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… composed of toxic and antifeed-
ant substances that are excreted
from their skin is used by nudi-
branchs Chromodoris norrisi to
protect themselves against preda-
tors. These shell-less mollucs which
live on the ocean bottom are know
to excrete norrisolide, a rearranged
diterpene (shown in yellow); the
synthesis of this compound is
described by E. Theodorakis and
co-workers on page 7175 ff. The
picture is courtesy of Professor D.
John Faulkner (Scripps Institute of
Oceanography).


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


High as a Kite!
In their Full Paper on page 7155 ff., M. F. Hawthorne et al.
describe the synthesis of rigid, camouflaged carborarods,
depicted here to have structures analogous in appearance to a
Chinese dragon kite. These carborarods, containing B-perme-
thylated para- and meta-carborane cages linked through their
carbon vertices by butadiynylene linkers, are the longest dis-
crete carborane-rod species available. Compared with unsubsti-
tuted analogues, they exhibit greater thermal and chemical sta-
bilities through the operation of a steric “bumper-car” process
and are more soluble in organic solvents.


AUnique Chip
I. Hamachi and co-workers describe on page 7294 ff., how
a supramolecular hydrogel can be used successfully to
construct a unique semi-wet enzyme/peptide chip that has
potential applications in pharmaceutical research and
diagnosis.


Cooperative Effects
In the Concept by D. B. Grotjahn on page 7146 ff., the
potential of bifunctional organometallic catalysts is de-
scribed. He shows that polar pendant groups suitably placed
near a transition-metal center show great promise for the
activation and functionalization of nonpolar substrates.
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In this Full Paper by Corradini et al. the legend of Figure 2 should read as follows:
Portions of the ROESY 400 MHz spectra (D2O, pH 7.0) of a) 4, b) 3, showing
cross-peaks between aromatic and aliphatic protons. A–G refer to different glu-
cose rings.
The authors apologize for this error.
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After reconsideration of the spectral data and syntheses/characterization of model
compounds, it has come to our attention that the structures of compounds 6, 14a,
and 14t should be as illustrated below.


The misassignment occurred in the alkylation steps. With the benzylic-bromide-de-
rived reagents (but not the chlorocarbonates), these alkylations occurred on the
nucleobases and not on the 3’-O as originally supposed. Consequently, the struc-
tures of intermediates 3–5 and 11–13 should be revised accordingly. We thank Dr’s
W. Wu (LaserGen) and G. Lu (Texas A & M) for valuable discussions.
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Bifunctional Organometallic Catalysts Involving Proton Transfer or
Hydrogen Bonding


Douglas B. Grotjahn*[a]


Introduction


In 1823 Dçbereiner ignited more than curiosity, when he
discovered the ability of platinum black to cause a stream of
hydrogen gas to catch fire.[1] Berzelius considered this ex-
periment when he coined the term catalysis in 1835. Cataly-
sis is a field that inspires wonder: reactions impossible in
the absence of catalyst are made possible as if by magic.
Catalysis is now also of tremendous practical importance
and financial value, by one account[2] at the core of 90% of
current chemical processes and producing more than half of
today8s chemical products. The development of new cata-
lysts for making important organic compounds, especially
those operating by new mechanisms, has not only intellectu-
al appeal and excitement, but also far-reaching practical and
political importance.


The fascination with elemental metals and hydrogen con-
tinued with the discovery of heterogeneous hydrogenation
catalysts in the latter part of the 19th century.[1] In the


middle of the 20th century, early structure and bonding stud-
ies of organometallic complexes were followed in the
1960s[3–5] by the development of practical homogeneous hy-
drogenation catalysis by Wilkinson[6] and the discovery of
enantioselective catalysis by Noyori[5] and Knowles.[7]


In the ensuing 40 years, most efforts to improve organo-
metallic catalysts have focused on variations in the metal
used and the steric and electronic properties of the ligands
attached. These three factors have tremendous influence on
the affinity of the potential catalyst for reactants, intermedi-
ates, and products and on the rates of reactant conversion to
products. For example, the original Rh and Ir hydrogenation
catalysts discovered by Wilkinson and Osborn featured two
or three triphenylphosphine ligands, of which generally two
stay on the metal. However, by changing to one large and
strongly-binding phosphine, Crabtree and co-workers creat-
ed a catalyst with high affinity for existing polar groups in
the hydrogenation substrate, allowing precise directing of
the catalyst by temporary coordination to the substrate
(Scheme 1).[8,9]


From Enzymes to Organometallics


In general, organometallic studies have focused on a single
metal, or small cluster of metals, and its steric and electronic


Abstract: Inspired by the cooperativity displayed by
metalloenzymes, bifunctional organometallic complexes
featuring pendant basic functional groups are designed
and evaluated as catalysts in reactions for which en-
zymes are not suited. Anti-Markovnikov hydration of
terminal alkynes is the focus, as are hydrogen bonding
and proton transfer facilitated by the pendant groups.


Keywords: cooperative effects · homogeneous catalysis ·
hydrogen bonds · P ligands · proton transfer


[a] Prof. D. B. Grotjahn
Department of Chemistry and Biochemistry
San Diego State University
5500 Campanile Drive
San Diego, CA 92182–1030 (USA)
Fax (+1)619-594-4634
E-mail : grotjahn@chemistry.sdsu.edu Scheme 1. Precise delivery of hydrogen by catalyst.
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environment. In contrast, natural enzymatic catalysts often
use a number of interactions to achieve efficiency and selec-
tivity. One class of metalloenzymes features a single metal
center along with various acidic and basic organic functional
groups.[10] Scheme 2 illustrates this class, with interactions


proposed for the active site of the amide hydrolysis catalyst
carboxypeptidase. The ZnII center is coordinated to the
enzyme active site through two histidine imidazole groups
and one carboxylate group, leaving it to act as a Lewis acid
toward the amide carbonyl to be hydrolyzed and the water
molecule that performs the hydrolysis. Other hydrogen-
bonding interactions are thought to help the carboxy termi-
nus of the substrate to bind to the active site, and proton
transfer from bound water to the carboxylate of Glu-143 is
thought to facilitate an attack of water on the amide bond.
Fortunately for protein-based life, in the absence of catalyst,
amide-bond hydrolysis at ambient temperatures has a half-
life of 350 to 500 years.[11,12] Remarkably, carboxypeptidase
completes the task in seconds, achieving an acceleration of
more than 1011. What can we learn from this? Can we apply
some of the design principles of nature to organometallic
catalysis, for reactions to which enzymes are not suited?


Attempts to improve organometallic catalysis by using a
variety of secondary interactions have been increasingly
studied in the past 25 years.[13–16] In enzymatic catalysis, hy-
drogen bonding and proton transfer are common themes.
Hydrogen bonding helps determine the structure and func-
tion of nature8s polymers (DNA, RNA, and proteins). In the
serine proteases, a proposed role of the basic imidazole of a
histidine side-chain is to deprotonate water during amide
hydrolysis.[10] Fascinating studies, especially in the past 10
years,[17–19] have focused mostly on structural aspects of or-
ganometallic hydrogen bonding, revealing new hydrogen-
bonding interactions, such as M�H···H�D and M···H�D
(D=hydrogen bond donor). As for catalysis, a few studies
on hydrogen-bonding interactions have illustrated both the


promise and difficulty of harnessing this type of secondary
interaction.[20,21]


Thus, my group initiated a program to look at the cooper-
ative effects of a transition-metal center and nearby organic
moieties capable of proton transfer or hydrogen bonding,
using structures schematically illustrated in Scheme 3. Start-


ing from chelate 1, a polar substrate, such as water (X=


OH), could bind reversibly to the single central metal M,
while also donating a hydrogen bond or a proton to a pend-
ant basic nitrogen atom, forming 2. The X�H bond could
also be an activated C�H bond in a hydrocarbon, such as an
alkyne. Because transition-metal–chelate complexes with
five- and six-membered rings are generally the most stable,
we wanted to restrict our attention to ligand systems
L(C)nN with one carbon atom (i.e., n=1, not 2 or 3), as we
imagined that the resulting four-membered chelates would
either not form at all, or be prone to opening by a polar
ligand, as shown in Scheme 3, for the desired bifunctional
interactions. The presence of the imidazole ring in histidine
suggested to us that we examine ligands such as 3.


Catalysts with two different functional groups, such as 1
or 2 with its metal M and pendant base, are often called bi-
functional. Other research groups are investigating such spe-
cies, and it is worth noting how our systems compare. Bi-
functional catalysts can be divided into three types: 1)
metal-free organocatalysts, featuring moieties capable of hy-
drogen bonding or proton transfer or perhaps other interac-
tions (e.g., p stacking); 2) those with a Lewis acidic metal
and Brønsted–Lowry base; and 3) those with a transition
metal (capable of fundamental organometallic reactions,
unlike a simple Lewis acid) and an internal base or acid.


Examples of the first type of organocatalysts,[22–24] are pep-
tides[25,26] or other small molecules with hydrogen-bonding
or proton-transferring groups[27] in proximity. The second
catalyst type includes AlIII, InIII, or TiIV centers held by li-
gands containing Brønsted–Lowry bases near enough to act
on intermediates, but far enough from the metal to prevent


Scheme 2. Proposed cooperativity in the active site of carboxypeptidase.
Hydrogen bonds are indicated by dashed lines.


Scheme 3. Schematic of bifunctional substrate activation.
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coordination. For examples, see the work of Shibasaki,[28–32]


Saa,[33,34] Leckta,[35,36] Snapper and Hoveyda,[37] and Kozlow-
ski.[38] In some systems, even a transition metal (for example,
RuII[39, 40]) may act simply as a Lewis acid, not forming
metal–carbon bonds.


Finally, the most relevant type of bifunctional catalyst for
this article are organometallic complexes. Early examples
were provided in 1982 by Kumada[41] (directed attack of nu-
cleophiles on allyl–palladium intermediates) and in 1986 by
Ito, Sawamura, and Hayashi (gold-templated aldol reac-
tions).[42] Perhaps now the most famous examples are the
transfer hydrogenation catalysts developed extensively by
Noyori and co-workers,[43,44] and some related MCp* systems
(M=Ru, Rh, Ir; Cp*=h5-C5Me5).


[45,46] These complexes
(schematically illustrated by 4 ; Scheme 4) appear to transfer


hydrogen by a new, outer-sphere mechanism featuring coop-
erativity of metal and the N�H moiety of an amine ligand.
Other notable examples are 1) the Shvo catalyst recently
studied by Casey8s group;[47,48] 2) Sigman8s alcohol oxidation
catalyst, for which he proposes alcohol binding involving
proton transfer;[49] 3) nitrile hydration by [Pt(L)n(R2P�OH)]
complexes (6 ; Scheme 4),[50–52] which are proposed to act by
attack of the pendant hydroxyl on coordinated and activated
nitrile functionality (forming 7 as an intermediate); and 4)
nitrile hydration by [Ru�H(L)n] complexes, in which the hy-
dride ligand may activate attacking water through hydrogen
bonding.[53]


One particularly exciting precedent for some of our re-
search is shown schematically by the proposed conversion of
8 to 9 (Scheme 4). The 2-pyridyl group on a phosphine
moiety, as shown in 8, enables a highly selective alkoxycar-
bonylation of terminal alkynes, increasing reaction rates by
factors of over 1000 times those obtained with only phenyl
groups on the ligand.[54–56] Although several roles of the pyri-


dine nitrogen atom and added acid have been discussed, the
most recent evidence suggests[55] that a pyridinium moiety
may help protonate a p-bound alkyne (in 8) to form a cat-
ionic vinyl complex (9).


Thus, there are some very promising literature examples
of the importance of proton transfer in organometallic catal-
ysis. A variety of investigations showing the effectiveness of
hydrogen bonding or proton transfer are underway in our
laboratory; below, the focus is on alkyne hydration.


Anti-Markovnikov Alkyne Hydration


In 1998 our attention was drawn to the first report of cata-
lytic anti-Markonikov hydration of terminal alkynes to give
aldehydes (Scheme 5).[57] Prior to this advance, aldehyde for-


mation from terminal alkynes demanded stoichiometric con-
versions by using boranes or silanes, followed by oxidation.
In addition, previous attempts to catalyze addition of water
to terminal alkynes by using transition metals or strong acid
resulted in Markovnikov hydration, giving a methyl ketone.


Intriguingly, the Tokunaga and Wakatsuki catalyst could
be tuned to give either aldehyde or ketone as the major
product, with most ratios on the order of 10:1 or 20:1 in
either direction (the highest being 67:1), and the reason for
change in regiochemistry was not entirely clear. Moreover,
because the best catalyst for aldehyde formation required
added phosphine, in order to hydrate a gram of 1-octyne,
over 0.5 g of catalyst would be needed. In addition, phenyla-
cetylene gave less than 2% of a 1:1 mixture of aldehyde and
ketone.


Tokunaga and Wakatsuki presented evidence that the
benzene ligand was soon lost during the catalysis. We rea-
soned that an anionic Cp ligand (Cp=cyclopentadienyl)-
would resist displacement, resulting in a more robust cata-
lyst. A promising literature precedent in this regard was that
[Ru(Cp){bis(phosphine)}] species, such as 10 (Scheme 6),
react in high yields with terminal alkynes to give vinylidene
complexes 11,[58] key intermediates proposed by Tokunaga
and Wakatsuki. Moreover, the carbon atom attached to the


Scheme 4. Some key steps proposed in bifunctional organometallic catal-
ysis.


Scheme 5. Phosphine alters regiochemistry of alkyne hydration.
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metal in 11 reacted even with the poor nucleophile metha-
nol, forming a methoxycarbene complex (12) in high yield.
However, reaction with water was not so simple (or encour-
aging), affording 33% of the stable complex 13[58] rather
than an aldehyde, though the latter may have escaped detec-
tion.


Our initial investigations using 1-hexyne reaffirmed that
in acetone containing five equivalents of water, 10 (2
mol%) “catalyzed” the formation of 1% of hexanal, not
even one mole of aldehyde per mole of metal complex.
While our own investigations were in progress (as described
below), in 2001 Suzuki et al. reported[59] that under slightly
different conditions, 10 (30 mol%) reacted with 1-octyne to
give 35% of aldehyde and 18% of alkane, not quite two
turnovers (Scheme 6). Significantly, 65% of the ruthenium
was recovered as stable complex 14, isolation of which (like
that of related complex 13 by Bruce and co-workers) sug-
gested that catalyst instability was due to loss of phosphine
(15, 16). Two simple and effective remedies applied by the
Japanese team were 1) to use smaller, more donating phos-
phines such as Me2PPh, since these are less likely to dissoci-
ate, or 2) to use chelating phosphines, since in that case if
one end of the ligand dissociated it would still be attached
at the other end. Indeed,[59] at 100 8C, chelating phosphine
complex 17 (2 mol%, Scheme 7) catalyzed formation of al-
dehyde in over 90% yield in many cases, and ketones were
not detected. Phenylacetylene was still somewhat problem-
atic, requiring higher catalyst loading (10%). Though this
was a significant advance, as shown below, use of ligands ca-


pable of proton transfer or hy-
drogen bonding leads to cata-
lysts that are 90 to 1100 times
faster than 17.


In our own efforts to improve
the performance of 10, adding
external base did not improve
matters. Nonetheless, we clung
to the perhaps naUve hypothesis
that positioning a pendant base
near the vinylidene system
(schematically illustrated in 18,
Scheme 8) would promote for-
mation of a more reactive nu-
cleophile, leading ultimately to
alkyne hydration.


Thus, as shown in Scheme 9,
two moles of known phosphines
3a[60] and 19a[61] were used to
displace the acetonitrile ligands
from 20, forming 21 and 22 in
high yield. Interestingly, in each
product 21 and 22 the same
ligand is coordinated in two dif-
ferent environments, one che-
lating, the other not. Exchange


of the two ligand nitrogen
atoms and, hence, fluxionality is
a process too slow to see in
these particular species by
normal NMR techniques, but it
is a phenomenon seen in our
work with other metals. Hun-
dreds of pyridylphosphine com-
plexes have been made and
their chemistry reviewed,[62,63]


with most of the attention fo-
cused on the ability of the P,N ligand to bridge two different
metal centers. Fewer imidazolylphosphine complexes have
been made,[64] usually for similar purposes, the one impor-
tant exception being tris(imidazolyl)phosphines used as
model ligands for bioinorganic chemistry.[65]


In aqueous acetone, the two complexes reacted with 1-
hexyne readily, but hexanal was not formed. Rather, each


Scheme 6. Elusive alkyne hydration on [Ru(Cp)(PPh3)2] complexes.


Scheme 7. Phosphine loss problem solved.


Scheme 8. One proposed bi-
functional role.
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complex was converted to a new species (23, 24) incorporat-
ing all the atoms of hexyne and of the starting complexes.
Though two-dimensional NMR spectroscopy results led to
the formulation shown, ultimately X-ray diffraction[66] con-
firmed that indeed the heterocyclic nitrogen atom had
added to C1 of hexyne, presumably at the stage of putative
vinylidene complex 25.


To hinder the direct attack of nitrogen at vinylidene C1 as
suggested by 25, it was decided to add a bulky heterocyclic
ring substituent adjacent to the basic nitrogen atom.[67] Thus,
reaction of two moles of 3b (Scheme 10) with 20 in the pres-
ence of water (5 equiv) was used to create 26 (98% yield)
within an hour. The crystal structure of 26[67] shows a water
molecule in a binding pocket formed by the metal as Lewis
acid and the two basic imidazole nitrogen atoms as hydro-
gen-bond acceptors, a picture conforming to 2 in Scheme 3,


and not unlike the proposed role of ZnII in the carboxypep-
tidase active site (Scheme 2). Complex 26 (2 mol%) catalyz-
es aldehyde formation from a variety of terminal alkynes, in
the case of 1-nonyne at 90 times the rate of 17. Alkylacety-
lenes work the best, whereas phenylacetylene requires addi-
tional catalyst (10%). Significantly, for application to fine-
chemical synthesis, the acid-sensitive alcohol protecting
groups tert-butyldimethylsilyl and tetrahydropyranyl are tol-
erated, showing that reaction conditions are remarkably
neutral. Under the conditions employed (5 equiv of water,
70 8C, 1 to 2 days), even acids as mild as pyridinium or
acetic acid would catalyze removal of the protecting groups
tested. Significantly for catalyst design, the presence of a po-
tentially coordinating nitrile group does not alter perfor-
mance of 26, probably because the resting state of the cata-
lyst (as determined by NMR spectroscopy of the reaction
mixtures) is 26, in which nitrile is excluded.


Though the crystal structure of 26 validates the model
presented by 2 in Scheme 3 and is aesthetically pleasing, it
may be that 26 creates too good a binding pocket for water.
For one thing, in monitoring reactions by NMR spectrosco-
py, the resting state of the catalyst appeared to be 26, not
some intermediate in the alkyne hydration. For another,
added phosphine (3b) did not change the hydration rate,
suggesting that both phosphines stayed on the metal and
that water dissociation was necessary to open the catalytical-
ly active site for alkyne binding. Thus, reduction in hydro-
gen-bonding strength was attempted by changing the basici-
ty of the heterocyclic nitrogen atom. Related pyridylphos-
phine 19b[68] was used to displace two nitriles from 20,
giving 27.[69] This species proved to be 12.8 times as active as
26, and 1100 times more active than 17. With 27, not only al-
kylacetylenes but also aryl and electron-rich arylacetylenes
were hydrated effectively by only 2 mol% of catalyst. In ad-
dition, using 5 mol% of catalyst, alkylacetylenes could be
hydrated within two days at room temperature, the first
such possibility.[69]


Given these encouraging results, rates and selectivity of
aldehyde formation from a terminal alkyne, with catalyst 27


Scheme 9. Coordination chemistry and trapping of vinylidene by heterocycle.


Scheme 10. Formation of alkyne hydration catalysts.
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and without, were experimentally determined (Scheme 11),
giving results within the realm of enzymatic performance.


Proton Transfer or Hydrogen Bonding?


The mechanism of the heterocycle-assisted alkyne hydration
is under examination by a combination of experimental and
computational methods. There are several mechanistic possi-
bilities (for a review, see reference [70]), but two key steps
during which a basic nitrogen may help catalysis are the for-
mation of the vinylidene ligand from alkyne, and subse-
quently the addition of water to C1 of the vinylidene.


Computational studies[66] of the alkyne-to-vinylidene
transformation suggest bifunctional activation of the alkyne,
as seen in Scheme 12. Following the important revelations


from Tokunaga et al. ,[70] protonation of bound propyne by
Ha in 28 was considered. As Ha migrates, its movement ap-
pears to be assisted by the metal in the transition state (29),
which features a three-point interaction between pyridine N,
Ru, and alkyne carbon to which Ha is migrating in forming
vinyl derivative 30. The role of the hydrogen-bonding inter-
action in 28 between the terminal alkyne hydrogen Hb and
the other pyridine is also under scrutiny. On the experimen-
tal side, one highlight of the work in progress includes the


recent isolation of vinylidene complex 31 and the observa-
tion that it is sensitive to water at ambient temperatures
(Scheme 13). This contrasts sharply with the literature


report[70] that vinylidene complex 32 was recovered un-
changed after 12 h at 100 8C in isopropanol/water! In short,
efforts continue to answer the question posed above.


Conclusion


Regardless of mechanistic effect, polar pendant groups suit-
ably placed near a transition-metal center show great prom-


ise for activation and function-
alization of nonpolar substrates.
New mechanisms that use both
the capabilities of the transition
metal to change its d-electron
count and the movement of
protons during the catalytic
cycle are expected to open fur-
ther possibilities in catalysis.
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Camouflaged Carborarods Derived from B-Permethyl-1,12-diethynyl-para-
and B-Octamethyl-1,7-diethylnyl-meta-carborane Modules
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Introduction


In recent years, efforts to synthesize rigid-rod molecules of
defined lengths[1] for use as molecular building blocks
(MBBs) in nanoarchitectural, nanomechanical, and supra-
molecular constructs[2] has increased dramatically. Among


the potential applications for such assemblies, nanomachine
construction, the functionalization of surfaces, and the crea-
tion of molecular electronic devices[2,3] are the most promis-
ing. The assembly of such arrays in a “bottom-up” ap-
proach[3a] involves the assembly of tailor-made MBBs. Con-
sequently, a large selection of available MBBs would be
useful to the nano- or molecular-device architect.


The three icosahedral carborane isomers (ortho-, meta-,
and para- or 1,2-, 1,7-, and 1,12-, respectively) as well as
their 10-vertex homologues meet all criteria to function as
core modules in macromolecular scaffolds.[4] The chemistry
at both their CH and BH vertices is well described, they ex-
hibit excellent thermal and photochemical stabilities, and
more significantly, their varied geometries provide precise
directional control of exo-polyhedral bond formation. For
instance, the linkage of para-closo-C2B8H10 (1,10-carborane)
or para-closo-C2B10H12 (1,12-carborane) cages together at
their antipodal carbon vertices (1,10- and 1,12-substitution,
respectively) leads to the nearly linear so-called carbora-


Abstract: Rigid camouflaged carbora-
rods constructed from the correspond-
ing C,C’-diethynyl derivatives of B-
decamethyl-1,12-dicarbadodecabor-
ane(12) (6) and B-octamethyl-1,7-
dicarbadodecaborane(12) (48) have
been synthesized by largely conven-
tional organic transformations. These
carborarods are the longest discrete
rod species available by this method in
which B-methylated p-carborane and
m-carborane cages are linked through
their carbon vertices by using butadiyn-
ylene moieties. They exhibit enhanced
solubility in common organic solvents
relative to all other presently known
carborane-based rigid-rod molecules.
The oxidative coupling of bis(ethynyl)
derivatives of 6 generates oligomers


containing, on average, 16 carborane
modules. The structural characteriza-
tion of the corresponding dimeric spe-
cies revealed that the carborarods po-
ssess a sinusoidal chain distortion in
the solid state. The stereoelectronic
properties of these and related model
carborarods were evaluated by using
molecular dimensions as a monitor for
the comparison of computational and
experimental methods. In addition, the
effect of exhaustive B-methylation of
12- and 10-vertex para-carborane cages
in a series of model C,C’-diethynyl de-
rivatives was similarly investigated by


computational and structural studies.
As expected, a correlation of intercage
C�C bond lengths with cage size was
observed and was attributed to hybridi-
zation effects. B-Permethylation had
no significant structural effect with
either 10- or 12-vertex cage derivatives.
Relative to unsubstituted compounds,
thermal and chemical stabilities of B-
permethylated derivatives were in-
creased through the operation of a
steric “bumper-car” process, and solu-
bilities in organic solvents were en-
hanced. The formation of linear, steri-
cally encumbered platina–carborarods
using ethynyl derivatives of 6 as precur-
sors is described.Keywords: alkynes · boranes · car-
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rods.[5] Investigations that explore the suitability of such spe-
cies as MBBs have focused on both the 10- and 12-vertex
para-carborane precursors. UV-visible spectroscopic studies
with 1,12-bis(aryl) derivatives of the latter were conducted
by Mingos et al.[6] and Wade and co-workers.[7] Derivatives
of 1,12-carborane bearing sigma-bonded metal centers at
their carbon vertices have been examined by Hawthorne
and collaborators[8] and Low et al.[9] by using electrochemi-
cal methods. All of these investigations have shown that
electronic effects can be transmitted transversely through
the icosahedral 1,12-carborane cage. However, related ex-
perimental and computational studies with 10-vertex 1,10-
carborane derivatives by Kaszynski et al.[10] suggested that
the bicapped Archimedian antiprismatic cage possesses the
ability to form more effective Ccage�C p bonds to unsaturat-
ed exo substituents than those observed with the corre-
sponding 1,12-carborane module. These studies included the
ethynyl-substituted carborarod compounds 12,12’-bis(1-hep-
tynyl)-1,1’-bis(1,12-carborane) (1) and 10,10’-bis(1-heptyn-
yl)-1,1’-bis(1,10-carborane) (2) (Figure 1).[10a,b] This finding


was complemented by theoretical analyses by Allis and
Spencer.[11] Parallel to studies involving para-carboranes,
electron tunneling through icosahedral ortho-carborane clus-
ters was detected at ambient temperature by using scanning
tunneling microscopy (STM) techniques.[12]


Rigid carborarods derived from 10- and 12-vertex para-
carboranes represent attractive candidate MBB structures,
but several factors have complicated their syntheses. The
yields of coupling reactions of carboranes and alkynes are
typically modest. For instance, the palladium-mediated syn-
theses of 1,10-bis(trimethylsilylethynyl)-1,10-C2B8H8 (3)[10c]


and 1,12-bis(ethynyl)-1,12-carborane (4)[13] (Figure 1) afford-
ed the corresponding products in 26 and 15% yields, respec-
tively. Such low yields are unattractive considering the high
cost of commercially available carborane precursors. Also,
the intrinsically poor solubility of carborarods in organic sol-
vents prevents their extension in length or further coupling


to form other structures. Tetra(1,12-carborane)-1,12’’’-H2-
(1,12-C2B10H10-1,12-ylene)4 (5)[5a] serves as an extreme ex-
ample. The terminally (1,12’’’) disubstituted bis[tri(n-hexyl)-
silyl] derivative of 5 is easily soluble in hydrocarbons,[5a] but
5 itself is intractable in all common solvents. Consequently,
all attempts to further functionalize 5 at its BH or CH verti-
ces have failed. The introduction of rigid organic linkers be-
tween cages did not markedly change the solubility of the
corresponding carborarods. Several dimeric dumbbell-
shaped rods containing two icosahedral carborane cages
have been described which utilize biphenylene,[5d,14] pheny-
lene,[5f, 15] ethynylene,[5c] butadiynylene,[5c,16] staffanylene,[17]


and mercury[8,18] as interconnections. A trimeric, icosahedral
1,12-carborane-containing rod linked by ethynylene units
and having terminal iodine substituents represents, to date,
the longest rigid carborarod in this category composed of
more than two icosahedra.[5c]


Sacrificing the rigidity of the linker makes it possible to
generate carborane-containing polymers with molecular
weights of >105 dalton[19] from soluble intermediates. How-
ever, one may retain the rigidity of a macromolecular struc-
ture and enhance its solubility by attaching bulky hydropho-
bic (or hydrophilic) substituents to individual repeating
units.[1]


Recently, members of our laboratory developed the con-
cept of camouflaged carboranes[4f,20] which provided meth-
ods leading to the syntheses of a B-permethylated 1,12-car-
borane (6) and 4,5,6,8,9,10,11,12-octamethyl-m-carborane
(48) as well as many related species.[20a,d] The solubilities of
such compounds and their derivatives in common organic
solvents, as well as their stabilities towards aggressive re-
agents such as bases in protic media, are increased com-
pared to their non-methylated counterparts. In developing
pathways to larger rigid rods derived from 6 and 48, camou-
flaged carborarod intermediates with improved solubilities
in common organic solvents were required in order to reach
carborarod lengths beyond those of truncated carborarods
containing only two icosahedra. In addition, for reactions
which normally lead to decomposition, the presence of
bulky B�CH3 vertices as neighbors to sensitive linker
groups, such as those containing -C�C-, should improve the
kinetic stability of the species as a result of the steric encum-
brance. This may be described as the “bumper-car” effect.
Lastly, the electronic effects of B-permethylation of 10- and
12-vertex carborane structures were investigated. The only
related study of such effects was that of King and Michl
et al.[21a] on the consequence of B-permethylation of the
[closo-1-CB11H12]


� ion and the discovery of the [closo-B12-
(CH3)12]


2� ion by Peymann and Hawthorne.[21b] Electronic
spectra and electrochemical and computational studies
proved the B-methyl-group substituent to be electron-re-
leasing through hyperconjugation.[21] Striking evidence for
this electronic effect is found in the ease with which [closo-
CB11H12]


� and [closo-B12(CH3)12]
2� are converted to the cor-


responding neutral and singly charged[21b] radicals, respec-
tively, by reversible one-electron oxidation. Evidence for a
similar substituent effect was sought in the present study


Figure 1. Previously studied C,C’-bis(alkynyl)-para-carborane derivatives.
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through the use of X-ray diffraction studies, electronic spec-
troscopy, nuclear magnetic resonance spectroscopy, and
computations at the Hartree–Fock/6-31G* level of theory.


Results and Discussion


Synthesis of B-permethylated 1,12-carborarods : The nature
of the linkage used to connect two cages of 6 is governed by
the limited reactivity of the CH vertices that are immersed
in the encumbering steric environment created by their sur-
rounding methyl groups. As expected, direct copper-mediat-
ed homocoupling of 6 failed. In order to place an ethynyl
linker substituent at the 1-position, the cross-coupling reac-
tion of 6 with iodo(trimethylsilyl)acetylene and the similar
reaction of the 1-iodo derivative of 6 with trimethylsilyl-
acetylene were both examined under Sonogashira and Ste-
vens–Castro conditions.[22] However, instead of the desired
1-trimethylsilylethynyl derivative of 6, the formation of bis-
(trimethylsilyl)butadiyne was observed in both cases. Conse-
quently, an alternative synthetic route to ethynyl-substituted
6 was developed.


Recently, a method for preparing C-hydroxyalkyl deriva-
tives of 6 in high yields was reported,[23] which provides an
attractive route to useful carborarod precursors. The 1,12-
bis(2-hydroxyethyl) derivative 7, prepared in a 65% yield
by the reaction of 1,12-dilithiated 6 and ethylene oxide, was
used as the precursor to the corresponding bis(ethynyl) de-
rivative. Initially, diol 7 was de-
hydrated to the corresponding
bis(vinyl) derivative 8 by treat-
ment with Al(OiPr)3 at
300 8C.[24] The subsequent addi-
tion of bromine to the vinyl
groups was expected to provide
a suitable precursor which,
upon dehydrobromination,
would yield the desired acety-
lene. However, only unreacted
starting material was recovered
from the reaction of 8 with bro-
mine, even in the presence of
Lewis acids (Scheme 1).


Starting from diol 7, an alter-
native pathway was probed
which involved an oxidation–
halogenation–elimination se-
quence. Due to the poor solu-
bility of diol 7 in all common
organic solvents, its oxidation
to the corresponding dialde-
hyde 9 was best carried out
under Parikh–Doering condi-
tions[25] by using a mixture of
DMSO and dichloromethane as
the reaction medium
(Scheme 2). This method pro-


vided 9 in yields ranging from 65 to 75%. Compound 9 was
chlorinated with PCl5


[26] to yield 1,12-bis(2,2-dichloroethyl)
derivative 10 in a 75% yield. Finally, dehydrochlorination of
10 with NaNH2 in liquid ammonia[26,27] gave the desired
1,12-bis(ethynyl) derivative 11. Crude 11 contained minor
impurities, which were spectroscopically identified as vinyl
derivatives of 6. The purification of 11 was carried out by
converting it to the corresponding 1,12-bis(n-butyl propiolyl)
diester 12 which was purified by using flash column chroma-
tography on silica gel. Deprotection of 12 following the pro-
cedure of Eschenmoser[28] gave pure 11 (Scheme 2). The
yield of 11 (non-optimized) over all steps was 25–30% and
consequently unsatisfactory for extensive carborarod synthe-
sis.


An alternative strategy that employed the 1-ethynyl deriv-
ative of 6, that is, compound 17, as the primary rod-building
module, was investigated. This 1-ethynyl derivative was syn-
thesized from 6 in four steps (Scheme 3). The reaction of
monolithiated 6 with ethylene oxide gave the 1-(2-hydroxy-
ethyl) derivative 13 in a 94% yield. Alcohol 13 was convert-
ed to the corresponding vinyl derivative 14 in a 61% yield.
Bromination of 14 produced an intractable mixture of prod-
ucts. As an alternative route, alcohol 13 was quantitatively
converted to the corresponding aldehyde 15 by using the
Swern procedure,[29] and the subsequent reaction of 15 with
PCl5 provided the 1-(2,2-dichloroethyl) derivative 16 in a
85% yield. Treatment of 16 with nBuLi[30] at low tempera-
ture afforded acetylene 17, but in only a 15% yield. Major


Scheme 1. Synthesis of bis(vinyl) precursor 8. a) CH3Li, ethylene oxide; b) Al(OiPr)3, 300 8C; c) Br2, HgBr2.


Scheme 2. Synthesis of 1,12-bis(ethynyl) derivative 11. a) SO3·py (py=pyridine), DMSO, CH2Cl2; b) PCl5;
c) NaNH2, NH3; d) nBuLi, ClCOOnBu; e) 2,6-lutidine, LiI.
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byproducts were the hex-2-enyl and chlorovinyl derivatives
of 6. The desired product 17 was therefore obtained in an
88% yield by dehydrochlorination of 16 using NaNH2 in
liquid ammonia. As observed in the formation of 11, partial
reduction occurred and vinyl compound 14 was generated as
the major byproduct in about a 5% yield. The removal of
14 from 17 was achieved by converting 17 to 18, separation
of 18 from 14 by chromatography, and regeneration of 17
from pure 18. Finally, oxidative coupling of alkyne 17 under
Glaser conditions[31] furnished the 1,1’-(1,4-butadiyne) rod
19 in a quantitative yield (Scheme 3). The highest overall
yield of 19 obtained was 66%.


The dimeric rod 19, which has excellent solubility in hy-
drocarbon solvents, exhibits a melting point of nearly 400 8C
thereby demonstrating high thermal stability. Furthermore,
19 proved to be quite chemically inert. The butadiynylene
linkage could be neither bromi-
nated (Br2 or BBr3) nor re-
duced (PtO2/H2 or LiAlH4).
Also, it was impossible to con-
vert 19 into a thiophene or pyr-
role derivative.[32] However, flu-
orination of 19 with elemental
fluorine (10% in N2) led to the
rupture of the diyne moiety.[33]


The reaction sequence devel-
oped for the synthesis of 17 was
repeated beginning with 19
(Scheme 4). Lithiation of 19
and subsequent reaction with
ethylene oxide led to the de-
sired mono(2-hydroxyethyl) de-
rivative 20 in a 60% yield.
Both unreacted 19 (20%) and
the 12,12’-bis(2-hydroxyethyl)
derivative 21 (20%) could be
easily separated from 20 by
using column chromatography.
Oxidation of 20 (Swern) fol-
lowed by chlorination (PCl5)
produced the 12-(2-oxoethyl)
and the 12-(2,2-dichloroethyl)


derivatives 22 and 23, respectively. Dehydrochlorination of
23 provided crude 12-ethynyl derivative 24, which was puri-
fied through its transformation to the 12-(methyl propiolyl)
derivative 25, followed by chromatography on silica gel and
deprotection (vide infra). Alkyne coupling of 24 (Glaser)
provided the colorless, tetrameric rod 26 in a 94% yield.


In contrast to dimeric rod 19, the solubility of 26 in hex-
anes is poor and its dissolution requires the use of hot ben-
zene. Satisfactory 13C NMR data for 26 could be acquired
by using deuterated aromatic solvents at elevated tempera-
tures. Further functionalization of 26 at its terminal CH ver-
tices was attempted by lithiation with nBuLi in Et2O/ben-
zene. Surprisingly, no reaction of the dilithio derivative of 26
(12,12’-Li2 26) was observed with ethylene oxide or methyl
formate. However, upon addition of D2O, 12,12’-D2 26 was
isolated thus demonstrating that deprotonation of both the


Scheme 3. Synthesis of 1,1’-(1,4-butadiyne) rod 19. a) CH3Li, ethylene oxide; b) Al(OiPr)3, 300 8C; c) (COCl)2, DMSO, iPr2NEt; d) PCl5; e) NaNH2, NH3;
f) tBuLi, ClCOOCH3; g) 2,6-lutidine, LiI; h) CuCl, O2, py, DBU, 45 8C, 2 h.


Scheme 4. Synthesis of tetrameric rod 26. a) CH3Li, ethylene oxide; product distribution 19/20/21=1:3:1;
b) (COCl)2, DMSO, iPr2NEt; c) PCl5; d) NaNH2, NH3; e) tBuLi, ClCOOCH3; f) 2,6-lutidine, LiI; g) CuCl, O2,
py, DBU, 45 8C, 2 h.
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terminal CH vertices of 26 had occurred. Apparently, the
nucleophilicity of the terminal carbanionic centers present
in 12,12’-Li2 26 is effectively reduced compared with the
analogous dianion of its dimeric counterpart 19. This finding
might be explained as a result of aggregation of the dilithio
reagent.


As continued stepwise lengthening of the oligomer using
the newly developed methods proved to be impossible, the
rod synthesis was modified such that the terminal alkyne
substituents to be attached to 26 were introduced prior to
the final coupling step (Scheme 5). Thus, diol 21 was oxi-
dized to aldehyde 27 which produced 28 upon chlorination.
Treatment of 28 with NaNH2 in NH3 gave the corresponding
crude 12,12’-bis(ethynyl) derivative, compound 29. The puri-
fication of 29 was accomplished by its conversion to the cor-
responding 12,12’-bis(methyl propiolyl) derivative 30 as de-
scribed earlier. The monoprotection of 29 with n-butyl chlo-
roformate failed due to precipitation of its bis-lithiated de-
rivative and instead 12,12’-bis(n-butyl propiolyl) rod 31 and
unreacted 29 were isolated. Following the procedure of
Holmes et al.,[34] Li2 29 was treated with (CH3)3SiCl to give
the bis(trimethylsilyl) derivative 32 which, after reaction
with one equivalent of CH3Li·LiBr and subsequent treat-
ment with n-butyl chloroformate, produced carborarod 33 in
a 47% yield. Desilylation of 33 was accomplished by using
KF·2H2O in DMF[35] to produce the corresponding 12-(n-
butyl propiolyl)-12’-ethynyl derivative 34 in a quantitative
yield. Compound 34 was oxidatively coupled to afford the


hexane-soluble derivative 12,12’-bis(n-butyl propiolyl) 35.
Removal of the ester functions of 35 afforded the corre-
sponding bis(ethynyl) derivative, compound 36 in a 98%
yield (Scheme 5).


Derivatization of rod 36, which is significantly more solu-
ble in hydrocarbon solvents than rod 26, was attempted by
placing bulky trialkylsilyl groups at the ethynyl-group termi-
ni. However, no reaction took place upon treatment of bis-
lithiated 36 (CH3Li) with R3SiCl (R=nBu, nHex) in Et2O,
even in the presence of tetramethylethylenediamine
(TMEDA). Copper(i)-mediated coupling reactions of the
terminal ethynyl groups of 36 are under investigation.


Synthesis of B-permethylated 1,12-carborarod oligomers : In
order to determine the maximum number of para-carborane
cages which could be assembled by using the diyne linkage
formed by Glaser oxidation, the polymerization of bis-
(ethynyl) derivative 29 was investigated.


Bis(alkyne) 29 was coupled as described in Scheme 6.
This oligomerization reaction resembles the corresponding
reaction of 1,4-diethynylbenzene conducted by Hay.[36] The
resulting mixture of oligomers was extracted with hot tolu-
ene and filtered through a short bed of silica gel without
loss of material (determined by mass balance). Removal of
toluene solvent afforded hexane-insoluble and slightly
yellow polymer 42[n] with a melting or decomposition point
that exceeds 350 8C. This should be compared with the rapid
decomposition at 100 8C of the polymer resulting from the


Scheme 5. Synthesis of bis(ethynyl) tetrameric rod 36. a) (COCl)2, DMSO, iPr2NEt; b) PCl5; c) NaNH2, NH3; d) CH3Li, ClCOOnBu; e) tBuLi,
ClCOOCH3; f) 2,6-lutidine, LiI; g) CH3Li (CH3)3SiCl; h) CH3Li·LiBr, ClCOOnBu, product distribution 31/32/33=1:1:2; i) KF·(H2O)2, DMF; j) CuCl, O2,
DBU, py, RT, 8 h; k) 2,6-lutidine, LiI.
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coupling of 1,4-diethynylbenzene.[36a] As expected, the
11B NMR spectrum of 42[n] closely resembles that of 26 and
36, exhibiting a broad singlet. The 1H NMR spectrum of a
specimen dissolved in [D8]toluene at 67 8C displayed the sig-
nals expected for the methyl
(d=0.09–0.00 ppm) and acety-
lenic protons (d=1.96 ppm).
Their integration ratio suggest-
ed an average number of
16 cages per mole to be present
in the oligomer. Based on the
structural data obtained from
30 and 41, the length of a rigid
rod consisting of 16 p-carborane
cages, 15 diynylene linkers, and
2 terminal ethynyl groups is
156 O with a calculated molecu-
lar weight of 5285 dalton.


Unfortunately, MALDI-TOF
data for 42[n] that would com-
plement the NMR results could
not be obtained. Furthermore,
attempts to separate the mix-
tures of oligomers by using gel-
permeation chromatography
failed. However, it is evident
that the incorporation of B-per-
methylated 1,12-carborane cages provides increased solubili-
ties commensurate with oligomer chain lengths, which far
exceed the length of the oligomer formed from the phenyl–
phenyl coupling of 1,12-di(p-chlorophenyl)-1,12-carborane
with Zn and [Ni(PPh3)4] (Figure 2). The latter was reported
to have a relatively low degree of polymerization due to the
precipitation of insoluble short-chain oligomers formed
during the synthesis.[5d]


Structure of para-carborarods : Determination of the struc-
tural features of the butadiyne linkage present in para-car-
borarods has been restricted to the study of the dimer, 30,
due to the limited availability of suitable crystals of X-ray


quality of other compounds
with a butadiyne linker array.
The presence of terminal car-
boxymethyl groups in 30 should
not affect the bond lengths
present in the internal diyne
linkage of this species.


The structure of 30 (Figure 3)
obtained at 100 K[37] displayed a
sinusoidal distortion of the rod.
A similar distortion had previ-


ously been found in closo-1,1’-bis(12’’-phenyl-1’’,12’’-carbor-
an-1’’-yl)-4,4’-biphenylene[5d] which was attributed to crystal-
packing forces. In contrast to the solid-state structure of the
latter species, the molecules of 30 in the crystal are present


as parallel layers in a hexagonally close-packed assembly of
cages apparently mediated by van der Waals forces between
the B-methyl groups. The distance between the terminal
acetylenic carbon atoms is 20.86 O; thus the length of the re-
lated tetrameric structure 36 would be approximately 42 O.
The inner and outer Ccage�Cethynyl bonds in 30 (1.437(3) and
1.440(3) O, respectively) both appear in the short range of
C(sp2)�C(sp) bonds seen in typical analogues (1.434 O).[38]


Figure 3 presents selected bond lengths and angles for 30.


Methylated models for para-carborarods : In order to exper-
imentally assess the electronic and stereochemical conse-
quences of exhaustive B-methylation of carborane cages in
para-carborarods, as described below, appropriate model
species 4 and its trimethylsilyl derivative, 40, were required
for study along with their B-permethylated counterparts, 11
and 41, respectively.


Compound 40 was previously reported by Batsonov[13]


and Kaszynski et al.[10f] and was produced in a low yield


Figure 2. Poly(4,4’-biphenylene-1,12-dicarbadodecaborane).


Figure 3. Crystal packing in 30 shown by five of the centrosymmetric rod molecules. Selected molecular pa-
rameters: C14�C14’ 1.370(4), C13�C14 1.197(3), C13�C12 1.437(3), C1�C1T 1.440(3), C1T�C2T 1.189(3),
C4T�C4T’ 24.506(8), B6�C6M 1.582(4), B4�C4M 1.573(3), C1�B4 1.719(4), C1�B6 1.731(3) O; C14’-C14-C13
179.6(4), C14-C13-C12 176.7(3), C1-C1T-C2T 176.3(3), C1-C12-C13 178.7(2), C12-C13-C14-C14’ 172(4)8.


Scheme 6. Polymerization of 29 to 42. a) CuCl, O2, py, DBU, 45 8C, 5 h; naverage=16.
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(15%) from the Cadiot–Chodkiewicz coupling of C,C’-di-
copper-1,12-carborane and bromo(trimethylsilyl)acetylene.
The former authors desilylated 40 to form 4 which they
structurally characterized,[13] while Kaszynski[10f] and co-
workers carried out an X-ray diffraction study of 40. A sig-
nificantly improved overall yield of 4 (64%) has been ach-
ieved by using the four-step synthesis outlined in Scheme 7,
analogous to the synthesis of 11 described in Scheme 2. The
desired 40 and 41 were obtained by trimethylsilylation of 4
and 11, respectively.


Single crystals of 41 suitable for X-ray diffraction stud-
ies[39] were obtained from solutions of the crystals in pen-
tane. The structure of 41 (Figure 4) revealed the presence of


weak intermolecular hydrogen bonds in which trimethylsilyl
hydrogen atoms interact with silicon atoms (average SiCH2�
H····Si 4.35(18) O). The structure determination of 11
proved to be impossible due to disorder in the crystal at
100 K.


Electronic and stereochemical effects of carborane cage
size, B-methylation, and terminal trimethylsilylation of C-
ethynyl substituents : As pointed out in the Introduction, the
results of previous studies[10] suggest that the 12-vertex
closo-1,12-C2B10H10-1,12-ylene module is less efficient as a
p-bonding module than its divalent closo-1,10-C2B8H8-1,10-
ylene counterpart when attached to an ethynyl, cyano, or di-
azonium substituent capable of p overlap with the carborane
vertex. This conclusion[10f] was based upon both experimen-
tal and computed bond lengths, and spectroscopic measure-
ments involving UV, IR, and NMR analyses.


The stereoelectronic effects of exhaustive B-methylation
upon these properties has not been previously investigated
either through experimental or computational studies except
for a detailed investigation of the effect of permethylation
on the electronic properties of the [closo-1-CB9H11]


�[11a] and
[closo-B12(CH3)12]


2�[11b] ions. Due to the potential perturba-
tion of ground-state electronic effects as a result of exhaus-
tive B-methylation of para-carborarods, relevant structural
studies with 12- and 10-vertex carborarod model species are
reported here which compare B-permethylated model spe-
cies with their B�H analogues. Four of the compounds em-
ployed in this study have been structurally characterized
(3,[10f] 4,[13] 40,[10f] and 41). An additional determination of
the structure of 40 was previously carried out by us at 100 K
and not reported at the time.[40] The structure of 40 reported
by Kaszynski was determined at 173 K. Both structures are
given equal weight in the discussion (Table 1 and Figure 5).


Table 1 reports pertinent experimental and computed
bond lengths for 12- and 10-vertex model compounds 3, 4,
11, 40, 41, 43, 44, and 45 with and without B-methylation
and trimethylsilylation of the terminal ethynyl groups. Com-
putations were carried out at the HF/6-31G* level of
theory.[41]


The presence of p-electron donation from the carborane
cage to ethynyl groups in the ground state is expected to be


Figure 4. Ortep representation of 41. Selected molecular parameters:
C1�C2 1.4465(18), C2�C3 1.2023(19), C3�Si1 1.8447(14), B2�C1
1.7255(19), B2�B3 1.797(2) O; C3-C2-C1 177.93(15)8.


Scheme 7. Synthesis of model compounds 11 and 41 for computational
studies. a) nBuLi, (CH2O)n ; b) SO3·py, DMSO; c) (Ph3PCH2Cl)Cl,
KOtBu; d) nBuLi; e) CH3Li, (CH3)3SiCl.


Table 1. The computed and experimentally observed bond lengths [O] for
para-carborarod modules.[a]


Carborarod structure[b] -C�C- -Ccage�C� (CH3)3Si�C�
44 (Me3SiC�C)2[Me10] 1.196 1.438 1.853
45 (HC�C)2[Me10] 1.187 1.439
3 (Me3SiC�C)2[10] 1.195


1.199[c]
1.438
1.436[c]


1.856
1.848[c]


43 (HC�C)2[10] 1.185[d] 1.439[d]


41 (Me3SiC�C)2[Me12] 1.196
1.203[e]


1.448
1.446[e]


1.857
1.850[e]


11 (HC�C)2[Me12] 1.185 1.450
40 (Me3SiC�C)2[12] 1.195


1.193[f]


1.201[e]


1.449
1.452[f]


1.450[e]


1.858
1.857[f]


1.854[e]


4 (HC�C)2[12] 1.187
1.180[g]


1.450
1.451[g]


30 (MeOOCC�C[Me12]C�C)2 exo 1.189[e] exo 1.440[e]


[a] Hartree–Fock/6-31G* level of theory. [b] [Me10], [Me12], [10], and
[12] represent closo-1,10-C2B8(CH3)8-1,10-ylene, closo-1,12-C2B10(CH3)10-
1,12-ylene, closo-1,10-C2B8H8-1,10-ylene, and closo-1,12-C2B10H10-1,12-
ylene, respectively. [c] Ref. [10c]. [d] Identical values obtained in
ref. [10f]. [e] This work. [f] Ref. [10f]. [g] Averaged value of two struc-
tures present in the crystal as reported in ref. [13].
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manifested by an “allenic distortion”[10f] in which the cage
carbon vertex to the ethynyl carbon single bond is shortened
by increased bond order while the ethynyl carbon–carbon
triple bond is lengthened. Perusal of the collected list of
computed and observed bond lengths associated with this
array of C atoms in the model compounds suggests a
random distribution of bond lengths as the carborane cage
size, the presence or absence of B-methyl substituents, and
the use of trimethylsilylethynyl or ethynyl groups are varied.
However, a graphical treatment of the computed C�C bond
lengths provided correlations to which the experimental
values could be favorably compared. These correlations are
derived from simple plots of computed -C�C- lengths versus
the corresponding Ccage�C� lengths for all 12- and 10-vertex
carborane derivatives. Two linear relationships were ob-
tained (Figure 5): one for the 10-vertex carborane deriva-
tives and the other for the correspondingly substituted 12-
vertex species.


Comparison of 44/3, 45/43, 41/40, and 11/4 data-point
pairs, which differ only by the presence or absence of B-per-
methylation, proves that B-permethylation does not affect
computed ground-state bond lengths. However, the terminal
trimethylsilylation of C-ethynyl groups appears to lengthen
the computed -C�C- distances relative to the unsubstituted
analogues by about 0.01 O in both the 10- and 12-vertex car-
borane derivatives. This could be the result of p donation
from the alkyne linkage to empty silicon d or s* orbitals.
The slopes of the two correlation lines differ by a factor of
1.75 and both are in agreement with the “allenic distortion”
expected of weak ground-state p-electron donation from the
10- and 12-vertex carborane cages into conjugated ethynyl
groups with (44, 3, 41, and 40) or without (45, 43, 4, and 11)
conjugation with silicon orbitals.


The marked separation of the 10- and 12-vertex correla-
tion lines on the Ccage�C�C axis (Figure 5) is not unexpect-


ed, as the hybridization of the apical carbon atoms of the
10- and 12-vertex cages differs with greater p character asso-
ciated with the 12-vertex cage (sp2.26 in 4 and sp2.17 in 43
were indicated[10f] from NBO 3.1 calculations).[10f, 42] Indeed,
the comparison of Ccage�C substituent bond lengths for 10-
and 12-vertex cage structures invariably demonstrates
longer bonds for the 12-vertex cage even when the C-sub-
stituent is incapable of conjugation with the Ccage vertex.
The experimental Ccage�CH2(CH2)5CH3 distances in 1,1’-
bis[12-nC7H15-1,12-C2B10H10] (1; 1.534 O) and 1,1’-bis[10-
nC7H15-1,10-C2B8H8] (2 ; 1.513 O) serve as examples.[10a] Sim-
ilarly, the experimental 1,1’ intercage bond lengths in these
two compounds are 1.546 and 1.461 O, respectively.


The reasonably good agreement of the correlation lines
based upon individual compounds with their experimentally
determined values reinforces the reliability of the former
data.


The dimeric carborarod derivative 30 displays bond
lengths associated with the exo-C�C- (1.189 O) and exo-
Ccage�C� (1.440 O) that are in agreement with the lengths of
the bond types found in other molecules reported here. As
expected, a possible ground-state structural manifestation of
B-permethylation could not be discerned.


Electronic spectra of 12-vertex model species (4, 11, 40,
and 41) displayed strong absorption at wavelengths shorter
than 200 nm, but beyond the capability of solution measure-
ments. Carborarods with one or more 1,4-butadiynylene
components displayed only strong allowed absorptions at-
tributable to that structural feature near 200 nm and above
(29 : l (eR10�3)=204 (91), 211 (138), 221 nm
(132 mol�1 dm3cm�1); 19 : l (eR10�3)=198 (87), 206 (104),
215 nm (85 mol�1dm3cm�1) ; (tBuC�C-)2: l (eR10�3)=177
(72), 185 (82), 215 nm (87 mol�1 dm3cm�1)). Carborarod 26
with four permethylated 12-vertex carborane cages was not
sufficiently soluble in hexane to provide UV data.


The B-permethylated para-carborane model species de-
scribed here allowed the effects of B-permethylation on 13C
and 11B chemical shifts to be examined in several structural
environments derived from p-carborane. Other studies in-
volving the methylation of polyhedral borane and carborane
derivatives have been previously reported.[11] Taken togeth-
er, these results prove that both C- and B-methylation result
in deshielding of the methylated vertices and the effect of
B-permethylation is unremarkable. The 11B chemical shifts
(d) observed generally fall in the range of �16 to 0 ppm (for
closo-C2B10H12,


11B NMR: d=�15.0 ppm). The methyl
group is an electron-withdrawing group relative to the
boron atom to which it is bonded because the electronega-
tivities of B and C are approximately 2.0 and 2.5, respective-
ly. Hydrogen, which is replaced by a methyl carbon atom,
has an electronegativity of 2.2. Consequently, methyl is a �I
substituent on boron with +M capability under sufficiently
electron-demanding conditions.


Platinum(ii)-linked B-permethylated carborarods : Transition
metal fragments are widely employed as endcaps or junc-
tions in s-acetylide complexes.[43] Extraordinarily long poly-


Figure 5. Plots of -C�C- versus Ccage�C� employing computed and exper-
imentally determined bond lengths for the carborarod model species
listed in Table 1. Numerals are compound identification numbers. Least-
squares treatment of the plots of computed bond lengths resulted in the
two indicated linear relationships which differ in slope (10-vertex: y=
�9.500x+14.856, r2=0.973 (left slope); 12-vertex: y=�5.363x+8.964,
r2=0.853 (right slope)). Key: *=C2B10, &=C2B8, *=C2B10-exptl, &=


C2B8-exptl.
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ynes and macromolecular constructs, as well as hydrocar-
bon-soluble acetylenic polymers, have been synthesized,
which exploit the electronic stabilization and well-defined
geometries of transition-metal centers.[44] Consequently, the
linkage of the selected alkyne-substituted para-carborarods
described above with platinum centers was explored by
using the [(PR3)2Pt]2+ (R=Et, nBu) moiety (Scheme 8).
These reactions were performed in accordance with the pro-
cedure of Hagihara et al.[45]


Initially, cis-[(nBu3P)2PtCl2] was reacted with alkyne 17 in
the presence of cuprous iodide and HNEt2 to yield 46 with
stereochemical rearrangement at the Pt center. Likewise,
trans-[(nBu3P)2PtCl2] and dimeric para-alkyne 24 gave 47.
Single crystals of 47 which appeared to be suitable for an X-
ray diffraction study were obtained, but unfortunately the
structure could not be sufficiently refined to provide accu-
rate bond lengths and angles. The resulting low-resolution
structure is presented in Figure 6 and confirms the synthesis
and general structure of the intended reaction product.


Synthesis of highly B-methylated m-carborarods : The syn-
thesis of the butadiynylene-linked rod analogues of 29 and
36 (Scheme 5) based on octamethyl-1,7-dicarbadodecabor-
ane (48) appeared to be an attractive goal. In particular, it


was important to determine whether the resulting zigzag
1,7-carborarod conformers would exhibit improved solubili-
ty in organic solvents compared with their linear 1,12-car-
borarod counterparts. As in the case of 6 (Scheme 1), the
direct coupling of acetylene residues with 48 was unsuccess-
ful and an alternative synthetic approach was required to
generate the C-ethynyl moiety. In a pathway analogous to
that employed for 6 (Scheme 1), the 1-(2-hydroxyethyl) de-
rivative of 48 (i.e. , 49) was prepared in a high yield by using
metalation with CH3Li in THF followed by the addition of
ethylene oxide. Protection of the second C�H vertex of 48
was not required, however. Swern oxidation of 49 generated
a mixture of the corresponding aldehyde and its enol tauto-
mer in solution (as judged by NMR measurements) and the
chromatographic separation on silica gel may have failed
due to hemiacetal formation between the enol and the alde-
hyde. Alternatively, the 1-hydroxymethyl derivative of 48
(i.e., 50) was oxidized to carboxyaldehyde 51. Aldehyde 51
was converted to the 1-(2,2-dibromovinyl) derivative 52.[30]


In contrast to 9 (Scheme 2), 51 reacted slowly with Ph3P=
CBr2 (prepared in situ), and the highest yield of 52 was ach-
ieved by heating a mixture of PPh3, CBr4, and 51 in CH2Cl2
for 36 h.[46] The 1-ethynyl derivative 53 was obtained in an
78% yield by reductive dehydrobromination of 52 with
NaNH2/liquid ammonia without the formation of the vinyl
side product. This is to be contrasted with the dehydro-
chlorination of the 2,2-dichloroethylated para-carborane in-
termediate, which was accompanied by the formation of the
undesirable vinyl compound. Coupling of 53 (Glaser) afford-
ed the rigid dimeric rod 54 (Scheme 9). Employment of
these transformations with 54 as the starting material fur-
nished the tetrameric rod 60, the meta-analogue of 26
(Scheme 4). As in the case of para-carborarod 26, com-
pound 60 is a colorless, thermally robust, microcrystalline
solid which is sparingly soluble in hexanes, but dissolves
well in hot aromatic solvents.


Scheme 8. Synthesis of platinum rod 47. a) cis-[Cl2Pt(P-nBu3)2], CuI, Et2NH, RT, 12–18 h; b) trans-[Cl2Pt(P-nBu3)2], CuI, Et2NH, RT, 12–18 h.


Figure 6. Space-filling representation of the structure of B-permethylated
platina–carborarod 47. The structure could not be further refined due to
poor crystal quality.


www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 7155 – 71747164


M. F. Hawthorne et al.



www.chemeurj.org





Conclusion


Examination of computed and, where possible, experimental
bond lengths associated with C,C’-diethynyl (and the corre-
sponding C�C�Si(CH3)3) derivatives of 10- and 12-vertex
para-carboranes and their B-permethylated analogues has
revealed no discernible effect of B-permethylation upon
those bond lengths, as expected. Possible perturbations
based upon electron-release through hyperconjugation of
B�CH3 groups have not materialized, undoubtedly due to
the very small contribution of such interactions to ground-
state structural properties. However, the Ccage�C� single-
bond lengths observed in 10- and 12-vertex carborane deriv-
atives differ by approximately 0.01 O with the 10-vertex spe-


cies having the shorter bonds (Figure 5). This relative short-
ening of the Ccage�C� bond has previously been associa-
ted[10f] with more effective Ccage�C�C p overlap of the
carbon vertices of the 10-vertex cage compared with those
of the 12-vertex counterpart. An alternative explanation
based upon hybridization differences between the carbon
vertices of the 10- and 12-vertex cages (sp2.17 and sp2.26, re-
spectively[10f]) is preferred for the reasons described above.
The different sensitivities of Ccage�C� bond lengths to
changes in cage substitution (permethylation, ethinyl group
trimethylsilylation) as the cage size is changed from 10- to
12-vertices (slopes of correlation lines; Figure 5) may be a
further manifestation of cage-carbon hybridization differen-
ces. Differences in bond-length response of the two cage
types as a result of substituent changes leading to differing
slopes of the correlation lines is confined to changes in
Ccage�C� bond lengths, the linkage most affected by Ccage hy-
bridization differences.


The steric “bumper-car” effect resulting from B-perme-
thylation of 12-vertex para-carborane and B-octamethyla-
tion of meta-carborane modules protects the 1,4-butadiyny-
lene components of the corresponding carborarods from ex-
ternal attack and enhances their thermal stabilities. A mani-
festation of this phenomenon is the high temperatures
(>350 8C) required for decomposition to occur. At the same
time, the solubilities of the highly B-methylated species of
all types are markedly increased above those of their unsub-
stituted counterparts.


As a result of this work it is evident that B-permethyla-
tion of para-carborane and B-octamethylation of meta-car-
borane cages may be utilized to stabilize carborarod deriva-
tives suitable for use as components in “bottom-up” nanode-
vice design.


Experimental Section


General methods : Tetrahydrofuran (THF) and benzene were distilled
from sodium metal. CH2Cl2, dimethylsulfoxide (DMSO), pyridine, tri-
ethylamine, and diisopropyldiethylamine (HSnigTs base) were distilled
from CaH2 prior to use. Methyllithium, ethylene oxide, oxalyl chloride
(99.8%), methyl chloroformate, n-butyl chloroformate, methyl formate,
PCl5, PPh3, CBr4, CH3MgBr, nBuLi, tBuOK, SO3·Py, CuCl, and CuI were
used as purchased (Aldrich). Oxygen was used as purchased (99.99%,
Mattheson). The reagents sodium amide in liquid ammonia,[27] cis- and
trans-[Cl2Pt(P-nBu3)2],


[47] cis-[Cl2Pt(PEt3)2],
[47] (Ph3PCH2Cl)Cl[48] as well


as the starting materials 1,12-bis(hydroxymethyl)-1,12-dicarbadodecabo-
rane(12) (37),[49] 2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodecabo-
rane(12) (6),[20d] and closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarbado-
decaborane(12) (48)[20d] were prepared in accordance with literature
methods. Reactions were performed under argon using Schlenk tech-
niques. All NMR spectra were recorded with Bruker ARX 400 and 500
spectrometers. Infrared spectra were obtained with a Nicolet Nexus 470
using KBr pellets. UV data of solutions in hexane were collected on an
Agilent 8453 spectrometer. Mass spectra were obtained by using a VG
ZAB-SE (FAB) and a VG Autospec (EI) mass spectrometer. Elemental
analyses were performed at the Department of Chemistry, University of
Pennsylvania.


Computational methods : Both ab initio and NBO calculations were car-
ried out on Linux Beowulf Cluster parallel computers using the Gaussi-
an 98 package[41] at HF/6-31G* level.


Scheme 9. Synthesis of tetrameric meta-carborane rod 60. a) CH3Li
(CH2O)n ; b) (COCl)2, DMSO, iPr2NEt; c) CBr4, PPh3; d) NaNH2, NH3;
e) CuCl, O2, py, DBU, 45 8C, 2 h. Product distribution 54/55/56=1:3:1.
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1,12-Bis(2-hydroxyethyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicar-
badodecaborane(12) (7): Methyllithium (20.1 mL, 28.1 mmol, 1.4m in
Et2O) was added to a solution of 6 (2.00 g, 7.00 mmol) in THF (150 mL)
at 0 8C, warmed to 40 8C, and stirred for 3 h. Upon cooling again to 0 8C,
ethylene oxide (1.50 mL, 30.0 mmol) was added by using a precooled sy-
ringe. After the mixture had been stirred for 2 h at ambient temperature,
all volatiles were removed under reduced pressure. Aqueous 10% HCl
(10 mL) and Et2O were added to the residue and the suspension was fil-
tered (BSchner funnel). The residue was washed with water and Et2O
and dried in vacuo to yield 7 as a colorless solid (1.68 g, 65%). M.p.
>350 8C; 1H NMR (400.13 MHz, CDCl3): d=3.45 (t, J=8.5 Hz, 4H;
CH2OH), 1.67 (t, J=8.4 Hz, 4H; CH2CH2OH), 1.45 (br s; OH), 0.03 ppm
(s, 30H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=75.3 (br s; carboran-
yl C), 59.6 (s; CH2OH), 34.8 (s; CH2CH2OH), �3.0 ppm (br; BCH3);
11B{1H} NMR (160.46 MHz, Et2O): d=�7.4 ppm (s); HRMS (EI): m/z :
calcd: 372.4040; found: 372.4021 [M+].


1,12-Bis(vinyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodeca-
borane(12) (8): A mixture of 7 (2.44 g, 6.55 mmol) and Al(OiPr)3 (2.81 g,
13.8 mmol) in toluene was heated under reflux for 2.5 h. The solvents
and iPrOH were distilled off and the residue was heated at 300 8C for
1 h. Dilute HCl was added and the aqueous layer was extracted with
Et2O (3R50 mL). The combined organic layers were dried under reduced
pressure and the residue was purified by using flash chromatography on
silica gel using first pentane and then Et2O. The Et2O fraction contained
unreacted 7 whereas removal of the pentane in vacuo gave 8 as a color-
less solid (1.87 g, 85%). M.p. 250 8C (subl.); 1H NMR (400.13 MHz,
CDCl3): d=5.15–5.10 (m, 4H; CH2CH), 4.80 (dd, Jtrans=14.5, Jcis=
4.4 Hz, 2H; CH2CH), 0.00 ppm (s, 30H; BCH3);


13C NMR (100.62 MHz,
CDCl3): d=130.6 (s; CH2CH), 120.5 (s; CH2CH), 81.5 (br s; carboranyl
C), �4.2 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=


�8.7 ppm (s; BCH3); HRMS (EI): m/z : calcd: 336.3825; found: 336.3828
[M+].


1,12-Bis(2-oxoethyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarba-
dodecaborane(12) (9): To a solution of 7 (1.50 g, 4.00 mmol) in CH2Cl2
(10 mL), DMSO (5 mL), and Et3N (6.70 mL, 48.0 mmol), a solution of
sulfur trioxide–pyridine complex (3.85 g, 24.0 mmol) in DMSO (10 mL)
was added. The reaction mixture was stirred at ambient temperature for
2.5 h and then partitioned between aqueous NaHCO3 solution (3%) and
Et2O. The aqueous phase was extracted with Et2O (3R20 mL) and the
combined ethereal extracts were washed with water and dried over
MgSO4. The solvent was removed under vacuum and the residue was pu-
rified by using flash chromatography on a short bed of silica gel with
Et2O/petroleum ether (1:1). The dried eluant consisted of pure colorless
9 (1.10 g, 75%). M.p. >355 8C; 1H NMR (400.13 MHz, CDCl3): d=9.45
(t, J=3.3 Hz, 2H; CHO), 2.33 (d, J=3.3 Hz, 4H; CH2), 0.07 ppm (s,
30H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=197.6 (s; CHO), 74.8
(br s; carboranyl C), 44.9 (s; CH2), �3.2 ppm (br; BCH3);


11B{1H} NMR
(160.46 MHz, Et2O): d=�7.8 ppm (s); IR (KBr): ñ=2948, 2910, 2835,
1723 (C=O), 1685, 1324, 1152, 1056, 920 cm�1; HRMS (EI): m/z : calcd:
368.3727; found: 368.3708 [M+].


1,12-Bis(2,2-dichloroethyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-di-
carbadodecaborane(12) (10): To a solution of 9 (1.10 g, 3.00 mmol) in
benzene, PCl5 (2.50 g, 12.0 mmol) was added. The reaction mixture was
stirred for 5 h, quenched with cold aqueous NaHCO3 solution, and the
aqueous layer was extracted with petroleum ether (6R30 mL). The com-
bined organic phases were dried over MgSO4 and were purified by using
flash chromatography on a short bed of silica gel. Removal of the solvent
furnished colorless 10 (1.08 g, 75%). M.p. 250 8C; 1H NMR (400.13 MHz,
CDCl3): d=5.57 (t, J=4.3 Hz, 2H; CHCl2), 2.58 (d, J=4.3 Hz, 4H;
CH2), 0.11 ppm (s, 30H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=77.3
(s; carboranyl C), 69.2 (s; CHCl2), 48.3 (s; CH2), �3.6 ppm (br; BCH3);
11B{1H} NMR (160.46 MHz, Et2O): d=�7.8 ppm (s); IR (KBr): ñ=2948,
2910, 1429, 1327, 1152, 950, 931, 705 cm�1; HRMS (EI): m/z : calcd:
478.2550; found: 478.2549 [M+].


1,12-Bis(n-butyl propiolyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-di-
carbadodecaborane(12) (12): To a freshly prepared suspension of NaNH2


(0.650 g, 16.8 mmol) in liquid NH3 (30 mL), a solution of 11 (1.00 g,
2.10 mmol) in Et2O (60 mL) was added through a cannula. The reaction


mixture was allowed to warm to ambient temperature and was quenched
with dilute aqueous HCl. The aqueous phase was extracted with hexanes
(6R30 mL) and the combined organic extracts were dried over MgSO4


and filtered. The solid obtained after removal of solvent was dissolved in
anhydrous THF (50 mL) and a solution of methyllithium (3.75 mL,
5.30 mmol, 1.4m in Et2O) was added at 0 8C. The reaction mixture was
stirred for 0.5 h at ambient temperature, was cooled to �78 8C, and n-
butyl chloroformate (0.76 g, 6.00 mmol) was added. The reaction mixture
was allowed to warm to ambient temperature, was stirred for 5 h, and
then quenched with aqueous NaHCO3 solution. The aqueous layer was
extracted with petroleum ether (3R30 mL) and the combined organic
phases were dried over MgSO4. All volatiles were removed under re-
duced pressure and the residue was purified by using chromatography on
silica gel (Et2O/petroleum ether 1:10) to afford 12 as a colorless solid
(0.84 g, 75%). M.p. 103 8C; 1H NMR (400.13 MHz, CDCl3): d=4.13 (t,
J=6.7 Hz, 4H; OCH2), 1.62 (tt, J=6.7 Hz, 4H; CH2), 1.35 (tt, J=6.7 Hz,
4H; CH2), 0.92 (t, J=6.7 Hz, 6H; CH2CH3), 0.10 ppm (s, 30H; BCH3);
13C NMR (100.62 MHz, CDCl3): d=153.1 (s; COO), 80.0 (s; C�CCOO),
77.8 (s; CCOO), 73.9 (br s; carboranyl C), 66.4 (s; OCH2), 30.5, 19.2 (2s;
CH2), 13.8 (s; CH2CH3), �4.2 ppm (br; BCH3);


11B{1H} NMR
(160.46 MHz, Et2O): d=�7.8 ppm (s); HRMS (EI): m/z : calcd: 532.4569;
found: 532.4562 [M+].


1,12-Bis(ethynyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbado-
decaborane(12) (11): A mixture of diester 12 (0.800 g, 1.50 mmol) and
LiI (0.80 g, 6.00 mmol) was heated at reflux in anhydrous 2,6-lutidine
(25 mL) for 3 h. The lutidine was removed in vacuo and the residue was
quenched with 10% aqueous HCl. The water phase was extracted with
hexanes (6R30 mL) and the combined organic extracts were dried over
MgSO4, filtered through a short bed of silica gel, and dried under re-
duced pressure to yield 11 as a colorless solid (0.49 g, 98%). M.p.
>355 8C; 1H NMR (400.13 MHz, CDCl3): d=2.46 (s, 2H; CH), 0.06 ppm
(s, 30H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=76.7 (s; C�CH),
75.4 (s; �CH), 74.4 (br s; carboranyl C), �4.1 ppm (br; BCH3);


11B{1H}
NMR (160.46 MHz, Et2O): d=�7.8 ppm (s); UV/Vis (n-hexane): l=


<200 nm; HRMS (EI): m/z : calcd: 332.3515; found: 332.3521 [M+].


1-(2-Hydroxyethyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbado-
decaborane(12) (13): Methyllithium (12.6 mL, 17.6 mmol, 1.4m in Et2O)
was added to a solution of 6 (5.00 g, 17.6 mmol) in THF (150 mL) at 0 8C.
The solution was allowed to warm to ambient temperature and was stir-
red for an additional 8 h. At 0 8C, ethylene oxide (1.00 mL, 20.0 mmol)
was added by using a precooled syringe. After the mixture was slowly al-
lowed to warm to ambient temperature (2 h), all volatiles were removed
under reduced pressure. Aqueous 10% HCl (30 mL) was added to the
residue and the aqueous phase was extracted with Et2O (3R50 mL). The
organic layers were combined and the Et2O was removed under reduced
pressure. The residue was purified by using chromatography on silica gel
(Et2O/pentane 1:3) yielding 13 as a colorless solid (5.43 g, 94%, Rf=


0.55). M.p. 355 8C (decomp); 1H NMR (400.13 MHz, CDCl3): d=3.43 (t,
J=8.4 Hz, 2H; CH2OH), 2.02 (s, 1H; carboranyl CH), 1.67 (t, J=8.4 Hz,
2H; CH2CH2OH), 1.42 (br s, 1H; OH), 0.04 (s, 15H; BCH3), 0.03 ppm (s,
15H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=77.3 (br s; carboranyl
C), 75.1 (br s; carboranyl C), 59.7 (s; CH2OH), 34.7 (s; CH2CH2OH),
�3.0 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=�7.1 (s,
5B), �8.5 ppm (s, 5B); HRMS (EI): m/z : calcd: 328.3769; found:
328.3772 [M+].


1-Vinyl-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodecabor-
ane(12) (14): A mixture of 13 (1.00 g, 3.00 mmol) and Al(OiPr)3 (6.10 g,
30.0 mmol) in toluene (35 mL) was heated under reflux for 0.5 h. The
volatiles were distilled off and the residue was heated at 300 8C for 1 h.
Dilute HCl was added and the aqueous layer was extracted with Et2O
(3R50 mL). The combined organic layers were dried under reduced pres-
sure and the residue was purified by using flash chromatography on silica
gel using first pentane and then Et2O. The Et2O fraction contained un-
reacted 13 whereas removal of the pentane in vacuo gave 14 as a color-
less solid (576 mg, 61%). M.p. 296 8C; 1H NMR (400.13 MHz, CDCl3):
d=5.14–5.04 (m, 2H; CH2CH), 4.78–4.73 (m, 1H; CH2CH), 2.09 (s, H;
carboranyl CH), 0.06 (s, 15H; BCH3), 0.01 ppm (s, 15H; BCH3);
13C NMR (100.62 MHz, CDCl3): d=130.3 (s; CH2CH), 120.4 (s;
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CH2CH), 79.6 (br s; carboranyl C), 75.9 (br s; carboranyl C), �3.5 ppm
(br; BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=�6.9 (s, 5B),
�8.4 ppm (s, 5B); HRMS (EI): m/z : calcd: 310.3664; found: 310.3670
[M+].


1-(2-Oxyethyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodeca-
borane(12) (15): Neat DMSO (3.30 mL, 46.5 mmol) was slowly added
dropwise to a solution of oxalyl chloride (2.00 mL, 23.3 mmol) in CH2Cl2
(200 mL) at �62 8C. After gas evolution had ceased, anhydrous 13
(5.10 g, 15.5 mmol) was added. The reaction mixture was allowed to
warm to 30 8C (1 h), was cooled to �78 8C, and then NEt3 (7.56 mL,
54.2 mmol) was added. After the reaction mixture had warmed to ambi-
ent temperature, all volatile components were removed under vacuum
and the remaining residue was quenched with water (50 mL). The water
layer was extracted twice with pentane (2R50 mL). The pentane was dis-
tilled off under reduced pressure and the resulting solid was purified by
using flash chromatography on silica gel with Et2O/pentane (1:10). Re-
moval of the solvent in vacuo afforded 15 (4.96 g, 98%). M.p. 322 8C;
1H NMR (400.13 MHz, CDCl3): d=9.45 (t, J=3.3 Hz, 1H; CHO), 2.32
(d, J=3.6 Hz, 2H; CH2), 2.11 (s, 1H; carboranyl CH), 0.07 (s, 15H;
BCH3), 0.05 ppm (s, 15H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=
198.1 (s; CHO), 75.5 (s; carboranyl C), 73.9 (s; carboranyl C), 45.0 (s;
CH2), �3.7 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=�5.5
(s, 5B), �6.7 ppm (s, 5B); HRMS (EI): m/z : calcd: 326.3613; found:
326.3602 [M+].


1-(2,2-Dichloroethyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarba-
dodecaborane(12) (16): Phosphorus pentachloride (9.20 g, 44.1 mmol)
was added to a solution of 15 (4.80 g, 14.7 mmol) in benzene (100 mL) at
0 8C. The suspension was stirred for 8 h at ambient temperature and hy-
drolyzed by ice water. The aqueous layer was extracted twice with pen-
tane (50 mL). The pentane was distilled off under reduced pressure and
the obtained solid was purified by using flash chromatography on silica
gel with pentane. Removal of the solvent in vacuo afforded 16 (4.76 g,
85%). M.p. 242 8C; 1H NMR (400.13 MHz, CDCl3): d=5.59 (t, J=
4.0 Hz, 2H; CHCl2), 2.59 (d, J=4.0 Hz, 2H; CH2), 2.10 (s, 1H; carboran-
yl CH), 0.11 (s, 15H; BCH3), 0.01 ppm (s, 15H; BCH3);


13C NMR
(100.62 MHz, CDCl3): d=76.3 (s; carboranyl C), 75.9 (s; carboranyl C),
69.5 (s; CHCl2), 48.3 (s; CH2), �3.6 ppm (br; BCH3);


11B{1H} NMR
(160.46 MHz, Et2O): d=�5.6 (s, 5B), �6.7 ppm (s, 5B); HRMS (EI):
m/z : calcd: 381.3004; found: 381.3006 [M+].


1-Ethynyl-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodecabor-
ane(12) (17) and 1-(methyl propiolyl)-closo-2,3,4,5,6,7,8,9,10,11-deca-
methyl-1,12-dicarbadodecaborane(12) (18): To a suspension of sodium
amide (59.0 mmol) in anhydrous ammonia (150 mL)—prepared from
sodium metal (1.36 g, 59.0 mmol) and FeCl3·6H2O (2.00 mg,
0.07 mmol)—a solution of dichloride 16 (4.50 g, 11.8 mmol) dissolved in
Et2O (50 mL) was added through a cannula. The ammonia was allowed
to evaporate and the remaining suspension was hydrolyzed at 0 8C with a
saturated aqueous NH4Cl solution. The off-white solid obtained, after ex-
traction of the water layer with pentane (3R50 mL) and evaporation of
the solvent, was purified by using flash chromatography on silica gel with
pentane. Removal of the solvent in vacuo afforded a mixture of 17
(91%) and 14 (3%) (3.42 g total weight). The mixture was redissolved in
anhydrous Et2O (200 mL) and tBuLi (8.82 mL, 15 mmol, 1.7m in pen-
tane) was added dropwise at �78 8C. At �18 8C, methyl chloroformate
(1.84 g, 1.51 mL, 19.5 mmol) was added. Extraction with pentane, remov-
al of the solvent, and chromatography of the resulting solid residue on a
short bed of silica gel (Et2O/pentane 1:15) provided 14 (108 mg, Rf=0.9)
and 18 (3.86 g, 10.5 mmol, Rf=0.6). Ester 18 was heated under reflux in
2,6-lutidine (50 mL) in the presence of LiI (2.80 g, 21.0 mmol) for 6 h.
The lutidine was distilled off and the residue was quenched with aqueous
10% HCl (25 mL). The solid obtained upon extraction with pentane and
removal of the solvent was purified by using flash chromatography on
silica gel (pentane). The dried filtrate contained pure 17 (3.20 g, 88% rel-
ative to 16). 17: M.p. 342 8C; 1H NMR (400.13 MHz, CDCl3): d=2.41 (s,
1H; CH), 2.08 (s, 1H; carboranyl CH), 0.09 (s, 15H; BCH3), 0.03 ppm (s,
15H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=76.3 (s; carboranyl C),
76.1 (s; carboranyl C), 75.2 (s; C�CH), 73.1 (s; C�CH), �3.7 ppm (br;
BCH3);


11B{1H} NMR (160.46 MHz, pentane): d=�4.9 (s, 5B), �7.3 ppm


(s, 5B); HRMS (EI): m/z : calcd: 308.3507; found: 308.3508 [M+]. 18 :
M.p. 279 8C; 1H NMR (400.13 MHz, CDCl3): d=3.63 (s, 3H; COOCH3),
2.06 (s, 1H; CH), 0.00 (s, 15H; BCH3), �0.04 ppm (s, 15H; BCH3);
13C NMR (100.62 MHz, CDCl3): d=153.6 (s; COO), 78.7 (s; C�CCOO),
78.5 (s; C�CCOO, overlapping with CDCl3 signal), 73.5 (s; carboranyl
C), 71.2 (s; carboranyl C), 53.0 (s; COOCH3), �4.1 ppm (br; BCH3);
11B{1H} NMR (160.46 MHz, Et2O): d=�6.2 (s, 5B), �8.5 ppm (s, 5B);
HRMS (EI): m/z : calcd: 366.3562; found: 366.3555 [M+].


1,1’-{Bis[closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodecaboran-
yl(12)]}-1,4-butadiyne (19): Compound 17 (3.10 g, 10.0 mmol) and CuCl
(50.0 mg, 0.0500 mmol) were dissolved in anhydrous pyridine (150 mL).
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, 0.200 mL, 0.130 mmol) was
added and oxygen was passed through the solution for 3 h at 45 8C by
using a gas frit. All volatiles were removed in vacuo and after addition of
aqueous 10% HCl (50 mL) the product was extracted with benzene. The
benzene was distilled off and the remaining residue was purified by using
flash chromatography on silica gel with pentane. Removal of the solvent
in vacuo afforded 19 (2.95 g, 96%). M.p. >375 8C; 1H NMR
(400.13 MHz, CDCl3): d=2.06 (s, 2H; carboranyl CH), 0.07 (s, 30H;
BCH3), 0.00 ppm (s, 30H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=
76.5 (br s; carboranyl C), 73.5 (br s; carboranyl C), 71.9 (s; CC), 71.3 (s;
CC), �3.8 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, n-pentane): d=
�4.6 (s, 10B), �7.2 ppm (s, 10B); UV/Vis (n-hexane): lmax (loge)=198
(4.94), 206 (5.02), 215 (4.93), 243 (2.62), 256 (2.78), 270 nm (2.52);
HRMS (EI): m/z : calcd: 615.6822; found: 615.6808 [M+].


1-[12-(2-Hydroxyethyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicar-
badodecaboranylene(12)]-1’-[closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-
dicarbadodecaboranyl(12)]-1,4-butadiyne (20) and 1,1’-bis[12-(2-hydroxy-
ethyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodecaborany-
lene(12)]-1,4-butadiyne (21): Methyllithium (3.40 mL, 4.40 mmol, 1.3m in
Et2O) was added to a solution of 19 (2.70 g, 4.40 mmol) in THF (80 mL)
at �30 8C. The solution was allowed to warm to ambient temperature
and was stirred for an additional hour. The mixture was cooled to 0 8C
and ethylene oxide (0.280 mL, 5.50 mmol) was added by using a pre-
cooled syringe. The reaction mixture was stirred for 2 h while slowly
warming it to ambient temperature. All volatiles were removed under re-
duced pressure and aqueous HCl (30 mL) was added to the resulting resi-
due. The aqueous layer was extracted with Et2O (5R50 mL). The organic
layers were combined and the Et2O was removed under reduced pres-
sure. The residue was washed onto a short bed of silica gel and washed
thoroughly with hexanes. The dried filtrate contained unreacted 19
(541 mg, 20%). The remaining mixture was removed from the column by
using ethyl acetate as the eluent. The volume of the eluant was reduced
to 20 mL. Precipitated material was filtered off and the filtrate was puri-
fied by means of chromatography (silica gel, ethyl acetate/hexanes 1:3)
yielding 20 as a colorless solid (1.74 g, 60%, Rf=0.55). The crystals as
well as the late fraction (Rf=0.35) from the column are compound 21
(619 mg, 20%). 20 : M.p. >375 8C; 1H NMR (400.13 MHz, CDCl3): d=
3.44 (t, J=8.6 Hz, 2H; CH2OH), 2.06 (s, 1H; carboranyl CH), 1.69 (t, J=
8.5 Hz, 2H; CH2CH2OH), 0.07 (s, 15H; BCH3), 0.06 (s, 15H; BCH3),
�0.01 (s, 15H; BCH3), �0.02 ppm (s, 15H; BCH3);


13C NMR
(100.62 MHz, CDCl3): d=78.9 (br s; carboranyl C), 76.5 (br s; carboranyl
C), 73.4 (br s; carboranyl C), 72.9 (br s; carboranyl C), 72.0 (s; CC), 71.9
(s; CC), 71.6 (s; CC), 71.2 (s; CC), 59.6 (s; CH2OH), 35.1 (s;
CH2CH2OH), �3.9 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, Et2O):
d=�6.5 (s, 10B), �7.5 (s, 5B), �9.1 ppm (s, 5B); HRMS (EI): m/z :
calcd: 658.7133; found: 658.7126 [M+].


Compound 21 was obtained in 97% yield by reacting 19 (1 molar equiv)
with methyllithium (2.2 molar equiv) and quenching the mixture with
ethylene oxide (2.5 molar equiv). Ethyl acetate was used for the extrac-
tion and the recrystallization. 21: M.p. >375 8C; 1H NMR (400.13 MHz,
325 K, CDCl3): d=3.46 (t, J=7.8 Hz, 4H; CH2OH), 1.71 (t, J=8.0 Hz,
4H; CH2CH2OH), 1.30 (s, 2H; OH), 0.07 (s, 30H; BCH3), 0.01 ppm (s,
30H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=90.0 (br s; carboranyl
C), 79.2 (br s; carboranyl C), 72.4 (s; CC), 71.7 (s; CC), 59.6 (s; CH2OH),
35.3 (s; CH2CH2OH), �4.1 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz,
Et2O): d=�6.7 (s, 10B), �7.8 ppm (s, 10B); HRMS (EI): m/z : calcd:
703.7372; found: 703.7361 [M+].
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1-[12-(2-Oxyethyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbado-
decaboranylene(12)]-1’-[closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicar-
badodecaboranyl(12)]-1,4-butadiyne (22): As described above, the oxida-
tion reagent was prepared from DMSO (0.520 mL, 7.30 mmol) and
oxalyl chloride (0.320 mL, 3.60 mmol) in CH2Cl2 (80 mL) at �62 8C. To
this mixture, a solution of anhydrous 20 (1.60 g, 2.40 mmol) in Et2O was
added through a cannula. The reaction mixture was allowed to warm to
�30 8C over a period of 3 h, was cooled to �78 8C, and then NEt3
(1.20 mL, 3.50 mmol) was added. Workup was conducted as described for
the synthesis of 15 to afford 22 (1.52 g, 95%). M.p. 370 8C; 1H NMR
(400.13 MHz, CDCl3): d=9.44 (t, J=3.2 Hz, 1H; CHO), 2.33 (d, J=
3.3 Hz, 2H; CH2), 2.07 (s, 1H; carboranyl CH), 0.08 (s, 15H; BCH3),
0.07 (s, 15H; BCH3), 0.02 (s, 15H; BCH3), 0.00 ppm (s, 15H; BCH3);
13C NMR (100.62 MHz, CDCl3): d=197.9 (s; CHO), 76.6 (br s; carboran-
yl C), 75.7 (br s; carboranyl C), 74.6 (br s; carboranyl C), 73.4 (br s; car-
boranyl C), 72.5 (s; CC), 72.1 (s; CC), 71.5 (s; CC), 71.0 (s; CC), 45.4 (s;
CH2), �3.9 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=�6.1
(s, 10B), �7.4 (s, 5B), �8.8 ppm (s, 5B); HRMS (EI): m/z : calcd:
656.6964; found: 656.6971 [M+].


1-[12-(2,2-Dichloroethyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-di-
carbadodecaboranylene(12)]-1’-[closo-2,3,4,5,6,7,8,9,10,11-decamethyl-
1,12-dicarbadodecaboranyl(12)]-1,4-butadiyne (23): A mixture of PCl5
(1.30 g, 6.20 mmol) and 22 (1.40 g, 2.10 mmol) in benzene (30 mL) was
reacted and the product isolated as described for the synthesis of 16 to
afford 23 (1.30 g, 86%). M.p. 282 8C; 1H NMR (400.13 MHz, C6D6): d=
5.48 (t, J=4.0 Hz, 2H; CHCl2), 2.50 (d, J=4.0 Hz, 2H; CH2CHCl2), 1.37
(s, 1H; carboranyl CH), 0.13 (s, 15H; BCH3), 0.04 (s, 15H; BCH3), 0.00
(s, 15H; BCH3), �0.01 ppm (s, 15H; BCH3);


13C NMR (100.62 MHz,
C6D6): d=78.7 (br s; carboranyl C), 76.8 (br s; carboranyl C), 75.0 (br s;
carboranyl C), 73.8 (br s; carboranyl C), 73.6 (s; CC), 72.7 (s; CC), 72.6
(s; CC), 71.5 (s; CC), 69.7 (s; CHCl2), 49.1 (s; CH2), �3.8 ppm (br;
BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=�6.1 (s, 10B), �7.4 (s,
5B), �8.8 ppm (s, 5B); HRMS (EI): m/z : calcd: 711.6390; found:
711.6404 [M+].


1-[12-Ethynyl-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodeca-
boranylene(12)]-1’-[closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbado-
decaboranyl(12)]-1,4-butadiyne (24) and 1-[12-(methyl propiolyl)-closo-
2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodecaboranylene(12)]-1’-
[closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodecaboranyl(12)]-
1,4-butadiyne (25): Dichloride 23 (1.20 g, 1.70 mmol) dissolved in Et2O
(50 mL) was cannulated into a freshly prepared suspension of NaNH2


(330 mg, 8.50 mmol) in liquid ammonia (60 mL). Workup and purifica-
tion were conducted as described in the first part of the synthesis of 17 to
afford crude 24 (1.00 g, 96%). Purification of 24 was carried out follow-
ing the protection/deprotection procedure described for 17. 24 : M.p.
322 8C; 1H NMR (400.13 MHz, CDCl3): d=2.47 (s, 1H; CH), 2.09 (s, 1H;
carboranyl CH), 0.11 (s, 15H; BCH3), 0.08 (s, 15H; BCH3), 0.06 (s, 15H;
BCH3), 0.03 ppm (s, 15H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=
77.0 (s; C�CH), 76.7 (s; carboranyl C), 75.4 (s; �CH), 74.9 (br s; carbor-
anyl C), 74.7 (br s; carboranyl C), 73.5 (br s; carboranyl C), 72.4 (s; CC),
72.1 (s; CC), 71.9 (s; CC), 71.1 (s; CC), �4.1 ppm (br; BCH3);


11B{1H}
NMR (160.46 MHz, n-pentane): d=�6.6 (br s, 15B), �8.8 ppm (s, 5B);
UV/Vis (n-hexane): lmax (loge)=209 (5.04), 218 (5.04), 243 (2.62), 257
(2.65), 272 nm (2.43); HRMS (EI): m/z : calcd: 639.6845; found: 639.6836
[M+]. 25 : M.p. 285 8C; 1H NMR (400.13 MHz, CDCl3): d=3.72 (s, 3H;
OCH3), 2.07 (s, 1H; carboranyl CH), 0.08 (s, 30H; BCH3), 0.05 (s, 15H;
BCH3), �0.00 ppm (s, 15H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=
153.3 (s; COO), 79.3 (s; C�CCOO), 78.5 (s; C�CCOO), 76.7 (s; carbor-
anyl C), 76.2 (br s; carboranyl C), 73.3 (br s; carboranyl C), 72.8 (s; CC),
72.6 (br s; carboranyl C), 72.4 (s; CC), 71.5 (s; CC), 70.8 (s; CC), 66.1 (s;
COO), �4.1 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, pentane): d=
�6.6 (br s, 15B), �8.8 ppm (s, 5B); HRMS (EI): m/z : calcd: 697.08;
found: 697.08 [M+].


12,12’-{Bis{1-[closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodeca-
boranyl(12)]-1,4-butadiynediyl}}-{1,1’-{bis[closo-2,3,4,5,6,7,8,9,10,11-deca-
methyl-1,12-dicarbadodecaboranylene(12)]}-1,4-butadiyne} (26): A mix-
ture of 24 (0.900 g, 1.4 mmol), CuCl (1.00 mg, 0.10 mmol), and DBU
(0.100 mL, 0.600 mmol) in anhydrous pyridine (25 mL) was reacted ac-


cording to the procedure described for the synthesis of 19. The product
was extracted with hot toluene. The toluene was distilled off and the re-
maining residue was purified by using flash chromatography on a short
bed of silica gel with toluene. Removal of the solvent afforded 26 which
was washed with pentane and dried in vacuo (845 mg, 94%). M.p.
>355 8C; 1H NMR (400.13 MHz, 100 8C, [D8]toluene): d=1.55 (s, 2H;
carboranyl CH), 0.02 (br s, 90H; BCH3), �0.01 ppm (s, 30H; BCH3);
13C NMR (100.62 MHz, 100 8C, [D8]toluene): d=77.5 (br s; 2R carboranyl
C), 76.2 (br s; carboranyl C), 75.9 (br s; carboranyl C), 74.3 (s; CC), 74.2
(s; CC), 73.6 (s; CC), 73.2 (s; CC), 72.8 (s; CC), 72.0 (s; CC), �3.8 ppm
(br; BCH3);


11B{1H} NMR (160.46 MHz, C6D6): d=�7.4 (br s, 30B),
�10.1 ppm (s, 10B); elemental analysis calcd for C60H122B40: C 56.47, H
9.63; found: C 55.96, H 9.87.


1,1’-{Bis[12-(2-oxyethyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicar-
badodecaboranylene(12)]}-1,4-butadiyne (27): To the oxidation reagent—
prepared from DMSO (0.720 mL, 10.2 mmol), oxalyl chloride (0.500 mL,
5.70 mmol) in CH2Cl2 (350 mL) at �62 8C—anhydrous 21 (2.00 g,
2.80 mmol) was added. The reaction mixture was allowed to warm to
�25 8C and was stirred for 5 h. At �78 8C, iPr2NEt (2.20 mL, 12.8 mmol)
was added. The workup of the reaction mixture was similar to that de-
scribed for the preparation of 15 and 22, to provide 27 (1.79 g, 90%).
M.p. 322 8C; 1H NMR (400.13 MHz, CDCl3): d=9.44 (t, J=3.0 Hz, 2H;
CHO), 2.33 (d, J=2.8 Hz, 4H; CH2CHO), 0.07 (s, 30H; BCH3),
0.02 ppm (s, 30H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=197.8 (s;
CHO), 75.8 (br s; carboranyl C), 74.3 (br s; carboranyl C), 72.0 (s; CC),
71.8 (s; CC), 45.4 (s; CH2), �4.2 ppm (br; BCH3);


11B{1H} NMR
(160.46 MHz, Et2O): d=�6.1 (s, 10B), �7.3 ppm (s, 10B); HRMS (EI):
m/z : calcd: 699.7058; found: 699.7033 [M+].


1,1’-{Bis[12-(2,2-dichloroethyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-
1,12-dicarbadodecaboranylene(12)]}-1,4-butadiyne (28): Compound 27
(1.60 g, 2.30 mmol) and PCl5 (3.00 g, 14.4 mmol) were reacted and the
product was isolated according to the procedures used for the syntheses
of 16 and 23, affording 28 as a colorless solid (1.57 g, 85%). M.p. 267 8C;
1H NMR (400.13 MHz, CDCl3): d=5.56 (t, J=4.2 Hz, 2H; CHCl2), 2.59
(d, J=4.2 Hz, 4H; CH2), 0.13 (s, 30H; BCH3), 0.00 ppm (s, 30H; BCH3);
13C NMR (100.62 MHz, CDCl3): d=78.1 (br s; carboranyl C), 74.5 (br s;
carboranyl C), 72.1 (s; CC), 71.9 (s; CC), 69.2 (s; CHCl2), 48.6 (s; CH2),
�4.2 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=�6.0 (s,
10B), �7.4 ppm (s, 10B); HRMS (EI): m/z : calcd: 808.5909; found:
808.5904 [M+].


1,1’-{Bis[12-ethynyl-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbado-
decaboranylene(12)]}-1,4-butadiyne (29) and 1,1’-{bis[12-(methyl propiol-
yl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodecaboranyl-
ene(12)]}-1,4-butadiyne (30): Anhydrous tetrachloride 28 (1.45 g,
1.80 mmol), dissolved in Et2O (30 mL), was cannulated into a freshly pre-
pared suspension of NaNH2 in liquid ammonia (50 mL), prepared from
sodium (370 mg, 16.1 mmol) and FeCl3·6H2O (13.0 mg, 0.0500 mmol).
Crude 29 (902 mg, 76%) was isolated, converted to 30, and 30 was puri-
fied and deprotected as described for compounds 17 and 24 to provide
pure 29 as a colorless solid (860 mg, 72%). 29 : M.p. >360 8C; 1H NMR
(400.13 MHz, CDCl3): d=2.47 (s, 2H; CH), 0.06 (s, 30H; BCH3),
0.05 ppm (s, 30H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=77.0 (s;
C�CH), 75.4 (s;�CH), 74.7 (br s; 2R carboranyl C), 72.5 (s; CC), 71.6 (s;
CC), �4.2 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=


�6.8 ppm (br s, 20B); UV/Vis (n-hexane): lmax (loge)=204 (4.96), 211
(5.14), 221 (5.12), 242 (2.93), 258 (2.82), 272 nm (2.44); HRMS (EI): m/z :
calcd: 663.6846; found: 663.6851 [M+]. 30 : M.p. 332 8C; 1H NMR
(400.13 MHz, CDCl3): d=3.73 (s, 6H; OCH3), 0.08 (s, 30H; BCH3),
0.04 ppm (s, 30H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=153.4 (s;
COO), 79.2 (s; C�COOCH3), 78.5 (s; �CCOOCH3), 75.9 (br s; carboran-
yl C), 72.8 (br s; carboranyl C), 72.4 (s; CC), 72.0 (s; CC), 53.1 (s;
OCH3), �4.0 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=


�8.2 ppm (br s, 20B); IR (KBr): ñ=2953, 2909, 2835, 2243, 1726, 1435,
1323, 1287, 1202, 1171, 934, 748 cm�1; HRMS (EI): m/z : calcd: 779.6959;
found: 779.6892 [M+].


1,1’-{Bis[12-(trimethylsilylethynyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-
1,12-dicarbadodecaboranylene(12)]}-1,4-butadiyne (32): Methyllithium
(2.00 mL, 2.80 mmol, 1.4m in Et2O) was added to a solution of 29
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(850 mg, 1.28 mmol) in THF (20 mL) at 0 8C. After 30 min, chlorotri-
methylsilane (0.420 mL, 3.30 mmol) was added and stirring was contin-
ued for 3 h at ambient temperature. The solvents were removed under re-
duced pressure and water was added to the remaining off-white solid. Ex-
traction of the water layer with pentane (3R50 mL) followed by passing
the solution through a bed of silica gel and removal of the solvent in
vacuo afforded 32 (1.00 g, 98%). M.p. 321 8C; 1H NMR (400.13 MHz,
CDCl3): d=0.11 (s, 18H; SiCH3), 0.02 (s, 30H; BCH3), 0.01 ppm (s, 30H;
BCH3);


13C NMR (100.62 MHz, CDCl3): d=96.4 (s; �CSi), 94.8 (s; C�
CSi), 76.3 (br s; carboranyl C), 74.3 (br s; carboranyl C), 72.5 (s; CC),
71.5 (s; CC), 0.2 (s; SiCH3), �4.3 ppm (br; BCH3);


29Si NMR (99.4 MHz,
CDCl3): d=�16.9 ppm (s); 11B{1H} NMR (160.46 MHz, Et2O): d=


�6.9 ppm (br s, 20B); UV/Vis (n-hexane): lmax (loge)=213 (4.89),
224 nm (4.91); HRMS (EI): m/z : calcd: 807.7645; found: 807.7635 [M+].


1-[12-(Trimethylsilylethynyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-
dicarbadodecaboranylene(12)]-1’-[12’-(n-butyl propiolyl)-closo-
2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodecaboranylene(12)]-1,4-
butadiyne (33) and 1,1’-{bis[12-(n-butyl propiolyl)-closo-
2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodecaboranylene(12)]}-1,4-
butadiyne (31): The CH3Li·LiBr complex (0.420 mL, 0.610 mmol, 1.45m
in Et2O) was added dropwise to a solution of 32 (950 mg, 1.20 mmol) in
THF (100 mL) at ambient temperature. The reaction mixture was stirred
for an additional hour at ambient temperature and subsequently cannu-
lated in small portions into a solution of n-butyl chloroformate
(0.770 mL, 5.90 mmol) in THF (25 mL) at 0 8C. The reaction mixture was
stirred for 3 h at ambient temperature. All volatile components were re-
moved in vacuo, water was added to the remaining off-white solid, and
the products were extracted with pentane (3R50 mL). The combined or-
ganic layers were dried over MgSO4 and concentrated. Chromatography
(silica gel, 1% Et2O in pentane) afforded starting material 32 (238 mg,
25%, Rf=0.95), and products 31 (471 mg, 47%, Rf=0.6) and 33 (255 mg,
25%, Rf=0.4). 33 : M.p. 182 8C; 1H NMR (400.13 MHz, CDCl3): d=4.13
(t, J=6.7 Hz, 2H; OCH2), 1.63 (tt, J=7.8 Hz, 2H; CH2), 1.37 (tt, J=
7.5 Hz, 2H; CH2), 0.93 (t, J=8.5 Hz, 3H; CH2CH3), 0.11 (s, 9H; SiCH3),
0.08 (s, 15H; BCH3), 0.05 (s, 15H; BCH3), 0.02 (s, 15H; BCH3), 0.01 ppm
(s, 15H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=153.2 (s; COO),
96.4 (s; �CSi), 94.9 (s; C�CSi), 79.7 (s; C�CCOO), 78.1 (s; �CCOO),
76.4 (br s; carboranyl C), 76.0 (br s; carboranyl C), 74.2 (br s; carboranyl
C), 73.1 (s; CC), 72.9 (br s; carboranyl C), 72.3 (s; CC), 71.8 (s; CC), 71.2
(s; CC), 66.3 (s; OCH2), 30.5 (s; CH2CH2), 19.2 (s; CH2CH2), 13.9 (s;
CH2CH3), 0.2 (s; SiCH3), �4.6 ppm (br; BCH3);


29Si NMR (99.4 MHz,
CDCl3): d=�16.9 ppm (s); 11B{1H} NMR (160.46 MHz, Et2O): d=


�6.6 ppm (br s, 20B); HRMS (EI): m/z : calcd: 835.7774; found: 835.7766
[M+]. 31: M.p. 170 8C; 1H NMR (400.13 MHz, CDCl3): d=4.12 (t, J=
6.8 Hz, 4H; OCH2), 1.62 (tt, J=7.8 Hz, 4H; CH2), 1.36 (tt, J=7.5 Hz,
4H; CH2), 0.92 (t, J=8.5 Hz, 6H; CH2CH3), 0.08 (s, 15H; BCH3),
0.04 ppm (s, 15H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=153.1 (s;
COO), 79.8 (s; C�CCOO), 78.1 (s; �CCOO), 75.8 (br s; carboranyl C),
73.0 (br s; carboranyl C), 72.4 (s; CC), 72.0 (s; CC), 66.3 (s; OCH2), 30.5
(s; CH2CH2), 19.2 (s; CH2CH2), 13.9 (s; CH2CH3), �4.5 ppm (br; BCH3);
11B{1H} NMR (160.46 MHz, pentane): d=�6.6 ppm (br s, 20B); HRMS
(EI): m/z : calcd: 863.7903; found: 863.7911 [M+].


1-[12-Ethynyl-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodeca-
boranylene(12)]-1’-[12’-(n-butyl propiolyl)-closo-2,3,4,5,6,7,8,9,10,11-
decamethyl-1,12-dicarbadodecaboranylene(12)]-1,4-butadiyne (34): Com-
pound 33 (440 mg, 0.500 mmol) was added to a slurry of KF·2H2O
(60.0 mg, 6.40 mmol) in DMF (20 mL) at 25 8C. The mixture was stirred
for 8 h, and then quenched with water. The milky suspension was extract-
ed with pentane (3R50 mL). The combined organic extracts were dried
(MgSO4) and purified by using flash chromatography on a bed of silica
gel. Removal of the solvent provided 34 as a colorless solid (396 mg,
98%). M.p. 138 8C; 1H NMR (400.13 MHz, CDCl3): d=4.13 (t, J=
6.7 Hz, 2H; OCH2), 2.47 (s, 1H; CCH), 1.63 (tt, J=7.8 Hz, 2H; CH2),
1.36 (tt, J=7.5 Hz, 2H; CH2), 0.93 (t, J=7.5 Hz, 3H; CH2CH3), 0.08 (s,
15H; BCH3), 0.05 (s, 30H; BCH3), 0.03 ppm (s, 15H; BCH3);


13C NMR
(100.62 MHz, CDCl3): d=153.2 (s; COO), 79.7 (s; C�CCOO), 78.1 (s;
�CCOO), 77.04 (s; C�CH), 76.0 (br s; carboranyl C), 75.3 (s; �CH), 74.8
(br s; carboranyl C), 74.6 (br s; carboranyl C), 72.9 (br s; carboranyl C),
72.8 (s; CC), 72.4 (s; CC), 72.2 (s; CC), 72.0 (s; CC), 71.4 (s; CC), 66.3


(s; OCH2), 30.5 (s; CH2CH2), 19.2 (s; CH2CH2), 13.9 (s; CH2CH3),
�4.6 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, pentane): d=


�6.7 ppm (br s, 20B); HRMS (EI): m/z : calcd: 763.7346; found: 763.7404
[M+].


12,12’-{Bis[12-(n-butyl propiolyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-
1,12-dicarbadodecaboranylene(12)-1-(1,4-butadiynediyl)]}-1,1’-{bis[closo-
2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodecaboranylene(12)]-1,4-
butadiyne} (35): Compound 34 (350 mg, 0.460 mmol) was coupled by re-
acting CuCl (2.30 mg, 20.0 mmol), DBU (3.50 mL, 20.0 mmol), pyridine
(20 mL), and oxygen over the course of 8 h at 25 8C. The solvent was re-
moved in vacuo, dilute aqueous NH4Cl was added, and the product was
extracted with CHCl3 (3R30 mL). The solution was passed through a bed
of silica gel. The dried filtrate was recrystallized from hexane/benzene to
afford 35 (312 mg, 89%). M.p. 305 8C; 1H NMR (400.13 MHz, CDCl3):
d=4.12 (t, J=6.8 Hz, 4H; OCH2), 1.62 (tt, J=7.8 Hz, 4H; CH2), 1.35 (tt,
J=7.5 Hz, 4H; CH2), 0.92 (t, J=8.5 Hz, 6H; CH2CH3), 0.08 (s, 30H;
BCH3), 0.04 (s, 30H; BCH3), 0.01 ppm (s, 60H; BCH3);


13C NMR
(100.62 MHz, CDCl3): d=153.2 (s; COO), 79.7 (s; C�CCOO), 78.1 (s;
�CCOO), 75.9 (br s; carboranyl C), 75.0 (br s; 2R carboranyl C), 72.9
(br s; carboranyl C), 72.7 (s; CC), 72.5 (s; CC), 72.2 (s; CC), 72.1 (s; CC),
71.8 (s; CC), 71.6 (s; CC), 66.3 (s; OCH2), 30.5 (s; CH2CH2), 19.2 (s;
CH2CH2), 13.9 (s; CH2CH3), �4.2 ppm (br; BCH3);


11B{1H} NMR
(160.46 MHz, CH2Cl2): d=�7.3 ppm (br s, 40B); MS data were unobtain-
able.


12,12’-{Bis[12-ethynyl-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarba-
dodecaboranylene(12)-1-(1,4-butadiynediyl)]}-1,1’-{bis[closo-
2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-dicarbadodecaboranylene(12)]-1,4-
butadiyne} (36): Compound 35 (250 mg, 0.160 mmol) and LiI (110 mg,
0.800 mmol) were heated under reflux in 2,6-lutidine (15 mL) for 8 h. Lu-
tidine was distilled off and dilute aqueous HCl (10 mL) was added to the
remaining residue. Extraction with benzene, subsequent filtration
through a short bed of silica gel using benzene, and removal of the sol-
vent afforded 36 as a colorless solid (208 mg, 98%). M.p. >325 8C;
1H NMR (400.13 MHz, 340 K, C6D6): d=1.93 (s, 2H; CCH), 0.14 and
0.13 (2s, 90H; BCH3), �0.09, �0.08 ppm (2s, 90H; BCH3);


13C NMR
(100.62 MHz, 340 K, C6D6): d=77.4 (s, C�CH) (br s; carboranyl C), 75.5
(br s; all carboranyl C), 75.2 (s; �CH), 73.9, 73.6, 73.4, 72.4, 72.2, 71.9 (s;
CC), �4.2 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, benzene): d=


�7.3 ppm (br s, 40B); MS (FAB, negative mode): m/z : calcd: 1324.1;
found: 1323.0 [M+]; elemental analysis calcd for C64H122B40: C 58.05, H
9.28; found: C 58.22, H 9.67.


1,12-Bis(2-formyl)-closo-1,12-dicarbadodecaborane(12) (38): To a solu-
tion of diol 37 (1.50 g, 7.30 mmol) in CH2Cl2 (10 mL), DMSO (5 mL),
and Et3N (12.3 mL, 88.0 mmol), a solution of sulfur trioxide–pyridine
complex (7.00 g, 44.0 mmol) in DMSO (20 mL) was added. The reaction
mixture was stirred at ambient temperature for 3 h and then partitioned
between 5% aqueous NaHCO3 solution (30 mL) and Et2O (30 mL). The
aqueous phase was extracted with Et2O (3R20 mL) and the combined
ethereal extracts were washed with water and dried over MgSO4. After
filtration, the solvent was removed under reduced pressure and the re-
maining residue was purified by using flash chromatography on a short
bed of silica gel with Et2O/petroleum ether (1:1). The dried eluant con-
sisted of pure colorless 38 (0.99 g, 68%). M.p. 288 8C (ref. [50]: 286–
288 8C); 1H NMR (400.13 MHz, CDCl3): d=8.79 (s, 2H; CHO), 3.10–
1.70 ppm (m, 10H; BH); 13C NMR (100.62 MHz, CDCl3): d=185.3 (s;
CHO), 84.6 ppm (s; carboranyl C); 11B{1H} NMR (160.46 MHz, Et2O):
d=�14.2 ppm (d, J=150 Hz, 10B; BH).


1,12-Bis(2-chlorovinyl)-closo-1,12-dicarbadodecaborane(12) (39): At 0 8C,
potassium tert-butoxide (1.14 g, 10.2 mmol) was added to a suspension of
chloromethyl triphenylphosphonium chloride (3.75 g, 10.8 mmol) in THF
(40 mL). The reaction mixture was stirred for 3 h at ambient temperature
and then transferred into a solution of 38 (0.95 g, 4.70 mmol) in THF
(10 mL) at 0 8C with a cannula. The reaction mixture was stirred for 5 h
at ambient temperature. Water (30 mL) was added to the reaction mix-
ture and the water phase was extracted with Et2O (3R30 mL). The com-
bined ethereal extracts were washed with water and dried over MgSO4.
After filtration, the solvent was removed from the filtrate under reduced
pressure and the obtained residue was purified by using flash chromatog-
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raphy on a short bed of silica gel with pentane. Removal of the solvent in
vacuo afforded 39 as a mixture of isomers (1.22 g, 98%). 1H NMR
(400.13 MHz, CDCl3): d=6.05 (2d, J=13.3 Hz, 1.1H; CHCl), 5.91 (d, J=
8.4 Hz, 0.9H; CHCl), 5.70 (2d, J=13.3 Hz, 1.1H; CH=), 5.37 (pseudo-t,
J=8.5 Hz, 0.9H; CH=), 3.40–1.55 ppm (m, 10H; BH); 13C NMR
(100.62 MHz, CDCl3): d=130.6, 130.4, 126.5, 126.3 (4s; CHCl), 123.6,
123.4, 120.7, 120.5 (4s; CH=), 78.4, 77.4, 76.4, 75.3 ppm (br, 4s; carboranyl
C); 11B{1H} NMR (160.46 MHz, Et2O): d=�12.5 ppm (d, J=158 Hz;
BH). Chromatography of 39 on silica gel using pentane afforded the ma-
jority of (E,E)-39 (0.44 g, 35%) as the first fraction (Rf=0.65). M.p.
187 8C; 1H NMR (500.13 MHz, CDCl3): d=6.05 (d, J=13.3 Hz, 2H;
CHCl), 5.70 (d, J=13.3 Hz, 2H; CH=), 3.00–1.70 ppm (m, 10H; BH);
13C NMR (100.62 MHz, CDCl3): d=130.4 (s; CHCl), 123.6 (s; CH=),
76.4 ppm (br s; carboranyl C); 11B{1H} NMR (160.46 MHz, Et2O): d=


�12.6 ppm (d, J=158 Hz; BH); IR (KBr) ñ=3082, 2610, 1623, 1237,
1208, 1030, 923, 740, 650 cm�1; HRMS (EI): m/z : calcd: 265.1458; found:
265.1471 [M+].


1,12-Bis(ethynyl)-1,12-dicarbadodecaborane(12) (4): To a solution of 39
(1.06 g, 4.00 mmol) in THF (30 mL), a solution of n-butyllithium in hex-
anes (7.60 mL, 17.8 mmol, 2.35m) was added dropwise at �18 8C. The re-
action mixture was allowed to warm to ambient temperature and was
stirred for an additional 2 h. The solvents were removed under reduced
pressure and aqueous NaHCO3 (30 mL) and petroleum ether were added
to the residue. The water phase was extracted with petroleum ether (6R
20 mL) and the combined organic extracts were dried over MgSO4. After
filtration through a short bed of silica gel the eluant was dried under re-
duced pressure and the obtained solid was sublimed at 50 8C/0.01 mm Hg
(dry-ice cooled coldfinger) to yield pure 4 as a colorless solid (754 mg,
98%). The melting point and the spectroscopic data for 4 were consistent
with those published in the literature.[13] The UV spectrum of 4 in n-
hexane does not exhibit any absorption maxima above 200 nm.


1,12-Bis(trimethylsilylethynyl)-closo-1,12-dicarbadodecaborane(12) (40):
To a solution of 4 (0.120 g, 0.620 mmol) in THF (20 mL), a solution of
methyllithium (1.00 mL, 1.40 mmol, 1.4m in Et2O) was added at 0 8C. The
reaction mixture was stirred for 0.5 h at ambient temperature, cooled to
�18 8C, and then chlorotrimethylsilane (0.190 mL, 1.50 mmol) was added.
After the reaction mixture had been stirred for 1 h at ambient tempera-
ture, all volatiles were removed in vacuo and the residue was quenched
with a dilute aqueous solution of NaHCO3 (30 mL). The water phase was
extracted with petroleum ether (3R20 mL), the combined organic ex-
tracts were dried over MgSO4 and filtered through a short bed of silica
gel. The dried eluant yielded 40 as a colorless solid (207 mg, 99%). The
melting point and the spectroscopic data for 40 were consistent with
those published in the literature.[13] UV/Vis (n-hexane): lmax (loge)=
198 nm (4.96).


1,12-Bis(trimethylsilylethynyl)-closo-2,3,4,5,6,7,8,9,10,11-decamethyl-1,12-
dicarbadodecaborane(12) (41): To a solution of 11 (0.120 g, 0.360 mmol)
in THF (20 mL), a solution of methyllithium (0.650 mL, 0.900 mmol,
1.4m in Et2O) was added at 0 8C. The reaction mixture was stirred for
0.5 h at ambient temperature, cooled to �18 8C, and chlorotrimethylsi-
lane (0.150 mL, 1.20 mmol) was then added. After the reaction mixture
had been stirred for 1 h at ambient temperature, all volatiles were re-
moved in vacuo and the residue was quenched with a 5% aqueous solu-
tion of NaHCO3 (20 mL) and the water phase was extracted with hex-
anes (3R20 mL). The combined organic extracts were dried over MgSO4,
filtered through a short bed of silica gel, and dried under reduced pres-
sure to yield 41 as a colorless solid (0.17 g, 99%). M.p. 208 8C; 1H NMR
(400.13 MHz, CDCl3): d=0.11 (s, 9H; SiCH3), 0.01 ppm (s, 30H; BCH3);
13C NMR (100.62 MHz, CDCl3): d=96.7 (s; �CSi), 94.3 (s; C�CSi), 75.6
(br s; carboranyl C), �4.2 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz,
Et2O): d=�9.1 ppm (s); UV data contained no absorption maxima
above 200 nm; HRMS (EI): m/z : calcd: 476.4311; found: 476.4292 [M+].


Oligomerization of 29 : Oxygen was bubbled through a mixture of 29
(1.00 g, 1.50 mmol), CuCl (7.40 mg, 70.0 mmol), and DBU (8.00 mL,
60.0 mmol) in pyridine (35 mL) for 5 h at 60 8C. After removal of all vol-
atiles in vacuo, concentrated aqueous HCl was added and the mixture
was extracted with hot toluene. The extracts were purified by using flash
chromatography on a short bed of silica gel with toluene and the solvent


was removed at 0.01 mm Hg at 180 8C. The residue was washed with pen-
tane and dried to yield mixture 42[n] . M.p. >350 8C; 1H NMR
(400.13 MHz, 66 8C, [D8]toluene): d=1.96 (s, 2H; CCH), 0.09 (s, 120H;
BCH3), 0.04 (s, 330H; BCH3), �0.00 ppm (s, 30H; BCH3);


13C NMR
(100.62 MHz, 66 8C, C6D6): d=77.4 (s; CCH), 75.9–75.6 (brm; carboranyl
C and CC), 74.2 (s; CC), 74.0 (m; CC), 72.6 (m; CC), �3.0 to �5.0 ppm
(BCH3);


11B{1H} NMR (160.46 MHz, benzene): d=�7.2 ppm (br s, 40B);
IR (KBr): ñ=3316, 2951, 2909, 2835, 1728 (w), 1433 (w), 1322, 1162,
929 cm�1; MS (EI) data was unobtainable.


Trans-bis[tri(n-butylphosphino)]-bis[closo-2,3,4,5,6,7,8,9,10,11-decameth-
yl-1,12-dicarbadodecaboranyl(12)-1-ethynyl]platinum(ii) (46): To a solu-
tion of 17 (750 mg, 2.40 mmol), cis-dichloro-bis[tri(n-butylphosphino)]-
platinum(ii) (815 mg, 1.20 mmol), and Et2NH (0.50 mL, 4.80 mmol) in
CH2Cl2, CuI (10 mg, 0.050 mmol) was added and the mixture was stirred
for 15 h at ambient temperature and finally gently heated at reflux for
0.5 h. All volatiles were removed in vacuo, water was added to the resi-
due, and the crude product was extracted with hexanes. Chromatography
on neutral Al2O3 using hexanes gave 46 as a colorless solid (1.00 g, 69%,
Rf=0.9). M.p. 255 8C; 1H NMR (400.13 MHz, CDCl3): d=1.95 (m, 12H;
PCH2), 1.89 (s, 1H; carboranyl CH), 1.40 (m, 24H; PCH2(CH2)2), 0.90 (t,
J=7 Hz, 18H; CH2CH3), 0.03 (s, 15H; BCH3), 0.00 ppm (s, 15H; BCH3);
13C NMR (100.62 MHz, CDCl3): d=104.6 (t, J=12.5 Hz; PtC), 97.5 (s;
PtCC), 80.7 (s; carboranyl C), 73.5 (br s; carboranyl C), 26.7 (s; CH2),
24.3 (t, J=6 Hz; CH2), 23.1 (t, J=11 Hz; CH2), 14.4 (s; CH2CH3),
�3.2 ppm (br; BCH3);


31P NMR (161.96 MHz, CDCl3): d=2.9 ppm (s);
11B{1H} NMR (160.46 MHz, Et2O): d=�5.9 (s, 10B), �9.3 ppm (s, 10B);
UV/Vis (n-hexane): lmax (loge)=208 (4.75), 255 (4.00), 269 (4.14),
304 nm (4.20); LRMS (EI): m/z : calcd: 1214.75; found: 1216.00 [M+].


Trans-bis[tri(n-butylphosphino)]-bis{{1’-[closo-2,3,4,5,6,7,8,9,10,11-deca-
methyl-1,12-dicarbadodecaboranyl(12)]-1-[closo-2,3,4,5,6,7,8,9,10,11-dec-
amethyl-1,12-dicarbadodecaboranylene(12)]-1,4-butadiyne}-12-ethynyl}-
platinum(ii) (47): The platinum complex 47 was synthesized in a manner
analogous to the preparation of 46 but using 24 (198 mg, 0.300 mmol),
trans-dichloro-bis[tri(n-butylphosphino)]platinum(ii) (107 mg,
0.160 mmol), Et2NH (66.0 mL, 0.640 mmol), and CuI (3.00 mg,
1.60 mmol) instead. Benzene was used for the product extraction and a
mixture of benzene and CHCl3 (2:1) was employed for chromatography
on neutral Al2O3 to give 47 as a colorless solid (258 mg, 86%). M.p.
330 8C (decomp); 1H NMR (500.13 MHz, CDCl3): d=2.05 (s, 2H; carbor-
anyl CH), 1.93 (m, 12H; PCH2), 1.38 (m, 24H; PCH2(CH2)2), 0.89 (t, J=
7 Hz, 18H; CH2CH3), 0.06 (s, 15H; BCH3), 0.01 (s, 15H; BCH3), �0.01
(s, 15H; BCH3), �0.03 ppm (s, 15H; BCH3);


13C NMR (125.77 MHz,
CDCl3): d=106.2 (t, J=12.5 Hz; PtC), 98.2 (s; PtCC), 82.5 (s; carboranyl
C), 76.4 (br s; carboranyl C), 73.6 (br s; carboranyl C), 73.1 (s; CC), 71.6
(br s; carboranyl C), 71.5 (s; CC), 71.3 (s; CC), 70.6 (s; CC), 26.7 (s;
CH2), 24.3 (t, J=6 Hz; CH2), 23.1 (t, J=11 Hz; CH2), 14.4 (s; CH2CH3),
�3.2 (br; BCH3), 4.3 ppm (br; BCH3);


31P NMR (202.45 MHz, CDCl3):
d=2.5 ppm (s); 11B{1H} NMR (160.46 MHz, benzene): d=�6.6 (br s,
30B), �9.4 ppm (s, 10B); UV/Vis (n-hexane): lmax (loge)=208 (5.07),
243 (4.58), 271 (4.11), 306 nm (4.11); elemental analysis calcd for
C84H176B40P2Pt: C 53.78, H 9.45; found: C 53.59, H 9.88.


1-Hydroxymethyl-closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarbadodeca-
borane(12) (50): To a solution of 48 (5.00 g, 19.5 mmol) in Et2O (180 mL)
at 0 8C, nBuLi (14.00 mL, 22.4 mmol, 1.6m in pentane) was added. The
reaction mixture was allowed to warm to room temperature and was stir-
red for 5 h. At �18 8C, solid paraformaldehyde (484 mg, 16.0 mmol) was
added and the mixture was stirred for an hour while warming to room
temperature. Saturated aqueous NaHCO3 (50 mL) was added to the mix-
ture. The aqueous phase was extracted with Et2O (3R30 mL). The ex-
tracts were dried over MgSO4, filtered, and the filtrate was dried under
reduced pressure. Recrystallization of the residue from hexanes yielded
50 as a colorless solid (5.30 g, 95%). M.p. 184 8C (decomp); 1H NMR
(400.13 MHz, CDCl3): d=3.64 (s, 2H; CH2), 2.30 (q, J=175 Hz, 2H;
BH), 2.26 (s, 1H; carboranyl CH), 1.96 (br s, 1H; OH), 0.23 (s, 6H;
BCH3), 0.12 (s, 6H; BCH3), �0.04 (s, 3H; BCH3), �0.15 (s, 6H; BCH3),
�0.19 ppm (s, 3H; BCH3);


13C NMR (100.61 MHz, CDCl3): d=67.6 (br s;
carboranyl C), 60.0 (s; CH2OH), 55.2 (br s; carboranyl C), �3.5 ppm (br;
BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=2.3 (s, 1B), 1.5 (s, 1B),


www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 7155 – 71747170


M. F. Hawthorne et al.



www.chemeurj.org





�2.3 (s, 2B), �6.3 (s, 2B), �7.5 (s, 2B), �17.6 ppm (d, J=175 Hz, 2B;
BH); HRMS (EI): m/z : calcd: 286.3300; found: 286.3303 [M+].


1-Formyl-closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarbadodecaborane(12)
(51): The oxidation of 50 as well as the purification of 51 were conducted
as described for the synthesis of 9 (Scheme 2), 15 (Scheme 3), and 22
(Scheme 4), by using DMSO (4.86 mL, 68.4 mmol) and oxalyl chloride
(3.00 mL, 34.2 mmol) in CH2Cl2 (200 mL) at �62 8C. After the gas evolu-
tion had ceased, solid, anhydrous 50 (4.90 g, 17.1 mmol) was added at
once and the reaction mixture was allowed to warm to �30 8C (1 h). The
suspension was stirred at this temperature for 3 h and thereafter iPr2NEt
(13.4 mL, 77.0 mmol) was added at �78 8C. At room temperature, all vol-
atile components were removed in vacuum and the remaining residue
was quenched with water (100 mL). The water layer was extracted twice
with pentane (3R50 mL). The pentane of the combined organic layers
was distilled off under reduced pressure and the obtained solid was puri-
fied by using flash chromatography on silica gel with Et2O/pentane (1:9).
Removal of the solvent in vacuum afforded 51 (4.70 g, 98%). M.p.
245 8C; 1H NMR (400.13 MHz, CDCl3): d=9.15 (s, 1H; CHO), 2.42 (q,
J=172 Hz, 2H; BH), 2.36 (s, 1H; carboranyl CH), 0.19 (s, 6H; BCH3),
0.17 (s, 6H; BCH3), 0.05 (s, 3H; BCH3), �0.01 (s, 3H; BCH3),
�0.10 ppm (s, 6H; BCH3);


13C NMR (100.61 MHz, CDCl3): d=189.0 (s;
CHO), 69.7 (br s; carboranyl C), 55.3 (br s; carboranyl C), �3.9 ppm (br;
BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=3.3 (s, 1B), 2.45 (s, 1B),
�1.7 (s, 2B), �6.1 (s, 2B), �7.0 (s, 2B), �18.1 ppm (d, J=175 Hz, 2B;
BH); HRMS (EI): m/z : calcd: 284.3141; found: 284.3149 [M+].


1-(2,2-Dibromovinyl)-closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarbado-
decaborane(12) (52): A solution of 51 (4.60 g, 16.2 mmol), CBr4 (6.20 g,
18.7 mmol), and PPh3 (9.35 g, 35.6 mmol) in CH2Cl2 (200 mL) was heated
under reflux for 36 h. The solvent was removed under reduced pressure
and the solid residue was triturated five times with dry Et2O. The com-
bined ether extracts were evaporated and the residue was purified by
using flash chromatography on silica gel with pentane. Removal of the
pentane extract provided 52 (6.20 g, 87%). The starting material 51
(460 mg, 10%) was eluted from the column afterwards by using Et2O/
pentane (1:8). M.p. 131 8C; 1H NMR (400.13 MHz, CDCl3): d=6.06 (s,
1H; CH=), 2.75 (q, J=190 Hz, 2H; BH), 2.35 (s, 1H; carboranyl CH),
0.19 (s, 6H; BCH3), 0.10 (s, 6H; BCH3), 0.00 (s, 3H; BCH3), �0.07 (s,
3H; BCH3), �0.11 ppm (s, 6H; BCH3);


13C NMR (100.61 MHz, CDCl3):
d=129.2 (s; CBr2), 91.9 (s; CH=), 65.9 (br s; carboranyl C), 55.2 (br s;
carboranyl C), �3.8 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, Et2O):
d=3.6 (br s, 2B), �2.6 (s, 2B), �5.5 (s, 2B), �7.4 (s, 2B), �17.8 ppm (d,
J=175 Hz, 2B; BH); HRMS (EI): m/z : calcd: 440.1545; found: 440.1533
[M+].


1-Ethynyl-closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarbadodecaborane(12)
(53): To a freshly prepared suspension of NaNH2 (2.70 g, 69.0 mmol) in
liquid ammonia (200 mL), a solution of dibromide 52 (6.00 g, 13.6 mmol)
dissolved in Et2O (100 mL) was transferred by using a cannula. The am-
monia was allowed to evaporate. Dilute aqueous HCl (70 mL) was added
to the remaining mixture at 0 8C and the products were extracted with
pentane (2R50 mL). All volatiles were removed under reduced pressure
and the remaining red solid was purified by using flash chromatography
on silica gel with pentane. Removal of the solvent in vacuum afforded
colorless 53 (2.98 g, 78%). M.p. 272 8C; 1H NMR (400.13 MHz, CDCl3):
d=2.75 (q, J=175 Hz, 2H; BH), 2.28 (s, 1H; carboranyl CH), 2.24 (s,
1H; CCH), 0.20 (s, 12H; BCH3), �0.02 (s, 3H; BCH3), �0.10 ppm (s,
9H; BCH3);


13C NMR (100.61 MHz, C6D6): d=77.1 (s; C�CH), 71.6 (s;
C�CH), 57.8 (br s; carboranyl C), 55.4 (br s; carboranyl C), �3.8 ppm
(br; BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=4.6 (s, 1B), 2.9 (s,
1B), �1.7 (s, 2B), �4.5 (s, 2B), �6.8 (s, 2B), �15.3 ppm (d, J=175 Hz,
2B; BH); HRMS (EI): m/z : calcd: 280.3200; found: 280.3192 [M+].


