP2/6-31G(d) ZPE cor-
rections). Even though 1a is highly strained it is thermally
stable up to 300 8C, above which it rearranges to 1,4-penta-
diene.[31] When comparing strain energies of 1a–1d calculat-
ed with the inexpensive MP2 and B3LYP methods with
those from CCSD(T)/cc-pVTZ(SDB)//MP2/cc-pVTZ(SDB),
MP2 produces the best agreement (Figure 1), even though
B3LYP properly describes the trend and magnitude of the
change in strain.


Since 1b–1d are less strained
than 1a by 12–15 kcalmol�1


(Figure 1), they should be ther-
mally stable at ambient tem-
perature. The stabilities of the
previously prepared bicy-
clo[1.1.1]pentasilane,[25] bicy-
clo[1.1.1]pentastannane,[5,24] as
well as 2,4,5-trithia- and
2,4,5-triselena-1,3-disilabicyclo-
[1.1.1]pentanes,[26] support this
conclusion. The Si-containing
bicyclo[1.1.1]pentanes are
stable at their melting points
(175–220 8C), even though
2,4,5-trithia- and 2,4,5-tri-
selena-1,3-disilabicyclo[1.1.1]-


Table 1. M�M’ bond lengths of H3M�M’H3 compounds.


Compound M�M’ distance [L]
MP2/6-31G(d) B3LYP/cc-pVTZ
(LANL2DZd) (SDB)


CH3CH3 1.526 1.527
SiH3SiH3 2.322 2.354
GeH3GeH3 2.463 2.461
SnH3SnH3 2.822 2.836
CH3SiH3 1.882 1.884
CH3GeH3 1.965 1.973
CH3SnH3 2.142 2.163


Scheme 2. 1,2-Dimetallacycloalkanes.


Table 2. Homodesmotic strain energies of 1,2-dimetallacycloalkanes.[a]


Compound Symm. MP2/
6-31G(d)
(LANL2DZd)


B3LYP/
cc-pVTZ
(SDB)


cyclopropane (7a) D3h 30.3 25.8
1,2-disilacyclopropane (7b) C2v 41.1 37.2
1,2-digermacyclopropane (7c) C2v 41.5 37.9
1,2-distannacyclopropane (7d) C2v 40.9 36.8
cyclobutane (8a) D2d 28.0 25.3
1,2-disilacyclobutane (8b) C2 22.3 20.3
1,2-digermacyclobutane (8c) C2 20.9 19.4
1,2-distannacyclobutane (8d) C2 19.0 18.1
cyclopentane (9a) C2 7.7 6.5
1,2-disilacyclopentane (9b) C2v 6.2 6.1
1,2-digermacyclopentane (9c) C2v 6.0 5.7
1,2-distannacyclopentane (9d) C2v 7.0 6.8


[a] Energies in kcalmol�1 calculated in accordance with Equation (3)
(Scheme 3).


Scheme 3. Homodesmotic reactions for estimation of ring strain.


Figure 1. Homodesmotic strain energies of 1a–1d at the CCSD(T)/cc-
pVTZ(SDB)//MP2/cc-pVTZ(SDB), MP2/cc-pVTZ(SDB), B3LYP/cc-
pVTZ(SDB), and MP2/6-31G(d)(LANL2DZd) levels.
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pentane[12,26] degrade upon exposure to moisture. Moreover,
1b is less strained than 1,3-disilabicyclo[1.1.0]butane (MP2/
6-31G(d)(LANL2DZd) strain energies are 55.4 and
63.9 kcalmol�1, respectively), and the 1,3-disilabicyclo-
[1.1.0]butane of Kira et al. is thermally stable at its melting
point of 175–177 8C.[1] Its sensitivity to oxygen and moisture
should stem from the partially inverted Si�Si bond, accessi-
ble to, for example, hydrolysis. Moreover, 1a rearranges to
1,4-pentadiene above 300 8C in a process that is exothermic
by 15.4 kcalmol�1 at the MP2/6-31G(d) level, but similar
processes will not occur for 1b–1d, as the 2,4-dimetalla-1,4-
pentadienes are exothermic by 40.5–48.6 kcalmol�1.


The geometries of the individual 1b–1d are similar at the
three computational levels. Good agreement is also found
between our computed structures of 1a and the electron dif-
fraction structure,[50] the only deviation being the distance
between the two bridgehead carbons Cbh�Cbh, which differs
by 0.03 L. The nonbonded Cbh�Cbh distance in 1a is about
0.35 L longer than the C�C bond length in ethane (Figure 2
and Table 1), but the M�M distances of 1b–1d are within
0.06 L of the M�M bond lengths of H3M�MH3. Hence, the
coupling between the two bridgehead atoms should be
stronger in the heavy congeners than in 1a, for which cou-
pling between the two bridgehead C atoms was detected by
a range of experimental and computational techniques.[12–20]


The decrease in strain as one goes from 1a to 1d is intri-
guing, as the M�M distances become much shorter than the
optimal van der Waals distances.[51] Similar to the conclu-
sions of Nagase and Kudo for O and S bridges,[52] the meth-
ylene bridges should withdraw electron density from the M
atoms and allow the bridgehead atoms to come close in 1b–
1d without causing van der Waals repulsion. The C-M-C
angles of 1b–1d are about 908, and since Si–Sn are less
prone than C to hybridize,[10] one could also argue that these
atoms are better suited than C for bridgehead positions.
However, natural bond orbital analyses at the B3LYP/cc-
pVTZ(SDB) level reveal that the orbitals used by the M
atoms to bind the methylene tethers are sp3-hybridized in all
four compounds. On the other hand, the s(M�C) bond orbi-
tals are equally composed of the two sp3(C) orbitals in 1a


but of only about 25% of the sp3(M) orbitals in 1b–1d,
which supports the conclusion of Nagase and Kudo. Simulta-
neously, the shortest distance between the methylene tethers
increases from 2.3 to about 2.6 L on going from 1a to 1b.


Draining electron density from the M atoms makes them
electrophilic and vulnerable to nucleophilic attack by, for
example, water (Figure 3). At the B3LYP/6-31G(d)-
(LANL2DZd) level the transition states for 1,3-dimetallacy-
clobutane formation are found at energies of 22.3 (1b), 20.4
(1c), and 10.1 kcalmol�1 (1d) relative to the reactants, and
the MP2/6-31G(d)(LANL2DZd) energies are similar (27.0,
25.6, and 14.0 kcalmol�1). The barriers should be lower if


Figure 2. Optimal geometries of 1a–1d at the MP2/6-31G(d)-
(LANL2DZd) (normal print), B3LYP/cc-pVTZ(SDB) (italics), and MP2/
cc-pVTZ(SDB) (underlined) levels.


Figure 3. Transition state structures for addition of H2O to 1b–1d, calculated at the MP2/6-31G(d)(LANL2DZd) (normal print) and B3LYP/6-31G(d)-
(LANL2DZd) (italics) levels. Distances in L.
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several H2O molecules assist in M�C bond breakage, that is,
1d will be rapidly degraded when exposed to moisture,
whereas 1b and 1c will have longer but not infinite life-
times.


Since Si, Ge, and Sn at the bridgeheads lower the strain
of 1,3-bicyclo[1.1.1]pentanes, one could ask whether these
atoms also fit well at these positions in [1.1.1]propellanes.
1,3-Dimetalla[1.1.1]propellanes (2): The strain energies of


2a are 93.3 and 104.0 kcalmol�1 at the B3LYP/cc-pVTZ and
MP2/6-31G(d) levels, and 103 kcalmol�1 according to meas-
urements.[49] The ZPE corrections at the two levels lower
the energies to 88.9 and 96.0 kcalmol�1. Both MP2/6-31G(d)
and MP2/cc-pVTZ give good agreement for the whole series
2 when compared to CCSD(T) (Figure 4). Only for M=Sn
(2d) is there a significant difference between MP2/6-
31G(d)(LANL2DZd) and MP2/cc-pVTZ(SDB) strain ener-
gies.


When compared to three cyclopropanes (Table 2), 2a is
more strained by 13–16 kcalmol�1. This species is inert in
the gas phase, and only when heated to 430 8C does it rear-
range to dimethylenecyclopropane,[53] although 3-methylene-
cyclobutene was formed at 114 8C in a process that seems to
be catalyzed by the surface of the reaction vessel.[4,53] Simi-
lar to 1, changing the bridgehead atoms from C to Si, Ge,
or Sn lowers the strain. This contrasts with the trend for
1,2-dimetallacyclopropanes, and the 1,3-dimetalla-
[1.1.1]propellanes become gradually less strained than three
1,2-dimetallacyclopropanes by 45.3 (2b), 60.9 (2c), and 67.5
(2d) kcalmol�1 at the MP2/6-31G(d)(LANL2DZd) level.
Since synthesized 1,2-disila- and 1,2-digermacyclopropanes
are moderately persistent to air and moisture,[54] the 1,3-


dimetalla[1.1.1]propellanes could be at least equally stable
and also realistic synthetic targets.


The calculated geometries of 2a agree with that deter-
mined by electron diffraction,[55] whereby MP2 reproduces
the Cbh�Cbh bond length best. The variations in our calculat-
ed geometries of the heavy propellanes are also small
(Figure 5). Interestingly, the differences between geometri-
cal parameters of 2b–2d and the corresponding parameters
of 1b–1d are negligible when compared to the same differ-
ences between 1a and 2a (Figure 2 and Figure 5). This ap-
plies particularly to the M�M distances and should have an
impact on propellane oligomerization.


In contrast to the gas phase, 2a polymerizes in solution
above 0 8C.[11] It was previously found that 2a has a low-
lying triplet state due to its inverted Cbh�Cbh bond, since
low-energy electron impact spectroscopy determined the
vertical excitation energy to the first triplet state to be
108.3 kcalmol�1;[56] the same energy at the (U)B3LYP/cc-
pVTZ level is 107.1 kcalmol�1. Previous MP2/6-31G(d) and
MP3/6-31G(d) computations estimated the adiabatic triplet
state at 90.0 and 73.7 kcalmol�1,[63] and UB3LYP/cc-pVTZ
gives 92.7 kcalmol�1. With (U)BD(T)/cc-pVTZ//(U)B3LYP/
cc-pVTZ as a benchmark method, the vertical and adiabatic
triplet state energies are 113.8 and 96.4 kcalmol�1.


We found that biradical oligomers of 2a are of much
lower relative energies than the biradical monomer, for ex-
ample, the triplet biradical dimer lies 38.0 and 27.8 kcal


Figure 4. Homodesmotic strain energies of 2a–2d at the CCSD(T)/cc-
pVTZ(SDB)//MP2/cc-pVTZ(SDB), MP2/cc-pVTZ(SDB), B3LYP/cc-
pVTZ(SDB), and MP2/6-31G(d)(LANL2DZd) levels.


Figure 5. Optimal geometries of 2a–2d at the MP2/6-31G(d)-
(LANL2DZd) (normal print), B3LYP/cc-pVTZ(SDB) (italics), and MP2/
cc-pVTZ(SDB) (underlined) levels.
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mol�1 above two closed-shell monomers at the PMP2/6-
31G(d) and UB3LYP/6-31G(d) levels. A singlet biradical
dimer was located at 31.6, 24.8, 22.0, and 22.4 kcalmol�1 at
the CASSCF(4,4)/6-31G(d), PMP2/6-31G(d), (U)B3LYP/6-
31G(d), and (U)BD(T)/cc-pVDZ//CASSCF(4,4)/6-31G(d)
levels. In the CASSCF calculations, the active space includ-
ed the four s orbitals constructed from the sp3(Si) orbitals
directed along the C3 axis. Jug and Poredda postulated that
the dimer forms on the T1 surface by collision of two mono-
mers followed by intersystem crossing.[57] Indeed, the singlet
biradical dimer will be transient, since the transition state
separating the dimer from two monomers (Figure 6) lies at
2.3 kcalmol�1 with CASSCF(4,4)/6-31G(d), 1.2 kcalmol�1


with UB3LYP/6-31G(d), and 0.3 kcalmol�1 with (U)BD(T)/
cc-pVDZ//CASSCF(4,4)/6-31G(d). Intersystem crossing to a
triplet biradical increases its lifetime and the likeliness of
oligomerization.


Longer biradical oligomers become gradually more stable
than the separated closed-shell monomers, for example, the
singlet biradical tri- and tetramers of 2a lie 12.8 and
51.4 kcalmol�1 below the monomers at the (U)B3LYP/6-
31G(d) level. Thus, dimer formation is rate-limiting in oligo-
merization of 2a, as the barrier for addition of a propellane
to form the biradical trimer should be at least as low as that
for splitting the dimer into two monomers. However, these
longer oligomers will only form at the sufficiently high con-
centrations of 1a that can be achieved in solution.


The strain difference between analogous 2 and 1 becomes
smaller when descending the Group (Figure 1 and Figure 4),
and since 2a exists in the gas phase up to 114 8C and in solu-
tion up to 0 8C, one may argue that 2b–2d will be equally
stable.[29] The 1,3-distanna[1.1.1]propellane 2d should be
particularly stable because the biradical with a broken Sn�
Sn bond is of high energy (the relaxed T1 state lies at an
energy of 47.1 kcalmol�1 at the (U)B3LYP/cc-pVTZ(SDB)
level), and 2d will not become significantly less strained in
an oligomer with repeat units resembling 1d. However,
upon oligomerization the weak, inverted M�M bonds are
converted to stronger, regular M�M bonds, and the M�M
bond polarizability increases on going from 2a to 2d (azz=


0.67 (2a), 1.67 (2b), 1.75 (2c), and 2.31P10�23 cm�3 (2d) at
the B3LYP/cc-pVTZ(SDB) level), which facilitates initiali-
zation of polymerization of heavy propellanes. The situation
is critical for 2b and 2c, because each monomer releases
strain of about 25 and about 10 kcalmol�1 when oligomer-
ized. In addition, the geometries of 2b/2c and 1b/1c are
similar, so that oligomerization requires minute nuclear
motion within each monomer/repeat unit (Figures 2, 5, and
6).


Gordon et al. showed that the electron density between
bridgehead M atoms in pentametalla[1.1.1]propellanes de-
creases as one goes from C to Sn.[58] The Cbh�Cbh bond of 2a
is already weak, with a bond order of 0.70,[59] and in 2b–2d
we were unable to locate (3,�1) bond critical points of the
electron density along the M�M interaction lines.[45] The ab-
sence of M�M (3,�1) bond critical points could result from
reversed order of the s(M�M) and s*(M�M) orbitals, so
that the latter is HOMO for 2b–2d. Such a shift occurs in
[2.2.2]propellane (4a) when the Cbh�Cbh distance is longer
than 2.3 L,[63] but the HOMOs in all four [1.1.1]propellanes
are the a1 symmetric s(M�M) orbitals.


Even though HOMO and LUMO of 2b–2d are the s(M�
M) and s*(M�M) orbitals, respectively, their adiabatic sin-
glet–triplet energy gaps (DEST=47.1–55.8 kcalmol�1 at the
(U)B3LYP/cc-pVTZ(SDB) level) are much smaller than
that of 2a, whereby 2d has the lowest DEST. Still, their DEST


are larger than in O- and S-bridged 1,3-dimetalla-
[1.1.1]propellanes, earlier found to have multiconfiguration-
al character.[60] T1 diagnostics at the CCSD/cc-pVTZ(SDB)//
MP2/cc-pVTZ(SDB) level now reveal that 2a–2d lack mul-
ticonfigurational character in their S0 states.


[61]


Indeed, our calculations on biradical oligomers indicate
that 2b will rapidly oligomerize. The singlet biradical dimer
of 2b is lower in energy than two separated propellanes by


Figure 6. Optimal geometries of the singlet biradical dimers of 2a and 2b
and the transition states for the dimerization calculated at the CASSCF-
(4,4)/6-31G(d)(LANL2DZd) (normal print) and UB3LYP/6-31G(d)-
(LANL2DZd) (italics) levels. Distances in L.
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5.8, 3.2, and 4.3 kcalmol�1 at the UB3LYP, PMP2, and
CASSCF(4,4) levels with 6-31G(d)(LANL2DZd) basis set.
The exothermicity increases further as oligomerization pro-
ceeds, because the singlet biradical trimer and tetramer lie
33.8 and 53.1 kcalmol�1 below the separated monomers at
the UB3LYP/6-31G(d)(LANL2DZd) level. There is also a
very low barrier to dimerization at the CASSCF(4,4)/6-
31G(d)(LANL2DZd) level (3.6 kcalmol�1), and at the
UB3LYP level the reaction proceeds without a barrier. The
forming Si�Si bond is elongated in the transition state for
dimerization, and the Si�Si distance is barely changed when
compared to the propellane (Figure 6). These findings
oppose the conclusion of Allen et al. that 2b will not be
prone to polymerize.[29] Even though less strain is released
in oligomerization of 2b than of 2a, all steps are exothermic
and proceed over very low reaction barriers, in contrast to
the oligomerization of 2a.


The situation is more promising for 2c and 2d, because
their biradical dimers are less stable than two monomers.
We were not able to locate any singlet biradical dimers, as
these dissociated into two monomers at both the CASSCF-
(4,4) and UB3LYP levels, but the triplet biradical dimers lie
13.4 and 17.0 kcalmol�1 above two 1,3-dimetalla-
[1.1.1]propellanes at the (U)B3LYP/6-31G(d)(LANL2DZd)
level. Apparently, the relief of strain when the propellanes
oligomerize, together with the energy gained upon forma-
tion of a regular M�M bond, is insufficient to compensate
for the loss of two inverted M�M bonds. As oligomerization
proceeds, the biradical oligomers of 2c and 2d become suc-
cessively more stable than the separated closed-shell mono-
mers. Nevertheless, these heavy [1.1.1]propellanes should
have some short lifetimes at ambient temperature, but their
thermal stabilities will be lower than that of 2a.


As the C tethers are made longer the inverted character
of the M�M bond becomes less pronounced, and this possi-
bly leads to a lower tendency for oligomerization of 1,4-
dimetalla[2.2.2]propellanes. The properties of these propel-
lanes and the 1,4-dimetallabicyclo[2.2.2]octanes were ex-
plored next.
1,4-Dimetallabicyclo[2.2.2]octanes (3): A very modest in-


crease in strain accompanies the change of bridgehead atom
from C to Sn in 1,4-dimetallabicyclo[2.2.2]octanes
(Figure 7), but none of 3b–3d is overly strained and these
species will be thermally stable when formed. Since the
bridgehead atoms can adopt approximately tetrahedral ar-
rangements in all of 3, no drastic change is observed when
going from 3a to the heavier congeners, in contrast to the
case of 1. The species 3b–3d are structurally similar to
Group 14 9,10-dimetallatriptycenes,[27,28] compounds that are
handled by standard laboratory techniques. The measured
strain energy of 3a is 7.4 kcalmol�1,[49] that is, 4 kcalmol�1


lower than our calculated values, but ZPE corrections bring
us closer (9.4 kcalmol�1 at B3LYP/cc-pVTZ and
7.9 kcalmol�1 at MP2/6-31G(d) level).


The symmetries of the 1,4-dimetallabicyclo[2.2.2]octanes
vary with M and computational method. Bicyclo-
[2.2.2]octane (3a) has D3h symmetry with B3LYP and D3


symmetry with MP2, whereas 3b–3d are D3-symmetric with
both methods. The D3h-symmetric structures of the bicyclo-
[2.2.2]pentanes are 0.4–6.8 kcalmol�1 higher in energy than
the D3-symmetric structures at the MP2/6-31G(d)-
(LANL2DZd) level, and the energy is highest for 3d.


The M�M distances of 3a–3d are longer by 1.06, 0.65,
0.65, and 0.50 L, respectively, when compared to the M�M
bond lengths of H3M�MH3 (Figure 8 and Table 2), but
shorter than the sum of the van der Waals radii.[51] However,
the increase in strain when going from 3a to 3d does not
affect C�C bonds and M-C-C angles, but rather the torsion
within the ethylene linkers, which indicates increased eclips-
ing strain due to repulsive interaction between the filled s-
(M�C) bond orbitals (Figure 8). When descending the
Group, the s(M�C) orbitals gradually shift to the C end.
Natural bond orbital analysis of 3d at the B3LYP/cc-pVTZ-
(SDB) level shows that 72.5% of the s(Sn-C) bond orbital
is composed of sp3(C) and 27.5% of sp3(Sn), whereas the s-
(Cbh�C) orbital in 3a is composed of 49.7% sp3(Cbh) and
50.3% of sp3(C) of the C atom of the ethylene linker. How-
ever, Fock matrix element deletions indicate that additional
orbital interactions are also important for the observation
that 3d has the largest energy difference between the D3h-
and D3-symmetric structures.


Since the strain increases on going from 3a to 3d, one
could assume a similar rise in strain and a lower stability of
the 1,4-dimetalla[2.2.2]propellanes. Conversely, heavier 1,4-
dimetalla[2.2.2]propellanes will have less inverted M atoms
than 1,3-dimetalla[1.1.1]propellanes.


1,4-Dimetalla[2.2.2]propellanes (4): Similar to the 1,4-
dimetallabicyclo[2.2.2]alkanes, the all-C [2.2.2]propellane 4a
is D3h-symmetric with B3LYP and D3 symmetric with MP2,
whereas 4b–4d are D3-symmetric. However, the major dif-


Figure 7. Homodesmotic strain energies of 3a–3d and 4a–3d at the
B3LYP/cc-pVTZ(SDB) and MP2/6-31G(d)(LANL2DZd) levels.
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ference among the 1,4-dimetalla[2.2.2]propellanes is that 4a
is a closed-shell species, whereas 4b–4d are biradicals with-
out M�M bonds.


The ring strain of 4a at the B3LYP/cc-pVTZ and MP2/6-
31G(d) levels is 12–21 kcalmol�1 higher than the strain
energy of three cyclobutanes (Table 2). The B3LYP value
after ZPE corrections (82.0 kcalmol�1) differs somewhat
from the experimental value (97 kcalmol�1), whereas the
MP2 energy (93.5 kcalmol�1) agrees better. Several compu-
tational studies have been devoted to Cbh�Cbh bond break-
age in 4a.[62–64] Experimentally, the barrier has been deter-
mined as 22 kcalmol�1,[32] and CASMP2/6-31G(d)//CASSCF-
(8,8)/6-31G(d) calculations by Davidson gave a value of
17.5 kcalmol�1 including ZPE corrections.[62] This correlates
with the short half-life of 28 min displayed by [2.2.2]propel-
lan-2-amide at room temperature,[33] although the
[2.2.2]propellanes of Lemal et al. have considerably longer
lifetimes.[36] Davidson also concluded that spin-unrestricted
DFT gives comparable energies to CASSCF.[62] Our B3LYP/
6-31G(d) calculations reproduce his earlier result that the
closed-shell state, with a doubly occupied s*(Cbh�Cbh) orbi-
tal and a dissociated Cbh�Cbh bond, is 3.9 kcalmol�1 below
the Cbh�Cbh bonded structure of 4a. We now find that the
dissociated structure is a second-order saddle point for the
degenerate rearrangement between three 1,4-dimethylene-
cyclohexanes.


With Cbh-Cbh-C and C-Cbh-C angles of 90.6 and 1208, the
bridgehead atoms of 4a are sp2-hybridized, and the Cbh�Cbh


bond is formed by overlap of two 2p(Cbh) AOs. However,
the C�C bonds of the ethylene tethers are longer and possi-
bly weaker than the Cbh�Cbh bond (Figure 9). The MP2/6-
31G(d) electron densities at the bond critical points are also
lower for the peripheral bonds than for the central one
(1(rb)=1.557 versus 1.768 eL�3), with lower bond orders for
the former (n=0.91 versus 1.14).[65] Thus, decomposition of
4a into 1,4-dimethylenecyclohexane could possibly start by
breakage of an ethylene tether instead of the Cbh�Cbh bond.


Descending Group 14, the C2h-symmetric 1,4-dimethy-
lene-1,4-dimetallacyclohexanes are higher in energy than
the singlet biradicals 4b–4d by 10.4, 22.5, and 45.1 kcal
mol�1 at the PMP2/6-31G(d)(LANL2DZd) level. The corre-
sponding (U)B3LYP/6-31G(d)(LANL2DZd) energies are
somewhat lower (�1.5, 14.4, and 38.4 kcalmol�1). When
compared to oligomerization, rearrangement of 4c and 4d
to the 1,4-dimethylene-1,4-dimetallacyclohexane is therefore
unlikely, whereas it possibly could occur for 4b. However,
oligomerization of the biradicals 4b–4d should be rapid, be-
cause dimer formation leads to energy gains of 73.4 (4b),
62.2 (4c), and 50.6 kcalmol�1(4d) at the UB3LYP/6-
31G(d)(LANL2DZd) level. Thus, none of 4b–4d will be ob-
servable except at cryogenic temperatures.


Figure 8. Optimal geometries of 3a–3d at the MP2/6-31G(d)-
(LANL2DZd) (normal print) and B3LYP/cc-pVTZ(SDB) (italics) levels.


Figure 9. Optimal structures of 4a–4d at the MP2/6-31G(d)-
(LANL2DZd) (normal print) and B3LYP/cc-pVTZ(SDB) (italics) levels.
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As the Sn�Sn distance in 4d is only about 0.5 L longer
than a regular Sn�Sn bond, one could expect that a stable
closed-shell structure exists. However, when 4d is constrain-
ed at the Sn�Sn distance of H3Sn�SnH3 (2.84 L), it is desta-
bilized by 15.8 kcalmol�1 at the MP2/6-31G(d)-
(LANL2DZd) level, and only the biradical minimum could
be found. It is noteworthy that the M�M bond lengths in
1,2-dimetallacyclobutanes (1.545 (M=C), 2.313 (M=Si),
2.461 (M=Ge), and 2.809 L (M=Sn) at the MP2/6-31G(d)-
(LANL2DZd) level) are similar to those of the correspond-
ing M2H6 compounds (Table 1), but in the 1,4-
digermabicyclo[2.2.0]hexane, Ohtaki and Ando found a long
Ge�Ge bond which is about 0.05 L longer than that calcu-
lated now for Ge2H6.


[66] With a third ethylene tether, the
strain exceeds the M�M bond strength. For instance, when
the Sn�Sn bond is kept at normal distance in closed-shell
4d the strain is 86 kcalmol�1 at the MP2/6-31G(d)-
(LANL2DZd) level, which is larger than the homolytic dis-
sociation energy of an Sn�Sn single bond, for example,
61.3 kcalmol�1 in H3Sn�SnH3 (CCSD(T) level with an ex-
tensive basis set).[67]


Considering that 4b–4d are biradicals whereas 1,6-
disilabicyclo[4.4.4]propellane is persistent at ambient tem-
perature, the 1,5-dimetalla[3.3.3]propellanes (6) hold intri-
cate positions. Their stabilities and those of the 1,5-
dimetallabicyclo[3.3.3]undecanes (5) were probed next.


1,5-Dimetallabicyclo[1.1.1]undecanes (5): According to X-
ray crystallography, bicyclo[3.3.3]undecane (5a) has C3h


symmetry,[68] but a Cs-symmetric conformer also exists that
is less stable than the former by 7.5 kcalmol�1 at the MP2/6-
31G(d) level. The Cs-symmetric conformers of 5b–5d have
relative energies of 3.1, 2.6, and 1.4 kcalmol�1 at the MP2/6-
31G(d)(LANL2DZd) level.


As can be seen in Figure 10, 5a is the most strained of
5a–5d, and earlier measurements of heat of formation sup-
port its elevated strain.[69] The heavier analogues are only
50% or less strained. The trend in strain energy when de-
scending the Group is thus different from that in 1,4-
dimetallabicyclo[2.2.2]octanes, and the reason for the partic-
ular strain in 5a can be found in the C-C-C angles of the
tethers, which are less distorted in 5b–5d than in 5a
(Figure 11). Eight-membered rings are generally strained,
and more so in 5a than in the heavier analogues, because
the energy released is larger in 5a than in 5b-5d (4.3 vs 0.6–
0.4 kcalmol�1 at the MP2/6-31G(d)(LANL2DZd) level)
when one cyclooctane ring in 5 goes from the geometry it
adopts in 5 to the closest relaxed conformer.


1,5-Dimetalla[3.3.3]propellanes (6): The corresponding pro-
pellanes also have two conformers, of which the C3h-sym-
metric conformers are more stable than their Cs-symmetric
counterparts by 3.6 (6a), 0.9 (6b), 0.7 (6c), and
0.5 kcalmol�1 (6d) at the MP2/6-31G(d)(LANL2DZd) level.
The most stable conformer of 6a has a strain energy of
13.6 kcalmol�1 at the MP2/6-31G(d) level, that is,
12 kcalmol�1 lower than 5a, although the Cbh�Cbh bond of


6a is about 0.06 L longer than in ethane. The bridgehead C
atoms are not inverted, and all C-C-C angles of the tethers
are close to the tetrahedral angle (Figure 12). The homodes-


Figure 10. Homodesmotic strain energies of 5a–5d and 6a–6d at the
B3LYP/cc-pVTZ(SDB) and MP2/6-31G(d)(LANL2DZd) levels.


Figure 11. Optimal geometries of 5a–5d at the MP2/6-31G(d)-
(LANL2DZd) (normal print) and B3LYP/cc-pVTZ(SDB) (italics) levels.


Chem. Eur. J. 2005, 11, 5067 – 5079 www.chemeurj.org E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5075


FULL PAPERGroup 14 Cage Compounds



www.chemeurj.org





motic strain of 6a is 9.5 kcalmol�1 less than the combined
strain of three cyclopentanes (Table 2), and distortion of a
cyclopentane ring from its ideal geometry to that in 6a costs
merely 0.3 kcalmol�1 at the MP2/6-31G(d) level. Laidig
found that hydrocarbon branching leads to stabilization, as
it brings the atoms of a molecule closer and increases stabi-
lizing interatomic interactions,[70] in agreement with findings
that neopentane has a lower heat of formation than n-pen-
tane by 4.4 kcalmol�1 at the MP2/6-31G(d,p) level and 3.6
�0.2 kcalmol�1 according to experiment.[71,72] Similarly, the
quaternary carbon atoms of 6a provide stabilization com-
pared to three cyclopentanes.


Whereas the Cbh�Cbh distance in 6a is longer than in
ethane, the opposite applies to the M�M bonds in 6b–6d
when compared to the M�M bonds of M2H6 (Table 1), and
M�M bond shortening is also found in 7b–7d. The shorten-
ing of the M�M bonds in 6 and 7, when compared to the
M�M bonds in H3M�MH3, also increase as one goes from
M=Si to Sn (Table 1). A similar bond shortening, yet small-
er than in 6b, was observed in the 1,6-disila[4.4.4]propellane
of Tamao, Noro, and Kumada (Si�Si 2.295 L),[7b] but not in
the 3,7,10-trithiaoctasila[3.3.3]propellane of Herzog and


Rheinwald (Si�Si 2.349 L).[6] The mismatch in lengths be-
tween the propylene tethers and the M�M bonds become
more pronounced as one goes down the Group, as is reflect-
ed in gradual M�M bond shortening, sp2 hybridization of
the M atoms, and widening of the C-C-C valence angles of
the propylene tethers (Figure 12).


As a result of the successively more distorted structures,
6b, 6c, and 6d are 16.6, 21.4, and 30.4 kcalmol�1 more
strained than the three 1,2-dimetallacyclopentanes at the
MP2/6-31G(d)(LANL2DZd) level, and the 1,5-dimetalla-
[3.3.3]propellanes is the only compound class for which a
large increase in strain is observed on going down the
Group (Figure 9). This increase in strain, combined with the
gradually more planar structure around the M atoms, should
facilitate M�M bond rupture. Similar to the 1,3-dimetalla-
[1.1.1]propellanes, the M�M bonds are also more polariza-
ble on going down the Group (azz=1.51 (6a), 1.98 (6b),
2.14 (6c), and 2.81P10�23 cm�3 (6d) at the B3LYP/6-31G(d)-
(LANL2DZd) level), and the heavier [3.3.3]propellane be-
comes increasingly more strained than the analogous 1,5-
dimetallabicyclo[3.3.3]undecane. All these effects will pro-
mote oligomerization. In this regard, it is notable that the
strain of 1,6-disila[4.4.4]propellane is 15.6 kcalmol�1 at the
MP2/6-31G(d)(LANL2DZd) level, that is, similar to that of
6a but less than half that of 6b.


A low relative energy of the biradical with a dissociated
M�M bond will promote oligomerization, and the singlet
biradical is of lowest energy for 6d (10.3 and 9.7 kcalmol�1


at the (U)B3LYP/6-31G(d)(LANL2DZd) and PMP2/6-
31G(d)(LANL2DZd) levels). The corresponding biradicals
of 6b and 6c with dissociated M�M bonds are higher in
energy (45.1 and 31.6 kcalmol�1 at the (U)B3LYP/6-31G(d)-
(LANL2DZd) level, and 51.0 and 31.9 kcalmol�1 at the
PMP2/6-31G(d)(LANL2DZd)//(U)B3LYP/6-31G(d)-
(LANL2DZd) level). Consequently, unimolecular dissocia-
tion to the biradical should not occur at ambient tempera-
ture for 6b and 6c, but it should occur easily for 6d. Fur-
thermore, the electron densities at the Si�Si bond critical
points of 6b and 1,6-disilabicyclo[4.4.4]propellane (0.75 and
0.71 eL�3, respectively, at the B3LYP/6-31G(d) level) are
slightly higher than those of the Si�Si bonds in Si2H6 and
Si2Me6 (0.63 and 0.64 eL�3), and this supports our conclu-
sion on strong Si�Si bonding in 6b.


Two different dimerization mechanisms exist (Scheme 4).
A stepwise mechanism initiated by formation of a biradical
monomer through M�M bond dissociation and its subse-
quent attack on a second closed-shell monomer, and a
mechanism in which two closed-shell monomers approach
each other side-on, similar to dimerization of 2a–2d. For 6d
dimerization is favorable because the singlet biradical dimer
of 6d lies 31.8 kcalmol�1 below two monomeric 6d at the
(U)B3LYP/6-31G(d)(LANL2DZd) level. Oligomerization
should proceed stepwise but rapidly, because 6d splits into a
biradical via a transition state of 11.0 kcalmol�1, and the ad-
dition of this biradical to a closed-shell 6d proceeds without
a barrier at the UB3LYP/6-31G(d)(LANL2DZd) level.
Thus, 6d will not be stable; the biradical monomer is acces-


Figure 12. Optimal geometries of 6a–6d at the MP2/6-31G(d)-
(LANL2DZd) (normal print) and B3LYP/cc-pVTZ(SDB) (italics) levels.
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sible, and its reaction with a second closed-shell monomer
initiates oligomerization.


The situation is more promising for 6c and 6b, because
the dimers are less stable than two closed-shell monomers
by 3.7 and 25.9 kcalmol�1, respectively. The PMP2/6-31G(d)-
(LANL2DZd)//UB3LYP/6-31G(d)(LANL2DZd) energies
differ by at most 4 kcalmol�1 from the UB3LYP results. Di-
merization of 6b and 6c by the stepwise mechanism is not
likely, as the monomeric biradicals are too high in energy,
and the concerted pathway would instead be followed. This
pathway for dimerization of 6c requires 23.7 kcalmol�1 at
the UB3LYP/6-31G(d)(LANL2DZd) level, that is, mono-
meric 6c will not be indefinitely stable at ambient tempera-
ture. When the biradical dimer of 6c has formed, it is likely
that its further oligomerization proceeds rapidly and irrever-
sibly. Formation of the singlet biradical trimer of 6c is a fa-
vorable process, because 18.4 kcalmol�1 is gained over three
separate closed-shell monomers at the UB3LYP/6-31G(d)-
(LANL2DZd) level. At the same level of computation, for-


mation of the biradical dimer of 6b by the concerted path-
way proceeds via a transition state at 43.6 kcalmol�1, which
effectively hinders dimerization of this species, so that it
should exist as a monomer at ambient temperature. It is
only with the biradical tetramer of 6b that energy is gained
relative to the separate monomers (�15.3 kcalmol�1 at the
UBLYP/6-31G(d)(LANL2DZd) level), and this lends fur-
ther support to the existence of 6b as a monomer. It should
also be resistant to moisture, because 32.8 kcalmol�1 is
needed to reach the transition state for hydrolytic cleavage
of a Si�C bond (Figure 13).


Generalizations and Outlook for Future Synthesis


None of the heavy 1,(n+2)-dimetallabicyclo[n.n.n]alkanes
are excessively strained, and those with n=1 and 3 are even
less strained than the all-carbon bicyclo[n.n.n]alkanes that
already were synthesized. From the perspective of ring
strain, the 1,(n+2)-dimetallabicyclo[n.n.n]alkanes are realis-
tic synthetic targets, even though the 1,3-dimetallabicyclo-
[1.1.1]pentanes become gradually more prone to hydrolysis
as the Group is descended.


The situation is different for the 1,(n+2)-dimetallabicyclo-
[n.n.n]propellanes. Only the 1,3-dimetalla[1.1.1]propellanes
are less strained than the all-carbon propellane, yet they will
not be of high stability. The increased M�M bond polariza-
bility of the propellanes as one descends the Group pro-
motes oligomerization, and this is critical for 1,3-dimetalla-
[1.1.1]propellanes, for which the M�M distances in analo-
gous dimetalla[1.1.1]propellanes and dimetallabicyclo-
[1.1.1]pentanes are similar when M=Si–Sn. CASSCF calcu-
lations on the formation of dimeric biradicals from 2a and
2b reveal essential differences in their first oligomerization
steps. In 2a, the Cbh�Cbh bond has a bond order of 0.7,[59]


and formation of the biradical dimer is thermodynamically
unfavorable. In contrast, the Si�Si bond electron density in
2b is diffuse and easily polarized, and this compound is nei-
ther thermodynamically nor kinetically stable toward dime-
rization, as there is almost no barrier for this process. Be-
cause of less relief in strain in the dimerizations of 2c and
2d than of 2b, the biradical dimers of these compounds are
less stable than two monomers, but 2c and 2d should still be
more apt to oligomerize than 2a. Extensive steric bulk
caused by further substitution at the methylene bridges may
prevent the species 2b–2d from oligomerization.


With longer tethers (n=2 or 3) there is a mismatch be-
tween the tether and the optimal M�M bond length. For
4b–4d the strengths of the M�M bonds do not compensate
the high strain imposed by the tethers at closed-shell M�M
bonded structures, and these compounds have biradical
ground states. For 6, the mismatch between optimal M�M
bond and tether lengths becomes larger as one descends the
Group; the M atoms go from sp3 to sp2 hybridization, and
the M�M bonds gradually shorten. The homolytic Sn�Sn
bond dissociation energy of 6d is low as a result of the in-
verted character of this bond, and this compound will rapid-


Scheme 4. Pathways for dimerization of 6.


Figure 13. Transition-state structure for addition of H2O to 6b, calculated
at the B3LYP/6-31G(d)(LANL2DZd) level. Distances in L.
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ly oligomerize. Only propellane 6b should be truly persis-
tent at ambient temperature, and it is most likely also un-
reactive to moisture.


The species considered by us as realistic synthetic targets
may still be synthetically challenging due to intrinsic difficul-
ties in their preparation, for example, low stability of inter-
mediates. Because of the alkane tethers our investigated sys-
tems should be more stable to hydrolysis than small heavy
bicycloalkanes with for example, �S� or �Se� tethers,[26]


even though 1d will rapidly be hydrolyzed. Oligomers based
on 1b–1d should be thermally inert, since the individual
monomers are less strained than those of staffanes, and the
latter compounds are robust at ambient temperatures. In the
oligomers of 1b–1d the M atoms will be at similar distances
regardless whether they are formally bonded or not. This
should allow for good coupling between the M atoms along
the chain, possibly enabling a novel type of through-space
s-conjugated wires with interesting and useful optoelectron-
ic properties. Investigations of such species will be reported
in the near future.
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Spirocyclic Diaminocarbenes: Synthesis, Coordination Chemistry, and
Investigation of Their Dimerization Behavior


F. Ekkehardt Hahn,*[a] Martin Paas,[a] Duc Le Van†,[a] and Roland Frçhlich[b]


Introduction


The chemistry of N-heterocyclic carbenes has recently at-
tracted much attention owing to the application of such li-
gands for the preparation of complexes with desirable prop-
erties in homogenous catalysis.[1] The characterization of the
first stable N-heterocyclic carbene 1[2] in 1991 and especially
the preparation of the first stable nonaromatic (“saturated”)


N-heterocyclic carbenes of type
2[3] in 1995 have initiated a re-
newed interest in the chemistry of
stable carbenes.


Among others, this has also led
to a reinvestigation of the diami-
nocarbene–enetetramine equilib-
rium for saturated carbenes of
type 2, which was postulated by


Wanzlick about 40 years ago.[4] For carbenes of type 2, the
steric bulk of the N-alkyl or N-aryl substituents determines
whether the carbene is stable as a monomer or if it dimeriz-
es to an enetetramine of type 2=2. Monomeric carbenes of
type 2 are observed for bulky N-substituents like R= tBu[5]


or R=mesityl.[3] In contrast to this, less bulky N-substituted
carbenes (R=Me, Et) dimerize at once.[5] Cross metathesis
with symmetrically N,N’-substituted enetetramine of type
2=2 seemed to have proven convincingly that Wanzlick6s
equilibrium does not exist in the absence of catalysts.[6]


However, the existence of an equilibrium between the mon-
omeric carbene and its dimeric dibenzotetraazafulvalene has
been demonstrated for benzannulated carbenes of type 3.[7]


The dimerization behavior of these carbenes is again con-
trolled by the steric bulk of the N-substituents.[7b]


In general, symmetrically substituted, saturated imidazoli-
din-2-ylidenes exist, depending of the steric bulk of the
N,N’-substituents, either as monomeric carbenes 2 or as ene-


Abstract: Nonaromatic, “saturated”,
spirocyclic N-heterocyclic diaminocar-
benes 11 can be obtained from spirocy-
clic imidazolidin-2-thiones 10 by reduc-
tive desulfurization with potassium.
The unsymmetrically N,N’-substituted
spirocyclic imidazolidin-2-thiones were
obtained by reaction of ketimines 9
with lithium N-butyl-N-lithiomethyldi-
thiocarbamate (6). 13C NMR spectros-
copy revealed that the unsymmetrically


N,N’-substituted spirocyclic imidazoli-
din-2-ylidene 11a undergoes a slow,
acid-catalyzed dimerization to give the
enetetramine 11a=11a, which exists in
two isomeric forms (syn and anti). This
reaction is reversible under special cir-


cumstances. Carbenes of type 11 react
with [W(CO)6] to yield air-stable car-
bene complexes of type [W(11)(CO)5]
(14). The molecular structures of two
derivatives 14a and 14b were establish-
ed by X-ray crystallography and show
clear distortion of the five-membered
N-heterocyclic ring, caused by the spi-
rocyclic molecular structure of the car-
bene ligands of type 11.
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tetramines 2=2, and no equilibrium between these species
has been reported.[8] In this situation we developed a syn-
thetic pathway leading to unsymmetrically N,N’-substituted
carbenes rac-4.[9] The two different N substituents allow the


introduction of minute changes in the steric bulk and it was
hoped, that an equilibrium between the monomeric carbene
and its dimeric enetetramine could be observed for a certain
set of N,N’ substituents. However, carbenes of type rac-4
can only be obtained as a racemic mixtures. To overcome
this problem we developed a synthesis for spirocyclic car-
benes of type 11, which contain no chiral carbon atoms. We
report here on the preparation of carbenes of type 11 and
on their coordination chemistry and dimerization behavior.


Results and Discussion


We have reported on a simple access to unsymmetrically
substituted, saturated N-heterocyclic carbenes of type rac-
4.[9] This synthesis (Scheme 1) proceeds via a racemic mix-
ture of 4-substituted imidazolidin-2-thiones rac-8 obtained
from secondary amines and aldimines 7. In the final reaction


step the thiones were reductively desulfurized with a
sodium/potassium alloy to give racemic mixtures of the un-
symmetrically N,N’-substituted carbenes rac-4.


Our further studies were focused on the dimerization be-
havior of this type of N-heterocyclic carbene. Unfortunately,
1H NMR spectra reveal complicated sets of resonance sig-
nals due to several proton couplings involving the N-hetero-
cyclic ring and the substituents. Overlapping sets of signals
therefore rendered 1H NMR spectroscopy unsuitable for an
investigation of the carbene–enetetramine equilibrium.
13C NMR spectroscopy of less bulky substituted carbenes of
type rac-4 indicates slow dimerization of the imidazolidin-2-
ylidenes in [D8]THF under dry argon. For the unsymmetri-
cally substituted carbene rac-4a, bearing at least one N-tert-
butyl group, 13C NMR spectroscopy proves the existence of
a stable monomeric carbene (d(C2)�240 ppm), which
shows no tendency to dimerize.[9] Decreasing the steric
demand of the bulky N-substituent from tert-butyl in rac-4a
to isopropyl allows a slow dimerization of the resulting car-
bene rac-4b in [D8]THF over weeks to give the correspond-
ing olefin. Dimeric 4b=4b exhibits several sets of signals in
the 13C NMR spectrum for the enantiomers and syn and anti
isomers in the range of d(C2)�126–129 ppm. To reduce the
number of stereoisomers we extended the scope of the car-
bene synthesis to prepare spirocyclic unsymmetrically N,N’-
substituted imidazolidin-2-ylidenes 11 (Scheme 1). Dimeri-
zation products of these carbenes can only exist as syn and
anti isomers.


Synthesis of spirocyclic unsymmetrically N,N’-substituted
imidazolidin-2-ylidenes (11): The preparation of carbenes of
type 11 starts from lithium N-butyl-N-lithiometyldithiocar-
bamate 6 and ketimines 9 (Scheme 1). The ketimines are
synthesized by the proton-catalyzed reaction of cyclic ke-
tones and primary amines to give 9 in isolated yields of
about 80% after distillation.[10] Spirocyclic thiones 10a and
10b are prepared according to Ahlbrecht6s one-pot proce-
dure from 6 and ketimines 9a or 9b.[11] In a typical proce-
dure N-butylmethylamine is deprotonated with nBuLi.
After the addition of CS2 the lithiumdithiocarbamate 5 is
obtained, which is then converted into the strongly nucleo-
philic lithium N-lithiometyldithiocarbamate 6 by a second
deprotonation with sec-butyllithium. Compound 6 reacts
even with less electrophilic ketimines of type 9 to give the
spirocyclic thiones 10. After purification by chromatography,
thiones 10 are reductively desulfurized with potassium in re-
fluxing THF[7c,12] giving carbenes 11 in yields of 80–90%.


We have determined the molecular structure of thione
10a by X-ray diffraction (Figure 1).[13] Crystals of 10a were
obtained from a saturated solution of the thione in hexane
upon storage at room temperature. The bond parameters
for 10a (Table 1) fall in the range described previously for
equivalent parameters in benzimidazol-2-thiones.[14] The dif-
ference in steric bulk of the N,N’-substituents manifests
itself in two different S-C1-N angles (S-C1-N1 123.8(2)8,
S-C1-N2 127.3(2)8).


Scheme 1. Preparation of carbenes rac-4 and spirocyclic carbenes 11.
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Dimerization behavior of the spirocyclic unsymmetrically
N,N’-substituted diaminocarbene 11a : A 13C NMR spectrum
of 11a in [D8]THF recorded immediately after preparation
of the carbene clearly indicates the presence of the imidazo-
lidin-2-ylidene (d(C2)=236.0 ppm). No signals due to the
presence of the dimeric enetetramine 11a=11a were ob-
served. However, storage of 11a under dry argon for several
weeks leads to the slow, but complete conversion of 11a
into the electron-rich olefin 11a=11a. Due to the formation
of syn and anti isomers of 11a=11a (Scheme 2), two reso-
nance signals with different intensities were detected
(d(C2)=130.0 ppm and 128.6 ppm). Removal of the solvent
and heating of olefin 11a=11a under dry argon (130 8C,
16 h) leads to partial reformation of the carbene 11a, which
coexists with the olefin 11a=11a as indicated by 13C NMR
spectroscopy.


The dimerization of different types of N-heteroyclic car-
benes has been reported previously. Arduengo et al. isolated
the thiazol-2-ylidene 12, which is stable as a monomer in the
absence of a protic catalyst (Brønsted or Lewis acid).[15] Ad-
dition of a small amount of the
corresponding thiazolium salt as
a catalyst leads to the forma-
tion of the dimeric derivative
12=12 (Scheme 2). Alder et al.
prepared the bis(N-piperidyl)-
carbene 13, which undergoes
an extraordinary slow dimeri-
zation to the olefin 13=13.[16a]


The dimerization can be initi-
ated by the protonated carbene
13H+ and is first-order with
respect to the carbene.[16b]


In both cases the dissocia-
tion of the olefin back to the
carbene was not clearly ob-
served. Precisely this reversible
dissociation of electron-rich
olefins 2=2 was proposed by
Wanzlick more than 40 years
ago.[4] However, this proposal
was rejected based on the ab-
sence of cross metathesis prod-


ucts when different, symmetrically N,N’-substituted olefins
were heated together.[6] The diaminocarbene–enetetramine
equilibrium postulated by Wanzlick is unequivocally estab-
lished if both the carbene and the corresponding enetetra-
mine are detected together in the absence of protic or elec-
trophilic catalysts in solution. Denk et al. observed the rapid
formation of mixed olefins in metathesis experiments start-
ing from olefins of type 2=2 by NMR spectroscopy.[17] How-
ever, these experiments, as the authors noticed, do not con-
clusively establish the existence of the Wanzlick equilibrium,
because the formation of mixed enetetramines could also be
rationalized by a [2+2] cycloaddition/[2+2] cycloreversion


Figure 1. Molecular structure of thione 10a with the crystallographic
numbering scheme.


Table 1. Selected bond lengths [Q] and angles [8] for compounds 10a,
14a, and 14b.