1,1’-{Bis[closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarbadodecaboran-
yl(12)]}-1,4-butadiyne (54): Oxygen was passed through a mixture of 53
(2.30 g, 8.2 mmol), CuCl (40 mg, 0.4 mmol), and DBU (60 mL, 0.4 mmol)
in anhydrous pyridine (120 mL) for 3 h at 45 8C. After removal of all vol-
atiles in vacuo, an aqueous solution of NaHCO3 was added and the prod-
ucts were extracted with benzene. The benzene was removed by distilla-
tion and the remaining residue was purified by using flash chromatogra-
phy on silica gel with pentane. The dried filtrate consisted of 54 (2.10 g,


91%). M.p. >325 8C; 1H NMR (400.13 MHz, CDCl3): d=1.7–3.2 (q, J=
175 Hz, 4H; BH), 2.29 (s, 2H; carboranyl CH), 0.19 (s, 24H; BCH3),
�0.03 (s, 6H; BCH3), �0.10 (s, 6H; BCH3), �0.12 ppm (s, 12H; BCH3);
13C NMR (100.62 MHz, CDCl3): d=72.1 (s; CC), 66.3 (s; CC), 57.4 (br s;
carboranyl C), 55.2 (br s; carboranyl C), �1.9 (br; BCH3), �3.8 ppm (br;
BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=4.8 (s, 1B), 3.5 (s, 1B),
�1.5 (s, 2B), �4.2 (s, 2B), �6.7 (s, 2B), �15.5 ppm (d, J=175 Hz, 2B;
BH); HRMS (EI): m/z : calcd: 559.6215; found: 559.6195 [M+].


1-(7-Hydroxymethyl)-[closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarbado-
decaboranylene(12)]-1’-[closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarba-
dodecaboranyl(12)]-1,4-butadiyne (55) and 1,1’-{bis[7-hydroxymethyl-
closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarbadodecaboranylene(12)]}-
1,4-butadiyne (56): To a cooled solution (0 8C) of 54 (2.00 g, 3.6 mmol) in
a mixture of Et2O (35 mL) and benzene (35 mL), nBuLi (1.06 mL, 1.6m
in Et2O, 1.7 mmol) was added. The solution was allowed to warm to
room temperature and was then stirred for an additional hour. At 0 8C,
solid paraformaldehyde (61 mg, 2.0 mmol) was added and the mixture
was stirred for 1 h while warming it to room temperature. Saturated
aqueous NaHCO3 (50 mL) was added and the aqueous phase was ex-
tracted with Et2O (3R30 mL). The solvent of the combined organic
layers was removed under reduced pressure. The residual product mix-
ture was separated by using column chromatography (silica gel) first
using pentane to recover unreacted 54 (440 mg, 22%) then Et2O/pentane
(1:3) to yield 55 (1.18 g, 56%, Rf=0.65) and 56 (486 mg, 22%, Rf=0.3)
as colorless solids. Data for 55 : M.p. 319–323 8C; 1H NMR (400.13 MHz,
CDCl3): d=3.65 (s, 2H; CH2), 1.7–3.3 (q, J=175 Hz, 4H; BH), 2.29 (s,
1H; carboranyl CH), 1.65 (br s, 1H; OH), 0.21 (s, 6H; BCH3), 0.18 (s,
12H; BCH3), 0.16 (s, 6H; BCH3), �0.03 (s, 3H; BCH3), �0.07 (s, 3H;
BCH3), �0.10 (s, 3H; BCH3), �0.12 (s, 12H; BCH3), �0.16 ppm (s, 3H;
BCH3);


13C NMR (100.62 MHz, CDCl3): d=72.2 (s; CC), 72.0 (s; CC),
67.1 (br s; carboranyl C), 66.3 (s; CC), 66.2 (s; CC), 59.9 (s; CH2OH),
57.4 (br s; carboranyl C), 57.4 (br s; carboranyl C), 56.7 (br s; carboranyl
C), 55.2 (br s; carboranyl C), �3.9 ppm (br; BCH3);


11B{1H} NMR
(160.46 MHz, Et2O): d=2.3 (s, 1B), 1.5 (s, 1B), �2.3 (s, 2B), �6.3 (s,
2B), �7.5 (s, 2B), �17.6 ppm (d, J=175 Hz, 2B; BH); HRMS (EI): m/z :
calcd: 589.6321; found: 589.6327 [M+]. Data for 56 : M.p. 386–392 8C;
1H NMR (400.13 MHz, CDCl3): d=3.67 (s, 4H; CH2OH), 2.55 (q, J=
175 Hz, 4H; BH), 1.52 (s, 4H; CH2), 0.21 (s, 12H; BCH3), 0.17 (s, 12H;
BCH3), �0.07 (s, 6H; BCH3), �0.1 (s, 12H; BCH3), �0.15 ppm (s, 12H;
BCH3);


13C NMR (100.62 MHz, CDCl3): d=72.4 (s; CC), 67.3 (br s; car-
boranyl C), 66.5 (s; CC), 66.0 (br s; carboranyl C), 60.1 (s; CH2OH),
�3.9 ppm (br; BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=2.3 (s, 1B),
1.5 (s, 1B), �2.3 (s, 2B), �6.3 (s, 2B), �7.5 (s, 2B), �17.6 ppm (d, J=
175 Hz, 2B; BH); IR (KBr): ñ=3550–3450 (OH), 2947, 2907, 2834, 2630,
1430, 1320, 1195, 1149, 1048, 933 cm�1; HRMS (EI): m/z : calcd: 589.6321;
found: 589.6327 [M+].


1,1’-{Bis[7-hydroxymethyl-closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarba-
dodecaboranylene(12)]}-1,4-butadiyne (56): Compound 56 was obtained
quantitatively by reacting 54 with 2.2 equivalents of nBuLi in Et2O and
subsequently with paraformaldehyde (2.4 equiv). After the standard
work up procedure the crude product was recrystallized from ethyl ace-
tate.


1-(7-Formyl)-[closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarbadodecabora-
nylene(12)]-1’-[closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarbadodecabor-
anyl(12)]-1,4-butadiyne (57): The oxidation of 55 as well as the purifica-
tion of 57 were conducted as described for the synthesis of 27. Thus, reac-
tion of DMSO (0.52 mL, 7.3 mmol), oxalyl chloride (0.32 mL, 3.7 mmol),
37 (1.08 g, 1.8 mmol), iPr2NEt (1.50 mL, 8.6 mmol), and CH2Cl2 (150 mL)
afforded 57 (1.04 g, 95%). M.p. 239 8C; 1H NMR (400.13 MHz, CDCl3):
d=9.14 (s, 1H; CHO), 3.4–1.6 (br, 4H; BH), 2.31 (s, 1H; carboranyl
CH), 0.23 (s, 6H; BCH3), 0.19 (br s, 15H; BCH3), 0.08 (s, 3H; BCH3),
�0.03 (br s, 6H; BCH3), �0.06 (s, 6H; BCH3), �0.09 (s, 6H; BCH3),
�0.10 ppm (s, 6H; BCH3);


13C NMR (100.62 MHz, CDCl3): d=187.8 (s;
CHO), 72.8 (s; CC), 71.0 (s; CC), 69.0 (br s; carboranyl C), 67.2 (s; CC),
65.9 (s; CC), 57.2 (br s; 2R carboranyl C), 55.2 (br s; carboranyl C),
�4.0 ppm (br; BCH3);


11B{1H-decoupled} NMR (160.46 MHz, Et2O): d=
6.5 (s, 1B), 4.8 (br s, 3B), �1.2 (s, 4B), �3.6, �4.1, �4.9 (3s, 6B), �6.6 (s,
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2B), �14.9 (s, 2B; BH), �15.3 ppm (s, 2B; BH); HRMS (EI): m/z :
calcd: 587.6165; found: 587.6160 [M++H].


1-[7-(2,2-Dibromovinyl)-closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarba-
dodecaboranylene(12)]-1’-[closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicar-
badodecaboranyl(12)]-1,4-butadiyne (58): Compound 58 was prepared
and purified following the procedure described for the synthesis of 28, by
using 57 (900 mg, 1.5 mmol), CBr4 (573 mg, 1.7 mmol), and PPh3 (997 mg,
3.4 mmol) to yield the product (1.05 g, 94%). M.p. 103 8C; 1H NMR
(400.13 MHz, CDCl3): d=6.02 (s, 1H; CH=), 3.75–1.75 (br, 4H; BH),
2.30 (s, 1H; carboranyl CH), 0.21 and 0.20 (2s, 18H; BCH3), 0.12 (s, 6H;
BCH3), �0.02 (s, 3H; BCH3), �0.04 (s, 3H; BCH3), �0.06 (s, 3H;
BCH3), �0.06 ppm (br s, 15H; BCH3);


13C NMR (100.61 MHz, CDCl3):
d=128.2 (s; CBr2), 92.9 (s; CH=), 72.3 (s; CC), 71.8 (s; CC), 66.6 (s;
CC), 66.2 (s; CC), 65.3 (br s; carboranyl C), 57.3 (br s; carboranyl C), 57.0
(br s; carboranyl C), 55.2 (br s; carboranyl C), �1.9, �2.9, and �3.9 ppm
(br; BCH3);


11B{1H-decoupled} NMR (160.46 MHz, Et2O): d=4.8 (m,
4B), �1.7 (s, 4B), �4.3 (s, 5B), �6.7 (s, 3B), �14.5 (s, 1B; BH),
�15.5 ppm (s, 3B; BH).


1-[7-Ethynyl-closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarbadodecabora-
nylene(12)]-1’-[closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarbadodecabor-
anyl(12)]-1,4-butadiyne (59): Compound 59 was prepared and purified
following the procedure described for the synthesis of 29, by using 58
(950 mg, 1.3 mmol) and a freshly prepared suspension of NaNH2


(293 mg, 7.5 mmol) in ammonia (70 mL) to afford colorless 59 (647 mg,
85%). M.p. 294 8C; 1H NMR (500.13 MHz, CDCl3): d=3.40–1.50 (br,
4H; BH), 2.30 (s, 1H; carboranyl CH), 2.27 (s, 1H; CCH), 0.23 (s, 12H;
BCH3), 0.20 (s, 12H; BCH3), 0.01 (s, 3H; BCH3), 0.06 (s, 3H; BCH3),
0.07 (br s, 15H; BCH3), 0.09 ppm (s, 3H; BCH3);


13C NMR (125.77 MHz,
CDCl3): d=76.1 (s; CCH), 72.5 (s; CC), 71.7 (s; CC), 71.4 (s; CC), 66.7
(s; CC), 66.1 (s; CC), 57.3 (br s; carboranyl C), 56.9 (br s; carboranyl C),
56.7 (br s; carboranyl C), 55.3 (br s; carboranyl C), 1.9, 2.9, and 3.9 ppm
(br; BCH3);


11B{1H} NMR (160.46 MHz, Et2O): d=5.1 (s, 3B), 4.2 (s,
1B), �1.6 (s, 4B), �4.3 (s, 6B), �6.6 (s, 2B), �12.9 (d, J=175 Hz, 2B;
BH), �15.4 ppm (d, J=175 Hz, 2B; BH); HRMS (EI): m/z : calcd:
583.6216; found: 583.6209 [M+].


7,7’-{Bis{1-[closo-4,5,6,8,9,10,11,12-octamethyl-1,7-dicarbadodecaboran-
yl(12)]-1,4-butadiynediyl}}-{1,1’-{bis[closo-4,5,6,8,9,10,11,12-octamethyl-
1,7-dicarbadodecaboranylene(12)]}-1,4-butadiyne} (60): Compound 59
(500 mg, 0.84 mmol) was coupled in a manner analogous to the synthesis
of 54 by using CuCl (4 mg, 42 mmol), DBU (0.2 mL, 1.3 mmol), pyridine
(50 mL), and oxygen. The crude product was purified by using flash chro-
matography on a short bed of silica gel with benzene and the dried fil-
trate was recrystallized by using pentane to yield 60 as a colorless solid
(449 mg, 90%). M.p. >325 8C; 1H NMR (500.13 MHz, 100 8C, [D8]tolu-
ene): d=2.33 (q, J=175 Hz, 4H; BH), 1.59 (s, 2H; carboranyl CH), 0.24
(s, 6H; BCH3), 0.21 (s, 6H; BCH3), 0.20 (s, 6H; BCH3), 0.06 (s, 6H;
BCH3), �0.01 (s, 3H; BCH3), �0.03, �0.04, �0.06, �0.03 (s, 18H;
BCH3), �0.11 ppm (s, 3H; BCH3);


13C NMR (125.77 MHz, 100 8C,
[D8]toluene): d=74.2 (s; CC), 73.1 (s; CC), 72.4 (s; CC), 67.8 (s; CC),
67.5 (s; CC), 66.8 (s; CC), 58.1 (br s; carboranyl C), 57.9 (br s; carboranyl
C), 57.7 (br s; carboranyl C), 55.9 (br s; carboranyl C), �2.8 and
�3.8 ppm (br, BCH3);


11B{1H} NMR (160.46 MHz, benzene): d=4.8 (br s,
4B), 3.6 (br s, 2B), �1.8 (s, 9B), �4.4 (s, 9B), �7.2 (s, 6B), �12.4 (brd,
2B; BH), �15.9 ppm (d, J=175 Hz, 6B; BH); MS (EI): m/z : calcd:
1157.838; found: 1157.83 [M+].


CCDC-262361 (30), CCDC-262362 (40), and CCDC-262363 (41) 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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Norrisolide: Total Synthesis and Related Studies


Thomas P. Brady, Sun Hee Kim, Ke Wen, Charles Kim, and Emmanuel A. Theodorakis*[a]


Introduction


Nudibranchs (nudibranchia) are a class of shell-less, brightly
collored sea slugs that comprise one of the largest groups of
marine molluscs with over 3000 species described to-date.[1]


Their name, a combination of the Latin word nudus (naked)
and the Greek word branchia (gills), appropriately describes
their shell-less, seemingly vulnerable appearance. To avoid
their natural predators, these marine animals have devel-
oped an alternative “chemical shell”, consisting of toxic and
antifeedant substances that are concentrated in their skin.[2]


Further studies indicated that these metabolites are acquired
from the nudibranch+s dietary habits that include generally
praying on sponges and bryozoans. With or without further
chemical modifications, these metabolites are stored in the
animal+s dorsal mantle and excreted when the animal is in
danger, thus protecting it from its natural predators.


As a part of a program on molluscan chemical defenses,
Faulkner and co-workers isolated norrisolide (1) from the
skin extracts of the nudibranch Chromodoris norrisi.[3] Sub-
sequent studies led to the isolation of 1 from the marine
sponges Dendrilla sp. and Dysidea sp. , providing additional
evidence of the feeding patterns of this animal.[4] Spectro-


scopic and crystallographic studies established that norriso-
lide belongs to a family of rearranged spongiane diter-
penes[5,6] that also includes macfarlandin C (2),[7] dendrillo-
lide A (3),[8] shahamin K (4)[9] and chromodorolide A (5)[10]


(Figure 1). The biological profile of these family members
includes antifungal, antimicrobial, antifeedant, antiviral and
antitumor properties as well as PLA2 inhibition.[11] The
structural diversity of these compounds is proposed to origi-
nate from the spongiane skeleton (6) following a series of
ring oxidations and skeletal rearrangements. In the case of
1, 2 and 3, such a process produces an unusual motif high-
lighted by a fused g-lactone–g-lactol ring system attached to
a hydrophobic core. The degree of oxygenation and pattern
of functionalities encountered in this side chain confer to


Abstract: A stereoselective synthesis of
(+)-norrisolide is presented. This natu-
ral product belongs to a family of
marine spongiane diterpenes the struc-
ture of which is characterized by a
fused g-lactone–g-lactol ring system at-
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these molecules a high degree of chemical reactivity, the
biological significance of which remains largely unex-
plored.[12]


The combination of interesting structural features and un-
explored biological profile of 1 prompted us to develop a
stereocontrolled approach to this natural product.[13] Herein
we present a full account of our studies toward this goal,
culminating in an expedient and stereoselective synthesis of
(+)-norrisolide.[14] These studies establish the absolute ster-
eochemistry of this natural product and pave the way for a
more precise study of its structure–activity relationship.[15]


Results and Discussion


Retrosynthetic analysis and strategic bond disconnections :
The retrosynthetic analysis toward norrisolide (1) is shown
in Scheme 1. To avoid any issues related to the reactivity
and fragility of the of the g-lactone–g-lactol ring system, we


chose to adjust its oxygenation pattern during the last steps
of the synthesis. This analysis led us to consider compound 7
as an appropriate synthetic precursor of 1. In the forward di-
rection, we envisioned that 7 could lead to 1 via a sequence
of reactions that include olefination of the C10 carbonyl
group and oxidation at the C14 and C19 centers. The latter
functionalization could be achieved via a Baeyer–Villiger
oxidation that was projected to install the C19 oxygen in a
regio- and stereoselective manner.[16] Compound 7 could be
formed by connecting fragments 8 and 9 representing the
side chain and the core of norrisolide. The trans-fused hy-
drindane motif of 9 could be traced to enantiomerically en-
riched ketone (+)-10. The synthesis of norrisolide based on
these considerations is presented in the following schemes.


Synthesis of the hydrindane core fragment of norrisolide :
An enantioselective synthesis of ketone 10 has been previ-
ously reported by Paquette starting from the well known
Wieland–Miescher enone.[17] In the course of our studies we
developed an alternative route to ketone 10 which proved


to be advantageous during scale-up. This approach is high-
lighted in Scheme 2 and began with an asymmetric Robin-
son annulation of enone 11 with diketone 12.[18] Use of d-
CSA and l-phenylalanine during this reaction led to an


enantioselective synthesis of the desired ketone (+)-13,
which, after one recrystallization, was isolated in 60% yield
and greater than 95% ee. Selective reduction of the more
reactive C9 carbonyl group, followed by silylation of the re-
sulting alcohol afforded compound 15 (76% yield over two
steps). Treatment of 15 with tBuOK produced the extended
enolate that upon methylation gave rise to ketone 16 in
66% yield.[19] Reduction of the C4 carbonyl group of 16, fol-
lowed by a Barton–McCombie radical deoxygenation of the
resulting alcohol, produced alkene 19 in 82% yield (over
three steps).[20] Several methods were examined for the con-
version of alkene 19 to the trans-fused bicycle 20. All hydro-
genation conditions produced a mixture of cis (major prod-
uct) and trans bicycles which were difficult to separate by


Scheme 1. Strategic bond disconnections of 1 (PG, X indicate protecting
groups).


Scheme 2. a) 1.5 equiv Et3N, EtOAc, 25 8C, 12 h, 89%; b) 0.6 equiv d-
CSA, 0.8 equiv l-Phe, acetonitrile, 25 ! 70 8C, 5 d, 60% (after recrystal-
lization); c) 0.33 equiv NaBH4, EtOH, �25 8C, 0.5 h, 99%; d) 2.5 equiv
imidazole, 2.0 equiv TBDPSCl, 0.1 equiv DMAP, DMF, 25 8C, 4 h, 77%;
e) 2.0 equiv tBuOK, DMF, 0 ! 25 8C, 1 h, then 2.0 equiv MeI, 0 8C, 1 h,
66% f) 1.2 equiv NaBH4, MeOH, 0 8C, 1 h, 100%; g) 1.2 equiv nBuLi,
0 8C, 0.5 h, 10 equiv CS2, 2 h, then 3.0 equiv MeI, THF, 0.5 h, 95%; h)
2.5 equiv nBu3SnH, 0.1 equiv AIBN, toluene, 120 8C, 0.5 h, 86%; i)
3.0 equiv BH3·THF, THF, 0 8C, 12 h, then 20 equiv 3m NaOH (aq),
20 equiv H2O2, 25 8C, 12 h, 78% (56% of trans and 24% of cis); j)
1.2 equiv nBuLi, 0 8C, 0.5 h, 10 equiv CS2, 2 h, then 3.0 equiv MeI, THF,
0 8C, 0.5 h; k) 2.5 equiv nBu3SnH, 0.1 equiv AIBN, toluene, 120 8C, 0.5 h,
92% (over 2 steps); l) 3.0 equiv TBAF, THF, 60 8C, 8 h, 99%; m)
4.5 equiv PCC, Celite, CH2Cl2, 25 8C, 1 h, 92%; n) 30 equiv N2H4·H2O,
5.0 equiv Et3N, EtOH, reflux, 5 h, 99%; o) I2 (until N2 evolution ceased),
10 equiv DBU, THF, 25 8C, 0.25 h, 62%.
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using standard chromatographic techniques. We found, how-
ever, that hydroxylation of 19 (BH3·THF/H2O2) afforded the
trans-bicycle 20 as the major isomer in 56% yield (trans/cis
2.3:1). The diastereomeric outcome of this hydroxylation
was found to be dependant upon the size of the C9 silyl
ether, and in the case of the bulky TBDPS group it pro-
duced the best ratio of trans to cis isomers that were easily
separated by column chromatography. Radical deoxygena-
tion of alcohol 20, followed by deprotection of the C9 silyl
ether and oxidation of the resulting alcohol, produced
ketone 10 in 84% yield (over four steps). Treatment of 10
with hydrazine produced hydrazone 24 that upon reaction
with I2/Et3N/DBU produced vinyl iodide 25 in 61% yield
(over two steps).[21] The trans junction of the bicyclic scaf-
fold of 25 was unambiguously determined by a single-crystal
X-ray diffraction analysis of hydrazone 24.[22]


Synthesis of the side chain motif of norrisolide : Having de-
veloped an efficient synthesis of the core fragment of norri-
solide, we turned our attention to the synthesis of the bicy-
clic side chain motif of 1. At the onset of our investigation,
we chose to pursue this synthesis by creating the fused g-lac-
tone ring from ring expansion of an appropriately substitut-
ed cyclopropyl ester (see conversion of 31 to 34, Scheme 3).
It is well established that the strained three-membered ring
of cyclopropanes can lead, upon activation, to a variety of
ring cleavage and ring expansion reactions.[23] Based on this,
we expected that the presence of both electron withdrawing
and electron donating substituents at vicinal positions of the
cyclopropyl ring of 31 would allow the cleavage of the
anomeric bond to occur under mild acidic conditions.[24] This
approach appeared advantageous since compound 31 could
be constructed by a substrate-directed cyclopropanation of a
chiral dihydrofuran, such as 30, the stereochemistry of
which could be traced to d-mannose (26). In this manner,
the chirality inherent in 26 could be translated to the desired
stereochemistry of all stereocenters of the side chain of 1.
Scheme 3 highlights these efforts.[14a]


Conversion of d-mannose (26) to the known bisacetonide
27 was accomplished by a modification of the reported pro-
cedure in which I2 was used as the catalyst (instead of
H2SO4).


[25] This modification led to isolation of 27 in 85%
yield after a simple filtration and recrystallization
(Scheme 3). Treatment of 27 with TsCl and Et3N afforded
glycosyl chloride 28, which upon slow addition to a stirring
mixture of sodium naphthalenide in THF gave rise to glycal
29 (48%, over two steps).[26] Compound 29 was labile upon
standing and was immediately benzylated to produce benzyl
ether 30 in 90% yield. Rhodium acetate-catalyzed cyclopro-
panation of 30 produced ester 31 as a single isomer at the
C12 center.[27, 28] As expected, the bulky acetonide group at
C19 in conjunction with the benzyl ether group at C11 were
able to direct this sterically demanding cyclopropanation
from the a-face of the dihydrofuran ring. During optimiza-
tion attempts we found that the yield of cyclopropanation
depended upon the reagent concentration; for example
under dilute conditions we observed formation of increased


amounts of byproducts arising from dimerization of ethyl di-
azoacetate. Best results were obtained upon syringe pump
addition of ethyl diazoacetate (0.1m in CH2Cl2) into a con-
centrated mixture of 30 (2m in CH2Cl2) and rhodium acetate
at 25 8C, producing cyclopropyl ester 31 in 45% yield. In
this case we observed the formation of two diasteromers at
the C13 center (4:1 in favor of the exo adduct), which were
both subjected to the next reaction.


Treatment of 31 with a dilute ethanolic solution of H2SO4


induced acetonide deprotection and concomitant opening of
the cyclopropyl ring leading to compound 32 in 78% yield
(Scheme 3).[29] Conversion of 32 to 33 was accomplished via
a sequence of three steps that included: a) oxidative cleav-
age of the 1,2-diol of 32 (NaIO4); b) methylation of the re-
sulting aldehyde using MeTi(OiPr)4;


[30] and Swern oxidation
of the resulting alcohol (51% yield over three steps). It is
worth mentioning that the titanium-induced methylation
proceeded with excellent chemoselectivity (no interference
with the ester functionality) and diastereoselectivity (about
10:1 mixture of isomers at the C21 center, presumably aris-
ing from a chelation-controlled addition). Formation of the
bicyclic system 34 was achieved under acidic conditions. Al-
though a variety of Brçnsted acids and Lewis acids could
effect this transformation, we found that best yields were
obtained by using methanesulfonic acid, which at 0 8C pro-
duced compound 34 as a single isomer in 67% yield.[31]


Scheme 3. a) 0.1m d-mannose in acetone, 0.2 equiv I2, 25 8C, 2 h, 85%;
b) 0.6 equiv DMAP, 1.2 equiv TsCl, 1.0 equiv Et3N, CH2Cl2, 25 8C, 2 h,
60%; c) 3.0 equiv naphthalene, 10 equiv Na, THF, 0 ! 25 8C, 10 min,
80%; d) 1.2 equiv BnBr, 1.2 equiv NaH, 0.5 equiv nBu4N


+I� , 0 8C to
25 8C, 2 h, 90%; e) 0.01 equiv Rh2(OAc)4, 1.1 equiv N2CHCO2Et (0.1m in
CH2Cl2, syringe pump addition), CH2Cl2, 25 8C, 14 h, 45%; f) EtOH,
0.8m H2SO4, 25 8C, 48 h, 78%; g) 3.0 equiv NaIO4, THF/H2O 1:1, 20 min,
25 8C; h) 1.0 equiv TiCl4, 3.0 equiv Ti(OiPr)4, THF, 0 8C; 4.0 equiv MeLi,
1 h, 0 ! 25 8C, 1 h, 63% (2 steps); i) 4.0 equiv (COCl)2, 5.0 equiv DMSO,
�78 8C, 0.5 h, CH2Cl2; Et3N, �40 8C, 10 min, 79%; j) 6.0 equiv MeSO3H
in CH2Cl2, �5 ! 0 8C, 12 h, 67%; k) urea/hydrogen peroxide, trifluoro-
acetic anhydride, 40 min, 0 8C, CH2Cl2, 25 8C, 2 h, 69%.
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With bicyclic lactone 34 in hand, we decided to test the
crucial Baeyer–Villiger oxidation in order to install the C19
oxygen (Scheme 3). Both mCPBA/NaOH and urea/hydro-
gen peroxide in combination with trifluoroacetic anhydride
produced the desired structure 35. This conversion was
cleaner using the urea-hydrogen peroxide conditions, lead-
ing to formation of 35 in 69% yield. As predicted, a single
isomer was obtained during this oxidation having the de-
sired stereochemistry at the C19 center, as established by a
combination of spectroscopic techniques (COSY and NOE
experiments).


Encouraged by the positive results of the Baeyer–Villiger
oxidation, we sought to optimize further the above strategy.
One of its main drawbacks was the rather cumbersome and
multistep sequence developed for the conversion of cyclo-
propyl ester 31 to lactone 34. The problem with this conver-
sion was due to the presence of the labile acetonide, that un-
derwent deprotection under the acidic conditions employed
(H2SO4 in EtOH). To circumvent this problem we per-
formed this reaction using MeSO3H in acetone. Under the
modified conditions, we were able to suppress entirely the
acetonide deprotection and achieve conversion of cyclo-
propyl ester 31 to lactone 36 in one step and 77% yield
(Scheme 4).[14c] The stereochemistry of 36 was established


unambiguously by a single-crystal X-ray diffraction analysis,
thus also confirming the outcome of the cyclopropanation
sequence.[22]


Reductive debenzylation of 36 produced, after oxidation
of the resulting alcohol, ketone 37 in 76% yield (over two
steps). Unfortunately, all efforts to homologate this carbonyl
group met with failure. Only low yields were obtained with
a variety of Wittig ylids, while, under harsh conditions, sub-
stantial amounts of decomposition were observed. We hy-
pothesized that the steric hindrance imposed by the bicyclic
motif of 37 together with the reactivity of the lactone func-
tionality were responsible for the side products obtained
during these reactions. We also attempted to homologate
the C11 center in compound 31 but this was similarly prob-
lematic, suggesting that a different strategy may be needed
for the synthesis of norrisolide.


Despite the disappointing outcome, the strategy presented
in Schemes 3 and 4 allowed us to draw several conclusions


that are summarized here: a) we found that the Baeyer–Vil-
liger oxidation was reliable and could be used during the
last steps of the norrisolide synthesis (conversion of 34 to
35); b) we established that an appropriately substituted di-
hydrofuran could be converted to the desired g-lactone–g-
lactol motif (conversion of 30 to 34) and we developed a
one-pot ring expansion protocol (conversion of 31 to 36);
and c) we found that homologation of the C11 carbonyl
group was problematic, at least in the presence bicycles 31
and 37, indicating that this one carbon extension had to be
performed prior to the formation of the bicyclic system.
These conclusions paved the way for the development of a
second generation strategy toward norrisolide.


Synthesis of fragment 47: Evaluation of the above informa-
tion led us to consider butenolide 39 as a synthetic precursor
of the norrisolide side chain (Scheme 5). We envisioned that
this compound would be suitable for the one carbon exten-
sion at the C11 center and it could also be converted to a di-
hydrofuran (such as 47), a presumed substrate for the key
cyclopropanation reaction. Reduction of this plan to prac-
tice is shown in Scheme 5.


Enantiomerically pure butenolide 39 was prepared from
d-mannitol (38) as described in the literature.[32] Reaction of
39 with vinyl magnesium bromide in the presence of catalyt-
ic copper(i) bromide produced adduct 40 in 85% yield.[33]


This 1,4-addition proceeded exclusively anti to the bulky
TBDPS silyl ether, setting the desired stereochemistry at
C11. DIBAL-H reduction of lactone 40, followed by an
acid-catalyzed protection of the resulting lactol, produced
methyl acetal 41 as an unseparable mixture of anomers.[34]


Osmium-catalyzed dihydroxylation of 41 afforded, after oxi-
dative cleavage of the resulting diol, aldehyde 42, which was
immediately subjected to coupling with 43.


Kishi–Nozaki coupling[35] of freshly prepared vinyl triflate
43 with aldehyde 42 followed by Dess–Martin periodinane
(DMP) oxidation of the resulting alcohol, produced enone
44 in 52% yield over two steps (Scheme 5). Hydrogenation
of the C8�C9 double bond proceeded exclusively from the
more accessible a-face of the bicyclic core to form ketone
45 in 92% yield. Standard olefination procedures (Wittig
and Tebbe)[36] failed to convert 45 into 46, presumably due
to the steric hindrance of the C10 carbonyl group. We found
however, that this reaction could be achieved by a modified
Peterson olefination procedure (TMSCH2Li; KH reflux),[37]


which produced alkene 45 in 72% yield (over two steps).
Treatment of methyl acetal 46 with phenyl selenol in the


presence of BF3·Et2O produced, after oxidation, enol ether
47 thus setting the stage for the crucial cyclopropanation re-
action. Much to our disappointment, however, in sharp con-
trast to the conversion of 30 to 31 (Scheme 3), this reaction
proved to be problematic. Both rhodium- and copper-cata-
lyzed cyclopropanation procedures were tested but resulted
in very low conversion of the starting material and low
yields of complex product mixtures. The differences in the
reactivity profiles between 30 and 47 could be due to the
stereochemistry of the C11 and C19 centers. In the case of


Scheme 4. a) MeSO3H/acetone 1:10, 25 8C, 12 h, 77%; b) 10% Pd(OH)2,
H2, CH2Cl2, 25 8C, 24 h, 82%; c) 1.2 equiv DMP, 25 8C, 12 h, 93%.
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dihydrofuran 30 these substituents are syn to each other and
both shield the b-face of the dihydrofuran directing the cy-
clopropanation from the a-face. In the case of 47 these sub-
stituents are anti hindering substantially both faces of the
enol ether. The presence of an additional alkene in 47 could
also interfere and complicate the results of this cyclopropa-
nation.


The above studies led us to conclude that the C12 stereo-
center should be functionalized prior to constructing the
C9�C10 bond. Such a functionality should be able to with-
stand strong nucleophilic conditions that are required for
the installation of the alkene at the C10 center. In the other
hand, we were able to construct C9�C10 bond and found
also conditions that led to the formation of the terminal


alkene. These findings led to our successful campaign
toward the synthesis of norrisolide.


Total synthesis of norrisolide : Re-evaluation of the above
results led us to install the functionalities at the C11 and
C12 centers early in the synthesis. Since these substituents
needed to be syn to each other, we decided to start our
strategy with a Diels–Alder reaction between butenolide 39
and butadiene (48).[38] Under AlCl3 catalysis this reaction
proceeded exclusively from the opposite face of the bulky
TBDPS group and afforded 49 in 85% yield as a single en-
antiomer (Scheme 6).[39] Reduction of the C20 lactone of 49
(DIBAL-H) produced, after oxidative cleavage of the
double bond (OsO4, NMO; Pb(OAc)4), lactol 50 in 63%
yield as a 1:1 mixture of isomers at the C14 center. Further
treatment of 50 with MeOH in the presence of acid cataly-
sis,[40] afforded the isomeric methyl ethers 51 that were
easily separable by standard chromatographic techniques.
After separation, both C14 anomers of 51 were employed
toward the synthesis of norrisolide. Unambiguous stereo-
chemical assignment for these isomers was established at a
later stage via a crystal structure of anomer 56b (see
Scheme 6 for X-ray of 56b). Aldehyde 51 was then convert-
ed to selenide 54, via intermediates 52 and 53, that, after ox-
idation (NaIO4) and elimination, produced alkene 55 (61%
overall yield from 51).[41] Dihydroxylation of compound 55
(OsO4, NMO), followed by oxidative cleavage of the result-
ing diol, gave rise to aldehyde 56 (94% yield over two
steps). As mentioned above, the C14b anomer of aldehyde
56 was crystalline and a single-crystal X-ray diffraction anal-
ysis confirmed the relative and absolute stereochemistry of
all chiral centers.[22]


Guided by our previous results, we attempted the Kishi–
Nozaki coupling between aldehyde 56 and vinyl triflate 43.
Unfortunately, this reaction produced the coupled product
in less than 10% yield, accompanied by substantial amounts
of the reduced trans-hydrindane. Suspecting that the re-
duced reactivity of aldehyde 56 was due to the steric hin-
drance of its concave bicyclic motif, we decided to alter the
size of the vinyl nucleophile. With this in mind, we attempt-
ed this coupling using a vinyl lithium as the corresponding
nucleophile. As shown in Scheme 2, ketone 10 could be
easily converted to vinyl iodide 25 that, upon treatment with
tBuli and quenching of the anion with aldehyde 56, afforded
the desired coupling product 57. The resulting allylic alcohol
was then oxidized to enone 58 by using Dess–Martin period-
inane (71% yield, over two steps, Scheme 6). Compound 58
was hydrogenated across the C8�C9 bond, exclusively from
the a-face of the hydrindane core, producing ketone 59 in
85% yield. Interestingly, treatment of the C14a anomer of
58 under the same reaction conditions led to inversion of
configuration at the C14 center and isolation of 59b as the
major adduct.


As expected, ketone 59 did not convert to alkene 60
under the standard Wittig conditions. Moreover, the previ-
ously explored Peterson olefination reaction was also inef-
fective, resulting in complete recovery of the starting materi-


Scheme 5. a) 0.01 equiv SnCl2, 2,2-dimethoxypropane/DME 2:3, reflux,
4 h, 78%; b) 2.0 equiv NaIO4, saturated aqueous NaHCO3/CH2Cl2 1:20,
0 8C, 2 h, 73%; c) 1.5 equiv Ph3P=CHCO2Me, MeOH, 0 8C, 16 h, 70%; d)
conc. H2SO4/MeOH 1:100, 25 8C, 1 h, 90%; e) 1.2 equiv TBDPSCl,
5.0 equiv NH4NO3, DMF, 25 8C, 12 h, 92%; f) 1.1 equiv CH2=CHMgBr,
10% CuBr·Me2S, THF, �78 8C, 15 min then 39, 45 min, 85%; g)
1.05 equiv DIBAL-H CH2Cl2, �78 8C, 30 min, 99%; h) cat. HCl (~1%),
MeOH, 25 8C, 1 h, 88%; i) 2.5% OsO4, 1.1 equiv NMO, 0.1 mL pyridine,
acetone/H2O 95:5, 12 h, 97%; j) 1.1 equiv Pb(OAc)4, CH2Cl2, 25 8C, 0.5 h,
92%; k) 5.0 equiv CrCl2, 0.05 equiv NiCl2, DMF, 25 8C, 6 h, 53%; l)
DMP, CH2Cl, 25 8C, 12 h, 99%; m) 10% Pd/C, H2, MeOH, 25 8C, 12 h,
92%; n) 3 equiv TMSMeLi, THF, 0 ! 25 8C, 1 h, 81%; o) 10 equiv KH,
THF, reflux, 2 h, 89%; p) 1.5 equiv PhSeH, BF3·Et2O, CH2Cl2, 0 8C, 0.5 h,
90%; q) 1.8 equiv Et3N, 2.3 equiv tBuOOH, 0.3 equiv Ti(OiPr)4, CH2Cl2,
0 8C, 45 min, 67%; r) 1.1 equiv NaHMDS, 1.1 equiv PhNTf2, THF,
�78 8C, 4 h, 85%.
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al. Neither increased temperature nor excess of reagent
could overcome the sluggish reactivity of the severely hin-
dered carbonyl group of 59. However, this ketone could be
reduced to the corresponding alcohol with NaBH4, suggest-
ing that it was not completely inert. After substantial experi-
mentation we found that excess MeLi in the presence of 1,2-
dimethoxyethane was sufficiently reactive to methylate
ketone 59, affording the corresponding tertiary alcohol in
good yield (75%). The latter compound underwent smooth
elimination when exposed to 10 equivalents of thionyl chlo-
ride in the presence of excess pyridine, to afford terminal
alkene 60 as the sole product (85% yield).[42] Fluoride-in-
duced deprotection of the silyl ether and oxidation of the re-
sulting alcohol 61, furnished aldehyde 62 in 93% combined
yield. This compound was rather labile and was treated im-
mediately after a short filtration with excess methyl
Grignard producing, after oxidation of the ensuing alcohol,
ketone 63 (68% yield, over two steps). Treatment of 63 with
CrO3 in aqueous acetic acid produced lactone 64 in 80%
yield. Finally, Baeyer–Villiger oxidation of 64 with mCPBA
in the presence of NaHCO3 led to insertion of the oxygen
between the C19 and C21 centers with complete retention
of configuration, producing norrisolide (1) in 60% yield.
The spectra of the final product were identical with that of


an authentic sample. Moreover, both samples exhibited dex-
rotatory optical rotation and identical biological activity.


Conclusion


In conclusion, we present herein our studies toward the syn-
thesis of norrisolide (1), a marine diterpene with an uncom-
mon chemical structure and unexplored biological proper-
ties. The compact and sterically cumbersome structure of 1
led to several unsuccessful reactions and several modifica-
tions of the overall synthetic strategy. Nonetheless, explora-
tion of each strategy led to conclusions that were critical to
the design of the successful strategy. Moreover, novel ap-
proaches for the synthesis of the uncommon g-lactone–g-
lactol motif of 1 were developed. The synthetic approach is
stereoselective and allows construction of analogues of 1
that could be used to evaluate the biological mode of action
of this natural product.


Experimental Section


General techniques : All reagents were commercially obtained (Aldrich,
Acros) at highest commercial quality and used without further purifica-


Scheme 6. a) 0.33 equiv AlCl3, CH2Cl2, 60 8C, 6 d, 85%; b) 1.2 equiv DIBAL-H, CH2Cl2, �78 8C, 0.5 h, 98%; c) 0.01 equiv OsO4, 1.1 equiv NMO, 3 drops
pyridine, acetone/H2O 10:1, 25 8C, 8 h; d) 1.2 equiv Pb(OAc)4, CH2Cl2, 0 8C, 0.5 h, 64% (over 2 steps); e) 1.2 equiv MeOH, Amberlyst 15, 3 Q MS, Et2O,
25 8C, 10 h, 77% (51a/51b 1:1); f) 1.5 equiv NaBH4, MeOH, 25 8C, 0.5 h; g) 2.2 equiv imid, 1.1 equiv PPh3, 1.2 equiv I2, THF, 25 8C, 0.5 h, 93% (over 2
steps); h) 0.55 equiv (PhSe)2, 1.5 equiv NaBH4, EtOH, 25 8C, 0.5 h, 92%; i) 1.6 equiv NaIO4, MeOH/H2O 5:2, 25 8C, 1 h, then Et3N/PhH 1:1, reflux, 0.5 h,
78%; j) 0.05 equiv OsO4, 1.1 equiv NMO, 3 drops pyridine, acetone/H2O 10:1, 25 8C, 10 h; k) 1.2 equiv Pb(OAc)4, CH2Cl2, 0 8C, 0.5 h, 94% (over 2
steps); l) 1.5 equiv 25, 3.0 equiv tBuLi, THF, �78 to �40 8C, 0.5 h, then 56, THF, �78 8C, 1 h, 75%; m) 8.0 equiv DMP, CH2Cl2, 25 8C, 10 h, 95%; n) 10%
Pd/C, H2, MeOH, 25 8C, 10 h, 85%; o) 5.0 equiv MeLi, THF/DME 1:3, 0 8C, 0.5 h, 75%; p) 10.0 equiv SOCl2, 20.0 equiv pyridine, CH2Cl2, 0 8C, 0.5 h,
85%; q) 2.0 equiv TBAF, THF, 25 8C, 8 h, 99%; r) 3.0 equiv IBX, MeCN, 80 8C, 2 h, 96%; s) 10.0 equiv MeMgBr, THF, 0 8C, 0.5 h, 72%; t) 2.5 equiv
DMP, CH2Cl2, 25 8C, 6 h, 94%; u) 10 equiv CrO3, AcOH/H2O 2:1, 25 8C, 6 h, 80%; v) 2.5 equiv mCPBA, 2.5 equiv NaHCO3, CH2Cl2, 0 8C, 4 h, 60%.
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tion except where noted. Air- and moisture-sensitive liquids and solutions
were transferred via syringe or stainless steel cannula. Organic solutions
were concentrated by rotary evaporation below 45 8C at approximately
20 mmHg. All non-aqueous reactions were carried out under anhydrous
conditions using flame-dried glassware within an argon atmosphere in
dry, freshly distilled solvents, unless otherwise noted. Tetrahydrofuran
(THF), diethyl ether (Et2O), dichloromethane (CH2Cl2), toluene
(PhCH3) and benzene (PhH) were purified by passage through a bed of
activated alumina. N,N-Diisopropylethylamine (DIPEA), diisopropyla-
mine, pyridine, triethylamine (TEA) and boron trifluoride etherate were
distilled from calcium hydride prior to use. Dimethylsulfoxide (DMSO)
and dimethylformamide (DMF) were distilled from calcium hydride
under reduced pressure (20 mmHg) and stored over 4 Q molecular
sieves until needed. Yields refer to chromatographically and spectroscop-
ically (1H NMR, 13C NMR) homogeneous materials, unless otherwise
stated. Reactions were monitored by thin-layer chromatography (TLC)
carried out on 0.25 mm E. Merck silica gel plates (60F-254) with UV
light as the visualizing agent and 10% ethanolic phosphomolybdic acid
(PMA) or p-anisaldehyde solution and heat as developing agents. E.
Merck silica gel (60, particle size 0.040–0.063 mm) was used for flash
chromatography. Preparative thin-layer chromatography separations
were carried out on 0.25 or 0.50 mm E. Merck silica gel plates (60F-254).
NMR spectra were recorded on Varian Mercury 400 and/or Unity
500 MHz instruments and calibrated using the 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,
m=multiplet, br=broad. IR spectra were recorded on a Nicolet 320
Avatar FT-IR spectrometer and values are reported in cm�1 units. Optical
rotations were recorded on a Jasco P-1010 polarimeter and values are re-
ported as follows: [a]Tl (c : g per 100 mL, solvent). High resolution mass
spectra (HRMS) were recorded on a VG 7070 HS mass spectrometer
under chemical ionization (CI) conditions or on a VG ZAB-ZSE mass
spectrometer under fast atom bombardment (FAB) conditions. X-ray
data were recorded on a Bruker SMART APEX 3kW Sealed Tube X-ray
diffraction system.


Enone 13 : Enone 13 was prepared as described in ref. [19b]. [a]25
D = ++


285.1 (c=2.1, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 2.94–2.71 (m,


3H), 2.59–2.35 (m, 3H), 2.05 (dd, J=13.6, 5.2 Hz, 1H), 1.82 (dt, J=13.6,
6.0 Hz, 1H), 1.76 (s, 3H), 1.27 (s, 3H); 13C NMR (100 MHz, CDCl3): d =


217.2, 197.5, 162.2, 129.6, 48.9, 35.5, 32.8, 28.9, 24.6, 21.3, 10.9.


Alcohol 14 : Sodium borohydride (5.4 g, 135 mmol) was added, in four
portions to enone 13 (48 g, 263 mmol) in methanol (125 mL) cooled to
0 8C, and the reaction was stirred for 30 min. The reaction was quenched
by a dropwise addition of saturated aqueous ammonium chloride
(500 mL). The mixture was extracted with Et2O (3S200 mL). The com-
bined organic layers were dried over magnesium sulfate, filtered and con-
centrated under vacuum to afford analytically pure alcohol 14 (47 g,
97%). Rf=0.2 (100% Et2O); [a]25


D = ++55.2 (c=1.3, CH2Cl2);
1H NMR


(400 MHz, CDCl3): d = 3.82 (dd, J=10.4, 7.6 Hz, 1H), 2.59–2.51 (m,
2H), 2.44–2.37 (m, 2H), 2.15–2.03 (m, 2H), 1.85–1.75 (m, 2H), 1.64 (s,
3H), 1.10 (s, 3H); 13C NMR (100 MHz, CDCl3): d = 198.8, 167.8, 129.0,
81.0, 45.0, 33.9, 33.3, 29.5, 25.6, 15.2, 10.7; IR (film): nmax = 3411, 2925,
1642, 1448, 1418, 1376, 1330, 1099, 1022 cm�1; HRMS: m/z : calcd for
C11H16O2: 203.1049, found: 203.1051 [M+Na]+ .


Enone 15 : Imidazole (18.4 g, 270 mmol), DMAP (3.3 g, 27 mmol) and
TBDPS chloride (72.6 g, 265 mmol) were added sequentially to a solution
of alcohol 14 (47 g, 261 mmol) in anhydrous DMF (200 mL) cooled to
0 8C. The ice bath was removed and the mixture was stirred at 35 8C for
12 h under an argon atmosphere. The mixture was diluted with Et2O
(250 mL) and water (300 mL). The aqueous phase was extracted with
Et2O (3S300 mL) and the combined organic phases were dried over
magnesium sulfate. The solvent was concentrated on the rotary evapora-
tor and the residue was purified using silica gel chromatography (5%
Et2O in hexanes) to yield protected alcohol 15 (84 g, 77%). Rf=0.7
(40% Et2O in hexanes); [a]25


D = �40.2 (c=2.77, CH2Cl2);
1H NMR


(400 MHz, CDCl3): d = 7.72–7.66 (m, 4H), 7.40–7.38 (m, 6H), 3.74 (dd,
J=7.2, 10.4 Hz, 1H), 2.58–2.19 (m, 6H), 1.97 (ddd, J=1.6, 5.2, 12.8 Hz,
1H), 1.91–1.69 (m, 3H), 1.57 (s, 3H), 1.46 (dt, J=5.2, 14 Hz, 1H), 1.08 (s,


9H); 13C NMR (100 MHz, CDCl3): d = 198.8, 167.6, 135.9, 135.8, 134.8,
129.6, 127.7, 127.6, 127.5, 81.6, 45.7, 34.0, 33.4, 29.7, 27.0, 19.3, 15.8, 10.5;
HRMS: m/z : calcd for C27H34O2Si: 441.2211, found 441.2201 [M+Na]+ .


Ketone 16 : Ketone 15 (20 g, 47.7 mmol) was dissolved in DMF (80 mL)
under an argon atmosphere and cooled to 0 8C by means of an ice bath.
Potassium tert-butoxide (10.6 g, 95 mmol) was added to the mixture and
it was stirred at 0 8C for 15 min. The ice bath was removed and the mix-
ture was stirred for an additional 45 min. The mixture was again cooled
to 0 8C and iodomethane (13.4 g, 95 mmol) was added to the reaction
over a five-minute period and the ice bath was removed. The reaction
was stirred for 1 h, diluted with Et2O (350 mL) and washed with aqueous
saturated ammonium chloride (400 mL). The aqueous phase was extract-
ed Et2O (2S200 mL) and the combined organic phases were dried over
magnesium sulfate, concentrated on the rotary evaporator, and subjected
to silica gel chromatography (100% hexanes) to yield 16 (13.6 g, 66%)
and starting material 15 (5 g, 25%). Rf=0.7 (50% Et2O in hexanes);
[a]25


D = �10.6 (c=2.0, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 7.71–


7.68 (m, 4H), 7.46–7.36 (m, 6H), 5.28 (dd, J=3.6, 1.6 Hz, 1H), 3.96 (dd,
J=9.2, 7.6 Hz, 1H), 2.53–2.45 (m, 1H), 2.33 (dd, J=14.8, 8.8 Hz, 1H),
2.17–2.05 (m, 2H), 1.78–1.72 (m, 1H), 1.51–1.44 (m, 1H), 1.32 (s, 3H),
1.25 (s, 3H), 1.14 (s, 3H), 1.12 (s, 9H); 13C NMR (100 MHz, CDCl3): d =


214.9, 153.6, 135.7, 134.2, 133.6, 129.6, 129.5, 127.5, 127.3, 119.8, 81.8,
48.4, 47.1, 37.7, 35.1, 33.5, 28.1, 27.1, 23.7, 19.5, 18.2; IR (film): nmax =


3070, 2964, 2931, 2857, 1714, 1460, 1427, 1112, 1039, 820, 702 cm�1;
HRMS: m/z : calcd for C28H36O2Si: 455.2383, found: 455.2368 [M+Na]+ .


Alcohol 17: Ketone 16 (49 g, 113 mmol) was dissolved in methanol
(250 mL) and cooled to 0 8C. Sodium borohydride (1.5 g, 37.6 mmol) was
added in four portions. The reaction was stirred at 0 8C for 20 min then
diluted with Et2O followed by careful addition of aqueous saturated am-
monium chloride (350 mL). The aqueous phase was extracted with Et2O
(3S200 mL), dried over magnesium sulfate, filtered and concentrated on
the rotary evaporator to yield analytically pure alcohol (48 g, 98%). Rf=


0.3 (50% Et2O in hexanes); [a]25
D = �31.9 (c=1.6, CH2Cl2);


1H NMR
(400 MHz, CDCl3): d = 7.68–7.66 (m, 4H), 7.42–7.36 (m, 6H), 5.18 (dd,
J=3.2, 1.2 Hz, 1H), 3.82 (dd, J=9.2, 7.2 Hz, 1H), 3.16 (dd, J=11.6,
3.6 Hz, 1H), 2.17 (dd, J=14.4, 8.8 Hz, 1H), 1.96 (dd, J=14.8, 7.2 Hz,
1H), 1.77–1.68 (m, 2H), 1.63–1.57 (m, 1H), 1.20 (s, 3H), 1.07 (s, 9H),
1.06 (s, 3H), 1.06–1.02 (m, 1H), 1.02 (s, 3H); 13C NMR (100 MHz,
CDCl3): d = 155.4, 136.0, 135.9, 134.7, 134.0, 129.6, 129.5, 127.5, 127.4,
118.6, 84.3, 47.4, 39.4, 37.9, 37.0, 27.8, 27.0, 25.5, 21.5, 19.4, 17.9; IR
(film): nmax = 3393, 3069, 3050, 2962, 2932, 2856, 1468, 1427, 1112, 1037,
820, 702 cm�1; HRMS: calcd for C28H38O2Si: 457.2540, found: 457.2561
[M+Na]+ .


Xanthate 18 : A solution of alcohol 17 (8.68 g, 20 mmol) in THF
(200 mL) under an argon atmosphere was cooled to 0 8C by means of an
ice bath. n-Butyllithium (16 mL, 40 mmol, 2.5m in hexanes) was added
dropwise and the solution was stirred for 45 min at 0 8C followed by the
slow addition of carbon disulfide (4.6 mL, 100 mmol). The solution was
stirred for 90 min and iodomethane (7 mL, 120 mmol) was slowly added
to the reaction mixture and stirring was continued for an additional
90 min at 0 8C. The reaction was diluted with Et2O and quenched with sa-
turated ammonium chloride. The aqueous phase was extracted with Et2O
(3S100 mL), dried over magnesium sulfate and concentrated on the
rotary evaporator. The residue was purified by silica gel chromatography
(5% Et2O in hexanes) to yield xanthate 18 (10.1 g, 95%), as an orange
oil. Rf=0.9 (100% hexanes); [a]25


D = �15.4 (c=3.50, CHCl3);
1H NMR


(400 MHz, CDCl3): d = 7.68–7.65 (m, 4H), 7.40–7.38 (m, 6H), 5.24
�5.20 (m, 2H), 3.87 (dd, J=9.2, 7.6 Hz, 1H), 2.54 (s, 3H), 2.17 (dd, J=
14.8, 9.2 Hz, 1H), 1.96 (dd, J=15.2, 7.6 Hz, 1H), 1.91–1.84 (m, 2H), 1.77
(dt, J=13.2, 3.2 Hz, 1H), 1.26 (s, 3H), 1.20 (s, 3H), 1.20–1.09 (m, 1H),
1.08 (s, 9H), 1.02 (s, 3H); 13C NMR (100 MHz, CDCl3): d = 154.0, 135.9,
135.8, 134.6, 133.8, 129.7, 129.5, 127.6, 127.4, 119.6, 89.4, 84.1, 47.3, 39.3,
37.8, 36.4, 27.0, 25.5, 23.6, 23.3, 19.4, 18.7, 18.0; IR (film): nmax = 3070,
2964, 2931, 2856, 1233, 1215, 1112, 1063, 1041 cm�1; HRMS: m/z : calcd
for C30H40O2S2Si: 547.2137, found 547.2119 [M+Na]+ .


Alkene 19 : Tributyl tin hydride (17.5 g, 60 mL) and AIBN (0.5 g,
3 mmol) was added to a solution of xanthate 18 (10.1 g, 19 mmol) in tolu-
ene (100 mL). The mixture was rapidly brought to reflux by immersing
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into a silicon oil bath preheated to 150 8C and heated under reflux for
20 min. The reaction was cooled to room temperature and the solvent re-
moved on the rotary evaporator. The residue was purified by silica gel
chromatography (100% hexanes) to yield 19 (6.6 g, 86%) as a clear oil.
1H NMR (400 MHz, CDCl3): d = 7.82 (dd, J=7.6, 2.0 Hz, 4H), 7.53–7.44
(m, 6H), 5.21 (dd, J=3.2, 1.6 Hz, 1H), 3.99 (dd, J=9.2, 8.0 Hz, 1H), 2.25
(dd, J=14.8, 9.2 Hz, 1H), 2.04 (dd, J=14.4, 7.2 Hz, 1H), 1.91–1.87 (m,
1H), 1.82 (dt, J=13.6, 3.6 Hz, 1H), 1.57–1.46 (m, 2H), 1.33 (s, 3H), 1.22
(s, 9H), 1.22–1.12 (m, 1H), 1.18 (s, 3H), 1.10 (s, 3H), 1.06–0.98 (m, 1H);
13C NMR (100 MHz, CDCl3): d = 155.8, 135.9, 135.8, 134.7, 134.0, 129.4,
129.3, 127.3 (2), 116.1, 84.6, 47.6, 40.6, 39.7, 36.9, 34.0, 30.5, 28.8, 27.2,
19.6, 19.3, 18.1; HRMS: m/z : calcd for C28H38OSi: 441.2590, found
441.2568 [M+Na]+ .


Alcohol 20 : Alkene 19 (21 g, 50 mmol) was dissolved in anhydrous THF
(250 mL). The solution was cooled to 0 8C and borane/dimethyl sulfide
complex (6 mL, 60 mmol, 10m in THF) was added and the ice bath re-
moved. The solution was stirred for 5 h at which time the temperature
was increased to 30 8C and the reaction was stirred for 12 h. The reaction
was cooled to 0 8C and treated with a mixture of 30% aqueous H2O2/3m
NaOH solution (1 L, 1:1), slowly added maintaining the reaction temper-
ature below 35 8C. The solution was removed from the ice bath and stir-
red for 6 h at 25 8C. The reaction was judged complete by the disappear-
ance of the borane adduct (by TLC analysis) and the formation of com-
pound 20 (Rf=0.65, 50% Et2O in hexanes) together with the cis-fused
isomer (Rf=0.70, 50% Et2O in hexanes). The reaction was quenched by
the careful addition of saturated sodium thiosulfate at 0 8C, maintaining
the internal temperature below 30 8C. The solution was stirred for 12 h
after which time it was diluted with Et2O and the aqueous phase was ex-
tracted with Et2O (3S100 mL). The combined organic phases were
washed with brine, dried over magnesium sulfate and concentrated to
give an oily residue that was purified using silica gel chromatography
(100% hexanes ! 50% Et2O in hexanes) to yield the cis isomer (4.4 g)
and 20 (12.7 g, 78%, 2.28:1 trans/cis). Rf=0.65 (50% Et2O in hexanes);
[a]25


D = ++26.3 (c=2.52, CHCl3);
1H NMR (400 MHz, CDCl3): d = 7.72–


7.69 (m, 4H), 7.47–7.38 (m, 6H), 4.21 (dt, J=10.0, 3.2 Hz, 1H), 3.83 (t,
J=8.8 Hz, 1H), 2.06 (dt, J=14.0, 9.2 Hz, 1H), 1.69–1.16 (m, 6H), 1.12 (s,
9H), 1.01 (s, 3H), 1.00 (s, 3H), 0.99 (s, 3H), 0.92 (d, J=10.0 Hz, 1H),
0.79 (dt, J=12.8, 3.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): d = 135.8,
135.7, 134.0, 129.6, 129.5, 127.4, 80.1, 70.6, 45.4, 42.3, 42.0, 38.0, 33.9, 33.2,
27.1, 21.8, 19.5, 19.4, 14.3; IR (film): nmax = 3390, 3071, 3049, 2928, 2858,
1112, 703 cm�1; HRMS: m/z : calcd for C28H40O2Si: 459.2695, found
459.2701 [M+Na]+ .


Xanthate 21: A solution of alcohol 20 (18 g, 41 mmol) in THF (350 mL)
under an argon atmosphere was cooled to 0 8C and treated with n-butyl-
lithium (34 mL, 85 mmol, 2.5m in hexanes), added dropwise over 45 min,
followed by a slow addition of carbon disulfide (15.2 g, 200 mmol). After
stirring for 90 min, iodomethane (19 mL, 300 mmol) was slowly added
and the reaction was stirred for an additional 90 min at 0 8C. The reaction
was diluted with Et2O and quenched with saturated ammonium chloride.
The aqueous phase was extracted with Et2O (3S100 mL), dried over
magnesium sulfate and concentrated on the rotary evaporator. The resi-
due was purified by silica gel chromatography (5% Et2O in hexanes) to
yield xanthate 21 (22.1 g, 100%) as an orange oil. Rf=0.3 (50% Et2O in
hexanes); [a]25


D = ++9.4 (c=1.9, CH2Cl2);
1H NMR (400 MHz, CDCl3): d


= 7.68–7.62 (m, 4H), 7.46–7.35 (m, 6H), 5.81 (dt, J=9.6, 2.8 Hz, 1H),
3.76 (t, J=8.8 Hz, 1H), 2.49 (s, 3H), 2.23 (dt, J=14.4, 9.2 Hz, 1H), 1.63–
1.51 (m, 4H), 1.44–1.36 (m, 3H), 1.07 (s, 9H), 1.03 (s, 3H), 0.95 (s, 3H),
0.81 (s, 3H), 0.74–0.68 (m, 1H); 13C NMR (100 MHz, CDCl3): d = 135.8,
135.7, 134.1, 133.7, 129.5, 127.4, 82.8, 80.1, 56.2, 44.8, 41.7, 38.7, 37.8, 33.3,
33.0, 27.1, 21.9, 19.5, 19.4, 19.0; IR (film): nmax = 3070, 2954, 2927, 2857,
1461, 1233, 1201, 1113, 1052, 702 cm�1; HRMS: m/z : calcd for
C30H42O2S2Si: 549.2293, found 549.2289 [M+Na]+ .


Silyl ether 22 : Xanthate 21 (22 g, 41 mmol) was dissolved in toluene
(175 mL). Tributyl tin hydride (35 g, 120 mmol) and AIBN (0.7 g,
4 mmol) were added and the mixture was rapidly brought to reflux by
immersing it in a pre-heated silicon oil bath and reflux continued for
20 min. The reaction was cooled to room temperature and diluted with
Et2O and quenched with saturated aqueous ammonium chloride. The


aqueous phase was extracted with Et2O (3S100 mL), dried over magnesi-
um sulfate and concentrated on the rotary evaporator. The residue was
purified by silica gel chromatography (5% Et2O in hexanes) to yield silyl
ether 22 (22.1 g, 100%) as an orange oil. Rf=0.9 (100% hexanes); [a]25


D


= ++4.6 (c=1.10, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 7.73–7.70


(m, 4H), 7.47–7.38 (m, 6H), 3.58 (t, J=7.6 Hz, 1H), 1.75–1.33 (m, 8H),
1.12 (s, 9H), 1.00 (s, 3H), 0.99–0.85 (m, 2H), 0.89 (s, 3H), 0.78 (s, 3H),
0.77–0.70 (m, 1H); 13C NMR (100 MHz, CDCl3): d = 135.9, 135.8, 134.8,
134.2, 129.3, 129.2, 127.2 (2), 83.0, 52.3, 43.6, 41.7, 37.8, 33.1, 32.7, 29.9,
27.2, 20.8, 20.4, 19.7, 19.5, 12.5; IR (film): nmax = 3070, 2954, 2928, 2859,
1111, 702 cm�1; HRMS: m/z : calcd for C28H40OSi: 443.2746, found
443.2761 [M+Na]+ .


Alcohol 23 : Compound 22 (15 g, 35.7 mmol) was dissolved in THF
(100 mL) at 25 8C and treated with TBAF (100 mL, 100 mmol, 1m in
THF). The mixture was stirred for 8 h, concentrated on the rotary evapo-
rator and purified by silica gel chromatography to afford alcohol 23
(6.4 g, 99%). Rf=0.3 (50% Et2O in hexanes); [a]25


D = ++11.8 (c=6,
CH2Cl2);


1H NMR (400 MHz, CDCl3): d = 3.53 (m, 1H), 2.01 (m, 1H),
1.71–1.30 (m, 6H), 1.06–0.87 (m, 3H), 0.87 (s, 3H), 0.82 (s, 3H), 0.81 (s,
3H); 13C NMR (100 MHz, CDCl3): d = 82.5, 53.1, 42.7, 41.6, 37.3, 33.0,
32.7, 29.4, 20.7, 20.1, 19.5, 11.7; IR (film): nmax = 3044, 2923, 2867, 2844,
1459, 1383, 1104, 1064, 1020, 702 cm�1; HRMS: m/z : calcd for
C12H22ONa: 205.1568, found 205.1572 [M+Na]+ .


Ketone 10 : Alcohol 23 (6.4 g, 35.1 mmol) was dissolved in CH2Cl2
(200 mL). Celite (20 g) followed by PCC (19.7 g, 93 mmol) were added
and the heterogeneous mixture was stirred for 12 h at 25 8C. The reaction
mixture was filtered through Celite and concentrated to a residue on the
rotary evaporator. The residue was purified by silica gel chromatography
(5% Et2O in hexanes) to afford ketone 10 (5.8 g, 92%). Rf=0.6 (50%
Et2O in hexanes); [a]25


D = ++107.0 (c=3.80, CH2Cl2);
1H NMR


(400 MHz, CDCl3): d = 2.40 (dd, J=19.2, 8.8 Hz, 1H), 2.09–1.99 (m,
1H), 1.91–1.84 (m, 1H), 1.73–1.56 (m, 4H), 1.47 (dt, J=13.6, 3.2 Hz,
1H), 1.30–1.03 (m, 3H), 0.94 (s, 3H), 0.92 (s, 6H); 13C NMR (100 MHz,
CDCl3): d = 221.3, 54.1, 48.1, 41.3, 35.4, 34.0, 32.4, 32.1, 21.5, 19.2, 19.1,
15.8; IR (film): nmax = 1739, 1474, 1459, 1369, 1120, 1020 cm�1; HRMS:
m/z : calcd for C12H20ONa: 203.1412, found 203.1431 [M+Na]+ .


Hydrazone 24 : Ketone 10 (503 mg, 2.7 mmol) was dissolved in ethanol
(10 mL) and treated with hydrazine monohydrate (4.2 mL, 86.5 mmol)
and triethylamine (2.2 mL, 15.8 mmol). The reaction was stirred at reflux
for 12 h. The reaction was cooled to 25 8C and the solvent removed
under vacuum. The residue was taken up in ethyl acetate and was
washed with water to neutrality, the combined organic phases were dried
over sodium sulfate and concentrated on the rotary evaporator. 1H NMR
(400 MHz, CDCl3): d = 4.65 (br s, 2H), 2.21–2.02 (m, 2H), 1.77–1.70 (m,
2H), 1.59–1.37 (m, 4H), 1.22–1.01 (m, 3H), 0.88 (s, 3H), 0.83 (s, 6H).
This compound was recrystallized from ethanol/H2O and the structure
was confirmed by X-ray analysis.


Vilyl iodide 25 : Crude hydrazone 24 (524 mg, 2.7 mmol) was dissolved in
Et2O (100 mL) and treated with DBU (4.1 g, 27 mmol). Iodine, dissolved
in Et2O, was added dropwise to the stirring solution until a light brown
color persists (observed nitrogen evolution). Excess saturated sodium thi-
osulfate was added and the mixture was stirred vigorously for 10 min.
The aqueous phase was extracted with Et2O (3S50 mL) and washed with
brine. The organic phases were collected, dried over sodium sulfate, and
the solvent removed on the rotary evaporator. The residue was purified
on silica gel with 100% hexane to yield vinyl iodide 25 (510 mg, 62%).
Rf=0.9 (100% hexanes); [a]25


D = �5.93 (c=4.85, CH2Cl2);
1H NMR


(400 MHz, C6D6): d = 5.97 (t, J=2.4 Hz, 1H), 1.83–1.73 (m, 2H), 1.53–
1.39 (m, 4H), 1.28–1.24 (m, 2H), 1.09–1.02 (m, 1H), 0.94–0.87 (m, 2H),
0.79 (s, 3H), 0.77 (s, 3H), 0.75 (s, 3H); 13C NMR (100 MHz, C6D6): d =


137.1, 114.4, 58.0, 50.5, 41.5, 37.3, 33.2, 32.6, 31.3, 21.4, 20.3, 17.4; IR
(film): nmax = 2997, 2928, 2863, 1457, 1373, 987, 847, 803, 680 cm�1;
HRMS: m/z : calcd for C12H19I: 291.0569, found 291.0551 [M+H]+ .


Acetonide 27: Iodine (14.21 g, 0.056 mol) was added to a suspension of
d-mannose (26) (50 g, 0.28 mol) in acetone (2.5 L) and the mixture was
stirred for 2 h at 25 8C. The reaction mixture was quenched at 0 8C with
sodium thiosulfate and sodium bicarbonate and the organic residues ex-
tracted with chloroform. After washing with sodium bicarbonate (3S
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200 mL), the organic layer was dried over MgSO4, concentrated and re-
crystallized from acetone/hexane to produce 27 (60 g, 0.24 mol, 85%) as
a colorless solid. Rf=0.33 (silica gel, 50% Et2O in hexanes); 1H NMR
(400 MHz, CDCl3): d = 5.38 (d, J=2.4 Hz, 1H), 4.81 (dd, J=3.6, 6 Hz,
1H), 4.62 (d, J=6.0 Hz, 1H), 4.40 (m, 1H), 4.18 (dd, J=3.6, 7.2 Hz, 1H),
4.06 (m, 2H), 2.57 (br s, 1H), 1.46 (s, 3H), 1.45 (s, 3H), 1.38 (s, 3H), 1.32
(s, 3H); 13C NMR (100 MHz, CDCl3): d = 112.4, 108.9, 100.9, 85.3, 79.9,
79.5, 73.2, 66.3, 26.7, 25.8, 25.1, 24.4.


Chloride 28 : A solution of compound 27 (20 g, 0.077mol) in dry methyl-
ene chloride (200 mL) was treated sequentially with DMAP (5.64 g,
0.046 mol), tosyl chloride (16.32 g, 0.092 mol) and triethylamine
(10.7 mL, 0.077 mol). The reaction mixture was stirred at 25 8C until TLC
showed completion of reaction (approx. 2 h) at which time the solution
was washed with aqueous copper sulfate, sodium bicarbonate and ex-
tracted with Et2O. The organic layer was extracted with sodium chloride
(3S200 mL), dried over MgSO4, concentrated and purified by chroma-
tography (silica gel, 10–50% Et2O in hexanes) to afford 10 (13.5 g,
46.2 mmol, 60%) as a viscous, amber-colored oil. Rf=0.80 (50% Et2O in
hexanes); 1H NMR (400 MHz, CDCl3): d = 6.07 (s, 1H), 4.96 (d, J=
5.6 Hz, 1H), 4.89 (m, 1H), 4.44 (m, 1H), 4.21 (dd, J=3.6, 11.2 Hz, 1H),
4.10 (dd, J=6.0, 8.8 Hz, 1H), 4.02 (dd, J=4.4, 8.8 Hz, 1H), 1.47 (s, 3H),
1.46 (s, 3H), 1.39 (s, 3H), 1.33 (s, 3H); 13C NMR (100 MHz, CDCl3): d =


113.2, 109.4, 97.5, 89.1, 82.3, 78.5, 72.3, 66.7, 27.0, 25.9, 25.2, 24.7.


Benzyl ether 30 : Napthalene (4.8 g, 37.5 mmol) was dissolved in THF
(200 mL) under an argon atmosphere. Sodium (2.9 g, 125 mmol) was
added over a period of 45 min and the solution was stirred at ambient
temperature until a deep green color was observed. Chloride 28 (3.5 g,
12.5 mmol) dissolved in THF (100 mL) was added to the naphthalene/
sodium mixture over a period of 4 h, taking care that the green color per-
sisted through the entire addition. The reaction was judged complete by
consumption of the starting material (TLC) and the solution was careful-
ly filtered through a plug of Celite. The solution was diluted with Et2O
(300 mL) and washed with water (300 mL) and by brine (300 mL). The
organic phase was dried over magnesium sulfate and the solvent was re-
moved on the rotary evaporator. The residue was purified by flash chro-
matography (Rf=0.3; 70% Et2O in hexanes) and the semi pure glycal 29
was taken to the next step directly. A solution of glycal 29 (2.0 g,
10 mmol) in THF (5 mL) at 0 8C was treated under argon with sodium
hydride (283 mg, 12 mmol), benzyl bromide (2.02 g, 12 mmol), and tetra-
butyl ammonium iodide (0.198 g, 0.54 mmol). The reaction mixture was
allowed to warm up to 25 8C and stirred for 2 h at which time the TLC
showed disappearance of the starting material. The reaction was
quenched with brine and extracted with Et2O. The organic layer was
washed with brine (3S50 mL), dried over MgSO4, and concentrated. The
residue was purified by flash chromatography (silica gel, 5–30% Et2O in
hexanes) to produce compound 30 (2.5 g, 9 mmol, 90%) as a viscous,
bright-yellow oil. Rf=0.65 (30% Et2O in hexanes); [a]25


D = �103.4 (c=
1.0, CH2Cl2);


1H NMR (400 MHz, CDCl3): d = 7.32 (m, 5H), 6.62 (d, J=
2.4 Hz, 1H), 5.29 (t, J=2.8 Hz, 1H), 4.66 (m, 1H), 4.55 (m, 3H), 4.44
(dd, J=4.4, 5.2 Hz, 1H), 4.12 (m, 1H), 3.99 (m, 1H), 1.47 (s, 3H), 1.40 (s,
3H); 13C NMR (100 MHz, CDCl3): d = 150.3, 138.2, 128.1, 127.4, 127.3,
108.5, 101.7, 83.9, 79.1, 73.0, 70.9, 65.9, 26.6, 25.3; IR (film): nmax = 2978,
2925, 1606, 1064.


Cyclopropyl ester 31: Benzyl ether 30 (7.75 g, 0.028 mol) was dissolved in
CH2Cl2 (30 mL) and a catalytic amount of rhodium acetate (0.023 g,
0.01 equiv) was added to give a blue-green colored solution. As the solu-
tion was being stirred, ethyl diazoacetate (3.52 g, 0.031 mol), dissolved in
CH2Cl2 (40 mL) was added via syringe pump over a period of 14 h. The
reaction was carried out at 25 8C and open to the atmosphere. After the
completion of addition, the mixture was allowed to stir for another 3 h
and then concentrated to reveal a blue, viscous oil. After silica gel sepa-
ration the two isomeric cyclopropyl esters (3.7 g, 0.013 mmol, 45%) (4:1
ratio at the C13 center) were isolated together and were taken forward
to the remaining steps. Major isomer: Rf=0.75 (50% Et2O in hexanes);
[a]25


D = �4.95 (c=0.93, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 7.35


(m, 5H), 4.71 (d, J=11.6 Hz, 1H), 4.59 (d, J=12 Hz, 1H), 4.35 (m, 2H),
4.18 (d, J=4.8 Hz, 1H), 4.07 (m, 3H), 3.95 (dd, J=6.0, 8.4 Hz, 1H), 3.68
(m, 1H), 2.34 (t, J=4.4, 4.8 Hz, 1H), 1.89 (d, J=2.8 Hz, 1H), 1.40 (s,


3H), 1.36 (s, 3H), 1.24 (t, J=6.8, 7.6 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d = 170.6, 137.5, 128.2, 127.6, 127.5, 108.6, 81.9, 78.8, 72.7, 72.1,
66.5, 64.9, 60.7, 28.5, 26.7, 25.4, 21.4, 14.3; IR (film): nmax = 2984, 2935,
1715, 1268, 1187, 1097 cm�1; HRMS: m/z : calcd for C20H26O6Na:
385.1627, found 385.1623 [M+Na]+ .


Diol 32 : A solution of cyclopropyl ester 31 (2.5 g, 6.90 mmol) in EtOH
(75 mL) was treated with sulfuric acid (1.0 mL) and the reaction was stir-
red vigorously for 24 h. The reaction was quenched with triethylamine
and concentrated under reduced pressure. The mixture was taken up
again in ethyl acetate and washed with brine (1S100 mL). The com-
pound was dried over magnesium sulfate, filtered and concentrated in
vacuo. Silica gel column chromatography (0–60% ethyl acetate in hex-
anes) yielded diol 32 (1.98 g, 78%, 5.78 mmol) as a clear foam. Rf=0.2
(80% Et2O in hexanes); 1H NMR (CDCl3, 400 MHz): d = 7.30–7.25 (m,
5H), 4.78 (d, J=5.6 Hz, 1H), 4.55 (d, J=5.6 Hz, 1H), 4.38 (d, J=3.4 Hz,
1H), 4.25 (d, J=3.6 Hz, 1H), 4.22–4.12 (m, 5H), 3.91 (br s, 1H), 3.88–
3.58 (m, 6H), 2.8 (br s, 1H), 2.38 (m, 1H), 1.85 (m, 1H), 1.26–1.18 (m,
6H); 13C NMR (CDCl3, 100 MHz): d = 171.01, 138.30, 128.07, 127.76,
127.35, 125.45, 108.84, 87.32, 80.15, 79.15, 71.15, 69.78, 64.52, 62.15, 60.71,
28.85, 22.15, 19.05, 16.17.


Ketone 34 : A solution of diol 32 (0.126 g, 0.33 mmol) in 1:1 mixture of
THF and water (5 mL each) was treated at 25 8C with sodium periodate
(0.211 g, 0.989 mmol) for 30 min. The reaction turned cloudy after some
time and was quenched, when TLC showed completion of reaction, with
sodium thiosulfate and sodium bicarbonate. The reaction was extracted
with ethyl acetate (3S30 mL), dried over magnesium sulfate and concen-
trated under reduced pressure and dried under high vacuum. The residue
was treated with THF (5 mL) and MeTi(OiPr)3 (5 mL, 5 mmol, 0.5m) at
0 8C. The reaction was brought up to 25 8C after 30 min and stirred for
another 3 h. Afterwards, the reaction was quenched with aqueous ammo-
nium chloride, extracted with ethyl acetate (3S30 mL) and dried with
magnesium sulfate. After concentration, the compound (0.080 g,
0.31 mmol) was run through a quick silica gel column and subjected to
Dess–Martin periodinane oxidation conditions. The reaction took 1 h to
go to completion at which time it was quenched with sodium thiosulate
and sodium bicarbonate. After extraction with ethyl acetate (3S25 mL)
the organic solution was dried over magnesium sulfate and concentrated
in vacuo. Column chromatography gave 33 (0.060 g, 0.165 mmol) as a
light yellow oil that was subjected to the next step. A solution of ester 33
(0.929 g, 2.64 mmol) in dry CH2Cl2 (90 mL) was cooled to �20 8C and
treated under argon with methanesulfonic acid (1 mL, 6 equiv) added
dropwise via syringe. The temperature of the reaction mixture was al-
lowed to rise to �5 8C where it was stirred for 6 h. During this time the
reaction mixture changed from a light yellow to a dark brown color. At
the end of 6 h, the dry-ice bath was exchanged for an ice-water bath and
allowed to stir for another 6 h. Upon completion of the reaction (TLC
test, the cyclized product is distinctly more polar than the starting materi-
al) the reaction was quenched with a mixture of triethylamine and
sodium bicarbonate and extracted with Et2O. The organic layer was
washed with sodium bicarbonate (3S50 mL), dried over MgSO4 and con-
centrated. The resulting crude solid was purified by chromatography
(silica gel, 30–80% Et2O in hexanes) to afford ketone 34 (0.491 g,
1.76 mmol, 67%) as a light yellow solid. Rf=0.40 (80% Et2O in hex-
anes); [a]25


D = �53.5 (c=0.85, CH2Cl2);
1H NMR (400 MHz, CDCl3): d


= 7.34 (t, J=7.2, 10 Hz, 3H), 7.23 (d, J=6.4 Hz, 2H), 6.33 (d, J=5.6 Hz,
1H), 4.54 (m, 2H), 4.46 (d, J=11.6 Hz, 1H), 4.15 (d, J=4 Hz, 1H), 3.23
(q, J=5.6, 6.0 Hz, 1H), 2.84 (dd, J=19.2, 11.6 Hz, 1H), 2.33 (dd, J=5.2,
18.8 Hz, 1H), 2.27 (s, 3H); 13C NMR (100 MHz, CDCl3): d = 204.8,
173.5, 136.2, 128.5, 128.2, 127.6, 107.4, 85.4, 85.1, 72.2, 44.3, 31.1, 28.4; IR
(film): nmax = 3634, 3528, 2918, 2861, 1780, 1731 cm�1; HRMS: m/z : calcd
for C15H16O5Cs: 409.0049, found: 409.0055 [M+Cs]+ .


Lactone 35 : A suspension of urea/30% hydrogen peroxide (0.447 g,
4.75 mmol) in dry CH2Cl2 (20 mL) was cooled to 0 8C and treated with
trifluoroacetic anhydride (0.336 mL, 2.38 mmol) added dropwise over a
5-min period. The reaction mixture was brought up to 25 8C, allowed to
stir for 30 min and added via cannula to a solution of ketone 34 (0.164 g,
0.594 mmol) in dry CH2Cl2 (5 mL). After stirring at 25 8C for 2 h (com-
pletion by TLC), the reaction was quenched with sodium thiosulfate and
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sodium bicarbonate at 0 8C and stirred for 0.5 h. The organic layer was di-
luted with Et2O and washed with sodium bicarbonate (3S20 mL). The
organic layer was collected, dried over MgSO4, concentrated and purified
(silica gel, 20–60% Et2O in hexanes) to afford compound 35 (0.12 g,
69%) as a white powdery solid. Rf=0.30 (70% Et2O in hexanes); [a]25


D


= ++68.1 (c=0.7, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 7.35 (t, J=


7.2, 9.2 Hz, 3H), 7.30 (d, J=7.6 Hz, 2H), 6.45 (d, J=4.0 Hz, 1H), 6.04
(d, J=6.0 Hz, 1H), 4.63 (d, J=11.6 Hz, 1H), 4.49 (d, J=11.6 Hz, 1H),
3.88 (qr, J=4 Hz, 1H), 3.10 (m, 1H), 2.79 (dd, J=9.2, 18.8 Hz, 1H), 2.48
(dd, J=1.6, 18.8 Hz, 1H), 2.12 (s, 3H); 13C NMR (100 MHz, CDCl3): d =


172.7, 169.2, 136.5, 128.6, 128.4, 127.8, 105.3, 95.1, 81.9, 73.5, 41.7, 33.2,
21.1; IR (film): nmax = 2919, 2854, 1788, 1745, 1374, 1235, 1138 cm�1;
HRMS: m/z : calcd for C15H16O6Na: 315.0845, found: 315.0859 [M+Na]+ .


Lactone 36 : 10% methanesulfonic acid solution (1.0 mL) in acetone at
25 8C was added to a solution of the cyclopropyl ester 31 (0.44 mmol) in
acetone (1 mL). The reaction mixture was stirred overnight, quenched by
triethylamine (0.26 mL) in an ice bath and then stirred for 30 min. The
solution was concentrated in vacuo and purified by column chromatogra-
phy (20 ! 60% Et2O in petroleum ether) to give the g-lactone 36 as a
white powdery solid. [a]25


D = �21.7 (c=1.68, CH2Cl2);
1H NMR


(400 MHz, CDCl3): d = 7.37–7.31 (m, 5H), 6.16 (d, J=5.6 Hz, 1H), 4.63
(d, J=1.6 Hz, 2H), 4.43 (q, J=7.6 Hz, 1H), 4.14 (dd, J=8.8, 6.0 Hz, 1H),
4.02–3.99 (m, 2H), 3.91 (d, J=2.8 Hz, 1H), 3.22–3.19 (m, 1H), 2.84 (dd,
J=18.8, 11.6 Hz, 1H), 2.35 (dd, J=18.8, 5.2 Hz, 1H), 1.42 (s, 3H), 1.38
(s, 3H); 13C NMR (100 MHz, CDCl3): d = 174.4, 137.3, 128.5, 128.0,
127.6, 109.3, 107.2, 83.4, 81.9, 72.1, 67.2, 45.0, 31.4, 26.8, 25.4; HRMS: m/
z : calcd for C18H22O6Na: 357.1314, found 357.1330 [M+Na]+ .


Ketone 37: Benzyl alcohol 36 (200 mg, 0.6 mmol) was dissolved in THF
(10 mL), treated with activated 10% Pd(OH)2 (25 mg) and stirred under
an atmosphere of hydrogen for 24 h. The solution was filtered through a
plug of celite, concentrated on the rotary evaporator and the residue was
applied to silica gel chromatography (60% Et2O in hexanes) to afford of
the corresponding alcohol 37a (120 mg, 82%). Rf=0.3 (50% Et2O in
hexanes); [a]25


D = �20 (c=0.66, CH2Cl2);
1H NMR (500 MHz, CDCl3): d


= 6.20 (d, J=6 Hz, 1H), 4.32 (m, 1H), 4.25 (m, 1H), 4.20 (m, 1H), 3.98
(m, 1H), 3.95 (dd, J=2.8, 8 Hz, 1H), 3.17 (m, J=5.6 Hz, 1H), 2.90 (dd,
J=11.6, 19.2 Hz, 1H), 2.46 (d, J=3.2 Hz, 1H), 2.42 (d, J=5.2 Hz, 1H),
1.42 (s, 3H), 1.36 (s, 3H); 13C NMR (125 MHz, CDCl3): d = 174.4, 109.8,
107.5, 82.2, 76.7, 73.0, 67.7, 47.3, 31.5, 26.9, 25.1; HRMS: m/z : calcd for
C11H16O6Na: 267.0845, found: 267.0865 [M+Na]+ . A solution of alcohol
37a (120 mg, 0.5 mmol) in CH2Cl2 (25 mL) was treated with DMP
(266 mg, 0.6 mmol) at 25 8C for 12 h. The solution was diluted with satu-
rated aqueous sodium thiosulfate (20 mL) and saturated sodium hydro-
gen carbonate (20 mL) and stirred vigorously until the biphasic mixture
was visibly clear. The aqueous phase was extracted with CH2Cl2 (3S
20 mL). The combined organic phases were dried over sodium sulfate
and concentrated on the rotary evaporator. The residue was purified on
silica gel (50% Et2O in hexanes) to yield ketone 37 (107 mg, 93%). Rf=


0.5 (50% Et2O in hexanes); [a]25
D = ++76 (c=0.61, CH2Cl2);


1H NMR
(400 MHz, CDCl3): d = 6.43 (d, J=5.6 Hz, 1H), 4.43 (m 1H), 4.24 (s,
1H), 4.09 (m, 2H), 3.28 (m, 1H), 2.88 (m, 2H), 1.35 (s, 3H), 1.33 (s,
3H); 13C NMR (100 MHz, CDCl3): d = 209.5, 171.9, 110.5, 104.8, 79.2,
75.5, 64.2, 46.7, 31.4, 25.9, 25.2; HRMS: m/z : calcd for C11H16O6Na:
265.0688, found: 265.0691 [M+Na]+ .


Butenolide 39 : Hydroxymethyl butenolide (3.0 g, 26.3 mmol) and ammo-
nium nitrate (6.4 g, 80.0 mmol) were dissolved in DMF (100 mL) under
an atmosphere of argon and cooled to 0 8C. TBDPSCl (7.4 g, 27.0 mmol)
was added and the reaction was stirred 30 min, the ice bath was then re-
moved and the reaction stirred for an additional 12 h. The mixture was
diluted with Et2O (150 mL) and washed with H2O (300 mL). The aque-
ous phase was extracted with Et2O (3S50 mL) and the combined organic
phases were dried over magnesium sulfate and concentrated on the
rotary evaporator. The crude residue was purified on silica gel (20%
Et2O in hexanes) to yield compound 39 (8.8 g, 95%). Rf=0.8 (50% Et2O
in hexanes); [a]25


D = �80.7 (c=3.95, CDCl3);
1H NMR (400 MHz,


CDCl3): d = 7.66–7.64 (m, 4H), 7.46–7.39 (m, 7H), 6.18 (dd, J=6.0,
2.0 Hz, 1H), 5.08 (m, 1H), 3.91–3.89 (m, 2H), 1.05 (s, 9H); 13C NMR


(100 MHz, CDCl3): d = 154.0, 135.5, 135.4, 132.7, 132.4, 129.9, 127.8,
122.6, 83.2, 63.2, 26.6, 19.1.


Lactone 40 : Copper bromide/dimethyl sulfide complex (3.5 g, 10.2 mmol)
was dissolved in THF (20 mL) under an argon atmosphere and cooled to
�78 8C (dry ice/acetone). Vinylmagnesium bromide (11 mL, 11 mmol, 1m
in THF) was added via syringe and the solution was stirred at �78 8C for
15 min. Butenolide 39 (2.9 g, 8.2 mmol) dissolved in THF (20 mL) was
added to the stirring solution via syringe. When the addition was com-
plete the dry ice bath was replaced with an ice water bath and the solu-
tion was stirred for 1 h. The solution was diluted with Et2O (75 mL) and
saturated aqueous ammonium chloride (150 mL). The aqueous phase was
extracted with Et2O (3S75 mL). The combined organic phases were
dried over magnesium sulfate and concentrated on the rotary evaporator.
The residue was purified on silica gel (40% Et2O in hexanes) to afford
(3.5 g, 85%). Rf=0.4 (50% Et2O in hexanes); [a]25


D = ++38.3 (c=2.3,
CH2Cl2);


1H NMR (400 MHz, CDCl3): d = 7.69–7.66 (m, 4H), 7.24–7.37
(m, 6H), 5.76 (m, 1H), 5.14 (s, 1H), 5.09 (d, J=17.6 Hz, 1H), 4.26 (m,
J=3.2 Hz, 1H), 3.93 (dd, J=2.8, 11.6 Hz, 1H), 3.73 (dd, J=3.2, 11.6 Hz,
1H), 3.21 (m, J=7.6 Hz, 1H), 2.83 (dd, J=9.2, 17.6 Hz, 1H), 2.45 (dd,
J=8.4, 17.6 Hz, 1H), 1.07 (s, 9H); 13C NMR (100 MHz, CDCl3): d =


175.9, 136.4, 135.6, 135.5, 132.9, 132.5, 129.9, 127.8, 117.4, 84.5, 63.3, 40.7,
35.0, 26.7, 19.2; HRMS: m/z : calcd for C23H28O3SiNa: 403.1706, found:
403.1729 [M+Na]+ .


Alkene 41: Lactone 40 (2.2 g, 5.8 mmol) was dissolved in CH2Cl2 (75 mL)
and cooled to �78 8C (dry ice/acetone). DIBAL (5.9 mL, 5.9 mmol, 1m in
CH2Cl2), was added dropwise over 5 min, and the solution was stirred for
30 min. Methanol (10 mL) was added and the dry ice bath was removed.
Stirring was continued as the reaction warmed to 25 8C (30 min). Saturat-
ed aqueous ammonium chloride (100 mL) was added and the mixture
was stirred for an additional 30 min then filtered through Celite. The
aqueous phase was extracted with CH2Cl2 (3S75 mL). The combined or-
ganic phases were dried over sodium sulfate. The solvent was removed
on the rotary evaporator and the residue was thoroughly dried under
high vacuum for 12 h to give analytically pure product (2.2 g) which was
carried directly to the next step. The crude lactol was dissolved in metha-
nol (30 mL). In a separate vial four drops of diphenyldichlorosilane was
added to methanol (3 mL). The acidic methanol solution was added to
the lactol solution and the reaction mixture was stirred at 25 8C. The re-
action, judged complete after 30 min (TLC), was quenched with pyridine
(0.5 mL), concentrated on the rotary evaporator, and purified by silica
gel chromatography (15% Et2O in hexanes) to afford the protected
lactol as a mixture of anomers (2.0 g). Rf=0.8 (50% Et2O in hexanes);
1H NMR (400 MHz, CDCl3): d = 7.73–7.71 (m, 8H), 7.42–7.39 (m, 12H),
5.90–5.67 (m, 2H), 5.09–4.95 (m, 6H), 3.91–3.70 (m, 6H), 3.99 (s, 3H),
3.90 (s, 3H), 2.96 (m, 1H), 2.72 (m, J=8.4 Hz, 1H), 2.37 (m, 1H), 2.09
(dd, J=12.4, 16 Hz, 1H), 1.88 (dt, J=4.8, 12 Hz, 1H), 1.76 (dq, J=2.4,
6.8 Hz, 1H), 1.08 (s, 18H); 13C NMR (100 MHz, CDCl3): d = 139.2,
138.2, 135.7, 135.6, 135.5, 134.8, 133.6, 133.5, 130.4, 129.6, 127.9, 127.6,
116.1, 115.5, 105.2, 104.9, 85.1, 83.0, 65.9, 64.3, 54.9, 54.4, 50.9, 44.2, 43.4,
39.8, 26.8, 19.3; HRMS: m/z : calcd for C24H32O3SiNa: 419.2019, found:
419.2039 [M+Na]+ .


Aldehyde 42 : Compound 41 (2.0 g, 5.1 mmol) was dissolved in wet ace-
tone (50 mL) and treated with osmium tetroxide (75 mg, 0.3 mmol), fol-
lowed by NMO (620 mg, 5.3 mmol) and pyridine (0.1 mL). The reaction
was stirred for 12 h at 25 8C. The mixture was concentrated and filtered
through a plug of silica gel (100% Et2O). Et2O was removed on the
rotary evaporator and the residue was dissolved in CH2Cl2 (25 mL) and
treated with lead tetraacetate (2.4 g, 5.2 mmol). The reaction mixture was
stirred for 15 min at 25 8C and quenched with excess ethylene glycol, the
solvent was removed on the rotary evaporator and the residue was ap-
plied to silica gel chromatography (40% Et2O in hexanes) to yield alde-
hyde 42 as a mixture of anomers (1.8 g, 89%). Rf=0.4 (50% Et2O in
hexanes); 1H NMR (400 MHz, CDCl3): d = 9.73 (s, 1H), 9.67 (s, 1H),
7.67–7.63 (m, 8H), 7.44–7.35 (m, 12H), 5.07 (dd, J=3.2, 5.6 Hz, 1H),
5.10 (d, J=4.8 Hz, 1H), 4.44 (q, J=4.4 Hz, 1H), 4.31 (m, 1H), 3.85 (dd,
J=10.4, 5.2 Hz, 1H), 3.77 (d, J=4 Hz, 2H), 3.66 (dd, J=9.6, 7.6 Hz,
1H), 3.29 (s, 3H), 3.25 (m, 1H), 3.23 (s, 3H), 2.95 (m, 1H), 2.26 (m, 3H),
2.85 (dd, J=12.8, 8.0 Hz, 1H), 1.05 (s, 18H); 13C NMR (100 MHz,
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CDCl3): d = 201.8, 200.2, 135.6, 135.5, 129.8, 127.7, 105.2, 105.0, 80.1,
78.2, 66.5, 65.2, 54.7, 53.2, 51.7, 34.2, 33.8, 26.8, 19.2; HRMS: m/z : calcd
for C23H30O4SiNa: 421.1811, found: 421.1835 [M+Na]+ .


Triflate 43 : Ketone 10 (620 mg, 3.4 mmol) was dissolved in anhydrous
THF (30 mL) and cooled to �78 8C (dry ice/acetone) under an argon at-
mosphere. NaHMDS (3.7 mL, 3.7 mmol, 1m in THF) was added by sy-
ringe and the mixture was stirred for 30 min at �78 8C. Tf2NPh (920 mg,
3.7 mmol) dissolved in THF (15 mL) was added to the enolate by syringe.
The reaction was stirred for 15 min at which time the dry ice/acetone
bath was replaced with an ice-water bath. Stirring was continued for 2 h
at 0 8C. The reaction was diluted with Et2O (100 mL) and quenched with
saturated aqueous ammonium chloride. The aqueous phase was extracted
with Et2O (3S75 mL) and the combined organic phases were dried over
magnesium sulfate. The solvent was removed on the rotary evaporator
and the residue was purified on silica gel (5% Et2O in hexanes) to afford
triflate 43 (2.9 g, 85%). [a]25


D = (c=4.85, CH2Cl2);
1H NMR (400 MHz,


C6D6): d = 5.29 (m, 1H), 1.67–1.62 (m, 2H), 1.46–1.43 (m, 1H), 1.37–
1.25 (m, 3H), 1.22–1.13 (m, 1H), 0.83–0.79 (m, 2H), 0.81 (s, 3H), 0.69 (s,
3H), 0.63 (s, 3H); 13C NMR (100 MHz, C6D6): d = 158.9, 114.6, 57.0,
45.4, 41.1, 33.3, 32.6, 32.0, 30.4, 26.7, 21.0, 19.5, 17.0; IR (film): nmax =


2997, 2928, 2863, 1457, 1373, 987, 847, 803, 680 cm�1; HRMS: m/z : calcd
for C13H19F3O3S: 313.1085, found: 313.1004 [M+H]+ .


Enone 44 : Chromium(ii) chloride (640 mg, 5.2 mmol) and nickel(ii) chlo-
ride (3 mg) were dissolved in anhydrous DMF (10 mL) under an argon
atmosphere. The heterogenous solution was sonicated for 15 min and stir-
red for an additional 15 min. Aldehyde 42 (460 mg, 1.2 mmol) dissolved
in DMF (5 mL) was added to the chromium/nickel/DMF mixture and
stirred for 10 min. Vinyl triflate 43 (420 mg, 1.4 mmol) dissolved in DMF
(5 mL) was added to the reaction via syringe and the solution was stirred
for 6 h. The reaction was quenched with Et2O (75 mL). The solution was
filtered through Celite and the celite was washed with additional portions
of Et2O. The combined organic phases were washed with saturated
sodium hydrogen carbonate (100 mL), dried over magnesium sulfate and
concentrated on the rotary evaporator. The residue was dissolved in
CH2Cl2 (50 mL) and treated with DMP (850 mg, 2 mmol), and the mix-
ture was stirred for 4 h. The reaction was quenched with saturated
sodium thiosulfate (75 mL) and saturated sodium hydrogen carbonate
(50 mL) and the mixture was vigorously stirred until visibly clear. The so-
lution was extracted with CH2Cl2 (3S75 mL). The combined organic
phases were dried over sodium sulfate, concentrated on the rotary evapo-
rator and purified on silica gel (20% Et2O in hexanes) to afford the a,b-
unsaturated ketone 44 as a mixture of anomers (355 mg, 52%, two
steps). Rf=0.7 (50% Et2O in hexanes); 1H NMR (400 MHz, CDCl3): d =


7.77–7.64 (m, 8H), 7.42–7.37 (m, 12H), 6.94 (br s, 1H), 6.70 (br s, 1H),
5.06(d, J=7.2 Hz, 1H), 5.03 (d, J=4.8 Hz,1H), 4.49 (m, 1H), 4.42 (q, J=
5.6 Hz, 1H), 3.91(m, 1H), 3.77–3.70 (m, 4H), 3.29–3.25 (m, 4H), 3.28 (s,
3H), 2.35–2.03 (m, 8H), 1.75–0.89 (m, 14H), 1.06 (s, 9H), 1.05 (s, 9H),
0.97 (s, 12H), 0.90 (s, 6H); 13C NMR (100 MHz, CDCl3): d = 197.6,
197.0, 155.0, 145.2, 143.8, 135.6, 135.5, 133.3, 131.3, 129.7, 127.6, 105.2,
104.6, 82.4, 79.4, 65.8, 64.2, 59.0, 54.6, 47.4, 46.9, 41.2, 38.3, 35.3, 33.1,
32.7, 29.9, 26.8, 21.0, 19.9, 19.2, 17.6; IR (film): nmax = 3070, 3049, 2930,
2859, 1665, 1587, 1471, 1428, 1365, 1306, 1261, 1205, 1109, 1049, 741,
703 cm�1; HRMS: m/z : calcd for C35H48O4SiNa: 583.3214, found:
583.3212 [M+Na]+ .


Ketone 45 : 10% palladium on carbon (20 mg) was added to a solution of
ketone 44 (175 mg, 0.31 mmol) in methanol (50 mL). The flask was evac-
uated and filled with hydrogen by means of a balloon. The heterogeneous
solution was stirred at 25 8C under an atmosphere of hydrogen for 16 h.
The solution was filtered through a plug of Celite, concentrated and ap-
plied to silica gel chromatography (5% Et2O in hexanes) to afford com-
pound 45 as mixture of anomers (165 mg, 92%). Rf=0.7 (50% Et2O in
hexanes); 1H NMR (500 MHz, CDCl3): d = 7.70–7.66 (m, 8H), 7.44–7.37
(m, 12H), 5.08–5.05 (m, 1H), 5.03 (d, J=6 Hz, 1H), 4.21–4.17 (m, 1H),
4.10 (q, J=5.2 Hz, 1H), 3.86–3.68 (m, 4H), 3.47–3.39 (m, 1H), 3.36 (s,
3H), 3.31–3.25 (m, 1H), 3.26 (s, 3H), 2.63 (t, J=8.8 Hz, 1H), 2.45 (t, J=
8.7 Hz, 1H), 2.33–0.9 (m, 26H), 1.08 (s, 9H), 1.07 (s, 9H), 0.86 (s, 6H),
0.84 (s, 6H), 0.66 (s, 3H), 0.63 (s, 3H); 13C NMR (125 MHz, CDCl3): d =


211.9, 210.5, 135.6, 135.6, 133.3, 133.2, 129.7, 127.8, 127.8, 127.7, 105.7,


105.2, 84.0, 81.3, 66.8, 65.1, 65.0, 64.7, 58.6, 54.6, 52.7, 52.3, 45.1, 45.0,
41.2, 41.1, 39.9, 36.5, 36.0, 33.4, 33.3, 26.9, 26.8, 22.1, 21.7, 20.8, 20.6, 20.5,
19.8, 19.3, 15.3, 15.1; HRMS: calcd for C35H50O4SiNa: 585.3370, found:
585.3368 [M+Na]+ .


Alkene 46 : A solution of ketone 45 (150 mg, 0.27 mmol) in THF (15 mL)
was cooled to 0 8C and treated with trimethylsilylmethyllithium (0.9 mL,
0.9 mmol, 1m in pentane) for 30 min. The solution was diluted with Et2O
(50 mL) and the organic phase was washed with saturated ammonium
chloride (100 mL). The aqueous phase was back extracted with Et2O (2S
50 mL). The organic phase was dried over magnesium sulfate and con-
centrated on the rotary evaporator. The crude material was thoroughly
dried on the high vacuum and dissolved in THF (25 mL). KH (116 mg,
2.9 mmol) was added and the solution was heated under reflux for
30 min. The solution was diluted with Et2O (50 mL) and washed with
water (100 mL). The aqueous phase was back extracted with Et2O (2S
50 mL). The combined organic layers were dried over magnesium sulfate
and concentrated on the rotary evaporator. The residue was purified on
silica gel (100% hexanes) to give alkene 46 as a mixture of anomers
(110 mg, 72%, two steps). Rf=0.8 (30% Et2O in hexanes); 1H NMR
(400 MHz, CDCl3): d = 7.71–7.65 (m, 8H), 7.42–7.38 (m, 12H), 5.07–
4.96 (m, 3H), 4.89 (s, 1H), 3.95–3.58 58 (m, 8H), 3.42 (s, 3H), 3.31 (s,
3H), 3.13 (q, J=8 Hz, 1H), 2.89–2.80 (m, 1H), 2.29–1.73 (m, 6H), 1.65–
0.77 (m, 22H), 1.08 (s, 9H), 1.07 (s, 9H), 0.86 (s, 6H), 0.84 (s, 9H), 0.61(s,
3H); 13C NMR (100 MHz, CDCl3): d = 148.2, 135.6, 133.7, 129.6, 127.6,
119.8, 112.3, 110.4, 105.2, 88.6, 83.9, 66.9, 65.8, 58.8, 58.5, 57.9, 54.6, 54.4,
45.4, 45.2, 41.5, 40.9, 40.5, 38.3, 38.5, 36.7, 33.3, 33.2, 30.3, 25.3, 24.9, 21.3,
21.1, 20.5, 20.2, 19.3, 19.2, 18.5, 13.9, 12.5; IR (film): nmax = 2930, 2857,
1470, 1363, 1109, 1046, 703 cm�1; HRMS: m/z : calcd for C36H52O3SiNa:
593.3578, found: 593.3568 [M+Na]+ .


Alkene 47: Alkene 46 (425 mg, 1.1 mmol) was dissolved in CH2Cl2
(10 mL) and cooled to 0 8C. Phenyl selenol (235 mg, 1.15 mmol) was
added followed by BF3·Et2O (~0.1 mL) and stirred for 15 min. The reac-
tion was quenched with pyridine (0.2 mL) and diluted with CH2Cl2
(20 mL). The organic phase was washed with saturated sodium hydrogen
carbonate. The aqueous phase was back extracted with CH2Cl2 (2S
20 mL) and the combined organic layers were dried over sodium sulfate.
The solvent was removed on the rotary evaporator and the residue fil-
tered through a short plug of silica gel with hexane to afford the crude
phenyl selenide as a mixture of anomers (530 mg, 90%). The product
was taken directly to the next step without further purification. 47a : Rf=


0.8 (40% Et2O in hexanes); 1H NMR (400 MHz, CDCl3): d = 7.72–7.70
(m, 8H), 7.63–7.60 (m, 12H), 7.42–7.37 (m, 6H), 7.37–7.26 (m, 4H),
5.96–5.91 (m, 2H), 5.15(s, 1H), 5.07 (s, 1H), 4.94 (s, 1H), 4.90 (s, 1H),
4.00–3.66 (m, 6H), 2.79–2.68 (m, 2H), 2.48–2.90 (m, 2H), 2.10–1.99 (m,
4H), 1.69–0.95 (m, 22H), 1.07 (s, 18H), 0.85 (s, 12H), 0.62 (s, 6H).


Phenylselenide 47a (530 mg, 0.77 mmol) was dissolved in CH2Cl2
(10 mL) and cooled to 0 8C. Triethylamine (202 mg, 2 mmol), tert-butyl
peroxide (0.74 mL, 2 mmol, 2.7m in toluene), and titanium isopropoxide
(340 mg, 1.2 mmol) were added successively to the stirring, cooled solu-
tion. The mixture was stirred for 45 min, diluted with CH2Cl2 (50 mL)
and washed with saturated sodium hydrogen carbonate (100 mL). The
aqueous phase was back extracted twice with CH2Cl2 (50 mL). The com-
bined organic layers were dried over magnesium sulfate and concentrated
on the rotary evaporator. The residue was purified on silica gel (100%
hexanes) to yield enol ether 47 (279 mg, 67%). Rf=0.7 (Et2O/hexanes
2:3); [a]25


D = ++19.4 (c=0.1, CH2Cl2);
1H NMR (400 MHz, CDCl3): d =


7.71–7.68 (m, 4H), 7.42–7.39 (m, 6H), 6.37 (dd, J=2.8, 2.0 Hz, 1H), 5.07
(s, 1H), 4.91 (s, 1H), 4.81 (d, J=2.8 Hz, 1H), 4.22 (dd, J=11.2, 5.2 Hz,
1H), 3.76 (m, 1H), 3.66 (m, 1H), 3.26 (m, 1H), 1.91 (dd, J=10.8, 8.0 Hz,
1H), 1.71–0.97 (m, 15H), 1.07 (s, 9H), 0.85 (s, 6H), 0.64 (s, 3H);
13C NMR (100 MHz, CDCl3): d = 151.4 145.4, 135.6, 133.4, 131.5, 129.7,
129.6, 129.2, 127.7, 111.7, 103.0, 88.8, 66.2, 58.5, 57.2, 50.7, 43.2, 41.4, 39.7,
33.2, 28.8, 25.6, 20.5, 20.0, 19.3, 14.0; IR (film): nmax = 3070, 2928, 2855,
1616, 1471, 1427, 1111, 702 cm�1; HRMS: m/z : calcd for C36H52O3SiNa:
551.3321, found: 551.3379 [M+Na]+ .


Lactone 49 : Butenolide 39 (5.0 g, 14.2 mmol) was dissolved in CH2Cl2
(50 mL) in a high pressure tube, aluminum chloride (0.62 g, 4.6 mmol)
and excess butadiene (20 mL) were added and the tube was sealed and
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heated to 60 8C for 6 d. The reaction was cooled to �78 8C (dry ice/ace-
tone) prior to opening the tube and the solution was filtered through a
short plug of Celite. The solvent was removed on the rotary evaporator
and the residue was purified by silica gel chromatography (25% Et2O in
hexanes) to give compound 49 (4.9 g, 85%). Rf=0.7 (50% Et2O in hex-
anes); [a]25


D = ++19.4 (c=3.40, CH2Cl2);
1H NMR (400 MHz, CDCl3): d


= 7.66–7.64 (m, 4H), 7.41–7.39 (m, 6H), 5.84–5.76 (m, 2H), 4.14 (q, J=
4.0 Hz, 1H), 3.85 (dd, J=11.6, 4.0 Hz, 1H), 3.74 (dd, J=11.2, 3.6 Hz,
1H), 3.00 (td, J=8.8, 4.4 Hz, 1H), 2.72–2.65 (m, 1H), 2.43–2.21 (m, 3H),
1.93–1.86 (m, 1H), 1.04 (s, 9H); 13C NMR (100 MHz, CDCl3): d = 179.5,
135.6, 135.5, 132.8, 129.9, 127.8, 126.4, 125.6, 84.8, 64.2, 37.4, 34.0, 26.7,
25.5, 22.5, 19.1; IR (film): nmax = 3070, 3043, 2932, 2857, 1775, 1112,
704 cm�1; HRMS: m/z : calcd for C25H30O3SiNa: 429.1862, found:
429.1891 [M+Na]+ .


Lactol 50 : A solution of lactone 49 (12.9 g, 31.6 mmol) in CH2Cl2
(150 mL) was treated at �78 8C with DIBAL-H (33 mL, 33 mmol, 1m in
toluene), added dropwise over a period of 5 min. After 30 min, the reac-
tion was quenched with methanol (10 mL) and the solution was brought
to ambient temperature over a 45 minute period. Saturated ammonium
chloride (100 mL) was added and the solution was filtered through celite.
The solvent was removed in vacuo to yield analytically pure lactol (4.1 g)
which was carried to the next step directly. 49a : [a]25


D = �16.9 (c=1.93,
CH2Cl2);


1H NMR (500 MHz, CDCl3): d = 7.71–7.69 (m, 4H), 7.46–7.39
(m, 6H), 5.73–5.70 (m, 1H), 5.61–5.59 (m, 1H), 5.08 (d, J=5.5 Hz, 1H),
3.86–3.81 (m, 2H), 3.64–3.61 (m, 1H), 3.02 (d, J=6.0 Hz, 1H), 2.73 (q,
J=7.5 Hz, 1H), 2.30–2.16 (m, 3H), 1.84–1.80 (m, 2H), 1.09 (s, 9H);
13C NMR (125 MHz, CDCl3): d = 135.7, 135.6, 133.0, 132.9, 129.8, 127.8,
125.2, 123.9, 103.0, 83.4, 64.5, 41.6, 32.1, 26.9, 23.3, 22.8, 19.2; HRMS: m/
z : calcd for C25H32O3SiNa: 431.2019, found: 431.2030 [M+Na]+ .


The crude lactol (~31.60 mmol) was dissolved in acetone and water 9:1
(150 mL). Osmium tetroxide (2.5 wt% in tert-butanol, 3.9 g, 0.38 mmol)
and N-methyl morpholine oxide (4.22 g, 36 mmol) were added and the
mixture was stirred for 10 h at 25 8C. The reaction mixture was quenched
with saturated aqueous sodium thiosulfate (100 mL) and stirred for
30 min. The mixture was extracted with Et2O (3S75 mL). The solution
was dried over sodium sulfate and concentrated to give the crude triol
which was carried forward to the next step without purification. Triol
49b : Rf=0.2 (Et2O); [a]25


D = ++2.86 (c=1.43, CH2Cl2);
1H NMR


(400 MHz, CDCl3): d = 7.70–7.66 (m, 4H), 7.44–7.37 (m, 6H), 5.04 (d,
J=3.6 Hz, 1H), 3.96–3.91 (m, 2H), 3.81 (dd, J=11.2, 3.6 Hz, 1H), 3.67–
3.59 (m, 2H), 3.31 (d, J=4.8 Hz, 1H), 2.71–2.66 (m, 1H), 2.49–2.21 (m,
3H), 2.03–1.85 (m, 2H), 1.55–1.50 (m, 1H), 1.39–1.32 (m, 1H), 1.09 (s,
9H); 13C NMR (100 MHz, CDCl3): d = 135.5, 132.6, 129.8, 129.7, 127.7,
102.3, 81.7, 68.7, 67.9, 65.0, 40.7, 35.0, 30.0, 27.0, 26.9, 26.3, 19.3; HRMS:
m/z : calcd for C25H34O5SiNa: 465.2073, found: 465.2091 [M+Na]+ .


The crude triol (~31.6 mmol) was dissolved in CH2Cl2 (250 mL) and
treated with lead tetraacetate (14.2 g, 32 mmol). The reaction was stirred
for 15 min then quenched with excess ethylene glycol. The reaction was
concentrated on the rotary evaporator and thoroughly dried. The residue
was purified on silica gel (50% Et2O in hexanes) to afford compound 50
as mixture of anomers (8.9 g, 64%, four steps). Rf=0.4 (50% Et2O in
hexanes); 1H NMR (400 MHz, CDCl3): d = 9.71 (s, 1H), 9.69 (s, 1H),
7.67–7.63 (m, 8H), 7.44–7.35 (m, 12H), 5.89 (d, J=5.2 Hz, 1H), 5.87 (d,
J=5.2 Hz, 1H), 5.65 (t, J=2.8 Hz, 1H), 5.49 (dd, J=5.2, 2.4 Hz, 1H),
4.09 (dt, J=10.0, 4.0 Hz, 1H), 3.85–3.72 (m, 3H), 3.43 (s, 1H), 3.40–3.36
(m, 1H), 3.27 (s, 1H), 3.21–3.17 (m, 1H), 2.82–2.74 (m, 2H), 2.67–2.49
(m, 3H), 2.44–2.36 (m, 1H), 2.01–1.94 (m, 1H), 1.81–1.69 (m, 3H), 1.30–
1.19 (m, 2H), 1.08 (s, 9H), 1.07 (s, 9H); 13C NMR (100 MHz, CDCl3): d
= 200.5, 199.5, 135.5, 135.4, 133.1, 133.0, 132.9, 129.7, 129.6, 127.6, 127.5,
110.2, 108.1, 99.2, 97.9, 81.2, 64.2, 63.8, 44.3, 43.9, 43.0, 41.7, 36.8, 36.5,
33.7, 32.5, 31.6, 27.0, 26.9, 19.4; HRMS: m/z : calcd for C25H32O5SiNa:
463.1917, found: 463.1929 [M+Na]+ .


Aldehyde 51: Anhydrous methanol (0.98 mL, 24 mmol), followed by of
Amberlyst 15 ion-exchange resin (0.50 g) was added to a solution of alde-
hyde 50 (8.88 g, 20.2 mmol) in anhydrous Et2O (100 mL) containing acti-
vated 3 Q molecular sieves (1.50 g) and the solution was stirred for 10 h.
The reaction mixture was filtered through Celite and concentrated on the
rotary evaporator. The residue was purified on silica gel (15% Et2O in


hexanes) to afford a-isomer (51a ; 3.5 g, 38.5%) and b-isomer (51b ; 3.5 g,
38.5%).


Compound 51a : Rf=0.67 (50% Et2O in hexanes); [a]25
D = ++61.7 (c=


3.14, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 9.70 (s, 1H), 7.72–7.68


(m, 4H), 7.43–7.37 (m, 6H), 5.91 (d, J=5.6 Hz, 1H), 4.93 (d, J=5.2 Hz,
1H), 3.92–3.77 (m, 3H), 3.32 (s, 3H), 3.17–3.10 (m, 1H), 2.74 (dd, J=
17.6, 10.4 Hz, 1H), 2.63–2.51 (m, 2H), 1.99–1.92 (m, 1H), 1.72 (dd, J=
14.4, 1.2 Hz, 1H), 1.11 (s, 9H); 13C NMR (100 MHz, CDCl3): d = 200.3,
135.3, 133.0, 129.4, 127.4, 109.9, 103.9, 81.0, 64.4, 54.2, 43.7, 42.9, 36.5,
33.2, 26.8, 19.2; HRMS: m/z : calcd for C26H34O5SiNa: 477.2073, found:
477.2049 [M+Na]+ .


Compound 51b : Rf=0.62 (50% Et2O in hexanes); [a]25
D = �13.4 (c=


2.51, CH2Cl2);
1H NMR (500 MHz, CDCl3): d = 9.71 (s, 1H), 7.68–7.64


(m, 4H), 7.44–7.37 (m, 6H), 5.79 (d, J=5.0 Hz, 1H), 5.13 (d, J=4.0 Hz,
1H), 3.85–3.82 (m, 1H), 3.77–3.69 (m, 2H), 3.33 (s, 3H), 3.31–3.26 (m,
1H), 2.76–2.71 (m, 1H), 2.53 (dd, J=17.5, 4.5 Hz, 1H), 2.41 (dd, J=17.5,
10.0 Hz, 1H), 1.83–1.72 (m, 2H), 1.06 (s, 9H); 13C NMR (125 MHz,
CDCl3): d = 199.8, 135.6, 135.5, 133.1, 133.0, 129.8, 129.7, 127.7, 108.0,
105.5, 81.1, 63.7, 54.8, 44.0, 41.6, 36.8, 31.6, 26.8, 19.2; HRMS: m/z : calcd
for C26H34O5SiNa: 477.2073, found: 477.2061 [M+Na]+ .


Alcohol 52a : A solution of aldehyde 51a (3.51 g, 7.72 mmol) in methanol
(50 mL) was treated with sodium borohydride (0.70 g, 18.13 mmol). The
solution was stirred for 20 min then carefully quenched with a few drops
of acetic acid/methanol 1+:10, diluted with CH2Cl2 (100 mL) and washed
with saturated aqueous NaHCO3 (100 mL). The aqueous phase was ex-
tracted with CH2Cl2 (2S100 mL), dried over magnesium sulfate, concen-
trated, and applied to silica gel chromatography (40% Et2O in hexanes)
to yield the corresponding alcohol (3.5 g, ~100%). [a]25


D = ++64.0 (c=
2.17, CH2Cl2);


1H NMR (500 MHz, CDCl3): d = 7.71–7.69 (m, 4H),
7.44–7.37 (m, 6H), 5.86 (d, J=5.0 Hz, 1H), 5.00 (d, J=4.5 Hz, 1H), 3.95–
3.88 (m, 2H), 3.74 (dd, J=11.0, 4.0 Hz, 1H), 3.65–3.60 (m, 1H), 3.58–
3.53 (m, 1H), 3.33 (s, 3H), 2.94–2.88 (m, 1H), 2.31–2.24 (m, 1H), 2.05–
1.94 (m, 2H), 1.70–1.56 (m, 3H), 1.07 (s, 9H); 13C NMR (125 MHz,
CDCl3): d = 135.7, 135.6, 133.6, 133.4, 129.6, 127.6, 109.7, 104.9, 81.9,
64.3, 61.5, 54.6, 44.4, 38.4, 32.5, 30.5, 26.8, 19.3; HRMS: m/z : calcd for
C26H36O5SiNa: 479.2230, found: 479.2235 [M+Na]+ .


Alcohol 52b was prepared similarly to compound 52a starting from alde-
hyde 51b. [a]25


D = �19.9 (c=0.78, CH2Cl2);
1H NMR (500 MHz, CDCl3):


d = 7.70–7.67 (m, 4H), 7.43–7.37 (m, 6H), 5.77 (d, J=5.0 Hz, 1H), 5.14
(br s, 1H), 3.89 (dd, J=11.5, 3.0 Hz, 1H), 3.78–3.59 (m, 4H), 3.34 (s, 3H),
3.13–3.07 (m, 1H), 2.43–2.41 (m, 1H), 1.88 (d, J=9.0 Hz, 2H), 1.65–1.48
(m, 3H), 1.06 (s, 9H); 13C NMR (125 MHz, CDCl3): d = 135.7, 135.6,
133.4, 133.2, 129.7, 127.7, 127.6, 108.0, 105.7, 82.0, 63.8, 61.6, 54.8, 44.2,
39.0, 31.6, 29.8, 26.8, 19.3; HRMS: m/z : calcd for C26H36O5SiNa:
479.2230, found: 479.2239 [M+Na]+ .


Iodide 53 : Imidazole (1.64 g, 23.9 mmol), triphenyl phosphine (3.14 g,
11.9 mmol) and iodine (3.02 g, 11.9 mmol) were added to a solution of al-
cohol 52a (5 g, 11 mmol) in THF (100 mL) and the mixture was stirred
for 30 min. The reaction was quenched with saturated sodium thiosulfate
and extracted with Et2O (3S100 mL). The combined organic phases were
dried over magnesium sulfate, concentrated and purified on silica gel to
afford iodide 53a (3.02 g, over two steps, 74%). [a]25


D = ++77.3 (c=3.68,
CH2Cl2);


1H NMR (400 MHz, CDCl3): d = 7.70–7.66 (m, 4H), 7.40–7.37
(m, 6H), 5.86 (d, J=5.6 Hz, 1H), 4.98 (d, J=5.2 Hz, 1H), 3.90 (dt, J=
10.4, 3.6 Hz, 1H), 3.81 (dd, J=11.6, 3.2 Hz, 1H), 3.70 (dd, J=11.2,
4.0 Hz, 1H), 3.30 (s, 3H), 3.18–3.12 (m, 1H), 2.99 (q, J=8.0 Hz, 1H),
2.94–2.87 (m, 1H), 2.32–2.24 (m, 1H), 2.06–1.84 (m, 4H), 1.06 (s, 9H);
13C NMR (100 MHz, CDCl3): d = 135.7, 135.6, 133.5, 133.4, 129.7, 129.6,
127.7 (2), 109.7, 104.7, 81.3, 64.3, 54.6, 43.4, 43.3, 32.4, 31.6, 26.9, 19.3, 3.7;
IR (film): nmax = 3070, 2956, 2929, 2857, 1111, 1092, 997, 703 cm�1;
HRMS: m/z : calcd for C26H35O4ISi: 567.1427, found: 567.1429 [M+H]+ .


Iodide 53b (1.55 g, over two steps from 7, 70%) was prepared similarly
to compound 53a starting from alcohol 52b. [a]25


D = ++2.14 (c=2.70,
CH2Cl2);


1H NMR (400 MHz, CDCl3): d = 7.71–7.68 (m, 4H), 7.44–7.37
(m, 6H), 5.79 (d, J=5.2 Hz, 1H), 5.15 (d, J=4.0 Hz, 1H), 3.85 (dd, J=
11.2, 3.6 Hz, 1H), 3.78 (dt, J=9.6, 3.2 Hz, 1H), 3.70 (dd, J=10.8, 3.2 Hz,
1H), 3.35 (s, 3H), 3.26–3.20 (m, 1H), 3.17–3.11 (m, 1H), 3.09–3.02 (m,
1H), 2.53–2.45 (m, 1H), 2.04–1.95 (m, 1H), 1.93–1.83 (m, 2H), 1.82–1.70
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(m, 1H), 1.07 (s, 9H); 13C NMR (100 MHz, CDCl3): d = 135.5, 135.4,
133.2, 133.0, 129.6, 129.5, 127.6, 127.5, 107.9, 105.6, 81.3, 63.7, 54.8, 43.6,
43.3, 31.2, 31.1, 27.0, 19.4, 3.3; IR (film): nmax = 3067, 2952, 2927, 2851,
1109, 1089, 992, 701 cm�1; HRMS: m/z : calcd for C26H35O4ISi: 567.1427,
found: 567.1439 [M+H]+ .


Phenyl selenide 54a : Sodium borohydride (0.33 g, 8.6 mmol) was added
to diphenyl selenide (0.89 g, 2.8 mmol) in ethanol (50 mL) under an
argon atmosphere. The mixture was stirred for 20 min at room tempera-
ture. Iodide 53a (3.00 g, 5.30 mmol) in ethanol (50 mL) was added to the
above mixture and the reaction was stirred at 25 8C for 45 min. The solu-
tion was diluted with Et2O (100 mL) and washed with saturated aqueous
ammonium chloride (100 mL). The aqueous phase was extracted with
Et2O (3S75 mL). The combined organic layers were dried over magnesi-
um sulfate, concentrated and purified on silica gel to afford the corre-
sponding selenide (2.88 g, 91%). [a]25


D = ++78.1 (c=4.54, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 7.67 (m, 4H), 7.37–7.36 (m, 8H), 7.22–
7.20 (m, 3H), 5.84 (d, J=5.6 Hz, 1H), 4.97 (d, J=4.8 Hz, 1H), 3.87 (dt,
J=10.0, 3.6 Hz, 1H), 3.80 (dd, J=11.2, 2.8 Hz, 1H), 3.67 (dd, J=11.2,
4.0 Hz, 1H), 3.29 (s, 3H), 2.91–2.82 (m, 1H), 2.78–2.71 (m, 1H), 2.34–
2.26 (m, 1H), 1.98 (dd, J=11.2, 5.6 Hz, 1H), 1.95 (dd, J=10.4, 5.6 Hz,
1H), 1.84 (dd, J=14.0, 2.0, 1H), 1.76 (q, J=7.6 Hz, 2H), 1.05 (s, 9H);
13C NMR (100 MHz, CDCl3): d = 135.7, 135.6, 133.6, 133.5, 132.7, 129.6
(2), 129.0, 127.6 (2), 126.9, 109.7, 104.8, 81.8, 64.3, 54.5, 43.8, 42.1, 32.3,
27.9, 26.8, 26.1, 19.3; IR (film): nmax = 3070, 2955, 2929, 2857, 1111, 1091,
996, 703 cm�1.


Isomeric selenide 54b (3.02 g, 95%) was prepared accordingly, starting
from 53b. [a]25


D = ++6.92 (c=4.32, CH2Cl2);
1H NMR (400 MHz, CDCl3):


d = 7.69–7.64 (m, 4H), 7.48–7.35 (m, 8H), 7.24–7.22 (m, 3H), 5.76 (d,
J=5.2 Hz, 1H), 5.11 (dd, J=4.0, 1.6 Hz, 1H), 3.82 (dd, J=10.8, 2.8 Hz,
1H), 3.71–3.63 (m, 2H), 3.34 (s, 3H), 3.12–3.04 (m, 1H), 2.97–2.90 (m,
1H), 2.82–2.75 (m, 1H), 2.51–2.43 (m, 1H), 1.82–1.73 (m, 3H), 1.65–1.56
(m, 1H), 1.04 (s, 9H); 13C NMR (125 MHz, CDCl3): d = 135.6, 135.5,
133.3, 133.1, 132.7, 129.7, 129.6, 129.0, 127.6, 126.9, 108.0, 107.9, 105.6,
81.7, 63.5, 54.7, 43.5, 42.3, 31.0, 27.4, 26.7, 25.9, 19.2; IR (film): nmax =


3073, 2954, 2927, 2856, 1113, 1090, 997, 703 cm�1.


Alkene 55 : Compound 54a (2.88 g, 4.83 mmol) was dissolved in THF/
H2O/MeOH 1:1:2 (150 mL). Sodium periodate (5.24 g, 24.3 mmol) was
added in three portions over a 15 min period. The solution was allowed
to stir until the starting material was consumed (30 min as judged by
TLC), the reaction was diluted with CH2Cl2 (100 mL) and the sodium pe-
riodate quenched with saturated aqueous sodium thiosulfate (100 mL).
The aqueous phase was extracted with CH2Cl2 (2S75 mL). The combined
organic layers were dried over magnesium sulfate, filtered, and concen-
trated on the rotary evaporator to yield alkene product 55a (1.7 g, 82%)
and recovered starting material (0.35 g, 9%) after purification on silica
gel (20% Et2O in hexanes). [a]25


D = ++59.4 (c=1.1, CH2Cl2);
1H NMR


(400 MHz, CDCl3): d = 7.69–7.68 (m, 4H), 7.38–7.35 (m, 6H), 5.91 (d,
J=5.2 Hz, 1H), 5.81–5.72 (m, 1H), 5.09–5.01 (m, 2H), 4.99 (d, J=5.6 Hz,
1H), 4.10–4.06 (m, 1H), 3.85 (dd, J=11.2, 2.0 Hz, 1H), 3.67 (dd, J=11.6,
4.4 Hz, 1H), 3.33 (s, 3H), 2.97–2.90 (m, 1H), 2.86 (q, J=9.2 Hz, 1H),
2.05 (dd, J=14.0, 2.0 Hz, 1H), 1.99–1.92 (m, 1H), 1.05 (s, 9H); 13C NMR
(100 MHz, CDCl3): d = 135.7, 135.6, 133.7, 133.6, 129.5, 127.6, 118.1,
110.1, 104.8, 81.5, 63.6, 54.5, 46.5, 46.0, 33.2, 26.8, 19.3; IR (film): nmax =


3071, 2957, 2930, 2858, 1111, 1093, 997, 704 cm�1.


The above procedure was used for the conversion of selenide 54b to
alkene 55b (1.85 g, 83%). [a]25


D = �11.5 (c=1.93, CH2Cl2);
1H NMR


(400 MHz, CDCl3): d = 7.74–7.69 (m, 4H), 7.43–7.37 (m, 6H), 5.85 (d,
J=4.8 Hz, 1H), 5.73–5.64 (m, 1H), 5.18–5.11 (m, 3H), 3.98 (dt, J=6.4,
2.8 Hz, 1H), 3.91 (dd, J=11.2, 2.4 Hz, 1H), 3.70 (dd, J=11.2, 3.6 Hz,
1H), 3.38 (s, 3H), 3.19–3.11 (m, 1H), 3.05 (dd, J=18.0, 8.0 Hz, 1H),
2.03–1.96 (m, 1H), 1.94–1.88 (m, 1H), 1.09 (s, 9H); 13C NMR (100 MHz,
CDCl3): d = 135.5, 135.4, 133.7, 133.4, 133.1, 129.4, 127.5, 127.4, 118.5,
108.1, 105.6, 81.1, 63.1, 54.8, 46.3, 45.7, 32.4, 26.8, 19.4.


Aldehyde 56 : Osmium tetroxide (0.51 g, 0.050 mmol), NMO (0.63 g,
5.2 mmol), and catalytic amount of pyridine (three drops) were added to
a solution of alkene 55a (1.90 g, 4.33 mmol) in acetone/water 10:1
(110 mL). The reaction mixture was stirred for 10 h at room temperature
and then quenched with saturated aqueous sodium thiosulfate (125 mL).


The aqueous phase was extracted with Et2O (3S100 mL). The combined
organic layers were dried over magnesium sulfate and concentrated on
the rotary evaporator to afford the ~2 g of the crude diol which was
dried under high vacuum. A solution of the crude diol in CH2Cl2
(100 mL) was cooled to 0 8C and treated with lead(iv) tetraacetate
(2.63 g, 5.64 mmol). The solution was stirred for 30 min at 0 8C, quenched
with excess ethylene glycol and the organic phase was washed twice with
water (100 mL). The aqueous phase was back extracted with CH2Cl2 (2S
100 mL) and the combined organic phases were dried over magnesium
sulfate and concentrated on the rotary evaporator. The residue was puri-
fied by silica gel chromatography (50% Et2O in hexanes) to yield alde-
hyde 56a (1.8 g, 92%). [a]25


D = ++62.9 (c=1.33, CH2Cl2);
1H NMR


(400 MHz, CDCl3): d = 9.77 (d, J=2.4 Hz, 1H), 7.67–7.63 (m, 4H),
7.40–7.38 (m, 6H), 5.93 (d, J=5.2 Hz, 1H), 5.01 (dd, J=4.8, 0.8 Hz, 1H),
4.64–4.60 (m, 1H), 3.88–3.79 (m, 2H), 3.34 (s, 3H), 3.24–3.17 (m, 1H),
3.07–3.01 (m, 1H), 2.14–2.01 (m, 2H), 1.04 (s, 9H); 13C NMR (100 MHz,
CDCl3): d = 201.8, 135.6, 135.5, 133.2, 129.7, 127.7, 110.4, 104.7, 78.5,
64.6, 54.6, 54.5, 43.2, 33.7, 26.8, 19.2; IR (film): nmax = 301, 2931, 2858,
1721, 1112, 998, 704 cm�1; HRMS: m/z : calcd for C25H32O5Si: 441.2097,
found: 441.2071 [M+H]+ .


The above procedure was used for the conversion of alkene 55b to alde-
hyde 56b (1.75 g, 94%); [a]25


D = �28.7 (c=4.18, CH2Cl2);
1H NMR


(500 MHz, CDCl3): d = 9.78 (s, 1H), 7.69–7.66 (m, 4H), 7.45–7.38 (m,
6H), 5.86 (d, J=5.0 Hz, 1H), 5.18 (d, J=5.0 Hz, 1H), 4.47–4.44 (m, 1H),
3.91 (dd, J=11.0, 4.0 Hz, 1H), 3.82 (dd, J=11.0, 3.0 Hz, 1H), 3.42–3.35
(m, 2H), 3.35 (s, 3H), 2.04 (ddd, J=13.5, 9.0 Hz, 1H), 1.91–1.86 (m, 1H),
1.06 (s, 9H); 13C NMR (125 MHz, CDCl3): d = 199.2, 135.5, 135.4, 133.0,
132.8, 129.7, 127.7, 127.6, 108.3, 105.9, 77.8, 63.6, 55.2, 54.8, 42.4, 32.9,
26.7, 19.1; HRMS: m/z : calcd for C25H32O5Si: 441.2097, found: 441.2081
[M+H]+ .


Alcohol 57: Vinyl iodide 25 (200 mg, 0.69 mmol) was dissolved in anhy-
drous THF (15 mL), cooled to �78 8C (dry ice/acetone) under an argon
atmosphere and treated with tert-butyllithium (0.82 mL, 1.4 mmol, 1.7m
in pentane) and the solution was stirred at �78 8C for 30 min. The anion
was brought to 0 8C for ~1 min and then returned to the �78 8C bath and
stirred for an additional 10 min. Aldehyde 56a (200 mg, 0.45 mmol) in
anhydrous THF (3 mL) was added dropwise to the vinyl lithium solution
and the reaction was stirred at �78 8C for 30 min. The reaction was
quenched by diluting with Et2O (25 mL) followed by saturated ammoni-
um chloride (100 mL). The aqueous phase was extracted with Et2O (3S
35 mL), the combined organic layers were dried over sodium sulfate, and
concentrated on the rotary evaporator. The residue was purified by silica
gel chromatography (40% Et2O in hexanes) to afford pure allylic alcohol
57a (221 mg, 54%). Rf=0.55 (50% Et2O in hexanes); [a]25


D = ++45.5
(c=3.50, CH2Cl2);


1H NMR (400 MHz, CDCl3): d = 7.69 (m, 4H), 7.41–
7.38 (m, 6H), 5.85 (d, J=5.6 Hz, 1H), 5.70 (s, 1H), 5.00 (d, J=4.0 Hz,
1H), 4.32–4.29 (m, 2H), 3.94 (dd, J=11.2, 3.6 Hz, 1H), 3.78 (dd, J=10.8,
2.8 Hz, 1H), 3.37 (s, 3H), 2.94–2.89 (m, 1H), 2.69–2.63 (m, 1H), 2.05–
1.98 (m, 4H), 1.75–1.26 (m, 7H), 1.07 (s, 9H), 1.02 (s, 3H), 0.97 (s, 3H),
0.86 (s, 3H); 13C NMR (100 MHz, CDCl3): d = 155.7, 135.7, 135.6, 133.4,
133.2, 129.7, 127.7, 127.6, 125.5, 109.6, 104.5, 80.7, 66.7, 65.8, 60.2, 47.1,
46.2, 44.8, 41.4, 35.2, 33.7, 33.2, 32.8, 28.6, 26.9, 21.4, 19.9, 19.2, 18.2; IR
(film): nmax = 3437, 3070, 3049, 2930, 2857, 1112, 999, 703 cm�1; HRMS:
m/z : calcd for C37H52O5SiNa: 627.3482, found: 627.3491 [M+Na]+ .


The above procedure was used for the conversion of aldehyde 56b to al-
cohol 57b (201 mg, 51%). [a]25


D = �13.7 (c=0.85, CH2Cl2);
1H NMR


(400 MHz, CDCl3): d = 7.69–7.67 (m, 4H), 7.44–7.36 (m, 6H), 5.79 (br s,
1H), 5.71 (d, J=4.0 Hz, 1H), 5.13 (d, J=4.0 Hz, 1H), 4.13–4.06 (m, 2H),
3.93–3.87 (m, 2H), 3.34 (s, 3H), 3.01–2.97 (m, 1H), 2.73 (q, J=6.8 Hz,
1H), 2.43 (d, J=4.4 Hz, 1H), 2.07 (dd, J=8.4, 1.6 Hz, 2H), 1.98–1.92 (m,
1H), 1.76 (dd, J=12.0, 9.5 Hz, 3H), 1.62–1.56 (m, 1H), 1.48–1.42 (m,
1H), 1.26–1.20 (m, 2H), 1.10–1.03 (m, 1H), 1.07 (s, 9H), 1.06 (s, 3H),
0.97 (s, 3H), 0.88 (s, 3H); 13C NMR (100 MHz, CDCl3): d = 155.7, 135.7,
135.6, 133.0, 132.8, 129.8 (2), 127.8, 127.7, 126.7, 107.6, 105.9, 81.8, 67.1,
65.4, 60.2, 54.9, 47.9, 47.2, 45.1, 41.4, 35.2, 33.2, 32.8, 31.9, 28.8, 26.9, 21.4,
19.9, 19.2, 18.5; HRMS: m/z : calcd for C37H52O5SiNa: 627.3482, found:
627.3499 [M+Na]+ .
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Enone 58 : DMP reagent (1.8 g, 4.4 mmol) was added to a solution of al-
lylic alcohol 57a (200 mg, 0.33 mmol) in CH2Cl2 (5 mL) and the reaction
was stirred for 1 h. Saturated aqueous sodium thiosulfate (15 mL) and
NaHCO3 (5 mL) were added and the mixture was stirred until the organ-
ic layer was clear (45 min). The aqueous layer was extracted with CH2Cl2
(3S50 mL), dried over sodium sulfate, and concentrated on the rotary
evaporator. The residue was purified on silica gel (30% Et2O in hexanes)
to yield enone 58a (196 mg, 99%). Rf=0.6 (50% Et2O in hexanes); [a]25


D


= ++58.3 (c=0.30, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 7.68–7.60


(m, 4H), 7.40–7.34 (m, 6H), 6.72 (m, 1H), 5.90 (d, J=5.6 Hz, 1H), 5.02
(dd, J=5.6, 1.2 Hz, 1H), 4.73 (dt, J=10.0, 2.4 Hz, 1H), 3.95 (dd, J=12.0,
2.4 Hz, 1H), 3.88 (t, J=9.6 Hz, 1H), 3.71 (dd, J=11.6, 3.2 Hz, 1H), 3.35
(s, 3H), 3.16–3.09 (m, 1H), 2.31–2.15 (m, 3H), 2.07–1.99 (m, 1H), 1.79–
1.45 (m, 6H), 1.11 (m, 1H), 1.04 (s, 3H), 1.03 (s, 9H), 0.98 (s, 3H), 0.91
(s, 3H); 13C NMR (100 MHz, CDCl3): d = 195.7, 155.7, 143.6, 135.6,
135.5, 133.6, 133.4, 131.9, 129.5, 127.6, 109.3, 105.5, 78.3, 63.2, 59.2, 50.4,
47.1, 46.0, 41.2, 35.1, 33.8, 33.1, 32.7, 30.0, 26.8, 21.1, 19.8, 19.4, 17.7;
HRMS: m/z : calcd for C37H50O5Si: 603.3505, found: 603.3520 [M+H]+ .


The above procedure was used for the conversion of alcohol 57b to
enone 58b. [a]25


D = �38.1 (c=0.40, CH2Cl2);
1H NMR (400 MHz,


CDCl3): d = 7.67–7.61 (m, 4H), 7.43–7.32 (m, 6H), 6.77 (dd, J=3.6,
2.0 Hz, 1H), 5.84 (d, J=5.2 Hz, 1H), 5.13 (dd, J=4.0, 0.8 Hz, 1H), 4.48
(dt, J=9.6, 2.8 Hz, 1H), 3.96–3.88 (m, 2H), 3.73–3.69 (m, 1H), 3.34 (s,
3H), 3.30–3.24 (m, 1H), 2.27–2.19 (m, 3H), 1.77–1.43 (m, 6H), 1.26–1.04
(m, 2H), 1.03 (s, 12H), 0.97 (s, 3H), 0.90 (s, 3H); 13C NMR (100 MHz,
CDCl3): d = 195.5, 155.2, 144.1, 135.5, 135.3, 133.3, 133.0, 129.5, 127.5,
107.9, 105.6, 79.1, 78.6, 63.1, 59.2, 55.0, 50.3, 45.4, 41.3, 35.1, 33.2, 32.8 (2),
30.1, 26.9, 21.2, 19.9, 19.4, 17.9; HRMS: m/z : calcd for C37H50O5Si:
603.3505, found: 603.3511 [M+H]+ .


Ketone 59 : Enone 58a (192 mg, 0.32 mmol) in methanol (25 mL) was
treated with 10% activated palladium on carbon (30 mg) and stirred for
16 h under an atmosphere of hydrogen. The solution was filtered through
Celite, concentrated and applied to silica gel chromatography to afford
59a (15 mg, 6%) and anomer 59b (144 mg, 75%).


Treatment of enone 58b under identical reaction conditions led to isola-
tion of 59b as the sole product isolated in 83% yield. 59a : Rf=0.6 (50%
Et2O in hexanes); [a]25


D = ++78.9 (c=1.09, CH2Cl2);
1H NMR (400 MHz,


CDCl3): d = 7.68–7.63 (m, 4H), 7.41–7.36 (m, 6H), 5.87 (d, J=5.2 Hz,
1H), 5.06 (dd, J=4.8, 2.4 Hz, 1H), 4.56 (dt, J=10.0, 2.4 Hz, 1H), 3.90
(dd, J=11.6, 2.4 Hz, 1H), 3.65 (dd, J=11.6, 3.2 Hz, 1H), 3.52 (dd, J=
10.0, 8.4 Hz, 1H), 3.36 (s, 3H), 3.21–3.14 (m, 1H), 2.34 (t, J=9.6 Hz,
1H), 2.06–1.97 (m, 3H), 1.68–1.12 (m, 10H), 1.05 (s, 9H), 0.86 (s, 3H),
0.85 (s, 3H), 0.75 (s, 3H). 59b : Rf=0.6 (50% Et2O in hexanes); [a]25


D =


+18.3 (c=0.63, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 7.66–7.61 (m,


4H), 7.39–7.36 (m, 6H), 5.8 (d, J=5.5 Hz, 1H), 5.15 (d, J=4.5 Hz, 1H),
4.33–4.29 (m, 1H), 3.90–3.84 (m, 2H), 3.73 (dd, J=12.5, 3.0 Hz, 1H),
3.34 (s, 3H), 2.66–2.60 (m, 1H), 2.22–2.16 (m, 1H), 1.86 (dd, J=12.0,
7.0 Hz, 1H), 1.78–1.04 (m, 12H), 1.04 (s, 9H), 0.89 (s, 3H), 0.87 (s, 3H),
0.73 (s, 3H); HRMS: m/z : calcd for C37H52O5SiNa: 627.3482, found:
627.3491 [M+Na]+ .


Alkene 60 : Ketone 59b (125 mg, 0.21 mmol) in DME/THF 3:1 (5 mL)
was cooled to 0 8C and treated with methyl lithium (1 mL, 1.6 mmol,
1.6m in Et2O). The reaction was stirred for 30 min at 0 8C then diluted
with Et2O (15 mL), quenched with saturated ammonium chloride solu-
tion and extracted with Et2O (3S15 mL). The solvent was removed on
the rotary evaporator and purified by silica gel chromatography (hex-
anes/Et2O 7:3) to give the corresponding alcohol (98 mg, 75%). 60a :
Rf=0.5 (50% Et2O in hexanes); [a]25


D = �14.1 (c=1.0, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 7.72–7.66 (m, 4H), 7.42–7.37 (m, 6H),
5.74 (d, J=4.4 Hz, 1H), 5.18 (d, J=5.2 Hz, 1H), 4.34 (d, J=8.8 Hz, 1H),
4.00 (d, J=10.4 Hz, 1H), 3.67 (dd, J=11.2, 2.0 Hz, 1H), 3.40 (s, 3H),
3.06–3.03 (m, 1H), 2.77 (dd, J=8.4, 6.4 Hz, 1H), 2.69–2.62 (m, 1H),
2.04–1.99 (m, 2H), 1.85 (t, J=10.0 Hz, 1H), 1.74–1.07 (m, 10H), 1.24 (s,
3H), 1.07 (s, 9H), 1.02 (s, 3H), 0.90 (s, 3H), 0.89 (s, 3H); 13C NMR
(100 MHz, CDCl3): d = 135.5, 135.4, 133.4, 133.0, 129.5 (2), 127.6, 127.5,
107.3, 107.2, 78.3, 65.9, 58.9, 57.9, 55.1, 48.8, 44.7, 44.5, 42.0, 41.2, 33.9,
33.1, 32.8, 26.9, 25.2, 23.7, 21.0, 20.9, 19.9, 19.4, 16.3; IR (film): nmax =


3464 cm�1; HRMS: m/z : calcd for C38H56O5SiNa: 643.3795, found:
643.3771 [M+Na]+ .


To a solution of the above alcohol (90 mg, 0.14 mmol) in CH2Cl2 (5 mL)
at 25 8C was added pyridine (0.3 mL, 2.8 mmol), followed by thionyl chlo-
ride (0.5 mL, 1 mmol, 2m in CH2Cl2). The reaction was stirred for 30 min
then diluted with CH2Cl2 (10 mL), washed with water, extracted with
CH2Cl2 (3S15 mL), dried over sodium sulfate and concentrated on the
rotary evaporator. The residue was purified on silica gel (hexanes/Et2O
95:5) to afford alkene 60 (70 mg, 85%). Rf=0.8 (50% Et2O in hexanes);
[a]25


D = ++10.25 (c=0.625, CH2Cl2);
1H NMR (400 MHz, CDCl3): d =


7.69 (m, 4H), 7.38–7.36 (m, 6H), 5.82 (d, J=4.0 Hz, 1H), 5.11 (d, J=
4.0 Hz, 1H), 4.98 (s, 1H), 4.73 (s, 1H), 4.04 (d, J=8.4 Hz, 1H), 3.89 (d,
J=9.6 Hz, 1H), 3.67 (dd, J=9.6, 2.8 Hz, 1H), 3.37 (s, 3H), 3.12–3.10 (m,
1H), 2.88 (dd, J=8.8, 6.4 Hz, 1H), 2.03–1.95 (m, 2H), 1.73–0.80 (m,
12H), 1.06 (s, 9H), 0.83 (s, 6H), 0.64 (s, 3H); 13C NMR (100 MHz,
CDCl3): d = 144.4, 135.6, 135.5, 133.5, 133.2, 129.4, 127.4, 113.9, 108.0,
105.4, 81.2, 63.0, 59.5, 58.3, 54.9, 47.2, 44.4, 44.1, 41.7, 39.0, 33.2, 33.1,
26.9, 24.9, 20.6, 19.9, 19.4, 14.1; IR (film): nmax = 3071, 3049, 2929, 2859,
1460, 1428, 1107 cm�1; HRMS: m/z : calcd for C38H54O4SiNa: 625.3683,
found 625.3667 [M+Na]+ .


Alcohol 61: A solution of silyl ether 60 (70 mg, 0.12 mmol) in THF
(5 mL) was treated with TBAF (0.2 mL, 0.2 mmol, 1m THF) and stirred
at 25 8C for 12 h. The solution was concentrated and applied to silica gel
chromatography (Et2O/hexanes 4:1) to afford alcohol 61 (43 mg, 99%).
Rf=0.2 (50% Et2O in hexanes); [a]25


D = ++6.25 (c=1.00, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 5.78 (d, J=5.2 Hz, 1H), 5.11 (d, J=
4.8 Hz, 1H), 5.05 (s, 1H), 4.84 (s, 1H), 4.10–4.05 (m, 1H), 3.87 (dd, J=
12.0, 2.0 Hz, 1H), 3.55 (dd, J=12.4, 4.0 Hz, 1H), 3.36 (s, 3H), 3.18–3.09
(m, 1H), 2.77 (dd, J=10.8, 8.0 Hz, 1H), 2.08–0.81 (m, 14H), 0.85 (s, 6H),
0.69 (s, 3H); 13C NMR (100 MHz, CDCl3): d = 144.2, 114.1, 107.8, 105.5,
80.2, 61.7, 59.3, 58.1, 55.0, 46.7, 44.7, 44.4, 41.7, 38.9, 33.3 (2), 32.9, 24.5,
20.7, 20.6, 19.8, 14.0; IR (film): nmax = 3462, 1025, 998 cm�1; HRMS: m/
z : calcd for C22H36O4Na: 387.3581, found 387.3599 [M+Na]+ .


Aldehyde 62 : Alcohol 61 (32 mg, 0.09 mmol) in acetonitrile (5 mL) was
treated with IBX (76 mg, 0.27 mmol) and stirred at reflux for 1 h. The re-
action was cooled to 0 8C and the solids were removed by filtration and
the filter cake was washed with Et2O (3S10 mL). The solvent was re-
moved on the rotary evaporator and the residue was dried under high
vacuum for 2 h to yield crude aldehyde 62 (30 mg, 91%) which was
found to be unstable on silica gel and therefore carried forward without
purification. 1H NMR (400 MHz, CDCl3): d = 9.55 (dd, J=3.2, 1.6 Hz,
1H), 5.88 (d, J=7.2 Hz, 1H), 5.13–5.08 (m, 3H), 4.38 (dd, J=14.8,
3.2 Hz, 1H), 3.35 (s, 3H), 3.24–3.18 (m, 1H), 2.88 (dd, J=14.8, 10.4 Hz,
1H), 2.06–1.94 (m, 3H), 1.76–0.91 (m, 11H), 0.83 (s, 6H), 0.62 (s, 3H).


Ketone 63 : Crude aldehyde 62 (30 mg, 0.88 mmol) in anhydrous THF
(5 mL) was cooled to 0 8C and treated with methyl magnesium bromide
(0.2 mL, 0.28 mmol, 1.4m, THF/toluene) for 1 h. The reaction was diluted
with Et2O (5 mL) and saturated aqueous ammonium chloride (15 mL),
extracted with Et2O (3S10 mL), dried over magnesium sulfate and con-
centrated on the rotary evaporator. The crude mixture of diastereomers
was oxidized with DMP (424 mg, 1 mmol) in CH2Cl2 at 25 8C for 4 h. The
reaction was diluted with saturated sodium thiosulfate (10 mL) and
NaHCO3 (10 mL) and the heterogenous mixture was vigorously stirred
until the solution was visibly clear. The aqueous layer was extracted with
CH2Cl2 (3S10 mL), dried over sodium sulfate and concentrated on
rotary evaporator. The residue was purified by silica chromatography to
afford the corresponding ketone (14 mg; 43% overall isolated, three
steps). Rf=0.3 (50% Et2O in hexanes); [a]25


D = �4.51 (c=0.52, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 5.89 (d, J=5.2 Hz, 1H), 5.14 (s, 1H),
5.12 (d, J=4.8 Hz, 1H), 5.06 (s, 1H), 4.40 (d, J=10.4 Hz, 1H), 3.37 (s,
3H), 3.22–3.14 (m, 1H), 2.84 (dd, J=10.4, 8.0 Hz, 1H), 2.21 (s, 3H),
2.06–2.01 (m, 2H), 1.75–0.85 (m, 12H), 0.85 (s, 6H), 0.64 (s, 3H);
13C NMR (100 MHz, CDCl3): d = 206.0, 142.7, 115.5, 108.4, 105.6, 84.0,
59.3, 58.1, 55.1, 50.4, 44.9, 44.4, 41.6, 38.9, 33.3 (2), 33.0, 26.5, 24.6, 20.7,
20.6, 19.8, 13.9; IR (film): nmax = 2923, 1720, 1005 cm�1; HRMS: m/z :
calcd for C23H36O4: 377.2691, found 377.2670 [M+H]+ .


Lactone 64 : A solution of ketone 63 (6 mg, 0.016 mmol) in acetone
(0.2 mL) was treated with a solution of chromic acid (15 mg, 0.15 mmol)
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in acetic acid (1.5 mL) with water (0.5 mL), and stirred for 6 h at room
temperature. The solution was diluted with CH2Cl2 (5 mL) and washed
with water (10 mL) followed by aqueous sodium hydrogen carbonate
(10 mL). The organic solvent was dried over sodium sulfate and concen-
trated on the rotary evaporator. The residue was purified on silica gel to
yield the corresponding lactone (4.5 mg, 80%). Rf=0.6 (hexanes/Et2O/
CH2Cl2 1:1:0.02); [a]25


D = ++22.4 (c=0.16, CH2Cl2);
1H NMR (400 MHz,


CDCl3): d = 6.22 (d, J=5.6 Hz, 1H), 5.31 (s, 1H), 5.04 (s, 1H), 4.46 (d,
J=10.8 Hz, 1H), 3.32–3.25 (m, 1H), 2.93 (t, J=10.4 Hz, 1H), 2.74 (dd,
J=18.8, 4.0 Hz, 1H), 2.56 (dd, J=19.2, 10.8 Hz, 1H), 2.25 (s, 3H), 2.08
(t, J=9.2 Hz, 1H), 1.72–1.02 (m, 11H), 0.86 (s, 6H), 0.65 (s, 3H);
13C NMR (100 MHz, CDCl3): d = 204.1, 174.2, 142.9, 117.4, 107.3, 85.2,
59.6, 58.1, 49.6, 44.5, 42.2, 41.5, 38.9, 33.3, 33.2, 30.5, 27.0, 24.7, 20.7, 20.6,
19.8, 14.2; IR (film): nmax = 2924, 1788, 1721, 992 cm�1; HRMS: m/z :
calcd for C22H32O4: 361.2378, found 361.2391 [M+H]+ .


(+)-Norrisolide (1): Solid NaHCO3 (84 mg, 0.5 mmol) was added at 0 8C
to a solution of lactone 64 (4.5 mg, 0.012 mmol) in CH2Cl2 (3 mL) and
the heterogeneous mixture was stirred for 5 min. mCPBA (3.5 mg,
0.020 mmol) dissolved in CH2Cl2 (1 mL) was added to the reaction flask
and the mixture was stirred at 0 8C for 45 min. The reaction was
quenched by the addition of saturated aqueous sodium thiosulfate
(10 mL) and stirred for an additional 30 min. The mixture was diluted
with saturated aqueous NaHCO3 and extracted with CH2Cl2 (3S5 mL).
The combined organic phases were dried over sodium sulfate and the sol-
vent removed on the rotary evaporator. The compound was purified on
silica gel to yield norrisolde as a white solid (1.5 mg). Rf=0.6 (hexanes/
Et2O 3:7); [a]25


D = ++3.5 (c=0.13, CH2Cl2);
1H NMR (400 MHz, C6D6): d


= 6.63 (dd, J=4.0, 1.6 Hz, 1H), 5.66 (dd, J=6.4, 1.6 Hz, 1H), 4.90 (s,
1H), 4.77 (s, 1H), 2.70 (dd, J=8.8, 3.6 Hz, 1H), 2.40–2.33 (m, 1H), 2.15
(dd, J=18.0, 4.0 Hz, 1H), 1.76 (dd, J=18.4, 10.8 Hz, 1H), 1.58 (s, 3H),
1.45–0.60 (m, 12H), 0.85 (s, 3H), 0.79 (s, 3H), 046 (s, 3H); 13C NMR
(100 MHz, C6D6): d = 173.5, 168.5, 143.4, 116.9, 107.1, 101.8, 58.7, 57.7,
50.0, 45.0, 41.7, 40.5, 38.6, 33.4, 33.3, 30.5, 24.2, 21.2, 20.7, 20.4, 19.9, 14.1;
HRMS: m/z : calcd for C22H32O5: 316.2038, found 316.2051 [M�AcOH]+ .
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Synthesis and Luminescence Properties of Ag2S and PbS Clusters in
Zeolite A


Claudia Leiggener and Gion Calzaferri*[a]


Introduction


Zeolites can act as protecting hosts for supramolecular or-
ganization of different kinds of atoms, ions, and molecules,
which leads to host–guest materials with a large variety of
challenging properties.[1] A common way to obtain zeolite
guest systems is by means of a “ship-in-a-bottle” synthesis.[2]


This name is due to artistic bottles containing a ship that is
larger than the bottle neck. In chemistry it means the in situ
synthesis of compounds occluded in a host material. This is
done by inserting sufficiently small molecules and ions into
the cavities of the host and allowing further reaction until
the product is too large to leave the cavities. Transition-
metal sulfides have been synthesized in different zeolite
framework types. The zeolite prevents the small particles
from growing or aggregating into large clusters or bulk ma-
terials. Small transition-metal sulfide particles show signifi-
cantly changed optical properties due to the quantum-size
effect.[3,4] Some of them have been discussed for catalytic
applications.[5,6] The cavities of zeolite A provide an appro-
priate environment to host silver ions and small silver sul-
fide clusters. In previous publications we reported the syn-


thesis and some properties of these host–guest materials.[7]


We found that the smallest silver sulfide species that can be
stabilized in the a-cages of zeolite A are the Ag2S monomer
and the Ag4S2 dimer. Both species show photoluminescence
in the visible region, Ag2S at 490 nm and Ag4S2 at 610 nm.[8]


Luminescence properties strongly depend on temperature,
while the luminescence of Ag4S2 shows stronger thermal
quenching than the luminescence of Ag2S. This results in a
reversible color change of the total luminescence with tem-
perature, and is illustrated in Figure 1 for crystals containing
Ca2+ as co-cations. A single zeolite A crystal containing
Ag2S and Ag4S2 can therefore be regarded as a tiny lumines-
cent thermometer.
The optical properties depend, to a certain extent, on the


charge-compensating cations (co-cations) of the zeolite. In
the presence of K+ as co-cations a new phenomenon ap-
pears that is known as luminescence thermochromism. We
observed that zeolite A samples containing K+ and silver
sulfide show, at room temperature, a bright deep-red photo-
luminescence with maximum emission at 730 nm, which is
replaced by the luminescence of Ag2S and Ag4S2 at low tem-
perature.[9] These results suggest a specific interaction be-
tween K+ and silver sulfide. The K+ ion can also be added
after the silver sulfide synthesis and the detection of the red
luminescence is then a proof of the presence of potassium
ions. In this paper we will discuss the influence of different
co-cations. It will be shown that they influence the coordina-
tion sites of silver ions and also the luminescence properties
of the final silver sulfide clusters. In samples containing


Abstract: Zeolite A provides a suitable
environment to host Ag2S and PbS
clusters, so that spectroscopic investiga-
tions on very small particles are possi-
ble. The Ag2S monomer is colorless
and shows photoluminescence at
490 nm with a lifetime of 300 ms, while
the absorption and luminescence of
Ag4S2 and larger clusters are red-shift-
ed. The properties of these Ag2S/zeoli-


te A materials depend on the co-cati-
ons. Results for Li+ , Na+ , K+ , Rb+ ,
Cs+ , Mg2+ , Ca2+ , and Sr2+ are report-
ed. Excitation energy transfer between


Ag2S and Ag4S2 has been studied in
materials containing Ca2+ co-cations.
PbS particles can be prepared by the
same method as Ag2S in the cavities of
zeolite A. The PbS monomers obtained
are yellow and show photolumines-
cence at 570 nm, with a lifetime of
700 ns.
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Ag2S and Ag4S2 energy transfer
from excited Ag2S to Ag4S2
occurs; this process will be ex-
emplified for Ca2+-exchanged
zeolite A.
Lead sulfide clusters are well


studied objects. PbS monomers
have been stabilized in argon
matrices, so that they could be
investigated spectroscopical-
ly.[10] The lowest energy absorp-
tion band lies in the visible
region at about 450 nm, while the luminescence is expected
to be around 584 nm.[11] PbS clusters were obtained by load-
ing zeolite Y with lead sulfide. This leads to yellow materi-
als.[12] The color change of Pb2+-exchanged zeolite Y from
colorless to yellow upon exposure to H2S, was attributed to
the formation of PbS monomers. Larger PbS clusters have
been synthesized by using different kinds of stabilizing
agents, such as thiols,[13] reverse micelles,[14] trimethylsilane
(TMS) sol–gel films,[16] and polymers.[17] The PbS clusters de-
scribed in references. [13–16] all show photoluminescence in
the near IR, and the emission wavelength can be tuned to
the particle size, which lies in the nanometer range. We
found that the same ship-in-a-bottle synthesis that has been
successful for obtaining well-defined silver sulfide clusters in
zeolite A also leads to well-defined PbS/zeolite A materials,
and that these materials show photoluminescence in the visi-
ble region.


Results and Discussion


Ag+ exchange in zeolite A : Ag+-exchanged zeolite A is the
starting material for the silver sulfide cluster synthesis. The
synthesis procedure is based on the knowledge that Ag+-ex-
changed zeolite A can be reversibly dehydrated (activated)
at room temperature.[19] Under ambient conditions the cat-
ions are coordinated to water molecules that are also pres-


ent inside the zeolite cages. The
framework of zeolite A consists
of alternating SiO4 and AlO4


tetrahedra. The tetrahedra are
connected over the oxygen
atoms in the corners, resulting
in a larger building unit called a
b-cage (or sodalite cage), which
is illustrated in Figure 2. The
oxygen bridges are represented
as black lines and the dots
stand for Si and Al atoms.
Eight b-cages are linked togeth-
er over the 4-rings giving rise to
a larger cavity called an a-cage.
The diameter of the a-cage is


11.4 L, while the largest window (8-ring, see Figure 2C) has
a diameter of 4.1 L. In dehydrated zeolites the cations have
three different possibilities for coordination to the oxygen
atoms of the framework. Either they coordinate to a 4-ring
(18 sites/a-cage), or to a 6-ring (eight sites/a-cage), or to
an 8-ring (three sites/a-cage). In the case of the 4-ring one
can distinguish between two possible positions, position S4S
in the b- and position S4L in the a-cage. For small cations
like Na+ and Ca2+ the preferred position is S6 in the 6-ring.
In one pseudo unit cell eight Na+ ions are located at
S6, three Na+ ions at S8, and one Na+ ion at S4L. In
Ca6[(SiO2)12(AlO2)12] all six Ca2+ ions are coordinated to
S6.[20]


Silver ions can be inserted into zeolite A by means of ion
exchange. The silver loading (x) is adjusted by choosing dif-
ferent Ag+ concentrations in solution. The loading denotes
the number of silver ions per a-cage and has values between
0 and 12. For samples with different silver loadings the fol-
lowing abbreviation is used AgxMyA, in which A stands for
the framework of zeolite A, M for the co-cations, y=12�x
for monovalent co-cations, and y=6�0.5x for divalent co-
cations. All these samples are colorless in their fully hydrat-
ed form and their absorption spectra are similar to Ag+ in
water. In dehydrated silver zeolite A, however, Ag+ is
forced to coordinate to zeolite oxygen, because no other co-
ordination options are present. This coordination leads to a
change of the absorption properties of the material. In some


Figure 1. Top: photographic pictures of luminescent zeolite A hosting Ag2S and Ag4S2, directly after cooling
with liquid nitrogen (a), at increasing temperature (b–e), and at room temperature (f). Bottom: Temperature-
dependent luminescence spectra of Ag2S and Ag4S2 in zeolite A. A) Ag2S, B) Ag4S2, and C) Ag2S and Ag4S2.


Figure 2. A scheme of the building units of zeolite A (A–C) and an SEM image of typical zeolite A crystals
(D). C shows the framework of zeolite A with its crystallographically identified cation positions.
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cases a reversible color change from colorless to yellow
upon dehydration is observed. The yellow color is due to
Ag+ coordinated to the 4-ring site, while 6-ring and 8-ring
coordinated Ag+ gives rise to transitions in the UV
region.[19,21,22]


We studied the reversible color change as a function of
the co-cations and of the silver loading. The results are sum-
marized in Table 1. In the case of Na+ co-cations the sam-


ples turn yellow at a very low silver loading (x<0.2), in
every other case a silver loading x>1 is necessary. For Li+


and K+ co-cations a color change starts at x=4. These re-
sults show that in zeolite NaA the Na+ ions that occupy the
4-ring positions are exchanged easier for Ag+ than the Na+


ions that occupy the 8- and 6-ring positions, while in other
cation forms the exchange does not start with the 4-ring ion.
These findings are consistent with results obtained from the
evaluation of the ion-exchange data of Ag+/Na+ and Ag+/
K+ exchange isotherms of zeolite A.[22] In Rb10Na2A and
Cs6Na6A, three Rb+ and Cs+ ions prefer to coordinate to
the 8-ring sites due to their size and the others are expected
to be at the 6-ring sites.[23] Upon exchange with silver we
know that it is not the cation in the 4-ring position that is
first exchanged, but rather the cations in the 6- and 8-ring
positions.


Silver sulfide clusters in zeolite A : Detailed studies on silver
sulfide clusters in zeolite CaA showed that at low-to-
medium silver loading (x=0.01–2) the formation of Ag2S
and Ag4S2 is favored, while at higher silver loading (Ag2S)n
clusters with n=3 or 4 are probably present. At a silver
loading of 0.01 the samples contain only Ag2S monomers
(Figure 1A), while at a silver loading of 2 mainly Ag4S2 (Fig-
ure 1B) monomers exist. In between these limits the samples
contain both species and the ratio of Ag2S/Ag4S2 decreases
with increasing silver loading. The rise of the luminescence
band of Ag4S2 appears simultaneously with a decrease of the
relative luminescence of Ag2S. The relative luminescence in-
tensities of Ag2S and Ag4S2 in Ag2S-CaA-x, as a function of
the silver loading, are plotted in Figure 3. The relative lumi-
nescence intensities were calculated by using Equation (1)
and (2), in which I490 is the luminescence intensity at 490 nm
(Ag2S), and I610 is the luminescence intensity at 610 nm
(Ag4S2).


IðAg2SÞ ¼
I490


I490 þ I610
ð1Þ


IðAg4S2Þ ¼
I610


I490 þ I610
ð2Þ


Influence of the co-cations : The co-cations influence the
nearest environment of the silver sulfide clusters inside the
zeolite cages. Depending on the co-cations, the amount of
water, the availability of coordination sites, and the pore
size (opening of the 8-ring) of the zeolite differ. In a series
of experiments silver sulfide clusters were synthesized in dif-
ferent cation forms of zeolite A. The cations were alkali and
alkaline-earth cations, namely Li+ , Na+ , K+ , Rb+ , Cs+ ,
Mg2+ , Ca2+ , and Sr2+ , which can be introduced by means of
ion exchange before the silver sulfide cluster synthesis. It
was expected that, within the defined silver loading range of
0.1–2, Ag2S and Ag4S2 particles could be synthesized similar
to those observed in CaA. In general, samples with a low
silver loading are colorless and become more and more col-
ored with increasing silver loading. They usually show an in-
tense photoluminescence at low temperature, which is in
some cases also intense at room temperature. Exceptions
are Ag2S-RbNaA and Ag2S-CsNaA samples, which show no
or only very weak photoluminescence. Figure 4 illustrates
the temperature-dependent luminescence spectra of samples
with similar silver loading (0.5–1) and different co-cations.
One can roughly distinguish between three types of spectra.
Type 1: spectra of samples containing divalent cations (A, B,
and C) consisting of two emission bands. Considering the
excitation spectra these two bands can be assigned to Ag2S
and Ag4S2. Type 2: spectra of samples containing Li+ and
Na+ (D and E) consisting of three emission bands. The
most significant difference of type 2 spectra compared to
spectra of type 1 is the additional band at 540 nm. From
phenomenological reasoning one can assume that it is due
to Ag2S monomers at a less-favorable site in the zeolite, and
that it only appears if there are no other sites available. An
example for such a less-favorable site is a position near the
4-ring. In the following text, the two different Ag2S species
are named Ag2S(480) and Ag2S(540), relating to their emis-
sion wavelength. The luminescence lifetimes of Ag2S(480)
and Ag2S(540) in Ag2S-LiA-1 are similar at �160 8C (see


Table 1. AgxMyA; Mn+ are the co-cations and xyellow is the silver loading
at which the samples turn yellow upon dehydration.


Mn+ Ca2+ Na+ K+ Li+ Rb+/Na+ [a] Cs+/Na+ [b]


xyellow 10[19] <1[19] >3 >3 >1 >1


[a] Rb10Na2A. [b] Cs6Na6A.


Figure 3. A plot of the relative luminescence intensities of Ag2S and
Ag4S2 in zeolite CaA as a function of the silver loading (x).
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Table 2). The luminescence decay has to be fitted to a three-
exponential function in both cases. It would be interesting
to investigate the role of Ag2S(540) in energy-transfer pro-
cesses between Ag2S and Ag4S2. Type 3: spectra of samples


containing K+ show an additional emission band at elevated
temperature, not observed in samples with other co-cations.
All Ag2S-KA-x samples (0.1�x�2) reveal a luminescence
band at 730 nm, which is strongest at room temperature and
becomes weaker with decreasing temperature until it disap-
pears completely. The disappearance of this luminescence
occurs simultaneously with a rise of the luminescence bands
of Ag2S and Ag4S2. This phenomenon is reversible and is
known as luminescence thermochromism.[9]


Although the reasons for these three types of spectra are
not obvious, it is nevertheless interesting that the lumines-
cence of the samples can be changed by exchanging the cat-
ions. It is also possible to exchange the co-cations after the
silver sulfide synthesis if the silver sulfide content is not too
high.[9] So, one may wonder if these materials could be used
for detecting specific cations. In general, one could also try
to exchange the co-cations with any other cations. A strong
effect is observed when Ag2S-CaA-x is suspended in an
aqueous solution containing silver ions. A yellow sample
(e.g., Ag2S-CaA-1) turns orange within seconds. This indi-
cates a very fast exchange of cations from the inside of the


zeolite (Ca2+ and H+) with
Ag+ ions from solution and a
strong electronic interaction be-
tween Ag+ and silver sulfide.
The color change is shown in
the spectra in Figure 5. The dif-
ference spectrum demonstrates
that there are new transitions at
480 nm and in the UV region,
due to the additional Ag+ ions.
These transitions are not ob-
served in pure Ag+-CaA and
can therefore be assigned to
Ag+(Ag2S)n clusters.


Energy transfer between Ag2S
and Ag4S2 : The luminescence
lifetimes of silver sulfide clus-
ters in zeolite A all lie in the
microsecond timescale. They
were studied as a function of
the silver loading and of tem-
perature. The longest lumines-
cence lifetime in Ag2S-CaA-x


are observed in isolated Ag2S molecules, with a lifetime of
about 300 ms. The luminescence decay of Ag2S can be fitted
to a single-exponential function. However, as soon as Ag4S2
clusters are present in the same zeolite crystal the decay is
no longer single exponential. It can then be fitted to a bi-ex-
ponential function, and the average luminescence lifetime
was found to decrease with an increasing amount of Ag4S2.
The data from a series of measurements of samples contain-
ing different ratios of Ag2S and Ag4S2 are summarized in
Table 1 of reference [8]. The explanation given there is that
energy transfer from excited Ag2S to Ag4S2 occurs. Actually,
we have a similar situation as described by Fçrster[24] in
which the donor and the acceptor molecules are treated to
be at fixed positions. In our case the donors are Ag2S and
the acceptors are Ag4S2 and are spatially separated from
each other by the zeolite framework, as illustrated in
Figure 6. The rate constant for energy transfer kEnT strongly
depends on the distance between the donor and acceptor,
and can be expressed by Equation (3), in which tD* is the lu-
minescence lifetime of the donor without acceptor, R0 is the
Fçrster radius, and Ri is the distance between the donor and
acceptor.


kEnTðiÞ ¼
1
tD


�
R0


Ri


�6


ð3Þ


With increasing donor–acceptor distance the probability
of radiative relaxation of the donor increases. In the situa-
tion shown in Figure 6 the probability of the excitation
energy of Ag2S being transferred to the nearest Ag4S2 (dis-
tance R1) is therefore much higher than to the diagonal
lying Ag4S2 (distance R2).


Figure 4. Luminescence spectra of Ag2S-MA-x at different temperatures (�190, �150, �100, �90, and 0 8C,
showing the decreasing intensity of bands (A–E), respectively, and of the short-wavelength band (F) at 20 8C
upon excitation at 320 nm are shown. A: Ag2S-MgA-1, B: Ag2S-CaA-0.75, C: Ag2S-SrA-1, D: Ag2S-LiA-1,
E: Ag2S-NaA-0.5, and F: Ag2S-KA-1.


Table 2. Luminescence lifetimes tn in ms and the corresponding ampli-
tudes (an) of Ag2S-LiA-1 at �160 8C after excitation at 320 nm. hti is the
average luminescence lifetime in ms.


lem [nm] t1 (a1) t2 (a2) t3 (a3) hti
480 406 (0.032) 129 (0.150) 6 (0.818) 208
540 506 (0.030) 135 (0.181) 6 (0.789) 247
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The luminescence decay of the donor can then be de-
scribed by a stretched exponential function, because the
donors and acceptors are randomly distributed in the host.
This is shown in Equation (4), in which 1D* is the lumines-
cence intensity of the donor as a function of time and g is a
parameter, which is expected to be proportional to the con-
centration of acceptors.[24]


h1D*ðtÞi ¼ exp
�
� t
tD*


�
	 exp


�
�2g


ffiffiffiffiffiffiffiffi
t


tD*


r �
ð4Þ


We studied a series of samples with different silver load-
ing and thus different amounts of Ag2S and Ag4S2. As an ex-
ample the time-resolved luminescence spectra of Ag2S-CaA-
0.5 are shown in Figure 7. The luminescence decay of Ag2S
at 490 nm was fitted to Equation (4). The values of g and t,
as a function of the silver loading, are listed in Table 3.


The value of g increases with increasing silver loading.
This corresponds to what we expected, because with increas-
ing silver loading the concentration of acceptors (Ag4S2) in-
creases, and hence g is expected to become larger. Another
factor which may favor energy transfer at higher silver load-
ings is the decreasing average distance between the donor
and acceptor, due to an increasing total concentration of
silver sulfide clusters with increasing silver loading.


Lead sulfide clusters in zeolite A: Zeolites NaA and CaA
were loaded with one Pb2+ ion per a-cage. After the Pb2+


exchange and dehydration in high vacuum, the zeolite sam-
ples were still colorless. As an example, the absorption spec-
trum of Pb2+-zeolite A is shown in Figure 8. Upon exposure
to H2S gas the color changes to yellow. This is consistent
with what has been observed for zeolites L and Y. Moller


Figure 5. Diffuse reflectance spectrum of a) Ag2S-CaA-1 and b) Ag+/
Ag2S-CaA-1. c) Difference spectrum of Ag2S-CaA-1 and Ag+/Ag2S-
CaA-1.


Figure 6. Scheme of Ag2S and Ag4S2 in the a-cages of a zeolite A crystal.
An excited Ag2S can transfer its excitation energy to a neighboring
Ag4S2.


Figure 7. Time-resolved luminescence spectra of Ag2S-CaA-0.5 at
�150 8C. The first six spectra after the excitation pulse are shown. Excita-
tion was performed at 320 nm and the time window for detection (gate)
was 100 ms.


Table 3. Values of g and t for the luminescence decay of Ag2S in Ag2S-
CaA-x as a function of the silver loading (x). The values are mean values
from three independent measurements.


x[Ag+/a-cage] g t [ms]


0.1 0.064 277
0.5 0.125 211
0.75 0.126 253
1.0 0.203 169
1.25 0.227 197
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et al. suggest that this color change is due to the formation
of PbS monomers,[12] according to Equation (5).


PbðzeoliteÞ
2þ þH2SðgÞ ! PbSðzeoliteÞ þ 2HðzeoliteÞ


þ ð5Þ


So, in a sample with a lead loading of 1, two protons per
a-cage are created. This should not affect the stability of the
zeolite much under the applied conditions, but it could be
problematic for higher lead loadings, for which consecutive
loading steps with an exchange of H+ for other co-cations
between the steps is recommended; this procedure is easy to
realize.
The yellow color of PbS-NaA-1 and PbS-CaA-1 becomes


stronger and more orange with time after rehydration. The
absorption spectra in Figure 8 illustrate that the absorption
edge shifts to longer wavelengths within the first few hours
after rehydration, but after some time the changes are not
so significant. These samples show a yellow-orange photolu-
minescence upon cooling with liquid nitrogen. The lumines-
cence and the excitation spectra of PbS-NaA-1 are shown in
Figure 9. The luminescence decay can be fitted to a bi-expo-
nential function with an average luminescence lifetime
around 700 ns. The parameters of the luminescence decay at
maximum emission (568 nm) are shown in Table 4.


The luminescence maximum at 568 nm fits quite well to
the energy of the HOMO–LUMO transition of a calculated
PbS monomer[11] and the excitation spectrum corresponds
well to the absorption spectrum of molecular PbS in argon
matrices.[10] So, we can say that after rehydration of PbS-
NaA-1 there is still a large amount of PbS monomer in the
zeolite. However, the red shift of the absorption edge after
rehydration lets us assume that in a zeolite A, cluster
growth takes place similar to that observed for silver sulfide
clusters, and that the final lead sulfide clusters stay inside
the a-cages of zeolite A. Therefore, in the hydrated samples
there are probably some larger clusters, such as Pb2S2. This


Figure 8. Top: Diffuse reflectance spectrum of Pb2+ zeolite A. Bottom:
Diffuse reflectance spectra, scaled to the same height, of PbS-NaA-1 in a
quartz vessel at different times after rehydration. The spectra were con-
verted into absorption spectra by applying the Kubelka–Munk function.


Table 4. Luminescence lifetimes (tn) in ns and the corresponding ampli-
tudes (an) at the emission maximum (568 nm) of PbS-NaA-1 at �160 8C.
t1 [ns] a1 t2 [ns] a2 hti [ns]
156 0.717 961 0.283 727


Figure 9. Top: Luminescence (solid line) and excitation (dots) spectra of
PbS-NaA-1 at �1908C. Bottom: Time-resolved luminescence spectra of
the same sample at �160 8C. The first seven spectra after the excitation
pulse are shown. Excitation was performed at 440 nm and the time
window for detection (gate) was 500 ns.
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could be an explanation for the bi-exponential luminescence
decay and the long-wavelength component in the time-re-
solved luminescence spectra.
Our yellow samples contrast with the colorless PbS–zeoli-


te A materials,[25] which have been synthesized in a different
way. Our results, as well as the results reported in referen-
ces [10–12] do not correspond to those published in refer-
ence[25]. Since the PbS monomer already absorbs in the
visible region, it is not possible to synthesize colorless PbS
clusters, and one has to doubt if the authors really obtained
lead sulfide particles with the stoichiometry they have as-
sumed.


Conclusion


We have shown that zeolite A is a versatile host for the
ship-in-a-bottle synthesis of silver sulfide and lead sulfide
clusters. These host–guest materials are stable under ambi-
ent conditions and show a variety of interesting lumines-
cence properties. The luminescence decay of the Ag2S mon-
omer can be described by a stretched-exponential function.
This confirms the interpretation of excitation energy trans-
fer between Ag2S and Ag4S2 in zeolite A crystals. By study-
ing the influence of the co-cations on the optical properties
of Ag2S/zeolite A materials, we observed a clear change in
the sample color upon addition of silver ions, suggesting the
formation of new silver-rich cluster species. The same syn-
thesis procedure as for silver sulfide clusters was successfully
applied to obtain lead sulfide clusters in zeolite A. A lead
loading of one Pb2+ per a-cage yields yellow PbS/zeolite A
guest–host materials. In contrast to what has been observed
in other zeolites, the lead sulfide clusters are also stable in
hydrated zeolite A. The hydrated PbS/zeolite A samples
show photoluminescence in the visible region at 570 nm,
which is a new observation, and which is most probably due
to PbS monomers. Our findings are in contradiction with
data reported in reference [25], which we consider to be er-
roneous.


Experimental Section


Synthesis : Zeolite A (Na12[(SiO2)12(AlO2)12]·27H2O) was synthesized and
characterized according to the literature[18] The ion-exchanged forms
were obtained by suspending zeolite NaA (500 mg ) in an aqueous M-
(NO3)n solution (0.5m, 20 mL) (Mn+ =Li+ , K+ , Rb+ , Cs+ , Mg2+ , Ca2+ ,
Sr2+) for 15 min. This step was repeated twice and the samples were
washed three times with doubly distilled water. The ion-exchanged sam-
ples were analyzed by means of energy-dispersive X-ray analysis (EDX)
and thermogravimetric analysis (TGA). For most cases fully exchanged
samples were obtained except for Rb+ and Cs+ , for which the following
compositions were found: Rb10Na2[(SiO2)12(AlO2)12]·23H2O and Cs6Na6-
[(SiO2)12(AlO2)12]·20H2O. The silver sulfide clusters were synthesized ac-
cording to references [7, 8]. The following abbreviations are used:
AgxMyA for partially silver-exchanged zeolite A, in which A stands for
the framework of zeolite A and M stands for the co-cations (y=12�x for
monovalent co-cations and y=6�0.5x for divalent co-cations); and Ag2S-
MA-x for zeolite A containing silver sulfide clusters, in which x denotes
the silver loading (number of Ag+ per a-cage). For the lead sulfide clus-


ter synthesis, zeolite NaA (100 mg) was suspended in an aqueous solution
of NaNO3 (10 mL, 0.01m) and an aqueous solution of Pb(NO3)2 or Pb-
(CH3COO)2 (460 mL, 0.1m) was added, leading to a lead loading of one
Pb2+ ion per a-cage. The suspension was stirred for 3 h at room tempera-
ture and washed twice with doubly distilled water (15 mL). The samples
were dried in high vacuum (10�6 mbar) at room temperature for 3 days,
then they were exposed to 60 Torr of H2S gas for 1 h. Upon exposure to
H2S a color change from colorless to yellow was observed. After removal
of excess H2S, the samples were rehydrated in air. Using the same no-
menclature as for the silver sulfide samples, the final material was called
PbS-NaA-1. The same procedure was used for synthesizing PbS clusters
in zeolite CaA.


Spectroscopy : Diffuse reflectance spectra were recorded on a Perkin–
Elmer Lambda 900 (UV/VIS/NIR) spectrophotometer with an integrat-
ing sphere and were converted into absorption spectra, by applying the
Kubelka–Munk function. Steady-state luminescence spectra were record-
ed on a Perkin–Elmer LS 50B luminescence spectrometer equipped with
an Oxford PE1704 cryostat and a thermostat, which allows measurements
at temperatures between �195 8C (liquid nitrogen) and room tempera-
ture. Time-resolved luminescence measurements were performed by ex-
citing the samples with a pulsed laser. The system used for this purpose
consisted of a Nd:YAG laser (Quantel Brilliant), an OPO (Opotek Magi-
cPrism Vibrant Vis) which was pumped by the third harmonic and an
UV-Mixer Module for excitation in the UV. The energy of the laser pulse
was around 4 mJ for visible light and 0.5 mJ for UV light, on a surface of
about 0.5 cm2. To determine the luminescence-decay curves, the time-de-
pendent spectra were integrated over the wavelength region of interest.
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Introduction


Improving the understanding of electronic conduction
through molecular-scale wires is a major challenge since it
involves phenomena that are critical for major develop-
ments in the emerging field of “molecular electronics”.[1]


Recognizing the importance of this, concerted efforts have
been directed in recent years towards the rational and sys-
tematic preparation of discrete organic molecules that pro-
mote the rapid and efficient transport of charge over long


distances. Among these organic molecules, which all exhibit
well-defined chemical structures, p-conjugated oligomers
are particularly promising.[2] Thus, functionalized oligomers,
ranging from oligo(phenyleneethynylene)s[3] and oligo(phe-
nylenevinylene)[4] to oligothiophenes,[5] with a variety of
functional end-groups have been developed to fine-tune the
preparation of nanoscale materials for application in differ-
ent fields.[6]


Recently, we reported on a series of donor–acceptor en-
sembles in which p-conjugated oligomeric building blocks of
different conjugation length serve as “wires” to connect an
electron-accepting [60]fullerene (C60) with an electron-do-
nating p-extended tetrathiafulvalene (exTTF). In the corre-
sponding monomeric-through-heptameric phenyleneviny-
lene systems both redox-active components are located at
the terminal positions of the oligomer. Photophysical studies
carried out on these exTTF–wire–C60 systems revealed 1)
exceptionally low attenuation factors (b�0.01 2�1) and 2)
strong electronic coupling elements (V~5.5 cm�1) even at
distances as large as 5 nm. Based on these findings we
postulated that exTTF–wire–C60 systems would exhibit mo-
lecular-wire behavior.[7] This earlier study has recently been
extended to related donor–wire–C60 systems in which zinc


Abstract: Two triads (donor–spacer–ac-
ceptor), exTTF–BN–C60 (6) and ZnP–
BN–C60 (7), in which electron donors
(i.e., exTTF or ZnP) are covalently
linked to C60 through a chiral binaphth-
yl bridge (BN), have been prepared in
a multistep synthetic procedure starting
from a highly soluble enantiomerically
pure binaphthyl building block (1).
Unlike other oligomeric bridges, with
binaphthyl bridges, the conjugation be-
tween the donor and the acceptor units
is broken and geometric conformation-
al changes are facilitated. Consequent-
ly, distances and electronic interactions


between the donor and C60 are drasti-
cally changed. Both donor–spacer–ac-
ceptor (D–s–A) systems (i.e., 6 and 7)
exhibit redox processes that correspond
to all three constituent electroactive
units, namely, donor, BN, and C60. Ap-
preciable differences were, however,
observed when comparing triad 6, in
which no significant exTTF–C60 interac-
tions were noted, with D–s–A 7, whose


geometry favors donor–acceptor and
p–p interactions that result in ZnP–C60


electronic communication. This
through-space interaction is, for exam-
ple, reflected in the redox potentials.
Excited-state studies, carried out by
fluorescence and transient absorption
spectroscopy, also support through-
space rather than through-bond inter-
actions. Although both triads form the
corresponding radical-ion pair, that is,
exTTFC+–BN–C60C� and ZnPC+–BN–
C60C� , dramatic differences were found
in their lifetimes: 165 ms and 730 ns, re-
spectively.
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ic communication · fullerenes · por-
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tetrakis(di-tert-butylphenyl)porphyrinate (ZnP) functioned
as the photoexcited electron donor. Despite the different
electronic conjugation that exists, especially between the
donor unit (ZnP) and oligomer moieties, slightly divergent
nanowire behavior (b�0.03 2�1) was manifested by the p-
conjugated phenylenevinylene oligomer.[8]


In temperature-dependent measurements the charge re-
combination kinetics of both donor–wire–C60 systems (i.e. ,
donor=exTTF or ZnP) imply an efficient decoupling of the
donor and acceptor moieties that leads to a significant slow-
down in the rates of electron transfer. Reversible interrup-
tion of the p conjugation through temperature-induced rota-
tion along the wire axis is thought to be responsible for this
effect. An intriguing challenge lies in the incorporation of
oligomeric building blocks that irreversibly break the p con-
jugation through, for example, the chemical nature of the
oligomer. Chiral binaphthyl (BN) derivatives meet such cri-
teria. They have also been used as electroactive species and,
in contrast to p-conjugated phenylenevinylene oligomers,
the p conjugation between the two naphthyl units is effi-
ciently disrupted by the existing atropisomerism.[9]


By using soluble BN we have targeted the synthesis of a
series of p-conjugated polymers with well-balanced control
over the effective conjugation length spanning the BN
units.[10] The use of BN systems as nonconjugated donor–ac-
ceptor bridges has not been addressed or explored to date


despite the strong impact that we expect from its presence
on the electronic features of donor–BN–acceptor ensembles.
Therefore, we describe herein for the first time two new
donor–bridge–acceptor systems, exTTF–BN–C60 and ZnP–
BN–C60, in which both electron donors are covalently linked
to C60 through BN groups. In order to increase the solubility
of these systems, the BN groups bear solubilizing alkoxy
chains. In contrast to previous systems, the BN groups facili-
tate geometric conformational changes that impact on the
electron donor–acceptor interactions in the resulting ensem-
bles. The effects on the stabilization of the photogenerated
radical-ion pairs are particularly pronounced.


Results


Synthesis and characterization : To prepare the target com-
pounds exTTF–BN–C60 (6) and ZnP–BN–C60 (7), several
molecular building blocks were synthesized following previ-
ously described procedures.[8,11–13] The synthesis of formyl-
functionalized enantiomerically pure binaphthyl moiety 1
was achieved through the bromination of (R)-1,1’-bi-2-naph-
thol at the 6,6’-positions and subsequent o-alkylation with
dodecyl bromide. The product so-obtained was then treated
with nBuLi and DMF to afford compound 1.[12] Triphenyl-
phosphonium-containing extended-TTF 2 was prepared
from the corresponding 2-hydroxymethyl derivative, which,
in turn, was obtained through a multistep synthetic proce-
dure.[11] Finally, treatment of zinc(ii) bromomethylporphyri-
nate[13] with P(OMe)3 led to dimethylphosphonate porphyrin
derivative 3.[8] The single chromophore zinc(ii) tetrakis(di-
tert-butylphenyl)porphyrinate (ZnP) and exTTF were also
prepared as reference compounds.
Scheme 1 summarizes the preparation of the intermediate


systems exTTF–BN (4) and ZnP–BN (5). The Wittig reac-
tion between phosphonium salt 2 and an excess of dialde-
hyde 1 using potassium tert-butoxide as a base gave 4 in
51% yield. Similarly, conversion of phosphonate-containing
porphyrin 3 and binaphthyl-dialdehyde 1 into 5 was ach-
ieved through a Wittig–Horner olefination reaction in 68%
yield. Both processes gave rise to minute amounts of the
symmetrical exTTF–BN–exTTF and ZnP–BN–ZnP systems,
respectively, which were separated from the corresponding
target systems (i.e., 4 and 5) by column chromatography.[14]


The D–s–A systems 6 and 7 were prepared by the Prato
reaction,[15] namely, by cycloaddition between 4 or 5, N-oct-
ylglycine, and C60 in chlorobenzene, in 37 and 47% yields,
respectively (Scheme 1). Owing to the presence of dodecyl-
oxy chains on the BN moiety as well as the octyl chain on
the pyrrolidine ring both triads are sufficiently soluble in
common organic solvents to allow their spectroscopic, elec-
trochemical, and photophysical characterization. Note that 6
and 7 are not pure enantiomers but diastereoisomers since
chiral centers have been created at the fulleropyrrolidine
rings. However, high-resolution 1H and 13C NMR spectros-
copy (500 MHz) was not sensitive enough to distinguish be-
tween the diastereomers.


Abstract in Spanish: Se han preparado dos tr�adas (Dador-
Espaciador-Aceptor) exTTF–BN–C60 (6) y ZnP–BN–C60 (7),
empleando una estrategia sint-tica en varios pasos a partir de
unidades solubles de binaftilo enantiomericamente puro. En
dichas tr�adas los dadores de electrones (exTTF o ZnP) est0n
unidos covalentemente al C60 a trav-s de un puente de binafti-
lo quiral. A diferencia de otros espaciadores oligom-ricos, en
los BN la conjugaci3n entre las unidades dadora y aceptora
se encuentra interrumpida y se facilitan los cambios en la
geometr�a conformacional. Por consiguiente, tanto las distan-
cias como las interacciones electr3nicas entre el dador y el
C60 cambian de manera dr0stica. Ambas tr�adas D–s–A (6 y
7) dan lugar a los procesos redox correspondientes a las tres
unidades electroactivas, es decir dador, BN y C60. Sin embar-
go, se observaron diferencias apreciables al comparar la
tr�ada 6, en la que no se detectan interacciones exTTF–C60,
con el sistema D–s–A 7, donde la geometr�a favorece tanto
las interacciones dador–aceptor, como las interacciones p–p
que dan lugar a una comunicaci3n electr3nica ZnP–C60.


Estas interacciones a trav-s del espacio se reflejan, por ejem-
plo, en los potenciales redox. Estudios en estado excitado, lle-
vados a cabo mediante espectroscopia de fluorescencia y de
absorci3n con resoluci3n temporal, apoyan las interacciones
a trav-s del espacio frente a las interacciones a trav-s de
enlace. Aunque ambas tr�adas forman el par ion radical, es
decir, exTTFC+–BN–C60C� y ZnPC+–BN–C60C� , se han encon-
trado diferencias notables en sus tiempos de vida media, de
165 ms y 730 ns, respectivamente.
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All structures were validated by spectroscopic analyses.
For example, the 1H NMR spectrum of 6 shows a distinctive
singlet at d=6.30 ppm, which corresponds to the protons lo-
cated in the dithiole rings. Similarly, a typical AB system,
corresponding to the trans olefinic protons, was observed for
6 at around d=7.3 ppm (J�16 Hz). The spectrum of 7 ex-
hibits a multiplet at around 9 ppm which arises from por-
phyrinic pyrrole protons. The pyrrolidine signature appears
in the spectra of both 6 and 7 as two doublets and one sin-
glet between d=3.8 and 5.2 ppm. For 7 the second doublet
is overlapped by OCH2 protons between d=3.7 and
4.0 ppm. Finally, the proposed structures were confirmed by
high-resolution mass spectrometry.


Electrochemistry : The electrochemical features of 6 and 7
were probed by cyclic voltammetry at room temperature
(see Figure 1). Their redox potentials are collected in
Table 1, along with those of the reference systems ZnP,
exTTF, 2,2’-bis(dodecyloxy)-1,1’-binaphthalene (BN–ODod),
fulleropyrrolidine (Fp), and pristine C60.
Compounds 6 and 7 exhibited amphoteric redox behavior,


namely, several oxidation and reduction steps. In particular,
both exhibit four reduction waves corresponding to the first
four reduction steps of the fulleropyrrolidine unit, which are


Scheme 1. Synthesis of triads 6 and 7.


Chem. Eur. J. 2005, 11, 7199 – 7210 J 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7201


FULL PAPERElectronic Interactions in Donor–Acceptor Ensembles



www.chemeurj.org





cathodically shifted relative to those of pristine C60. This be-
havior has been attributed to the saturation of a double
bond in the fullerene unit, which raises the LUMO
energy.[16] For triad 7, two additional reduction waves were
registered at �1.42 and �1.79 V, which correspond to the
redox processes of the ZnP moiety[17] (Figure 1b).
Both triads exhibited oxidation waves that correspond to


the donor unit as well as to the alkoxy-substituted BN
moiety.[12,18] For example, 6 shows a first oxidation wave at


0.57 V corresponding to the exTTF moiety and two addi-
tional waves at 1.04 and 1.33 V assigned to BN. The oxida-
tion wave of the exTTF group in 6 is somewhat shifted rela-
tive to that of the exTTF reference as a result of the chemi-
cal functionalization of the exTTF moiety. Triad 7 exhibits
the first two oxidation waves of ZnP at 0.89 and 1.25 V,
while BN is oxidized at about 1.45 V. In 7, the first oxidation
wave of BN is masked by the ZnP oxidation.
A closer inspection of Table 1 reveals several interesting


trends. In 7, both oxidation and reduction waves are slightly
shifted, relative to the reference systems, towards more posi-
tive and negative potentials, respectively. Trends like this
suggest charge-transfer behavior in which the electron densi-
ty is partially shifted from the electron donor (i.e. , ZnP) to
the electron acceptor (i.e., C60). On the basis of the same
redox potential analysis, no significant electronic interac-
tions are found for the ground state of 6.


Molecular geometry : Owing to the rotational freedom of
the naphthyl–pyrrolidine linkage we determined the geome-
try of ZnP–BN–C60 (7) and exTTF–BN–C60 (6) by theoreti-
cal calculations at the semiempirical PM3 level. For ZnP–
BN–C60 (7) we found two conformers, namely, I and II,
which are characterized by a folded and a stretched linear
geometry, respectively. Both are illustrated in Figure 2. No-
tably, conformer I is 1.2 kcalmol�1 more stable than con-
former II. A characteristic of conformer I is the close prox-
imity of the electron donor (ZnP) and the electron acceptor
(C60). Such geometries open the way for appreciable
through-space–through-solvent electronic interactions. On
the other hand, three conformers (i.e., I, II, and III)
emerged for the exTTF–BN–C60 system, including two that
could be considered equivalents of conformers I and II of
the ZnP–BN–C60 system (see Figure 2). However, none of
the three conformers showed thermodynamic selectivity.
Note that our calculations were based on a comparison of
features such as binding energy or heat of formation, which
led overall to marginal differences of less than 0.6 kcalmol�1


(relative stability I> III> II).
We have also calculated the HOMO and LUMO topolo-


gies corresponding to the minimum-energy conformations
determined for compounds 6 and 7 (Figure 3). Note that, as
expected, the LUMO is localized only on the C60 electron-
acceptor unit in 6 and 7. However, there is a significant dif-


ference between the HOMOs
of the two molecules. Thus,
compound 6 exhibits an
HOMO that is delocalized over
the exTTF electron-donor unit
and the adjacent naphthyl unit
of the binaphthyl system with
larger coefficients on the cen-
tral exTTF moiety, which per-
fectly supports the electro-
chemical findings as well
as the electronic communica-
tion through the p-conjugated


Figure 1. Cyclic voltammograms for a) compound 6 and b) compound 7
at room temperature (solvent: oDCB/MeCN 4:1 v/v; supporting electro-
lyte: Bu4NClO4; scan rate=200 mVs�1). Only three waves are shown for
the C60 moiety (see the Supporting Information for full details of reduc-
tion).


Table 1. Redox potentials of novel compounds 6 and 7 and reference compounds.[a]


Compound E1
pa E2


pa E3
pa E1


pc E2
pc E3


pc E4
pc E5


pc E6
pc


exTTF 0.55 – – – – – – – –
ZnP 0.84 1.23 – �1.42 �1.78 – – – –
BN–ODod 1.51 – – – – – – – –
C60 – – – �0.54 �0.96 �1.43 �1.92 – –
Fp[b] – – – �0.64 �1.03 �1.58 �1.99 – –
6 0.57 1.04 1.33 �0.64 �1.05 �1.60 �2.09 – –
7 0.89 1.25 1.45 �0.65 �1.05 �1.42 �1.60 �1.79 �2.07


[a] V versus SCE; working electrode: GCE; reference electrode: Ag/Ag+ ; counter electrode: Pt; 0.1m
Bu4NClO4; scan rate: 200 mVs�1; concentration: 0.5–2.0Q10�3m ; solvent: oDCB/MeCN (4:1 v/v). Values were
determined within the experimental error of �5 mV. [b] Fp: N-methylpyrrolidino[3,4:1,2][60]fullerene.
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vinyl linkage that exists between the exTTF and naphthyl
units. In contrast, the HOMO of the donor–spacer–acceptor
system 7 is mainly localized on the ZnP electron-donor unit
with a small contribution from the adjacent naphthyl moiety
which has, relative to 6, smaller coefficients over the naph-
thyl unit (see Figure 3). This difference can be attributed to


the dihedral angle of 688 be-
tween the phenyl group and the
porphyrin in 7.[19]


Absorption spectroscopy : Com-
pared with the absorption spec-
tra of the individual building
blocks, that is, BN, ZnP, exTTF,
and Fp, the spectra of ZnP–
BN–C60 (7) and exTTF–BN–C60


(6) deviate appreciably from
the strictly linear superimposi-
tion of the individual compo-
nents (see Figure 4). In particu-
lar, BN exhibits transitions at
234, 282, and 339 nm. The spec-
trum of ZnP consists of two
sections: 1) the Soret band with
a maximum at 424 nm and 2)
the Q band with maxima at 551
and 590 nm. For exTTF a maxi-
mum is recorded at 431 nm,
while FpRs strongest bands are
at 220, 265, and 330 nm and
extend all the way to the ener-
getically lowest-lying transition
at around 690 nm. Unmistaka-
bly, Figure 4b illustrates that in
7 the ZnP-centered transitions
(i.e., the Soret and Q bands)
are slightly shifted to the red
(2 nm for the Soret band).
Again, this finding suggests a
kind of electron-donor–elec-
tron-acceptor interaction.[20]


Also the spectrum of 7 (Fig-
ure 4a) is different to that of
the individual components: The
lmax for 6 is slightly batho-
chromically shifted (~5 nm for
the exTTF moiety).[21] This is
primarily accounted for by the
p conjugation that exists be-
tween the exTTF unit and the
adjacent naphthalene moiety.
In summary, electrochemis-


try, molecular modeling, and
ground-state features suggest
the presence of weak electronic
donor–acceptor interactions in


7, which could be driven by the flexibility of BN and
charge-transfer interactions. Note there are plenty of prece-
dents for interacting ZnP/C60, covalent and noncovalent, en-
sembles.[22] In 6, on the other hand, such interactions appear
to be absent, owing to the mismatching geometric needs of
exTTF and C60 (vide infra).


Figure 2. Most stable conformers determined for compounds 7 (I and II) and 6 (I, II and III) by semiempirical
calculations (PM3). The numbers represent the edge-to-edge distance between C60 and the donor unit. Dode-
cyl groups were substituted with methyl groups for the computational study.


Figure 3. HOMO and LUMO topologies of the minimum-energy conformations determined for triads 6 and 7.
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Fluorescence spectroscopy : Steady-state and time-resolved
fluorescence spectra of dilute ZnP–BN–C60 solutions reveal
a solvent-independent deactivation of the ZnP fluorescent
state: Regardless of the solvent polarity the fluorescence
quantum yield (8.0�0.2Q10�3) remained constant. This is
shown in Figure 5 and does not vary notably with excitation
wavelength (i.e. , 425 or 560 nm). Note that these quantum
yields, relative to the ZnP reference, reflect a fluorescence
quenching of around 80%. Similarly, the ZnP fluorescence
was found to have the same short lifetime (i.e., 0.32�
0.02 ns) when fluorescence decay was measured at 605 or
655 nm in toluene, THF, and benzonitrile.
A first insight into product formation was possible after


amplifying the 700–750 nm region, which in toluene re-
vealed the signature of fullerene fluorescence (see the insert
to Figure 5).[23] A quantum yield of 5.0�0.5Q10�4 indicates
that a nearly quantitative (i.e., ~80%) transduction of the
singlet excited state, funneling the excitation light from the
ZnP chromophore (2.1 eV) to C60 (1.76 eV), had occurred.
Although the fullerene signature only appears as a weak
shoulder, it is still important to verify that this feature is
missing in the more polar solvents. In parallel experiments,
we tested the C60 fluorescence lifetime at 725 nm. Here the


fluorescence time-profiles were bi-exponential with a short-
(~0.4 ns) and a long-lived component (~1.5 ns). While the
former component corresponds to the quenched ZnP fluo-
rescence, the latter corresponds to the intrinsic and un-
quenched fluorescence lifetime of C60.
No direct product assignment was possible in more polar


solvents. However, the absence of any notable fullerene
fluorescence suggests electron-transfer quenching occurs
which yields a charge-separated radical-ion pair. Note that
the binaphthyl building block, with two independent naph-
thalene units, is ruled out as an active redox component
and, therefore, serves exclusively as a bridging unit.
In exTTF–BN–C60, which was excited at 335 nm, we noted


very different fluorescence behavior. Experiments in a vari-
ety of solvents (see Figure 6) indicated that the fluorescence
of the C60 building block (i.e. , Fp) was quenched. As the po-
larity increases (i.e., toluene, chloroform, and THF) the
fluorescence weakens. Going beyond this point, namely, di-
chloromethane, o-dichlorobenzene, and benzonitrile, the
fluorescence starts to increase again. We ascribe this trend
to repulsive forces in the exTTF/C60 couple that are aug-


Figure 4. a) UV/Vis spectra of 6 and its molecular components exTTF,
BN–ODod (2,2’-bis[dodecyloxy)-1,1’-binaphthalene], and Fp used as ref-
erence; b) UV/Vis spectra of 7, ZnP, BN–ODod, and Fp in dichlorome-
thane.


Figure 5. Room-temperature fluorescence spectra of ZnP–BN–C60 (7) in
different solvents (see label for assignment) recorded with solutions that
exhibit optical absorptions of 0.5 at the 425 nm excitation wavelength.
Insert shows an amplification of the fluorescence spectrum in toluene.


Figure 6. Room-temperature fluorescence spectra of exTTF–BN–C60 in
different solvents (see label for assignment) recorded with solutions that
exhibit optical absorptions of 0.5 at the 337 nm excitation wavelength.
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mented by the properties of the solvents. A similar trend
was observed in the fluorescence decay measurements.


Transient absorption spectroscopy : Conclusive information
about the photoproducts came from transient absorption
spectroscopy. In particular, with the help of short laser
pulses (i.e., 18 ps or 8 ns) at 532 nm, which corresponds to
the region in which one of the Q-band transitions is a maxi-
mum, or 355 nm, at which C60 absorbs, the fate of the ZnP
and C60 singlet excited states was probed.


ZnP and C60 references : In a reference experiment with the
ZnP building block two transients were discerned on the
pico- and nanosecond time scale. The first transient, which
appeared simultaneously with the conclusion of the picosec-
ond laser pulse, has been assigned to the short-lived singlet
excited state, 1*ZnP.[24] Spectral characteristics of 1*ZnP are
minima in the Q-band region and a broad transition in the
600–750 nm range. Fast and efficient intersystem crossing
between the singlet and triplet states is responsible for the
short singlet lifetime of 2.3 ns. The second transient, namely,
the triplet excited state, appeared on the picosecond time
scale as a slowly evolving species, while on the nanosecond
scale its formation is virtually instantaneous.[24] The most im-
portant signature of the ZnP triplet is a maximum at around
860 nm (see Figure 7).


Similarly, singlet and triplet transitions were recorded for
the C60 building block (i.e., Fp). While the singlet excited-
state absorption maximum at 880 nm, in the form of a
rather broad band, was found instantly after the picosecond
excitation, the much slower generated triplet exhibits the
following characteristics: Maxima at 360 and 700 nm and a
shoulder at 800 nm (not shown).


ZnP–BN–C60 : With ZnP–BN–C60, differential absorption
changes recorded immediately after the laser pulse include


Q-band minima and maxima in the 600–750 nm range. This
observation is crucial, since it attests the exclusive formation
of the ZnP singlet excited state in ZnP–BN–C60.
In toluene, two distinct follow-up reactions occur after the


completion of the initially formed 1*ZnP. The first process is
a fast decay, which is essentially complete 500 ps after the
laser pulse, and has a rate constant of 2.5�0.2Q109 s�1. In
contrast, the second, slower step is a grow-in process with a
time constant of 1.8 ns (5.5�0.5Q108 s�1). Spectral analysis
of the two transients formed in toluene, after 500 and
4000 ps, shows that the first-formed species has a broad
band in the 850–950 nm range. These spectral characteristics
are similar to those noted for the C60 singlet excited-state
absorption.[23] On the other hand, the slower produced tran-
sient exhibits the characteristics of the C60 triplet excited
state, that is, a maximum at 700 nm. Consequently, we can
conclude that a long-range singlet–singlet energy transfer,
occurring by a dipole–dipole mechanism, governs the deacti-
vation of the photoexcited ZnP. In line with this energy-
transfer mechanism, the differential absorption changes re-
corded immediately after a 20 ns pulse showed the spectral
features of the C60 triplet excited state—two maxima located
at 360 and 700 nm and a low-energy shoulder at around
800 nm—formed in nearly quantitative yields.
The picture is different in THF and benzonitrile. Instead


of seeing the transduction of singlet excited-state energy,
which ZnP–BN–C60 exhibits in toluene, the singlet–singlet
features decay through an intramolecular electron-transfer
reaction. Spectroscopic proof for the formation of a radical-
ion pair was obtained from the features that developed in
parallel with the disappearance of the ZnP singlet–singlet
absorption, which is exemplified in Figure 8.
In the visible region, the broad absorption in the 600–


700 nm region corresponds to the one-electron oxidized
ZnPC+ ,[25] while in the near-infrared region the maximum at


Figure 7. Differential absorption spectrum (near-infrared) obtained upon
nanosecond flash photolysis (355 nm) of ~1.0Q10�5m solutions of ZnP in
nitrogen-saturated toluene with a time delay of 50 ns at room tempera-
ture. The spectrum corresponds to the triplet–triplet spectrum of the ZnP
chromophore.


Figure 8. Differential absorption spectra (visible and near-infrared) ob-
tained upon picosecond flash photolysis (532 nm) of ~1.0Q10�5m solu-
tions of ZnP–BN–C60 in nitrogen-saturated THF with a time delay of
�50 ps (dotted spectrum), +50 ps (solid spectrum), and 4000 ps (dashed
spectrum) at room temperature. The spectra correspond to the changes
that are associated with the formation and subsequent transformation of
the ZnP singlet excited state to the radical ion pair, ZnPC+–BN–C60C� .
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1000 nm resembles the signature of the one-electron re-
duced C60C� .[26] Both radical-ion-pair attributes (see Figure 9)
are stable on the picosecond time scale and start to decay
slowly in the nanosecond regime in most solvents. Time–ab-
sorption profiles illustrate that ZnPC+–BN–C60C� decays in a


single step with radical-ion-pair lifetimes in THF, o-dichloro-
benzene, and benzonitrile that are, however, quite short
with values of 1090, 980, and 730 ns, respectively.
As can be seen from Figure 10, a residual ZnPC+–BN–


C60C� radical-ion-pair absorption of less than 5% was seen
on a time scale of more than 5 ms.


exTTF–BN–C60 : In the picosecond transient absorption
measurements, when exciting exTTF–BN–C60 with 355 nm
laser pulses, the differential absorption changes that we re-


corded immediately after the excitation resemble those of
photoexcited C60. In particular, the 880 nm band corre-
sponds to the singlet–singlet transition of C60. Again this
confirms, despite the presence of exTTF, the successful for-
mation of the C60 singlet excited-state. Unlike ZnP–BN–C60,
the initial singlet excited state was subject to solvent-depen-
dent decay.
The product of the initial decay is the metastable


(exTTF)C+–BN–C60C� radical-ion pair, which exhibits the at-
tributes of the one-electron oxidized exTTF moiety (lmax~
665 nm)[27] and that of the one-electron reduced fullerene
(lmax~1000 nm). Figure 11 shows these absorption changes.
It is only after 6 ns laser excitation that the (exTTF)C+–BN–
C60C� transient starts to decay.


In THF, the decay dynamics of the radical-ion-pair ab-
sorption, as typically recorded on the nanosecond/microsec-
ond time scale, reveal a two-component decay (Figure 12a).
The faster decaying segment has a lifetime of 2.2 ms, while
that of the slower decaying segment lies in the range of sev-
eral tens of microseconds, 63 ms to be exact. Both decay
components were best fitted by first-order kinetics, confirm-
ing intramolecular reactions. Determination of the quantum
yields of charge separation for the two radical-ion pairs led
to the conclusion that the short- and long-lived radical-ion
pairs are formed in an 8:2 ratio. In o-dichlorobenzene the
lifetime of the short-lived component is 0.95 ms.
The same (exTTF)C+–BN–C60C� radical-ion pair evolves in


benzonitrile. In contrast with the case in THF, in benzoni-
trile we see 10% of the fast and 90% of the slow decaying
component (see Figure 12b). First-order kinetic analysis re-
vealed a lifetime of 165 ms, which indicates remarkable radi-
cal-ion-pair stability.


Figure 9. Differential absorption spectrum (visible and near-infrared) ob-
tained upon nanosecond flash photolysis (532 nm) of ~1.0Q10�5m solu-
tions of ZnP–BN–C60 in nitrogen-saturated THF with a time delay of
50 ns at room temperature. The spectrum corresponds to the radical-ion-
pair spectrum of ZnPC+–BN–C60C� .


Figure 10. Time–absorption profile at 1000 nm, monitoring the C60C�


decay dynamics of ZnPC+–BN–C60C� produced upon 532 nm excitation in
nitrogen-saturated benzonitrile.


Figure 11. Differential absorption spectrum (visible and near-infrared)
obtained upon nanosecond flash photolysis (337 nm) of ~1.0Q10�5m so-
lutions of exTTF–BN–C60 in nitrogen-saturated THF with a time delay of
50 ns at room temperature. The spectrum corresponds to the radical-ion
pair, exTTFC+–BN–C60C� .
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Discussion


We have designed two novel donor–acceptor ensembles,
ZnP–binaphthyl–C60 (7) and exTTF–binaphthyl–C60 (6), in
which a rigid bridging unit (i.e., chiral binaphthyl) was incor-
porated. The dihedral angle (~648) at which the two naph-
thyl units are aligned with respect to each other is impor-
tant. This provides a rigid framework to switch between two
different conformational geometries. Simple rotation along
the naphthyl–pyrrolidine linkage allows a minimum of two
possible conformations: A folded and a stretched geometry,
which we denote as conformers I and II, respectively. These
result from an up or down location of the C60 moiety. In the
folded geometry, small donor–acceptor separations are real-
ized, see, for example, ZnP–BN–C60. On the other hand, in
the stretched geometry ZnP and C60 assume a maximum
separation. In fact, molecular modeling on ZnP–BN–C60 and
exTTF–BN–C60 further supports this notion.
In the following discussion we will interpret the wire be-


havior observed in these systems, that is, electron conduc-
tion through the BN spacer, and compare this with our pre-
vious results with ZnP–wire–C60 and exTTF–wire–C60 sys-
tems. These systems revealed charge-recombination dynam-


ics in the range of 1.0Q106 s�1 (THF)/3.0Q106 s�1 (benzoni-
trile) and 2.0Q106 s�1 (THF)/3.0Q106 s�1 (benzonitrile) for
the ZnP–wire–C60 and exTTF–wire–C60 systems, respective-
ly.[6a,7] Considering the dynamics in ZnP–BN–C60 one might
anticipate, based on the short separation of 13.9 2, molecu-
lar wire behavior. However, we concluded that the charge-
transfer processes appear to be governed by through-space
rather than through-bond interactions. This makes a conclu-
sive interpretation difficult. More meaningful is the exTTF–
BN–C60 case, for which no evidence for through-bond inter-
actions has been found. Here the deactivation dynamics
(i.e., 1.6Q104 s�1 in THF and 6.0Q103 s�1 in benzonitrile) are
several orders of magnitude lower than what would be ex-
pected for rapid charge mediation through the BN spacer
over 16.6 2. Consequently, we conclude that the integration
of a simple C�C single bond breaks the electronic p conju-
gation in the BN spacer.
ZnP and exTTF are both known as excellent electron


donors. However, a number of fundamental differences in
their chemical properties have been found. First, ZnP with
its extended aromatic macrocycle forms tied packed p–p
links with C60, while the only aromatic parts in exTTF are
the benzenes in the anthracenoid subunit. Second, the
planar structure of ZnP allows several short- and long-range
interactions with the p system of C60. Again exTTF is differ-
ent, its butterfly-type structure sterically limits the formation
of a closely packed exTTF/C60 structure. Thus, we conclude
that conformer I is favored by ZnP–BN–C60 as a result of as-
sociative p–p interactions, which may be augmented to
some extent by charge-transfer interactions. Experimental
evidence for this hypothesis has come from electrochemical
experiments and absorption spectroscopy. The reduced sus-
ceptibility of ZnP to oxidation and of C60 to reduction to-
gether with notable perturbations of the ground-state ab-
sorption features attest the electron-donor–electron-accept-
or interactions. In exTTF–BN–C60, however, such an ap-
proach of donor (exTTF) and acceptor (C60) is hindered. In
line with this assumption is the fact that the redox features
are virtually unchanged relative to those of the individual
components. On the other hand, broad absorptions ham-
pered a meaningful analysis of the ground-state transitions.
Singlet excited-state deactivation sheds further light onto


this phenomenon. For example, in fluorescence experiments,
quenching of ZnP–BN–C60 is solvent-independent, which is
an electron-transfer phenomenon typically found in flexibly
spaced donor–acceptor ensembles. To activate intramolecu-
lar electron-transfer quenching in such flexible donor–ac-
ceptor systems, conformational prearrangements emerge as
a necessary prerequisite. Governed by the driving forces
outlined above, the donor and acceptor moieties must
assume close contact with each other to facilitate exother-
mic electron transfer. Note that in 7, additional complica-
tions may arise from the fact that energy and electron-trans-
fer quenching compete with each other. Energy transfer be-
tween ZnP (2.1 eV) and C60 (1.76 eV) is exothermic and
proceeds, in contrast to electron transfer, through a dipole–
dipole mechanism. Despite this limitation, the fluorescence


Figure 12. Time–absorption profiles at 1000 nm, monitoring the C60C�


decay dynamics of exTTFC+–BN–C60C� produced upon 337 nm excitation
in nitrogen-saturated a) THF and b) benzonitrile.
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experiments can be rationalized with reasonable confidence
as a manifestation of intramolecular processes that occur
preferentially in conformer I with a rate constant of 3.1�
0.3Q109 s�1.
In contrast to ZnP–BN–C60, energy-transfer quenching be-


tween C60 (1.76 eV) and exTTF (~2.9 eV) is thermodynami-
cally impossible, which leaves electron-transfer quenching as
the sole deactivation mechanism. The quenching in 6 cannot
be rationalized entirely on the basis of differences in the
free-energy changes of exothermic electron transfer. Based
on this assumption one would expect increasing exothermic-
ity from toluene through to benzonitrile, even though the
absolute differences become somewhat marginal in polar so-
lution. A realistic scenario involves a statistical distribution
of conformers I and II. In fact, fluorescence lifetime profiles
are best fitted with c2 values of ~1 when bi-exponential fit-
ting functions are used. Typically, a short (i.e., ~0.2 ns) and
long lifetime (i.e. , ~0.9 ns) were noted. When comparing
the data from experiments in toluene and THF, we see that
the quantum yields decrease in parallel with the decrease in
the relative weight of the long-lived component from 45 to
6%. In benzonitrile, the relative weight of the long-lived
component went up again to around 50%.
More drastic are the effects seen on the stability of the


charge-separated radical-ion pair. In both systems (i.e. ,
ZnP–BN–C60 and exTTF–BN–C60) two radical-ion-pair
products were seen. One of them decays virtually within a
few microseconds, while the second one has lifetimes of up
to 165 ms. In ZnP–BN–C60, the product distribution is domi-
nated (i.e., >95%) by the one formed via the short-lived
radical-ion pair. exTTF–BN–C60, on the other hand, shows
that up to 90% of the product originates from the long-
lived radical ion pair.
However, it remains unclear at this stage which parame-


ters, in addition to the dielectric constant, are responsible
for the changes seen especially in exTTF–BN–C60.


Conclusions


To summarize, we have found that the topological effects of
the geometrically well-defined chiral binaphthyl (BN)
spacer play a leading role in electronic interactions in
donor–acceptor ensembles. Thus, in ZnP–BN–C6, associative
p–p interactions augmented by charge-transfer interactions
favor a conformer in which the ZnP is close to C60, resulting
in appreciable through-space electronic communication. In
contrast, in exTTF–BN–C60, the lack of favorable interac-
tions leads to two different conformers whose ratio depends
on factors such as solvent polarity. As a result, strongly dif-
fering lifetimes were found for the photogenerated charge-
separated states of the donor–acceptor ensembles: ZnPC+–
BN–C60C� : ~1 ms; exTTFC+–BN–C60C� : ~165 ms. Our study
has provided an important strategy that allows the lifetime
of charge-separated states to be controlled by means of
topological effects, thus enabling new insights into photoin-
duced electron-transfer processes to be gained.


Experimental Section


General : FTIR spectra were recorded as KBr pellets with a Nicolet-
Magna-IR 5550 spectrometer. Electrospray ionization (ESI) mass spectra
were recorded with a HP1100mSD spectrometer. UV/Vis were recorded
in dichloromethane in 1 cm quartz cuvettes with a Varian Cary 50 Scan
spectrophotometer. NMR spectra were recorded with a Bruker AC-300
or Varian XL-300 (1H: 300 MHz; 13C: 75 MHz) spectrometer at 298 K
using partially deuteriated solvents as internal standards. Chemical shifts
are given as d values (internal standard: TMS). Binaphthyl derivative
1,[12] exTTF 2[11] and porphyrin 3[13] were obtained by following previously
described synthetic procedures. Elemental analyses were performed with
Perkin-Elmer 2400 CHN and 2400 CHNS/O analysers. Tetrahydrofuran
was dried with sodium.


Cyclic voltammograms were recorded with a potentiostat/galvanostat
AUTOLAB with PGSTAT30 equipped with GPES for Windows version
4.8 software in a conventional three-compartment cell by using a GCE
(glassy carbon electrode) as the working electrode, a SCE as the refer-
ence electrode, Bu4NClO4 as the supporting electrolyte, a o-dichloroben-
zene/acetonitrile solvent mixture (4:1 v/v), and a scan rate of 200 mVs�1.


Picosecond laser flash photolysis experiments were carried out with 355
or 532 nm laser pulses from a mode-locked, Q-switched Quantel YG-501
DP Nd:YAG laser system (18 ps pulse width, 2–3 mJ per pulse). Nano-
second laser flash photolysis experiments were performed with 355 or
532 nm laser pulses from a Quanta-Ray CDR Nd:YAG system (6 ns
pulse width, 2 mJ per pulse) in a front-face excitation geometry. Concen-
trations of about 1.0Q10�5m were used, which rules out intermolecular or
multiphoton processes. In fact, increasing or decreasing the concentration
and/or laser energy by a factor of 2–3 led to notable differences.


Fluorescence lifetimes were measured with a Laser Strope Fluorescence
Lifetime Spectrometer (Photon Technology International) with 337 nm
laser pulses from a nitrogen laser fiber-coupled to a lens-based T-formal
sample compartment equipped with a stroboscopic detector. Details of
the Laser Strobe systems are described on the manufactureRs website,
http://www.pti-nj.com.


Emission spectra were recorded with a SLM 8100 spectrofluorimeter.
The experiments were performed at room temperature. Each spectrum
represents an average of at least 5 individual scans and appropriate cor-
rections were applied whenever necessary.


Synthesis :


Compound 4 : A mixture of the p-extended TTF derivative 2 (111 mg,
0.15 mmol) and potassium tert-butoxide (34 mg, 0.3 mmol) was refluxed
in dry toluene under argon for 30 minutes. Once the formation of the
ylide was completed, a solution of 2,2’-bis(dodecyloxy)-6,6’-diformyl-1,1’-
binaphthalene (1) (170 mg, 0.25 mmol) in toluene (10 mL) was added
dropwise and the mixture was further refluxed for 16 h. The crude prod-
uct mixture was cooled to room temperature and CH3OH (5 mL) was
added. After evaporation of the solvents, the residue was purified by
chromatography on silica gel with hexane/CH2Cl2 (3:2) as eluent to give
the corresponding dyad. Unreacted binaphthyl derivative was also recov-
ered. Yield: 51%. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=10.10 (s,
1H), 8.36 (m, 1H), 8.11 (d, 3J(H,H)=9.0 Hz, 1H), 7.94 (d, 3J(H,H)=
9.0 Hz, 1H), 7.89 (d, 3J(H,H)=11 Hz, 2H), 7.7 (m, 4H), 7.57 (m, 1H),
7.50 (d, 3J(H,H)=9.0 Hz, 2H), 7.40 (d, J=9.0 Hz, 2H), 7.29 (m, 2H),
7.27 (d, 3J(H,H)=16.4 Hz, 1H), 7.14 (d, 3J (H,H)=16.4 Hz, 1H), 7.08 (d,
J=9.0 Hz, 1H), 6.31 (s, 4H), 3.97 (m, 4H), 1.43 (m, 4H), 1.3–0.9 (m,
36H), 0.89 (m, 6H) ppm; 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=
192.02, 157.30, 154.73, 137.59, 135.79, 135.71, 135.51, 135.30, 134.82,
134.56, 133.57, 132.62, 132.07, 131.05, 129.58, 129.34, 129.02, 128.88,
128.21, 127.97, 127.91, 127.78, 126.85, 126.48, 125.94, 125.49, 125.27,
124.92, 124.24, 124.12, 124.00, 123.12, 122.21, 122.14, 120.74, 119.62,
117.29, 117.19, 117.12, 115.86, 115.66, 69.49, 69.32, 31.92, 29.69, 29.65,
29.52, 29.48, 29.36, 29.30, 29.21, 29.11, 25.64, 22.69, 14.12 ppm; IR (KBr):
ñ=2922, 2851, 1689, 1619, 1591, 1463, 1344, 1274, 1233, 1160, 1089, 1051,
961, 800, 754, 639 cm�1; UV/Vis (CH2Cl2): lmax (loge/mol�1 cm3dm�1)=
267 (5.05), 338 (4.91), 384 (4.81), 440 (4.72) nm; MS (ESI): m/z (%): 1054
(100) [M+].
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Compound 5 : Potassium tert-butoxide (10 mg, 0.090 mmol) was added in
portions to a refluxing solution of porphyrin 3 (40 mg, 0.047 mmol) and
binaphthyl derivative 2 (64 mg, 0.094 mol) in dry THF (10 mL) under
argon. The mixture was refluxed for 16 h and, after cooling to room tem-
perature, a mixture of H2O/MeOH (10 mL, 1:1) was added. The organic
layer was separated and the aqueous layer was extracted with CHCl3.
The combined organic phases were washed with water and dried with
MgSO4. After evaporation of the solvent, the mixture was purified by
chromatography on silica gel with hexane/ether (9:1) as eluent to give
the corresponding dyad. Unreacted binaphthyl derivative was also recov-
ered. Yield: 68%. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=10.12
(s, 1H), 9.00 (m, 8H), 8.24 (d, 3J(H,H)=8.0 Hz, 2H), 8.11 (m, 6H), 8.02
(d, 3J(H,H)=9.0 Hz, 2H), 7.92 (d, 3J(H,H)=8.0 Hz, 2H), 7.80 (m, 3H),
7.7–7.6 (m, 5H), 7.5–7.4 (m, 5H), 7.33 (d, 3J(H,H)=8.9 Hz, 1H) 7.19 (d,
3J(H,H)=8.9 Hz, 1H), 4.01 (m, 4H), 1.5–1.0 (m, 94H), 0.88 (m,
6H) ppm; 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=192.09, 157.33,
154.80, 150.42, 150.37, 150.03, 148.52, 142.22, 141.80, 137.62, 136.62,
134.93, 134.79, 133.68, 132.71, 132.29, 132.22, 132.15, 132.08, 131.66,
131.10, 129.68, 129.58, 129.40, 129.35, 127.99, 127.88, 127.01, 126.52,
125.62, 124.62, 124.10, 123.14, 122.55, 122.46, 120.75, 120.43, 119.66,
115.86, 115.71, 69.51, 69.32, 35.03, 31.97, 31.95, 31.58, 31.53, 31.48, 31.40,
31.36, 31.34, 29.77, 29.68, 29.66, 29.59, 29.50, 29.43, 29.39, 29.32, 29.24,
29.18, 29.13, 25.68, 22.72, 14.15 ppm; IR (KBr): ñ=2953, 2925, 2855,
1694, 1619, 1592, 1437, 1362, 1247, 1000, 962, 822, 798 cm�1; UV/Vis
(CH2Cl2): lmax (loge/mol�1 cm3dm�1)=269 (4.58), 293 (4.62), 331 (4.62),
403 (4.62, sh), 424 (5.67), 551 (4.32), 591 (3.86) nm. MS (ESI): m/z (%):
1688 (100) [M+].


General procedure for the preparation of 6 and 7: A mixture of the cor-
responding dyad 4 or 5 (0.052 mmol), [60]fullerene (0.052 mmol), and N-
octylglycine[28] (0.12 mmol) in chlorobenzene (28 mL) was refluxed for
24 h. After cooling to room temperature, the crude product mixture was
purified by column chromatography on silica gel using CS2 to elute the
unreacted fullerene followed by hexane/toluene (1:1) to isolate the corre-
sponding triad.


Compound 6 : Yield: 37%. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=
8.14 (m, 1H), 7.96 (d, 3J(H,H)=8.6 Hz, 1H), 7.88 (d, 3J(H,H)=8.6 Hz,
1H), 7.80 (m, 1H), 7.7–7.6 (m, 4H), 7.39 (m, 3H), 7.31 (d, 3J(H,H)=
16.4 Hz, 1H), 7.30 (m, 1H), 7.26 (d, 3J(H,H)=16.4 Hz, 1H), 7.2–7.0 (m,
4H), 6.30 (s, 4H), 5.18 (s, 1H), 5.10 (d, 3J(H,H)=9.1 Hz, 1H), 4.14 (d, 3J-
(H,H)=9.1 Hz, 1H), 3.91 (m, 4H), 3.25 (m, 1H), 2.58 (m, 1H), 1,88 (m,
2H), 1.4–1.0 (m, 52H), 0.89 (m, 9H) ppm; 13C NMR (75 MHz, CDCl3,
25 8C, TMS): d=156.66, 154.88, 153.80, 147.25, 146.99, 146.51, 146.37,
146.25, 146.19, 145.89, 145.74, 145.60, 145.55, 145.49, 145.44, 145.29,
145.23, 145.08, 144.70, 144.65, 144.57, 144.36, 143.17, 143.10, 142.95,
142.63, 142.52, 142.32, 142.29, 142.26, 142.13, 142.11, 142.07, 142.00,
141.93, 141.64, 141.50, 140.12, 140.07, 139.87, 139.29, 139.20, 136.64,
135.81, 135.76, 135.32, 134.50, 134.47, 134.29, 133.77, 133.67, 132.39,
129.42, 129.38, 129.24, 127.67, 126.91, 125.96, 125.27, 124.92, 122.15,
120.48, 118.34, 117.32, 117.19, 116.14, 82.72, 82.61, 69.77, 69.01, 66.89,
53.28, 31.99, 31.93, 31.90, 29.72, 29.70, 29.66, 29.64, 29.62, 29.59, 29.54,
29.43, 29.36, 29.31, 29.27, 29.16, 28.41, 27.61, 27.57, 25.73, 25.68, 25.65,
22.75, 22.71, 22.69, 14.19, 14.13 ppm; IR (KBr) ñ=2924, 2843, 1625, 1584,
1542, 1499, 1461, 1232, 1087, 799, 639, 527 cm�1; UV/Vis (CH2Cl2): lmax


(loge/mol�1 cm3dm�1)=239 (5.19), 327 (4.79), 383 (4.58), 431 (4.44), 464
(4.25, sh) nm; MS (MALDI-TOF): m/z (%): 1899.6092 (100) [M�H�];
calcd 1899.6038.


Compound 7: Yield: 47%. 1H NMR (300 MHz, CDCl3/CS2, 25 8C, TMS):
d=8.97 (m, 8H), 8.21 (m, 2H,), 8.08 (m, 6H), 7.9–7.8 (m, 6H), 7.77 (m,
3H), 7.5–7.3 (m, 6H), 7.2–7.1 (m, 2H), 5.06 (m, 2H), 4.0–3.7 (m, 5H),
3.25 (m, 1H), 2.57 (m, 1H), 1.89 (m, 2H), 1.55 (s, 54H), 1.4–0.9 (m,
50H), 0.89 (m, 9H) ppm; 13C NMR (75 MHz, CDCl3/CS2, 25 8C, TMS):
d=155.27, 155.15, 154.62, 154.04, 150.83, 150.80, 150.45, 148.82, 147.45,
147.27, 146.66, 146.56, 146.52, 146.33, 146.31, 146.17, 146.07, 146.06,
145.74, 145.58, 145.53, 145.46, 145.41, 145.37, 144.91, 144.64, 142.82,
142.72, 142.68, 142.60, 142.58, 142.36, 142.28, 142.22, 142.19, 142.07,
141.92, 141.87, 141.76, 140.33, 140.30, 139.65, 137.17, 137.14, 137.11,
135.38, 134.71, 134.32, 134.25, 133.02, 133.01, 132.96, 132.85, 132.81,
132.72, 132.64, 132.28, 132.24, 130.23, 130.15, 130.09, 129.96, 129.93,


129.88, 129.86, 129.80, 129.75, 129.72, 129.68, 129.63, 128.79, 128.23,
128.22, 127.60, 126.77, 126.69, 126.63, 125.14, 124.20, 122.90, 122.82,
121.23, 120.96, 120.94, 120.88, 120.84, 116.31, 116.22, 83.29, 70.10, 70.00,
69.97, 69.27, 35.38, 32.65, 32.25, 30.42, 30.33, 30.08, 29.92, 26.40, 23.52,
23.48, 14.88, 14.84 ppm; IR (KBr): ñ=2952, 2922, 2852, 1591, 1464, 1362,
1248, 1224, 1001, 799, 527 cm�1; UV/Vis (CH2Cl2): lmax (log e/
mol�1 cm3dm�1)=235 (5.47), 307 (5.17), 329 (5.13), 402 (5.00, sh), 424
(6.00), 551 (4.69), 590 (4.28) nm; MS (ESI): m/z (%): 2555 (89) [M+


+Na], 2532 (100) [M+].
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“Heavy Fluorous” Cyclopentadienes and Cyclopentadienyl Complexes with
Three to Five Ponytails: Facile Syntheses from Polybromocyclopentadienyl
Complexes, Phase Properties, and Electronic Effects
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Introduction


Cyclopentadienyl ligands are ubiquitous in transition-metal-
based catalysts.[1] Unlike the phosphine moieties in many
systems, cyclopentadienyl ligands normally remain bound
for the entire catalytic cycle. Accordingly, many strategies
for the recovery and reuse of cyclopentadienyl complexes
have been developed:[2,3] they can, for example, be hetero-
genized by covalent tethers to polystyrene,[2a,3c] silica
gel,[2b,d,3a,3b,3c] and various polysiloxane species.[2b–d] Den-
drimer adducts have also been described.[2e] Outside of this
last group, however, recoverable cyclopentadienyl com-
plexes that can be employed under homogeneous conditions
remain rare.


One recently developed method for catalyst recovery in-
volves the introduction of fluorous “ponytails” or “phase
labels” of formula (CH2)m(CF2)n�1CF3 (abbreviated
(CH2)mRfn).


[4,5] When molecules possess sufficient numbers
of CF2 groups, they exhibit high affinities for perfluoroal-
kanes and other fluorous phases. Reactions with fluorous


catalysts can be conducted under a variety of single- or mul-
tiphase conditions.[6] Catalyst/product separation, as tradi-
tionally practiced, utilizes a perfluoroalkane/organic solvent
mixture, which is commonly biphasic at room temperature.
The organic products partition predominantly into the or-
ganic phase (>95%) and the catalyst into the fluorous
phase. In newer fluorous solvent-free variants, the tempera-
ture-dependent solubilities of such catalysts in organic sol-
vents are exploited.[6,7]


Some of the first fluorous metal complexes to be isolated
were metallocenes or half-metallocenes.[8,9] As detailed in
the Discussion section, however, these featured only one po-
nytail per cyclopentadienyl ring ((CH2)2Rfn, n=6, 8, 10) and
the fluorophilicities were generally modest. Similar observa-
tions with related complexes were subsequently report-
ed.[10–12] More recently, Cerm>k and Kv@cala have described
routes to free cyclopentadienes with two ponytails
((CH2)2Rfn, n=4, 6, 8), as well as iron and rhodium deriva-
tives.[13,14] Certain ferrocenes gave CF3C6F11/toluene partition
coefficients as high as 98.6:1.4.


Surprisingly little attention has been given to the develop-
ment of fluorous cyclopentadienyl complexes that exhibit
very high fluorous-phase affinities (e.g., >99:<1 CF3C6F11/
toluene). We therefore sought routes to “heavy fluorous”
species with three to five ponytails per ring, for which ex-
ceptional recycling efficiency and leaching resistance should
be expected. Cyclopentadienyl complexes with four C6F5


Abstract: The reactions between [(h5-
C5H5�xBrx)M(CO)3] (M=Re, Mn; x=
1, 3, 4, 5) and [IZn{(CH2)nRf8}] (n=2,
3; Rf8= (CF2)7CF3) in the presence of
[Cl2PdL2] catalysts give the title com-
plexes [{h5-C5H5�x[(CH2)nRf8]x}M-
(CO)3]. In the case of x=5, the major
product is actually [{h5-C5H[(CH2)n-
Rf8]4}M(CO)3], in which one of the bro-
mides has been substituted by hydride.
Minor amounts of multiple hydride


substitution products are formed, all of
them readily separable on fluorous
silica gel. Irradiation of the manganese
complexes in CF3C6H5/MeOH/ether
gives uncoordinated cyclopentadienes,


which can be deprotonated and reat-
tached to other metals. Partition coeffi-
cients have been measured (CF3C6F11/
toluene): complexes with three or more
ponytails are highly fluorophilic, with
values of >99.8:<0.2. The IR ñCO
bands have been used to probe the in-
ductive effects of the ponytails at the
metal centers.
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substituents are known,[15] but perfluoroaryl groups do not
confer high fluorous-phase affinities.[5] A variety of cyclo-
pentadienyl complexes with CF3 groups have been pre-
pared,[16] but these are not long enough for high fluorous-
phase affinities.


Numerous polyhalocyclopentadienyl metal complexes are
readily available.[17,18] In addition, substitutions of di- and
tribromopyridines by the fluorous alkylzinc reagent [IZn-
{(CH2)2Rf8}] are efficiently catalyzed by trans-[Cl2Pd-
(PPh3)2].


[19] We therefore wondered whether such methodol-
ogies could be extended to polybromocyclopentadienyl li-
gands. In this paper we report the successful implementation
of this strategy, as applied to the rhenium and manganese
tricarbonyl complexes [(h5-C5H5�xBrx)M(CO)3] (x=5, 4, 3,
1). The fluorous cyclopentadienyl ligands can furthermore
be detached from the manganese complexes and transferred
to other metals. The phase properties of all complexes have
been carefully characterized, and the IR bands of the car-
bonyl ligands have been used to gauge the electronic influ-
ence of the ponytails[20] on the metal centers. A portion of
this work has been communicated.[21]


Results


Reactions of monobromocyclopentadienyl complexes : As
shown in Scheme 1, screening experiments were conducted
with the rhenium and manganese monobromocyclopenta-
dienyl complexes [(h5-C5H4Br)M(CO)3].


[22] Treatment with
[IZn{(CH2)2Rf8}] (1.1 equiv) at 65 8C in the presence of the
catalysts trans-[Cl2Pd(PPh3)2] or [Cl2Pd(dppf)]


[23] (5.5 mol%)
afforded the corresponding fluorous cyclopentadienyl com-
plexes [{h5-C5H4[(CH2)2Rf8]}M(CO)3] (1; M=Re (a), Mn
(b)) in 90–85% yields after workup. The latter catalyst gives
slightly less hydride transfer in the manganese series,[24] a
side reaction that becomes evident below. A similar reaction


was conducted with [(h5-C5H4Br)Mn(CO)3] and the alkyl-
zinc reagent [IZn{(CH2)3Rf8}], which has an additional
methylene group. The corresponding complex [{h5-C5H4-
[(CH2)3Rf8]}Mn(CO)3] (1c) was isolated in 85% yield.


Complexes 1a–c, as well as all homologues described
below, were isolated as analytically pure, low-melting, air-
stable solids. As summarized in Table 1, DSC measurements
showed no phase transitions other than melting. Despite ex-
tensive efforts, in no case were crystals suitable for X-ray
analysis obtained. Complexes 1a–c were highly soluble in
common organic solvents as well as in CF3C6F11. The
CF3C6F11/toluene partition coefficients were determined by
HPLC (Table 1). As expected, the complexes were not very
fluorophilic, and were preferentially soluble in toluene.


Complexes 1a–c were further characterized by IR and
NMR (1H, 13C) spectroscopy and mass spectrometry, as sum-
marized in the Experimental Section. The two IR ñCO bands
(Table 1) were at frequencies identical to or slightly higher
than those of the parent compounds [(h5-C5H5)M(CO)3].
However, the IR trends and electronic effects of the pony-
tails are better analyzed in the multiply substituted com-
plexes below, which afford greater resolution.


Scheme 1. Model reactions.


Table 1. IR and phase properties of new fluorous metal complexes.


IR M.p. [8C] Partition Solubilities
ñCO


[a] [cm�1] capillary DSC (Te) coefficient[b] CF3C6H5 CF3C6F11 hexanes THF acetone MeOH CH2Cl2 CHCl3 ether CH3CN


1a 2026/1930 42–45 48.7 26.1:73.9 high high high high high high high high high high
3a 2026/1938 55–56 60.6 >99.8:<0.2 high high none low med low low v. low v. low v. low
3’a 2026/1938 57–59 60.4 >99.8:<0.2 high high none low med low low v. low v. low v. low
4a 2026/1939 56–57 61.3 >99.8:<0.2 high high none low low none v. low none none none
5a 2030/1942 42–43 43.3 >99.8:<0.2 high high none v. low v. low none none none none none
1b 2026/1938 55–58 60.1 44.4:55.6 high high high high high high high high high high
2b 2026/1942 63–67 66.0 93.5:6.5 high high low high high med high med low med
2’b 2026/1942 61–63 61.5 93.8:6.2 high high low high high med high med low med
3b 2026/1943 57–58 63.6 >99.8:<0.2 high high none low med low low v. low v. low v. low
3’b 2026/1943 52–53 53.2 >99.8:<0.2 high high none low med low low v. low v. low v. low
4b 2026/1945 47–51 55.0 >99.8:<0.2 high high none[c] low low none v. low none none none
5b 2026/1949 57–60 56.7 >99.8:<0.2 high high none v. low v. low none none none none none
1c 2023/1938 51–55 57.3 44.1:55.9 high high high high high high high high high high
3c 2020/1938 54–58 58.7 >99.8:<0.2 high high none low med low low v. low v. low v. low
3’c 2020/1938 38–42 41.3 >99.8:<0.2 high high none low med low low v. low v. low v. low
4c 2019/1938 54–55 53.9 >99.8:<0.2 high high none low low none v. low none none none
3’e 2051/1986 – – >99.8:<0.2 high high none low med low low v. low v. low v. low


[a] Recorded in CF3C6H5. Data under identical conditions for reference compounds [(h5-C5R5)M(CO)3]: M/R=Re/H, 2026/1926; Re/CH3, 2011/1911;
Mn/H 2023/1922. [b] CF3C6F11/toluene, 23 8C. [c] Soluble in heptane at 100 8C.
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Reactions of polybromocyclopentadienyl rhenium com-
plexes : A more challenging test of the above methodology
was sought. A sample (0.500 g) of the rhenium pentabromo-
cyclopentadienyl complex [(h5-C5Br5)Re(CO)3]


[18] was thus
similarly treated with [IZn{(CH2)2Rf8}] (5.5 equiv) and trans-
[Cl2Pd(PPh3)2] (11 mol% per carbon�bromine bond).
Workup gave the product mixture shown in Scheme 2,
which was separated by chromatography on fluorous silica
gel.[25] As would be expected, the complexes eluted in in-
verse order of their fluorous content. The last fraction con-
tained the target molecule with five ponytails, [{h5-C5-
[(CH2)2Rf8]5}Re(CO)3] (5a), which was isolated in 15%
yield (0.263 g) as a waxy white solid.


The penultimate fraction contained the major product,
[{h5-C5H[(CH2)2Rf8]4}Re(CO)3] (4a), in which one of the
bromine atoms had been replaced by hydrogen and the
other four by ponytails (30%, 0.435 g).[24] Two more rapidly
eluting fractions contained analogous species with three po-
nytails (1,2,4-isomer 3’a, 2%, 0.023 g; 1,2,3-isomer 3a, 5%,
0.057 g). The substitution pattern makes 3a slightly more
polar than 3’a. Accordingly, 3a eluted first, as confirmed by
an independent synthesis (below). Complexes with two po-
nytails were not isolated, but trace amounts were detected
in the crude product by mass spectrometry. There was no
evidence for any 1a.


The complexes in Scheme 2 were characterized analo-
gously to those in Scheme 1. They could be stored indefi-
nitely at �4 8C, and TGA measurements showed no mass
loss below 200 8C. As summarized in Table 1, all complexes
were soluble in CF3C6F11 and CF3C6H5. Solubilities in organ-
ic solvents decreased markedly in the order 3’a/3a>4a>5a.
Only THF and acetone could dissolve trace amounts of 5a
at room temperature. Importantly, the CF3C6F11/toluene par-
tition coefficients were so biased that no detectable amount
of complex remained in the toluene phase. The IR ñCO
values increased steadily with the number of ponytails, con-
sistently with diminishing rhenium/CO backbonding. This
trend was more pronounced in the lower-frequency band.
The NMR properties were unexceptional,[26] sharing many
features of the corresponding polybromocyclopentadienyl
complexes.[18]


Because of the high formula weights of the ponytails, the
combined isolated mass of 5a and 4a was much greater than
that of the starting material, ameliorating the modest yields.
The tetra- and trisubstituted complexes presumably arise
through hydride transfer from the organozinc reagent, as is
well documented for related cross-coupling reactions.[24] Al-
though more selective reactions are often sought, Scheme 2
can be viewed as a facile one-pot synthesis of an easily sepa-
rable library of compounds, all of which were desired at the
outset of this study. Nonetheless, higher-yielding routes to
complexes with three and four ponytails were sought, so re-
actions of other polybromocyclopentadienyl complexes were
investigated.


As shown in Scheme 3 (top), the tetrabromocyclopenta-
dienyl complex [(h5-C5HBr4)Re(CO)3]


[18] (0.500 g) was treat-
ed with [IZn{(CH2)2Rf8}] and trans-[Cl2Pd(PPh3)2]. The con-


ditions were analogous to those given in Scheme 2, but with
the stoichiometry adjusted to the number of carbon�bro-
mine bonds. Workup gave the expected product 4a in
55% yield (0.896 g) after chromatography on fluorous
silica gel. Small quantities of 3’a and 3a were also pro-
duced. The tribromocyclopentadienyl complex [(h5-1,2,3-
C5H2Br3)Re(CO)3]


[18] was treated similarly. As shown in
Scheme 3 (bottom), workup gave 3a in 55% yield. No other


Scheme 2. Reaction of the pentabromocyclopentadienyl rhenium com-
plex: a) [IZn{(CH2)2Rf8}]/trans-[Cl2Pd(PPh3)2] (1.1 equiv/11 mol% per C�
Br bond), THF, 65 8C.


Scheme 3. Reactions of tetra- and tribromocyclopentadienyl rhenium
complexes: a) [IZn{(CH2)2Rf8}]/trans-[Cl2Pd(PPh3)2] (1.1 equiv/11 mol%
per C�Br bond), THF, 65 8C.
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products were detected, so purification on fluorous silica gel
was unnecessary.


Reactions of polybromocyclopentadienyl manganese com-
plexes : A reaction similar to that shown in Scheme 2 was
carried out with [(h5-C5Br5)Mn(CO)3] (1.002 g)[27] and the
catalyst [Cl2Pd(dppf)]. Chromatography on fluorous silica
gel gave the products summarized in Scheme 4, which are
depicted in inverse order of elution. The complex with five
ponytails, [{h5-C5[(CH2)2Rf8]5}Mn(CO)3] (5b), was obtained
in only 2% yield (0.081 g), much lower than that obtained
for the rhenium analogue. The major product, [{h5-C5H-
[(CH2)2Rf8]4}Mn(CO)3] (4b), was isolated in 45% yield
(1.495 g). The two isomeric complexes with three ponytails
were obtained in 2–5% yields (3b, 3’b ; 0.178 g total). In
contrast with the results given in Scheme 2, the two isomeric
complexes with two ponytails (2b, 2’b) were formed in suffi-
cient amounts to be isolated (2% each; 0.073 g total).


The manganese complexes shown in Scheme 4 were
yellow solids, and were characterized analogously to the rhe- nium homologues (Table 1 and Experimental Section).[26]


Their solubilities and TGA properties were comparable, but
they turned brown upon extended exposure to light
(>10 h), and mass spectra showed somewhat more fragmen-
tation. The IR ñCO values exhibited analogous trends to the
rhenium complexes, as illustrated by the spectra shown in
Figure 1. Structures were assigned to 2b and 2’b from their
1H NMR spectra. The cyclopentadienyl signals were coupled
in the latter (t, 1H; d, 2H), consistent with vicinal ponytails,
but uncoupled in the former. Complex 2’b, which should be
more polar than 2b, accordingly eluted more rapidly on flu-
orous silica gel.


In order to access several of the complexes shown in
Scheme 4 more efficiently, reactions of other polybromocy-
clopentadienyl complexes were investigated. As shown in
Scheme 5 (top), the tetrabromocyclopentadienyl complex
[(h5-C5HBr4)Mn(CO)3] (1.003 g)[18] was similarly treated
with [IZn{(CH2)2Rf8}] and [Cl2Pd(dppf)]. Chromatography
on fluorous silica gel gave 4b in 52% yield (1.987 g). Small
quantities of 3’b and 3b were also detected. As also shown
in Scheme 5 (middle and bottom), the tribromocyclopenta-
dienyl complexes [(h5-1,2,3-C5H2Br3)Mn(CO)3]


[18] and [(h5-
1,2,4-C5H2Br3)Mn(CO)3]


[18] were treated similarly. Chroma-
tography on non-fluorous silica gel gave 3b and 3’b in 45%
and 55% yields, respectively.


We sought to investigate the effect of the length of the
methylene spacer on various properties, so three analogous
reactions were conducted with the homologous alkylzinc re-
agent [IZn{(CH2)3Rf8}], as also shown in Scheme 5. Workup
gave [{h5-C5H[(CH2)3Rf8]4}Mn(CO)3] (4c), [{h5-1,2,3-C5H2-
[(CH2)3Rf8]3}Mn(CO)3] (3c), and [{h5-1,2,4-C5H2-
[(CH2)3Rf8]3}Mn(CO)3] (3’c) in 25%, 40%, and 45% yields,
respectively. The diminished yields might be due in part to
incomplete generation of [IZn{(CH2)3Rf8}] from the precur-
sor I(CH2)3Rf8, some of which was recovered after the reac-
tion. This zinc reagent is new to this study, and does not
appear to form as readily as the lower homologue. Com-
plexes 4c, 3c, and 3’c gave IR ñCO values 7–5 cm�1 lower


Scheme 4. Reaction of the pentabromocyclopentadienyl manganese com-
plex: a) [IZn{(CH2)2Rf8}]/trans-[Cl2Pd(dppf)] (1.1 equiv/11 mol% per C�
Br bond), THF, 65 8C.


Figure 1. Representative IR spectra: ñCO region for the manganese com-
plexes shown in Scheme 4 (%T is the transmission percentage).


www.chemeurj.org Q 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 7211 – 72227214


J. A. Gladysz and L. V. Dinh



www.chemeurj.org





than those for 4b, 3b, and 3b’ (Table 1).[26] This trend is ana-
lyzed below.


Fluorous cyclopentadienyl ligands; other experiments : A
number of techniques for detaching cyclopentadienyl ligands
from transition metals have been developed. One of the
most reliable involves the photolysis of manganese tricar-
bonyl adducts.[28] Thus, CF3C6H5/MeOH/ether solutions of
4b and 3’b were irradiated with a high-pressure mercury
lamp. As shown in Scheme 6, chromatographic workup gave
the free fluorous cyclopentadienes 4d and 3’d, with four and
three ponytails in 60% and 65% yields, respectively.


Compounds 4d and 3’d were air-stable, waxy, white solids
that could be stored for several months at �4 8C. They were
characterized analogously to the metal complexes. The
CF3C6F11/toluene partition coefficients were >99.7:<0.3, as
assayed by GC (Table 2). The NMR spectra indicated tauto-
meric purities of >95%, with the dominant isomers as de-
picted in Scheme 6.[26] The 1H NMR spectrum of 4d showed
a diagnostic singlet for the ring CH2 group at d=2.50 ppm.
That of 3’d showed an analogous signal, together with a sin-
glet for one vinylic proton (d=2.81, 5.95 ppm).


Interestingly, the isomeric 1,2,3-substituted complex 3b
also gave the 1,2,4-substituted cyclopentadiene 3’d under
analogous conditions. We are not aware of any literature
data on the relative stabilities of 1,2,3- and 1,2,4-substituted
cyclopentadienes.[29] The required sigmatropic shifts might
be promoted by the photochemical conditions or metal-con-
taining byproducts.


Although syntheses of substituted cyclopentadienyl com-
plexes from free cyclopentadienes are routine, a specific ex-


ample was desired. Reactions of [Rh(CO)2Cl]2 and cyclo-
pentadienide anions are known to give cyclopentadienyl
rhodium dicarbonyl complexes.[9,13b,30] Accordingly, 3’d was
treated first with nBuLi in THF and then with [Rh(CO)2Cl]2
in CF3C6H5 at �78 8C as shown in Scheme 6. Workup afford-
ed the fluorous rhodium complex [{h5-1,2,4-C5H2-
[(CH2)2Rf8]3}Rh(CO)2] (3’e) as an air-sensitive, orange oil in
35% yield. It was characterized analogously to the other
new compounds (Table 1 and Experimental Section).


In recent work, certain fluorous complexes have been
found to coat Teflon tape efficiently,[31] so preliminary inves-
tigations with the preceding compounds were undertaken.


Scheme 6. Detachment and recomplexation of fluorous cyclopentadienyl
ligands: a) hn, MeOH, ether, CF3C6H5; b) nBuLi/THF, �78 8C;
c) [Rh(CO)2Cl]2, CF3C6H5, �78 8C to RT.


Scheme 5. Reactions of tetra- and tribromocyclopentadienyl manganese
complexes: a) [IZn{(CH2)nRf8}]/trans-[Cl2Pd(dppf)] (1.1 equiv/11 mol%
per C�Br bond), THF, 65 8C.


Table 2. Partition coefficients for fluorous cyclopentadienes.


Compound Partition coefficient
(CF3C6F11/toluene)


[a]


3’d, 1,2,4-C5H3[(CH2)2Rf8]3 >99.7:<0.3[a]


4d, 1,2,3,4-C5H2[(CH2)2Rf8]4 >99.7:<0.3[a]


C5H4[(CH2)2Rf4]2
[b] 60:40[c]


C5H4[(CH2)2Rf6]2
[b] 83:17[c]


C5H4[(CH2)2Rf8]2
[b] 90:10[c]


C5H4[(CH2)2Rf4][(CH2)2Rf6]
[b] 75:25[c]


C5H4[(CH2)2Rf4][(CH2)2Rf8]
[b] 82:18[c]


C5H4[(CH2)2Rf6][(CH2)2Rf8]
[b] 86:14[c]


[a] 23 8C. [b] Mixture of isomers. [c] 25 8C, from ref. [13b].
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In a representative experiment, 4b (0.015 g, 0.008 mmol)—
insoluble in hydrocarbons at room temperature—was dis-
solved in heptane at 100 8C. Two 50U12U0.0075 mm strips
of tape were added, and the sample was cooled. An appreci-
able amount of 4b precipitated onto the tape, but not uni-
formly. Some 4b also precipitated onto the walls of the
flask. Hence, although some coating is possible, the maxi-
mum loading appears to be lower than for other complexes.


Discussion


Fluorous cyclopentadienyl complexes—scope and syntheses :
As noted in the Introduction, a number of fluorous cyclo-
pentadienyl complexes, all depicted in Figure 2, have been
reported previously. These “light fluorous” and “medium
fluorous” species include ferrocenes with both one (I) and


two (IX) ponytails per ring, homologues of 1a and 1b with
longer perfluoroalkyl groups (II), cobalt and rhodium dicar-
bonyl complexes with both one (III, IV) and two (X) pony-
tails per ring, and zirconium(iv) and titanium(iv) species
with an average of one ponytail per ring (V, VI, XI, XII).
Our new compounds with three to five ponytails per ring
(Schemes 2–6) represent the first “heavy fluorous” cyclopen-
tadienyl complexes. To the best of our knowledge, 5a and
5b contain the first examples of “totally ponytailed” or
“perfluorous” p ligands.


In contrast to the fluorous cyclopentadienyl complexes in
Schemes 1–5, those in Figure 2 were prepared by standard
methods from free fluorous cyclopentadienes. As shown in
Scheme 7 (top), Hughes found that cyclopentadienes with
one ponytail could be conveniently prepared by addition of
fluorous alkyl iodides to nickelocenes.[8] As depicted in
Scheme 7 (middle), Cerm>k and Kv@cala demonstrated that


Figure 2. Previously reported fluorous cyclopentadienyl complexes.
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the these could be deprotonated and alkylated to give cyclo-
pentadienes with two ponytails as mixtures of 1,2- and 1,3-
isomers.[13a] Cyclopentadienes with one or two fluorous silyl
or stannyl substituents have been synthesized by similar
routes, as illustrated for singly substituted silyl species in
Scheme 7 (bottom).[11,14,32]


We have investigated various approaches to cyclopenta-
dienes with four and five ponytails modeled after estab-
lished routes to pentamethylcyclopentadiene and related
species. However, the results have not been very encourag-
ing, as detailed elsewhere.[33] In contrast, the photochemical
syntheses of 4d and 3’d shown in Scheme 6 are very easy to
conduct, and involve about the same number of steps from
commercially available materials. The only restriction ap-
pears to involve 1,2,3-trisubstituted systems, which—at least
in the case of 3b—afford 1,2,4-trisubstituted cyclopenta-
dienes.


The bromocyclopentadienyl starting materials in
Schemes 1–5 are easily accessible from the corresponding
bromodiazocyclopentadienes and bromide complexes
[(CO)5MBr].[18,22,27] The major drawback of our methodolo-
gy is the hydride-transfer side reaction, which precludes iso-
lation of the pentasubstituted complexes 5a and 5b in high
yields. Fortunately, this well-precedented process[24] is not a
significant problem in reactions of the tetra- and tribromo-


cyclopentadienyl complexes. For some reason, the manga-
nese complexes are more prone to hydride transfer. Presum-
ably there is a steric or electronic factor that slows the rate
of cyclopentadienyl/(CH2)nRf8 reductive elimination relative
to b-hydride elimination, or that accelerates a step in the b-
hydride elimination.


Fluorophilicities : The CF3C6F11/toluene partition coefficients
given in Table 1 show that the new fluorous cyclopentadien-
yl complexes with three to five ponytails are highly fluoro-
philic, with no detectable quantities remaining in the non-
fluorous phase. As would be expected, the values become
progressively more biased upon going from the manganese
complex with one ponytail (1b : 44.4:55.6) to those with two
(2b, 2’b : 93.5–93.8:6.5–6.2) and then three (3b, 3’b :
>99.8:<0.2). The complexes with four and five ponytails
should be still more fluorophilic, with partition coefficients
that may be orders of magnitude greater.


The partition coefficients for 1b, 2b, 2’b, 3b, and 3’b are
uncannily similar to those of simple benzenes and pyridines
bearing one, two, and three ponytails of the type (CH2)mRf8


(m=2, 3).[19,34,35] In each series of compounds, the substitu-
tion pattern seems to have little influence upon the fluoro-
philicity. To the best of our knowledge, compounds with
four or more ponytails per arene ring are unknown. Com-
pounds 4a, 4b, 4c, 4d, 5a, and 5b should hence represent
new benchmarks in terms of recycling efficiency and leach-
ing resistance.


Partition coefficients have been determined for selected
compounds in Figure 2, as summarized in Table 3. The man-
ganese complex IIb, which has an Rf10 segment, is, as would
be expected, slightly more fluorophilic than the Rf8 homo-
logue 1b (64:36 vs 44.4:55.6). In the same vein, 1c, which
has a longer (CH2)m segment than 1b, is slightly less fluoro-
philic (44.1:55.9). The rhenium complex 1a, which is larger
and more polarizable than 1b, is much less fluorophilic
(26.1:73.9). The partition coefficient of I c shows that a fer-
rocene with one (CH2)2R10 ponytail per ring has a fluorophi-


Scheme 7. Previous syntheses of fluorous cyclopentadienes (i–iii): a) I-
(CH2)mRfn, PPh3, Et2O; b) nBuLi, dimethoxyethane, �80 to �10 8C;
c) Rfn(CH2)2OSO2CF3, reflux.


Table 3. Partition coefficients of previously reported fluorous cyclopenta-
dienyl complexes.[a]


Complex Partition coefficient
(CF3C6F11/toluene)


IIb [{h5-C5H4[(CH2)2Rf10]}Mn(CO)3] 64:36
IVa [{h5-C5H4[(CH2)2Rf10]}Rh(CO)2] 44:56
IVb [{h5-C5H4[(CH2)2Rf10]}Rh(CO)-


{P[(CH2)2Rf6]3}]
96.7:3.3


Ic [{h5-C5H4[(CH2)2Rf10]2}Fe] 95.2:4.8[b]


IXb [{h5-C5H3[(CH2)2Rf6]2}2Fe]
[c] 98.6:1.4


IXa [{h5-C5H3[(CH2)2Rf4]2}2Fe]
[c] 90.9:9.1


IXd [{C5H3[(CH2)2Rf4][(CH2)2Rf6]}2Fe]
[c] 94.4:5.6


IXe [{C5H3[(CH2)2Rf4][(CH2)2Rf8]}2Fe]
[c] 95.7:4.3


IXf [{C5H3[(CH2)2Rf6][(CH2)2Rf8]}2Fe]
[c] 95.7:4.3


VIa [{h5-C5H4{SiMe2[(CH2)2Rf6]}2}ZrCl2] 19:81
VIc [{h5-C5H4(SiMe2Rf8)}2ZrCl2] 44:56
Va [{h5-C5H4[(CH2)2Rf6]}2ZrCl2] 95.4:4.6
Vb [{h5-C5H4[(CH2)2Rf6]}2ZrMe2] 87.5:12.5


[a] Data are from the references given in Figure 2. [b] C7F16/toluene.
[c] Mixture of isomers.
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licity comparable to the half-metallocenes 2b and 2’b, with
two (CH2)2R8 ponytails per ring (95.2:4:8 vs 93.5–93.8:6.5–
6.2). That of IXb (98.6:1.4) shows that ferrocenes with two
(CH2)2Rf6 ponytails per ring are even more fluorophilic, and
with longer Rfn segments may approach the range of 3a, 3b,
3’a, and 3’b. However, the partition coefficient of IXf, which
features one (CH2)2Rf6 and one (CH2)2Rf8 ponytail per ring,
actually tends in the opposite direction (95.7:4.3). Such phe-
nomena are rare, but not without precedent.[35]


As summarized in Table 2, the fluorous cyclopentadienes
4d and 3’d also give highly biased CF3C6F11/toluene partition
coefficients (>99.7:<0.3). Because of their higher fluorine
weight percentages, the exact values should be even greater
than those of the metal tricarbonyl complexes. The other
fluorous cyclopentadienes in Table 2, which have only two
ponytails, give lower partition coefficients. The most rele-
vant value is that for C5H4[(CH2)2Rf8]2 (90:10), which is the
lower homologue of 3’d. Interestingly, the ferrocenes in
Table 3 exhibit much higher partition coefficients than the
corresponding cyclopentadienes in Table 2.