10a 14a 14b


W(S)�C1 1.678(2) 2.295(2) 2.285(2)
W�COcis – 2.028(2)–2.045(3) 2.020(3)–2.045(3)
W�COtrans – 2.005(3) 2.000(3)
N1�C1 1.351(3) 1.357(3) 1.349(3)
N1�C2 1.430(3) 1.463(3) 1.463(3)
N1�C9(C8) 1.452(3) 1.457(3) 1.457(3)
N2�C1 1.343(3) 1.351(3) 1.359(3)
N2�C3 1.488(3) 1.502(3) 1.487(3)
N2�C13(C12) 1.475(3) 1.476(3) 1.456(3)
C2�C3 1.533(3) 1.526(3) 1.516(4)
W(S)-C1-N1 123.8(2) 124.8(2) 124.9(2)
W(S)-C1-N2 127.3(2) 127.9(2) 128.1(2)
N1-C1-N2 108.9(2) 107.2(2) 106.3(2)
C1-N1-C2 112.6(2) 111.4(2) 112.1(2)
C1-N1-C9(C8) 125.4(2) 126.8(2) 129.3(2)
C2-N1-C9(C8) 121.9(2) 117.8(2) 117.6(2)
C1-N2-C3 112.2(2) 112.1(2) 111.7(2)
C1-N2-C13(C12) 127.1(2) 122.8(2) 127.0(2)
C3-N2-C13(C12) 120.7(2) 125.1(2) 120.2(2)
N1-C2-C3 104.6(2) 102.1(2) 101.9(2)
N2-C3-C2 101.3(2) 99.4(2) 99.2(2)


Scheme 2. Dimerization of diaminocarbenes.
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reaction mechanism. The equilibrium between carbene and
olefin at room temperature was established for benzannulat-
ed carbenes 3 (R= iBu),[7b] which have spectroscopic and
structural properties typical for saturated carbenes of type
2.[7c] Potassium hydride was added to the mixture to exclude
the presence of protons as a catalyst for the formation of
the equilibrium.


To establish the type of equilibrium between carbenes 11
and their dimeric enetetramines 11=11, the dimerization re-
action was studied under rigorous exclusion of protic cata-
lysts in solution. For this experiment a 2.5m solution of the
carbene 11a in [D8]THF was stored over sodium/potassium
alloy under argon. Under these conditions no dimerization
of 11a to give enetetramine 11a=11a was observed over
weeks at room temperature. These experiments indicate
that a protic catalyst is necessary to initiate the dimerization
process of N-heterocyclic carbenes of type 2. Our findings
are identical to those of Alder et al., who found that the
attack of the acyclic carbene 13 by the protonated carbene
13H+ initiates the dimerization process, finally leading to
the enetetramine 13=13.[16] A review summarizing these
findings on the dimerization behavior of N-heterocyclic car-
benes has recently appeared.[8]


Coordination chemistry of spirocyclic diaminocarbenes : To
get structural information about the carbene ligands 11a
and 11b, these spirocyclic carbene ligands were coordinated
to a W(CO)5 unit to give the air-stable complexes 14a and
14b, respectively (Scheme 3). Complexes of type 14 were
obtained by heating carbenes 11 with an equimolar amount
of [W(CO)6] in toluene under reflux for 2 h. The molecular
structures of 14a and 14b were determined by X-ray diffrac-
tion.[13] Both 14a and 14b contain a tungsten atom sur-
rounded in an octahedral fashion by five CO and one car-
bene ligand (Figure 2). Selected bond lengths and angles for
14a and 14b are summarized in Table 1.


To accommodate the steric requirements of the N2-sub-
stituents the W-C1-N2 angles (127.9(2)8 for 14a and


128.1(2)8 for 14b) are slightly larger than the W-C1-N1
angles (124.8(2)8 for 14a and 124.9(2)8 for 14b). A similar
observation was made for complexes with the unsymmetri-
cally substituted N-heterocyclic carbenes of type rac-4.[9]


The carbene ligand acts as a strong s donor and leads to a
shortening of the W�COtrans bond compared to the W�COcis


bonds in both complexes (Table 1).
The W�C1 bond lengths in 14a (2.295(2) Q) and 14b


(2.285(2) Q) compare well to equivalent parameters in tung-
sten complexes with benzannulated N-heterocyclic carbene
ligands.[7c,18] The steric demand of the cyclohexyl ring (14a)
and the cyclopentyl ring (14b) lead to a distortion of the
angles at the spirocyclic carbon atom C3.


Conclusion


We have prepared a novel type of N-heterocyclic carbene 11
with a spirocyclic molecular structure. These carbene ligands
are easily accessible in a two-step reaction sequence starting
from ketimines and secondary amines. We have demonstrat-
ed the slow dimerization of 11a to 11a=11a in [D8]THF and
the coexistence of both carbene and corresponding enetetra-
mine over several weeks in solution. Under special circum-
stances the dimerization is reversible and the cleavage of
the enetetramine giving the monomeric carbene is observed.
This reversible reaction was once postulated by Wanzlick
for carbenes of type 2 in the absence of electrophilic cata-
lysts.[4] We found that even the dimerization of the mono-
meric carbene requires acid catalysis. Under rigorous exclu-
sion of protic catalysts we observed no dimerization of car-
bene 11a. In addition, carbene complexes [W(11)(CO)5]
have been prepared and structurally characterized. The mo-
lecular structures reveal the strong s-donating properties of
carbene ligands 11 and a distortion of the five-membered N-
heterocyclic ring owing to the spirocyclic carbon atom.


Experimental Section


General : All operations were carried out in an atmosphere of dry argon
by using Schlenk and vacuum techniques. Solvents were dried by stan-Scheme 3. Preparation of carbene complexes 14a and 14b.


Figure 2. Molecular structures of complexes 14a (left) and 14b (right)
with the crystallographic numbering scheme. Hydrogen atoms have been
omitted for clarity.
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dard methods and freshly distilled prior to use. NMR spectra were re-
corded on Bruker AC 200 (200 MHz) or Bruker AMX 400 (400 MHz)
spectrometers and are reported relative to TMS as an internal standard.
IR spectra were recorded on a Bruker Vector 22 infrared spectrometer.
Mass spectra (EI) were measured on a Varian MAT 212 instrument. Cor-
rect elemental analyses (C, H, N) were obtained for all compounds using
a Vario EL III elemental analyzer at the WestfAlische Wilhelms-Universi-
tAt M@nster .


N-(Cyclohexylidene)isopropylamine (9a): This compound was prepared
as reported.[10] 1H and 13C NMR data for 9a match those reported there.


N-(Cyclopentylidene)isobutylamine (9b): Cyclopentanone (8.41 g,
0.1 mol) and isobutylamine (10.97 g, 0.15 mol) were combined while stir-
ring at 0 8C. Concentrated HCl (0.05 g) was added dropwise under forma-
tion of some white smoke. After a short while the resulting solution
became clear again and was stirred for 16 h at ambient temperature
under an argon atmosphere. Subsequently solid NaOH (2.0 g) was added
and the reaction mixture was stirred for an additional 2 h. The aqueous
phase was removed, fresh NaOH (0.5 g) was added to the organic layer
and the mixture was distilled (45–47 8C, 1.0 mbar) giving pure 9b
(11.14 g, 80%) as colorless liquid. 1H, 13C NMR and IR data for 9b were
in agreement with those previously reported using a different synthe-
sis.[19]


1-Butyl-3-isopropyl-1,3-diazaspiro[4.5]decane-2-thione (10a): This com-
pound was prepared according to the method described by Ahlbrecht
et al.[11] However, the crude reaction product was not distilled, but puri-
fied by column chromatography (SiO2, hexane/EtOAc, 10:1, v/v) to give
10a as a yellow solid. Yield: 45%. 1H and 13C NMR data match those re-
ported.[11] MS (70 eV, EI): m/z (%): 268 (63) [M]+ , 253 (11) [M�CH3]


+ .


1-Butyl-3-isobutyl-1,3-diazaspiro[4.4]nonane-2-thione (10b): A solution
of N-butylmethylamine (0.872 g, 10.0 mmol) in THF (15 mL) was treated
at 0 8C with nBuLi (2.5m in hexane, 4.2 mL, 10.5 mmol). The reaction
mixture was allowed to warm to room temperature, was stirred at this
temperature for 30 min, and was subsequently again cooled to 0 8C. CS2


(0.761 g, 10.0 mmol) was added, and the mixture was stirred for 30 min at
0 8C and then cooled to �78 8C. At this temperature sBuLi (1.3m in pen-
tane, 8.1 mL, 10.5 mmol) was added dropwise. The resulting yellow sus-
pension of 6 was stirred at �25(�5) 8C for 4 h. The reaction mixture was
again cooled to �78 8C and ketimine 9b (1.393 g, 10.0 mmol) was added.
The resulting solution was stirred at �10(�5) 8C for 2 h. Subsequently
the reaction mixture was allowed to warm up to 0 8C and water (20 mL)
was added. The aqueous phase was separated and the organic phase was
washed with a saturated aqueous solution of NaCl (2S10 mL). The com-
bined aqueous phases were extracted with diethyl ether (3S10 mL). The
combined organic phases were dried over MgSO4. After filtration, the
solvent was removed in vacuo, and the residue was purified by column
chromatography (SiO2, hexane/EtOAc, 10:1, v/v) to give 10b as a yellow
solid (1.074 g, 40%). 1H NMR (200.1 MHz, CDCl3): d=0.84 (t, J=
7.2 Hz, 3H; CH2CH3), 1.15–1.68 (m, 18H; CH(CH3)2, NCH2CH2CH2CH3,
(CH2)4 ring), 2.22 (m, 1H; CH(CH3)2), 3.09 (d, J=7.4 Hz, 2H; NCH2CH-
(CH3)2), 3.17 (s, 2H; NCH2Cspiro), 3.52 ppm (t, J=7.4 Hz, 2H;
NCH2CH2CH2CH3);


13C NMR (50.3 MHz, CDCl3): d=13.6, 19.6
(CH2CH3, CH(CH3)2), 20.0, 22.1, 27.8, 29.2, 33.7 (CH2CH2CH2CH3,
(CH2)4 ring, CH2CH(CH3)2), 46.8, 50.7, 59.5 (NCH2), 70.7 (Cspiro),
182.9 ppm (CS); MS (70 eV, EI): m/z (%): 268 (69) [M]+ , 225 (47), 179
(100).


1-Butyl-3-isopropyl-1,3-diazaspiro[4.5]decane-2-ylidene (11a): Potassium
(0.489 g, 12.5 mmol) was added at 0 8C to a solution of 10a (1.342 g,
5.0 mmol) in THF (25 mL). The reaction mixture was heated under
reflux for 4 h and then cooled to room temperature. After filtration over
Celite the solvent was removed to give 11a as colorless oil (1.040 g,
88%). 1H NMR (200.1 MHz, [D8]THF): d=0.91 (t, J=7.0 Hz, 3H;
CH2CH3), 1.25 (d, J=6.8 Hz, 6H; CH(CH3)2), 1.36–1.67 (m, 14H;
CH2CH2CH2CH3, (CH2)5 ring), 3.18 (s, 2H; NCH2Cspiro), 3.32–3.39 ppm
(m, 3H; CH(CH3)2, NCH2CH2CH2CH3);


13C NMR (50.3 MHz,
[D8]THF): d=14.8, 20.8 (CH2CH3, CH(CH3)2), 25.0, 26.1, 26.8 ((CH2)5
ring), 31.8, 36.4 (NCH2CH2CH2CH3), 44.9, 51.2, 59.3 (NCH2, NCH-
(CH3)2), 70.3 (Cspiro), 236.0 ppm (NCN).


1-Butyl-3-isobutyl-1,3-diazaspiro[4.4]nonane-2-ylidene (11b): Compound
11b was synthesized from 10b (0.805 g, 3 mmol) and potassium (0.293 g,
7.5 mmol) in THF (15 mL) as described for 11a. Compound 11b (0.581 g,
82%) was obtained as pale yellow oil. 1H NMR (200.1 MHz, [D8]THF):
d=0.80–0.92 (m, 9H; CH2CH3, CH(CH3)2), 1.28–1.66 (m, 12H;
NCH2CH2CH2CH3, (CH2)4 ring), 1.99 (m, 1H; CH(CH3)2), 3.08 (d, J=
7.0 Hz, 2H; NCH2CH(CH3)2), 3.30–3.46 ppm (m, 4H; NCH2);


13C NMR
(50.3 MHz, [D8]THF): d=13.8, 19.9 (CH2CH3, CH(CH3)2), 23.7, 30.0,
31.4, 32.1, 35.6 (CH2CH2CH2CH3, (CH2)4 ring, CH2CH(CH3)2), 52.7, 54.1,
60.4 (NCH2), 70.5 (Cspiro), 239.9 ppm (NCN).


Pentacarbonyl(1-butyl-3-isopropyl-1,3-diazaspiro[4.5]decane-2-ylidene)-
tungsten(0) (14a): In a glove box hexacarbonyltungsten (0.704 g,
2.0 mmol) was added to a solution of 11a (0.473 g, 2.0 mmol) in toluene
(20 mL). The resulting mixture was refluxed for 2 h and then cooled to
room temperature. After removal of the solvent, residual hexacarbonyl-
tungsten was removed by sublimation and the crude product was purified
by column chromatography (SiO2, hexane/diethyl ether, 10:1, v/v). Yield:
0.840 g (75%) of a pale yellow solid. 1H NMR (400.1 MHz, CDCl3): d=
0.96 (t, J=7.2 Hz, 3H; CH2CH3), 1.40 (d, J=7.2 Hz, 6H; CH(CH3)2),
1.51–2.02 (m, 14H; CH2CH2CH2CH3, (CH2)5 ring), 3.33 (s, 2H;
NCH2Cspiro), 3.71 (t, J=7.6 Hz, 2H; NCH2CH2CH2CH3), 5.26 ppm (sept,
J=7.2 Hz, 1H, CH(CH3)2);


13C NMR (100.6 MHz, CDCl3): d=14.0
(CH2CH3), 19.9 (CH(CH3)2), 23.6, 24.1, 24.9 ((CH2)5 ring), 30.7
(NCH2CH2CH2CH3), 35.5 (NCH2CH2CH2CH3), 53.4
(NCH2CH2CH2CH3), 55.5 (NCH(CH3)2), 59.0 (NCH2Cspiro), 68.5 (Cspiro),
198.7 (COcis), 201.7 (COtrans), 207.6 ppm (NCN); MS (70 eV, EI): m/z
(%): 560 (26) [M]+, 532 (18) [M�CO]+ , 504 (64) [M�2 CO]+ , 472 (100);
IR (KBr pellet): n=2058, 1958, 1891 cm�1 (vs, CO).


Pentacarbonyl(1-butyl-3-isobutyl-1,3-diazaspiro[4.4]nonane-2-ylidene)-
tungsten(0) (14b): Compound 14b was prepared from 11b (0.473 g,
2 mmol) and hexacarbonyltungsten (0.704 g, 2 mmol) in toluene (20 mL)
as described for 14a. Compound 14b (0.795 g, 71%) was obtained as
pale yellow solid. 1H NMR (400.1 MHz, CDCl3): d=0.96 (m, 9H;
CH2CH3, CH(CH3)2), 1.35 (m, 2H; CH2CH3), 1.57–1.79 (m, 10H;
CH2CH2CH2CH3, (CH2)4 ring), 2.06 (m, 1H; CH(CH3)2), 3.23 (s, 2H;
NCH2Cspiro), 3.47 (d, J=7.8 Hz, 2H; NCH2CH), 3.74 ppm (t, J=8.4 Hz,
2H; NCH2CH2CH2CH3);


13C NMR (100.6 MHz, CDCl3): d=13.9
(CH2CH3), 19.3, 19.8 (CH(CH3)2), 22.1, 28.6, 29.7 (CH2CH3, (CH2)4 ring),
30.4, 34.3 (CH2CH2CH2CH3, CH2CH(CH3)2), 53.4 (NCH2CH2CH2CH3),
54.8 (NCH2CH), 61.1 (NCH2Cspiro), 73.6 (NCH2Cspiro), 198.7 (COcis), 200.5
(COtrans), 209.7 ppm (NCN); MS (70 eV, EI): m/z (%): 560 (7) [M]+ , 532
(4) [M�CO]+ , 504 (15) [M�2CO]+ , 472 (23), 442 (25), 414 (16), 140
(100); IR (KBr pellet): n=2059, 1925, 1886 cm�1 (vs, CO).
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From Solution-Phase to Solid-Phase Enyne Metathesis: Crossover in the
Relative Performance of Two Commonly Used Ruthenium Pre-Catalysts


Dominic E. A. Brittain,[a, b] B. Lawrence Gray,[a, b] and Stuart L. Schreiber*[a]


Introduction


The synthesis of complex molecules containing different
skeletons and stereochemistries, and having chemical han-
dles for appendages, is facilitating a small-molecule ap-
proach to understanding biology.[1] While this approach
demonstrates a way in which chemistry can inform biology,
the challenges met in designing and executing diversity-ori-
ented synthesis (DOS) pathways can also inform chemistry
itself. The necessary application of a broad range of sub-
strates to a given transformation, combined with the parallel
requirement of adapting a synthesis to the solid phase, can
offer new insights into the scope and limitations of even
well-known reagents.


Branching pathways, in which synthetic routes diverge
from a common intermediate, represent a common method
of generating skeletal diversity.[2] The potential of this ap-
proach has recently been highlighted through the develop-


ment of methodology to access dialkenylboronic esters, in-
termediates with particularly abundant opportunities for
branching.[3] In order to facilitate library synthesis based
upon the annulation process from which these esters derive,
in a way consistent with the use of the one-bead, one-stock
solution approach to chemical genetics,[4] dialkenylboronic
ester intermediates 1 needed to be synthesized while immo-
bilized onto high-capacity polystyrene macrobeads
(Scheme 1).[5] Unfortunately, although these intermediates
were readily synthesised in solution via enyne metathesis,[6]


early efforts to translate the reaction to the solid phase
using support-bound homoallylic alcohols and Grubbs 1st or
2nd generation pre-catalysts (4 and 3,[7,8] respectively) gave
low conversion levels; a frustrating result considering the
ease of a related enyne metathesis involving a support-
bound propargyl alcohol.[9] However, use of the Hoveyda–


Abstract: A crossover in the ability of
two distinct ruthenium-based metathe-
sis pre-catalysts to effect the synthesis
of dialkenylboronic esters in solution
and on the solid-phase was observed.
Specifically, while the Grubbs 2nd gen-
eration pre-catalyst 3 affords a greater
degree of conversion to product than
the Hoveyda–Grubbs pre-catalyst 2 in
a solution-phase enyne-metathesis re-
action, this trend is reversed in the
solid-phase variant. Systematic investi-


gation showed this trend to be general,
regardless of variations in the homoal-
lylic alcohol and alkynylboronic ester
components of the reaction, as well as
in the type of solid support employed.
Experiments to determine a mechanis-


tic hypothesis for this trend highlighted
the significance of the ruthenium re-
maining bound to the substrate after
metathetic rearrangement and found
the presence of phosphine ligand to be
detrimental to the success of the solid-
phase reaction. Therefore, these results
suggest an expanded role for phos-
phine-free pre-catalysts, such as 2, in
challenging solid-phase metathesis re-
actions.
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Grubbs pre-catalyst 2 resulted in a significant improve-
ment,[10] a surprising result as initial catalyst screening in the
solution phase showed it not to be the optimal catalyst for
this transformation (Scheme 2). Intrigued by this crossover
in activity, a systematic investigation was begun to probe the
generality of this phenomenon and its mechanistic cause. In
this communication, these results are presented along with
the ensuing implication of an expanded role for pre-catalyst
2 in solid-phase metathesis reactions.


Results and Discussion


Effects of substrate, tether, and alkynylboronic ester : The
requisite homoallylic alcohols (5, 7, 9, 11, 13, 15, 17, 19)
were synthesized in two steps from the corresponding hy-
droxy-aldehyde, beginning either with formation of the trii-
sopropylsilyl ether or attachment to polystyrene macrobeads
through a diisopropylsilyl ether linkage, and subsequent al-
dehyde allylation. The metathesis reactions were then car-
ried out in toluene at 80 8C, with pre-catalyst loadings below
the levels needed for complete starting material consump-
tion in order to maximize any observable differences in cat-
alyst efficiency. For all solid-phase substrates (7, 11, 15, 19)
using alkynyl boronate 25, the Hoveyda–Grubbs pre-catalyst
2 was found to exhibit the highest conversion levels
(Table 1, 18–54% higher than with pre-catalyst 3); whereas
for all corresponding solution-phase substrates (5, 9, 13, 17),
the Grubbs 2nd generation pre-catalyst 3 proved its superior
or equal (Table 1, up to 27% higher than with pre-catalyst
2). Additional features to emerge from these data are as fol-
lows: 1) the trend is general for both aliphatic and phenolic
attachments to silicon (compare entries 7–9 and 25–27 vs
10–12 and 28–30, for example) and tolerates changes in
tether length;[11] 2) the spatial relationship of the tether to
the homoallylic alcohol about the aromatic ring does not


effect the trend (compare entries 4–6 and 22–24 vs 10–12
and 28–30, for example); 3) the Grubbs 1st generation pre-
catalyst 4 showed negligible conversion levels in the solu-
tion-phase enyne metathesis reactions while retaining some
activity for macrobead-bound compounds; 4) variation of
the alkynylboronic esters did not effect the trend;[12] thus
branched aliphatic (25), linear aliphatic (26), and heteroa-
tom-containing alkynyl boronates (27),[13] were all more effi-
ciently transformed by pre-catalyst 3 in the solution phase,
and by pre-catalyst 2 on polystyrene macrobeads.


Mechanistic considerations : Having determined that the rel-
ative ability of pre-catalysts 2 and 3 to effect the desired
enyne metathesis reaction crosses over on going from solu-
tion to solid phase, efforts were made to ascertain likely
mechanistic origins. A broadly accepted mechanism that
served to guide experimental design is illustrated in
Scheme 3. Initial transesterification to generate a mixed or-
ganoboronic ester 28 was proposed, tethering the alkyne
and alkene components together and facilitating subsequent
metathesis.[14] Since the substrate contains a monosubstitut-
ed alkene and an internal alkyne, initial alkylidene exchange
with the alkene rather than the alkyne component is more
likely.[15] The resulting metal alkylidene 29 then undergoes a
[2+2] cycloaddition with the triple bond to generate metal-
locyclobutene 30, followed by a cycloreversion to give cyclic
metal alkylidene 31 in a manner analogous to the accepted
ring-closing metathesis mechanism.[16] A second alkylidene
exchange reaction with a proximal alkene produces diene 32
and allows ruthenium to continue the catalytic cycle.


While there are numerous examples of metathesis reac-
tions where either the catalyst or substrate has been immo-
bilized to the solid phase,[17] the transition from solution to
solid phase is often accompanied by complications, frequent-
ly requiring considerable reaction re-optimization.[18] In such
instances, due to the slower reaction kinetics associated with


an immobilized pre-catalyst or
propagating carbene, catalyst
decomposition probably com-
petes with the desired transfor-
mation. With this hypothesis in
mind, and using the proposed
mechanism as a starting point,
the conversion of metal alkyl-
idene 31 to the diene 32 was
identified as the likely turn-
over- and conversion-limiting
step in the solid-phase variant
of this reaction. This is based
on the following features: 1)
the generation of metal alkyl-
idene 31 covalently attaches
the metal species to the sup-
port, resulting in partial “site-
isolation”;[19] 2) metal alkyl-
idene 31 requires an intermo-
lecular reaction to liberate theScheme 2. Crossover in catalyst performance in solution and on the solid phase.
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metal and to allow it to continue the catalytic cycle;[20] 3) re-
lease of the metal might be expected to be especially chal-
lenging in enyne metathesis products such as 31, due to pos-
sible metal coordination to one of the boronic ester oxygens
in an analogous fashion to the metal coordination by the
isopropoxy ligand in pre-catalyst 2.


To test this hypothesis, a crossover experiment was de-
signed to probe the extent to which free ruthenium carbene
was present in solution. Treatment of resin-bound homoal-
lylic alcohol 15 with 30 mol% pre-catalyst 3 in toluene at
40 8C for 2 h, followed by transfer of the solution into a
fresh batch of substrate and alkynyl boronate 25 showed
less than 5% conversion in the second vessel. By contrast, a
control experiment in which a solution of pre-catalyst 3 in
toluene was heated at 40 8C for 2 h in the absence of homo-
allylic alcohol 15 before transfer, gave an 85% conversion
in the second vessel, thereby discounting catalyst decompo-
sition as the determining factor. Further support for this
mechanistic interpretation derives from the synthesis of al-
kynylboronate 33 and its use in the enyne-metathesis reac-
tion with solid-phase homoallylic alcohol 11 to generate dia-
lkenylboronate 35 (Scheme 4). The alkene functionality in
the side chain of alkynylboronate 33 leads to a tandem
enyne/ring-closing metathesis reaction, resulting in self-
cleavage of the catalyst from the resin bound substrate, as il-
lustrated by possible intermediate 34. If detachment of the
ruthenium from the solid support is impeding turnover in
the previous experiments, this modification should improve
the situation. Not only did this change increase conversions
with both pre-catalysts 2 and 3, it also brought them to a
similar level (69% for pre-catalyst 2 vs 64% for pre-catalyst
3), suggesting that the sequestration of the propagating car-
bene is no longer as important.


Effects of additives on catalyst efficiency : Although the evi-
dence pointed to the release of ruthenium from the solid
support as being critical to the reaction, it is not clear why
one pre-catalyst should be preferred for the solution-phase
reaction and the other for the solid-phase reaction, especial-
ly since both pre-catalysts generate identical 14-electron co-
ordinatively unsaturated, propagating carbenes upon initia-


Table 1. Comparisons of catalytic efficiency for solution-phase and solid-
phase boronic ester annulations.


Entry Substrate Boronate[b,c] Pre-catalyst Conversion [%][d]


1 9 25 2 46
2 9 25 3 58
3 9 25 4 <5
4 5 25 2 54
5 5 25 3 69
6 5 25 4 <5
7 13 25 2 44
8 13 25 3 71
9 13 25 4 <5
10 17 25 2 18
11 17 25 3 42
12 17 25 4 <5
13 5 26 2 69
14 5 26 3 71
15 5 26 4 <5
16 5 27 2 17
17 5 27 3 22
18 5 27 4 <5
19 11 25 2 86
20 11 25 3 33
21 11 25 4 15
22 7 25 2 54
23 7 25 3 36
24 7 25 4 <5
25 15 25 2 60
26 15 25 3 34
27 15 25 4 17
28 19 25 2 66
29 19 25 3 26
30 19 25 4 12
31 7 26 2 51
32 7 26 3 8
33 7 26 4 <5
34 7 27 2 34
35 7 27 3 17
36 7 27 4 <5


[a] Not present in the homoallylic alcohol substrates. [b] R1= iPr (25);
R1=nBu (26); R1=CH2OBn (27). [c] 1.9 equiv of alkynylboronic ester
were used in all solution-phase reactions, 7.5 equiv of alkynylboronic
ester were used in all solid-phase reactions. [d] Conversions were deter-
mined by 1H NMR and 1H MAS-NMR spectroscopy for solution-phase
and immobilized substrates, respectively; see Experimental Section for
details.


Scheme 3. Proposed mechanism and catalytic cycle for the boronic ester
annulation. Reversible arrows are omitted for clarity.
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tion. Using support-bound homoallylic alcohol 11 and alky-
nylboronate 25, it was hoped that an examination of the ef-
fects of some commonly used metathesis reaction additives
might illuminate the origins of this difference (Table 2). Typ-


ically, additives promote catalysis either by preventing or
breaking up unfavorable intramolecular ruthenium che-
lates,[21] or by acting as transient cross-metathesis partners to
generate or to stabilize ruthenium methylidene through de-
generate metathesis pathways.[22] Unfortunately, due to a va-
riety of undesired side reactions that have been noted,[18h,o,23]


the effectiveness of these additives can be unpredictable,
somewhat limiting their utility as a panacea for failed meta-
thesis reactions. Additionally, when using Lewis-acid addi-
tives, both substrates and products must be compatible. In
fact, reaction of homoallylic alcohol 11, alkynylboronate 25,
and pre-catalyst 3 in the presence of 25 mol% Ti(OiPr)4
lowered the degree of conversion (entry 8), possibly due to
an incompatibility with the alkynylboronic ester (the Lewis
acid does not decompose product).[24,25] Styrene, which has
been used as a beneficial olefin additive for pre-catalyst 4,
also resulted in lower conversion levels (entries 1–2). Since
stilbene, the cross-metathesis product of styrene, is not inert
towards pre-catalysts 2 and 3 (unlike pre-catalyst 4), it is
possible that styrene acts to decrease the concentration of
highly active ruthenium methylidene here, thus retarding
the reaction.[26] In contrast, it was discovered that running
the reaction under an ambient pressure of ethylene resulted
in a marked increase in the conversion with pre-catalyst 3
(entry 3, 77 vs 33% without ethylene), in line with the hy-


pothesis that release of ruthenium from immobilized diene
31 represents the critical step in this transformation. It
proved important to introduce the ethylene only after the
reaction was initiated (20 min after pre-catalyst addition),
since pre-treatment of pre-catalyst with ethylene seriously
reduced conversion levels (entry 4). With a means of im-
proving conversion levels in reactions using pre-catalyst 3
on the solid phase, a complementary way of repressing the
reaction in the presence of pre-catalyst 2 was sought.
Indeed, conducting the reaction of homoallylic alcohol 11
and alkynylboronate 25 with pre-catalyst 2 in the presence
of tricyclohexylphosphine drastically reduced conversion
levels (entry 6, 29 vs 86% without PCy3 at 15 mol% catalyst
loading).[27] The effect was only observed when the rutheni-
um was saturated with the phosphine (at least one equiva-
lent relative to pre-catalyst) or premixed with the additive.
A reasonable hypothesis to account for these observations is
that the transition from the reaction of solution-phase ho-
moallylic alcohols to those bound to the solid phase reduces
the ease with which the 14-electron ruthenium intermediate
31 can co-ordinate an alkene to continue the catalytic cycle.
Since the tricyclohexylphosphine ligand, when present, can
also compete with any alkenes for the free co-ordination
site on intermediate 31,[28] the use of a phosphine-free pre-
catalyst 2 ameliorates the situation. While this mirrors the
observations seen in improving cross metathesis reactions
involving electron-poor alkenes (e.g. acrylonitrile) by using
phosphine-free pre-catalysts or phosphine scavengers,[29] and
the subsequent suggestions of phosphine reassociation inhib-
iting the catalytic cycle,[30] to the best of our knowledge,
these results constitute the first documented example of the
benefit of phosphine-free conditions to a solid-phase ruthe-
nium carbene metathesis reaction.


Variation of the solid support : Curious as to whether this
new reactivity pattern was a general solid-phase phenomen-
on or specific to polystyrene macrobeads, the enyne meta-
thesis was performed with the two pre-catalysts 2 and 3 on
homoallylic alcohols bound to different solid-phase plat-
forms. As shown in Table 3, Synphase lantern bound homo-
allylic alcohol 36 also undergoes metathesis markedly better
with pre-catalyst 2 (entries 3–4, 25% higher conversion).[31]


The trend is also significant with the substrate derived from
allylation of formyl polystyrene. In this case, the effect of
small variations in percentage cross-linking (1 vs 2% DVB)
was examined and found to make only a slight difference in
the magnitude of the trend (entries 5–8). Despite the var-
iance in absolute conversion levels, the fact that pre-catalyst


Scheme 4. Tandem enyne metathesis/ring-closing metathesis on the solid phase.


Table 2. Effect of additives on solid-phase boronic ester annulations.


Entry Pre-catalyst Additive[a] Quantity Conversion [%][b]


1 3 styrene 15 mol% 32
2 3 styrene 15 mol%[c] <5
3 3 ethylene 1 atm 77
4 3 ethylene 1 atm[c] 10
5 2[d] PCy3 15 mol% 86
6 2[d] PCy3 100 mol% 29
7 2[d] PCy3 15 mol%[c] 36
8 3 Ti(OiPr)4 15 mol% 21


[a] PCy3= tricyclohexylphosphine. [b] Conversions were determined
using 1H MAS-NMR spectroscopy. [c] additive mixed with pre-catalyst
prior to addition of substrate. [d] 30 mol% pre-catalyst loading was used.
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2 was superior in cases covering different polymer constitu-
tion, bead size, tether length and degree of cross-linking,
suggests the observed trend is a relatively general solid-
phase phenomenon.[32] Although facilitating site-site interac-
tions could also be considered as an approach to improving
certain difficult solid-phase metathesis reactions, whether
through the use of minimally cross-linked or high-loading
resins etc., this approach could also lead to intermolecular
covalent bond formation instead.[33] In these cases, using a
phosphine-free catalyst, such as pre-catalyst 2, that maximiz-
es the chance that a site-site interaction will lead to a pro-
ductive release and transfer of ruthenium, constitutes a po-
tentially simple and useful alternative solution.[34]


Conclusion


This study provides an example of how efforts in diversity-
oriented synthesis can bring to light unexpected complexi-
ties in chemistry, allowing practical solutions to emerge for
intransigent reactions. While the realization of the branching
potential of dialkenylboronates has now been made possible
through the application of the findings described, it is also
hoped that they will prove useful in enabling other unrelat-
ed but equally problematic metathesis reactions to be ap-
plied to the solid phase through the use of phosphine-free
pre-catalysts. The full exploitation of this methodology to-
wards a library of complex and diverse small molecules is
currently underway.


Experimental Section


General techniques : Except as otherwise noted, reactions were carried
out under nitrogen with dry, freshly purified solvents. Solvents were puri-
fied by passage through a column of activated alumina (A-2) and sup-
ported copper redox catalyst (Q-5 reactant). NMR spectra were recorded
at either 500 or 300 MHz for all solution phase compounds using a
Varian I-500 or a Varian M-300 instrument, respectively. 1H NMR chemi-
cal shifts are reported relative to residual CHCl3 (7.26 ppm). 13C NMR
data were recorded at 125 or 100 MHz for all solution phase compounds
using a Varian I-500 or a Varian M-400 instrument, respectively. 13C
chemical shifts are reported relative to the central line of CDCl3
(77.0 ppm). MAS-NMR spectra were recorded at 600 MHz for all com-
pounds immobilized to the solid phase using a Varian INOVA I-600 in-
strument equipped with nanoprobe. Infrared spectra were recorded using
a Perkin–Elmer FT-IR spectrometer (thin film or neat, as indicated).
Mass spectra were obtained with JEOL AX 505, JEOL SX-102 and Mi-
cromass ESI-LCT spectrometers. 1% divinylbenzene crosslinked formyl
polystyrene (0.9 mmolg�1) was purchased from Aldrich and dried in
vacuo prior to use. 2% divinylbenzene crosslinked formyl polystyrene
(2.5 mmolg�1) was purchased from Aldrich and dried in vacuo prior to
use. Information concerning polystyrene macrobeads and Synphase lan-
terns is contained in the relevant references, cited in the paper.


Representative procedure for solution-phase allylation


Reaction sequence used for the generation of 5 : 3-(2-Hydroxyethoxy)-
benzaldehyde (1.01 g, 6.09 mmol) was placed into a flame-dried round-
bottom flask equipped with magnetic stirrer and dissolved in THF
(10 mL). Imidazole (1.45 g, 21.31 mmol) was added with rapid stirring
and, after complete dissolution, triisopropylsilyl chloride (1.95 mL,
9.14 mmol) was introduced. After 22 h, the reaction was quenched with
saturated, aqueous NaHCO3 (7 mL) and diluted with water. The mixture
was extracted with CH2Cl2 (3N30 mL) and combined organics were
washed with water and brine (50 mL portions). After drying over
MgSO4, the organics were filtered, concentrated in vacuo to afford the
desired silylated alcohol (1.96 g, 6.09 mmol), which was transferred to a
flame-dried round-bottom flask equipped with magnetic stirrer and dis-
solved in THF (20 mL). The resultant solution was cooled to �78 8C and
allylmagnesium bromide (12.18 mL, 12.18 mmol) was added dropwise
over 10 min. The mixture was allowed to come to ambient temperature
overnight and was then slowly quenched with saturated, aqueous
NaHCO3 and diluted with water. Extraction with CH2Cl2 (3N80 mL) was
followed by washing of combined organics with water and brine (100 mL
portions). Drying over MgSO4, filtration and concentration in vacuo gave
a crude oil which was purified by silica chromatography (hexanes/Et2O
6:1) to give 5 as a clear oil (2.10 g, 5.76 mmol, 94%).


1-{3-[2-(Triisopropylsilanyloxy)-ethoxy]-phenyl}-but-3-en-1-ol (5):
1H NMR (500 MHz, CDCl3): d = 7.25 (t, J=8.3 Hz, 1H), 6.94 (s, 1H),
6.94–6.92 (m, 1H), 6.84–6.82 (m, 1H), 5.86–5.77 (m, 1H), 5.16–5.15 (m,
2H), 4.71 (dd, J=7.8, 5.4 Hz, 1H), 4.09–4.03 (m, 4H), 2.56–2.46 (m, 2H),
1.98 (br s, 1H), 1.21–1.11 (m, 3H), 1.09 (d, J=5.9 Hz, 18H); 13C NMR
(125 MHz, CDCl3): d = 159.1, 145.5, 134.4, 129.4, 118.4, 118.1, 113.6,
112.0, 73.2, 69.3, 62.2, 43.8, 17.9, 12.0; IR (neat): ñ = 3405, 3077, 2933,
2862, 2728, 2359, 1641, 1600, 1585, 1487, 1461, 1446, 1385, 1369, 1318,
1262, 1128, 1062, 1010, 995, 964, 918, 882, 785, 749, 682, 656 cm�1; HRMS
(ApCI): m/z : calcd for C21H36O3Si+NH4: 382.2778; found: 382.2769
[M+NH4


+].


1-{4-[2-(Triisopropylsilanyloxy)-ethoxy]-phenyl}-but-3-en-1-ol (17):
1H NMR (500 MHz, CDCl3): d = 7.27 (d, J=8.3 Hz, 2H), 6.90 (d, J=
8.8 Hz, 2H), 5.80 (dddd, J=17.2, 10.0, 7.3, 7.1 Hz, 1H), 5.14 (apps, 1H),
5.14 (d, J=27.3 Hz, 1H), 4.70–4.67 (m, 1H), 4.07–4.04 (m, 4H), 2.51–2.48
(m, 2H), 2.02 (br s, 1H), 1.19–1.08 (m, 21H); 13C NMR (125 MHz,
CDCl3): d = 158.4, 136.0, 134.6, 127.0, 118.1, 114.4, 73.0, 69.3, 62.2, 43.7,
17.9, 12.0; IR (neat): ñ = 3397, 3074, 2941, 2866, 1640, 1611, 1586, 1512,
1463, 1383, 1302, 1248, 1173, 1132, 1066, 996, 962, 916, 882, 831, 744,
681 cm�1; HRMS (ApCI): m/z : calcd for C21H36O3Si+NH4: 382.2778;
found: 382.2776 [M+NH4


+].


Table 3. Effect of polymer support on catalytic efficiency.


Entry Substrate Pre- R[a] Conversion
catalyst [%][b]


1 7 2 polystyrene macrobead 54
2 7 3 polystyrene macrobead 36
3 36 2 synphase lantern 74
4 36 3 synphase lantern 49
5 38 2 1% DVB 100–200 mesh poly-


styrene
49


6 38 3 1% DVB 100–200 mesh poly-
styrene


8


7 40 2 2% DVB 100–200 mesh poly-
styrene


31


8 40 3 2% DVB 100–200 mesh poly-
styrene


16


[a] Description of and purchasing information for the various polymer
supports can be found in the Experimental Section. [b] Conversions were
determined using 1H MAS-NMR spectroscopy.
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1-[3-(Triisopropylsilanyloxy)-phenyl]-but-3-en-1-ol (9): 1H NMR
(500 MHz, CDCl3): d = 7.19 (t, J=2.8 Hz, 1H), 6.92 (d, J=7.8 Hz, 1H),
6.89 (s, 1H), 6.80–6.78 (m, 1H), 5.80 (dddd, J=16.3, 13.8, 7.3, 7.1 Hz,
1H), 5.14–5.13 (m, 2H), 4.69 (dd, J=3.7, 2.7 Hz, 1H), 2.51–2.47 (m, 2H),
2.05–1.60 (br s, 1H), 1.26 (sept, J=3.9 Hz, 3H), 1.10 (d, J=3.7 Hz, 18H);
13C NMR (125 MHz, CDCl3): d = 158.0, 145.5, 134.4, 129.3, 118.9, 118.4,
118.3, 117.3, 73.1, 43.8, 17.9, 12.6; IR (neat): ñ = 3376, 3076, 2944, 2893,
2867, 1642, 1603, 1586, 1484, 1464, 1443, 1385, 1280, 1155, 1058, 1004,
960, 915, 882, 832, 788, 682 cm�1; HRMS (ApCI): m/z : calcd for
C19H32O2Si+NH4: 338.2516; found: 338.2494 [M+NH4]


+ .


1-[4-(Triisopropylsilanyloxy)-phenyl]-but-3-en-1-ol (13): 1H NMR
(500 MHz, CDCl3): d = 7.20 (d, J=8.3 Hz, 2H), 6.86 (d, J=8.8 Hz, 2H),
5.79 (dddd, J=17.2, 10.2, 7.3, 7.1 Hz, 1H), 5.13–5.12 (m, 1H), 5.13 (d, J=
23.9 Hz, 1H), 4.67 (app t, J=6.4 Hz, 1H), 2.49 (app t, J=6.8 Hz, 2H),
1.99 (s, 1H), 1.24 (septet, J=7.8 Hz, 3H), 1.10 (d, J=7.3 Hz, 18H);
13C NMR (125 MHz, CDCl3): d = 155.7; 136.6, 134.9, 127.2, 120.0, 118.4,
73.3, 44.0, 18.1, 12.9; IR (neat): ñ = 3358, 2944, 2867, 1641, 1608, 1510,
1464, 1387, 1266, 1168, 1056, 997, 913, 883, 838, 683 cm�1; HRMS
(ApCI): m/z : calcd for C19H32O2Si+NH4: 338.2516; found: 338.2523
[M+NH4


+].


Representative procedure for solid-phase allylation


Reaction sequence used for the generation of 15 : A flame-dried, 5 mL ta-
pered flask was charged with macrobeads (58.1 mg, 1.3 mmolg�1,
0.075 mmol) functionalized with the appropriate substituted benzalde-
hyde and THF (1.5 mL) was added. The beads were allowed to swell at
ambient temperature for 10 min before the flask was cooled to �78 8C
and allylmagnesium bromide (0.75 mL, 0.750 mmol, 10.0 equiv) added
dropwise. A stream of argon that was bubbled through it agitated the
mixture. After 6 h at �78 8C, the mixture was warmed to 23 8C and agitat-
ed on a rotary shaker for 19 h. CH2Cl2 (3 mL) was added, causing the
beads to float, and they were transferred to a plastic fritted column.
Beads were rinsed successively with THF (3N), THF/H2O (3:1, 3N),
THF/H2O (1:1, 3N), THF/H2O (1:3, 3N), H2O (3N), CH3OH (3N), THF/
H2O (1:1, 3N), THF (3N), CH2Cl2 (3N), CHCl3 (3N), and CDCl3 (1N).
The beads were then dried for 24 h in vacuo to afford immobilized homo-
allylic alcohol 15 (53.0 mg).


Macrobead-bound 1-[4-(diisopropylsilanyloxy)-phenyl]-but-3-en-1-ol
(15): MAS 1H NMR (600 MHz, CDCl3/CD3OD 9:1): d = 7.1–6.2 (m, 4
H + polymer), 5.7–5.6 (br s, 1H), 5.0–4.9 (m, 2H), 4.6–4.5 (br s, 1H),
4.3–4.2 (br s, polymer), 2.5–2.3 (br s, 2H), 1.8–1.0 (m, polymer), 1.0–0.8
(br s, 14H).


Representative procedure for comparative studies in the solution phase


Reaction using Hoveyda–Grubbs pre-catalyst 2 : To a solution of the al-
kynylboronic ester 25 (55.0 mg, 0.280 mmol) in toluene (0.25 mL) was
added the homoallylic alcohol 5 (53.8 mg, 0.148 mmol) as a solution in
toluene (0.2 mL), and residual homoallylic alcohol was introduced with
two additional toluene rinses (2N0.15 mL). After 5 min, catalyst 2
(4.6 mg, 5 mol%) was introduced as a solid. The vessel was purged with
argon, then heated at 80 8C for 24 h. The crude reaction mixture was
cooled to 23 8C, then concentrated in vacuo, giving a dark brown oil,
which was taken up in CDCl3 and assayed by 1H NMR at 500 MHz, using
increased relaxation time. Conversions are measured relative to the
dienyl proton at 6.6 ppm in the alkenyl boronic ester and the two alkene
protons at 5.1–5.2 ppm in the homoallylic alcohol. The crude mixture was
then purified by flash column chromatography (silica gel; eluted with
hexanes/diethyl ether 25:1) to give the pure cyclic dialkenylboronic acid
6.


Reaction using Grubbs pre-catalyst 3 : To a solution of the alkynylboronic
ester 25 (61.2 mg, 0.312 mmol) in toluene (0.25 mL) was added the homo-
allylic alcohol 5 (59.9 mg, 0.164 mmol) as a solution in toluene (0.2 mL),
and residual homoallylic alcohol was introduced with two additional tolu-
ene rinses (2N0.15 mL). After 5 min, catalyst 3 (7.0 mg, 5 mol%) was in-
troduced as a solid. The vessel was purged with argon, then heated at
80 8C for 24 h. The crude reaction mixture was cooled to 23 8C, then con-
centrated in vacuo, giving a dark brown oil, which was taken up in
CDCl3 and assayed by 1H NMR at 500 MHz, using increased relaxation
time. Conversions are measured relative to the alkene proton at 6.6 ppm
in the alkenyl boronic ester and the two alkene protons at 5.1–5.2 ppm in


the homoallylic alcohol. The crude mixture was then purified by flash
column chromatography (SiO2; eluted with hexanes/diethyl ether 25:1) to
give the pure cyclic dialkenylboronic acid 6.


3-(1-Isopropyl-vinyl)-6-{4-[2-(triisopropylsilanyloxy)-ethoxy]-phenyl}-5,6-
dihydro[1,2]oxaborinin-2-ol (18): 1H NMR (500 MHz, CDCl3): d = 7.19
(d, J=8.3 Hz, 2H), 6.79 (d, J=8.8 Hz, 2H), 6.51 (dd, J=4.6, 2.4 Hz, 1H),
4.92 (dd, J=11.5, 4.4 Hz, 1H), 4.86 (s, 1H), 4.70 (s, 1H), 3.96 (d, J=
6.8 Hz, 2H), 3.93 (d, J=6.3 Hz, 2H), 3.23 (s, 1H), 2.48–2.54 (m, 1H),
2.39 (ddd, J=17.7, 5.9, 4.4 Hz, 1H), 2.29 (ddd, J=17.6, 11.5, 2.9 Hz, 1H),
0.95–0.96 (m, 21H), 0.92 (d, J=6.8 Hz, 3H), 0.88 (d, J=6.8 Hz, 3H);
13C NMR (100 MHz, CDCl3): d = 158.2, 156.3, 141.3, 135.2, 126.6, 114.3,
108.0, 74.6, 69.3, 62.2, 36.6, 31.4, 22.5, 17.7, 13.8, 11.8; IR (neat): ñ =


3401, 2942, 2867, 1613, 1513, 1463, 1384, 1318, 1304, 1249, 1174, 1133,
1068, 1014, 996, 964, 918, 883, 829, 743, 682, 658 cm�1; HRMS (TOF MS
ES+ ): m/z : calcd for C26H43BO4Si: 459.3102; found: 459.3105 [M+H+].


3-(1-Isopropyl-vinyl)-6-{3-[2-(triisopropylsilanyloxy)-ethoxy]-phenyl}-5,6-
dihydro[1,2]oxaborinin-2-ol (6): 1H NMR (500 MHz, CDCl3): d = 7.19
(t, J=7.8 Hz, 1H), 6.94 (br s, 1H), 6.86 (d, J=7.8 Hz, 1H), 6.77 (dd, J=
8.1, 2.0 Hz, 1H), 6.61 (dd, J=6.1, 2.4 Hz, 1H), 5.03 (dd, J=12.0, 3.9 Hz,
1H), 4.84 (d, J=1.9 Hz, 1H), 4.73 (s, 1H), 4.04–4.00 (m, 4H), 3.35 (s,
1H), 2.64–2.60 (m, 1H), 2.44 (ddd, J=17.6, 6.4, 3.9 Hz, 1H), 2.32 (ddd,
J=17.6, 12.2, 2.4 Hz, 1H), 1.12–1.06 (m, 3H), 1.06–0.99 (m, 21H), 0.96
(d, J=6.8, 3H); 13C NMR (125 MHz, CDCl3): d = 159.1, 158.7, 142.1,
129.5, 129.3, 117.9, 113.9, 111.2, 107.6, 75.3, 69.3, 62.4, 37.2, 31.7, 22.2,
18.1, 12.7, 12.2; IR (neat): ñ = 3374, 2933, 2862, 1600, 1456, 1380, 1313,
1262, 1123, 1067, 1015, 995, 882 cm�1; LRMS (TOF MS ES+ ): m/z : calcd
for C26H43BO4Si+NH4: 476.3; found: 476.3 [M+NH4


+].


3-(1-Butyl-vinyl)-6-{3-[2-(triisopropylsilanyloxy)-ethoxy]-phenyl}-5,6-di-
hydro-[1,2]oxaborinin-2-ol (21): 1H NMR (500 MHz, CDCl3): d = 7.18
(t, J=8.1 Hz, 1H), 6.91–6.88 (m, 1H), 6.76 (dd, J=8.4, 2.6 Hz, 1H), 6.61
(dd, J=6.2, 2.6 Hz, 1H), 5.12 (d, J=2.2 Hz, 1H), 4.97 (dd, J=11.7,
3.7 Hz, 1H), 4.81 (s, 1H), 4.00–3.96 (m, 4H), 2.45 (ddd, J=17.6, 6.2,
4.0 Hz, 1H), 2.33 (ddd, J=17.6, 11.9, 2.6 Hz, 1H), 2.20–2.15 (m, 2H),
1.33–1.17 (m, 6H), 1.07–0.99 (m, 21H), 0.82 (t, J=7.32 Hz, 3H);
13C NMR (125 MHz, CDCl3): d = 159.2, 149.2, 144.9, 141.2, 129.5, 118.0,
113.3, 112.4, 112.1, 74.8, 69.4, 62.4, 36.8, 34.6, 30.7, 22.6, 18.0, 14.0, 12.1;
IR (thin film from CDCl3): ñ = 3412, 2930, 2868, 1726, 1598, 1454, 1383,
1311, 1260, 1121, 1065, 1014, 993, 962, 880, 772, 736 cm�1; LRMS (TOF
MS ES+ ): m/z : calcd for C27H45BO4Si+NH4: 490.3; found: 490.3
[M+NH4


+].