Electronic properties : The electronic influence of ponytails
and their perfluoroalkyl segments upon the reactive centers
of catalysts and reagents has been of interest since the be-
ginning of fluorous chemistry.[4,20] This is easiest to analyze
in series of compounds in which the numbers of ponytails
are varied, such that cumulative effects can be defined. The
IR ñCO values of the title compounds offer sensitive probes
for metal/CO backbonding and the electronic properties of
the metal center. A referee has remarked that quantitative
data are best extracted from the higher-frequency symmetric
stretches.[15] Other approaches have also been taken.[36a]


Among the trends noted above, the most important are as
follows. Firstly, for the complexes with (CH2)2 spacers, the
ñCO values steadily increase with the number of ponytails,
consistently with reduced backbonding. With the rhenium
complexes 1a–5a, the shifts are 4 cm�1 (higher-frequency
band) and 12 cm�1 (lower-frequency band). With the manga-
nese complexes 1b–5b (Figure 1), the shifts are less than 1
and 11 cm�1, respectively. Although these trends are modest,
we believe they indicate that the ponytails are slightly more
electron-withdrawing than the hydrogen atoms they replace.
In other words, the (CH2)2 spacers do not completely insu-
late the metal from the electron-withdrawing Rf8 segments,
despite the four intervening s bonds. This is further support-
ed by HughesV electrochemical data for the ferrocenes Ia
and Ib (Figure 2).[8,36b]


Accordingly, the ñCO values decrease in the manganese
complexes with (CH2)3 spacers (1c, 3c, 3’c, 4c), where there
are five intervening s bonds (e.g., 2026/1945 vs 2019/
1938 cm�1 for 4b vs 4c). This indicates improved insulation
of the metal from the Rf8 groups. Furthermore, there is little
change with successive substitution. Upon going from 1c to
4c, the ñCO value of the lower-frequency band remains con-
stant, while that of the higher-frequency band decreases by
4 cm�1. This suggests that the ponytails are electronically
very similar to hydrogen atoms—or possibly slightly more


electron-releasing. Other studies have shown that the induc-
tive effects of Rfn groups can be transmitted through far
greater numbers of s bonds.[20] Perhaps the geometric con-
straints of the M�CCp�CH2- segment, or other attributes of
cyclopentadienyl ligands, result in less-efficient electronic
transmission.


Conclusions


A simple and scalable route to “heavy fluorous” cyclopenta-
dienyl complexes and cyclopentadienes bearing three to five
(CH2)mRf8 ponytails has been developed. The methodology
utilizes readily available polybromocyclopentadienyl com-
plexes that undergo efficient palladium-catalyzed cross-cou-
plings with fluorous alkylzinc reagents. When pentabromo-
cyclopentadienyl complexes are employed, the dominant
products contain four ponytails, with the remaining bromide
replaced by hydride. The fluorous cyclopentadienyl ligands
are easily detached from manganese tricarbonyl adducts and
transferred to other metals. Thus, families of cyclopenta-
dienyl complexes with gradated fluorophilicities, absolute
solubilities, and electronic properties, including the first
cases with highly biased partition coefficients suitable for
application in “heavy fluorous” chemistry, are now accessi-
ble.


Experimental Section


General : All reactions were conducted under N2 unless noted. Chemicals
were used as follows: THF was distilled from Na/benzophenone,
CF3C6F11 and CF3C6H5 (Fluorochem or ABCR) were distilled from CaH,
and nBuLi (1.6m in hexanes, Fluka) was standardized.[37] CDCl3,
[D8]THF, C6D6, I(CH2)2Rf8, 1,2-dibromoethane, (CH3)3SiCl,
[Rh(CO)2Cl]2, eicosane (all Aldrich) and [Cl2Pd(dppf)],


[23] and trans-
[Cl2Pd(PPh3)2] (both Strem) were used as received, whilst I(CH2)3Rf8 was
synthesized by a published method.[38] Fluorous silica gel was obtained
from Fluorous Technologies.


NMR spectra were recorded on standard 400 MHz FT spectrometers and
referenced to the solvent signals of CDCl3, [D8]THF, or C6D6 (13C, d=
77.0, 25.37, 128.0 ppm; 1H (residual protons), d=7.27, 3.58, 7.15 ppm). IR
and mass spectra were recorded on ASI React-IR 1000 and Micromass
Zabspec instruments, respectively. DSC and TGA data were recorded
with a Mettler–Toledo DSC821 instrument and were treated by standard
methods.[39] Microanalyses were conducted with a Carlo Erba EA1110 in-
strument (in-house).


[IZn{(CH2)nRf8}]:
[19, 40] A Schlenk flask was charged with zinc grains


(0.435 g, 6.65 mmol), THF (3.0 mL), and 1,2-dibromoethane (0.091 mL,
1.06 mmol). The mixture was gently refluxed (heat gun) with stirring and
allowed to cool to room temperature (4U). (CH3)3SiCl (0.037 mL,
0.29 mmol) was then added. After 10 min, a solution of I(CH2)nRf8 (n=2,
0.761 g, 1.33 mmol; n=3, 0.782 g, 1.33 mmol) in THF (2 mL) was slowly
added by cannula. The mixture was stirred (n=2, 1 h, ambient tempera-
ture; n=3, 14 h, 40 8C). The resulting solutions of [IZn{(CH2)nRf8}] were
used as described below.


[{h5-C5H4[(CH2)2Rf8]}Re(CO)3] (1a): A Schlenk flask was charged with
[(h5-C5H4Br)Re(CO)3]


[22a] (0.503 g, 1.21 mmol), trans-[Cl2Pd(PPh3)2]
(0.047 g, 0.066 mmol),[41] and THF (20.0 mL). A solution of [IZn-
{(CH2)2Rf8}] (1.33 mmol; above) was slowly added by cannula with stir-
ring. The mixture was kept at 65 8C for 5 h, the solvent was removed by
rotary evaporation, the residue was filtered through silica gel with hex-
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anes, and the hexanes were removed by rotary evaporation. The yellow
residue was chromatographed on non-fluorous silica gel with hexanes as
eluent. Solvent was removed from the product fractions by oil pump
vacuum to give 1a as a clear oil, which became a cloudy, waxy solid upon
cooling (0.848 g, 1.085 mmol, 90%). M.p. and IR data: Table 1; elemental
analysis calcd (%) for C18H8F17O3Re: C 27.67, H 1.03; found: C 27.98, H
1.05; TGA: onset of mass loss 130 8C (Te).
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=1.60–1.81 (m; CH2CH2CF2), 2.00–
2.10 (m; CH2CH2CF2), 4.20 (t, J(H,H)=2.1 Hz; 2UCH), 4.29 ppm (t,
J(H,H)=2.1 Hz; 2UCH); 13C{1H}: d=19.1 (s; CH2CH2CF2), 33.0 (t,
2J(C,F)=22 Hz; CH2CH2CF2), 82.9 (s; 2UCH), 83.7 (s; 2UCH) 107.3 (s;
CCH2CH2CF2), 194.3 ppm (s; CO).


[{h5-1,2,3-C5H2[(CH2)2Rf8]3}Re(CO)3] (3a): The complex [(h5-1,2,3-
C5H2Br3)Re(CO)3]


[18] (0.502 g, 0.874 mmol), trans-[Cl2Pd(PPh3)2] (0.202 g,
0.288 mmol),[41] THF (20.0 mL), and a solution of [IZn{(CH2)2Rf8}]
(2.88 mmol; see above) were combined in a procedure analogous to that
used for 1a. A workup analogous to that used for the reaction of [(h5-
C5Br5)Re(CO)3] (below) gave 3a as a cloudy oil, which became a waxy,
white solid when cooled to �20 8C (0.805 g, 0.481 mmol, 55%). M.p. and
IR data: Table 1; MS (FAB+): m/z : 1674 [M]+ (100%); elemental analy-
sis calcd (%) for C38H14F51O3Re: C 27.26, H 0.84; found: C 27.46, H 0.84;
TGA: onset of mass loss 202 8C (Te).
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=1.96–2.14 (m; 3UCH2CH2CF2),
2.43–2.56 (m; 3UCH2CH2CF2), 4.44 ppm (s; 2UCH); 13C{1H}: d=15.6 (s;
1UCH2CH2CF2), 17.5 (s; 2UCH2CH2CF2), 32.1–33.5 (apparent m; 3U
CH2CH2CF2), 81.1 (s; 2UCH), 101.9 (s; 1UCCH2CH2CF2), 105.2 (s; 2U
CCH2CH2CF2), 194.3 ppm (s; CO).


[{h5-C5H[(CH2)2Rf8]4}Re(CO)3] (4a): The complex [(h5-C5HBr4)Re-
(CO)3]


[18] (0.500 g, 0.768 mmol), trans-[Cl2Pd(PPh3)2] (0.237 g,
0.338 mmol),[41] THF (20.0 mL), and a solution of [IZn{(CH2)2Rf8}]
(3.379 mmol; above) were combined in a procedure analogous to that
used for 1a. A workup analogous to that used for the reaction of [(h5-
C5Br5)Re(CO)3] gave 4a as a cloudy oil, which became a waxy, white
solid when cooled to �20 8C (0.896 g, 0.422 mmol, 55%). M.p. and IR
data: Table 1; MS (FAB+): m/z : 2120 [M]+ (100%); elemental analysis
calcd (%) for C48H17F68O3Re: C 27.20, H 0.81; found: C 27.29, H 0.99;
TGA: onset of mass loss 225 8C (Te).
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=2.11–2.38 (m; 4UCH2CH2CF2),
2.55–2.70 (m; 4UCH2CH2CF2), 4.57 ppm (s; CH); 13C{1H}: d=16.9 (s; 2U
CH2CH2CF2), 18.1 (s; 2UCH2CH2CF2), 33.4 (t, 2J(C,F)=22 Hz; 2U
CH2CH2CF2), 34.2 (t, 2J(C,F)=22 Hz; 2UCH2CH2CF2), 80.8 (s; CH),
102.9 (s; 2UCCH2CH2CF2), 105.9 (s; 2UCCH2CH2CF2), 194.3 ppm (s;
CO).


Reaction of [(h5-C5Br5)Re(CO)3] and [IZn{(CH2)2Rf8}]: [{h5-C5-
[(CH2)2Rf8]5}Re(CO)3] (5a), 4a, 3a, [{h


5-1,2,4-C5H2[(CH2)2Rf8]3}Re(CO)3]
(3’a): A Schlenk flask was charged with [(h5-C5Br5)Re(CO)3]


[18] (0.501 g,
0.684 mmol), trans-[Cl2Pd(PPh3)2] (0.265 g, 0.377 mmol),[41] and THF
(20.0 mL). A solution of [IZn{(CH2)2Rf8}] (3.763 mmol; see above) was
slowly added by cannula with stirring. The mixture was kept at 65 8C for
10 h, the solvent was removed by rotary evaporation, the residue was fil-
tered through non-fluorous silica gel with hexanes/CF3C6H5 (6:1 v/v) as
eluent, and the solvents were removed by rotary evaporation and oil
pump vacuum. The yellow residue was chromatographed on fluorous
silica gel, first with hexanes and then with 6:1 v/v hexanes/CF3C6H5. The
first product-containing fractions gave 3a (0.057 g, 0.034 mmol, 5%; data
above). The next product-containing fractions gave 3’a as a cloudy oil,
which became a waxy, white solid when cooled to �20 8C (0.023 g,
0.014 mmol, 2%). M.p. and IR data: Table 1; MS (FAB+): m/z : 1673
[M]+ (100%); elemental analysis calcd (%) for C38H14F51O3Re: C 27.26,
H 0.84; found: C 27.05, H 1.11; TGA: onset of mass loss 206 8C (Te).
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=1.91–2.14 (m; 3UCH2CH2CF2),
2.39–2.46 (m; 3UCH2CH2CF2), 4.42 ppm (s; 2UCH); 13C{1H}: d=17.9 (s;
2UCH2CH2CF2), 19.7 (s; 1UCH2CH2CF2), 33.1 (apparent m; 3U
CH2CH2CF2), 81.9 (s; 2UCH), 103.9 (s; 3UCCH2CH2CF2), 194.4 ppm (s;
CO).


The next product-containing fractions gave 4a (0.435 g, 0.205 mmol,
30%; data above) and then 5a as a cloudy oil, which became a waxy,


white solid when cooled to �20 8C (0.263 g, 0.103 mmol, 15%). M.p. and
IR data: Table 1; MS (FAB+): m/z : 2565 [M]+ (100%); elemental analy-
sis calcd (%) for C58H20F85O3Re: C 27.15, H 0.79; found: C 27.18, H 1.00;
TGA: onset of mass loss 215 8C (Te).
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=2.29–2.44 (m; 5UCH2CH2CF2),
2.73–2.76 ppm (m; 5UCH2CH2CF2);


13C{1H}: d=17.0 (s; CH2CH2CF2),
34.6 (t, 2J(C,F)=22 Hz; CH2CH2CF2), 102.0 (s; CCH2CH2CF2),
193.9 ppm (s; CO).


[{h5-C5H4[(CH2)2Rf8]}Mn(CO)3] (1b): The complex [(h5-C5H4Br)Mn-
(CO)3]


[22b] (0.504 g, 1.78 mmol), trans-[Cl2Pd(PPh3)2] (0.068 g,
0.097 mmol),[41] THF (20.0 mL), and a solution of [IZn{(CH2)2Rf8}]
(1.943 mmol; see above) were combined in a procedure analogous to that
used for 1a. A similar workup gave 1b as a light yellow, waxy solid
(0.976 g, 1.502 mmol, 85%). M.p. and IR data: Table 1.
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=1.81–1.87 (m; CH2CH2CF2�), 2.06–
2.09 (m; CH2CH2CF2), 3.76 (t, J(H,H)=2.1 Hz; 2UCH), 3.88 ppm (t,
J(H,H)=2.1 Hz; 2UCH); 13C{1H}: d=19.2 (s; CH2CH2CF2), 32.1 (t,
2J(C,F)=22 Hz; CH2CH2CF2), 82.0 (s; 4UCH), 103.4 (s; CCH2CH2CF2),
225.1 ppm (s; CO).


[{h5-1,2,3-C5H2[(CH2)2Rf8]3}Mn(CO)3] (3b): A Schlenk flask was charged
with [(h5-1,2,3-C5H2Br3)Mn(CO)3]


[18] (1.002 g, 2.270 mmol), [Cl2Pd(dppf)]
(0.549 g, 0.750 mmol),[41] and THF (20.0 mL). A solution of [IZn-
{(CH2)2Rf8}] (7.49 mmol; see above) was slowly added by cannula with
stirring. The mixture was kept at 65 8C for 10 h, the solvent was removed
by rotary evaporation, the residue was filtered through non-fluorous
silica gel with hexanes/CF3C6H5 (6:1 v/v) as eluent, the solvents were re-
moved by rotary evaporation, and the yellow residue was chromato-
graphed on fluorous silica gel with hexanes and then with hexanes/
CF3C6H5 (6:1 v/v) to give 3b as a waxy yellow solid (1.576 g, 1.020 mmol,
45%). M.p. and IR data: Table 1; MS (FAB+): m/z : 1543 [M]+ (20%),
1458 [M�3CO]+ (100%); elemental analysis calcd (%) for
C38H14F51O3Mn: C 29.59, H 0.91; found: C 29.46, H 1.12; TGA: onset of
mass loss 197 8C (Te).
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=2.17–2.30 (m; 3UCH2CH2CF2),
2.51–2.63 (m; 3UCH2CH2CF2), 4.22 ppm (s; 2UCH); 13C{1H}: d=16.6 (s;
1UCH2CH2CF2), 18.1 (s; 2UCH2CH2CF2), 32.1–32.6 (apparent m; 3U
CH2CH2CF2), 79.6 (s; 2UCH), 99.1 (s; 1UCCH2CH2CF2), 106.1 (s; 2U
CCH2CH2CF2), 224.8 ppm (s; CO).


[{h5-1,2,4-C5H2[(CH2)2Rf8]3}Mn(CO)3] (3’b): The complex [(h5-1,2,4-
C5H2Br3)Mn(CO)3]


[18] (1.002 g, 2.270 mmol), [Cl2Pd(dppf)] (0.549 g,
0.750 mmol),[41] THF (20.0 mL), and a solution of [IZn{(CH2)2Rf8}]
(7.490 mmol; see above) were combined in a procedure analogous to that
used for 3b. A similar workup gave 3’b as a waxy, yellow solid (1.930 g,
1.250 mmol, 55%). M.p. and IR data: Table 1; MS (FAB+): m/z : 1543
[M]+ (20%), 1458 [M�3CO]+ (100%); elemental analysis calcd (%) for
C38H14F51O3Mn: C 29.59, H 0.91; found: C 29.73, H 1.14; TGA: onset of
mass loss 202 8C (Te).
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=2.24–2.28 (m; 3UCH2CH2CF2),
2.46–2.55 (m; 3UCH2CH2CF2), 4.24 ppm (s; 2UCH); 13C{1H}: d=17.9 (s;
2UCH2CH2CF2), 19.8 (s; 1UCH2CH2CF2), 32.2–32.6 (apparent m; 3U
CH2CH2CF2), 82.4 (s; 2UCH), 100.5 (s; 1UCCH2CH2CF2), 100.8 (s; 2U
CCH2CH2CF2) 225.0 ppm (s; 3UCO).


[{h5-C5H[(CH2)2Rf8]4}Mn(CO)3] (4b): The complex [(h5-C5HBr4)Mn-
(CO)3]


[18] (1.003 g, 1.923 mmol), [Cl2Pd(dppf)] (0.621 g, 0.850 mmol),[41]


THF (20.0 mL), and a solution of [IZn{(CH2)2Rf8}] (8.46 mmol; see
above) were combined in a procedure analogous to that used for 3b. The
solvent was removed by rotary evaporation, the residue was filtered
through non-fluorous silica gel with hexanes/CF3C6H5 (6:1 v/v) as eluent,
the solvents were removed by rotary evaporation, and the yellow residue
was flash chromatographed on fluorous silica gel with hexanes to remove
the disubstituted and trisubstituted byproducts. Further elution with hex-
anes/CF3C6H5 (6:1 v/v) gave 4b as a yellow, waxy solid (1.987 g,
0.999 mmol, 52%). M.p. and IR data: Table 1; MS (FAB+): m/z : 1987
[M]+ (18%), 1903 [M�3CO]+ (100%); elemental analysis calcd (%) for
C48H17F68O3Mn: C 28.99, H 0.86; found: C 29.25, H 0.95; TGA: onset of
mass loss 229 8C (Te).
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1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=2.26–2.43 (m; 4UCH2CH2CF2),
2.51–2.74 (m; 4UCH2CH2CF2), 4.34 ppm (s; CH); 13C{1H}: d=16.4 (s; 2U
CH2CH2CF2), 18.1 (s; 2UCH2CH2CF2), 32.1–33.5 (apparent m; 4U
CH2CH2CF2), 80.2 (s; CH), 99.0 (s; 2UCCH2CH2CF2), 99.3 (s; 2U
CCH2CH2CF2), 224.1 ppm (s; CO).


Reaction of [(h5-C5Br5)Mn(CO)3] and [IZn{(CH2)2Rf8}]: [{h5-C5-
[(CH2)2Rf8]5}Mn(CO)3] (5b), 4b, 3b, 3’b, [{h5-1,3-C5H3-
[(CH2)2Rf8]2}Mn(CO)3] (2b), and [{h5-1,2-C5H3[(CH2)2Rf8]2}Mn(CO)3]
(2’b): The complex [(h5-C5Br5)Mn(CO)3]


[27] (1.002 g, 1.670 mmol), [Cl2Pd-
(dppf)][23] (0.674 g, 0.920 mmol),[41] THF (20.0 mL), and a solution of
[IZn{(CH2)2Rf8}] (9.200 mmol; see above) were combined in a procedure
analogous to that used for 3b. The solvent was removed by rotary evapo-
ration, the residue was filtered through non-fluorous silica gel with hex-
anes/CF3C6H5 (6:1 v/v) as eluent, the solvents were removed by rotary
evaporation, and the yellow residue was chromatographed on fluorous
silica gel, first with hexane (flash elution to separate the di- and trisubsti-
tuted products) and then with hexanes/CF3C6H5 (6:1 v/v) (standard elu-
tion). The first hexanes/CF3C6H5 fractions gave 4b (1.495 g, 0.7520 mmol,
45%; data above). The next product-containing fractions gave 5b as a
yellow oil, which became a waxy, yellow solid when cooled to �20 8C
(0.081 g, 0.033 mmol, 2%). M.p. and IR data: Table 1; MS (FAB+): m/z :
2433 [M]+ (24%), 2349 [M�3CO]+ (100%); elemental analysis calcd
(%) for C58H20F85O3Mn: C 28.61, H 0.83; found: C 29.15, H 1.02; TGA:
onset of mass loss 202 8C (Te).
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=2.29–2.44 (m; 5UCH2CH2CF2),
2.73–2.76 ppm (m; 5UCH2CH2CF2);


13C{1H}: d=17.0 (s; CH2CH2CF2),
33.6 (t, 2J(C,F)=22 Hz; CH2CH2CF2), 98.9 (s; CCH2CH2CF2), 224.1 ppm
(s; CO).


The hexane washings from the flash chromatography step were taken to
dryness and chromatographed on fluorous silica gel, first with hexanes
and then with 8:1 v/v hexanes/CF3C6H5. The first product-containing frac-
tions gave 2’b as a yellow oil, which became a waxy yellow solid when
cooled to �20 8C (0.037 g, 0.0330 mmol, 2%). M.p. and IR data: Table 1;
MS (FAB+): m/z : 1096 [M]+ (20%), 1012 [M�3CO]+ (100%); elemen-
tal analysis calcd (%) for C28H11F34O3Mn: C 30.68, H 1.01; found: C
30.65, H 1.10.
1H NMR ([D8]THF): d=2.41–2.51 (m; 2UCH2CH2CF2), 2.59–2.77 (m; 2U
CH2CH2CF2), 4.75 (t, 3J(H,H’)=2.5 Hz; CH), 4.99 ppm (d, 3J(H’,H)=
2.8 Hz; 2UCH); 13C{1H}: d=17.7 (s; 2UCH2CH2CF2), 32.2 (t, 2J(C,F)=
22 Hz; 2UCH2CH2CF2), 79.4 (s; 1UCH), 82.4 (s; 2UCH), 101.3 (s; 2U
CCH2CH2CF2), 225.0 ppm (s; CO).


The next product-containing fractions gave 2b as a yellow oil, which
became a waxy, yellow solid when cooled to �20 8C (0.037 g, 0.033 mmol,
2%). M.p. and IR data: Table 1; MS (FAB+): m/z : 1096 [M]+ (20%),
[M�3CO]+ (100%); elemental analysis calcd (%) for C28H11F34O3Mn: C
30.68, H 1.01; found: C 30.75, H 1.10.
1H NMR ([D8]THF): d=2.43–2.52 (m; 2UCH2CH2CF2), 2.57–2.78 (m; 2U
CH2CH2CF2), 4.73 (s; CH), 5.02 ppm (s; 2UCH); 13C{1H}: d=19.7 (s; 2U
CH2CH2CF2), 32.7 (t, 2J(C,F)=22 Hz; 2UCH2CH2CF2), 81.2 (s; 2UCH),
82.3 (s; 1UCH), 103.2 (s; 2UCCH2CH2CF2), 225.0 ppm (s; CO).


The next product-containing fractions gave 3b (0.127 g, 0.083 mmol, 5%;
data above) and then 3’b (0.051 g, 0.033 mmol, 2%; data above).


[{h5-C5H4[(CH2)3Rf8]}Mn(CO)3] (1c): The complex [(h5-C5H4Br)Mn-
(CO)3]


[22b] (0.250 g, 0.886 mmol), [Cl2Pd(dppf)] (0.071 g, 0.098 mmol),[41]


THF (10.0 mL), and a solution of [IZn{(CH2)3Rf8}] (1.064 mmol; see
above) were combined in a procedure analogous to that used for 3b. The
solvent was removed by rotary evaporation, the residue was filtered
through silica gel with hexanes/CF3C6H5 (6:1 v/v) as eluent, and the sol-
vent was removed by rotary evaporation to give 1c as a yellowish oil,
which became a waxy solid when cooled to �20 8C (0.499 g, 0.753 mmol,
85%). M.p. and IR data: Table 1; MS (FAB+): m/z : 664 [M]+ (45%),
580 [M�3CO]+ (100%); elemental analysis calcd (%) for
C19H10F17O3Mn: C 34.36, H 1.52; found: C 34.53, H 1.75; TGA: onset of
mass loss 126 8C (Te).
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=1.41–1.52 (m; CH2CH2CH2CF2),
1.71–1.92 (m; CH2CH2CH2CF2), 4.05 (t, J(H,H)=2.1 Hz; 2UCH),
4.13 ppm (t, J(H,H)=2.1 Hz; 2UCH); 13C{1H}: d=21.9 (s;


CH2CH2CH2CF2), 27.6 (s; CH2CH2CH2CF2), 30.5 (t, 2J(C,F)=22 Hz;
CH2CH2CH2CF2), 81.87 (s; 2UCH), 81.90 (s; 2UCH), 103.4 (s;
CCH2CH2CH2CF2), 225.3 ppm (s; CO).


[{h5-1,2,3-C5H2[(CH2)3Rf8]3}Mn(CO)3] (3c): The complex [(h5-1,2,3-
C5H2Br3)Mn(CO)3]


[18] (0.500 g, 1.135 mmol), [Cl2Pd(dppf)] (0.274 g,
0.375 mmol),[41] THF (20.0 mL), and a solution of [IZn{(CH2)3Rf8}]
(3.741 mmol; see above) were combined in a procedure analogous to that
used for 3b. The solvent was removed by rotary evaporation, the residue
was filtered through non-fluorous silica gel with hexanes/CF3C6H5 (6:1
v/v) as eluent, the solvents were removed by rotary evaporation, the resi-
due was chromatographed on fluorous silica gel with hexanes, and sol-
vent was removed from the product fractions by oil pump vacuum to
give 3c as a yellow oil, which became a waxy solid when cooled to
�20 8C (0.720 g, 0.454 mmol, 40%). M.p. and IR data: Table 1; MS
(FAB+): m/z : 1584 [M]+ (37%), 1500 [M�3CO]+ (100%); elemental
analysis calcd (%) for C41H20F51O3Mn: C 31.08, H 1.27; found: C 31.51,
H 1.33; TGA: onset of mass loss 202 8C (Te).
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=1.50–1.56 (m; 3UCH2CH2CH2CF2),
1.81–1.98 (m; 3UCH2CH2CH2CF2), 3.99 ppm (s; 2UCH); 13C{1H}: d=22.0
(s; 2UCH2CH2CH2CF2), 22.8 (s; 1UCH2CH2CH2CF2), 25.9 (s; 1U
CH2CH2CH2CF2), 26.5 (s; 2UCH2CH2CH2CF2), 31.0–31.4 (apparent m;
3UCH2CH2CH2CF2), 79.4 (s; 2UCH), 100.1 (s; 1UCCH2CH2CH2CF2),
103.8 (s; 2UCCH2CH2CH2CF2), 225.7 ppm (s; CO).


[{h5-1,2,4-C5H2[(CH2)3Rf8]3}Mn(CO)3] (3’c): The complex [(h5-1,2,4-
C5H2Br3)Mn(CO)3]


[18] (0.500 g, 1.135 mmol), [Cl2Pd(dppf)] (0.274 g,
0.375 mmol),[41] THF (20.0 mL), and a solution of [IZn{(CH2)3Rf8}]
(3.746 mmol; see above) were combined in a procedure analogous to that
used for 3c. An identical workup gave 3’c as a yellow oil, which became
a waxy solid when cooled to �20 8C (0.810 g, 0.509 mmol, 45%). M.p.
and IR data: Table 1; MS (FAB+): m/z : 1584 [M]+ (27%), 1500
[M�3CO]+ (100%); elemental analysis calcd (%) for C41H20F51O3Mn: C
31.08, H 1.27; found: C 31.34, H 1.21; TGA: onset of mass loss 212 8C
(Te).
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=1.62–1.65 (m; 3UCH2CH2CH2CF2),
1.90–2.08 (m; 3UCH2CH2CH2CF2), 4.09 ppm (s; 2UCH); 13C{1H}: d=21.9
(s; 2UCH2CH2CH2CF2), 22.4 (s; 1UCH2CH2CH2CF2), 26.1 (s; 2U
CH2CH2CH2CF2), 26.4 (s; 1UCH2CH2CH2CF2), 30.5–31.3 (m; 3U
CH2CH2CH2CF2), 82.0 (s; 2UCH), 101.8 (s; 2UCCH2CH2CH2CF2), 101.9
(s; 1UCCH2CH2CH2CF2), 225.7 ppm (s; CO).


[{h5-C5H[(CH2)3Rf8]4}Mn(CO)3] (4c): The complex [(h5-
C5HBr4)Mn(CO)3]


[18] (1.002 g, 1.927 mmol), [Cl2Pd(dppf)] (0.621 g,
0.850 mmol),[41] THF (20.0 mL), and a solution of [IZn{(CH2)3Rf8}]
(8.470 mmol; see above) were combined in a procedure analogous to that
used for 3c. A similar workup (chromatography on fluorous silica gel
first with hexanes to remove the di- and trisubstituted byproducts, and
then with hexanes/CF3C6H5 (6:1 v/v) to elute the product) gave 4c as a
yellow oil, which became a waxy solid when cooled to �20 8C (0.983 g,
0.482 mmol, 25%). M.p. and IR data: Table 1; MS (FAB+): m/z : 2044
[M]+ (24%), 1960 [M�3CO]+ (100%); elemental analysis calcd (%) for
C52H25F68O3Mn: C 30.55, H 1.23; found: C 30.96, H 1.10; TGA: onset of
mass loss 224 8C (Te).
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=1.75–1.78 (m; 4UCH2CH2CH2CF2),
2.03–2.09 (m; 4UCH2CH2CH2CF2), 4.30 ppm (s; CH); 13C{1H}: d=22.4 (s;
2UCH2CH2CH2CF2), 23.4 (s; 2UCH2CH2CH2CF2), 25.8 (s; 2U
CH2CH2CH2CF2), 26.6 (s; 2UCH2CH2CH2CF2), 31.2–31.8 (apparent m;
4UCH2CH2CH2CF2), 80.7 (s; CH), 100.9 (s; 2UCCH2CH2CH2CF2), 101.0
(s; 2UCCH2CH2CH2CF2), 225.9 ppm (s; CO).


CK [(CH2)2Rf8]=C[(CH2)2Rf8]CH=C[(CH2)2Rf8]CL H2 (3’d): A quartz-well
photochemical immersion reactor was charged with 3’b (0.502 g,
0.324 mmol), CF3C6H5 (10 mL; to dissolve 3’b), MeOH (5 mL), and di-
ethyl ether (10 mL). The solution was irradiated with a Heraeus TQ150
high-pressure mercury lamp (20 min). The solvent was removed by rotary
evaporation. The brown residue was chromatographed (silica gel column,
8:1 v/v hexanes/CF3C6H5) to give 3’d as a white oil that solidified under
oil pump vacuum (0.296 g, 0.211 mmol, 65%). M.p. 47–49 8C (capillary),
52.3 8C (DSC, Te); MS (FAB+): m/z : 1404 [M]+ (100%), 971
[M�(CH2(CF2)7CF3)]


+ (45%); elemental analysis calcd (%) for
C35H15F51: C 29.93, H 1.08; found: C 29.55, H 1.15.
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1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=1.95–2.09 (m; 2UCH2CH2CF2),
2.15–2.30 (m; CH2CH2CF2), 2.56–2.58 (m; CH2CH2CF2), 2.35–2.47 (m;
2UCH2CH2CF2), 2.81 (s, =CCH2C=), 5.95 ppm (s; CH=); 13C{1H}: d=15.7
(s; 1UCH2CH2CF2), 18.5 (s; 1UCH2CH2CF2), 18.6 (s; 1UCH2CH2CF2),
30.3 (t, 2J(C,F)=22 Hz; 1UCH2CH2CF2), 31.1–31.7 (apparent m; 2U
CH2CH2CF2), 40.7 (s, =CCH2C=), 124.7 (s; 1 CH=), 138.2 (s; 1U
CCH2CH2CF2), 140.3, (s; 1UCCH2CH2CF2), 145.0 ppm (s; 1U
CCH2CH2CF2).


CK [(CH2)2Rf8]=C[(CH2)2Rf8]C[(CH2)2Rf8]=C[(CH2)2Rf8]CL H2 (4d): Com-
plex 4b (0.501 g, 0.251 mmol), CF3C6H5 (20 mL; to dissolve 4b), MeOH
(10 mL), and diethyl ether (10 mL) were combined in a procedure analo-
gous to that used for 3’d. An identical workup gave 4d as a white oil that
became a waxy white solid under oil pump vacuum (0.279 g, 0.151 mmol,
60%). M.p. 65–69 8C (capillary). MS (FAB+): m/z : 1850 [M]+ (100%),
1417 [M�(CH2(CF2)7CF3)]


+ (65%), 969 ([1417�((CH2)2(CF2)7CF3)]
+


(70%).
1H NMR (C6D6/CF3C6F5, 1:1 v/v): d=2.10–2.22 (m; 4UCH2CH2CF2), 2.50
(s; =CCH2C=), 2.56–2.63 ppm (m; 4UCH2CH2CF2);


13C{1H}: d=16.7 (s;
2UCH2CH2CF2), 19.3 (s; 2UCH2CH2CF2), 31.6–32.1 (apparent m; 4U
CH2CH2CF2), 43.4 (s,=CCH2C=), 138.5, (s; 2UCCH2CH2CF2), 138.6 ppm
(s; 2UCCH2CH2CF2).


[{h5-1,2,4-C5H2[(CH2)2Rf8]3}Rh(CO)2] (3’e): A Schlenk flask was charged
with 3’d (0.151 g, 0.107 mmol) and THF (10.0 mL), and cooled to �78 8C.
nBuLi (1.6m in hexanes; 0.074 mL, 0.118 mmol) was then added with stir-
ring. A solution of [Rh(CO)2Cl]2 (0.042 g, 0.107 mmol) in THF (2.0 mL)
and CF3C6H5 (2.0 mL) was then added by cannula. The solution was al-
lowed to warm slowly to room temperature. After 10 h, solvents were re-
moved by oil pump vacuum, the dark residue was chromatographed on a
short alumina column with CF3C6F11 under N2, and solvent was removed
from the product fractions by oil pump vacuum to give 3’e as an air-sensi-
tive, orange oil (0.059 g, 0.038 mmol, 35%). IR data: Table 1; MS (FAB+):
m/z : 1506 [M�2CO]+ (100%); elemental analysis calcd (%) for
C37H14F51O2Rh: C 28.44, H 0.90; found: C 28.33, H 1.09.
1H NMR (CDCl3/CF3C6F5, 1:1 v/v): d=2.25–2.28 (m; 3UCH2CH2CF2),
2.46–2.55 (m; 3UCH2CH2CF2), 5.34 ppm (s; 2UCH); 13C{1H}: d=17.9 (s;
2UCH2CH2CF2), 19.8 (s; 1UCH2CH2CF2), 32.2–32.5 (apparent m; 3U
CH2CH2CF2), 82.4 (d, 1J(C,Rh)=4.3 Hz; 2UCH), 100.5 (d, 1J(C,Rh)=
4.5 Hz; 1UCCH2CH2CF2), 100.8 (d, 1J(C,Rh)=4.5 Hz; 2UCCH2CH2CF2)
192.0 ppm (d, 1J(C,Rh)=84.5 Hz; CO).


Partition coefficients : The following are representative.


A) A 10 mL vial was charged with 3b (0.0502 g, 0.0324 mmol), CF3C6F11


(2.000 mL), and toluene (2.000 mL), fitted with a mininert valve, and
gently heated until 3b dissolved. The vial was vigorously shaken (2 min)
to ensure good phase mixing, and was kept for 12–24 h at room tempera-
ture (23 8C). An aliquot (0.500 mL) was removed from each layer and
taken to dryness (oil pump vacuum). CF3C6F11 (1.000 mL) was then
added to each residue, and the solutions were analyzed by HPLC (aver-
age of five 10 mL autoinjections, 200U4 mm Nucleosil 100–5 column, UV/
visible detector). No 3b could be detected in the toluene phase. To estab-
lish a detection limit, a 10 mL volumetric flask was charged with 3b
(0.0050 g, 0.0032 mmol) and CF3C6F11 (10 mL). An aliquot (1.000 mL)
was diluted to 4.000 mL, giving a concentration of 1.25U10�4 gmL�1.
When this solution was analyzed by HPLC, 3b was easily detected. An-
other aliquot (1.000 mL) was diluted to 2.000 mL, giving a concentration
of 6.25U10�5 gmL�1. The 3b was still detectable. The 0.500 mL toluene
aliquot therefore contained less than 3.12U10�5 g of 3b, and the
2.000 mL toluene phase less than 1.25U10�4 g of 3b. This corresponds to
a CF3C6F11/toluene partition coefficient of >99.8:<0.2.


B) Compound 3’d (0.0502 g, 0.0360 mmol), CF3C6F11 (2.000 mL), and tol-
uene (2.000 mL) were combined as in Procedure A. An aliquot
(0.500 mL) was removed from each layer and taken to dryness (oil pump
vacuum). A stock solution of eicosane in CF3C6H5 (2.000 mL, 0.00449m)
was added to both aliquots. GLC analysis showed 0.00897 mmol of 3’d in
the CF3C6F11 aliquot (average of five injections). The toluene phase gave
no signal for 3’d, indicating a partition coefficient of >99.7:<0.3.


Acknowledgements


We thank the Deutsche Forschungsgemeinschaft (DFG, GL 300/3-3) and
Johnson Matthey PMC (palladium and rhodium loans) for support.


[1] Metallocenes (Eds.: A. Togni, R. L. Halterman), Wiley-VCH, Wein-
heim, Germany, 1996 (Vol. I) and 1998 (Vol. II).


[2] Reviews: a) N. E. Leadbeater, M. Marco, Chem. Rev. 2002, 102,
3217; b) R. Duchateau, Chem. Rev. 2002, 102, 3525; c) Z. Lu, E.
Lindner, H. A. Mayer, Chem. Rev. 2002, 102, 3543; d) G. G. Hlatky,
Chem. Rev. 2000, 100, 1347; e) P. A. Chase, R. J. M. K. Gebbink, G.
van Koten, J. Organomet. Chem. 2004, 689, 4016.


[3] Representative recent literature: a) B. F. G. Johnson, S. A. Raynor,
D. S. Shephard, T. Mashmeyer, J. M. Thomas, G. Sankar, S. Bromley,
R. Oldroyd, L. Gladden, M. D. Mantle, Chem. Commun. 1999, 1167;
b) A. M. Uusitalo, T. T. Pakkanen, E. I. Iiskola, J. Mol. Catal. A:
Chem, 2000, 156, 181; c) A. G. M. Barrett, Y. R. de Miguel, Tetrahe-
dron 2002, 58, 3785; d) M. W. McKittrick, C. W. Jones, J. Catal.
2004, 227, 186.


[4] I. T. Horv>th, Acc. Chem. Res. 1998, 31, 641.
[5] Handbook of Fluorous Chemistry (Eds.: J. A. Gladysz, D. P. Curran,


I. T. Horv>th), Wiley-VCH, Weinheim, 2004.
[6] J. A. Gladysz, R. C. da Costa in Handbook of Fluorous Chemistry


(Eds.: J. A. Gladysz, D. P. Curran, I. T. Horv>th), Wiley-VCH,
Weinheim, 2004, Chapter 4.5.1.


[7] a) M. Wende, J. A. Gladysz, J. Am. Chem. Soc. 2003, 125, 5861;
b) K. Ishihara, H. Yamamoto in Handbook of Fluorous Chemistry
(Eds.: J. A. Gladysz, D. P. Curran, I. T. Horv>th), Wiley-VCH,
Weinheim, 2004, Chapter 10.18.


[8] R. P. Hughes, H. A. Trujillo, Organometallics 1996, 15, 286.
[9] V. Herrera, P. J. F. de Rege, I. T. Horv>th, L. T. Husebo, R. P.


Hughes, Inorg. Chem. Commun. 1998, 1, 197.
[10] For the synthesis and characterization of [{h5-C5H4[(CH2)2-


Rf6]}2ZrX2] (X=Cl, CH3), see: J. Ruwwe, Doctoral Dissertation,
WestfMlische Wilhelms UniversitMt MLnster, 1998.


[11] P. G. Merle, V. ChYron, H. Hagen, M. Lutz, A. L. Spek, B.-J. Deel-
man, G. van Koten, Organometallics 2005, 24, 1620.
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Introduction


High-throughput synthetic strategies used in the discovery
of new drug candidates, materials, and catalysts have relied
on two prevailing methods, namely mix and split, and paral-
lel synthesis.[1,2] These so-called “high-speed synthesis” ap-
proaches actually have slower chemical transformations be-
cause they are often heterogeneous. To address this, various
techniques have been applied including microwave-assisted
organic synthesis (MAOS),[3–6] which provide faster, cleaner
and higher yielding reactions.[6–12] However, the one-at-a-
time nature of preparing reactions in single, specialized (and
expensive) microwave vials does much to offset the benefits
of faster chemical conversion. One way to overcome these
handling issues is to perform reactions in a flow format. Ad-
ditionally, there is merit in miniaturizing the combinatorial
process,[13,14] which has been achieved by microflow systems
called microreactors.[15–17] However, the fabrication of chip-
type microreactors requires specialized, expensive facilities,
and the laminar flow associated with microchannel devices
can lead to poor reactivity.[17] Further, existing microfluidic
technology does not address fully the issue of heating in
these reaction systems, which limits application. The goals
of high-throughput synthesis might be better served through


miniaturization in a flow format incorporating the reaction-
rate-promoting benefits and higher yields of MAOS.[18,19]


Results and Discussion


Most flow-through, microscale combinatorial reaction sys-
tems have used a sequential-flow approach to the prepara-
tion of libraries, whereby compounds were produced, one
after another, through the same reactor channel.[13,14] Signifi-
cantly, virtually all libraries prepared by this approach[20]


have been synthesized at room temperature by using glass
microchips that carry the associated limitations discussed
above.[21] With the aim of greatly improving this process we
designed and prepared a single capillary reactor (Fig-
ure 1A).[22] The assembly consists of a stainless steel mixing
chamber with three inlets that merge to a single outlet that
can be connected to capillary tubes of various internal diam-
eters (200–1150 mm) and, ultimately, to collection vessels.
We prepared a demonstration array of compounds using a
consecutive-flow/MW-irradiation strategy based on the
Suzuki–Miyaura cross-coupling reaction[23] (Table 1). A con-
stant stream of phenyl boronic acid (1) and base (syringe A)
was fed into the reaction chamber (Figure 1A), while plugs
of aryl halides 2–6 and catalyst (syringes B1–B5) were intro-
duced sequentially through a second lead into the reaction
capillary to afford the biaryl library, separated by time, in
very good to excellent conversion.


This methodology was then applied to the nucleophilic
substitution of aromatic fluorides (SNAr) with primary
amines that produced the anilines shown in Table 2. It is
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try · cross-coupling · microreactors ·
microwaves · parallel synthesis


Abstract: A continuous flow, microwave-assisted, parallel-capillary microreactor
has been developed. Libraries of drug candidates were prepared on the milligram
scale with this reactor by injecting plugs of reagents from separate syringes into
common reaction capillaries, thereby producing discrete compounds in excellent
yield and purity. Microwave irradiation provides the necessary energy that existing
room-temperature microreactor technology lacks for higher activation barrier
transformations, producing the required amounts of desired compounds in minutes
or less.
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worth noting that despite the small channel size, no laminar
flow[17] of the two reacting streams was observed and no
blockage of the reactor occurred where products crystal-
lized, which was shown to be problematic in other, even
larger diameter flow systems.[24]


Having established the con-
cept of a MW-assisted continu-
ous/sequential-flow library syn-
thesis and prepared two small
libraries, we felt we were in a
unique position to significantly
advance microscale, flow paral-
lel synthesis using our capillary
reactor approach.[25] The multi-
reactor assembly (shown in Fig-
ures 1B and C) was designed
specifically for library prepara-
tion and consists of a stainless
steel holder with four pairs of
two inlet ports (8 ports in
total), in which the channels of
each pair merged to afford four
outlet ports. Capillary tubes
were connected to each of
these outlets to form a multi-


reactor system and all reactions could be heated simultane-
ously while they flowed through each capillary. We elected


Figure 1. Continuous flow, capillary MW microreactors. A) Schematic of the single capillary reactor system.
B) Schematic of the parallel, capillary multireactor system. C) Photograph of the parallel, capillary multireac-
tor system.


Table 1. A cross-coupling library prepared by sequential injection of
stock solutions by continuous flow capillary microwave irradiation.


Stream A Product
Conversion
[%][a]


stream
B1


97


stream
B2


76


stream
B3


90


stream
B4


72


stream
B5


100


[a] Percent conversion was determined by 1H NMR spectroscopy and is
relative to residual starting halide 2–6.


Table 2. A SNAr library prepared by sequential injection of stock solutions
by flow capillary microwave irradiation.


Stream
A


Product
Conversion
[%][a]


stream
B1


100


stream
B2


56


stream
B3


100


stream
B4


67


stream
B4


55


[a] Percent conversion was determined by 1H NMR spectroscopy and is rela-
tive to residual starting fluoride 12.
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to use the SNAr reaction for the parallel synthesis in which
fluorides 12 and 23 (syringes A1 and A2) and amines 24 and
25 (syringes B1 and B2) were the two reagent pairs (see
Figure 2 and Table 3). Thus, for example, a stream of amine
25 from syringe B2 was split into two and fed equally into
different inlets whereby one stream could combine with
fluoride 12 (from syringe A1), while the other mixed with 23
(from syringe A2). By using this technique four streams con-
taining all possible combinations were collected separately
and the conversion ranged from very good to excellent.


A perceived drawback of flow parallel synthesis is the ne-
cessity to have as many syringe pumps as starting reagents
and as many reaction channels as products.[13] Additionally,
it is a common belief that once a parallel reaction system
has been built, the number of components in the library are
fixed.[13] These concerns could be eliminated, or at least
minimized, through the new concept of continuous-flow, se-
quential, parallel synthesis using the multireactor assembly
shown in Figures 1B, 1C, and 3 (for results see Table 4).
Aryl bromides 6 and 2 were continuously fed into inlet ports
A1 and A2 using syringes A1 and A2, respectively. The bor-
onic acids from syringes B1 and B2 were each split into two
streams and pumped into their respective inlets as denoted
in Figure 3. There they mixed with either bromide


stream A1 or A2 and were sub-
jected to microwave irradiation
to afford all possible products.
Streams B1 and B2 were then
simply switched to B3 and B4
giving rise to a sequential, par-
allel synthesis. By using this
technique the number of prod-
ucts was doubled relative to the
example in Table 3. The total
number of products obtainable
by this methodology is only lim-
ited by the number of reagents
employed, and, once again, the
products are separated by time.


This strategy demonstrates
that the number of products ob-
tainable in this parallel synthe-
sis strategy is no longer limited
to the number of reaction ves-
sels as is the case with conven-
tional parallel synthesis. To pre-
pare the library shown in
Table 4 by using a conventional
microreactor approach would
require a single channel reactor
to perform eight continuously
flowing separate reactions, one
after another, in the same chan-
nel; this series of reactions
would require minimally four
times the amount of time to
complete. This aside, our
system represents the first MW-


(or indeed thermally)-assisted parallel synthesis in a contin-
uous flow format and, as such, marks a potentially new di-
rection for high-throughput synthesis.


In summary, we have developed a new capillary-based ap-
proach to parallel synthesis, whereby the reagents flow in se-
quence into a multicapillary reactor device and the transfor-
mations are accelerated by microwave irradiation to provide
collections of compounds in a very rapid, clean, and efficient
manner.


Experimental Section


Preparation of cross-coupling library prepared by sequential injection of
stock solutions using a flow capillary reactor with microwave irradiation
(Table 1): Stock solutions containing aryl halides 2 (stream B1), 3
(stream B2), 4 (stream B3), 5 (stream B4) and 6 (stream B5) (0.3 mmol,
1 equiv) and Pd(PPh3)4 (17 mg, 0.015 mmol, 5 mol%) in DMF (1 mL)
were prepared and loaded into Hamilton gas-tight syringes B1 to B5, re-
spectively. A stock solution containing phenylboronic acid (1; stream A)
(48 mg, 0.39 mmol, 1.3 equiv), and 2m KOH (0.45 mL, 3.0 equiv,
0.9 mmol) in DMF (1 mL) was prepared and loaded into Hamilton gas-
tight syringe A. The continuous flow microwave system was primed with
DMF and syringes A and B1 were connected to the reactor system as
shown in Figure 1A, with the aid of MicrotightTM fittings. The syringes


Figure 2. Top view of multireactor system schematic for a 2M2 parallel library.


Table 3. Preparing libraries of compounds simultaneously by parallel capillary irradiation using the multi-inlet
reactor (shown in Figure 2).


fluoride A1 fluoride A2


amine B1 product A1B1 (78%)[a] product A2B1 (100%)[a]


amine B2 product A1B2 (90%)[a] product A2B2 (100%)[a]


[a] Percent conversion was determined by 1H NMR spectroscopy and is relative to residual starting fluoride.
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were placed in a Harvard 22 syringe pump that was set to deliver
15 mLmin�1, and the single mode microwave (Biotage Smith Creator Syn-
thesizerTM) was programmed to heat constantly at 170 W. The syringe
pump and MW were turned on and the effluent from the reactor was fed
into collection tubes and analyzed directly by 1H NMR spectroscopy im-
mediately after the reaction. When 0.15 mL of B1 had been fed into the
reactor, the syringe was switched to one containing just DMF that was
ran for 30 s to clean the lines. The syringe was then switched to B2 and
the process repeated until all stock solutions B1 to B5 had passed
through the reactor. All products are known and the 1H NMR spectra
obtained for compounds 7, 8, and 9 ;[26] 10 ;[27] and 11[28] were consistent
with the literature data for these compounds. All compounds in this
study were isolated by silica gel chromatography for the purpose of spec-
troscopic identification.


Preparation of an array of compounds by nucleophilic aromatic substitu-
tion via two-stream infusion into the microreactor of the MACOS system
(Table 2): Stock solutions containing the aryl amines 13 (stream B1), 14
(stream B2), 15 (stream B3), 16 (stream B4) and 17 (stream B5),
(1.5 mmol, 2 equiv) were prepared and loaded into Hamilton gas-tight sy-
ringes B1 to B5, respectively. A stock solution containing 2-fluoronitro-
benzene (12 ; stream A; 104 mg, 0.74 mmol, 1 equiv) and diisopropyla-
mine (0.26 mL, 0.74 mmol) in DMF (0.74 mL) was prepared and loaded


into Hamilton gas-tight syringe A. The
continuous flow microwave system
was primed with DMF and syringes A
and B1 were connected to the reactor
system as shown in Figure 1A, with
the aid of MicrotightTM fittings. The
syringes were placed in a Harvard 22
syringe pump that was set to deliver
15 mLmin�1 and the single mode mi-
crowave (Biotage Smith Creator Syn-
thesizerTM) was programmed to heat
constantly at 170 W. The syringe pump
and MW were turned on and the
output from the reactor was fed into
collection tubes and was analyzed di-
rectly by 1H NMR spectroscopy imme-
diately after reaction. When 0.15 mL
of B1 had been fed into the reactor,
the syringe was switched to one con-
taining just DMF that was ran for 30 s
to clean the lines. The syringe was then
switched to B2 and the process repeat-
ed until all stock solutions had passed
through the reactor. Products 18,[29]


20,[30] and 21[31] are known and the
1H NMR spectra obtained were consis-
tent with literature data. Compounds
19 and 22 gave 1H NMR data consis-
tent with samples prepared previously
in our laboratories. All compounds in
this study were isolated by silica gel
chromatography for the purpose of
spectroscopic identification.


Preparation of libraries of compounds
by simultaneous parallel capillary irra-
diation using the multi-inlet reactor
(Table 3): Two separate stock solutions
containing the aryl amines 24
(amine B1), and 25 (amine B2)
(1.2 mmol, 2 equiv) in DMF (1.21 mL)
were prepared and loaded into Hamil-
ton gas-tight syringes B1 and B2, re-
spectively. Similarly, two separate stock
solutions containing fluoronitroben-
zene 12 (fluoride A1) and 23 (fluori-
de A2) (0.6 mmol, 1 equiv), each con-
taining diisopropylamine (0.21 mL,


1.2 mmol) in DMF (1 mL), were prepared and loaded into Hamilton gas-
tight syringes A1 and A2, respectively. The continuous flow, multi-inlet
microwave system was primed with DMF and syringes A1, A2, B1, and
B2 were connected to the reactor system as shown in Figures 1B and 1C
and Table 3 with the aid of MicrotightTM fittings. The syringes were
placed in a Harvard 22 syringe pump that was set to deliver 20 mLmin�1


and the single mode microwave (Biotage Smith Creator SynthesizerTM)
was programmed to heat constantly at 170 W. The syringe pump and
MW were turned on and the output from the reactor was fed into collec-
tion tubes and was analyzed directly by 1H NMR spectroscopy immedi-
ately after reaction. Product 26 is known and the 1H NMR spectrum ob-
tained was consistent with the literature.[31] Compounds 27, 28, and 29
gave 1H NMR data consistent with samples prepared previously in our
laboratories. All compounds in this study were isolated by silica gel chro-
matography for the purpose of spectroscopic identification.


Preparation of libraries of compounds by sequential, parallel, capillary ir-
radiation using the multi-inlet reactor (Table 4): Two separate stock solu-
tions containing aryl halides 6 (bromide A1) and 2 (bromide A2)
(6 mmol, 1 equiv) and each containing Pd(PPh3)4 (34 mg, 0.003 mmol,
5 mol%) in DMF (2.9 mL) were prepared and loaded into Hamilton gas-
tight syringes A1 and A2, respectively. Similarly, four separate stock solu-
tions containing boronic acids 1 (boronic acid B1), 29 (boronic acid B2),


Table 4. Preparing libraries of compounds by sequential, parallel capillary irradiation using the multi-inlet re-
actor (shown in Figure 3).


bromide A1 bromide A2


boronic acid B1 product A1B1 (67%)[a] product A2B1 (100%)[a]


boronic acid B2 product A1B2 (91%)[a] product A2B2 (100%)[a]


boronic acid B3 product A1B3 (92%)[a] product A2B3 (100%)[a]


boronic acid B4 product A1B4 (91%)[a] product A2B4 (100%)[a]


[a] Percent conversion was determined by 1H NMR spectroscopy and is relative to residual starting fluoride.


Figure 3. Top view of multireactor system schematic for a 2M4 parallel, sequential synthesis.
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30 (boronic acid B3) and 31 (boronic acid B4) (7.8 mmol, 1.3 equiv), each
containing 2m KOH (0.9 mL, 3.0 equiv, 1.8 mmol) in DMF (2 mL), were
prepared and loaded into Hamilton gas-tight syringes B1 to B4, respec-
tively. The continuous flow multi-inlet microwave system was primed
with DMF and syringes A1, A2, B1 and B2 were connected to the reactor
system as shown in Figures 1B, 1C, and 3 and Table 4 with the aid of Mi-
crotightTM fittings. The syringes were placed in a Harvard 22 syringe
pump that was set to deliver 20 mLmin�1 and the single mode microwave
(Biotage Smith Creator SynthesizerTM) was programmed to heat con-
stantly at 170 W. The syringe pump and MW were turned on and the
output from the reactor was fed into collection tubes and was analyzed
directly by 1H NMR spectroscopy immediately after reaction. When
0.15 mL of the four streams had been fed into the reactor, the syringe
was switched to one containing just DMF that was ran for 30 s to clean
the lines. The syringes were then switched to B3 and B4 and the process
repeated until all stock solutions had passed through the reactor. Prod-
ucts 7,[26] 3,[26] 32,[32] 33,[33] 34,[34] 35,[35] 36,[36] and 37[36] are known and the
1H NMR spectra obtained were consistent with the literature. All com-
pounds in this study were isolated by silica gel chromatography for the
purpose of spectroscopic identification
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Introduction


Noncovalent interactions play a key role in the fields of
chemistry, molecular biology, and material science.[1] Numer-
ous supramolecular chemical assemblies have been obtained


by carefully selecting building blocks made of organic li-
gands containing appropriate functional groups.[2] Consider-
ing the importance of noncovalent interactions in nature
and the large number of natural quinonoid compounds
available, it appears that studying the supramolecular prop-
erties of quinonoid molecules should provide an interesting
field of research.[3] Among the natural quinones that contain
an acidic proton, some play an important role as bioinhib-
itors,[4] because they can interact with the ATP binding site
through hydrogen bonding.[4j]


Recently, zwitterionic N-substituted benzoquinonemono-
imine derivatives (2) were shown to result from proton mi-
gration from the oxygen of a postulated hydroxyquinone in-
termediate 1 onto the more basic nitrogen site [Eq. (1)].[5]


The first member of this new class of quinones (R= tBu)[5]


has attracted considerable theoretical interest, as it is a rare


Abstract: Full details on a very effi-
cient transamination reaction for the
synthesis of zwitterionic N,N’-dialkyl-2-
amino-5-alcoholate-1,4-benzoquinone-
monoiminium derivatives [C6H2-
(PNHR)2(PO)2] 5–16 are reported. The
molecular structures of zwitterions 5
(R=CH3) in 5·H2O, 13 (R=


CH2CH2OMe), 15 (R=CH2CH2NMe2),
and of the parent, unsubstituted system
[C6H2(PNH2)2(PO)2] 4 in 4·H2O have
been established by single-crystal X-
ray diffraction. This one-pot prepara-
tion can be carried out in water,
MeOH, or EtOH and allows access to
new zwitterions with N-substituents
bearing functionalities such as �OMe
(13), �OH (9–12), �NR1R2 with R1=


or ¼6 R2 (14–16) or an alkene (8), lead-
ing to a rich coordination chemistry


and allowing fine-tuning of the supra-
molecular arrangements in the solid
state. As previously described for 15,
which reacted with Zn(acac)2 to afford
the octahedral ZnII complex
[Zn{C6H2(=NCH2CH2NMe2)O(=O)-
(NHCH2CH2NMe2)}2] (20), ligands 13
and 16 with coordinating “arms” af-
forded with Zn(acac)2 the 2:1 adducts
[Zn{C6H2(=NCH2CH2X)O(=O)(NH-
CH2CH2NX)}2] 19 (X=OMe) and 21
(X=NHEt), with N2O4 and N4O2


donor sets around the octahedral ZnII


center, respectively. Furthermore, zwit-
terions 15 and 16 reacted with ZnCl2 to


give the stable, crystallographically char-
acterized ZnII zwitterionic complexes
[ZnCl2{C6H2(=NCH2CH2NR1R2)O(=O)-
(NHCH2CH2NHR1R2)}] 22 (R1=R2=


Me) and 23 (R1=Et, R2=H) by means
of an unprecedented, tandemlike syn-
thesis in which 1) the two pendant
amino groups of the organic benzoqui-
nonemonoimine zwitterionic precursor
favor metal coordination and proton
transfer and 2) the saturated linker
prevents p-conjugation between the
charges. The nature of the structural ar-
rangements in the solid state for both
inorganic (20, 22, 23) and organic (5, 9,
13, and 15) molecules is determined by
subtle variations in the nature of the
N-substituent on the zwitterion precur-
sor.
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example of a potentially antiaromatic zwitterion being more
stable than its canonical forms.[6]


Such quinonoids display interesting supramolecular struc-
tural properties,[5,6a, 7] and appear very attractive in organic
chemistry,[6a,7] color chemistry,[8] and coordination chemis-
try[6a,9] owing to their remarkable chemical and physical
properties: 1) as zwitterions they are strongly dipolar (elec-
trostatic interactions), 2) they possess two hydrogen-donor
sites and two hydrogen-acceptor sites (hydrogen-bonding in-
teractions), 3) they have a conjugated p system (p–p inter-
action), and 4) it is possible to vary the nature of the N-sub-
stituent (tuning of the steric properties and introduction of
heteroatoms and/or hydrogen-donor and -acceptor sites).


However, the preparation of a wide range of such
NCH2R-substituted zwitterions could not be achieved by the
initial synthetic procedure owing to the need to use highly
reactive acid chlorides,[5,6a] in which the choice of other func-
tional groups is limited. For further applications of this class
of molecules, in particular as colorants, a “greener” synthe-
sis (i.e. without organic solvent) was of great interest.


A new, efficient synthesis of various functional N-substi-
tuted, 6p+6p-electron zwitterionic benzoquinonemonoimine
derivatives involves the first transamination reactions in qui-
nonoid chemistry.[10] This one-pot preparation can often be
performed in water and provides an access to new zwitter-
ions not available by the previously reported methods.[5,6a] It
allows a fine-tuning of the solubility of these molecules,
which is a key point for their subsequent applications. Fur-
thermore, the introduction of various functionalities on the
zwitterionic skeleton opens new possibilities in supramolec-
ular chemistry and for the synthesis of novel coordination
complexes.


Among them, zwitterionic metal complexes have been
recognized as an important class of molecules endowed with
interesting structural, electronic, magnetic, nonlinear optical,
or catalytic properties.[11] It is usually the metal center that
carries the positive charge. The reverse situation in which an
integral negative charge would be formally localized on the
metal center is uncommon, although this is the case, for ex-
ample, in complexes derived from phosphonium ylids.[12]


When the negative charge is delocalized between the metal
center and the coordinated ligand through a conjugated p


system, different nonzwitterionic Lewis structures can be en-
visaged.[12] Therefore, true zwitterionic metalates with the
opposite charges separated by sp3 carbon atoms are particu-
larly interesting, but much less common.[11f,13] They are at-
tracting increasing interest owing to their potential in non-
linear optics, molecular electronics, and catalysis.[12, 14] In ad-
dition, the nature and geometry of the coordination sphere


of ZnII complexes in the presence of multifunctional ligands
are of increasing relevance in bioinorganic chemistry.[15]


The formation of metal complexes from zwitterionic li-
gands is often limited by the low reactivity of the lat-
ter,[6a, 9,16] the poor stability of the complexes,[17] or by restric-
tions to certain pH ranges.[16,17] We are aware of only one
study reporting the preparation of a zwitterionic complex
from an organic zwitterion.[11f] Its formation was, however,
unexpected and not fully understood.


Herein, we wish to describe the synthesis of a range of
zwitterionic quinones, their metal coordination, and supra-
molecular organizations. The synthesis of new ammonium
metalate zwitterionic complexes from such quinonemono-
imine 6p+6p organic zwitterions involves a controlled met-
alation operating in a tandemlike manner, with each of the
initially identical pendant amino functions of the organic
precursor playing a different role with anchimeric assistance.
The nature of the structural arrangements in the solid state
for both inorganic and organic molecules is determined by
subtle variations in the nature of the N-substituent on the
zwitterion precursor.


Results and Discussion


Ligand synthesis : We have extended the family of zwitter-
ionic quinones 2 by applying our recent transamination pro-
cedure.[10a] Compound 3·2HCl reacted smoothly at room
temperature and in air with a large excess of primary
amines RNH2 in water, MeOH, or EtOH to afford the cor-
responding zwitterions [C6H2(PNHR)2(PO)2] 5–16 in high
yield (see Experimental Section; Scheme 1). The zwitterion
4 was shown to be an intermediate in this reaction.[10a] Func-
tionalities such as OH, OMe, NR1R2 (R1= or ¼6 R2), or an
alkene could thus be introduced. In contrast to 6 and 7,
which are only soluble in organic solvents, 9–12 are almost


Scheme 1. One-pot synthesis of zwitterions 5–16.
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insoluble in most organic solvents, but are soluble in water
owing to the presence of hydrophilic groups (-OH). Zwitter-
ions 5 and 13–16 are soluble in both organic solvents and
water.


It is known that nucleophilic substitution reactions can
occur smoothly on quinonoid rings. For instance, an amino
group can substitute an hydroxyl group, a methoxy group,
and sometimes alkyl groups of quinones.[18] However, to the
best of our knowledge, substitution of an amino group by
another amine was unprecedented in quinonoid chemistry
(Scheme 1).[10] This transamination reaction under mild con-
ditions may be rationalized by the fact that in the parent
zwitterion 4, the positive charge is p-delocalized between
the nitrogen atoms, making the C�N carbon atoms (i.e., C3
and C5) more electrophilic. Although monosubstituted B
would be a likely intermediate (Scheme 1), it could not be
isolated owing to the fast kinetics of the reaction.


Interestingly, hydroxybenzoquinone derivatives, related to
17,[7] react with amines to afford quinonemonoimine deriva-
tives; this represents an important step in enzyme-catalyzed
deamination reactions.[18c,d] We anticipated that reaction of
17 with n-butylamine could afford the unsymmetrical zwit-
terion C (Scheme 2). However, zwitterion 6 was isolated in-


stead, showing that the amine reacted with both the carbon-
yl and the neopentylamino groups of 17, probably via inter-
mediate C. This constitutes the first direct synthesis of zwit-
terionic benzoquinonemonoimines from benzoquinones.


Influence of the reaction time : We noticed that when
3·2HCl was treated with excess nBuNH2 in water for a long
period of time (3 days), 2,5-diaminoquinone 18 was formed
in high yield. This reaction may proceed according to
Scheme 3: first, the zwitterion 6 (obtained in 2 h from 3 ac-


cording to Scheme 1) would be hydrolyzed under basic con-
ditions to afford an aminohydroxyquinone intermediate D
(see Experimental Section), as recently reported,[7] and then
the OH group of D would be substituted by the amine in


excess to afford 18. Intermediate D could also react with the
amine to regenerate the zwitterion 6 (Scheme 3), but the ir-
reversible transformation D!18 shifts the equilibrium be-
tween 6 and D to the right. In the absence of water, 6 is
quantitatively obtained by the reaction of D with an excess
of n-butylamine in MeOH, similarly to the reactions shown
in Scheme 2.


Crystal structures of the ligands : The molecular structures
of compounds 4·H2O, 5·H2O, 13, and 15 have been elucidat-
ed by X-ray crystallography (Figure 1). A symmetry axis


passes through the carbon atoms C1 and C4 of 13 and 15.
Selected bond lengths and angles are listed in Tables 1 and
2, respectively.


Whereas more than one century ago, the air oxidation
product of diaminoresorcinol was erroneously described as
intermediate A in Scheme 1,[19] we recently concluded on
the basis of 1H NMR data that its true structure is 4.[10] This
has now been confirmed by an X-ray diffraction study on
single crystals of 4·H2O, obtained by slow aerobic reaction
in water of diaminoresorcinol dihydrochloride with glycin.
The structure of the parent member of the family of 6p+6p-
electron molecules 2 confirms its zwitterionic character, with
a fully delocalized p system within the O1-C2-C1-C6-O2
and N1-C3-C4-C5-N2 moieties (Figure 1). The correspond-


Scheme 2. Reaction of hydroxybenzoquinone 17 with excess amine.


Scheme 3. Competing reactions involving D.


Figure 1. ORTEP views of 4 in 4·H2O, 5 in 5·H2O, 13, and 15. Thermal el-
lipsoids are drawn at the 50% probability level. Only the NH protons
are shown.
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ing pairs of CPO, CPN and CPC bond lengths are very simi-
lar (Table 1). The C2�C3 and C6�C5 distances of 1.519(5)
and 1.517(5) R, respectively, correspond to single bonds and
indicate a lack of conjugation between the two “6p halves”
of the compound.[5,6a] As a result, molecule 4 can be consid-
ered as a trimethine oxonol subunit chemically connected to
a trimethine cyanine subunit.[20] From this point of view, our
transmination reaction by means of nucleophilic substitution
bears similarities with reactions observed in the polymethine
series.[21]


Similarly, the bond lengths found for molecules 5·H2O, 13,
and 15 are consistent with their zwitterionic structure, with
two fully delocalized 6p subsystems that are chemically con-
nected by two single bonds but electronically independent.
In the solid state, compounds 4·H2O and 5·H2O develop in-
termolecular interactions with p–p stacking and strong hy-
drogen bonding with water molecules that generate compli-
cated architectures (see the Supporting Information).


Coordination chemistry : The new ligands 13 and 16, pre-
pared similarly to 15,[10a] show better coordination abilities
toward metal precursors than 2 (R= tBu) owing to the pres-


ence of additional coordinating “arms”.[10a] Reactions of
these ligands at room temperature with Zn(acac)2 in a 2:1
ligand/metal ratio readily afforded high yields of the octahe-
dral, neutral complexes [Zn{C6H2(=NCH2CH2NX)O(=O)-
(NHCH2CH2NX)}2] 19 (X=OMe), 20 (X=NMe2),


[10] and 21
(X=NHEt) which contain a uninegative, N,N,O-tridentate
ligand as a result of monodeprotonation by the acac ligand
(Scheme 4). No zwitterionic complex was formed.[10a] In con-
trast, reaction of 2 (R= tBu) with M(acac)2 (M=Ni, Cu,
Zn) required higher temperatures and longer reaction
times.[6a]


Whereas no intramolecular acid–base reaction occurs in
the free ligands 15[10a] or 16, their reaction with ZnCl2 (1 equiv)
in MeOH at room temperature afforded the zwitterionic
mononuclear complexes [ZnCl2{C6H2(=NCH2CH2NR1R2)O-
(=O)(NHCH2CH2NHR1R2)}] 22 (R1=R2=Me) and 23
(R1=Et, R2=H), respectively (Scheme 4). The negative
charge of the metalate moiety, which is of course shared by
the electronegative ligands but formally shown on the metal
center in Scheme 4, is balanced by the ammonium cation re-
sulting from intramolecular proton shift (i.e., acid–base re-
action). This is consistent with the formation of intermediate
A in which the interaction of the PNHR function with the
metal center, assisted by chelation of the NR1R2 arm, results
in an increased acidity of this PNHR proton. Whereas in
earlier complexation studies[6a,9] involving 2 (R= tBu),[5]


prior deprotonation of the PNHR group by an external re-
agent was required, the amino function carried by the or-
ganic precursors 15 and 16 acts here as an intramolecular
base and removes the proton, made more acidic upon coor-
dination of the ligand to the metal. The description of com-
plexes 22 and 23 as zwitterions is consistent with the X-ray
data (Table 3 and Figure 2). In their tautomeric forms, 15
and 16 act as tridentate ligands, and the coordination sphere
of the pentacoordinate metal center is completed by the two
chlorine ligands.


In these ZnII complexes, examination of the respective
bond lengths within the O1-C2-C1-C6-O2 and N1-C3-C4-
C5-N2 moieties reveal an alternation of single and double
bonds, consistent with two conjugated but localized p sys-
tems (Table 3), whereas the free ligands 15 and 16 present a
perfectly delocalized form. As in all previously described re-
lated crystallographic structures,[6a,9] the C2�C3 and C6�C5
distances around 1.52 R correspond to single bonds and in-
dicate the lack of conjugation between the two p subsys-
tems. Interestingly, the ammonium metalates 22 and 23 are


Table 2. Selected bond angles [8] in 4·H2O, 5·H2O, 13, and 15.


4·H2O 5·H2O 13 15


O1-C2-C1 126.2(2) 125.7(1) 125.8(1) 126.6(1)
O1-C2-C3 115.9(2) 116.2(2) 116.43(9) 116.1(1)
N1-C3-C4 123.7(2) 125.2(1) 124.7(1) 124.4(1)
N1-C3-C2 115.1(2) 113.7(1) 113.87(8) 113.8(1)
C2-C1-C6 122.5(2) 122.5(1)
C3-C4-C5 119.4(2) 119.2(1)
C2-C1-C2’ 122.7(1) 123.0(1)
C3-C4-C3’ 119.0(1) 118.9(1)


Scheme 4. Reactions of ligands 13, 15, and 16 with ZnII precursors.


Table 1. Selected bond lengths [R] in 4·H2O, 5·H2O, 13, and 15.


4·H2O 5·H2O 13 15


O1�C2 1.261(3) 1.251(2) 1.250(1) 1.252(1)
C1�C2 1.393(3) 1.387(2) 1.394(1) 1.393(1)
C1�C6 1.400(3) 1.388(2)
C6�O2 1.251(3) 1.258(2)
N1�C3 1.317(3) 1.310(2) 1.316(1) 1.317(1)
C3�C4 1.382(3) 1.386(2) 1.391(1) 1.383(1)
C4�C5 1.395(3) 1.383(2)
C5�N2 1.310(3) 1.315(2)
C2�C3 1.520(3) 1.523(2) 1.526(1) 1.527(2)
C5�C6 1.514(3) 1.526(2)
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not stabilized by intramolecular hydrogen-bonding interac-
tions. The influence of the metal center and of the substitu-
ents R1 and R2 on their supramolecular structures will be
discussed below.


It is worth noting that no reaction was observed between
2 (R= tBu) and ZnCl2 when NEt3 was used as a base under
similar conditions. This result demonstrates the assistance of
the ligand pendant arm to metal coordination which induces
deprotonation of the iminium nitrogen (see intermediate A,
Scheme 4). Molecules 15 and 16 constitute rare examples of
ligands operating both as a chelate and base in an anchimer-
ic manner.


Supramolecular arrangements : A comparison of selected
noncovalent interaction distances in ligands 9,[10a] 13, and 15,
and complexes 20,[10a] 22, and 23 is provided in Table 4.


All of them have intramolecular NH···O bonding distan-
ces in the range 2.177(3)–2.365(3) R. Molecule 15 revealed
an additional hydrogen bond owing to the presence of the
basic functions�NMe2 (N2···H�N1 interaction).


We have previously shown that the supramolecular net-
work of zwitterion 2 (R= tBu) forms a wavelike arrange-
ment with head-to-tail hydrogen-bonding interactions owing
to the presence of two bulky N-neopentyl substituents
(Figure 3).[5]


Table 3. Selected bond lengths [R] and angles [8] in complexes 22 and
23.


22 23


O1�C2 1.285(3) 1.268(8)
C1�C2 1.372(3) 1.379(9)
C1�C6 1.416(3) 1.395(9)
C6�O2 1.239(3) 1.240(8)
N1�C3 1.296(3) 1.287(8)
C2�C3 1.512(3) 1.521(8)
C3�C4 1.428(3) 1.430(9)
C4�C5 1.368(3) 1.344(9)
C5�N2 1.346(3) 1.358(9)
C5�C6 1.519(3) 1.523(10)
Zn�O1 2.227(2) 2.183(5)
Zn�N1 2.042(2) 2.061(5)
Zn�N3 2.246(2) 2.217(6)
Zn�Cl1 2.2815(9) 2.279(2)
Zn�Cl2 2.302(1) 2.310(2)


Cl1-Zn-Cl2 108.53(4) 112.49(8)
O1-Zn-N1 75.35(8) 75.1(2)
O2-C6-C1 125.0(2) 125.1(6)
C6-C1-C2 122.3(2) 122.5(6)
C1-C2-O1 125.1(2) 125.4(6)
N2-C5-C4 126.2(2) 125.8(7)
C5-C4-C3 119.8(2) 119.7(6)
C4-C3-N1 125.6(2) 127.3(6)


Figure 2. ORTEP views of the structure of complexes 22 (a) and 23 (b)
(ellipsoids drawn at the 50% probability level).


Table 4. Comparison of selected noncovalent distances [R] in ligands
9,[10a] 13, and 15, and complexes 20,[10a] 22, and 23.


Intramolecular
hydrogen-bonding
interaction


Intermolecular
hydrogen-bonding
interaction


p–p
interaction


9 O1···H�N1=2.177(3) N1···O1=2.996(4) C6···O2’=3.241(4)
O2···H�N2=2.192(3) O3···O1=2.723(4)


N2···O2=3.029(4)
O2···O4=2.710(4)


13 O1···H�N1=2.190(3) N1···O1=2.899(4) no


15 O···H�N1=2.180(3) no C1···C4=3.677(4)
N2···H�N1=2.365(3)


20 O2···H�N2=2.252(3) N2···O2=2.962(4) C15···C18=3.550(4)
O4···H�N4=2.204(3) N4···O1=2.936(4)


22 O2···H�N2=2.191(3) N4···O1=2.773(4) C1···C4=3.528(4)


23 O2···H�N2=2.241(3) N4···O1=2.718(4) C1···C4=3.581(4)
N4···O2=2.751(4)


Figure 3. View of the supramolecular array generated by 2 (R= tBu) in
the solid state. A) Top view, and B) side view. Color coding: nitrogen,
blue; oxygen, red.
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Zwitterions of type 2 with no bulky N-substituents could
be readily prepared by using our versatile synthetic ap-
proach. This is the case for 5, and in contrast to the solid-
state packing of 5·H2O (see Supporting Information), that of
the solvent-free molecules consists of a head-to-tail but now
almost coplanar arrangement (Figure 4), at variance to that


of 2 with R= tBu. This was clearly observed although the
quality of the crystal did not allow a complete structural res-
olution (crystallization from CH2Cl2 with no solvent mole-
cule incorporated in the crystal).


Although the N-substituents in 9 are bulkier than those in
5 (i.e., two �CH2CH2OH groups), this molecule shows in
the solid state a similar arrangement owing to hydrogen-
bonding interactions between hydrogen donors of N1�H
and O3�H and hydrogen acceptor O1 with N1···O1 and
O3···O1 bond lengths of 2.996(4) and 2.723(4) R, respective-
ly, which force the system to become coplanar.[10] Therefore,
in contrast to 2 (R= tBu), molecules of 9 form a head-to-tail
and coplanar 1-D supramolecular network in the solid state
owing to the presence of the OH groups (i.e., two acidic
protons; Figure 5).


Interestingly, the replacement of the OH proton in 9 by a
methyl group (molecule 13) prevents hydrogen-bonding in-
teractions involving the “arms” of the ligand. As a result,
these are situated out of the molecular plane, preventing
formation of p–p staking (Figure 6), in contrast to 9, which
reveals a succession of layers in the solid state (see Table 4
and Figure 5B).


Although zwitterion 15 can be viewed as analogous of 2
(R= tBu), this molecule leads to a different arrangement in
the solid state. No intermolecular hydrogen bonding is ob-
served owing to the presence of the hydrogen-acceptor
groups (CH2)2NMe2 that interact only through intramolecu-
lar hydrogen bonding (N1�H···N2=2.365(3) R; see Figure 1
and Table 4). Thus, intermolecular interactions occur only
by p–p stacking (C1···C4=3.677(4) R) in a head-to-tail
manner (Figure 7) instead of the head-to-tail but wavelike
arrangement observed for 2 (R= tBu).


The diversity of supramolecular networks generated by
these ligands led us to examine the situation with the ZnII


complex 20, which has two hydrogen-donor sites and several
hydrogen-acceptor sites.[10a] Its crystal packing revealed in-
termolecular hydrogen bonding interactions in the solid


Figure 4. Views of the supramolecular array generated by 5 in the solid
state. A) Top view and B) side view. Color coding: nitrogen, blue;
oxygen, red.


Figure 5. View of the supramolecular array generated by 9 in the solid
state. A) Top view, B) side view, and C) local view of B). Color coding:
nitrogen, blue; oxygen, red.


Figure 6. View of the supramolecular array generated by 13 in the solid
state. A) Top view and B) side view. Color coding: nitrogen, blue;
oxygen, red.


Figure 7. View of the stacking arrangement generated by 15 in the solid
state. Color coding: nitrogen, blue; oxygen, red.
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state with (N2···O2=2.962(4) and N4···O1=2.936(4) R)
leading to a one-dimensional wavelike chain (Figure 8). In
addition, p–p interactions with a C15···C18 distance of
3.550(4) R between two quinone rings contribute to the sta-
bility of this chain.


The zwitterionic ZnII complex 22 forms a pseudodimer in
the solid state that is stabilized by the N4�H···O1 interac-
tion (N4···O1=2.773(4) R) and p–p stacking (see Table 3
and Figure 9).


Interestingly, the presence of an additional proton located
on N4 in 23, instead of the methyl group in 22, allows fur-
ther hydrogen-bonding interactions between these pseudo-
dimers (N4···O1=2.718(4) and N4···O2=2.751(4) R) as
shown in Figure 10.


Conclusion


We have reported here full details on a new and very effi-
cient transamination reaction for the synthesis of N-substi-
tuted zwitterionic benzoquinonemonoimine derivatives that
can be carried out in water. This new one-pot synthetic ap-
proach provides access to a series of quinonoid zwitterions
5–16 with different N-substitutents bearing functionalities
such as OMe, OH, NR1R2 (R1= or ¼6 R2), or an alkene,
leading to a rich coordination chemistry and allowing fine-


tuning of the structural arrangements in the solid state. The
new ligand 13 and 16 show better coordination abilities
toward metal precursors than 2 (R= tBu) and react with Zn-
(acac)2, as previously shown for 15,[10a] to afford complexes
19 and 21 with N2O4 and N4O2 donor sets around the ZnII


center, respectively. Zwitter-
ions 15 and 16 were shown to
react with ZnCl2 to give zwit-
terionic complexes 22 and 23.
The nature of the arrange-
ments in the solid state of inor-
ganic (20, 22, 23) and organic
(5, 9, 13 and 15) molecules was
found to be determined by
subtle variations in the nature
of the N-substituent of the
zwitterion precursor.


Experimental Section


1H (300 MHz) and 13C NMR (75 MHz) spectra were recorded on a
Bruker AC300 instrument. MALDI-TOF mass spectra were recorded on
a Biflex III Bruker mass spectrometer. Elemental analyses were per-
formed by the “Service de Microanalyse, UniversitD Louis Pasteur (Stras-
bourg, France)”. Solvents were freshly distilled under nitrogen prior to
use. 4,6-Diaminoresorcinol dihydrochloride and the functional amines
are commercially available. Ligands 4–7, 9, and 15, and complex 20 were
prepared according to the literature.[10a]


General procedure : Typically, diaminoresorcinol dihydrochloride
(0.500 g, 2.35 mmol) was dissolved in water (ca. 10 mL) and then excess
of amine (ca. 7 equiv) was added to the solution. For the compounds that


Figure 8. View of the supramolecular array generated by the ZnII complex 20 in the solid state. Color coding:
nitrogen, blue; oxygen, red; zinc, green.


Figure 9. View of the supramolecular array generated by the zwitterionic
ZnII complex 22 in the solid state. Color coding: nitrogen, blue; oxygen,
red; zinc, green.


Figure 10. View of the supramolecular array generated by the zwitterion-
ic ZnII complex 23 in the solid state. Color coding: nitrogen, blue;
oxygen, red; zinc, green.
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are not or only poorly soluble in water, purple crystals appeared rapidly.
30–120 minutes later, the crystals were isolated by filtration and washed
with cold water, and dried in air. In other cases, details are given below.


Ligand 8 : The amine used was allylamine; yield: 82%; 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d=4.05 (d, 3J=5.5 Hz, 4H; NHCH2), 4.99
(s, 1H; NPCPCH), 5.17 (m, 2H; CH=CH1H2), 5.22 (m, CH=CH1H2),
5.42 (s, 1H; OPCPCH), 5.84 (ddt, 3J=16.9, 10.7, 5.5 Hz, 2H; CH=CH2),
9.25 ppm (br s, 2H; NH); 13C{1H} NMR (75 MHz, [D6]DMSO, 25 8C): d=
45.25 (s, NHCH2), 82.85 (s, NPCPC) 98.09 (s, OPCPC), 117.89 (s, CH=


CH2), 132.60 (s, CH=CH2), 156.90 (s, NPC), 172.46 ppm (s, OPC); ele-
mental analysis calcd (%) for C12H14N2O2·0.5H2O: C 63.42, H 6.65, N
12.33; found: C 63.29, H 6.45, N 12.30; MS (MALDI-TOF+): m/z : 219.1
[M+1]+ .


Ligand 10 : A similar procedure was used with the amine 3-amino-1-prop-
anol; yield: 72%; 1H NMR (300 MHz, [D6]DMSO, 25 8C): d=1.77 (pent,
3J=6.4 Hz, 4H; CH2CH2OH), 3.47 (m, 8H; CH2OH, CH2NH), 4.70 (br s,
2H; OH), 4.97 (s, 1H; NPCPCH), 5.52 (s, 1H; OPCPCH), 8.99 ppm
(br s, 2H; NH); 13C{1H} NMR (75 MHz, [D6]DMSO, 25 8C): d=31.32 (s,
CH2CH2OH), 40.70 (s, NCH2), 58.85 (s, CH2OH), 81.66 (s, NPCPC),
98.02 (s, OPCPC), 156.59 (s, NPC), 172.56 ppm (s, OPC); elemental anal-
ysis calcd (%) for C12H18N2O4: C 56.68, H 7.13, N 11.02; found: C 56.35,
H 7.23, N 10.79; MS (MALDI-TOF�): m/z : 253.1 [M�1]� .


Ligand 11: An excess of 3-amino-1,2-propanediol (1.594 g, 17.5 mmol)
was added to a suspension of 3·2HCl (0.533 g, 2.50 mmol) in ethanol
(12 mL) and the mixture was then stirred overnight at room temperature.
After filtration and washing with cold ethanol, a dark brown powder was
obtained. Yield: 89%; 1H NMR (300 MHz, D2O, 25 8C): d=3.47–3.64 (m,
8H; NHCH2 and CH2OH), 3.96 (m, 2H; CHOH), 5.26 (s, 1H;
NPCPCH), 5.54 ppm (s, 1H; OPCPCH); 13C{1H} NMR (75 MHz, D2O,
25 8C): d=45.55 (s, NHCH2), 63.13 (s, CH2OH), 69.60 (s, CHOH), 83.00
(s, NPCPC), 99.80 (s, OPCPC), 156.44 (s, NPC), 175.28 ppm (s, OPC); el-
emental analysis calcd (%) for C12H18N2O6: C 50.35, H 6.34, N 9.79;
found: C 50.17, H 6.27, N 9.84; MS (MALDI-TOF�): m/z : 285.1 [M�1]� .


Ligand 12 : An excess of serinol (1.594 g, 17.5 mmol) was added to a sus-
pension of 3·2HCl (0.533 g, 2.50 mmol) in ethanol (12 mL). Then the
mixture was refluxed for 6 h. After filtration and washing with cold etha-
nol, a dark brown powder was obtained. Yield: 85%; 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d=3.61 (t, 3J=5.3 Hz, 8H; CH2OH), 3.85
(pent, 3J=5.2 Hz, 2H; NHCH), 5.03 (t, 3J=5.2 Hz, 5H; NPCPCH and
OH), 5.71 (s, 1H; OPCPCH), 8.45 ppm (br s, 2H; NH); 13C{1H} NMR
(75 MHz, [D6]DMSO, 25 8C): d=57.18 (s, CH2OH), 60.12 (s, CHNH),
82.94 (s, NPCPC), 97.54 (s, OPCPC), 156.84 (s, NPC), 172.29 ppm (s,
OPC); elemental analysis calcd (%) for C12H18N2O6: C 50.35, H 6.34, N
9.79; found: C 49.71, H 6.34, 10.31; MS (MALDI-TOF�): m/z : 285.1
[M�1]� .


Ligand 13 : An excess of 2-methoxyethylamine (5.258 g, 70 mmol) was
added to a solution of 3·2HCl (2.131 g, 10 mmol) in H2O (20 mL). After
2 h the reaction mixture was extracted by CH2Cl2, the organic layer was
collected and dried with MgSO4. After concentration, diethylether was
added to the solution and the precipitate was filtered. The purple crystal-
line solid was obtained after filtration and drying in air. This compound
was highly soluble in water and organic solvents and gave purple solu-
tions. Yield: 76%. 1H NMR (300 MHz, CDCl3, 25 8C): d=3.39 (s, 6H;
CH3), 3.53 (t, 3J=5.0 Hz, 4H; NHCH2), 3.64 (t, 3J=5.0 Hz, 4H; CH2O),
5.23 (s, 1H; NPCPCH), 5.42 (s, 1H; OPCPCH), 8.42 ppm (br s, 2H;
NH); 13C{1H} NMR (75 MHz, CDCl3, 25 8C): d=43.22 (s, NCH2), 59.14
(s, CH3), 69.37 (s, OCH2), 81.27 (s, NPCPC), 98.77 (s, OPCPC), 157.21 (s,
NPC), 172.22 ppm (s, OPC); elemental analysis calcd (%) for
C12H18N2O4: C 56.68, H 7.13, N 11.02; found: C 56.09, H 7.17, N 11.37;
MS (MALDI-TOF+): m/z : 255.1 [M+1]+ .


Ligand 14 : An excess of ethylenediamine (1.052 g, 17.5 mmol) was added
to a suspension of 3·2HCl (0.533 g, 2.50 mmol) in ethanol (12 mL) and
the mixture was stirred for 2 h. After filtration and washing with cold
ethanol, a dark brown powder was obtained. This compound was highly
soluble in H2O, and resulted in a purple solution. Yield: 86%; 1H NMR
(300 MHz, D2O, 25 8C): d=2.86 (t, 3J=6.1 Hz, 4H; CH2NH2), 3.48 (t,
3J=6.1 Hz, 4H; NHCH2), 5.26 (s, 1H; NPCPCH), 5.48 ppm (s, 1H;
OPCPCH); 13C{1H} NMR (75 MHz, D2O, 25 8C): d=39.08 (s, CH2NH2),


45.23 (s, NHCH2), 82.53 (s, NPCPC), 99.89 (s, OPCPC), 156.17 (s, NPC),
175.23 ppm (s, OPC); elemental analysis calcd (%) for
C10H16N4O2·1.5H2O: C 47.80, H 7.62, N 22.30; found: C 48.53, H 7.37, N
22.42. Despite several attempts, no better results (C) could be obtained
for this compound. MS (MALDI-TOF�): m/z : 223.1 [M-1]� .


Ligand 16 : An excess of N-ethylethylenediamine (6.171 g, 70 mmol) was
added to a suspension of 3·2HCl (2.131 g, 10 mmol) in methanol
(30 mL). After the reaction mixture was stirred for 2 h, NaOH (2 equiv)
were added to the solution, which was then stirred for 0.5 h. After con-
centration, diethyl ether was added to the solution and the precipitate
was filtered. The product was dissolved in dichloromethane, and the solu-
tion filtered through Celite. The pale orange brown product was obtained
after evaporation of the solvent and precipitation from a mixture of di-
chloromethane and pentane. This compound was soluble in H2O, alcohol,
or CHCl3 and gave purple solutions. Yield: 63%; 1H NMR (300 MHz,
CDCl3, 25 8C): d=1.12 (t, 3J=7.1 Hz, 6H; CH2CH3), 2.69 (q, 3J=7.1 Hz,
4H; CH2CH3), 2.97 (t, 3J=6.0 Hz, 4H; CPNHCH2CH2), 3.43 (t, 3J=
6.0 Hz, 4H; CPNHCH2), 5.19 (s, 1H; NPCPCH), 5.45 ppm (s, 1H;
OPCPCH); 13C NMR (75 MHz, CDCl3, 25 8C): d=15.32 (s, CH3), 42.98
(s, CH2CH3), 43.84 (s, CPNHCH2CH2), 47.00 (s, CPNHCH2), 81.19 (s,
NPCPC), 98.96 (s, OPCPC), 156.90 (s, NPC), 172.36 ppm (s, OPC); ele-
mental analysis calcd (%) for C14H24N4O2·0.5H2O: C 58.11, H 8.71,
N19.36; found: C 58.82, H 8.51, N 19.87; MS (MALDI-TOF�): m/z : 279.2
[M�1]� .


Intermediate D : Although this intermediate was not isolated in the reac-
tions of Scheme 3, it can be obtained by reaction of 6 with LiOH in a
THF/H2O mixture, as described for 17 in reference [7]. 1H NMR
(300 MHz, CDCl3, 25 8C): d=0.96 (t, 3J=7.3 Hz, 3H; CH3), 1.42 (m, 2H;
CH3CH2), 1.66 (m, 2H; CH3CH2CH2), 3.18 (q owing to overlapping dt,
3J=6.1 Hz, 2H; NHCH2), 5.43 (s, 1H; NHC=CH), 5.90 (s, 1H; HOC=


CH), 6.42 (br s, 1H; NH), 8.22 ppm (br s, 1H; OH); 13C{1H} NMR
(75 MHz, CDCl3, 25 8C): d=13.64 (s, CH3), 20.15 (s, CH3CH2), 30.13 (s,
CH3CH2CH2), 42.58 (s, NHCH2), 92.17 (s, NHC=CH), 102.28 (s, HOC=
CH), 150.01 (s, CNH), 159.37 (s, HOC), 178.13, 182.54 ppm (s, CO); ele-
mental analysis calcd (%) for C10H13NO3: C 61.53, H 6.71, N 7.18; found:
C 61.16, H 6.78, N 7.03; MS (MALDI-TOF+): m/z : 196.1 [M+1]+ .


Ligand 18 : Diaminoresorcinol dihydrochloride 3·2HCl (0.500 g,
2.35 mmol) was dissolved in water and excess of n-butylamine was added
to the solution. The reaction mixture was allowed to stand for 3 days to
afford a red crystalline solid. Yield: 71%; 1H NMR (300 MHz, CDCl3,
25 8C): d=0.95 (t, 3J=7.4 Hz, 6H; CH3), 1.40 (sext, 3J=7.4 Hz, 4H;
CH3CH2), 1.64 (pent, 3J=7.4 Hz, 4H; CH3CH2CH2), 3.15 (q owing to
overlapping dt, 3J=6.6 Hz, 4H; NHCH2), 5.30 (s, 2H; CH), 6.60 ppm
(br s, 2H; NH); 13C{1H} NMR (75 MHz, CDCl3, 25 8C): d=13.66 (s, CH3),
20.17 (s, CH3CH2), 30.25 (s, CH3CH2CH2), 42.30 (s, NHCH2), 92.64 (s,
CH), 151.36 (s, CNH), 178.13 ppm (s, CO); elemental analysis calcd (%)
for C14H22N2O2·0.25H2O: C 65.98, H 8.90, N 10.99; found: C 66.08, H
8.78, N 10.96; MS (MALDI-TOF+): m/z : 251.2 [M+1]+ .


Complex 19 : Ligand 13 (0.20 g, 0.787 mmol) was dissolved in anhydrous
dichloromethane (50 mL) and Zn(acac)2 (0.5 equiv) was added to the so-
lution. After the solution was stirred at room temperature for 3 h, the
solvent was evaporated and the red, crystalline complex 19 was obtained
by precipitation from a mixture of dichloromethane and pentane. Yield:
87%; 1H NMR (300 MHz, CDCl3, 25 8C): d=3.16 (s, 6H; uncoordinated
OCH3), 3.35 (q, 3J=5.5 Hz, 4H; NHCH2), 3.38 (s, coordinated OCH3),
3.61 (m, 12H; NCH2 and OCH2), 5.13 (s, 2H; N=CCH), 5.58 (s, 2H; O=


CCH), 6.93 ppm (t, 3J=5.5 Hz, 2H; NH); 13C{1H} NMR (75 MHz,
CDCl3, 25 8C): d=42.43 (s, uncoordinated OCH3), 47.12 (s, coordinated
OCH3), 58.57 (s, CH2), 59.05 (s, CH2), 69.69 (s, CH2), 70.09 (s, CH2),
82.87 (s, NHC=CH), 101.22 (s, O=CCH), 149.67 (s, NHC), 161.78 (s,
COZn), 173.43 (s, C=NZn), 179.20 ppm (s, C=O); elemental analysis
calcd (%) for C24H34N4O8Zn: C 50.40, H 5.99, N 9.80; found: C 49.76, H
6.01, N 9.49; MS (MALDI-TOF+): m/z : 570.2 [M]+ .


Complex 21: The procedure used was similar to that described for 19, but
using ligand 16 instead of 13. Yield: 71%; 1H NMR (300 MHz, CDCl3,
25 8C): d=1.02 (t, 3J=7.1 Hz, 6H; uncoordinated NHCH2CH3), 1.11 (t,
3J=7.1 Hz, 6H; coordinated NHCH2CH3), 2.64 (m, 8H; CH2), 2.90 (br t,
8H; CH2), 3.29 (q, 3J=5.9 Hz, 4H; CH2), 3.46 (br t, 4H; CH2), 5.11 (s,
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2H; NHC=CH), 5.48 (s, 2H; O=CCH), 6.87 ppm (t, 3J=5.5 Hz, 2H;
NHC=CH); 13C{1H} NMR (75 MHz, CDCl3, 25 8C): d=14.55 (s, uncoor-
dinated NHCH2CH3), 15.33 (s, coordinated NHCH2CH3), 42.42 (s, unco-
ordinated NHCH2CH3), 43.99 (s, coordinated NHCH2CH3), 44.08 (s, un-
coordinated CH2NHCH2CH3), 45.63 (s, coordinated CH2NHCH2CH3),
47.62 (s, uncoordinated CH2NHCH2CH2), 48.10 (s, coordinated C=


NCH2), 83.17 (s, NHC=CH), 100.47 (s, O=CCH), 149.87 (s, NHC),
159.80 (s, COZn), 173.93 (s, C=NZn), 178.76 ppm (s, C=O); elemental
analysis calcd (%) for C28H46N8O4Zn: C 53.98, H 7.43, N 17.95; found: C
53.60, H 7.50, N 17.96; MS (MALDI-TOF+): m/z : 623.3 [M+1]+ .


Complex 22 : A solution of 15 (100 mg) in methanol (10 mL) was slowly
added to ZnCl2 (1 equiv) in methanol (5 mL). After stirring for 1 h, filtra-
tion, washing with methanol and drying in air, a red powder was ob-
tained. Single crystals suitable for X-ray analysis were obtained from a
slow reaction between ZnCl2 and the ligand in methanol (i.e. a solution
of ligand was slowly added to the solution of ZnCl2). Yield: 76%;
1H NMR (300 MHz, D2O, 25 8C): d=2.40 (br, 6H; Me2NZr), 2.78 (br,
2H; CH2), 2.86 (br, 6H; Me2NH), 3.36 (br, 2H; CH2), 3.60 (brwith sh,
4H; 2CH2), 5.34 ppm (br, 2H; CH); the signal for the CH protons splits
at 65 8C into two singlets at d=5.82 and 5.83 ppm; elemental analysis
calcd (%) for C14H24Cl2N4O2Zn: C 40.36, H 5.81, N 13.45; found: C
40.19, H 6.00, N 13.28; MS (MALDI-TOF�): m/z : 415.0 [M�1]� .


Complex 23 : The procedure used for the preparation and crystallization
was similar to that described for 22, but with ligand 16 instead of 15.
Yield: 77%; 1H NMR (300 MHz, D2O, 25 8C): d=0.90 (br, 3H;
CH3CH2NZn), 1.22 (t, 3J=7.2 Hz, CH3CH2NH), 2.53 (br, 2H; CH2), 2.94
(br, 2H; CH2), 3.06 (q, 3J=7.2 Hz, CH3CH2NH), 3.26 (br, 2H; CH2), 3.59
(brwith sh, 4H; 2CH2), 5.34 (s, 1H; NPCPCH), 5.44 ppm (s, 1H;
OPCPCH); elemental analysis calcd (%) for C14H24Cl2N4O2Zn: C 40.36,
H 5.81, N 13.45; found: C 39.74, H 5.89, N 13.04; MS (MALDI-TOF�):
m/z : 415.0 [M�1]� .


X-ray data : The selected single crystals were mounted on a Nonius
Kappa-CCD area-detector diffractometer. The complete conditions of
data collection (Denzo software) and structure refinements are given in
Table 5. The structures were solved by using direct methods (SIR97) and
refined against F2 by using the SHELXL97 software. The absorption was
not corrected. All non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were generated according to stereochemistry and refined
using a riding model in SHELXL97.[22] CCDC 273367–273370 (4·H2O,
5·H2O, 13, and 15, respectively) and CCDC 267838 and 267839 (22 and
23) contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. The sup-
porting information for this article contains a description of the molecu-
lar packing in 4·H2O and 5·H2O and the cif file for the crystal structure
of 5, which could not be fully refined and was therefore not deposited
with CCDC.
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Introduction


We recently reported the synthesis and molecular structure
of the first neutral dinuclear C-nitroso-bridged complexes of
rhenium of the type [{(CO)3ReCl}2ONC6H4R] (R = H,
NMe2), which exhibit dichroic properties.[1] They were ob-
tained by reactions of the m2-O-aminophenoxy complex
[(CO)3Re(m2-O


\NH2)]2
[2] with C-nitroso compounds in the


presence of stoichiometric amounts of AlCl3, which occurred
instead of the desired condensation reactions which would
have given N=N bonds and hence the directed synthesis of
azo dyes in the coordination sphere of a transition metal.
The coordination chemistry of organic nitroso compounds
RNO has been investigated extensively.[3] . There are three
terminal and four bridging ligand functions of the RNO


group (Scheme 1). In the first series, the h2-N,O coordina-
tion mode (type I)[4] predominates over those with N (h1-N ;
type II)[56] or O coordination (h1-O ; type III),[7] respectively.
In the second series, the RNO ligand bridges two metal cen-
tres mainly (m-h1-N, type IV;[6] m-h1:h2-N,O, type V;[8] m-h1:h1-
N,O, type VIa;[6,9,10] m2-h


2:h2-N,O, type VII[8c,11]). However,
bridging as many as four metals (m4-h


2:h2-NO, type VIII[12])
is also possible. The non-assisted m-h1:h1-N,O ligand function
(type VIa) as a simple bridging ligand is less common. In
most known examples, further secondary coordination by
another donor system (for example, amido or carbonyl
groups) forming a five-membered (type VIb)[13] or six-mem-
bered ring (type VIc)[14] is observed. To our knowledge,
apart from a special case,[6] type VIa is observed only in cat-
ionic dinuclear complexes of Rh with two further m2-thiolato
bridges.[9]


The complexes we reported recently[1] are the first simple,
neutral and dinuclear C-nitroso complexes which have the
rare, non-assisted m-h1:h1-N,O ligand function (type VIa) and
only single atoms as additional bridges. Moreover, they have
been synthesised directly from nitroso compounds as start-
ing materials. It is noteworthy that many nitroso complexes
have been synthesised by reduction of organic nitro com-


Abstract: A series of unusual dinuclear
m2-(h


2-NO)-nitrosoaniline-bridged com-
plexes [{(CO)3Re(m-X)}2ONC6H4NR2]
(X = Cl, Br, I; R = Me, Et) with di-
chroic properties have been synthesised
by reaction of pentacarbonylhalogeno-
rhenium(i) [(CO)5ReX] (X = Cl, Br, I)
with the corresponding nitrosoaniline
derivatives R2NC6H4NO (R = Me,
Et). The deeply coloured solutions in
CH2Cl2 show broad UV/Vis absorp-
tions from 595 to 620 nm depending on
the halogen bridges and N substituents.


Single crystals of all six compounds ex-
hibit a pronounced linear dichroism.
The molecular structures have been de-
termined by single-crystal X-ray analy-
ses. All the compounds contain two
face-shared octahedra, with two halo-
gens and one NO ligand as bridges.
The NO ligand coordinates in a non-


symmetrical h2-like fashion with N or
O coordination to each Re centre.
Therefore, the C-nitroso group and the
planar NC2 moiety of NR2 both lie
almost exactly within the symmetry
plane of the dinuclear complexes.
These complexes belong to the novel
and simple class of neutral dinuclear C-
nitroso complexes that include the
rare, non-assisted m2-(h


2-NO) ligand
function and have only single halogen
atoms in bridging positions.
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pounds. This reaction may pro-
ceed through an intermediate
nitroso compound,[3] or by ni-
trosyl migration.[3] We have al-
ready described our first at-
tempts using AlX3 (X = Br, I)
instead of AlCl3.


[1] . These have
now resulted in the formation
of the corresponding bromo-
and iodo-bridged complexes. In
addition, we proposed that
monomeric [Re(CO)5X] (X =


Cl, Br, I) could also be used as
a starting material instead of
the m2-O-aminophenoxy-bridg-
ed dimer [(CO)3Re(m2-
O\NH2)]2. Here we report our
results using both synthetic
routes leading to new dichroic
complexes of the type
[{(CO)3ReX}2ONC6H4NR2] (X
= Cl, Br, I; R = Me, Et).


Results and Discussion


The reaction of the dimeric m2-O-aminophenoxy complex
1[2] with N,N-dimethyl-4-nitrosoaniline in the presence of
stoichiometric amounts of AlCl3


[1] was repeated following
the same procedure but using stoichiometric amounts of
AlX3 (X = Br, I). As in the case of AlCl3, the halogen X
was indeed incorporated into the products. The bis-m2-halo-
geno-bridged dinuclear complexes 3a–c were obtained by a
substitution reaction. In the analogous reaction using N,N-
diethyl-4-nitrosoaniline, the corresponding complexes 4a–c
were obtained instead (Scheme 2a).


Moreover, when we used Re(CO)5X (X = Cl, Br, I) (2a–
c) instead of 1 as simple but suitable starting materials for
the reaction with the same C-nitroso compounds, we ob-
served CO elimination and formation of the same products
3a–c and 4a–c (Scheme 2b). Almost all the reactions were


carried out in boiling toluene;
only in the case of 3b was
CHCl3 used as a solvent. The
yields increased from approxi-
mately 10–60% to over 80%
when route b (Scheme 2) was
used.


Compounds 3a–c and 4a–c
are golden, gleaming, micro-
crystalline solids, which are
stable in air for some days.
They are soluble in THF, ace-
tone, CHCl3, CH2Cl2 and even
toluene, but insoluble in nonpo-
lar solvents such as pentane or


hexane. The deep blue solutions formed in these solvents
can be kept in air for some days without decomposition. In
acetone, however, they appear to decompose and the solu-
tions change to purple. In the UV/Vis spectra (CHCl3) one
very intensive broad absorption at l = 599–653 nm due to a
ligand-to-metal CT band ([NO-ReI]) is observed. It is shift-
ed to lower frequencies than the corresponding electronic
transition (p-p*NO) of the free ligands (R = Me: l =


419 nm; (R = Et: 424 nm) and is solvochromic (3a : l =


617 nm (in CHCl3), 540 nm (in CH3CN)). The spectral posi-
tion of this absorption depends on the halogen, and its
energy increases in the sequence I<Br<Cl in parallel with
the ionisation energies and ligand field parameters of the
halide ions (16010 (4c), 16450 (4b), 16695 cm�1 (4a)). For a
given metal ion (here ReI with d6), ligand-to-metal charge
transfer energies decrease as the ligand becomes more read-
ily oxidisable.[15]


Scheme 1. Ligand functions of nitrosophenyl derivatives.


Scheme 2. Synthesis of the complexes 3a–c and 4a–c by routes a) and b).
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Light reflected from crystalline powders of the substances
shines in different colours. We have previously observed
linear dichroism in crystals of similar compounds, so we also
investigated the polarisation-dependent absorption proper-
ties of the compounds 3a–c and 4a–c. In all cases, only crys-
tallites with diameters in the micrometre range were ob-
tained. Visual inspection of these crystallites with polarised
excitation light under a microscope clearly showed that ab-
sorption by all the compounds is polarisation-dependent.
However, only for 4b sufficiently large individual crystals
suitable for spectroscopic measurements were obtained;
complex 4b had a pronounced linear dichroism with a maxi-
mum at 660 nm (Figure 1).


The IR spectra of 3a–c and 4a–c in CH2Cl2 show four
n(CO) absorptions. As the NO group is bonded by N and O
to different Re centres, the electronic situation at the two
Re centres is different. This results in two different facial-
Re(CO)3 fragments, each with local C3v symmetry. There-
fore, we observed two separate n(CO) patterns with A1 and
E symmetry. For electronic reasons the N-bonded Re(CO)3
moiety should be more electron-rich and act as the better s
donor than the O-bonded one. Therefore, we assign the two
absorptions at higher wavenumbers to the {(CO)3Re�O}
fragment (ñ = 2037–2047 cm�1 (A1), 1941–1947 cm�1 (E)),
and the two absorptions at lower wavenumbers (ñ = 2021–


2024 cm�1 (A1), 1916–1919 cm�1 (E)) to the {(CO)3Re�N}
fragment. Because several bonds lie too close together it is
not possible to draw any conclusions about the substituents
R or the bridging ligands X (X = Cl, Br, I), respectively.
The corresponding IR spectra in KBr exhibit in some cases
only three absorptions (3a–c), or even just two (4c), instead
of the four observed in CH2Cl2. The NO groups of 3a–c and
4a–c are found to absorb at lower wavenumbers than that
previously mentioned for 3a.[1] On the basis of this series of
complexes, we have now determined that n(NO) lies in the
1392–1421 cm�1 region. This is a shift of approximately
130 cm�1 to lower frequencies with respect to the free C-ni-
troso ligand and is comparable with that of other RNO com-
plexes.[3,16]


The 1H NMR spectra (at room temperature) of 3a (THF)
and 3b (CD2Cl2) show two singlets at d = 3.39–3.55 ppm
for the N-methyl protons (3c shows only one broad signal at
d = 3.31 ppm). Complex 3a has four doublets of doublets
for the different phenyl protons at d = 6.95–8.53 ppm,
whereas 3b exhibits only four simple doublets in the same
region. It is noteworthy that 3c merely shows three broad
signals in the aromatic region (d = 6.99–8.67 ppm) with in-
tensity ratio 1:1:2. However, at �80 8C, four doublets of dou-
blets appear again, as in the case of 3a (Figure 2). This ob-
servation can be explained by considering two mesomeric
forms for the bridging C-nitroso ligand, depending on the
additional halogen bridges (Scheme 3). In the case of the
more electronegative chloro bridges the quinoid structure
seems to be preferred, whereas in the case of iodo bridges
the benzenoid form dominates. This allows the rotation


Figure 1. Top: linear dichroism spectrum of crystals of 4b. This is a plot
of the I?/Ik ratio of the absorptions with mutually orthogonally polarised
excitation light. The respective absorption values were obtained by nor-
malising the observed transmitted light to the measured light intensity
without a sample. Visual inspection of crystals from all the compounds
investigated revealed a pronounced linear dichroism, but only 4b yielded
large enough single crystals for the recording of spectra. Bottom: 4b
crystals illuminated with two orthogonal polarisations.


Figure 2. 1H NMR spectra of 3c at a) 25 8C and b) �80 8C.
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around the N–CPh axis, resulting
in three broad signals. At
�80 8C, however, this rotation
is hindered and four doublets
of doublets are observed.


Compounds 4a and 4b show
two triplets for the CH3 protons
(d�1.4 ppm) as well as two
quartets (4a) or only one quar-
tet (4b), at d = 3.7 ppm for the
CH2 protons with the exact in-
tegrals and usual coupling con-


stants. 4c exhibits only one singlet at d = 1.53 ppm (Me)
and one quartet at d = 3.66 ppm (CH2). The phenyl protons
of 4a–c show peaks in the range d = 6.92–8.63 ppm (four
doublets of doublets for 4a and 4b and three broad signals
for 4c at room temperature).


In the 13C NMR spectra of 3a–c, each C atom of the
NMe2 group (3b is an exception with only one signal) and
phenyl ring is found as a separate signal between d = 30–43
(Me) and d = 117–162 ppm (Ph). For the ethyl derivatives
4a–c, only singlets at d = 29.7 (Me) and 48.2 ppm (CH2), as
well as the typical signals for the phenyl ring at d = 114–
163 ppm, are observed. The signals for the CO ligands
appear at d = 187–198 ppm as one (4b), two (3b, 4a, 4c),
and four signals (3a, 4c).


In the mass spectra (DEI-MS) of 3a–c and 4a–c the
parent peaks as well as peaks corresponding to fragments
resulting from the successive loss of up to six CO ligands
are observed.


The compositions and structures of complexes 3a–c and
4a–c were confirmed by X-ray structure analysis. In all
cases, single crystals were obtained by diffusion of pentane
into solutions of 3a–c and 4a–c in CHCl3. The molecular
structures and selected bond lengths and angles are given in
Figures 3–8.[17] They show two face-joined octahedra with
two halogens and the NO group as bridging ligands. The
N1�O1 distances are about 1.30 S and clearly longer than
the N�O distances in the two free C-nitroso compounds
(�1.21 S[18]). The N�O distances do not depend on the hal-
ogen bridges. In all cases, the Re�O bonds (�2.13 S) are
significantly shorter than the Re�N ones (�2.20 S), where-
as all the Re�X bonds in the bridges of each compound are
exactly (3a, 3b) or nearly of the same length (3c, 4a–c)
(Tables 1 and 2).


With the exception of 3a alone, the dihedral angles Re1-
N1-O7/O1-Re2 and O7/O1-N1-C7-C8 are less than 58 and
38, respectively. For 3a they are much larger (6.58 and 10.18,
respectively). So far we have no explanation for this finding.
As would be expected, for 3b and 3c and 4a–c the NO
group and the phenyl ring lie almost within the symmetry
plane of the molecule. In 3a, by contrast, the phenyl ring is
slightly more twisted out of the plane. The observed crystal
dichroism correlates with the arrangement of the molecules
3a–4c in their unit cells, with alignment of the RNO units
along a crystal plane. It is also noteworthy that both nitro-
gen atoms are exactly trigonal planar in geometry (sum of


angles: for N1, �359.878–3608 ; for N2/N4, �358.198–3608),
consistently with their sp2 nature. No Re–Re interaction is


Scheme 3. Two mesomeric forms
of N,N-dimethylnitrosoaniline.


Figure 3. Molecular structure of 3a. Selected bond lengths [S] and angles
[8]: Re1�C11 1.882(11), Re1�C21 1.887(10), Re1�C31 1.913(11), Re1�
O1 2.131(6), Re1�Cl2 2.492(2), Re1�Cl1 2.497(2), C11�O11 1.175(13),
C21�O21 1.161(11), C31�O31 1.132(11), Re2�C22 1.889(9), Re2�C32
1.891(9), Re2�C12 1.922(10), Re2�N1 2.208(7), Re2�Cl2 2.490(2), Re2�
Cl1 2.493(2), N1�C1 1.347(11), C12�O12 1.145(10), C22�O22 1.170(10),
C32�O32 1.169(10), O1�N1 1.319(8); C21-Re1-Cl2 95.6(3), Cl2-Re1-Cl1
80.69(7), O1-N1-C1 113.4(7), Re2-Cl1-Re1 90.36(7), Re2-Cl2-Re1
90.53(6).


Figure 4. Molecular structure of 3b. Selected bond lengths [S] and angles
[8]: Re1�C1 1.87(2), Re1�C2 1.910(16), Re1�C3 1.963(18), Re1�N1
2.218(12), Re1�Br2 2.6243(19), Re1�Br1 2.627(2), Re2�C4 1.89(2), Re2�
C6 1.898(17), Re2�C5 1.91(2), Re2�O7 2.115(9), Re2�Br2 2.613(2),
Re2�Br1 2.624(2), O3�C3 1.094(19), N1�O7 1.309(15), N1�C7 1.335(17),
O1�C1 1.18(2), O2�C2 1.12(2), O4�C4 1.16(2), O5�C5 1.15(3), O6�C6
1.12(2); Br2-Re1-Br1 82.44(6), C3-Re1-Br2 176.4(5), Re1-N1-O7
130.4(8), O7-N1-C7 114.5(11), Re2-Br2-Re1 87.07(6), Re2-Br1-Re1
86.77(6).
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seen in any of the compounds (Re1�Re2�3.50 S (3a, 4a),
3.60 S (3b, 4b), 3.70 S (3c, 4c)). Having discovered the
prototype for novel dichroic compounds two years ago, we


undertook specific investigations and succeeded in synthesis-
ing a series of neutral and dinuclear N,N-methyl and -ethyl
substituted nitrosoaniline complexes. They contain the non-


Figure 5. Molecular structure of 3c. Selected bond lengths [S] and angles
[8]: Re1�C1 1.884(9), Re1�C2 1.909(10), Re1�C3 1.929(9), Re1�N1
2.205(6), Re1�I2 2.7999(10), Re1�I1 2.8219(8), Re2�C5 1.901(10), Re2�
C6 1.911(9), Re2�C4 1.923(10), Re2�O7 2.134(5), Re2�I2 2.7984(10),
Re2�I1 2.8039(9), O7�N1 1.280(8), N1�C7 1.377(10), O2�C2 1.155(11),
O4�C4 1.131(11), O1�C1 1.178(11), O5�C5 1.162(12), O6�C6 1.154(10),
O3�C3 1.149(11); I2-Re1-I1 85.02(2), O7-N1-C7 111.8(6), I2-Re2-I1
85.39(2), C5-Re2-I2 92.5(3), Re1-N1-O7 118.3(5), Re2-O7-N1 130.1(5),
Re2-I2-Re1 83.08(2), Re2-I1-Re1 82.59(2).


Figure 6. Molecular structure of 4a. Selected bond lengths [S] and angles
[8]: Re1�C3 1.86(3), Re1�C1 1.88(2), Re1�C2 1.90(3), Re1�O7
2.165(15), Re1�Cl2 2.491(5), Re1�Cl1 2.510(5), Re2�C5 1.86(2), Re2�C6
1.88(2), Re2�C4 1.91(2), Re2�N1 2.174(19), Re2�Cl2 2.490(5), Re2�Cl1
2.503(5), O1�C1 1.18(2), O2�C2 1.15(3), O3�C3 1.20(3), O4�C4 1.19(3),
O5�C5 1.17(2), O6�C6 1.17(2), O7�N1 1.28(2), N1�C7 1.37(3); C5-Re2-
Cl2 91.4(6), Cl2-Re1-Cl1 81.31(17), Cl2-Re2-Cl1 81.47(6), O7-N1-C7
109.5(18), Re2-Cl1-Re1 89.67(17), Re2-Cl2-Re1 90.43(16).


Figure 7. Molecular structure of 4b. Selected bond lengths [S] and angles
[8]: Re1�C2 1.902(8), Re1�C1 1.907(8), Re1�C3 1.929(8), Re1�N1
2.199(6), Re1�Br2 2.5954(9), Re1�Br1 2.6097(9), Re2�O7 2.126(5),
Re2�C5 1.906(10), Re2�C6 1.911(8), Re2�Br2 2.5852(10), Re2�Br1
2.6097(9), Re2�C4 1.908(10), O1�C1 1.141(10), O2�C2 1.149(10), O3�
C3 1.155(10), O4�C4 1.142(10), O5�C5 1.139(12), O6�C6 1.152(10), O7�
N1 1.308(8), N1�C7 1.360(9); C5-Re2-Br1 96.1(3), O7-N1-C7 113.2(6),
Br2-Re1-Br1 82.86(3), Br2-Re2-Br1 83.28(3), Re2-Br1-Re1 86.57(2),
Re2-Br2-Re1 87.62(3).


Figure 8. Molecular structure of 4c. Selected bond lengths [S] and angles
[8]: Re1�C1 1.902(5), Re1�C2 1.908(5), Re1�C3 1.926(6), Re1�N1
2.196(4), Re1�I2 2.8075(4), Re1�I1 2.8232(4), Re2�C6 1.909(6), Re2�C4
1.910(5), Re2�C5 1.913(6), Re2�O7 2.139(3), Re2�I2 2.7998(4), Re2�I1
2.8094(4), O1�C1 1.145(6), O2�C2 1.143(6), O3�C3 1.139(7), O4�C4
1.145(6), O5�C5 1.141(7), O6�C6 1.147(7), O7�N1 1.297(5), N1�C7
1.354(6); C5-Re2-I2 94.04(18), I2-Re1-I1 83.512(11), O7-N1-C7 113.0(4),
I2-Re2-I1 83.906(12), Re2-I1-Re1 82.372(10).
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assisted m2-(h
2-N,O) bridge (type VIa, Scheme 1) and only


single atoms (here X = Cl, Br, I) as additional bridges. In
addition, they have been synthesised directly using nitroso
compounds and their substitution reaction with two differ-
ent starting materials (Scheme 2).


The hypothesis we proposed previously[1] to explain the
observed dichroism has been proven by the synthesis of the
new complexes reported here. It is now safe to assume that
this dichroism originates from the special ligand function of
the nitroso compound, and its placement within the plane of
symmetry. In a very similar structure for dinuclear dialkylni-
trosoamine complexes (with an N-nitroso ligand) of CuII


with the same m2-(h
2-N,O) ligand function[19] , however, the


NO group does not lie parallel to the Cu–Cu axis, and there-
fore the single crystals do not exhibit any dichroism in the
visible region. We plan to synthesise similar compounds of
ReI with one or two bulky substituents in both positions
ortho to the N�CPh bond. We believe that the phenyl plane
will be orthogonally inclined to the Re–Re axis, resulting in
the loss of dichroism.


Table 1. Crystallographic data for 3a–c and 4a–c.[17]


3a 3b 3c 4a 4b 4c


empirical for-
mula


C14H10Cl2N2O7Re2 C14H10Br2N2O7Re2 C14H10I2N2O7Re2 C16H14Cl2N2O7Re2 C16H14Br2N2O7Re2 C16H14l2N2O7Re2


formula
weight
[gmol�1]


761.54 850.46 944.44 789.59 878.51 972.52


crystal size
[mm3]


0.10T0.05T0.004 0.2T0.2T0.05 0.30T0.17T0.10 0.01T0.03T0.15 0.04T0.14T0.20 0.02T0.03T0.22


crystal colour
and habit


red plate yellow plate blue plate blue plate blue plate golden plate


crystal system triclinic monoclinic monoclinic triclinic triclinic monoclinic
space group P1̄ P21/c P21/c P1� P1� P21/n
a [S] 6.4246(2) 15.770(3) 15.610(3) 9.8381(6) 9.84620(10) 6.60280(10)
b [S] 9.5409(3) 9.517(3) 9.466(2) 10.1253(6) 10.1865(2) 31.6970(3)
c [S] 16.6048(4) 13.584(3) 14.113 12.0653(9) 12.1324(2) 10.75220(10)
a [8] 83.7500(13) 90.00 90.00 88.0029(18) 87.2574(7) 90.00
b [8] 83.0888(13) 92.55(3) 91.14(3) 74.913(2) 75.5512(8) 95.3841(4)
g [8] 70.9047(12) 90.00 90.00 64.779(3) 66.0564(8) 90.00
volume [S3] 952.20(5) 2036.6(7) 2084.9(7) 1045.83(12) 1075.00(3) 2240.39(4)
Z 2 4 4 2 2 4
1calcd [gcm


�3] 2.65620(14) 2.774 3.009 2.507 2.714 2.883
m [mm�1] 13.020 15.837 14.599 11.860 15.006 13.590
F(000) 696 1536 1680 728 800 1744
index ranges �7�h�7,


�11�k�11,
�19� l�19


�17�h�17,
�10�k�8,
�10� l�15


�18�h�18,
�11�k�11,
�16� l�16


�10�h�10,
�11�k�11,
�13� l�13


�12�h�12,
�13�k�13,
�15� l�15


�8�h�8,
�41�k�40,
�13� l�13


q range [8] 3.41–25.00 6.92–23.25 3.14–25.12 3.27–23.00 3.25–27.51 3.16–27.49
reflections
collected


14429 6851 29711 9806 18922 32241


independent
reflections


3364 2678 3690 2900 4823 5116


observed re-
flections


2737 2191 3311 2160 4130 4485


parameter/re-
straints


246/0 245/0 261/0 262/19 263/0 281/0


R1/wR2 (all
data)


0.0471/0.0731 0.0697/0.1754 0.0413/0.1012 0.0808/0.1339 0.0445/0.0962 0.0348/0.0528


R1/wR2 (final) 0.0331/0.0694 0.0598/0.1620 0.0362/0.0983 0.0555/0.1274 0.0360/0.0914 0.0267/0.0503
goodness of
fit


1.112 0.987 1.095 1.144 1065 1.083


min./max. 1e


[eS3]
�1.125/1.321 �1.883/3.281 �1.966/2.240 �1.704/2.772 �2.266/1930 �1.715/0.915


temperature
[K]


200(2) 193(2) 293(2) 200(2) 200(2) 200(2)


diffractometer
used


Nonius Kappa CCD Siemens CCD Siemens CCD Nonius Kappa CCD Nonius Kappa CCD Nonius Kappa CCD


scan type area detection area detection area detection area detection area detection area detection
solution SHELXS-97 SHELXS-97 SHELXS-97 SHELXS-97 SHELXS-97 SHELXS-97
refinement SHELXL-97 SHELXS-97 SHELXS-97 SHELXS-97 SHELXS-97 SHELXS-97
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Experimental Section


All operations were carried out under Ar in dry solvents.[20] [Re(CO)5X]
(X = Cl, Br, I) was prepared according to the literature procedure.[21,22]


4-Nitroso-N,N-dimethylaniline and 4-nitroso-N,N-diethylaniline were
used as purchased from Alfa Aesar and Lancaster. NMR spectra were re-
corded on a JEOL Ex 400 spectrometer (1H: 399.78 MHz; 13C:
100.54 MHz) in [D8]THF and CD2Cl2 (25 8C, TMS). Mass spectra were
obtained on a JEOL MStation JMS-700. IR and UV/Vis spectra were
measured on a Perkin Elmer Spectrum One FT-IR or Perkin Elmer
Lambda 16 spectrometer, respectively. Elemental analyses were per-
formed on a Heraeus Elementar Vario EL. Linear dichroism measure-
ments of microcrystallites were made using a high numerical aperture ob-
jective (100T oil immersion, NA 1.4) on an inverted microscope (Zeiss
Axiovert 200) equipped with a spectrograph and a CCD camera (Acton
Research SP-150 and Pixel Vision SpectraVideo). The crystallites were il-
luminated with the light from a standard halogen lamp which was passed
through a Glen-Taylor polariser.


Compounds 3a–c and 4a–c can be prepared by reaction of the corre-
sponding nitrosoaniline derivative with the Re dimer 1 (route a,
Scheme 2) or with the halogenorhenium carbonyls 2a–c (route b,
Scheme 2). Route b is more convenient as it results in higher yields
(almost 90%), and requires simple monomeric starting materials which
can be purchased easily. Compound 1 was prepared according to the liter-
ature.[2] Therefore, the procedures given here in detail follow route b, and
route a as described without any repetition of spectroscopic data.


Synthesis of 3a–c and 4a–c from 2a–c


General procedure : [Re(CO)5X] (2a–c) and R2NC6H4NO (R = Me, Et)
were dissolved in toluene (20 mL) and heated at 100 8C for 2 h, where-
upon the solution turned deep blue. The solvent was evaporated, and the
blue residue was purified by column chromatography (CH2Cl2).


Complex 3a : Complex 2a (143.1 mg, 0.396 mmol), R = Me (29.7 mg,
0.198 mmol). Yield: 145.4 mg (0.190 mmol, 96%), blue-red dichroic crys-
tals. M.p. 205–207 8C; 1H NMR ([D8]THF, 399.78 MHz): d = 3.54 (s, 3H;
CH3), 3.55 (s, 3H; CH3), 7.24 (dd, 3J = 10.16 Hz, 4J = 2.64 Hz, 1H;
CHarom.), 7.41 (dd, 3J = 10.27 Hz, 4J = 2.75 Hz, 1H; CHarom.), 8.02 (dd, 3J
= 10.22 Hz, 4J = 2.64 Hz, 1H; CHarom.), 8.51 ppm (dd, 3J = 10.22 Hz, 4J
= 2.64 Hz, 1H; CHarom.);


13C NMR ([D8]THF, 100.53 MHz): d = 30.61
(N�CH3), 43.08 (N�CH3), 117.98 (CHarom.), 119.23 (CHarom.), 128.22
(CHarom.), 139.44 (CHarom.), 160.90 (N�Cq), 161.60 (ON�Cq), 191.84 (CO),
192.01 (CO), 195.26 (CO), 198.40 ppm (CO); IR (KBr): ñ = 3099 (w),
2938 (w), 2857 (w), 2733 (w), 2040 (v s, CO, A1), 2021 (vs, CO, A1), 1904
(vs, CO, E), 1605 (w), 1392 (s, NO), 1394 (s), 1331 (s), 1171 (vs), 1130
(m), 931 (w), 879 (w), 834 (m), 741 (s), 644 (w), 566 (w), 518 (w), 494
(w), 466 (w), 399 cm�1 (w); IR (CH2Cl2): ñ = 2041 (s, CO, A1), 2024 (vs,
CO, A1), 1946 (m, CO, E), 1917 cm�1 (s, CO, E); UV/Vis (CHCl3): lmax


(e) = 265 (10638), 364 (3449), 617 nm (32570 mol�1m3cm�1); elemental
analysis (%) calcd for C14H10Cl2N2O7Re2 (761.54): C 22.08, H 1.32, N
3.68; found: C 22.85, H 1.49, N 3.63; MS (DEI, 70 eV): m/z (%): 762.5
(56) [M+], 678.4 (9) [M+�3CO), 650.4 (62) [M+�4CO], 622.4 (35)
[M+�5CO], 594.4 (29) [M+�6CO].


Complex 3b : Complex 2b (136.9 mg,
0.337 mmol), R = Me (25.4 mg,
0.169 mmol). Yield: 87.7 mg
(0.103 mmol, 61%), blue-golden di-
chroic crystals. M.p. 208–210 8C;
1H NMR (CD2Cl2, 399.78 MHz): d =


3.39 (s, 3H; CH3), 3.41 (s, 3H;
N�CH3), 6.96 (d, 3J = 9.87 Hz, 1H;
CHarom.), 7.04 (d, 3J = 10.11 Hz, 1H;
o-CHArom.), 8.01 (d, 3J = 9.91 Hz, 1H;
CHarom.), 8.63 ppm (d, 3J = 10.31 Hz,
1H; CHarom.);


13C NMR (CD2Cl2,
100.53 MHz): d = 42.71 (N�CH3),
115.37 (CHarom.), 117.30 (CHarom.),
127.72 (CHarom.), 139.46 (CHarom.),


159.51 (N�Cq), 162.35 (ON�Cq), 190.05 (CO), 194.14 ppm (CO); IR
(KBr): ñ = 2960 (s), 2923 (s), 2857 (s), 2038 (m, CO, A1), 2022 (vs, CO,
A1), 1907 (vs, CO, E), 1604 (w), 1458 (m), 1393 (m, NO), 1327 (m), 1308
(m), 1296 (m), 1263 (m), 1172 (vs), 1131 (m), 1104 (m), 1060 (w), 1024
(w), 932 (w), 878 (w), 832 (m), 804 (m), 740 (m), 628 (m), 564 (m), 515
(m), 493 (m), 464 (m), 398 (m), 326 (m), 302 cm�1 (m); IR (CH2Cl2): ñ =


2041 (s, CO, A1), 2023 (vs, CO, A1), 1947 (m, CO, E), 1917 cm�1 (s, CO,
E); UV/Vis (CH2Cl2): lmax (e) = 269 (9674), 359 (2527), 610 nm
(30195 mol�1m3cm�1); elemental analysis (%) calcd for
C14H10Br2N2O7Re2 (850.46): C 19.77, H 1.85, N 3.29; found: C 20.31, H
1.24, N 3.18; MS (DEI, 70 eV): m/z (%): 849.8 (10) [M+], 765.7 (5)
[M+�3CO], 737.8 (11) [M+�4CO], 709.8 (7) [M+�5CO], 681.8 (7)
[M+�6CO].


Complex 3c : Complex 2c (123.1 mg, 0.272 mmol), R = Me (20.4 mg,
0.136 mmol). Yield: 99.5 mg (0.105 mmol, 78%), blue-golden dichroic
crystals. M.p. 210–212 8C; 1H NMR (CD2Cl2, 399.78 MHz, 25 8C): d =


6.99 (br, 2H; CHarom.), 7.90 (br, 1H; CHarom.), 7.67 ppm, (br, 1H;
CHarom.);


1H NMR (CD2Cl2, 399.78 MHz, �80 8C): d = 3.31 (s, 6H;
CH3), 6.95 (dd, 3J = 10.44 Hz, 4J = 2.75 Hz, 1H; CHarom.), 7.02 (dd, 3J =


10.11 Hz, 4J = 2.42 Hz, 1H; CHarom.), 7.90 (dd, 3J = 10.41 Hz, 4J =


2.73 Hz, 1H; CHarom.), 8.53 ppm (dd, 3J = 10.11 Hz, 4J = 2.31 Hz, 1H;
CHarom.);


13C NMR (CD2Cl2, 100.53 MHz): d = 42.69 (N�CH3), 42.76
(N�CH3), 114.55 (CHarom.), 116.41 (CHarom.), 126.95 (CHarom.), 138.41
(CHarom.), 157.98 (N�Cq), 161.29 (ON�Cq), 187.60 (CO), 188.48 (CO),
192.59 (CO), 197.50 ppm (CO); IR (KBr): ñ = 2925 (w), 2859 (w), 2034
(s, CO, A1), 2020 (vs, CO, A1), 1907 (vs, CO, E), 1602 (m), 1558 (w), 1454
(w), 1393 (m, NO), 1319 (w), 1295 (w), 1170 (m), 1132 (w), 927 (w), 872
(w), 831 (w), 741 (w), 631 (w), 559 (w), 513 (w), 488 cm�1 (w); IR
(CH2Cl2): ñ = 2037 (m, CO, A1), 2021 (vs, CO, A1), 1947 (m, CO, E),
1919 cm�1 (s, CO, E); UV/Vis (CH2Cl2): lmax (e) = 274 (11562), 297
(10930), 362 (4082), 624 (35553), 653 nm(34036 mol�1 m3cm�1); elemen-
tal analysis (%) calcd for C14H10I2N2O7Re2 (944.46): C 17.80, H 1.07, N
2.97; found: C 17.91, H 1.06, N 2.91; MS (DEI, 70 eV): m/z (%): 944.0
(100) [M+], 860.0 (26) [M+�3CO], 804.0 (73) [M+�5CO], 778.0 (45)
[M+�6CO].


Complex 4a : Complex 2a (140.8 mg, 0.389 mmol), R = Et (34.7 mg,
0.195 mmol). Yield: 102.0 mg (0.130 mmol, 64%) blue-golden dichroic
crystals. M.p. 190 8C ; 1H NMR (CD2Cl2, 399.78 MHz): d = 1.42 (t, 3J =


7.28 Hz, 3H; CH3), 1.44 (t, 3J = 7.28 Hz, 3H; CH3), 3.73 (q, 3J =


7.24 Hz, 2H; CH2), 3.74 (q, 3J = 7.24 Hz, 2H; CH2), 6.94 (dd, 3J =


10.11 Hz, 4J = 2.84 Hz, 1H; CHarom.), 7.02 (dd, 3J = 10.11 Hz, 4J =


2.84 Hz, 1H; CHarom.), 8.03 (dd, 3J = 10.11 Hz, 4J = 2.64 Hz, 1H;
CHarom.), 8.57 ppm (dd, 3J = 10.11 Hz, 4J = 2.64 Hz, 1H; CHarom.);
13C NMR (CD2Cl2, 100.53 MHz): d = 29.76 (CH3), 48.27 (CH2), 115.62
(CHarom.), 117.60 (CHarom.), 128.07 (CHarom.), 139.78 (CHarom.), 158.39 (N�
Cq), 161.22 (ON�Cq), 187.18 (CO), 190.87 ppm (CO); IR (KBr): ñ =


3091 (w), 2963 (w), 2924 (m), 2853 (m), 2044 (s, CO, A1), 2019 (vs, CO,
A1), 1939 (vs, CO, E), 1908 (vs, CO, E), 1607 (m), 1551 (w), 1498 (w),
1462 (w), 1421 (m, NO), 1380 (w), 1330 (s), 1309 (m), 1184 (s), 1163 (s),
1130 (m), 1089 (m), 1005 (w), 877 (w), 832 (m), 740 (w), 724 (m), 650
(w), 571 (w), 517 (w), 509 cm�1 (w); IR (CH2Cl2): ñ = 2041 (s, CO, A1),
2024 (vs, CO, A1), 1946 (m, CO, E), 1916 cm�1 (s, CO, E); UV/Vis
(CH2Cl2): lmax (e) = 265 (10104), 317 (6418), 360 (3297), 599 nm
(32898 mol�1 m3cm�1); elemental analysis (%) calcd for


Table 2. Comparison of bond lengths [S] and angles [8] of compounds 3a–c and 4a–c.


3a 3b 3c 4a 4b 4c


Re�Xav 2.491 2.617 2.810 2.500 2.602 2.815
Re�O 2.131(6) 2.115(9) 2.134(5) 2.165(15) 2.126(5) 2.139(3)
Re�N 2.208(7) 2.218(12) 2.205(6) 2.174(19) 2.199(6) 2.196(4)
N�O 1.319(8) 1.309(15) 1.280(8) 1.280(2) 1.308(8) 1.297(5)
N�CPh 1.347(11) 1.335(17) 1.377(10) 1.37(3) 1.360(9) 1.354(6)
Re-X-Reav 90.45 86.92 82.83 90.05 87.12 84.71
Re-N-O 116.9(5) 116.1(8) 118.3(5) 119.4(13) 116.8(4) 118.7(3)
Re-O-N 124.6(5) 128.2(7) 130.1(5) 123.0(13) 126.8(4) 129.1(3)
Re-O-N-C 6.54 0.30 0.08 4.13 5.31 1.48
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C16H14Cl2N2O7Re2 (789.61): C 24.34, H 1.79, N 3.55; found: C 24.21, H
1.80, N 3.49; MS (DEI, 70 eV): m/z (%): 789.7 (31) [M+], 677.8 (38)
[M+�4CO], 647.8 (12) [M+�5CO], 619.8 (14) [M+�6CO].


Complex 4b : Complex 2b (132.4 mg, 0.326 mmol), R = Et (29.1 mg,
0.163 mmol). Yield: 140.2 mg (0.159 mmol, 97%), blue-golden crystals.
M.p. 180 8C; 1H NMR (CD2Cl2, 399.78 MHz): d = 1.41 (t, 3J = 7.25 Hz,
3H; CH3), 1.44 (t, 3J = 7.25 Hz, 3H; CH3), 3.71 (q, 3J = 7.24 Hz, 4H;
CH2), 6.93 (dd, 3J = 10.11 Hz, 4J = 2.63 Hz, 1H; CHarom.), 7.01 (dd, 3J =


10.11 Hz, 4J = 2.63 Hz, 1H; CHarom.), 7.99 (dd, 3J = 10.11 Hz, 4J =


2.63 Hz, 1H; CHarom.), 8.61 ppm (dd, 3J = 9.91 Hz, 4J = 2.84 Hz, 1H;
CHarom.);


13C NMR (CD2Cl2, 100.53 MHz): d = 29.75 (CH3), 48.24 (CH2),
115.25 (CHarom.), 117.31 (CHarom.), 128.00 (CHarom.), 139.68 (CHarom.),
158.05 (N�Cq), 161.98 (ON�Cq), 189.92 ppm (CO); IR (KBr): ñ = 2924
(m), 2854 (w), 2036 (s, CO, A1), 2024 (vs, CO, A1), 1926 (vs, CO, E), 1906
(vs, CO, E), 1714 (w), 1606 (m), 1547 (s), 1491 (w), 1454 (w), 1420 (m,
NO), 1385 (w), 1327 (m), 1309 (m), 1278 (w), 1183 (s), 1159 (m), 1086
(w), 1074 (w), 1006 (w), 879 (w), 834 (w), 800 (w), 724 (w), 689 (w), 557
(w), 511 cm�1 (w); IR (CH2Cl2): ñ = 2040 (s, CO, A1), 2023 (vs, CO, A1),
1946 (m, CO, E), 1917 cm�1 (s, CO, E); UV/Vis (CH2Cl2): lmax (e) = 268
(10003), 317 (5934), 608 nm (31401 mol�1m3cm�1); elemental analysis
(%) calcd for C16H14Br2N2O7Re2 (878.59): C 21.88, H 1.60, N 3.18; found:
C 22.83, H 1.86, N 3.18; MS (DEI, 70 eV): m/z (%): 878.7 (49) [M+],
794.7 (26) [M+�3CO], 765.7 (64) [M+�4CO], 737.7 (31) [M+�5CO],
709.7 (34) [M+�6CO].


Complex 4c : Complex 2c (146.8 mg, 0.324 mmol), R = Et (28.9 mg,
0.162 mmol). Yield: 95.5 mg (0.099 mmol, 61%) blue-golden dichroic
crystals. M.p. 170 8C; 1H NMR (CD2Cl2, 399.78 MHz): d = 1.53 (s, 6H;
CH3), 3.66 (q, 3J = 7.24 Hz, 4H; CH2), 6.92 (br, 1H; CHarom.), 7.01 (br,
1H; CHarom.), 7.90 (br, 1H; CHarom.), 8.63 ppm (br, 1H; CHarom.);
13C NMR (CD2Cl2, 100.53 MHz): d = 29.63 (CH3), 48.14 (CH2), 114.68
(CHarom.), 116.71 (CHarom.), 127.79 (CHarom.), 139.53 (CHarom.), 157.88 (N�
Cq), 162.74 (ON�Cq), 188.27 (CO), 192.95 ppm (CO); IR (KBr): ñ =


2924 (w), 2854 (w), 2729 (w), 2415 (w), 2338 (w), 2021 (vs, CO, A1), 1909
(vs, CO, E), 1604 (m), 1546 (w), 1493 (w), 1448 (w), 1420 (m, NO), 1384
(w), 1350 (w), 1318 (m), 1277 (w), 1183 (s), 1158 (m), 1074 (w), 1002 (w),
876 (w), 832 (w), 724 (w), 622 (w), 557 (w), 513 cm�1 (w); IR (CH2Cl2):
ñ = 2037 (m, CO, A1), 2021 (vs, CO, A1), 1946 (m, CO, E), 1918 cm�1 (s,
CO, E); UV/Vis (CH2Cl2): lmax (e) = 273 (10739), 363 (3845), 621 nm
(32786 mol�1 m3cm�1); elemental analysis (%) calcd for C16H14I2N2O7Re2
(972.51): C 19.76, H 1.45, N 2.88; found: C 19.66, H 1.39, N 2.79; MS
(DEI, 70 eV): m/z (%): 971.3 (100) [M+], 887.3 (45) [M+�3CO], 859.3
(52) [M+�4CO], 831.4 (98) [M+�5CO], 803.3 (58) [M+�6CO].


Synthesis of 3a–c and 4a–c from 1


Procedure for 3a : Compound 1 (388.2 mg, 0.513 mmol),[2]


(CH3)2NC6H4NO (118.2 mg, 0.787 mmol) and AlCl3 (173.2 mg,
1.035 mmol) were dissolved in toluene (100 mL) and refluxed for 10 min,
whereupon the solution turned deep blue. The solvent was evaporated
and the shiny blue, almost black residue was dissolved in CH2Cl2 and pu-
rified by column chromatography. Yield: 258 mg (0.338 mmol, 66%).


General procedure for 3b, 3c and 4a–c : The dimer 1,[2] the correspond-
ing N,N-dialkyl-4-nitrosoaniline R2NC6H4NO (R = Me or Et) and AlX3


(X = Cl, Br, I) were dissolved in toluene (20 mL) and stirred for 16 h at
ambient temperature, whereupon the solution turned deep blue. The sol-
vent was evaporated and the shiny blue residue was dissolved in CH2Cl2,
and purified by column chromatography.


Complex 3b : Complex 1 (121.7 mg, 0.161 mmol), R = Me (48.3 mg,
0.322 mmol), X = Br (85.8 mg, 0.322 mmol). Yield: 28.7 mg (0.035 mmol,
22%).


Complex 3c : Complex 1 (100.0 mg, 0.132 mmol), R = Me (39.8 mg,
0.265 mmol), X = I (107.8 mg, 0.265 mmol). Yield: 37.4 mg (0.039 mmol,
29%).


Complex 4a : Complex 1 (141.5 mg, 0.187 mmol), R = Et (66.7 mg,
0.374 mmol), X = Cl (49.9 mg, 0.374 mmol). Yield: 54.7 mg (0.069 mmol,
35%).


Complex 4b : Complex 1 (138.3 mg, 0.183 mmol), R = Et (65.2 mg,
0.366 mmol), X = Br (97.5 mg, 0.366 mmol). Yield: 59.6 mg (0.068 mmol,
37%).


Complex 4c : Complex 1 (127.9 mg, 0.169 mmol), R = Et (60.1 mg,
0.338 mmol), X = I (137.7 mg, 0.338 mmol). Yield: 17.8 mg (0.018 mmol,
11%).
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Introduction


The concept of noninnocent ligands in coordination chemis-
try has usually been employed to determine whether the
odd electron on a paramagnetic species is ligand or metal
centered.[1] Dinuclear complexes in which the odd electron
is located on the metal may display electronic communica-
tion depending on their bridging ligand, and this feature is
central to the emergence of new properties in biological,
physical, and chemical systems.[2] More than 35 years after
the pioneering studies on the Creutz–Taube diruthenium


complex containing a pyrazine (or related) bridging ligand,
which provided the first example of an interaction between
two metal centers mediated by an organic linker,[3] consider-
able research effort is still dedicated to the study of elec-
tronic communication between transition metal centers,
which is of fundamental importance for the design of molec-
ular-based electronic devices.[4] Linkers used to mediate the
electron transfer between the redox centers should provide
effective overlap between their p systems and the orbitals of
the metals.[2,5]


The situation in which the odd electron is located on the
bridging ligand gives rise to noninnocent behaviour.[4d] Or-
ganometallic compounds containing radical ligands are at-
tracting increasing interest in many areas of science, ranging
from bioinorganic chemistry to solid-state physics.[6] Chelat-
ing 1,2-dioxolenes (type 1) have recently attracted much at-
tention as spacers because they combine ligand-based and
metal-based redox activity.[7] Extending such studies to their


Abstract: When a 2,5-diamino-1,4-ben-
zoquinonediimine C6H2(=NR)2(NHR)2
(2) is used as a bridging ligand, new di-
nickel(ii) complexes [(acac)Ni{m-
C6H2(PNPh)4}Ni(acac)] (3a : R=Ph)
and [(acac)Ni{m-C6H2(PNCH2tBu)4}Ni-
(acac)] (3b : R=CH2tBu) are obtained;
upon one-electron oxidation of these
complexes delocalized mixed-valence
compounds are formed. An X-ray dif-
fraction study on 3b reveals equaliza-
tion of the bond lengths within each of
the ligand 6p systems and a lack of


conjugation between them. The oxi-
dized state in 3b+ involves both the
bridging quinonoid ligand and the
metal centers, with a major contribu-
tion coming from the bridging ligand.
Electrochemical and spectroscopic
methods were used to study the influ-


ence of the N-substituents of the tetra-
nitrogen donor ligands 2. In this com-
bined experimental and theoretical
(DFT) study, it is also shown that the
electronic structure within the dinickel
system can be altered by addition of a
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tered orbitals, leading to a metal–metal
interaction in the mixed-valence NiII–
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nitrogen analogues C6H2(=NR)2(NHR)2 (2)[8,9] would allow
further electronic fine-tuning, because the NR group should
not only directly affect the metal coordination, but also
allow variations of the R substituents.


The first and only dinuclear complex prepared from a 2,5-
diamino-1,4-benzoquinonediimine derivative 2 (in which
R=CH2tBu, see 2b) was a diplatinum(ii) compound, isolat-
ed in approximately 15% yield, which limited considerably
its study.[8a] Here we describe the high yield synthesis and
properties of new dinickel(ii) complexes obtained from 2 of
which the monoxidation products 3+ have been investigated
experimentally and theoretically, also in the presence of pyr-
idine. The influence of the N-substituents on the redox be-
haviour of 3a,b has also been clearly demonstrated.


Results and Discussion


Synthesis and characterization : The metalation of azophe-
nine C6H2(=NPh)2(NHPh)2 (2a)


[9] with [Ni(acac)2] (2 equiv)
in THF (Scheme 1) afforded [(acac)Ni{m-C6H2(PNPh)4}Ni-
(acac)] (3a) as a violet crystalline solid (ca. 82% yield).


The 1H NMR spectrum of 3a revealed the presence of
four magnetically equivalent methyl groups and no NH res-
onance. This is consistent with a bis-chelating, tetradentate
behaviour for the dianionic ligand derived from 2a and with
a fully delocalized p system. This prompted us to study the
ability of 3a to display ligand-mediated metal–metal interac-
tions. The strongly s donor N2O2 ligand set around each NiII


center is favorable for an oxidation process occurring mostly
at the metal, although related systems can display noninno-
cent character.[5b]


The electronic spectrum of 3a shows two transitions at
520 and 553 nm in THF (Figure 1), typical of a p!p transi-
tion of the benzoquinonediimine bridging ligand[8b] and of a
MLCT transition,[5a] respectively. A weaker absorption is ob-
served around 650 nm, which could be assigned to the
HOMO!LUMO allowed transition (of LMCT character)
calculated to be of weak intensity (see below).


The cyclic voltammogram of 3a shows two poorly reversi-
ble redox waves at 0.15 and 0.45 V versus Fc+/Fc resulting
from two successive one-electron oxidation processes (anhy-
drous CH2Cl2, N(nBu)4PF6 as supporting electrolyte;
Figure 2).


Owing to the proximity of the second oxidation wave
(DE1/2=300 mV), attempts to generate pure 3a+ by control-
led potential electrolysis (Eapplied=0.43 V vs Fc+/Fc) in dry
THF failed (as indicated by excessive current consumption).
However, the absorption bands of 3a at 520 and 553 nm
were clearly replaced by a single, broad band at 438 nm for
3a+ (Figure 1). No intervalence transfer band was observed
at room temperature in the NIR region, which could be due
to a too low concentration of 3a+ (see above) and/or an in-
trinsically weak band.[10]


The p-acceptor N-substituent in 3a was then replaced by
a s-donor group, which should stabilize a formally [NiII–
NiIII]+ species, and [(acac)Ni{m-C6H2(PNCH2tBu)4}Ni(acac)]
(3b) was prepared in toluene by metalation of 2b, similarly
to 3a (Scheme 1). An X-ray diffraction study confirmed the
centrosymmetry of the molecule (Figure 3). The dianion de-
rived from 2b acts as a tetradentate bridging ligand in a
bis(chelating) fashion.


The geometry about the metals is square planar with the
nickel atoms being only slightly out of the plane containing
the C6 ring (inter planar deviation angle is q=238 ;
Figure 3).


The Ni···Ni separation of 7.62(2) P is slightly shorter than
that found in a dinuclear nickel complex containing ligand
1.[11b] By comparison with the bonding parameters in related
systems,[8a,b] the similarity of the bond lengths within the N1-
C3-C1’-C2’-N2’ and N2-C2-C1-C3’-N1’ moieties is consistent
with an extensive electronic delocalization, but there is no


Scheme 1. Synthesis of the dinuclear complexes 3a and 3b.


Figure 1. Electronic spectra of 3a (c) and the mixed-valence complex
3a+ (b), recorded in THF at room temperature


Figure 2. Cyclic voltammogram of 3a in anhydrous CH2Cl2 (0.1m N-
(nBu)4PF6) at a scan rate of 100 mVs�1.
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conjugation between these two 6p systems, since the C2�C3
distance corresponds to a typical single bond.[8a]


The cyclic voltammogram of 3b shows two reversible
redox processes at 0.05 V and 0.91 V versus Fc+/Fc
(Figure 4), corresponding to a one-electron transfer as dem-
onstrated by coulometry and linear sweep voltammetry. As
expected, the more electron rich 3b is easier to oxidize than
3a (0.05 vs 0.15 V). The ratio of the peak currents (Ipa/Ipc) is


unity and the peak separation (Epa�Epc) is around 80 mV at
different scan rates for each signal. Furthermore, the separa-
tion between the two redox processes DE1/2=850 mV for 3b
is much larger than for 3a. This indicates a much higher sta-
bility of 3b+ relative to 3a+ ; this stability originates from
the N-substituents (s-donor alkyl vs p-acceptor aryl groups).


Similarly to 3a, the electronic spectrum of 3b at room
temperature shows two bands at 479 and 510 nm in CH2Cl2
(Figure 5), that can be assigned to a p!p*[8a] and a MLCT
transition,[5a] respectively. In the electronic spectrum of 3b+ ,
generated by controlled potential electrolysis (Eapplied=0.5 V
vs Fc+/Fc) in dry CH2Cl2, these bands are red shifted at 512
and 542 nm, whereas a blue shift was observed when going
from 3a to 3a+ .


Thus, although the p system in ligand 2a could be more
extended than in 2b owing to the possible participation of
the N-phenyl substituents,[8c] a situation which is also ob-
served in their NiII complexes 3a and 3b, the reverse ap-
pears to apply to their oxidized species 3a+ and 3b+ , re-
spectively. The NIR spectrum (1000–3000 nm) of 3b+ , re-
corded at room temperature during a coulometry experi-
ment, displays a weak band at 1030 nm and a weaker one at
910 nm (Figure 6) that could originate from MLCT or
p(dp)!p*(dp) transitions in the metal–ligand–metal
core.[5d]


With the hope to stabilize an oxidized NiII–NiIII species by
addition of a s-donor ligand, the behaviour of 3b was exam-
ined in the presence of pyridine. Its electronic spectrum was
unaffected, which is consistent with the electrochemical data


Figure 3. Top and side views of the structure of 3b. Selected bond lengths
[P] and angles [8]: Ni�N1 1.876(2), Ni�O2 1.848(2), Ni�O1 1.852(2), Ni�
N2 1.877(2), N1�C3 1.332(3), C3�C2 1.500(3), C2�C1 1.404(3), C2�N2
1.333(3); N1-Ni-N2 83.27(8), N1-Ni-O1 175.10(7), N1-Ni-O2 91.01(7),
O1-Ni-O2 93.84(7), Ni-N1-C3 114.2(2), N2-C2-C3 112.0(2), N1-C3-C2
111.7(2), N2-C2-C1 128.7(2).


Figure 4. Cyclic voltammogram of 3b in anhydrous CH2Cl2 (0.1m N-
(nBu)4PF6) at a scan rate of 100 mVs�1.


Figure 5. Electronic spectra of 3b (c), the mixed-valence complex 3b+


without (b) and with presence of pyridine (a), recorded in CH2Cl2
at room temperature.


Figure 6. NIR spectrum of 3b+ recorded in CH2Cl2 at room temperature.
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and theoretical studies (see below) and indicate the lack of
coordination of pyridine to the NiII centers. In contrast, the
electronic spectrum of 3b+ displays three absorptions at
473(sh), 510, and 538 nm (sh), in agreement with coordina-
tion of the pyridine to the formally NiIII center (Figure 5).
The reversibility of the first wave of the redox process in the
cyclic voltammetry of 3b was not affected by the addition of
pyridine, indicating that the latter does not coordinate on
the timescale of this experiment. The second oxidation pro-
cess could not be analyzed, probably because of the instabil-
ity of the doubly oxidized complex in basic medium. How-
ever, after exhaustive electrolysis in the presence of pyridine
to generate the mixed-valence species 3b+ , a new reversible
redox wave was observed at
0.44 V versus Fc+/Fc. It is ten-
tatively assigned to the oxida-
tion of the remaining NiII


center, now easier than in the
absence of pyridine.


Only an EPR study could
determine whether the odd
electron on the oxidized spe-
cies 3b+ is located more on
the ligand or the metal centers.
Its spectrum, generated as in-
dicated above in dry THF
under N2 and in the presence
of a drop of anhydrous pyri-
dine showed at 4 K two broad
signals corresponding to gk=


2.13 and g?=4.16. These
values are characteristic of a
spin S=3/2 system in which a low-spin NiIII (S=1/2) would
be ferromagnetically coupled to an octahedral NiII (S=
1).[11a] Unfortunately, no hyperfine coupling to the nitrogen
atoms (14N) could be observed.[11a] When the EPR spectrum
of 3b+ was recorded at 100 K, a signal at g�2 was ob-
served, indicating another coupling scheme. Related temper-
ature-dependent EPR behaviour has been noted in other di-
nickel systems.[11a] In the absence of pyridine, a signal at g=
2.028 (Dn1/2=24 G) was observed at 4 and 100 K, suggesting
a strong ligand involvement and a noninnocent behavior of
the bridging ligand.


Theoretical Studies


Complex [(acac)Ni{m-C6H2(PNMe)4}Ni(acac)] (3c) and the
mono-oxidized species 3c+ : DFT calculations have been car-
ried out on a model of 3b, in which the CH2tBu groups
were replaced by methyl substituents (3c). All geometry op-
timizations were carried out with the ADF program,[12]


using the gradient-corrected BP86 functional and Slater-
type atomic basis sets. For first-row atoms, the 1s shell was
frozen and described by a single Slater function. The neon
core of Ni was also modeled by a minimal, frozen Slater
basis. The valence shells of all atoms, including the 4s shell


of Ni were triple-z, whereas the 4p shell of Ni was described
by a single orbital. These sets were supplemented with one
polarization function for all non-metal atoms. For the TD-
DFT estimate of transition energies, the B3LYP hybrid func-
tional was preferred and the calculations were carried with
GAUSSIAN-98,[13] using the previously optimized geome-
tries. For the neutral model complex 3c, a bent structure
similar to that of Figure 3 (C2h symmetry) was used as trial
geometry, but the lowest energy for the NiII–NiII complex
was obtained with a fully planar structure (D2h symmetry).
Apart from the q angle, the main geometrical parameters
are accurately reproduced by the calculations (Table 1). The
sequence of frontier orbitals is displayed in Figure 7.


Table 1. Electronic configuration, total bonding energies [eV] and selected interatomic distances [P] observed
for 3b (in italics) and calculated for the closed-shell ground state of 3c, and for various oxidized species.[a]


3b 3c 3c+ [3c(py)4]
+ [3c(py)2]


+ [3c(py)2]
+


energy [eV][b] �282.611 �276.652 �557.567 �417.096 �416.931
symmetry C2h D2h D2h D2h C2h C2h


Ni�N 1.876 1.871 1.862 1.991 1.905 1.891
Ni�O 1.850 1.838 1.835 1.988 1.905 1.886
N�C2 1.332 1.337 1.335 1.332 1.339 1.337
C2�C3 1.500 1.470 1.466 1.486 1.472 1.467
C1�C2 1.404 1.405 1.407 1.407 1.405 1.409
Oacac�C 1.285 1.287 1.279 1.282 1.285
Ni�Npy 2.207 2.246 2.606


[a] 3c+(doublet ground state) [3c(py)4]
+ (quartet ground state); [3c(py)2]


+ (doublet ground state and first ex-
cited doublet state). The bonding energy computed for a free pyridine molecule is �70.008 eV. [b] Electronic
configurations of the calculated species: 3c : ground state 1A1g (a1g)


2(b3u)
2(b1u)


2(b3g)
2; 3c+ : ground state 2B3g


(a1g)
2(b3u)


2(b1u)
2(b3g)


1; [3c(py)4]
+: ground state 4B1g (a1g)


1(b3u)
1(b1u)


2(b3g)
2(b2u)


1; [3c(py)2]
+ : ground state 2Bu


(ag)
2(bu)


1(au)
2(bg)


2; [3c(py)2]
+ : excited state 2Bg (ag)


2(bu)
2(bu)


2(bg)
1
.


Figure 7. Sequence of frontier orbitals of 3b, in which the CH2tBu sub-
stituents have been replaced by methyl groups (3c).
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Following the order of increasing energies, we find: 1) the
quasi-degenerate in-phase and out-of-phase combinations of
the Ni dz2 orbitals (18a1g, 17b3u); 2) orbital 7b1u (48% metal)
at 0.8 eV above the dz2 combinations; and 3) the HOMO
5b3g (20% Ni vs 72% delocalized over the benzoquinonedi-
imine p-system), separated from 7b1u by no more than
0.18 eV. Both the 7b1u and the 5b3g MOs are the upper
terms, mostly ligand-centered, of four-electron p interactions
between the metal atoms and the benzoquinonediimine
ligand. The major weight of the spacer p system in the
metal–ligand antibonding HOMO clearly characterizes ben-
zoquinonediimine as a noninnocent ligand responsible for
the highly delocalized character of the unpaired electron in
the oxidized complex. Concerning the lowest unoccupied
MOs, the LUMO (14b2u, 57% Ni) and the LUMO+2 (13b1g,
61% Ni) are the in-phase and out-of-phase combinations of
the metal dxy orbitals destabilized by the s donation from
the N and O lone pairs. The LUMO+1 of 3c (7b2g) corre-
sponds to the LUMO of the 6p+6p delocalized quinonedi-
imine ligand[6b] with a minor metallic contribution (12%).
Finally, the LUMO+3 (5a1u) is a p–antibonding combination
originating in the acacene ligands with a very small metal
contribution (6%) stemming from an out-of-phase combina-
tion of the dyz orbitals. The ground state of the oxidized
complex 3c+ is obtained by removing one electron from the
b3g HOMO. The ionization energy of the isolated molecule
is computed to be 5.96 eV, and the main geometrical param-
eters are practically unaffected with respect to the neutral
complex (Table 1), in agreement with the nonbonding char-
acter of the HOMO regarding either the benzoquinonedii-
mine spacer or the metal coordination environment
(Figure 7).


From the many low-lying singlet excited states character-
ized from TD-DFT/B3LYP calculations only two are al-
lowed with a significant oscillator strength (f). The lowest in
energy (transition A in Figure 7) corresponds to the b3g!a1u
(HOMO!LUMO+3) transition (498 nm and f=0.076).
Given the weak contribution of Ni to the HOMO, this tran-
sition should be considered as a p!p* excitation, but corre-
sponds to a charge transfer from the benzoquinonediimine
to the acacene ligands. Transition B (Figure 7), computed at
450 nm (f=0.67) has a MLCT character and mainly corre-
sponds to the b1u!b2g excitation (HOMO�1!LUMO+1).
In spite of the difference in the computed oscillator
strengths, the two broad peaks observed at 510 and 479 nm
should be assigned to transitions A and B. However, we
cannot ensure that the energy sequence of the observed
transitions is correctly reproduced by the calculations.
Indeed, it has been recently shown that the energy of the
charge-transfer excitations, like transition A, are systemati-
cally underestimated by TD-DFT.[14]


Oxidized pyridine adducts [3c(py)4]
+ and [3c(py)2]


+ : Calcu-
lations have also been carried out to predict the behaviour
of the neutral and oxidized forms of 3c in the presence of
pyridine. Four-pyridine adducts with octahedral coordina-
tion of Ni atoms, D2h symmetry, and with the planes of the


heterocycles perpendicular to the plane of the complex and
to the Ni–Ni line were considered for 3c and 3c+ and their
geometries optimized. The neutral complex was found to be
insensitive to pyridine, as far as a closed-shell electronic
configuration is retained: the interaction remains repulsive
at a Ni�N distance of 3.0 P. This is consistent with the UV-
visible spectrum of 3b and its cyclic voltammogram, which
are unaffected by the addition of pyridine. No open-shell
configuration was considered, since the NiII–NiII complex is
diamagnetic. However, the approach of the pyridine ligands
raises the energy of the nickel dz2 orbital combinations, a1g
and b3u, which develop an antibonding interaction with the
nitrogen lone pairs. In the oxidized species, an attractive in-
teraction with pyridine was obtained by removing two elec-
trons from these orbitals, one of which was transferred to
the LUMO of the complex. The resulting 4B1g quartet state
corresponds to the configuration (b1u)


2(b3g)
2(a1g)


1(b3u)
1(b2u)


1.
The stabilization of the four pyridine fragments amounts
20.5 kcalmol�1 and the Ni�N distance is 2.21 P. The popula-
tion of the s-antibonding b2u orbital yields a stretching of
the Ni�N and Ni�O distances by 0.13 and 0.15 P, respec-
tively (Table 1). The high-spin ground state found for 3c+ in
the presence of pyridine agrees well with the interpretation
of the EPR spectrum. At variance with 3c+ , the 5b3g delo-
calized orbital remains doubly occupied in the pyridine
adduct. The magnetic orbitals a1g, b3u, and b2u are mostly
metal centered and do not extend beyond the adjacent coor-
dination shell; they should favor a more localized mixed-va-
lence state. Less favorable, low-spin configurations of
[3c(py)4]


+ and other types of association between 3c+ and
pyridine are discussed below:


The (a1g)
2(b3u)


1(b1u)
2(b3g)


2 configuration : In this 2B3u doublet
electronic state, only one electron was removed from the
Ni�N antibonding MOs and none had to be transferred to a
high-lying orbital. The bonding energy stabilizes the four
pyridines by 12.6 kcalmol�1 only. Since only one electron
was removed from the Ni�N antibonding MOs the pyridine
moieties remain at a relatively large distance from Ni:
2.45 P.


The (a1g)
2(b3u)


2(b1u)
2(b3g)


1 (2B3g) configuration : Both Ni-N
antibonding MOs remain doubly occupied, whereas the
extra electron is removed from the b3g HOMO of the 3c
complex. At variance with the neutral molecule, the coordi-
nation of the pyridine ligands is favoured by 8.6 kcalmol�1,
probably owing to the increase of electrostatic attraction.
However, the Ni�Npy interaction is very weak and the com-
puted Ni�N distance quite long: 2.78 P.


An alternative to the four-pyridine adduct is a complex in
which one pyridine only is attached to each metal, giving
rise to a square-pyramidal coordination. The symmetry of
the [3c(py)2]


+ complex becomes C2h. In spite of the pyra-
midalization that can be expected for the equatorial coordi-
nation environment, the behaviour of the frontier MOs is
qualitatively the same as in the former case, the major effect
of the pyridine approach being a raise of the Ag and Au
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MOs accommodating the metal dz2 electrons. As for the 4-
py adduct, three electronic states were considered.


The (ag)
1(bu)


1(bu)
2(bg)


2(au)
1 configuration : With two elec-


trons removed from the antibonding Ni�Npy MOs and one
transferred to the au LUMO, this quartet state is electroni-
cally equivalent to the ground state of the 4-py adduct.
However, in the present case it is nonbonding, with an
energy of �416.65 eV, equivalent to the energy of 3c aug-
mented with that of two isolated pyridine molecules.


The (ag)
2(bu)


1(au)
2(bg)


2 configuration : In this doublet state,
the removed electron originated from one of the Ni�Npy an-
tibonding MOs. This electronic configuration should be cor-
related to the 2B3u doublet state of the 4-py adduct. Howev-
er, due to the pyramidalized structure at Ni and to the lack
of trans influence, the Ni�N repulsion is greatly reduced
with respect to the D2h structure, so that the Ni�N equilibri-
um distance contracts to 2.246 P (Table 1). As a secondary
effect of the above-mentioned pyramidalization, the equato-
rial metal–ligand distances increase by 0.03 and 0.06 P. This
doublet state is the ground state of the 2-py adduct. With a
bonding energy equal to 10.3 kcalmol�1 for the two pyri-
dines, the stabilization per ligand is the same as for the 4-py
adduct. The 2-py stoichiometry could therefore be competi-
tive in case of a convenient tuning of the available amount
of pyridine. However, as long as pyridine is in excess, the 4-
py adduct is clearly favored.


The (ag)
2(bu)


2(bu)
2(bg)


1 configuration : This doublet configu-
ration is electronically equivalent to state 2B3g of the 4-py
adduct. The double occupancy of the two Ni�Npy antibond-
ing MOs keeps the pyridine moieties relatively far from the
metal (2.606 P). A stabilization of 6.5 kcalmol�1 for the two
pyridine ligands is nevertheless associated with this electron-
ic state.


Conclusion


We have reported new dinuclear complexes 3a and 3b con-
taining a bridging quinonoid ligand. Compared to aromatic
bridging ligands used in related dinuclear systems,[4b] ligands
of type 2 have two electrons less; this should favor oxidation
at the metal rather than at the ligand. However, the charge
delocalization (metal vs ligand)[15] investigated by a com-
bined experimental and theoretical (DFT) study on 3b+ ,
mostly involves the bridging ligand, which contributes most
to the one-electron oxidation of 3. It is shown that the elec-
tronic structure of 3b+ can be altered by addition of a coor-
dinating ligand such as pyridine, which favors the high-spin
configuration with semi-occupied metal-centered orbitals,
leading to a metal–metal interaction in the NiII–NiIII 3b+


system. In contrast to most previously studied sys-
tems,[4d,5a,5c,5e,7] ligands of type 2 allow modifications of the
N-substituents, thus making possible fine-tuning of the prop-
erties of the corresponding dinuclear complexes, as demon-


strated here with 3a and 3b. Further variations will there-
fore become possible. These complexes are furthermore
being evaluated as homogeneous catalysts for olefin oligo-
merization, since dinuclear complexes displaying metal–
metal interactions are of growing interest in catalysis.[16]


Experimental Section


General : Analytical-grade reagents were obtained from commercial sup-
pliers and were used directly without further purification. Solvents were
distilled under argon prior to use and dried by standard methods.
1H NMR spectra were recorded in CDCl3 and [D6]DMSO with a AC300
Bruker spectrometer, operating at 300 MHz for 1H spectra. Chemical
shifts are reported in ppm relative to the singlet at d=7.26 ppm for
CDCl3. Splitting patterns are indicated as s, singlet; m, multiplet. Ele-
mental analyses were performed by the “service de microanalyse de LTIn-
stitut de Chimie,” Strasbourg. FAB mass spectral analyses were recorded
on an autospec HF mass spectrometer and EI mass spectral analyses
were recorded on a Finnigan TSQ 700. UV/Vis and NIR spectra (absorp-
tion spectroscopy) were recorded at room temperature with a Kontron
Instruments UVIKON 860 or a Varian Cary 05E spectrophotometer, re-
spectively. The EPR spectra were recorded on a ESP 300 Bruker spec-
trometer. Electrochemical experiments were performed with a three-
electrode system consisting of a platinum working electrode, a platinum
wire counter electrode, and a silver wire as pseudo-reference electrode.
All potentials are reported versus the ferrocinium/ferrocene couple. The
measurements were carried out under Ar, in degassed CH2Cl2 (distilled
from CaH2 under N2), using 0.1m N(nBu)4PF6 as the supporting electro-
lyte. An EG&G Princeton Applied Research Model 273 A potentiostat
connected to a computer (Programme Research Electrochemistry Soft-
ware) was used for the cyclic voltammetry and potential controlled elec-
trolysis experiments.


Synthesis of [(acac)Ni{m-C6H2(PNPh)4}Ni(acac)] (3a): Ligand 2a[9]


(0.68 mmol, 0.30 g) was dissolved in THF (100 mL) and Ni(acac)2
(1.36 mmol, 0.35 g) was added to the red solution, which turned immedi-
ately into intense purple. The reaction mixture was stirred at room tem-
perature overnight. The solution was then filtered through Celite, the fil-
trate was evaporated, and the solid was redissolved in dichloromethane
(100 mL), and slowly evaporated to afford 3a as a violet crystalline prod-
uct. Yield: 0.42 g (82%); 1H NMR (300 MHz, CD2Cl2, 298 K): d=1.35 (s,
12H; CH3-acac), 4.34 (s, 2H; NPCPC-H), 5.20 (s, 2H; CH-acac), 7.2 ppm
(m, 20H; CH-aryl); 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): d=24.60
(CH3-acac), 89.28 (H-CPC), 100.90 (CH-acac), 124.52, 126.94, 127.57,
(CH-aryl), 145.11 (C-aryl), 165.51 (CPN), 186.21 ppm (CPO); elemental
analysis calcd (%) for C40H36N4O4Ni2: C 63.71, H 4.81, N 7.43; found: C
63.84, H 5.02, N 7.33; UV-visible (CH2Cl2): l (e): 523 (16600), 555 nm
(19500); MS (Maldi-TOF): m/z : 753.231 [M+1]+ .


Synthesis of [(acac)Ni{m-C6H2(PNCH2tBu)4}Ni(acac)] (3b): Ligand 2b[8]


(0.48 mmol, 0.20 g) and Ni(acac)2 (0.96 mmol, 0.25 g) were dissolved in
toluene (100 mL) and heated to reflux for one night. The solution was
then concentrated and green crystals suitable for an X-ray analysis were
isolated by filtration. Yield: 0.19 g (55%). 1H NMR (300 MHz, CDCl3,
298 K): d=1.05 (s, 36H; CH3), 1.79 (s, 12H; CH3-acac), 2.11 (s, 8H; N-
CH2), 4.93 (s, 2H; NPCPC-H), 5.34 ppm (s, 2H; CH-acac); 13C{1H} NMR
(75 MHz, CDCl3, 298 K): d=25.45 (CH3-acac), 29.00 (CMe3), 34.82
(CMe3), 51.72 (N-CH2), 88.13 (H-CPC), 101.13 (CH-acac), 167.02 (CPN),
185.86 ppm (CPO); elemental analysis calcd (%) for C36H60N4O4Ni2: C
59.21, H 8.28, N 7.67; found: C 59.22, H 8.18, N 7.69; UV-visible
(CH2Cl2) l (e): 479 (13500), 510 nm (14700).


X-ray crystallography : The diffraction data for 3b were collected on a
Nonius Kappa-CCD area detector diffractometer (MoKa, l=0.71070 P;
phi scan). The cell parameters were determined from reflections taken
from one set of ten frames (1.08 steps in phi angle), each at 20 s exposure.
The structure was solved by using direct methods (SHELXS97) and re-
fined against F2 by using the SHELXL97 software. The absorption was
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corrected empirically (with Sortav).[17] All non-hydrogen atoms were re-
fined with anisotropic parameters. The hydrogen atoms were included in
their calculated positions and refined with a riding model in
SHELXL97.[18]


Crystal data : C36H60N4O4Ni2, Mr=730.30 gmol�1, green prism, size 0.08V
0.10V0.13 mm, triclinic, space group P1̄, a=9.7060(10), b=10.2970(10),
c=10.9920(10) P, a=63.863(5), b=88.607(5), g=77.502(5)8, V=


959.70(16) P3, T=293 K, Z=1, 1calcd=1.264 gcm�3, m(MoKa)=
1.021 mm�1, F(000)=392, 10595 reflections in h(�13/10), k(�14/14),
l(�15/15), measured in the range 2.18�q�30.08, 5582 independent re-
flections, Rint=0.039, 4207 reflections with I>2s(I), 208 parameters,
R1obs=0.0459, wR2obs=0.1375, GOF=1.071, largest difference peak/hole
0.66/�0.85 eP�3. CCDC-230827 (3b) contains the supplementary crystal-
lographic 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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Introduction


Ambidentate ligands are “the schizophrenics of coordina-
tion chemistry”, as Burmeister called them about fifteen
years ago.[1] Many of two (NO, CN� etc.), three (NO2


� , SO2,
CO2, NCS


� , NCO� , NCSe� etc.) and even four-atomic li-
gands (DMSO, SO3


2�, etc.; excluding hydrogen atoms) can
have different modes of coordination to transition metals.
Such linkage isomers can either be chemically synthesized
or generated by light,[2] high temperature and/or electro-
chemically.[3] In this context the nitro–nitrito isomerism (M-
NO2QM-ONO) in transition-metal complexes occupies a
special place. More than a century ago Jørgensen[4] was the
first to synthesize both nitro- (NO2) and nitrito- (ONO) iso-
mers of the [CoIII(NH3)5NO2]


2+ cation. Since then, it was


also known that the nitro species can be converted into the
nitrito species by irradiation with sunlight. The first system-
atic study on the photochemical behavior of NO2-containing
transition-metal complexes was done by Adell in 1955, who
showed that the red compound obtained from [Co-
(NH3)5NO2]Cl2 on prolonged exposure to sunlight is the O-
bound nitrito isomer.[5] The result was later confirmed by
Wendlandt and Woodlock[6] by using UV light for the illumi-
nation of the samples. IR measurements by Balzani et al.
and Heyns and de Waal showed that the stretching bands of
the N-bound NO2, located at ~1430 and 1315 cm�1, shift to
~1460 and ~1060 cm�1, respectively, on irradiation.[7] The
new light-induced bands correspond to the O-bound NO2


linkage isomer. However, the X-ray crystallography of the
CoIII complex remains controversial. According to the single
crystal X-ray analysis[8] of a previously irradiated crystal of
[CoIII(NH3)5NO2]Cl2, the nitrito group in the linkage isomer
is bent, with a Co�O�N bond angle of 143(4)8, and has a Z-
shaped configuration. On the other hand, the 1994 X-ray
powder diffraction experiment[9] on the sunlight-illuminated
sample of [CoIII(NH3)5NO2]Br2 showed a perfectly linear
Co-O-N arrangement, although the unit cells of the two
samples are identical. No further structural analysis of the
light-induced nitro–nitrito isomerism in metal complexes has
been performed since.
In addition to the isomerization process, the NO2 ligand is


capable of transferring its oxygen atom intramolecularly.
The light-induced conversion of o-nitrobenzaldehyde to o-
nitrosobenzoic acid was reported as early as 1901.[10] In a
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metalloorganic complex the transfer can occur to a ligand
coordinated cis to the nitrito. If this ligand is carbon monox-
ide (CO), the product of the reaction is carbon dioxide
(CO2), which readily dissociates from a metal center.[11] In
the case of nitrosyl (NO) being in the cis position to NO2,
the oxygen atom transfer reaction results in the interconver-
sion of the nitrito and nitrosyl substituents. The oxidative
capability of the NO2 ligand has been used extensively in
transition-metal complexes containing the nitrito ligand that
are catalysts for the mild oxidation of organic molecules.[12]


The ligand-to-ligand oxygen transfer reaction in transi-
tion-metal complexes was first observed for the iron(ii) com-
plex cis-[Fe(S2CNMe2)(NO)(NO2)] by Ileperuma and Fel-
tham.[13] In chloroform solution the isotopically labeled com-
plex [Fe(S2CNMe2)(


15NO)(NO2)] is spontaneously equili-
brated with [Fe(S2CNMe2)(NO)(


15NO2)]. Unlike the reac-
tion involving carbon monoxide, the oxygen transfer in the
iron compound has no net change in the free energy (DG),
except for the scrambling of the 15N isotope. Interestingly,
Dubrawski and Feltham[14] later demonstrated that the anal-
ogous ruthenium(ii) complex did not undergo exchange be-
tween the NO and NO2 ligands even under reflux or irradia-
tion conditions. The absence of the reaction was explained
by the kinetic inactivity and stability of the {RuNO}6 species,
compared with the iron complex. The thermally-induced
oxygen transfer reaction occurs in crystals of [CpCr(NO)2-
(15NO2)], which equilibrates with [CpCr(


15NO)(NO)(NO2)]
at 50 8C.[15] During the reaction the oxygen may either be
transferred to the nitrosyl from the nitro isomer or from the
nitrito isomer, which would be first thermally generated. In
MeOH solution at 24 8C the ligands spontaneously inter-con-
vert, similar to the iron complex. However, there is no evi-
dence that nitrito species of this compound are generated in
the solid state.
Ooyama et al.[16] reported on the synthesis and electro-


chemically and thermally-induced nitro–nitrito linkage iso-
merizations of cis-[RuII(bpy)2(NO)(NO2)](PF6)2, with NO
acting as a spectator ligand. Both the nitro- and nitrito iso-
meric forms can be synthesized. According to the IR experi-
ments, in the solid state at 60 8C the nitro form gives an
equilibrium mixture of both nitro and nitrito isomers. In a
second publication Ooyama et al. reported that on one-elec-
tron electrochemical reduction of cis-[RuII(bpy)2(NO)-
(ONO)]2+ in solution, the {RuNO}7 species, [Ru(bpy)2-
(NO·)(ONO)]+ , is generated which can be converted into
the nitro species by a one-electron oxidation.[17] The reduced
{RuNO}7 intermediate species is stable at low temperature
(�40 8C). During the electrochemically-induced isomeriza-
tion an oxygen atom is transferred, since equimolar amounts
of the [Ru(bpy)2(


15NO)(NO2)] and [Ru(bpy)2(NO)(
15NO2)]


isotopomers were isolated. It seems reasonable to assume
that the {Ru(NO)}7 species is responsible for and actually fa-
cilitates the oxygen transfer reaction. Surprisingly, no similar
studies have been done using the nitro-isomer as a starting
material.
The light-induced changes in sodium nitroprusside dihy-


drate (Na2[Fe(CN)5(NO)]·2H2O, or SNP, were discovered in


1977, as part of a Mçssbauer spectroscopy study of optical
dispersion in transparent molecular systems.[18] In the same
year, but quite unrelated, Rest and co-workers observed
light-induced absorption bands in the IR spectrum of
[Ni(NO)(h5-Cp)].[19] Subsequent DSC studies of the thermal
decay of the new states of SNP revealed not one, but at
least two light-induced species,[20] which were initially de-
scribed as long-lived excited states, but later identified as
linkage isomers with respectively inverted and side-on con-
formations of the NO ligand.[21,22]


Earlier we discussed the possibility of double linkage iso-
merization occurring on irradiation of [(tpp)Fe(NO)-
(NO2)].


[23] The results were based on the solid state (KBr
pellets) FT-IR data collected for the 15N-isotopically labeled
samples. No photocrystallographic experiments could be car-
ried out due to the poor transparency of the porphyrin crys-
tals to the laser light.
We now report that on photochemically-induced oxygen


transfer in crystals of cis-[RuII(bpy)2(NO)(NO2)](PF6)2 a
double linkage isonitrosyl–nitrito isomer is formed and pres-
ent crystallographic and infrared evidence for the oxygen
transfer between the NO2 and NO ligands at low tempera-
ture. A mechanism for the dual process of atom transfer and
linkage isomerization is proposed. The experimental data
are supported by the quantum-mechanical DFT calculations.


Experimental Section


Preparation of the ruthenium complex : The precursor complex cis-[Ru-
(bpy)2(NO2)2] was synthesized by the known method of Godwin and
Meyer.[24] It was subsequently converted into the desired product cis-
[RuII(bpy)2(NO)(NO2)](PF6)2 (1) by HCl(aq) acid by using the procedure
of Ooyama et al.[16] Crystals suitable for single crystal X-ray analysis were
obtained from the reaction mixture upon standing in the dark for several
days.


Photocrystallography : X-ray diffraction data on 1·H2O were collected at
200(1) and 90(1) K using a Bruker APEXII CCD diffractometer installed
at a rotating anode source (MoKa radiation) and equipped with an
Oxford Cryosystems nitrogen gas-flow apparatus. The data were collect-
ed by the rotation method with 0.38 frame-width (w scan) and 10–40 s ex-
posure time per frame. For each experiment four sets of data (600
frames in each set) were collected, nominally covering half of reciprocal
space. The data were integrated, scaled, sorted, and averaged by using
the Apex2 software package.[25] The structures were solved by the direct
methods using SHELXTL NT version 6.12.[26]


Crystals were mounted on the diffractometer and cooled to 200 or 90 K
in two separate experiments. Ground-state structures (“dark”) at both
temperatures were first collected. The crystals were irradiated in situ
with 458 nm light from an Ar+ CW laser for 5 and 10 min, respectively.
During exposure, the crystals were continuously rotated around the dif-
fractometerRs f angle to maximize the uniformity of irradiation. At 200 K
a crystal was illuminated in five steps of 1 min each, the f angle being ro-
tated the full 3608 at each step. Similarly, at 90 K a crystal was irradiated
in two steps of 5 min each. The laser output power was reduced to ap-
proximately 70 and 100 mW for 200 and 90 K experiments, respectively,
to minimize damage to the crystals. During irradiation the crystals dark-
ened from orange to red, although the color of the crystal after irradia-
tion at 90 K is deeper than of the crystal irradiated at 200 K. Further irra-
diation resulted in the breaking of the crystal and the appearance of
powder diffraction lines. As the crystals of the complex easily deteriorate
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in laser light, the “dark” and “light” (after irradiation) data were collect-
ed on different crystals. Identical collection and integration procedures
were used. Crystallographic data for 1·H2O at 90 and 200 K are presented
in Table 1.


FT-IR Measurements : FT-IR experiments were performed on a BioRad
FTS40 A IR spectrometer equipped with an MCT detector. An APD
Helitran LT-3-110 optical cryostat equipped with NaCl windows and con-
nected to a liquid nitrogen tank was used to cool the samples down to
90 K. Freshly prepared KBr pellets (approximately 1 mm thick) were
mounted in an IR transmission cell. The cell was mounted in the cryostat
and evacuated to approximately 10�7 bar by using a turbo-molecular
pump. The temperature of the sample was controlled to within 1 K using
a Scientific Instruments temperature controller (9620-R-1-1). The sample
was irradiated in situ at 200 or at 90 K for approximately 15–20 min with
light from a 300 W Xe arc lamp passed through a heat absorbing water
filter and a 300–500 nm broadband filter. Samples were mounted at 458
to both the IR beam and the irradiating light. Spectral resolution was
1 cm�1.


Theoretical calculations : All calculations were performed with the
GAUSSIAN03 package[27] by using density functional theory (DFT) with
the local density approximation (LDA) in the parametrization of Vosko,
Wilk, and Nusair (SVWN5).[28] The effective core potential (ECP)
LANL2DZ set was used for the ruthenium atom. A triple-z 6-311G**
basis set was used for C, N, O and H atoms. All molecular geometries
were optimized without symmetry restrictions. No imaginary frequencies
were found. Convergence criteria of 10�6 au for the density matrix, 4.5U
10�4 auV�1 for the gradients, and 1.8U10�3 V for the displacements were
used. All calculations were spin-restricted.


Results


Ground-state structure : The crystallographic data for com-
pound 1·H2O were collected at 90 and 200 K, whereas the
previously published data[16] were collected at room temper-
ature. The structures were refined by full-matrix least-
squares with anisotropic temperature parameters for all


non-hydrogen atoms. Hydrogen atoms were located in the
difference Fourier maps and subsequently refined using the
“riding” model with Uiso=1.2Ueq of the connected carbon


atom. The hydrogen atoms on
the solvent water molecule
were refined independently
with Uiso=1.2Ueq of the oxygen
atom. Final agreement factors
are R1=0.028, wR2=0.070
(90 K), and R1=0.038, wR2=


0.116 (200 K). Final positional,
isotropic temperature parame-
ters and anisotropic displace-
ment parameters are listed in
Tables S1 and S2 for the 90 K
data and in Tables S4 and S5
for the 200 K data (see Sup-
porting Information), while
bond lengths and angles are
given in Table S3 (90 K) and
Table S6 (200 K). The molecu-
lar structure at 90 K is illustrat-
ed in Figure 1.


The structures of the metasta-
ble species : The refinement


procedure has been previously described in the analysis of
the metastable state MS2 structures of ruthenium sulfur di-
oxide complexes[24,29] and of iron nitrosyl linkage isomers. It
was followed exactly, except that the bipyridine ligands were
constrained to their ground-state geometries from the 90
and 200 K experiments.
Refinement of only the scale factor by using the ground-


state (GS) molecule geometry yielded the agreement factors
R1=0.077, wR2=0.250 (90 K) and R1=0.098, wR2=0.269
(200 K). The photodifference maps using the scale factors
from the two refinements (Figures 2 and 3) showed several


Table 1. Crystallographic data for 1·H2O at 90(1) K and 200(1) K.


90(1) K 200(1) K
GS MS GS MS


crystal color orange deep red orange red
shape parallelepipeds parallelepipeds parallelepipeds parallelepipeds
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/c P21/c P21/c P21/c
a [V] 13.2704(4) 13.2690(5) 13.2726(4) 13.2325(8)
b [V] 16.5029(5) 16.5355(6) 16.6610(5) 16.6661(9)
c [V] 12.4436(4) 12.4724(4) 12.4912(4) 12.5484(7)
a [8] 90 90 90 90
b [8] 94.4660(1) 94.367(1) 94.710(1) 94.809(2)
g [8] 90 90 90 90
V [V3] 2716.9(2) 2728.6(2) 2752.9(2) 2757.6(3)
Z 4 4 4 4
1calcd [gcm


�3] 1.950 1.941 1.924 1.921
m [mm�1] 0.820 0.816 0.809 0.807
max 2q [8] 63.42 60.06 69.34 59.82
absorption correction method SADABS 2.10[21] SADABS 2.10[21] SADABS 2.10[21] SADABS 2.10[21]


refls measd 58707 48785 59517 23691
unique refls (Rint) 11131 (0.034) 7967 (0.036) 11198 (0.036) 7840 (0.036)
refls I > 2s(I) 8857 6700 8229 5315
R1 [I > 2s(I)] 0.028 0.032 0.038 0.051
wR2 0.070 0.089 0.116 0.160
GOF 1.075 1.051 1.098 1.077


Figure 1. Geometry of the cation of 1 and numbering of the atoms
(90 K). 50% probability ellipsoids are shown. H-atoms are omitted for
clarity. The geometry at 200 K is essentially identical.
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light-induced residual features, ranging from a maximum of
11.5 to a minimum of �3.05 eV�3, 0.37 and 0.26 V from the
position of the ground-state ruthenium atom, respectively, in
the 90 K data; and a maximum of 6.73 and a minimum of
�2.75 eV�3, 0.41 and 0.24 V from the position of the
ground-state ruthenium atom, respectively, in the 200 K
data. Similar but smaller features were found near the light
atoms of the cations. The pattern of light-induced peaks is
in agreement with the h1-NO2 (nitro) to h1-ONO (nitrito)
linkage isomerization. A nitrosyl–isonitrosyl isomerization
of the NO ligand was found only in the 90 K data and un-
ambiguously verified by anisotropic refinement of the
atomic displacement parameters (ADP) of the NO ligand
atoms. Unlike the nitrosyl model, refinement based on isoni-
trosyl gave physically meaningful ADPs (Figure 6, further
discussed below). Most interestingly, the nitrito group ap-
pears at the former position of the nitrosyl ligand, while the
(iso)nitrosyl group occupies the position formerly occupied
by NO2.


During the multi-step refinement procedure the anions
and the solvent water molecule were fully refined. The pop-
ulation of the metastable states and their atomic coordinates
were refined starting with the coordinates deduced from the
photodifference maps. Isotropic parameters of the metasta-
ble states atoms were kept equal to the corresponding Ueq


values of GS. The populations of the light-induced species
were refined to 9.1(1) and 11.6(2)% for the 90 and 200 K
experiments, respectively. Subsequently, the GS was refined
as a rigid body with all possible translations and rotations.
In the final stage positional and isotropic thermal parame-
ters (anisotropic for Ru and NO ligand) were also refined to
give R1=0.032, wR2=0.089 (90 K), and R1=0.051, wR2=


0.160 (200 K). The highest remaining maximum and deepest
minimum in the difference Fourier synthesis were 0.61 and
�1.33 eV�3, respectively, for the 90 K data; and 1.11 and
�0.73 eV�3, respectively, for the 200 K data. Final positional
and thermal parameters of the metastable state structures
are listed in Table S7 (90 K) and Table S9 (200 K). The
bond lengths and angles of the metastable state structures


Figure 2. Photodifference Fourier maps of 1·H2O at 90 K: a) in the plane
containing Ru and NO ligand; b) in the plane containing Ru and NO2


ligand. Contours are at an 0.2 eV�3 interval up to 1.0 eV�3, above which
the interval is 1.0 eV�3.


Figure 3. Photodifference Fourier maps of 1.H2O at 200 K: a) in the
plane containing Ru and NO ligand; b) in the plane containing Ru and
NO2 ligand. Contours are at an 0.2 eV


�3 interval up to 1.0 eV�3, above
which the interval is 1.0 eV�3.
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are given in Table S8 (90 K) and Table S10 (200 K). The ge-
ometries of the light-induced species are illustrated in
Figure 4.


Infrared spectroscopy: The IR spectra of cis-[Ru-
(bpy)2(NO)(ONO)](PF6)2 are essentially the same as those
reported by Ooyama and co-workers.[16] In the ground state
the nitrosyl stretching band is located at 1943 and 1945 cm�1


at 200 and 90 K, respectively. The asymmetric and symmet-
ric NO2 stretching vibrations are at 1430 and 1330 cm


�1, re-
spectively, at both temperatures. Photolysis at 200 K of the
KBr pellets causes a sharp decrease of the intensity of the
original bands, while the bands corresponding to the genera-
tion of MS200K appear at 1897 for the NO vibration, and
1495 and 983 cm�1 for the nitrito stretching vibrations. nNO is
thus ~45 cm�1 red-shifted in the metastable state, a value
well in agreement with the theoretical results which show an
NO downshift of 40 cm�1 on nitro–nitrito isomerization. The
shift may be explained by the increased electron density on
the metal center compared with the GS and a corresponding
increase in p-back donation. No other photoinduced IR
bands are found in the spectra; therefore, the illumination
at 200 K produces solely the mono-isomerized species char-
acterized by the X-ray analysis.
The photoinduced IR spectrum at 90 K is more complex


than that at the higher temperature (Figure 5). The ONO


bands are positioned similarly as in the 200 K spectra. A
new band appears at 1815 cm�1, which was assigned to the
isonitrosyl stretching vibration in accordance with previously
published data.[23,30,34] After 5 min of irradiation only this
band and the ONO vibrations are observable, with only
very minor emergence of the 1892 cm�1 band corresponding
to the ONO-isomer-only species. On continued illumination
of the sample the ON bandRs intensity increases only slight-
ly, while the 1892 cm�1 band noticeably builds up. When
after 30 min of irradiation the sample is warmed to 160 K,
the isonitrosyl band starts to decrease and virtually disap-
pears after about 10 min. The intensity that is lost due to the
isonitrosyl linkage isomer decay is returned to the 1892 cm�1


band of the RuNO(ONO) metastable species and not to the
original 1945 cm�1 GS band of NO.
The evidence summarized above indicates that at 90 K


the initial 5 min illumination produces the double linkage
isomer (MS90K), in which both nitrosyl and nitro ligands are
rearranged. The constancy of the 1815 cm�1 band on further
exposure implies that MS90K reaches its maximum concen-
tration, while the nitrito mono-linkage isomer continuous to
increase. It likely has the same Z-shaped configuration of
the ONO ligand as MS90K. Although no difference in the IR
spectra was detected between the U- and Z-configurations
of the nitrito group, the location of the nitrosyl band of the
mono-isomerized cation at 1897 cm�1 at 200 K and at
1892 cm�1 at 90 K can be considered as another indication
of different ONO configurations of the light-induced meta-
stable states at different temperatures.


Discussion


Light-induced metastable states and oxygen atom transfer
reaction : Selected bond lengths and angles of the ground
states and the metastable states at 90 and 200 K are com-
pared in Tables 2 and 3, respectively.
Examination of the photodifference maps (Figures 2 and


3) clearly indicates the generation of light-induced species in
the crystal at both 90 and 200 K. Negative difference elec-
tron density is observed at the positions of the ground-state
atoms, while new peaks corresponding to the metastable
states appear. It is clear that RuNO2!RuONO nitro–nitrito
linkage isomerization occurs at both temperatures. Howev-
er, the most striking feature in the photodifference maps is
the location of the new light-induced peaks. The nitrito
group appears at the position of the GS nitrosyl ligand site,
and vice versa, the isonitrosyl (90 K) or nitrosyl (200 K) li-
gands are located at the sites of the GS nitro groups. Addi-
tionally, in the MS90K species the nitrito group has a Z-con-
figuration, with its terminal NO bond pointing away from
the center of the cation, whereas the nitrito group of the
MS200K has a U-configuration, with its terminal NO bond cis
to the Ru�O linkage (Figure 4).
Thus, in the metastable states at 90 and 200 K the NO2


and NO ligands have switched places compared with their
positions in the GS, pointing to an intramolecular oxygen


Figure 4. Geometry of the light-induced metastable states at a) 90 and b)
200 K.
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transfer reaction between the two groups on exposure to
light. Such a reaction has not been reported before for this
complex. Ooyama et al.[18] confirmed the transfer of an


Figure 5. FT-IR spectra of the GS (blue curve) and irradiated sample (5 min steps) of [Ru(bpy)2(NO)(NO2)] at 90 K (a); warmed up to 160 K (5 min
steps starting with the blue curve) after irradiation at 90 K (b). Frequencies in cm�1.


Table 2. Selected experimental (90 K) and theoretical bond lengths [V]
and angles [8] for the cis-[Ru(bpy)2(NO)(NO2)]


2+ cation of 1.


Experiment Theory
GS MS90K GS MS90K


Ru1�N1 1.769(1) 1.778
Ru1�N2 2.088(1) 2.105
Ru1�O1 1.59(2) 1.908
Ru1�O2 2.02(2) 1.996
Ru1�N(bpy) 2.079(1) 2.055(8) 2.105 2.049


2.079(1) 2.022(8) 2.083 2.012
2.077(1) 2.088(8) 2.065 2.070
2.072(1) 2.049(8) 2.060 2.048


N1�O1 1.130(2) 1.27(3) 1.138 1.142
N2�O2 1.236(1) 1.44(3) 1.218 1.363
N2�O3 1.232(2) 1.09(4) 1.211 1.174
N1-Ru1-N5 174.78(5) 170.0
N2-Ru1-N3 174.01(4) 167.5
N2-Ru1-N3 174.01(4) 167.5
Ru1-N1-O1 174.5(1) 174.0 174
O1-Ru1-N5 168.0(9) 174.7
O2-Ru1-N3 166.8(7) 171.0
Ru1-O1-N1 168(2) 171.1
O2-N2-Ru1-N1 �43.9(1) �50.5
N2-O2-Ru1-O1 �24(2) 19.7


Table 3. Selected experimental (200 K) and theoretical bond lengths [V]
and angles [8] for the cis-[Ru(bpy)2(NO)(NO2)]


2+ cation of 1.


Experiment Theory
GS MS200K GS MS200K


Ru1�N1 1.763(2) 1.68(2) 1.778 1.796
Ru1�N2 2.091(2) 2.105
Ru1�O2 2.08(2) 2.051
Ru1�N(bpy) 2.079(2) 2.09(1) 2.105 2.074


2.078(2) 2.07(1) 2.083 2.066
2.077(2) 2.02(1) 2.065 2.063
2.072(2) 2.01(1) 2.060 2.054


N1�O1 1.135(2) 1.18(3) 1.138 1.142
N2�O2 1.231(2) 1.10(3) 1.218 1.289
N2�O3 1.225(2) 1.41(4) 1.211 1.200
N1-Ru1-N5 174.69(7) 170.0
N2-Ru1-N3 173.87(6) 167.5
Ru1-N1-O1 174.8(2) 166(3) 174.0 166.5
N1-Ru1-N3 171(1) 173.5
O2-Ru1-N5 167.1(7) 168.7
O2-N2-Ru1-N1 �44.0(2) �50.5
N2-O2-Ru1-N1 21(3) 14.8
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oxygen atom in the electrochemically reduced nitrosyl–nitri-
to species of the cation of 1, as according to the IR spectro-
scopic measurements[18] mono-isotopically labeled Ru(NO)-
(O15NO) or Ru(15NO)(ONO) are converted to Ru(15NO)-
(15NO2). But the authors could not prove the existence of
the reaction during the thermal linkage isomerization of the
nitrosyl–nitro species, as the nitrito form is the only product
of the reaction of the precursor cis-aquanitrosyl complex,
which can be obtained as a 15NO2 labeled compound. The
Ru(NO)(15NO2) or Ru(


15NO)(NO2) complexes could not be
synthesized.
It may be noted that the oxygen transfer reactions report-


ed by Ooyama et al. and in this study do not take place
spontaneously, unlike the intramolecular exchange in iron
thiocarbamate compounds.[13] The generation of the ground-
state Ru(NO)(NO2) species from the nitrito form and the
formation of the nitrito form upon illumination of the GS
nitro form are not followed by further chemical changes. If
the light-induced metastable states were reactive and would
undergo oxygen transfer in the reverse direction, the photo-
difference maps would contain the light-induced peaks cor-
responding to the nitrito ligand located at both the original
sites of the nitrosyl and nitro groups. In fact, the photodif-
ference maps at both 90 or at 200 K are unambiguous and
provide evidence that the light-induced metastable species
are the final products of the photo-process.
The identity of the NO ligand in the MS90K and MS200K is


supported by anisotropic refinement of the displacement pa-
rameters of the nitrogen and oxygen atoms (Figure 6).


In MS90K, physically acceptable thermal parameters are
obtained only if the refinement is based on the isonitrosyl
configuration. The displacement parameters of the nitrogen
atom become too small and those of the oxygen too large
when the RuNO arrangement is refined. The situation is re-
versed in the refinement of MS200K. The RuNO connectivity
corresponds to reasonable displacement parameters for the
two atoms, in contrast to the RuON configuration. The as-
signment of the nitrosyl versus isonitrosyl connectivity in
the metastable states is in agreement with the FT-IR meas-
urements.


Effect of the transformation on the molecular interactions
in the crystal : In the ground state the O3 atom of the nitro
group forms a weak C-H···O hydrogen bond with an aro-
matic hydrogen atom of one the bipyridyl ligands (C14-
H14A···O3’ (1�x, 1�y, �z) 2.27 V). This weak attractive in-
teraction is lost during the photoreaction at 90 and 200 K.
In the crystal containing MS90K the terminal oxygen atom


O3A of the photogenerated nitrito ligand has a shortened
van der Waals contact with the aromatic carbon C7’ (�x,
y�0.5, 0.5�z) of 2.8 V. No close contacts are formed in the
crystal after the irradiation at 200 K. Thus the reaction
cavity is only slightly perturbed during the photoreaction at
90, and not at all at 200 K. This is in agreement with our
earlier studies on nitrosyl linkage isomerization, which show
that such reactions typically occur within the space available
in the crystal.[31]


Geometry of the metastable states : The structure of MS90K
is the first X-ray crystallographic structure of a double link-
age isomer of any transition-metal complex ever reported.
The pseudo-octahedral environment of the ruthenium atom
becomes even more distorted in the metastable state com-
pared with the GS. The (N)O-Ru-Nbpy and (ON)O-Ru-Nbpy


bond angles deviate by 12–138 from the ideal 1808 values
(Table 2). Furthermore, the isonitrosyl ligand is significantly
bent, the N-O-Ru bond angle being as small as 168(2)8. The
nitrogen atom of the ON ligand faces one of the bpy nitro-
gens and is displaced away from the ONO ligand. As calcu-
lated for the iron nitrosyl porphyrin complexes,[32] the Fe–N


distances located the direction
of the ON tilt are shorter than
the other Fe�N bonds. Such
shortening was explained by
Scheidt and Ellison[33] for
{FeNO}7 systems in terms of an
increased dz2–p*(NO) interac-
tion of a tilted dz2 orbital, and
subsequent tilt and increased
interaction with the basal s or-
bitals leading to stronger Fe�N
bonds. In the case of MS90K the
ON is tilted along one of the
Ru�Nbpy bonds, which is 0.03 V
shorter than the average of the
other distances to the bpy li-
gands (Table 2). The Ru–O dis-


tances to the isomerized ligands are shorter than the Ru�N
bonds in the GS. This is in agreement with the geometry
changes in the previously reported isonitrosyl[34] and nitrito
structures,[16] and partly due to the stronger s-donation of
the electron-rich oxygen atom to the ruthenium. The N�O
bond length of the isonitrosyl is lengthened as expected, al-
though, the observed distance is at 1.27(3) V longer than
usually observed in metal–isonitrosyl light-induced com-
plexes. Similarly, the N�O bond lengths in the ONO ligand
are either longer (1.44(3) V) or shorter (1.09(4) V) than
those usually obtained.[35] The large standard deviations, to


Figure 6. Thermal ellipsoids of the ruthenium–nitrosyl part of the cation in 1·H2O. The Ru, N and O atoms are
refined anisotropically assuming either the nitrosyl or isonitrosyl conformations. a) Evidence for isonitrosyl at
90 K; b) evidence for nitrosyl at 200 K.
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which the differences can be largely attributed, are due to
the low (~10%) population of the MS90K state in the crystal.
Nevertheless, the change in the NO distances upon forma-
tion of the nitrito group, such that the proximal N�O bond
is longer than the terminal N�O bond, agrees well with the
known structures containing the Z-shaped nitrito ligand
bonded to ruthenium. Interestingly, the plane of the nitrito
ligand makes a 24(2)8 angle with the Ru�O bond of the iso-
nitrosyl group, the angle being about 208 smaller than that
of the nitro ligand in the GS. Such an orientation of ONO
may have been preserved in the crystalline matrix after the
oxygen transfer reaction, which would require a closer ori-
entation of NO2 towards NO than found in the GS
(Table 2).
MS200K has a geometry similar to that of chemically syn-


thesized cis-[Ru(bpy)2(NO)(ONO)]
2+ cation,[16] however,


distinct differences are observed. Both structures have a U-
shaped configuration of the nitrito ligand. The Ru�N(O)
bond is slightly shorter than in the GS (Table 3). The Ru–
O(NO) distance has not changed in MS200K with respect to
the Ru�N bond length in the GS, whereas it shortened sig-
nificantly in the chemically obtained nitrito complex.[16] The
isonitrosyl ligand in MS90K and the nitrosyl ligand in MS200K
are both significantly bent, but NO is almost linearly coordi-
nated to Ru in the synthetic [Ru(bpy)2(NO)(ONO)]


2+


cation. In both MS90K and MS200K the tilt is along one of the
Ru�N(bpy) bonds, the bond length being the shortest of the
four Ru�Nbpy bonds. Even though, the nitrosyl N�O bond is
refined as longer in MS200K (1.18(3) V) than in the GS, its
distance is significantly shorter than that in the isonitrosyl in
MS90K and is within 2s from the GS value. On the other
hand, in MS200K the N–O distances in the nitrito ligand are
quite different from the values reported in the crystals of
[Ru(bpy)2(NO)(ONO)]


2+ . The proximal N�O bond is signif-
icantly shortened compared with the terminal N�O bond,
while the distances are reversed in the synthetic RuONO
cation. As for MS90K, the low population of the MS200K
(11.6(2)%) in the crystals prevents very accurate refinement
of the positions of the light atoms.


Theoretical calculations : The calculations indicate that not
only MS90K and MS200K but also other types of isomers cor-
respond to local minima on the potential energy surface.
They are schematically represented in Figure 7. The theoret-
ical geometry of the GS is in a good agreement with the ex-
perimental geometry, the bond lengths being different by no
more than 0.02 V. The largest disagreement is for the nitro
ligand, for which the calculation significantly underestimates
the N–O distances. Interestingly, in the theoretical RuNO-
(NO2) ground-state cation the pseudo-octahedral configura-
tion of the central metal atom is greatly distorted, even to a
greater extent than observed experimentally (Table 2). The
Nbpy-Ru-N(O) and Nbpy-Ru-N(O2) bond angles are predicted
to be 170 and 167.58, respectively, about 4 and more than 68
below the observed values. On the other hand, the tilt of the
NO ligand is well reproduced by the calculation (Table 2).
According to the theory the plane of the NO2 is almost stag-


gered with respect to the Nbpy-Ru-N(O) moiety, the dihedral
angle being ~508, in good agreement with the experimental
value.


MS200K, which has the U-shaped nitrito ligand and NO
bonded as nitrosyl, is calculated to be energetically very
slightly more stable (by 0.043 eV, 4.2 kJmol�1) than the GS
nitrosyl–nitro form and is thus as stable as the GS. This
result is not unexpected, since both isomers can be prepared
by wet chemistry methods.[16] The calculation reproduces the
experimental geometry quite well, although the discrepan-
cies in the bond lengths are larger than those for the GS ge-
ometry (Table 3), which may be attributed to the higher ac-
curacy of the experimental geometry of the latter. However,
the distortions around the ruthenium metal and the in-
creased tilt of the NO ligand compared with the GS are in
an excellent agreement with the experiment. NO is about
148 bent from the ideal linear geometry according to both
experiment and calculation. Furthermore, the plane of the
nitrito ligand is almost staggered with respect to the Ru�ni-
trosyl bond, the observed and the calculated values being
21(3) and ~158, respectively. The change in the nitrito-
ligand configuration from the U-form to the Z-form in MS’’
(Figure 7) destabilizes the latter compared with both the GS
and MS200K, its energy being 0.40 eV (38.1 kJmol�1) higher
than that of the GS, which explains why MS’’Z was not de-
tected in the experiments at 200 K.
As anticipated, the double linkage isomers have energies


that are significantly higher than those of the single nitrito


Figure 7. Chemical structures of the calculated metastable states.
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linkage isomers (Figure 8). The double isomer MS’, which
has the more stable U-orientation of the ONO ligand but
also the inverted NO ligand, is 1.86 eV (179.4 kJmol�1) less


stable than the GS. The change of the ONO configuration
to the Z-shape destabilizes the cation by an additional
0.32 eV. The observed Ru(ONO)(ON) MS90K isomer is
2.18 eV (210.2 kJmol�1) higher in energy than the ground
state. The difference between the MS’ and MS’’ configura-
tions, corresponding to the effect of the NO isomerization,
is calculated as 1.8–1.9 eV.
The calculated and observed


geometry for MS90K and for
MS200K are compared in
Tables 2 and 3. In MS90K the
O�N bond of the ONO ligand
bonded to the Ru through the
oxygen atom is calculated as
much longer (1.363 V) than the
terminal bond (1.174 V). The
NO distance in the isonitrosyl
ligand lengthens insignificantly,
although the IR stretching fre-
quency is shifted by about
130 cm�1 relative to the GS NO
stretching. The theoretical Ru–
O(N) distance in the MS90K
much longer than observed ex-
perimentally, and is quite elon-
gated with respect to the Ru�
N(O) bond length of the GS.
The limited basis set used for
the Ru atom may be the cause
of these discrepancies. On the
other hand, the experimental
and theoretical distortions
around the metal center and
the isonitrosyl tilt are well re-
produced. As in the MS200K
isomer, the ONO ligand is ro-
tated closer to the isonitrosyl
ligand compared with the GS
conformation of the nitro-
ligand, the (O)N-O-Ru-O(N)


dihedral angle being 24(2) and ~208 according to experi-
ment and calculation respectively (Table 2).


Mechanism of the photostimulated oxygen transfer reaction :
The proposed mechanism for the light-induced oxygen
transfer reaction between the cis nitrosyl and nitro groups
and the linkage isomerizations is presented schematically in
Figure 9.
According to the theory the HOMO orbital is mostly lo-


calized on the 2py atomic orbitals of NO2 oxygen atoms,
with a slight contribution from the atomic orbitals of the Ru
and the NO2 nitrogen (Figure 10a). In contrast, the LUMO
orbital consists mainly of the 2px orbitals of the NO ligand
(Figure 10b). This orbital is essentially an antibonding p* or-
bital of the nitrosyl, with some contribution from the Ru dxy
atomic orbital. Therefore, the HOMO–LUMO excitation
corresponds to a ligand-to-ligand charge transfer (LLCT),
which simultaneously affects the nitro and the nitrosyl li-
gands.
For transition-metal nitrosyl compounds linkage isomeri-


zation occurs following the electron transfer from the metal
to the NO p* orbital (MLCT), leading after Renner–Teller
distortion of the excited state to the formation of the h2-


Figure 8. Calculated energy levels (eV) for the linkage isomers relative to
the ground state (GS).


Figure 9. Proposed mechanism of the light-induced oxygen transfer reaction and the linkage isomerization.
Stretching frequencies of the NO ligand are indicated.
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side-on bound linkage isomer, which subsequently can be
converted to the isonitrosyl species by absorption of an ad-
ditional photon.[36] The h2-NO is a metastable state, which
has been previously detected and structurally character-
ized.[23] The mechanism of the NO2 ligand isomerization in-
volves the reverse process of an electron transfer from the
nitro-group to the metal center (LMCT).[37] As proposed by
Johnson and Pashman,[38] it is likely that the NO2!ONO
isomerization reaction occurs through the h2-side-on coordi-
nated species, which is the putative transition state on the
nitro-nitrito isomerization pathway (TS in Figure 9).
Given the composition of the LUMO of the [Ru-


(bpy)2(NO)(NO2)]
2+ cation, the HOMO–LUMO transition


should lead to formation of a short-lived h2-NO, h2-NO2-
ruthenium cation, and subsequent oxygen transfer and iso-
merization. According to this mechanism the eight-coordi-
nated transition state relaxes into the MS90K metastable
state by means of the oxygen transfer reaction and linkage
isomerization in a concerted way. MS90K reaches an equilib-
rium concentration, as indicated by the rapid rise and subse-
quent constancy of the 1815 cm�1 absorption feature
(Figure 5), and then converts into MS’’ with an NO stretch-
ing frequency of 1892 cm�1 (Figure 5), explaining the contin-
ued increase of the intensity of this band on continued irra-
diation. The assignment of the 1892 cm�1 frequency to the
NO in the nitrosyl–nitrito species is supported by the theo-
retical calculations, which predict a 40 cm�1 downshift rela-
tive to the NO frequency in the parent species, which is ob-
served at 1945 cm�1.
At 200 K MS’’Z quickly relaxes to more stable MS200K


with the U-shaped configuration of the nitrito group. The
relaxation involves the rotation of the nitrito ligand around
its proximal N�O bond, and does not require generation of
the high-energy h2-NO2 coordinated species.


Conclusion


We conclude that the double isonitrosyl–nitrito linkage iso-
merization that occurs on illumination of [Ru(bpy)2(NO)-
(NO2)](PF6)2 at 90 K is accomplished through an intramo-
lecular redox reaction involving oxygen transfer from the
nitro to the nitrosyl group. At 200 K only a single (nitrito)
linkage isomer is formed with a U-shaped configuration of
the nitrito group rather than the Z-conformation observed
at 90 K. The proposed mechanism is a one-photon process
with a side-bound NO2 transition state, as proposed earlier
for nitro–nitrito isomerization. We note that the mechanism
of formation of double linkage isomers in nitro–nitrosyl Fe
porphyrins, for which evidence was found in our earlier IR
studies,[24] should be different, as trans-substituents are in-
volved in the latter case.
The existence of double-linkage isomerism, established in


this study, further extends our knowledge of the binding of
small molecule ligands to transition-metal atoms, a subject
of key importance in many biological processes.
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Introduction


The equilibrium of a polypeptide chain between its thermo-
dynamically most stable conformation (the folded state) and
all other thermodynamically accessible conformations (the
unfolded state) depends on i) the thermodynamic conditions
(temperature, pressure), ii) the environment (solvent, co-sol-
vents, other solutes and pH), and iii) its amino-acid composi-
tion. To understand how the amino-acid sequence deter-
mines the three-dimensional structure of a peptide or pro-
tein, a shear number of studies has been undertaken to
assess the secondary structure propensity of amino acids
based on host–guest studies and database searches.[1–6] In the
literature different explanations are proposed to rationalize
the distinct preferences of amino acids for a-helical, b-
strand and other conformational states. On the one hand,
experimental[7–11] and theoretical[12] studies reveal that non-
polar side chains stabilize secondary structure elements and
suggest that it is the hydrophobicity of amino acids which
determines their conformational preferences. Similarly, elec-
trostatic interactions between charged side chains, so-called
salt bridges,[13–16] side chain–side chain hydrogen-bonding in-
teractions, for example, between glutamine and aspara-


Abstract: The influence of charged side
chains on the folding–unfolding equi-
librium of b-peptides was investigated
by means of molecular dynamics simu-
lations. Four different peptides contain-
ing only negatively charged side chains,
positively charged side chains, both
types of charged side chains (with the
ability to form stabilizing salt bridges)
or no charged side chains were studied
under various conditions (different sim-
ulation temperatures, starting struc-
tures and solvent environment). The
NMR solution structure in methanol of
one of the peptides (A) has already
been published; the synthesis and


NMR analysis of another peptide (B)
is described here. The other peptides
(C and D) studied herein have hitherto
not been synthesized. All four peptides
A–D are expected to adopt a left-
handed 314-helix in solution as well as
in the simulations. The resulting en-
sembles of structures were analyzed in
terms of conformational space sampled
by the peptides, folding behavior, struc-


tural properties such as hydrogen
bonding, side chain–side chain and side
chain–backbone interactions and in
terms of the level of agreement with
the NMR data available for two of the
peptides. It was found that the pres-
ence of charged side chains significant-
ly slows down the folding process in
methanol solution due to the stabiliza-
tion of intermediate conformers with
side chain–backbone interactions. In
water, where the solvent competes with
the solute–solute polar interactions, the
folding process to the 314-helix is faster
in the simulations.
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gine[17,18] and side chain–backbone interactions at N- and C-
termini (N- and C-capping)[19–21] have also been shown to
stabilize helical conformations. On the other hand, Creamer
and Rose[22–25] suggested that the loss in side-chain entropy
upon folding in a defined sec-
ondary structure influences the
a-helix propensities of amino
acids most dominantly. In addi-
tion, unfavorable side chain–
helix interactions (steric strain
between side chains and the
helix backbone) may also have
an effect on helix propensi-
ties,[26–29] whereas b-sheet pro-
pensities seem to depend large-
ly on the so-called side chain
blocking effect, where large,
bulky side chains interfere with
hydrogen bonding between
peptide and solvent and stabi-
lize intramolecular hydrogen
bonding.[30] Another approach
to explain the secondary struc-
ture preferences of certain amino acid sequences is based on
the backbone electrostatics: The stability of a conformation-
al state is determined by local and nonlocal backbone elec-
trostatic interactions, the strengths of which depend on the
amino acid side chains and on the solvent.[31–33]


Based on this vast knowledge accumulated over the last
two decades, protein design,[34] redesign[35] and the de novo
design of isolated secondary structure elements by using nat-
ural[36] or nonnatural amino acids[37] has become a rapidly
expanding area of protein science. Among the class of so-
called foldamers, nonnatural compounds with a strong ten-
dency to adopt specific three-dimensional conformations, b-
peptides have attracted much attention in the past few years
due to their remarkable stability towards common peptidas-
es and their ability to form various stable secondary struc-
ture elements with as few as four b-amino acid residues.[38, 39]


Therefore, b-peptides are ideal model systems to study the
process of folding and the secondary structure propensities
of specific b-amino acid sequences.[38,40–42] The first b-pep-
tides derived from homologues of natural a-amino acids car-
ried aliphatic or benzylic side chains (Ala, Val, Leu, Phe) in
the 2- and/or 3-position (substitution at the a- and/or b-
carbon) and were shown by NMR and circular dichroism
(CD) spectroscopy and by MD simulation to form 314-heli-
ces,[40,43–45] 10/12-helices[46,47] and hairpins[48,49] in methanol,
analogous to the secondary structures of proteins. In order
to understand the folding behavior of b-peptides in water,
functionalized, charged side chains were incorporated in b-
peptides to ensure high water solubility.[50–52]


Here, the folding–unfolding behavior of b-heptapeptides
with functionalized side chains is studied by molecular dy-
namics (MD) simulation. In particular, the role of salt
bridges in the stabilization of helices and the influence of
charged side chains on the folding–unfolding equilibrium


are investigated. To that end, we performed a series of simu-
lations, summarized in Table 1, of four different peptides
with different charged and aliphatic side chains, whose struc-
tural formulae are shown in Figure 1. Peptide A is soluble in


Table 1. Overview over the performed simulations, see also Figure 1.[a]


Peptide Simulation Solvent Number of T Counterions Starting Simulation
name solvent molecules [K] present conformation time [ns]


A orn–gluMeOH MeOH 1728 298 – extended 199
orn–gluH2O H2O 3919 298 – extended 99


B1 lys298ext MeOH 2144 298 – extended 200
lys340ext MeOH 2144 340 – extended 200
lys*298ext MeOH 2141 298 3 Cl� extended 150
lys298hl MeOH 1373 298 – 314-helix 100
lys*298hl MeOH 1370 298 3 Cl� 314-helix 250


C glu298ext MeOH 1920 298 – extended 200
glu*298ext MeOH 1917 298 2 Na+ , 1 Cl� extended 100


D val298ext MeOH 1862 298 – extended 150
val340ext MeOH 1862 340 – extended 150


[a] Note that the simulation times indicated does not include the equilibration times of 1 ns. They refer to the
time used for the analysis.


Figure 1. Chemical formulae of the b-heptapeptides A–D studied. Pep-
tide A : H-b-HVal-b-HGlu-b-HOrn-b-HVal-b-HOrn-b-HGlu-b-HVal-OH;
peptide B : H-b-HLys-b-HPhe-b-HLeu-b-HMet-b-HPhe-b-HLeu-b-HLys-
X with X = -NH2 for peptide B1 and X = -OH for peptide B2 ; peptide
C : H-b-HGlu-b-HPhe-b-HLeu-b-HMet-b-HPhe-b-HLeu-b-HGlu-NH2;
peptide D : H-b-HVal-b-HPhe-b-HLeu-b-HMet-b-HPhe-b-HLeu-b-HVal-
NH2. Peptide B1, with a C-terminal amide group, was investigated by MD
simulation, while peptide B2, with a non-protected C-terminus, was stud-
ied experimentally. Note that in the simulations the N-termini, the orni-
thine (Orn) and lysine (Lys) residues are protonated, while the glutamic acid
(Glu) residues and the carboxylic-acid C-terminus are deprotonated.[52,90]
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water and methanol and has been shown by NMR and CD
spectroscopy to adopt a 314-helix in both media. It contains
two glutamic acid and two ornithine side chains, positioned
in i,i+3 positions (where i indicates the residue number) al-
lowing for the formation of two salt bridges in a 314-helical
conformation.[52] Peptide B contains b3-lysine residues locat-
ed at the N- and C-terminus and was designed to test wheth-
er a b3-heptapeptide without the a-branched side chains of
Val or Ile[53,54] would adopt a 314-helical conformation in
methanol. Preliminary CD spectroscopic experiments sup-
port the presence of 314-helical structures. In this simulation
study peptide B was studied with a C-terminal amide group
(henceforth denoted as peptide B1), while experimentally it
was studied with a C-terminal carboxylic acid group (hence-
forth denoted as peptide B2). Although the different C-ter-
mini may influence the helical stability,[44, 55] fundamental dif-
ference in the structural preference of the peptide with or
without amide terminus is unlikely. Peptides C and D have
not yet been synthesized, they are “derived” from peptide
B1 by replacement of the lysine by glutamic acid and by
valine side chains, respectively. This would allow us to inves-
tigate the difference in behavior of b-peptides with positive-
ly and negatively charged side chains and to compare the in-
fluence of charged side chains on the folding–unfolding
equilibrium to that of aliphatic side chains.


All four peptides were simulated in methanol solution at
298 K and 1 atm starting from a fully extended structure
(Table 1) using the GROMOS package[56,57] and the
GROMOS force field, version 45A3.[56,58] Peptide A was
also simulated in aqueous solution (simulation orn–gluH2O),
which offers the possibility to compare two different media.
Additional simulations were performed, i) at elevated tem-
perature (340 K) for peptides B1 and D to access a larger
part of conformational space and to sample more folding–
unfolding events (simulations lys340ext and val340ext), ii) starting
from a canonical 314-helix to further test the stability of the
314-helical conformation of peptide B1 (simulations lys298hl


and lys*298hl), and iii) with additional neutralizing counterions
to test the influence of counterions on the stability and fold-
ing behavior of peptides B1 and C (simulations lys*298ext,
lys*298hl and glu*298ext). The ensembles of structures from the
trajectories were analyzed in terms of conformational space
sampled by the peptide, folding behavior, structural proper-
ties such as hydrogen-bonding, side chain–side chain and
side chain–backbone interactions and in terms of the level
of agreement with the available NMR data. After presenting
the simulation results of the four peptides individually in the
Results section, the main observations made in all the 11
simulations are then compared and discussed in the Discus-
sion section.


Results


Peptide A—Native fold is stabilized by salt bridges : Figure 2
shows the atom-positional root-mean-square deviation
(rmsd) of the trajectory structures of the MD simulations of


peptide A (sequence: H-b-HVal-b-HGlu-b-HOrn-b-HVal-b-
HOrn-b-HGlu-b-HVal-OH) in methanol (a) and water (b)
from the NMR model structure[52] as function of time along
with the occurrence of the most dominant intramolecular
hydrogen bonds. The hydrogen bonds observed in the simu-
lations of peptide A correspond mostly to 14-membered
rings characteristic for 314-helices. The hydrogen-bond popu-
lations of all peptides studied are summarized in Table 2.
While in water peptide A folds to the experimentally deter-
mined 314-helix within the first 10 ns and subsequently un-
folds and refolds to this conformation, the folding to a com-
plete 314-helix in methanol takes more than 170 ns. Although
the peripheral 314-helical hydrogen bonds, NH(1)�O(3),
NH(4)�O(6) and NH(5)�O(7) are formed within the first
20 ns, the two central hydrogen bonds, NH(2)�O(4) and
NH(3)�O(5), appear only after 170 ns. This corresponds to a
relatively rapid formation of a partly folded 314-helix in
methanol, which appears to be stable over more than 150 ns
before it changes into a complete 314-helix.


The populations (P) and the average lifetimes (t) of the
different conformations observed in the simulations were
evaluated by a conformational clustering analysis described
in the Methods section and are listed in Table 3, while the
thermodynamic and kinetic folding properties of the 314-
helix and of another helix, a 2.512-helix also observed in b-
peptides, are summarized in Table 2. The structures of the
three most populated conformers of peptide A in methanol


Figure 2. Atom-positional root-mean-square deviation (rmsd of backbone
atoms of residues 2 to 6) of peptide A in a) methanol and b) water with
respect to the 314-helical NMR model structure[52] along with the evolu-
tion of the hydrogen bonds characteristic of 314-helices. The hydrogen
bonds displayed from top to bottom are NH(1)�O(3), NH(2)�O(4),
NH(3)�O(5), NH(4)�O(6) and NH(5)�O(7). The definition of a hydro-
gen bond is given in the caption of Table 2. Due to low plotting resolu-
tion a hydrogen bond may be on average less present than implicated by
the figure.
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and water are displayed in Figure 3, together with the occur-
rence of their most dominant hydrogen bonds. The number
of distinct conformers (Nconf) is quite low in both solvents
(Table 3). The most populated conformer (75%) of peptide
A in methanol corresponds to a partly unfolded 314-helix,
while the complete 314-helix is only populated to the extent
of 14%, representing the second most populated conformer
in the simulation. In water the situation is reversed, with the
314-helix being populated for 49%, while only 20% of the
sampled structures represent a partly unfolded 314-helix
(Figure 3 and Table 3). This is in line with the results from
the time evolution of the rmsd from the NMR model struc-
ture and the hydrogen-bond analysis presented above. Most
lowly populated conformers correspond to randomly col-
lapsed structures, as for instance the structure representing
the third most populated conformer in methanol or water.
The average lifetimes of the conformers in methanol are
generally longer than in water, in particular the 314-helical
conformation, which corresponds to cluster 2 in methanol
and to cluster 1 in water, has a longer lifetime in methanol
than in water (Tables 3 and 4). Even more pronounced is
the difference in lifetimes of the partly unfolded 314-helix in
the two solvent environments. In methanol, it is stable for
an average of more than 10 ns, while the average lifetime in
water is about 450 ps. In a similar way, the average folding


time to the 314-helical conformation is much longer in meth-
anol than in water (Table 4).


Figure 4 shows the distance between the ornithine and
glutamic acid side chains as a function of time in methanol
(a) and in water (b), together with the distance of the orni-
thine side chain of residue 5 and the C-terminus in both sol-
vents (c). Only the distances between the charged side
chains in an i,i�3 disposition are shown (Glu(2)�Orn(5)
and Orn(3)�Glu(6)), since the interactions between these
side chains are more sensitive to helix formation than the in-
teractions between the side chains in i,i�1 positions. The
distance between the latter pairs appears to be rather invari-
ant with time. In methanol, the side chains of Orn(2) and
Glu(5) approach each other within the first 5 ns of simula-
tion but separate again before the second salt bridge be-
tween Orn(3) and Glu(6) is formed, which remains stable
for the rest of the simulation. Only after more than 150 ns
the salt bridge between Glu(2) and Orn(5) is reestablished
along with the formation of the two central hydrogen bonds,
NH(2)�O(4) and NH(3)�O(5), completing the folding into
the experimentally observed 314-helix (compare Figure 4a
with Figure 2a). A closer inspection of the transition from a
partially unfolded to the fully folded 314-helix in methanol
reveals that the formation of the central hydrogen bonds
precedes the formation of the salt bridge between Glu(2)


Table 2. Intramolecular hydrogen-bond populations [%].[a]


Peptide A Peptide B1 Peptide C Peptide D
Donor–acceptor orn–gluMeOH orn–gluH2O lys298ext lys340ext lys*298ext lys298hl lys*298hl glu298ext glu*298ext val298ext val340ext


NH(1)�O(3) 28 14 7 6 9 6 10 9 9 16 19
NH(2)�O(4) 12 40 2 7 3 4 36 27 24 46 51
NH(3)�O(5) 13 41 2 9 3 4 37 38 26 48 55
NH(4)�O(6) 78 37 10 9 17 7 38 41 28 56 64
NH(5)�O(7) 69 31 10 10 17 7 35 46 34 52 55
NH(1)�O(4) 11 11 8 3 8 7 2 7 9 6 8
NH(4)�O(7) 3 6 2 2 2 1 2 1 3 3 1
NH(1)�O(5) 3 4 3 2 3 2 0 9 6 4 2
NH(2)�O(6) 0 1 2 3 3 1 2 11 7 2 1
NH(3)�O(7) 0 1 3 3 2 6 2 2 0 1 2
NH(2)�O(7) 0 0 4 4 9 3 2 1 1 1 0
NH(5)�O(2) 0 0 7 2 0 1 5 0 7 2 1
NH(6)�O(3) 0 4 5 6 0 3 5 0 7 3 3
NH(7)�O(4) 0 0 4 5 1 3 4 1 4 3 2
NHC(7)�O(5) – – 3 2 1 2 2 0 4 3 1
NH(2)�Glu(2) 13 1 – – – – – – – – –
NH(2)�Glu(6) 0 6 – – – – – – – – –
NH(3)�Glu(6) 0 6 – – – – – – – – –
NH(6)�Glu(6) 5 6 – – – – – – – – –
Orn(5)�Glu(2) 2 8 – – – – – – – – –
Lys(7)�O(4) – – 8 6 13 8 6 – – – –
Lys(7)�O(5) – – 7 5 9 7 4 – – – –
NH(1)�Glu(1) – – – – – – – 15 14 – –
NH(2)�Glu(7) – – – – – – – 0 4 – –
NH(3)�Glu(7) – – – – – – – 7 6 – –
NH(4)�Glu(7) – – – – – – – 3 1 – –
NH(7)–Glu(7) – – – – – – – 9 8 – –


[a] Only hydrogen bonds with a population larger than 3% in at least one of the simulations are reported. The hydrogen bonds are grouped according to
the type of hydrogen bond (backbone-backbone or side chain-backbone hydrogen bonds) and the size of the resulting hydrogen-bonded ring (e.g. a hy-
drogen bond between NH of residue i and C=O of residue (i+2) results in a 14-membered hydrogen-bonded ring). The hydrogen-bond donor NHC(7)
corresponds to the C-terminal amide groups in the peptides B1–D. Side chain hydrogen bond donors or acceptors are indicated by the amino-acid resi-
due names.
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and Orn(5). This suggests that the salt bridges stabilize the
overall structure of the peptide rather than being the driving
force of folding to this structure. In water, both salt bridges
are readily formed and disrupted upon (un)folding. Again
the salt bridge between Orn(3) and Glu(6) is present more
often than the one between Glu(2) and Orn(5), which is in
agreement with the observation that the helix unfolds at the
N-terminus in the second half of the simulation.


In addition to the formation of salt bridges between the
charged side chains, backbone–side chain interactions are
observed. In methanol the glutamic acid side chain of resi-
due 2 (-COO�) forms a hydrogen bond with the NH group
of the same residue with a population of 13% (Table 2) and
the ornithine side chain of residue 5 (-NHþ


3 ) is observed to
interact with the C-terminus of the peptide (-COO�) for
about 75% of the simulation time (see Figure 4c) through a
salt-bridge-like interaction. In water, the glutamic acid side
chain of residue 6 is observed to form hydrogen bonds with
the NH groups of residues 2, 3, and 6 all populated for 6%


(Table 2); the Orn(5) hydrogen binds to the side chain of
Glu(2) for about 8% of the simulation time. However, no
persisting salt-bridge-like interaction between charged side
chains and the peptide backbone is observed in water. It ap-
pears that these side chain-backbone interactions stabilize
conformations other than the 314-helix. The effect is more
pronounced in methanol (Figure 4c), a solvent with a much
lower dielectric permittivity than water, where there is less
competition between solute–solvent and solute–solute hy-
drogen bonding. This results in quite stable intermediate
structures such as the partly unfolded 314-helix and might be
the reason why the average lifetimes of the conformers are
longer in methanol than in water.


We also compare the experimentally measured NOE in-
tensities for peptide A, which were converted to NOE dis-
tances, and J values[52] with the values calculated from the
structures in the simulations in methanol and water. From
the total of 80 NOE distances in methanol and 64 in water,
only the interresidue distances (29 and 21, respectively)


Figure 3. Three most populated conformers (central structures of the three most populated clusters using a backbone (residues 2–6) atom-positional
root-meansquare difference (rmsd) similarity criterion of 0.1 nm) of peptide A observed in the simulations in methanol (orn–gluMeOH) and in water (orn-
gluH2O) at 298 K are shown (C=yellow, H=white, N=blue, O= red). For each conformer, its corresponding population and the occurrence of the most
dominating hydrogen bonds are indicated. For nomenclature see caption of Table 2.
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were considered. The results are presented in the Support-
ing Information to this article. The simulation in methanol
violates 14 out of the 29 interresidue NOE distances, which
is certainly due to the fact that in methanol the peptide
adopts for 75% of the simulation time a partly folded 314-
helical conformation lacking the central hydrogen bonds,
NH(2)�O(4) and NH(3)�O(5), that is, there is insufficient
sampling. The positive violations are on average smaller
when one considers only structures belonging to the second
most populated cluster, which represents the 314-helical con-
formation. In order to better fulfil the NOE upper-bound
distances in methanol the 314-helical conformation should be
weighted more, as it is the case in the simulation in water,
where the 314-helix is populated to the extent of 49% and
only five inter-residue NOE distances are weakly violated.
The calculated 3J-coupling constants show an absolute aver-
age deviation of 0.4 Hz, both in methanol and in water.
Using a conservative estimate of 0.7 Hz for the uncertainty
when the 3J coupling constants are calculated by using the
Karplus equation [Eq. (1)] (see Methods Section),[59, 60] the
measured 3J-coupling constants are reproduced in both sim-
ulations.


Peptides B—Lysine side chains compete with backbone–
backbone hydrogen bonding : Peptide B1 (sequence: H-b-
HLys-b-HPhe-b-HLeu-b-HMet-b-HPhe-b-HLeu-b-HLys-
NH2) has been simulated starting from a fully extended con-
formation at room temperature (298 K) without and with
the addition of neutralizing counterions (simulations lys298ext


and lys*298ext) and at elevated temperature (340 K) (simula-
tion lys340ext). In addition, two simulations at room tempera-
ture starting from a canonical 314-helix without and with the
addition of counterions (simulations lys298hl and lys*298hl) were
performed in order to test the stability of the 314-helix. The
hydrogen-bond analysis indicates, first of all, that none of
the simulations of peptide B1 shows sizeable intramolecular
hydrogen bonding except for simulation lys*298hl (Table 2).
Second, in most simulations of peptide B1 not only hydro-
gen bonds characteristic of a left-handed 314-helix (NH(i)–O-
(i+2)), but also 12-membered hydrogen bonded rings
(NH(i)–O(i�3)) characteristic of a right-handed 2.512-helix
are observed. The rmsd from a 314-helix and from a 2.512-
helix are shown in Figure 5, together with the most domi-
nant backbone–backbone and side chain–backbone hydro-
gen bonds as a function of simulation time. The results of
the conformational clustering analysis are listed in Table 3
and the structures of the three most dominant conformers
of each simulation are displayed in Figures 6 and 7. The
thermodynamic and kinetic folding properties of the helical
conformations observed in the simulations (314 and 2.512-
helix) are presented in Table 4.


At 298 K (Figure 5a) peptide B1 adopts, within the first
25 ns, a 2.512-helix and folds only after 110 ns into a 314-heli-
cal conformation, which unfolds again after less than 5 ns.
The 2.512-helix reappears towards the end of the simulation.
Consequently, the average folding time to the 314-helix is
longer than the (re)folding time to the 2.512-helical confor-Ta
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mation (Table 4). Again, the central hydrogen-bonds charac-
teristic of the 314-helix, NH(2)�O(4) and NH(3)�O(5), are
much less populated than the terminal ones, similar to the
situation of peptide A in methanol. It appears that the
lysine side chains compete with the backbone NH groups as
hydrogen-bond donors, forming hydrogen bonds with the
carbonyl oxygen atoms of residue 4 and 5, populated at 8
and 7% (Table 2). Consequently, the most populated con-
former (9% of total population) corresponds to a partially
folded 314-helix (Figure 6), while the second and third most
populated conformers (7 and 6% populated, respectively)
show no regular structure. The 2.512-helix appears to be the
fourth most populated conformer (5% populated, Table 2)
and the complete 314-helix represents the eighth most popu-
lated conformer with a population of 2%.


The simulation lys340ext at elevated temperature shows a
similar picture, but the interconversion between 314- and


2.512-helical conformations
occurs much faster (Figure 5b
and Table 2). The 314-helix,
which corresponds to the most
populated conformer (11%) in
the simulation lys340ext, is sam-
pled more often than at room
temperature and is on average
more stable than the 2.512-helix,
which represents the eighth
most populated conformer in
the simulation (2% populated).
The average folding times to
the 314-helix and to the 2.512-
helix at 340 K are both in the
order of 5.5 ns.


The presence of neutralizing
counterions in simulation
lys*298ext seems to have no signifi-
cant effect on the folding be-
havior of peptide B1 (Fig-
ure 5c) except that no 2.512-heli-
cal conformations are sampled.
Whether this is due to the
counterions or simply an issue
of undersampling is questiona-
ble, especially when considering
the fact that in the simulation
starting from a 314-helix with
counterions the peptide refolds
several times to a 2.512-helix
(Figure 5e). In the simulations
starting from a canonical 314-
helix the replacement of metha-
nol molecules with the largest
Coulomb potential by counter-
ions has a significant stabilizing
effect. While in the simulation
lys298hl, where no counterions
are present, the helix unfolds


within the first 5 ns (Figure 5d), in simulation lys*298hl, where
neutralizing counterions were added, the helix is stable for
more than 70 ns. Once completely unfolded (i.e. , to a struc-
ture with no 14-membered hydrogen-bonded rings), the re-
folding process to the 314-helix takes as long as in the simu-
lations starting from an extended structure (more than
120 ns). Again, side chain–backbone interaction between
the lysine side chains, Lys(7) in particular, and the carbonyl
oxygen atoms of residue 4 and 5 as well as the formation of
12-membered hydrogen-bonded rings can be observed
(Table 2 and Figure 8). However, in contrast to all other
simulations of peptide B1, the 314-helix is stable and shows
an average lifetime of 4.6 ns, comparable to the lifetime of
4.5 ns of the 314-helical conformation of peptide A in metha-
nol (Table 3).


The conformational preference of peptide B2 (C-terminal
carboxylic acid group) in methanol has been studied by


Table 4. Thermodynamic and kinetic properties of the two helical conformations, the left-handed 314-helix and
the right-handed 2.512-helix, observed in the simulations.[a]


Conformational analysis: left-handed 314-helix
Peptide Simulation Conformer Population t Number of hTimei of hNumber of


ranking [%] [ps] folding folding to conformersi
events to 314-helix visited
314-helix during


(re)folding


A orn–gluMeOH 2 14 4468 6 14385 5
orn–gluH2O 1 49 3058 16 1158 5


B1 lys298ext 8 2 1557 3 25329 95
lys340ext 1 11 599 39 5692 70
lys*298ext 5 4 1170 5 7312 13
lys298hl 3 8 7650 – – –
lys*298hl 1 46 4596 23 6631 22


C glu298ext 1 42 7013 12 10503 24
glu*298ext 1 28 4116 7 10144 33


D val298ext 1 54 3679 22 2659 12
val340ext 1 64 2430 40 1110 10


Conformational analysis: right-handed 2.512-helix
Peptide Simulation Conformer Population t Number of hTimei of hNumber of


ranking [%] [ps] folding folding to conformersi
events to 2.512-helix visited


2.512-helix during
(re)folding


B1 lys298ext 4 5 453 17 11568 34
lys340ext 8 2 186 28 5481 67
lys*298hl 4 3 447 18 9968 29


C glu*298ext 4 6 415 14 5002 16


D val298ext 5 3 493 8 25598 26
val340ext 8 1 310 3 2387 46


[a] The 2.512-helix was not observed in the simulations orn–gluMeOH, orn–gluH2O, lys298ext, lys298hl and glu298ext. For
every simulation, the ranking with regard to population of the helical conformation, its population, average
lifetime t and number of (re)folding events is indicated together with the average time of (re)folding to the
helix and the average number of conformations visited during a (re)folding process. The average lifetime and
the number of (re)folding processes were calculated by recording the times at which the conformer was left
and accessed again. If a conformer was left and accessed within 20 ps the sampling of the conformer was con-
sidered to be continuous. Only a subset of folding events involving more than one intermediate conformer was
considered when calculating the average time of (re)folding and the average number of conformers visited
during the (re)folding process. Averaging is denoted by h…i.
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NMR experiments (see Supporting Information) and the re-
sulting NOE distances and measured 3J values were used to
compare with the values calculated from the simulations of
peptide B1 (C-terminal amide group). From the total
number of 84 NOE distances inferred from experiment only
18 NOE distances correspond to interresidue distances.
Only a few long-range (in sequence number) NOE distances
are observed. In particular, neither long-range NOE signals
between backbone amine groups (NH) nor NOE signals
characteristic of a stable 314-helical conformation could be
detected. This makes it impossible to derive a dominant
structure for peptide B2 from these data. On the other
hand, the experimentally measured 3J coupling constants in-
dicate that the torsional dihedral angle C(O)-N-Cb-Ca pref-
erentially adopts a anticlinal ((�)-ac) conformation (�1208),
while the torsional dihedral angle N-Cb-Ca-C(O) appears to
adopt a gauche(+) conformation (608, (+)-sc), which corre-
spond to the dihedral angle conformation in 314-helices. The
comparison of the experimental NOE distances inferred
from experiment and the measured 3J values of peptide B2
with the values calculated from each of the five simulation
trajectories of peptide B1 shows an overall satisfactory
agreement (see Supporting Information for detailed results):
Almost all sequential NOE distances are fulfilled in all five
simulations, while all six long-range NOE bounds are violat-
ed in the simulations where the 314-helix is only weakly
populated (simulations lys298ext, lys340ext, lys*298ext and lys298hl).
In the simulation lys*298hl, where the 314-helix is populated for
46% (Table 2), all long-range NOE bounds are fulfilled.
The experimentally measured 3J coupling constants are well


reproduced by all five simula-
tions. The calculated values
show an average absolute devi-
ation between 0.6 and 1.0 Hz
(see Supporting Information),
where the simulations lys298ext


and lys*298hl satisfy the experi-
mental 3J coupling constants
overall better than the other
three simulations (lys340ext,
lys*298ext and lys298hl). It appears
that in all five simulations the
3J(NH,CbH) coupling constants
are better fulfilled than the
3J(CbH,CaH) coupling values.


In summary, we found that a
very large number of different
conformers of generally rather
low populations is observed.
Consequently no conformer ap-
pears to be dominant in all but
the simulation lys*298hl of peptide
B1. Although two well-defined
helical conformations, a left-
handed 314-helix and a 2.512-
helix, are observed, they both
show relatively short lifetimes


and low populations and thus are not very stable, unless sta-
bilized by counterions as the 314-helix in simulation lys*298hl.
Second, the time required to fold from a fully extended con-
formation to the 314-helix is in the order of 100 to 150 ns,
comparable to the folding time observed for peptide A in
methanol. The average folding times are relatively long and
less folding–unfolding events are observed compared with
peptides containing only aliphatic side chains (Table 2).[42]


This slow folding behavior is probably due to the lysine side
chain–backbone interactions (Figure 8), which are in direct
competition with the central backbone–backbone hydrogen
bonds NH(2)�O(4) and NH(3)�O(5), which are crucial in
the stabilization of the 314-helix. Due to the relatively low
dielectric permittivity of the methanol model used ([e]MeOH


= 17.7),[61] the positively charged lysine side chains might
not be optimally solvated and may tend to repel each other
whenever they come close, which probably destabilizes the
helix if no counterions are in the vicinity of the lysine side
chains to interact with.


Peptide C—The effect of negatively charged side chains :
Replacing the lysine side chains in peptide B1 by glutamic
acid side chains offers the possibility to investigate the
effect of negatively charged side chains. As all b3-peptides
(all side chains in the b-position of the amino acids) general-
ly form 314-helices,[39,52,62, 63] the resulting peptide C (se-
quence: H-b-HGlu-b-HPhe-b-HLeu-b-HMet-b-HPhe-b-
HLeu-b-HGlu-NH2, Figure 1), is expected to form a 314-
helix. The hitherto not synthesized peptide C was simulated
at 298 K, starting from a fully extended conformation with-


Figure 4. Salt-bridge formation and side chain-backbone interactions: The distances between the centers of ge-
ometry of side chain charge groups of Glu(2) and Orn(5) (black) and Orn(3) and Glu(6) (red) of peptide A
are displayed as a function of time for the simulation in a) methanol and b) water. The formation of salt
bridges between these side chains is considered to favor the 314-helical conformation. c) The distance between
the ammonium group of the ornithine side chain of residue 5 and the C-terminus (-COO�) is displayed for the
simulation in methanol (green) and in water (blue).
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out and with the addition of neutralizing counterions (simu-
lations glu298ext and glu*298ext). The hydrogen-bond analysis
over the two trajectories presented in Table 2 shows that
mostly 14-membered hydrogen-bonded rings are formed.
Hydrogen bonds characteristic of the 2.512-helix are only no-
ticeably populated in the simulation with counterions


(glu*298ext). Note that this is the
reverse of the situation ob-
served for peptide B1. There,
the simulation without counter-
ions (lys298ext) showed a higher
2.512-helical propensity than the
simulation with ions (lys*298ext).
Comparing the rmsd from a 314-
helix and a 2.512-helix of the
two trajectories with the time
evolution of the most dominant
hydrogen bonds shows that in
simulation glu298ext (Figure 9a)
the peptide forms a 314-helix at
around 70 ns, quickly unfolds
after 5 ns of simulation and re-
folds again to a stable 314-helix
shortly after 100 ns. No forma-
tion of 2.512-helices is observed.
In simulation glu*298ext (Fig-
ure 9b), however, the peptide is
observed to first fold and refold
to a 2.512-helix and then after
70 ns to adopt a 314-helix, which
remains stable for the rest of
the simulation. Consequently,
the 314-helical conformation
represents in both cases the
most dominant conformer,
while the second and third most
populated conformers corre-
spond to randomly collapsed
structures with one 14-mem-
bered hydrogen bonded ring or
partially folded 314-helices
(Figure 10). In contrast to the
simulations of peptide B1 that
did not start from a 314-helical
structure, the 314-helical confor-
mation is much more populated
and shows on average a longer
lifetime (Table 4). Side chain–
backbone interactions such as
hydrogen bonds are observed
to some extent between the glu-
tamic-acid side chains and the
NH groups of the peptide back-
bone (Table 2). The folding be-
havior and the structural prefer-
ence of peptide C appears to be
rather independent of the pres-


ence of neutralizing counterions.


Peptide D—Peptide folding is a faster process without
charged side chains : If the presence of charged side chains
would slow down the folding kinetics of a b-peptide, the re-
placement of charged side chains by aliphatic ones should


Figure 5. Backbone atom-positional rmsd with respect to a 314-helical conformation (black) and a 2.512-helix
(red), the two main helical conformations observed in the simulations of peptide B1, along with the evolution
of the most populated backbone-backbone and side chain-backbone hydrogen bonds. Black: NH(i)�O(i+2)
hydrogen bonds characteristic of 314-helices displayed from top to bottom: NH(1)�O(3), NH(2)�O(4),
NH(3)�O(5), NH(4)�O(6) and NH(5)�O(7). Red: NH(i)�O(i�3) hydrogen bonds characteristic of 2.512-heli-
ces displayed from top to bottom: NH(5)�O(2), NH(6)�O(3), NH(7)�O(4) and NHC(7)�O(5). NHC corre-
sponds to the C-terminal amide group. Green: Side chain–backbone hydrogen bonds between the lysine side
chain in position 7 and the carbonyl oxygen atoms of residues 4 and 5 are displayed from top to bottom.
a) simulation lys298ext ; b) simulation lys340ext ; c) simulation lys*298ext ; d) simulation lys298hl ; e) simulation lys*298hl.
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result in faster folding kinetics of the peptide. To test this as-
sumption the charged side chains in peptides B1 and C were
substituted by valine side chains leading to peptide D (se-
quence: H-b-HVal-b-HPhe-b-HLeu-b-HMet-b-HPhe-b-
HLeu-b-HVal-NH2), which has not been synthesized, as yet,
and which was simulated starting from a fully extended con-
formation both at 298 and 340 K (simulations val298ext and
val340ext). The hydrogen-bond populations (Table 2), the con-
formational clustering analysis (Tables 3 and 4, Figure 12)
and the rmsd values from a canonical 314-helix (Figure 11)


show that the peptideTs prefer-
red conformation is a 314-helix,
which forms within the first
20 ns in both simulations. Com-
pared to the simulations with
charged side chains, the popula-
tion of the 314-helix is much
larger and the average folding
times taken to reach the 314-
helix are shorter (Table 4). At
both temperatures, 2.512-helices
are sampled as well, but at
much lower population repre-
senting cluster 5 at 298 K and
cluster 8 at 340 K. The fact that
at 340 K the 314-helix is 10%
more populated than at room
temperature does not necessari-
ly mean that the helix is more
stable at 340 than at 298 K. It is
probably due to the fact that at
lower temperature the intercon-
version between different con-
formers is slower. This makes
convergence of the folding–un-
folding equilibrium distribution
slower: at 298 K only 22 folding
events are observed, whereas at
340 K this number is 40
(Table 4). In the limit of infinite
sampling the simulation at
298 K is expected to show a
larger population of the 314-
helix than the simulation at
340 K.


Discussion


A b-peptide with charged side
chains such as those of lysine,
ornithine or glutamic acid con-
stitutes a more complex folding
problem than a b-peptide with
only aliphatic substituents.
While in the latter case only
backbone hydrogen-bond


donors and acceptors are present, in a peptide with charged
(or polar) side chains, as has been investigated here, the side
chains, too, can act as hydrogen-bond donors (lysine and or-
nithine) or acceptors (glutamic acid). Consequently, the side
chain donors or acceptors compete with the backbone hy-
drogen-bond donor and acceptor atoms, as was observed for
peptide B1 bearing two lysine side chains. Furthermore
charged side chains also show salt-bridge interactions among
themselves, as well as with the backbone, in particular with
the termini. These interactions, side chain-backbone hydro-


Figure 6. Three most populated conformers (central structures of the three most populated clusters using a
backbone (residues 2–6) atom-positional rmsd similarity criterion of 0.1 nm) of peptide B1 observed in the
simulations lys298ext, lys340ext, lys*298ext, where the initial conformation was fully extended, are shown (C=yellow,
H=white, N=blue, O= red, S=orange). For each conformer, its corresponding population and the occur-
rence of the most dominating hydrogen bonds are indicated. For nomenclature see caption of Table 2.
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gen bonding and salt bridges, can lead to rather stable fold-
ing intermediates, which on average results in longer folding
times to the “native” conformation than for b-peptides with
exclusively aliphatic side chains (Table 4). In the case of
peptide A in methanol a partly folded 314-helical conforma-
tion is stabilized by a salt-bridge interaction between the or-
nithine side chain of residue 5 and the C-terminus. In the
simulations of peptide B1 the NHþ


3 group of the lysine at
position 7 forms hydrogen bonds or interacts in a salt-
bridge-like manner with the carbonyl oxygens of residues 4
and 5 competing with the backbone–backbone hydrogen
bonds NH(2)�O(4) and NH(3)�O(5) crucial for the forma-
tion of a complete 314-helix. Similarly, glutamic acid side
chains in peptide C form hydrogen bonds to the NH groups
of the backbone, which might contribute to the observed
slowdown of the folding process to the 314-helix. Once the
314-helix is formed, its lifetime is, on average, longer than
observed for b-peptides with only aliphatic side chains
(Tables 4 and 1 in reference [42]). However, this does not
apply to most simulations performed for peptide B1, where


the 314-helix appears to be
rather unstable, probably due
to the repulsion between the
positively charged lysine side
chains in the absence of coun-
terions (see below for a discus-
sion of the effect of counter-
ions). In the case of peptide A,
the 314-helix is stabilized by
salt-bridge interactions between
the ornithine and glutamic-acid
side chains at a i,i�3 position
in analogy to salt-bridge inter-
actions in a-helices of a-pep-
tides.[13–16]


Side chain–backbone and
side chain–side chain hydrogen
bonds are also observed in a-
peptides and proteins and have
been analyzed in databases of
well refined crystallographic
protein structures.[64–66] Bordo
and Argos[66] report that more
than 95% of the observed
intra-helix side chain–backbone
hydrogen bonds show backward
interactions, that is, hydrogen
bonds between the side chain at
position i and the carbonyl
oxygen at position i�4 or i�5,
and are localized mostly at the
C-termini of the helices. A simi-
lar behavior of the lysine side
chains at the C-terminus of b-
peptide B1 is observed in our
simulations. Negatively charged
residues at or close to the N-


terminus (“N-cap”) allowing for a favorable interaction with
the macrodipole of the a-helix[67–71] also participate in hydro-
gen bonding with backbone groups.[19,20,72] These side chain–
backbone interactions in a-peptides or proteins stabilize the
native fold, in this case the a-helical conformation, but pos-
sibly also intermediate structures during the folding process.
The effect of these side chain–backbone interactions is ex-
pected to be more pronounced in methanol than in aqueous
solution, since water is a much stronger competitor for hy-
drogen bonding than methanol, and, thus polar side chains
are better solvated in water. Consequently, in the case of b-
peptide A in water the average folding time to the 314-helix
and its average lifetime are shorter than in methanol
(Table 4). Furthermore, the side chain-backbone interactions
observed in methanol might be overestimated compared to
the real situation, as the simple rigid, non-polarizable meth-
anol model used in the simulation underestimates the di-
electric permittivity by roughly 40–50% as do all the avail-
able non-polarizable methanol models due to the neglect of
the electronic polarizability,[61,73] while the water model used


Figure 7. Three most populated conformers (central structures of the three most populated clusters using a
backbone (residues 2–6) atom-positional rmsd similarity criterion of 0.1 nm) of peptide B1 observed in the
simulations lys298hl and lys*298hl, where the initial conformation was a canonical 314-helix, are shown (C=yellow,
H=white, N=blue, O= red, S=orange). For each conformer, its corresponding population and the occur-
rence of the most dominating hydrogen.
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underestimates the dielectric permittivity by only 5%. The
poor ability of the solvent methanol to solubilize charged
side chains well enough might have an effect on the instabil-
ity of the 314-helix observed in most of the simulations of
peptide B1, as the strong electrostatic interaction between
the lysine side chains might disrupt the helical conformation.
Yet, this destabilizing effect is not observed when the b-ho-
molysine residues are exchanged for b-homoglutamic acid
residues. The most dominant conformer of peptide C corre-
sponds to the 314-helix (Table 4 and Figures 9 and 10) with
an average lifetime between 4 and 7 ns, irrespective of the
presence of neutralizing counterions.


Intuitively, the destabilizing effect of charged side chains
as observed for peptide B1 is expected to be reduced by the
addition of counterions, as was done in simulations lys*298ext,
lys*298hl and glu*298ext. While in simulation lys*298hl starting from
the 314-helical conformation this is clearly the case (compare
Figure 5d and e), no significant change in stability of the 314-
helix for peptides B1 and C can be observed in the simula-
tion starting from an extended conformation (Figure 5a and
c; Figure 9). As the ions diffuse during the simulation, they
are not necessarily always in proximity of the lysine side
chains as an analysis of the ion-peptide contacts shows (see
Supporting Information for details). Once they move out of
the cutoff radius centered around the NHþ


3 group of the
lysine side chains, the ions and the NHþ


3 groups do not “see”
each other and the ion has no direct effect on the stabiliza-
tion of the peptide conformation anymore. However, there
seems to be no clear correlation between the ion–peptide
distances and the stability of the 314-helical conformation.


Clearly, the effect of counterions on the stability or, rather,
the conformational distribution of peptides and proteins in
simulation is difficult to rationalize from the simulations
presented here. It deserves more systematic investigation,
for example, as in the studies undertaken by Ibragimova
and Wade[74] and Drabik et al.[75]


The fact that charged side chains slow down the kinetics
of peptide folding, that is, lengthen the average folding time,
has consequences for computational folding studies at the
atomistic level. The slower kinetics implies that at a given
temperature and within a given simulation time less folding–
unfolding events are sampled which implies a slower estab-
lishment of conformational equilibrium than in the case of a
peptide with exclusively aliphatic residues. Despite their rel-
atively long simulation times, the simulations presented here
show a variable degree of convergence.


Peptide B1 and analogues C and D adopt right-handed
2.512-helical conformations in the simulations. However, the
populations of the 2.512-helix are very low and its average
lifetime is short, which implies that no detailed conclusions
can be drawn about its folding behavior. From the simula-
tions presented here, the 2.512-helix appears to be certainly
less stable than the 314-helical conformation. Experimentally,
the occurrence of 2.512-helices has only been observed with
b-peptides containing mainly trans-2-aminocyclopentanecar-
boxylic acid (trans-ACPC) residues.[76,77] Cyclopentane b-
amino acid derivatives show a rather high rotational flexibil-
ity around the Cb�Ca bond within the conformationally al-
lowed region between minimally 85 and maximally 1458
(“pseudorotation” of cyclopentane rings).[91] However, they


Figure 8. Side chain–backbone interactions between the -NH3
+ group of the b-lysine residue 7 and the carbonyl groups of residues 4 (left panels) and 5


(right panels) in peptide B1. The distances between the centers of geometry of the corresponding GROMOS charge groups are displayed from top to
bottom for the simulations lys298ext, lys340ext, lys*298ext, lys298hl, and lys*298hl peptide B1.
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can never adopt the two extreme values of 608 ((+)-syncli-
nal, (+)-sc) and 1808 (antiperiplanar, ap) as in open-chain
or cyclohexane derivatives (Figure 13). Thus, b-peptides
built from trans-ACPC residues cannot adopt a 314-helix or a
12/10-helix ((+)-sc), where the dihedral angle -NH-Cb-Ca-
CO- is about 608. In 2.512-helices the values for this dihedral
angle are larger than 608 and can vary between 87 and 1558
as in the crystal structure of a b-octapeptide consisting of
trans-2-aminocyclopentanecarboxylic acid residues (trans-
ACPC)[76,77] or between 70 and 1358 as in the 2.512-helical
structures observed in our simulations (see Figure 13). In
contrast to the cyclopentane derivatives the rotational barri-
er between the synclinal and antiperiplanar conformations
in open-chain and cyclohexane b-amino acid moieties is
much higher. The NH-C-C-CO dihedral angle in the simula-
tion of 314-helices is close to +608.[54] Ab initio calculations
in vacuo of b-peptide models suggest that a right-handed
2.512-helix of b-peptides, built of (S)-b-amino acids is equally
favorable as a left-handed 314-helix.[78,79] While the 314-helix
is thought to be most favored in terms of torsional interac-
tions, the 2.512-helix is suggested to benefit most from inter-


residue electrostatic interactions.[79] According to a recent
MD simulation study of a hydroxylated peptide, the 2.512-
helix is the most stable conformer.[80]


Conclusion


The conformational and dynamic behavior of the four differ-
ent b-peptides A–D in methanol and water (Figure 1) has
been analyzed by molecular dynamics simulation in order to
study the influence of charged side chains on the folding–
unfolding equilibrium. All four peptides are expected to
adopt a left-handed 314-helical conformation in solution. Ac-
cording to our simulations, the presence of charged side
chains leads to relatively stable intermediate conformations
in methanol, due to side chain–backbone interactions such
as hydrogen bonds or salt bridges, which are competing with
the backbone–backbone hydrogen bonds. Similar interac-
tions are observed experimentally in a-peptides and pro-
teins, where they stabilize the N- and C-caps of a-helices.
Consequently, the presence of charged side chains in b-pep-


Figure 9. Backbone atom-positional rmsd with respect to a 314-helical conformation (black) and a 2.512-helix (red), the two main helical conformations
observed in the simulations a) glu298ext and b) glu*298ext of peptide C, along with the evolution of the most populated backbone–backbone and side chain–
backbone hydrogen bonds. Black: NH(i)�O(i+2) hydrogen bonds characteristic of 314-helices. Red: NH(i)�O(i�3) hydrogen bonds characteristic of 2.512-
helices; Green: Side chain-backbone hydrogen bonds between the glutamic acid side chains and the NH groups, displayed from top to bottom: NH(1)�
Glu(1), NH(2)�Glu(7), NH(3)�Glu(7), NH(4)�Glu(7), NH(7)�Glu(7). For more information see captions of Figure 5 and Table 2.
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tides significantly slows down the folding process and,
within a given sampling time, fewer folding events can be
observed compared to the folding of a b-peptide carrying
aliphatic side chains only. Therefore, longer sampling times
are required for convergence and to investigate reversible
peptide folding. This decelerating effect on the folding be-
havior is found to be more pronounced in methanol than in
water, and in the presence of lysine side chains, where the
entropic loss of the side chains upon folding might have an
influence.[25,81] Salt bridges between side chains (peptide A)
are observed to stabilize the “native” fold, but do not
appear to be a major driving force for folding, that is, also in
that case relatively long average folding times are observed
in methanol.