3-(1-Isopropyl-vinyl)-6-[4-(triisopropylsilanyloxy)-phenyl]-5,6-dihydro-
[1,2]oxaborinin-2-ol (14): 1H NMR (500 MHz, CDCl3): d = 7.15 (d, J=
8.3 Hz, 2H), 6.77 (d, J=8.8 Hz, 2H), 6.54–6.53 (m, 1H), 4.94 (dd, J=
11.5, 3.4 Hz, 1H), 4.88 (s, 1H), 4.73 (s, 1H), 3.26 (s, 1H), 2.53 (sept, J=
6.8 Hz, 1H), 2.40 (ddd, J=17.5, 5.1, 4.4 Hz, 1H), 2.34–2.28 (m, 1H), 1.16
(sept, J=7.8 Hz, 3H), 1.00 (d, J=7.3 Hz, 18H), 0.94 (m, 3H), 0.90 (m,
3H); 13C NMR (125 MHz, CDCl3): d = 156.4, 155.2, 141.3, 135.5, 126.5,
119.6, 108.1, 74.6, 36.6, 31.2, 22.0, 21.6, 17.8, 12.6 cm�1; IR (thin film from
CDCl3): ñ = 3422, 2945, 2867, 1010, 1512, 1463, 1383, 1318, 1264, 1168,
1093, 1014, 914, 884, 833, 683 cm�1; LRMS (TOF MS ES+ ): m/z : calcd
for C24H39BO3Si: 416.3; found: 416.3 [M+H+].


3-(1-Isopropyl-vinyl)-6-[3-(triisopropylsilanyloxy)-phenyl]-5,6-dihydro-
[1,2]oxaborinin-2-ol (10): 1H NMR (400 MHz, CDCl3): d = 7.14 (t, J=
8.0 Hz, 1H), 6.92–6.87 (m, 2H), 6.74 (dd, J=8.2, 1.5 Hz, 1H), 6.58 (app
d, J=3.3 Hz, 1H), 4.99 (dd, J=11.5, 3.7 Hz, 1H), 4.94 (s, 1H), 4.78 (s,
1H), 2.60–2.54 (m, 1H), 2.50–2.43 (m, 1H), 2.35–2.28 (m, 1H), 1.24–1.14
(m, 3H), 1.03 (d, J=7.7 Hz, 18H), 0.99 (d, J=6.6 Hz, 3H), 0.94 (d, J=
7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 156.5, 156.2, 144.8, 141.4,
129.3, 119.0, 118.2, 117.1, 108.4, 74.8, 36.8, 31.4, 22.2, 21.8, 18.0, 12.8; IR
(thin film from CDCl3): ñ = 3878, 2923, 2867, 1605, 1585, 1485, 1463,
1381, 1314, 1282, 1154, 1077, 1005, 877, 841, 785, 728, 682 cm�1; LRMS
(TOF MS ES+ ): m/z : calcd for C24H39BO3Si: 416.3; observed 416.3
[M+H+].


Representative procedure for comparative studies on the solid phase


Reaction using Hoveyda–Grubbs pre-catalyst 2 : To the alkynylboronic
ester 25 (12.7 mg, 0.065 mmol) was added the macrobead bound homoal-
lylic alcohol 15 (6.6 mg, 1.3 mmolg�1) in one portion, with the beads no-
ticeably swelling. Toluene (0.25 mL) was added, and the beads were al-
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lowed to swell further for 5 min. Catalyst 2 (0.8 mg, 15 mol%) was then
introduced as a solid. The vessel was purged with argon, then heated at
80 8C for 24 h. The crude reaction mixture was cooled to 23 8C, and
CH2Cl2 (1 mL) was added, causing the macrobeads to float. These were
taken up into a pipette and moved to a fritted column for washing.
Beads were rinsed successively with THF (3N), THF/H2O (3:1, 3N),
THF/H2O (1:1, 3N), THF/H2O (1:3, 3N), H2O (3N), CH3OH (3N), THF/
H2O (1:1, 3N), THF (3N), CH2Cl2 (3N), CHCl3 (3N), and CDCl3 (1N)
before drying under reduced pressure for >4 h. 6–7 macrobeads were
then removed and swollen in 9:1 CDCl3:CD3OD for analysis by MAS-
NMR. Conversions are measured by integration of selected alkene pro-
tons (15 : 5.65 ppm; 16 : 4.75 ppm).


Reaction using Grubbs pre-catalyst 3 : To the alkynylboronic ester 25
(16.3 mg, 0.083 mmol) was added the macrobead bound homoallylic alco-
hol 15 (8.5 mg, 1.3 mmolg�1) in one portion, with the beads noticeably
swelling. Toluene (0.35 mL) was added, and the beads were allowed to
swell further for 5 min. Catalyst 3 (1.4 mg, 15 mol%) was then intro-
duced as a solid. The vessel was purged with argon, then heated at 80 8C
for 24 h. The crude reaction mixture was cooled to 23 8C, and CH2Cl2
(1 mL) was added, causing the macrobeads to float. These were taken up
into a pipette and moved to a fritted column for washing. Beads were
rinsed successively with THF (3N), THF/H2O (3:1, 3N), THF/H2O (1:1,
3N), THF/H2O (1:3, 3N), H2O (3N), CH3OH (3N), THF/H2O (1:1, 3N),
THF (3N), CH2Cl2 (3N), CHCl3 (3N), and CDCl3 (1N) before drying
under reduced pressure for >4 h. 6–7 macrobeads were then removed
and swollen in 9:1 CDCl3:CD3OD for analysis by MAS-NMR. Conver-
sions are measured by integration of selected alkene protons (15 :
5.65 ppm; 16 : 4.75 ppm).


Representative procedure for the crossover experiment : To the alkynyl-
boronic ester 25 (7.5 mg, 0.038 mmol, 7.5 equiv) was added the macro-
bead bound homoallylic alcohol 15 (3.9 mg, 1.3 mmolg�1, 1.0 equiv) in
one portion, with the beads noticeably swelling. Toluene (0.15 mL) was
added, and the beads were allowed to swell further for 5 min. Catalyst 3
(1.3 mg, 30 mol%) was then introduced as a solid. The vessel was purged
with argon, then heated at 40 8C for 2 h. The crude reaction mixture was
cooled to 23 8C, and the solution was transferred to another reaction
vessel containing a freshly prepared mixture of alkynylboronic ester 25
(6.8 mg, 0.035 mmol, 7.5 equiv) and macrobead bound homoallylic alco-
hol 15 (3.6 mg, 1.3 mmolg�1, 1.0 equiv). This vessel was purged with
argon, then heated at 40 8C for 24 h, then cooled to ambient temperature.
Both batches of macrobeads were suspended in CH2Cl2 (1 mL), taken up
into a pipette and moved to a fritted column for separate washing. Beads
were rinsed successively with THF (3N), THF/H2O (3:1, 3N), THF/H2O
(1:1, 3N), THF/H2O (1:3, 3N), H2O (3N), CH3OH (3N), THF/H2O (1:1,
3N), THF (3N), CH2Cl2 (3N), CHCl3 (3N), and CDCl3 (1N) before
drying under reduced pressure for >4 h. 6–7 macrobeads were then re-
moved and swollen in CDCl3/CD3OD 9:1 for analysis by MAS-NMR.


Representative procedure for the crossover control experiment : Catalyst
3 (8.1 mg) was added as a solid to a solution of the alkynylboronic ester
25 (6.1 mg, 0.031 mmol) in toluene (1.0 mL). The vessel was purged with
argon, then heated at 40 8C for 2 h. The crude reaction mixture was
cooled to 23 8C, and an aliquot (0.13 mL, corresponding to 1.1 mg cata-
lyst) was removed by syringe under argon and transferred to another re-
action vessel containing a freshly prepared mixture of alkynylboronic
ester 25 (6.1 mg, 0.031 mmol, 7.5 equiv) and macrobead bound homoal-
lylic alcohol 15 (3.2 mg, 1.3 mmolg�1, 1.0 equiv). This vessel was purged
with argon, then heated at 40 8C for 24 h. The crude reaction mixture was
cooled to 23 8C, and CH2Cl2 (1 mL) was added, causing the macrobeads
to float. These were taken up into a pipette and moved to a fritted
column for washing. Beads were rinsed successively with THF (3N),
THF/H2O (3:1, 3N), THF/H2O (1:1, 3N), THF/H2O (1:3, 3N), H2O (3N),
CH3OH (3N), THF/H2O (1:1, 3N), THF (3N), CH2Cl2 (3N), CHCl3
(3N), and CDCl3 (1N) before drying under reduced pressure for >4 h.
6–7 macrobeads were then removed and swollen in CDCl3/CD3OD 9:1
for analysis by MAS-NMR.
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Artificial Glycosyl Phosphorylases
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Introduction


Enzymatic catalysis of chemical reactions occurs with im-
pressive selectivity and rate.[1] Thanks to enzymes� abilities
to pick out specific molecules and to transform them selec-
tively, biosynthesis greatly surpasses even modern chemical
synthesis in its ability to make complex molecules. If chem-
ists could learn how to create catalysts with the characteris-
tics of enzymes—artificial enzymes (AEs)—chemical syn-
thesis would in all likelihood be revolutionised, so research
in artificial enzymes is an important frontier.[2–6]


Since enzymes achieve their astounding rate enhance-
ments through proximity effects, artificial enzymes should
be attainable through endowment of a host molecule with
appropriate catalytic groups in order to mimic the active
site of an enzyme. A very promising host molecule for artifi-
cial enzymes is the cyclodextrin (CD) molecule,[7–11] which is
water-soluble and shows good binding constants to aromatic


and minor aliphatic groups.[12] Its only drawback is that car-
rying out synthetic chemistry on CD derivatives is relatively
difficult,[13] making the preparation of many analogues a
slow process.


For this work we wished to create a CD-based AE that
would be able to mimic the action of a glycosidase. It was
anticipated that a CD containing appropriate catalytic
groups at the secondary or primary rim should bind aromat-
ic groups and, provided that these groups were correctly
positioned, catalyse hydrolysis of an aryl glycoside
(Figure 1). Glycosidases were the first enzymes to have their
catalytic machinery unravelled; they each contain two car-
boxylate groups positioned 5.5 3 apart.[14] One carboxylate
group acts as a general acid catalyst, whilst the other func-
tions as a nucleophile. Presumably a CD containing two car-
boxylic acids at the rim with the appropriate separation and
locked in optimal conformation should catalyse aryl glyco-
side hydrolysis at optimal pH.


The application of CDs as glycosidase mimics has been re-
ported previously. Ohe et al. observed that a-CD (3) in-
creased the rate of hydrolysis of 4-nitrophenyl a-mannopyr-
anoside (25) by up to 7.6 times at pH 12, while the hydroly-
sis of the b-anomer was unaffected.[15] Conversion of other
nitrophenyl glycosides was increased by 3 by factors of up to
8.6, and experiments with partially methylated a-CD deriva-
tives indicated that the 2-OH group was necessary for the
rate accelerations. b-CD (4) did not affect the hydrolysis.


Abstract: a- and b-Cyclodextrin 6A,6D-
diacids (1 and 2), b-cyclodextrin-6-
monoacid (14), b-cyclodextrin 6A,6D-di-
O-sulfate (16) and b-cyclodextrin-6-
heptasulfate (19) were synthesised.
Acids 1, 2 and 14 were made from per-
benzylated a- or b-cyclodextrin, by di-
isobutylaluminum hydride (DIBAL)-
promoted debenzylation, oxidation and
deprotection. Addition of molecular
sieves was found to improve the deben-
zylation reaction. Sulfates 16 and 19


were made by sulfation of the appro-
priately partially protected derivatives
and deprotection. Catalysis of 4-nitro-
phenyl glycoside cleavage by these cy-
clodextrin derivatives was studied.
Compounds 1, 2 and 16 were found to
catalyse the reaction, with the catalysis


following Michaelis–Menten kinetics
and depending first order on the phos-
phate concentration. In a phosphate
buffer (0.5m, 59 8C, pH 8.0), KM varied
from 2–10 mm and the kcat/kuncat ratio
from 80–1000 depending on the stereo-
chemistry of the substrate and the cata-
lyst, with 2 being the best catalyst and
with the sulfated 16 also displaying cat-
alytic ability. The monoacid 14 and the
heptasulfate 19 were not catalytic.
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Since the 2-OH group of 3 is partially deprotonated at
pH 12, it appears likely that an alcoholate may be associated
with the observed acceleration. Nevertheless, it is also note-
worthy that 4 had little effect on the hydrolysis of 4-nitro-
phenyl glycosides even under these relatively extreme pH
conditions. Bennet and collaborators investigated the hy-
drolysis of 4-nitrophenyl 2-tetrahydropyranyl ether, a glyco-
side model, catalysed by 3 and 4.[16] They found that 3 accel-
erated the hydrolysis about fourfold, while 4 decreased the
rate of hydrolysis. A b-CD derivative with a single 2-O-car-
boxymethyl group (5) similarly decreased the hydrolysis
rate. They also observed that 4 catalysed the hydrolysis of a
2-deoxyglucopyranosyl pyridinium salt with kcat/kuncat = 7.5.


The initial idea behind the present work was to mimic a
glycosidase by incorporating two carboxylates into a CD. It
was suggested that a derivative less conformationally flexi-
ble than 5 would be desirable, which suggested the idea of
investigating diacids 1 and 2. Inspection of models showed
that the distances between the carboxylates were 5.0 3 in 1
and 6.5 3 in 2, and thus relatively close to the distance
found in a glycosidase. At a pH�pKa a significant part of
the molecule should be in the monoprotonated form, simi-
larly to the active form of a glycosidase. In a preliminary


communication[17] we reported
that 1 and 2 acted as artificial
glycosidases of nitrophenyl gly-
cosides at neutral pH. The cat-
alysed conversion of 4-nitro-
phenyl glycosides was found to
follow Michaelis–Menten ki-
netics. At pH 7.4 and 59 8C,
kcat/kuncat varied from 12 to 35,
depending on the stereochem-
istry of the substrate. We have
now found that this reaction is
phosphate-dependant and cat-
alyses glycoside cleavage with
kcat/kuncat ratios of up to 1000 at
high phosphate concentrations.
We also report the syntheses
of, and catalysis studies with,
the monoacid and sulfate ana-
logues of 1 and 2, which alto-


gether suggest that the catalysis is caused by electrostatic ef-
fects.


Results and Discussion


Synthesis of 1, 2 and 14 : Compounds 1 and 2[18–20] were read-
ily obtained from the diols 8 and 9, made in turn by selec-
tive O-debenzylation of 6 or 7 by Pearce and SinaJ�s proce-
dure (Scheme 1).[21,22] This powerful method uses diisobuty-
laluminum hydride (DIBAL) in toluene to remove one or—
more importantly—two benzyl groups from the perbenzylat-
ed CD in a selective fashion. Pearce and SinaJ obtained
yields of 82–83% of 8 or 9 through the use of DIBAL in tol-
uene (0.5m, 120–140 equiv) at 30–50 8C, and a 60% yield of
12 (Scheme 2) with DIBAL (0.1m, 35 equiv) at room tem-
perature. In some experimentation to minimize the expendi-
ture of DIBAL in this reaction we made the surprising and
useful observation that 4 3 molecular sieves have a positive
effect (Table 1). Treatment of 6 with 0.1m DIBAL at room
temperature normally provided mainly monool (Table 1,
entry 1), but when 4 3 molecular sieves were added a good
yield of 8 was obtained (Table 1, entry 2). Other types of


Figure 1. Catalytic action of a cyclodextrin-containing artificial glycosidase.
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molecular sieves such as 3 3 (Table 1, entry 4) had a smaller
effect, as did sodium silicate and sodium aluminate (Table 1,
entries 5 and 6). These experiments suggest that the effect is
associated with the zeolite structure and not with the chemi-
cal constitution. With use of a lower DIBAL concentration
(0.03m), which otherwise had little effect (Table 1, entry 7),
the monool could be obtained quite effectively (Table 1,
entry 8). The conversion of 7 into 9 (Table 1, entry 9) or 12
(Table 1, entry 10) also worked better with the addition of
molecular sieves to either more or less concentrated solu-
tions of DIBAL. The diol 8 was oxidised to the dialdehyde


by treatment with Dess–Martin
reagent, and the dialdehyde
was further oxidised to the
diacid 10 (86%) by treatment
with sodium chlorite[23]


(Scheme 1). By similar meth-
ods 9 was converted to 11 in
84% yield. The two diacids 10
and 11 were hydrogenolysed to
1 and 2, respectively, in quanti-
tative yield.


The pKa values of these two
diacids were determined by ti-
tration. The individual pKa


values were too close to be de-
termined individually, but an
average pKa of 3.5 was deter-
mined for 1 and a pKa of 3.2
was determined for 2. Simula-
tion of the titration curves
with plausible values of pKa(1)
and pKa(2) showed that the
pKa values of 1 were definitely
within in the 2.5–4.5 range,
whilst those of 2 were between
2.2 and 4.2.


The b-CD monoacid 14 was
made from 7 in a similar manner, with a DIBAL reaction
with 7 (Table 1, entry 10) being employed to obtain 12
(Scheme 2). Oxidation first with Dess–Martin reagent and
subsequently with NaClO2 converted 12 into acid 13 in 75%
yield. Hydrogenolysis of 13 gave the acid 14 in 94% yield.


Synthesis of sulfates 16 and 19 : For comparison with the car-
boxylic acids it was also decided to synthesise O-sulfates.
These molecules should be negatively charged, similarly to a
carboxylate, but nonnucleophilic. Compound 9 was there-
fore converted into the disulfate 15 in 93% yield by treat-
ment with sulfur trioxide·pyridine complex[24] (Scheme 3).
Hydrogenolysis gave the CD disulfate 16, isolated as its
disodium salt, in 96% yield. This compound is essentially
neutral in aqueous solution.


The desire to expand the negative charge at the primary
rim prompted us to synthesise 19, a b-CD with O-sulfates
on all six OH groups. This was made as outlined in
Scheme 3. The primary rim was silylated with tert-butyldi-
methylsilyl chloride (TBDMSCl), the secondary rim was
acetylated, and the silyl groups were removed with BF3 as
described previously, to provide 17 (Scheme 3).[25] Sulfation
with SO3/pyridine


[25] gave 18 in 92% yield, and this was de-
protected with NaOMe to give the heptasulfate 19, isolated
as the heptasodium salt, in 88% yield.


Catalysis experiments : At pH 6–8, compounds 1 and 2—and
also disulfate 16—catalysed the formation of 4-nitrophenol
from 4-nitrophenyl b-d-glucopyranoside (20 ; Scheme 4) at
catalyst concentrations of 1–3 mm in 50 mm phosphate


Scheme 1. Synthesis of diacids 1 and 2.


Scheme 2. Synthesis of monoacid 14.


Table 1. Isolated yields after chromatography of mono- and diol from
the reduction of 6 or 7 with DIBAL with different additives at room tem-
perature.[a]


Entry Substrate Additive
[g mL�1]


Monool
[%]


Diol
[%]


DIBAL
conc. [m]


1 6 – 26 – 0.1
2 6 4 3 MS (0.08) 10 64 0.1
3 6 4 3 MS powder


(0.08)
– – 0.1


4 6 3 3 MS (0.08) 19 23 0.1
5 6 sodium aluminate


(0.08)
– – 0.1


6 6 sodium silicate
(0.08)


31 – 0.1


7 6 – 7 – 0.03
8 6 4 3 MS (0.08) 47 10 0.03
9 7 4 3 MS (0.08) – 81 0.3
10 7 4 3 MS (0.08) 55 - 0.03


[a] Reaction time was 21 h except at entry 8, which was 1.5 h. MS =


molecular sieves.
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buffer. The stereoisomeric sub-
strates 23–24 (Scheme 4) were
also converted, whereas the 2-
nitrophenyl galactoside 25 was
not. b-CD (4), the monoacid
14 and the heptasulfates 18
and 19 were found not to be
catalytic under these condi-
tions.


The rate of catalysis (Vcat)
was obtained from the deter-
mination of absorption at
400 nm in parallel experiments
in the presence and in the ab-
sence of catalyst, giving a total
rate (Vtot) and an uncatalysed
rate (Vuncat), and Vcat = Vtot�
Vuncat. With increasing substrate
concentration Vuncat increases
linearly while Vcat approaches
a maximum value, a clear sign
of Michealis–Menten-type ki-
netics (Figure 2a). A Haines
plot of [S]/Vcat against [S] gave
an excellent linear relationship
(Figure 2b), from which the


KM and kcat values could be
calculated. The kuncat constant
could be determined as the
slope of the plot of Vuncat


against substrate concentra-
tion.


The pH-dependence of the
reaction of 20 in the presence
of 2 in 50 mm phosphate buffer
is shown in Figure 2c. Since 2
is in dianionic form over the
entire pH range, the remarka-
ble change in kcat indicates de-
pendence on phosphate, since
the pH curve follows the ioni-
sation of secondary phosphate
(pKa = 7.2). Indeed, no catal-
ysis was observed when no
phosphate was present, such as
in a TRIS-sulfate buffer. When
the phosphate buffer concen-
tration was increased, kcat also
increased in a linear fashion
(Figure 2d). This means that
the data fit the rate law given
in Equation (1), where Pi is
phosphate and kcat = k’catNPi.
In other words, bound sub-
strates undergo a second-order


Scheme 3. Synthesis of disulfate 16 and heptasulfate 19.


Scheme 4. Hydrolytic reaction and its substrates.


Figure 2. a) Vcat and Vuncat as a function of [S] (20) at pH 7.9, 59 8C in 50 mm phosphate buffer with 1.24 mm 2
as the catalyst. b) Haines plot for the conversion of 20 at pH 7.9, 59 8C in 50 mm phosphate buffer, with
1.24 mm 2 as the catalyst. c) pH-dependence of the formation of 22 from 20 catalysed by 2 at 59 8C. d) Phos-
phate-dependence of the formation of 22 from 20 catalysed by 1 at 35 8C, pH 8.0.
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reaction, which given the pH profile is likely to be substitu-
tion with monohydrogenphosphate.


Eþ S
k1


k�1


�! �ESþ Pi
k0cat
��!Eþ P ð1Þ


The KM value, which is defined as KM =
k�1þkcat


k1
, is essen-


tially identical to the dissociation constant for the substrate–
catalyst complex, because kcat is likely to be much smaller
than k�1 (i.e., KMffik�1


k1
). The KM values, which typically range


from 3–10 mm, therefore reflect the efficiency of binding of
the nitrophenyl group. This agrees well with the known dis-
sociation constants of the complexes formed between 20
and a-cyclodextrin (3) and between 20 and b-cyclodextrin
(4), which have been determined as 14 mm and 28 mm, re-
spectively.


The kinetic constants for the reaction of 20 at 500 mm


phosphate buffer at the optimum pH 8.0 are shown in
Table 2. Under these conditions the catalytic effect is consid-
erably more apparent than that observed in dilute phos-
phate,[17] with the catalytic efficiency over background reac-
tion (kcat/kuncat) being up to a 989-fold increase in the best
case (Table 2).


The best substrate in these experiments is the b-glycoside
20, while the rate increases with a-glycoside substrates 23
and 24 are two to four times lower, so the configuration at
the anomeric position is of significance. The a-glycosides
also bind slightly more tightly (having lower KM values)
than 20, but this is not important since the KM value also re-
flects unproductive binding.


The stereochemistry of C4 in the substrate is, as one
would expect, of no significance as the conversions of 23
and 24 are essentially very similar.


The best catalyst is 2, with 1 being slightly inferior. The
disulfate 16 is somewhat weaker. Remarkably, the monoacid
14 has no catalytic effect, and in this respect is identical to
its precursor b-CD (4, Table 2). Interestingly, a-CD (3) has
a weakly catalytic effect, but unlike 1, 2 and 16 the catalysis
does not follow Michaelis–Menten-type kinetics but is a
simple substrate-dependant rate increase.


Since 1 and 2 are in carboxylate form in the catalytic pH
range, the increased catalysis rate of bound substrate must
be associated with a proximity effect from the negatively
charged groups. Two possibilities can be imagined, either
nucleophilic attack or an electrostatic stabilisation of a posi-
tively charged transition state. This was the rationale for in-
vestigating the sulfate 16 ; nucleophilic catalysis is not possi-
ble in this compound and only electrostatic stabilisation can
play a role. The observation that 16 is a catalyst strongly
suggests that the catalysis is caused by electrostatic stabilisa-
tion of the transition state by the presence of the negative
charge in its vicinity. The kcat value of 16 is generally three
times lower than that of 2, which can be explained by the
negative charge in the sulfate being more remote from the
rim. The catalytic mechanism shown in Scheme5 is pro-


posed. The monoacid 14 displays no catalytic effect
(Table 2), presumably because there is insufficient negative
charge to have an appreciable effect. The heptasulfate 19
was investigated to increase the negative charge at the pri-
mary face. It was not catalytic, however, which is interpreted
as due to there being too much crowding at the primary
face to allow correctly aligned binding.


Conclusion


In summary, the cyclodextrin
diacids have been found to cat-
alyse phosphate-dependant
glycoside cleavage with kcat/
kuncat ratios of up to 1000. They
form complexes with nitro-
phenyl glycosides with dissoci-
ation constants of 0.5–15 mm,
thereby activating the nitro-
phenoxy groups towards being
substituted by phosphate. The
corresponding disulfate dis-
plays similar catalytic behav-
iour. It is therefore concluded


Table 2. Kinetic constants for the conversion of substrates in 500 mm phosphate buffer at pH 8.0. The catalyst
concentration was from 0.1–2.0 mm.


Catalyst S Temperature kcat [N10
7 s�1] KM [mm] kcat/kuncat


1 20 35 10.4
0.3 9.41
0.80 706
26
1 20 59 73.7
10.9 11.9
3.7 247
38
1 23 59 183
5 7.46
0.72 301
8
1 24 59 86.0
4.2 4.89
1.33 292
15
2 20 59 188
14 7.90
1.92 989
77
2[a] 20 59 9.23
0.44 7.38
0.94 42
2
2 23 59 106
4 4.77
1.03 267
10
2 24 59 141
8 3.87
1.57 407
25
3 20 59 0.437
0.077[b] –[c] 1.40
0.27[b]


16 20 59 97.6
1.3 2.89
0.14 309
4
16 23 59 30.7
3.6 0.96
2.96 79.9
9.6
16 24 59 23.7
2.9 1.91
3.07 64.5
8.9
4, 14, 19 20 59 –[c] –[c] –[c]


[a] Carried out in 50 mm phosphate buffer. [b] Catalysis did not follow Michaelis–Menten kinetics, but the
simple rate law V = (kcat+kuncat)[S] in the presence of 2.6 mm 3. [c] No catalysis observed.


Scheme 5. Proposed mechanism for the catalytic ability of the diacids.
The carboxylates stabilise positive charge in the transition state, facilitat-
ing substitution by secondary phosphate.
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that the catalysis is caused by electrostatic stabilisation of a
positively charged transition state.


Experimental Section


General : Solvents were distilled under anhydrous conditions. All re-
agents were used as purchased without further purification. Evaporation
was carried out on a rotary evaporator with the temperature kept below
40 8C. Glassware used for water-free reactions was dried (min. 2 h) at
130 8C before use. Columns were packed with silica gel 60 (230–400
mesh) as the stationary phase. TLC plates (Merck 60, F254) were visual-
ised by spraying with cerium sulfate (1%) and molybdic acid (1.5%) in
10% H2SO4 and heating until coloured spots appeared. 1H NMR, 13C
NMR and COSY were carried out on a Varian Mercury 400 instrument.
Mass spectra (MALDI MS) were obtained on a Voyager DE PRO mass
spectrometer (Applied Biosystems) with use of an a-cyanohydroxycin-
namic acid (a-CHCA) matrix. Spectra were calibrated with angiotensin I
(m/z 1296.69), adrenocorticotropic hormone (ACTH) (clip 1–17; m/z
2093.09), ACTH (clip 18–39; m/z 2465.20), and ACTH (clip 7–38; m/z
3657.93).


General procedure for de-O-benzylation of perbenzylated cyclodextrins


Synthesis of monool : Molecular sieves (4 3, 1 g) were added at room
temperature under nitrogen to a solution of per-O-benzyl-a-cyclodextrin
(100 mg, 0.04 mmol) in anhydrous toluene (12 mL), and the system was
stirred for 1 h. After that, DIBAL (1.17 mL, 1.17 mmol, 1.0m in toluene)
was added dropwise. The reaction mixture was stirred at room tempera-
ture for 1 h. The mixture was cooled to 0 8C, water (10 mL) was carefully
added dropwise, and the mixture was stirred vigorously at room tempera-
ture for 15 min. It was diluted with EtOAc (10 mL) and filtered, with
washing with EtOAc (3N10 mL). The organic layer was washed with
brine (2N10 mL), dried (MgSO4) and filtered, and the organic solvent
was removed in vacuo. The residue was purified by chromatography
(eluent gradient, EtOAc/pentane 1:5!1:2), to afford the monool (62 mg,
63%), the diol (19 mg, 20%) and starting material (16 mg, 16%). The as-
signment is in agreement with the assignment in Ref. [20].


Synthesis of diol : Molecular sieves (4 3, 50 g) were added at room tem-
perature under nitrogen to a solution of per-O-benzyl-b-cyclodextrin (5 g,
1.65 mmol) in anhydrous toluene (270 mL), and the system was stirred
for 1 h. After that, DIBAL (66 mL, 66.4 mmol, 1.0m in toluene) was
added dropwise. The reaction mixture was stirred for 21 h at room tem-
perature and was then cooled to 0 8C, water (30 mL) was carefully added
dropwise, and the mixture was stirred vigorously at room temperature
for 15 min. The mixture was diluted with EtOAc (50 mL) and filtered,
with washing with EtOAc (3N100 mL). The organic layer was washed
with brine (2N75 mL), dried (MgSO4) and filtered, and the organic sol-
vent was removed in vacuo. The residue was purified by chromatography
(eluent gradient, EtOAc/pentane 1:5!1:2), to afford diol (3.79 g, 81%)
as a white foam. The assignment is in agreement with the assignment in
Ref. [20].


Hexadeca-O-benzyl-a-cyclodextrin-6A,6D-dicarboxylic acid (10): The
Dess–Martin periodinane reagent (0.97 g, 2.30 mmol) was added to a so-
lution of diol 8 (1.1 g, 0.46 mmol) in CH2Cl2 (50 mL), and the reaction
mixture was stirred at room temperature for 4 h and then quenched by
addition of Et2O (50 mL) and saturated aqueous NaHCO3 containing 3 g
of Na2S2O3 (75 mL). After having been stirred for an additional 2 h the
solution was diluted with Et2O (100 mL) and washed successively with
saturated aqueous NaHCO3 (50 mL) and water (50 mL). The organic
phase was dried and concentrated.


NaClO2 (0.78 g, 8.62 mmol) and NaH2PO4 (0.36 g) in water (11 mL) were
added to a solution of the residue in tBuOH (27 mL), THF (11 mL) and
2-methylbut-2-ene (11 mL). The reaction mixture was stirred overnight
and then quenched with aqueous HCl (1m, 75 mL) and extracted with
EtOAc (4N20 mL). The organic extracts were dried and concentrated,
and the remaining oil was purified by column chromatography on silica
gel (eluent, EtOAc/pentane 1:5, containing 1% HCOOH), to provide
compound 10 (0.92 g, 86%) as a white foam: [a]D =++21.5 (c = 1.1,


CHCl3);
1H NMR (400 MHz, CDCl3): d = 7.40–6.68 (m, 80H; CHPh),


5.64 (d, J = 3.6 Hz, 2H; H-1), 5.48 (d, Jgem = 10.4 Hz, 2H; H�CHPh),
5.06 (d, Jgem = 10.4 Hz, 2H; H�CHPh), 4.90 (d, Jgem = 10.4 Hz, 2H; H�
CHPh), 4.83–4.50 (m, 21H), 4.48–4.33 (m, 8H), 4.30–3.86 (m, 28H), 3.57
(d, J = 11.6 Hz, 2H), 3.52 (dd, J = 3.4 Hz, J = 9.8 Hz, 2H), 3.43 (dd, J
= 2.8 Hz, J = 8.8 Hz, 2H), 3.23–3.03 (m, 5H) ppm; 13C NMR (100 MHz,
CDCl3): d = 171.31 (C=O), 139.46, 139.18, 139.06, 138.41, 138.32, 138.28,
137.72, 136.29 (Cipso), 128.63, 128.44, 128.43, 128.37, 128.34, 128.31,
128.16, 128.14, 128.08, 128.06, 127.95, 127.88, 127.71, 127.64, 127.28,
127.19, 127.07, 126.96, 126.28 (CHPh), 99.66, 98.22, 96.17 (C-1), 84.17,
81.16, 81.12, 80.49, 80.42, 79.25, 79.20, 77.91, 76.77, 76.34, 75.95, 74.16,
73.66, 73.37, 72.83, 72.56, 71.38, 70.63, 70.03, 68.73 (CH2, CH) ppm;
HRMS: calcd for C148H152O32Na: 2464.0164; found 2464.0820.


a-Cyclodextrin-6A,6D-dicarboxylic acid (1): Compound 10 (2.34 g,
0.96 mmol) was dissolved in an AcOEt/MeOH mixture (1:1, 150 mL).
Pd/C (250 mg) and TFA (cat.) were then added and the mixture was stir-
red overnight under hydrogen. Filtration through Celite and evaporation
of the solvent gave compound 1 (0.95 g, 100%) as a white foam: [a]D =


+103.6 (c = 1.0, H2O); 1H NMR (400 MHz, D2O): d = 4.99 (d, J =


3.6 Hz, 2H; H-1), 4.96 (d, J = 3.6 Hz, 2H; H-1), 4.90 (d, J = 3.6 Hz,
2H; H-1), 4.02 (d, J = 9.2 Hz, 4H), 3.92–3.66 (m, 18H), 3.62–3.38 (m,
10H) ppm; 13C NMR (100 MHz, D2O): d = 172.36 (C=O), 101.97,
101.80, 100.34 (C-1), 81.75, 81.08, 81.03, 73.29, 72.93, 72.72, 72.03, 71.82,
71.75, 71.62, 71.33, 71.23, 60.36, 59.95 (CH2, CH) ppm; HRMS: calcd for
C36H56O32Na: 1023.2652; found 1023.2448.


Nonadeca-O-benzyl-b-cyclodextrin-6A,6D-dicarboxylic acid (11): The
Dess–Martin periodinane reagent (1.95 g, 4.60 mmol) was added to a so-
lution of diol 9 (2.6 g, 0.92 mmol) in CH2Cl2 (100 mL), and the reaction
mixture was stirred at room temperature for 4 h and then quenched by
addition of Et2O (100 mL) and saturated aqueous NaHCO3 containing
3 g of Na2S2O3 (100 mL). After having been stirred for an additional 2 h
the solution was diluted with Et2O (150 mL) and washed successively
with saturated aqueous NaHCO3 (50 mL) and water (50 mL). The organ-
ic phase was dried and concentrated.


NaClO2 (1.39 g, 15.37 mmol) and NaH2PO4 (0.8 g) in water (22 mL) were
added to a solution of the residue in tBuOH (53 mL), THF (22 mL) and
2-methylbut-2-ene (22 mL). The reaction mixture was stirred overnight
and then quenched with aqueous HCl (1m, 100 mL) and extracted with
EtOAc (4N20 mL). The organic extracts were dried and concentrated.
The remaining oil was purified by column chromatography on silica gel
(eluent, EtOAc/pentane 3:10, containing 1% HCOOH), to provide com-
pound 11 (2.2 g, 84%) as a white foam: [a]D +30.7 (c = 1.0, CHCl3);


1H
NMR (400 MHz, CDCl3): d = 7.26–6.88 (m, 95H; CHPh), 5.78 (d, J =


4.0 Hz, 1H; H-1), 5.68 (d, J = 3.2 Hz, 1H; H-1), 5.43 (d, Jgem = 10.4 Hz,
1H; H�CHPh), 5.37 (d, Jgem = 10.0 Hz, 1H; H�CHPh), 5.16 (d, Jgem =


11.2 Hz, 1H; H�CHPh), 5.12 (d, Jgem = 10.8 Hz, 1H; H�CHPh), 5.02 (d,
Jgem = 11.2 Hz, 2H; H�CHPh), 4.92–4.80 (m, 6H), 4.78–4.46 (m, 20H),
4.43–4.26 (m, 14H), 4.22–3.78 (m, 22H), 3.73 (d, J = 11.6 Hz, 1H), 3.67
(d, J = 11.2 Hz, 1H), 3.60–3.47 (m, 4H), 3.43–3.15 (m, 8H) ppm; 13C
NMR (100 MHz, CDCl3): d = 171.96, 171.89 (C=O), 139.66, 139.34,
139.28, 139.21, 139.15, 138.86, 138.65, 138.56, 138.47, 138.31, 138.28,
138.20, 138.13, 137.79, 137.73, 136.90, 136.67 (Cipso), 128.69, 128.47,
128.40, 128.37, 128.33, 128.28, 128.22, 128.18, 128.08, 128.05, 127.98,
127.93, 127.86, 127.76, 127.69, 127.65, 127.60, 127.57, 127.37, 127.25,
127.10, 127.02, 127.00, 126.95, 126.81, 126.53, 126.47 (CHPh), 100.79,
100.18, 98.84, 97.90, 97.24, 96.17, 95.76 (C-1), 83.23, 82.37, 81.07, 80.44,
80.24, 79.74, 79.22, 78.16, 77.73, 76.53, 76.25, 75.61, 74.55, 74.15, 73.37,
73.13, 72.93, 72.73, 72.66, 72.59, 71.29, 70.74, 70.57, 70.44, 69.38, 68.95,
60.46 (CH2, CH) ppm; HRMS: calcd for C175H180O37K: 2912.1840; found
2912.9507.


b-Cyclodextrin-6A,6D-dicarboxylic acid (2):[18–20] Compound 9 (2.2 g,
0.76 mmol) was dissolved in an AcOEt/MeOH mixture (1:1, 150 mL).
Pd/C (300 mg) and TFA (cat.) were then added and the mixture was stir-
red overnight under hydrogen. Filtration through Celite and evaporation
of the solvent gave compound 1 (0.9 g, 100%) as a white solid: [a]D =


+112.3 (c = 1.0, H2O); 1H NMR (400 MHz, D2O): d = 5.05 (d, J =


3.6 Hz, 1H; H-1), 5.03 (d, J = 3.6 Hz, 1H; H-1), 5.00–4.93 (m, 5H; H-1),
4.18 (brd, J = 8.0 Hz, 2H), 3.90–3.59 (m, 26H), 3.57–3.42 (m,
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10H) ppm; 13C NMR (100 MHz, D2O): d = 171.83 (C=O), 101.93,
101.86, 101.68, 101.58 (C-1), 81.87, 81.81, 81.39, 81.20, 81.01, 80.48, 73.24,
73.14, 72.95, 72.90, 72.25, 72.17, 71.79, 71.73, 71.62, 60.17, 59.51 (CH2,
CH) ppm; HRMS: calcd for C42H66O37Na: 1185.3181; found 1185.3190.


Eicosa-O-benzyl-b-cyclodextrin-6-carboxylic acid (13): The Dess–Martin
periodinane (255 mg, 0.60 mmol) was added to a solution of alcohol 12
(0.57 g, 0.20 mmol) in CH2Cl2 (20 mL), and the reaction mixture was stir-
red at room temperature for 1 h and then quenched by addition of Et2O
(20 mL) and saturated aqueous NaHCO3 containing 0.6 g Na2S2O3


(20 mL). After having been stirred for an additional 30 min, the solution
was diluted with Et2O (50 mL) and washed successively with saturated
aqueous NaHCO3 (20 mL) and water (20 mL). The organic phase was
dried (MgSO4) and concentrated.


The residue was dissolved in tBuOH (14 mL), THF (6 mL) and 2-methyl-
but-2-ene (5 mL), and a solution of NaClO2 (0.36 mg, 4.0 mmol) and
NaH2PO4 (0.4 g) in water (3 mL) was added. The reaction mixture was
stirred overnight, and was then quenched with aqueous HCl (1m, 10 mL)
and extracted with EtOAc (3N10 mL). The organic extracts were dried
(MgSO4) and concentrated. The remaining oil was purified by column
chromatography on silica gel (eluent gradient, EtOAc/pentane 1:5, then
EtOAc/pentane 2:5, containing 1% HCOOH), to provide monoacid 13
(450 mg, 75%) as a white foam: [a]D = ++34.1 (c = 1.0, CHCl3);


1H
NMR (400 MHz, CDCl3): d = 7.28–6.90 (m, 100H; CHPh), 5.61 (d, J =


3.6 Hz, 1H; H-1), 5.55 (d, J = 3.6 Hz, 1H; H-1), 5.30–3.20 (m,
86H) ppm; 13C NMR (100 MHz, CDCl3): d = 171.64 (C=O), 139.70,
139.56, 139.44, 139.22, 139.05, 138.78, 138.65, 138.48, 138.41, 138.35,
138.26, 137.93, 136.89 (Cipso), 128.63, 128.59, 128.40, 128.30, 128.26,
128.15, 128.06, 127.89, 127.73, 127.63, 127.51, 127.46, 127.41, 127.22,
127.05, 126.90, 126.73 (CHPh), 99.60, 99.52, 98.89, 97.82, 97.57, 97.39 96.02
(C-1), 81.08, 80.92, 79.05, 73.56, 73.43, 73.26, 73.14, 72.93, 72.77, 72.61,
71.61, 69.10 (CH2, CH) ppm; HRMS: calcd for C182H188O36Na: 2972.2777;
found 2973.4368.


b-Cyclodextrin-6-monocarboxylic acid (14): Compound 13 (0.36 g,
0.12 mmol) was dissolved in an EtOAc/MeOH mixture (1:1, 60 mL). Pd/
C (35 mg) and TFA (cat,) were then added and the mixture was stirred
overnight under hydrogen. Filtration through Celite and evaporation of
the solvent gave compound 14 (0.13 g, 94%) as a white solid: [a]D =++


47.1 (c = 1.0, CHCl3);
1H NMR (400 MHz, H2O): d = 5.00–4.85 (m,


7H; H-1), 4.80–4.50 (m, 25H), 3.90–3.4 (m, 36H) ppm; 13C NMR
(100 MHz, H2O): d = 163.0 (C=O), 102.05, 102.01, 101.93, 101.74 (C-1),
82.24, 81.21, 80.20, 81.08, 73.28, 73.17, 72.51, 72.28, 72,17, 71.95, 71.89,
71.82, 71.68, 60.31 (CH2, CH) ppm; HRMS: calcd for C42H68O36Na:
1171.3388; found 1171.3064.


Nonadeca-O-benzyl-b-cyclodextrin-6A,6D-disulfate sodium salt (15):
Sulfur trioxide pyridine complex (279 mg, 1.75 mmol) was added to a so-
lution of diol 9 (500 mg, 0.17 mmol) in dry DMF (10 mL). After the
system had been stirred for 3 h at 40 8C the solvent was removed in
vacuo. The remaining oil was purified by column chromatography on
silica gel (eluent, CH2Cl2/MeOH 10:1) to give disulfate 15 (500 mg, 93%)
as a white foam: [a]D =++29.8 (c = 1.0, CHCl3);


1H NMR (400 MHz,
(CD3)2SO, 70 8C): d = 7.42–6.83 (m, 95H; CHPh), 5.57 (d, J = 2.8 Hz,
2H; H-1), 5.34 (d, J = 2.8 Hz, 1H; H-1), 5.23 (d, J = 2.8 Hz, 3H; H-1),
5.17 (d, J = 2.8 Hz, 1H; H-1), 5.09 (t, J = 12.0 Hz, 2H), 4.96–4.77 (m,
4H), 4.74–4.24 (m, 33H), 4.19–3.66 (m, 30H), 3.62–3.50 (m, 4H), 3.48–
3.22 (m, 8H) ppm; 13C NMR (100 MHz, (CD3)2SO): d = 139.85, 139.79,
139.15, 139.68, 139.61, 139.52, 139.13, 139.07, 139.00, 138.95, 138.85
(Cipso), 128.85, 128.71, 128.63, 128.56, 128.49, 128.44, 128.41, 128.07,
128.02, 127.97, 127.94, 127.85, 127.75, 127.64 (CHPh), 98.33, 97.85, 97.53,
96.63 (C-1), 81.51, 81.14, 80.68, 79.58, 78.85, 78.37, 77.51, 76.56, 75.70,
75.67, 75.48, 75.24, 74.97, 74.59, 73.14, 73.05, 72.96, 72.84, 72.72, 72.63,
72.41, 72.27, 71.96, 71.58, 69.61, 69.44, 65.75 (CH2, CH) ppm; HRMS:
calcd for C175H182O41S2Na3: 3072.1291; found 3072.5337


b-Cyclodextrin-6A,6D-disulfate sodium salt (16): Compound 15 (500 mg,
0.16 mmol) was dissolved in an EtOH/H2O mixture (1:1, 60 mL).
Pd(OH)2 (300 mg) and TFA (cat.) were then added and the mixture was
stirred overnight under hydrogen. After filtration through Celite and
evaporation of the solvent, the remaining oil was subjected to column
chromatography on Amberlite IR-120 (sodium form) to give compound


16 (205 mg, 96%) as a white foam: [a]D = ++93.8 (c = 1.0, H2O); 1H
NMR (400 MHz, D2O): d = 5.02–4.91 (m, 7H; H-1), 4.30–4.14 (m, 4H),
4.00–3.92 (m, 2H), 3.89–3.68 (m, 23H), 3.59–3.42 (m, 15H) ppm; 13C
NMR (100 MHz, D2O): d = 102.08, 101.97 (C-1), 81.35, 81.17, 80.97,
80.91, 80.86, 73.28, 73.15, 72.29, 72.11, 71.94, 71.85, 70.14, 67.22, 60.29,
60.14 ppm; HRMS: calcd for C42H68O41S2Na2: 1338.247; found 1315.375
[M�Na], 1213.417 [M�(SO3Na2+H)].


Tetradeca-O-acetyl-b-cyclodextrin-6A,6B,6C,6D,6E,6F,6G-heptasulfate
sodium salt (18): Sulfur trioxide pyridine complex (1.62 g, 10.18 mmol)
was added to a solution of 17 (500 mg, 0.29 mmol) in dry DMF (15 mL).
After the system had been stirred overnight at 40 8C the solvent was re-
moved in vacuo. The remaining oil was purified by column chromatogra-
phy on silica gel (eluent CH2Cl2/MeOH 10:3, containing 2% Et3N) and
column chromatography on IR-120 (sodium form) to give heptasulfate 18
(650 mg, 92%) as a white foam: [a]D = ++48.0 (c = 1.0, H2O); 1H NMR
(400 MHz, D2O): d = 5.29 (t, J2,3 = J3,4 = 8.8 Hz, 7H; H-3), 5.20 (d, J1,
= 3.6 Hz, 7H; H-1), 4.81 (dd, 7H; H-2), 4.41 (brd, Jgem = 14.4 Hz, 7H;
H-6a), 4.26 (brd, 7H; H-6b), 4.11 (brd, 7H; H-5), 4.00 (t, J4,5 = 8.8 Hz,
7H; H-4), 2.04 and 2.03 (s, 42H; CH3CO) ppm; 13C NMR (100 MHz,
D2O): d = 173.24, 173.16 (C=O), 96.63 (C-1), 75.04, 71.32, 71.07, 70.26
(C-2, C-3, C-4, C-5), 66.82 (C-6), 20.78, 20.62 (CH3CO) ppm; HRMS:
calcd for C70H91O70S7Na7: 2436.0889; found 2255.2012 [M�
(SO3Na)2+2H+Na].


b-Cyclodextrin-6A,6B,6C,6D,6E,6F,6G-heptasulfate sodium salt (19): An
aqueous solution of sodium hydroxide (4m, 5 mL) was added to a solu-
tion of 18 (600 mg, 0.24 mmol) in MeOH (10 mL). After stirring over-
night at room temperature, the reaction mixture was diluted with water
(10 mL) and Amberlite IR-120 (H+ form) until pH neutral, and the mix-
ture was filtered and concentrated in vacuo. The remaining oil was puri-
fied by column chromatography on IR-120 (sodium form) to give hepta-
sulfate 19 (400 mg, 88%) as a white foam: [a]D = ++88.3 (c = 1.0,
H2O); 1H NMR (400 MHz, D2O): d = 5.09 (d, J1,2 = 3.6 Hz, 7H; H-1),
4.28 (brd, Jgem = 11.2 Hz, 7H; H-6a), 4.20 (brd, 7H; H-6b), 4.03 (brd,
7H; H-5), 3.90 (t, J2,3 = J3,4 = 9.5 Hz, 7H; H-3), 3.61 (t, J4,5 = 9.5 Hz,
7H; H-4), 4.81 (dd, 7H; H-2) ppm; 13C NMR (100 MHz, D2O): d =


101.05 (C-1), 79.40, 73.02, 72.06, 69.78 (C-2, C-3, C-4, C-5), 66.85 (C-
6) ppm. HRMS: calcd for C42H63O56S7: 1687.012; found 1631.206
[M�SO3+H+Na].