Furthermore, we note that b-peptides bearing only (S)-
substituents on the b-carbon preferentially adopt a left-


handed 314-helix in solution, which is in line with many ex-
perimental studies.[39,52, 62,63] The occasionally observed right-
handed 2.512-helical conformations in the simulations appear
to be rather unstable. The experimental data for peptide A
were largely reproduced in the simulations, although lack of
convergence of the folding–unfolding equilibrium in metha-
nol causes NOE distance-bound violations of 14 out of 29
NOE distances up to 0.29 nm. In water only 5 out of 21
NOE distances are violated with a largest value of 0.17 nm.
The 3J(NH,CbH) coupling constants are well reproduced in
the simulations. For peptide B2 (carboxylated C-terminus) it
is not possible to determine a predominant solution struc-
ture from the available NMR data. Nevertheless, we note
that the simulation of peptide B1 (with C-terminal amide
group) with the largest population of the 314-helix fulfils the
experimentally inferred NOE upper bound distances and


Figure 10. Three most populated conformers (central structures of the three most populated clusters using a backbone (residues 2–6) atom-positional
rmsd similarity criterion of 0.1 nm) of peptide C observed in the simulations in methanol at 298 K without (glu298ext) and with neutralizing counterions
(glu*298ext) (C=yellow, H=white, N=blue, O= red). For each conformer, the corresponding population and the occurrence of the most dominating hydro-
gen bonds are indicated. For nomenclature see caption of Table 2.
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the experimental 3J coupling constants better than the four
simulations with a significantly lower population of the 314-
helix.


Methods


Computational methods


Molecular model : The b-peptides were modeled using the GROMOS96
biomolecular force field, parameter set 45A3.[56,58] Aliphatic CHn groups
were treated as united atoms, both in the peptides and the solvent. The
protonation states of the acidic and basic groups were inferred from the
procedures of the synthesis and purification of the peptides: The N-ter-
mini and the b-ornithine and b-lysine side chains were protonated,
whereas the C-terminus of peptide A and the b-glutamate side chains
were deprotonated. Methanol and water were modeled as rigid three-
point models using the SPC/L water model[82] and the standard
GROMOS96 methanol model,[56] respectively.


Simulation setup : All MD simulations presented here were carried out
using the GROMOS96 program.[56,57] They are summarized in Table 1.
For the simulations starting from a fully extended peptide conformation
(simulations orn–gluMeOH, orn–gluH2O, lys298ext, lys340ext, lys*298ext, glu298ext,
glu*298ext, val298ext and val340ext) all backbone dihedral angles were set to 1808
and the side chain dihedral angles were randomly taken from the possi-
ble rotamers. The peptide was then solvated in a truncated-octahedron-
shaped box. The size of the box was chosen such that the initial minimum
distance between peptide atoms and the square walls of the truncated oc-
tahedron was 1.4 nm. In the case where the starting structure was a 314-
helix (simulations lys298hl and lys*298hl) the peptide was put in a rectangular
box assuring a minimum distance of 1.5 nm to the walls. Periodic boun-


dary conditions were applied. To obtain the systems lys*298ext and lys*298hl,
three methanol molecules experiencing the largest positive Coulomb po-
tential were replaced by three chlorine ions to neutralize the system.
Similarily, two sodium ions and one chlorine ion were replacing three
methanol molecules to obtain the system glu*298ext.


After relaxation of the systems using steepest descent energy minimiza-
tion, the MD simulations were started by taking the initial velocities
from Maxwellian distributions at 298 or 340 K for the systems where the
peptides are fully extended and at 50 K for the systems starting from a
left-handed 314-helical conformation. Solvent and solute were independ-
ently coupled to a temperature bath with a relaxation time of 0.1 ps.[83]


The pressure was calculated with a molecular virial and held constant by
weak coupling to a pressure bath with a relaxation time of 0.5 ps and
using an isothermal compressibility of 4.575U10�4 (kJmol�1nm�3)�1 and
7.768U10�4 (kJmol�1 nm�3)�1 for the simulations in methanol and water,
respectively. Bond lengths were constrained using the SHAKE algo-
rithm[84] with a geometric tolerance of 10�4. The equations of motion
were integrated using the leap-frog algorithm and a time step of 2 fs. The
interaction between atoms in so-called charge groups[56] was calculated
according to a spherical triple-range cutoff scheme: Short-range van der
Waals and electrostatic interactions were evaluated at every time step by
using a charge-group pair list that was generated with a short-range
cutoff radius of 0.8 nm between the centers of geometry of the peptide
charge groups and the oxygen atoms of the methanol or water solvent
molecules. Longer-range van der Waals and electrostatic interactions, be-
tween pairs at a distance longer than 0.8 nm and shorter than a long-
range cutoff of 1.4 nm, were evaluated every fifth time step, at which
point the pair list was also updated, and were kept unchanged between
these updates. To approximate the electrostatic interactions beyond the
long-range cutoff, a Poisson–Boltzmann reaction field force was used.
The value for the dielectric permittivity of the continuum outside the
long-range cutoff was set to 17.7 and 73.5, corresponding to the values
for the dielectric permittivity of the methanol model[61] and water


Figure 11. Backbone atom-positional rmsd with respect to a 314-helical conformation (black) and a 2.512-helix (red), the two main helical conformations
observed in the simulations a) val298ext and b) val340ext of peptide D, along with the evolution of the most populated backbone-backbone hydrogen bonds.
Black: NH(i)�O(i+2) hydrogen bonds characteristic of 314-helices; Red: NH(i)�O(i�3) hydrogen bonds characteristic of 2.512-helices. For more informa-
tion see caption of Figure 5 and Table 2.
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model[82] employed, respectively. In the simulations starting from a 314-
helical conformation (simulations lys298hl and lys*298hl) the positions of the
atoms of the peptides were initially restrained using a harmonic restrain-
ing force with a force constant of 104 kJmol�1nm�2 during the first 50 ps
of simulation. During that period of time the temperature was stepwise
increased to 298 K and the restraining force gradually decreased. The
simulations were equilibrated for 1 ns and the following 50 to 250 ns
were used for analysis saving configurations every 0.5 ps.


Analysis : Least-squares translational and rotational fitting of atomic co-
ordinates for the calculation of the root-mean-square-differences (rmsd)
was based on the backbone atoms (N, Cb, Ca, C) of residues 2 to 6. A
conformational clustering analysis was performed as described by Daura
et al.[85] on a set of 104 peptide structures taken at 0.01 ns intervals from
the simulation. The backbone atom-positional rmsd was used as similarity
criterion. A maximum cluster radius of 0.1 nm was chosen.[40,85] Hydrogen
bonds were calculated using a geometric criterion. A hydrogen bond is
defined by a minimum donor-hydrogen-acceptor angle of 1358 and a
maximum hydrogen-acceptor distance of 0.25 nm. Salt bridges were de-
termined using a distance criterion. Two (GROMOS) charge groups[56]


are considered to form a salt bridge, if their centers of geometry are not
more than 0.5 nm apart.


Interproton distances derived from the NOE intensities at 298 K were
compared to the corresponding average effective interproton distances in
the simulations calculated using hr�6i�1/6 averaging of the instantaneous
interproton distances r. The experimental NOE intensities have been
classified in three rexptl distance categories: strong (s) with rexptl�0.3 nm,
medium (m) with rexptl�0.35 nm, and weak (w) with rexptl�0.45 nm. As in
the GROMOS96 biomolecular force field the aliphatic hydrogen atoms
are treated within a united atom model, the interproton distances involv-
ing aliphatic hydrogen atoms were calculated by defining virtual (for CH1


and prochiral CH2) and pseudo (for CH3 and non-stereospecific CH2)
atomic positions at the time of analysis.[56] The pseudo-atom NOE dis-
tance bound corrections of reference gromos:96 were used. 3J coupling
constants were calculated from the simulation using the Karplus rela-
tion:[59]


3JðH,HÞ ¼ acos 2q þ bcosq þ c ð1Þ


where a, b and c were chosen equal to 6.4, �1.4, and 1.9 Hz, respectively,


Figure 12. Three most populated conformers (central structures of the three most populated clusters using a backbone (residues 2–6) atom-positional
rmsd similarity criterion of 0.1 nm) of peptide D observed in the simulations in methanol at 298 K (val298ext) and 340 K (val340ext) (C=yellow, H=white,
N=blue, O= red). For each conformer, the corresponding population and the occurrence of the most dominating hydrogen bonds are indicated. For no-
menclature see caption of Table 2.
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for the calculation of 3J(NH,CH)[86] and equal to 9.5, �1.6, and 1.8 Hz for
the calculation of 3J(CH,CH).[87] In the case of peptide B1 an alternative
set of coefficients for the Karplus relation was used in addition (for rea-
sons of comparison) to calculate the 3J coupling constants, namely a=6.7,
b=�1.3 and c=1.5 Hz for 3J(NH,CH)[88] and a=9.6, b=�1.0, and c=
1.2 Hz for 3J(CH,CH).[89]


For a description of the synthesis, characterization and NMR analysis of
peptide B2, please see the Supporting Information.
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Introduction


One of the most important and fundamental chemical proc-
esses in nature is the oxidation of water to molecular
oxygen in photosynthesis.[1–10] In plants and cyanobacteria,
this reaction takes place in photosystem II (PSII). The elec-
trons that PSII extracts from water are transferred to ac-
ceptors and used in the reduction of carbon dioxide to car-
bohydrates. In the primary photoreaction, light is absorbed
by the chlorophyll pigment P680 in the core of PSII. This pig-
ment acts as a single photoelectron donor and is regenerated
after each photo-event by electron transfer from a tetranu-
clear manganese complex, where the actual oxidation of
water takes place. The manganese complex binds water and
transfers electrons one by one to the highly oxidizing P680


+ .
After four electrons have been taken from the complex, mo-
lecular oxygen is released and the process is repeated. The


Abstract: To mimic the electron-donor
side of photosystem II (PSII), three tri-
nuclear ruthenium complexes (2, 2a,
2b) were synthesized. In these com-
plexes, a mixed-valent dinuclear RuII,III2


moiety with one phenoxy and two ace-
tato bridges is covalently linked to a
RuII tris-bipyridine photosensitizer.
The properties and photoinduced elec-
tron/energy transfer of these complexes
were studied. The results show that the
RuII,III2 moieties in the complexes readi-
ly undergo reversible one-electron re-
duction and one-electron oxidation to
give the RuII,II2 and RuIII,III2 states, re-
spectively. This could allow for photo-
oxidation of the sensitizer part with an


external acceptor and subsequent elec-
tron transfer from the dinuclear ruthe-
nium moiety to regenerate the sensitiz-
er. However, all trinuclear ruthenium
complexes have a very short excited-
state lifetime, in the range of a few
nanoseconds to less than 100 ps. Stud-
ies by femtosecond time-resolved tech-
niques suggest that a mixture of intra-
molecular energy and electron transfer
between the dinuclear ruthenium


moiety and the excited [Ru(bpy)3]
2+


photosensitizer is responsible for the
short lifetimes. This problem is over-
come by anchoring the complexes with
ester- or carboxyl-substituted bipyri-
dine ligands (2a, 2b) to nanocrystalline
TiO2, and the desired electron transfer
from the excited state of the [Ru-
(bpy)3]


2+ moiety to the conduction
band of TiO2 followed by intramolecu-
lar electron transfer from the dinuclear
RuII,III2 moiety to photogenerated RuIII


was observed. The resulting long-lived
RuIII,III2 state decays on the millisecond
timescale.
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manganese complex in PSII is the only naturally occurring
catalyst capable of water oxidation.
Only very few manganese-based molecular catalysts for


water oxidation have so far been developed, and few have
unequivocally been shown to oxidize water all the way to
molecular oxygen without the aid of additional sacrificial
agents.[5,7,11, 12] Moreover, very few complexes of two or
more manganese ions have been combined with a photosen-
sitizer.[13–16] With the aim to create manganese-based, bio-
mimetic molecular catalysts for water oxidation, we have
prepared and investigated several supramolecular systems in
which a mono- or dinuclear manganese complex is linked to
a [Ru(bpy)3]


2+-type photosensitizer.[13, 14,17–25] Some related
work has also been reported by Wieghardt et al.[15, 16] In all
of our linked ruthenium–manganese complexes, we have
succeeded in observing light-induced, intramolecular elec-
tron transfer from the manganese moiety to the photogener-
ated [Ru(bpy)3]


3+ center.[13,17,20, 24] In addition, we were able


to transfer three electrons, in a stepwise fashion, from the
dinuclear manganese complexes to the ruthenium photosen-
sitizer.[26] However, we have so far not been able to detect
oxygen evolution with any of these complexes.
Manganese is abundant in the upper layers of the earthNs


crust, and is readily available to many living organisms in
the biosphere. It may seem natural to copy natureNs prefer-
ence for manganese in photosynthetic water oxidation.
However, it is interesting to note that so far the only syn-
thetic materials shown to perform water oxidation to a rea-
sonable extent by homogeneous chemical catalysis are dinu-
clear complexes of the second-row metal rutheni-
um.[6,7,11,27–30] In 1982, Meyer et al. reported a dinuclear
ruthenium complex [(bpy)2(H2O)RuORu(H2O)(bpy)2]


4+


that can catalyze water oxidation, although the stability of
the catalyst is limited to 10–25 turnovers.[27] Since then, a va-
riety of related ruthenium complexes have been synthesized
and shown to be water-oxidation catalysts.[6,7,11, 28,29] Recently
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Llobet et al. presented a new dinuclear ruthenium complex
that is capable of oxidizing water to O2 but does not contain
the Ru-O-Ru motif.[30]


With the aim of improving the performance of the ruthe-
nium complexes made by, for example, Meyer et al.,[27–29]


and as an alternative route towards artificial photosynthesis,
we previously prepared the dinuclear complex 1,[31] and here
we present a new trinuclear ruthenium complex 2, which
was synthesized by reaction of ligand complex 3[21] with cis-
[RuCl2(DMSO)4]. We also prepared the complexes 2a and
2b, which, in accordance with an earlier study on the dinu-
clear complexes 5 and 5a,[24] would be expected to be less
sensitive to excited-state quenching by the appended dinu-
clear complex. In addition, the carboxyl and ester groups
allow for attachment to TiO2 nanoparticles. The properties
of these complexes and photoinduced electron transfer in
the presence of TiO2 as electron acceptor were studied, and
the possibility of polyruthenium complexes as alternative
electron donors in artificial systems is discussed.


Results and Discussion


Synthesis and characterization : Complex 1 was prepared as
described earlier.[31] Ligand complexes 3 and 3a were pre-
pared by the published procedures.[21,32] By refluxing a mix-
ture of 3 or 3a with two equivalents of cis-[RuCl2(DMSO)4]
in MeOH in the presence of NaOAc, followed by addition
of a saturated aqueous solution of NH4PF6, the trinuclear
ruthenium complex 2 or 2a was obtained. Complexes 2 and
2a are ruthenium(ii,ii,iii) complexes with one m-oxo and two
m-acetato bridges, as shown by elemental analysis and ESI-
MS. One of the RuII ions in the phenolic dimer was thus oxi-
dized by air to RuIII during preparation of the complex.
Complex 2b was obtained by hydrolysis of the ester groups
of 2a.
Redox properties of 2 in dry acetonitrile were studied by


cyclic voltammetry (CV) and differential pulse voltammetry
(DPV). The results are summarized in Table 1 and com-
pared with the data for the previously published complex 1.
All potentials are given versus SCE. The observed DEp


values exceed somewhat the theoretical value of 59 mV for
a reversible one-electron process, probably due to uncom-
pensated solution resistance.
The CV of 2 shows six reversible redox waves (Figure 1).


The irreversible wave at about �0.79 V is due to residual
oxygen. The DPV of 2 shows six well-resolved peaks of
equal shape and height, each equivalent to a one-electron


transfer (not shown). Four waves are typical features of the
[Ru(bpy)3]


2+ moiety: one reversible oxidation wave (E1/2=


1.275 V) due to metal-centered oxidation (RuII!RuIII), and
three reversible reduction waves (E1/2=�1.723, �1.489 and
�1.196 V) from reduction of the bpy ligands. The remaining
reversible oxidation wave (E1/2=0.495 V) and reduction
wave (E1/2=�0.191 V), which are similar to those of 1
(Figure 1),[31] are related to the dinuclear ruthenium moiety.
In 1, these waves were earlier shown to be due to oxidation
(RuII,III2 !RuIII,III2 ) and reduction (RuII,III2 !RuII,II2 ), respective-
ly.[31] The shift to slightly more anodic potentials for 2, as
compared to 1, is explained by the positive charge of the
[Ru(bpy)3]


2+ unit. Cyclic voltammetry was not performed
on 2a and 2b due to lack of material, but data for other
complexes [Ru(bpy)2(4-Me-4’-X-bpy)] and the correspond-
ing [Ru(4,4’-di-COOEt-bpy)2(4-methyl-4’-X-bpy)][13,24,33]


show that the first reduction that is centered on the ester-
substituted ligand lies at values 0.2 V less negative than the
first ligand reduction in 2, and that the Ru3+ /2+ potential is
shifted by 0.3 V to more positive values. These values were
used to estimate the driving force of the electron-transfer
reactions discussed below.
The EPR data give further support for the assigned oxida-


tion state of the dinuclear ruthenium moiety of complex 2.
The X-band EPR spectrum of 1 at low temperature (5 K),
which was recently studied in detail,[31] displayed large
rhombic g anisotropy with g1=2.49, g2=2.24 and g3=1.85
(Figure 2) which is in agreement with a mixed-valent RuII,III2


state. The EPR spectrum of 2 at low temperature (6 K) is
very similar to that of 1[31] and
other mixed-valent RuII,III2


ions,[34,35] and also showed
large rhombic g anisotropy
with g1=2.49, g2=2.25 and
g3=1.85 (Figure 2). These re-
sults thus indicate that the di-
nuclear ruthenium part of com-
plex 2 is also a mixed-valent


Table 1. Electrochemical data for complexes 1 and 2.


Complex E1/2 [V]
[a] (DEp)


[b]


[Ru(bpy)3]
0/� [Ru(bpy)3]


+ /0 [Ru(bpy)3]
2+ /+ RuII,III=II,II2 RuIII,III=II,III2 [Ru(bpy)3]


3+ /2+


1[c] – – – �0.230 (70) 0.470 (70) –
2[d] �1.723 (74) �1.489 (72) �1.196 (62) �0.191 (62) 0.495 (69) 1.275 (72)


[a] Versus SCE in CH3CN solution with 0.1m [NnBu4]PF6 as supporting electrolyte, �0.02 V. [b] n=
100 mVs�1. [c] As ClO4


� salt. [d] As PF6
� salt.


Figure 1. Cyclic voltammograms of 1 (1.7 mm) and 2 (1 mm) in CH3CN
containing 0.1m nBu4NPF6. n=0.100 Vs�1.
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RuII,III2 core in the expected S=1/2 ground state, as suggest-
ed by the analytical data and also discussed previously for
1.[31]


The UV/Vis absorption spectra of 1 and 2 in dry acetoni-
trile are shown in Figure 3. In both cases the dinuclear unit


is in the mixed-valent RuII,III2 oxidation state. Spectra of the
dinuclear complex 1 in different oxidation states were re-
ported earlier[31] and are shown as an inset. The RuII,II2 state
shows two absorption maxima at 410 and 490 nm, which
were assigned to MLCT transitions.[31] The isovalent RuIII,III2


has a broad weak absorption at 600 nm (e=2300m�1 cm�1),
which was assigned to a LMCT transition. The strongly cou-
pled mixed-valent RuII,III2 state is characterized by an absorp-
tion band at 380 nm, and the blue edge of an intervalence
band is seen in the near-infrared region. In the spectrum of
2 the absorption of the dinuclear moiety is superimposed on


the well-known MLCT (ca. 460 nm) and ligand-based transi-
tions (290 nm) of the [Ru(bpy)3]


2+ sensitizer.[36,37] The spec-
trum of 2 agrees well with the sum of the spectra for 1 and
the [Ru(bpy)3]


2+ moieties.


Emission spectroscopy: Complex 2 was excited at 460 nm, at
the MLCT band of the [Ru(bpy)3]


2+ chromophore. This unit
displayed a weak emission in deoxygenated acetonitrile,
with a maximum at about 670 nm. However, the intensity
was strongly quenched and reached only about 0.5% of that
of an isoabsorptive solution of [Ru(bpy)3](PF6)2. The emis-
sion intensity of the precursor complex 3, in which the dinu-
clear Ru complex has not yet been coordinated, was very
similar to that of [Ru(bpy)3](PF6)2. This shows that the coor-
dinated Ru2 unit strongly quenches the MLCT excited state
of the [Ru(bpy)3]


2+ chromophore. The result for 2a was
very similar to that for 2, but with a red shift of the emission
by about 10 nm due to the electron-withdrawing ester sub-
stituents.


Time-resolved spectroscopy: The emission decay kinetics for
2, 2a and 2b were investigated by time-correlated single-
photon counting. By exhaustive electrolysis directly in the
optical cell, the oxidation state of the dinuclear ruthenium
unit was set to either RuII,II2 , RuII,III2 or RuIII,III2 . The emission
decay traces were fitted to a sum of exponentials. The two
shorter components dominated, and their lifetimes and rela-
tive amplitudes are given in Table 2. These lifetimes are on


the timescale of a few nanoseconds to less than 100 ps,
which is much shorter than that of about 1200 ns observed
for 3[21] and shows the strong quenching of the [Ru(bpy)3]


2+


emission by the dinuclear Ru complex. The reason for the
multi-exponential emission decay, with the presence of
minor components on the timescale of 1–10 ns and above,
may be either the conformational flexibility of the link be-
tween the [Ru(bpy)3]


2+ and Ru2 units, which results in a
range of relative distances and orientations, or partial rear-
rangements of the dinuclear complex moiety that lead, for
example, to partial loss of acetate and/or change of coordi-
nation mode in solution. The latter explanation is supported
by the fact that addition of small amounts (<1%) of water
strongly affected the emission decay curves, increasing the


Figure 2. EPR spectra of 1 and 2 (1 mm) in CH3CN. Temperature: 6 K;
microwave frequency: 9.48 GHz; microwave power: 0.2 mW; modulation
amplitude: 10 G.


Figure 3. Absorption spectra of 1 (solid line) and 2 (dashed line) in
CH3CN. Inset: Absorption spectra of 1 in different redox states: RuII,III2


(solid), RuIII,III2 (dashed) and RuII,II2 (dot-dashed). Measured in a 1 mm
cell in CH3CN with 0.1m TBAPF6.


Table 2. Emission lifetimes in the different redox states of the Ru2 unit.


Emission lifetimes/ns (rel. amplitude)[a]


Complex RuII,II2 state RuII,III2 state RuIII,III2 state


2 0.06 (60%) 0.15 (74%) <0.05 ps (58%)
0.63 (24%) 1.2 (15%) 0.35 (23%)


3.0 (10%)
2a 0.45 (75%) 0.4 (75%) 1.2 (72%)


3.0 (24%) 3 (27%) 5 (24%)
2b –[b] <0.05 (43%) –[b]


0.5 (22%)[c]


[a] In acetonitrile. Minor components (�10%) with lifetimes of >10 ns
are not given; see text. [b] Not measured. [c] Long-lived components
with more than 10% of the amplitude were present.
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long-lived components. Importantly, a complex very similar
to 2, but with two of the pyridine ligands of the Ru2 moiety
exchanged for phenolate, displayed a very similar multi-ex-
ponential emission decay in the initial redox state RuIII,III2 .[38]


When reduced to the RuII,III2 state, however, the emission
decay became perfectly single exponential (99.8% of the
amplitude) with a lifetime of 4 ns. Notably, there was a
delay of a few minutes between complete electrochemical
reduction and the simplification of the decay to a single ex-
ponential. This suggests that the Ru2 complex did undergo
coordination changes on a timescale of a few minutes when
reduced to the RuII,III2 state, for instance, change in acetate
coordination, as discussed above, to give a single complex
structure also in solution. This shows that the multi-expo-
nential decay is not simply due to impurities or experimen-
tal artefacts, but is an intrinsic property of the complex in
solution.
The complexes were also investigated by femtosecond


transient absorption spectroscopy in their initial RuII,III2 state.
The transient spectra of 2 and 2a after excitation at 490 nm
are shown in Figure 4. At 10 ps after excitation the spectra
show bleaching of the MLCT band of the [Ru(bpy)3]


2+ unit
around 450 nm (470 nm for 2a) and a positive transient ab-


sorption above 500 nm (above 520 nm for 2a). These transi-
ent signals were significantly smaller after 400 ps, and for 2
the fact that the shape of the spectrum remained the same
as after 10 ps indicated decay to the ground state. For 2a,
however, the shape of the signal at 400 ps was somewhat dif-
ferent, and at 530 nm the signal was even higher than after
10 ps. The transient trace at this wavelength (Figure 5b)
showed a clear rise-and-decay behavior, which could be
fitted to simple two-step consecutive kinetics (A!B!C)
with time constants for rise and decay of t=350 ps and t=


1580 ps, respectively. For 2b, the rise and decay around
530 nm were much smaller in amplitude (Figure 5c), but
gave similar time constants of t=250 ps and t=1490 ps, re-
spectively. Finally, for 2, no rise at all was observed around
this wavelength, and the bleaching recovery could be fitted
to biexponential kinetics with t1=55 ps and t2=290 ps and
equal amplitudes for the components (Figure 5a).
The bleaching recovery kinetics of the three complexes


are in fair agreement with those observed in the emission
decays. With a multi-exponential decay behavior, and com-
ponent lifetimes that are on the order of the response func-
tion of the emission experiments, perfect agreement cannot
be expected. Thus, the dominant 150 ps component in the


Figure 4. a) Transient absorption spectra of 2 recorded at 10 ps (solid line) and 400 ps (dashed line) after excitation at 490 nm. b) The corresponding spec-
tra of 2a. The inset shows the difference obtained by subtracting the two spectra at 10 ps and 400 ps. Arrows shows the direction of the time evolution of
the signal.


Figure 5. a) Kinetics indicating no product formation for 2 ; decay of the excited state is shown as bleaching recovery at 450 nm. b) and c) Kinetics show-
ing formation and decay of the electron-transfer product for 2a and 2b, respectively. Kinetics in panels b) and c) were recorded at 530 nm. Thick lines
correspond to fits.
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emission decay of 2 probably represents a weighted average
of the 55 and 290 ps components of bleaching recovery (at-
tributed to excited-state decay), while the small 1.2 ns emis-
sion component is poorly resolved in the transient absorp-
tion experiment. At the end of the optical delay, after 8 ns,
about 10% of the ground state bleaching remained, consis-
tent with the presence of about 10% of emission compo-
nents with lifetimes above a few nanoseconds. For 2a the
agreement is also good, but the minor, approximately 3 ns,
component in the emission decay is probably masked by the
approximately 1.6 ns transient absorption component attrib-
uted to decay of the intermediate (see above). For 2b both
methods indicate a relatively large fraction (ca. one-third)
of complexes with a much longer lifetime (>10 ns). Presum-
ably, the preparation of 2b by hydrolysis of 2a resulted in
partial demetallation of the Ru2 site, or even breaking of the
amide bond that attaches this complex to the [Ru(bpy)3]


2+


unit. This would then decrease or even eliminate emission
quenching and lead to a longer lifetime in a fraction of the
complexes.
The inset of Figure 4b shows the difference in transient


absorption at 400 ps and 10 ps for complex 2a. This double-
difference spectrum displays mainly the features of the [Ru-
(bpy)3]


2+ ground state, showing that most of the excited
state decay regenerates the ground state on this timescale.
In addition, there is a relatively weak absorption around
530 nm that tails off towards the red. This is not the product
of energy-transfer quenching by the Ru2 unit (i.e. , a [Ru2-
(bpmp)Ac2]


+ excited state), because direct excitation of 1
revealed only very short lived (t�6 ps) transients (not
shown).[39] Instead it must be attributed to electron-transfer
products (see below).


Quenching mechanisms : As indicated in the introduction,
the aim with complex 2 was to mimic fundamental PSII re-
actions by photooxidizing the [Ru(bpy)3]


2+ unit—initially
with an external electron acceptor—and to use this to drive
intramolecular oxidation of a potentially catalytic Ru2 com-
plex. However, a crucial property is the excited-state life-
time of the complexes, which is intimately linked to the pos-
sibility of generating intermediate [Ru(bpy)3]


3+ complexes
by oxidative quenching by an external electron acceptor.
Since we have earlier shown that the excited state of the
[Ru(bpy)3]


2+ chromophore is quenched by appended mono-
meric and dimeric manganese complexes,[8,13,24] we anticipat-
ed a similar result also for 2. The quenching rate was, how-
ever, much faster in all investigated oxidation states of 2
than for the previously investigated RuMnII,II2 complex 4[13] .
The latter displayed an excited-state lifetime of 110 ns for
the dominant component, which is three orders of magni-
tude longer than the main lifetime of 2 (t�150 ps), in spite
of the fact that both complexes are based on the same struc-
ture. The dinuclear ruthenium moiety of complex 2 is thus a
much more efficient quencher than the corresponding dinu-
clear manganese complex, and it is important to elucidate
the mechanisms responsible for this difference.


Two types of quenching mechanisms must be considered:
electron-transfer (ET) and energy-transfer (EnT) quench-
ing. Heavy-atom quenching can be excluded, because Ru is
already present in the [Ru(bpy)3]


2+ chromophore itself, and
paramagnetic quenching is not likely, as the diamagnetic
RuII,II2 state is an equally efficient quencher as the RuII,III2


state. The Coulombic (Fçrster) mechanism of energy trans-
fer can be excluded, as the direct calculation of the rate
from the transition dipole moments and the spectral overlap
of the [Ru(bpy)3]


2+ emission and the Ru2 absorption
[40] for


all oxidation states of 2, 2a, and 2b gives predicted rates on
the timescale of 100 ns, much slower than the observed
ones. In contrast the rate constant for the exchange
(Dexter) mechanism cannot be directly calculated from the
spectra and may be operative in this case. Note that the ex-
cited state of the Ru2 complex 1 was very short lived (t=
6 ps) and nonemissive, so that no observable EnT products
are expected. Quenching by ET is also possible, and the
driving force for the possible reactions was calculated with
the standard Weller equation: �DG0=E00�e(E0


D�E0
A),


where E00 [eV] is the excited-state energy of the
[Ru(bpy)3]


2+ unit, estimated from the maximum of the emis-
sion spectrum at 77 K of the corresponding unquenched ref-
erence complexes 3 (E00=2.1 eV) and 3a (E00=2.0 eV), and
E0


D and E0
A are the formal potentials for the electron donor


and acceptor, respectively, determined by cyclic voltamme-
try (see above and Table 1). Thus, in the RuII,III2 state there is
a significant driving force for both oxidative (�DG0=


0.65 eV for 2) and reductive (�DG0=0.40 eV for 2) ET
quenching. In the RuII,II2 state, only reductive quenching is
possible (�DG0=1.10 eV for 2), while the opposite is true
for the RuIII,III2 state (�DG0=1.35 eV). For 2a oxidative
quenching is about 0.3 eV less favorable than in 2, while re-
ductive quenching has a driving force that is about 0.2 eV
larger. The values for 2b should be intermediate, but closer
to those for 2a.
We used the transient absorption data and the variation


of excited-state lifetime between 2, 2a and 2b to determine
which quenching mechanism(s) is(are) operative in the dif-
ferent redox states. In the RuII,III2 state the intermediate ob-
served in transient absorption around 530 nm must be due
to ET. If this is an oxidative quenching most of the inter-
mediate absorption above 500 nm would be due to reduc-
tion of the Ru2 unit, for which the RuII,II2 �RuII,III2 absorption
difference would give a band around 500 nm (De�5T
103m�1 cm�1, see inset of Figure 3). For reductive quenching,
most of the transient absorption would be due to the forma-
tion of the reduced [Ru(bpy)3]


+ complex with a band
around 510 nm (De�1T104m�1 cm�1).[36, 37] The main result
of the quenching, however, is the regeneration of the
ground state [Ru(bpy)3]


2+ , also in the case of 2a (Figure 4b,
inset). This shows that at least one additional quenching
mechanism operates in parallel but does not lead to long-
lived, observable products. From a comparison of the initial
excited-state bleaching at 450 nm (for 2) or 470 nm (for 2a
and 2b) after 10 ps (De�1T104m�1 cm�1)[41] and the maxi-
mum amplitude of the reduced [Ru(bpy)3]


+ intermediate at
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530 nm, it seems that reductive quenching may account only
for about 15–25% of the total quenching reaction in 2a, as
little as 2–3% in 2b, while for 2 no intermediates at all
could be observed. In contrast to this substantial difference
in ET yield, the excited-state lifetime varied only little; 2
has the lowest and 2a the highest value. This suggests that
the rate of the dominant quenching reaction, which did not
lead to observable products but has the larger influence on
the net quenching rate, increases slightly in the order 2a<
2b<2, while the observed ET reaction shows a larger varia-
tion in rate and in the opposite order: 2<2b<2a. As the
ET products give only small changes in transient absorption
compared to [Ru(bpy)3]


2+ recovery (Figure 4b, inset) we
cannot determine whether it is oxidative or reductive
quenching from the spectra. However, we suggest below
that it is probably a reductive quenching leading to
[Ru(bpy)3]


+ and RuIII,III2 intermediates, while the dominant
quenching mechanism is either exchange EnT or ET to the
Ru2 unit.
In the lowest excited state of [RuII(bpy)3] complexes,


which is a triplet metal-to-ligand charge transfer (3MLCT)
state, the excess electron is localized on the ligand that is
easiest to reduce.[36,37] Hopping between isoenergetic ligands
is rapid, on the timescale of tens of picoseconds[42,43] or
probably even much faster, as was recently discussed.[44]


Thus, through-bond ET or EnT (Dexter) from the excited
state complex to an acceptor linked to one of the bipyridine
ligands will occur by first localizing the MLCT state on that
ligand from which ET or EnT then occurs. As hopping is
rapid, the observed rate is generally given by the equilibri-
um fraction of MLCT states localized on that ligand (a
Boltzmann population) multiplied by the intrinsic rate con-
stant for ET or EnT from that ligand[45] (cf. also the results
of Kelly and Rogers[46]). For exchange EnT or oxidative ET,
an electron should be transferred from the bipyridine to the
Ru2 unit. In 2, the MLCT state will already be predominant-
ly localized on the substituted, bridging bipyridine due to
the electron-withdrawing amide group, as shown earlier by
spectroscopic and electrochemical data for the same type of
chromophore.[13,24] In 2a and 2b, the two electron withdraw-
ing groups on each of the nonbridging bipyridines will in-
stead localize the MLCT state preferentially on these li-
gands.[24] This will reduce the observed quenching rate, and
we have used this effect with success in the RuMn complex
5a[24] to reduce the quenching rate by almost three orders of
magnitude as compared to 5. For a reductive quenching, the
effect of the substituents would be the opposite, as an elec-
tron should be transferred from the Ru2 unit to a metal-
based orbital of the excited [Ru(bpy)3]


2+ . This reaction
would most likely be slower if the MLCT state is localized
in the bridging ligand, so that the ligand mediating through-
bond ET is already formally reduced. Based on this argu-
ment one would expect 2a to give the fastest reaction and 2
the slowest. This is exactly what is observed for ET quench-
ing giving detectable intermediates, and we therefore assign
that process to reductive quenching. The dominant quench-
ing instead follows the trend expected for exchange EnT


and oxidative ET. If the recombination reaction after oxida-
tive ET is very rapid (t<100 ps), as in the RuII,III2 excited
state decay, neither of them would give detectable products,
and we cannot discriminate between these two mechanisms.
For the RuII,II2 and RuIII,III2 state of the complexes no transi-


ent absorption data are available. In the former state, oxida-
tive quenching can be excluded, however, as the RuII,II2 com-
plex cannot be further reduced by excited [Ru(bpy)3]


2+ . In
addition, the fact that the excited state lifetimes are about
ten times longer in 2a than in 2 is inconsistent with the ex-
pected trend for reductive quenching, as described above.
Thus, we assign the quenching in the RuII,II2 state to (pre-
dominantly) exchange EnT. Similarly, for the RuIII,III2 state
reductive quenching is not possible. The fact that the excit-
ed-state lifetimes are about one order of magnitude longer
in 2a than in 2 is consistent with both EnT and oxidative
ET, and we cannot discriminate between these two mecha-
nisms.
To conclude, the quenching of the [Ru(bpy)3]


2+ excited
state in the investigated complexes occurs by different
mechanisms (EnT and oxidative or reductive ET) depending
on the oxidation state of the Ru2 moiety. In the RuII,III2 state
our data suggest that at least two different mechanisms are
operative in parallel. Only the minor, reductive quenching
gave rise to detectable products, that is, [Ru(bpy)3]


+ and
RuIII,III2 , which recombined with a lifetime of 1–2 ns. Previ-
ously, we reported that exchange EnT quenching of the
[Ru(bpy)3]


2+ excited state by the mononuclear manganese
in complex 5 was decreased by a factor of about 600 when
the nonbridging bipyridines were substituted with ester
groups (5a).[24] It is surprising that the improvement in excit-
ed-state lifetime obtained with the same strategy in the pres-
ent study is much smaller: the lifetime of 2a is only about
ten times longer than that of 2. This may be explained, how-
ever, by the fact that the bridging bipyridine ligand in the
present complexes 2 is about 100 mV easier to reduce than
that in 5. This will increase the Boltzmann population of the
bridge-localized MLCT state in 2a by a factor of about 50
as compared to 5a, and thus explains the around 50 times
smaller enhancement of the excited-state lifetime. An obvi-
ous conclusion of these results is that the bridging bipyridine
should be designed without electron-withdrawing groups, so
that the MLCT state is more strongly localized on the non-
bridging bipyridines. In this way quenching by both ex-
change EnT and oxidative ETwill be reduced, and the excit-
ed state lifetime may be long enough for the desired photo-
oxidation of [Ru(bpy)3]


2+ by an external acceptor, as we
have done in our previous studies.[8] In the present case,
however, we need to use an electron acceptor that is faster
than what can be obtained in a bimolecular, diffusional reac-
tion, so that it may be efficient on the short timescale of the
excited-state lifetime. Although some photooxidation of the
[Ru(bpy)3]


2+ unit may be possible to observe with a high
concentration of, for example, methylviologen as acceptor,
this method would selectively sample the minor, longer
lived excited state components which may not be represen-
tative of the sample.
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Photoinduced ET on nanocrystalline TiO2 : The carboxyl
and ester groups at the [Ru(bpy)3]


2+ moiety of complexes
2a and 2b offer the possibility of attachment to nanostruc-
tured TiO2, which is known to accept electrons from ruthe-
nium dyes with injection times on the order of femtoseconds
to picoseconds.[47–50] Transient absorption spectra of 2a at-
tached to a TiO2 film (2a-TiO2) system are shown in
Figure 6. Although no spectral features corresponding to


formation of RuIII,III2 could be observed on the picosecond
timescale after excitation, a new transient absorption band
is observed at 300 ns delay. The spectral profile of this band
matches that of the RuIII,III2 state[31] (Figure 3, inset), that is,
the dinuclear ruthenium moiety is oxidized after excitation.
In accordance with recent studies on TiO2 sensitized by mo-
lecular dyads,[32,51–54] we propose the following scheme for
RuIII,III2 formation: First, excitation of the [Ru(bpy)3]


2+sensi-
tizer is followed by electron injection into the conduction
band of TiO2 to give the RuII,III2 -[RuIII(bpy)3]-TiO2(e


�) state.
This is consistent with the transient absorption spectrum
after 200 ps, which shows ground-state bleaching below
530 nm and weak absorption above 530 nm due to
[RuIII(bpy)3] and the electrons in the TiO2 conduction band.
Then a second electron transfer from the RuII,III2 moiety
gives the final charge-separated state RuIII,III2 -[RuII(bpy)3]-
TiO2(e


�), which is characterized by a long lifetime of t1/2
�1 ms (Figure 6) and for which the expected RuIII,III2 �RuII,III2


absorption difference (Figure 3) matches well the transient
spectrum observed after 300 ns (Figure 6). Although we can
not precisely determine the rate constant for the second
electron transfer, we can conclude that the rate lies in the
range 109>k>107 s�1, since its kinetic component is too fast
to be resolved by nanosecond flash photolysis (resolution


limit ca. 50 ns) and too slow for detection in the femtosec-
ond experiment (upper limit ca. 700 ps in this particular ex-
periment). The final step is charge recombination, which in
Ru/TiO2 systems is highly nonexponential and depends on
many parameters.[55] Nevertheless, as is shown in the inset of
Figure 6, for the 2a-TiO2 system the resulting charge-sepa-
rated state has a very long lifetime and decays on the milli-
second timescale. Similar results have been obtained also
for the 2b-TiO2 system (data not shown). Under the condi-
tions of the experiment in Figure 6 charge recombination
with similar Ru complexes, but without an appended elec-
tron donor, occurs in less than 100 ms.[32] The much slower
recombination in 2a and 2b is a significant improvement,
and is comparable to the recombination rates of highly effi-
cient TiO2 sensitizers such as RuN3.[47,55] It is also compara-
ble to the slow recombination rates observed for previous
systems with Ru–donor dyads as TiO2 sensitizers.[32,51–54]


Note, however, that the ground-state recovery kinetics mea-
sured for 2a and 2b in the femto- to picosecond time
domain do not show significant differences when going from
solution to TiO2 (data not shown), and this suggests that the
primary electron injection is rather inefficient. Due to the
multi-exponential character of these kinetics and poorer
signal/noise ratio for the 2a(2b)-TiO2 system it was impossi-
ble to precisely determine the injection efficiency, but it
clearly does not exceed 10%. Nevertheless, this system is a
promising starting point for the development of entirely Ru-
based systems for mimicking the donor side reactions of
PSII.


Conclusion


Efficient electron transfer from the sensitizer to the accept-
or is crucial for the development of PSII models. Two im-
portant factors are the nature and lifetime of the excited
state of the sensitizer. All the trinuclear ruthenium com-
plexes investigated in this work have very short emission
lifetimes, a feature which is quite different from the [Ru-
(bpy)3Mn2] complexes we have studied previously.[13,17] Be-
cause of the short lifetime, it seems difficult to initiate pho-
tooxidation of the excited [Ru(bpy)3]


2+ by an external elec-
tron acceptor. However, the desired photoinduced multistep
electron transfer was achieved by attaching the Ru(bpy)3
unit to nanocrystalline TiO2 as acceptor, which resulted in
long-lived charge separation, albeit with a low yield. On the
other hand, since the dominant quenching responsible for
the short emission lifetime of trinuclear ruthenium com-
plexes is exchange EnT and/or oxidative quenching, it
should be possible to reduce this effect by introducing an
electron-donating group instead of the electron-withdrawing
group on the bridging bipyridine ligand. This may increase
the excited-state lifetime and allow the use of external ac-
ceptors other than TiO2. In conclusion, polyruthenium com-
plexes could be used as alternative electron donors in an ar-
tificial system for water oxidation or solar cells, and this
study is a first attempt to construct such a system.


Figure 6. Transient absorption spectra of 2a-TiO2. Femtosecond excita-
tion at 490 nm was used to obtain the transient spectrum at 200 ps, while
7 ns excitation pulses centered at 480 nm were used for measurements on
the nanosecond timescale. The inset shows decay of the product moni-
tored at 600 nm.
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Experimental Section


Materials : All chemicals were purchased from Aldrich or Lancaster and
used as received. All solvents were dried by standard methods. Silica gel
60 (0.043–0.063 mm, Merck, Darmstadt, Germany) was used for column
chromatography. Complexes cis-[RuCl2(dmso)4],


[56] 1,[31] 3[21] and 3a[32]


were prepared as described earlier.


Mass spectrometry : Electrospray ionization mass spectrometry (ESI-MS)
was performed on a Bruker Daltonics BioAPEX-94e superconducting
9.4T FTICR mass spectrometer (Bruker Daltonics, Billerica, MA, USA)
in broad mode. A homebuilt apparatus controlled the direct infusion of
the sample. The sample (dissolved in CH3CN/H2O/HOAc 49.5:49.5:1)
was delivered by using a helium gas container at a pressure of 1.3 bar
that pushed the sample through a 30 cm fused silica capillary of inner di-
ameter 20 mm. The sample end of the capillary was lowered into the
sample tube inside the pressurized container, and the electrospray end
was coated by a conducting graphite/polymer layer[57] and connected to
ground. No sheath flow or nebulizing gas was used, and the flow rate was
approximately 100 nLmin�1. The ion source was coupled to an Analytica
atomsphere/vacuum interface (Analytica of Branford, CT, USA), and a
potential difference of 2–4 kV was applied across a distance of approxi-
mately 5 mm between the spraying needle and inlet capillary.


TiO2 film preparation : To obtain a nanocrystalline TiO2 film of uniform
thickness, we used a glass rod to spread a drop of viscous TiO2 suspen-
sion onto a microscope glass slip. After drying in air at room temperature
for about 2 h, it was sintered at 420–440 8C for 30 min to form a transpar-
ent TiO2 film. Dye sensitization of the TiO2 film was carried out by soak-
ing the still-hot film in an acetonitrile solution of the dye and incubating
in the dark at room temperature for about 24 h. After the sensitization
procedure the film was rinsed with acetonitrile to wash off the unattach-
ed dye, dried at room temperature, covered with acetonitrile and another
microscope glass slip and finally sealed.


UV/Vis absorption spectroscopy : UV/Vis absorption spectra were mea-
sured on a Hewlett Packard 8453 instrument. The time-resolved measure-
ments were performed on two similar systems. Femtosecond pulses were
obtained from a Ti:Sapphire oscillator pumped by the 5 W output of a
CW frequency-doubled, diode-pumped Nd:YVO4 laser or an Ar ion
laser. The oscillator, operating at a repetition rate of 82 or 76 MHz, was
amplified by a regenerative Ti:Sapphire amplifier pumped by a Nd:YLF
laser (1 kHz) producing about 130 fs pulses with an average energy of
about 0.9 mJ per pulse and a central wavelength at 800 nm. The ampli-
fied pulses were divided into two paths: one to pump an optical paramet-
ric amplifier for generation of excitation pulses, and the other to produce
white-light continuum probe pulses in a sapphire or CaF2 plate. The
mutual polarization of the pump and probe beams was set to the magic
angle (54.78) by using a polarization rotator placed in the pump beam.
For signal detection, the probe beam and an identical reference beam
that had no overlap with the pump beam were focused onto the entrance
slit of a spectrograph, which then dispersed both beams onto a home-
built dual photodiode array detection system. Measurements on the
nanosecond to second timescale were carried out using a nanosecond
laser flash photolysis setup. Excitation pulses at 480 nm (0.4 mJ, 7 ns
fwhm) were obtained from a Quanta-Ray master optical parametric os-
cillator (MOPO) pumped by a Quanta-Ray 230 Nd:YAG laser (355 nm).
The probe light was provided by a 75 W Xe arc lamp and was collinear
with the excitation beam. After passing through the sample, the probe
light was spectrally filtered by two monochromators and finally detected
by a Hamamatsu R928 photomultiplier tube.


The time-resolved emission experiments were performed with a conven-
tional time-correlated single-photon counting setup. Excitation was per-
formed with laser pulses at 400 nm and 200 kHz repetition frequency at a
power of <1 mW. Emission wavelengths were selected with suitable fil-
ters and detected with a Peltier-cooled detector.


Electrochemistry : Cyclic voltammetry and differential pulse voltammetry
were performed with an Autolab potentiostat with an GPES electro-
chemical interface (Eco Chemie), a glassy carbon disk (diameter 3 mm,
freshly polished) as working electrode, a platinum spiral in a compart-


ment separated from the bulk solution by a fritted disk as counterelec-
trode and a nonaqueous Ag/Ag+ electrode (CH Instruments, 0.01m
AgNO3 in acetonitrile) with a potential of �0.08 V versus the ferroceni-
um/ferrocene (Fc+/Fc) couple in acetonitrile as external standard. All po-
tentials reported here are versus SCE by adding +0.380 V to the poten-
tials measured versus the (Fc+/Fc) couple.


Half-wave potentials (E1/2) were determined by cyclic voltammetry as the
average of the anodic and cathodic peak potentials (E1/2= (Epa+Epc)/2).
The reversibility was determined by the peak-to-peak separations DEp


(DEp=Epa�Epc) and the ratio of the anodic to cathodic peak currents
(ipa/ipc).


Solutions were prepared from dry acetonitrile (Merck, spectroscopic
grade, dried with 3 7 MS) and contained ca. 1 mm of the analyte and
0.1m tetrabutylammonium hexafluorophosphate (Fluka, electrochemical
grade, dried at 373 K) as supporting electrode. The glassware used was
oven-dried, assembled and flushed with argon while hot. Before all mea-
surements the stirred solutions were bubbled with solvent-saturated
argon, and the samples were kept under argon atmosphere during mea-
surements.


EPR spectroscopy : EPR spectra were collected from a sample of com-
plex 2 after dissolution in dry acetonitrile and freezing in liquid nitrogen.
The concentration of 2 in the frozen solution was ca. 1 mm. EPR mea-
surements were carried out on a Bruker E500 X-band spectrometer
equipped with a Bruker dual-mode cavity and an Oxford Instruments
temperature controller and ESR900 flow cryostat. Spectrometer configu-
ration: See legend to Figure 2.


[Ru(bpy)3]
2+-BPMP[RuII,III2 (m-OAc)2](PF6


�)4 (2): [RuCl2(dmso)4] (38 mg,
0.078 mmol) and NaOAc (68 mg, 0.8 mmol) were added to a solution of
3[21] (56 mg, 0.036 mmol) in MeOH (5 mL). The mixture was refluxed for
18 h under N2 in the dark. A saturated solution of NH4PF6 in methanol
was added to the resulting red-brown solution. Most of the solvent was
removed under reduced pressure. The residue was dissolved in CH2Cl2
(20 mL) and washed with water (3T15 mL). The organic phase was dried
over Na2SO4. Removing the solvent afforded 51 mg (66%) of the desired
product as the PF6


� salt. ESI-MS: m/z : 1996.1 [M�PF6
�]+ (calcd 1996.1),


925.6 [M�2PF6
�]2+ (calcd 925.6), 568.7 [M�3PF6


�]3+ (calcd 568.7); ele-
mental analysis calcd (%) for C73H70F24N13O8P4Ru3·7CH3OH: C 40.63, H
4.18, N 7.70; found: C 40.89, H 4.21, N 7.62.


Trinuclear ruthenium(ii,ii,iii) complex 2a : This complex was prepared in
a similar way to 2. Ligand 3a[32] (57 mg, 0.031 mmol), [RuCl2(dmso)4]
(33 mg, 0.068 mmol) and NaOAc (31 mg, 0.38 mmol) in MeOH (10 mL)
were refluxed for 18 h under N2 in the dark. A saturated aqueous solu-
tion of NH4PF6 was added to the resulting red-brown solution. After
three days, the brown-red solid was collected by filtration, washed with
water and diethyl ether and dried under vacuum. Yield: 36 mg (47%).
ESI-MS: m/z : 2229.3 [M�PF6


�]+ (calcd 2229.2), 1042.1 [M�2PF6
�]2+


(calcd 1042.1), 646.4 [M�3PF6
�]3+ (calcd 646.4), 448.6 [M�4PF6


�]4+


(calcd 448.6); elemental analysis calcd (%) for C85H86F24N13O16


P4Ru3·NH4PF6·2MeOH·0.5NaPF6: C 38.14, H 3.61, N 7.16; found: C
38.31, H 3.53, N 7.12.


Trinuclear ruthenium(ii,ii,iii) complex 2b : This complex was prepared by
hydrolysis of complex 2a. Compound 2a (22 mg, 9.2 mmol) was dissolved
in acetone (5 mL), and 2m NaOH (40 mL, 80 mmol) was added. The mix-
ture was refluxed for 2 h. After the mixture had been cooled to room
temperature, 2n HCl (0.1 mL) was added, followed by addition of excess
NH4PF6. Acetone was removed and the residue was washed with H2O
and dried. The reaction gave 2b in 14 mg yield. No further purification
was attempted for this complex.
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Protonation, Deprotonation, and Protonation:
Conjugated Photochemical Reactions of Ferrocenylazophenol
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Introduction


Azo compounds have been the subject of numerous spectro-
scopic and photochemical investigations because of their po-
tential application in photoactive materials.[1–4] Compounds
of the ferrocene family have been important media for elec-
trochemical investigations due to their high stability and
good solubility, and because their reversible electron trans-
fer can be easily controlled.[5] The combination of these two
molecules should produce a new type of photoresponsive
material, in which the energy of the iron d orbital in ferro-
cene lies between the p and p* levels of azobenzene, and
thus the d–p* interaction should result in a lower energetic
transition. In a previous series of studies on azo-conjugated
photochromic complexes,[6–13] we reported the photoisomeri-
zation of azoferrocene, which underwent isomerization to
form a cis isomer in polar media through excitation of not
only a p–p* transition but also a d–p* transition (metal-to-
ligand charge transfer, MLCT).[10] But in a subsequent inves-
tigation we noticed that the photoreaction was irreversible
and complicated, indicating that our initial report was incor-
rect, and so we published a corrigendum.[11] In another study
on the ferrocene–azobenzene combined system, we found
that 3-ferrocenylazobenzene undergoes reversible trans–cis
photoisomerization through the combination of single green


light irradiation and the ferrocene–ferrocenium redox
change.[12] The utilization of a low-energy MLCT band for
the azobenzene isomerization has also been reported for
metalladithiolene complexes.[8,9]


In the present study, we carried out a detailed analysis of
the photoreaction mechanism of 4-ferrocenylazophenol
(FAP) and 8-(4-ferrocenylazophenoxy)octanyl-1-bromide
(FAOB). This is because our previous investigation on the


photoreaction mechanism of azoferrocene gave unclear re-
sults due to the instability of the reaction product. By using
FAP and FAOB we have been able to isolate and character-
ize the photoreaction products, which are derivatives of phe-
nylhydrazonocyclopentadiene (PHP), indicating an elevated
reactivity of the photoexcited form with a proton in solu-
tion. We also investigated the protonation of FAP and
found it displayed reversible changes of protonation and de-
protonation with sensitivity to both base and acid, leading
to significant changes in the optical properties accompanied
by an intramolecular electron transfer.


[a] Y. Men, S. R. Korupoju, M. Kurihara, J. Mizutani, Prof. H. Nishihara
Department of Chemistry, School of Science
The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033 (Japan)
Fax: (+81) 3-5841-4346
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Abstract: 4-Ferrocenylazophenol (FAP)
and 8-(4-ferrocenylazophenoxy)octanyl-
1-bromide (FAOB) have been synthe-
sized and their protonation and photo-
chemical behavior have been investi-
gated. FAP showed reversible protona-
tion and deprotonation behavior in the
presence of trifluoroacetic acid and po-


tassium tert-butylate, respectively. FAP
and FAOB exhibit high photoreactivity,
which was induced through excitation


of not only the p–p* band by UV light
but also the d–p* band by green light.
The photoreaction of FAP and FAOB
in ethanol or acetonitrile with a trace
amount of water afforded phenylhydra-
zonocyclopentadiene (PHP) derivatives,
indicating that hydrolysis of the photo-
excited species occurs.


Keywords: azo compounds ·
ferrocenes · isomerization ·
photochemistry · protonation
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Results and Discussion


Synthesis and structure : FAP was synthesized by the reac-
tion of p-phenolyldiazonium chloride[14] with lithiated ferro-
cene, and its bromooctyl ether (FAOB) was prepared by the
reaction of FAP with anhydrous potassium carbonate and
dibromooctane. They were both characterized by means of
NMR spectroscopy, mass spectrometry, and elemental analy-
sis. The combination of the azo group with ferrocene exhib-
ited a distinct color change due to the appearance of an
MLCT band around 520 nm, which was an indicator of the
reaction. A single crystal of FAP for X-ray crystallography
was obtained through recrystallization from dichlorome-
thane/hexane; an ORTEP image of the crystal is displayed
in Figure 1. The azo group is in the trans form, and the cy-


clopentadienyl (Cp) ring and the phenyl ring are not in the
same plane as the azo group, with torsion angles of 7.0 and
14.2 degrees, respectively (Figure 1a). The length of the N=


N double bond is between those of azobenzene and azofer-
rocene,[15] that is, it is longer than the former and shorter
than the latter. This is related to the groups around the N=


N bond:[16] two acceptors (Ph) for azobenzene, two donors
(Fc) for azoferrocene, and the acceptor–donor (Ph–Fc) com-
bination for FAP. Figure 1b shows the structure of FAP
within 3 L around the N2 atom. The distance between N2
and O1 is 2.88 L and equals the sum of the length of the
O�H bond and the distance between the N2 atom and the
H14 atom of a neighboring molecule. This suggests the for-
mation of a hydrogen bond between the N2 and H14 atoms,
which probably hinders the three parts—Ph, azo, and Fc—
from forming a coplanar structure for p conjugation. More-


over, the formation of a hydrogen bond also plays an impor-
tant role in the photoreaction of FAP, as noted below.


Protonation and deprotonation behavior of FAP : The UV-
visible absorption spectrum of trans-FAP in acetonitrile
shows intense bands at 340 and 520 nm, as displayed in
Figure 2, ascribable to the p–p* transition of the azo group


and the d–p* transition (MLCT), respectively.[17] A purple
solution of trans-FAP in acetonitrile became yellow with a
decrease in intensity of the p–p* band of the azo group at
340 nm and appearance of new bands at 440 and 730 nm
upon the addition of CF3COOH under a nitrogen atmos-
phere (Figure 2a). An electrospray ionization (ESI) mass
spectrum of the product showed a molecular ion peak at
307.1, corresponding to the monoprotonated form of FAP.
The facile attack of azo nitrogen by a proton has been ob-
served for azobenzene derivatives with electron-donating
moieties, such as metalladithiolene.[8] Thus, when H+ ap-
proaches an FAP molecule, it should attack the electron-
rich nitrogen atom next to phenol to form FAPH+-1
(Scheme 1), but it should not form any doubly protonated
products. A hydrogen bond to the nitrogen atom is formed
in the crystal structure of FAP, as noted above. When an
electron from ferrocene flows to the nitrogen atom intramo-
lecularly through a delocalized p bond, valence tautomeriza-
tion between a ferrocenium organic radical species (FAPH+


-2) and a FeII fulvene complex (FAPH+-3), which is isoelec-
tronic to the well-known CpFe+ arene complexes,[18] may
occur (Scheme 1). The existence of valence tautomers in the
protonated form is suggested by the appearance of low-


Figure 1. An ORTEP drawing of FAP with 50 % probability (a) and the
X-ray structure of FAP within 3 L around the N2 atom (b). Selected
bond lengths [L], bond angles [8], and torsion angles [8] are as follows:
Fe1�C1 2.039(3), N1�C1 1.429(4), N1�N2 1.254(4), N2�C11 1.444(4),
O1�C14 1.353(4); N1-C1-C2 131.7(3), N1-N2-C11 113.6(3), N1-C1-C5
119.6(3), N2-N1-C1 112.8(3), N2-C11-C12 125.6(3), O1-C14-C15 122.8(3),
N2-C11-C16 115.4(3), C1-N1-N2-C11 �179.2(3), N2-N1-C1-C2 7.0(6),
N1-N2-C11-C12 14.2(6), N1-C2-C3-C4 �179.6(4), N2-C11-C16-C15
�175.7(4). Hydrogen atoms in b) were added at the positions obtained
by calculation.


Figure 2. UV-visible spectral change of FAP (5.6 O 10�5
m) in acetonitrile


upon the stepwise addition of 0–18 mL of CF3COOH (a), and then upon
the stepwise addition of 0–42 mL of (CH3)3COK (1.57 O 10�2


m) in ethanol
(b).
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energy absorption peaks as observed in the azobenzene-
bound metalladithiolene complexes[8] and ferrocene–qui-
none donor–acceptor combined molecules;[19–22] that is, elec-
tron transfer between the three valence tautomers in
Scheme 1 corresponds to the appearance of a broad absorp-
tion peak at 730 nm. The strong absorption at 440 nm in
FAPH+ can be assigned to a p–p* transition, because the p


electron is significantly delocalized in the state of valence
tautomerization. Upon neutralization of FAPH+-1 with
(CH3)3COK, the initial absorption spectra were recovered
(Figure 2b).


We also studied the deprotonation of FAP. When triethyl-
amine was used as a deprotonation reagent, no change oc-
curred in the UV-visible spectra, indicating weak acidity of
the phenol moiety in FAP. When a strong base, (CH3)3COK,
was employed, a UV-visible spectral change occurred (Fig-
ure 3a) while the color of the solution changed from purple
to reddish orange. The p–p* band of FAP at 340 nm de-
creased, and a new peak appeared at 440 nm. The electron
density in the bridging ligand Cp�N=N�Ph was increased


by the addition of (CH3)3CO� ,
possibly because the proton in
the hydroxyl group of FAP was
eliminated, and this led to an
increase in electron delocaliza-
tion (Scheme 1). This delocal-
ized p-conjugated bond was en-
ergetically higher than that of
FAP, resulting in a redshift of
the p–p* transition from 340 to
440 nm. On neutralization with
CF3COOH, the UV-visible


spectra were restored to their initial state (Figure 3b).
We also investigated the deprotonation of FAP by using


1H NMR spectroscopy (Figure 4). Upon addition of


(CH3)3COK, all the peaks shifted to a higher field, because
the increase of charge density weakened the deshielding
effect of electronegative groups. The shift of the H1–H4 sig-
nals was affected more than that of the H5 signal, causing a
larger shift. This suggests that electron density is dispersed
along the whole molecule through the delocalized p-conju-
gated bond, which is in agreement with the results obtained
from UV-visible spectroscopy (Scheme 1).


In summary, FAP showed reversible protonation and de-
protonation characteristics in the presence of trifluoroacetic
acid or potassium tert-butylate, respectively.


Scheme 1. Protonation and deprotonation behavior of FAP.


Figure 3. UV-visible spectral change of FAP (5.6 O 10�5
m) in acetonitrile


upon the stepwise addition of 0–28 mL of (CH3)3COK (1.57 O 10�2
m) in


ethanol (a), and then upon the stepwise addition of 15 mL of CF3COOH
(b).


Figure 4. 1H NMR spectral change of FAP in [D3]acetonitrile before (a)
and after (b) the addition of (CH3)3COK in [D4]methanol, and the de-
pendence of the shift of proton peaks on base (c) (left scale for H1 and
H2, and right scale for H3, H4, and H5).
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Photoreaction of FAP in wet acetonitrile and in ethanol :
Upon photoirradiation at 546 nm to excite the MLCT band
or at 365 nm to excite the p–p* band of FAP in acetonitrile,
the solution turned from purple to yellow, exhibiting de-
creases in the intensity of the p–p* and d–p* bands and the
appearance of a new band at 400 nm, as shown in Figure 5.


Exactly the same spectral changes were observed when the
p–p* transition was excited by irradiation at 365 nm. In eth-
anol, a photochemical reaction showing similar spectral
changes occurred, and the reaction was faster than that in
acetonitrile.


From the photoirradiated solution of FAP in chloroform/
ethanol, a brownish-yellow photochemical product was iso-
lated by using silica gel column chromatography and was
characterized by means of 1H NMR spectroscopy (Fig-
ure 6a). The integral values of these peaks from the low
field in the 1H NMR spectrum were estimated to correspond
to 1, 2, 3, 1, 1, 1, and 1 hydrogen atoms, with a total corre-
sponding to 10 hydrogen atoms. This number and the spec-
tral pattern indicating the existence of an amine group, a
benzene ring, a hydroxyl group, and a cyclopentadiene ring
from the low field to the high field strongly suggest the
structure of 4-hydroxyphenylhydrazonocyclopentadiene
(PHP). This is supported by the results that the peak at
9.5 ppm assignable to amine protons disappeared and the
peak at 6.7 ppm assignable to a hydroxyl proton decreased
upon the addition of D2O to the solution of the photoreac-
tion product. ESIMS spectra of the photoreaction product
of FAP dehydrogenated with (CH3)3COK gave a peak cor-


responding to the monoanion with a mass number of 185.1,
which is in agreement with the molecular mass of 186.2 of
PHP. X-ray photoelectron spectroscopy (XPS) measure-
ments showed no peak corresponding to the Fe 2p-orbital
binding energy in the spectrum, while peaks of other ele-
ments existed, suggesting that the photoproduct did not con-
tain Fe. All of these results indicate that the photoreaction
product in ethanol is not the cis form of FAP but a hydroly-
sis product, PHP (Scheme 2). It should be noted that the


UV-visible spectrum of PHP was in agreement with the final
spectrum of FAP after photoirradiation (Figure 5) and that
the same peaks as for PHP also appeared in the same posi-
tion in the 1H NMR spectrum of the solution of FAP after


Figure 5. a) UV-visible spectral change of FAP (2.6 O 10�5
m) in acetoni-


trile at photoirradiation (lmax=546 nm) intervals of 10 min (c) and
UV-visible spectrum of PHP in acetonitrile (b). b) The plot of the
spectral change at 340 (^), 400 (&), and 520 nm (~) versus photoirradia-
tion time.


Figure 6. A 1H NMR spectrum of PHP (a), and the 1H NMR spectra of
FAP upon photoirradiation (lmax=546 nm) for b) 20, c) 10, d) 5, and
e) 0 h in CD3CN.


Scheme 2. Proposed photochemical reaction mechanism of trans-FAP.
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photoirradiation (Figure 6). This implies that iron dissocia-
tion occurs facilely following the photochemical and proto-
nation reactions in acetonitrile (with a trace amount of
water) and in ethanol. The quantum yields (F) for the reac-
tion of FAP were estimated to be 0.20 and 0.24 in wet aceto-
nitrile and ethanol, respectively, suggesting that the photoin-
duced reaction has a high level of photoactivity. It should be
noted that the photochemical reaction of FAOB in ethanol
proceeded in a similar manner to that of FAP, and the iso-
lated photoproduct was characterized as the derivative of
PHP, 8-bromooctanylphenolhydrazonocyclopentadiene
(BPHP).


Based on the data we collected, we postulated the photo-
reaction mechanism shown in Scheme 2. The intermediate
formed upon photoirradiation of the trans form was possibly
an h6-fulvene complex of FeII formed by intramolecular elec-
tron transfer (see Scheme 2).[18–22] If there is a proton source
such as ethanol or water in the reaction system, H+ attacks
first the electron-rich nitrogen atom (vide supra), and OR�


or solvent molecules coordinate to FeII, which leads to the
complex becoming unstable and quickly decomposing. The
FeII ion probably departed from the unit involving the azo
moiety to give solvated cyclopentadienyliron,[23] which co-
precipitates with other molecules or ions containing OH�


and PHP when the solution is concentrated.


Conclusion


In conclusion, ferrocenylazophenol (FAP) undergoes photo-
reactions through excitation of not only the p–p* band but
also the d–p* band, and the reaction is strongly dependent
on the existence of protons. The photoreaction gave a hy-
drolysis product, PHP, in ethanol or in wet acetonitrile. FAP
undergoes reversible protonation and deprotonation in the
presence of trifluoroacetic acid and potassium tert-butylate,
respectively.


Experimental Section


Materials : All the solvents and reagents were purchased from Kanto
Chemicals and used as received unless otherwise stated. The dichlorome-
thane, acetonitrile, and ethanol used for UV/Vis analyses were of spec-
troscopy and HPLC grade (Kanto Chemicals).


Apparatus : UV/Vis, IR, and 1H NMR spectra were recorded with
JASCO V-570 and Hewlett Packard 8453 UV/Vis spectrometers, a
JASCO FT/IR-62-v spectrometer, and JEOL EX270 and Brucker AM
500 spectrometers, respectively. ESIMS data were recorded with a Micro-
mass LCT spectrometer, and samples were prepared by addition of 1.59 O
10�2


m (CH3)3COK in ethanol. FAB mass spectra were recorded with a
JEOL JMS-SX102 spectrometer. XPS was carried out with a Rigaku
XPS-7000 spectrometer.


X-ray crystallographic structure determination : The single-crystal X-ray
diffraction data for compound FAP were collected at room temperature
on a Rigaku Mercury CCD imaging plate diffractometer with graphite
monochromated MoKa radiation operating at 50 kV and 40 mA. After
Lorentz and polarization corrections, the structure was solved by direct
methods (SIR97 program), expanded for the use of Fourier techniques,
and was refined by using full-matrix least-squares cycles on F 2. Selected


crystallographic data and experimental details are as follows: formula=
C16H14FeN2O; Mr=306.15 gmol�1; crystal dimensions=0.20 O 0.20 O
0.20 mm; monoclinic; a=10.932 (2), b=9.665(2), c=12.606(1) L; b=


95.153(3)8 ; V=1326.6(3) L3; space group=P21/a ; Z=4; 1calcd=


1.538 gcm�3 ; F000=636.00; R=0.056, wR=0.137.


CCDC-275708 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.


Photochemical measurements : Photoisomerization measurements were
carried out under a nitrogen atmosphere using a 500 W super-high-pres-
sure mercury lamp USH-500D (USHIO) for the 365 nm light irradiation
source and a 500 W Xe short arc lamp 500D-0 (USHIO) for the 546 nm
light irradiation source. The light wavelength was selected with a mono-
chromator (JASCO CT-10T). Determination of the photoreaction quan-
tum yields was carried out by using K3[Fe(C2O4)3] as a chemical actino-
meter.[12]


Synthesis of 4-ferrocenylazophenol (FAP): FAP was synthesized by using
a modified method to prepare 2-bromo-2’-methylazobenzene.[24] Under a
nitrogen atmosphere, the zinc chloride salt (2.2 g) of p-phenolyldiazoni-
um chloride[14] and dry ether (50 mL) were put into a flask (200 mL) and
then cooled to �70 8C in a dry-ice/acetone bath. A solution of lithiated
ferrocene in dry ether[25] (prepared from 2 g of ferrocene) was introduced
from a dropping funnel into the suspension of the diazonium salt with
vigorous stirring, and then the mixture was warmed to room temperature.
When it became dark purple, a small amount of dilute hydrochloric acid
was added to the solution. The mixture was extracted twice by dichloro-
methane (2 O 50 mL), then washed three times with distilled water, and
dried with sodium sulfate. After the solvent was removed, the resulting
mixture was purified by using silica gel column chromatography with
chloroform/hexane (10:1) to give a dark purple solid (0.50 g, 14%). After
recrystallization from dichloromethane/hexane, purple crystals were ob-
tained. 1H NMR (500 MHz, CDCl3, 25 8C): d=7.70 (d, 3J(H,H)=8.9 Hz,
2H; Ph), 6.88 (d, 3J(H,H)=8.9 Hz, 2H; Ph), 5.18 (s, 1 H; OH), 5.01 (t,
3J(H,H)=2.0 Hz, 2 H; Cp-N2), 4.51 (t, 3J(H,H)=2.0 Hz, 2H; Cp-N2),
4.22 ppm (s, 5H; Cp); FAB MS: m/z calcd for C11H14N2O: 306.15 [M+];
found: 306.20; elemental analysis calcd for C11H14N2O: C 62.77, H 4.61,
N 9.15; found: C 62.57, H 4.64, N 8.94.


Synthesis of 8-(4-ferrocenylazophenoxy)octanyl-1-bromide (FAOB):
FAOB was synthesized by a method similar to that used to prepare
2,6,10-tris[(5-bromopentyl)oxy]-3,7,11-tris(hexyloxy)triphenylene.[26] FAP
(300 mg) was dissolved in dry ethanol (60 mL), and then anhydrous po-
tassium carbonate (490 mg) and dibromooctane (1.3 g) were added to the
mixture. After the reaction mixture had been stirred at reflux for 72 h,
the solution was carefully decanted into distilled water (50 mL) and ex-
tracted with dichloromethane (2 O 50 mL). The organic layer was washed
with dilute aqueous hydrochloric acid, and the solvent was evaporated.
By using silica gel column chromatography, 8-[4-(ferrocenylazo)phenox-
y]octanyl-1-bromide was obtained as a purple solid (408 mg, 84%). The
solid was purified by recrystallization from hexane. 1H NMR (500 MHz,
CDCl3): d=7.73 (d, 3J(H,H)=8.9 Hz, 2 H; Ph), 6.92 (d, 3J(H,H)=8.9 Hz,
2H; Ph), 5.00 (t, 3J(H,H)=2.0 Hz, 2H; Cp-N2), 4.50 (t, 3J(H,H)=2.3 Hz,
2H; Cp-N2), 4.21 (s, 5H; Cp), 4.00 (t, 3J(H,H)=6.5 Hz, 2 H; CH2O), 3.40
(t, 3J(H,H)=6.9 Hz, 2H; CH2Br), 1.82 (m, 4H; CH2), 1.3–1.5 ppm (m,
8H; CH2); FAB MS: m/z calcd for C24H29BrFeN2O: 496.24 [M+]; found:
496.13; elemental analysis calcd for C24H29BrFeN2O: C 57.97, H 5.88, N
5.63, Br 16.07; found: C 57.89, H 5.78, N 5.74, Br 16.17.


Isolation of photoreaction products of FAP and FAOB : A solution of
FAP (50 mg) in ethanol/chloroform (100 mL, 1:1) was bubbled with ni-
trogen for 30 min, then photoirradiated (lmax=546 nm) at room tempera-
ture until the solution changed from purple to orange. The mixture was
concentrated to about 5 mL and then chloroform (100 mL) was added.
After alternately concentrating the mixture and adding chloroform three
times, the mixture was concentrated to approximately 5 mL and purified
by using silica gel column chromatography with dichloromethane/hexane
(1:1) as the eluent. The elution of the second band was collected, concen-
trated to about 5 mL, and then recrystallized to give an orange solid
(19 mg, 62%) by adding hexane to the solution.


www.chemeurj.org E 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 7322 – 73277326


H. Nishihara et al.



www.chemeurj.org





It should be noted that the photoproduct was unstable in a concentrated
solution and could not be obtained directly by evaporating the solvent.
The product was characterized as phenolhydrazonocyclopentadiene
(PHP), as discussed in the Results and Discussion. 1H NMR (270 MHz,
CDCl3): d=8.58 (s, 1H), 7.16 (d, 2 H), 6.80 (d, 2 H), 6.67 (m, 1H), 6.43
(m, 1H), 6.32 (m, 2 H), 4.60 ppm (s, 1H); (CD3CN): d=9.59 (s, 1H), 7.15
(d, J=6.8, 2H), 6.79 (d, J=6.8, 3H), 6.59 (m, 1 H), 6.46 (m, 1 H), 6.39
(m, 1 H), 6.23 ppm (m, 1H); ESIMS: m/z calcd: 185.20 [M+�H]; found:
185.12.


By using the same photoirradiation method, we obtained the photoreac-
tion product of FAOB, which was characterized as 8-bromooctanylphe-
nolhydrazonocyclopentadiene (BPHP). 1H NMR (270 MHz, CDCl3): d=
8.60 (s, 1H), 7.14 (d, 2 H), 6.86 (m, 2H), 6.67 (m, 1H), 6.42 (m, 1 H), 6.33
(m, 1H), 6.30 (m, 1H), 3.92 (t, 2H) 3.40 (t, 2 H), 1.86 (m, 2 H), 1.75 (m,
2H), 1.43 (m, 4H) 1.34 ppm (m, 4 H); GC–MS: m/z calcd: 377.32 [M+];
found: 378 (double peak).
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Abstract: Novel gold nanoparticles
modified with a mixed self-assembled
monolayer of porphyrin alkanethiol
and short-chain alkanethiol were pre-
pared (first step) to examine the size
and shape effects of surface holes
(host) on porphyrin-modified gold
nanoparticles. The porphyrin-modified
gold nanoparticles with a size of about
10 nm incorporated C60 molecules
(guest) into the large, bucket-shaped
holes, leading to the formation of a
supramolecular complex of porphyrin–
C60 composites (second step). Large
composite clusters with a size of 200–
400 nm were grown from the supra-
molecular complex of porphyrin–C60


composites in mixed solvents (third
step) and deposited electrophoretically


onto nanostructured SnO2 electrodes
(fourth step). Differences in the por-
phyrin:C60 ratio were found to affect
the structures and photoelectrochemi-
cal properties of the composite clusters
in mixed solvents as well as on the
SnO2 electrodes. The photoelectro-
chemical performance of a photoelec-
trochemical device consisting of SnO2


electrodes modified with the porphy-
rin–C60 composites was enhanced rela-
tive to a reference system with small,
wedged-shaped surface holes on the


gold nanoparticle. Time-resolved tran-
sient absorption spectroscopy with
fluorescence lifetime measurements
suggest the occurrence of ultrafast elec-
tron transfer from the porphyrin excit-
ed singlet states to C60 or the formation
of a partial charge-transfer state in the
composite clusters of supramolecular
complexes formed between porphyrin
and C60 leading to efficient photocur-
rent generation in the system. Elucida-
tion of the relationship between host–
guest interactions and photoelectro-
chemical function in the present system
will provide valuable information on
the design of molecular devices and
machines including molecular photo-
voltaics.
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the absorbance at 420 nm to monitor the place-exchange reaction of
H2PC11MPP with 16-mercaptohexadecanoic acid in toluene (S1), CT
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Introduction


Synthetic host molecules are attractive targets that provide
a basic understanding of molecular recognition. Previous ar-
tificial host molecules include cyclophanes,[1] clefts,[2] calixar-
enes,[3] porphyrins,[4] metal–ligand clusters,[5] amongst
others.[6] Although these constructs have provided funda-
mental information on molecular recognition in host–guest
complexes, it has proven to be more difficult to use such
host–guest interactions in molecular devices and machines
that exhibit photophysical, electrochemical, and photoelec-
trochemical functions.[7]


An increasing amount of research is being devoted to the
development of potentially less expensive types of organic
solar cells, including planar heterojunction,[8] dye-sensitiza-
tion,[9–11] bulk heterojunction,[12,13] and nanorod-polymer
solar cells.[14] In particular, considerable attention has been
drawn in recent years to the development of bulk hetero-
junction cells, which possess an interpenetrating network of
donor (D) and acceptor (A) molecules in the blend film, to
enhance the charge separation efficiency between the D and
A molecules. The combination of porphyrin as an electron
donor and fullerene as an electron acceptor seems to be a
promising candidate because of 1) the high light-harvesting
efficiency of porphyrin throughout the solar spectrum, 2)
supramolecular complexation between porphyrin and fuller-
ene due to p–p interactions,[15,16] and 3) the efficient produc-
tion of a long-lived, highly energetic charge-separated state
by photoinduced electron transfer (ET) due to the small re-
organization energy involved in the ET.[17,18] In this context,
we have developed a variety of photovoltaic systems based
on supramolecular complexes of porphyrin and fullerene on
nanostructured SnO2 electrodes.[17,19,20] In particular, novel
organic solar cells have been prepared by the step-by-step
self-organization of porphyrin, C60 units and gold nanoparti-
cles on nanostructured SnO2 electrodes (Route A,


Figure 1).[20] At first, porphyrin-alkanethiolate-monolayer-
protected gold nanoparticles (H2PCnMPP, where n is the
number of methylene groups in the spacer)[21] were prepared
starting from porphyrin-alkanethiol (first step).[22] These por-
phyrin-alkanethiolate-monolayer-protected gold nanoparti-
cles (MPPs) formed supramolecular complexes with C60


molecules in the wedge-shaped holes of the porphyrin MPP
(second step) and these further associated into larger com-
posite clusters in an acetonitrile/toluene mixed solvent
(third step). Finally, these highly colored composite clusters
could be assembled as three-dimensional arrays on nano-
structured SnO2 films to afford a SnO2 electrode modified
with composite clusters of porphyrin and C60 molecules by
using an electrophoretic deposition method (fourth step).[23]


The film of the composite clusters exhibited an incident
photon-to-photocurrent efficiency (IPCE) as high as 54%,
broad photocurrent action spectra (up to 1000 nm), and a
power conversion efficiency of 1.5%, which is much higher
than that of reference systems involving a simple combina-
tion of porphyrin and C60 single components.[20] Although
such step-by-step self-organization is potentially useful in
the development of organic solar cells, it is still difficult to
modulate the three-dimensional morphology of a D–A inter-
penetrating network by controlling the self-assembly proc-
esses of the donor and acceptor molecules.[24]


We report herein a novel approach to the construction of
a light–energy conversion system by the supramolecular in-
corporation of C60 molecules into tailored, large and bucket-
shaped surface holes on porphyrin MPPs in a mixed solvent,
followed by electrophoretic deposition of clusters of these
complexes onto nanostructured SnO2 electrodes (Route B,
Figure 1). An exchange reaction of porphyrin alkanethio-
lates with short-chain alkanethiols in the monolayer of the
gold nanoparticles results in the formation of “host” surface
holes on porphyrin MPP (H2PCnCxMPP, where x is the
number of methylene groups in the short-chain alkanethiol).


In this case, a carboxy group is
introduced onto the end of the
short-chain alkanethiol so that
the surface of the porphyrin
MPP exhibits amphiphilic prop-
erties, the aim being to suppress
undesirable porphyrin MPP ag-
gregation. Thus, we can com-
pare the size and shape effects
of the surface holes formed be-
tween the porphyrins of the
newly developed porphyrin
MPP with those of the refer-
ence porphyrin MPP, with its
small, wedged-shaped surface
holes, on the binding of C60


molecules. Elucidation of the
relationship between the host–
guest interactions and the pho-
toelectrochemical function in
this system will provide valua-Figure 1. Step-by-step self-organization of porphyrin and C60 onto nanostructured SnO2 electrodes.
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ble information for the design of molecular devices and ma-
chines including molecular photovoltaics.


Results and Discussion


Supramolecular complexation of porphyrin MPPs and C60 :
Porphyrin MPP (H2PC11MPP) was synthesized by following
the same method as described previously.[21] Porphyrin-alka-
nethiol mixed MPP (H2PC11C15MPP) was then obtained by
place-exchange reaction of the porphyrin MPP with 16-mer-
captohexadecanoic acid in toluene. The relative ratio of the
porphyrin alkanethiolates and the short-chain alkanethio-
lates on the gold nanoparticles was controlled by varying
the reaction time (see the Supporting Information, S1). Por-
phyrin MPPs, H2PC11MPP and H2PC11C15MPP, were puri-
fied by gel-permeation chromatography. As expected,
H2PC11C15MPP is soluble in both nonpolar (i.e., toluene,
CHCl3, and THF) and polar (i.e., DMF and acetone) sol-
vents, whereas H2PC11MPP is soluble in only nonpolar sol-
vents. Nonetheless, both types of porphyrin MPPs are in-
soluble in acetonitrile. This allows us to make composite
clusters of the porphyrin MPPs and C60 in a toluene/acetoni-
trile mixture (vide infra). H2PC11C15MPP was character-
ized by 1H NMR and UV/Vis spectroscopy, elemental analy-
sis, and transmission electron microscopy (TEM). The mean
diameter (2RCORE) of the gold core determined by TEM is
2.4 nm with a standard deviation s of 0.5 nm. By regarding
the gold core as a sphere with density 1Au


(58.01 atomsnm�3)[25] covered with an outermost layer of
hexagonally close-packed gold atoms (13.89 atomsnm�3)[25]


with a radius of RCORE�RAu (RAu=0.145 nm),[25] it can be
predicted that the cores of H2PC11MPP and
H2PC11C15MPP contain 420 gold atoms, of which 194 lie
on the gold surface. Given the results of the elemental anal-
ysis of H2PC11C15MPP (H, 5.27; C, 47.50; N, 3.08%), there
are 90 porphyrins and 60 short-chain alkanethiolates on the
gold surface of H2PC11C15MPP. Thus, 40% of the porphy-
rin moieties on the surface of H2PC11MPP are lost to yield
H2PC11C15MPP, which is expected to incorporate C60 mole-
cules into its large, bucket-shaped surface holes (ca. three
C60 molecules per hole) to form a supramolecular com-
plex.[26] This is in sharp contrast to the previously reported
supramolecular complexation between H2PC11MPP and
C60, in which the small, wedge-shaped cavities consisting of
two porphyrins bind one C60 molecule to form a 1:1 com-
plex.[20]


To shed light on the supramolecular complexation be-
tween H2PC11C15MPP and C60, the absorption spectrum of
a mixture of H2PC11C15MPP ([H2P]=0.13mm) and C60


([C60]=0.76mm) in toluene was compared with the sum of
the respective spectra of H2PC11C15MPP ([H2P]=0.13 mm)
and C60 ([C60]=0.76 mm) in toluene (see the Supporting In-
formation, S2). A charge-transfer (CT) absorption band
arising from the p complex formed between the porphyrin
and C60 appeared at around 650–800 nm[27,28] in the absorp-
tion spectrum of the mixture of H2PC11C15MPP and C60 in


toluene which was not seen in the sum of the respective ab-
sorption spectra of H2PC11C15MPP and C60 in toluene. No
appreciable CT band emerged in the absorption spectrum of
a mixture of H2P-ref ([H2P]=0.13mm) and C60 ([C60]=
0.76mm) in toluene, which is similar to the sum of the re-
spective absorption spectra of H2P-ref and C60 in toluene
(S2). Thus, the tailored surface holes on the porphyrin
MPPs can effectively incorporate C60 guest molecules to
form a supramolecular complex between H2PC11C15MPP
and C60 in toluene.


A steady-state fluorescence spectrum was recorded for a
mixture of H2PC11C15MPP and C60 in toluene ([H2P]=
0.17mm, [C60]=1.00mm, lex=420 nm). CT emission due to p


complexation between the porphyrins and C60 molecules is
seen at around 800 nm[27,28] for the mixture of
H2PC11C15MPP and C60 in toluene, which was not observed
in the fluorescence spectrum of H2PC11C15MPP in the ab-
sence of C60 in toluene (see the Supporting Information,
S3). This demonstrates that H2PC11C15MPP and C60 form
tightly packed supramolecular complexes in toluene to ex-
hibit CT emission.


The apparent association constants (Kapp) for the forma-
tion of supramolecular complexes between porphyrin MPPs
and C60 molecules [Eq. (1) in which a is the degree of asso-
ciation between H2P and C60


[20b]] in toluene and in a mixed
solvent (acetonitrile/toluene, 1:2) were determined by analy-
sis of the fluorescence quenching of porphyrin MPPs by C60


to estimate the degree of incorporation of C60 into the por-
phyrin MPPs.[20b] The results of the fluorescence quenching
experiments are shown in Figure 2. Under the experimental
conditions, the fluorescence quenching of the reference
system, H2P-ref, by C60 was negligible.


[29] On the other hand,
in the case of H2PC11C15MPP and H2PC11MPP in both tol-
uene and in the mixed solvent, the fluorescence from the
porphyrin moiety decreased with increasing C60 concentra-
tion. In addition, a concomitant increase in the weak CT
emission appeared at around 800 nm only in nonpolar tolu-
ene (Figure 2a), whereas no appreciable CT emission at
800 nm was seen in the polar mixed solvent (Figure 2b).
This behavior can be rationalized by the fact that the inten-
sity of the CT emission decreases with increasing solvent po-
larity.[27]
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H2P þ C60


Kapp
��! �� ðH2P � � � C60Þ


ð1�aÞ½H2P	 ½C60	�a½H2P	 a½H2P	
ð1Þ


By using Equation (1), a linear dependence of 1/
[�0


f�ff(obsd)] on [C60]
�1 was obtained [Eq. (2), where


ff(obsd) is the observed fluorescence quantum yield of H2P
in solution and �0


f and �0f are the fluorescence quantum
yields of uncomplexed and complexed molecules of H2P
([C60]@ [H2P])].


[20b]


1
�0
f��fðobsdÞ


¼ 1
�0
f��0f


þ 1
Kappð�0


f��0fÞ½C60	
ð2Þ


The Kapp values of H2PC11C15MPP and H2PC11MPP, as
determined from the double reciprocal plots [Eq. (2)], are
2.6M104 and 2.6M104m�1 in toluene and 1.2M105 and 1.6M
105m�1 in the mixed solvent (acetonitrile/toluene, 1:2), re-
spectively (see Figure S4 in the Supporting Information).
The Kapp values in the mixed solvent are larger by one order
of magnitude than those in toluene. Strong lyophobic inter-
actions between the porphyrin and C60 molecules are re-
sponsible for the high complexation between the porphyrin
MPPs and the C60 molecules in the mixed solvent. The Kapp


values of H2PC11MPP and H2PC11C15MPP are virtually
the same in toluene and in the mixed solvent. This suggests
that the initial, direct complexation between the porphyrin
and C60 molecules in the surface holes affects the apparent


association behavior, resulting in similar Kapp values in both
systems.


Preparation and characterization of composite clusters of
porphyrin MPPs and C60 : Porphyrin MPPs form supra-
molecular complexes with C60 molecules in toluene and in a
mixed solvent (acetonitrile/toluene, 1:2). At high porphyrin
and C60 concentrations ([H2P]=0.17mm, [C60]=0–1.00mm)
in the mixed solvent, the resultant supramolecular com-
plexes associate together with additional C60 molecules to
form larger composite clusters (vide infra).[19,20] The clusters
are then attached to nanostructured SnO2 electrodes by
using an electrophoretic deposition method (200 V for
1 min), as reported previously.[19,20] For instance, the forma-
tion of H2PC11C15MPP and C60 composite clusters [denoted
as (H2PC11C15MPP+C60)m] was achieved by injecting ace-
tonitrile into a mixture of H2PC11C15MPP and C60 in tolu-
ene (final ratio of acetonitrile/toluene=1:2, v/v). The con-
centration of porphyrin units (per monomer) in these com-
posite clusters was the same in all the experiments {[H2P]=
0.17mm in acetonitrile/toluene (1:2)}, whereas the concen-


Figure 2. Steady-state fluorescence spectra of a) H2PC11C15MPP in tolu-
ene and b) H2PC11C15MPP in toluene/acetonitrile (2:1, v/v) at various
concentrations of C60 ([H2P]=5mm, [C60]=0–0.10mm, lex=435 nm).


Figure 3. a) Absorption spectrum of (H2PC11C15MPP+C60)m ([H2P]=
0.17mm, [C60]=1.00mm ; [H2P]:[C60]=1:6) in acetonitrile/toluene (1:2,
v/v) (solid line) and a linear combination of the absorption spectra of
H2PC11C15MPP and C60 ([H2P]=3.4mm, [C60]=20.0mm ; [H2P]:[C60]=
1:6) in toluene (dotted line). The linear combination was normalized at
the Soret band for comparison. b) Absorption spectrum of
(H2PC11C15MPP+C60)m ([H2P]=0.17 mm, [C60]=0.51 mm ; [H2P]:[C60]=
1:3) in acetonitrile/toluene (1:2, v/v) (solid line) and a linear combination
of the absorption spectra of H2PC11C15MPP and C60 ([H2P]=3.4mm,
[C60]=10.0mm ; [H2P]:[C60]=1:3) in toluene (dotted line). The linear com-
bination was normalized at the Soret band for comparison.
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tration of C60 was varied {[C60]=0–1.00mm in acetonitrile/
toluene (1:2)}. This procedure allowed us to achieve com-
plex formation between H2PC11C15MPP and C60 as well as
the formation of clusters at the same time. Clusters of
H2PC11MPP and C60 [denoted as (H2PC11MPP+C60)m]
were also prepared in the same way as a control experi-
ment.


The absorption spectra of (H2PC11C15MPP+C60)m and
(H2PC11MPP+C60)m in acetonitrile/toluene (1:2) were
much broader than those in toluene (Figure 3).[30] The Soret
band in the acetonitrile/toluene mixture was red-shifted rel-
ative to that in toluene, whereas the positions of the Q-
bands were almost the same. These results indicate the for-
mation of clusters in the mixed solvent.[19,20] The broad long-
wavelength absorption in the 700–800 nm region is diagnos-
tic of the charge-transfer absorption band that arises as a
result of the p complex formed between the porphyrin and
C60 (vide supra).[27,28] More importantly, the red-shift of the
Soret band of (H2PC11C15MPP+C60)m with a ratio of
[H2P]:[C60]=1:6 (Figure 3a) is much larger than that of
(H2PC11C15MPP+C60)m with a ratio of [H2P]:[C60]=1:3
(Figure 3b). This shows that the interaction between the por-
phyrin and the C60 molecules increases as the relative ratio
of C60 versus porphyrin increases.


The clusters of (H2PC11C15MPP+C60)m ([H2P]:[C60]=
1:6), (H2PC11C15MPP)m, and (C60)m were characterized
using the dynamic light scattering (DLS) method. In tolu-
ene, the average diameter of H2PC11MPP is reported to be
~10 nm, which is consistent with the value determined by
molecular modeling.[20] On the other hand, in a mixture of
acetonitrile/toluene (1:2), the size distributions of associated
clusters of (H2PC11C15MPP+C60)m, (H2PC11C15MPP)m,
and (C60)m were found to be narrow with mean diameters
(DM) of 190 nm for (H2PC11C15MPP+C60)m, 180 nm for
(H2PC11C15MPP)m, and 350 nm for (C60)m (Figure 4). More


importantly, the size distribution of clusters of
(H2PC11C15MPP+C60)m increased with increasing incuba-
tion time (t=2 min, DM=190 nm; t=5 min, DM=300 nm;
t=8 min, DM=310 nm), whereas those of
(H2PC11C15MPP)m and (C60)m remained virtually the same.
These results suggest that in the mixed solvent C60 molecules
are incorporated into the tailored host space between the
porphyrin moieties in the porphyrin-modified gold nanopar-
ticles to form highly organized aggregates.


The TEM image of (H2PC11C15MPP+C60)m (Figure 5a)
obtained from drop-casted films of the clusters
([H2P]:[C60]=1:6) on a carbon grid reveals the exclusive for-
mation of rod-like clusters with a well-controlled size (1–
2 mm in the long axis and 0.1–0.2 mm in the short axis). In
sharp contrast, the TEM images of the clusters of
(H2PC11C15MPP)m (Figure 5c) and (C60)m (Figure 5d) show
ill-defined sizes and shapes. In particular, the TEM image of


Figure 4. Particle size distribution of (H2PC11C15MPP)m (dotted line),
(H2PC11C15MPP+C60)m ([H2P]:[C60]=1:6, solid line), and (C60)m
(dashed line) in an acetonitrile/toluene (1:2) mixture at 2 min after injec-
tion of acetonitrile into the toluene solutions.


Figure 5. TEM images of a) (H2PC11C15MPP+C60)m ([H2P]=0.17mm, [C60]=1.00mm ; [H2P]:[C60]=1:6), b) (H2PC11C15MPP+C60)m ([H2P]=0.17mm,
[C60]=0.51mm ; [H2P]:[C60]=1:3), c) (H2PC11C15MPP)m ([H2P]=0.17mm), and d) (C60)m ([C60]=1.00mm). The samples were prepared from the cluster
solution in acetonitrile/toluene (1:2), which were evaporated on carbon grids.
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clusters of (C60)m reveals both rods of different sizes (1–
5 mm in the long axis and 0.1–0.5 mm in the short axis) and
small random-shaped structures (0.1–0.5 mm). In addition,
variation of the [H2P]:[C60] ratio was found to affect the
cluster size and shape (Figure 5a and 5b). The TEM images
of (H2PC11C15MPP+C60)m show that a ratio of
[H2P]:[C60]=1:6 leads to the formation of well-defined clus-
ters compared with the case of [H2P]:[C60]=1:3. This trend
is consistent with the size of the large and bucket-shaped
surface holes, which are expected to incorporate up to about
three C60 molecules. A ratio of [H2P]:[C60]=1:6 results in
the formation of well-defined clusters in which the
H2PC11C15MPP filled with C60 molecules further associate
with the excess C60 molecules to yield composite nanoclus-
ters consisting of alternating arrays of porphyrin and C60


covered with C60 molecules (vide infra). These results clearly
demonstrate that the shape and the size of the surface holes
on the H2PC11C15MPP structure play an important role in
controlling the formation of molecular clusters with C60 mol-
ecules.


To undertake photoelectrochemical measurements, nano-
structured SnO2 electrodes (denoted as ITO/SnO2) were
modified. By subjecting the resultant cluster suspension to a
high electric d.c. field (200 V for 1 min), the
(H2PC11C15MPP+C60)m and reference clusters
[(H2PC11MPP+C60)m] were deposited onto the ITO/SnO2


electrodes to form modified electrodes denoted as ITO/
SnO2/(H2PC11C15MPP+C60)m and ITO/SnO2/
(H2PC11MPP+C60)m, respectively. The absorptivity of ITO/
SnO2/(H2PC11C15MPP+C60)m (Figure 6a) was higher than
that of ITO/SnO2/(H2PC11C15MPP)m (Figure 6b), and as
high as that of ITO/SnO2/(H2PC11MPP+C60)m.


[30] These re-
sults show that ITO/SnO2/(H2PC11C15MPP+C60)m absorbs
most of the incident light in the visible and near-infrared re-
gions. The remarkable broadening of the Soret band in the
absorption spectrum of ITO/SnO2/(H2PC11C15MPP+C60)m


indicates the effective complexation of the porphyrin and
C60 molecules.[27,28]


The AFM image of ITO/SnO2/(H2PC11C15MPP+C60)m
reveals the aggregation of a cluster with a size of 200–
300 nm (Figure 7a). The cluster size derived from the AFM
image is comparable to that determined by the DLS experi-


Figure 6. Absorption spectra of a) ITO/SnO2/(H2PC11C15MPP+C60)m
([H2P]=0.17mm, [C60]=1.00mm ; [H2P]:[C60]=1:6) and b) ITO/SnO2/
(H2PC11C15MPP)m ([H2P]=0.17mm).


Figure 7. Tapping-mode atomic force micrographs of a) ITO/SnO2/(H2PC11C15MPP+C60)m ([H2P]=0.17mm, [C60]=1.00mm ; [H2P]:[C60]=1:6) and b)
ITO/SnO2/(H2PC11C15MPP)m ([H2P]=0.17mm) in air. The color scale represents the height topography with bright and dark representing the highest
and lowest features, respectively.
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ments for composite clusters in acetonitrile/toluene (1:2,
v/v) (solid line in Figure 4). On the other hand, the ITO/
SnO2/(H2PC11C15MPP)m film exhibits a network structure
of viscous, indistinct clusters (Figure 7b). These morphologi-
cal trends are in good agreement with those obtained from
TEM measurements. Note here that because of a high depo-
sition rate, the clusters fail to grow in the form of microcrys-
tallites. Only the slow solvent-evaporation technique em-
ployed during the preparation of the TEM grid allows the
growth of composite clusters as well-defined microcrystal-
lites. This explains why the rod-like clusters observed in the
images of TEM were not found in the AFM images (vide
supra).


Comparison of photoelectrochemical properties : Photoelec-
trochemical measurements were performed with a standard
three-electrode system consisting of a working electrode, a
platinum wire electrode, and a Ag/AgNO3 reference elec-
trode in a mixture of 0.5m LiI and 0.01m I2 in air-saturated
acetonitrile. First, we examined the effect of the concentra-
tion of C60 on the photoelectrochemical properties of the
ITO/SnO2/(H2PC11C15MPP+C60)m and ITO/SnO2/
(H2PC11MPP+C60)m devices at the same applied potential
of +0.06 V versus SCE. Under these conditions, an anodic
photocurrent passed from the electrolyte solution to the
SnO2 electrode through the cluster films.[19,20,23] The IPCE
value of the ITO/SnO2/(H2PC11C15MPP+C60)m device in-
creased with increasing C60 concentration (0–1.0mm in ace-
tonitrile/toluene) at a constant concentration of H2P
(0.17mm) (Figure 8A) and reached a maximum value of
42% at 475 nm ([H2P]:[C60]=1:6). Furthermore, the sample
with the highest IPCE value was characterized by a broad
photoelectrochemical response spectrum in the visible
region (Figure 8A, curve d).[31, 32] This indicates that electron
transfer from the excited singlet state of porphyrin to C60 or
the formation of a partial CT state within the supramolec-
ular complex formed between the porphyrin and the C60


moieties takes place leading to efficient photocurrent gener-
ation.[17,18,27,28] In contrast, the IPCE value of the ITO/SnO2/
(H2PC11MPP+C60)m device increased initially with increas-
ing C60 concentration (0–1.0mm in acetonitrile/toluene)
reaching a maximum of 16% at 440 nm ([H2P]:[C60]=1:3)
and then decreased dramatically under the same experimen-
tal conditions (Figure 8B). The photocurrent action spectra
largely matched the absorption spectra of the SnO2 electro-
des.[31] It should be emphasized here that the IPCE value
(42%) of the ITO/SnO2/(H2PC11C15MPP+C60)m device
with large, bucket-shaped holes is larger by a factor of three
than that (16%) of the ITO/SnO2/(H2PC11MPP+C60)m
device with small, wedge-shaped surface holes on
H2PC11MPP. This clearly demonstrates that the shape and
size of the host holes on the three-dimensional porphyrin
MPP have a large impact on the photoelectrochemical prop-
erties. With an excess of C60 relative to porphyrin in both
the ITO/SnO2/(H2PC11C15MPP+C60)m and ITO/SnO2/
(H2PC11MPP+C60)m devices, an electron produced by pho-
toinduced charge separation between the porphyrin and C60


may be relayed through the excess C60 molecules to reach
the conduction band (CB) of the SnO2 electrode by an elec-
tron-hopping mechanism (vide infra). Thus, depending on
the size and the shape of the surface holes on the porphyrin
MPPs, the optimal photoelectrochemical conditions in terms
of the porphyrin:C60 ratio would be different in both devi-
ces.


Ultrafast photodynamics of composite clusters of porphyrin
and C60 in toluene and in acetonitrile/toluene : The fluores-
cence lifetimes of the supramolecular complexes formed be-
tween porphyrin MPPs and C60 in toluene and the compo-
site clusters of the porphyrin MPPs and C60 in acetonitrile/
toluene (1:2) were measured using the up-conversion tech-
nique at the emission wavelength of 655 nm (due to the por-
phyrin moiety) with excitation at 410 nm, as shown in
Figure 9. The decay curves of the fluorescence intensity
could be fitted as single or double exponentials. The decay
profile for H2PC11C15MPP in toluene is mono-exponential
with a time constant of 90 ps (Figure 9a), which could be at-
tributed to the energy-transfer quenching of the porphyrin
excited singlet state by the gold nanoparticle.[21] The addi-
tion of C60 to H2PC11C15MPP in toluene led to intensive


Figure 8. The photocurrent action spectra (IPCE vs. wavelength) of A)
ITO/SnO2/(H2PC11C15MPP+C60)m and B) ITO/SnO2/(H2PC11MPP+
C60)m in toluene/acetonitrile (2:1). Potential: +0.06 V versus SCE; elec-
trolyte: 0.5m LiI and 0.01m I2. A) [H2P]=0.17mm, a) [C60]=0mm (~), b)
[C60]=0.17mm ([H2P]:[C60]=1:1, !), c) [C60]=0.51mm ([H2P]:[C60]=1:3,
&), and d) [C60]=1.00mm ([H2P]:[C60]=1:6, *). B) [H2P]=0.17mm, a)
[C60]=0.17mm ([H2P]:[C60]=1:1, !), b) [C60]=0.34mm ([H2P]:[C60]=1:2,
^), c) [C60]=0.51mm ([H2P]:[C60]=1:3, &), and d) [C60]=1.00mm


([H2P]:[C60]=1:6, *).
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fluorescence quenching of the porphyrin excited singlet
state by C60 due to the ultrafast CT interaction in the supra-
molecular complex formed between the porphyrin and C60


(vide infra).[27,28] The resultant two decay components [31
(85%) and 206 ps (15%)] may be ascribed to the un-
quenched porphyrin excited singlet state in different envi-
ronments. In the mixed solvent, two decay components with
time constants of <100 fs (82%) and 2.4 ps (18%) for
(H2PC11C15MPP)m may result from ultrafast energy migra-
tion between the porphyrins in the clusters and the decay
processes correlate with vibration relaxation, internal con-
version, and self-quenching (Figure 9b).[21,33] Note that the
fluorescence intensity of (H2PC11C15MPP+C60)m
([H2P]:[C60]=1:6) in the mixed solvent is much lower than
that of (H2PC11C15MPP)m in the same solvent. Similar ul-
trafast quenching was observed for (H2PC11MPP+C60)m in
the mixed solvent as well as for H2PC11MPP and C60 in tol-
uene relative to the reference systems without C60.


[21] These
results clearly show extremely fast porphyrin fluorescence
quenching by C60, either by ultrafast electron transfer
(<100 fs) from the singlet excited states of the porphyrins
to the C60 molecules or by the formation of a partial CT
state between the porphyrin and C60 molecules in the supra-


molecular complex. Since such an ultrafast process is
beyond the instrumentQs time resolution of approximately
100 fs, the components of the fluorescence lifetimes of
(H2PC11C15MPP+C60)m in the mixed solvent and of
H2PC11C15MPP and C60 in toluene may be due to minor
deactivation pathways of the porphyrin excited singlet
state.[34]


The ultrafast relaxation of the porphyrin singlet excited
state by interaction with C60 in the composite cluster in the
mixed solvent and on the ITO/SnO2 electrode was further
examined by femtosecond time-resolved transient absorp-
tion spectroscopy. Figure 10a and 10b show the transient ab-
sorption component spectra of (H2PC11C15MPP+C60)m
and (H2PC11C15MPP)m in the mixed solvent, respectively.
An intense bleaching due to the porphyrin excited singlet
state of (H2PC11C15MPP)m was observed at around 650 nm
following laser pulse excitation (lex=515 nm), which ensur-
ed the direct formation of the porphyrin excited singlet state
(Figure 10b). The three decay components obtained by
global analysis may also be assigned to ultrafast energy mi-
gration between the porphyrins in the clusters and the decay
processes correlate with vibration relaxation, internal con-
version, and self-quenching.[21,33] In contrast, broad struc-
tureless transient absorption component spectra were ob-
tained for (H2PC11C15MPP+C60)m in the mixed solvent
(Figure 10a). By taking into account the ultrafast porphyrin


Figure 9. Fluorescence decay curves at 655 nm (lex=410 nm) for a)
H2PC11C15MPP [*, t1=90 ps (100%)] and H2PC11C15MPP and C60 [*,
t1=31 ps (85%), t2=206 ps (15%)] ([H2P]=0.17mm, [C60]=1.00mm ;
[H2P]:[C60]=1:6) in toluene and b) (H2PC11C15MPP)m [*, t1<100 fs
(82%), t2=2.4 ps (18%)] and (H2PC11C15MPP+C60)m (*, t1<100 fs
(80%), t2=472 ps (20%)] ([H2P]=0.17mm, [C60]=1.00mm ; [H2P]:[C60]=
1:6) in toluene/acetonitrile=2:1 (v/v).


Figure 10. Transient absorption decay component spectra of a)
(H2PC11C15MPP+C60)m ([H2P]=0.17mm, [C60]=1.00mm ; [H2P]:[C60]=
1:6) and b) (H2PC11C15MPP)m ([H2P]=0.17mm) in toluene/acetonitrile
[2:1 (v/v)] obtained by a global three-component fit of the data. The exci-
tation wavelength was 515 nm (the first Q-band of porphyrin). The fitted
time constants are displayed on the plots.
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fluorescence quenching by C60 (<100 fs), the porphyrin ex-
cited singlet state is quenched by C60 to yield the charge-sep-
arated or the partial CT state of the porphyrin and C60 mol-
ecules. In accordance with this interpretation, the broad
transient absorption band in the 700–750 nm region could
be assigned to the free-base porphyrin radical cation or the
partial CT state,[27,28] whereas no reliable transient absorp-
tion spectrum confirming the formation of the C60 radical
anion was obtained in the 900–1100 nm region[27,28] because
of a poor signal-to-noise ratio. Thus, the rapid decay of the
bands at 700–750 nm from 0.83 to 20 ps may be attributable
to the decay of the free-base porphyrin radical cation or the
CT state. The decay components (0.83, 20, and 817 ps) of
the transient absorption of (H2PC11C15MPP+C60)m in the
mixed solvent may also be rationalized by the deactivation
of the partial CT state in different environments or by
minor processes after ultrafast charge separation and charge
recombination with a time constant of <100 fs.[34]


Photocurrent generation mechanism : Based on the results
of the photodynamic and photoelectrochemical properties
of the present system, we have proposed a photocurrent
generation mechanism, as shown in Figure 11. Photocurrent
generation in the present system is initiated by photoin-
duced charge separation from the porphyrin excited singlet
state (1H2P


*/H2PC+ =�0.7 V versus NHE)[20] to C60 (C60/
C60C�=�0.2 V versus NHE)[20] or by the formation of a par-
tial CT state in the supramolecular complex of porphyrin
and C60 rather than by direct electron injection into the con-
duction band (CB) of the SnO2 (0 V versus NHE)[20]


system.[9–11] The reduced C60 or the partial CT state then in-
jects an electron directly into the SnO2 nanocrystallites or
the electron is relayed by electron hopping between the C60


molecules. On the other hand, the oxidized porphyrin (H2P/
H2PC+ =1.2 V versus NHE)[20] undergoes electron-transfer
reduction with the iodide (I�/I3


�=0.5 V versus NHE)[20] in
the electrolyte system. The small reorganization energy of
porphyrin and C60


[17,18] would facilitate the injection of an
electron from the porphyrin excited singlet state into the
conduction band of SnO2 and the rapid donation of an elec-
tron from the iodide to the porphyrin radical cation, mini-
mizing the unfavorable charge recombination between the


porphyrin and C60 molecules. The highest IPCE value
(42%) in the ITO/SnO2/(H2PC11C15MPP+C60)m device
was obtained with a large excess of C60 over porphyrin
([H2P]:[C60]=1:6), which rationalizes the possible number of
C60 molecules (~3) that can be incorporated into the large,
bucket-shaped surface holes on H2PC11C15MPP. This is in
sharp contrast to the photoelectrochemical properties of the
ITO/SnO2/(H2PC11MPP+C60)m device in which the highest
IPCE (16%) value was achieved with a moderate excess of
C60 relative to porphyrin ([H2P]:[C60]=1:3), which explains
the possible number of C60 molecules (~1) incorporated into
the small, wedge-shaped surface holes on H2PC11MPP. An
electron produced by photoinduced charge separation be-
tween porphyrin and C60 may be relayed through the excess
C60 molecules to reach the conduction band (CB) of the
SnO2 electrode by the electron-hopping mechanism.


Conclusions


In summary, we have successfully disclosed the size and
shape effects of surface holes on porphyrin MPP (host)–C60


(guest) interactions and their impact on the structure and
photoelectrochemical properties of nanostructured SnO2


electrodes modified with molecular clusters of porphyrin
MPP and C60 composites. The H2PC11C15MPP system with
large and bucket-shaped holes on the porphyrin MPP has an
efficient photoelectrochemical response in the UV/Vis re-
gions compared with the reference H2PC11MPP system with
small and wedge-shaped holes on the porphyrin MPP. The
design of such “host” structures on porphyrin MPPs pro-
vides a variety of ways to further develop more efficient
light–energy conversion systems by modulating the surface
structure.


Experimental Section


General methods : Melting points were recorded on a Yanagimoto micro-
melting point apparatus and are not corrected. 1H NMR spectra were re-
corded with a JEOL EX-270 (270 MHz) or a JEOL JMN-AL300
(300 MHz) spectrometer. Elemental analyses were performed at the Mi-
croanalytical Laboratory of Kyoto University.


Materials : All solvents and chemicals were of reagent grade quality, ob-
tained commercially, and used without further purification unless other-
wise noted (vide infra). HAuCl4 (99.999%) and tetraoctylammonium
bromide (98%) were purchased from Aldrich. Tetrabutylammonium hex-
afluorophosphate (nBu4NPF6), used as a supporting electrolyte for the
electrochemical measurements, was obtained from Tokyo Kasei Organic
Chemicals. THF was purchased from Wako Pure Chemical Ind., Ltd. and
purified by successive distillation over sodium benzophenone ketyl
before use. Thin-layer chromatography (TLC) and flash column chroma-
tography were performed with 25 DC-Alufolien Aluminiumoxid 60 F254


Neutral (Merck) and silica gel 60N (Kanto Chemicals), respectively.


Synthesis : Porphyrin MPP (H2PC11MPP) was synthesized by following
the same method as described previously.[21] Porphyrin-alkanethiol mixed
MPP (H2PC11C15MPP) was then obtained by place-exchange reaction
of porphyrin MPP with 16-mercaptohexadecanoic acid in toluene (S1).


Porphyrin MPP (H2PC11C15MPP): 16-Mercaptohexadecanoic acid
(10.8 mg, 0.037 mmol) was added to a solution of H2PC11MPP (50.4 mg)


Figure 11. Plausible photocurrent generation mechanism for the ITO/
SnO2/(H2PC11C15MPP+C60)m device.
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in toluene (25 mL). After stirring the reaction mixture for 9 h at room
temperature under argon in the dark, the solvent was evaporated to dry-
ness. The residue was purified by gel-permeation chromatography (Bio-
beads S-X1 200–400 mesh, toluene). Reprecipitation with hexane-2-prop-
anol afforded H2PC11C15MPP as a black purple solid (31.0 mg). Ele-
mental analysis calcd (%) for (C80H100N5OS)90(C16H31O2S)60Au420: C
47.53, H 5.32, N 3.06; found: C 47.50, H 5.27, N 3.08.
Preparation of clusters and their deposition onto ITO/SnO2 electrodes :
H2PC11C15MPP, H2PC11MPP, and C60 are readily soluble in nonpolar
solvents such as toluene. In mixed solvents, however, they aggregate and
form larger clusters. Nanostructured SnO2 films were cast on an optically
transparent indium-tin oxide (ITO) electrode by applying a dilute
(1.5%) colloidal solution of SnO2 (Chemat) and annealing the dried film
at 673 K. These films are highly porous and are electrochemically active,
being able to conduct charges across the film. The SnO2 film electrode
(ITO/SnO2) and an ITO plate were introduced into a 1 cm pathlength
cuvette and were connected to positive and negative terminals of the
power supply, respectively. A known amount (~1.5 mL) of the cluster so-
lution in acetonitrile/toluene (1:2, v/v) was transferred to the cuvette in
which the two electrodes (viz. , ITO/SnO2 and ITO) were kept at a dis-
tance of about 6 mm by using Teflon spacer. A d.c. voltage (200 V) was
applied between these two electrodes for 1 min using a ATTO AE-8750
power supply. Deposition of a film of clusters onto the ITO/SnO2 elec-
trode can be visibly seen as the solution becomes colorless with simulta-
neous coloration of the ITO/SnO2 electrode.


Characterization : The UV/VIS spectra of solutions and films were re-
corded with a Perkin-Elmer Lambda 900UV/visNIR spectrophotometer.
Steady-state fluorescence spectra were acquired with a SPEX Fluoro-
MAX-3 spectrometer and measured with a Fluorolog 3 spectrofluorime-
ter (ISA Inc.) equipped with a cooled IR-sensitive photomultiplier
(R2658). Dynamic light scattering studies were carried out using an
Horiba LB-550 instrument. Transmission electron micrographs (TEM) of
the clusters were recorded by applying a drop of the sample onto a
carbon-coated copper grid. Images were recorded using a JEOL JEM-
200CX transmission electron microscope. AFM measurements were car-
ried out by using a Digital Nanoscope III in the tapping mode.


Photoelectrochemical measurements : The photoelectrochemical meas-
urements were performed in a one-compartment Pyrex UV cell (5 mL)
with a standard three-electrode system consisting of a working electrode,
a platinum wire counter-electrode, and a Ag/AgNO3 reference electrode
in 0.5m LiI and 0.01m I2 in acetonitrile as the electrolyte. Photocurrents
were measured with an ALS 630A electrochemical analyzer. A mono-
chromatic light generated by shining a 500 W xenon lamp (Ushio XB-
50101AA-A) through a monochromator (Ritsu MC-10N) was used for
the excitation of the thin films cast on the SnO2 electrodes. The IPCE
values were calculated by normalizing the photocurrent values for inci-
dent light energy and intensity and by using the expression IPCE (%)=
100M1240M I/(Win Ml), where I is the photocurrent, Win is the incident
light intensity, and l is the excitation wavelength.


Spectral measurements : A pump-probe method was used to measure
transient absorption spectra in the sub-picosecond to nanosecond time
range. The measurements were carried out using the instrument de-
scribed previously[28] with the addition of an optical parametric amplifier
(CDP 2017, CDP Inc., Russia) to generate excitation pulses at 515 nm.
The transient spectra were recorded with a CCD detector coupled to a
monochromator in the visible and near-IR ranges. A typical time resolu-
tion of the instrument was 200–300 fs (FWHM). Emission decays were
measured using an up-conversion method as described elsewhere.[28] An
excitation wavelength of 420 nm was used with a time resolution of
200 fs (FWHM).
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Internalization of a Peptide into Multilamellar Vesicles Assisted by the
Formation of an a-Oxo Oxime Bond


Antoine Richard[a, b] and Line Bourel-Bonnet*[a]


Introduction


In drug-delivery strategies, the active targeting of synthetic
lipidic vesicles, such as liposomes, is permitted by a molecu-
lar recognition pattern (MRP) anchored at their surface.
This MRP can be either a small peptide, an organic mole-
cule like folic acid, an antibody or a glycomimetic. The co-
valent anchorage of such MRPs is achieved by the chemose-
lective ligation with amphiphilic compounds (named “an-
chors”) that are incorporated into the lipid bilayers. These
anchors expose reactive functions on the surface of the vesi-
cles, which are able to link the MRP that is solubilised in
the outer aqueous compartment. In this context, chemical
bonds are classically chosen from amide bonds,[1] thioether
bonds[2] or disulfide bridges,[3] whereas non-covalent links
are usually obtained by the avidin/biotin couple[4] or the
Ni2+/histidine complex.[5]


We have developed the a-oxo hydrazone bond in chemi-
cal ligation projects together with the chemistry of hydra-


zino acetyl peptides[6] to obtain various bioconjugates: a
lipopeptide vaccine cocktail[7] and some peptido[8,9] and gly-
comimetic liposomes[10] were successfully produced. In par-
allel work, some authors have developed the oxime ligation
in related subjects. Peptide–oligonucleotide conjugates[11] or
template-assembled cyclopeptides as multimeric systems for
integrin targeting[12] have recently been prepared by means
of the a-oxo oxime ligation. The syntheses of branched
oxime-linked peptides were also reported in the field of im-
munotherapy,[13] or in the rational construction of well-de-
fined immunogens.[14] As part of a drug-delivery project
based on multilamellar vesicles called spherulitesTM, and
with the experience of a-oxo hydrazone chemistry in our
hands, we studied the glyoxyl oxime chemistry for the pur-
pose of anchoring MRPs.
SpherulitesTM are multilamellar vesicles with no aqueous


core, obtained by shearing a lipidic lamellar phase (see Sup-
porting Information). Easy to produce, both in the laborato-
ry and on an industrial scale, these vesicles were first de-
signed and studied by Roux and co-workers,[15] and further
developed industrially.[16] SpherulitesTM consist of alternating
lipidic bilayers and aqueous layers and, therefore, display an
onion-like structure. Phosphatidylcholine (PC), cholesterol
and various surfactants constitute their lipidic bilayers, and
vesicle size is related to their formulation and the shearing<s
strength and duration. Theoretically, spherulitesTM can en-
capsulate either hydrophilic or hydrophobic active com-
pounds[17] in the aqueous phase or lipidic bilayers, respec-
tively. This indicates their potential in drug encapsulation,
and also, in drug targeting. We envisaged the use of spheru-
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litesTM in this field, and chose particularly the targeting of
tumor cells as a way to validate these vesicles.
SpherulitesTM were designed as neutral species to avoid


any nonspecific cell adhesion and interaction with proteins
and other electrolytes present in blood. To take advantage
of the versatility of ligation methods, and to immobilise
either peptides or antibodies on the vesicles, we designed
and synthesised the new anchor “CholE3ONH2”. Ready to
be incorporated into lipidic bilayers, it was designed to react
with glyoxylyl MRPs to form an a-oxo oxime conjugate.
The accessibility and reactivity of its hydroxylamine head
was extensively studied with an a-oxo-aldehyde peptide as a
model MRP. The kinetic and thermodynamic aspects of this
ligation are reported here. In addition, an unexpected result
was that the glyoxylyl oxime bond formation was a seren-
dipitous means of allowing the peptidic MRP to enter the
vesicles and to react with the anchor localised in the internal
membrane of the spherulitesTM.


Experimental Section


Materials : NMR spectra were recorded by using a 300 MHz Bruker spec-
trometer calibrated with d1H (CHCl3)=7.26 ppm and d13C (CDCl3)=
77 ppm. Attributions of typical signals of cholesterol protons or carbon
atoms were performed following the conventional numerotation of ste-
roid compounds. Mass spectra were recorded by using a Perspective Bio-
systems Voyager-DE STR, Biospectrometry Workstation MALDI-TOF
spectrometer, and measurements were acquired after deposition on a di-
hydroxybenzoic acid (DHB) matrix.


Chemicals : All 9-fluorenylmethyloxycarbonyl (Fmoc)-protected amino
acids (l-Arg(Pmc) (Pmc=2,2,5,7,8-pentamethylchroman-6-sulfonyl) l-
Ser(tBu), l-Thr(tBu), l-Trp(tBu), l-Tyr(tBu)), coupling agents (1-hydroxy-
benzotriazole (HOBt), 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluro-
nium tetrafluoroborate (TBTU) and the resin (RinkL Amide) were pur-
chased from Novabiochem. Chemicals were from Sigma-Aldrich. Sol-
vents were from Acros. Membranes of spherulitesTM were made of soy
lecithin (Phospholipon 90, Natterman), and either Tween 80 (Sigma), Si-
mulsol 2599 (Seppic) or Solutol HS 15 (a gift from BASF), and cholester-
ol (Chol) (Sigma).


Synthesis


Compound 2 : In a round-bottomed flask, 15 g (100 mmol, 1 equiv) of the
diol 1 were mixed with 3.02 mL (33 mmol, 0.33 equiv) of 3,4-dihydropyr-
an and two drops of 35% HCl (w/w in water) overnight. The reaction
medium was extracted with saturated NaHCO3 (20 mL) and CH2Cl2
(30 mL). The aqueous layer was extracted twice with CH2Cl2. Combined
organic layers were dried over MgSO4 and concentrated under vacuum.
The crude product was purified on silica gel (SiO2 500 g, ethyl acetate/
methanol 9:1) and 5.688 g of 2 were isolated. Yield 74%. 1H NMR
(300 MHz, CDCl3): d=1.49–1.79 (m, 6H), 3.45–3.50 (m, 1H), 3.57–3.62
(m, 2H), 3.66 (s, 8H), 3.69 (t, J=7.42 Hz, 2H), 3.82–3.88 (m, 1H),
4.61 ppm (t, J=3.49 Hz, 1H); 13C NMR: d=19.4, 25.3, 30.4, 61.6, 62.2,
66.4, 70.3, 70.4, 70.5, 72.5, 98.9 ppm; MALDI-TOF MS (DHB): m/z calcd
for [M+Na+]: 257.14; found: 257.2.


Compound 3 : An amount of the alcohol 2 (2 g, 8.53 mmol, 1 equiv) was
mixed with 2.44 g (12.8 mmol, 1.5 equiv) of tosyl chloride and 1.04 mL of
pyridine (12.8 mmol, 1.5 equiv) in dry CH2Cl2 under nitrogen overnight.
The reaction medium was washed with 10% HCl (w/w in water) and dis-
tilled water. The organic layer was dried over MgSO4 and concentrated
under vacuum. The crude product was purified on silica gel (SiO2 400 g,
petroleum ether/ethyl acetate 7:3) and 1.968 g of 3 was isolated. Yield
59%. 1H NMR (300 MHz, CDCl3): d=1.49–1.84 (m, 6H), 2.43 (s, 3H),
3.47 (m, 1H), 3.60 (s, 6H), 3.64 (m, 2H), 3.68 (m, 2H), 3.84 (m, 1H),


4.14 (t, J=4.85 Hz, 2H), 4.60 (t, J=3.47 Hz, 1H), 7.32 (d, J=8.34 Hz,
2H), 7.78 ppm (d, J=8.04 Hz, 2H); 13C NMR: d=19.4, 21.5, 25.3, 30.4,
62.1, 66.5, 68.5, 69.2,70.4, 70.6, 98.8, 127.8, 129.7, 132.9, 144.7 ppm.


Compound 5 : An amount of cholesterol (2.35 g, 6.1 mmol, 1.2 equiv) was
dissolved in dry DMF/dioxane (1:1 mixture, 40 mL) under nitrogen, and
0.728 g (18 mmol, 3.6 equiv) of NaH was added. After 1 h, 1.968 g
(5.1 mmol, 1 equiv) of compound 3 was added to the medium and al-
lowed to react for 80 h. Distilled water (20 mL) was added to the reac-
tion medium, which was extracted with CH2Cl2. The aqueous layer was
extracted once with CH2Cl2 and the combined organic layers were dried
over MgSO4, concentrated under vacuum and purified on silica gel (SiO2


200 g, CH2Cl2/acetone 9:1) to give 3.284 g of the product 4 mixed with
unreacted cholesterol. All of this mixture was dissolved in absolute etha-
nol (30 mL) and 250 mg of 10-camphorsulfonic acid. After 8 h, ethanol
was evaporated under vacuum and the crude product was purified on
silica gel (SiO2 300 g, CH2Cl2/acetone 9:1) to give 1.636 g of 5. Yield
62%. 1H NMR (300 MHz, CDCl3): d=0.66 (s, 3H; H


18), 0.87 (d, J=
3 Hz, H26,27), 0.91 (d, H21), 0.99 (s, H19), 2.18–2.46 (m, 2H; H4), 2.55 (br s),
3.18 (m, 1H; H3), 3.59–3.72 (m, 12H), 5.33 ppm (m, 1H; H6).


CholE3ONH2 : Under a nitrogen atmosphere, 1.636 g (3.1 mmol, 1 equiv)
of 6 was dissolved with 0.771 g (4.7 mmol, 1.5 equiv) of N-hydroxyphtha-
limide and 1.240 g (4.7 mmol, 1.5 equiv) of triphenylphosphine (PPh3) in
THF freshly distilled over sodium in the presence of benzophonone
(40 mL). 735 mL of diethylazodicarboxylate (DEAD) were then added
drop by drop. After 90 min the medium was extracted with diethyl ether
and distilled water. The organic layers were dried over MgSO4 and con-
centrated under vacuum. The crude product was purified on silica gel
(SiO2 400 g, CH2Cl2/acetone 9:1) to give 2 g of 6, which was then dis-
solved in distilled THF (20 mL)and 6 mL of aqueous hydrazine (25% w/
w in water). After 2 h, the solvent was evaporated and the crude was ex-
tracted with CH2Cl2. The aqueous layer was extracted twice with CH2Cl2,
and the combined organic layers were dried over MgSO4 and concentrat-
ed under vacuum. The product was purified on silica gel (SiO2 300 g,
CH2Cl2/methanol 95:5) to give 1.335 g of CholE3ONH2. Yield 80%.
1H NMR (300 MHz, CDCl3): d=0.65 (s, 3H; H18), 0.85 (d, J=3 Hz,
H26,27), 0.90 (d, H21), 0.97 (s, H19), 2.20–2.45 (m, 2H; H4), 3.17 (m, 1H;
H3), 3.61–6.68 (m, 10H), 3.81 (t, J=4.55 Hz, 2H), 5.31 (m, 1H; H6),
5.50 ppm (br s); 13C NMR: d=11.8 (C18), 18.7 (C21), 19.3 (C19), 22.8
(C26,27), 39.0 (C4), 67.2, 69.5, 70.5, 70.8, 74.7, 79.4 (C3), 121.5 (C6),
140.9 ppm (C5). IR (film): ñ=3313, 2934, 1592, 1467, 1366, 1111, 949,
839, 800 cm�1; HRMS (FAB+): m/z calcd for C33H60O4N [M+H+]:
534.4522; found: 534.4534 (�2.4 ppm); MALDI-TOF MS (DHB): m/z
calcd [M+Na+]: 556.43; found: 556.5.


H-CO-CO-ATWLPPR-NH2 : H-SATWLPPR-NH2 was synthesised ac-
cording to a Fmoc/tButyl solid-phase strategy by using a Pioneer synthe-
siser (Applied Biosystems) with an in situ activation of Fmoc amino acid
(9 equiv) in the presence of TBTU, HOBt and diisopropylethylamine
(DIEA). After RP-HPLC purification, a periodic oxidation gave H-CO-
CO-ATWLPPR-NH2 with 33% overall yield.


RP-HPLC analyses of H-CO-CO-ATWLPPR-NH2 were performed by
using a Shimadzu SCL-6A (3 mLmin�1) and a WATERS 2695
(1 mLmin�1) for preparative and analytical separations, respectively. RP-
HPLC eluents: TFA 0.05% in H2O; TFA 0.05% in CH3CN/H2O 80:20
(v/v), respectively. Column C18 NucleosilL at 50 8C.


SpherulitesTM were prepared by dissolving lipids in dry CH2Cl2. The sol-
vent was then evaporated under vacuum and the mixture of dried lipids
was hydrated with distilled water in the following proportions: 60% w/w
for S1, S2, S3 and 35% for S4 and S5. After homogenisation, the mix-
tures were sheared and dispersed in distilled water (8% w/w).


Reaction of peptide H-CO-CO-ATWLPPR-NH2 onto spherulitesTM:
SpherulitesTM, 8% (w/w), were diluted twice with solutions of different
concentrations of H-CO-CO-ATWLPPR-NH2. The reaction was followed
by capillary electrophoresis by using a fused silica capillary (75 mm diam-
eter, 27 cm length) in 50 mm acetate buffer pH 5.5, electrical field: E=


259 Vcm�1, on a Beckman Coulter PAGE-MDQ electrophoresis appara-
tus. Before capillary electrophoresis, samples were diluted five- and ten-
fold with distilled water to give peptide concentrations of 0.9 and
1.9 equivalents, respectively ([H-CO-CO-ATWLPPR-NH2]=3.0 and
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6.1 mm), to maintain the linearity of the peak areas. Mass spectroscopy of
spherulitesTM was performed after filtration over commercial NAP 5 col-
umns (Amersham Pharmacia Biotech) (stationary phase Sephadex G-
25). The suspension was then dissolved in THF before deposition on
DHB and subjection to mass analysis.


Fluorometry : A Quantamaster C60 fluorometer was used. The samples
were placed in a quartz vessel (10P2 mm). Emission spectra were record-
ed at between 310 and 500 nm, with excitation wavelength at 295 nm, as
shown in Figure 4. Fluorescence intensity was recorded at 488 nm over
time, with excitation at 366 nm (Figure 5).


Dynamic light scattering : Vesicle size was measured by using a Dyna-
ProMS800. SpheruliteTM suspensions were diluted by 1/1000 or 1/2000
(m/m) in distilled water and filtrated over 0.22 mm. Mean results are
given for 100 acquisitions.


Results


Design and synthesis of the new anchor : CholE3ONH2 was
designed to comprise three parts: 1) the reactive head hy-
droxylamine, 2) a short spacer triethyleneglycol to modulate
the distance between the MRP and the vesicle and 3) a cho-
lesterol moiety as the lipophilic group to be incorporated
into the lipidic membranes. The synthesis of this new anchor
was performed in three main steps (Scheme 1). Firstly, the
commercial triethylene glycol 1 was asymmetrised to get
synthon 3. Next, 3 was coupled to the cholesterol and finally,
the hydroxylamine head was introduced onto the alcohol
end of 5.


In detail, as shown in Scheme 1, the asymmetrisation of
the triethylene glycol 1 occurred by the protection of one
hydroxyl end by 2,3-dihydropyrane (DHP) in the presence
of a catalytic amount of hydrochloric acid to form a tetrahy-
dropyranyl (THP) protecting group.[18] Next, 3 was isolated
after reaction of 2 on tosyl chloride in the presence of pyri-
dine.[19] Once obtained, the tosylate was allowed to react on


the alcoholate of cholesterol, which was formed by the reac-
tion of cholesterol with sodium hydride.[20] After purification
on a silica column, compound 4 was isolated together with
an amount of unreacted cholesterol, which was more easily
removed after deprotection of the THP. The hydroxylamine
function was introduced by coupling the N-hydroxyphthal-
imide by means of a “Mitsunobu” reaction.[21] Finally, the
phthalimide group was removed by hydrazinolysis to give
the anchor CholE3ONH2 with 21% overall yield, and 49%
yield starting from cholesterol.


Reaction of a glyoxyl peptide onto spherulitesTM functional-
ised with the CholE3ONH2 anchor : The anchor Chol-
E3ONH2 was incorporated into the membrane of spheru-
litesTM by replacing the cholesterol of the initial formulation
mol by mol (Table 1). Because the pKa of an alkyl hydroxyl-


amine is approximately 4.5, we assumed that, when func-
tionalised with the anchor CholE3ONH2, spherulitesTM


would be free of electrical
charges at physiological pH 7.4.
The size distribution of each
kind of spheruliteTM was mea-
sured by using the dynamic
light scattering technique. The
mean diameter was found to be
close to 250 nm, with a polydis-
persity of 50%. No significant
difference in size was observed
between S1 and S2, containing
cholesterol or CholE3ONH2, re-
spectively.
We used capillary electropho-


resis to monitor the concentra-
tion of H-CO-CO-ATWLPPR-
NH2 (a peptidic recognition
pattern of the receptor VEGF-
R2 encountered on angiogenic
cells[22]) in the presence of
spherulitesTM S1 or S2. As
shown in Figure 1, for spheru-
litesTM prepared without Chol-


E3ONH2 (S1), no significant decrease in the concentration
of peptide was observed over a period of two days. In addi-
tion, after two days of contact, no fluorescence of the tryp-
tophan residue was observed following gel filtration (Fig-
ure 2a). We concluded that there was no significant nonspe-
cific adsorption of peptide H-CO-CO-ATWLPPR-NH2 onto
the outer membrane of spherulitesTM.


Scheme 1. Synthetic route to the anchor CholE3ONH2. i) 0.3 equiv DHP, two drops HCl, 18 h, 74%; ii) 1.5
equiv tosyl chloride, 1.5 equiv pyridine, CH2Cl2, 24 h, 59%; iii) a: 3 equiv NaH, 1 h, DMF/dioxane 1:1;
b: 0.8 equiv 3, 48 h; iv) 0.2 equiv 10-camphorsulfonic acid, absolute ethanol, 8 h, 62% (steps iii + iv);
v) 2 equiv PPh3, 2 equiv DEAD, 2 equiv N-hydroxyphthalimide, anhydrous THF, 3 h, 95%; vi) 10 equiv aque-
ous hydrazine, absolute ethanol, 2 h, 83%. Ts= tosyl, THP= tetrahydropyranyl, Chol= cholesterol.


Table 1. Massic compositions of spherulitesTM[a] .


PC Tween 80 Chol CholE3ONH2 Water Mean diameter [nm]
(polydispersity)


S1 23.2 13.6 3.2 0 60 236 (50%)
S2 22.5 13.2 0 4.3 60 262 (51%)


[a] Values are given as percentages.
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On the other hand, for spherulitesTM prepared with Chol-
E3ONH2 (S2), the concentration of the glyoxylyl peptide de-
creased over time (t ; Figure 1). This decrease could be well


fitted by applying the monoexponential function defined in
Equation (1), in which A is the percentage of peptide that
reacted with the anchor, B is the percentage of unreacted
peptide (A+B=100), and t is the characteristic time of the
reaction.


% peptide in solution ¼ A e�t=t þ B ð1Þ


The fluorescence emission spectrum obtained after gel fil-
tration of spherulites S2 reveals that, firstly, when excited at
the tryptophan excitation wavelength, the vesicles emit fluo-
rescence, and secondly, the maximum of emission was 5 nm
lower than that of the free peptide (Figure 2b). Thus, we
concluded that 1) the peptide was immobilised onto the
vesicles and 2) the environment of the peptide was less
polar than in aqueous solution, in other words, the peptide
was close to a lipidic membrane.


To confirm that the detection of peptide fluorescence cor-
related to the expected a-oxo oxime bond formation, a
MALDI-TOF mass spectrum was recorded. To permit this
analysis, the spherulitesTM were disrupted by THF. The
MALDI-TOF mass spectrum showed a peak at m/z=1411.3
and the ligation adduct [M+H+] was calculated to be 1410.9
(see Supporting Information). We could, therefore, conclude
that the a-oxo oxime ligation reaction occurred between the
glyoxylyl peptide and the spherulitesTM functionalised with
the new anchor CholE3ONH2.
To quantify this reaction, we measured the kinetics of the


ligation of different proportions of peptide H-CO-CO-
ATWLPPR-NH2 onto spherulites S2. The change in per-
centage of peptide in solution was fitted by Equation (1),
and all the parameters of the kinetics are reported in
Table 2. Characteristic times of the reaction were between
15 and 20 h, if less than 0.2 equivalents of peptide, with re-
spect to total anchor, was introduced into the suspension S2.
By increasing the ratio of peptide:anchor, the characteristic
time decreased, falling to less than half an hour for
1.9 equivalents of peptide. Moreover, from the parameter A
of Equation (1), we could estimate the quantity of peptide
consumed by the ligation. By plotting the number of equiva-
lents consumed in the reaction as a function of the number


Figure 1. Percentage of peptide H-CO-CO-ATWLPPR-NH2 remaining in
the suspension as a function of time, measured by capillary electrophore-
sis. ^: spherulites S1, &: spherulites S2. Initial [peptide]=3.17 mm. Spher-
ulitesTM were dispersed in water at 4%.


Figure 2. Intensity of fluorescence of the tryptophan residue of peptide
H-CO-CO-ATWLPPR-NH2 in response to excitation at 295 nm as a
function of emission wavelength. a) Suspensions of S1: (c) dispersed
in a solution of peptide of 608 mm, (b) dispersed in a solution of pep-
tide then submitted to gel filtration and (g) dispersed in water. b) Sus-
pensions of S2 : (c) dispersed in a solution of peptide, (b) dispersed
in a solution of peptide then submitted to gel filtration and (g) a solu-
tion of H-CO-CO-ATWLPPR-NH2 of 60.8 mm in water.


Table 2. Adjusted parameters of Equation (1) describing the kinetics of
the ligation reaction. SpherulitesTM were suspended at 4% w/w, and
[CholE3ONH2]=3.2 mm.


Equivalents of
peptide


A B t [h] R2


0.04 93.1 (�3.0) 6.8 (�3.3) 17.4 (�1.8) 0.9948
0.09 87.0 (�3.1) 12.9 (�3.6) 20.3 (�1.9) 0.9957
0.09 85.5 (�3.2) 14.6 (�3.4) 18.3 (�2.4) 0.9867
0.15 87.1 (�2.4) 12.9 (�2.3) 13.4 (�1.3) 0.9922
0.19 90.5 (�3.8) 9.5 (�4.1) 22.6 (�2.7) 0.9874
0.23 75.2 (�6.5) 24.8 (�6.1) 12.1 (�3.2) 0.9497
0.38 86.3 (�3.8) 13.7 (�2.6) 11.2 (�1.6) 0.9759
0.95 53.0 (�3.9) 47.0 (�2.7) 5.7 (�0.95) 0.9530
0.95 68.6 (�5.0) 31.4 (�3.4) 10.2 (�2.4) 0.9413
1.9 29.9 (�4.1) 70.1 (�0.99) 0.43 (�0.12) 0.9192
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of equivalents of peptide engaged by the ligation (Figure 3),
we saw that only 60% of the anchors were accessible to the
peptide. Indeed, the number of equivalents of consumed


peptide increased to 0.6 before 0.6 equivalent of peptide was
engaged. Subsequently, the number of equivalents of con-
sumed peptide remained constant at 0.6. A plot of the
number of equivalents of peptide consumed against the fluo-
rescence emission of tryptophan in spherulitesTM reacting
with different proportions of peptide (Figure 4) reveals a


good linear correlation between these two parameters. Thus,
we can reasonably suppose that all of the peptide consumed
for the ligation remains in the spherulitesTM.


Effect of membrane composition on the kinetics of the reac-
tion : The anchor CholE3ONH2 was incorporated into spher-
ulitesTM with various membrane compositions (Table 3). The
main differences were in the surfactant used (Tween 80 for


S3, Simulsol 2599 for S4 and Solutol HS 15 for S5), and the
presence (S3 and S5) or absence (S4) of cholesterol.
The kinetics of the ligation of peptide H-CO-CO-


ATWLPPR-NH2 were monitored by conducting capillary
electrophoresis, and were subsequently fitted by Equa-
tion (1) (Table 4). For suspensions of spherulites S3 and S5
with the same concentrations of peptide, the characteristic
times t were close to 20 h. In contrast, for spherulites S4,
the rate of reaction was ten times quicker, with a t of ap-
proximately 2 h.


Notably, in contrast to S3 and S5, the suspension of S4
has no cholesterol in its membrane. We can, therefore, sup-
pose that the presence of cholesterol slows down the kinet-
ics of the reaction. Moreover, if we consider the ratio of
“consumed peptide/anchor exposed on the surface of spher-
ulitesTM” (mol/mol), we see that, in each case, about ten
times more anchor is engaged in the ligation than is exposed
on the surface. Thus, not only the anchor exposed on the
surface is accessible to the glyoxylyl peptide in solution, but
also the anchor trapped within the vesicles.


Evidence for the internalisation of the glyoxylyl peptide :
We confirmed that only the spherulitesTM functionalised
with the anchor CholE3ONH2 were capable of internalizing
the glyoxylyl peptide. This was demonstrated by encapsulat-
ing 3-methyl-2-benzothiazolinone hydrazone (MBTH), a
nonfluorescent, hydrazine-like molecule that becomes fluo-
rescent only after it has reacted with a glyoxylyl com-
pound,[23] in spherulites S5 (containing anchor) and S6 (with-
out anchor). S5 and S6 were incubated with an aqueous so-
lution of the studied glyoxylyl peptide and the fluorescence
intensity of the suspensions was recorded over time (excita-
tion at 366 nm, emission at 488 nm). As shown in Figure 5,
fluorescence of the ligation adduct between MBTH and the
glyoxylyl peptide was detected and increased only in the
case of spherulitesTM containing CholE3ONH2 in their mem-


Figure 3. Number of equivalents of peptide consumed by the ligation as a
function of the number of equivalents of peptide H-CO-CO-ATWLPPR-
NH2 engaged in the reaction.


Figure 4. Linear correlation between the number of equivalents of pep-
tide consumed by the ligation measured by capillary electrophoresis and
the fluorescence of the spherulitesTM.


Table 3. Massic compositions of spheruliteTM membranes[a] that were
used to study the accessibility of the internal anchor CholE3ONH2.


PC Cosurfactant Chol CholE3ONH2 Water


S3 22.7 Tween 80: 13.4 1.2 2.7 60
S4 41.9 Sim[b]: 18.9 0 4.2 35
S5 41.1 Sol[c]: 13 6.6 4.4 35
S6 48 Sol[c]: 14.3 11.4 0 35


[a] Values are given as percentages. [b] Simulsol 2599. [c] Solutol HS 15.


Table 4. Kinetic parameters for the ligation of peptide H-CO-CO-
ATWLPPR-NH2 (3.17 mm) onto spherulites S3, S4 and S5 (4% w/w in
peptidic solution).


% Consumed
peptide


t [h] % Exposed
anchor


n consumed peptide
n exposed anchor


S3 91 (�5) 24.9 (�3.2) 15 9.6 (�0.5)
S4 87 (�11) 2.2 (�0.7) 6 14.6 (�1.6)
S5 63 (�20) 20.7 (�10.3) 6 10.5 (�2.1)
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branes (S5). The fluorescence
intensity reached a plateau
after 10 h of reaction. In con-
trast, the level of fluorescence
of spherulites S6 remained low
and constant for at least 15 h,
confirming that there was no
leakage of MBTH, and no en-
trance of the glyoxylyl peptide
into spherulitesTM that did not
have the anchor.


Discussion


The fact that the anchor is also
localised within the internal
membranes of spherulitesTM


does not hinder its reactivity
toward a peptide dissolved in the outer solution. In contrast,
membrane composition can dramatically affect the kinetics
of ligation onto and within the spherulitesTM. Moreover,
Figure 4 shows that all the peptide consumed for the ligation
remains incorporated within the spherulitesTM. As the pro-
portion of the consumed anchor is greater than the propor-
tion of the anchor exposed on the surface, we can conclude
that the functionalisation of spherulitesTM by the a-oxo
oxime ligation also involves some internal anchors. Further-
more, a glyoxylyl peptide can react with a hydrazine-like
molecule encapsulated within spherulitesTM that contain the
hydroxylamine anchor CholE3ONH2.
SpherulitesTM do not encapsulate unligated peptides.


Indeed, we proved by fluorescence spectroscopy after gel fil-
tration that no detectable peptide remains within spheru-
litesTM if it is not ligated with CholE3ONH2. We propose
that the first step is the rapid reaction of the outer anchor
with the solubilised glyoxylyl peptide.


As the lipid composition changed, the physical properties
of the membranes were modified, in particular the lipid mo-
bility in the flip-flop motion. The kinetics of the ligation
differ as the formulation of the membrane is changed, al-
though the concentrations of reactants are kept constant.
Therefore, the chemical reaction on the surface of spheru-
litesTM is not the limiting step. Thus, we suppose that the re-
action involving the internal anchors confers the kinetic fea-
tures to the system.
We propose the following explanation, represented in


Figure 6: In the first step, the glyoxylyl peptide reacts with
hydroxylamine anchors on the external membrane surface
of the spherulitesTM. In the second step, by means of a flip-
flop motion, ligation adducts can switch from the outer to
the internal membrane surface. In the same manner, anchors
firstly localised on the internal surface of the first bilayer
can exchange and move to the outer surface. Thus, ligation
adducts and anchors that have not yet reacted are


“squeezed” into a limited space. As the formation of an
oxime is in equilibrium, the bond between the peptide and
the anchor can be hydrolysed, and the peptide can then
react with anchors from deeper membrane layers. This hy-
pothesis was confirmed by the ability of the glyoxylyl pep-
tide to react with MBTH encapsulated in spherulitesTM, pro-
vided the anchor CholE3ONH2 was present in their mem-
branes (Figure 5). In this case, after flip-flop exchanges and
hydrolysis of the lipopeptide, the glyoxylyl peptide can react
with MBTH present in the aqueous layers of spherulitesTM.
By this mechanism, it is reasonable to think that 1) the
oxime bond can be hydrolysed in the inside of the vesicles,
thus releasing free glyoxylyl peptide ready to react again
and that 2) the flip-flop motions are the limiting step and
confer the functionalisation kinetics to the spheruliteTM sus-
pensions. We saw previously that the presence of cholesterol
in membranes decreases significantly the kinetics of the
functionalisation of the spherulitesTM. These results con-
verge and are consistent with the rigidification of the mem-


Figure 5. Evolution of fluorescence intensity at 488 nm (excitation at
366 nm) of suspensions of spherulites S5 containing the anchor Chol-
E3ONH2 (curve a), or spherulites S6 without the anchor (curve b), at 4%
(w/w) in a 3.17 mm solution of H-CO-CO-ATWLPPR. The internal aque-
ous layers of spherulitesTM contained 10 mm of MBTH.


Figure 6. Hypothetical mechanism of ligation between a peptide and anchors contained both on and within the
spherulitesTM.
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brane generally observed by cholesterol<s contribution to
membrane formulations. Indeed, in this case, the cholesterol
seems to reduce the motion of the lipids in the bilayers and,
in particular, the flip-flop velocity. These effects seem to de-
crease the kinetics of peptide internalisation.


Conclusion


We observed that, due to the reversibility of the a-oxo
oxime bond, a glyoxylyl peptide can enter multilamellar
vesicles by passing through lipidic bilayers. We calculated
the kinetic and thermodynamic aspects of this entry and an-
alysed the reasons why this phenomenon occurs. The reac-
tion was dependent upon the presence of a hydroxylamine
cholesterol-like anchor. The more peptide submitted for li-
gation, the more entered the vesicles, until a limit of 60%
was reached. We can say that the presence of the hydroxyl-
amine anchor in internal layers of spherulitesTM acted as a
“driving force” for the encapsulation of a glyoxylyl peptide
by these multilayer vesicles. Finally, the components of the
membrane played a key role in internalisation, especially
cholesterol, whose presence seemed to be correlated to
membrane rigidity and the flip-flop motions. These results
suggest that multilamellar onion-like vesicles can be regard-
ed not only as cargo vesicles, but also as nanoreactors. Two
reagents displaying opposite physico-chemical properties
and partitioned in two different compartments, even those
present in the deep membranes of the vesicle, were able to
react due to their confinement. In this field, a reduction re-
action has already been reported.[24]
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Introduction


Bis(phthalocyaninato) rare-earth complexes have been in-
tensively studied as an important and useful class of ad-
vanced materials for gas sensors, electrochromic displays,
photoconductors, other opto-electronic devices, and single-
molecular magnets.[1–4] To date, most of the studies have fo-
cused on double-deckers with either unsubstituted phthalo-
cyaninato ligands or the tetra- or octa-b-substituted ana-
logues (i.e., substituted at the 2, 3, 9, 10, 16, 17, 23, and 24
positions).[5] Sandwich-type complexes with a-substituted
phthalocyaninato ligands are extremely rare.[6] Due to the
very different electronic properties of a-substituted phthalo-
cyanines and the b-substituted counterparts,[7] we were inter-
ested to examine the effects of a-substitution on the spec-
troscopic, electrochemical, and structural properties of the
resulting bis(phthalocyaninato) complexes. We report herein
the preparation of three new homoleptic bis[1,8,15,22-tetra-
kis(3-pentyloxy)phthalocyaninato] rare-earth complexes
[MIII{Pc(a-OC5H11)4}2] (M=Eu, Y, Lu) and a comparison of
their properties with those of the non-a-substituted ana-
logues. Due to the four regularly disposed a-substituents (at


Abstract: Homoleptic bis(phthalocya-
ninato) rare-earth double-deckers com-
plexes [MIII{Pc(a-OC5H11)4}2] (M=Eu,
Y, Lu; Pc(a-OC5H11)4=1,8,15,22-tetra-
kis(3-pentyloxy)phthalocyaninate) have
been prepared by treating the metal-
free phthalocyanine H2Pc(a-OC5H11)4


with the corresponding M(acac)3·nH2O
(acac=acetylacetonate) in refluxing n-
octanol. Due to the C4h symmetry of
the Pc(a-OC5H11)4 ligand and the
double-decker structure, all the reac-
tions give a mixture of two stereoisom-
ers with C4h and D4 symmetry. The
former isomer, which is a major prod-


uct, can be partially separated by re-
crystallization due to its higher crystal-
linity. The molecular structure of the
major isomer of the Y analogue has
been determined by single-crystal X-
ray diffraction analysis. The metal
center is eight-coordinate bound to the
isoindole nitrogen atoms of the two
phthalocyaninato ligands, forming a
distorted square antiprism. Such an ar-


rangement leads to an interesting “pin-
wheel” structure when viewed along
the C4 axis, which assumes a very un-
usual S8 symmetry. The major isomers
of all these double-deckers have also
been characterized with a wide range
of spectroscopic methods. A systematic
investigation of their electronic absorp-
tion and electrochemical data reveals
that the p–p interaction between the
two Pc(a-OC5H11)4 rings is weaker
than that for the corresponding unsub-
stituted or b-substituted bis(phthalo-
cyaninato) analogues.
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the 1,8,15,22-positions), the two possible cofacial orienta-
tions of the phthalocyanine rings give rise to two diaste-
reoisomers with C4h and D4 molecular symmetry (see
Figure 1, assuming that there is a free rotation of the phtha-


locyaninato ligands about the C4 axis). The former isomer,
which can be partially separated by recrystallization, adopts
a slightly distorted square antiprismatic geometry around
the metal center, resulting in S8 symmetry. To the best of
our knowledge, this is the first report of rare-earth double-
decker complexes with such a molecular symmetry.


Results and Discussion


Synthesis of [MIII{Pc(a-OC5H11)4}2]: The synthesis involved
a simple condensation reaction of the metal-free phthalocya-
nine H2Pc(a-OC5H11)4 with the corresponding metal salts.
Thus treatment of M(acac)3·nH2O (M=Eu, Y, Lu; acac=
acetylacetonate) with H2Pc(a-OC5H11)4 in refluxing n-octa-
nol led to the formation of [MIII{Pc(a-OC5H11)4}2] [M=Eu
(1), Y (2), Lu (3)] via the intermediate [MIIIH{Pc(a-
OC5H11)4}2].


[8] The yield was higher for the rare earths with
a smaller ionic radius (21% for 1, 45% for 2, 49% for 3).
This is in line with the trend observed for the other series of
bis(phthalocyaninato) complexes [MIII(Pc)2] and [MIII{Pc(b-
OC8H17)8}2] (Pc=phthalocyaninate; Pc(b-OC8H17)8=


2,3,9,10,16,17,23,24-octakis(octyloxy)phthalocyaninate).[8a,9]


These three metals were selected because their ionic radii
span a relatively wide region, allowing the study of their ef-
fects on the spectroscopic and electrochemical properties.
The facile characterization of these metal complexes by
NMR spectroscopy is also one of the advantages.[10] All the
reactions gave a mixture of two isomers with C4h and D4


symmetry depending on the relative orientation of the two
ligands (Figure 1). On the basis of the 1H NMR data (to-
gether with the X-ray diffraction analysis; see below), the
former isomer was found to be the major product giving a
ratio of 95:5 (for M=Eu) or 7:3 (for M=Y, Lu) with re-


spect to the D4 isomer. These two isomers could not be sep-
arated by column chromatography. However, recrystalliza-
tion by layering MeOH onto a solution of the mixture in
CHCl3 gave some dark-blue cubes, which were found to be
the C4h isomer. It seems that this isomer has a higher crystal-
linity than the D4 isomer, allowing it to form crystals more
readily. Some of the relatively large crystals could be man-
ually separated under a microscope. Thus this method al-
lowed a partial separation of the C4h isomer, but the pure D4


isomer could not be obtained.


Spectroscopic characterization : The C4h isomers of all the
double-deckers were fully characterized with elemental
analysis and a wide range of spectroscopic methods (see
Table S1 in the Supporting Information). The MALDI-TOF
mass spectra showed an isotopic cluster due to the [M+1]+


or [M+2]+ species. The occurrence of the latter signal may
be due to the less-negative first reduction potential of these
complexes (see below), which allows an ease formation of
the monoreduced, protonated [MIII{Pc(a-OC5H11)4}2] under
the experimental conditions. Ionization of this species by
protonation leads to the [M+2]+ cluster. A typical spectrum
of the C4h isomer of [LuIII{Pc(a-OC5H11)4}2] (3) is given in
Figure S1 (Supporting Information). It can be seen that the
isotopic distribution of this cluster is in good agreement
with the simulated pattern for the [M+2]+ species.


Like other bis(tetrapyrrole) rare-earth(iii) complexes,[10,11]


compounds 1–3 possess an unpaired electron in one of the
macrocyclic ligands, which can be confirmed by EPR spec-
troscopy. The room-temperature EPR spectra of the Y and
Lu analogues in CH2Cl2 showed a typical organic radical
signal at g=2.000 with a linewidth of 5.1 (for M=Y) or
10.6 G (for M=Lu). As a result of the interaction between
the unpaired electron and the paramagnetic EuIII center, the
europium counterpart 1 was EPR-silent under these condi-
tions.


1H NMR spectra of these complexes were recorded in the
presence of hydrazine hydrate, which reduced the neutral
double-deckers to the corresponding monoanions, thereby
making the two macrocyclic ligands become diamagnetic.[12]


Figure 2 shows the 2D 1H–1H COSY spectrum of the man-
ually separated crystals of the Y analogue 2. X-ray diffrac-
tion analysis revealed that they are the S8 isomer (see
below) or the C4h isomer if we assume that there is a free ro-
tation of the phthalocyaninato ligands about the C4 axis in
solution. All the signals can be readily assigned unambigu-
ously through the correlations established in this experi-
ment. The data together with the assignment are given in
Table 1. Interestingly, due to the double-decker structure
and the restricted rotation of the 3-pentyloxy substituent,
the two ethyl groups of this substituent are no longer equiv-
alent. One of them resonates as two multiplets at d=2.14–
2.28 and 2.30–2.42 ppm, arising from the two diastereotopic
CH2 protons, and a triplet at d=1.36 ppm (CH3), while the
other gives a multiplet at d=1.98–2.10 ppm (for the two dia-
stereotopic CH2 protons) and a triplet at d=1.12 ppm
(CH3). The spectrum for the Eu analogue shows similar


Figure 1. Structures of the two isomers of [MIII{Pc(a-OC5H11)4}2].
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spectral features, but most of the signals are shifted down-
field (Table 1) due to the paramagnetic EuIII center.


1H NMR data of all the D4 isomers were obtained from
mixtures of the two isomers. These data are also listed in
Table 1. In general, two sets of partially overlapped signals
for the two isomers were observed. The ratio of the two iso-
mers was determined from the integrations of the two OCH
multiplets.


The electronic absorption spectra of the C4h isomers of
the three complexes were measured in CHCl3 and the data
are compiled in Table 2. The dependence of the spectral fea-
tures on the metal center is clearly illustrated by the spectra
of the Eu, Y, and Lu analogues (Figure 3). The spectra show
a typical Soret band at approximately 305 nm with a should-


er at the lower energy side (370–382 nm). The slight splitting
of this band has been observed previously for other bis(ph-
thalocyaninato) rare-earth(iii) complexes.[8a,12a,13] Interesting-
ly, the Q-bands for these compounds are also split, giving
two well-separated absorptions at 628–639 and 707–724 nm
as a result of the decrease in molecular symmetry. The spec-
tra for these three compounds also show two weak absorp-
tions at 453–456 and 943–946 nm, which are characteristic p-
radical-anion bands for bis(phthalocyaninato) rare-earth(iii)
complexes.[13, 14] These two absorptions have counterparts in
the spectra of unsubstituted bis(phthalocyaninato) rare-
earth analogues [M(Pc)2]


[13, 14] and have been assigned to the
transitions from the fourth-occupied HOMO to the semi-oc-
cupied HOMO and from the semi-occupied HOMO to the
LUMO, respectively.[15] However, it is worth noting that the
transitions between the phthalocyanine p system and the
lone-pair of electrons on the oxygen atoms of the 3-pentyl-
oxy side chains also contribute to the former absorption.[13,14]


An additional p-radical-anion marker band appears at
1666–2052 nm, which is significantly red-shifted compared
with that of the corresponding [MIII(Pc)2] and [MIII{Pc(b-
OCnH2n+1)8}2] (n=5, 8),[8a,13b,14] showing that the ring-to-ring
interaction is significantly weaker for 1–3. As shown in
Table 2 and Figure 3, all the absorptions (except for the
main Soret band at ca. 305 nm) including their position and
intensity are sensitive to the metal center.


A simplified molecular orbital diagram of [MIII{Pc(a-
OC5H11)4}2] constructed from the a1u and eg orbitals of the
two ligands is given in Figure 4.[15] The corresponding dia-
gram for [MIII(Pc)2] is also shown for comparison. Due to
the more electron-rich Pc(a-OC5H11)4 with respect to Pc,
both the a1u and eg orbitals of Pc(a-OC5H11)4 are higher in
energy than those of Pc. The weak absorption at 943–
946 nm, which shifts slightly to the red with decreasing the
size of the metal center, is due to the electronic transition
from the semi-occupied orbital to the degenerate LUMO.
The lowest energy near-IR band at 1666–2052 nm is due to
the transition from the second-highest occupied orbital to


Figure 2. 2D 1H–1H COSY spectrum of the C4h isomer of [YIII{Pc(a-
OC5H11)4}2] (2) in CDCl3/[D6]DMSO (1:1) in the presence of approxi-
mately 1% hydrazine hydrate.


Table 1. 1H NMR data [d in ppm] for the reduced form of [MIII{Pc(a-OC5H11)4}2] (M=Eu (1), Y (2), Lu (3)).


Ha Hb Hc OCH CH2 CH3


1 C4h
[a] 10.11 (d, J=7.5 Hz, 8H) 8.32 (t, J=7.5 Hz, 8H) 7.90 (d, J=7.5 Hz, 8H) 6.48–6.58 (m, 8H) 2.84–2.96 (m, 16H)[c] 1.57 (t, J=7.5 Hz, 24H)[c]


1 D4
[b] 10.28 (d, J=7.3 Hz, 8H) 8.40 (t, J=7.3 Hz, 8H) –[c] 6.07 (m, 8H) 3.11 (m)[c] 1.16 (t, J=7.3 Hz, 24H)[c]


2 C4h
[a] 8.44 (d, J=7.5 Hz, 8H) 7.70 (t, J=7.5 Hz, 8H) 7.30 (d, J=7.5 Hz, 8H) 5.00–5.06 (m, 8H) 2.30–2.42 (m, 8H) 1.36 (t, J=7.5 Hz, 24H)


2.14–2.28 (m, 8H) 1.12 (t, J=7.5 Hz, 24H)
1.98–2.10 (m, 16H)


2 D4
[b] 8.47 (d, J=7.3 Hz, 8H) 7.74 (t, J=7.3 Hz, 8H) 7.28 (d, J=7.3 Hz, 8H) 4.81 (m, 8H) 2.20 (m) 1.37 (t, J=7.3 Hz, 24H)


2.05 (m) 0.90 (t, J=7.3 Hz, 24H)
1.85 (m)


3 C4h
[b] 8.45 (d, J=7.3 Hz, 8H) 7.70 (t, J=7.3 Hz, 8H) 7.30 (d, J=7.3 Hz, 8H) 4.98–5.04 (m, 8H) 2.32–2.44 (m, 8H) 1.11 (t, J=7.4 Hz, 24H)


2.25–2.30 (m, 8H) 1.37 (t, J=7.4 Hz, 24H)
2.00–2.10 (m, 16H)


3 D4
[b] 8.47 (d, J=7.3 Hz, 8H) 7.74 (t, J=7.3 Hz, 8H) 7.28 (d, J=7.3 Hz, 8H) 4.81 (m) 2.20 (m) 1.39 (t, J=7.3 Hz, 24H)


2.05 (m) 0.89 (t, J=7.3 Hz, 24H)
1.85 (m)


[a] Recorded in CDCl3/[D6]DMSO (1:1) with the addition of ca. 1% (by volume) hydrazine hydrate on a 300 MHz spectrometer unless otherwise stated.
[b] Recorded in CDCl3/[D6]DMSO (1:1) with the addition of ca. 10% (by volume) hydrazine hydrate on a 400 MHz spectrometer. The data were taken
from the spectra of mixtures containing both isomers. [c] These signals were not observed due to an overlap with the strong bands of water, hydrazine,
or residual solvents.
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the semi-occupied orbital.[16] The energy involved, which re-
flects the extent of electronic coupling between the two
macrocycles, increases from compound 1–3. This suggests
that as the size of the metal center decreases, there is a
stronger p–p interaction in the complex.


The presence of an unpaired electron in one of the phtha-
locyaninato ligands was supported by vibrational spectrosco-
py. An intense band at 1307–1315 cm�1 together with a
medium band at approximately 1380 cm�1 were observed in
the IR spectra of the C4h isomers of 1–3. These are the char-


acteristic bands for phthalocya-
nine radical anion and dianion,
respectively.[17] With laser exci-
tation at 632.8 nm, the marker
Raman band for the [Pc(a-
OC5H11)4]C� radical anion ap-
peared in the range of 1522–
1530 cm�1 for the C4h isomers
of 1–3.[18]


Structural studies : Single crystals of the C4h isomer of
[YIII{Pc(a-OC5H11)4}2] (2) suitable for X-ray diffraction anal-
ysis were obtained by slow diffusion of MeOH into a solu-
tion of the sample in CHCl3. This compound represents the
first example of a homoleptic bis(1,8,15,22-tetrasubstituted
phthalocyaninato)metal complex that has been structurally
characterized. The compound crystallizes in the monoclinic
system with four molecules per unit cell. Figure 5 shows a


perspective view of the structure. The yttrium center is
eight-coordinate, bound to the isoindole nitrogen atoms of
the two tetra-a-substituted phthalocyaninato ligands. The
two ligands are almost fully staggered forming a slightly dis-
torted square antiprism. Thus the compound exhibits a pin-
wheel-like S8 symmetry in the solid state, which has not
been observed previously for this class of compounds. The
yttrium atom lies almost in the center between the two Pc-
(a-OC5H11)4 rings (1.350 vs 1.368 S). Like the structures of
many tetrapyrrole double-decker complexes,[11] the two li-
gands are not planar and display a saucer shape.


Electrochemical properties : The redox behavior of the C4h


isomers of 1–3 was studied by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) in CH2Cl2. All the


Table 2. Electronic absorption data for [MIII{Pc(a-OC5H11)4}2] (M=Eu (1), Y (2), Lu (3)) in CHCl3.


lmax [nm] (log e)


C4h isomer of 1 305 (4.98) 382 (sh) 453 (sh) 639 (5.03) 724 (5.00) 943 (3.40) 2052 (4.17)
C4h isomer of 2 306 (5.00) 377 (sh) 454 (sh) 632 (4.99) 713 (5.11) 945 (3.57) 1816 (4.20)
C4h isomer of 3 305 (5.02) 370 (sh) 456 (sh) 628 (4.96) 707 (5.19) 946 (3.72) 1666 (4.21)


Figure 3. Electronic absorption spectra of the C4h isomers of [MIII{Pc(a-
OC5H11)4}2] (M=Eu, Y, Lu) (1–3) in CHCl3.


Figure 4. Simplified molecular orbital diagrams for [MIII(Pc)2] and
[MIII{Pc(a-OC5H11)4}2].


Figure 5. Molecular structure of the C4h isomer of [YIII{Pc(a-OC5H11)4}2]
(2) showing the 30% probability thermal ellipsoids for all non-hydrogen
atoms.
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three compounds showed three quasi-reversible one-elec-
tron oxidations and three quasi-reversible one-electron re-
ductions, which can be attributed to the successive removal
of electrons from and addition of electrons to the ligand-
based orbitals, respectively, as the trivalent rare-earth metal
center cannot be oxidized or reduced under these condi-
tions. Figure 6 shows the voltammograms for the yttrium an-


alogue, which are very similar to those for the other two
double-deckers. The data are collected in Table 3. The elec-
trochemical data for 1–3, as a mixture of the C4h and D4 iso-
mers, were also measured. The data were virtually identical
(�0.03 V at most) with those obtained from the correspond-
ing pure C4h isomer.


Compared with the electrochemical data of the corre-
sponding [MIII(Pc)2],


[19] the oxidation potentials of
[MIII{Pc(a-OC5H11)4}2] (1–3) are lower by 0.23–0.54 V and


their reduction potentials are more negative by 0.18–0.44 V,
reflecting the electron-donating nature of the 3-pentyloxy
group. The gap between Oxd2 and Oxd1 (DE0


1=2) reflects the
energy separation between the semi-occupied orbital and
the second-highest occupied orbital. The value is significant-
ly smaller for [MIII{Pc(a-OC5H11)4}2] (0.82–0.95 vs 1.04–
1.20 V for [MIII(Pc)2]). This also shows that the p–p interac-
tion is weaker for these bis(tetra-a-substituted phthalocyani-
nato) rare-earth complexes. In contrast, the potential differ-
ence between Red1 and Red2 (DE00


1=2), which represents the
gap between the semi-occupied orbital and the LUMO, is
only marginally larger for[MIII{Pc(a-OC5H11)4}2] (1.20–1.29
vs. 1.08–1.19 V for [MIII(Pc)2]). This is in accord with the re-
sults for the double-deckers [MIII{Pc(b-tBu)4}2] and
[MIII{Pc(b-OC8H17)8}2].


[19] For these complexes, the introduc-
tion of the electron-donating tert-butyl and octyloxy groups
also induces a cathodic shift of all redox processes without
significantly changing the relative energy levels of the semi-
occupied orbital and the LUMO.


Furthermore, the difference of the redox potentials of
Red1 and Red2 for [MIII{Pc(a-OC5H11)4}2] actually corre-
sponds to the potential difference between the first oxida-
tion and first reduction processes of [MIII{Pc(a-OC5H11)4}2]


� ,
which gradually decreases from 1.29 to 1.20 mV along with
the decrease of rare-earth radius. As the first oxidation step
and first reduction step, involve the HOMO and the LUMO
of the molecule, respectively, the energy difference between
these two redox processes for [MIII{Pc(a-OC5H11)4}2]


� corre-
sponds to its electrochemical molecular band gap. The value
DE00


1=2 thus should reflect the energy necessary for the transi-
tion of an electron from the HOMO to the LUMO of
[MIII{Pc(a-OC5H11)4}2]


� and therefore should correlate with
the lowest energy optical transition in the electronic absorp-
tion spectrum of [MIII{Pc(a-OC5H11)4}2]


� . In fact, the de-
creasing trend observed for the DE00


1=2 value of these bis(ph-
thalocyaninato) rare-earth complexes along with the lantha-
nide contraction is in good agreement with the red-shift of
the lowest electronic absorption band of [MIII{Pc(a-
OC5H11)4}2]


� , from 692 nm for M=Eu to 701 nm for M=


Lu, along with the same order (Figure S2 in the Supporting
Information).


As shown in Table 3, the potentials of both Oxd1 and
Red1 are slightly shifted to the cathodic side along with the
decrease in metal size (i.e., from 1 to 3). These potentials
are related to the energy level of the semi-occupied molecu-
lar orbital. In contrast, the potentials of both Oxd2 and
Oxd3, which involve the second-highest occupied orbital,


remain more or less the same.
These results reveal that along
with lanthanide contraction, the
energy gap between the semi-
occupied molecular orbital and
the second-highest occupied or-
bital increases, showing an in-
crease in p–p interaction as the
size of the metal center de-
creases. This is in line with the


Figure 6. Cyclic voltammogram (bottom) and differential pulse voltam-
mogram (top) of the C4h isomer of [YIII{Pc(a-OC5H11)4}2] (2) in CH2L2


containing 0.1 moldm�3 [NBu4][ClO4] at a scan rate of 20 and 10 mVs�1,
respectively.


Table 3. Electrochemical data for the C4h isomers of 1–3.[a]


Oxd3 Oxd2 Oxd1 Red1 Red2 Red3 DE1/2
[b] DE0


1=2
[c] DE00


1=2
[d]


C4h isomer of 1 +1.29 +1.05 +0.23 �0.09 �1.38 �1.73 0.32 0.82 1.29
C4h isomer of 2 +1.32 +1.07 +0.18 �0.14 �1.38 �1.74 0.32 0.89 1.24
C4h isomer of 3 +1.32 +1.07 +0.12 �0.20 �1.40 �1.75 0.32 0.95 1.20


[a] Recorded with [Bu4N][ClO4] as electrolyte in CH2Cl2 (0.1 moldm�3) at ambient temperature. Potentials
were obtained by cyclic voltammetry with a scan rate of 20 mVs�1, and are expressed as half-wave potentials
(E1/2) in V relative to SCE unless otherwise stated. [b] DE1/2=Oxd1�Red1. [c] DE0


1=2=Oxd2�Oxd1. [d] DE00
1=2=


Red1�Red2.
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hypsochromic shift of the longest wavelength near-IR band
described above. The remaining reduction processes Red2


and Red3 are not sensitive to the rare-earth metal center.
This indicates that the energy level of the LUMO (as well
as the remaining unoccupied orbitals) remains relatively un-
changed along the series.


The values of DE1/2, that is, the potential difference be-
tween Oxd1 and Red1, are identical for 1–3. The value
(0.32 V) is significantly smaller than the corresponding
values for [M(Pc’)2] (Pc’=Pc, Pc(b-tBu)4, Pc(b-OC8H17)8:
0.41–0.45 V).[19]


Conclusion


In summary, we have prepared three novel homoleptic
bis(1,8,15,22-tetrasubstituted phthalocyaninato) rare-earth
complexes [MIII{Pc(a-OC5H11)4}2] (M=Eu, Y, Lu). The C4h


isomers of these compounds can be partially separated by
recrystallization and it has been confirmed by X-ray diffrac-
tion analysis that they adopt an usual pinwheel-like struc-
ture with S8 symmetry in the solid state. Spectroscopic and
electrochemical studies have revealed that these complexes
have a weaker p–p interaction compared with the unsubsti-
tuted or b-substituted bis(phthalocyaninato) analogues.


Experimental Section


Purification of solvents, preparation of precursors, spectroscopic mea-
surements, and electrochemical studies have been described in detail
elsewhere.[6b]


General procedure for the preparation of 1–3 : In a typical procedure, a
mixture of M(acac)3·nH2O (M=Eu, Y, Lu) (30 mg, 0.06 mmol) and
H2Pc(a-OC5H11)4 (85 mg, 0.10 mmol) in n-octanol (4 mL) was heated at
200 8C under nitrogen for 9 h. The mixture was cooled to room tempera-
ture, then the volatiles were evaporated under reduced pressure, and the
residue was subjected to chromatography on a silica-gel column using
CHCl3 as eluent. Following the green fraction containing a small amount
of unreacted H2Pc(a-OC5H11)4, a blue band with the target homoleptic
double-decker [M{Pc(a-OC5H11)4}2] was developed, which was followed
by another green band containing the protonated, reduced double-decker
[MH{Pc(a-OC5H11)4}2]. The crude product was purified by repeated chro-
matography followed by recrystallization from CHCl3/MeOH. Some rela-
tively large dark-blue crystals of the C4h isomer could be separated under
a microscope. Yield: 21% for 1, 45% for 2, 49% for 3.


X-ray crystallographic analysis of the C4h isomer of 2 : Crystal data and
details of data collection and structure refinement are given in Table 4.
Data were collected on a Bruker SMART CCD diffractometer with an
MoKa sealed tube (l=0.71073 S) at 293 K, and by using a w scan mode
with an increment of 0.38. Preliminary unit cell parameters were obtained
from 45 frames. Final unit cell parameters were derived by global refine-
ments of reflections obtained from integration of all the frame data. The
collected frames were integrated by using the preliminary cell-orientation
matrix. SMART software was used for collecting frames of data, indexing
reflections, and determination of lattice constants; SAINT-PLUS for inte-
gration of intensity of reflections and scaling;[20] SADABS for absorption
correction;[21] and SHELXL for space group and structure determination,
refinements, graphics, and structure reporting.[22] CCDC-256203 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.
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Synthesis and Characterization of Heterometallic Clusters (Ir2Rh, Ir2W, Rh3)
Containing 1,2-Dicarba-closo-dodecaborane(12)-1,2-dithiolate Chelate
Ligands, [(B10H10)C2S2]
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Jian-Qiang Wang,[a] Shuyi Cai,[a] Guo-Xin Jin,*[a] Lin-Hong Weng,[a] and
Max Herberhold[b]


Introduction


During the last decade, a series of mononuclear 16-electron
Cp* half-sandwich complexes of Co, Rh, Ir have been pre-
pared that contain a bidentate, chelating 1,2-dicarba-closo-
dodecaborane(12)-1,2-dichalcogenolate ligand [(B10H10)-
C2E2]


2� (E=S, Se).[1] These complexes exhibit a rich coordi-
nation chemistry, due to both their unsaturation at the metal
atom and the bridging or chelating properties of the sulfur
or selenium atoms respectively.[2] Although addition reac-
tions at the metal atom have readily been accomplished,[3]


and the formation of a metal-to-boron bond and/or substitu-
tion of the carborane cage in the positions of B(3)/B(6)


have also been achieved,[4] the formation of heteronuclear
metal–metal bonds from the half-sandwich complexes with
the support of an ancillary dithiolate-o-carborane ligand
has received only scant attention. In a previous paper,
we have reported the synthesis of heterotrinuclear clusters
with bridging diselenolate-o-carborane ligands, such
as cis-[{Cp*Ir[Se2C2(B10H10)]}2Rh], [{Cp*Ir[Se2C2(B10H10)]}2-
Mo(CO)2], [{Cp*Ir[Se2C2(B10H10)]}2W(CO)2], which contain
hetero metal–metal bonds. They were obtained from the re-
actions of the 16-electron complex [Cp*Ir{Se2C2(B10H10)}]
with [{Rh(cod)(m-Cl)}2], [Mo(CO)3(NC5H5)3], [W(CO)3-
(NC5H5)3], respectively.[5] Moreover, cis-[{Cp*Ir[Se2C2-
(B10H10)]}2Rh] was found to be thermally converted into
trans-[{Cp*Ir[Se2C2(B10H9)]}Rh{[Se2C2(B10H10)]IrCp*}] by
generation of an additional Ir�B bond.


Aiming at the development of versatile and rational
methods for the synthesis of heterometallic clusters bridged
by dichalcogenolate-o-carborane ligands, we have extended
our study to include the o-carborane-1,2-dithiolate com-
plexes [Cp*M{S2C2(B10H10)}] (M= Ir, 1a ; Rh, 1b). Herein,
we report the synthesis of the unprecedented dinuclear com-
plex [{Cp*Ir[S2C2(B10H9)]}Rh(cod)] (2), the mixed-valence
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Abstract: The 16-electron half-sand-
wich complex [Cp*Ir{S2C2(B10H10)}]
(Cp*=h5-C5Me5) (1a) reacts with
[{Rh(cod)(m-Cl)}2] (cod=cycloocta-1,5-
diene, C8H12) in different molar
ratios to give three products, [{Cp*Ir-
[S2C2(B10H9)]}Rh(cod)] (2), trans-
[{Cp*Ir[S2C2(B10H9)]}Rh{[S2C2(B10H10)]-
IrCp*}] (3), and [Rh2(cod)2{(m-SH)-
(m-SC)(CH)(B10H10)}] (4). Complex 3
contains an Ir2Rh backbone with two
different Ir�Rh bonds (3.003(3) and
2.685(3) I). The dinuclear complex 2
reacts with the mononuclear 16-elec-


tron complex 1a to give 3 in refluxing
toluene. Reaction of 1a with
[W(CO)3(py)3] (py=C5H5N) in the
presence of BF3·EtO2 leads to the tri-
nuclear cluster [{Cp*Ir[S2C2(B10H10)]}2-
W(CO)2] (5) together with [{Cp*Ir-
(CO)[S2C2(B10H10)]}W(CO)5] (6), and
[Cp*Ir(CO){S2C2(B10H10)}] (7). Analo-
gous reactions of [Cp*Rh-


{S2C2(B10H10)}] (1b) with [{Rh(cod)(m-
Cl)}2] were investigated and two com-
plexes cis-[{Cp*Rh[S2C2(B10H10)]}2Rh]
(8) and trans-[{Cp*Rh[S2C2-
(B10H10)]}2Rh] (9) were obtained. In re-
fluxing THF solution, the cisoid 8 is
converted in more than 95% yield to
the transoid 9. All new complexes 2–9
were characterized by NMR spectros-
copy (1H, 11B NMR) and X-ray diffrac-
tion structural analyses are reported
for complexes 2–5, 8, and 9.


Keywords: carboranes · dithiolato
ligands · iridium · rhodium · struc-
ture elucidation
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trinuclear cluster trans-[{Cp*Ir-
[S2C2(B10H9)]}Rh{[S2C2(B10H10)]-
IrCp*}] (3), [Rh2(cod)2-
{S(SH)C(CH)(B10H10)}] (4), and
[{Cp*Ir[S2C2(B10H10)]}2W(CO)2]
(5). We have also studied the
similar behavior of the compa-
rable rhodium complexes cis-
[{Cp*Rh[S2C2(B10H10)]}2Rh] (8),
trans-[{Cp*Rh[S2C2(B10H10)]}2-
Rh] (9). All products were-
obtained from the half-sand-
wich dithiolate complexes
[Cp*M{S2C2(B10H10)}] (M= Ir,
1a ; Rh, 1b) (Cp*=h5-C5Me5),
by reactions with [{Rh(cod)(m-
Cl)}2] (cod=cycloocta-1,5-diene,
C8H12), or [W(CO)3(NC5H5)3],
respectively.


Results and Discussion


Synthesis and reactivity of
{Cp*Ir[S2C2(B10H9)]}Rh(cod)
(2): The 16-electron complex
1a, which is easily synthesized
from the half-sandwich iridium
dichloride complex [{Cp*IrCl-
(m-Cl)}2] with dilithium 1,2-di-
carba-closo-dodecaborane(12)-
1,2-dithiolate,[6] was allowed to
react with [{Rh(cod)(m-Cl)}2] in
the molar ratio 2:1. When the mixture was refluxed in tolu-
ene for 48 h, red crystals of [{Cp*Ir[S2C2(B10H9)]}Rh(cod)]
(2) were isolated in 61% yield (Scheme 1). The molecule 2
contains an Ir�B bond, as indicated by the appearance of
Ir$B resonances in the 11B NMR spectrum at d=


�19 ppm.[7] This kind of metal-induced B�H activation reac-
tion has also been found in other cases.[4,8] The molecular
structure of 2 has been determined by X-ray diffraction
methods using a single crystal, obtained by slow diffusion of
hexane into a concentrated solution of the complex in tolu-
ene at low temperature.


The molecule 2 has crystallographically imposed Cs sym-
metry with the two metal atoms occupying special positions
in the symmetry plane (Figure 1). The Ir–Rh core is capped
in a nearly symmetrical manner by two m3-sulfido ligands.
The geometry around the rhodium atom is square-planar,
with the metal atom bonded to both sulfido groups and to
the two olefinic bonds of an h4-cyclo-octa-1,5-diene ligand.
The iridium center adopts a three-legged piano stool ar-
rangement by coordination with the two sulfur atoms and
the boron atom, apart from the h5-cyclopentadienyl ligand,
if not considering the Ir�Rh bond. The o-carborane-1,2-di-
thiolate bridge combines a [Cp*Ir] and a [Rh(cod)] frag-
ment. The iridadithiolate heterocycle (Ir(1)-S(1)-C(1)-


C(1A)-S(2A)) is bent with a dihedral angle at the
S(1)···S(1A) vector of 142.58 due to the formation of the Ir�
B bond (2.096(11) I). Selected bond lengths and angles are
presented in Table 1. The long Ir(1)�Rh(1) separation
(3.0596(12) I) and the formation of the Ir(1)�B(3) bond in-


Scheme 1. Reaction of iridium complex 1a with [{Rh(cod)(m-Cl)}2] to give complexes 2–4.


Figure 1. Molecular structure of complex 2 with atom labelling, all hydro-
gen atoms are omitted for clarity.
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dicate that a weak bonding interaction exists between the
two metal atoms. The bond lengths and angles of the cyclo-
octa-1,5-diene ligand are as expected, and the Rh�Calkene


bond lengths (2.138(6)–2.142(6) I) are in the expected
range for a RhI metal center coordinated to an alkene.[9]


An investigation of the reactivity of complex 2 revealed
that the trinuclear complex trans-
[{Cp*Ir[S2C2(B10H9)]}Rh{[S2C2(B10H10)]IrCp*}] (3) can be
constructed in a systematic way. When a mixture of complex
2 and 1a in toluene was refluxed, we obtained complex 3 in
approximately 60% yield (Scheme 2). The complex 3 can
also be directly obtained through the reaction of 1a with
[{Rh(cod)(m-Cl)}2] in the molar ratio of 4:1, similar to the
synthesis of trans-[{Cp*Ir[Se2C2(B10H9)]}Rh{[Se2C2(B10-
H10)]IrCp*}].[5] We confirmed the identity of complex 3 by
NMR, IR, and X-ray diffraction studies.


In the trinuclear complex 3, only one of the ancillary o-
carborane groups contains the Ir�B bond that is present in
2. The molecule 3 is therefore asymmetric, as confirmed by
the 1H NMR spectrum with two singlet resonances of the
Cp* rings at d=2.11 and 2.19 ppm. In addition to the NMR
data, the X-ray structural analysis of complex 3 verifies the
presence of the Ir�B bond and the two nonequivalent Ir�
Rh bonds (selected structural data are given in Table 2).


The molecular structure of molecule 3 shown in Figure 2
shows a slightly bent (173.85(10)8) Ir-Rh-Ir backbone. The
two iridium atoms have retained their Cp* rings. The Rh
center is six-coordinate with distorted octahedral geometry.
The Rh atom and the four sulfide ligand atoms are almost
coplanar (Rh(1), S(1), S(2), S(3), S(4) plane with maximal
deviation of 0.0022 I). The Ir(1) atom takes a three-legged
piano stool configuration with two four-membered metalla-
cyclic Ir-S-C-B rings. This is due to the cyclometalation of
the coordinated dithiolate ligand at the iridium metal


center. The Ir(1)�B(3) bond length (2.16(3) I) in 3 is longer
than that in molecule 2 (2.096(11) I), and the Ir(1)�Rh(1)
bond (3.003(3) I) is longer than the Ir(2)�Rh(1) bond
(2.685(3) I), and this can be rationalized by the fact that
the formal oxidation (“valence”) state is +3 for Ir(1) and
+2 for Ir(2). Although only a weak interaction can be as-
sumed for the Ir(1)�Rh(1) bond, the Ir(2)�Rh(1) bond
length of 2.685(3) I lies in the expected range for a metal–


Table 1. Selected bond lengths [I] and angles [8] for 2.


Ir(1)�Rh(1) 3.0596(12) Ir(1)�B(3) 2.096(11)
Ir(1)�S(1) 2.4382(15) Rh(1)�S(1) 2.3219(15)
Rh(1)�C(9) 2.142(6) Rh(1)�C(10) 2.138(6)
S(1)�C(1) 1.800(5) C(1)�C(1A) 1.655(11)
Ir(1)-B(3)-C(1) 98.5(5) Ir(1)-S(1)-C(1) 85.47(18)
Ir(1)-Rh(1)-S(1) 51.69(4) Ir(1)-S(1)-Rh(1) 79.95(5)
Rh(1)-Ir(1)-S(1) 48.35(4) Rh(1)-S(1)-C(1) 106.97(19)


Scheme 2. The conversion of complex 2 to 3.


Table 2. Selected bond lengths [I] and angles [8] for 3.


Ir(1)�S(1) 2.433(7) Ir(1)�S(2) 2.407(7)
Ir(1)�B(3) 2.16(3) C(1)�C(2) 1.55(3)
Rh(1)�Ir(1) 3.003(3) Rh(1)�Ir(2) 2.685(3)
Rh(1)�S(1) 2.257(8) Rh(1)�S(2) 2.244(10)
Rh(1)�S(3) 2.372(8) Rh(1)�S(4) 2.375(8)
Ir(2)�S(3) 2.333(6) Ir(2)�S(4) 2.319(6)
Ir(1)-Rh(1)-Ir(2) 173.85(10) Ir(1)-S(1)-Rh(1) 79.5(2)
Ir(1)-S(2)-Rh(1) 80.3(2) Ir(1)-B(3)-C(1) 99.7(14)
Ir(1)-B(3)-C(2) 100.0(14) Ir(1)-S(1)-C(1) 86.6(8)
Ir(1)-S(2)-C(2) 86.9(7) S(1)-Ir(1)-S(2) 77.2(2)
Rh(1)-Ir(1)-S(1) 47.6(2) Rh(1)-S(1)-Ir(1) 79.5(2)
S(1)-Rh(1)-S(2) 84.3(3) S(3)-Rh(1)-S(4) 79.8(3)
Ir(2)-S(3)-Rh(1) 69.59(18) Ir(2)-S(4)-Rh(1) 69.8(2)
Ir(2)-S(3)-C(11) 102.8(8) Ir(2)-S(4)-C(12) 103.1(8)


Figure 2. Molecular structure of complex 3 with atom labelling, all hydro-
gen atoms are omitted for clarity.
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metal bond. Similar Rh�Ir separations were found in
[Cptt


2Zr(m-S)2Ir(CO)2Rh(cod)2] (2.8205(10) I; Cptt=h5-1,3-
di-tert-butylcyclopentadienyl)[10] (with a m-S-supported
metal–metal bond) and in the heterodinuclear cations [RhIr-
(CH3)(CO)3(m-dppm)2]


+ (2.743(1) I),[11] and [RhIr(CO)3(m-
dppm)2]


+ (2.7722(7) I).[12] Longer metal–metal distances
were observed in the cluster [(Cp*Ir)2(m3-S)2Rh(cod)]
[RhCl2(cod)] (2.906(1) I and 2.913(9) I).[13] The presence
of a d8–d8 Rh(1)�Ir(2) interaction in 3 is also supported by
the Rh(1)-S-Ir(2) angles (69.59(18)8 and 69.8(2)8), that are
smaller than the Rh(1)-S-Ir(1) angles (79.5(2)8 and
80.3(2)8).


Reaction of [Cp*Ir{S2C2(B10H10)}] (1a) with [{Rh(cod)(m-
Cl)}2] in the ratio of 1:1: We prepared the dinuclear complex
[Rh2(cod)2{(m-SH)(m-SC)(CH)(B10H10)}] (4) by refluxing a
solution containing both [Cp*IrS2C2(B10H9)] (1a) and [{Rh-
(cod)(m-Cl)}2] (1:1) in toluene. The complex 4 was isolated
as an orange-red air-stable solid. The 1H NMR spectrum of
4 exhibits a carborane (C$H) resonance at d=5.31 and an
S$H resonance at d=0.86 ppm.


The X-ray diffraction analysis of the structure of molecule
4 confirms a dinuclear rhodium(i) thiolate complex; the mo-
lecular structure is shown in Figure 3 and selected structural
data are given in Table 3. The structure differs from that of
[Rh2(cod)2{S2C2(B10H10)}], which had been synthesized by
the reaction of [{Rh(cod)(m-Cl)]2] with Li2S2C2(B10H10) in
THF.[14] Two bridging sulfur atoms and a chelating cyclooc-
tadiene are ligated to each metal atom. The dihedral angle
along the Rh(1)···Rh(2) vector, between the two planes de-
fined by Rh(1)-Rh(2)-S(1) and Rh(1)-Rh(2)-S(2), is 126.08.
The bond Rh(1)�Rh(2) (3.0213(13) I) is slightly longer
than the intermetallic distances found in the dimers [{Rh(m-
S(CH2)3NMe2)(cod)}2] (2.960(1) I),[15] [{Rh(m-SC6F5)(cod)}2]
(2.955 I),[16] and [{Rh(m-SC6F5)(CO)4}2] (2.960 I).[17] The
S(1)�C(1) separation is 1.790(11) I, which can be compared


with the C�S separation in [Rh2(cod)2{S2C2(B10H10)}].
[14] On


the other hand, the S(2)�C(2) bond is cleaved and the dis-
tance is 3.354 I. The Rh�S bond lengths, 2.359(3)–
2.425(6) I, are statistically slightly different, but compare
well with those found in the closely related m3-sulfido Rh–
Rh complex [Cp(acac)Ti(m3-S)2{Rh(cod)2}] (2.3333(7)–
2.3419(7) I),[18] and in the tetranuclear cluster [Rh4(m-
PyS2)2(cod)4] (2.391–2.394(1) I).[19] The Rh�C bond lengths
in complex 4 fall in the range of 2.073(11)–2.158(11) I, and
are similar to those in complex 2.


Reaction of [Cp*Ir{S2C2(B10H10)}] (1a) with [W(CO)3(py)3]
(py=pyridine, NC5H5): Compound 1a reacts with
[W(CO)3(py)3] (py=pyridine, NC5H5) in the presence of
more than three equivalents of BF3 in diethyl ether to give
the mixture of complexes 5–7 (Scheme 3). This is different
with [Mo(CO)3(py)3] reactions. At room temperature, com-
pound 5 is formed in much lower quantities, whereas the
major products are complexes 6 and 7. We did not obtain
compound 5 at room temperature.[5c] We achieved high-yield
formation of 5 by refluxing the mixture in toluene for 12 h;
during this procedure the solution turned dark red, from
which we obtained a dark red prismatic crystal after chro-
matography on silica gel and recrystallization from toluene/
hexane. We characterized compound 5 by using elemental
analyses and X-ray diffraction studies (selected structural
data are given in Table 4).


The IR spectrum of 5 (KBr pellet) shows two strong ab-
sorptions at 1832 and 1790 cm�1. Based on information ob-
tained from the X-ray diffraction study, we attributed these
bands to the absorption pattern of bridging CO groups of
the [Ir2W(CO)2] fragment. The 1H NMR spectra exhibit
only one singlet attributed to the methyl groups of the Cp*
ring. The crystal structure of 5 consists of the Ir2W(CO)2
backbone that is bridged by two o-carborane-1,2-dithiolato
ligands and capped by two Cp* rings. The two Ir�W single
bonds (2.7445(7) and 2.7851(6) I), which are each support-
ed by a symmetrically bridging o-carborane dithiolato
ligand, may therefore be compared with the corresponding
bonds in sulfido-bridged Ir–W complexes such as
[Ir(PPh3)2(m3-S)(m2-S)3{W(S2CNEt2)}2(m2-Cl)] (2.859(2) and
2.878(2) I),[20] and [(Me2Tp)W(m-S)3IrCp*][PF6]


Figure 3. Molecular structure of dinuclear rhodium complex 4 with atom
labelling, all hydrogen atoms are omitted for clarity.


Table 3. Selected bond lengths [I] and angles [8] for the dinuclear rhodi-
um complex 4.


Rh(1)�S(1) 2.359(3) Rh(1)�S(2) 2.425(6)
Rh(1)�C(3) 2.158(11) Rh(1)�C(4) 2.144(12)
Rh(1)�C(7) 2.122(11) Rh(1)�C(8) 2.105(10)
Rh(1)�Rh(2) 3.0213(13) S(1)�C(1) 1.790(11)
Rh(2)�S(1) 2.375(3) Rh(2)�S(2) 2.405(5)
Rh(2)�C(11) 2.153(11) Rh(2)�C(12) 2.148(11)
Rh(2)�C(15) 2.073(11) Rh(2)�C(16) 2.098(11)
C(1)�C(2) 1.638(15)
Rh(1)-S(1)-Rh(2) 79.34(9) Rh(1)-S(2)-Rh(2) 77.45(14)
Rh(1)-S(1)-C(1) 112.5(3) Rh(2)-S(1)-C(1) 110.9(3)
S(1)-Rh(1)-Rh(2) 50.57(7) S(2)-Rh(1)-Rh(2) 50.98(12)
S(1)-Rh(2)-Rh(1) 50.10(7) S(1)-C(1)-C(2) 123.8(8)
S(1)-Rh(2)-S(2) 87.47(16) S(1)-Rh(1)-S(2) 87.37(13)
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(2.6415(6) I).[21] The Ir�S bond lengths in molecule 5
(2.339(2)–2.400(2) I) are close to those in complexes 2 and
3. The planar pseudoaromatic system of the iridadithiolate
heterocycle 1a is no longer present in molecule 5 ; the dihe-
dral angles at the S···S vector in the IrS2C2 rings are 133.38
and 132.68, respectively. The structure of molecule 5 is de-
picted in Figure 4.


Reaction of [Cp*Rh{S2C2(B10H10)}] (1b) with [{Rh(cod)(m-
Cl)}2]: To gain further insight into the reaction of 16-elec-
tron complexes with low-valence metal complexes, we pre-
pared and studied analogous rhodium complexes 1b with a
similar structure to 1a. They all have unsaturation proper-
ties at the metal and sulfur atoms. Reactions of 1b with
[{Rh(cod)(m-Cl)}2] in THF gave the cis and trans isomers 8
and 9. In refluxing THF solution, the cisoid 8 was converted
in more than 95% yield to the transoid 9, which did not
contain a boron�iridium bond like the corresponding iridi-
um complex 3 (Scheme 4).


The molecular structures of isomers 8 and 9 are shown in
Figure 5 and Figure 6, respectively. In the two complexes,
the rhodium atoms of the Cp*Rh fragment have been re-
duced from RhIII to RhII, apparently by [{RhI(cod)(m-Cl}2].
The molecule 8 contains a C2 axis. The Rh�Rh lengths in 8
(2.6460(7) I) may therefore be compared with the Ir�Rh
lengths in the analogous trinuclear complex cis-[{Cp*Ir-
[Se2C2(B10H10)]}2Rh] (2.7097(11), 2.6630(11) I)[5a](see


Table 5). In isomer 9, the o-carborane groups are drawn suf-
ficiently close to the rhodium center with the distance of
Rh(1)···B(3) being 3.162 I (3.377 I in 8). It should be
noted that the cyclometalated reaction did not occur. In
contrast with 8, the Rh�Rh length (2.8232(11) I) has in-
creased in 9, and is due to the inducement of the metal
atom to the neighbor borane atom in the carborane. This


Scheme 3. Reaction of iridium complex 1a with [W(CO)3(py)3] to give complexes 5, 6, and 7.


Table 4. Selected bond lengths [I] and angles [8] for 5.


Ir(1)�W(1) 2.7851(6) Ir(1)�C(5) 2.498(9)
Ir(1)�S(1) 2.339(2) Ir(1)�S(2) 2.400(2)
C(1)�C(2) 1.641(12) W(1)�S(1) 2.543(2)
W(1)�S(2) 2.531(2) W(1)�C(5) 1.947(9)
C(5)�O(1) 1.180(10) W(1)�C(6) 1.971(9)
C(6)�O(2) 1.157(10) W(1)�S(3) 2.504(2)
W(1)�S(4) 2.554(2) Ir(2)�W(1) 2.7445(7)
Ir(2)�C(6) 2.586(9) Ir(2)�S(3) 2.340(2)
Ir(2)�S(4) 2.390(2) C(3)�C(4) 1.613(11)
Ir(1)-S(1)-C(1) 103.5(3) Ir(1)-S(2)-C(2) 104.5(3)
Ir(1)-W(1)-S(1) 51.83(5) Ir(1)-S(1)-W(1) 69.43(6)
S(1)-Ir(1)-S(2) 79.71(7) Ir(1)-W(1)-Ir(2) 145.171(16)
W(1)-C(5)-O(1) 162.4(7) W(1)-C(6)-O(2) 165.9(8)
Ir(2)-S(3)-W(1) 68.92(6) Ir(2)-W(1)-S(3) 52.72(5)
S(3)-Ir(2)-S(4) 79.58(7)


Figure 4. Molecular structure of complex 5 with atom labelling, all hydro-
gen atoms are omitted for clarity.
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effect can also be noted in the change of dihedral angle at
the S(1)···S(2) vector in the RhS2C2 ring (118.38), in contrast
to 133.98 in isomer 8. In complex 3, this dihedral angle is
105.6 at the S(1)···S(2) vector in the IrS2C2 ring containing


the Ir�B bond segment. All these prove the presence of
metal-induced B�H activation effects in the formation of
isomer 9.


Conclusion


This work focused on the formation of clusters containing
heteronuclear metal–metal bonds, which are supported by
bridging 1,2-dicarba-closo-dodecaborane(12)-1,2-dithiolato
ligands. The dinuclear half-sandwich complex 2, the trinu-
clear complex 3, and the dinuclear complex 4 were all ob-
tained in the course of the reactions of the 16-electron half-
sandwich complex 1a with [{Rh(cod)(m-Cl)}2] under differ-
ent reaction conditions. Complex 3 was synthesized in re-
fluxing toluene either by the reaction of complex 1a with
[{Rh(cod)(m-Cl)}2] in the molar ratio 4:1, or by the reaction
of complex 1a with 2 in the molar ratio 1:1. The ancillary o-
carborane-1,2-dithiolato ligands played a key role in deter-
mining the kind of products formed. In addition, firm evi-
dence of metal-induced B�H activation was provided by the
presence of new iridium�boron bonds in the complexes 2
and 3. Furthermore, a rational synthesis route to trinuclear


Scheme 4. Synthesis of complexes 8 and 9.


Figure 5. Molecular structure of complex 8 with atom labelling, all hydro-
gen atoms are omitted for clarity.


Figure 6. Molecular structure of complex 9 with atom labelling, all hydro-
gen atoms are omitted for clarity.


Table 5. Selected bond lengths [I] and angles [8] for 8 and 9.


Complex 8 Complex 9


Rh(1)�S(1) 2.3650(14) Rh(1)�S(1) 2.371(4)
Rh(1)�S(2) 2.3465(14) Rh(1)�S(2) 2.369(4)
Rh(1)�Rh(2) 2.6460(7) Rh(1)�Rh(2) 2.8232(11)
C(1)�C(2) 1.628(7) C(1)�C(2) 1.629(16)
Rh(2)�S(1) 2.3458(15) Rh(2)�S(1) 2.318(5)
Rh(2)�S(2) 2.4222(14) Rh(2)�S(2) 2.315(5)
S(1)�C(1) 1.822(5) S(1)�C(1) 1.800(14)
S(2)�C(2) 1.811(5) S(2)�C(2) 1.788(14)
Rh(1)-S(1)-Rh(2) 68.34(4) Rh(1)-S(1)-Rh(2) 74.03(11)
Rh(1)-S(2)-Rh(1) 67.38(4) Rh(1)-S(2)-Rh(1) 74.12(11)
Rh(1)-S(1)-C(1) 103.40(17) Rh(1)-S(1)-C(1) 94.2(4)
Rh(1)-S(2)-C(2) 103.81(16) Rh(1)-S(2)-C(2) 94.2(4)
Rh(2)-S(1)-C(1) 104.17(16) Rh(2)-S(1)-C(1) 104.1(4)
Rh(2)-S(2)-C(2) 102.60(16) Rh(2)-S(2)-C(2) 102.8(4)
S(1)-Rh(1)-S(2) 80.51(5) S(1)-Rh(1)-S(2) 80.52(14)
S(1)-Rh(2)-S(2) 79.34(5) S(1)-Rh(2)-S(2) 82.78(16)
Rh(1)-Rh(2)-Rh(1A) 127.87(3) Rh(1)-Rh(2)-Rh(1A) 180.0
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complex 5 was established through the reaction of 1a with
[W(CO)(py)3] in the presence of excess BF3·Et2O. The for-
mation of mixed metal–metal bonds in complexes 2, 3, and
5 during the reaction of the 16-electron complex 1a involved
redox processes, during which iridium was partially reduced
by low-valence transition-metal complexes such as the frag-
ments [Rh(cod)(m-Cl)] or [W(CO)3]. Thus, the reaction of
the mononuclear iridium dithiolato complex 1a with low-
valent metal complexes has been proved to be a convenient
synthetic route for the construction of new heteronuclear
complexes having [IrRh], [Ir2Rh], or [Ir2W] cores. Further
investigations prove that the analogous system of complex
1b also can be used to synthesize trinuclear complexes con-
taining a [Rh3] core through the reactions with [{Rh(cod)(m-
Cl)}2]. The cis and trans isomers 8 and 9 are structurally
slightly different than the analogous complexes 3 obtained
through the same route which proved be useful in 1a.


Compared with the metal–metal bonds in the Ir2Rh and
Rh3 complexes, the Ir�Rh, Rh�Rh separations are in the
same range when they adopt the cis structure. During the
formation of the transoid structure, the separation between
the metal atoms increases. In the trans isomers of Rh3 com-
plexes, the Rh�Rh lengths are still in the normal range of a
metal bond. While, in trans Ir2Rh complexes, one of the
metal–metal bonds of Ir�Rh was longer than before, a fact
that can be explained by the difference of the formal oxida-
tion (“valence”) state in trans-Ir2Rh and -Rh3.


Experimental Section


All manipulations were performed under an atmosphere of nitrogen
using standard Schlenk techniques. Solvents were dried by refluxing over
sodium/benzophenone ketyl (toluene, hexane, cyclohexane) and were dis-
tilled just before use. [Cp*Ir{S2C2(B10H10)}] (1a),[6] [Cp*Rh{S2C2(B10H10)}]
(1b),[3] [{Rh(cod)(m-Cl)}2],


[22] and [W(CO)3(py)3]
[23] were prepared by


methods reported previously. IR spectra were recorded on a Nicolet
AVATAR-360IR spectrometer, whereas 1H (500 MHz), 11B (160 MHz),
and 13C (125 MHz) NMR spectra were obtained on a Bruker DMX-500
spectrometer in CDCl3 solution. Elemental analyses were performed on
an Elementar Vario EI Analyzer.


Synthesis of [{Cp*Ir[S2C2(B10H9)]}Rh(cod)] (2): A solution of [{Rh(cod)-
(m-Cl)}2] (50 mg, 0.1 mmol) in toluene (15 mL) was added to a suspension
of 1a (106 mg, 0.2 mmol) in toluene (30 mL). The deep blue mixture was
heated under reflux for two days, and thereby gradually changed to dark
red. The solvent was then evaporated under vacuum, and the compo-
nents of the residue were separated by column chromatography on silica
using hexane/toluene (4:1 v/v) for elution. The first red band was isolated
and the residue recrystallized from benzene/hexane to give red crystals
of complex 2 (91 mg, 61%). 1H NMR(500 MHz, CDCl3): d=2.11 (s,
15H; C5Me5), 2.49 (br, 8H; cod(CH2)), 4.23 ppm (s, 4H; cod(CH=));
11B NMR(160 MHz, CDCl3): d=�3.6, �6.2, �9.4, �10.6, �12.4,
�18.9 ppm (Ir�B) (in the ratio 1:2:2:2:2:1); 13C NMR(125 MHz, CD3Cl):
d=10.1 (s, Cp*(Me)), 29.7 and 32.8 (s, CH2), 77.2 (s, C2-carborane), 89.5
(d, =CH2), 103.2 ppm (s, Cp*); IR (KBr pellet): ñ=2570 (n(B�H)) cm�1;
elemental analysis (%) calcd for C20H36B10S2IrRh: C 32.29, H 4.88;
found: C 32.01, H 4.79.


Synthesis of trans-[{Cp*Ir[S2C2(B10H9)]}Rh{[S2C2(B10H10)]IrCp*}] (3):
Method A : [Rh(cod)(m-Cl)]2 (25 mg, 0.05 mmol) was added to a solution
of 1a (106 mg, 0.2 mmol) in toluene (30 mL) at room temperature. The
deep blue suspension was refluxed for two days, and thereby the solution
gradually changed to dark red. The solvent was then evaporated under


vacuum, and the components of the residue were separated by column
chromatography on silica. The component in the first band was eluted
with toluene/hexane (1:4 v/v) and was recrystallized from toluene/hexane
at �18 8C to give dark red crystals of compound 3 (66 mg, 56%).
1H NMR (500 MHz, CDCl3): d=2.11 (s, 15H; C5Me5), 2.19 ppm (s, 15H;
C5Me5);


11B NMR (160 MHz, CDCl3): d=�4.5, �6.1, �9.2, �10.4, �12.2,
�19.0 ppm (Ir�B) (signals overlap); 13C NMR (125 MHz, CDCl3): d=8.9
and 9.3 (s, Cp*(Me)), 76.7 and 77.1 (s, C2-carborane), 101.0 and
103.2 ppm (s, Cp*); IR (KBr pellet): ñ=2558 (n(B�H)) cm�1; elemental
analysis (%) calcd for C24H49B20S4Ir2Rh: C 24.65, H 4.22; found: C 24.38,
H 4.16. Method B : An equimolar mixture of 1a (53 mg, 0.1 mmol) and 2
(75 mg, 0.1 mmol) in toluene (30 mL) was refluxed for 20 h. After evapo-
ration of the solvent, the residue was separated by column chromatogra-
phy on silica. The first band, eluted with toluene/hexane (1:4 v/v), con-
tained complex 3 (70 mg, 60%).


Synthesis of [Rh2(cod)2{S(SH)C(CH)(B10H10)}] (4): A solution of [{Rh-
(cod)(m-Cl)}2] (50 mg, 0.1 mmol) in toluene (15 mL) was added to a sus-
pension of 1a (53 mg, 0.1 mmol) in toluene (30 mL). The deep blue mix-
ture was refluxed for two days, and thereby gradually changed to dark
red. After evaporation of the solvent and chromatography on silica (elu-
tion with CH2Cl2/hexane 1:4 v/v), the first orange band was isolated and
the residue was recrystallized from benzene/hexane to give orange-red
crystals of compound 4 (37 mg, 58%). 1H NMR (500 MHz, CDCl3): d=
0.86 (s, 1H; S�H), 1.89 (m, 4H; cod(CH2)), 1.97 (m, 4H; cod(CH2)), 2.11
(m, 4H; cod(CH2)), 2.48(m, 4H; cod(CH2)), 4.23 (s, 4H; cod(CH=)),
4.68 (s, 4H; cod(CH=)), 5.31 ppm (s, 1H; carborane(C�H)); 11B NMR
(160 MHz, CDCl3): d=�2.2, �6.1, �9.4, �12.5, �13.8 ppm (in the ratio
2:3:1:3:1); 13C NMR (125 MHz, CDCl3): d=31.9 and 32.5 (s, CH2), 65.0
and 67.8 (s, =CH2), 76.8 and 77.3 ppm (s, C2-carborane); IR (KBr pellet):
ñ=2556 (n(B�H)) cm�1; elemental analysis (%) calcd for
C18H36B10S2Rh2: C 34.29, H 5.75; found: C 34.17, H 5.62.


Synthesis of complexes 5–7: BF3·OEt2 (0.26 mL, 47%, 1.0 mmol) was
added dropwise at room temperature to a mixture of 1a (106 mg,
0.20 mmol) and [W(CO)3(py)3] (51 mg, 0.10 mmol) in toluene (20 mL).
The deep blue suspension was refluxed for 12 h, during which time the
color became deep red. The solvent was then removed under vacuum,
and the components of the residue were separated by column chromatog-
raphy on silica. The first band was eluted with toluene/hexane (1:4 v/v)
and the product was recrystallized from toluene/hexane at �18 8C to give
orange crystals of compound 6 (18 mg, 10%). Compound 6 : 1H NMR
(500 MHz, CDCl3): d=1.90 ppm (s, 15H; C5Me5); IR (KBr pellet): ñ=
2570 (n(B�H)); 2073, 2040, 1987, 1926, 1905 (n(CO)) cm�1; elemental
analysis(%) calcd for C18H25B10IrO6S2W: C 24.41, H 2.85; found: C 24.26,
H 2.77. The component in the second chromatography band was recrys-
tallized from toluene/hexane to afford deep red crystals of compound 5
(67 mg, 51%). Compound 5 : 1H NMR (500 MHz, CDCl3): d=1.91 ppm
(s, 30H; C5Me5);


11B NMR (160 MHz, CDCl3): d=�4.8, �6.3, �7.9,
�12.3 ppm (in the ratio 2:2:2:4); 13C NMR (125 MHz, CDCl3): d=8.9 (s,
Cp*(Me)), 78.9 (s, C2-carborane), 101.8 (s, Cp*), 172.0 ppm (s, CO); IR
(KBr pellet): ñ=2593 (n(B�H)), 1832 and 1790 cm�1 (n(CO)); elemental
analysis(%) calcd for C26H50B20Ir2O2S4W: C 23.88, H 3.85; found: C
23.61, H 3.73. The complex 7 was eluted with CH2Cl2/hexane (1:3 v/v).
Recrystallization from toluene/hexane at �18 8C gave yellow-green crys-
tals of 7 (6 mg, 6%). 1H NMR (500 MHz, CDCl3): d=1.91 ppm (s, 15H;
C5Me5); IR (KBr pellet): ñ=2563 (n(B�H)), 2038 cm�1 (n(CO)); elemen-
tal analysis(%) calcd for C13H25B10IrOS2: C 27.79, H 4.49; found: C
27.50, H 4.31.


Synthesis of cis- and trans-[{Cp*Rh[S2C2(B10H10)]}2Rh] (8, 9): [{Rh(cod)-
(m-Cl)}2] (50 mg, 0.1 mmol) was added to the green solution containing
complex 1b (178 mg, 0.4 mmol) in THF (30 mL). The mixture was stirred
for 8 h and the color changed from green to violet. After removal of the
solvent, the residue was subjected to chromatography on silica gel. Elu-
tion with hexane gave complex 9 (79 mg, 39%) as a violet zone. Recrys-
tallization from hexane afforded air-stable dark-violet crystals. 1H NMR
(500 MHz, CDCl3): d=2.02 ppm (s, 30H; C5Me5);


11B NMR (160 MHz,
CDCl3): d=�5.6, �7.6 �8.9, �10.7, �14.6, �16.2 ppm (signals overlap);
IR(KBr disk): ñ=2572 (n(B�H)) cm�1; elemental analysis (%) calcd for
C24H50B20S4Rh3: C 29.06, H 5.08; found: C 28.99, H 5.07. The second
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dark red chromatography zone was close to the first band. Elution with
toluene/hexane (1:10 v/v) as a dark red band. Recrystallization from ben-
zene/hexane afforded red crystals of 8 (50 mg, 25%). 1H NMR
(500 MHz, CDCl3): d=1.86 ppm (s, 30H; C5Me5);


11B NMR (160 MHz;
CDCl3): d=�4.5, �6.2, �8.1, �10.3 ppm (in the ratio 2:2:2:4); IR (KBr
disk): ñ=2563, 2586 cm�1(B�H); elemental analysis (%) calcd for
C24H50B20S4Rh3: C 29.06, H 5.08; found: C 28.77, H 4.89.


Crystallographic analysis : Dark red crystals of 2–5, 8, and 9 were grown
by slow diffusion from toluene/hexane or benzene/hexane mixtures. The
selected crystals were mounted by gluing onto the end of a thin glass
fiber. X-ray intensity data were collected on the CCD-Bruker SMART
APEX system. The determination of the unit cell and the collection of
intensity data were performed with graphite-monochromated MoKa radia-
tion (l=0.71073 I). All the data were collected at room temperature


using the w scan technique. The structures were solved by direct meth-
ods, using Fourier techniques, and refined on F2 by a full-matrix least-
squares method. All non-hydrogen atoms were refined with anisotropic
thermal parameters. The hydrogen atoms were included but not refined.
All the calculations were carried out using the program SHELXTL. Crys-
tal data, data collection parameters, and the results of the analyses of
compounds 2–5, 8, and 9 are listed in Table 6 and Table 7. CCDC-258748
(2), CCDC-258746 (3), CCDC-258749 (4), CCDC-258747 (5), CCDC-
276920 (8), and CCDC-276921 (9) 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.


Table 6. Crystallographic data for compounds 2–4.


2 3 4


empirical formula C20H36B10S2IrRh C24H49B20S4Ir2Rh C18H36B10S2Rh2


Mr 743.82 1169.38 630.51
crystal size [mm3] 0.30U0.05U0.05 0.05U0.04U0.04 0.10U0.05U0.05
crystal system orthorhombic monoclinic orthorhombic
space group Pnma P2(1)/n Pbca
a [I] 18.089(6) 10.172(4) 11.290(3)
b [I] 12.779(4) 13.109(5) 13.340(4)
c [I] 12.051(4) 16.521(6) 34.051(9)
b [8] 105.580(6)
V [I3] 2785.6(15) 2122.1(14) 5128(2)
Z 4 2 8
1calcd [gcm�3] 1.774 1.830 1.633
m(MoKa) [mm�1] 5.524 6.857 1.457
collected reflns 12322 9486 20403
unique reflns 2858 7784 4519
parameters 173 474 307
goodness-of-fit 1.089 1.076 1.008
R1


[a] (I>2s(I)) 0.0358 0.0781 0.0651
wR2


[a] (I>2s(I)) 0.0901 0.1457 0.1220
max/min residual density [eI�3] 1.223/�0.981 2.306/�1.550 1.433/�0.598


[a] R1=� j jFo j� jFc j j (based on reflections with F2
o>2sF2). wR2= [�[w(F2


o�F2
c)


2]/�[w(F2
o)


2]]1/2 ; w=1/[s2(F2
o)+


(0.095P)2]; P= [max(F2
o,0)+2F2


c]/3 (also with F2
o>2sF2).


Table 7. Crystallographic data for compounds 5, 8, and 9.


5 8 9


empirical formula C26H50B20O2S4Ir2W C24H50B20S4Rh3·C6H6 C24H50B20S4Rh3


Mr 1307.35 1069.92 991.81
crystal size [mm3] 0.15U0.15U0.04 0.18U0.10U0.10 0.10U0.08U0.05
crystal system monoclinic, monoclinic monoclinic
space group P2(1)/c C2/c P2(1)/n
a [I] 14.048(3) 12.091(3) 10.140(3)
b [I] 21.312(5) 23.116(6) 13.078(3)
c [I] 15.405(4) 18.064(5) 16.582(4)
b [8] 109.822(4) 103.587(4) 105.711(4)
V [I3] 4338.7(17) 4907(2) 2116.8(10)
Z 4 4 2
1calcd [gcm�3] 2.001 1.448 1.556
m(MoKa) [mm�1] 8.985 1.191 1.374
collected reflns 19883 10229 8687
unique reflns 8538 4334 3723
parameters 516 258 247
goodness-of-fit 0.982 0.926 1.141
R1


[a] (I>2s(I)) 0.0414 0.0362 0.0944
wR2


[a] (I>2s(I)) 0.0740 0.0878 0.1678
max/min residual density [eI�3] 1.364/�0.903 0.776/�0.407 1.218/�1.681


[a] R1=� j jFo j� jFc j j (based on reflections with F2
o>2sF2). wR2= [�[w(F2


o�F2
c)


2]/�[w(F2
o)


2]]1/2 ; w=1/[s2(F2
o)+


(0.095P)2]; P= [max(F2
o,0)+2F2


c]/3 (also with F2
o>2sF2).
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Grafting of [Mn(CH2tBu)2(tmeda)] on Silica and Comparison with Its
Reaction with a Silsesquioxane
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Introduction


Surface organometallic chemistry is a technique that is
useful for preparing well-defined surface complexes. The
molecular environment of the grafted species is elucidated
by spectroscopic studies, from which structure–reactivity re-
lationships may be developed.[1]


The understanding of how organometallic compounds are
attached to a solid support, such as silica, is an essential fea-
ture of surface organometallic chemistry. This information is
obtained by traditional methods of analysis, such as the
amount of volatile gases evolved during grafting, elemental
composition of the resulting material, and reactivity studies
on the modified surface. Physical techniques, such as
EXAFS, and solid-state NMR and IR spectroscopy are
useful for addressing the coordination geometry and struc-
ture of the grafted compounds. An additional strategy has
been to compare the physical and chemical properties (vi-
brational frequencies,[2–4] NMR chemical shifts[5,6] and ele-
mentary steps involved in the grafting reaction of the organ-
ometallic precursor on a surface)[5] of the grafted com-
pounds with those of simpler model compounds[7–12] that are
obtained by homogeneous methodologies.


Abstract: The reaction of [Mn-
(CH2tBu)2(tmeda)] (1) and a silica
partially dehydroxylated at 700 8C
(SiO2/700) yields a single surface species
[(�SiO)Mn(CH2tBu)(tmeda)] (2a ;
tmeda= tetramethylethylendiamine),
while a mixture of 2a and [(�SiO)2Mn-
(tmeda)] (2b) is obtained by using
SiO2/200, SiO2/300, or SiO2/500 as evi-
denced by mass balance analysis, and
IR and EPR spectroscopy. The reaction
of 1 and (c-C5H9)7Si7O12SiOH (3), a
soluble silanol that is a molecular


model for a silica support, generates
the bis-siloxy complex 4, [{(c-
C5H9)7Si7O12SiO}2Mn(tmeda)2], in a
quantitative yield; compound 4 was
characterized by single-crystal X-ray
diffraction. These reactions exemplify
the limitation of considering molecular
silanol derivatives as straightforward
and reliable homogeneous models for


silica, and address the need for thor-
ough characterization of surface spe-
cies by the use of surface-science tech-
niques. These studies show the possibil-
ity of preparing coordinatively and
geometrically unique surface species
that would be difficult to prepare by
solution chemistry methods; insights
into the chemical and physical proper-
ties of these surface species are also
gained.Keywords: manganese · silica ·


silsesquioxane · surface chemistry
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In this paper, we show that ESR spectroscopy of the spe-
cies formed by grafting [Mn(CH2tBu)2(tmeda)] (1; tmeda=
tetramethylethylendiamine)[13,14] on SiO2 (dehydroxylated at
various temperatures) is a useful structural probe for the
paramagnetic MnII species. The potential molecular ana-
logue [{(c-C5H9)7Si7O12SiO}2Mn(tmeda)2] isolated from the
reaction of 1 and a silsesquioxane, (c-C5H9)7Si7O12SiOH (3),
has been characterized by X-ray diffraction.


Results and Discussion


Reaction of [Mn(CH2tBu)2-
(tmeda)] (1) with silica partially
dehydroxylated at various tem-
peratures : The reaction of [Mn-
(CH2tBu)2(tmeda)] (1) has been
carried out on silica partially
dehydroxylated at 200, 300, 500,
and 700 8C (i.e. SiO2/200, SiO2/300,
SiO2/500, and SiO2/700, respective-
ly). The temperature of dehy-
droxylation of the support is re-
lated to the different concentra-
tions of surface silanols
(Table 1), and this is a key pa-
rameter in determining the
structure of the grafted com-
plex.[15–17]


Characterization by IR spectros-
copy : Typically, a silica pellet
(20 mg) was treated at the desired temperature (200–700 8C)
for 12 h under dynamic vacuum (10�5Torr) and then im-
mersed in a colorless solution of complex 1 in pentane.
After 4 h, the pellet was washed twice with pentane for
30 min and dried under vacuum. For the experiment per-
formed on SiO2/700, the IR peaks associated with the isolated
surface silanols (3745 cm�1) completely disappeared
(Figure 1). Conversely, new IR bands associated with the n-
(C�H) and d(C�H) of alkyl ligands are observed in the
3000–2760 cm�1 and 1470–1350 cm�1 regions, respectively.
Grafting on silica pre-treated at lower dehydroxylation tem-
peratures provides the same qualitative observations except
that the intensity of the wide band characteristic of associat-
ed surface silanols (3700–3400 cm�1), which are not accessi-
ble to bulky reactants such as alkylating agents, does not
change.[18,19]


These observations, in particular the disappearance of the
surface silanol stretching bands, as well as the formation of
2,2-dimethylpropane in the gas phase (vide infra) are consis-
tent with the chemical grafting of the complex 1 onto the
silica surface.


Mass balance analysis : To obtain accurate data on gas evolu-
tion during grafting, the reaction was carried out on larger
scales (typically, 0.5–1.0 g of silica) by stirring a suspension


of silica partially dehydroxylated at the desired temperature,
SiO2/T (T in 8C), in a solution of [Mn(CH2tBu)2(tmeda)] in
pentane with metal concentrations ranging from 1.0 to
1.4 equivalents per surface �SiOH groups (see Table 1).
After filtration and washing cycles, all volatile compounds
were condensed into another reactor of known volume in
order to quantify 2,2-dimethylpropane evolved during graft-
ing. The resulting white solids 2T were further dried under


dynamic vacuum (10�5 Torr) and characterized by elemental
analysis (Tables 1 and 2).


Gas evolution during grafting and elemental analyses of
the resulting solids 2T greatly varies depending on the tem-
perature of partial dehydroxylation of the support (T).


Table 1. Stoichiometric ratios of reagents (Mn in solution, and �SiOH on SiO2/T) metal elemental analyses of
solids 2T thus obtained, and neopentane amount evolved during the grafting syntheses. The syntheses were per-
formed by impregnation of 1 in pentane, at room temperature, onto silica partially dehydroxylated at various
temperatures (T=200, 300, 500, and 700 8C).


T [8C] [a] Mn0/�SiOH[b] Mngrafted


[%wt][c]
tBuCH3


[d]


obsd (theory)[e]
[Mn]grafted/
[Mn]0 [%]


[�SiO�]reacted/
[�SiOH]0 [%][e]


200 1.18 3.04 1.5 (1.6) 54 100


300 1.14 2.75 1.4 (1.4) 67 100


500 1.0 2.1 – 96 103
1.6 2.23 1.1 (1.1) 67 105


700 1.03 1.17 1.0 (1.0) 76 79
1.28 1.14 1.0 (1.0) 60 77
1.22 1.3 1.2 (1.0) 72 88
1.39 1.51 1.0 (1.0) 73 100


[a] Dehydroxylation temperature. [b] Reactant stoichiometic ratio based on [1] for Mn0 and surface concentra-
tion of �SiOH for SiO2/T (i.e., 0.86, 0.70, 0.4, and 0.27 mmolg�1 (SiO2/T) for T=200, 300, 500, and 700 8C, re-
spectively). [c] Percentage of manganese determined by elemental analysis of solids 2T [d] 2,2-Dimethylpro-
pane (tBuCH3) evolved during impregnation and quantified by GC (mmol tBuCH3mmol�1 Mn grafted on 2T).
[e] The expected values are calculated under the hypothesis that 2T are decorated by surface species 2a and 2b
in a relative ratio of 4:6, 6:4, 9:1, and 1:0 for T=200, 300, 500, 700 8C, respectively (see text for further explan-
ations).


Figure 1. Monitoring of the grafting of complex 1 onto silica partially de-
hydroxylated at 700 8C using IR spectroscopy. a) silica pellet (25.2 mg)
partially dehydroxylated 12 h at 500 8C and 4 h at 700 8C. b) After im-
pregnation of a) in a solution of 1 in pentane for 4 h followed by two
washing steps in pentane.
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When silica is dehydroxylated at 700 8C, 1.05 equivalents
of 2,2-dimethylpropane are evolved per grafted Mn for all
the impregnations performed (see Table 1). When the reac-
tion is performed on deuterated silica, 80% of the neopen-
tane formed is monodeuterated. These results indicate that
the grafting reaction involves mainly the silanolysis of one
metal–alkyl group by the surface �SiOH (or �SiOD) moiet-
ies.


The manganese loadings obtained on 2700 (1.2–1.5%wt)
depend on the quantity of 1 present in the impregnation so-
lution; the maximum Mn-loading (1.51%wt, that is,
0.27 mmol Mng�1 silica) is obtained when an excess of 1 is
used (see Table 1) and corresponds to the amount of silanol
available on SiO2/700 (0.27 mmol OH per g silica). These data
suggest that the grafting reaction involves one surface sila-
nol per grafted metal atom. Finally, the C, H, and N elemen-
tal analyses on 2700 show, on average, the presence of 11�1
C, 29�1 H, and 2�1 N per surface Mn atom, which is in
good agreement with that expected for a monosiloxy surface
species [(�SiO)Mn(CH2tBu)(tmeda)] (2a), which should be
11, 27, and 2 for C, H, and N per Mn, respectively
(Scheme 1). Therefore, species 2a is the principal product
formed on SiO2/700 independent of the relative concentration
between the molecular precursor and the surface �SiOH
moieties available during impregnation (Table 1).


When silica is dehydroxylated at 500 8C, similar data as
those collected for SiO2/700 are obtained, that is 1.1 tBuCH3/
grafted Mn, elemental analysis close to the expected values
for the presence of 2a as the major surface species (vide
infra for further comments on 2500), and a maximum loading
of 1 Mn/�SiOH. Higher concentrations of grafted manga-
nese are obtained on SiO2/500 than on SiO2/700; the maximum
loading in the former is 2.23%wt, that is, 0.40 mmol Mng�1.
This is in agreement with the high amount of OH available
on SiO2/500. Conversely, at lower pre-treatment temperatures
of the starting silica (300 8C and 200 8C), a different reactivi-


ty pattern is observed. Slightly
higher metal loadings are ach-
ieved (2.3–3.0%wt) despite the
much higher concentration of
surface �SiOH (0.86 mmolg�1


for SiO2/200), and more 2,2-di-
methylpropane per grafted Mn
is observed, that is, 1.4 and
1.6 equivalents per grafted Mn
for SiO2/300 and SiO2/200, respec-
tively. This indicates that the
chemical grafting of 1 on the
respective silica surface occurs
through the silanolysis of 1.4
and 1.6 metal–alkyl bonds per
metal center by the surface
�SiOH moieties. The elemental
analyses of the resulting solids
are consistent with the co-exis-
tence of two surface species:
the monosiloxy species 2a and


the bis-siloxy species [(�SiO)2Mn(tmeda)] (2b) in a 6:4 and
4:6 ratio, for SiO2/300 and SiO2/200, respectively. The formation
of the bis-siloxy species results from the reaction of one
metal center with two vicinal �SiOH moieties. The observed
larger proportion of 2b on silica dehydroxylated at lower
temperatures is consistent with the increased probability of
finding two vicinal �SiOH moieties on silica with a higher
silanol content, which in turn decreases the metal loading
(Figure 2).


In conclusion, according to mass balance analysis and IR
spectroscopy, the reaction of [Mn(CH2tBu)2(tmeda)] with
silica ranging from SiO2/200 to SiO2/700 yields different solids,
2T (T=200, 300, 500, and 700 8C). While complex 2a is ob-
tained on SiO2/500 and SiO2/700, with different maximum load-
ings, an approximate 1:1 mixture of complexes 2a and 2b is


Table 2. Elemental analyses of the solid 2T resulting from the impregnation with 1 in pentane, at room temper-
ature, onto SiO2/T, silica partially dehydroxylated at various temperatures.


T Mn C H N C/Mn H/Mn N/Mn Ctot
[c]


[8C][a] [%wt] [%wt] [%wt] [%wt] obsd
(theory)[b]


obsd
(theory)[b]


obsd
(theory)[b]


obsd
(theory)


200 2.31 3.54 – 1.18 7 (8) – 2 (2) 16 (16)
3.04 4.69 0.79 1.56 7 (8) 14 (17) 2 (2) 15 (16)


300 2.75 4.15 – 1.28 7 (9) – 2 (2) 14 (16)


500 2.1 4.45 1.39 1.41 9 (10) 24 (25) 2 (2) 15 (16)


700 1.17 3.01 – 0.71 12 (11) – 2 (2) 17 (16)
1.14 2.76 0.62 0.87 11 (11) 30 (27) 3 (2) 17 (16)
1.3 2.92 0.67 0.8 10 (11) 28 (27) 2 (2) 16 (16)
1.51 3.63 0.77 0.82 11 (11) 28 (27) 2 (2) 16 (16)


[a] Dehydroxylation temperature in 8C. [b] Expected values are calculated under the hypothesis that 2T contain
surface species 2a and 2b in a relative ratio of 4:6, 6:4, 9:1, and 1:0 for T=200, 300, 500, 700 8C, respectively
(see text for further explanations). [c] The errors on the analyses are �1 a.m.u. for C and N, and �2 a.m.u.
for H. [d] Mass balance of total carbon atoms (Ctot) based on tBuCH3 evolved/Mn (see Table 1) and %wt C/
Mn.


Scheme 1. Surface complexes obtained by impregnation of [Mn-
(CH2tBu)2(tmeda)] (1) on silica pre-treated under vacuum at different
temperatures.
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found on silica partially dehydroxylated at lower tempera-
tures.


Characterization by ESR spectroscopy : ESR spectra of the
molecular complex [Mn(CH2tBu)2(tmeda)][13,14] and of the
supported species 2T have been recorded. The ESR spectra
of a frozen solution (T=140 8C) of the precursor complex 1
in toluene at X- and Q-band frequencies are shown in
Figure 3.


At X-band (Figure 3 top), the most pronounced lines are
found at 80, 87, 163, 211, 253, 519, 558, and 706 mT. For
some low-field lines the manganese hyperfine interaction is
resolved (nuclear spin of 55Mn=5/2) resulting in a sextet
with hyperfine splitting, A(55Mn)=3.2 mT.


ESR spectra of 1 with similar spectral features, which may
be observed up to 1.1 T, have been analyzed using the D-B
plot method in the literature.[13] Common features of the
spectra are intense bands around 150 mT (geff�4.3 region).
Such a feature commonly arises in a so-called “rhombic”
symmetry for high-spin d5 complexes, which are character-
ized by D values greater than about 0.23 cm�1 and l values
(l=E/D) close to 1/3. Griffith has shown that a tetrahedral
high-spin manganese(ii) complex of the type MA2B2 should
give this type of spectrum.[20,21] Analogous spectra have also
been observed in (slightly distorted) tetrahedral manganese
compounds. The spectra are assigned to Hamiltonian param-
eters D=0.42 cm�1, l=0.23.[20–26] The spin Hamiltonian of
the system can be expressed by Equation (1).


H ¼ gbBSþD½S2
z�


1
3
SðSþ 1Þ
 þ EðS2


x�S2
yÞ ð1Þ


Spectra simulations for the system under study yield the
same D and l values (D=0.42 cm�1, l=0.23).[27] The Q-
band measurements of the precursor complex (Figure 3
bottom) confirm the values for D and l given above and
show that all lines observed belong to the precursor complex.


The ESR spectra of complex 1 grafted onto the silica sur-
faces (solids 2T) show similar features as discussed above,
with clearly increased line widths, as expected. The ESR
spectrum of solid 2300 shows a sigmoidal shape with two
maxima at 206.6 and 290 mT and a minimum at 370 mT,
while the ESR spectrum of 2700 displays a different sigmoidal
curve with two maxima at 103.3 and 206.6 mT and a mini-
mum at 250 mT (Figure 4). The spectrum of 2500 corresponds
to a superposition of the two previous spectra in accordance
with elemental analysis. These observations are consistent
with the geometrical changes of surface Mn species, which
arise from differences in the temperature of thermal pre-
treatment of the support. In accordance with the elemental
analysis, the two different ESR spectra can be assigned to
species 2a and 2b. Accordingly, the spectrum of 2700


(Figure 4) is due to a unique surface species 2a, whose struc-
ture resembles that of 1, in which one neopentyl ligand has
been replaced by a surface siloxy group.


Figure 2. Plot of the observed final grafted Mn concentration of 2T versus
the initial surface �SiOH concentration of the starting silica, SiO2/T (T=


200, 300, 500, and 700 8C). Concentration expressed in mmolg�1 silica.
The predicted area of accessible concentrations for [Mn] in 2T (Mn: OH
relative ratios between 1.0 and 0.5) based on surface organometallic con-
siderations discussed in the text is shaded in white.


Figure 3. Top: X-band ESR spectrum of a frozen solution 1 in toluene,
Trec=130 K, n=9.05 GHz, microwave power: 5 mW. Bottom: Q-band
ESR spectrum of a frozen solution 1 in toluene, Trec=130 K, n=


34.57 GHz, microwave power: 1 mW.
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All the ESR spectra of the
unsupported and supported
complexes are due to well de-
fined, isolated, high-spin MnII


complexes that have a distorted
tetrahedral geometry. Changes
and shifts in the spectral fea-
tures are consistently explained
by changing an alkyl ligand by
an alkoxide ligand on the Mn
site, and by changes in symme-
try around the manganese
center. The lower symmetry of
the surface complexes in com-
parison to the precursor is also
reflected by varied relaxation
times; the spectra of the grafted
complexes are easily observable
even at room temperature.


Reactivity of the supported spe-
cies 2a : The surface complex
2a reacts slowly and not quanti-
tatively with H2O to release
2,2-dimethylpropane (0.7 equiv
in 24 h). Similarly, its reaction with H2 at 150 8C gives only
small amount of 2,2-dimethylpropane (0.1 equiv), and no hy-
dride is formed according to IR spectroscopy. These data
are in sharp contrast to what is observed for silica-supported
Group 4 and 5 transition metals.[1] Additionally, 2a does not
react with CO or ethylene. However, it violently reacts with
O2 to give a brown-black material, probably resulting from
an over oxidation reaction, while it is unreactive towards
N2O. Finally, a clean single-electron oxidation is observed
as 2a quantitatively reacts (titration) with one equivalent
of ferrocinium hexafluorophosphate [(Cp)2Fe]+PF6


� (blue),


giving an orange solution (ferrocene) and a white-grey solid
(not characterized), as expected from the thermodynamic
data [Eq. (2), (Cp)2Fe+/CpFe couple=0.4 eV, MnII/MnIII


couple=1.54 eV).


½ðCpÞ2Fe
þPF6
�þ½MnIILn
!½ðCpÞ2Fe
 þ ½MnIIILn
þPF6


�


DGo ¼ �25:9 kcalmol�1
ð2Þ


Molecular modeling by using a silsesquioxane : The reaction
of complex 1 with the silsesquioxane (c-C5H9)7Si7O12SiOH
(3) has been performed with the goal of obtaining molecular
compounds that model the proposed structures 2a and 2b.
The only isolable product obtained is the bis-siloxy MnII


complex [{(c-C5H9)7Si7O12SiO}2Mn(tmeda)2] (4), even when
the molar ratio of 3/1 is 2:1 (Scheme 2). No monosiloxy de-
rivative was obtained by reaction of the silsesquioxane with
the MnII–dialkyl precursor 1, even when 0.9 equivalents of
the silanol was slowly added to a solution of 1 in toluene.
Pale yellow single crystals of 4 were obtained in a quantita-
tive yield (based on the limiting reagent) by a slow diffusion


of acetonitrile into the saturated benzene solution of the re-
action mixture. The structure of 4 determined by X-ray dif-
fraction studies on single crystals indicates a MnII center in
an octahedral geometry, with the two silsesquioxane ligands
in a trans arrangement and two bidentate tmeda ligands in the
equatorial plane (Figure 5). The Mn�O and average Mn�N
distances for 4 are 2.040(2) and 2.41(2) T, respectively, and
they are comparable with those obtained for the only other
mononuclear siloxy Mn compound, [Mn{OSi(OtBu)3}2(py)3]
(5 ; 1.980 and 2.33 T, respectively), which displays a MnII


center in a trigonal-bipyramidal geometry.[28] Noteworthy,


Figure 4. ESR spectra recorded at room temperature, of 1 grafted on
silica partially dehydroxylated at different temperatures: a) 1/SiO2/700 ;
b) 1/SiO2/500; c) 1/SiO2/300.


Scheme 2. Reactivity of 1 with 3.
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both complexes 4 and 5 share 1) the oxidation state of the
metal, MnII, 2) the presence of only siloxy groups as anionic
ligands, 3) the trans configuration of the siloxy ligands, and
4) the presence of amine ligands to complete the coordina-
tion sphere of the MnII center. This trans configuration of
the two siloxy groups is probably unlikely to be present in a
surface species. This structure shows the limitation of using
silsesquioxane as a homogenous model for a surface species,
particularly when the solution complexes have low coordina-
tion numbers and/or when ligand exchange is rapid. Similar-
ly, the reaction of [O(Ph2SiOH)2] with [Mn{N(SiMe3)2}2]
generates the trisnuclear phenyldisiloxy complex MnII


[{(Me3Si)2N}2Mn3{O(Ph2SiO)2}2]·2THF.[29] Such differences
show that surface species can achieve different configura-
tions (e.g., a cis arrangement, when the thermodynamic
product would favor a trans arrangement, as in solution)
and lower coordination numbers (4 vs 6) at a metal center
with respect to their solution analogue.


Conclusion


From mass balance measurements, and IR and ESR spec-
troscopy, it was possible to show that the complex [Mn-
(CH2tBu)2(tmeda)] (1) reacts with silanols of a silica surface
to form either [(�SiO)Mn(CH2tBu)(tmeda)] (2a) on SiO2/700,
or a mixture of 2a and [(�SiO)2Mn(tmeda)] (2b) on silica
partially dehydroxylated at lower temperatures, for example,
for SiO2/200. Attempts to model impregnation syntheses by
solution chemistry by studying the reaction of 1 with (c-
C5H9)7Si7O12SiOH (3) give the bis-siloxy complex [{(c-
C5H9)7Si7O12SiO}2Mn(tmeda)2] (4) in a quantitative yield
with respect to the limiting reactant.


The different reactions show
the limitation of using molecu-
lar silanol derivatives as homo-
geneous soluble models for sur-
face species, particularly when
the solution complexes have
low coordination numbers or
when ligand exchange reactions
are rapid. Thus, thorough char-
acterization of surface species
by the use of several chemical
and physical techniques is es-
sential. The differences be-
tween the surface species 2a
and 2b and the molecular com-
plex 4 exemplify the advantage
that surface chemistry offers
relative to solution chemistry,
namely, surface organometallic
chemistry provides access to co-
ordinatively and geometrically
unique surface species that
would be difficult to obtain in


solution; it also illustrates the concept of site isolation in
heterogeneous catalysis. These points play a critical role in
explaining the unique catalytic properties of some heteroge-
neous catalysts.


Experimental Section


Generals conditions and starting material : All experiments were carried
out in the strict absence of oxygen and water. Glove box or standard
Schlenck techniques under Ar were used for organometallic syntheses.
Pentane and toluene were distilled over Na/K amalgam, degassed by four
freeze-pump-thaw cycles and stored under Ar over 3 T molecular sieves.
Diethyl ether, benzene, dioxane, and THF were distilled over Na/benzo-
phenone mixture. 2,2-Dimethylpropylmagnesium chloride was prepared
from 2,2-dimethylchloropropane (Aldrich, 99%) and Mg turnings (Lan-
caster). Tetramethylethylenediamine (Aldrich) was distilled over Na and
stored over 3 T molecular sieves. MnCl2 (Strem Chemicals, 98%) was
heated at reflux with SOCl2 and dried at 150 8C under vacuum before
use. H2 was dried over a deoxo catalyst (BASF R3–11 + 3 T molecular
sieves) prior to use. Carbon monoxide, ethylene, and oxygen were dried
over 3 T molecular sieves prior to use. [(c-C5H9)7Si7O12SiOH] (Aldrich)
was heated at 40 8C for 12 h at 10�5 Torr before use. Silica (Degussa Aer-
osil


V


, 200 m2g�1) was calcined at 200 8C in air for 2 h, treated at 200 8C
under high vacuum (10�5 mmHg) for 12 h (support referred to as
SiO2/200). The preparation of the surface SiO2/300 and SiO2/500 was achieved
by similar procedures with temperatures of calcination and treatment
under vacuum of 300 and 500 8C, respectively. For SiO2/700, SiO2/500 was
treated at 700 8C for 4 h.


IR spectra were recorded on a Nicolet Magna 550-FT spectrometer
equipped with a cell designed for in situ preparation under controlled at-
mosphere. Gas-phase analyses were performed on a gas chromatograph
HP 5890 equipped with a flame ionization detector and a Al2O3/KCl on
fused column (50 mW0.32 mm). Elemental analyses were performed by
the CNRS Central Analysis Service of Solaize and by the Mikroanaly-
tisches Labor Pascher Remagen in Germany. Mass spectroscopy by elec-
tronic impact was recorded on a FINNIGAN MAT95XL spectrometer.


ESR spectroscopy : The ESR spectra of 1 were recorded on a Jeol JES
RE2X at X-band frequency at temperatures between 130 and 298 K; mi-


Figure 5. ORTEP representation[34] of compound 4 in the solid state. Thermal ellipsoids are drawn at the 50%
probability level. Only one position of the disordered tmeda molecules is shown. The hydrogen atoms are
omitted for clarity. Selected bond lengths [T] and bond angles [8]: Mn�N1 2.370(5), Mn�N2 2.452(3), Mn�
O13 2.040(2), Si1�O13 1.556(2); N1-Mn-N2 82.2(1), O13-Mn-N1 88.9(1), O13-Mn-N2 88.0(1), O13-Mn-O13a


180, Mn-O13-Si1 168.3(2). Symmetry code: �x, �y, �z.
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crowave frequency about 9.05 GHz, microwave power 2–5 mW, modula-
tion frequency 100 kHz, modulation amplitude 0.4 mT. The g values were
determined with a NMR magnetometer and Mn2+ in MgO as g marker.
The ESR parameters were obtained by comparison of experimental and
simulated spectra (simulation program: MatlabTM EasySpin EPR simula-
tion toolbox[27]). Q-band ESR spectra (Bruker EMX) were recorded at
temperatures of 130 K; microwave frequency about 34 GHz, modulation
frequency 70 kHz, modulation amplitude 0.8 mT. The ESR spectra of 2T


were performed on an ESR Spectrometer VARIAN E9.


Preparation of [Mn(CH2tBu)2(tmeda)] (1): Complex 1 was synthesized
according to literature procedure (see details in the Supporting Informa-
tion).[13,14]


Preparation of 2T by the reaction of complex 1 with silica by impregna-
tion : A representative procedure is as follows: Large-scale impregnations
were typically carried out by adding at room temperature a solution of 1
(60 mg) in of pentane (10 mL) to silica partially dehydroxylated at the
desired temperature SiO2/T (0.50 g), to achieve the relative ratios report-
ed in Table 1. After 4 h, the solid was filtered and washed five times with
pentane. The solution was evaporated, and the gas phase trapped in a 5 L
flask cooled with liquid N2; the gases thus trapped were analyzed by GC
(see Table 2). The remaining solid was then further dried under vacuum
(10�5 mmHg) to yield the white powders 2T. A similar procedure was
used for the in situ IR studies, for which a self-supporting silica disk was
used in place of silica powder. Typically, the silica pellet (ca. 20 mg) pre-
pared as described in general procedures was dipped in a solution of 1 in
pentane (10 mL) for 4 h at room temperature, washed twice with pentane
(10 mL) and then dried under vacuum; the IR spectra were then record-
ed.


Reactivity of 1 with [(c-C5H9)7Si7O12SiOH] (3): Compound 3 (160 mg,
0.17 mmol) was added to a solution of 1 (54.7 mg, 0.17 mmol) in benzene
(2 mL). This solution was stirred for 8 h and filtered with a cannula
through a Teflon pad. In a 10 mm tube, pure benzene (2 mL) followed by
of acetonitrile (4 mL) were successively added to the reaction mixture.
After one week at room temperature, several slight yellow crystals ap-
peared (54% yield based on 3). Elemental analysis calcd (%) for 4
(C82H158N4Mn1Si16O26): C 46.44, H 7.51, N 2.64, Mn 2.59, Si 21.19; found:
C 44.88, H 7.67, N 2.69, Mn 3.12, Si 19.67.


Suitable single crystals for the X-ray diffraction study were grown by
slow diffusion of acetonitrile into a saturated solution of 4 in benzene at
room temperature. C82H158MnN4O26Si16, Mr=2120.51, colorless to pale
yellow fragment (0.12W0.25W0.36 mm3), monoclinic, P21/c (No.: 14), a=
12.0488(1) b=23.3311(3), c=19.4709(3) T, b=96.9005(5)8, V=


5433.85(12) T3, Z=2, 1calcd=1.296 gcm�3, F000=2270, m=0.366 mm�1.
Preliminary examination and data collection were carried out on an area
detecting system (NONIUS, MACH3 k-CCD) at the window of a rotat-
ing anode (NONIUS, FR591) and graphite monochromated MoKa radia-
tion (l=0.71073 T). The unit cell parameters were obtained by full-
matrix least-squares refinement of 9962 reflections.[30] Data collection
were performed at 123 K within a q range of 1.37<q<25.238. Seven data
sets were measured in rotation scan modus with Df/Dw=1.08. A total of
83073 intensities were integrated. Raw data were corrected for Lorentz,
polarization, and, arising from the scaling procedure, for latent decay and
absorption effects.[31] After merging (Rint=0.043), 9766 [8125: Io>2s(Io)]
independent reflections remained and all were used to refine 585 param-
eters. All non-hydrogen atoms of the ordered part of the molecule and
the two nitrogen atoms were refined with anisotropic displacement pa-
rameters. All hydrogen atoms were calculated in ideal positions (riding
model). The refinements converged with R1=0.0528 [Io>2s(Io)], wR2=
0.1535 (all data), and GOF=1.062. The final difference Fourier map
showed no striking feature (Demin/max= +1.08/�0.70 eT�3). The tmeda
ligand appears to be disordered over two positions (50:50). For this
reason the carbon atoms had to be refined with isotropic displacement
parameters. Neutral atom scattering factors for all atoms and anomalous
dispersion corrections for the non-hydrogen atoms were taken from In-
ternational Tables for Crystallography.[32] All calculations were performed
with the STRUX-V[33] system including the programs PLATON,[34]


SIR92,[35] and SHELXL-97.[36]


CCDC-258959 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.
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Mononuclear, Dinuclear, and Pentanuclear [{N,S(thiolate)}Iron(ii)]
Complexes: Nuclearity Control, Incorporation of Hydroxide Bridging
Ligands, and Magnetic Behavior


Divya Krishnamurthy,[a] Amy N. Sarjeant,[a] David P. Goldberg,*[a] Andrea Caneschi,[b]


Federico Totti,[b] Lev N. Zakharov,[c] and Arnold L. Rheingold[c]


Introduction


In recent years there has been significant interest in the syn-
thesis and study of transition-metal thiolate complexes.
Zinc,[1–7] nickel,[8–12] and iron[13–20] thiolate complexes have
been made as models for mononuclear and polynuclear met-
alloenzyme active sites with RS�M coordination. The al-
kylthiolate functionality is important because of its rele-
vance to cysteinate ligation, but it is also quite challenging
to control from a synthetic perspective. The challenges that
arise include the avoidance of oxidative pathways that gen-
erate disulfide or sulfur-oxygenate species, as well as the
control over the nuclearity of the final metal products. This
latter issue originates from the propensity of alkylthiolate li-
gands to form indiscriminate bridges between metal ions.


Our research group has an ongoing effort in the synthesis
and reactivity of alkylthiolate-containing metal complexes.


Abstract: The mixed N3S(thiolate)
ligand 1-[bis{2-(pyridin-2-yl)ethyl}ami-
no]-2-methylpropane-2-thiol (Py2SH)
was used in the synthesis of four
iron(ii) complexes: [(Py2S)FeCl] (1),
[(Py2S)FeBr] (2), [(Py2S)4Fe5


II(m-OH)2]-
(BF4)4 (3), and [(Py2S)2Fe2


II(m-OH)]BF4


(4). The X-ray structures of 1 and 2 re-
vealed monomeric iron(ii)–alkylthiolate
complexes with distorted trigonal-bi-
pyramidal geometries. The paramag-
netic 1H NMR spectra of 1 and 2 dis-
play resonances from d=�25 ppm to
+100 ppm, consistent with a high-spin
iron(ii) ion (S=2). Spectral assign-
ments were made on the basis of chem-
ical shift information and T1 measure-
ments and show the monomeric struc-
tures are intact in solution. To provide


entry into hydroxide-containing com-
plexes, a novel synthetic method was
developed involving strict aprotic con-
ditions and limiting amounts of H2O.
Reaction of Py2SH with NaH and Fe-
(BF4)2·6H2O under aprotic conditions
led to the isolation of the pentanuclear,
m-OH complex 3, which has a novel
dimer-of-dimers type structure connect-
ed by a central iron atom. Conductivity
data on 3 show this structure is re-
tained in CH2Cl2. Rational modifica-
tion of the ligand-to-metal ratio allows
control over the nuclearity of the prod-


uct, yielding the dinuclear complex 4.
The X-ray structure of 4 reveals an un-
precedented face-sharing, biooctahe-
dral complex with an [S2O] bridging ar-
rangement. The magnetic properties of
3 and 4 in the range 1.9–300 K were
successfully modeled. Dinuclear 4 is
antiferromagnetically coupled [J=
�18.8(2) cm�1] . Pentanuclear 3 exhibits
ferrimagnetic behavior, with a high-
spin ground state of ST=6, and was
best modeled with three different ex-
change parameters [J=�15.3(2), J’=
�24.7(3), and J’’=�5.36(7) cm�1]. DFT
calculations provided good support for
the interpretation of the magnetic
properties.


Keywords: cluster compounds · en-
zyme models · magnetic properties ·
S ligands · tripodal ligands
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We are in part motivated by an interest in building models
for metalloenzyme active sites, such as those found in the
iron-containing enzymes peptide deformylase, superoxide
reductase, and nitrile hydratase. Herein we describe the syn-
thesis of four new alkylthiolate–iron(ii) complexes with the
tetradentate ligand 1-[bis{2-(pyridin-2-yl)ethyl}amino]-2-
methylpropane-2-thiol (Py2SH), which bears two pyridine
donors, and one amine and one alkylthiolate donor. This
ligand was previously synthesized for use in biomimetic
copper chemistry.[21,22] Given the relatively easy synthesis of
Py2SH, we were surprised to find that only the copper
chemistry of this ligand had been investigated. Thus we
were motivated to develop its iron chemistry and determine
its geometric and nuclearity preferences for the iron(ii) ion.


Reaction of this ligand with
iron(ii) halides gives the mono-
meric high-spin FeII complexes
[(Py2S)FeX] (X=Cl, Br). In
the case of iron, mononuclear
alkylthiolate complexes are
even less common than for
other metals.[14,16, 20,23,24] These
complexes exhibit five-coordi-
nate structures in which the
Py2S


� ligand coordinates in a
tetradentate fashion, although the amine donor forms an un-
usually weak interaction with the metal center. Paramagnet-
ic NMR data are presented to characterize the solution-
state structures of these complexes.


The synthesis of (Py2S)Fe
II–hydroxide complexes was also


targeted because of our interest in modeling the active site
of peptide deformylase, which contains a coordinated OH�


/H2O ligand at an RS–FeII center. Traditional syntheses of
(L)nM/OH complexes involve self-assembly[25–28] or substitu-
tion[29,30] reactions with excess OH�/H2O in protic solvents.
Here we describe a new strategy involving aprotic condi-
tions (THF) and a nearly stoichiometric amount of water to
give the hydroxide-containing complexes [(Py2S)4Fe5(m-
OH)2](BF4)4 (3) and [(Py2S)2Fe2(m-OH)]BF4 (4). Both of
these complexes display unprecedented structural motifs for
iron(ii). The latter is a dinuclear, face-sharing bioctahedral
complex with an unusual set of single-atom bridging groups
comprising two thiolate S atoms and one hydroxide oxygen
atom. The former complex, which is synthesized under
almost identical conditions to those used for 4, exhibits a
pentanuclear, dimer-of-dimers type structure with a central
iron(ii) ion linking Fe2


II(m-OH) units. A surprisingly simple
synthetic method was discovered that allows control over
the formation of either the dimeric or pentameric species.


Given the high-spin nature of the iron(ii) ions in 3 and 4,
their magnetic properties were worthy of investigation.
Magnetic susceptibility studies have revealed antiferromag-
netic coupling for the dimer 4, and ferrimagnetic coupling
for the pentamer 3. Density functional calculations are also
presented in support of the Heisenberg spin Hamiltonian
model for complex 3 to rationalize the ferrimagnetic ST=6
ground state.


Results and Discussion


The synthesis of Py2SH followed the method reported by
Ohta and co-workers.[21] The commercially available starting
material 2-vinylpyridine was converted to bis(2-pyridylethyl-
amine) by treatment with NH4Cl,


[31] which was then reacted
with neat 1,1-dimethylthiirane at 70 8C to afford the ligand
Py2SH. It was noticed during the purification of bis(2-pyri-
dylethylamine) that a large amount of primary amine, 2-
pyridylethylamine, had also formed in the NH4Cl reaction.
To improve the overall yield of Py2SH, the 2-pyridylethyla-
mine was recycled and treated with 2-vinylpyridine under
acidic conditions to give an additional amount of bis(2-
pyridylethylamine).[32]


Synthesis of [(Py2S)FeCl] (1) and [(Py2S)FeBr] (2): Com-
plexes 1 and 2 were synthesized by generation in situ of the
deprotonated thiolate ligand, Py2S


� with NaOH, followed
by reaction with the appropriate ferrous halide starting ma-
terial (Scheme 1). Complex formation was accompanied


with the appearance of a bright yellow color. Vapor diffu-
sion of diethyl ether into the filtered reaction mixtures
yielded crystals of 1 and 2 suitable for X-ray diffraction.
Strict anaerobic conditions must be maintained at all times
for these complexes both in solution and in the solid state to
prevent oxidation.


X-ray structures of 1 and 2 : The molecular structures of
[(Py2S)FeCl] (1) and [(Py2S)FeBr] (2) are shown in Figure 1
and Figure 2, respectively. Selected bond lengths and angles
are given in Table 1. The structures of 1 and 2 show that
Py2S


� is capable of giving discrete, monomeric RS–FeII com-
plexes, with the ligand coordinated in the expected tetraden-
tate fashion. Both complexes exhibit distorted trigonal-bi-
pyramidal geometries. The FeII�X (X=Br, Cl) and Fe�Npy


Scheme 1.
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bond lengths are in the normal range for high-spin iron(ii)
complexes,[33] with the average FeII�Npy distance of 2.160 M
for 1 and 2.152 M for 2. There are only a few examples of
monomeric RS–FeII complexes for comparison. The FeII�SR
distances for 1 and 2 are close to the Fe�SAr distance of


2.345(1) M for [(TPA)FeII(SC6H2-2,4,6-Me3)](ClO4),
[34] an


iron(ii) thiolate complex of the ligand TPA, and somewhat
shorter than the salen complex (Et4N)[Fe(5-NO2salen)(S-p-
tol)][35] with FeII�SAr=2.386(2) M. However, the series of
recently syntheszied complexes [L8py2Fe


II(SR)]+ (R=aryl,
alkyl) exhibit Fe�SR bond lengths significantly shorter
(ranging from 2.259(2)–2.323(3) M) than in 1 and 2, with the
short end occupied by the alkylthiolate (R=cyclohexyl)
complex.[16]


The tertiary amine to iron(ii) distances of 2.3875(13) M
and 2.3521(16) M in 1 and 2, respectively, are unusually long
and deserve some comment. These distances are significant-
ly longer than corresponding distances in the six-coordinate,
high-spin (TPA)–FeII complexes [(TPA)Fe(BF)-
(MeOH)]ClO4,


[36] [(TPA)Fe(CH3OH)2](BPh4)2,
[37] [(TPA)Fe-


(O3SCF3)2],
[37] and [(TPA)Fe(Cl)2],


[33] which exhibit FeII�
Namine distances of 2.175(6)–2.220(7) M. A more analogous
comparison to 1 and 2 would come from a series of five-co-
ordinate TPA�iron(ii) complexes, however there is only one
example of a five-coordinate iron(ii) species in which TPA
binds in the typical tripodal mode, [(TPA)Fe(SC6H2-2,4,6-
Me3)]ClO4,


[34] and this complex has a normal FeII�Namine


bond length of 2.250(3) M. The unusual eight-coordinate
complex [(TPA)2Fe](BPh4)2 is the only TPA complex to ex-
hibit an Fe�Namine distance (2.389(3) M) as long as that of
1,[37] but this elongated distance can be attributed to the
crowded nature of the high-coordinate center.


Perhaps an even better comparison than TPA–FeII com-
plexes for 1 and 2 are complexes of the ethylene-spaced
TEPA (TEPA= tris(2-(2-pyridyl)ethyl)amine), but to our
knowledge there are no examples of structurally character-
ized TEPA–Fe complexes. Out of the eight examples of
transition metal–TEPA complexes in the Cambridge Struc-
tural Database,[38] none of them exhibit an unusually long
M�Namine bond.


[39] Thus the cause of the significantly weak-
ened Namine�FeII interaction in 1 and 2 has not been conclu-
sively determined. It is possible that the strong donating
ability of RS� combined with the presence of another nega-
tively charged ligand (Cl� or Br�) reduces the positive
charge on the iron center and thereby weakens the Namine in-
teraction, while the bonding between the py groups and FeII


remains normal because of the p-acceptor ability of pyri-
dine.


The angular parameters given in Table 1 show that both 1
and 2 are best described as distorted trigonal bipyramidal,
in which the Namine and halide ligands lie on the axial posi-
tions (Namine-Fe-X: 174.03(4)8 (1); 171.88(4)8 (2)) and the
two py and thiolate donors form the equatorial plane. Al-
though the long FeII�Namine distance in 1 and 2 suggests a
weakened bonding interaction, the angles around the iron
center clearly rule out a four-coordinate geometry. Angular
data for five-coordinate complexes can be analyzed by cal-
culation of a t index,[40] with the limiting values of t being
0.0 for square-pyramidal and 1.0 for trigonal-bipyramidal
geometry. The t indices for 1 and 2 are 0.68 and 0.63, re-
spectively, showing that both compounds are closer to trigo-
nal-bipyramidal than square-pyramidal.


Figure 1. ORTEP diagram of [(Py2S)FeCl] showing the 50% probability
thermal ellipsoids. Hydrogen atoms have been omitted for clarity.


Figure 2. ORTEP diagram of [(Py2S)FeBr] showing the 50% probability
thermal ellipsoids. Hydrogen atoms have been omitted for clarity.


Table 1. Selected bond lengths [M] and angles [8] for 1 and 2.