Procedure for determining the rate of hydrolysis : Each assay was per-
formed on 2 mL samples prepared from aqueous solutions (1 mL) of the
appropriate nitrophenyl glycoside at different concentrations mixed with
phosphate buffer (0.1m, 1 mL) containing 1, 2, 14, 16 or 19 (5 or 15 mg)
or nothing (control). For pH 9.0 a 0.1m borate buffer was used. The reac-
tions were followed at 59 8C by UV absorption at 400 nm and were typi-
cally monitored for 18 h. Velocities were determined as the slope of the
progress curve of each reaction. Uncatalysed velocities were obtained di-
rectly from the control samples. Catalysed velocities were calculated by
subtracting the uncatalysed velocity from the velocity of the appropriate
cyclodextrin-containing sample. The catalysed velocities were used to
construct Haines plots ([S]/V versus [S]) from which Km and Vmax were
determined. kcat was calculated as Vmax/[cyclodextrin], kuncat was deter-
mined as the slope from a plot of Vuncat versus [S]. The following extinc-
tion coefficients were determined for 4-nitrophenolate and used in the
calculations: e = 17.04 mm


�1 cm�1 (pH 8.0, 59 8C), 16.9 mm
�1 cm�1


(pH 7.9, 59 8C), 15.5 mm
�1 cm�1 (pH 7.9, 25 8C), 15.3 mm


�1 cm�1 (pH 7.4,
59 8C), 10.4 mm


�1 cm�1 (pH 6.8, 59 8C), 7.41 mm
�1 cm�1 (pH 6.8, 25 8C),


2.07 mm
�1 cm�1 (pH 5.9, 59 8C) and 0.96 mm


�1 cm�1 (pH 5.9, 25 8C). The
inhibition experiments were made by adding cyclopentanol or aniline
(15 mL) to a catalysed sample. Determination of glucose was made by use
of the Sigma Glucose Assay Kit GAGO-20, based on glucose oxidase-
catalysed oxidation of glucose to gluconic acid and hydrogen peroxide,
and subsequent determination of the hydrogen peroxide by peroxidase-
catalysed oxidation of o-dianisidine and absorption measurement at
540 nm.
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Molecular Recognition of Aminoglycoside Antibiotics by Bacterial Defence
Proteins: NMR Study of the Structural and Conformational Features of
Streptomycin Inactivation by Bacillus subtilis Aminoglycoside-6-adenyl
Transferase


Francisco Corzana,[a] Igor Cuesta,[a] Agatha Bastida,*[a] Ana Hidalgo,[a]


Montserrat Latorre,[a] Carlos Gonz,lez,[b] Eduardo Garc.a-Junceda,[a]


Jesffls Jim1nez-Barbero,[c] and Juan Luis. Asensio*[a]


Introduction


Streptomycin was the first aminoglycoside to be discovered,
in 1943. It has a three-ring structure (Scheme 1) comprising
a highly substituted aminocyclitol ring (the streptidine
moiety), linked to a modified ribose (a-l-streptose), linked
in turn to an N-methyl-a-l-glucosamine residue. This mole-
cule proved to be the first chemotherapeutic agent effective


against Mycobacterium tuberculosis.[1] Its biological target is
the bacterial 30S ribosomal subunit. X-ray determination of
streptomycin in complexation with this ribosomal subunit
has provided extremely detailed knowledge about the inter-
actions that stabilize the drug–RNA complex.[2]


The emergence of bacterial resistance to the major classes
of antibiotics has become a serious problem over recent
years.[3] Acquired resistance to aminoglycoside antibiotics
can occur through three different mechanisms: mutation of
the ribosomal target, reduced permeability for the antibiot-
ics, and enzymatic modification of the drugs, thus leading to
inactivation. Therefore, different substitutions in the bacteri-
al ribosomal proteins or RNA have been associated with the
phenomenon of bacterial resistance.[4–9] Similarly, a reduced
uptake of aminoglycosides may play a clinical role in de-
creased efficacy.[10,11] However, it is important to point out
that the most prevalent source of clinically relevant resist-
ance is through the third mechanism: the enzymatic inacti-
vation of the drugs.[3,5,12,13] Enzymes involved in bacterial de-
fence against aminoglycoside antibiotics can be broadly clas-
sified as N-acetyl transferases (AACs), O-adenyl transferas-
es (ANTs), and O-phosphotransferases (APHs). It is evident
that detailed knowledge of the structures of these enzymes
and their interactions with the drugs should provide a
framework to facilitate the rational design either of novel


Abstract: The molecular recognition of
streptomycin by Bacillus subtilis ami-
noglycoside-6-adenyl transferase has
been analysed by a combination of
NMR techniques and molecular dy-
namic simulations. This protein inacti-
vates streptomycin by transferring an
adenyl group to position six of the
streptidine moiety. Our combined ap-


proach provides valuable information
about the bioactive conformation for
both the antibiotic and ATP and shows


that the molecular recognition process
for streptomycin involves a conforma-
tional selection phenomenon. The
binding epitope for both ligands has
also been analysed by 1D-STD experi-
ments. Finally, the specificity of the
recognition process with respect to the
aminoglycoside and to the nucleotide
has been studied.
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aminoglycosides, not susceptible to modification, or of inhib-
itors of these enzymes, which could be administered in
tandem with existing aminoglycosides. Unfortunately, de-
tailed structural information about the enzymes involved in
bacterial resistance is still sparse.


With respect to the ligand, it is well established that the
three-dimensional structure of the oligosaccharides plays an
essential role in their interaction with proteins and nucleic
acids and thus determines their biological function.[14] In this
sense, a proper understanding of the different factors gov-
erning sugar–protein interactions requires detailed knowl-
edge of the three-dimensional structure of the oligosacchar-
ide in both the free and the bound state. Although the two
conformations are in most cases basically identical, this
cannot be regarded as a general rule.[15] Thus, in those cases
in which the ligand is flexible, the protein receptor may
select only one of the structures present in solution. It might
even stabilize high-energy conformations almost unpopulat-
ed in the free state.


Here we analyse the molecular recognition of streptomy-
cin (Scheme 1) by Bacillus subtilis 6-O-adenyl-transferase
(ANT(6)), a 37.5 kD protein involved in bacterial resistance
against aminoglycosides, by a combination of experimentally
measured NMR data and molecular dynamics and mechan-
ics calculations. O-Adenyl transferases (ANTs) catalyse the
transfer of an adenyl group from ATP to a hydroxy function
on the antibiotic, thus leading to a sharp decrease in the
drug affinity for its target RNA. More specifically, ANT(6)
modifies position six of the streptidine moiety in streptomy-
cin.[16] It is important to bear in mind that no detailed struc-
ture for any 6-O-adenyl-transferase has yet been solved
either by X-ray or by NMR methods. Thus, as a first step in
our efforts towards better understanding of the structural re-
quirements for drug–enzyme interaction, we have analysed
the conformational behaviour of streptomycin in both the
free and the protein-bound states by NOESY and TR-
NOESY/TR-ROESY experiments, respectively. In addition,
the protein-bound structure of AMP has been determined.


The recognition epitope for
both the antibiotic and the nu-
cleotide has also been analysed
by STD (saturation transfer dif-
ference) experiments. Finally,
the enzyme specificity with re-
spect to the antibiotic and nu-
cleotide has been studied.


Results and Discussion


The free state—conformational
analysis of streptomycin in solu-
tion : In order to analyse the so-
lution structure of streptomycin
experimentally, selective 1D-
NOE (one-dimensional nuclear
Overhauser effect) experiments


(Figure 1) were carried out at 318 K and pH 7.0 at 500 MHz.
The streptidine signals are characterised by a large degree
of overlap under these experimental conditions, so 800 MHz
experiments (NOESY, TOCSY, HMQC) spectra were also
performed (Figure S1a) in order to assign all the structurally
relevant NOEs unambiguously. In addition, 3J values were
measured for the two sugar units (glucose and streptose).
Experimentally determined distances were derived from the
corresponding NOE build-up curves[19] (see Figure S2 in the
Supporting Information and the Experimental Section). To
obtain an experimentally derived ensemble, 80 ns MD-tar
(molecular dynamics with time-averaged restraints)[20] simu-
lations (in vacuo, e = 80) were carried out by inclusion of
the experimental distances and the JH1,H2 value correspond-
ing to the streptose unit as time-average restraints, with the
AMBER 5.0 program.[21] In addition, 20 ns unrestrained MD
simulations were performed in the presence of explicit
TIP3P[22] water and counter-ions for purposes of compari-
son. Table 1 shows the relevant NOE-derived distances and
J values, together with those obtained from unrestrained
and MD-tar simulations. The corresponding f/y distribu-
tions for both glycosidic linkages are shown in Figure 2a.
The main conclusions obtained from this analysis can be
summarised as follows:


* Both glycosidic linkages are characterised by the pres-
ence of two major conformations (labelled as A/B and
A’/B’ for the Strp/Strn (Strp = streptose, Strn = strepti-
dine) and Glc/Strp (Glc = glucose) bonds, respectively,
in Figure 2a).


* The conformational fluctuations around the two glycosi-
dic linkages are strongly correlated. In fact, A!B or
B!A transitions for the Strp/Strn linkage are in most
cases accompanied by A’!B’ or B’!A’ transitions, re-
spectively, for the Glc/Strp bond, as indicated in Fig-
ure S3 in the Supporting Information. In conclusion, the
streptomycin solution structure is characterised by the
presence of two main conformational families, dubbed


Scheme 1. Schematic representation of streptomycin, together with the numbering employed for the different
sugar units.
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A/A’ (f/yStrp/Strn 55�10/25�10, f/yGlc/Strp 55�10/45�10)
and B/B’ (f/yStrp/Strn 30�10/�50�10, f/yGlc/Strp 30�10/
�60�10) in Figure 2b, with relative populations around
40–45%, and 50–60%, respectively.


* An additional minor population around minimum C/B’
(Figure 2a), characterised by an “anti” (1808) orientation


of fStrp is also detected. In
fact, the presence of a cer-
tain population (<4%)
around this conformational
region is essential for cor-
rect reproduction of the
H2Strp–H4Strn and H4Strp–
H4Strn NOEs.


* According to the J values,
the streptidine and the glu-
cose rings adopt the 4C1 and
1C4 conformations, respec-
tively.


* The furanose ring of strep-
tose is rather flexible, pre-
senting two different popu-
lations, with puckering
values in the 100–1758 and
210–3008 ranges (see Figure
S4a in the Supporting In-
formation). Nevertheless,
this conformational variabil-
ity has only a limited effect
on the global shape of the
molecule. In fact, the H1Strp-
C1Strp-C2Strp-H2Strp dihedral
angle (which has a large in-
fluence on the relative ori-
entation of the Strn and Glc
units) remains restricted for
most of the time in the 90–
1408 range, as deduced from
the NOE data and, especial-
ly, in agreement with the
observed low JH1,H2 value.


* The streptose side chain is
>95% in the hydrated
form, as previously ob-
served by other authors.[23]


The presence of strong in-
traresidue (d<2.6 R) NOEs
between H3’Strp and both
H2Strp and H4Strp is consis-
tent with an antiperiplanar
orientation of OH3Strp with
respect to H3’Strp. This con-
clusion is in agreement with
the operation of a gauche
effect (Figure S4b).[24]


The bound state—molecular recognition of streptomycin by
ANT (6): As a first step, a preliminary characterization of
the protein and its interaction with ANT(6) was performed.
Analytical ultracentrifugation experiments were carried out
at different protein concentrations in the 1–20 mm range.
The obtained results unambiguously show that ANT(6) is


Figure 1. a) Structurally relevant interproton distances measured in streptomycin at 318 K and pH 7.0. b) Se-
lective 1D NOE experiments with the 1D-DPFGSE NOE pulse sequence corresponding to the inversion of
H1Strp, H1Glc and H2Glc (from top to bottom). A one-dimensional spectrum of streptomycin is shown in the
upper part of the figure.


Table 1. Experimentally measured and theoretically calculated distances and coupling constant values ob-
tained for streptomycin in the free state. The conformational behaviour of this ligand was found to be basically
independent of the pH in the 7.0–8.0 range. Unrestrained simulations (MD in the table) were carried out with
explicit solvent, periodic boundary conditions (PBCs) and Ewald sums for the treatment of electrostatic inter-
actions (see the Experimental Section). In vacuo MD-tar runs were performed with e = 80. Experimentally
derived distances for the protein-bound state, obtained from the analysis of TR-NOESY experiments at
pH 7.0 are also shown. The corresponding values at pH 8.0 are shown in brackets only when they differ from
those measured at pH 7.0, as in the case of H2Strp–H5Glc.


Streptomycin
d(A) free MD Mdtar bound


H2Strp–H3’Strp 2.5–2.7 2.4 2.5 2.7–3.0
H4Strp–H3’Strp 2.4–2.6 2.4 2.5 2.7–3.0
H1Strp–H4Strn <2.3 2.4 2.5 <2.3
H2Strp–H4Strn 3.0–3.2 4.2 3.4 >3.8
H4Strp–H4Strn 3.1–3.3 4.6 3.5 >3.8
H1Strp–H1Glc 3.2–3.8 3.6 3.4 3.0–3.5
H1Strp–H5Glc 2.5–2.7 2.6 2.6 2.4–2.6
H2Strp–H1Glc 2.3–2.5 2.3 2.4 2.2–2.4
H2Strp–H5Glc 2.9–3.1 4.2 3.2 >3.6 (>3.7)
H2Strp–MeGlc 3.8–4.8 4.0 4.1 3.5–4.5
H3’Strp–MeGlc >4.0 4.5 5.2 >4.0
H3’Strp–H1Glc - 4.0 4.1 >3.7
H2Strp–H4Strp 2.8–3.1 2.6 2.9 <2.6


J [Hz] free MD Mdtar2 bound


H1Strp–H2Strp <2.5 4.7 2.7 not available
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dimeric under all the experimental conditions tested. In ad-
dition, it binds one streptomycin molecule per monomer,
with an apparent affinity defined by a binding constant Ka


= 5S104
m


�1, according to preliminary ITC experiments at
pH 7.5. A detailed thermodynamic characterization of the
aminoglycoside–enzyme interaction is currently underway.
These data suggest that ANT(6) might present structural
similarities with Staphylococcus aureus ANT(4)[25] (a dimeric
enzyme with a 30% identity with ANT(6)), for which the
presence of two identical aminoglycoside and ATP binding
sites per dimer has been shown by X-ray crystallography. In
fact, association constants of the same order (3–7S104


m
�1)


have been measured for ANT(4) with different aminoglyco-
sides by our group (unpublished results).


NMR analysis of the structure of the protein-bound anti-
biotic : Upon binding to a receptor protein, flexible carbohy-
drate ligands are usually fixed in a specific bioactive confor-
mation. In most cases this corresponds to one of the energy
minima most populated in the free state. This cannot be re-
garded as a general rule, however, and several cases in
which high-energy conformers are stabilised upon binding to
a protein have been reported in recent years.[15] The confor-
mational analysis of streptomycin shown above has conclu-
sively demonstrated that this pseudotrisaccharide is rather
flexible in solution. In fact, two major conformations are de-
tected for both glycosidic linkages. This observation raises
the question of which of these conformations (if either) is


recognised by the enzyme ANT(6). In order to determine
the bound structure of streptomycin, TR-NOESY experi-
ments were carried out in the presence of ANT(6). TR-
ROESY experiments were also performed to account for
spin diffusion effects. In all cases, the enzyme activity was
verified prior to and after the collection of the NMR data.


As a first step, different experimental conditions, includ-
ing different temperatures and ligand to protein ratios, were
tested. The best results were obtained at 308 K and at strep-
tomycin/ANT(6) ratios of 20:1 to 30:1. TR-NOESY experi-
ments were performed at pH 7.0 and 8.0, both at 500 and
600 MHz. Under all these sets of conditions, clear negative
TR-NOEs (transferred nuclear Overhauser effects) were de-
tected for the antibiotic. Interestingly, TR-NOE intensities
measured at pH 8.0 were significantly larger than those
measured at pH 7.0 (for instance, sH1Glc–H2Glc(pH 8)/
sH1Glc–H2Glc(pH 7) = 5.0), suggesting a larger rate constant
k�1 at the former pH value, probably due to partial deproto-
nation of the glucose amino group at high pH, with a con-
comitant decrease in binding affinity. A full matrix relaxa-
tion analysis (in the presence of exchange) of the TR-NOE
intensities with mixing time suggested that the off-rate con-
stant is between 50 and 200 s�1.


Under the same experimental conditions (500 MHz and
308 K), positive NOEs, albeit too weak for quantitative anal-
ysis, were measured for the ligand in the absence of the
enzyme. As mentioned above, the collection of the data for
the conformational analysis in the free state was performed


Figure 2. a) Left: Distributions obtained from a 20 ns unrestrained MD simulation for the Strp/Strn (top) and Glc/Strp (bottom) linkages with use of peri-
odic boundary conditions, counter-ions and Ewald sums for the treatment of the electrostatic interactions. Right: Experimentally derived MD-tar distri-
butions obtained from an 80 ns simulation for the Strp/Strn (top) and Glc/Strp (bottom) linkages with 13 distances and one J value. b) Schematic repre-
sentations of the two main conformational families (A/A’ and B/B’) of streptomycin present in solution according to our combined NMR and MD analy-
sis.
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at 500 MHz and 318 K. For purposes of comparison, 2D-
NOESY experiments were performed for the free antibiotic
at both pH 7.0 and pH 8.0, but at a lower temperature of
278 K. At this temperature the antibiotic presented negative
NOEs. Close inspection of these data sets shows that the
conformational behaviour of streptomycin under these con-
ditions is basically identical to that described above at
pH 7.0 and 318 K.


To provide quantitative information about the ligandTs
protein-bound structure, NOE build-up curves were ob-
tained from analysis of TR-NOESY experiments at different
mixing times. Interproton distances (Table 1) were derived
from the initial slopes as described in the Experimental Sec-
tion. The ratios between the structurally relevant cross-re-
laxation rates and those corresponding to known fixed dis-
tances (used as references) in the free and protein-bound
antibiotic are shown in Table 2 (at pH 8.0). Several conclu-
sions can be drawn from these data:


* Firstly, strong H1Glc–H2Strp, H5Glc–H1Strp, and H1Strp–
H4Strn TR-NOEs were observed at every mixing time
both at pH 7.0 and at pH 8.0 (see Figure 3a and Figure
S5 in the Supporting Information). The distances derived
from the corresponding NOE build-up curves are shown
in Table 1. These values are fully consistent with a


bound structure close to the B/B’ minimum for the anti-
biotic.


* The H2Strp–H5Glc NOE, characteristic of the A/A’ mini-
mum (present in the free state with an estimated popula-
tion of 40–45%), was below the noise level in all the
TR-NOESY experiments performed at pH 7.0. Although
no precise value could be determined for this interpro-
ton distance in the antibiotic bound state, a lower limit


Table 2. Experimentally determined ratios between the structurally rele-
vant cross-relaxation rates and those corresponding to known fixed dis-
tances for both the free and ANT(6)-bound streptomycin at pH 8.0.
Fixed distances between H1Glc–H2Glc, H1Glc–H5Glc, H1Strp–H2Strp and
H1Strp–H4Strp proton pairs are 2.4, 3.7, 2.9 and 3.7 R respectively. The
H2Strp–H5Glc distance significantly increases in the bound state, with con-
comitant decreases in both the H2Strp–H4Strp and the H1Strp–Me4Strp distan-
ces upon binding, unequivocally indicating a shift in the conformational
equilibrium.


s ratio Free 278 K Bound 308 K


H1Glc–H2Strp/H1Glc–H2Glc 1.0 1.2
H1Strp–H4Strn/H1Strp–H2Strp 6.5 7.2
H1Strp–H5Glc/H1Strp–H2Strp 1.7 2.5
H2Strp–H5Glc/H2Strp–H1Strp 0.7 0.3
H5Glc–H2Strp/H5Glc–H1Glc 3.2 1.0
H2Strp–H4Strp/H2Strp–H1Strp 0.9 2.9
H1Strp–Me4Strp/H1Strp–H4Strp 0.4 1.1


Figure 3. a) Two regions of 2D-NOESY spectra at pH 8.0 in the presence (two upper panels) and in the absence (two lower panels) of ANT(6). Large
H1Strp–H5Glc and H2Strp–H5Glc NOEs, representative of the B/B’ and A/A’ conformational populations, respectively, are observed for the free antibiotic.
In the presence of the enzyme, the H2Strp–H5Glc NOE is extremely weak, indicating the shifting of the conformational equilibrium towards the B/B’
family. 2D TR-NOESY spectra for streptomycin in the presence of ANT(6) were performed at 308 K and a 20:1 ligand/protein ratio. However, 2D-
NOESY spectra for the free antibiotic were performed at 278 K, due to the basically zero intensities of the NOE cross-peaks at 308 K. All the structural-
ly relevant NOEs are labelled in grey. b) NOE build-up curves corresponding to H5Glc–H1Strp and H5Glc–H2Strp cross-peaks both in the presence (left) and
in the absence (right) of the enzyme. The NOE-derived distances are shown in brackets. The build-up curve measured for the reference and H5Glc–H1Glc


cross-peak (corresponding to a distance of 3.7 R) is shown in grey. In addition, the H1Strp–H5Glc, H2Strp–H5Glc and H1Glc–H5Glc NOE build-up curves ob-
tained at 318 K from the analysis of selective 1D-NOE experiments are shown at the bottom of the figure. Notice that in this case the diagonal peak em-
ployed to normalize the NOE data is not H5Glc (this proton cannot be selectively inverted due to its close proximity to several other signals).
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was estimated. For this purpose the H2Strp–H1Strp cross-
peak (corresponding to a distance between 2.8 and 3 R
independently of the furanose conformation) was used
as reference. Taking the signal to noise ratio of the
measured spectra into account it can be deduced that
sH2Strp–H5Glc/sH2Strp–H1Strp<0.2. The corresponding value for
the free antibiotic was 0.7. According to these data, the
average H2Strp–H5Glc distance in the ANT(6)-bound
streptomycin has to be greater than 3.6 R. At pH 8.0, an
extremely weak H2Strp–H5Glc NOE could be detected
(Figure 3). Its relative intensity is significantly reduced
in comparison with that observed in the absence of the
protein (for a comparison see Figure 3). With the H2Strp–
H1Strp and H5Glc–H1Glc cross-peaks (see Table 2) as refer-
ences, it can be shown that sH2Strp–H5Glc/sH2Strp–H1Strp = 0.3
and sH5Glc–H2Strp/sH5Glc–H1Glc = 1, which is in agreement
with a H2Strp–H5Glc distance of around 3.7 R. In conclu-
sion, the conformational behaviour of the streptomycin
is clearly altered upon binding to ANT(6), with the A/A’
minimum either being unpopulated in the antibiotic pro-
tein-bound state or possibly exhibiting a very minor pop-
ulation.


* Similarly, the H2Strp–H4Strn and H4Strp–H4Strn cross-peaks
representative of the minor (<5%) conformation—C/
B’—were below the noise level in all the TR-NOESY
spectra performed at pH 7.0. At pH 8.0, very weak
NOEs were detected, although these signals were not
present in the TR-ROESY spectra performed under
identical conditions. All these data indicate that the
enzyme does not recognize this conformer.


* A detailed conformational description of the streptose
sugar unit in the bound state is hampered by the reduced


amount of available experimental information (only a
few NOEs). However, it is important to note that the
most important structural parameter for the streptose
ring, in terms of the antibiotic global shape, is the H1-
C1-C2-H2 dihedral angle, which contributes to define
the relative orientation of the streptidine and glucose
moieties. As shown above, this angle was within the 908–
1408 range for the free antibiotic. However, experimen-
tal evidence distinctly indicates that it has a larger value
in the protein-bound state. Firstly, weak TR-NOE and
TR-ROE cross-peaks (corresponding to distances of 3.5–
4.0 R) were observed between the H1Glc–H4Strn (see Fig-
ure S6 in the Supporting Information) and H6Glc–H4Strn


proton pairs. These contacts, between the nonvicinal glu-
cose and streptidine rings, are only compatible with a
H1-C1-C2-H2 dihedral angle in the 150–1808 range (for
lower values, and for any low-energy orientation of the
two glycosidic linkages, both distances are >4.5 R). Sec-
ondly, at pH 8.0 (overlap between H2Strp and H4Strp


makes it impossible to measure the H2Strp–H4Strp NOE at
pH 7.0), the sH2Strp–H4Strp/sH2Strp–H1Strp ratio is significantly
increased in the presence of ANT(6) (2.9 vs. 0.9 in the
absence of the protein), which indicates that the H2Strp–
H4Strp distance is below 2.6 R for the bound ligand
(Figures 4a and and Figure S7 in the Supporting Infor-
mation). This distance is only compatible with a near
pseudoaxial orientation of both H4Strp and H2Strp. Finally,
the H1Strp–Me4Strp distance is also reduced as a conse-
quence of the ligand binding to ANT(6). Indeed, the
sH1Strp–Me4Strp/sH1Strp–H4Strp ratio increases from 0.4 in the
absence of the protein to 1.1. This observation also sug-
gests a pseudoaxial orientation of H1Strp.


Figure 4. a) Top: NOE build-up curves corresponding to H2Strp–H1Strp, H2Strp–H4Strp and H2Strp–H1Glc cross-peaks both in the presence (right) and in the
absence (left) of the enzyme. The increase in the sH2Strp–H4Strp/sH2Strp–H1Strp ratio in the presence of ANT(6) is evident. Bottom: Average H2Strp–H4Strp and
H2Strp–H1Strp distances in the free (left) and streptomycin protein-bound (right) state. The shortening of the H2Strp–H4Strp distance upon binding to
ANT(6) is consistent with a pseudoaxial orientation of both H2Strp and H4Strp in the antibiotic protein-bound state. Protons H2Strp, H4Strp and H1Strp are
shown in grey; oxygen atoms are represented in black. b) Schematic representation of the streptomycin ANT(6)-bound structure.
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In conclusion, all these data indicate that the H1-C1-C2-
H2 dihedral angle is shifted to higher values (150–1808) in
the antibiotic ANT(6)-bound state with respect to that pres-
ent in the free streptomycin.


Figure 4b shows an NMR-derived model for the ANT(6)-
bound streptomycin. As would be expected, the conforma-
tional flexibility of this ligand is strongly reduced upon bind-
ing to the enzyme. In fact, the conformation selected by
ANT(6), defined by f/y Strp–Strn 30/�54, and f/y Glc–
Strp 33/�64, is close to the B/B’ geometry present in the
free state, which showed a 50–60% population. The experi-
mentally detected freezing of the ligand upon binding to
ANT(6) would be expected to make a significant contribu-
tion to the global DS. The result is also relevant for the
design of ANT (6) inhibitors.


Structural features of the interaction—NMR determination of
the antibiotic recognition epitope : Saturation transfer differ-
ence experiments (STD-NMR) were performed to provide
additional information regarding the antibiotic mode of
binding to Bacillus subtilis ANT(6). Recent studies have
shown that this NMR technique can be used for epitope
mapping of the ligand.[26] In a typical STD experiment, the
resonances of the protein are selectively saturated over a
period of time, giving rise to intermolecular NOE effects
with a weakly bound ligand. Identification of the ligand sig-
nals affected most strongly by saturation transfer from the
protein permits the determination of which ligand protons
are in close contact with the protein binding site and, there-
fore, constitute the recognition epitope. Figure 5a shows a
one-dimensional spectrum of streptomycin together with a
STD experiment corresponding to the antibiotic in the pres-
ence of ANT(6). The relative STD effects for streptomycin
are shown in Figure 5b, mapped on the bioactive conforma-
tion of the antibiotic, as deduced from the TR-NOE experi-
ments described above. They were normalised with the aid


of the largest STD effect (the H3’ proton corresponding to
the streptose unit, 100%). Clear differences between the
different streptomycin protons can be observed. Thus, the
largest intermolecular NOE corresponds to H3’Strp. In addi-
tion, significant saturation transfer is also detected for
MeStrp, H4Strp, H2Strp and H1Glc. As observed in Figure 5b, all
these protons are clustered around the same antibiotic
region. In contrast, weak intermolecular NOEs were mea-
sured for H3Glc, H4Glc, H5Glc and H6Glc, suggesting weak in-
teraction between this streptomycin region and ANT(6). Al-
though the strong overlap of proton signals in the strepti-
dine unit prevents accurate quantification of STD signals, a
magnetization transfer >60% was observed for protons H1
and H6. This observation is not surprising as position 6 in
this unit is the one modified by the enzyme and so should
be deeply buried in its binding pocket.


Specificity of the enzyme–aminoglycoside interaction : In
order to check the ANT(6) specificity, the enzyme activity
was tested with different aminoglycosides, including strepto-
mycin, neomycin-B, kanamycin and spectinomycin
(Scheme 2). The antibiotic adenylation can easily be moni-
tored by 1H NMR spectroscopy; the proton located on the
same carbon as the OH modified by the enzyme is clearly
shifted downfield as a result of this process. Enzymatic reac-
tions were therefore carried out in NMR tubes. NMR spec-
tra (including TOCSY and HMQC experiments) of the dif-
ferent antibiotics in the presence of equimolar amounts of
ATP were recorded before and 4 h after addition of ANT(6)
(5 mm). As would be expected, the enzyme is highly specific
for streptomycin (no reaction was detected in any other
case). In a second step, TR-NOESY experiments were car-
ried out with neomycin and spectinomycin. Surprisingly,
negative NOE cross-peaks were observed for both antibiot-
ics in the presence of ANT(6) (see Figure S8a in the Sup-
porting Information, protein/ligand ratio 1:20). In contrast,


Figure 5. a) One-dimensional STD NMR (500 MHz) spectrum for streptomycin in the presence of ANT(6), together with the corresponding 1H NMR
reference spectrum. b) Relative STD effects for streptomycin bound to ANT(6).
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both ligands presented weak positive NOEs at 500 MHz in
the absence of the enzyme. This observation clearly indi-
cates that both aminoglycosides bind to ANT(6).


Finally, STD experiments for neomycin-B and spectino-
mycin were carried out (see Figure S8b in the Supporting
Information). Clear magnetization transfer was observed for
spectinomycin. In contrast, no STD signals were observed
for neomycin-B under any conditions tested. To check the
protein integrity, streptomycin was added to the NMR tube
and the STD experiments were repeated. In this situation,
clear STD signals were detected for streptomycin, but not
for neomycin-B (see Figure S9 in the Supporting Informa-
tion), indicating that neomycin-B is not deeply buried in the


protein binding site. It appears probable that the presence
of the streptidine ring (common to both streptomycin and
spectinomycin but not present in neomycin-B) is essential
for a better fitting of the ligand into the binding pocket.


In conclusion, although ANT(6) specifically modifies
streptomycin, it is still able to interact with different amino-
glycosides, probably in an unspecific manner, as shown by
TR-NOESY experiments. The low sensitivity exhibited by
this enzyme to the particular three-dimensional structure of
the ligand strongly suggests that the aminoglycosideTs unspe-
cific binding is driven by electrostatic forces, similar to those
that mediate the unspecific binding of aminoglycosides to
DNA or RNA. This finding is consistent with the presence
of a large negative electrostatic potential in the enzyme
binding site. In fact, a highly negative potential has been ob-
served for other aminoglycoside-modifying enzymes.[3] It
seems clear from these data that both proteins and nucleic
acids have a common strategy for the molecular recognition
of these antibiotics.


The role of the nucleotide—structural features of the inter-
action between the nucleotide and ANT(6): To provide in-
formation about the nucleotide recognition process by
ANT(6), STD and TR-NOE/TR-ROE experiments were
also carried out for these ligands. No TR-NOEs were detect-
ed for ATP in the presence of the enzyme (ATP/enzyme
20:1). In contrast, strong negative NOEs were measured for
AMP (AMP/enzyme 20:1). Interestingly, these TR-NOE
cross-peaks disappear when ATP is added to the sample
(ATP/AMP/enzyme 20:20:1). This observation clearly indi-
cates that the enzyme has a higher affinity for ATP than for
AMP and, therefore, that the triphosphate moiety makes a
significant contribution to the stability of the complex. De-
spite this difference in affinity, STD experiments suggest a
very similar binding mode for both ligands. Figure 6a shows
one-dimensional spectra of AMP/ANT(6) (20:1) and ATP/
ANT(6) (20:1) mixtures, together with the corresponding
STD experiments. The relative STD effects for AMP/ATP,
normalised to the largest STD effect, are shown in Fig-


Scheme 2. Neomycin-B (a) and spectinomycin (b).


Figure 6. a) One-dimensional STD NMR (500 MHz) spectrum for ATP and AMP in the presence of ANT(6), together with the corresponding 1H NMR
reference spectra. b) Relative STD effects for ATP and AMP (in brackets) bound to ANT(6).
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ure 6b. According to the STD and TR-NOE data, two
ligand regions—the triphosphate moiety and the adenine
ring—seem to play a role in the binding process.


The observed TR-NOE patterns for AMP (Figure 7,
medium H8–H2’, medium H8–H3’, medium-weak H8–H5’/
H5’’, weak H8–H1’, medium-weak H1’–H4’) were almost
identical in the presence and in the absence of streptomycin,
consistently with an anti orientation for the glycosidic tor-
sion. In fact, very strong H8–H1’ and extremely weak (or
unobserved) H8–H2’, H8–H3’ and H8–H5’/H5’’ contacts
would be expected for a syn-type arrangement. In addition,
the intensities of the H1’–H4’, H8–H2’ and H8–H3’ NOEs
rule out a puckering value around 908. Indeed, this “East”
region of the pseudorotational path is characterised by a
very short H1’–H4’ distance.[27] Therefore, the experimental
data suggest the presence of a mixture of the ribose low-
energy C2-endo (characterised by a short H8–H2’ distance)
and C3-endo (characterised by a short H8–H3’ distance)
conformations[27] in the protein binding site.


The role of the nucleotide—specificity of the molecular rec-
ognition process : In order to check the specificity of the
enzyme, STD experiments were also carried out with other
nucleotides. Figure 8 shows a one-dimensional spectrum of a
GTP/ATP/ANT(6) mixture (20:20:1), together with the cor-
responding STD experiment. It can be observed that the
magnetization is transferred to both nucleotides with the
same intensity. From this observation alone it can be con-
cluded that the enzyme recognizes both ligands with similar
affinity. In fact, the amount of transferred magnetization to
the different ligand protons is also very similar in both
cases, suggesting a unique binding mode.


Additional STD experiments were carried out with UTP
and CTP. Weak magnetization transfer to the nucleotide


was also observed in each case, indicating that these ligands
are also recognised to some extent by ANT(6).


Finally, the enzyme activity was checked for the different
nucleotide triphosphates. Figure 9a shows a region of the
HSQC spectra corresponding to a GTP/streptomycin mix-
ture before and after addition of ANT(6) (5 mm). It can be
observed that, after a 2 h reaction period, the H6 proton of
the streptidine unit is shifted downfield as a result of the nu-
cleotide addition. An identical result was observed for ATP.
The formation of the corresponding products was also con-
firmed by MALDI-TOF (molecular weights of 948.7 and
932.7 for the GMP-streptomycin and AMP-streptomycin
sodium adducts, respectively). In contrast, no reaction was
detected for UTP and CTP under identical conditions. The
corresponding “nucleotidylated” antibiotics could only be
obtained (and characterised by NMR and MALDI-TOF)
after a 24 h reaction period with a high excess of 40 mm


ANT(6) (molecular weights of
909.7 and 908.7 for UMP–strep-
tomycin and CMP–streptomy-
cin sodium adducts, respective-
ly).


To analyse the enzyme specif-
icity further, competition ex-
periments were also performed.
Figure 9b shows the evolution
of an ATP/GTP/CTP/strepto-
mycin mixture after addition of
ANT(6) (5 mm). Interestingly,
individual NMR signals can be
observed for the H8 protons of
adenine and guanine in the cor-
responding nucleotide triphos-
phates (ATP and GTP), and in
the nucleotidylated streptomy-
cin (AMP–streptomycin and
GMP–streptomycin). Similarly,
separate proton signals can be
observed for the streptomycin


Figure 7. a) Region from a 200 ms TR-NOESY spectrum measured at 500 MHz, 298 K, pH 7.0 and 20:1
ligand/protein ratio. Negative NOES are observed for AMP. b) Schematic representation of AMP showing the
key TR-NOEs. NOE-derived distances are also represented.


Figure 8. One-dimensional STD NMR (500 MHz) spectrum for an ATP/
GTP mixture (1:1) in the presence of ANT(6), as well as the correspond-
ing 1H NMR reference spectra.
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anomeric protons in the free and modified forms. This
allows an easy quantification of the reaction products. As
shown in Figure 9b, after 1 h reaction time, the enzyme has
modified all the streptomycin. Integration of the NMR sig-
nals corresponding to H8 of adenine and guanine in the nu-
cleotidylated antibiotic shows that 55% of the product cor-
responds to AMP–streptomycin and 45% to the GMP de-
rivative. Under these conditions, no reaction is observed for
CTP, an observation confirmed by MALDI-TOF analysis of
the reaction mixture. An identical result was obtained for
UTP in similar competition experiments. According to all
these data, Bacillus subtilis aminoglycoside-6-adenyl trans-
ferase shows a clear preference for nucleotide triphosphates
incorporating purine aromatic systems (adenine or guanine).
Although the enzyme retains its ability to recognize and
modify CTP and UTP, these nucleotides are in general
worse substrates than ATP or GTP.


Interestingly, the nucleotide conformation present in the
ANT(6) binding site is rather different to that recognised by
other aminoglycoside adenyltransferases such as ANT(4),[25]


according to X-ray studies. In the latter case the glycosidic
linkage adopts a “syn” orientation, in contrast with the
“anti” orientation observed for ANT(6). In addition, most
of the protein–nucleotide contacts in ANT(4) are localised
around the sugar and the triphosphate backbone, and only a
few of them involve the adenine ring. This could explain the
low specificity exhibited by this enzyme for the nucleotide
(in fact, GTP or UDP can also be employed by the enzyme
for aminoglycoside nucleotidylation). In contrast, as men-


tioned above, ANT(6) shows a clear preference for nucleoti-
des that include a purine system.


Conclusion


We have studied the structural and conformational features
of the streptomycin interaction with Bacillus subtilis
ANT(6), an enzyme involved in bacterial resistance against
aminoglycoside antibiotics. The NMR data conclusively
show that streptomycin is characterised by a high degree of
flexibility in solution, with two major and several minor con-
formations in fast exchange. However, this equilibrium is
clearly altered upon binding to ANT(6), and a single major
population is present at the enzyme binding pocket. The
molecular recognition process thus implies a conformational
selection phenomenon.


In addition, the antibiotic recognition epitope has been
analysed by STD-NMR experiments. The obtained data in-
dicate that positions 2, 3 and 4 in the streptose unit, together
with position 1 in the glucose ring and positions 1 and 6 in
the streptidine moiety, are in close contact with the protein
binding site. In contrast, positions 3–6 of the glucose unit
are less affected upon saturation of the protein signals, sug-
gesting a minor role for this antibiotic region in the recogni-
tion process.


From the enzyme perspective, surprisingly, although
highly specific for streptomycin, ANT(6) is still able to rec-
ognize different aminoglycosides nonspecifically. This mo-


Figure 9. a) Region from a HSQC spectrum corresponding to a streptomycin/GTP mixture prior to (bottom) and 2 h after (top) addition of ANT(6)
(5 mm). The downfield shifting of the streptidine H6 proton in the modified antibiotic is highlighted. b) Evolution of a ATP/GTP/CTP/streptomycin mix-
ture after addition of ANT(6) (5 mm). Individual NMR signals can be observed for protons H8 of adenine and guanine in the corresponding nucleotide
triphosphates (ATP and GTP, labelled in grey) and the nucleotidylated streptomycin (AMP-streptomycin and GMP-streptomycin, labelled as AMP-S
and GMP-S in black). Similarly, separate proton signals can be observed for the streptomycin anomeric protons in the free and modified forms (“S” in
the figure stands for streptomycin, “N-S” for nucleotidylated streptomycin). Signals from histidine present in the mixture as impurity are labelled with
an asterisk (*).
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lecular recognition process is thus probably driven by elec-
trostatic forces.


The structure of the nucleotide in the protein-bound state
has also been analysed by TR-NOE/TR-ROE experiments.
In this case, AMP is characterised by a glycosidic torsion
angle in the “anti” range. In addition, the available experi-
mental data are consistent with a mixture of N and S confor-
mations in the bound state. Finally, STD and TR-NOE ex-
periments suggest that the aromatic ring and the triphos-
phate moiety are both involved in contacts with the protein
binding site. In fact, ANT(6) shows a clear specificity for nu-
cleotides that incorporate a purine ring. The fine details of
this interaction are rather different to those reported for
other aminoglycoside adenyltransferases, such as ANT(4).[27]


Experimental Section


Cloning, expression and purification of ANT(6) was performed in our
laboratory and will be described elsewhere. Streptomycin, ATP, CTP,
GTP, UTP and the corresponding monophosphate derivatives were pur-
chased from Sigma–Aldrich.


Calculations : Atomic charges were derived from HF/6–31G(d) RESP cal-
culations, by use of the Gaussian 94[28] program. All MD simulations
were carried out with the Sander module in the AMBER 5.0 package[21]


and the Cornell et al. force field.[29] Parameters for the acetalic functions
were taken from GLYCAM.[30] Unconstrained (in the presence of explicit
TIP3P water and counter-ions) and MD-tar trajectories were carried out
by a protocol identical to that described by Asensio et al.[18]


To calculate the antibiotic/ANT(6)-bound structure we employed a com-
bined molecular dynamics/molecular mechanics protocol. Firstly, unre-
strained 1 ns MD simulations were performed and streptomycin struc-
tures were saved every 100 ps. In a second step, the collected structures
were subjected to a restrained energy minimization, with employment of
TR-NOE-derived distances as experimental restraints.


NMR experiments : NMR experiments were recorded on Varian
Unity 500, Bruker Avance 500, Bruker Avance 600 and Bruker
Avance 800 spectrometers. For the analysis of the free antibiotic, selec-
tive 1D NOE experiments were carried out with the 1D-DPFGSE NOE
pulse sequence at 318 K and pH 7.0. In addition, 2D-NOESY experi-
ments were performed at pH 7.0 and 8.0 and at 278 K. For the TR-
NOESY and TR-ROESY experiments, different experimental conditions
were tested, including different temperatures, ligand to protein ratios and
pH values. Best results were obtained at 308 K and at 20:1 to 30:1 ligand/
ANT(6) ratio (protein concentration 75 mm), while the buffer conditions
were sodium phosphate (20 mm), MgCl2 (10 mm), pH 7.0–8.0. Additional
experiments were performed in the absence of phosphate (proton signals
in the streptidine ring presented greater dispersions under these condi-
tions). Mixing times from 200 to 1400 ms and from 70 to 550 ms were em-
ployed for the analysis of the free and protein-bound states, respectively.
NOE intensities were normalised with respect to the diagonal peak at 0
mixing time. Selective T1 measurements were performed on the anomeric
protons and several others to obtain the value discussed above. Experi-
mentally measured NOEs were fitted to a double exponential function,
f(t) = p0(e�p2t)(1�e�p1t) with p0, p1 and p2 being adjustable parame-
ters.[31] The initial slope was determined from the first derivative at time
t = 0, f’(0) = p0p1. Interproton distances were obtained from the initial
slopes by employing the isolated spin pair approximation.


For TR-NOE/TR-ROE spectra, different ligand/enzyme ratios between
20:1 to 30:1 were employed. A variety of mixing times were employed
for the TR-NOESY experiments. According to the estimated binding
constant, Ka higher than 104


m
�1, the protein is saturated under the exper-


imental conditions used. No T2-filter or short spin lock pulse SL (T11-
filter) was employed to remove the background protein signals. Never-


theless, TR-ROESY experiments were also carried out to detect and to
exclude peaks due to spin diffusion effects. A continuous wave spin lock
pulse was used during the 100 ms mixing time. Key NOEs were shown to
be direct cross-peaks, since they showed different signs to diagonal peaks.
In some cases these experiments allowed spin-diffusion effects to be
identified. Since it is impossible to deduce the positions of the protons in
the enzyme binding site accurately, only the protons of the ligand were
considered for the relaxation matrix calculations, by the protocol em-
ployed by London,[32] as described.[15d] The overall correlation time tc for
the free state was set to 0.30 ns and the tc for the bound state was esti-
mated as 75 ns, according to the molecular weight of the enzyme (tc =


10�12 WM). To fit the experimental TR-NOE intensities, exchange rate
constants between 50 and 1000 s�1, and external relaxation times (1*) for
the bound state of 0.5, 1 and 2 s were tested. The best agreement was
achieved by using k = 50–200 s�1 and 1* = 1 s.


Enzymatic reactions were performed in the NMR tubes. Equimolar
amounts of the nucleotide triphosphate and the aminoglycoside were dis-
solved to a final concentration of 1.5 mm in buffer phosphate (20 mm,
pH 7.0), MgCl2 (10 mm). 2D DQF-COSY, TOCSY and HMQC spectra
were recorded before and 2–4 h after addition of 5 mm ANT(6). The reac-
tion products were additionally characterised by MALDI-TOF.


STD spectra were measured at different temperatures from 278 to 303 K
with 6k (6144) scans. The reference spectra were measured with 3k
(3072) scans. Saturation transfer was achieved by use of 40 selective
Gaussian pulses (duration 50–10 ms, spacing 1 ms). A short 10 ms spin-
lock pulse was employed to remove the background protein signals. The
protein envelope was irradiated at d = 0.5 (on-resonance) and d = 40
(off-resonance). Subsequent subtraction was achieved by phase cycling.
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Introduction


Organosilicon compounds that have a donor function in a
position geminal to a silicon atom show unusual reactivities.
Often these changes in reactivity have been attributed to an
“a-effect“,[1] but this term has also been used in other cir-
cumstances and might thus be misleading.


This reactivity enhancement has been used commercially
for a number of (aminomethyl)alkoxysilanes and other a-
functionalised alkoxycarbosilanes, which are used as poly-
mer cross-linkers and as surface-modification and adhesion-
mediating agents.[2] The hydrolysis of the alkoxy functions is
strongly accelerated in these compounds in comparison with
(aminoalkyl)alkoxysilanes, in which the amino functions are
further from the silicon centres. This opens up the possibility
of replacing methoxy groups by the less reactive ethoxy
functions, which has the advantage that the much less toxic
ethanol (instead of methanol) is released upon hydrolysis—
an important improvement in application safety.


There are also reports on the facilitated Si�C bond cleav-
age by hydrolysis or alcoholysis[3] in compounds containing
the SiCN unit, and on the use of a-aminosilanes as amino-
methylating reagents for aldehydes, which is also based on
the specific weakening of the Si�C bonds in SiCN units.[4]


Despite the wide applicability of a-aminosilanes, the de-
velopment of such systems is still based on references to the


Abstract: F3SiCH2NMe2 was prepared
as a model for the investigation of the
nature of the a-effect in a-aminosi-
lanes, by fluorination of Cl3SiCH2NMe2


with SbF3. Under less mild conditions
Si�C bond cleavage was also observed,
leading to the double adduct F4Si-
(Me2NCH2SiF3)2, which was character-
ised by a crystal structure analysis
showing that the central SiF4 unit is
connected to Me2NCH2SiF3 via Si···N
dative bonds and F···Si contacts.
F3SiCH2NMe2 was characterised by
multinuclear NMR spectroscopy (1H,
13C, 15N, 19F and 29Si), gas-phase IR
spectroscopy and mass spectrometry. It


is a dimer in the crystal (X-ray diffrac-
tion, crystal grown in situ), held togeth-
er by two Si�N dative bonds. In solu-
tion and in the gas phase the com-
pound is monomeric. The structure of
the free molecule, determined by gas-
phase electron diffraction, showed that,
in contrast to former postulates, there
are no attractive Si···N interactions. Ab
initio calculations have been carried
out to explain the nature of the bond-


ing. F3SiCH2NMe2 has an extremely
flat bending potential for the Si-C-N
angle; the high degree of charge trans-
fer from the Si to the N atoms which
occurs upon closing the Si-C-N angle is
in the opposite direction to that expect-
ed for a dative bond. The topology of
the electron density of F3SiCH2NMe2


was analysed. Solvent simulation calcu-
lations have shown virtually no struc-
tural dependence on the medium sur-
rounding the molecule. The earlier pos-
tulate of Si!N dative bonds in SiCN
systems is discussed critically in light of
the new results.
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Institut f>r Anorganische und Analytische Chemie, Westf?lische Wil-
helms-Universit?t M>nster
Corrensstrasse 30, 48149 M>nster (Germany)
Fax:(+49)251-833-6007
E-mail : mitzel@uni-muenster.de


[b] T. Foerster, Dr. H. E. Robertson, Dr. K. B. Borisenko,
Prof. D. W. H. Rankin
School of Chemistry, University of Edinburgh
West Mains Road, Edinburgh EH9 3JJ (UK)


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


K 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200500359 Chem. Eur. J. 2005, 11, 5114 – 51255114







“a-effect” which involve the picture of
a three-membered SiCN ring system 1[5]


stemming from the 1960s.
In the corresponding chemistry of


boron, the existence of three-mem-
bered BCN rings 2 with dative B�N bonds is well establish-
ed.[6] However, there is as yet no experimental proof of such
a three-membered ring unit in SiCN systems, so the reasons
for the “a-effect” remain vague and the nature of bonding


in such systems is still debatable.
In recent years we have established


that related systems containing SiNN
(silylhydrazine) and SiON (hydroxyla-
minosilane) units can indeed form
stable three-membered ring systems.


The most intriguing examples are ClH2SiONMe2
[7] and


F3SiONMe2
[8] for the SiON systems and F3SiN(SiMe3)NMe2


and F3SiN(SnMe3)NMe2 for the SiNN systems.[9]


Our investigations into the SiCN systems have so far been
restricted to the parent systems H3SiCH2NMe2


[10] and
Cl3SiCH2NMe2,


[11] but these compounds do not show signifi-
cant attractive interactions between the Si and N atoms,
which would lead to compression of the Si-C-N angle. How-
ever, some calculations on electronegatively substituted sys-
tems have predicted the compound FH2SiCH2NMe2 to show
deformation of this angle,[10] which could be the first proof
of the existence of such an effect.


As the occurrence of SiON and SiNN three-membered
ring systems could be proved unequivocally with the trifluoro-
silyl compounds F3SiONMe2 and F3SiN(SiMe3)NMe2, we
prepared F3SiCH2NMe2 (3) as a simple model for the “a-
effect” in aminomethylsilanes, and investigated its structure
and the nature of its bonding. These studies, as well as the
adduct formation of F3SiCH2NMe2 with SiF4, are reported
below.


Results


Preparation and spectroscopic characterisation of
F3SiCH2NMe2 : (Dimethylaminomethyl)trifluorosilane,
F3SiCH2NMe2 (3), was prepared by fluorination of the re-
spective chlorosilane, Cl3SiCH2NMe2,


[11] with antimony tri-
fluoride [Eq. (1)]. This reaction has to be conducted at low
temperature to avoid Si�C bond cleavage and subsequently
the formation of SiF4. The fluorination is quite exothermic
and the unexpected Si�C fluorination occurred with visible
blackening of the reaction mixture. Simultaneous applica-
tion of ultrasound and low temperatures was found to give
the best yields. This kind of reactivity enhancement of the
Si�C bond may also be promoted by the “a-effect”.


Cl3SiCH2NMe2 þ SbF3 ! SbCl3 þ F3SiCH2NMe2 ð3Þ
ð1Þ


The identity of 3 was confirmed by NMR spectroscopy of
the 1H, 13C, 15N, 19F and 29Si nuclei, by gas-phase IR spectros-


copy and by mass spectrometry. The 1H and 13C NMR spec-
tra show the expected signals for the methylene and methyl
groups. Interestingly, no 2JF,C coupling could be resolved for
the signal of the methylene unit, which appears as three
broad lines of a triplet due to the coupling to the adjacent
hydrogen atoms.


The proton-decoupled 15N NMR spectrum contains a
single resonance at d = �373.2 ppm, which also does not
show splitting due to coupling to the 19F nuclei. This chemi-
cal shift does not indicate coordination of the nitrogen atom
to an SiF3 group in solution (compare: H3SiCH2NMe2: d-
(15N)=�363.8 ppm).[10] The 29Si NMR spectrum shows a
signal that is split into a quartet of triplets, due to the 1JSi,F
coupling to the three fluorine atoms (236.9 Hz) and a 2JSi,CH


coupling to the two protons of the methylene unit (4.6 Hz).
The shift of d = �65.6 ppm could be regarded as typical for
an alkyltrifluorosilane and is comparable with the chemical
shift of F3SiCH2OMe at d = �69.4 ppm.[12] The typical
shifts to low frequencies upon hypercoordination of the sili-
con atom, frequently found for other systems,[13] cannot be
observed for 3 in solution, which indicates the presence of
free molecules. The 19F NMR data (d = �61.9 ppm) are
also similar to those of F3SiCH2OMe (d = �65.3 ppm).[12]


This interpretation is also consistent with the absence of
splitting of the methylene signals at low temperatures which
would be expected to occur upon ring formation due to the
chemical inequivalence of equatorial and axial protons in
puckered rings.


In those cases where Si�C bond cleavage occurs during
the fluorination of Cl3SiCH2NMe2 the resulting SiF4 reacts
as a Lewis acid, leading to complexation of the molecules of
3 through their N atoms [Eq. (2)].


SiF4 þ F3SiCH2NMe2 ð3Þ ! F4SiðMe2NCH2SiF3Þ2 ð4Þ ð2Þ


This complex 4 crystallises in large, well-formed crystals
on the walls of the ampoule that contains the sample after
separation of the volatile products from the remainder of
the reaction mixture. The formation of 4 is reversible and 4
is stable only in the solid state (see below). It sublimes read-
ily, which indicates cleavage into the three components. Nei-
ther in the gas phase (mass spectrometry, IR spectroscopy)
nor in solution (NMR spectroscopy) is it possible to prove
the occurrence of 4, but its components are observed in-
stead.


To obtain a more detailed view of the bonding situation
in 3 we determined the structure of the compound in the
solid state by X-ray crystallography and in the gas phase by
electron diffraction, and performed quantum chemical cal-
culations to complement the experimental data and to shed
more light on the nature of bonding and the a-effect in
SiCN systems.


Experimental structural studies on F3SiCH2NMe2


Crystal structure : A single crystal of 3 (m.p. �39 8C) was
grown in situ in a capillary on the diffractometer. The crys-
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tal belongs to the triclinic system, space group P1̄, with two
independent molecules (3a, 3b) in the asymmetric unit. The
structure determination showed the compound to crystallise
as dimers in which the silicon atom of each molecule is coor-
dinated to the nitrogen atom of the other. There are two
crystallographically independent, inversion-symmetric, six-
membered Si2C2N2 rings adopting chair conformations
(Figure 1). The structures of the two dimers are very similar
(see Table 1), so we discuss the structure of one molecule
only.


The dative Si···N distances are 2.070(2) R and are there-
fore within the established range for adducts of typical orga-
notrifluorosilanes: 1-amino-8-trifluorosilylnaphthalene
(2.318 R),[14] 2,2,2-trifluorobenzo[g]-1l4,4,6-azadithia-2l5-


silabicyclo[3.3.0]hexane (1.988 R) and 2,2,2-trifluoroben-
zo[g]-1l4,4,6-azadithia-2l5-silabicyclo[3.3.0]hexane
(1.965 R)[15] as well as the dipyridine adduct of SiF4


(1.932 R)[16] and the 2,2’-bipyridine adduct of SiF4 (1.981
and 1.972 R).[17]


The coordination geometry at the silicon atoms is almost
trigonal bipyramidal. The axial Si�F bond lengths (trans to
the Si···N bonds) are 1.641(1) R and are therefore longer
than the equatorial Si�F bonds (1.601(2) and 1.603(2) R).
The Fax-Si-Feq angles are 91.9(1)8 and 92.3(1)8 and the F(1)-
Si-C(1) angle is 94.2(1)8 ; that is, all are close to the ideal 908
for a trigonal bipyramid. Accordingly, the angles between
the equatorial silicon substituents are close to 1208 : F(2)-Si-
F(3) 119.7(1)8, F(2)-Si-C(1) 121.8(1)8 and F(3)-Si-C(1)
117.8(1)8. The Si�C (1.898(2) R) and N�C (1.492(2) to
1.502(2) R) distances are all longer than typical bonds of
these types in the absence of hypercoordination.


Most intriguingly, the Si-C-N angle, which could be indi-
cative of a direct attractive interaction between the Si and N
atoms of one monomer molecule and thus prove the exis-
tence of the “a-effect” on a structural basis, is 120.3(2)8 and
thus much wider than expected even for a molecule without
attractive Si···N forces, for which an angle close to the tetra-
hedral value could be expected. However, the hypercoordi-
nation at the silicon atoms and the dimerisation make it dif-
ficult to predict the amount of strain in this compound and
the electronic effects on the bonding situation of the adja-
cent carbon atom and its valence angles. Comparison with
the structural parameters of related compounds is helpful in
this context. F3SiCH2OMe is monomeric in its crystals, and
has a methylene group between a SiF3 group and an electro-
negative unit. It has an Si-C-O angle of 107.1(1)8.[12] The
aminomethylaluminium and -gallium compounds Me2Al-
CH2NMe2 and Me2GaCH2NMe2, which contain the earth
metal centres instead of the Lewis-acidic F3Si group, also
crystallise as dimers and also show extremely wide valence
angles MCN (M = Al, 121.0(1)8 ; M = Ga, 119.7(2)8) at
their methylene units.[18] The formal adduct of HF to 3 is the
zwitterionic F4SiCH2NHMe2, which like 3 was found to ex-
hibit a large Si-C-N angle (118.58 and 119.28).[19]


It is therefore likely that these wide Si-C-N angles in crys-
talline 3 are the result of the dimerisation and formation of
four-coordinate nitrogen and five-coordinate silicon atoms
rather than effects resulting from strain or packing forces.
The existence of weak F···HC hydrogen bonds between the
molecules was shown by short contacts for F···H(CH2) at
2.479 R and F···H(CH3) at 2.503 R (Figure 2), which is in
the established range for F···H�C hydrogen bonds[20] and
shorter than the sum of the van der Waals radii of F and H
(2.55 R).[21]


First attempts to perform calculations on the molecular
structure of the dimer of 3 resulted in an extreme lengthen-
ing of the Si···N contacts during the optimisation procedure
at the HF/6-31G* and up to the B3LYP/6-31G* level of
theory, which made it impossible to locate a stable ground-
state geometry on the potential hypersurface. Only a more
rigorous treatment of electron correlation using MP2 meth-


Figure 1. Crystal structure of (F3SiCH2NMe2)2. Only one of the two inde-
pendent molecules in the asymmetric unit is shown.


Table 1. Bond lengths [R] and angles [8] for (F3SiCH2NMe2)2 as deter-
mined by X-ray crystallography (XRD) and by ab initio calculations at
the MP2/6-311G(d) level of theory.


Parameter XRD MP2/6-311G(d)
3a 3b


Si�F(1) 1.641(1) 1.646(1) 1.641
Si�F(2) 1.605(1) 1.598(2) 1.629
Si�F(3) 1.601(1) 1.603(2) 1.624
Si�C(1) 1.898(2) 1.893(2) 1.902
Si�N’ 2.070(2) 2.068(2) 2.128
N�C(1) 1.499(2) 1.502(2) 1.492
N�C(2) 1.492(2) 1.495(2) 1.485
N�C(3) 1.502(2) 1.503(2) 1.490


Si-C(1)-N 120.3(1) 120.5(1) 119.8
C(1)-Si-N’ 92.6(1) 92.9(1) 91.1
F(1)-Si-F(2) 91.9(1) 92.3(1) 94.2
F(1)-Si-F(3) 92.6(1) 92.3(1) 94.6
F(2)-Si-F(3) 119.7(1) 119.8(1) 118.9
F(1)-Si-C(1) 94.2(1) 93.8(1) 94.7
F(2)-Si-C(1) 121.8(1) 117.9(1) 121.2
F(3)-Si-C(1) 117.8(1) 121.6(1) 118.1
F(1)-Si-N’ 173.2(1) 173.4(1) 174.2
F(2)-Si-N’ 84.4(1) 84.2(1) 82.6
F(3)-Si-N’ 84.3(1) 84.6(1) 82.7
C(1)-N-C(2) 108.8(1) 109.0(1) 109.5
C(1)-N-C(3) 107.4(1) 106.8(1) 107.3
C(2)-N-C(3) 106.0(1) 106.0(1) 106.6
Si’-N-C(1) 111.6(1) 111.9(1) 112.3
Si’-N-C(2) 113.8(1) 113.6(1) 112.9
Si’-N-C(3) 108.9(1) 109.3(1) 108.0
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ods and basis sets up to 6-311G* resulted in a stable and
converging optimisation. The parameters describing this cal-
culated geometry and the crystallographic data are summar-
ised in Table 1 and show a reasonable but not very close
agreement. Such phase-dependent differences in structures
of typical Lewis base–acid adducts are now a well establish-
ed and reasonably well understood phenomenon.[22]


Gas-phase structure : As the crystal structure results de-
scribed above seem to be relevant only for the special condi-
tions of the solid state, it was desirable to determine the
structure of 3 in the gas phase, where it exists as a monomer.
The results of an electron diffraction experiment are pre-
sented graphically in Figure 3, the structural parameters to-


gether with data from ab initio calculations [MP2/6-311++


G(d,p)] in Table 2, and the experimental radial distribution
and intensity curves in Figures 4 and 5.


The F3SiCH2NMe2 monomer (3) deviates substantially
from the mirror symmetry that would be expected for the
occurrence of an attractive Si···N interaction, as postulated
for a molecule showing the classical “a-effect” and a three-
membered SiCN ring with a dative Si···N bond. This distort-
ed symmetry is indicated by the conformation of the mole-
cule, in particular the Si-C-N-C torsion angles �149.1(17)8
and 90.9(17)8, which describe the positions of the methyl
groups. This is in good accord with theory. This asymmetric
molecular geometry was also observed for gaseous
H3SiCH2NMe2,


[10] which adopts an almost perfectly stag-


Figure 2. Weak C�H···F hydrogen bonds between two molecules of
(F3SiCH2NMe2)2 in the crystal. The F···H distances between the other
crystallographically independent dimeric molecules are F···H(CH2)
2.499 R and F···H(CH3) 2.615 R. The sum of the van der Waals radii of F
and H is 2.55 R.


Figure 3. The gas-phase structure of monomeric F3SiCH2NMe2 as ob-
tained by electron diffraction. Right: a view along the Si–N vector, which
shows that the molecule deviates markedly from CS symmetry.


Table 2. Bond lengths r [R] and bond a and torsion angles t [deg] for
F3SiCH2NMe2 (3) as determined by gas electron diffraction (GED) and
by ab initio calculations.


Parameter GED MP2/6-311++G(d,p)
ra re


r(Si(1)�F(4)) 1.567(2)[a] 1.602
r(Si(1)�F(5)) 1.567(2)[a] 1.596
r(Si(1)�F(6)) 1.567(2)[a] 1.600
r(Si(1)�C(2)) 1.854(5) 1.851
r(C(2)�N(3)) 1.464(2) 1.467
r(N(3)�C(9)) 1.456(2)[b] 1.460
r(N(3)�C(10)) 1.456(2)[b] 1.460
r(CH) 1.115(10) 1.098[d]


a(F(4)-Si(1)-C(2)) 112.6(3) 110.6
a(F(5)-Si(1)-C(2)) 112.0(2) 111.1
a(F(6)-Si(1)-C(2)) 111.2(3) 113.7
a(Si(1)-C(2)-H(7)) 105.5(14) 105.2
a(Si(1)-C(2)-H(8)) 112.8(9) 112.6
a(Si(1)-C(2)-N) 110.3(7) 110.8
a(C(2)-N-C(9)) 111.5(9)[c] 110.7
a(C(2)-N-C(10)) 111.5(9)[c] 110.7
a(C(9)-N-C(10)) 107.3(10) 109.9
t(F(4)-Si(1)-C(2)-N(3)) �177.9(16) �174.4
t(Si(1)-C(2)-N-C(9)) 90.9(17) 85.3
t(Si(1)-C(2)-N-C(10)) �149.1(17) �152.6


[a,b, c] The members of each group were assumed to be equal and were
refined as a single parameter. [d] Average value.


Figure 4. Radial distribution curve for F3SiCH2NMe2 as obtained from a
gas electron diffraction experiment.


Figure 5. Molecular scattering intensity curves for F3SiCH2NMe2 as ob-
tained by gas electron diffraction.
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gered conformation (t(Si-C-N-C) 173.7(14)8, �62.4(12)8).
Taking this into account, the conformation of 3 lies between
the ideally staggered form adopted by H3SiCH2NMe2 and
that of a hypothetical CS-symmetric F3SiCH2NMe2 molecule,
as expected for a structure dominated by attractive Si···N in-
teractions. Although not very different, the Si-C-N angle in
3 (110.3(7)8) is 48 smaller than in H3SiCH2NMe2 (114.7(3)8).


In comparison with the dimeric (F3SiCH2NMe2)2 (3) in
the crystal, where the silicon atom is clearly five-coordinate,
monomeric 3 has shorter Si�F distances (1.567(2) R) and a
shorter Si�C bond (1.854(5) R) (solid dimer: 1.898(2) R).
The C�N distances also reflect a three-coordinate N atom in
the gas phase (1.456(2)–1.464(2) R), where they are shorter
than in the solid state (1.492(2)–1.502(2) R). The coordina-
tion geometry at silicon is an almost undistorted tetrahe-
dron, as is best reflected by the three F-Si-C angles:
112.6(3)8, 112.0(2)8 and 111.2(3)8.


Ab initio calculations on F3SiCH2NMe2


Bending potentials : The structural studies did not provide
evidence for the occurrence of a direct and pronounced at-
tractive Si···N interaction in 3. This contradicts the expecta-
tions from earlier reports on geminal systems with SiCN
units, which led to the postulate of SiCN three-membered
ring systems with Si···N donor–acceptor bonds nor are the
structural results in accordance with those for related com-
pounds with Si-N-N and Si-O-N units, in which pronounced
attractive forces have been found to exist between the gemi-
nal nitrogen atoms and the silicon atoms of the highly elec-
trophilic SiF3 groups.[8,9]


We carried out bending potential calculations to find out
how much energy is needed to distort the linking unit be-
tween the silicon and geminal nitrogen centres (the carbon
atom of the CH2 group in the case of F3SiCH2NMe2) from
its coordination geometry, which is assumed to be close to
tetrahedral in the absence of attractive Si···N interactions.
The calculations were performed on the basis of geometries
fully optimised at the MP2/6-311G(d,p) level of theory with
fixed Si-C-N angles. (Some of the calculations were also per-
formed at the MP2/6-311++G(3df,2pd) level, but did not
give significantly different results.) The resulting bending
potential is shown in Figure 6.


The geometry of F3SiCH2NMe2 (3) has C1 symmetry at
large Si-C-N angles, as was also shown in the gas-phase ex-
periments. With a decrease in the Si-C-N angle this geome-
try comes closer to CS symmetry and finally converges to a
CS structure at an angle of about 948. In this CS-symmetric
structure the lone pair of electrons lies in the same plane as
the SiCN unit, as would be required for an optimal N!Si
dative interaction as postulated in the model of the a-effect.
For comparison we have also calculated the potential curve
for 3 (F3SiCH2NMe2) fully restricted to CS symmetry, which
coincides with the C1 curve below 948, but shows a minimum
at 1028, with a higher energy than the ground state.


Both are very flat potential curves; that of the C1 struc-
ture is flatter on the low-angle side of the minimum than on


the high-angle side, which is a rather uncommon feature.
For comparison we have calculated the curve for the analo-
gous compound F3CCH2NMe2, which cannot show a geminal
C···N interaction. (The ground state of F3CCH2NMe2 has C1


symmetry and a C-C-N angle of 112.08.) This curve
(Figure 6) is much steeper than those of the silicon com-
pound and also steeper on the low-angle side, as expected
for such a bending potential.


Atomic charges : The above results for F3SiCH2NMe2 (3) in-
dicate that there must be a contribution to the bonding that
makes the methylene unit more easily deformable if a sili-
con atom is bonded to it than when it is bonded to carbon.
Some information on the electronic behaviour can be ob-
tained by observing the partial atomic charges of the Si, C
and N atoms in 3 in its ground state and in the structure
with the Si-C-N angle fixed at 708, and by comparison with
F3SiCH3 and NMe3. These charges (see Table 3) were calcu-
lated by integration of the calculated electron density [MP2/
6-311G(d,p)] of the atomic regions defined by the AIM
(Atoms in Molecules) theory. The Si and N charges differ
only slightly between the ground state and the structure
with the artificially compressed Si-C-N angle (708), but the
positive charge on Si and the negative one on N are in-
creased upon closing the Si-C-N angle, the opposite behav-


Figure 6. Bending potential curves for F3SiCH2NMe2 (3): (& for the geo-
metrically unrestricted optimisations, ~ for those restricted to CS symme-
try) and F3CCH2NMe2 (*) as a function of the valence angle at the meth-
ylene bridge, as calculated at the MP2/6-311G(d,p) level of theory.


Table 3. Atomic charges as determined by integration over the calculated
electron density [MP2/6-311G(d,p)] of the atomic regions defined by the
AIM theory of the Si, C and N atoms in F3SiCH2NMe2 (3) (ground state
and structure with Si-C-N angle fixed at 708) and of F3SiCH3 and NMe3


for comparison.


Charge at F3SiCH2NMe2 (3) F3SiCH3 NMe3


minimum 708


Si +3.17 +3.20 +3.18 –
C �0.27 �0.32 �0.69 +0.51
N �0.80 �0.96 – 0.83
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iour to that expected for an N!Si donor interaction sug-
gested by the old a-effect postulate. The charge on the Si
atom in both structures of 3 is also similar to that of
F3SiCH3, a related compound without a geminal donor
atom.


There is, however, a substantial difference between the
charges on the N atoms in the two structures of 3. Whereas
the ground state of 3 has a charge on N that is very similar
to that of NMe3, the structure with the Si-C-N angle com-
pressed to 708 has a negative charge 17% higher than in the
ground state. This increase in negative charge on N is also
responsible for the large increase in the molecular dipole
moment with decreasing Si-C-N angle.


Very different, but as expected due to the difference in
the electronic natures of the directly bonded atoms, are the
charges on the silicon-bonded carbon atoms, which are
much less negative in both structures of 3 than in F3SiCH3.
This leads to a different polarity of the Si�C bond and could
thus be one of the reasons for the difference in the reactive
behaviour of “normal silanes” and “a-silanes”.


To follow the changes in the charges more closely during
contraction of the Si-C-N angle of 3, we calculated the de-
pendence of the atomic charges on this parameter, but used
for this purpose the Mulliken charges from the calculations
that were used to derive the bending potential. These are
less costly to obtain but in absolute terms less reliable than
the AIM charges mentioned above, although there have
been reports about the limited reliability of AIM charges
too;[23] Charges derived from the NBO calculations (see
below) represent the same trend. As there is a problem of
atomic charge definition, absolute values should be inter-
preted with care. The trends we discuss here are a more reli-
able basis for chemical interpretation.


For comparison we also calculated the trend of atomic
charges for F3CCH2NMe2 (the carbon analogue) depending
on the corresponding C-C-N angle. These results are plotted
in Figure 7 for the nitrogen atoms in F3SiCH3NMe2 (3) and
F3CCH2NMe2, and in Figure 8 for the geminal silicon and
carbon atoms, respectively.


Both figures show that with decreasing Si-C-N and C-C-N
angles in F3SiCH2NMe2 and F3CCH2NMe2, respectively,
there is a significant charge transfer from the fluorinated sil-


icon/carbon atom to the nitrogen centre. However, the
charge transfer for 3 is much greater—about twice as
great—as for the carbon analogue. The large charge separa-
tion in 3 must be the basis for a pronounced electrostatic in-
teraction between the silicon and nitrogen centres, which
helps to stabilise the structures with low Si-C-N angles ener-
getically. Thus this effect contributes to the flat bending po-
tential of 3 and also leads to the build-up of a very pro-
nounced molecular dipole moment in this silicon compound.


NBO calculations : To examine orbital interactions, which
could help to determine the presence or absence of bonding
interactions between the silicon and nitrogen atoms, we per-
formed natural bond orbital (NBO) calculations.[24] Second-
order perturbation theory analysis of the Fock matrix in the
NBO basis was performed for the ground state of 3, a struc-
ture with the Si-C-N angle fixed at 908 and one with a fixed
angle of 708, all at the MP2/6-311G(d,p) level of theory.


There are many smaller interactions of the negative hy-
perconjugation type, which contribute to the stabilisation of
the structures. In the ground state (a(Si-C-N) = 110.38) we
find the major interactions between lone pairs of electrons
and acceptor anti-bonding orbitals in the following combina-
tions: the lp(N)!s*(CH) interactions with CH bonds of the
methylene unit and both methyl groups (40 kJmol�1) and
the lp(F)!s*(SiF) interactions (up to 44 kJmol�1).


When the Si-C-N angle is closed to 908 the lone pair of
electrons on nitrogen interacts less strongly with the s*(CH)
orbitals of the methylene unit, as the geometry approaches
CS symmetry, which reduces the respective overlap. The in-
teraction with the s*(CH) orbitals of the methyl groups is
slightly increased and a weak lp(N)!s*(SiF) interaction be-
comes visible (27 kJmol�1). In addition there are still larger
interactions of the lp(F)!s*(SiF) type (up to 52 kJmol�1).


Further closing of the Si-C-N angle to 808 increases the
trend described above and in particular strengthens the
lp(N)!s*(SiF) interactions (62 kJmol�1 for the interaction
with the s*(SiF) of the anti F atom, and 31 kJmol�1 to each
of the other s*(SiF) orbitals).


Figure 7. Atomic charges on the N atoms in F3SiCH2NMe2 (3) (&) and
F3CCH2NMe2 (*) as functions of the valence angles at the methylene
bridges, as calculated at MP2/6-311G(d,p) level.


Figure 8. Atomic charges of the Si and C atoms in the F3Si and F3C
groups of F3SiCH2NMe2 (3) and F3CCH2NMe2, respectively, as functions
of the valence angles at the methylene bridges, as calculated at the MP2/
6-311G(d,p) level of theory.
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The most extreme situation
under investigation was a
structure with a fixed Si-C-N
angle of 708. The NBO formal-
ism already describes the Si···N
interaction in this hypothetical
molecule as an Si�N bond, but
with a very polar electron dis-
tribution, made up from 6%
of a formal sp6.0d4.1 hybrid at
silicon and 94% of a formal
sp4.4 hybrid at nitrogen. For
comparison, the Si�F bonds
are described also as very
polar bonds, with the anti Si�F
bond being the most polar,
made up from 10% of an
sp2.1d1.5 hybrid at Si and 90%
of an sp1.3 hybrid at F, whereas
the other two Si�F bonds are
composed of 11% of an
sp3.0d0.6 hybrid at Si and 89%
of an sp1.4 hybrid at F.


Further stabilisation of this
structure is achieved by dona-
tion of the electrons of this Si�
N bond to s*(SiF) orbitals (66 kJmol�1 for the s*(SiF) of
the anti F atom and twice 41 kJmol�1 for the interaction
with the s*(SiF) orbitals of the gauche F atoms]. Another
large contribution towards the delocalisation of electrons is
the interaction between the fluorine lone pairs and the s*-
(SiN) orbitals (177 kJmol�1 for the lp(Fanti)!s*(SiN) inter-
action and 86 kJmol�1 for the lp(Fgauche)!s*(SiN) interac-
tion). These interactions lead to weakening of a possible Si�
N bond. In addition, interactions of the lp(Fanti)!s*(SiF)
type are present with a contribution comparable with those
for the cases described above.


The electron delocalisation stabilisation energies provided
do not have any real physical meaning, but are helpful in as-
sessing the relative strengths of orbital interactions in terms
of the NBO picture.


Topologies of the electron densities : We have calculated the
electron density maps of 3 at the MP2/6-311G(d,p) level for
both the ground state and the structure with the Si-C-N
angle fixed at 708. The results of the analyses of the topolo-
gies of the electron densities[25] and the Laplace functions of
these density maps for the plane containing the atoms Si, C
and N are depicted graphically in Figure 9.


In density maps a and c we could not locate any bond-
critical points between the Si and N atoms or ring-critical
points in the SiCN three-membered ring system. This was
expected for the ground state, but for the structure with the
Si-C-N angle fixed at 708, where the NBO analysis had al-
ready described the Si···N interaction as a very polar bond,
this seemed surprising. The absence of an accumulation of
electron density between the Si and N atoms and the ab-


sence of bond- and ring-critical points indicate that there is
no significant covalent contribution in this interaction. How-
ever, care should be taken not to attribute too much impor-
tance to the presence or absence of bond-critical points for
the existence or non-existence of a chemical bond.[26]


The Laplacians of the electron densities shown in Figures
9b and d are the appropriate tools for localising and charac-
terising regions of local charge concentration or depletion.
The local charge concentrations in the structures in Figure 9
help to visualise the positions of the lone pairs of electrons
at the nitrogen atoms. These seem to be where expected for
the ground state, but in the structure with the Si-C-N angle
fixed at 708 (Si···N distance only 1.969 R) the lone pair is
bent towards the silicon atom.


In Table 4 values characterising the topologies of the elec-
tron density in these two states of F3SiCH2NMe2 are com-
pared with those in methyltrifluorosilane and trimethyl-
amine, which serve as references for an alkyltrifluorosilane
without a geminal donor nitrogen and a trialkylamine with-
out a silicon atom geminal to nitrogen. It has recently been
shown that theoretical and experimental electron density
topologies of hypercoordinate silicon species show some sys-
tematic differences in the characteristic values of the elec-
tron densities 1(rBCP) and the values of the Laplacians 521-
(rBCP) at the bond-critical points (BCPs), but they follow the
same trends.[27]


In general, shared interactions (covalent bonds) are char-
acterised by relatively high electron densities 1(rBCP) and
negative values of the Laplacians 521(rBCP), because charge
is concentrated in the bonding regions. In contrast, closed-
shell interactions (ionic bonds) have comparatively low 1-


Figure 9. Topological analysis of the electron density in the SiCN plane of F3SiCNMe2. Electron densities in-
cluding bond-critical points are shown for a) the ground state (a(Si-C-N) = 110.38); b) the structure with a
fixed Si-C-N angle of 708 (contours are at values of 0.002V10n eR�1, n = 0, 1, 2, 3···). The Laplacian function
of the electron density is shown for c) the ground state as �521(r) (a(Si-C-N) = 110.38) d) the structure
with a fixed Si-C-N angle of 708 (contours are at values of 0.005V10n, 0.01V10n, 0.02V10n eR�5, n = 0, 1, 2,
3···; positive values are in blue and negative values are in red).
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(rBCP) values and positive 521(rBCP) values at the BCPs, due
to charge depletion and concentration of charge close to the
nuclear positions.[28]


Comparison of the electron densities at the BCPs of the
Si�F and Si�C bonds in F3SiCH2NMe2 (3) (ground state)
and F3SiCH3 shows only marginal differences. As expected,
the Si�F bonds are characterised by a highly ionic contribu-
tion. For any hypercoordinate silicon atom one would have
expected a decrease in these 1(rBCP) values for both Si�F
and Si�C bonds. However, even where the Si-C-N angle is
artificially forced to be 708, there is only a small decrease in
the electron densities at the BCPs.


Compared with the Si�C bonds in F3SiCH3, the electron
density at the BCP in 3 is slightly lower and the Laplacian
less positive. The C�N bond to the methylene group in 3
has a markedly higher electron density at the BCP than the
N�C bonds to the methyl groups in this molecule or in
NMe3. The Laplacian of this bond in 3 is less negative. Al-
though there are these small differences between the values
of 1(rBCP) or 521(rBCP) in the ground state of 3 and the
structure with the Si-C-N angle fixed at 708, they are not
sufficient to be comparable with hypercoordinate silicon
compounds—proof again that the early a-effect postulate of
a N!Si dative bond in SiCN units was incorrect.


Solvent model simulations : Solvent model simulations,
which have recently been reported for an isoelectronic com-
pound, F3SiONMe2, indicated that the central Si-O-N angle


becomes smaller as the dielectric constant of the solvent in-
creases.[9] This phenomenon was therefore investigated with
respect to the Si-C-N angle in 3, using self-consistent isoden-
sity polarized continuum model (SCIPCM) calculations and
geometry optimisations. Interactions between the molecule
and the solvents benzene, acetone and water were assessed
in terms of the resulting geometry of F3SiCH2NMe2. The
calculations were performed at the Hartree–Fock (HF) and
hybrid DFT (B3LYP) levels of theory employing PopleWs 6-
31G* basis set in Gaussian 03 on the Columbus server clus-
ter of the Rutherford Appleton Laboratories (UK).


Comparison of gas-phase ab initio parameters with those
obtained from SCIPCM calculations reveals that no signifi-
cant changes occurred to the geometry of 3. However, small
changes are to be expected as a consequence of solute–sol-
vent interactions (Table 5). The parameter values indicate


that they are stable not only across different geometry opti-
misation techniques but also across different levels of theory
and basis sets (Tables 5 and 6). Therefore it seems reasona-
ble to conclude that the Si-C-N angle is little affected by the
solvent, in contrast to the situation for the isoelectronic
F3SiONMe2.


The absence of a significant solvent effect—that is, inter-
action of the molecule with the polar surroundings through
its molecular dipole moment—is demonstrated impressively
by the solvent model calculations. This is surprising at first
glance as the total molecular dipole moment obtained from
the NBO calculations increases dramatically with decreasing
Si-C-N angle (3.55 D for the ground state with a(Si-C-N)
= 110.38 and 6.02 D for the structure with a(Si-C-N) =


708). The dipole moment also changes the orientation when
the Si-C-N angle is closed (see Figure 10).


As the angle deformation energies are comparatively
small, one would have expected the energy gain from the
dipole interactions with the solvent to overcompensate for
the energy needed for an angle contraction. As it is well es-
tablished that typical dative bonds are sensitive to the polar-


Table 4. Topology of the bonds in F3SiCH2NMe2 (3) in the ground state,
in the structure with the Si-C-N angle fixed at 708 and in the molecules
MeSiF3 and NMe3 for comparison.


A�B r(A�BCP)[a] r(BCP�B) [a] 1(rBCP)
[b] 521(rBCP)


[c]


[R] [R] [eR�3] [eR�5]


F3SiCH2NMe2 (3) ground state (a(Si-C-N) = 110.38):
Si�C 0.702 1.147 0.898 6.707
Si�F(4) 0.668 0.929 0.875 26.184
Si�F(5) 0.666 0.926 0.888 26.709
Si�F(6) 0.668 0.928 0.878 26.297
C�N 0.609 0.859 1.772 �15.903
N�C(9) 0.876 0.583 1.802 �17.493
N�C(10) 0.879 0.581 1.794 �17.346


F3SiCH2NMe2 (3) with <SiCN fixed to 708 :
Si�C 0.712 1.162 0.803 7.368
Si�F(4)anti 0.674 0.944 0.841 23.784
Si�F(5/6) 0.672 0.939 0.848 24.557
C�N 0.638 0.908 1.477 �9.695
N�C(9/10) 0.899 0.567 1.735 �16.328


MeSiF3:
Si�C 0.700 1.130 0.905 7.248
Si�F 0.668 0.931 0.873 25.941


NMe3:
N�C 0.859 0.574 1.832 �17.775


[a] Distances from the bond-critical points (BCPs) to the nuclear posi-
tions. [b] Electron density at the BCP. [c] Laplacian at the BCP.


Table 5. Selected parameters of ab initio and SCIPCM geometry optimi-
sations at the HF/6-31G* level.


Parameter Ab initio calculation SCIPCM calculations
water acetone benzene


r(Si(1)�C(2)) [R] 1.861 1.858 1.858 1.860
a(Si(1)-C(2)-N) [8] 113.1 113.0 112.8 112.9


Table 6. Selected parameters of ab initio and SCIPCM geometry optimi-
sations at the B3LYP/6-311++G** level (for the free molecule) and
B3LYP/6-31G* level (for the solvent simulations).


Parameter Ab initio calculation SCIPCM calculations
water acetone benzene


r(Si(1)�C(2)) [R] 1.860 1.861 1.862 1.863
a(Si(1)-C(2)-N) [8] 112.8 112.6 112.7 113.1
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ity and/or polarisability of the surrounding medium,[22] this
is a further indicator of the absence of a N!Si dative bond
contribution in F3SiCH2NMe2 (3).


Crystal structure of [F4Si(F3SiCH2NMe2)2]: As mentioned in
the Experimental Section, the double adduct of
F3SiCH2NMe2 to SiF4, [F4Si(F3SiCH2NMe2)2], was obtained
as a crystalline material of which the structure (Figure 11)
could be determined by single-crystal X-ray crystallography;
structural data are listed in Table 7.


The adduct [F4Si(F3SiCH2NMe2)2] forms a centrosymmet-
ric structure with a planar SiF4 unit coordinated twice by the
nitrogen atoms of the F3SiCH2NMe2 components, with Si–N
dative bonds exactly 2.000(1) R long. Each of the fluorine
atoms F(5) and F(5)’ of the SiF4 unit forms a dative contact
with a silicon atom of an F3SiCH2NMe2 component, so that
these are bonded twice to the SiF4 unit. These contacts lead
to marked distortion of the coordination geometry of the sil-
icon atoms Si(1) and Si(1)’, which is between tetrahedral
and trigonal bipyramidal, where the additional Si···F contact
makes up one of the axial bonds (aF(5)-Si(1)-F(2) =


178.6(1)8).


Like the free F3SiCH2NMe2 (3) molecules, these units in
the adduct have staggered conformations. However, they
have an Si-C-N angle of 121.1(1)8, which is more than 108
wider than that in the free molecule. According to Figure 6
this requires only about 4 kJmol�1 of deformation energy,
which is more than compensated for by the formation of the
new Si�N and Si···F bonds. This angle is also remarkably
similar to that in dimeric (F3SiCH2NMe2)2 observed in the
solid state (118.58), and that in the zwitterionic compound
F4SiCH2NHMe2 (119.28),[19] and suggests that this magnitude
of the angle is an inherent property of an SiCN unit coordi-
nated via both the Si and N atoms.


Conclusion


(Dimethylaminomethyl)trifluorosilane, F3SiCH2NMe2 (3), is
a simple model for an a-functional silicon compound for the
study of an a-effect, which was postulated to be based on
direct dative bonding between the Lewis-basic nitrogen
centre and the Lewis-acidic silicon atom. The highly electro-
philic character of the SiF3 group should show the absence
or presence of such an effect clearly.


Our studies show 3 to be dimeric in the solid state and
monomeric in solution or in the gas phase. Experimental
and theoretical studies show the ground state of the mono-
mer to adopt an Si-C-N angle that gives no indication of a
pronounced attractive Si···N interaction. It is therefore clear
that 3 behaves in a very different way from the isoelectronic
F3SiONMe2 (and related trifluorosilylhydrazines), for which
the formation of three-membered SiON and SiNN rings has
been found not only in the gas phase but also in the solid
state. As 3 does not saturate the demand for electron densi-


Figure 10. Orientations of the molecular dipole moments for the ground-
state structure and that with the SiCN angle fixed at 708 as derived from
calculations at the MP2/6-311G(d,p) level of theory.


Figure 11. Crystal structure of [F4Si(F3SiCH2NMe2)2].


Table 7. Bond lengths [R], bond angles [8] and torsion angles [8] for
[F4Si(F3SiCH2NMe2)2].


Bond lengths: Bond angles:
Si(1)�F(3) 1.571(1) N-C(1)-Si(1) 121.1(1)
Si(1)�F(1) 1.572(1) F(1)-Si(1)-F(2) 102.6(1)
Si(1)�F(2) 1.589(1) F(1)-Si(1)-F(3) 109.3(1)
Si(1)�C(1) 1.855(1) F(2)-Si(1)-F(3) 102.8(1)
C(1)�N 1.501(1) F(1)-Si(1)-C(1) 117.3(1)
N�C(2) 1.495(1) F(2)-Si(1)-C(1) 102.7(1)
N�C(3) 1.499(1) F(3)-Si(1)-C(1) 119.3(1)
N�Si(2) 2.000(1) C(1)-N-C(2) 106.6(1)
Si(2)�F(4’) 1.648(1) C(1)-N-C(3) 107.9(1)
Si(2)�F(5) 1.666(1) C(2)-N-C(3) 107.1(1)
Si(1)···F(5) 2.489(1) C(1)-N-Si(2) 111.0(1)
Si(1)’’···F(4) 3.290(1) C(2)-N-Si(2) 112.4(1)


C(3)-N-Si(2) 111.8(1)
Torsion angles: F(4)-Si(2)-F(5) 89.9(1)


C(1)-N-Si(2)-F(4) 141.4(1) F(4)-Si(2)-F(5’) 90.1(1)
C(1)-N-Si(2)-F(5) 51.5(1) F(4)-Si(2)-N 91.2(3)


F(5)-Si(2)-N 86.7(3)
F(4)-Si(2)-N’ 88.8(3)
F(5)-Si(2)-N’ 93.3(3)


F(5)-Si(1)-F(1) 77.3(1)
F(5)-Si(1)-F(2) 178.6(1)
F(5)-Si(1)-F(3) 76.0(1)
F(5)-Si(1)-C(1) 76.0(1)
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ty at the trifluorosilyl group intramolecularly, it is by the for-
mation of intermolecular dative bonds that it can stabilise
itself in the solid state.


There is, however, a big difference between 3 and com-
pounds without acceptor functions, as was shown by a paral-
lel theoretical study of F3CCH2NMe2. The silicon compound
has a much flatter bending potential at the methylene group
than the analogous carbon compound. Only 30 kJmol�1 are
necessary for an angle contraction of 308 relative to the
ground state, whereas the carbon analogue requires more
than 130 kJmol�1 for the same contraction.


In classical donor–acceptor adducts electron density is
transferred from the donor to the acceptor, although the
amounts transferred might be quite small, as for instance in
the case of the H3N!SiF4 adduct, where a charge of only
0.08 e is shifted from the NH3 unit to the SiF4 unit.[29] How-
ever, in 3 this effect would be reversed. When the Si···N dis-
tance is decreased, electron density is transferred from sili-
con to nitrogen, which increases the charge separation al-
ready present due to the difference in electronegativities.
This leads to an enormous increase in the molecular dipole
moment.


The solvent model calculations (SCIPCM) delivered addi-
tional evidence that F3SiONMe2


[9] and 3 exhibit different
levels of intramolecular Si···N interactions. The calculations
showed that the Si-C-N angle in 3, in contrast to the Si-O-N
angle in F3SiONMe2, is not much affected by the presence
of solvents with widely varying dielectric constants. This sug-
gests that the Si-C-N angle is hardly liable to change, except
where strong intermolecular forces such as crystal packing
exert their influence on the molecular structure, as the crys-
tallographic data have shown for the solid-state structure of
3 presented here. This might also be the reason why
F3SiONMe2 is stabilised in the polar solid state in the form
of three-membered ring molecules, while the absence of this
stabilisation for 3 leads to the dimerisation observed in the
crystals.


The major difference between compounds containing
SiCN units and their CCN analogues is the easy deformabil-
ity of the methylene group in the SiCN unit. This, the high
negative charge on the nitrogen atom and the unusual
charge transfer could be seen as the major reasons for an
observable effect in terms of the reactivity of the Si�C bond
and the substitution reactions at the silicon atom, due to the
increased nucleophilicity. In essence there is, however, no
evidence for the existence of a classical dative N···Si bond
between the geminal N and Si atoms. The classical picture
of the a-effect in aminomethylsilanes involving such a
dative bond is clearly misleading, and should not be used
for further development of applications of substances con-
taining these units.


The new results suggest several ways in which the effect
might be increased, and which might therefore be helpful
for a more rational development of new, more reactive a-si-
lanes in the fields of application mentioned in the Introduc-
tion. Highly electronegative groups on silicon that are inca-
pable of backbonding to silicon, such as perfluoroalkyl or


perfluoroaryl groups, should be good candidates for enhanc-
ing the reactivity of Si functional groups. The use of highly
polar solvents or highly polar groups within the molecules
seems not to lead to observable differences in the molecular
structure or charge distribution. However, interaction of
donor solvents with the silicon atoms, leading to five-coordi-
nate intermediates, is a possible way to increase reactivity
towards nucleophilic substitution. The geminal nitrogen
atom could assist in attracting donor solvents such as water
or alcohols so that they are stabilised through hydrogen
bonds and therefore placed in close proximity to the silicon
centre. Even if the solvent–silicon interaction were weak,
the chelating effect would increase the interaction strength.


On the theoretical side, we find it is necessary to predict a
full reaction pathway for a nucleophilic substitution reaction
at silicon with and without a geminal donor atom, to explore
the empirically observed differences. The electronic effects
in the SiCN unit can be monitored during such reactions.
This work is in progress and will give more detailed insights
into the details of the a-effect.


Experimental Section


Preparation : N,N-Dimethylaminomethyltrichlorosilane[11] (4.6 g,
24 mmol) was condensed onto a frozen (�196 8C) suspension of antimony
trifluoride (4.5 g, 25 mmol) in toluene (15 mL). The mixture was allowed
to warm very slowly to ambient temperature, with a cold bath as heat re-
servoir. All volatile components were removed in vacuo and collected in
a cold trap. The contents of this trap were fractionated through a series
of cold traps held at �50 8C, �60 8C, �78 8C and �196 8C. The product
was collected in the �78 8C trap in the form of colourless crystals, which
melt at �39 8C to give a slightly thermolabile colourless liquid that is best
kept at liquid nitrogen temperature. The product yield was 24% (0.8 g,
5.5 mmol). Application of ultrasound after melting of the mixture leads
to better yields of up to 55%. 1H NMR (C6D6): d = 1.79 (s, 2H, H2C),
1.96 (s, 6H, H3C); 13C NMR: d = 40.9 (t, 1JC,H = 122.4 Hz, CH2),
48.5 ppm (qq, 1JC,H = 133.2 Hz, 3JCN,CH = 5.1 Hz, CH3);


15N{1H} NMR: d
= �373.2 ppm (s); 19F NMR: d = �61.9 ppm (s); 29Si NMR: d =


�65.6 ppm (qt, 1JSi,F = 236.9 Hz, 2JSi,CH = 4.6 Hz); IR (gas): ñ = 2988
(m), 2963 (m), 2915 (w), 2882 (w), 2836 (m), 2784 (s, CH), 1464 (m),
1410 (w), 1314 (w), 1259 (m), 1161 (m), 1134 (w), 1100 (w), 1030 (s, SiF),
972 (vs), 891 (vs), 835 cm�1 (w); MS (EI, 70 eV): m/z : 143 ([M]+), 126
([M+�CH3]), 114 ([M+�2CH3]), 85 ([F3Si]


+).


Crystal structures : A single crystal of (F3SiCH2NMe2)2 was generated by
slowly cooling the melt after establishing a solid–liquid equilibrium, using
a sample in a sealed Duran capillary. All but one of the crystals (an opti-
cally selected very small seed crystal) were then melted by locally warm-
ing the sample. Data collection was undertaken with a Nonius Turbo
CAD4 diffractometer. Graphite-monochromated MoKa radiation was
used (l = 0.71073 R). A crystal of [F4Si(F3SiCH2NMe2)2] was grown by
sublimation and very quickly transferred in a drop of perfluoropolyether
onto the tip of a glass fibre on the goniometer head of a Nonius Turbo
CAD4 diffractometer. The structures were solved by direct methods and
refined with the full-matrix least-squares procedure (SHELXTL[30])
against F2. The plots of the molecular structures represent thermal ellip-
soids at the 50% probability level. Details of the crystal data and refine-
ments are provided in Table 8. CCDC-267373 and CCDC-267374 contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.


Gas-phase structure determination : Electron diffraction data were col-
lected on Kodak Electron Image photographic films using the Edinburgh
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gas-phase electron diffraction apparatus.[31] The sample temperature of 3
was maintained at 258 K and that of the nozzle at 293 K to prevent
sample condensation in the nozzle. Nozzle-to-camera distances of
128.05 mm and 286.11 mm were used for the short- and long-range data
collections, respectively. The acceleration voltage was set to 40 kV, result-
ing in an electron wavelength of �6 pm. Precise camera distances (d)
and electron wavelengths (l) were determined by analysis of the scatter-
ing pattern of benzene immediately before or after the sample patterns
were recorded. Details of the weighting functions, scattering variables,
scale factors (k) and correlation parameters (q) are summarised in
Table 9. The elements of the weight matrix other than diagonal and im-
mediately off-diagonal terms were set to zero.[32] The scattering intensi-
ties were measured with an Epson Expression 1600 Pro flatbed scanner
and corrected to mean optical densities as a function of the scattering
variable, s, using an established program.[38] The data for the compound
studied were reduced and analysed using the ed@ed[33] program with the
scattering factors of Ross et al.[34]


A model of C1 symmetry was used to describe the vapour-phase mole-
cules of F3SiCH2NMe2 (3). The structure of 3 was defined in terms of five
bond lengths and differences, ten bond angles and differences, and five
dihedral angles (Table6; numbering shown in Figure 3). In accordance
with the calculations, local C3v symmetry was applied to describe the SiF3


and methyl groups. An average value was employed to describe the N�
CMe distances, with a difference parameter to define the remaining C�N
distance (p5). Although the SiF3 and methyl groups deviated from local
C3v symmetry at the highest level of calculation used, the discrepancy
was small and local C3v symmetry was used for these groups in the gas
electron diffraction (GED) model. Within the SiF3 group, the F-Si-F
angle (p6) was utilised to generate the C-Si-F angles. Differences in the
individual C-Si-F angles were then accounted for by applying ratios of a
difference parameter (p7).


Curvilinear perpendicular distance corrections (kh1) and RMS amplitudes
of vibrations (uh1) were obtained from the program SHRINK[35] using the


force field from the B3PW91/6-311++G** calculation. The independent
parameters and RMS amplitudes of vibration were then used to refine
the rh1 structure of F3SiCH2NMe2 in ed@ed (version 1.5) against the ex-
perimental data.


Ab initio calculations : Ab initio calculations on F3SiCH2NMe2 were per-
formed using the Gaussian 98 suite of programs[36] with the methods im-
plemented therein. SCF (RHF), perturbation (MP2), and hybrid-DFT
(B3LYP and B3PW91) levels of theory and Pople-type basis sets 3-21G,
6-31G and 6-311G including both diffuse and polarisation functions for
heavy and light atoms were employed. Frequency calculations were per-
formed at RHF and hybrid-DFT levels of theory to evaluate the nature
of stationary points. Calculations of natural bond orbitals (NBOs) and
wavefunctions, for analysis of the topology of the electron densities
(using the program AIM2000),[37] were performed at the MP2/6-311G-
(d,p) level. Solvent model simulations (SCIPCM), to assess the liability
of the molecular geometry to change due to solvation effects, were per-
formed using the Gaussian 03 suite of programs[36] with the methods im-
plemented therein.
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[9] K. Vojinović, L. McLachlan,
D. W. H. Rankin, N. W. Mitzel,
Chem. Eur. J. 2004, 10, 3033.


Table 8. Single-crystal X-ray diffraction experimental data.


F3SiCH2NMe2 F4Si(F3SiCH2NMe2)2


formula C3H8F3NSi C6H16F10NSi3
Mr 143.19 195.24
crystal system triclinic monoclinic
a [R] 5.7893(1) 6.4175(1)
b [R] 7.1947(1) 12.9740(2)
c [R] 14.7497(2) 8.6444(1)
a [8] 88.4683(6) 90
b [8] 87.8522(5) 94.085(7)
g [8] 68.9523(5) 90
V [R3] 572.909(15) 717.910(18)
T [K] 143(2) 143(2)
space group P1̄ P21/c
Z, Dcalc [g cm�3] 4, 1.660 4, 1.806
crystal size [mm3] 1.00V0.30V0.30 0.70V0.50V0.30
extinction coeff. 0.093(10) 0.011(4)
m [mm�1] 0.366 0.435
reflcollected/unique 47796/3602 2258/2258
Rint 0.0260 –
R1/wR2 (I>2s(I)) 0.0500/0.1351 0.0236/0.0635
R1/wR2 (all data) 0.0505/0.1356 0.0238/0.0636
D1fin [eR�3] �0.413/0.447 �0.304/0.358
CCDC no. 267373 267374


Table 9. Details of the GED experiment.


d [mm�1] Weighting functions [nm�1] q K[a] l [pm�1]
Ds smin sw1 sw2 smax


128.05 4.00 60 80 284 328 0.4744 0.753(20) 6.02
286.11 2.00 20 40 112 130 0.4962 0.923(17) 6.02


[a] Numbers in parentheses are estimated standard deviations of the last digit.


K 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 5114 – 51255124


N. W. Mitzel et al.



www.chemeurj.org





[10] N. W. Mitzel, C. Kiener, D. W. H. Rankin, Organometallics 1999, 18,
3437.


[11] N. W. Mitzel, Z. Naturforsch. B, 2003, 58, 369.
[12] N. W. Mitzel, Z. Naturforsch. B, 2003, 58, 759.
[13] N. Auner, R. Probst, F. Hahn, E. Herdtweck, J. Organomet. Chem.


1993, 459, 25.
[14] F. Carre, R. J. P. Corriu, A. Kpoton, M. Poirier, G. Royo, J. C.


Young, C. Belin, J. Organomet. Chem. 1994, 470, 43.
[15] Yu. E. Ovchinnikov, Yu. T. Struchkov, N. F. Chernov, O. M. Trofimo-


va, M. G. Voronkov, J. Organomet. Chem. 1993, 461, 27.
[16] V. A. Bain, R. C. G. Killean, M. Webster, Acta Crystallogr. Sect. B


1969, 25, 156.
[17] A. D. Adley, P. H. Bird, A. R. Fraser, M. Onyszchuk, Inorg. Chem.


1972, 11, 1402.
[18] C. Lustig, N. W. Mitzel, Organometallics 2003, 22, 242.
[19] R. Tacke, J. Brecht, O. Dannuppel, R. Ahlrichs, U. Schneider, W. S.


Sheldrick, J. Hahn, F. Kiesgen, Organometallics 1996, 15, 2060.
[20] a) R. M. Ibberson, M. Prager, Acta Crystallogr. Sect. B, 1996, 52,


892; b) G. M. Desiraju, T. Steiner, The Weak Hydrogen Bond,
Oxford University Press, Oxford, 1999.


[21] J. Emsley, The Elements, 2nd ed., Clarendon Press, Oxford, 1991.
[22] a) H. Jiao, P. von R. Schleyer, J. Am. Chem. Soc. 1994, 116, 7429–


7430; b) K. R. Leopold, in: Advances in Molecular Structure Re-
search, (Eds.: M. Hargittai, I. Hargittai), JAI Press, Greenwich, CT,
1996, Vol. 2, p. 103 ; c) K. R. Leopold, M. Canagaratna, J. A. Phillips,
Acc. Chem. Res. 1997, 30, 57.


[23] C. L. Perrin, J. Am. Chem. Soc. 1991, 113, 2865.
[24] a) J. E. Carpenter, F. Weinhold, J. Mol. Struct. 1988, 169, 41; b) J. E.


Carpenter, PhD thesis, University of Wisconsin, Madison, WI, 1987;
c) J. P. Foster, F. Weinhold, J. Am. Chem. Soc. 1980, 102, 7211;
d) A. E. Reed, F. Weinhold, J. Chem. Phys. 1983, 78, 4066; e) A. E.
Reed, F. Weinhold, J. Chem. Phys. 1983, 78–79, 1736; f) A. E. Reed,
R. B. Weinstock, F. Weinhold, J. Chem. Phys. 1985, 83, 735; g) A. E.
Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88, 899; h) F.
Weinhold, J. E. Carpenter, Plenum Press, 1988, p. 227.


[25] R. F. W. Bader, Atoms in Molecules—A Quantum Theory, Oxford
University Press, Oxford, 1990.


[26] Important examples which show the limitations of the meaning of
atomic interaction lines are: a) He@adamantane: A. Haaland, D. J.
Shorokhov, N. V. Tverdova, Chem. Eur. J. 2004, 10, 4416; b) the Co�
Co bond in [Co4(CO)12]: M. Finger, J. Reinhold, Inorg. Chem. 2003,
42, 8128; c) the bonding in solids like LiF and NaF: Y. A. Abramov,
J. Phys. Chem. A 1997, 101, 5725.


[27] N. Kocher, J. Henn, B. Gostevskii, D. Kost, I. Kalikhman, B. Engels,
D. Stalke, J. Am. Chem. Soc. 2004, 126, 5563.


[28] T. S. Koritsanszky, P. Coppens, Chem. Rev. 2001, 101, 1568.
[29] a) T. A. Keith, R. F. W. Bader, J. Chem. Phys. 1992, 96, 3447;


b) R. S. Ruoff, T. Emilsson, A. I. jman, T. C. Germann, H. S. Gutow-
ski, J. Chem. Phys. 1992, 96, 3441.


[30] SHELXTL 6.10, Bruker-AXS X-Ray Instrumentation Inc. Madison,
WI, 2000.


[31] C. M. Huntley, G. S. Laurenson, D. W. H. Rankin, J. Chem. Soc.
Dalton Trans. 1980, 6, 954.


[32] Y. Murata, Y. Morino, Acta Crystallogr. 1966, 20, 605.
[33] S. L. Hinchley, H. E. Robertson, K. B. Borisenko, A. R. Turner, B. F.


Johnston, D. W. H. Rankin, M. Ahmadian, J. N. Jones, A. H.
Cowley, Dalton Trans. 2004, 2469; http://www.ged.chem.ed.ac.uk/
edated.


[34] A. W. Ross, M. Fink, R. Hilderbrandt, International Tables for Crys-
tallography, Vol. C (Ed.: A. J. C. Wilson), Kluwer, Dordrecht, 1992,
p. 245.


[35] a) V. A. Sipachev, J. Mol. Struct. 1985, 121, 143; b) V. A. Sipachev
in: Advances in Molecular Structure Research, Vol. 5 (Eds.: I. Hargit-
tai, M. Hargittai), JAI, Greenwich, 1999, p. 263.


[36] a) Gaussian 98, revision A7, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
C. Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson, W.
Chen, M. W. Wong, J. L. Andres, M. Head-Gordon, E. S. Replogle,
J. A. Pople, Gaussian Inc., Pittsburgh, PA, 1998 ; b) Gaussian 03, re-
vision C.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven,
K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V.
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Peters-
son, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Ha-
segawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M.
Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C.
Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J.
Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Moro-
kuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski,
S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui,
A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T.
Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challa-
combe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonza-
lez, J. A. Pople, Gaussian Inc., Wallingford, CT, 2004.


[37] a) F. Biegler-Kçnig, J. Schçnbohm, D. Bayles, J. Comput. Chem.
2001, 22, 545.


[38] J. R. Lewis, R. J. Mawhorter, S. L. Hinchley, D. W. H. Rankin, un-
published results.


Received: March 29, 2005
Published online: June 30, 2005


Chem. Eur. J. 2005, 11, 5114 – 5125 www.chemeurj.org K 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5125


FULL PAPERModel for the a-Effect in Aminomethylsilanes



www.chemeurj.org






Molecular Recognition: Comparative Study of a Tunable Host–Guest System
by Using a Fluorescent Model System and Collision-Induced Dissociation
Mass Spectrometry on Dendrimers


Michael Pittelkow,[a, b] Christian B. Nielsen,[c] Maarten A. C. Broeren,[b]


Joost L. J. van Dongen,[b] Marcel H. P. van Genderen,[b] E. W. Meijer,*[b] and
Jørn B. Christensen*[a, b]


Introduction


Host–guest chemistry with dendrimers is an area of supra-
molecular chemistry that has developed fast in recent
years.[1–7] With the dendritic box as one of the first exam-
ples,[8] the field has developed towards systems that mimick
or interact with biological systems, that is, where the host–
guest chemistry involves binding to the surface of the den-
drimer, so-called exo complexation. One of the consequen-
ces of having a dendritic architecture is that a large number
of groups are presented at the surface of the structure. This
situation is well-suited for the study of multivalent interac-
tions in biological systems.[9,10] Some examples of previous
work are peptide dendrimers[7,11–13] and glycodendrim-
ers.[7,11,14–16] All of these systems, however, are based on co-
valent bonding of the surface groups to the dendritic struc-


Abstract: Host–guest interactions be-
tween the periphery of adamantylurea-
functionalized dendrimers (host) and
ureido acetic acid derivatives (guest)
were shown to be specific, strong and
spatially well-defined. The binding be-
comes stronger when using phosphonic
or sulfonic acid derivatives. In the pres-
ent work we have quantified the bind-
ing constants for the host–guest inter-
actions between two different host
motifs and six different guest mole-
cules. The host molecules, which re-
semble the periphery of a poly(propy-
lene imine) dendrimer, have been
fitted with an anthracene-based fluo-
rescent probe. The two host motifs
differ in terms of the length of the
spacer between a tertiary amine and


two ureido functionalities. The guest
molecules all contain an acidic moiety
(either a carboxylic acid, a phosphonic
acid, or a sulfonic acid) and three of
them also contain an ureido moiety ca-
pable of forming multiple hydrogen
bonds to the hosts. The binding con-
stants for all 12 host–guest complexes
have been determined by using fluores-
cence titrations by monitoring the in-
crease in fluorescence of the host upon
protonation by the addition of the
guest. The binding constants could be


tuned by changing the design of the
acidic part of the guest. The formation
of hydrogen bonds gives, in all cases,
higher association constants, demon-
strating that the host is more than a
proton sensor. The host with the longer
spacer (propyl) shows higher associa-
tion constants than the host with the
shorter spacer (ethyl). The gain in asso-
ciation constants are higher when the
urea function is added to the guests for
the host with the longer spacer, indicat-
ing a better fit. Collision-induced disso-
ciation mass spectrometry (CID-MS) is
used to study the stability of the six
motifs using the corresponding third
generation dendrimer. A similar trend
is found when the six different guests
are compared.
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ture. Noncovalent binding to the surface of a dendrimer
gives rise to a dynamic system, for which the optimal bind-
ing motif for a target can be molded from a dendritic host
and an ensemble of guest molecules. An important first step
in this direction was the preparation of host–guest com-
plexes between dendrimers and peptides.[17]


Recently a series of new host–guest motifs for exo com-
plexation of poly(propylene imine) dendrimers was intro-
duced.[18–22] This design is outlined in Scheme 1, where X is a


carboxylic acid, a phosphonic acid, or a sulfonic acid. The
adamantylurea-functionalized poly(propylene imine) den-
drimer (with the third generation shown in Scheme 1) serves
as a multivalent host for the guest molecules in a very selec-
tive manner, thus enabling the isolation of well-defined
complexes with one guest per host motif at the periphery of
the dendrimer. The complexation is due to a combination of
multivalent hydrogen bonding between the urea parts of the
guests and the host, and to an electrostatic interaction be-
tween the acidic part of the guest and the tertiary amine in


the host moiety. These systems were studied in solution by
NMR spectroscopy[19,23] and in the gas phase by electrospray
mass spectrometry.[21] Determination of the association con-
stants for the different systems would be desirable to gain
further insight into the complexation.


However, quantification of the association constants of
large dendrimers capable of binding several guest molecules
(up to 32 for the fifth-generation poly(propylene imine)
dendrimer) is difficult due to multiple equilibrium consider-
ations. A relatively simple solution to this challenge is to
quantify the association constants on model host compounds
containing only one binding site. This approach furthermore
has the advantage that it should allow faster screening of
new potential host–guest combinations. Herein we present
the quantification of the association constants for the host–
guest interactions between two different host motifs that re-
semble the periphery of a poly(propylene imine) dendrimer
and six different guest molecules by attaching a fluorescence
probe to the host. Furthermore, these complexes were inves-
tigated with collision-induced decomposition mass spectrom-
etry to evaluate their relative stabilities in the gas phase.
The difference in solution phase and gas phase stabilities is
discussed.


Results and Discussion


Molecular design : In earlier work we observed strong indi-
cations, that, in a purely qualitative manner, the binding af-
finity of the host–guest system is tunable by rational design
of the guest molecules.[19–21] As a result, we have designed
and synthesized a system in which it is possible to quantify
the association constants by fluorescence spectroscopy. We
chose to simplify the system, as compared with the multi-
functional dendrimer systems, by choosing a model host sub-
strate that only contains one binding site. A well-known,
and thoroughly studied, fluorescence probe is the 9-methyl-
anthracenyl moiety. This can conveniently be attached to
the host by using the amine functionality in the binding
motif. In this way, two different hosts (1 and 2) were synthe-
sized with different
spacer lengths between
the tertiary amine and
the ureido moieties.
Host 1 is equivalent to
the binding motif of the
periphery of the poly-
(propylene imine) den-
drimers and host 2
simply has an ethylene
spacer replacing the pro-
pylene spacer. Host 2
was prepared to study
the flexibility of the
host-binding motif.


The design of the orig-
inal type of host–guest


Scheme 1. a) Schematic representation of the host–guest system studied
and b) third-generation adamantylurea-terminated poly(propylene imine)
dendrimer that is capable of binding eight guest molecules.
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system, in which the guest has an ureido glycine tail that
binds to the host, opens the path to several structural modi-
fications. In earlier work it was shown that the ureido gly-
cine part can be substituted for a C-terminal peptide (in
which the carboxylic acid performs the electrostatic interac-
tion to the host) and the ureido part is replaced by an amide
from the peptide (that can form multiple hydrogen bonds to
the host). It has also been indicated, in a qualitative fashion,
that the binding strength of guests increases for complexes
in which the carboxylic acid part is substituted by a phos-
phonic acid or a sulfonic acid moiety. To
study this phenomenon in a systematic
manner and to quantify the binding
strengths, we prepared a series of
chloroform-soluble guest molecules 3–5
bearing the above-indicated binding
motifs. The attachment of a trisdodecy-
loxy benzoic acid part to the guest mole-
cules serves only solubility purposes and
is identical for all guests in this study.


The guest molecules 6–8, which lack
the ureido moiety, and thus the ability to
form hydrogen bonds to the ureido part
of the hosts, were prepared as reference
compounds. The binding properties of
these guests rely solely on the electro-
static interaction with the tertiary amine
functionality of the host molecules.
Thus, this series of guest molecules ena-


bles us to investigate the importance of rational design and
it makes it possible to rule out that the host–guest interac-
tion is more than merely a H+ sensor.


Synthesis : The two host molecules 1 and 2 were prepared
from the commercially available 9-(chloromethyl)anthra-
cene as outlined in Scheme 2. Reaction of 9-(chloromethyl)-
anthracene with the bis-boc-protected triamines[24] 9 and 10
yields, upon treatment with KI and K2CO3, the light- and
acid-sensitive bis-boc protected triamines 11 and 12 in good


yields. Deprotection of the boc protection groups was per-
formed under very mild conditions by treatment with a mix-
ture of phenol and TMSCl in CH2Cl2.


[25] After the deprotec-
tion and a basic workup, the crude triamines 13 and 14 were
allowed to react directly with adamantyl isocyanate to yield
the target host molecules (1 and 2) as white crystalline ma-
terials in high yields.


The synthesis of the carboxylic acid guest containing the
ureido functionality has been described elsewhere.[19] The
syntheses of the phosphonic acid guest 4 and the sulfonic
acid guest containing the ureido functionality (5) follow the
same overall synthetic strategy, and are outlined in Scheme 3.


The syntheses of the guest molecules lacking the ureido
functionalities proceeded by different protocols. The synthe-
sis of the carboxylic acid guest without the ureido function
(6) starts from methyl 11-bromoundecanoate (20;
Scheme 4),[28] which was treated with the gallic acid deriva-
tive[29] 15 to give the diester 21 in high yield. This diester
was selectively demethylated to give 6 by using LiI in pyri-
dine.[30,31]


The phosphonic acid guest 7 was prepared via the bro-
mide 23 by an Arbuzov reaction with trimethylphosphite
(Scheme 5). The bromide 23 was prepared from the gallic
acid precursor 15 via the acid fluoride 22 in a one-pot proce-
dure using fluoro-N,N,N’’,N’’-tetramethylformamidinium
hexafluorophosphate (TFFH/4-dimethylaminopyridine


Scheme 2. Synthesis of fluorescent hosts 1 and 2. Reagents and conditions: a) KI, K2CO3, DMF,
68% (11), 75 % (12); b) TMSCl, PhOH, CH2Cl2; c) AdNCO, CH2Cl2, 60% (1), 96 % (2) (two steps).
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(DMAP) as the coupling reagents.[32] Demethylation of 24
to yield 7 was carried out using TMSCl and NaI in refluxing
CH3CN.


The sulfonic acid guest 8 was prepared via 10-hydroxyde-
cane-1-sulfonic acid 25 through an ester-formation reaction
using TFFH/DMAP[32] in CH2Cl2.


Fluorescence : Fluorescence titration experiments are an
ideal method to determine the binding constants of the six
guest molecules to the two host molecules.[34] These were
carried out by increasing the total concentration of the
highly soluble (in CHCl3) guest molecules in a solution with
a constant total concentration of host molecules and moni-
toring the increase in the fluorescence intensity. The fluores-
cence spectra from a titration (between host 1 and guest 3)
are shown in Figure 1. From the fluorescence spectra, we
see that the addition of more than 50 equivalents of guest
molecules does not lead to a further increase of the fluores-
cence intensity. Thus, this maximum in intensity (Imax) indi-
cates that all the host molecules have bonded guest mole-
cules. Similarly, the lowest intensity measured (I0) is due
only to the host molecule (no guest present). The degree of
complexation of host molecules is thus defined as a= (I�I0)/
(Imax�I0) and from this value we can calculate the actual
guest concentration in the sample as [G]=CG�aCH, where
CG is the total guest concentration and CH is the total host
concentration in the sample. By plotting the degree of com-
plexation as a function of the actual guest concentration
([G]) we obtain a Bjerrum S-diagram to which we can fit a
sigmoidal function and deduce the association constant (see
Figure 2). In the analysis described above we have assumed


Scheme 3. Synthesis of guests 4 and 5. Reagents and conditions: a) DCC, DMAP, CHCl3, 67%; b) 1: HCl, diethyl ether, 2: NaOH, 3: tricarbonate; c)
aminomethanesulfonic acid, pyridine, 62%; d) di-tert-butyl aminomethylphosphonate, CHCl3, 49 %; e) TFA, CH2Cl2, quant.


Scheme 4. Synthesis of carboxylic acid guest 6. Reagents and conditions:
a) 15, K2CO3, DMF, 99 %; b) LiI, pyridine, 51%.
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1:1 stoichiometry between the guest and the host. This as-
sumption is confirmed by the fact that we only observe one
equivalence point in the Bjerrum S-diagram and the good


quality of the sigmoidal fit to the experi-
mental data points (see Figure 2).[18,20]


The association constants for the 12 dif-
ferent complexes were obtained from the
sigmoidal curves by fitting a sigmoidal
function to the data points using nonlinear
regression (see Table 1).


Association constants for the binding of
ureido acetic acid guests substituted with
oligo(p-phenylene vinylenes) to a methyl-
analogue of 2 were reported previously.[22]


The association constants (in CDCl3) de-
termined by NMR titration were found to
be highly dependent on the length of the
oligomer, probably due to self-association
of the guests. The Ka values found were in
the range from 300 to 13000m�1.


For the same binding motif, but with a different tail, we
find Ka=466m�1, which is in the interval previously report-
ed.


Mass spectrometry : Recently we observed complexes of a
third-generation adamantylurea dendrimer (from now on re-
ferred to as D) with several guest molecules in the gas
phase using electrospray-ionization mass spectrometry.[21] It
was also possible to compare the binding strength of differ-
ent guest molecules in a qualitative manner using collision-
induced dissociation. In this technique an ion, consisting of
the dendrimer plus two different guest molecules, is selected
after it is accelerated. Subsequently the ion enters the colli-
sion cell, which contains argon gas. The ion collides with the
argon atoms, which, as a fraction of the ionLs kinetic energy
is transferred into internal energy, results in fragmentation
of the supramolecular complex. The guest molecule that dis-
sociates from the dendrimer first is more weakly bound to
the dendrimer than the other guest. This methodology is
comparable to the kinetic method developed by Cooks and
co-workers, which is a procedure for estimating thermo-
chemical information based on the rates of competitive dis-
sociations of mass-selected cluster ions.[35–38] However, in our
case, the conversion of collision energy to internal energy is


Scheme 5. Synthesis of phosphonic acid guest 7. Reagents and conditions: a) TFFH, Et3N, DMAP,
CH2Cl2, 87%; b) 1: TFFH, Et3N, CH2Cl2, 2: 10-bromodecanol, DMAP, 90%; c) P(OEt)3, 110 8C,
three days, 60 %; d) TMSCl, NaI, CH3CN, 89 %.


Figure 1. Fluorescence spectra of a titration between host 1 and guest 3.


Figure 2. Bjerrum S-diagram for the host 1 and carboxylic acid guest 3.


Table 1. Association constants for the complexes formed between hosts
1–2 and guests 3–8 and the required voltage for the dissociation of the
guests from the G3Ad dendrimer.


Complex Association constant Mass spectrometry
(M102


m
�1) range in which guest dissociates [V][a]


2 1 G3Ad


3 4.66�0.27 7.76�0.43 25–55
6 3.87�0.65 1.64�0.11 –
4 127�9 685�125 40–70
7 62.3�4.3 113�6 30–55
5 864�282 967�57 60–85
8 375�39 253�25 45–65


[a] Required voltage for dissociation of the guests from the G3Ad den-
drimer.
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hard to quantify as multiple collisions occur in the collision
cell (see Experimental Section for details). Furthermore,
owing to the larger number of degrees of freedom in a
larger molecule, it is even more difficult to accurately deter-
mine the amount of internal energy upon ion activation.[39, 40]


However, it is in our view valid to compare the binding of
guests 3–8 to dendrimer D in the gas phase in a qualitative
manner.


First, the six different complexes were made, each consist-
ing of four equivalents of guest 3–8 added to D. All samples,
except for guest 6, give mass spectra that show complexation
to the dendrimer, indicating that these complexes are stable
enough to be observed in the gas phase. A typical spectrum
is shown in Figure 3.


These results show that for the phosphonic and sulfonic
acid guests, the urea group is not required to obtain a com-
plex that is stable enough to survive the transfer from solu-
tion to the gas phase.


To investigate the influence of the urea groups on the
binding strength with D, collision-induced dissociation ex-
periments were performed to determine the relative binding
strength of 4 versus 7, and 5 versus 8. Therefore, a sample
containing two equivalents of 4 and two equivalents of 7
added to D was prepared. A further sample with two equiv-
alents of 5 and two equivalents of 8 added to D in chloro-
form was also prepared. Both samples gave complexes
showing the statistical combinations of guests bound to den-
drimer (not depicted). From the first sample, ion (D·-
(41+71))3+ was selected and subjected to collision-induced
dissociation.


The applied voltage is a measure for the kinetic energy of
the ion prior to injection into the collision cell. The (D·-
(41+71))3+ ion remains stable until 25 V, but starts to frag-
ment when the voltage is further increased. The first major
product of fragmentation is (D·(41))3+ , which has an m/z


value of 1812.3. This means that 7 dissociates first from the
dendrimer as a neutral species and is the weaker binding
guest. The dissociation is not 100 % selective as the peak of
(D·(71))3+ is present at m/z 1807.1; however, the intensity of
this ion is almost negligible. Guest 4 also starts to dissociate
when the voltage is further increased, resulting in bare
(D)3+ (m/z 1508.6) at roughly 70 V. This means that guest 4
binds stronger to host D than guest 7 in the gas phase. Thus,
the urea groups positively influence binding to the dendrim-
er. Some other peaks are also present in the mass spectra.
They correspond to the dendrimer that has lost one to four
adamantyl groups. Covalent bond dissociation of host D
starts to take place at higher voltages, resulting in the peaks
with a m/z value below 1508.6. Interestingly, covalent bond
dissociation can also occur while a guest molecule is still at-
tached. The ion with m/z 1761.9 corresponds to (D·(41))3+


which has lost one adamantyl group but still contains a guest.
A similar trend is observed for the sulfonic acid guests.


Collision-induced dissociation applied to (D·(51+81))3+


shows that guest 8 dissociates from the dendrimer first, re-
sulting in the ion with m/z 1812.3 (Figure 4). Subsequently


guest 5 dissociates. This again indicates that the guest mole-
cule without the urea group is the weaker binding guest in
the gas phase, which is in agreement with the fluorescence
experiments in chloroform. Unfortunately, the technique
could not be used to directly compare the difference in
binding strength between phosphonic acid guest 4 and sul-
fonic acid guest 5 (or guest 7 and 8), as these guest mole-
cules have an almost identical mass. Consequently it is not
possible to observe which guest molecule dissociates first.
However, there are indications that the sulfonic acid guests
bind stronger than the phosphonic acid guests based on the
applied voltage. The acceleration voltage required for the
ions to start fragmenting is higher for (D·(51+81))3+ than for
(D·(41+71))3+ . This indicates that sulfonic acid guests 5 and
8 bind stronger to host D than phosphonic acid guests 4 and
7. These observations are further supported by the degree of


Figure 3. ESI Mass spectrum of a sample containing four equivalents of 5
added to D in chloroform. 4+ ions: red, 3+ ions: blue, 2+ ions: green.
The number indicates the amount of guest that is bound to the dendrim-
er.


Figure 4. Collision induced dissociation performed on ion (D·(51+81))3+ .
Guest 8 is depicted in green and guest 5 is depicted in blue. Besides non-
covalent fragmentation, severe covalent fragmentation of D results in ad-
ditional ions.
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covalent fragmentation. While for the (D·(41+71))3+ ion the
adamantyl groups dissociate to some extent, severe covalent
dissociation of the adamantyl groups of D is observed for
(D·(51+81))3+ , eventually resulting in host D that has lost
one to ten adamantyl groups at 85 V. This also indicates that
the sulfonic acid guests bind stronger. In conclusion, two
general trends are observed from the mass spectrometry
measurements. When we compare two guest molecules with
identical acid head groups that only differ in the presence of
the ureido moiety (3 versus 6, 4 versus 7, 5 versus 8), the
guests with the ureido functionality always bind stronger
(Table 1). For guests 3 and 6 this is represented in the fact
that no stable complexes are observed for guest 6. Further-
more, when the acid strength of the guest is increased so
that all contain the ureido groups (3 versus 4 versus 5), the
binding strength also increases.


Discussion and Conclusions


The results of the fluorescence studies in chloroform depict-
ed in Table 1 clearly show that the guest molecules contain-
ing the urea functionality bind stronger to both host mole-
cules (1 and 2) than the guest molecules lacking the urea
functionality. Thus, from these results we conclude that we
actually observe molecular recognition and not just differen-
ces in pKa values among the guests. Also, it is evident from
the results in Table 1 that the three designed guests (3, 4,
and 5) bind slightly stronger to host 1 than to host 2, though
these differences are minor. The effect is most pronounced
for the phosphonic acid guest 4 that binds approximately
five times stronger to host 1 than to host 2.


In general, the gain in binding strength, when going from
the guests lacking the urea functionality (6–8) to the guests
having the urea function incorporated (3–5), is larger for
host 1 than for host 2. For host 1 (the host containing propyl
spacers) the association constants are 4–5 times higher for
the guests with the urea functionality but only 1–2 times
higher in the case of host 2 (the host containing ethyl
spacers). This, combined with the fact that the binding
strength in general is slightly higher, strongly suggest that
guests fit better with the cavity of host 1 than the cavity of
the host 2. This conclusion can be drawn because the gain in
association constant has an entropy and an enthalpy contri-
bution, and we assume that the enthalpies are comparable,
which is reasonable because the main contribution to the
enthalpy term is the electrostatic interaction. As the host–
guest complexes represent a more highly ordered state than
the guest and the host on their own, the entropy of the reac-
tion will constitute a negative contribution to the association
constant. This cost of entropy is larger for the host with the
longer spacer groups because it has more degrees of free-
dom, and this must mean that the gain in binding strength is
due to a better fit.


An important point to note is that the two sulfonic acid
guests 5 and 8 are present as their pyridinium salts. This
makes the pyridinium ion the acidic part of the guest and


not the sulfonic acid. This provides strong evidence for the
fact that the association constants for the urea-modified
guests are due to a better recognition of the guest and not
merely a matter of the acidic moiety being more acidic
when a urea function is present at the b-carbon atom to the
acidic function.


In our attempts to fully understand the dendrimer-based
multivalent supramolecular complexes, we studied the gas-
phase stabilities of the complexes as well. It is tempting to
compare these results with the fluorescence model studies in
solution. However, discrepancies between gas-phase binding
and binding strengths in aqueous media have often been ob-
served.[41,42] The main reasons are that electrostatic interac-
tions and dipolar noncovalent interactions are strengthened
in the absence of solvent shielding, while hydrophobic inter-
actions become less important in the absence of solvent.[41]


In our case we compare the gas-phase experiments to those
in chloroform instead of aqueous media. Chloroform is an
aprotic solvent, and a non-competing solvent to acid–base
and hydrogen-bonding interactions due to the low dielectric
constant.[43–46] Therefore, some comparisons between chloro-
form and the gas phase can be made. With this in mind we
find that the mass spectrometry results in the gas phase are
in reasonable agreement with the fluorescence experiments
in chloroform. In all cases the guest molecules with urea
groups bind stronger than the guest molecules without urea
groups. Furthermore, an increase in binding strength is ob-
served when the acidity of the head group becomes stron-
ger.


In conclusion, we have presented design and synthetic
procedures for a series of novel guest molecules for supra-
molecular functionalization of specific host molecules. Also,
two novel piner-type fluorescence host molecules have been
designed and synthesized. Finally, we have presented a
simple method for evaluating a new host–guest system
based on a combination of noncovalent interactions using a
simple fluorescent probe. The host–guest system is highly
flexible with respect to the host motif, and the association
constants can be tuned by varying the design of the guest.
The relatively high association constants of this all-organic
host–guest system makes it an appealing alternative in the
construction of supramolecular materials that can compete
with metal-based and natural supramolecular materials.


The results presented herein complement earlier findings
for this host–guest motif in large dendrimers both in solu-
tion and in the gas phase.


Experimental Section


General methods : Solvents were HPLC grade and were used as received.
1H NMR and 13C NMR spectra were recorded on a 300 MHz NMR
(Varian) apparatus (300 MHz for 1H NMR and 75 MHz for 13C NMR) or
on a 400 MHz NMR (Bruker) apparatus (400 MHz for 1H NMR and
100 MHz for 13C NMR). Proton chemical shifts are reported in ppm
downfield from tetramethylsilane (TMS) and carbon chemical shifts in
ppm downfield of TMS using the resonance of the deuterated solvent as
internal standard. Melting points were measured on a BNchi B-140 appa-
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ratus and are uncorrected. Elemental analysis was performed by Mrs
Karin Linthoe on a Perkin-Elmer Series II, 2400 elemental analyser.
Fast-atom bombardment (FAB) mass spectra were recorded on a Jeol
JMS-HX 110A Tandem Mass Spectrometer in the positive ion mode
using m-NBA as the matrix. HRMS were recorded on a Micromass Q-
TOF apparatus using the electrospray ionization (ESI) technique. All
column chromatography was performed on Merck Kiselgel 60 (0.015–
0.040 mm) using the dry column vacuum chromatography (DCVC) tech-
nique.[49] All fluorescence measurements were performed by using Spec-
trosolve grade solvents and the solutions were degassed for 15 min prior
to use. Emission spectra were measured on a FLS920 spectrometer from
Edinburgh Instruments. The instrument is fitted with a 450-W Xe lamp
for steady-state measurements. The detecting system comprises a single-
photon-counting PMT detector in a Peltier cooled housing. All spectra
were measured in a perpendicular geometry using 1-cm quartz cuvettes.


The ESI mass spectra of the dendrimer complexes were recorded with a
Q-Tof Ultima GLOBAL mass spectrometer (Micromass, Manchester,
UK) equipped with a Z-spray source. The samples (10 mL) were injected
in the flow injection analysis (FIA) mode. The HPLC-grade chloroform
was pumped with a Shimadzu LC-10 ADvp at a flow rate of 30 mLmin�1.
Electrospray ionization was achieved in the positive-ion mode by applica-
tion of 5 kV on the needle. The source block temperature was maintained
at 60 8C and the desolvation gas was heated to 60 8C. Argon collision gas
was introduced into the central hexapole collision cell of the mass spec-
trometer in collision-induced dissociation (CID) experiments. The pres-
sure in the collision cell corresponds to approximately 0.8 mTorr (1 M
10�6 bar). With a collision cell length of 18.5 mm, multiple collisions
occur in the collision cell.[39, 47, 48]


For the regular mass spectrometry experiments all complexes were pre-
pared by adding four equivalents of guest to the dendrimer in a total con-
centration of 1 mg mL�1 in chloroform. To 400 mL of each of these solu-
tions was added 100 mL of a 1 % acetic acid in chloroform solution. For
the MS/MS experiments, two equivalents of each guest molecule were
added to the dendrimer in a total concentration of 1 mg mL�1 in chloro-
form. To 400 mL of these solutions was added 100 mL of a 1% acetic acid
in chloroform solution. This mixture was immediately injected in the
mass spectrometer. The small amount of acetic acid is used to protonate
the dendrimer interior. When no acetic acid is used, no ions are observed
in the mass spectrum. When too much acetic acid is used, the solvent de-
stroys the supramolecular aggregate and only bare dendrimer D is ob-
served. Under these conditions, we mostly observed the 4+ and 3+ ions
as well as small amounts of the 2+ ion. As the 3+ ions are often the
predominant species, all MS/MS experiments were performed with this
ion. MS/MS experiments performed on the 2+ ion gave different voltag-
es of dissociation, but never changed the order of dissociation when two
different guests were compared when bound to the same dendrimer.


1-(3-{Anthracen-9-ylmethyl-[3-(3-adamantyl-ureido)propyl]amino}prop-
yl)-3-adamantylurea (1): Compound 12 (2.65 g, 5.16 mmol) dissolved in
dry CH2Cl2 (50 mL) was added to a mixture of TMSCl (5.61 g, 6.55 mL,
51.63 mmol) and phenol (4.86 g, 51.63 mmol) in dry CH2Cl2 (50 mL).
This reaction mixture was stirred overnight under an N2 atmosphere at
room temperature. Water (50 mL) was added and the mixture was acidi-
fied with aqueous HCl (2m). After vigorous stirring for 1 h, the phases
were separated and the aqueous phase was washed with CH2Cl2 (2 M
75 mL). The aqueous phase was made strongly alkaline by addition of
aqueous NaOH (12m) and extracted with CH2Cl2 (3 M 75 mL). The organ-
ic phases were concentrated in vacuo to yield the crude deprotected tria-
mine as a slightly yellow oil. This was redissolved in dry CH2Cl2 (50 mL)
and adamantyl isocyanate (1.92 g, 10.84 mmol) was added and the reac-
tion mixture was stirred overnight at room temperature under N2. The re-
sulting precipitate was filtered off, washed with cold CH2Cl2, and recrys-
tallized from EtOH to yield 1 as a white solid. Yield 3.30 g, 96%; m.p.
156–158 8C; 1H NMR (300 MHz, CDCl3): d=8.25–8.35 (m, 3H), 7.90–
7.95 (m, 2H), 7.40–7.50 (m, 4 H), 4.80 (br s, 2 H), 4.45 (s, 2 H), 4.20 (br s,
2H), 2.95–2.98 (m, 4H), 2.57–2.62 (m, 4H), 1.95–1.98 (m, 6H), 1.88–1.92
(m, 12H), 1.80–1.86 ppm (m, 16H); 13C NMR (75 MHz, CDCl3): d=


157.9, 131.5, 129.4, 126.5, 125.0–125.4, 124.8, 55.5, 51.4, 50.9, 42.7, 38.2,
36.7, 29.9, 27.0 ppm; MS (positive-ion mode FAB): m/z : 676.9 [M+H]+ ;


elemental analysis (%) calcd for C43H57N5O2: C 76.41, H 8.50, N 10.36;
found: C 76.20, H 8.61, N 10.36.


1-(2-{Anthracen-9-ylmethyl-[2-(3-adamantylureido)ethyl]amino}ethyl)-3-
adamantylurea (2): Synthesized as compound 1 from precursor 11. The
product was purified by dry column vacuum chromatography (from hep-
tane to EtOAc with 20% increments, followed by EtOAc to 20 %
MeOH in EtOAc with 3% increments) to yield 2 as an off-white solid.
Yield 0.62 g, 60%; m.p. 140–142 8C; 1H NMR (300 MHz, CDCl3): d=


8.25–8.38 (m, 3H), 7.94–7.98 (m, 2H), 7.40–7.55 (m, 4H), 4.50 (br s, 2H),
4.42 (br s, 2 H), 4.05 (br s, 2H), 3.05–3.10 (m, 4H), 2.57–2.62 (m, 4 H),
1.95–1.98 (m, 6 H), 1.88–1.92 (m, 12 H), 1.8–1.86 ppm (m, 12H);
13C NMR (75 MHz, CDCl3): d=157.9, 131.6, 129.4, 128.0, 126.5, 125.4,
125.3, 125.1, 125.0, 54.9, 51.2, 50.9, 42.6, 38.1, 36.7, 29.8 ppm; MS (posi-
tive-ion mode FAB): m/z : 648.9 [M+H]+ ; elemental analysis (%) calcd
for C41H53N5O2: C 76.01, H 8.25, N 10.81; found: C 76.21, H 8.41, N
10.66.


6-(3-Phosphonomethylureido)hexyl 3,4,5-tris-dodecyloxybenzoate (4):
Compound 19 (0.400 g, 0.39 mmol) was dissolved in dry dichloromethane
(10 mL) and trifluoroacetic acid (TFA; 10 mL) was added under a nitro-
gen atmosphere to the stirring solution using a syringe. After the reaction
mixture had been stirred for 3 h at room temperature, the solvent was re-
moved in vacuo. The resulting off-white solid was dried in a vacuum
oven at 70 8C overnight; yield 0.355 g (100 %); m.p. 206–208 8C; 1H NMR
(400 MHz, CDCl3): d=7.22 (s, 2 H), 4.25 (m, 2 H), 3.99 (m, 6H), 3.57 (m,
2H), 3.15 (m, 2 H), 1.69–1.84 (m, 8H), 1.40–1.54 (m, 8 H), 1.24–1.38 (m,
52H), 0.84–0.91 ppm (t, J=5.8 Hz, 9H); 13C NMR (100 MHz, CDCl3):
d=167.0, 160.5, 153.2, 142.7, 125.0, 108.5, 73.8, 69.5, 65.2, 40.8, 32.2, 30.6,
30.0, 29.95, 29.90, 29.85, 29.70, 29.60, 28.9, 26.6, 26.4, 26.3, 25.7, 23.0,
14.4 ppm; elemental analysis (%) calcd for C51H95N2O9P: C 67.20, H
10.52, N 3.07; found: C 67.47, H 10.19, 3.02; MS (negative-ion mode
FAB): m/z : 910 [M�H]� .


Pyridinium {3-[6-(3,4,5-tris-dodecyloxybenzoyloxy)hexyl]ureido}methane-
sulfonate (5): tert-Butyl protected amine 17 (1.0 g, 1.1 mmol) was dis-
solved in anhydrous CH2Cl2 (15 mL) and a solution of HCl in diethyl
ether (5 mL, 1m) was added. The solution was stirred for 1 h at room
temperature. The mixture was made strongly alkaline with aqueous
NaOH (30 mL, 2m) and the organic phase was separated. The aqueous
phase was extracted with chloroform (2 M 30 mL), and the combined or-
ganic phases were dried over Na2SO4 and concentrated in vacuo. The
crude amine was redissolved in anhydrous chloroform (10 mL) and a so-
lution of di-tert-butyl tricarbonate[27] (0.30 g, 1.1 mmol) dissolved in anhy-
drous chloroform was added. This was stirred at room temperature over-
night (a characteristic peak at 2250 cm�1 in the IR spectrum of the crude
mixture confirmed the presence of an isocyanate). The reaction mixture
was concentrated under reduced pressure. The crude isocyanate was re-
dissolved in pyridine (10 mL), and aminomethane sulfonic acid (134 mg,
1.2 mmol) was added to the reaction mixture. This reaction mixture was
heated to 60 8C for 36 h. The reaction mixture was concentrated under re-
duced pressure. The crude product was redissolved in chloroform and fil-
tered. The mother liquor was concentrated under reduced pressure yield-
ing a white solid that was fractionally recrystallized from ethanol to yield
5 as a white solid. Yield 0.70 g, 62 %; M.p. 158–160 8C; 1H NMR
(400 MHz, CDCl3): d=9.05 (d, J=4.9 Hz, 2H), 8.39 (t, J=7.8 Hz, 1H),
7.94 (t, J=7.8 Hz, 2 H), 7.22 (s, 2H), 4.37 (br s, 2H), 4.23 (t, J=6.8 Hz,
2H), 3.96–4.02 (m, 8 H), 3.09 (t, J=6.8 Hz, 2 H), 1.67–1.84 (m, 8H), 1.41–
1.51 (m, 6H), 1.20–1.39 (m, 54 H), 0.87 ppm (t, 9 H); 13C NMR (100 MHz,
CDCl3): d=166.7, 159.3, 153.1, 145.7, 142.9, 142.5, 127.2, 125.2, 108.2,
73.7, 69.4, 65.2, 57.7, 40.6, 32.2, 30.6, 30.1, 30.0, 29.95, 29.9, 29.8, 29.7, 29.6
(2 M ), 28.9, 26.7, 26.4, 26.3, 25.8, 23.0, 14.4 ppm; MS (negative-ion mode
FAB): m/z : 910 [M�pyridinium]� ; elemental analysis (%) calcd for
C56H99N3O9S: C 67.89, H 10.09, N 4.24; found: C 67.53, H 9.92, N 3.91.


10-Carboxydecyl 3,4,5-tris-dodecyloxybenzoate (6): LiI (0.57 g, 4.2 mmol,
dried in vacuo overnight at 170 8C) was co-evaporated twice with dry pyr-
idine (25 mL). The resulting anhydrous LiI was redissolved in pyridine
(25 mL), and ester 21 (0.50 g, 0.57 mmol) was added to the solution. The
reaction mixture was heated to reflux for 48 h. After the reaction mixture
was cooled to room temperature, water (50 mL) was added and acidifica-
tion performed with aqueous HCl (4m). This was extracted with CH2Cl2
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(3 M 50 mL) and the combined organic phases were evaporated to dryness
in vacuo and purified by dry column vacuum chromatography (heptane
to 1:1 heptane/EtOAc with 5 % increments) to yield 6 as a white solid.
Yield 0.25 g, 51 %; m.p. 55–57 8C; 1H NMR (400 MHz, CDCl3): d=7.22
(s, 2H), 4.24 (t, 2 H), 3.97 (t, 6H), 2.31 (t, 2 H), 1.68–1.78 (m, 8H), 1.58–
1.62 (m, 2 H), 1.41–1.45 (m, 8H), 1.23–1.40 (m, 58 H), 0.83 ppm (t, 9H);
13C NMR (100 MHz, CDCl3): d=177.5, 166.4, 152.7, 142.3, 124.94, 107.9,
73.4, 69.1, 65.0, 33.5, 31.8, 30.2, 28.6–29.6, 25.9, 24.6, 22.6, 14.0 ppm; MS
(negative-ion mode FAB): m/z : 857.3 [M�H]� ; elemental analysis (%)
calcd for C54H98O7: C 75.47, H 11.49; found: C 75.37, H 11.69.


3,4,5-Tris-dodecyloxybenzoic acid 10-phosphonodecyl ester (7): Com-
pound 24 (0.923 g, 1.0 mmol) and NaI (0.30 g, 2.0 mmol) was suspended
in CH3CN (10 mL) and TMSCl (0.25 mL, 1.96 mmol) was added under
N2 at room temperature using a syringe. The reaction mixture was heated
to 50 8C for 15 min, water (50 mL) was added and the reaction mixture
was stirred vigorously for 5 h. The reaction mixture was then extracted
with CH2Cl2 (3 M 50 mL) and the combined organic phases dried
(Na2SO4), filtered, and concentrated in vacuo. The residue was recrystal-
lized from acetone to yield a white solid. Yield 0.80 g, 89 %; m.p. 62–
64 8C; 1H NMR (400 MHz, CDCl3): d=10.42 (br s, 2H), 7.24 (s, 2H),
4.27 (t, 2 H), 4.00 (t, 8H), 1.75–1.83 (m, 12H), 1.40–1.46 (m, 8H), 1.26–
1.35 (m, 56 H), 0.87 ppm (t, 9 H); 13C NMR (100 MHz, CDCl3) d 166.4,
152.7, 142.3, 124.9, 108.0, 73.4, 69.1, 65.0, 31.8, 30.2, 29.6, 29.55, 29.5, 29.4,
29.35, 29.3, 29.2, 29.0, 28.7, 26.1, 26.0, 25.9, 22.6, 14.0 ppm; MS (negative-
ion mode FAB): m/z : 893.6 [M�H]� ; elemental analysis (%) calcd for
C53H99O8P: C 71.10, H 11.15; found: C 70.81, H 11.22.


Pyridinium 10-(3,4,5-tris-dodecyloxybenzoyloxy)-decane-1-sulfonate (8):
Carboxylic acid 15 (1.40 g, 2.07 mmol) and TFFH[50] (0.55 g, 2.07 mmol)
were suspended in CH2Cl2 (50 mL), and Et3N (1.44 mL, 10.3 mmol) was
added using a syringe. The reaction mixture was stirred for 30 min and
then alcohol 25 (0.50 g, 2.10 mmol) and DMAP (50 mg) was added. The
reaction mixture was stirred overnight and was then evaporated to dry-
ness in vacuo. Water (50 mL) was added and acidified by addition of con-
centrated HCl, and the mixture was then extracted with CH2Cl2 (3 M
60 mL). The combined organic phases were evaporated to dryness and
recrystallized from acetone. This yielded the free sulfonic acid, which was
converted to the corresponding pyridinium salt by dissolving it in pyri-
dine (25 mL) and evaporating to dryness in vacuo. The resulting oil was
crystallized from acetone to yield 8 as a white solid. Yield 1.72 g, 85%;
m.p. 49–52 8C; 1H NMR (300 MHz, CDCl3): d=8.88–8.92 (m, 1H), 8.38–
8.42 (m, 1 H), 8.18–8.22 (m, 1H), 7.94–7.97 (m, 1H), 7.24 (br s, 2 H),
6.63–6.68 (m, 1H), 4.21 (t, 2 H), 3.98 (t, 6H), 3.16 (br s, 1 H), 3.05–3.10
(m, 2 H), 2.95 (t, 2H), 1.67–1.80 (m, 10 H), 1.20–1.35 (m, 64H), 0.85 ppm
(t, 9H); 13C NMR (75 MHz, CDCl3): d=167.1, 153.0, 142.6, 140.1, 127.2,
125.6, 108.4, 106.8, 73.8, 69.5, 65.3, 52.0, 46.3, 40.4, 32.2, 30.5, 29.5–30.0,
29.0, 28.9, 26.5, 25.0, 23.0, 14.7 ppm; MS (negative-ion mode FAB): m/z :
894.4 [M�HPy]� ; elemental analysis (%) calcd for C58H103NO8S: C 71.48,
H 10.65, N 1.44; found: C 71.67, H 10.74, N 1.45.


tert-Butyl {2-[Anthracen-9-ylmethyl-(2-tert-butoxycarbonylaminoethyl)-
amino]ethyl}carbamate (11): 9-(Chloromethyl)-anthracene (0.50 g,
2.21 mmol), boc-protected triamine 9[24] (0.74 g, 2.43 mmol), KI (0.37 g,
2.21 mmol), and K2CO3 (0.31 g, 2.21 mmol) was suspended in dry DMF
(25 mL) and stirred overnight at room temperature under N2. Water
(40 mL) was added and the mixture was extracted with CH2Cl2 (2 M
50 mL). The combined organic layers were evaporated to dryness and pu-
rified by dry column vacuum chromatography (heptane to 1:1 EtOAc/
heptane with 5% increments) to yield 11 as a pale yellow solid. Yield
0.81 g, 75 %; m.p. 138–140 8C; 1H NMR (300 MHz, CDCl3): d=8.31–8.36
(m, 3 H), 7.92–7.95 (m, 2H), 7.36–7.49 (m, 4 H), 4.55 (br s, 1 H), 4.50 (s,
2H), 3.01–3.09 (m, 2H), 2.56–2.63 (m, 2H), 1.29 ppm (br s, 18H);
13C NMR (75 MHz, CDCl3): d=155.8, 131.3, 131.0, 129.3, 129.1, 127.7,
125.9, 124.8, 124.3, 78.8, 53.4, 51.1, 38.3, 28.3 ppm; MS (positive-ion mode
FAB): m/z : 494.7 [M+H]+ ; elemental analysis (%) calcd for C29H39N3O4:
C 70.56, H 7.96, N 8.51; found: C 70.40, H 8.13, N 8.46.


tert-Butyl {3-[Anthracen-9-ylmethyl-(3-tert-butoxycarbonylaminoprop-
yl)amino]propyl}carbamate (12): 9-(Chloromethyl)-anthracene (0.50 g,
2.21 mmol), boc-protected triamine 10[24] (0.804 g, 2.43 mmol), K2CO3


(0.31 g, 2.21 mmol) and KI (0.367 g, 2.21 mmol) was suspended in dry


DMF (15 mL) under N2. The reaction mixture was stirred overnight at
room temperature. Water (40 mL) was added and the reaction mixture
was extracted with CH2Cl2 (2 M 50 mL). The combined organic phases
were evaporated to dryness and purified by dry column vacuum chroma-
tography (heptane to 50% EtOAc in heptane with 5% increments) to
yield 12 as a pale yellow solid. Yield 0.782 g, 68 %; m.p, 113–115 8C;
1H NMR (300 MHz, CDCl3): d=8.38–8.44 (m, 3H), 7.98–8.02 (m, 2H),
7.40–7.44 (m, 4 H), 4.63 (br s, 2 H), 4.48 (s, 2H), 2.94–2.97 (m, 4 H), 2.56–
2.60 (m, 4 H), 1.63 (t, 4H), 1.40 ppm (br s, 18H); 13C NMR (75 MHz,
CDCl3): d=156.3, 134.3, 131.6, 131.5, 129.4, 127.4, 126.2, 125.2, 124.9,
79.0, 51.6, 51.5, 39.1, 28.6, 27.2 ppm; MS (positive-ion mode FAB): m/z :
522.5 [M+H]+ ; elemental analysis (%) calcd for C31H43N3O4: C 71.37, H
8.31, N 8.05; found: C 71.42, H 8.51, N 7.70.


6-tert-Butoxycarbonylaminohexyl 3,4,5-tris-dodecyloxybenzoate (17): tert-
Butyl (6-hydroxyhexyl)carbamate[26] (5.0 g, 23.0 mmol), 3,4,5-tridodecy-
loxybenzoic acid 15[29] (15.5 g, 23.0 mmol), and DMAP (1.0 g, 8.2 mmol)
were dissolved in anhydrous chloroform (250 mL). DCC (5.0 g,
24.2 mmol) was added and the reaction mixture was stirred for three
days at room temperature. TLC (dichloromethane, Rf=0.3) showed the
formation of a new adduct that was both UV and ninhydrin active. Dicy-
clohexylurea (DCU) was removed by filtration, and the mixture was con-
centrated in vacuo. The product was purified by column chromatography
(Silica Gel) using dichloromethane as eluent; yield 13.5 g (67 %) of a
white solid. M.p. 44–45 8C; 1H NMR (400 MHz, CDCl3): d=7.24 (s, 2H),
4.51 (br s, 1 H), 4.28 (t, J=6.6 Hz, 2 H), 4.01 (t, J=5.9 Hz, 6 H), 3.11 (m,
2H), 1.70–1.85 (m, 8H), 1.44 (s, 9 H), 1.24–1.27 (m, 60H), 0.88 ppm (t,
J=6.6 Hz, 9H); 13C NMR (100 MHz, CDCl3) 166.7, 156.2, 153.0, 142.6,
125.2, 108.2, 73.7, 69.4, 65.2, 40.7, 32.2, 30.6, 30.2, 30.0, 29.9, 29.85, 29.8,
29.65, 29.6, 29.55, 28.9, 28.6, 26.7, 26.35, 26.3, 25.9, 22.9, 14.3 ppm; MS
(positive-ion mode FAB): m/z : 874 [M+H]+ ; elemental analysis (%)
calcd for C54H99NO7: C 74.16, H 11.43, N 1.60; found: C 74.51, H 11.09,
N 1.68.


6-[3-(Di-tert-butoxyphosphorylmethyl)ureido]hexyl 3,4,5-tris-dodecyloxy-
benzoate (19): To a solution of crude isocyanate 18, prepared from com-
pound 17 (1.0 g, 1.1 mmol) as described for compound 5, was added a so-
lution of di-tert-butyl aminomethylphosphonate[50] (0.3 g, 1.3 mmol) in
chloroform (5 mL). After 1 h the isocyanate peak in the IR spectrum had
disappeared. The reaction mixture was concentrated in vacuo and the
crude product was purified by column chromatography (silica gel) using
ethyl acetate as eluent. The product 19 (Rf=0.5) was isolated as a white
solid; yield 0.552 g (49 %); 1H NMR (400 MHz, CDCl3): d=7.23 (s, 2 H),
5.50 (m, 1H), 5.45 (m, 1H), 4.27 (t, J=6.6 Hz, 2H), 4.00 (t, J=6.6 Hz,
6H), 3.51 (dd, J=5.9 Hz and J(H,P)=11.7 Hz, 2H), 3.16 (m, 2 H), 1.68–
1.84 (m, 8 H), 1.41–1.52 (m, 8H), 1.21–1.37 (m, 70 H), 0.88 ppm (t, J=
7.3 Hz, 9H); 13C NMR (100 MHz, CDCl3): d=166.7, 158.5, 153.0, 142.7,
125.2, 108.2, 73.7, 69.5, 65.2, 53.6, 40.5, 38.8, 32.2, 31.2, 30.7, 30.6, 30.55,
29.95, 29.90, 29.85, 29.80, 29.65, 29.60, 29.55, 26.8, 26.3, 26.2, 25.9, 22.9,
14.4 ppm; elemental analysis (%) calcd for C59H111N2O9P: C 69.22, H
10.95, N 2.74; found: C 68.87, H 10.66, N 2.67.


10-Methoxycarbonyldecyl 3,4,5-tris-dodecyloxybenzoate (21): Carboxylic
acid 15[29] (2.08 g, 3.08 mmol), methyl 11-bromoundecanoate (20)[28]


(0.860 g, 3.08 mmol) and K2CO3 (0.47 g, 3.4 mmol) was suspended in
DMF (50 mL) and heated to 100 8C for 18 h. After cooling the reaction
mixture to room temperature, it was poured into ice water (100 mL).
This was extracted with petroleum ether (b.p.<50 8C, 2M 50 mL), dried
over Na2SO4 and evaporated to dryness yielding a white solid material.
Recrystallization from acetone yields the title compound as a white crys-
talline material. Yield 2.67 g, 99 %; m.p. 42–43 8C; 1H NMR (400 MHz,
CDCl3): d=7.20 (s, 2H), 4.25 (t, 2H), 3.95 (t, 6 H), 3.62 (s, 3 H), 2.25 (t,
2H), 1.68–1.76 (m, 8H), 1.58–1.62 (m, 2H), 1.41–1.46 (m, 8H), 1.23–1.40
(m, 58H), 0.88 ppm (t, 9 H); 13C NMR (100 MHz, CDCl3): d=174.1,
166.4, 152.6, 142.2, 124.9, 107.9, 73.4, 69.1, 65.1, 54.3, 34.0, 31.8, 30.2,
29.0–29.6, 28.6, 26.0, 25.9, 24.8, 22.6, 14.0 ppm; MS (positive-ion mode
FAB): m/z : 872.8 [M+H]+; elemental analysis (%) calcd for C54H98O7: C
75.64, H 11.54; found: C 75.40, H 11.56.


10-Bromodecyl 3,4,5-tris-dodecyloxybenzoate (23): Carboxylic acid 15[29]


(27.04 g, 40.05 mmol) and TFFH[50] (11.64 g, 40.06 mmol) was dissolved in
CH2Cl2 (300 mL) and Et3N (12.16 g, 16.70 mL, 120.2 mmol) was added by
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using a syringe to the stirring solution under N2. The reaction mixture
was stirred for 30 minutes and then 10-bromo-1-decanol (11.40 g,
48.06 mmol) was added followed by DMAP (10 %, 0.48 g, 4 mmol). The
reaction mixture was stirred overnight, and water (400 mL) was added.
The phases were separated and the organic phase was dried (Na2SO4), fil-
tered, and evaporated to dryness. The product was purified by filtering
through a plug of silica with CH2Cl2 as eluent. Yield 32.2 g, 90%; m.p.
34–35 8C; 1H NMR (400 MHz, CDCl3): d=7.24 (s, 2 H), 4.28 (t, 2H), 4.01
(t, 6 H), 3.40 (t, 2H), 1.70–1.90 (m, 10 H), 1.45–1.50 (m, 10 H), 1.26–1.30
(m, 56H), 0.88 ppm (t, 9 H); 13C NMR (100 MHz, CDCl3): d=166.4,
152.7, 142.3, 125.0, 107.9, 73.4, 69.1, 65.0, 33.9, 32.7, 31.8, 30.2, 29.6, 29.5,
29.4, 29.3, 29.2, 29.1, 28.6, 28.0, 26.0, 25.9, 22.6, 14.0 ppm; MS (DI): m/z :
893.5 ([M]+); elemental analysis (%) calcd for C53H97BrO5: C 71.19, H
10.93; found: C 70.88, H 11.03.


10-(Dimethoxyphosphoryl)decyl 3,4,5-tris-dodecyloxybenzoate (24): Bro-
mide 23 (5.0 g, 5.59 mmol) was dissolved in P(OMe)3 (10 mL) in a round
bottomed flask fitted with a Claisen-type condenser and heated to 110 8C
for three days. All volatiles were evaporated in vacuo and the product
purified by dry column vacuum chromatography (heptane to EtOAc with
5% increments). Yield 3.10 g, 60 % as a white solid material. M.p. 34–
35 8C; 1H NMR (400 MHz, CDCl3): d=7.23 (s, 2 H), 4.20 (t, 2H), 3.95
(m, 8H), 3.38 (d, 6 H), 1.63–1.75 (m, 12H), 1.38–1.43 (m, 8H), 1.20–1.30
(m, 56H), 0.82 ppm (t, 9 H); 13C NMR (100 MHz, CDCl3): d=166.4,
152.7, 142.3, 124.9, 108.0, 74.0, 69.0, 65.0, 52.2, 31.8, 30.2, 29.6, 29.55, 29.5,
29.4, 29.2, 29.1, 29.0, 28.7, 28.5, 26.1, 26.0, 25.9, 22.6, 14.0 ppm; MS (posi-
tive-ion mode FAB): m/z : 923.8 [M+H]+ ; elemental analysis (%) calcd
for C55H103O8P: C 71.54, H 11.24; found: C 71.21, H 11.35.


10-Hydroxydecane-1-sulfonic acid (25): 10-Bromo-1-decanol[33] (2.25 g,
9.49 mmol) was dissolved in EtOH (96 %, 40 mL) and a solution of
Na2SO3 (1.79 g, 14.2 mmol) in water (10 mL) was added. This mixture
was refluxed for three days. The clear solution was concentrated in vacuo
to yield a white solid material that was redissolved in 2m HCl (40 mL)
and evaporated to dryness in vacuo. The resulting white solid material
was extracted with hot EtOH, evaporated to dryness and the residue re-
crystallized from EtOH. Yield 1.47 g, 75 %. M.p. 230–232 8C; 1H NMR
(400 MHz, D2O): d=3.50 (t, 2H), 2.81 (t, 2 H), 1.64 (m, 2 H), 1.45 (m,
2H), 1.22–1.32 ppm (m, 12 H); 13C NMR (100 MHz, D2O): d=61.6, 50.8,
31.0, 28.3, 28.2, 27.9, 27.4, 24.7, 23.7 ppm; MS (negative-ion mode FAB):
m/z : 237.2 [M�H]� .
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Highly Diastereoselective Diels–Alder Reactions with Enantiopure Sulfinyl-
Substituted 1-Hydroxymethyldienes


Roberto Fern!ndez de la Pradilla,* Carlos Montero, Mariola Tortosa, and Alma Viso[a]


Introduction


The asymmetric Diels–Alder reaction is a fundamental pro-
cess in modern synthetic chemistry, since up to four enantio-
and diastereomerically pure stereogenic centers are created
in a single step.[1] Within this field the use of chiral dieno-
philes has been extensively studied and more recently the
use of chiral Lewis acids as catalysts has achieved good
levels of asymmetric induction.[2] In contrast, the use of
enantiopure dienes has received far less attention, perhaps,
due to the difficulty often associated with the preparation of
these substrates.[3] Simple 2-sulfinyldienes[4,5] are especially
appealing, since, after a highly selective Diels–Alder cyclo-
addition, a vinyl sulfoxide is generated allowing for subse-
quent chirality-transfer operations.[6]


In recent years, we have been involved in the develop-
ment of different strategies for the synthesis of the enantio-
pure hydroxy-3- and -2-sulfinyldienes C and D
(Scheme 1).[7,8] Since these routes gave access to substrates
with different substitution patterns, we thought it would be
interesting to carry out a general study of their Diels–Alder
reactivity.[9] Moreover, the synthesis of enantiopure dienes
D would provide a unique opportunity to assess the relative
p-facial stereodirecting abilities of two powerful elements of
stereocontrol in a Diels–Alder process.[5,10,11] In addition, in
some cases we have explored the influence of the nature of


the sulfinyl Ar group in the cycloaddition process. Herein
we describe in detail our efforts in this field.


Results


Preparation of starting materials : To begin our study we
synthesized several enantiopure dienols (Shown here). Hy-
droxy-3-sulfinyldienes 1 and 2 were prepared by Stille cou-
pling from the corresponding iodo vinyl sulfoxides.[8] Dien-
ols 1a–c were selected to evaluate the effect of representa-
tive R groups and different Ar substituents on sulfur. Com-
pound 2 was selected to test the influence of the E/Z geom-
etry of the dienol.


Hydroxy-2-sulfinyldienes 3 and 5 were synthesized from
enantiopure epoxy vinyl sulfoxides following our own meth-
odology.[7] We selected (Z,E)-dienes 3a–c and (E,E)-dienes
5a–c with different R2 and Ar groups to modulate 1,3-allylic
strain[13] and substrates 3d and 5d to explore the behavior


Keywords: asymmetric synthesis ·
cycloaddition · Diels–Alder ·
sulfones · sulfoxides


Abstract: Enantiopure hydroxy-2- and -3-sulfinyldienes undergo highly selective
Diels–Alder cycloadditions with various dienophiles controlled by the chiral sulfur
atom. The related hydroxy-2-sulfonyldienes display complementary p-facial selec-
tivity.
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Scheme 1. Diastereoselective Diels–Alder cycloadditions with sulfinyl-
substituted 1-hydroxymethyldienes.
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of a tetrasubstituted diene. Moreover, we prepared sulfonyl-
dienols 4a–d and 6a,c,d, by oxidation of the corresponding
sulfoxides, to clarify the role of the sulfinyl moiety on the
Diels–Alder process.


Diels–Alder cycloadditions with hydroxy-3-sulfinyldienes :
For our initial studies, we selected enantiopure dienes 1a–c
and the dienophile N-phenylmaleimide (NPM) (Table 1).
Treatment of 1a with NPM at room temperature afforded
cycloadduct 7a as a single isomer (Table 1, entry 1). The
process was also compatible with the presence of a conjugat-
ed phenyl group (Table 1, entry 2), affording cycloadduct 7b
in good yield and with high selectivity. The influence of the
Ar substituent on sulfur was then addressed by using the
readily available 2-MeO-1-naphthyl moiety;[13] we found a
striking enhancement of the rate with respect to the p-tolyl
analogue. Diene 1c underwent smooth Diels–Alder cycload-
dition affording 7c in just 2 h at 0 8C with excellent yield
and selectivity (Table 1, entry 3).


Treatment of a solution of these cycloadducts with silica
gel resulted in regioselective lactonization affording mix-
tures of lactones 8 and 9. The structure of these compounds
was derived from their 1H and 13C NMR spectra as well as
differential NOE data (Figure 1). At this stage, the structure


assigned for minor isomer 9 made us readdress our previous
results on Diels–Alder cycloadditions with hydroxy-2-sulfi-
nyldienes and led us to revise our initial assignment (see
below).[9]


We then set out to explore the reactivity of diene 1a, as a
model substrate, with different dienophiles. The use of
maleic anhydride (MA) afforded lactone 10 practically as a
single isomer (Table 1, entry 4). Additionally, the reaction
with phenyltriazolinedione (PTAD) and p-benzoquinone
(Table 1, entries 5 and 6) took place with complete p-facial
selectivity to produce adducts 11 and 12 respectively. Com-
pound 12 was isolated by recrystallization from the crude
mixture, as purification by chromatography on silica gel led
to the formation of the aromatic derivative 13.


In contrast, the use of dimethyl acetylenedicarboxylate
(DMAD, Table 1, entry 7) required heating at 50 8C for
seven days, and produced a nonselective mixture of the dia-
stereoisomers 14a and 15a. Encouraged by the remarkable
rate enhancement observed for 1c with NPM, we explored
the reactivity of this diene with DMAD (Table 1, entry 8).
To our delight, the introduction of a 2-MeO-1-naphthylsul-
finyl substituent resulted in higher reactivity and p-facial se-
lectivity affording an 80:20 mixture of adducts 14c and 15c.
Finally, to investigate the influence of the geometry of the
diene in the Diels–Alder process, the behavior of dienol 2
with NPM was examined with disappointing results. Treat-
ment of 2 with NPM in CH2Cl2 for two days afforded cyclo-
adduct 7b and isomeric diene 1b. We believe dienol 2 iso-
merized to diene 1b, which reacted with NPM as described
above. In contrast, the more reactive PTAD gave a smooth
reaction with dienol 2 and cycloadduct 16 was obtained in
good yield and with high selectivity (Table 1, entry 9).


Diels–Alder cycloadditions of hydroxy-2-sulfinyldienes : Ini-
tially, we selected dienes 3a–c and NPM for our studies


Figure 1. Spectral data for imide 7a and amide 9a.
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(Table 2). Diene 3a afforded cycloadduct 18a as a single
isomer (shown by 300 MHz 1H NMR spectroscopic analysis
of the crude reaction mixture), which was isolated in good
yield by recrystallization (Table 2, entry 1). To assess the in-
fluence of intramolecular hydrogen bonding on the stereo-
chemical outcome of this process, the cycloaddition between
diene 3a and NPM was carried out in MeOH and adduct
18a was easily obtained (Table 2, entry 2). However, treat-
ment of a solution of 18a with silica gel resulted in sponta-
neous lactonization and produced a 25:75 mixture of amides
19a and 20a. The structure of these compounds was also es-
tablished from their 1H and 13C NMR spectroscopic data.
Moreover, amides 19a and 20a displayed significant NOE
enhancements between Ha and Hb (11.5% and 10.4% re-
spectively). Considering the behavior observed for the lacto-
nization of related compounds,[14] we initially assigned
amide 20a as lactone E, derived from 19a by epimerization


of the carboxamide bearing center (Figure 2). However, a
detailed 1H NMR spectroscopic study, the NOE enhance-
ments observed, and the assignment made for amides 9 re-
vealed that the correct structure of 20a was a regioisomeric
lactone.


Table 1. Diels–Alder cycloadditions of hydroxy-3-sulfinyldienes.


Entry Substrate Conditions[a] Products[b] Yield [%][c] Conditions[d] Products[b] Yield [%][c]


1 1a NPM, 2 d 7a 85 2 d 7a (8), 8a (78), 9a (14) 71
2 1b NPM, 3 d 7b 100 20 d 7b (3), 8b (97) 89
3 1c NPM, 0 8C, 2 h 7c 93 20 d 7c (6), 8c (72), 9c (22) 75
4 1a MA, 1 d 10 94
5 1a PTAD, CH2Cl2, �78 8C to RT, 2 h 11 86
6 1a p-benzoquinone, 1 d 12 83 13 70[e]


7 1a 3.0 equiv, DMAD, 10 d; then 50 8C, 7 d 14a (50), 15a (50) 40
8 1c 3.0 equiv DMAD, 11 d 14c (80), 15c (20) 50
9 2 PTAD, CH2Cl2, �78 to 0 8C, 1 h 16 82


[a] Unless otherwise noted, the reactions were carried out with 1.5 equiv of dienophile in toluene at RT. [b] Diastereomeric ratios are shown in parenthe-
ses. [c] Combined yields of pure products after column chromatography. [d] Unless otherwise noted, the reactions were carried out with silica gel in
CH2Cl2 at RT. [e] Obtained after silica gel chromatography of 12.


Figure 2. Structural assignment for amide 20a.
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Diene 3b (R2=CH2Ph) afforded a 95:5 mixture of cyclo-
adduct 18b and amide 17b, respectively, as shown by the
1H NMR spectrum of the crude reaction mixture (Table 2,
entry 3). Treatment of 18b, isolated by recrystallization,
with silica gel resulted in a smooth cyclization affording
amide 20b and trace amounts of 19b. Diene 3c (R2= iPr)
produced a 92:8 mixture of 18c and 17c after a longer reac-
tion time of 18 days (Table 2, entry 4). Treatment of cycload-
duct 18c with silica gel produced lactone 20c exclusively.


We then studied the cycloaddition of the tetrasubstituted
diene 3d with NPM (Table 2, entry 5), which required heat-
ing at 100 8C for three days to afford a 90:7:3 mixture of 21,
22, and 23. The coupling constants and NOE enhancements
observed for Hb-Hc (JHc-Hb=8.8 Hz, NOE (Hb-Hc)=11.8%,
NOE (Hc-Hb)=10.4%) and Ha-Hb (JHa-Hb <1 Hz, NOE
(Ha-Hb)=2.8%) revealed that the major isomer 21 was de-
rived from opposite diastereofacial selectivity relative to the
examples above.


To extend the scope of our methodology and seeking ad-
ditional support for the stereochemical assignments, we syn-


thesized enantiopure hydroxysulfonyldienes 4 from sulfox-
ides 3 by oxidation with MMPP (MMPP=magnesium bis-
(monoperoxyphthalate) hexahydrate).[15] Dienes 4a (Table 2,
entry 6) and 4b (Table 2, entry 7), with different steric re-
quirements, underwent cycloaddition with NPM affording
the very unstable cycloadduct 24, which lactonized sponta-
neously in the reaction media to give 25. Tetrasubstituted
diene 4d (Table 2, entry 8) was also an appropriate substrate
although it was found to be less reactive. These results show
that the allylic hydroxyl group is a powerful element of ster-
eocontrol in these compounds.


We believe that after treatment with silica gel, cycload-
ducts 18 afford amides 20 as major isomers as a conse-
quence of the location of the R2 group in the sterically de-
manding concave region of the molecule in lactones 19,
while for amides 21 and 25, R2 is placed on the convex face.
This fact would also explain the higher regioselectivity
found upon the lactonization of 18b and 18c.


Our results for the cycloaddition between hydroxy-2-sulfi-
nyl and -2-sulfonyldienes and PTAD are presented in


Table 2. Diels–Alder cycloadditions of hydroxy-2-sulfinyl- and -sulfonyldienes with NPM.


Entry Substrate Conditions[a] Products[b] Yield [%][c] Conditions[e] Products[b] Yield [%][d]


1 3a 5 d 18a 71 5 d 19a (25), 20a (75) 81
2 3a MeOH, 5 d 18a
3 3b 1.1 equiv NPM, 3 d 17b (5), 18b (95) 74 1 d 20b 100
4 3c[f] 1.0 equiv NPM, 18 d 17c (8), 18c (92) 1 d 20c 65 (2 steps)
5 3d 100 8C, 3 d 21 (90), 22 (7), 23 (3) 50
6 4a 5 d 24a 25a 66
7 4b 2.3 equiv NPM, 3 d 25b 81
8 4d 100 8C, 3 d 26 50


[a] Unless otherwise noted, the reactions were carried out with 1.5 equiv of NPM in toluene at RT. [b] Diastereomeric ratios are shown in parentheses.
[c] Combined yield after recrystallization. [d] Combined yields of pure products after column chromatography. [e] Unless otherwise noted, the reactions
were carried out with silica gel in CH2Cl2 at RT. [f] 90% conversion.
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Table 3. The cycloaddition of (Z,E)-dienes 3 (Table 3, en-
tries 1 and 2) and 4 (Table 3, entries 3 and 4) took place
with complete p-facial selectivity, essentially controlled by
the oxidation state at sulfur, and in high yield to produce ad-
ducts 27 and 28, respectively.


Next, we explored the reactivity of (E,E)-hydroxy-2-sulfi-
nyldienes. Treatment of diene 5a with NPM, under a variety
of conditions, resulted in the recovery of the starting materi-
al. In contrast, the use of PTAD afforded cycloadducts 29a
and 30a in high yield and with moderate p-facial selectivity
(Table 3, entry 5). We tried to diminish the extent of allylic
control by changing the polarity of the solvent; however,
this only led to a modest increase in the amount of 30a pro-


duced (Table 3, entries 6–9).[11] To our surprise, the diene
with the bulkier R2 substituent, 5b, produced a practically
nonselective mixture (Table 3, entry 10). To increase control
by the sulfinyl group we carried out the reaction of 5c with
a 2-MeO-1-naphthyl moiety in CH3CN affording, surprising-
ly, 29c as a single isomer in very good yield (Table 3,
entry 11). These somewhat unexpected results suggest that
for these dienes there is a reinforcing relationship[16] be-
tween the two elements of stereocontrol involving a confor-
mational change (see below). Diene 5d, with a tetrasubstitu-
tion pattern afforded practically a single isomer with PTAD
(Table 3, entry 12).


Table 3. Diels–Alder cycloadditions of hydroxy-2-sulfinyl- and -sulfonyldienes with PTAD.


Entry Substrate Conditions[a] Products[b] Yield [%][c]


1 3a �78 to 0 8C, 1 h 15 min 27a 87
2 3c 2.0 equiv PTAD, �78 8C to RT, 15 h 27c 90
3 4a �78 to 0 8C, 1 h 15 min 28a 78
4 4c 2.0 equiv PTAD, �78 8C to RT, 15 h 28c 90
5 5a �78 to 0 8C, 1 h 30 min 29a (83), 30a (17) 83
6 5a 1% THF/CH2Cl2, �78 to 0 8C, 1 h 30 min 29a (76), 30a (14) –
7 5a CH3CN, �78 to 0 8C, 1 h 30 min 29a (58), 30a (42) –
8 5a acetone, �78 to 0 8C, 1 h 30 min 29a (48), 30a (52) –
9 5a DMF, �78 to 0 8C, 1 h 30 min 29a (48), 30a (52) –
10 5b 2.0 equiv PTAD, �78 to 0 8C, 1 h 30 min 29b (60), 30b (40) 90
11 5c CH3CN, �40 to 0 8C, 1 h 29c 92
12 5d toluene, �78 8C to RT, 4 h 31d (99), 32d (1) 82
13 6a �78 to 0 8C, 1 h 30 min 33a 74
14 6c �78 to 0 8C, 1 h 33c 63
15 6d �78 8C to RT, 12 h 34d 100


[a] Unless otherwise noted, the reactions were carried out with 1.5 equiv of PTAD in CH2Cl2. [b] Diastereomeric ratios are shown in parentheses.
[c] Combined yields of pure products after column chromatography.
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Finally, sulfonyldienes 6a,c,d produced cycloadducts 33a,c
and 34, respectively, as single products (Table 3, entries 13,
14, and 15) in good yield and with high selectivity, demon-
strating once again the powerful stereocontrol of the allylic
stereocenter.


Chemical characterizations : To support the stereochemical
assignments discussed previously, we carried out several
sulfoxide oxidations using either MMPP or m-CPBA (meta-
chloroperbenzoic acid) (Schemes 2 and 3). Scheme 2 shows
both the oxidations of the cycloadducts obtained from the


(Z,E)-hydroxy-2-sulfinyldienes and from the mixture of 14c/
15c derived from the 3-sulfinyldienol. Thus, imide 18a was
oxidized to sulfone 36a, which upon treatment with silica
gel afforded a 25:75 mixture of amides 37a and 38a. Addi-
tionally, the oxidation of 18b, which contained the bulkier
R2 group, produced the unstable sulfone 36b. This com-
pound cyclized spontaneously to afford sulfone 38b, which
was also obtained by oxidation of lactone 20b. The diaster-
eomeric relationship found between amides 25 and 37/38,
along with the NOE enhancement observed between Ha-Hb


in amides 19 and 20, establishes that the p-facial selectivity
of the cycloaddition between dienes 3a–c and NPM is exclu-
sively controlled by the chiral sulfur atom. However, the ox-
idation of 21 afforded tricyclic sulfonyl amide 26, identical
to the product obtained from the cycloaddition of the sulfo-
nyl dienol 4d with NPM.


For further verification of the stereochemical assignments,
the minor isomer 17b was oxidized with m-CPBA affording
amide 25b, which was also previously prepared from sulfo-
nyl diene 4b. This result confirmed that 17b was derived
from the approach of the dienophile to the chiral sulfinyl-
diene with opposite diastereofacial selectivity. Finally, the
oxidation of a mixture of 14c and 15c resulted in the obser-
vation of just a single sulfone in the 1H NMR spectrum of
the crude product, corroborating their diastereomeric rela-
tionship.


Scheme 3 shows the results found for cycloadducts synthe-
sized from hydroxy-2-sulfinyldienes and PTAD. Standard
oxidation of 27a,c afforded 39a,c, the spectral features of
which indicated a diastereomeric relationship to 28a,c. In
analogy with the Diels–Alder reaction with NPM, these ob-
servations established a sulfur-directed p-facial selectivity
for hydroxy sulfoxides 3 with PTAD and an allylic control
for hydroxydienyl sulfones 4. The stereochemical assignment
for 29a and 30a was made by oxidation of these compounds
and comparison of their spectral features to those of cyclo-
adduct 33a, previously prepared from sulfonyl diene 6a. Fi-
nally, oxidation of 31 and 29c revealed a similar stereochem-
ical outcome for the reaction of sulfoxides 5c,d and their
corresponding sulfones 6c,d with PTAD. Surprisingly, in the
oxidation of 29c with m-CPBA epoxy sulfone 41 was detect-
ed.[17] This compound was obtained as a single product by
using an excess of the oxidizing agent and longer reaction
time.


Discussion


We believe that this process is primarily controlled by ster-
eoelectronic effects. An early transition state is proposed in
each case with the most stable conformation also being the
most reactive. The stereochemical outcome of the Diels–
Alder cycloaddition for hydroxy-3-sulfinyl dienes may be ra-
tionalized by an exclusive endo approach of the dienophile
from the least hindered, highest electron density face of the
diene (a-face), for which an S-cis C=C/S�: arrangement is
proposed (Scheme 4).[18]Scheme 2. Chemical characterizations by oxidation and lactonization.
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The preferred conformation for hydroxy-2-sulfonyl- and
-sulfinyldienes is likely to be dictated by 1,3-allylic strain be-
tween the hydroxyl-bearing stereocenter and the cis sub-
stituent. For (Z,E)-dienes the coupling constant between al-
lylic and vinylic protons (J=8–9 Hz) defined a dihedral
angle of 1808, which is in agreement with the proposed con-
formations E and F (Scheme 5).[19] For (Z,E)-sulfonyldienes


the allylic stereocenter directs the approach of the dieno-
phile from the a-face, anti to R2, presumably with the aid of
attractive interactions between the hydroxyl group and the
dienophile.[11] However, for (Z,E)-sulfinyldienes the two ele-
ments of stereocontrol are in a nonreinforcing relationship
and the dienophile approaches the diene from the b-face,
anti to the Ar group on sulfur. The opposite p-facial selec-
tivity observed for diene 3d may be rationalized by assum-
ing that the conformation around the C�S bond changes in
order to minimize steric interactions between the cyclohex-
enyl group and the Ar substituent (Scheme 5). Now the al-
lylic stereocenter and the sulfinyl group are in a reinforcing
relationship. This rationalization is in agreement with the re-
sults observed by Aversa et al. for related 2-sulfinyldienes
substituted at C3.[4b]


In the case of hydroxy (E,E)-2-sulfonyldienes (Scheme 6)
an a-approach of the dienophile, anti to R2, is observed. Fi-
nally, the results found for (E,E)-2-sulfinyldienols
(Scheme 6) are likely to be a reflection of the conformation-
al equilibrium about the carbon–sulfur bond. Nevertheless,
for this dienophile both nonconcerted and stepwise mecha-
nisms have been proposed that could explain the low selec-
tivity found.[20] For diene 5d we also assumed that a confor-
mational change around the C�S bond similar to that pro-
posed for 3d was occurring. This meant that the C�S bond
was more constrained due to C3 substitution, which justified
the selectivity enhancement observed with respect to 5a.


Conclusion


Hydroxy-2- and -3-sulfinyldienes display highly p-face selec-
tive Diels–Alder cycloadditions with various dienophiles
generating densely functionalized cycloadducts. Additional-


Scheme 3. Chemical characterizations of PTAD-derived cycloadducts by
oxidation.


Scheme 4. Stereochemical rationalization for 3-sulfinyldienes.


Scheme 5. Stereochemical rationalization for (Z,E)-sulfinyl- and -sulfo-
nyldienes.
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ly, for 2-sulfinyldienes a reversal of p-facial selectivity is
found, relative to related sulfonyldienes, demonstrating that
the sulfinyl group is an extremely powerful element of ste-
reocontrol for intermolecular Diels–Alder cycloadditions.
We are currently addressing the application of these densely
functionalized cycloadducts in synthesis, particularly focus-
ing on subsequent regio- or stereocontrolled sulfur-directed
transformations,[6,21] and taking advantage of the remarkable
control of the p-facial selectivity of the cycloaddition by the
oxidation state at sulfur.


Experimental Section


General : Reagents and solvents were handled by using standard syringe
techniques. All reactions were carried out under an argon atmosphere.
Hexane, toluene, and CH2Cl2 were distilled from CaH2; THF and Et2O
from sodium. Crude products were purified by flash chromatography on
230–400 mesh silica gel with distilled solvents. Analytical TLC was car-
ried out on silica gel plates with detection by UV light, iodine, acidic va-
nillin solution, and/or 10% phosphomolybdic acid solution in ethanol.
All reagents were commercial products. Throughout this section, the
volume of solvents is reported in mLmmol�1 of starting material. 1H and
13C NMR spectra were recorded at 200, 300, 400, or 500 MHz (1H) in
CDCl3 and with the residual solvent signal as an internal reference
(CDCl3, d=7.24 and 77.0 ppm). The following abbreviations are used to
describe peak patterns when appropriate: s (singlet), d (doublet), t (trip-
let), q (quartet), m (multiplet), and br (broad). Melting points are uncor-
rected. Optical rotations were measured at 20 8C using a sodium lamp
and in CHCl3. Low-resolution mass spectra were recorded using the elec-
tronic impact technique (EI) with an ionization energy of 70 eV or using
the atmospheric pressure chemical ionization (APCI) or electrospray
(ES) chemical ionization techniques in its positive or negative modes.


General procedure for the cycloadditions between hydroxy sulfinyl/sulfo-
nyldienes and dienophiles excluding N-phenyltriazolinedione (PTAD):
The dienophile (1–2.3 equiv) was added to a solution of hydroxydiene
(1.0 equiv) in toluene (10–15 mLmmol�1) at RT. Subsequently, the mix-
ture was stirred at RT until all of the starting material had disappeared


(determined by TLC analysis or 1H NMR spectroscopic analysis); the sol-
vent was then removed under reduced pressure and the crude product
was purified by recrystallization or by column chromatography on silica
gel by using the appropriate mixture of solvents.


General procedure for the cycloadditions between hydroxy sulfinyl/sulfo-
nyldienes and N-phenyltriazolinedione (PTAD): A pre-cooled solution
of N-phenyltriazolinedione (PTAD) (1.5–2.2 equiv) in CH2Cl2
(10 mLmmol�1 of PTAD) was added by syringe to a solution of hydroxy
diene (1.0 equiv) in CH2Cl2 (10 mLmmol�1) at �78 8C. The mixture was
then rapidly warmed to 0 8C whilst stirring. Once all of the starting mate-
rial had disappeared from the reaction mixture (determined by TLC
analysis) the solvent was removed under reduced pressure and the crude
product was purified by recrystallization or by column chromatography
on silica gel using the appropriate mixture of solvents.


(+)-(5S,8S,SS)-5-Butyl-8-hydroxymethyl-2-phenyl-6-(p-tolylsulfinyl)-2H-
[1,2,4]triazolo[1,2-a]pyridazine-1,3(5H,8H)-dione (11): Following the
general procedure cycloadduct 11 was obtained after 2 h from diene 1a[8]


(10 mg, 0.036 mmol, 1.0 equiv) and PTAD (10 mg, 0.054 mmol, 1.5 equiv)
in CH2Cl2 (0.4 mL). Purification by chromatography (30–80% EtOAc/
hexane) afforded 11 (14 mg, 0.031 mmol, 86%) as a white solid that was
recrystallized from EtOAc/hexane. Rf=0.31 (80% EtOAc/hexane); m.p.
90–92 8C; [a]20D =++104.3 (c=0.54 in acetone); 1H NMR (300 MHz,
CDCl3): d=0.85 (t, J=7.1 Hz, 3H), 1.17–1.38 (m, 4H), 1.71 (m, 1H),
1.95 (m, 1H), 2.41 (s, 3H), 3.97 (ddd, J=12.0, 6.3, 2.7 Hz, 1H), 4.14 (ddd,
J=12.0, 10.0, 2.7 Hz, 1H), 4.24 (dd, J=10.0, 2.6 Hz, 1H), 4.26 (td, J=5.1,
1.9 Hz, 1H), 4.65 (m, 1H), 6.73 (dd, J=2.8, 0.8 Hz, 1H), 7.32–7.48 (m,
7H), 7.53 ppm (d, J=8.3 Hz, 2H); 13C NMR (50 MHz, CDCl3): d=13.7,
21.6, 22.4, 27.0, 32.8, 52.0, 60.9, 64.8, 122.9, 125.4 (2C), 125.9 (2C), 128.6,
129.2 (2C), 130.6, 130.8 (2C), 137.9, 143.7, 145.2, 149.7, 154.1 ppm; IR
(KBr): ñ=3421, 3043, 2957, 2927, 2862, 1769, 1711, 1503, 1421, 1298,
1136, 1052, 811, 766 cm�1; MS (ES): m/z (%): 929 [2M+Na]+ , 907
[2M+H]+ , 476 [M+Na]+ , 454 [M+H]+ (100); elemental analysis calcd
(%) for C24H27N3O4S (453.5): C 63.56, H 6.00, N 9.26, S 7.07; found: C
63.62, H 6.14, N 9.18, S 7.16.


(�)-(3aR,4S,7S,7aR,SS)-4-[(1S)-Hydroxypentyl]-7-propyl-2-phenyl-5-(p-
tolylsulfinyl)-1,3,3a,4,7,7a-tetrahydro-2H-isoindole-1,3-dione (18a): Fol-
lowing the general procedure cycloadduct 18a was obtained after five
days from diene 3a[7] (38 mg, 0.12 mmol, 1.0 equiv) and NPM (63 mg,
0.36 mmol, 1.5 equiv) in toluene (1.5 mL). The product was obtained as a
white solid (42 mg, 0.085 mmol, 71%) after recrystallization (EtOAc/
hexane). In a related experiment cycloadduct 18a was obtained as a
single isomer from diene 3a (10 mg, 0.031 mmol) and NPM (8 mg,
0.046 mmol, 1.5 equiv) in MeOH (1 mL). The yield was not determined.
Rf=0.20 (30% EtOAc/hexane); m.p. 180–182 8C; [a]20D =�92.0 (c=0.65
in CHCl3);


1H NMR (400 MHz, CDCl3): d=0.88 (t, J=7.2 Hz, 3H), 1.02
(t, J=7.0 Hz, 3H), 1.21–1.61 (m, 7H), 1.73 (m, 1H), 1.91 (m, 1H), 2.07
(m, 1H), 2.13 (s, 3H), 2.53 (m, 1H), 2.77 (m, 1H), 3.28 (dd, J=9.0,
7.6 Hz, 1H), 3.43 (dd, J=9.1, 5.2 Hz, 1H), 4.38 (m, 1H), 5.25 (dd, J=3.3,
1.3 Hz, 1H), 6.75 (d, J=7.9 Hz, 2H), 6.87 (dd, J=3.7, 2.4 Hz, 1H), 7.21
(m, 2H), 7.27 (d, J=8.2 Hz, 2H), 7.38 (m, 1H), 7.45 ppm (t, J=7.3 Hz,
2H); 13C NMR (50 MHz, CDCl3): d=13.9, 14.1, 21.2, 21.4, 22.7, 27.2,
32.7, 34.1, 38.3, 42.9, 43.3, 49.4, 67.1, 124.5 (2C), 125.8 (2C), 128.1, 128.7
(2C), 130.0 (2C), 138.0, 141.4, 143.6 (2C), 147.6, 174.4, 175.0 ppm; IR
(KBr): ñ=3480, 3320, 2960, 2940, 2860, 1710, 1600, 1500, 1455, 1370,
1330, 1180, 1140, 1120, 1080, 1030, 1015, 960, 940, 810, 750, 690, 625 cm�1;
MS (EI): m/z (%): 494 [M+H]+ , 476, 392, 348, 268, 217, 174, 139, 123, 91
(100), 77, 55, 41; elemental analysis calcd (%) for C29H35NO4S (493.7): C
70.56, H 7.15, N 2.84, S 6.50; found: C 70.65, H 7.06, N 2.93, S 6.58.


(�)-(1S,3aR,4R,5S,7aS,SS)-1-Butyl-3-oxo-5-propyl-7-(p-tolylsulfinyl)-
1,3,3a,4,5,7a-hexahydroisobenzofuran-4-N-phenylcarboxamide (19a) and
(�)-(1S,4S,5S,8S,9R,SS)-4-butyl-3-oxa-8-propyl-6-(p-tolylsulfinyl)bicyclo-
[3.3.1]non-6-en-2-one-9-N-phenylcarboxamide (20a): Following the gen-
eral procedure regioisomeric lactones 19a and 20a were obtained after
five days from diene 3a[7] (38 mg, 0.12 mmol, 1.0 equiv) and NPM
(63 mg, 0.36 mmol, 1.5 equiv) in toluene (1.5 mL). Purification was ach-
ieved by slow chromatography (5–50% EtOAc/hexane) and recrystalliza-
tion (MeOH) producing a 37:63 mixture of the regioisomeric lactones
19a (18 mg, 0.036 mmol) and 20a (30 mg, 0.061 mmol) as white solids


Scheme 6. Stereochemical rationalization for (Z,E)-sulfinyl and -sulfonyl-
dienes.
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(81% combined yield). In a related experiment, lactone 19a (10 mg,
0.020 mmol) was dissolved in CH2Cl2 (2 mL, 100 mLmmol�1), and silica
gel (430 mg, 2 gmmol�1) was added. The reaction mixture was stirred at
RT and monitored by TLC (5 days). After this time, the silica gel was re-
moved by filtration with EtOAc to yield a 25:75 mixture (determined by
1H NMR spectroscopic analysis) of 19a and 20a (90%). A similar mix-
ture of lactones was obtained from the treatment of cycloadduct 18a
with silica gel.


Data for 19a : Rf=0.25 (50% EtOAc/hexane); m.p. 182–183 8C; [a]20D =


�12.0 (c=0.52 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.90 (t, J=


7.1 Hz, 3H), 0.91 (t, J=7.0 Hz, 3H), 1.31–1.72 (m, 9H), 1.87 (m, 1H),
2.40 (s, 3H), 2.80 (m, 1H), 2.85 (t, J=4.9 Hz, 1H), 2.95 (m, 1H), 3.40
(dd, J=8.9, 4.5 Hz, 1H), 4.44 (m, 1H), 7.09 (t, J=7.4 Hz, 1H), 7.28–7.33
(m, 4H), 7.36 (d, J=5.1 Hz, 1H), 7.45 (d, J=8.2 Hz, 2H), 7.55 (d, J=
7.5 Hz, 2H), 10.15 ppm (br s, 1H); NOE between H-1/H-7a: 11.5%, be-
tween H-3a/H-7a: 11.0%, between H-3a/H-4: 11.0%; 13C NMR
(50 MHz, CDCl3): d=13.8, 14.0, 21.3, 21.5, 22.3, 29.0, 33.4, 33.5, 38.4,
40.6, 42.0, 47.6, 82.5, 120.1 (2C), 124.5, 126.1 (2C), 128.9 (2C), 130.6
(2C), 136.4, 138.0, 139.4, 139.7, 143.3, 168.9, 178.9 ppm; IR (CCl4): ñ=
3300, 3150, 2970, 2940, 2880, 1750, 1680, 1600, 1550, 1500, 1490, 1450,
1200, 1080, 1050, 1020 cm�1; MS (EI): m/z (%): 493 [M]+ , 476, 444, 391,
354, 285, 243, 217, 174, 139, 123, 93, 91 (100), 77, 41; elemental analysis
calcd (%) for C29H35NO4S (493.7): C 70.56, H 7.15, N 2.84, S 6.50; found:
C 70.49, H 7.07, N 2.95, S 6.40.


Data for 20a : Rf=0.17 (50% EtOAc/hexane); m.p. 183–185 8C; [a]20D =


�66.8 (c=1.84 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.85 (t, J=


6.9 Hz, 3H), 0.94 (t, J=7.1 Hz, 3H), 1.20–1.69 (m, 10H), 2.33 (br s, 1H),
2.44 (s, 3H), 2.56 (br s, 1H), 2.68 (m, 1H), 3.12 (d, J=6.0 Hz, 1H), 4.37
(tt, J=8.5, 3.1 Hz, 1H), 6.89 (d, J=2.5 Hz, 1H), 7.10 (t, J=7.3 Hz, 1H),
7.16 (br s, 1H), 7.28–7.39 (m, 6H), 7.55 ppm (d, J=8.1 Hz, 2H); NOE be-
tween H-1/H-9: 4.4%, between H-1/H-8: 8.9%, between H-4/H-5:
10.4%, between H-5/H-9: 3.0%, between H-5/H-4: 13.7%; 13C NMR
(50 MHz, CDCl3): d=13.9, 20.4, 21.6, 22.4, 27.9, 29.7, 34.0, 34.1, 35.0,
41.2, 41.4, 47.9, 79.0, 119.8 (2C), 125.1, 126.4 (2C), 129.1 (2C), 130.4
(2C), 133.9, 136.9, 139.3, 140.7, 143.1, 168.8 ppm (2C); IR (CCl4): ñ=
3340, 3320, 2960, 2940, 2880, 1740, 1680, 1610, 1550, 1500, 1450, 1385,
1320, 1260, 1210, 1180, 1080, 1040, 810, 760, 690 cm�1; MS (EI): m/z (%):
494 [M+H]+ , 477, 476 (100), 392, 348, 268, 217, 174, 123, 93, 91, 77, 65,
57, 41; elemental analysis calcd (%) for C29H35NO4S (493.7): C 70.56, H
7.15, N 2.84, S 6.50; found: C 70.45, H 7.05, N 2.75, S 6.59.


(+)-(1S,3aS,4S,5R,7aR)-1-Butyl-3-oxo-5-propyl-7-(p-tolylsulfonyl)-
1,3,3a,4,5,7a-hexahydroisobenzofuran-4-N-phenylcarboxamide (25a): Fol-
lowing the general procedure amide 25a was obtained after five days
from diene 4a[7] (12 mg, 0.035 mmol, 1.0 equiv) and NPM (9 mg,
0.053 mmol, 1.5 equiv) in toluene (0.5 mL). Recrystallization of the crude
(EtOAc) produced amide 25a as a white solid (12 mg, 0.023 mmol,
66%). This product was subjected to chromatography on silica gel (5–
50% EtOAc/hexane) uneventfully. In a separate experiment the reaction
described above was monitored by 1H NMR spectroscopy, and after 24 h
was found to show a 60:40 mixture of 24a and 25a with 47% conversion.


Partial data for 24a (from the crude reaction mixture after 24 h):
1H NMR (300 MHz, CDCl3): d=2.41 (s, 3H), 3.31 (dd, J=9.0, 6.8 Hz,
1H), 3.64 (d, J=4.1 Hz, 1H), 3.80 (dd, J=8.9, 6.0 Hz, 1H), 4.54 (m, 1H),
6.96 (dd, J=4.7, 2.1 Hz, 1H).


Data for 25a : Rf=0.38 (50% EtOAc/hexane); m.p. 190–192 8C; [a]20D =


101.5 (c=0.98 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.89 (t, J=


6.9 Hz, 6H), 1.19–1.78 (m, 9H), 1.80 (m, 1H), 2.44 (s, 3H), 2.87–2.88 (m,
2H), 3.10 (brd, J=9.3 Hz, 1H), 3.44 (dd, J=9.3, 4.7 Hz, 1H), 4.86 (m,
1H), 7.10 (t, J=7.3 Hz, 1H), 7.27–7.36 (m, 5H), 7.52 (d, J=8.3 Hz, 2H),
7.77 (d, J=8.3 Hz, 2H), 9.97 ppm (br s, 1H); NOE between H-1/H-7a:
1.5%, between H-3a/H-7a: 7.4%, between H-3a/H-4: 6.6%; 13C NMR
(50 MHz, CDCl3): d=13.9, 21.1, 21.6, 22.2, 27.3, 33.3, 35.4 (2C), 38.2,
39.6, 40.9, 46.5, 83.5, 120.3 (2C), 124.7, 127.7 (2C), 129.0 (2C), 130.1
(2C), 136.1, 136.6, 137.8, 144.9, 145.7, 168.7, 178.5 ppm; IR (KBr): ñ=
3440, 3380, 2960, 2860, 1760, 1680, 1600, 1530, 1500, 1440, 1310, 1260,
1140, 1090, 1030, 800, 760, 690, 670 cm�1; MS (EI): m/z (%): 510 [M+1]+ ,
354, 233, 155, 139, 117, 91 (100), 93, 77, 55, 41; elemental analysis calcd


(%) for C29H35NO5S (509.7): C 68.34, H 6.92, N 2.75, S 6.29; found: C
68.48, H 6.84, N 2.67, S 6.17.


General procedure for oxidation with m-CPBA: m-CPBA (55 or 70% by
weight, 1.5–1.8 equiv) was added to a solution of sulfoxide (1.0 equiv) in
CH2Cl2 (15 mLmmol�1) at �78 8C. The reaction mixture was stirred and
gradually warmed to RT. Once the starting material had disappeared (de-
termined by TLC analysis) the mixture was quenched with a saturated
solution of Na2S2O4 (4 mLmmol�1) and diluted with EtOAc, and the
layers were separated. The organic phase was washed three times with
NaHCO3 solution (5%, 50 mLmmol�1), once with a saturated solution of
NaCl (10 mLmmol�1), dried over anhydrous MgSO4, and concentrated to
give the crude product, which was then purified by column chromatogra-
phy or by recrystallization.


(�)-(3aR,4S,7S,7aR)-4-[(1S)-Hydroxypentyl]-5-(p-tolylsulfonyl)-7-
propyl-2-phenyl-1,3,3a,4,7,7a-tetrahydro-2H-isoindole-1,3-dione (36a):
Following the general procedure sulfonyl cycloadduct 36a was obtained
after 2 h 30 min from cycloadduct 18a (27 mg, 0.054 mmol, 1.0 equiv) and
m-CPBA (25 mg, 0.081 mmol, 1.5 equiv) in CH2Cl2 (1.0 mL). Recrystalli-
zation (EtOAc) produced the sulfonyl cycloadduct 36a as a white solid
(18 mg, 0.035 mmol, 65%). This compound was unstable in CDCl3 and
evolved into a 50:50 mixture of the corresponding lactones after three
days. Rf=0.18 (30% EtOAc/hexane); m.p. 152–160 8C; [a]20D =�65.6 (c=
0.67 in CHCl3);


1H NMR (300 MHz, CDCl3): d=0.91 (t, J=7.3 Hz, 3H),
0.97 (t, J=7.2 Hz, 3H), 1.21–1.60 (m, 6H), 1.78–1.89 (m, 1H), 1.96–2.06
(m, 3H), 2.23 (s, 3H), 2.45 (m, 1H), 2.73 (m, 1H), 3.28 (dd, J=8.9,
7.3 Hz, 1H), 3.49 (dd, J=9.0, 5.0 Hz, 1H), 4.37 (br s, 1H), 4.55 (m, 1H),
6.90 (dd, J=4.4, 2.2 Hz, 1H), 6.96 (d, J=7.9 Hz, 2H), 7.14 (dt, J=7.0,
1.6 Hz, 2H), 7.44–7.46 (m, 3H), 7.57 ppm (d, J=8.3 Hz, 2H); 13C NMR
(50 MHz, CDCl3): d=13.9, 14.1, 21.3, 21.6, 22.7, 27.3, 32.5, 34.3, 35.3,
38.1, 43.1, 48.0, 67.4, 125.9 (2C), 128.2 (2C), 128.3, 128.8 (2C), 129.9,
130.2, 131.6, 144.5, 144.9, 146.3, 161.2 ppm (2C); MS (ES): m/z (%): 1041
[2M+Na]+ , 1019 [2M+H], 532 [M+Na]+ , 510 [M+H]+ (100).
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Fine-Tuning the Electronic Properties of Highly Stable Organometallic
CuIII Complexes Containing Monoanionic Macrocyclic Ligands
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Introduction


The controlled activation of small and relatively inert mole-
cules by transition-metal complexes (TMC) under mild con-
ditions is a very active area of research that has made im-
pressive advances over the last 20 years.[1] In particular, the
activation of C�H bonds in saturated hydrocarbons is of


special interest since these are the major constituents of nat-
ural gas and petroleum.[2] However, the full potential of
TMC in profitable practical applications, for example, in cat-
alytic conversion to more valuable products, has not yet
been realized.[3]


By choosing the appropriate ligands and metal, a remark-
able degree of control over the activation processes can be


Abstract: A family of highly stable or-
ganometallic CuIII complexes with
monoanionic triazamacrocyclic ligands
(Li) with general formula [CuLi]+ have
been prepared and isolated, and their
structural, spectroscopic, and redox
properties thoroughly investigated. The
HLi ligands have been designed in
order to understand and quantify the
electronic effects exerted by electron
donor and electron-withdrawing groups
on either the aromatic ring or the cen-
tral secondary amine or on both. In the


solid state the CuIII complexes were
mainly characterized by single-crystal
X-ray diffraction analysis, whereas in
solution their structural characteriza-
tion was mainly based on 1H NMR
spectroscopy given the diamagnetic
nature of the d8 square-planar CuIII


complexes. Cyclic voltammetry togeth-
er with 1H NMR and UV/Vis spectros-
copy have allowed us to quantify the
electronic effects exerted by the ligands
on the CuIII metal center. A theoretical
analysis of this family of CuIII com-
plexes has also been undertaken by
DFT calculations to gain a deeper in-
sight into the electronic structure of
these complexes, which has in turn al-
lowed a greater understanding of the
nature of the UV/Vis transitions as
well as the molecular orbitals involved.
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accomplished under mild conditions, which in turn can lead
to the improved efficiency and selectivity of the whole pro-
cess.[4]


In a recent paper we presented a novel aryl C�H activa-
tion process involving CuII complexes that leads to the for-
mation of relatively unusual and stable CuIII complexes con-
taining a monoanionic ligand.[5]


Few d8 CuIII complexes have been structurally character-
ized by single-crystal X-ray diffraction and those that have
all exhibit a square-planar type of geometry. The higher oxi-
dation state is stabilized either by the presence of a trianion-
ic ligand derived from the deprotonation of tripeptides,[6]


corroles[7] or confused porphyrins,[8] or by the participation
of several ligands supplying overall at least three negative
charges, such as the trifluoromethanate ligand.[9] The differ-
ent factors that govern CuIII stabilization and its reactivity
are of considerable interest in biology since CuIII is the
active center of certain metalloproteins[10] and also because
CuIII is thought to be responsible for the oxidative degrada-
tion and site-specific cleavage of DNA.[11] Furthermore CuIII


has been postulated as an intermediate in the oxidation of
saturated hydrocarbons using copper complexes as oxygen
and/or hydrogen peroxide activators, a variation of the so-
called Gif chemistry developed by Barton et al.[12]


Herein we present the synthesis and characterization of a
family of [CuIIILi]2+ macrocyclic complexes, generated via
C�H activation using the corresponding [CuII(HLi)]2+ com-
plexes, containing the ligands displayed in Scheme 1. These
ligands have been chosen to enable us to gain some under-
standing of the influence of steric and electronic effects on
the properties of the CuIII complexes.


Results and Discussion


Synthesis and X-ray structures : The triazamacrocyclic li-
gands used in this work are depicted in Scheme 1. In gener-
al, these ligands were prepared by the cyclization of the cor-
responding 1,3-bis(bromomethyl)benzene with the appropri-
ate tosylated triamine following a similar methodology (see
Scheme 2 for the particular case of HL3) to that first de-
scribed by Bencini et al.[13] for related compounds. The tosy-
lated triazamacrocycles were then treated with lithium sus-
pended in liquid ammonia[14] to afford the triazamacrocyclic
ligands HLi in moderate-to-good yields. The ligands HL3,


HL4, and HL6, which contain Me- and NO2-substituted aryl
groups, are described and characterized for the first time in
this work, whereas the other three have been reported pre-
viously.[5,15] The detosylation process can also be carried out
with HBr/HAcO/phenol to give the same organic com-
pounds but with better yields.[13] The new HLi ligands have
been thoroughly characterized by the usual analytical and
spectroscopic techniques and the data are presented in the
Supporting Information.


Under anaerobic conditions at room temperature, the HLi


ligands react instantaneously with CuII salts (triflate or per-
chlorate) in acetonitrile to afford the corresponding unstable
[CuII(HLi)]2+ complexes, which quantitatively disproportion-
ate to generate a colorless CuI and an orange CuIII complex
[Eq. (1)], both of which are diamagnetic.


2½CuIIðHLiÞ�2þ
MeCN, RT�����! �����½CuIIIðLiÞ�2þ þ ½CuIðH2L


iÞ�2þ ð1Þ


Diffusion of diethyl ether into the resulting acetonitrile
solution overnight results in the precipitation of red micro-
crystals of [CuIII(Li)]2+ (1–6, i=1–6) in nearly quantitative
yield. These six CuIII complexes, 1–6, are all stable in the
solid state and in both protic (H2O, pH 1–7; MeOH) and
aprotic solvents (MeCN, CH2Cl2) under aerobic conditions
except for 4 which decomposes in solution at room tempera-
ture as a result of the strong electron-withdrawing nature of
the nitro substituent. Under basic conditions the CuIII com-
plexes readily transform into the corresponding dinuclear di-
phenoxo complexes of general formula [CuII


2 (m-OLi)2]
2+ ,


which will be reported elsewhere.
1H NMR spectroscopic analysis of the reaction mixture,


performed by using CD3CN as the solvent, allowed us to
confirm that the reaction proceeded by disproportionation
by simple integration of the CuI and CuIII resonances. Fur-
thermore, optical titration of the reaction mixture with
excess phenanthroline also confirms a 50% conversion of
CuII to CuI.


Complex 2 reacts with Cl� at room temperature to form a
pentacoordinate copper complex, [CuIII(L2)Cl]+ , 7, whose
structure will be discussed below. In a similar manner, 4,
which contains the NO2 electron-withdrawing group, also
reacts readily with Cl� stabilizing the resulting nitro com-


Scheme 1. Triazamacrocyclic ligands HLi (i=1–6).


Scheme 2. Synthetic strategy for the preparation of the triazamacrocyclic
ligand HL3.
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plex [CuIII(L4)Cl]+ , 8, although
its isolation in the solid state
still remains elusive as a result
of decomposition.


Crystallographic data and se-
lected bond lengths and angles
for complexes 2, 3, 6 and 7 are
reported in Table 1 and Table 2,
respectively. ORTEP views of
these complexes together with
their labeling schemes are
shown in Figure 1 and in the
Supporting Information. In
complexes 1, 2, 3, 5, and 6, the
CuIII metal center is coordinat-
ed to the three nitrogen atoms
of the macrocyclic ligand and a
carbon atom of the phenyl ring
and adopts a distorted square-
planar geometry. The shortest coordination distance is
always the organometallic Cu1�C1 bond, which ranges from
1.848 S for 1 to 1.926 S for 6. This is in agreement with the
fact that the macrocyclic ligand, L1, of complex 1 has the
smallest cavity of this series and also with the fact that the
longest Cu1�C1 distance is that of complex 6, which con-
tains a ligand, L6, with a tertiary amine. The trans effect pro-
duced by the Cu1�C1 bond generates the longest Cu�N dis-
tances (Cu1�N2 bond lengths range from 1.995 S for 3 to
2.048 S for 6) and are 0.033–0.095 S longer than the mean
distances of the other two Cu�N bonds (Cu1�N1 and Cu1�
N3). This is especially acute for complexes 5 and 6 which
contain the macrocyclic ligands L5 and L6 with the methylat-
ed central amine. This phenomenon has been described in
detail previously mainly by Meyerstein and co-workers[16]


and by Bernhardt;[17] the M�N bond strength of tertiary
amines is weaker than that of secondary amines under com-
parable conditions. Herein this phenomenon will from now
on be termed the “N-methylation effect”. The increase in


the steric crowding and strain around the tertiary nitrogen
atom of the amine together with solvation effects through
hydrogen bonding are identified as the main factors that
produce this effect.[18]


The N-methylation effect of the tertiary amines, besides
the elongation of the Cu�Ntert bond, is also structurally man-
ifested in our case through a geometrical distortion. This
distortion involves the torsion angles between the best-fitted
plane that contains the carbon framework of the aromatic
ring and the best-fitted plane that contains the C1, Cu1, N1,
and N3 atoms (the first coordination sphere of the copper
center with the exception of the nitrogen atom of the terti-
ary amine). In complexes 5 and 6, which contain a tertiary
amine, this torsion angle is 9.4 and 9.68, respectively, where-
as in complexes 2 and 3 this distortion is reduced to 7.4 and
2.18, respectively, thus showing a lower degree of distortion
(the mathematical equations describing the best-fitted
planes as well as the distances of all the atoms to the planes
are presented in the Supplementary Information).


Table 1. Crystal data and structure refinement of CuIII complexes.


2-(OTf)2 3-(OTf)2 6-(OTf)2 7-(ClO4)


empirical formula C16H22Cu1F6N3O6S2 C17H24Cu1F6N3O6S2 C18H26Cu1F6N3O6S2 C28H44Cu2N6O8Cl4
Mr 594.03 608.05 622.08 861.70
crystal system monoclinic monoclinic monoclinic orthorhombic
space group P21/c P21/c P21/c Pbca
a [S] 9.603(2) 24.727(1) 24.163(5) 16.959(1)
b [S] 8.777(2) 12.4908(3) 14.822(3) 18.088(2)
c [S] 26.476(5) 15.8686(4) 17.658(4) 22.441(1)
a [8] 90 90 90 90
b [8] 98.08(3) 107.265(1) 127.83(3) 90
g [8] 90 90 90 90
V [S3] 2209.4(8) 4680.3(2) 4995.0(2) 6884.0(8)
Z 4 8 8 8
temperature [K] 160(2) 153(2) 180(2) 160(2)
l(MoKa) [S] 0.71073 0.71073 0.71073 0.71073
1calcd [gcm�3] 1.786 1.726 1.670 1.663
m [mm�1] 1.268 1.199 1.129 1.604
R[a] 0.0295 0.0409 0.0730 0.0548
Rw


[b] 0.0765 0.1026 0.1569 0.0895


[a] R=�[F0�FC]/�F0. [b] Rw= {�[w(F2
0�F2


c)
2]/�(wF4


0)}
1=2 .


Table 2. Selected bond lengths [S] and angles [o] for complexes 1–3 and 5–7.


1[a] 2 3[b] 5[a] 6 7


C1�Cu1 1.848(4) 1.901(2) 1.902(2) 1.905(3) 1.926(8) 1.898(6)
N1�Cu1 1.899(4) 1.960(2) 1.961(2) 1.985(3) 1.957(7) 1.958(5)
N3�Cu1 1.911(3) 1.952(2) 1.963(2) 1.961(3) 1.963(7) 1.963(5)
N2�Cu1 2.000(8) 2.002(2) 1.995(2) 2.031(3) 2.048(7) 1.988(5)


C1-Cu1-N1 84.600(2) 82.800(1) 82.000(1) 82.900(2) 84.100(3) 82.200(2)
C1-Cu1-N3 84.400(2) 81.700(1) 82.200(1) 82.300(2) 82.600(4) 81.100(2)
N1-Cu1-N2 105.600(2) 95.600(1) 97.400(1) 96.900(1) 94.300(3) 94.700(2)
N2-Cu1-N3 85.200(2) 99.700(1) 96.400(1) 99.700(1) 97.600(3) 99.300(2)
C1-Cu1-N2 163.500(2) 178.400(1) 173.800(1) 177.600(1) 173.800(3) 171.900(2)
N1-Cu1-N3 169.000(2) 157.200(1) 156.000(1) 160.700(2) 161.000(4) 154.500(2)


Cu�O (short) 2.428(3) 2.408(2) 2.256(2) 2.442(4) 2.279(5) 2.556(2) (Cl)[c]


Cu�O (long) 2.584(3) 2.643(2) 2.835(2) 2.736(4) 3.662(5) 3.301(2) (Cl)[c]


O-Cu-O 170.9(2) 156.6(1) 161.0(1) 177.3(1) 148.01(3) 160.7(2) (Cl)[c]


[a] See reference [5]. [b] There are two different molecules in the unit cell with very similar metric parameters.
[c] The values shown here for complex 7 are the shortest Cu�Cl distances and the smallest Cl�Cu�Cl angles
(see Figure 2 for the other values).
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Note also that in all cases the hydrogen atoms bonded to
the secondary amines (2 and 3) are oriented in the same di-
rection and thus the macrocyclic ligand adopts a syn confor-
mation. This syn conformation is also adopted by macrocy-
clic ligands with methylated central amines (5 and 6). The
non-anionic nature of the nitrogen-coordinating atoms is in
line with the longest CuIII�N bonds found in this family of
complexes relative to the bond lengths found in other CuIII


complexes that contain deprotonated amides as ligands.[6,19]


In complexes 1–3, 5, and 6 the ClO4
� or CF3SO3


� counter-
anions or a water molecule (in the case of complex 6) are
weakly associated with the metal center, generating a de-
compressed tetragonally distorted octahedral environment
in which one of the Cu�O distances is substantially longer
than the other (see Table 2). In all cases, the longer Cu�O
distance is located on the same side of the macrocycle as the
N�H or N�Me bonds, whereas the shorter Cu�O distance is
located on the other side which has a much lower steric en-
cumbrance. This distorted octahedral environment is per-
haps the most salient feature of this family of compounds[5]


in comparison with CuIII complexes described previously[6–9]


and can be attributed to the fact that in our case the higher
oxidation state of the copper center is stabilized by a mono-
anionic ligand.


In complex 7, the CuIII metal center adopts a similar ge-
ometry as in the previous cases except that the axial posi-
tions are occupied by chlorine instead of oxygen atoms,


which at the same time bridge two metal centers. Further-
more, this complex exhibits two crystallographically distinct
molecules in its unit cell (their atoms are thus labeled by
adding the letters “a” or “b”, for example, the copper atoms
are labeled Cu1a and Cu1b), although their parameters are
very similar. While the crystal packing in the complexes 1–6
is unremarkable, the chlorine bridge in 7 produces pseudo-
chains along the z axis with alternating “a” and “b” mole-
cules, as shown in Figure 2.


Spectroscopic properties : The 1D and 2D NMR spectra of
the CuIII complexes 1–8 and their corresponding ligands
HL1–HL6 were recorded in CD3CN and are presented in the
Supporting Information. The combination of 1D and 2D
NMR spectra has allowed us to unambiguously identify the
resonances of all the protons in the complexes and ligands.
Their assignments are reported in the Experimental Section
and in Table 3 and are consistent with the structures found
in the solid state.


Table 3 also contains the coordination-induced shifts
(CIS) as well as the Methylation-induced shifts (MeIS). The
latter is defined as the difference in chemical shift for a par-
ticular resonance when the central amine is methylated and
when it is not and thus remains a secondary amine. This
shift has been introduced here to analyze the electronic ef-
fects produced by methylation.


A careful examination of the data in Table 3 reveals the
following trends. 1) In both the ligands and complexes, the
Me and NO2 substituents in the aromatic ring significantly
affect the d values of the remaining aromatic protons, very
slightly affect the benzylic resonances, and virtually have no
affect on the aliphatic resonances. 2) In all cases, with the
exception of the aromatic protons, complexation produces a
positive CIS, the highest values being observed for the ben-
zylic and aminic methyl groups (0.6–0.7 ppm). The negative
CIS values observed for the aromatic protons suggest that
the aromatic rings, besides acting as s donors, also act as
weak p acceptors. 3) In the ligands, a negative MeIS is ob-
served for all the methylenic protons (Hb–d) neighboring the


Figure 1. ORTEP plot (50% probability) of the cationic moiety of the X-
ray crystal structures of complexes a) 2 and b) 6. Hydrogen atoms have
been omitted for clarity.


Figure 2. Crystal packing for complex 7 showing the formation of a
pseudochain through the Cu�Cl bonds; structural parameters are also
indicated.
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central amine as a consequence of the electron-donating
effect exerted by the methyl group (see Scheme 3 for the
atomic labeling used in the NMR assignment). The Hd pro-


tons, in the a position, are as expected the ones that are
most affected. 4) In sharp contrast, the opposite effect is ob-
served in the complexes with positive MeIS values for the
Hb–d protons. Furthermore, the most affected proton is now
Hc, which is in a b position with respect to the central
amine, followed by Hd, and finally Hb is only slightly affect-
ed.


This inversion of the MeIS for the complexes reveals that
from an electronic point of view the methyl group situated
at the tertiary amine paradoxically acts as an electron-with-
drawing group. This is further supported by the E1/2 redox
potentials of the CuIII/CuII couple bearing the methylated
tertiary amines since they are anodically shifted relative to
those of the non-methylated secondary amine (vide infra).
This effect has previously been observed in aqueous solu-
tions of non-organometallic CuII complexes[16,17] and was at-


tributed to a number of factors including the formation of
hydrogen bonds between the secondary amines and solvent
molecules and less metal–ligand orbital overlap as a result
of the steric effects generated by the methylated tertiary
amine which displace the nitrogen bonding electron pair out
of the main plane in which the metal center is located.
Indeed, the latter effect can also be observed in the com-
plexes described in this paper since the methylated com-
plexes 5 and 6 have the highest angles between the planes
defined by the carbon atoms of the aromatic ring and the
C1, Cu1, N1, and N3 atoms (vide supra).


The UV/Vis spectra of complexes 2–7 are presented in
Figure 3 and their lmax values together with the correspond-


ing extinction coefficients are listed in Table 4. The com-
plexes 2–7 display a very intense band below 300 nm and an-
other less intense but broad band in the range of 370–
520 nm (see Figure 3) that can be assigned to two similar
p!dx2�y2 ligand-to-metal charge transfer (LMCT) transi-
tions.[20] As shown in Table 4 and Figure 3 (see also the de-


Table 3. Chemical shifts, CIS, and MeIS for the ligands HL2–HL6 and complexes 2–6.[a]


HL2 HL3 HL4 HL5 MeIS[b] HL6 MeIS[b] 2-
(ClO4)2


CIS[c] 3-
(OTf)2


CIS[c] 4-
(OTf)2


CIS[c] 5-
(ClO4)2


CIS[c] MeIS[b] 6-
(OTf)2


CIS[c] MeIS[b]


Hy 7.25 – – 7.24 – 7.27 0.02 – – 7.27 0.03 0.00 –
Hz 7.11 6.91 7.95 7.07 6.88 6.95 �0.16 6.78 �0.13 7.9 �0.05 6.95 �0.12 0.00 6.77 �0.11 �0.01
Ha


[d] [d] [d] [d] [d] 6.12 6.96 [d] 6.33 7.11
Hb


[d] [d] [d] [d] [d] 3.14 3.77 [d] – –
Ha1 3.87 3.84 3.98 3.9 0.03 3.84 0.00 4.61 0.68 4.65 0.70 4.75 0.67 4.67 0.70 0.05 4.67 0.76 0.06
Ha2 4.49 4.42 4.55 4.52 4.52
Hb1 2.84 2.78 2.77 2.5 �0.34 2.5 �0.26 3.09 0.02 3.27 0.43 2.64 �0.01 3.05 0.36 0.00 3.37 0.76 0.05
Hb2 2.63 3.15 2.67 3.15
Hc1 1.68 1.66 1.65 1.63 �0.05 1.61 �0.05 1.77 0.23 2.10 0.38 1.96 0.31 2.15 0.42 0.15 2.33 0.57 0.14
Hc2 – 2.04 1.98 1.95 2.02
Hd1 2.56 2.52 2.53 2.49 �0.07 2.46 �0.06 2.99 0.53 2.90 0.48 2.97 0.52 3.08 0.67 0.08 3.21 0.49 �0.06
Hd2 – 3.18 3.10 3.12 3.24 2.68
He – – – 2.01 2 – – – 2.73 0.72 2.91 0.91
Hf – 2.34 – – 2.30 – 2.31 �0.03 – – 2.28 �0.02 �0.03


[a] See Scheme 1 for labels. [b] The methylation induced shift (MeIS) is defined as the difference between the chemical shift of a particular proton in a methylat-
ed compound and the same proton in the corresponding non-methylated compound. For CH2 methylenic groups with magnetically different protons the MeIS is
calculated by taking the mean value. [c] In the CIS of the complexes, the mean value of the chemical shifts of two magnetically different protons of each CH2


methylenic group is subtracted from the chemical shift displayed by the same protons in the free ligand. [d] Not observed.


Scheme 3. Drawings and 1H NMR labeling scheme for the cationic
moiety of CuIII complexes 2–6.


Figure 3. UV/Vis spectra for complexes 2–7. The inset shows an enlarge-
ment of the 450–600 nm zone (see text for experimental details).
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convoluted spectra presented in
the Supporting Information),
the p1!dx2�y2 band for com-
plexes 3, 5, and 6 is red-shifted
relative to 2, while for com-
plexes 4 and 7 a blue shift is ob-
served.


Density functional theory
(DFT) calculations (see Com-
putational Details in the Exper-
imental Section) were carried
out for complexes 2–7 to eluci-
date the electronic properties
of these complexes and thus un-
derstand the nature of the tran-
sitions observed in the UV/Vis
spectra. For complex 2, the
DFT-optimized structure nicely
fits the experimental X-ray
structure (see the calculated
structure and the comparison of
the geometrical parameters pre-
sented in the Supporting Infor-
mation) thus validating the ade-
quacy of the theoretical method
employed for the geometry op-
timizations of these particular
systems.


Time-dependent DFT calcu-
lations (TDDFT) show that the
most intense band below
300 nm involves the LUMO
frontier orbital (Figure 4a) as the main arrival orbital for
complex 2 (only small differences are observed for com-
plexes 2–7) and the s1 orbital (Figure 4b) as the main start-
ing one. The LUMO orbital is mainly a combination of the
dx2�y2 orbital of the copper atom and the p orbitals of the ni-
trogen atoms and the carbon atom that participates in the
Cu�C bond. In 7 there is an extra contribution from the pz


orbital of the chlorine atom.
The s1 orbital depicted in Figure 4b is composed essential-


ly of the py orbitals of the atoms contained in the axis N2�


Cu1�C1. This orbital is the HOMO-2 except in complex 4,
in which it is the HOMO-3 owing to the insertion of an orbi-
tal with mainly nitro-group character as the HOMO-2 orbi-
tal, and in complex 7, in which the s1 orbital is the HOMO-
6 because of the intercalation of three orbitals with Cu�Cl
antibonding character and another orbital of macrocyclic
character related to the Cu�N bonding interaction.


The p!dx2�y2 LMCT band is composed of two charge-
transfer excitations, principally from the ligand to the metal.
The main arrival orbital is the LUMO (see Figure 4a), but
the starting orbital changes depending on the system. The
first excitation starts from the p1 orbital (Figure 4c), while
the second one starts from the p2 orbital (Figure 4d). The p1


and p2 orbitals are the HOMO and HOMO-1 orbitals in


complexes 2, 4, and 5. In the other complexes, these two or-
bitals are exchanged, except in complex 7 in which the p1


and p2 orbitals are the HOMO-3 and HOMO-4, respective-
ly. The solvent has a significant effect on the energy of the
p!dx2�y2 LMCT band and a less strong one on the band
below 300 nm. After including this effect in the calculations,
the p!dx2�y2 LMCT bands are blue-shifted, this shift being
more noticeable in solvents with high dielectric constants.


Figure 5 shows the energies of the orbitals and the wave-
lengths of the two calculated excitations that produce the


Table 4. Calculated and experimental deconvoluted UV/Vis data as-
signed to p1!dx2�y2 and p2!dx2�y2 transitions.


p1!dx2�y2 p2!dx2�y2


Complex lmax(exp.[a])
[nm]


lmax(theor.)
[nm]


lmax(exp.[a])
[nm]


lmax(theor.)
[nm]


2 390(417) 552 463(147) 608
3[b] 487(303) 649 388(559) 617
4 277(325) 496 380(15) 567
5 393(345) 560 478(157) 623
6[b] 503(198) 661 397(285) 634
7 328(630) 469 386(1260) 497


[a] Extinction coefficients are given in parentheses and are measured in
M�1 cm�1. [b] The energies of the p1 and p2 orbitals are inverted com-
pared with the energies of the other complexes; see text, Figure 5 and
the Supporting Information for details.


Figure 4. 3D representation of the orbitals most involved in the calculated excitations of the UV/Vis spectra of
complex 2 : a) the LUMO orbital; b) the starting orbital (s1) involved in the highest energy band; c) the start-
ing orbital (p1) involved in the p1!dx2�y2 excitation; d) the starting orbital (p2) involved in the p2!dx2�y2 exci-
tation. Isosurface values are �0.05 and 0.05 a.u.
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p!dx2�y2 LMCT bands for complexes 2, 3, and 5, whereas
Table 4 and Figure S12 (Supporting Information) reveal the
main features of the experimental and calculated LMCT
transitions of complexes 2–7. As can be observed from the
data in Table 4, the experimental p1!dx2�y2 transition corre-
lates well with the TDDFT calculated one with a shift of
141–167 nm for complexes 2, 3, 6, and 7 and of 219 nm for
4. Although the absorption wavelengths calculated by
TDDFT are clearly overestimated, the errors are compara-
ble to those found in similar studies.[21] These errors may be
attributed to the size of the basis set,[22] the inadequate de-
scription of solvent effects, which are very relevant in charg-
ed species, and the different localized or delocalized charac-
ter of the initial and final electronic states.[21a] However, we
want to emphasize that our main goals are to tentatively
assign the observed transitions and to understand the origin
of the shifts experienced by the different bands when going
from complex 2 to complexes 3–7. In our opinion, these
shifts are well reproduced by our calculations and an under-
standing of the origin of the shifts is provided by the analy-
sis of the molecular orbitals that are most involved in the
electronic transitions. Finally, the p2!dx2�y2 transition has a
similar degree of correlation to that of the p1!dx2�y2 transi-
tion, with the exception of 3 and 6, which are shifted in op-
posite directions.


Methylation of the aromatic ring of species 2 to yield
complex 3 has a greater effect on the p1!dx2�y2 LMCT band
than the methylation of the central amine in complex 5. In
both cases, the band is red-shifted, but the magnitude of the
shift in the former is much larger (exptl: 97 nm, calcd:
97 nm for 3 ; exptl: 3 nm, calcd 8 nm for 5). Methylation in
both places (complex 6) causes a red shift that is nearly the
sum of the two shifts described above (exptl: 113 nm, calcd:
109 nm for 6).


By using complex 2 as a reference, it is found that the en-
ergies of the p1 and p2 orbitals remain almost constant after
the methylation of the amine (complex 5), while the LUMO
is slightly stabilized, as expected from the fact that the
methyl group behaves as an electron-acceptor group (vide
supra) in this particular species (see Figure 5). Methylation
of the aromatic ring in complex 3 has the opposite effect on


the LUMO, that is, the LUMO is slightly destabilized, which
is not surprising if one considers that this methyl group be-
haves as an electron donor. In line with this, the p1 and p2


orbitals in complex 3 are significantly destabilized owing to
their proximity to the aromatic group. In fact, the p1 orbital
is destabilized more than the p2 orbital because the methyl
group bonded to the aromatic carbon contributes to the p1


orbital with an antibonding interaction whereas it does not
participate in the p2 orbital. This effect is responsible for the
relative inversion of the energies of the p1 and p2 orbitals in
complexes 3 and 6 in which the methyl substituent is
bonded to the phenyl group.


The significant destabilization of the p1 and p2 orbitals in
complex 3 account for the larger red shift observed for com-
plex 3 than for complex 5.


The presence of a nitro group (complex 4) in the aromatic
ring causes a blue shift of the p1!dx2�y2 transition relative to
complex 2 (exptl: 113 nm, calcd: 56 nm). This blue shift re-
sults from a greater stabilization of the p1 and p2 orbitals
than of the LUMO giving a larger energy difference as a
result of the electron-accepting nature of the nitro group.


In complex 7, two bands were found experimentally at
375 and 522 nm. The band at 375 nm splits into two bands
centered at 328 nm and 386 nm (Gaussian deconvolution).
In this case, theoretical calculations were useful to under-
stand and assign the origin of these transitions. It has been
found that the band at 375 nm is a result of a p!dx2�y2


LMCT transition similar to that occurring in complexes 2–6
but the band at 522 nm arises from three transitions that
start from antibonding s* and p* orbitals of the Cu�Cl
bond (HOMO, HOMO-1, and HOMO-2) (see Figure 6) and
finish at the LUMO orbital.


Our calculations indicate that the p1!dx2�y2 LMCT transi-
tion in complex 7 is blue-shifted relative to the same transi-
tion in 2 (exptl: 62 nm, calcd: 83 nm). This blue shift results
from the substantial destabilization of the LUMO orbital
and at the same time an important stabilization of the p1


and p2 orbitals in this complex. The destabilization of the
LUMO orbital is a result of the large charge transfer
(0.62 e) from the chlorine anion to complex 2 that occurs in
the formation of complex 7.


Finally, our calculations also correctly predict much
higher intensities for the p!dx2�y2 bands of the Cu�Cl com-
plex 7 than for complexes 2–6 (see oscillator strength values
in Table S5 and Figure S12 in the Supporting Information).


Redox properties : The redox properties of complexes 1–8
were investigated by means of cyclic voltammetric and cou-
lometric techniques and their electrochemical parameters
are given in Table 5. Figure 7 presents the cyclic voltammo-
grams of complexes 2–6 and reveals a chemically and elec-
trochemically quasireversible CuIII/CuII redox couple. Coulo-
metric experiments show that upon reduction to oxidation
state ii, the complexes described in this work are not stable,
undergoing irreversible decomposition reactions. The CuIII/
CuII redox couple as expected depends on the electronic
nature of the phenyl substituents as well as on the nature of


Figure 5. Calculated qualitative energy diagram of the orbitals involved
in the p–dx2�y2 LMCT bands of complexes 2, 3, and 5. The orbital energies
are given in atomic units (hartrees) and the wavelengths of the excita-
tions in nm.
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the central macrocyclic amine. To evaluate these electronic
effects, the CuIII/CuII redox couple of complex 2 (E1/2=


�0.163 V; Ep,a=�0.116 V, Ep,c=�0.210 V, DE=94 mV) was
used as a reference. Electron-withdrawing substituents in
the phenyl ring destabilize the oxidation state iii and thus
the E1/2 of complex 4 is strongly shifted cathodically by
169 mV (E1/2=0.006 V; Ep,a=0.076 V, Ep,c=�0.063 V, DE=


139 mV). On the other hand electron donors in the phenyl
ring, as in complex 3, produce the opposite effect and stabi-


lize CuIII by shifting the E1/2 anodically by 38 mV (E1/2=


�0.201 V; Ep,a=�0.152 V, Ep,c=�0.250 V, DE=98 mV). Ter-
tiary amines have a lower s-donating capacity than secon-
dary amines owing to a lower overlap capacity and also sol-
vation effects (N-methylation effect) and this is usually man-
ifested in a cathodic shift of the E1/2 redox potential. This is
observed in complex 5 in which the central secondary amine
of the L2 ligand has been replaced by a methylated tertiary
amine and has a significant cathodic shift of 60 mV (E1/2=


�0.103 V; Ep,a=�0.056 V, Ep,c=�0.150 V, DE=94 mV). In
complex 6 there are two competing electronic effects, the
enhanced electron-donating capacity of the methylated
phenyl group versus the reduced s-donating ability of the
tertiary amine; overall a 34 mV cathodic shift is observed
for complex 6 (E1/2=�0.129 V; Ep,a=�0.084 V, Ep,c=


�0.174 V, DE=90 mV).
Furthermore, the electronic effects correlate with the ki-


netic stability of the corresponding CuII complexes; thus
complex 4 has the largest I (Ip,a/Ip,c), whereas complex 3 has
the lowest, showing that electron-withdrawing groups stabi-
lize the CuII oxidation state whereas electron-donating
groups destabilize CuII and thus the coupled chemical reac-
tion becomes more significant after electron transfer.


The behavior of complex 7 is radically different displaying
an irreversible cathodic wave at �0.400 V. The cyclic vol-
tammogram of complex 8 reveals a reversible process in the
cyclic voltammetry timescale but it has the largest peak
splitting by far (E1/2=�0.271 V; Ep,a=�0.148 V, Ep,c=


�0.394 V, DE=246 mV).


Conclusions


A family of Cu complexes in the unusual oxidation state of
+3 and containing triazamacrocyclic ligands has been de-
scribed and their structural, spectroscopic, and redox prop-
erties thoroughly investigated. This has allowed us to unrav-
el the detailed electronic structure of these CuIII complexes
which in turn permitted us to rationalize their redox and
spectroscopic properties. As a result of this detailed work it


Figure 6. 3D representations of the starting orbitals most involved in the
excitation at 522 nm in the experimental UV/Vis spectra of complex 7: a)
HOMO; b) HOMO-1; and c) HOMO-2 orbitals. Isosurface values are
�0.05 and 0.05 a.u.


Table 5. Electrochemical parameters (versus SSCE) of complexes 1–8.


Complex E1/2 [mV][a] Ep,a [V] Ep,c [V] DE [mV] Ip,a/Ip,c


1 – – �0.444 – –
2 �163 �0.116 �0.210 94 0.9
3 �201 �0.152 �0.250 98 0.6
4 6 0.076 �0.063 139 0.9
5 �103 �0.056 �0.150 94 0.9
6 �129 �0.084 �0.174 90 0.8
7 – – �0.400 – –
8 �271 �0.148 �0.394 246 1.0


[a] E1/2 values referenced to the ferrocene/ferrocenium couple can be
found in Table S6 of the Supporting Information.


Figure 7. Cyclic voltammograms of complexes 2–6 (see text for experi-
mental details).
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has been possible to measure the electronic effects of N-
methylation in a quantitative manner.


Experimental Section


Materials : All reagents used in this work were obtained from Aldrich
Chemical Co. and were used without further purification. Reagent-grade
organic solvents were obtained from SDS and high purity deionized
water was obtained by passing distilled water through a nanopure Mili-Q
water purification system.


Instrumentation and measurements : IR spectra were recorded with a
Mattson Satellite FT-IR spectrometer using KBr pellets or by using a
MKII Golden Gate Single Reflection ATR System. UV/Vis spectroscopy
was performed by using a Cary 50 Scan (Varian) UV/Vis spectrophotom-
eter with 1 cm quartz cells. NMR spectra were recorded with a Bruker
500 MHz or 200 Model Avance spectrometer. Samples were analyzed in
either CDCl3 or in [D3]acetonitrile, with residual solvent protons and/or
tetramethylsilane as internal references. Elemental analyses were per-
formed with a CHNS-O Elemental Analyser EA-1108 from Fisons. The
ESI-MS experiments were performed on a Navigator LC/MS chromato-
graph from Thermo Quest Finnigan using methanol or acetonitrile as a
mobile phase.


Cyclic voltammetric (CV) experiments were performed in a PAR 263A
EG&G or IJ-Cambria IH-660 potentiostat with a three-electrode cell.
Glassy carbon disk electrodes (3 mm diameter) from BAS were used as
the working electrode, platinum wire as the auxiliary and SSCE as the
reference electrode (unless explicitly mentioned in the text, the potentials
given are always with respect to this reference electrode). The ferrocene/
ferrocenium couple was used as the internal reference with E1/2 (versus
SSCE)=371 mV. The complexes were dissolved in previously degassed
0.1m (nBu4N)(PF6) in acetonitrile as the supporting electrolyte. All E1/2


values reported in this work were estimated from cyclic voltammetry as
the average of the oxidative and reductive peak potentials (Ep,a+Ep,c)/2
(scan rate=100 mVs�1, room temperature). The concentration of the
complexes was 2 mm. Bulk electrolyses were carried out in a three-com-
partment cell using carbon felt from SOFACEL as the working electrode.


Sample preparations : Caution! Some complexes described in this section
contain the perchlorate anion; even though we have not suffered any ex-
plosion, perchlorate salts are potentially explosive.


Ligands : All ligands have been prepared following two different methods
previously used for the synthesis of HL1 and HL2[5, 13,14] although HL2 and
HL5 have previously been prepared following different synthetic
routes.[15] The remaining ligands have been synthesized in this work for
the first time.


Ligand HL3 : N-(3-Aminopropyl)propane-1,3-diamine (3.45 g, 25.7 mmol)
was tosylated with TsCl (16.45 g, 85.0 mmol) in THF/H2O (200 mL) in
the presence of NaOH (4.21 g, 103.1 mmol) at 60 8C overnight to give a
52% yield of tritosylated amine (7.95 g, 13.40 mmol) after purification by
column chromatography (silica gel, CH2Cl2/ethyl acetate 92:8). 3,5-Bis-
(bromomethyl)toluene (1.11 g, 4.01 mmol) and the tritosylated amine
(2.38 g, 4.01 mmol) in CH3CN (250 mL) was refluxed for 24 h to give,
prior to purification by column chromatography on silica gel (CH2Cl2/
ethyl acetate 98:2), the desired cyclized tosylated product HL3 (2.28 g,
3.22 mmol) in 80% yield. Detosylation of tosylated HL3 was achieved by
reduction with lithium in liquid ammonia (approx. 250 mL) at �70 8C.
Lithium metal was added until the solution turned deep blue. After
1 hour, NH4Cl (15 g, 0.28 mol) was added and NH3 carefully evaporated.
Extraction with CHCl3/1m HCl, evaporation of the aqueous phase, basifi-
cation with 30% NaOH, extraction with CHCl3, and final purification on
silica gel (CH2Cl2/MeOH/NH4OH 80:20:5) yielded ligand HL3 (0.42 g,
1.71 mmol, 48% yield). 1H NMR (200 MHz, CDCl3, 25 8C): d=7.47 (s,
1H; Hx), 6.86 (m, 2H; Hz), 3.84 (s, 4H; Ha), 2.76 (t, J(H,H)=5.4 Hz, 4H;
Hb), 2.53 (t, J(H,H)=5.8 Hz, 4H; Hd), 2.31 (s, 3H; Hf), 1.69 ppm (quint,
J(H,H)=5.6 Hz, 4H; Hc);


13C NMR (50.3 MHz, CDCl3, 298 K): d=


141.07, 137.63, 127.65, 121.56 (Caromatic), 52.78 (Ca), 46.44 (Cb), 44.01 (Cd),
28.84 (Cc), 21.17 ppm (Cf); ESI-MS (CH3CN): m/z(%): 248 [HL3+H]+ ;


elemental analysis calcd (%) for C15H25N3 (247.38): C 72.83, H 10.19, N
16.99; found: C 73.01, H 10.23, N 16.85.


A similar procedure was used to synthesize the rest of the ligands.


Ligand HL4 : Yield: 35%. 1H NMR (200 MHz, CDCl3, 25 8C): d=8.20 (s,
1H; Hx), 7.91 (s, 2H; Hz), 3.98 (s, 4H; Ha), 2.79 (t, J(H,H)=5 Hz, 4H;
Hb), 2.56 (t, J(H,H)=6 Hz, 4H; Hd), 1.70 ppm (quint, J(H,H)=6 Hz,
4H; Hc);


13C NMR (50.3 MHz, CDCl3, 25 8C): d=143.17, 131.41, 121.46
(Caromatic), 52.54 (Ca), 46.43 (Cb), 44.49 (Cd), 29.12 ppm (Cc); ESI-MS
(CH3CN): m/z(%): 279 [HL4+H]+ ; elemental analysis calcd (%) for
C14H22N4O2 (278.35): C 60.41, H 7.97, N 20.13; found: C 60.85, H 8.24, N
20.50.


Ligand HL6 : Yield: 40%. 1H NMR (200 MHz, CDCl3, 25 8C): d=7.39 (s,
1H; Hx), 6.84 (s, 2H; Hz), 3.86 (s, 4H; Ha), 2.57 (t, J(H,H)=6 Hz, 4H;
Hb), 2.42 (t, J(H,H)=4 Hz, 4H; Hd), 2.30 (s, 3H; Hf), 2.01 (s, 3H; He),
1.63 ppm (quint, J(H,H)=5 Hz 4H; Hc);


13C NMR (50.3 MHz, CDCl3,
25 8C): d=140.49, 137.56, 127.01, 121.49 (Caromatic), 55.84, 52.64 (CH2-CH2-
CH2), 44.92 (Ca), 40.80 (Ce), 27.36 (Cc), 21.16 ppm (Cf); IR (KBr): ñ=
3292 (s), 2916 (s), 2789 (s), 1604 (m), 1459 (s), 1127 (s), 730 cm�1 (s);
ESI-MS (CH3CN): m/z(%): 262 [HL6+H]+ ; elemental analysis calcd
(%) for C16H27N3 (261.41): C 73.51, H 10.41, N 16.07; found: C 73.73, H
10.62, N 15.87.


Synthesis of complexes: The synthesis of complexes [CuIII(L1)](ClO4)2 (1-
(ClO4)2), [CuIII(L2)](ClO4)2 (2-(ClO4)2), and [CuIII(L5)](ClO4)2 (5-(ClO4)2)
have been reported previously.[5] However, the synthesis of all complexes
have been reproduced in this work and in the case of 2-(ClO4)2, good
crystals for structural resolution were obtained.


[CuIII(L3)](OTf)2, 3-(OTf)2 : Equimolar amounts of ligand HL3 (15.4 mg,
0.062 mmol) and CuII(ClO4)2·6H2O (23.0 mg, 0.062 mmol) were dissolved
in CH3CN (2 mL) under magnetic stirring and under either N2 or Ar.
After 30 min, the resulting orange solution was filtered through celite.
Slow diffusion of diethyl ether into the filtered solution over 24 h led to
the formation of orange crystals of 3-(OTf)2 in 50% isolated yield
(19.0 mg, 0.031 mmol). 1H NMR (500 MHz, CD3CN, 25 8C): d=6.96 (m,
2H; Ha), 6.78 (s, 2H; Hz), 4.65 (d, 2J(H,H)=16 Hz, 2H; Ha1), 4.42 (d, 2J-
(H,H)=16 Hz, 2H; Ha2), 3.27 (m, 2H; Hb1), 3.15 (m, 2H; Hb2), 3.10 (m,
2H; Hd2), 2.90 (m, 2H; Hd1), 2.31 (s, 3H; Hf), 2.10 (m, 2H; Hc1),
1.98 ppm (m, 2H; Hc2); IR (KBr): ñ=3140 (m), 2925 (m), 2857 (m), 1456
(w), 1433 (w), 1279 (s), 1255 (s), 1170 (s), 1029 (s), 636 (m), 517 cm�1


(w); UV/Vis (CH3CN): lmax (e)=482 nm (sh, 322 m
�1 cm�1); ESI-MS


(CH3CN): m/z (%): 458 [3-(OTf)]+ ; elemental analysis calcd (%) for
C17H24N3CuF6S2O6 (608.1): C 33.58, H 3.98, N 6.91, S 10.55; found: C
33.75, H 4.06, N 6.67, S 10.44.


The labels used in the NMR assignment for this and all the other com-
plexes are given in Scheme 3.


The same procedure was followed using CuII(ClO4)2 as the CuII salt and
the complex was obtained in quantitative yield. Complexes 4 and 6 were
synthesized following the same procedure, except for the addition of the
appropriate ligand, and yields identical to that of 3 were obtained. Thus
only their analytical and spectroscopic data will be given.


[CuIII(L4)](OTf)2, 4-(OTf)2 : Yield: 50%. 1H NMR (200 MHz, CD3CN,
25 8C): d=7.9 (s, 2H; Hz), 4.75 (d, 2J(H,H)=16 Hz, 2H; Ha1), 4.55 (d, 2J-
(H,H)=16 Hz, 2H; Ha2), 3.12 (m, 2H; Hd1), 2.97 (m, 2H; Hd2), 2.64 (m,
4H; Hb1, Hb2), 1.96 ppm (m, 4H; Hc1, Hc2); UV/Vis (CH3CN): lmax (e)=
400 nm (sh, 318 m


�1 cm�1); ESI-MS (CH3CN): m/z (%): 490 [4-(OTf)]+ .


[CuIII(L6)](OTf)2, 6-(OTf)2 : Yield: 50% (18.3 mg, 0.029 mmol) 1H NMR
(500 MHz, CD3CN, 25 8C): d=7.71 (m, 2H; Ha), 6.77 (s, 2H; Hz), 4.67
(d, 2J(H,H)=16 Hz, 2H; Ha1), 4.52 (d, 2J(H,H)=16 Hz, 2H; Ha2), 3.37
(m, 2H; Hb1), 3.21 (m, 2H; Hd1), 3.15 (dt ,3J(H,H)=3.3 Hz, 2J(H,H)=
13.3 Hz, 2H; Hb2), 2.91 (s, 3H; He), 2.68 (m, 2H; Hd2), 2.33 (m, 2H; Hc1),
2.28 (s, 3H; Hf), 2.02 ppm (m, 2H; Hc2); IR (KBr): ñ=3139 (m), 2925
(m), 2857 (m), 1452 (w), 1435 (w), 1279 (s), 1259 (s), 1170 (s), 1031 (s),
636 (m), 518 cm�1 (w); UV/Vis (CH3CN): lmax (e)=496 nm (sh,
218 m


�1 cm�1); ESI-MS (CH3CN): m/z(%): 472 [6(OTf)]+ ; elemental
analysis calcd (%) for C17H24N3CuF6S2O6 (608.1): C 34.75, H 4.21, N 6.75,
S 10.31; found: C 34.53, H 4.32, N 6.67, S 10.32.


[CuIII(L2)(Cl)](OTf), 7-(OTf): Complex 2-(OTf)2 (0.022 g, 0.037 mmol)
was dissolved in CH3CN (2 mL) and NaCl (1 equiv, 0.0022 g) in H2O
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(0.5 mL) was added. After the addition of NaCl the original orange solu-
tion turned red immediately. The solution was then magnetically stirred
for 30 min and filtered. Diffusion of diethyl ether into the filtrate led to
the formation of red crystals of 7(OTf) in 73% isolated yield (0.012 g,
0.026 mmol). 1H NMR (400 MHz, CD3CN, 25 8C): d=7.12 (t, 3J(H,H)=
7.5 Hz, 1H), 6.81 (d, 3J(H,H)=3.6 Hz, 2H)), 6.07 (m, 2H; NH), 4.38
(m,2H), 4.25 (m, 2H), 3.14 (m, 3H), 2.80 (m, 6H), 1.89 (m, 1H),
1.70 ppm (m, 2H); IR (KBr): ñ=3126, 3090, 3033, 2926, 2854, 1459,
1423, 1144, 1116, 1078, 627 cm�1; UV/Vis (CH3CN): lmax (e)=375 (1900),
522 nm (540 m


�1 cm�1). Crystals of [CuIII(L2)(Cl)](ClO4), 7-(ClO4), suita-
ble for X-ray diffraction were synthesized by the same procedure.


[CuIII(L4)(Cl)](OTf), 8-(OTf): This complex was prepared in solution
only. UV/Vis (CH3CN): lmax (e)=365 nm (2900m�1 cm�1), 503 nm
(308m�1 cm�1)


X-ray structure determination : The structures of 1-(ClO4)2 and 5-(ClO4)2


have been published previously.[5]


An orange crystal of 2-(OTf)2, a red crystal of 6-(OTf)2, and a parallepip-
ed dark-red crystal of 7-(ClO4) were placed on a STOE imaging plate dif-
fraction system (I.P.D.S) equipped with an Oxford Cryosystems Cryo-
stream Cooler Device. These crystals were studied by X-ray diffraction
using graphite-monochromated MoKa radiation (l=0.71073 S) operating
in the f scan method. The cell measurement temperature was 180(2) K
for 1-(ClO4)2 and 6-(OTf)2, and 160(2) K for 2-(OTf)2 and 7-(ClO4).
Their structures were solved by direct methods using the SIR92 pro-
gram,[23] and subsequent difference Fourier maps. The models were re-
fined by least-squares procedures on F2 with the aid of SHELX-97.[24]


Statistical disorder was found on the atoms labeled N2 and C5 in com-
plex 1 and is located on the two sites with a ratio of occupancy close to
50%. Disorder was also found on the SO3 group of the triflate anion in
complex 6-(OTf)2 and was found to be statistically distributed between
the two sites in a ratio of occupancy equal to 50%; some restraints were
introduced on interatomic distances and angles in order to regularize the
geometry of the SO3 group. Further, disordered perchlorate oxygen
atoms were also found in complex 7-(ClO4), which contains two almost
identical molecules of the chloro cationic complex.


Data reduction, Lorentz polarization, and empirical absorption correc-
tions were performed using the Sadabs package. Structures were solved
by direct methods using SHELXS-86,[25] and refined by full-matrix least-
squares analyses with SHELXL-93.[26]


CCDC-261432 (2), CCDC-261433 (3), CCDC-261434 (6), and CCDC-
261435 (7) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Computational details : The reported calculations were carried out by
using the Amsterdam density functional (ADF) package developed by
Baerends and co-workers[27–29] and vectorized by Ravenek.[30] The numer-
ical integration scheme employed was that of te Velde and Baerends.[31]


Both geometry optimizations and energy evaluations were performed
using a generalized gradient approximation (GGA) that includes Becke[s
GGA exchange correction[32] and Perdew[s GGA correlation correc-
tion.[33] Experimentally it was found that these mononuclear species are
diamagnetic. For this reason, optimizations were carried out for neutral
closed-shell singlet ground-state structures. However, we have checked
the relative stabilities of the singlet and triplet states of all the calculated
complexes. In all cases, the triplet state has a higher energy. This is in
agreement with the sharp peaks in the diamagnetic regions of the NMR
spectra. The difference between the two states is around 25 kcalmol�1 in
all the cases studied.


The UV spectra were simulated by the time-Dependent DFT method
(TDDFT),[34] using the LB94 potential of van Leeuwen and Baerends.[35]


The 2000.02 release of the ADF package was used for all geometry opti-
mizations and the calculated UV/Vis spectra were obtained by using the
2002.03 release of the ADF program.[36]


In the geometry optimizations we used an uncontracted triple-& basis set
to describe the 3s, 3p, 3d, 4s, and 4p orbitals of copper. For carbon
(2s,2p), nitrogen (2s,2p), oxygen (2s,2p), and hydrogen (1s), double-&
basis sets were employed and augmented by an extra polarization func-


tion.[37,38] Electrons in lower shells were treated within the frozen-core
approximation.[27] A set of auxiliary s, p, d, f, and g functions, centered in
all nuclei, was introduced in order to fit the molecular density and Cou-
lomb potential accurately in each SCF cycle.[39] For the particular case of
2, the experimental and theoretical bond lengths and angles differ by less
than 0.07 S and 3.08, respectively. The standard deviation for the bond
distances is 0.03 S, and for the angles 1.818. The standard deviation is
calculated using Equation (2), where CV means calculated value, EV ex-
perimental value (X-ray data), and N is the number of bond distances or
angles taken into account. See the Supporting Information for the bond
distances and angles used to calculate sn�1.


sn�1 ¼


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PN
i¼1
ðCV�EVÞ2


N�1


vuuut ð2Þ


To simulate the UV/Vis spectra an uncontracted triple-& basis set was
used for all the atoms. For the copper atom this basis set was augmented
by an extra polarization function.[37,38] We have checked in several com-
plexes that the inclusion of diffuse functions in the basis set and relativis-
tic effects in the hamiltonian only produce slight changes in the positions
of the bands, and therefore to reduce the computational cost these effects
have not been taken into account.[40]


The effect of solvent on the UV/Vis spectra was considered by using the
conductor-like screening model (COSMO) of Klamt and Sch\\rmann,[41]


as implemented by Pie and Ziegler in the ADF program.[42] The radius
chosen for the solvent [2.75 S for acetonitrile (e=37.50)][43] was obtained
by calculating the molecular volume with the Gaussian 98 package.[44]


The radii used for the C, N, Cl, H, O, and Cu atoms were 2.00, 1.40, 1.20,
1.18, 1.30, and 1.50 S, respectively.[42]


All molecular orbitals were constructed by using the MOLEKEL pro-
gram.[45]
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