Complex 1 (X=Cl) 2 (X=Br)


Fe�N(1) 2.1479(14) 2.1639(17)
Fe�N(2) 2.3875(13) 2.3521(16)
Fe�N(3) 2.1720(14) 2.1420(17)
Fe�S(1) 2.3274(5) 2.3212(5)
Fe�X(1) 2.4299(5) 2.6166(3)
N(3)-Fe-N(1) 105.36(5) 104.59(6)
N(3)-Fe-S(1) 133.35(4) 133.86(5)
N(1)-Fe-S(1) 120.20(4) 121.03(5)
N(3)-Fe-N(2) 89.29(5) 88.74(6)
N(1)-Fe-N(2) 87.47(5) 90.06(6)
N(3)-Fe-X(1) 96.67(4) 90.22(5)
N(1)-Fe-X(1) 90.59(4) 97.98(4)
S(1)-Fe-X(1) 93.458(17) 90.019(15)
N(2)-Fe-X(1) 174.03(4) 171.90(4)
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1H NMR spectroscopy : The 1H NMR spectra for 1 and 2 are
shown in Figure 3 and the data are summarized in Table 2.
Both complexes exhibit paramagnetically shifted peaks be-
tween 100 to �25 ppm, which are typical for high-spin


iron(ii) complexes. Peak assignments have been made based
on chemical shifts, T1 measurements, and comparison with
the literature. The spectra shown in Figure 3 are highly re-
producible from batch to batch of 1 and 2, and provide a
good fingerprint for these complexes in solution. The far-
thest downfield shifted peaks at d=90.9 and 95.3 ppm for 1
and 2 are assigned to the a-protons, and have the shortest
T1 values among the pyridine protons, as expected based on
proximity to the paramagnetic center. The peaks at d=42.9
and 41.5 ppm for 1 and 2, respectively, are assigned to one
of the H-b1,b2 protons. The other set of H-b1,b2 protons for 1
are assigned to the peak at d=33.9 ppm. Both H-b1,b2 pro-
tons in 1 exhibit T1 values of similar magnitude (d=13.4
and 25.0 ms). In the case of the bromide complex, the other
set of the H-b1,b2 protons is assigned to the relatively broad
resonance at d=32.5 ppm, which overlaps with the methyl-
ene signals from H-a and H-c. In contrast, the H-a,c protons


in 1 appear at 32.5 ppm as a separate peak. An assignable
peak for the remaining methylene protons, H-b, was not
found for either 1 or 2. The g protons in both 1 and 2 are
shifted significantly upfield, appearing at d=�8.2 and
�15.6 ppm, respectively. They also have the longest T1


values, consistent with literature values for H-g, although
the T1 measurement for H-g in 2 is an approximation be-
cause this peak lies on top of one of the gem-dimethyl
peaks, H-d (the upfield shoulder at d=�16 ppm). Distinct
T1 values for H-g and H-d in 2 could not be obtained by the
inversion-recovery method because of the overlap of these
resonances, but the measured T1 (17.7 ms) at d=�15.6 ppm
is close to an average of the T1Ps for the analogous H-g
(39.2 ms) and H-d (0.92 ms) peaks for 1. The remaining up-
field-shifted peaks for 1 and 2 are assigned to the gem-di-
methyl protons. For 1, the gem-dimethyl groups appear at
d=�19.0 and �24.5 ppm. For 2, one of the gem-dimethyl
groups gives rise to the shoulder at d=�16 ppm as men-
tioned above, while the other gem-dimethyl peak is a dis-
tinct, broad peak at d=�23.0 ppm.


In solution, 1 and 2 may be expected to contain a mirror
plane containing the Fe�S vector and bisecting the Npy-Fe-
Npy angle, and the single set of pyridine resonances (H-a, H-
b1,b2, H-g) is consistent with this symmetry. However, the
inequivalence of the gem-dimethyl groups suggests that this
symmetry is broken by the -CH2C(CH3)2S


� arm. In the solid
state (Figures 1 and 2), the gem-dimethyl groups are clearly
inequivalent due to the conformation of the thiolate arm,
and thus there may be conformational restriction of the
-CH2C(CH3)2S


� group in solution, causing the separate
peaks for H-d in the NMR spectra.[41]


The NMR assignments are based partly on comparison
with the literature values for five-coordinate[33,34] and six-co-
ordinate[33,36] monomeric TPA- and substituted TPA–FeII


complexes. All of these complexes exhibit pyridine chemical
shifts and 1/T1 values in the order H-a > H-b1,b2 > H-g,
and the assignments for 1 and 2 were based on this prece-
dent. The chemical shifts for H-a in TPA–FeII species typi-
cally fall between d=++110 to +140 ppm, with the upfield
end of this range made up by the five-coordinate [(TPA)Fe-
(SAr)]+ complexes reported by Zang and Que.[34] The rela-
tively upfield-shifted H-a peaks for five-coordinate 1 and 2
match the trend for these species. The H-b1,b2 chemical
shifts and T1 values for 1 and 2 also fall in the same range as
H-b1,b2 for other TPA–FeII species, which are found be-
tween d=23–65 ppm and exhibit T1Ps of several millisec-
onds. The peak for H-g in 1 and 2 appears farther upfield
than in most TPA complexes, with the exception being the
[(TPA)Fe(SAr)]+ complexes (Hg ~�10 ppm), which are
also the closest structural analogues to 1 and 2. There is no
direct precedent to compare the signals for the gem-dimeth-
yl protons (H-d). The significant upfield shift of the H-d res-
onances may be explained by a spin delocalization mecha-
nism, as opposed to a Fermi contact shift mechanism.[42]


Incorporation of OH� : synthesis of [(Py2S)4Fe
II


5(m-OH)2]-
(BF4)4 (3): Complex 3 was synthesized by the deprotonation


Figure 3. 1H NMR spectra of a) 1 and b) 2 in CD2Cl2 at 25.0 8C. The
peaks in the diamagnetic region (d=0–10 ppm) are due to trace solvent
and trace amounts of free ligand.


Table 2. 1H NMR chemical shifts and T1 values for 1 and 2 in CD2Cl2 at
25 8C.


1 2
Proton d [ppm] T1 [ms] d [ppm] T1 [ms]


a +90.9 1.8 +95.3 1.7
b1,b2 +42.9, +33.9 13.4, 25.0 +41.5, +32.5 14.8, 10.1[a]


g �8.2 39.2 �15.6 17.7[a]


a,c +32.5 3.7 +32.5 10.1[a]


b not assigned – not assigned –
d �19.0, �24.5 0.92, 1.87 �15.6, �23 17.7,[a] 0.98


[a] An “average” T1 value for overlapping peaks (see text for discussion).
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of Py2SH in dry, freshly distil-
led THF with sodium hydride,
followed by reaction with a
stoichiometric amount of Fe-
(BF4)2·6H2O under inert at-
mosphere (Scheme 2). Recrys-
tallization from CH2Cl2/pen-
tane gave X-ray quality crys-
tals, and a determination of
the X-ray structure of 3 re-
vealed a pentanuclear complex
with two dimeric, (Py2S)2Fe2(m-
OH) units organized around a
central FeII(m-SR)4 core (vide
infra).


Typical methods of synthe-
sizing (L)nM�OH species in-
clude substitution reactions,
such as that between [HB-
(pztBu,Me)3ZnI] and OH� to
give [HB(pztBu,Me)3ZnOH],[28]


and self-assembly reac-
tions[25–27,43,44] in protic (e.g.
MeOH) solvent. All of these
strategies failed for the Py2S


�


system. For example, reaction of Py2SH with Fe(ClO4)2 or
Fe(BF4)2 in the presence of NaOH, KOH or Me4NOH in
MeOH did not lead to any tractable products. Attempts also
were made to substitute the halide ligand of 1 and 2 with
OH� , but the only product was a dark green precipitate
which was insoluble in most common organic solvents (e.g.
CH3CN, CH2Cl2 and MeOH) and could not be characterized
further. These failures prompted us to attempt conditions in
which the amount of H2O/OH� could be better controlled.
Aprotic conditions (THF) combined with a limiting amount
of H2O from the Fe(BF4)2·6H2O starting material led to the
successful synthesis of the hydroxide species 3, and the OH�


ligand in 3 occupies the open site of the (Py2S)Fe
II unit, as


designed. These results suggest that the use of aprotic sol-
vent combined with nearly stoichiometric amounts of H2O
can be a good approach for the preparation of other
(L)nM


II�OH compounds.


Molecular structure of [(Py2S)4Fe5(OH)2](BF4)4 (3): The
molecular structure of the cation in 3 is shown in Figure 4,
and selected bond lengths and angles are given in Table 3.
This molecule can be viewed as two FeII�(m-OH)�FeII com-
plexes joined together by a central iron(ii) ion (Fe1). The
Fe1 ion is located on a crystallographically imposed twofold
axis, and thus there is only one unique dimeric FeII2(m-OH)
unit. Each iron center in the dimeric unit is five-coordinate
and bridged by a single hydroxide ligand. The bridging atom
is assigned to a hydroxide group based on FeII�O bond
lengths, charge balance considerations, and magnetic sus-
ceptibility data (vide infra). The chelating thiolate arms
form four bridges to the central iron(ii) ion, resulting in a
distorted tetrahedral Fe(SR)4 coordination sphere for Fe1.


The hydroxide bridge is located trans to the tertiary amine
group for both Py2S


� ligands, and the Namine-Fe-OH vector
makes up the axial direction of a distorted trigonal-bipyra-
midal geometry for both Fe2 and Fe3.


The average Fe�Npyridine bond length of 2.11 M in 3 is
shorter than the Fe�Npyridine distances of the five-coordinate
complexes 1 and 2. Similarly, d(Fe�Namine)av=2.29(1) M in 3
is significantly smaller than the corresponding distance in 1
or 2. Thus the unusually weak interaction between the Namine


and FeII seen in 1 and 2 is not observed in 3. The RS� and
OH� ligands in 3 both share their negative charge with two
iron(ii) ions, whereas in 1 and 2 the thiolate and X� (X=Cl,
Br) donors provide a full negative charge to a single iron(ii)
center, and therefore the resultant higher positive charge on


Scheme 2.


Figure 4. ORTEP diagram of the cation of [(Py2S)4Fe5(m-OH)2](BF4)4 (3)
showing the 30% probability thermal ellipsoids. Hydrogen atoms and sol-
vent molecules have been omitted for clarity.
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Fe2 and Fe3 in 3 may be the cause of the shorter N�Fe
bond lengths. The same shortening is not observed in the
Fe�SR distances for 3, falling between 2.3134(11)–
2.3375(11) M, but the bridging mode of the thiolate donors
is expected to lengthen the Fe�SR distances.


The FeII�(m-OH) bonds in 3 are on the short end of FeII�
(m-OH) distances found in the literature, although these
values are mainly for six-coordinate FeII complexes.[45,46] To
our knowledge, there are only two complexes with five-coor-
dinate iron(ii) ions bridged by a hydroxide ligand:
[FeII(HB(3,5-iPr2pz)3)]2(OH)2, a bis(m-hydroxo) complex,
and [FeII(HB(3,5-iPr2pz)3)]2(OH)(OBz), a m-hydroxo, m-car-
boxylato complex.[30] These complexes have Fe�(m-OH) dis-
tances of 1.964–2.04 M, and complex 3 fits well within this
range. In contrast, the Fe�Fe distance of 3.905 M in 3 is
much longer than that in either [FeII(HB(3,5-iPr2-
pz)3)]2(OH)2 (Fe�Fe 3.179(5) M) or [FeII(HB(3,5-
iPr2pz)3)]2(OH)(OBz) (Fe�Fe 3.681(3) M), and can be corre-
lated with the obtuse Fe-OH-Fe angle 150.8(1)8. Such a
wide angle is found in (porphyrinoid)M-(m-OH)-M(porphyr-
inoid) structures,[47,48] which have only one bridging ligand
connecting the metal centers, as opposed to 3, which has the
S1-Fe1-S2 unit as a second bridge between Fe2 and Fe3.
The long Fe�S distances likely allows for the unusually
obtuse Fe2-(m-OH)-Fe3 angle. The related [FeII(HB(3,5-
iPr2pz)3)]2(OH)(OBz) has a tighter, more rigid second
bridge in the form of OBz, and consequently has a smaller
FeII-(m-OH)-FeII angle of 137.0(3)8, in agreement with the
m-hydroxo, m-carboxylato motif.[49, 50]


The angles around Fe2 and Fe3 reveal distorted trigonal-
bipyramidal geometries for both metal ions. The angle be-
tween the Namine donor and the hydroxide bridge for each
iron is 175.278 and 174.868, consistent with the axial direc-
tion of a trigonal bipyramid. However, significant deviations
from 1208 occurs in the equatorial plane formed by the two


pyridine and thiolate donors on each iron, and these devia-
tions are reflected in the t values, which are 0.63 for Fe2
and 0.58 for Fe3. Considerable distortion from tetrahedral
geometry is also observed for Fe1, with angles ranging from
121.36(6)8 to 94.18(3)8.


Solution-state structure of [(Py2S)4Fe5(OH)2](BF4)4 (3):
Conductivity : The X-ray structure of 3 shows a [(Py2S)4Fe5-
(m-OH)2]


4+ ion with four BF4
� counterions, and therefore it


should behave as a 1:4 electrolyte in solution if the solid-
state structure remains intact. Electrical conductivity meas-
urements of 3 were carried out in CH2Cl2 to characterize
the nature of the complex in solution.[51–53] Conductivity
measurements are often done in more polar solvents such as
H2O, CH3CN and CH3OH, especially with 1:4 electro-
lytes,[54,55] but these solvents were not used because they
could potentially coordinate to the iron(ii) ions in 3 and dis-
rupt the structure of the Fe5 cluster. Since 3 was crystallized
from CH2Cl2, it was the solvent of choice for conductivity
measurements. Figure S1 in the Supporting Information
shows the Onsager plots of compound 3, and of the refer-
ence compound [nBu4N]PF6, which was used as a standard
1:1 electrolyte. The slope for 3 (slope=2913) is close to four
times that of the reference, [nBu4N]PF6 (slope=627), sug-
gesting that 3 behaves as a 1:4 electrolyte in CH2Cl2, and
that the [(Py2S)4Fe5(m-OH)2]


4+ unit remains intact in solu-
tion. These results are also consistent with the 1H NMR
spectrum for 3 (see Experimental Section), which shows a
complex pattern of paramagnetically shifted resonances,
quite distinct from the relatively symmetric NMR spectra
for 1 and 2.


Control of nuclearity : Synthesis of [(Py2S)2Fe2
II(m-OH)]-


(BF4) (4): Inspection of the structure of the pentanuclear
complex 3 suggested that removal of the central FeII ion
should lead to the isolation of the dinuclear (Py2S)2Fe2


II(m-
OH) unit. Given that the overall metal/ligand ratio in 3 is
5:4, we speculated that limiting the FeII to substoichiometric
quantities might lead to the synthesis of the dinuclear
[(Py2S)2Fe2


II(m-OH)] complex. When the reaction was run
with a Py2SH/NaH/Fe(BF4)2·6H2O ratio of 1/1/0.75 in THF,
a yellow precipitate formed immediately as in the case of 3.
However, vapor diffusion of pentane into a solution of the
crude material in CH2Cl2 led to the crystallization of a dif-
ferent product. Analysis of this compound by X-ray diffrac-
tion revealed complex 4, which has the intended hydroxide-
bridged, dinuclear structure, although the thiolate ligands
that previously were bound to the central FeII ion in 3 are
now bridged to the opposite iron(ii) ion in the dimer
(Scheme 2). Crystals of 3 and 4 are easily distinguishable by
eye due to differences in their morphology (needles versus
blocks).


Molecular structure of [(Py2S)2Fe2(m-OH)](BF4) (4): An
ORTEP diagram of the dinuclear complex 4 is shown in
Figure 5, and selected bond lengths and angles are given in
Table 4. The structure is best described as a face-sharing bio-


Table 3. Selected bond lengths [M] and angles [8] for 3·2CH2Cl2·C5H12.


Fe1�S1 2.3134(11) O1-Fe2-N1 92.21(10)
Fe1�S2 2.3182(10) O1-Fe2-N3 86.48(10)
Fe2�O1 2.0140(18) N1-Fe2-N3 114.10(12)
Fe2�N1 2.091(3) N3-Fe2-N2 89.89(11)
Fe2�N2 2.296(3) O1-Fe2-N2 175.27(10)
Fe2�N3 2.118(3) N1-Fe2-N2 92.04(12)
Fe2�S1 2.3220(11) O1-Fe2-S1 97.71(6)
Fe3�O1 2.0211(18) N1-Fe2-S1 108.48(9)
Fe3�N4 2.126(3) N3-Fe2-S1 137.02(10)
Fe3�N5 2.295(3) N2-Fe2-S1 82.90(8)
Fe3�N6 2.106(3) O1-Fe3-N6 92.30(10)
Fe3�S2 2.3375(11) O1-Fe3-N4 86.75(10)
Fe2�Fe3 3.905 O1-Fe3-N5 174.86(10)
S1-Fe1-S1 116.79(7) N6-Fe3-N4 110.43(12)
S1-Fe1-S2 116.13(4) N6-Fe3-N5 92.51(11)
S1-Fe1-S2 94.18(3) N4-Fe3-N5 89.87(12)
S2-Fe1-S2 121.36(6) O1-Fe3-S2 96.20(6)
O1-Fe2-N1 92.21(10) N6-Fe3-S2 109.24(9)
O1-Fe2-N3 86.48(10) N4-Fe3-S2 140.06(9)
S1-Fe1-S1 116.79(7) N5-Fe3-S2 83.92(8)
S1-Fe1-S2 116.13(4) Fe2-O1-Fe3 150.8(1)
S1-Fe1-S2 94.18(3) Fe1-S1-Fe2 137.74(5)
S2-Fe1-S2 121.36(6) Fe1-S2-Fe3 135.39(5)
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octahedral complex, in which the two iron centers are
joined by two bridging thiolate groups and one bridging hy-
droxide ligand. Face-sharing biooctahedral complexes of the
type L3M(m-X)3ML3 form a large and well-studied group of
molecules.[56–58] However, to our knowledge there are no ex-
amples of complexes in which two iron atoms share one O
and two S bridging atoms. The Fe2(RS)2(O) core also reveals
a striking asymmetry in the FeII�OH bond lengths. The
Fe1�OH distance is 2.161(2) M, and is one of the longest
FeII�OH bonds reported, while the Fe2�OH distance of
1.984(2) M is one of the shortest.[45] The long FeII�OH bond
in 4 is trans to the short pyridine bond Fe1�N2 (2.188(2) M),
and the short FeII�OH interaction is trans to the longer ter-
tiary amine bond Fe2�N6 (2.249(2) M). Thus the asymmetry
in the FeII�(m-OH)-FeII unit may be a consequence of trans


effects. All but one of the Fe-S distances are in the range
2.44–2.51 M and are similar to other bridging thiolate distan-
ces in related FeII2(m-SR)2 complexes.[59] The Fe2�S4 dis-
tance is significantly longer at 2.67(1) M, and although the
reason for this long distance is not clear, it may be a conse-
quence of steric strain.


An Fe�Fe distance of 2.929(1) M is observed for 4, and is
shorter than other high-spin FeII2 face-sharing bioctahedra,
such as [(tacn)FeII(m-Cl)3Fe


II(tacn)]+ (Fe�Fe 3.014(2) M;
tacn= 1,4,7-triazacyclononane) prepared by Wieghardt
et al.[60] or [(thf)FeII(m-Cl)3Fe


II(thf)]+ (Fe�Fe 3.086(2) M)
prepared by Sobota et al.[61] However, it is significantly
longer than in related metal–metal bonded species such as
FeII2(S2C3H6)(CNMe)7]


+ (Fe�Fe 2.634(2) M).[62] The relative-
ly long Fe�Fe distance, combined with the paramagnetic be-
havior of 2 (vide infra), clearly rules out the presence of a
metal–metal bond in 4.


It is tempting to suggest complex 4 is formed by the
fusion of two distinct monomeric species based on the asym-
metry observed in the X-ray structure. One species could be
a terminal hydroxide complex containing Fe2, in which the
OH ligand is coordinated trans to the tertiary amine as
found for the other X� ligands (X=Cl, Br, OH) in 1–3,
while the other species could be a solvento complex of Fe1
with THF coordinated in the same site. Upon bringing the
two monomers together, the weakly bound THF on Fe1 is
displaced by the thiolate donor S(2), and the terminal hy-
droxide ligand makes a weak bridging interaction with Fe1.
The third bridge is formed between the remaining thiolate
ligand S4 and Fe2.


The synthesis and structural characterization of 3 and 4
provides an example of how subtle changes in a reaction
system can influence the nuclearity and arrangement of
transition metal complexes. Synthetic control over nuclearity
is usually difficult to achieve, yet it is important in order to
build molecules of defined metal ion content, spatial ar-
rangement, and physical properties. It is especially impor-
tant for paramagnetic metal ions such as high-spin iron(ii),
because of their application in the field of molecular mag-
netism, for which the rational synthesis of polynuclear com-
plexes with new topologies and interesting magnetic proper-
ties is a central theme.[63–65] The magnetic properties of both
3 and 4 are presented below.


Magnetic properties of [(Py2S)2Fe2(m-OH)]BF4 (4): The
magnetic susceptibility data for 4 are presented in Figure 6
as a cT versus T plot. At room temperature, the product of
cT is 5.85 emuKmol�1, which is approaching the spin-only
value for two independent high-spin FeII (d6) S=2 ions. As
the temperature is decreased, there is a steady decrease in
cT down to the final value of 0.043 emuKmol�1 at 1.9 K.
This behavior is consistent with intramolecular antiferro-
magnetic coupling between the two high-spin FeII ions, re-
sulting in a non-magnetic ground state.


The experimental data in Figure 6 was fit to the model
shown in Equation (1), which was derived from the spin
Hamiltonian for two interacting S=2 ions (H=�2 JS1S2).


Figure 5. ORTEP diagram of the cation of [(Py2S)2Fe2(m-OH)](BF4) (4)
showing the 30% probability thermal ellipsoids. Hydrogen atoms and sol-
vent molecules have been omitted for clarity.


Table 4. Selected bond lengths [M] and angles [8] for 4.


Fe1�O1 2.1613(16) O1-Fe1-S3 83.84(5)
Fe1�S3 2.5074(9) N1-Fe1-S4 161.73(6)
Fe2�O1 1.9842(16) N2-Fe1-S3 97.38(6)
Fe1�N1 2.290(2) N3-Fe1-S3 171.78(6)
Fe1�N2 2.188(2) N1-Fe1-S3 92.81(6)
Fe1�N3 2.256(2) S4-Fe1-S3 90.48(3)
Fe1�S4 2.4406(9) O1-Fe2-N5 101.72(8)
Fe2�S4 2.6708(9) O1-Fe2-N6 168.73 (7)
Fe2�N4 2.256(2) N6-Fe2-N5 89.33 (8)
Fe2�N5 2.155(2) N4-Fe2-N5 86.89(8)
Fe2�N6 2.249(2) O1-Fe2-N4 90.54 (8)
Fe2�S3 2.5078(8) N6-Fe2-N4 92.34 (8)
Fe1�Fe2 2.9288 O1-Fe2-S3 87.52 (5)
Fe2-O1-Fe1 89.80(6) N5-Fe2-S3 169.68 (6)
O1-Fe1-N2 166.53(7) N6-Fe2-S3 81.66(6)
O1-Fe1-N3 90.82(7) N4-Fe2-S3 88.46(6)
N2-Fe1-N3 89.26(8) O1-Fe2-S4 81.15(5)
O1-Fe1-N1 78.97(7) N5-Fe2-S4 100.43(7)
N2-Fe1-N1 87.58(8) N6-Fe2-S4 94.74(6)
N1-Fe1-N3 92.29(8) N4-Fe2-S4 169.86(6)
O1-Fe1-S4 83.54(5) S4-Fe2-S3 85.39(3)
N2-Fe1-S4 109.829(6) Fe1-S3-Fe2 71.46(2)
N3-Fe1-S4 82.69(6) Fe1-S4-Fe2 69.65(2)
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All symbols have the usual meaning. A least-squares fit of
the data in Figure 6 using Equation (1) gives J=
�18.8(2) cm�1, g=2.187(5), and R2=0.99938. As seen in
Figure 6, the fit is quite good and it is not necessary to in-


clude a term accounting for paramagnetic impurities. Al-
though there are few examples of high-spin iron(ii) face-
sharing, biooctahedral complexes, the magnetic properties
of the complexes from Wieghardt et al. ([(tacn)FeII(m-
Cl)3Fe


II(tacn)]+) and Sobota et al. ([(thf)FeII(m-Cl)3Fe
II-


(thf)]+) have been studied in detail.[60,61] The [(thf)FeII(m-
Cl)3Fe


II(thf)]+ complex was found to be weakly antiferro-
magnetically coupled, with J=�4.6 cm�1. In contrast, the
[(tacn)FeII(m-Cl)3Fe


II(tacn)]+ complex was determined to be
weakly ferromagnetically coupled, with J=++11.6 cm�1. Fer-
romagnetic coupling is unusual in these types of dimers, and
this molecule appears to be an anomaly in terms of its mag-
netic behavior. It should be noted that best fits for both of
these complexes included contributions from zero field split-
ting (1.0< jD j<5.5 cm�1).[60] It was not necessary to include
zero-field splitting (zfs) terms for 4 in order to obtain an ex-
cellent fit (Figure 6), and given the larger J value for 4 it
seems reasonable to ignore the small zfs terms.


The antiferromagnetic coupling in 4 is quite similar to
that in the FeII2(m-SR)2 complex [(Lc)2Fe


II
2(NO3)2] (HLc=


2-[[2-(2-pyridyl)ethyl]amino]ethanethiol)), which has J=
�20.04(4) cm�1, g=2.137(2).[59] The only superexchange
pathways for the latter complex come from the bridging al-
kylthiolate groups, and the similarity of the coupling in this
complex and that found for 4 suggest that the alkylthiolate
bridges in 4 provide the dominant exchange pathways,
making the hydroxide bridge superfluous with regards to
mediating the antiferromagnetic coupling. This analysis is
reasonable in light of the fact that the Fe�(m-SR) bonding in


4 should be more covalent than the Fe�
(m-OH) interactions. The antiferromag-
netic coupling in the mixed-valent dimer
[(Fe2(OH)3(tmtacn)]+ (tmtacn= trime-
thyltriazacyclononane) is weaker than in
the mixed-valent dimers of the type


[Fe2S2]
+ , and this phenomenon has been explained in part


by the greater covalency of the S2� bridges.[66]


Magnetic properties of [(Py2S)4Fe5(OH)2](BF4)4 (3): The
magnetic susceptibility for 3 was recorded over a tempera-
ture range of 2–300 K. The temperature dependence of the
cT product for complex 3 is shown in Figure 7. The high-
temperature value of cT is below the value for five noninter-
acting iron(ii) ions (15.0 emuKmol�1 for g=2.00), and a
minimum in cT is seen near 250 K, which are indications of
a ferrimagnetic species. A monotonic increase in cT is ob-
served upon decreasing the temperature, leading to a maxi-
mum of 21.24 emuKmol�1 at 19 K, which is close to the
value expected for a system with ST=6 (22.5 emuKmol�1).
Below 19 K, cT rapidly decreases to 5.5 emuKmol�1 at 2 K.
This decrease at low temperatures may be due to zero-field
splitting contributions, intercluster magnetic interactions, or
saturation effects. The gross behavior of the curve suggests
an antiferromagnetic arrangement of iron(ii) ions with a fer-
rimagnetic ground state of ST=6.


To confirm this qualitative interpretation, a least-squares
fit of the data in Figure 7 was carried out, providing values
for the different exchange parameters. As a first approxima-
tion, the degeneracy and spin-orbit contributions arising
from the 5D ground state of a high-spin ferrous ion were ne-
glected, and a single g value for all of the iron ions was em-
ployed. Taking into account the twofold symmetry of the
cluster, three different exchange pathways can be individu-
ated: two different pathways are mediated by a sulphur
bridge (J and J’) and one pathway is mediated by a hydroxo
bridge (J’’). The spin Hamiltonian shown in Equation (2)
was used, with negative J indicating antiferromagnetism
and positive J indicating ferromagnetism. Least-squares fits


Figure 6. Plot of cT versus T for complex 4. The solid line is the best fit
obtained from the analytical expression described in the text.


Figure 7. Plot of cT versus T for complex 3. The solid line is the best fit
obtained from a full-matrix diagonalization.
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of the data were obtained by using a full-matrix diagonaliza-
tion of the model given in Equation (2).[67]


H ¼ �2JðS1S2 þ S1S2AÞ�2J0ðS1S3 þ S1S3AÞ�2J00ðS2S3 þ S2AS3AÞ
ð2Þ


Fits of the data in Figure 7 invariably gave negative J
values for all three exchange interactions, indicating antifer-
romagnetic interactions between all of the iron(ii) ions.
Stronger antiferromagnetic exchange was found for the two
sulfur-mediated pathways as compared to the hydroxo-
bridged pathway. Different fits of the data between 19 K
and 300 K of almost equivalent quality could be obtained by
changing the starting values of the parameters, resulting in
significantly different final J, J’, J’’ values. Nearly equivalent
fits were found with different J/J’ ratios, ranging from fit 1:
J/J’=1, g=2.10(2), J=J’=�20(1) cm�1, J’’=�6.7(3) cm�1


with R=2.05T10�4, to fit 2: J/J’=1.6, g=2.078(2), J=
�15.3(2) cm�1, J’=�24.7(3) cm�1, J’’=�5.36(7) cm�1 with
R=1.77T10�4 (R=�


ðcobs�ccalcdÞ2
cobs2


). For all initial J/J’ ratios the


value of J’’ was consistently determined to be about
�6 cm�1.


Thus this fitting procedure did not allow us to distinguish
between a model in which the two sulfur bridges mediate
nearly equivalent superexchange interactions versus a model
in which they show quite different coupling efficiencies. The
metrical parameters for each sulfur bridge show some small
differences, with Fe1�S1 2.313(1), Fe1�S2 2.318(1), Fe2�S1
2.322(1), Fe3�S2 2.337(1), Fe1�Fe2 4.324, Fe1�Fe3 4.307 M
and Fe1-S1-Fe2 137.7 and Fe1-S2-Fe3 135.58. These small
differences allow for the possibility that these pathways
could exhibit substantially different exchange coupling.


To gain further insight into this problem, quantum me-
chanical calculations were performed based on the density
functional theory (DFT) in the B3LYP-broken symme-
try[68,69] framework. A Gaussian type Ahlrichs TVZ basis set
was used for the iron atom while Ahlrichs VDZ basis sets
were used for the S, N, O, and H atoms. The NWChem 4.6
package[70,71] was used. The crystallographically imposed
twofold symmetry of 3 allowed the simplified model shown
in Figure 8 to be used for all of the calculations, in which
symmetry-equivalent atoms were omitted. The gem-dimeth-
yl groups of the two unique Py2S


� ligands were also omitted
in order to simplify the calculations. Hydrogen atoms were
used in place of the two symmetry-related iron atoms to sat-
isfy the sulfur valences. The following spin Hamiltonian was
used [Eq. (3)]:


H ¼ �2JðS1S2Þ�2J0ðS1S3Þ�J00ðS2S3Þ ð3Þ


We computed three broken symmetry determinants[72] in
addition to the high spin case (see Table 5) to obtain the
three exchange parameters J, J’, and J’’. This calculation
leads to a determinate system of three equations with three
variables, and the solution of such a system gives the follow-
ing values: J=�15.4 cm�1, J’=�23.2 cm�1, and J’’=


�22.3 cm�1. All of the computed J values are antiferromag-
netic, in agreement with the experimental findings. The cal-
culated J and J’ values are in good agreement with the
values obtained from the experimental fit 2, which gave in-
equivalent exchange interactions for the two sulfur bridges.
However, the calculated value of J’’ is significantly larger
than that found through fitting the experimental data. De-
spite this discrepancy, the computed J values suggest that
the best fit of the experimental data includes inequivalent J
and J’ parameters.


In light of the DFT results, a spin-Hamiltonian analysis of
the magnetic structure was done using the set of parameters
from fit 2. An ST=6, j446> (where jSASA’ST> , with SA=


S2+S3 and SA’=S2’+ S3’) was found to be the ground state.
The first excited state is 28.6 cm�1 above the ground state.
The picture of the magnetic structure of 3 that emerges
from these calculations is shown in Figure 9. The picture
shows that Fe(2) and Fe(3) (and their symmetry related
ions) are ferromagnetically polarized by the stronger J and
J’ exchange pathways, in spite of the presence of intrinsic
antiferromagnetism in the magnetic exchange parameter J’’.


Figure 8. The model geometry of 3 used for density functional calcula-
tions.


Table 5. Determinants, SCF energies, and expectation values of hŜ 2i, ex-
pected and computed (in parenthesis), for compound 3. Only determi-
nants with positive Ms were reported.


State/Ms hŜ 2i SCF energy [a.u.]


HS: j222i ; Ms=6 40.00 (40.09) �7030.093412
BS1: j 2̄22i ; Ms=2 10.00 (10.06) �7030.096229
BS2: j222̄i ; Ms=2 10.00 (10.05) �7030.096162
BS3: j22̄2i ; Ms=2 10.00 (10.04) �7030.096733
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The ST=6 ground state is clearly a result of competing ex-
change interactions.


To shed more light on the magnetic structure of complex
3, we calculated the dependence of the spin frustration as a
function of the exchange parameters. The eigenvalues for
various ground states as a function of the ratio 1= ((J + J’)/
2)/J’’, with J/J’ fixed to the experimental value of 0.62 (see
fit 2), are shown in Figure 10. At 1=3.7, the competing ex-


change pathways result in a reversal of the intrinsic antipar-
allel character of J’’ and give rise to a well-separated ground
state (ST=6) with parallel spin alignment of the outer iron
ions, as shown in Figure 9. As 1 varies from the experimen-
tal ratio of 3.7 to 1, the system tends to have a more frus-
trated magnetic structure and an associated decrease of ST


values. On moving to 1 values of 2 to 1/3, quasi-degenerate
ground states are found in which the uniform parallel align-
ment of the outer spins is no longer observed, indicating sig-
nificant spin frustration. The ST=0 state becomes the
ground state for 1=2. For 1=1, as expected for three com-
peting antiferromagnetic exchange pathways with similar
magnitude,[73] ST=0 is only 1.1 cm�1 above the ST=2 ground
state.


The variation of eigenvalues as a function of 1’=Jav/J’’
where Jav= (J + J’)/2, with fixed J/J’=1, was also calculated
(Figure 10) to check how much the discrepancy between J
and J’ influences the magnetic structure. In this case, a high
spin ground state (ST=6) is retained from 1’=4 down to
1’=2. Accidentally degenerate situations are observed for 1’
<3; the system, therefore, can be described in this case as
experiencing a truly “spin-frustrated” situation in which the
competing exchange interactions lead to a degenerate
ground state.[74] For 1’=2, an accidentally degenerate
ground state is predicted where different spin states with
ST=4, 5, 6 have the same energies. For 1’=1, all of the mag-
netic interactions have the same magnitude, and again an
accidentally degenerate ground state is calculated, this time
with spin states ST=0, 1, 2. Only for 1’=1/4 is a relatively
separated ground state (ST=2) predicted.


From the previous analyses we can conclude that for most
combinations of J, J’, and J’’, J and J’ must be much higher
than J’’ to have a ground state with ST=6. However, for the
case in which J=J’, an isolated ST=6 ground state can be
obtained with a smaller ratio (1’ < 1). The experimental
and theoretical results for complex 3 provide strong evi-
dence that J and J’ are large enough compared to J’’ to give
a well-separated ST=6 ground state, and therefore the
system does not exhibit spin frustration in the strict sense of
degenerate ground states, although there are still competing
magnetic interactions created by the topology of the mole-
cule.


UV/Vis spectroscopy of 1–4 : The absorption spectra for
compounds 1–4 are shown in Figure 11. All four complexes
exhibit one main peak in the near-UV region that is not
present in the spectrum of the free ligand (Py2SH in CH2Cl2
exhibits a weak band at lmax (e) 339 nm (41m�1 cm�1), and
intense absorption below 300 nm). The two mononuclear


Figure 9. Spin topology for 3 derived from fitting the experimental data.


Figure 10. Plot of the variation of the energy of the ground state and the
first excited state as a function of [(J + J’)/2]/J’’, with the J/J’ ratio fixed
at 0.62 (solid line). The variation of the energy is also reported for 1’=
[(Jav’)/2]/J’’, with Jav=J + J’ and ratio fixed at 1.0 (dotted line).


Figure 11. Optical absorption spectra of 1 (solid line), 2 (dashed line), 3
(dotted line) and 4 (broken line) in CH2Cl2.
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complexes 1 and 2 exhibit spectra that are quite similar,
with lmax (e) 430 nm (667m�1 cm�1) for 1 and 422 nm
(572m�1 cm�1) for 2. However, the pentanuclear complex 3
shows a significantly blue-shifted and more intense peak at
364 nm (3770m�1 cm�1). The dinuclear complex 4 exhibits
one main peak in between the peaks for the mononuclear
complexes and the pentanuclear complex, at 409 nm
(1847m�1 cm�1). Although a thorough spectroscopic and the-
oretical analysis of these transitions has not been carried out
thus far, for all three cases these bands can be tentatively as-
signed to thiolate-to-iron(ii) charge-transfer (LMCT) transi-
tions based on their positions, relative intensities, and com-
parison with RS–FeII complexes in the literature.[16]


Conclusions and Summary


The ligand Py2SH, which was used previously only for the
synthesis of copper complexes, has been employed in the
preparation of the mononuclear, dinuclear, and pentanu-
clear iron(ii) complexes 1–4. Ligands that provide mixed ni-
trogen/alkylthiolate donation are not common, and Py2SH is
therefore a useful ligand in this regard with respect to the
iron(ii) ion. The mononuclear complexes 1 and 2 exhibit the
five-coordinate geometries expected for TPA-type com-
plexes, but display unusually long Namine�FeII bonds when
compared to other TPA-type species. Their solution state
structures match the solid state as revealed by paramagnetic
NMR and UV/Vis data.


A method for incorporating OH� into the coordination
sphere of iron(ii), which relies upon the use of strict aprotic
conditions and a limiting amount of H2O as the OH�


source, was developed after traditional methods of self-as-
sembly and substitution chemistry failed. This method led to
the synthesis of the structurally unprecedented pentanuclear
and dinuclear iron(ii) complexes 3 and 4. It was shown that
production of 3 or 4 could be controlled by fine-tuning the
ligand-to-metal ratio using almost identical reaction condi-
tions.


Magnetic susceptibility studies of 3 and 4 were carried
out. In the case of 4, the two face-sharing, biooctahedral
iron(ii) ions were found to be antiferromagnetically coupled
to give a diamagnetic ground state. From the size of the ex-
changing coupling (J) and comparisons with the literature it
was surmised that the dominant exchange pathway in 4 is
likely the thiolate bridges. The magnetic behavior for 3 is
significantly more complicated, but was successfully mod-
eled through a spin Hamiltonian method and accompanying
DFT calculations. This complex exhibits ferrimagnetic be-
havior, leading to a high spin ST=6 ground state. Analysis
of the exchange coupling pathways reveals that all of the
iron(ii) ions couple in an antiferromagnetic manner, but the
thiolate bridges provide the dominant interactions and force
the iron(ii) ions connected by a hydroxide bridge to exhibit
parallel spin alignment in the ground state. From the fitting
of the data and DFT calculations, it is also concluded that
the exchange coupling differs significantly for the different


thiolate bridges, even though they are almost identical from
a structural perspective.


Experimental Section


General methods : All reactions were carried out under an atmosphere of
N2 or argon using a glovebox or standard Schlenk techniques. All re-
agents were purchased from commercial vendors and used as received
unless noted otherwise. Tetrahydrofuran (THF), diethyl ether, and pen-
tane were distilled under N2/argon from sodium/benzophenone. Methanol
and dichloromethane were distilled over CaH2. All solvents were further
degassed by direct bubbling of argon followed by repeated cycles of
freeze-pump-thaw, before storing in a glove box. Sodium hydride (60%
in mineral oil) was washed with hexanes prior to use.


UV/Vis spectra were obtained with a Hewlett-Packard 8453 diode array
spectrophotometer. Infrared spectra were measured either as KBr pellets
or as a thin film on NaCl plates on a Bruker FT-IR spectrometer. Ele-
mental analyses were performed by Atlantic Microlab Inc., Atlanta, GA.


Synthetic procedures : The ligand 1-(bis(2-(pyridin-2-yl)ethyl)amino)-2-
methyl propane-2-thiol (Py2SH) was prepared according to the method
published by Ohta et al.[21] The precursor amine, bis(2-pyridylethyl)-
amine, was synthesized by two different methods. One method involved
the reaction of NH4Cl and 2-vinyl pyridine in MeOH/water at reflux, fol-
lowing the method developed by Brady et al.[31] It was noticed that a sig-
nificant side product of this reaction was the primary amine 2-pyridyl-
ethylamine, which was isolated during the vacuum distillation of the
product. Thus a second method to synthesize Py2SH involved the reac-
tion of the primary amine with 2-vinyl pyridine. To a solution of the pri-
mary amine (7.6 g, 62 mmol) in MeOH was added 2-vinyl pyridine (6.5 g,
62 mmol) and acetic acid (3.6 mL, 62 mmol) and refluxed for 24 h. Stan-
dard aqueous workup followed by column chromatography (95:5 CH2Cl2/
CH3OH, neutral alumina) resulted in bis(2-pyridylethyl)amine (10.5 g) as
an oil.[32] The bis(2-pyridylethyl)amine (7.2 g, 32 mmol) thus obtained
was treated with isobutylene sulfide (3.7 mL, 38 mmol), following the
method developed by of Ohta et al.[21] to give Py2SH (5.4 g) as an oil
(55%).


[(Py2S)Fe
IICl] (1): To a stirring solution of Py2SH (40 mg, 0.126 mmol) in


methanol (2.5 mL) was added a methanolic solution (1.5 mL) of NaOH
(10.1 mg, 0.253 mmol) and this mixture was allowed to stir for 1 h. A
clear solution of the deprotonated thiolate ligand thus obtained was
added to FeCl2·4H2O (25 mg, 0.126 mmol) in methanol (2.5 mL). The re-
sulting yellow solution was allowed to stir for 1.5 h and then filtered
through a bed of celite. Diffusion of diethyl ether into the filtrate afford-
ed yellow crystals of 1 (22 mg, 42%). 1H NMR (500 MHz, CD2Cl2): d=
90.9, 42.9, 33.9, 32.5, �8.2, �19.0, �24.5 ppm; IR (KBr): n=2919, 2853,
1601, 1564, 1445, 1364, 1310, 1268, 1104, 1019, 781, 588 cm�1; UV/Vis
(CH2Cl2): lmax (e): 430 nm (667m�1 cm�1); elemental analysis calcd (%)
for C18H24ClFeN3S (405.7): C 53.28, H 5.96, N 10.35; found: C 52.81, H
6.02, N 10.19.


[(Py2S)Fe
IIBr] (2): To a stirring solution of Py2SH (40 mg, 0.126 mmol) in


methanol (2.5 mL) was added a methanolic solution (1.5 mL) of NaOH
(10.1 mg, 0.253 mmol) and this mixture was allowed to stir for 1 h. A
clear solution of the deprotonated thiolate ligand thus obtained was
added to FeBr2 (27 mg, 0.126 mmol) in methanol (3 mL). The resulting
yellow solution was allowed to stir for 1.5 h and then filtered through a
bed of celite. Diffusion of diethyl ether into the filtrate afforded yellow
crystals of 2 (25 mg, 45%). 1H NMR (500 MHz, CD2Cl2): d=95.3, 41.5,
32.5, �15.6, �23.0 ppm; IR (KBr): n=2956, 2916, 2862, 1567, 1484, 1444,
1375, 1354, 1314, 1262, 1163, 1147, 1098, 1077, 1061, 1020, 940, 789, 769,
669, 644, 615, 594, 557 cm�1; UV/Vis (CH2Cl2): lmax (e): 422 nm
(572m�1 cm�1); elemental analysis calcd (%) for C18H24BrFeN3S (450.2):
C 48.01, H 5.37, N 9.33; found: C 48.24, H, 5.36, N 9.36.


Synthesis of [(Py2S)4Fe
II


5(m-OH)2](BF4)4 (3): To a suspension of NaH
(4.8 mg, 0.201 mmol) in THF (2 mL) was added a solution of Py2SH
(53 mg, 0.168 mmol) in THF (2 mL). The suspension went clear and the
evolution of gas was noted. The reaction mixture was stirred for 30 min
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and then treated with a THF solution (2 mL) of Fe(BF4)2·6H2O (56 mg,
0.168 mmol), and a yellow precipitate resulted immediately. The reaction
mixture was then stirred for 16 h. The volatiles were removed under
vacuum and the resulting yellow solid was redissolved in dichlorome-
thane and filtered through a bed of celite. Brown crystals of 3 (26 mg,
34%) were obtained by diffusion of pentane into the dichloromethane
solution of the filtrate. 1H NMR (400 MHz, CD2Cl2): d=94.5 (br), 64.0
(br), 60.0, 49.0, 41.9, 38.5, 37.0 (br), 36.0, 24.5, 22.0, 18.0 (br), 10.5 (br),
�0.5, �1.5, �7.0 (br), �18.0 ppm; IR (thin film): n=3034, 2963, 2926,
2863, 1730, 1668, 1568, 1484, 1444, 1364, 1316, 1158, 1052, 875, 665, 646,
594, 520 cm�1; UV/Vis (CH2Cl2): lmax (e): 364 nm (3770m�1 cm�1); ele-
mental analysis calcd (%) for C72H98Fe5N12S4O2B4F16 (1918.3): C 45.07, H
5.14, N 8.76; found: C 45.15, H 5.25, N 8.40.


Synthesis of [(Py2S)2Fe
II
2(m-OH)]BF4 (4): To a suspension of NaH


(5.8 mg, 0.244 mmol) in THF (2 mL) was added a solution of Py2SH
(64.3 mg, 0.203 mmol) in THF (2 mL). The suspension went clear and the
evolution of gas was noted. The reaction mixture was stirred for 30 min
and then treated with a THF solution (2 mL) of Fe(BF4)2·6H2O (51.6 mg,
0.152 mmol), and a yellow suspension resulted immediately. The reaction
mixture was then stirred for 16 h. The volatiles were removed under
vacuum and the resulting yellow solid was redissolved in dichlorome-
thane and filtered through a bed of celite. Orange crystals of 4 (78 mg,
45%) were obtained by diffusion of pentane into the dichloromethane
solution of the filtrate. 1H NMR (400 MHz, CD2Cl2): d=79.8 (br), 41.0,
32.4, �14.2 ppm (br); IR (thin film): n=3032, 2957, 2917, 2852, 1723,
1568, 1484, 1379, 1360, 1321, 1262, 1158, 1137, 954, 664, 640 cm�1; UV/Vis
(CH2Cl2): lmax (e) 409 nm (1511M�1 cm�1); elemental analysis calcd (%)
for C36H49Fe2N6S2OBF4 (844.44): C 51.20, H 5.84, N 9.95; found: C 50.59,
H 5.72, N 9.65.


Paramagnetic 1H NMR spectroscopy and T1 measurements : The
1H NMR spectra for the high-spin iron(ii) complexes 1 and 2 were mea-
sured on a Varian Inova FT-NMR instrument at 500 MHz (1H). The
1H NMR spectrum for complex 3 was measured on a Varian Unity FT-
NMR instrument at 400 MHz (1H). Chemical shifts (in ppm) are refer-
enced to the residual solvent peak CHDCl2. Longitudinal relaxation
times (T1) were measured using the inversion–recovery–pulse sequence


(1808–t–908) method. Crystals of 1 and 2 were isolated from mother
liquor and washed repeatedly with Et2O to remove impurities prior to
analysis by NMR. Crystals of 3 were simply isolated from the mother
liquor and used directly for NMR experiments.


Magnetic susceptibility studies : Magnetic susceptibility and magnetiza-
tion measurements on powdered samples were performed on a Cryogen-
ics S600 SQUID magnetometer operating between 0 and 6 T in the range
1.8–300 K. The data were corrected for the diamagnetic contributions
using Pascals’ constants.


Conductivity : Conductivity measurements were carried out in dichloro-
methane with an Accumet AR-20 Conductivity meter at 25 8C, using an
Accumet conductivity cell (cell constant K=1.0 cm�1). The 1:1 electro-
lyte [nBu4N]PF6 was used as a standard. The data obtained from the
measurements were used to calculate Le, the equivalent conductivity at
different concentrations. A plot of Le as a function of the square root of
concentration (c1/2), followed by extrapolation through a linear least-
squares fit resulted in L0, the conductivity at infinite dilution, as the y in-
tercept. Onsager plots were then constructed by plotting the difference,
L0�Le, as a function of c1/2.


X-ray crystal structure determinations : Diffraction intensity data were
collected with a Bruker Smart Apex CCD diffractometer at 150 K for 1
and 2 and 173 K for 3. Crystal data, data collection, and refinement pa-
rameters are given in Table 6. The space groups for 1–3 were chosen
based on the systematic absences and intensity statistics. The structures
were solved by the direct methods, completed by subsequent difference
Fourier syntheses, and refined by full matrix least-squares procedures on
F2. SADABS[75] absorption corrections were applied to the data for 1–3.
All non-hydrogen atoms in 1–3 were refined with anisotropic displace-
ment coefficients except the B and F atoms of a disordered BF4


� ion in 3,
which were refined with isotropic thermal parameters. The H atoms in 1
and 2 were found on the Fourier maps and refined with isotropic thermal
parameters. The H atoms in 3 were treated as idealized contributions.
The Flack parameters for the non-centrosymmetrical structures 1 and 2
are 0.006(9) and 0.005(5), respectively. All software and sources of scat-


Table 6. Crystallographic data for 1, 2, 3·2CH2Cl2·C5H12, and 4.[a]


1 2 3·2CH2Cl2·C5H12 4


empirical formula C18H24ClFeN3S C18H24BrFeN3S C79H114B4Cl4F16Fe5N12O2S4 C36H49BF4Fe2N6OS2


fw 405.76 450.22 2160.36 844.44
T [K] 150(2) 150(2) 173(2) 100
cryst system orthorhombic orthorhombic monoclinic triclinic
space group Pna21 Pna21 C2/c P1̄
a [M] 14.9482(11) 14.9037(6) 13.0575(16) 12.030(2)
b [M] 8.9368(6) 8.9422(4) 24.876(3) 12.7114(17)
c [M] 14.1757(10) 14.4390(6) 31.214(4) 12.806(2)
a [8] – – – 87.467(13)
b [8] – – 95.349(2) 89.840(15)
g [8] – – – 73.306(13)
V [M3] 1893.7(2) 1924.3(1) 10095(2) 1873.7(5)
Z 4 4 4 2
color, description yellow, block yellow, block yellow-brown, needle orange, block
crystal size [mm] 0.25T0.20T0.10 0.25T0.15T0.10 0.48T0.23T0.15 0.18T0.11T 0.031
1calcd [gcm


�3] 1.423 1.554 1.421 1.497
m [mm�1] 1.052 2.973 0.968 0.943
absorption SADABS SADABS SADABS Numerical
correction (Tmin/Tmax) (0.880) (0.843) (0.836)
reflections collected 11020 11156 31819 18888
unique reflections 4311(0.0188) 3814(0.0175) 11523(0.0337) 12201(0.0417)
(Rint)
obsd reflections 4148 3652 7870 7544
R1 (I>2s(I))) 0.0215 0.0191 0.0612 0.0561
wR2 (I>2s(I))) 0.0501 0.0426 0.1827 0.1402
GOF2 1.001 0.992 1.054 0.994
max;min 0.291;�0.218 0.454; �0.181 0.95;�0.94 1.550;�0.915


[a] For all crystal structure determinations MoKa radiation (l=0.71073 M) has been used.


Chem. Eur. J. 2005, 11, 7328 – 7341 K 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7339


FULL PAPER[{N,S(thiolate)}Iron(ii)] Complexes



www.chemeurj.org





tering factors are contained in the SHELXTL (5.10) program package
(G.Sheldrick, Bruker XRD, Madison, WI).


Diffraction intensity data were measured with an Oxford Diffraction
Xcalibur3 diffractometer equipped with an Enhance (Mo) X-ray Source
(l=0.71073 M) operated at 2 kW power (50 kV, 40 mA) at 100 K for 4.
Crystal data, data collection, and refinement parameters are given in
Table 6. The frames were integrated and a face-indexed absorption cor-
rection was applied with the Oxford Diffraction CrysAlisRED software
package. The space group for 4 was chosen on the basis of the systematic
absences and intensity statistics. The structure was solved by direct meth-
ods and refined using the Bruker SHELXTL (v6.1) software package.
Analysis of the data showed no decay. All non-hydrogen atoms in 4 were
refined with anisotropic displacement coefficients; the hydrogen atoms
were treated as idealized contributions.


CCDC-263220 (1), CCDC-263221 (2), CCDC-263219 (3), and CCDC-
263201 (4) 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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Introduction


In our recent studies on higher-coordinate silicon com-
pounds, we have demonstrated that the silanes tetra(cyana-
to-N)silane (Si(NCO)4) and tetra(thiocyanato-N)silane
(Si(NCS)4) are very useful precursors in the synthesis of
neutral hexacoordinate silicon(iv) complexes, such as com-
pounds 1–7.[1–3] These silicon(iv) complexes contain two
monodentate NCX� (X=O, S) ligands each and two biden-
tate monoanionic chelate ligands (1–6) or one tetradentate
dianionic chelate ligand (7). We have now succeeded in syn-
thesizing the pentacoordinate silicon compounds 8 and 9
and the hexacoordinate silicon compound 10·1/2CH3CN,
starting from Si(NCO)4 or Si(NCS)4. These silicon(iv) com-
plexes contain one or two tridentate dianionic chelate li-
gands derived from 4-[(2-hydroxyphenyl)amino]pent-3-en-2-
one by twofold deprotonation. We report here on the syn-
thesis of compounds 8, 9, and 10·1/2CH3CN and their struc-
tural characterization in the solid state and in solution.


The above-mentioned tridentate ligand has already been
used in transition-metal coordination chemistry[4] and in sili-
con coordination chemistry as well,[5] including the synthesis


of 10 (starting from Si(OAc)4). However, to the best of our
knowledge, compounds 8, 9, and 10·1/2CH3CN are the first
complexes with this ligand type whose crystal structures
were established. These experimental investigations were
complemented by computational studies (RI-MP2 geometry
optimizations of 9 (C1 symmetry) and 10 (C2 symmetry) and
their stereoisomers 9’ (CS symmetry) and 10’ (C2 symmetry);
calculations of the 29Si NMR chemical shifts using the opti-
mized structures). The studies presented here are part of
our systematic investigations on higher-coordinate silicon
compounds (for recent publications, see reference [6]; for
reviews dealing with higher-coordinate silicon compounds,
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silicon(iv) complexes 8 and 9 with an
SiO2N3 skeleton and the neutral hexa-
coordinate silicon(iv) complex 10·
1/2CH3CN with an SiO4N2 skeleton
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see reference [7]). Preliminary results of the studies report-
ed here have already been presented elsewhere.[8]


Results and Discussion


Syntheses : Compound 8 was synthesized according to
Scheme 1 by treatment of Si(NCO)4 with one molar equiva-
lent of 4-[(2-hydroxyphenyl)amino]pent-3-en-2-one at
�20 8C in acetonitrile.[9] Compound 9 was prepared analo-
gously at 20 8C, starting from Si(NCS)4.


[9] Treatment of
Si(NCO)4 with two molar equivalents of 4-[(2-hydroxyphe-
nyl)amino]pent-3-en-2-one in acetonitrile at 20 8C yielded
10·1/2CH3CN (Scheme 1). Compounds 8, 9, and 10·
1/2CH3CN were isolated as crystalline solids (yield: 8, 55%;
9, 51%; 10·1/2CH3CN, 71%). Their identities were estab-
lished by elemental analyses (C, H, N, S), crystal structure
analyses, and solution (1H, 13C, 29Si) and solid-state (13C, 15N,
29Si) NMR studies.


Crystal structure analyses : The
crystal data and the experimen-
tal parameters used for the
single-crystal X-ray diffraction
studies of 8, 9, and 10·
1/2CH3CN are given in Table 1.
The molecular structures of 8–
10 in the crystal are shown in
Figures 1–3; selected bond
lengths and angles are given in
the respective figure legends.


The Si-coordination poly-
hedra of the pentacoordinate
silicon(iv) complexes 8 and 9
are distorted trigonal bipyra-
mids, with the two oxygen
atoms of the tridentate ligand
and a nitrogen atom of one of
the two NCX� ligands (X=O,
S) occupying the equatorial po-
sitions. The Si�O distances of 8
and 9 are very similar, ranging
from 1.6657(11) to
1.6891(14) J. The Si�N (che-
late ligand) bond lengths (8,
1.9668(16); 9, 1.9218(12) J) are
very similar to those observed
for the Si�N distances in the
chelate rings of 3–6.[3] The Si�N
distances of the Si�NCX moie-
ties of 8 (1.7330(18) and
1.7847(18) J) and 9 (1.7375(13)
and 1.7985(13) J) are signifi-
cantly shorter, the equatorial Si�NCX bonds being shorter
than the axial ones. The Si-N-C angles of the Si�NCX
groups are in the range 149.47(18)–167.97(17)8, and the N-
C-X angles amount to 177.3(3)–178.68(13)8. Similar Si-N-C


and N-C-X angles have also been reported for the Si-NCX
moieties of 1–7.[1–3]


To the best of our knowledge, compound 8 is the first
pentacoordinate silicon compound with cyanato-N ligands


Scheme 1. Syntheses of compounds 8, 9, and 10.


Table 1. Crystallographic data for compounds 8, 9, and 10·1/2CH3CN.


8 9 10·1/2CH3CN


empirical formula C13H11N3O4Si C13H11N3O2S2Si C23H23.5N2.5O4Si
formula mass [gmol�1] 301.34 333.46 427.03
T [K] 173(2) 173(2) 173(2)
l(MoKa) [J] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic triclinic
space group (no.) P21/c (14) P21/c (14) P1̄ (2)
a [J] 11.5110(14) 11.775(2) 9.8503(14)
b [J] 8.5264(8) 8.8428(18) 10.9272(16)
c [J] 13.9036(17) 14.322(3) 11.4690(16)
a [8] 90 90 87.469(17)
b [8] 98.670(15) 91.91(3) 65.413(16)
g [8] 90 90 70.426(16)
V [J3] 1349.0(3) 1490.4(5) 1051.1(3)
Z 4 4 2
1calcd [gcm


�3] 1.484 1.486 1.349
m [mm�1] 0.194 0.444 0.146
F000 624 688 450
crystal dimensions [mm] 0.5L0.4L0.3 0.6L0.4L0.3 0.5L0.4L0.3
2q range [8] 5.92–53.62 5.42–53.90 5.90–52.74
index ranges �14�h�14, �14�h�14, �12�h�12,


�10�k�10, �11�k�11, �13�k�13,
�17� l�16 �18� l�18 �14� l�14


no. of collected reflns 10144 20910 15681
no. of independent reflns 2856 3199 4001
Rint 0.0284 0.0447 0.0600
no. of reflns used 2856 3199 4001
no. of parameters 192 192 294
S[a] 1.112 1.058 1.042
weight parameters a/b[b] 0.0746/0.6164 0.0465/0.5142 0.0731/0.0557
R1[c] [I>2s(I)] 0.0466 0.0310 0.0397
wR2[d] (all data) 0.1324 0.0860 0.1110
max./min. residual electron density [e J�3] +0.423/�0.327 +0.252/�0.298 +0.388/�0.350


[a] S= {�[w(F2
o�F2


c)
2]/(n�p)}0.5 ; n=no. of reflections; p=no. of parameters. [b] w�1=s2(F2


o) + (aP)2 + bP,
with P= [max(F2


o,0) + 2F2
c]/3. [c] R1=� j jFo j� jFc j j /� jFo j . [d] wR2= {�[w(F2


o�F2
c)


2]/�[w(F2
o)


2]}0.5.
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to be reported in the literature, and so far 1-(thiocyanato-
N)silatrane is the only pentacoordinate silicon compound
with a thiocyanato-N ligand that has been structurally char-
acterized by single-crystal X-ray diffraction. The Si�NCS
bond length in 1-(thiocyanato-N)silatrane[10] (1.800(3) J) is
similar to that of the axial Si�NCS distance in 9
(1.7985(13) J). However, in contrast to compound 9, where
Si-N-C angles of 162.01(12)8 (axial) and 160.72(12)8 (equa-
torial) are observed, the Si�NCS moiety of 1-(thiocyanato-
N)silatrane is reported to be almost linear (Si-N-C


174.7(3)8)[10] (for computational studies of 1-(thiocyanato-
N)silatrane, see reference [11]).


The Si-coordination polyhedron of the hexacoordinate sil-
icon(iv) complex 10·1/2CH3CN is best described as a distort-
ed octahedron, with O-Si-O angles in the ranges 89.37(6)–
91.56(6)8 and 178.77(5)–178.84(5)8, with O-Si-N angles in
the range 86.70(6)–93.78(6)8, and with an N-Si-N angle of
175.82(6)8. The Si�O distances lie between 1.7558(12) and
1.7763(12) J, and the Si�N distances range from 1.8966(14)
to 1.9024(13) J. As expected for the change of the Si-coor-
dination number from five to six, the Si�O bonds of 10·
1/2CH3CN are longer than those observed for 8 and 9 ; how-
ever, the Si�N (chelate ligand) distances of 10·1/2CH3CN
are shorter than those of 8 and 9.


Figure 4 shows the different conformations of the triden-
tate ligands of 8, 9, and 10·1/2CH3CN. In all cases, the che-
late ligands are not planar, instead a torsion of the O�C=C�
C=N moiety with respect to the plane spanned by the
phenyl ring is observed. The conformations of the tridentate
ligands of 8 and 9 are very similar but differ significantly
from those of 10·1/2CH3CN: the C=C�C=N torsion angles
in the six-membered chelate rings of 8 and 9 amount to
�13.7(3) and �15.2(2)8, respectively, whereas C=C�C=N
torsion angles of 8.3(2) and 11.2(3)8 are observed for 10·
1/2CH3CN. These different torsions allow the ligand to span
totally different O-Si-O angles in the Si-coordination poly-
hedra of the pentacoordinate silicon(iv) complexes 8
(133.64(7)8) and 9 (131.93(6)8) and the hexacoordinate sili-
con(iv) complex 10·1/2CH3CN (178.77(5) and 178.84(5)8).


The free non-deprotonated 4-[(2-hydroxyphenyl)amino]-
pent-3-en-2-one[12,13] ligand is known to exist as the keto-en-
amine tautomer in the crystal, whereas the deprotonated
ligand in the crystal structures of 8, 9, and 10·1/2CH3CN is
best described as a ligand of the imino-enolato type,[14] as
can be seen from the calculated values for the imino-enol


Figure 1. Molecular structure of 8 in the crystal (probability level of dis-
placement ellipsoids 50%). Selected bond lengths [J] and angles [8]: Si�
O3 1.6779(14), Si�O4 1.6891(14), Si�N1 1.7847(18), Si�N2 1.7330(18),
Si�N3 1.9668(16), N1�C1 1.170(3), N2�C2 1.176(3), C1�O1 1.174(3),
C2�O2 1.178(3); O3-Si-O4 133.64(7), O3-Si-N1 89.94(8), O3-Si-N2
114.51(8), O3-Si-N3 90.05(7), O4-Si-N1 89.15(7), O4-Si-N2 111.58(8), O4-
Si-N3 84.86(6), N1-Si-N2 97.13(9), N1-Si-N3 171.69(8), N2-Si-N3
90.43(8), Si-N1-C1 149.47(18), Si-N2-C2 167.97(17), N1-C1-O1 177.3(3),
N2-C2-O2 177.4(2).


Figure 2. Molecular structure of 9 in the crystal (probability level of dis-
placement ellipsoids 50%). Selected bond lengths [J] and angles [8]: Si�
O1 1.6657(11), Si�O2 1.6716(11), Si�N1 1.7985(13), Si�N2 1.7375(13),
Si�N3 1.9218(12), N1�C1 1.166(2), N2�C2 1.183(2), C1�S1 1.5887(16),
C2�S2 1.5746(15); O1-Si-O2 131.93(6), O1-Si-N1 89.06(6), O1-Si-N2
114.48(6), O1-Si-N3 91.83(5), O2-Si-N1 89.44(6), O2-Si-N2, 113.56(6),
O2-Si-N3 86.33(6), N1-Si-N2 93.90(6), N1-Si-N3 175.03(6), N2-Si-N3
90.18(6), Si-N1-C1 162.01(12), Si-N2-C2 160.68(12), N1-C1-S1 178.59(15),
N2-C2-S2 178.68(13).


Figure 3. Molecular structure of 10 in the crystal of 10·1/2CH3CN (proba-
bility level of displacement ellipsoids 50%). Selected bond lengths [J]
and angles [8]: Si�O1 1.7593(12), Si�O2 1.7558(12), Si�O3 1.7763(12),
Si�O4 1.7587(11), Si�N1 1.9024(13), Si�N2 1.8966(14); O1-Si-O2
178.77(5), O1-Si-O3 89.58(6), O1-Si-O4 89.48(5), O1-Si-N1 93.78(6), O1-
Si-N2 89.55(6), O2-Si-O3 89.37(6), O2-Si-O4 91.56(6), O2-Si-N1 86.85(6),
O2-Si-N2 89.87(6), O3-Si-O4 178.84(5), O3-Si-N1 89.95(6), O3-Si-N2
92.61(6), O4-Si-N1 90.79(5), O4-Si-N2 86.70(6), N1-Si-N2 175.82(6).
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tautomer 4-[(2-hydroxyphenyl)imino]pent-2-en-2-ol.[12] The
bidentate ligands of 3–6 and the tetradentate ligand of 7
were also found to act as ligands of the imino-enolato
type.[3]


NMR studies : Compounds 8, 9, and 10·1/2CH3CN were
characterized by solid-state VACP/MAS NMR spectroscopy
(13C, 15N, 29Si) and solution NMR spectroscopy (1H, 13C, 29Si)
using CD2Cl2 (8, 9), C2D2Cl4 (10), or [D6]DMSO (10) as the
solvent. The isotropic 29Si chemical shifts obtained in the
VACP/MAS NMR studies (8, d=�140.6 ppm; 9, d=


�146.4 ppm; 10·1/2CH3CN, d=�165.6 ppm) clearly indicate
the existence of higher-coordinate silicon atoms and match
with the 29Si chemical shifts obtained in solution (8, d=


�138.1 ppm; 9, d=�146.1 ppm; 10, d=�164.7 ppm). The
experimentally established 29Si chemical shifts for 9 and 10
in solution and in the solid state are in reasonable agree-
ment with the computed values for the structures obtained
by geometry optimizations (9, d=�144 ppm; 10, d=


�160 ppm; see Computational Studies).
The 1H and 13C solution NMR spectra of 8 and 9 show


only one set of resonance signals for the chelate ligands and
are compatible with the structures determined by single-
crystal X-ray diffraction. At low temperature (�90 8C),
there is no indication for the existence of other stereoiso-
mers of 8 and 9 (see Computational Studies) in solution;
however, an isomerization process that is fast on the NMR
time scale even at this temperature cannot be totally ruled
out. In the 1H and 13C solution NMR spectra of 10, there is
also only one set of resonance signals for the two chelate li-


gands, indicating the presence of one single stereoisomer
(see Computational Studies).


Upon addition of one molar equivalent of the optically
active solvating agent (�)-2,2,2-trifluoro-1-(9-anthryl)etha-
nol to a solution of the racemic chiral silicon(iv) complex 10
in C2D2Cl4, a splitting of the resonance signals in the
1H NMR spectrum is observed (Figure 5), indicating that the
enantiomers of 10 are configurationally stable (no change of
absolute configuration) on the NMR time scale.


Computational studies: Geometry optimizations for 9 (C1


symmetry) and its stereoisomer 9’ (CS symmetry) as well as
for 10 (C2 symmetry) and its stereoisomer 10’ (C2 symmetry)
were performed at the RI-MP2[15] level using a TZP basis
set[16] and a TZVP auxiliary basis for the fit of the charge
density.[17] The calculations were performed by using the
TURBOMOLE program system.[18] The structures of the re-
spective calculated minima are shown in Figures 6–9, with
selected calculated bond lengths and angles in the respective
figure legends. As can be seen from Figure 2 and Figure 6
and from Figure 3 and Figure 8, respectively, the calculated
and experimentally established structures of 9 and 10 are in
reasonable agreement.[19]


From a formal point of view, the stereoisomer 9’, with its
three nitrogen atoms in the equatorial positions of a trigo-
nal-bipyramidal Si-coordination polyhedron, could be re-
garded as the product of a Berry-type pseudorotation of 9,


Figure 4. Conformations of the tridentate ligands of 8, 9, and 10·
1/2CH3CN in the crystal: view along the Si�N3 bond of 8 (top), along
the Si�N3 bond of 9 (middle), and along the Si�N1 bond of 10·1/
2CH3CN (bottom). For reasons of clarity, the two monodentate ligands
of 8 and 9 and the second chelate ligand of 10·1/2CH3CN are only repre-
sented by their coordinating atoms, one of which is hidden behind the sil-
icon atom.


Figure 5. Effect of the chiral solvating agent (�)-2,2,2-trifluoro-1-(9-an-
thryl)ethanol (TFAE) on the 1H NMR spectrum of 10 in C2D2Cl4
(300.1 MHz, 22 8C): 1H NMR spectrum of a 50 mm solution of 10 in
C2D2Cl4 in the absence of TFAE (top); 1H NMR spectrum of a 50 mm so-
lution of 10 in C2D2Cl4 in the presence of TFAE (molar ratio 10 :TFAE=


1:1) (bottom).
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with the equatorial thiocyanato-N ligand as the pivot ligand.
The calculated energies of the two stereoisomers 9 and 9’
differ only by 35.7 kJmol�1, the stereoisomer 9 (which corre-


sponds to the experimentally established crystal structure)
being energetically more stable than 9’ (Figure 10). This
result again reflects the high flexibility of the tridentate
ligand, which is able to span O-Si-O angles between 130 and
1808 (in this context, see also the crystal structures of 8, 9,
and 10·1/2CH3CN).


In addition to the (OC-6–22’)-stereoisomer 10 found in
the crystal of 10·1/2CH3CN, with each tridentate ligand oc-
cupying three meridional positions in the octahedral Si-coor-
dination polyhedron, five other diastereomers have to be
considered, in which the tridentate ligands span three facial
sites of the Si-coordination polyhedron, resulting in O-Si-O


Figure 6. Calculated structure of 9 (C1 symmetry); selected bond lengths
[J] and angles [8]: Si�O1 1.709, Si�O2 1.699, Si�N1 1.768, Si�N2 1.744,
Si�N3 1.985, N1�C1 1.196, N2�C2 1.204, C1�S1 1.587, C2�S2 1.577; O1-
Si-O2 128.7, O1-Si-N1 90.6, O1-Si-N2 111.6, O1-Si-N3 89.6, O2-Si-N1
90.8, O2-Si-N2 118.9, O2-Si-N3 84.1, N1-Si-N2 98.3, N1-Si-N3 173.6, N2-
Si-N3 87.5, Si-N1-C1 162.6, Si-N2-C2 158.8, N1-C1-S1 178.5, N2-C2-S2
177.6. Calculated 29Si NMR shift for this structure: d=�144 ppm.


Figure 7. Calculated structure of 9’ (Cs symmetry); selected bond lengths
[J] and angles [8]: Si�O1 1.795, Si�O2 1.718, Si�N1 1.751, Si�N2 1.903,
N1�C1 1.202, C1�S 1.581; O1-Si-O2 179.5, O1-Si-N1 87.5, O1-Si-N2 92.1,
O2-Si-N1 92.7, O2-Si-N2 87.5, N1-Si-N1A 118.4, N1-Si-N2 120.8, Si-N1-
C1 154.7, N1-C1-S 178.0. Calculated 29Si NMR shift for this structure:
d=�140 ppm.


Figure 8. Calculated structure of 10 (C2 symmetry); selected bond lengths
[J] and angles [8]: Si�O1 1.804, Si�O2 1.772, Si�N 1.883; O1-Si-O1A
86.4, O1-Si-O2 176.2, O1-Si-O2A 90.4, O1-Si-N 91.5, O1-Si-NA 89.9, O2-
Si-O2A 92.8, O2-Si-N 86.4, O2-Si-NA 92.3, N-Si-NA 178.2. Calculated
29Si NMR shift for this structure: d=�160 ppm.


Figure 9. Calculated structure of 10’ (C2 symmetry); selected bond
lengths [J] and angles [8]: Si�O1 1.802, Si�O2 1.782, Si�N 1.872; O1-Si-
O1A 88.4, O1-Si-O2 90.6, O1-Si-O2A 177.1, O1-Si-N 90.8, O1-Si-NA
92.0, O2-Si-O2A 90.6, O2-Si-N 85.3, O2-Si-NA 92.0, N-Si-NA 176.1. Cal-
culated 29Si NMR shift for this structure: d=�170 ppm.


Figure 10. Top: Configurations and calculated relative energies for the
stereoisomers 9 (C1 symmetry) and 9’ (CS symmetry). Bottom: Configura-
tions and calculated relative energies for the stereoisomers 10 (C2 sym-
metry) and 10’ (C2 symmetry).
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angles close to 908. The stereoisomer 10’ ((OC-6–2’2)-config-
uration) represents one of these isomers. The calculated en-
ergies of 10 and 10’ differ by 62.9 kJmol�1 (Figure 10), indi-
cating that O-Si-O angles close to 908 afford an energetically
unfavored geometry of the ligand.


The isotropic 29Si chemical shifts for 9, 9’, 10, and 10’ were
calculated at the HF/TZP level (see legends of Figure 6–9).
The data obtained for 9 and 10 are in good agreement with
the respective isotropic 29Si chemical shifts obtained experi-
mentally.


Conclusion


With the synthesis of the neutral pentacoordinate silicon(iv)
complexes 8 and 9 and the hexacoordinate silicon(iv) com-
plex 10·1/2CH3CN, tetra(cyanato-N)silane and tetra(thiocya-
nato-N)silane again have been demonstrated to be very
useful precursors for the synthesis of higher-coordinate sili-
con compounds. Compounds 8, 9, and 10·1/2CH3CN are the
first higher-coordinate silicon(iv) complexes with tridentate
dianionic chelate ligands derived from 4-[(2-hydroxyphe-
nyl)amino]pent-3-en-2-one that were structurally character-
ized by single-crystal X-ray diffraction. Based on the experi-
mentally established bond lengths in the chelate rings, the
tridentate ligand is best described as an imino-enolato
rather than a keto-enamino type ligand. This ligand is able
to span O-Si-O angles between approximately 130 (8, 9) and
1808 (10·1/2CH3CN), this high flexibility being mainly ach-
ieved by different C=C�C=N torsion angles in the six-mem-
bered chelate rings. To the best of our knowledge, com-
pound 8 is the first pentacoordinate silicon(iv) complex con-
taining cyanato-N ligands, and compound 9 is the first pen-
tacoordinate silicon(iv) complex with two thiocyanato-N li-
gands, whereas a pentacoordinate silicon compound
containing one thiocyanato-N ligand, 1-(thiocyanato-N)sila-
trane, has been reported in the literature. With the synthesis
of compounds 8 and 9, members of a new class of neutral
pentacoordinate silicon(iv) complexes have been made
available. Such compounds, with their two reactive Si�NCX
(X=O, S) groups, may serve as precursors for the synthesis
of other novel higher-coordinate silicon compounds. The
successful synthesis of the heteroleptic neutral pentacoordi-
nate silicon(iv) complex 11 gives an indication of the syn-
thetic potential of these compounds (Scheme 2). Compound
11 contains an SiO4N skeleton, and its Si-coordination poly-
hedron is a distorted trigonal bipyramid, with the nitrogen
atom in an axial position.[20]


Experimental Section


General procedures : All syntheses were carried out under dry nitrogen.
The organic solvents used were dried and purified according to standard
procedures and stored under nitrogen. Melting points were determined
with a B9chi Melting Point B-540 apparatus using samples in sealed cap-
illaries. The 1H, 13C, and 29Si solution NMR spectra were recorded at
22 8C on a Bruker DRX-300 NMR spectrometer (1H, 300.1 MHz; 13C,
75.5 MHz; 29Si, 59.6 MHz) using CD2Cl2, C2D2Cl4, or [D6]DMSO as the
solvent. Chemical shifts (ppm) were determined relative to internal
CHDCl2 (1H, d=5.32 ppm; CD2Cl2), C2HDCl4 (1H, d=5.91 ppm;
C2D2Cl4), [D5]DMSO (1H, d=2.49 ppm; [D6]DMSO), CD2Cl2 (13C, d=
53.8 ppm; CD2Cl2), C2D2Cl4 (13C, d=74.2 ppm; C2D2Cl4), [D6]DMSO
(13C, d=39.5 ppm; [D6]DMSO), or external TMS (29Si, d=0 ppm;
CD2Cl2, C2D2Cl4, [D6]DMSO). Assignment of the 13C NMR data was sup-
ported by DEPT 135 experiments. Solid-state 13C, 15N, and 29Si VACP/
MAS NMR spectra were recorded at 22 8C on a Bruker DSX-400 NMR
spectrometer with bottom layer rotors of ZrO2 (diameter, 7 mm) contain-
ing about 300 mg of sample (13C, 100.6 MHz; 15N, 40.6 MHz; 29Si,
79.5 MHz; external standard, TMS (13C, 29Si; d=0 ppm) or glycine (15N,
d=�342.0 ppm); spinning rate, 5–6 kHz; contact time, 1 ms (13C), 3 ms
(15N), or 5 ms (29Si); 908 1H transmitter pulse length, 3.6 ms; repetition
time, 4 s). The precursors tetra(cyanato-N)silane and tetra(thiocyanato-
N)silane were synthesized according to reference [21] (for the synthesis
of tetra(thiocyanato-N)silane, toluene instead of benzene was used as the
solvent[1]). 4-[(2-Hydroxyphenyl)amino]pent-3-en-2-one was synthesized
according to reference [5].


Di(cyanato-N)-[4-{(2-hydroxyphenyl)imino}pent-2-en-2-olato(2�)-N,O,O’]-
silicon(iv) (8): Tetra(cyanato-N)silane (500 mg, 2.55 mmol) was added at
�30 8C to a stirred suspension of 4-[(2-hydroxyphenyl)amino]pent-3-en-2-
one (488 mg, 2.55 mmol) in acetonitrile (10 mL). The reaction mixture
was warmed to �20 8C over a period of 1 h and then kept undisturbed at
�20 8C for three days. The resulting precipitate was isolated by filtration,
washed with cold (0 8C) n-pentane (10 mL), and dried in vacuo
(0.01 Torr, 20 8C, 2 h) to give 8 in 55% yield (422 mg, 1.40 mmol) as a
yellowish crystalline solid; m.p. 128 8C (decomp). 1H NMR (CD2Cl2): d=
2.23 (d, 4J(H,H)=0.5 Hz, 3H; CH3), 2.59 (s, 3H; CH3), 5.86 (q, 4J-
(H,H)=0.5 Hz, 1H; C=CH�C), 7.01–7.43 ppm (m, 4H; C6H4);


13C NMR
(CD2Cl2): d=24.1 (CH3), 25.3 (CH3), 108.8 (C=CH�C), 115.8, 120.7,
121.5, 129.1, 131.6, and 150.0 (C6H4), 122.3 (NCO), 169.4 (CO or CN),
171.4 ppm (CO or CN); 29Si NMR (CD2Cl2): d=�138.1 ppm; 13C VACP/
MAS NMR: d=24.1 (CH3), 25.2 (CH3), 109.0 (C=CH�C), 114.5, 122.1
(2C), 129.1, 131.5, and 149.1 (C6H4), 170.4 (CO or CN), 171.9 ppm (CO
or CN);[22] 15N VACP/MAS NMR: d=�336.0 (NCO), �323.1 (NCO),
�173.4 ppm (CN); 29Si VACP/MAS NMR: d=�140.6 ppm; elemental
analysis calcd (%) for C13H11N3O4Si (301.3): C 51.82, H 3.68, N 13.94;
found: C 51.9, H 3.9, N 13.6.


[4-{(2-Hydroxyphenyl)imino}pent-2-en-2-olato(2�)-N,O,O’]di(thiocya-
nato-N)silicon(iv) (9): Tetra(thiocyanato-N)silane (664 mg, 2.55 mmol)
was added at 20 8C to a stirred suspension of 4-[(2-hydroxyphenyl)ami-
no]pent-3-en-2-one (488 mg, 2.55 mmol) in acetonitrile (20 mL). The re-
action mixture was stirred at 20 8C for 30 min, the remaining solid was fil-
tered off and discarded, the filtrate was stored at �20 8C for three days,
and the resulting precipitate was isolated by filtration, washed with n-
pentane (10 mL), and dried in vacuo (0.01 Torr, 20 8C, 2 h) to give 9 in
51% yield (437 mg, 1.31 mmol) as a yellow crystalline solid; m.p. 93 8C
(decomp). 1H NMR (CD2Cl2): d=2.28 (d, 4J(H,H)=0.5 Hz, 3H; CH3),
2.65 (s, 3H; CH3), 5.94 (q, 4J(H,H)=0.5 Hz, 1H; C=CH�C), 7.01–
7.30 ppm (m, 4H; C6H4);


13C NMR (CD2Cl2): d=24.0 (CH3), 25.5 (CH3),
107.5 (C=CH�C), 116.0, 120.7, 122.2, 129.6, 131.3, and 149.2 (C6H4),
138.2 (NCS), 170.4 (CO or CN), 171.6 ppm (CO or CN); 29Si NMR
(CD2Cl2): d=�146.1 ppm; 13C VACP/MAS NMR: d=21.7 (CH3), 25.4
(CH3), 109.6 (C=CH�C), 113.2, 120.3, 122.4, 128.8, 129.8, and 147.4
(C6H4), 135.1 (NCS), 140.8 (NCS), 169.0 (CO or CN), 173.0 ppm (CO or
CN); 15N VACP/MAS NMR: d=�255.2 (NCS), �239.4 (NCS),
�180.9 ppm (CN); 29Si VACP/MAS NMR: d=�146.4 ppm; elemental
analysis calcd (%) for C13H11N3O2S2Si (333.46): C 46.82, H 3.32, N 12.60,
S 19.23; found: C 46.8, H 3.6, N 13.0, S 19.0.Scheme 2. Synthesis of compound 11.
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Bis[4-{(2-hydroxyphenyl)imino}pent-2-en-2-olato(2�)-N,O,O’]silicon(iv)-
hemiacetonitrile (10·1/2CH3CN): Tetra(cyanato-N)silane (250 mg,
1.27 mmol) was added at 20 8C to a stirred suspension of 4-[(2-hydroxy-
phenyl)amino]pent-3-en-2-one (488 mg, 2.55 mmol) in acetonitrile
(20 mL). The mixture was stirred at 20 8C for 5 min and then kept undis-
turbed at �20 8C for three days, and the resulting precipitate was isolated
by filtration, washed with n-pentane (10 mL), and dried in vacuo
(0.01 Torr, 20 8C, 2 h) to give 10·1/2CH3CN in 71% yield (387 mg, 906
mmol) as a yellow crystalline solid; m.p. 259 8C (decomp). 1H NMR
(C2D2Cl4): d=1.71 (s, 6H; CH3), 1.91 (s, 1.5H; CH3CN), 2.38 (s, 6H;
CH3), 5.33 (s, 2H; C=CH�C), 6.50–7.10 ppm (m, 8H; C6H4);


1H NMR
([D6]DMSO): d=1.71 (s, 6H; CH3), 2.06 (s, 1.5H; CH3CN), 2.48 (s, 6H;
CH3), 5.54 (s, 2H; C=CH�C), 6.47–7.37 ppm (m, 8H; C6H4);


13C NMR
(C2D2Cl4): d=2.3 (CH3CN), 24.2 (CH3), 24.6 (CH3), 102.6 (C=CH�C),
114.9, 117.1, 120.8, 127.5, 132.7, and 154.8 (C6H4), 168.6 (CO or CN),
177.2 ppm (CO or CN); 13C NMR ([D6]DMSO): d=1.13 (CH3CN), 23.6
(CH3), 23.9 (CH3), 102.0 (C=CH�C), 113.8, 116.6, 120.7, 127.0, 131.8,
and 153.9 (C6H4), 168.7 (CO or CN), 175.9 ppm (CO or CN); 29Si NMR
(C2D2Cl4): d=�163.7 ppm; 29Si NMR ([D6]DMSO): d=�164.7 ppm; 13C
VACP/MAS NMR: d=23.1 (CH3), 23.7 (CH3), 26.1 (CH3), 27.0 (CH3),
103.4 (C=CH�C), 104.8 (C=CH�C), 113.5–133.5, 154.5, and 155.5 (C6H4),
168.6 (CO or CN), 170.8 (CO or CN), 173.6 (CO or CN), 176.7 ppm (CO
or CN); 15N VACP/MAS NMR: d=�186.5 (CN), �182.2 (CN),
�128.2 ppm (CH3CN); 29Si VACP/MAS NMR: d=�165.6 ppm; elemen-
tal analysis calcd (%) for C23H23.5N2.5O4Si (427.04): C 64.69, H 5.55, N
8.20; found: C 64.7, H 5.7, N 8.3.


Crystal structure analyses : Suitable single crystals of 8, 9, and 10·
1/2CH3CN were isolated directly from the respective reaction mixtures.
The crystals were mounted in inert oil (perfluoroalkyl ether, ABCR) on
a glass fiber and then transferred to the cold nitrogen gas stream of the
diffractometer (Stoe IPDS diffractometer; graphite-monochromated
MoKa radiation, l=0.71073 J). All structures were solved by direct
methods.[23] The non-hydrogen atoms were refined anisotropically.[24] A
riding model was employed in the refinement of the CH hydrogen atoms.
CCDC-266233 (8), CCDC-266234 (9), and CCDC-266235 (10·1/2CH3CN)
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 studies : RI-MP2[15] geometry optimizations of 9, 9’, 10,
and 10’ were carried out at the TZP level (with a TZVP auxiliary basis
for the fit of the charge density)[16,17] using the TURBOMOLE program
system.[18] The optimized structures were characterized as minima on the
potential energy surfaces by harmonic vibrational frequency analysis. The
29Si NMR chemical shift calculations for the optimized structures were
carried out at the HF/TZP level using the module mpshift implemented
in TURBOMOLE. Computed absolute shieldings (s) were converted to
relative shifts (d) using the shielding of TMS (399.4 ppm), computed at
the same theoretical level. The reported energy differences include the
MP2 energies and the zero-point vibrational energies obtained by HF
calculations.
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Introduction


The most commonly employed supported metal catalysts
that are active in the liquid phase are materials built up with
an inorganic support or active carbon, and a nanoclustered
metal(0) component. In some cases the support may exert


also a co-catalytic effect.[1] In the early seventies, organic
supports such as functional resins,[2–4] started to be consid-
ered as valid alternatives to inorganic ones, and M0/resin
nanocomposites have been successfully tested in reactions
relevant to fine chemistry and specialty chemicals applica-
tions and, at least in one case, they are currently used for


Abstract: Six gel-type functional resins,
that is, three poly-DMAA-co-TMPTP
(DMAA=N,N-dimethylacrylamide,
TMPTP= trimethylolpropyltrimethac-
rylate) samples with different degrees
of cross-linking (0.6, 1.2, 1.7% mol)
and three poly-DMAA-co-MA-co-
TMPTP (MA=methacrylic acid, ca.
5.5% mol) samples with 1.7, 3.5, and
7% mol cross-linking were investigated
with ISEC (inverse steric exclusion


chromatography), and ESR and CP-
MAS (cross polarization magic angle
spinning) 13C NMR spectroscopy after
swelling in water and other solvents.
This unprecedented combination of


conceptually independent physico-
chemical techniques provides a thor-
ough overall consistent picture of the
morphology of the resins on the nano-
meter scale and of the molecular acces-
sibility of the swollen polymer frame-
work to the paramagnetic probe TEM-
PONE (2,2,6,6-tetramethyl-4-oxo-1-
oxypiperidine) and to selected solvents.
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the industrial synthesis of a semicommodity (i.e. , methyliso-
butylketone).[5] In these innovative metal catalysts, metal
nanoclusters are designed to be dispersed inside a design-
able polymer framework (Figure 1). The support is thus ex-


pected to play a role in controlling the access of the reagents
(R) to the metal surface, the transport of the products (P)
to the bulk liquid phase (Figure 1) and even to exert a possi-
ble effect on the thermodynamics and the kinetics of the re-
action itself.[6]


In addition to the results published in the past decade and
reviewed by Corain and Kralik in 2000[5] (among which we
mention a very elegant paper appeared in 1991 by Toshima
and associates[7]) and from those stemming from our own
recent experience,[8–10] we would like to mention the recent
contributions by Shi and Deng,[11] and by Uozumi and
Nakao.[12] In addition to these last promising results, Fierro
and associates have recently reported[13] on the successful
direct synthesis of hydrogen peroxide from dihydrogen and
dioxygen in methanol/water mixtures in the presence of pal-


ladium/resin (resin=Lewatit K 2641 in acidic form) cata-
lysts. While the authors stipulate that the metal is present as
a “Pd2+” species, specific tests carried out in these laborato-
ries strongly suggest that the remarkable activity of FierroCs
catalysts is due to the presence of nanoclustered Pd0 already
present in the as-prepared catalyst.[14]


Cross-linked polymer materials utilised so far as supports
of metal nanoclusters are normally classified as gel- or mac-
roreticular-type.[4] However, regardless of their micro- and
nanomorphology differences, in both cases the individual
metal nanoclusters eventually experience comparable prob-
lems of accessibility on the nanometer scale (Figure 2).


It seems reasonable to state that the most useful design
and the best utilization of this type of supported metal cata-
lyst rests on a thorough knowledge of 1) the structure of the
relevant supports in their working state (i.e. , in their swollen
state) on the nanometer scale and 2) their molecular accessi-
bility to solvent molecules and to reagents of substantial
size. In this context, we have been active for more than one
decade in the synthesis of properly designed gel-type resins
built up with acrylic comonomers cross-linked with bifunc-
tional cross-linking agents, typically N,N’-methylenebisacryl-
amide.[8] We have developed our program so far upon taking
advantage of g-rays-induced polymerization,[4] and we have
established a multimethodological approach to the quantita-
tive evaluation of the nanostructure and molecular accessi-
bility of our materials after swelling in suitable solvents. Our
so far established tools are inverse steric exclusion chroma-
tography (ISEC),[15] ESR spectroscopy of stable radical pen-
etrating the nanoporous domains of the swollen materi-
als[16–17] and pulse field-gradient spin-echo (PGSE) NMR
analysis of the resins after full swelling in given sol-
vents.[18–19] ESR and PGSE NMR spectroscopy provide de-


Abstract in Italian: Sei resine funzionali di tipo gel del tipo
poli-DMAA-co-TMPTP (DMAA=N,N-dimetilacrilammide,
TMPTP= trimetilolpropiltrimetacrilato) caratterizzate da di-
versi gradi di reticolazione (0.6, 1.2, 1.7% mol) e del tipo
poli-DMAA-co-MA-co-TMPTP (MA=acido metacrilico ca
5.5 -% mol) con grado di reticolazione 1.7, 3.5, 7% sono
stade studiate tramite ISEC (inverse steric exclusion chroma-
tography), ESR e CP-MAS (cross polarization magic angle
spinning) 13C NMR dopo rigonfiamento in acqua e altri sol-
venti. Questa inedita combinazione di tecniche chimico-fisi-
che, concettualmente indipendenti tra loro, offre una descri-
zione complessiva e consistente della loro morfologia nano-
metrica e una valutazione quantitativa dell2accessibilit3 dei
loro reticoli polimerici sia alla sonda paramagnetica TEM-
PONE sia alle molecole di opportuni solventi.


Figure 1. Schematic comparison between a conventional nanostructured
metal catalyst supported on a conventional inorganic framework (a) or
inside a functional resin organic framework (b).


Figure 2. Schematic pictures of nanometer level morphology of gel-type
and of macroreticular resins in the swollen state. Metal nanoclusters are
indicated as black spots.
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tailed information on the rotational mobility of given para-
magnetic probes and on the translational mobility of given
molecules in the interior of nanoporous materials, respec-
tively. ISEC is an extremely useful tool to assess the nano-
meter scale morphology of swollen polymer frameworks in
terms of either the model designed by Ogston, based on the
space occupancy by the solvated polymer chains (polymer
chain concentration, mmmm�3),[20] or of the conventional
cylindrical pore model[15d] (see later for details). The rele-
vance of these conceptual and physical tools to metal cataly-
sis technology has been recently highlighted by us.[21–24] Inter
alia, we have in fact discovered that functional resins, thanks
to their controllable nanoporosity, can behave as templates
in the production of size-controlled metal nanoclusters (tem-
plate controlled synthesis approach);[22] this fact is relevant
for applications in chemical processing.


We report in this paper on the synthesis of acrylic resins
composed of the trifunctional cross-linking agent trimethyl-
olpropanetrimethacrylate (TMPTMA), the structural como-
nomer N,N-dimethylacrylamide (DMAA) and the function-
al comonomer methacrylic acid (MA). The specific aims of
this paper are 1) a verification of our multimethodological
approach to provide convergent and quantitative informa-
tion on the nanostructure of swollen gel-type resins, 2) the
critical and comparative inclusion of another powerful ana-
lytical tool, that is, CP-MAS 13C NMR and 3) the evaluation
of the effect of a trifunctional cross-linker on the overall
morphology of the resins in their swollen state. It should be
pointed out that TMPTMA has been already employed as
cross-linker to produce macroreticular resins based on gly-
cidyl methacrylate,[25–27] one of which resin was characterised
with ISEC.[25]


Results and Discussion


Figure 3 illustrates the structure and Table 1 gives the molar
composition and labelling nomenclature (MASF and AAD)
of the investigated resins. For details about synthesis and
polymerisation yields, see the Experimental Section.


Resins in the form of colourless particles (400–180 mm)
were examined as such, apart from the case of ISEC mea-
surements that require a smaller size (<180 mm). Polymeri-
sation yields were near to 95% as expected from previous
experience[8] and elemental analyses were consistent with
the composition of the reaction mixtures, again in line with
the known close similarity of the reactivities of the involved
comonomers.


Thermal behaviour (TGA): All resins were investigated
under identical conditions (see Experimental Section), and
for MASF6 and AAD1 TGA analysis was coupled with IR
monitoring of the gaseous products stemming from the
heated samples. The MASF resins exhibit a somewhat great-
er thermal stability than resins AAD (Figure 4). The ther-
mal stability of the AAD resins appears to increase appre-
ciably with the increase in the degree of cross-linking.


For the AAD series in the gas phase, the IR spectra
reveal that resin decomposition is in fact a thermal depoly-
merization (Figures 5 and 6, see also the Supporting Infor-
mation).


For all investigated resins, the presence of a significant
amount of carbon dioxide (the relative abundance of which
increases with the temperature) is interpreted as the conse-
quence of the concomitant thermal decomposition of the
cross-linker.


Figure 3. Schematic representation of the structure of resins AAD and
MASF. Theoretical molar fractions of DMAA (a), TMPTMA (b) and
MA (c) are given in Table 1.


Table 1. Molar composition [%] of synthesised resins.[a]


DMAA TMPTMA MA


MASF2 99.4 0.6 0.0
MASF4 98.8 1.2 0.0
MASF6 98.3 1.7 0.0


AAD1 93.1 1.7 5.2 (0.53 meqg�1)
AAD2 91.1 3.5 5.4 (0.51 meqg�1)
AAD3 87.2 7.0 5.8 (0.50 meqg�1)


[a] For the structures of DMAA, TMPTMA, and MA in the polymer see
Figure 3.


Figure 4. TGA profile of resin AAD1 and MASF6; 20 8Cmin�1 under ni-
trogen.
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Nanometer-level morphology in water—ISEC analysis :
ISEC provides detailed information on the swollen-state
morphology of cross-linked polymers. It is based on the
analysis of elution behaviour of standard solutes with known
effective molecular size flowing through a column filled
with the investigated material, under conditions in which
the chromatographic process is influenced by steric (en-
tropic) effects only. Similarly to the case of the other porosi-
metric methods, the mathematical treatment of the elution
data is based on the depiction of the morphology of the in-
vestigated material by using a simple geometrical model. It
has been proved that the morphology of swollen polymer
gels is best described on the basis of the so-called OgstonCs
model,[20] depicting pores as spaces among randomly orient-
ed rigid rods. This simplified depiction of the morphology of
swollen polymer networks provides a fair description of
both the intensive parameters (polymer chain densities) and
extensive properties (specific volumes of variously dense
polymer fractions). On the other hand, the basic character
of the much more common cylindrical pore model depicting


pores as cylindrical holes in solid matter differs from the
physical reality of the polymer framework geometry rather
substantially. However, although the description of the swol-
len morphology of a polymer matrix based on the cylindrical
pore model produces unrealistic values for the pores vol-
umes (extensive properties), it provides a useful description
of the porosity in terms of pores diameter distribution (in-
tensive property). The ISEC data are collected in Tables 2
(OgstonCs model)[20] and 3 (cylindrical pores model).[19d]


The comparison between the observed figures for Vtotgel


and �Vi for each resin is a good means to evaluate the over-
all reliability of ISEC analysis. The parameter Vtotgel is the
difference between the known volume of the empty ISEC
column and the experimentally determined interparticle
volume of the resin bed. It is therefore a model-indepen-
dent, directly determined quantity. The �Vi parameter is the
sum of volumes of the differently dense fractions (five in
this case) that comprise the swollen-state morphology
model. Individual Vi are adjustable parameters of the
model, and their values are the result of the mathematical
treatment of the elution volumes of standard solutes, aimed


Figure 5. Gas evolution during TGA runs from AAD1. IR spectra are re-
corded from 40 8C to 800 8C at 20 8Cmin�1 under nitrogen at a sampling
frequency equal to one spectrum every 30 s, with a spectral resolution of
4 cm�1.


Figure 6. FTIR of gases released at approximately 430 8C during TGA
runs from: AAD1 (lower spectrum) and from homopolymerised N,N-di-
methylacrylamide generated in the thermobalance during the TGA-DTA
of the monomer (upper spectrum). See also the Supporting Information.


Table 2. ISEC data for resins MASF and AAD according to OgstonCs
model.


Volume of swollen polymer fractions [cm3g�1]
cc [mm mm�3][a] MASF4 MASF6 AAD1 AAD2 AAD3


0.1 0.00 0.00 0.00 0.00 0.00
0.2 0.46 0.24 0.22 0.15 0.00
0.4 2.26 0.14 0.51 0.00 0.00
0.8 0.00 0.00 0.00 0.93 0.00
1.5 0.00 2.60 2.16 0.55 0.99


�Vi [cm3g�1][b] 2.73 2.98 2.89 1.63 0.99
Vtotgel [cm3g�1][c] 2.94 2.54 2.55 1.87 1.37


[a] Polymer chain concentration. [b] Total swollen polymer volume calcu-
lated as the sum of individual ISEC-detected polymer fractions. [c] Total
swollen polymer volume evaluated from column balance (see text for de-
tails).


Table 3. ISEC data for resins MASF and AAD according to the cylindri-
cal pores model.


Pores volume [cm3g�1][a]


d [nm][b] MASF4 MASF6 AAD1 AAD2 AAD3


0.6 0.37 (0.71) 3.09 2.37 1.32 1.00
1.1 0.00 (0.00) 0.00 0.00 0.00 0.00
1.6 0.00 (0.00) 0.00 0.00 0.00 0.11
2.7 0.00 (0.00) 1.73 1.59 1.00 0.18


3.2 1.61 (1.54) 0.00 0.13 0.11 0.00
4.3 1.22 (0.42) 0.00 0.00 0.00 0.00
8.1 0.02 (0.00) 0.00 0.00 0.00 0.00


19.4 0.00 0.00 0.02 0.00 0.01


[a] � of the pore volume [cm3g�1]: 3.22 MASF4; 2.43 AAD2; 1.30
AAD3. Numbers in parentheses refer to a resin poly-DMAA-MBA
(MBA=methylenebisacrylamide, 4.1% mol, reference [23]). [b] Pore di-
ameter.
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at minimising the differences between the experimentally
determined values and those stemming from the model com-
puted. Ideally, �Vi should be equal to Vtotgel. If the value of
�Vi is smaller than that of Vtotgel, a portion of the polymer
gel must be so dense that even the smallest of the steric
probes (D2O in this case) is unable to enter a part of Vtotgel.
Consequently, this part of the polymer framework is “invisi-
ble” to the chromatography analysis. If, however, the value
of �Vi is greater than the true polymer gel volume Vtotgel,
then the volumes of some of the model parts must be over-
estimated or the retention of the standard solutes must be
influenced not only by entropic (steric) factors, but also by
enthalpic (adsorption) interactions. Such discrepancies are
usually the result of the presence of the most dense fractions
(higher polymer chain concentrations), for which the mor-
phology information is less reliable than for the less dense
ones, which are more accessible to the employed steric
probes. On the basis of the above discussion, ISEC analysis
turns out to be quite reliable for MASF4, AAD2 and
AAD3.


The porosity pattern provided by the computation of the
observed retention volumes in terms of cylindrical pores,
Table 3, is intrinsically less sophisticated (and less physically
correct) than that offered by Table 2. However, it turns out
to be in fact very useful if ISEC analysis is aimed at predict-
ing the physical ability of the polymer framework to control
and limit the size of metal nanoclusters generated inside of
it upon spontaneous aggregation of individual metal
atoms.[22] Thus, although nanopores are not really present in
the polymer framework, the framework itself behaves to-
wards the mobility of the steric probes along the column as
if cylindrical pores were existing entities.


Keeping this in mind, we note that resins MASF6, AAD1,
AAD2 and AAD3 have very narrow pores with an effective
diameter of 0.6 nm. Moreover, it is clear that the trend of
total volumes of accessible porosity, as quantified by sum of
the pore volumes (Table 3) from MASF4 to AAD2 and
AAD3 is consistent with the increase of percentage of the
degree of cross-linking : (3.22 (1.2%)!2.43 (3. 5%)!
1.30 cm3g�1 (7. 0%)). Interestingly, the less cross-linked
macromolecular framework (MASF4) also features relative-
ly large pores with effective diameters equal to 3.2 nm
(50% of total accessible volume) and to 4.3 nm (38% of
total accessible volume). Finally, while 2.7 nm pores are
present in MASF6, AAD1, AAD2 and AAD3, their contri-
bution to the overall porosity decreases with the increase of
the degree of cross-linking. It can be concluded that both
the observed morphological features and the overall trends
are essentially consistent with the expectations based on the
trend of the molar fractions of TMPTMA involved in the
polymerisation process (Table 1). Employment of the tri-
functional cross-linking agent does not induce the formation
of peculiar morphological features. The swollen state mor-
phology of the resin MASF4 cross-linked with 1. 2% mol of
trimethylolpropanetrimethacrylate is similar to that exhibit-
ed by one of our previous resins cross-linked with 4.1% mol
methylenebisacrylamide (Table 3).[24]


Nanometer-level morphology in water—ESR analysis : In
previous papers we have extensively shown that the rota-
tional mobility of the spin probe 2,2,6,6-tetramethyl-4-oxo-
1-oxypiperidine (TEMPONE) is a good indicator of the mo-
lecular accessibility and nanoporosity of swollen gel-type
resins that result from the employment of classical bifunc-
tional cross-linking agents.[16–18] Good indications of molecu-
lar accessibility and nanoporosity were also gathered in the
case of macroreticular resins[28] and of the unconventional
macro-, meso- and microporous resin polybenzimidazole.[29]


When the rotation of TEMPONE is “free”, that is, ham-
pered only by moderate microviscosity effects and not by
chemisorption phenomena, the fast spin-probe reorientation
is able to average out the magnetic anisotropies[30] producing
a well-resolved three-line spectrum (Figure 7). Under these


conditions, the rotational correlation time t of the nitroxide,
(obtained from the broadening of the triplet lines, see Ex-
perimental Section) provides two pieces of information. It
tells us that the spin-probe does reach the nanoporous do-
mains under exploration (i.e., they turn out to be accessible
to a molecule of substantial size) and it also inversely quali-
tatively correlates with the average size of cavities within
the investigated swollen polymer framework.[16,18] Typical
motionally averaged (t=10�11–10�9 s) spectra of TEM-
PONE inside swollen MASF6 and AAD2 are reported in
Figure 7; the situation is qualitatively similar for MASF2,
MASF4 and AAD1. Relevant values of t, hyperfine cou-
pling constants (aiso) and activation energies (Ea) are given
in Table 4.


Table 4 shows that the decrease of average size of the
nanopores located inside the swollen polymer framework,
caused by the increase in the degree of cross-linking, is par-
alleled by a progressive decrease of spin-probe mobility (an
increase of t). Interestingly, the t values referring to AAD1
and MASF6, which have the same degree of cross-linking
(Table 1), are very similar in agreement with the quite simi-
lar ISEC pattern (Tables 2 and 3). Apparently, possible addi-
tional noncovalent cross-linking, due to hydrogen bonds in-
volving the pendant carboxylic groups of AAD1, does not
appreciably modify the polymer framework accessibility.
Quite in contrast with these observations, the spectrum of
AAD3 collected at room temperature clearly suggests dis-
persion of TEMPONE in more than one environment, as


Figure 7. ESR spectra of TEMPONE in water-swollen a) MASF6 and b)
AAD2 at 25 8C.


Chem. Eur. J. 2005, 11, 7395 – 7404 I 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7399


FULL PAPERPolyacrylic Resins



www.chemeurj.org





witnessed by distinct line broadening and asymmetry in the
high-field line (Figure 8).


Under these conditions, to get information on the gel-
phase nanomorphology, the spin-probe mobility was evalu-
ated by means of line-shape simulation (see Experimental
Section). The observed spectrum was nicely simulated by as-
suming a two site-model (Figure 8a). The t and aiso values
referring to the two components together with relative pop-
ulations are given in Table 4. This observation implies that
TEMPONE resides in two different domains in which it ro-
tates quite “freely” (minor component) or it is subjected to
relatively high microviscosity (major component). In this
context, the t value referring to the predominant spectral
contribution confirms the decreasing trend of spin-probe
mobility with cross-linking given by ESR analysis of “un-
complicated” spectra (see Table 4).


The temperature dependence of the rotational diffusion is
expressed in terms of the apparent activation energy Ea


evaluated from Arrhenius plots. The observed EaCs for the
MASF resins and AAD1 (Table 4) approach the value of
bulk water, as is typical of low cross-linked gel-type resins,
for which the spin-probe reorientation mechanism is scarce-
ly affected by the relatively low polymer chain density. A
quite surprising datum is observed in the case of AAD2,
which exhibits a markedly lower Ea value relative to the
pure solvent. A similar behaviour was previously found in


the case of resins characterised by the coexistence of gel-
type domains and larger cavities (mesopores)[28] or chan-
nels[31] and was attributed to the combined effect of molecu-
lar tumbling inside each of these two different environments
and the exchange dynamics between them. The behaviour
of AAD3 provides direct evidence of exchange. The fact
that at 25 8C individual spectral contributions are observed
reveals that the exchange rate of spin-probe among the dif-
ferent sites is relatively slow[28,31] under these conditions.
However, as temperature increases, the line shape progres-
sively approaches the features of a single-component spec-
trum (Figure 8b), as expected for a fast-exchange regime.[32]


Besides temperature, cross-linking can strongly affect the
translational mobility of molecules dispersed inside the poly-
mer network[18] and, consequently, the exchange rate be-
tween gel-type domains with different polymer chain densi-
ty. In this context, the behaviour of AAD1 or the MASF
resins seems to fall in a fast-rate limit; this is consistent with
the expected relatively high permeability of the network to
the spin probe molecules. Thus, under these circumstances,
the line width reflects the weighted average rotational
mobility of the spin-probe population, and temperature
dependence provides a reliable estimation of the activation
energy of the rotational diffusion. In AAD2 both rotational
and exchange dynamics occur on a timescale intermediate
between those of AAD1 and AAD3. We suspect that the
observed seemingly single-component spectrum given by
AAD2 actually consists of unresolved spectral contributions
given by spin-probes located in slightly different environ-
ments and subjected to a moderately slow exchange. In this
case, both reorientation and exchange dynamics produce
line broadening but with opposite temperature dependence,
the final result being an apparent decrease of Ea.


To further evaluate nanometer level morphology of the
resins in water on the basis of ESR analysis, Cu2+(aq) was
incorporated inside AAD resins as additional spin-probe.
Figure 9 shows some relevant ESR spectra of AAD resins
equilibrated with 0.8 wt% Cu2+(aq) corresponding to a 8:1
carboxylic group/Cu2+ ratio. Incorporation of Cu2+(aq) was
carried out after swelling the resin with methanol (see the
Experimental Section). The ESR spectra of the AAD resins
collected at room temperature after methanol removal in
vacuum (Figure 9a) are very similar and reveal clear hyper-
fine splitting from the parallel direction, as typical of almost
complete immobilised Cu2+ . Line broadening and apparent
“doublet” structure (see downward arrows in Figure 9a) in
the parallel region suggest partitioning of Cu2+ among dif-
ferent binding sites. At the same temperature, the ESR
spectra collected after swelling with water (Figure 9b,c) still
exhibits well-resolved anisotropic hyperfine structure, partic-
ularly in the case of AAD3. This is clear evidence of the
fact that Cu2+ undergoes an effective coordination by the
carboxylate pendants that prevents the metal ion from tum-
bling freely and consequently leads to averaged ESR param-
eters. In fact, the magnetic parameters evaluated from the
spectra (listed in Figure 9) are typical of Cu2+ bound to
oxygen ligands in a distorted octahedral configuration.[33]


Table 4. Rotational correlation times t, isotropic hyperfine coupling con-
stants aiso and apparent rotational activation energies Ea of TEMPONE
in water swollen resins. Data referring to AAD3 were obtained by means
of spectra simulation (Figure 8a); relative intensities of the two detected
spectral components are given in parenthesis.


t [ps] (�5%, 25 8C) aiso [G] (�0.03) Ea [kJmol�1] (�0.5)


bulk 11 15.88 17.8
MASF2 37 15.77 18.5
MASF4 46 15.73 18.0
MASF6 73 15.71 19.2


AAD1 67 15.69 18.2
AAD2 158 15.63 12.6
AAD3 49 (14%) 15.87 –


419 (86%) 15.63 –


Figure 8. a) Observed (thick line) ESR spectrum of TEMPONE in water-
swollen AAD3 at 25 8C; simulated (thin line) ESR spectrum with param-
eters listed in Table 4 and 0.3 G line-width. b) Line shape changes of
high-field line as temperature increases from 25 8C (minimum amplitude)
to 75 8C (maximum amplitude) with 10 8C step.
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The observed gk and Ak values, in view of the Peisach and
Blumberg plots,[33] are compatible with a total charge of Cu
complex ranging from +1 to 0, thus suggesting binding to
one or two carboxylic groups, respectively. In this context,
simultaneous linkage to two carboxylic groups attached to
the polymer backbone is supported by the observed lower
swelling of copper- and zinc-neutralised resins as compared
with the swelling behaviour in water of the same resins after
complete neutralisation with Na+ . The size of spaces hosting
Cu2+ can significantly influence copper dynamics.[34–35] In
principle, the increase of polymer-chain concentration (the
decrease of cavity size) can favour multipoint linking of
Cu2+ to the resin functionalities, on the one hand, and cause
the increase of medium viscosity, on the other; the conse-
quence of both effects is a restriction of spin-probe mobility.
In water-swollen AAD3, ISEC analysis reveals essentially
cavities with size comparable to that of Cu2+(aq), that is,
about 0.6 nm.[34] Under these conditions, both binding and
physical entrapment are responsible for the almost complete
immobilisation of Cu2+ as proved by the observed solid-type
ESR spectrum. In the case of water-swollen AAD1 and
AAD2 (the spectra are very similar), the solid-type spec-
trum overlaps onto a broad signal (Figure 9b) typical of free
tumbling. This finding is consistent with the pore size distri-
bution provided by ISEC for both AAD1 and AAD2,
which, in addition to the kind of porosity observed for
AAD3, reveals larger cavities (equivalent cylindrical pores
with diameter of about 3 nm), inside which free reorienta-
tion of Cu2+ can easily occur.


Nanomorphology in the dry and swollen state—CP/MAS
13C NMR spectroscopy : The polyacrylic resins AAD1,
AAD2, AAD3, MASF2, MASF4, and MASF6 were investi-
gated by means of cross- polarization magic-angle-spinning
(CP-MAS) 13C NMR spectroscopy to gain further insight
into the their nanostructure in the swollen state. Preliminari-
ly, the CP-MAS 13C NMR spectra of dry resins were record-
ed under the conditions described in the Experimental Sec-
tion. The corresponding spectroscopic data are listed in
Table 5 and are compared with those of the corresponding
resins swollen in water, methanol, and n-octanol (for
MASF6 only).


In the 13C NMR spectrum of dry MASF4 and MASF6,
two main resonances are detected at d=175.3 and 37.1 ppm
that are attributed to the nonresolved carbonyl groups of
polyacrylamide and TMPTMA, and to the N-CH3 signals,
respectively. Moreover spinning side bands resulting from
partly averaged chemical shift anisotropy under MAS condi-
tions are detected at the spinning rate. The signals of the
methylene and methine carbon atoms of the main chain, ex-
pected at about d=41 and 35 ppm, likely overlap the broad
N-CH3 signal. In particular, the resonance of the methylene
carbons is expected to be very broad, because of the spread-
ing of the chemical shifts of these signals due to the stereo-


Figure 9. a) ESR spectrum at 25 8C for Cu2+ in AAD2 in the dry state;
downward arrows indicate “doublet” splitting in the parallel region. ESR
spectra at 25 8C for Cu2+ in b) AAD2 and c) AAD3 after swelling with
water.


Table 5. Selected CP-MAS 13C NMR data for MASF and AAD resins in
the dry state and after swelling in different liquids (H2O, MeOH, n-octa-
nol): carbonyl and N-methyl chemical shift (d) and the corresponding full
width at half maximum (W1/2). Spectra were collected with 3 ms contact
time unless otherwise stated.


dC=O [ppm] W1/2 [Hz] dN-CH3 [ppm] W1/2(Hz)


MASF2
H2O –[a] –[a] 36.7, 34.1 –[a]


MASF4
dry 175.3 246 37.1 313


MASF6
dry 175.2 233 36.9 287
H2O 176.9 40 38.4, 37.1 54, 41
H2O


[b] 177.2 141 37.9, 37.3 115, 110
MeOH 176.1 53 37.3, 35.9 68, 59
MeOH[b] 176.0 49 37.3, 35.9 69, 70
n-octanol 175.4 105 37.6, 36.3 121, 93
n-octanol[b] –[a] –[a] 37.1 274


AAD1
dry 175.6 258 37.1 275
H2O 176.4 75 38.0, 36.7 77, 74
MeOH 174.5 80 36.3, 35.0 91, 52


AAD2
dry 175.9 264 37.2 310
MeOH 177.0 109 38.5, 37.1 84, 68


AAD3
dry 175.6 311 37.1 328
H2O 176.1 306 37.3, 35.9 140, 119
MeOH 176.9 267 38.1, 36.7 126, 117


[a] Not recorded. [b] Contact time= 1 ms.
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irregular placement of the side groups of the polymer chain.
Comparison of the MASF spectra with those of the resins of
the AAD series permits the signals at d=8.5, 19.5, 24.5, 46.0
and 67 ppm of the latter samples to be assigned to
TMPTMA. The intensity of these resonances actually in-
creases as the TMPTMA molar fraction in the copolymer
increases, thus suggesting their attribution to the cross-link-
ing agent. A tentative assignment of these carbon atoms is
given in Table 6.


The AAD resins were synthesised by employing MA co-
monomer. The MA concentration in the polymer can be
only indirectly deduced by integration of the 13C NMR sig-
nals, since MA resonances are not resolved from those of
TMPTMA. In fact the intensity ratio of peaks at about d=


9 ppm (�CH3) and 65 ppm (�CH2�O�) match the
TMPTMA composition very well, whereas other signals at
about d=20 and 45 ppm are more intense, due to overlap-
ping with the MA resonances. This method is evidently not
a rigorous one and it permits only a rough evaluation of the
monomer composition, assuming the same proportionality
of all 13C NMR spectral lines with their molar concentration
in the polymer. However, the observed values are in good
agreement with data resulting from elemental analysis, prob-
ably as a result of the short contact time of 1 ms employed
in recording the CP-MAS 13C NMR spectra.


The resins are thus swollen in solvents with different sol-
vating properties, namely water, methanol, and n-octanol,
under conditions described in the Experimental Section.
MASF6 is investigated in greater detail as representative ex-
ample of the resins. The CP-MAS 13C NMR spectra of the
dry resin and of the resin swollen in methanol swollen are
compared in Figure 10.


A solvent effect on the line width (W1/2) of the 13C signals
is clearly observed: both carbonyl and N-CH3 resonances
are narrower in the gel than in solid state, and the signal
line width decreases as the solvating properties of the sol-
vent increases as a result of the decrease of 1H/1H dipolar
interaction and increased mobility of the polymer chain.[36]


Actually the W1/2 values of the carbonyl groups range from
233 Hz in the solid state to 40 and 53 Hz, in water and meth-
anol gels, respectively. A comparable trend is observed for
the N-CH3 signals in the same solvents. In higher alkyl alco-
hol solvents, for example, n-octanol, the solvating effects are


small and the line width of the quoted signals increased to
about the half value of the solid state.


As discussed in the previous sections, the gel swollen in
water can yield a relatively dense volume as a result of the
reduced accessibility of some nanoporous domains to the
solvent molecules. Actually the line width of the 13C signals
is found to be dependent on solvent and contact time used
in the cross polarization pulse sequence. In methanol gel the
W1/2 values remain unchanged (40–55 Hz) at contact times
of 1 and 3 ms, whereas they increase in water gel approach-
ing a value half of that of the solid state value (140 vs
240 Hz) when the shorter contact time of 1 ms is used. A
broad line width is still observed for the sample swollen in
n-octanol at a contact time of 3 ms. Methanol exhibits evi-
dent good solvating properties, thus enabling elevated and
homogeneous mobility of the polymer backbone as well as
of the side groups: this is confirmed by the lack of the spin-
ning side bands for carbonyl and N-CH3 signals and by an
increased spectral resolution at any contact time that per-
mits two signals for the nonequivalent N-CH3 carbons to be
detected. Moreover the 13C NMR signal of methanol is at
d=50.3 ppm and its intensity increases as contact time is in-
creased from 1 to 3 ms. This increase is the result of the re-
duced mobility of solvent molecules located nearby the mac-
romolecular chain: indeed a longer contact time for the
growth of this signal during the cross polarization time is
needed. Gels of MASF6 in water and n-octanol are seen to
be heterogeneous in nature and domains with different mo-
bility of the polymer chain are detected. As a matter of fact
complex cross polarization dynamics are observed which
produce a line width of the signals that is dependent on the
contact time.[36] It is worth noting that in the CP/MAS
13C NMR spectrum of MASF6 gel in water, recorded with a
contact time of 3 ms, two signals at d=38.5 and 36 ppm are
detected and attributed to the main chain methylene and
methine carbon atoms: these signals are not found in the
spectra of the methanol gel, even when the contact time is
varied. The reduced polymer chain mobility in water per-
mits an efficient cross polarization of the signals due to


Table 6. CP-MAS 13C NMR chemical shift (d) observed in AAD resins
and attributed to the cross-linking agent TMPTMA.


d [ppm] d [ppm]


8.5 24.5


19.5 46.0


67.0


Figure 10. CP-MAS 13C NMR spectra of the resin MASF6 a) dry and
b) swollen in methanol. Both spectra were recorded by using 3 ms con-
tact time (CT) and 5 s repetition time.
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these carbon atoms that are thus now observable. In metha-
nol gel the high mobility of the swollen polymer chain pro-
duces a fast relaxation of the 13C nuclei and fast decay of
the signal intensity during the contact time yielding a nonef-
ficient cross polarization process.


Three samples characterised by increasing molar concen-
tration of the cross-linking agent TMPTMA, namely
AAD1–3, were also analyzed. The increased degree of
cross-linking reduces, as expected, the chain mobility and
the access of the solvent molecules to the polymer chain.
Hence, an increase of the line width of the carbonyl and of
the N-CH3 signals is expected and actually detected as the
TMPTMA content in the polymer sample increases (see
Table 5). The line width of the carbonyl 13C NMR signals of
the resin AAD3, containing the highest molar fraction of
TMPTMA, is about the same for dry and swollen resin. In
contrast, when the concentration of the cross-linking agent
is reduced, a significant reduction of the line width is ob-
served and the W1/2 values approach those found in the spec-
tra of the MASF series.


Conclusion


Functional gel-type acrylic resins with polymethylene chains
featured by N,N-dimethylamido and carboxylic pendants,
and interconnected with a trifunctional cross-linker (0.6 to
7.0% mol), exhibit (with the partial exception of AAD3) an
essentially uncomplicated homogeneous polymer frame-
work, after being swollen with water and examined with
ISEC and ESR techniques. These techniques provide a con-
vergent picture of a homogeneous macromolecular three-di-
mensional structure that is featured by “nanopores” poten-
tially able to play a decisive role in controlling the growth
of metal nanoclusters[22] ranging from 2 to 4 nm in diameter.
In its turn, the preliminary analysis of the polymer gels by
CP-MAS 13C NMR spectroscopy permitted us to describe
qualitatively the solvating properties of the polymer chain at
variance of solvents exhibiting different polarity. Comple-
mentary information consistent with those given by ISEC
and ESR are actually provided by this technique. Thus, 1)
the accessibility of the nanoporous domains to molecules of
substantial size is confirmed in water and in methanol by
ISEC and ESR analysis; water and methanol are seen by
CP-MAS 13C NMR spectroscopy to produce a sort of
pseudo-solution state; 2) the structural homogeneity per-
ceived by ESR spectroscopy is confirmed by CP-MAS
13C NMR spectroscopy of the sample in methanol but not in
water, in which clear evidence of an appreciable inhomoge-
neity are observed; and 3) the increase in the degree of
cross-linking is accompanied by a decrease of the solvation
of the polymer chains revealed by CP-MAS 13C NMR spec-
troscopy, in line with the observed decrease of porosity
clearly evidenced by ISEC analysis.


Experimental Section


TGA experiments : TG-IR analyses were carried out with an SDT2960
thermobalance (TA Instruments) coupled with a Nicolet Nexus FT-IR
apparatus, equipped with a Nicolet TGA interface. TG curves were re-
corded under a working N2 flux equal to 70 cm3min�1, with a heating
rate equal to 20 8Cmin�1. The measurements were carried out on about
10 mg of sample in an open alumina pan.


ISEC analysis : D2O, sugars, and polydextranes were employed as stan-
dard solutes in ISEC characterisation of water-swollen resins. Details of
the experimental procedure and data treatment were reported else-
where.[16–18]


ESR measurements : About 50 mg of ground material were swollen with
a 1.5·10�4


m aqueous solution of the paramagnetic probe TEMPONE
(90–95% from Sigma) under nitrogen. The sample was allowed to reach
the swelling equilibrium, and after pouring the suspension onto filter
paper to remove the excess solution, a suitable amount of swollen materi-
al was quickly transferred into the ESR tube. The ESR spectra were re-
corded using an X-band JEOL JES-RE1X apparatus working at 9.2 GHz
(modulation 100 kHz) over the temperature range 5–50 8C at 5 8C steps.
The temperature of the sample was controlled by a variable-temperature
unit Steler VTC91, the accuracy being �0.1 8C. The spectra of the spin-
probe generally appear as those typical of a fast-motion regime.[30] Under
these conditions, the rotational correlation time t of TEMPONE was cal-
culated according to the formula given in Equation (1),[30, 37] in which
we=5.78.1010 Hz; the parameters h+1, h0 and h�1 (the intensities of the
low-, middle-, and high-field lines, respectively) and DH0 (the peak-to-
peak width of the central line) were obtained by peak-picking from the
first derivative spectrum.


t ¼ 6:14 � 10�10 DH0 ½ðh0=hþ1Þ1=2 þ ðh0=h�1Þ1=2�2�½1�0:2 ð1þ w2
et


2Þ� ð1Þ


The numerical constant of Equation (1) (in units of sG�1) was evaluated
on the basis of the components of the hyperfine A tensor observed in
single crystals:[38] Ax=5.5 G, Ay=5.8 G, Az=32.5 G. To account for polar-
ity effects, the right hand side of Equation (1) was multiplied by (aN/aiso)


2


in which aN= (Ax+Ay+Az)/3 and aiso is the hyperfine isotropic term eval-
uated from the observed splitting in motionally averaged spectra. The
computer program NLSL[39] was used to simulate bimodal spectra assum-
ing Brownian isotropic reorientation of the spin-probe and Lorentzian
line-shape. The magnetic parameters observed in single crystal[38] were
used in line-shape simulation, but the A tensor components were proper-
ly scaled to fit the observed splitting. A well established protocol[40] based
on the reaction with copper acetate and concomitant release of acetic
acid was used to prepare magnetically diluted samples of Cu2+ in AAD
resins. One gram resin was pre-swollen in 10 mL of methanol, then suita-
ble aliquot amounts of a solution of Cu(OOCCH3)2 and Zn(OOCCH3)2


in methanol were added to give the complete neutralisation of carboxylic
groups of the resin with Cu2+ and Zn2+ and a desired Cu2+ content. The
mixture was gently stirred at room temperature for 30 min, after which
time the resin was separated by filtration, washed with methanol and
dried at 50 8C under vacuum to constant weight. The X-band ESR spec-
tra of Cu2+ were recorded at 25 8C in the spectral range 2400–3400 G.
Calibration of g values was based on DPPH (DPPH=a,a’-diphenyl-b-
picrylhydrazyl) (g=2.0036).


Solid-state CP-MAS 13C NMR spectroscopy : Solid-state CP-MAS
13C NMR spectra were recorded at room temperature on a Bruker
AMX300 spectrometer (75.46 MHz for 13C) by using high power decou-
pling and standard cross-polarization techniques. The magic angle was
calibrated with KBr side bands and the samples were spun at 5 kHz in
4 mm diameter zirconia rotors equipped with Kel-F caps. Approximately
2000 scans were collected by using 908 pulse (3.4 ms), 1, 3 or 5 ms cross-
polarization contact time (for the specific value used see the text and
Table 5), 5 s recycle delay, and 2k data points with zero filling to 16 K
corresponding to an acquisition time of 45 ms. The free induction decays
were processed with a 10 Hz exponential line broadening. The 13C chemi-
cal shifts are referenced to tetramethylsilane at d=0 ppm using the
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methyl signal of sodium 3-(trimethyl-silyl)-1-propane sulfonate as exter-
nal reference.


Materials : All reagents and solvents were of reagent grade and were
used as received.


Resin synthesis : Resins were prepared upon g-ray irradiation of designed
mixtures of the comonomers DMMA and MA (both from Aldrich, 99%)
and the cross-linker TMPTMA (Polysciences, 99%). The monomers mix-
tures were prepared in screw-caped glass vials and, after air removal with
dinitrogen, they were exposed to g-rays from a 60Co source at 0. 12 Gys�1


at room temperature and at a distance of 22 cm for 24 h. The resulting
clear rods were thoroughly crushed in a glass mortar under methanol, ex-
tensively washed with the same solvent, vacuum dried and, after further
dry grinding with an impact grinder, sieved to a particle size of 400–
180 mm. Elemental analyses (C, H, N) of the samples were carried out by
means of a Carlo Erba 1106 analyzer. Details are provided in Table 7.
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Corain, Macromolecules 1996, 29, 4655–4661.


[18] A. A. DCArchivio, L. Galantini, A. Panatta, E. Tettamanti, B.
Corain, J. Phys. Chem. B 1998, 102, 6774–6779.


[19] S. Pickup, F. D. Blum, W. T. Ford, M. Peryiasamy, J. Am. Chem. Soc.
1986, 108, 3987–3990.


[20] A. G. Ogston, Trans. Faraday Soc 1958, 54, 1754–1757.
[21] M. Kralik, V. Kratky, M. De Rosso, M. Tonelli, S. Lora, B. Corain,


Chem. Eur. J. 2003, 9, 209–214.
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Table 7. Synthetic data (elemental analysis) for the resins MASF and
AAD.


C [%][a] H [%][a] N [%][a] Yield [%]


MASF2 59.59 9.07 13.62 94
(60.64) (9.12) (13.85)


MASF4 59.24 9.09 13.43 97
(60.70) (9.09) (13.58)


MASF6 59.50 9.21 13.01 96
(60.75) (9.06) (13.32)


AAD1 59.53 8.43 12.34 96
(60.55) (8.97) (12.71)


AAD2 59.44 8.62 11.56 94
(60.73) (8.89) (11.94)


AAD3 59.61 8.70 10.23 97
(61.05) (8.76) (10.59)


[a] Calculated theoretical values are given in parentheses and are based
on 100% polymerisation yield.


www.chemeurj.org I 2005 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 7395 – 74047404


A. A. DCArchivio, A. Grassi, B. Corain et al.



www.chemeurj.org






DOI: 10.1002/chem.200500386


Diastereoselective Hartwig–Buchwald Reaction of Chiral Amines with
rac-[2.2]Paracyclophane Derivatives


Michael Kreis, Christian J. Friedmann, and Stefan Br2se*[a]


Dedicated to Professor Dr. Valeria Rozenberg


Introduction


Planar chirality plays an increasingly important role in
modern organic chemistry.[1] Especially the field of [2.2]par-
acyclophane chemistry has developed considerably since
they first attracted the interest of researchers in the middle
of the last century.[2] Recently, there has been notable prog-
ress, particularly in the synthesis of new derivatives[3] and
their applications in asymmetric catalysis.[4] Aryl amines are
widespread chemicals; they are important intermediates in
chemical synthesis and are often encountered in natural
products. Although aryl amines are a relatively simple class
of compounds, their synthesis is still cumbersome.[5] While
the Hartwig–Buchwald reaction is a very powerful tool for
their synthesis,[6] some starting materials, such as electron-
rich aryl halides, still pose a challenge. Therefore, there are
very few applications of the Hartwig–Buchwald reaction em-
ploying [2.2]paracyclophane halides and pseudo halides, al-
though the resulting amines have interesting applications in
biomedicine and catalysis.[7] To the best of our knowledge,
there are only few examples of a successful palladium-cata-
lysed cross-coupling reaction of nitrogen nucleophiles with
[2.2]paracyclophanes. Rossen, Pye et al.[8] were able to react
rac-4,12-dibromo-[2.2]paracyclophane with benzylamine


under kinetic resolution and Gmeiner et al.[9] reacted diphe-
nylhydrazone or piperazine with trifluoromethanesulfonic
acid (4-[2.2]paracyclophane) ester.


Herein we want to report on the highly diastereoselective
synthesis of planar and central chiral [2.2]paracyclophane
amines via the Hartwig–Buchwald reaction of electron-rich
racemic [2.2]paracyclophane bromide or triflate and a chiral
amine. This reaction is also employed in the kinetic resolu-
tion of racemic 4-bromo-[2.2]paracyclophane. Finally, the
first Hartwig–Buchwald reaction of a secondary amine with
a [2.2]paracyclophane halide is described.


Results and Discussion


The Hartwig–Buchwald reaction is one of the most useful
reactions for the synthesis of arylamines. A large variety of
possible reaction systems is already existing in literature.
However, none of them is close to providing a general pro-
tocol, which would be useful to obtain a large number of di-
verse compounds. Therefore we started with the screening
of not only the ligands, but also bases, solvents and possible
additives. We chose 4-bromo-[2.2]paracyclophane and achi-
ral amines as the model system for the screening
(Scheme 1).


We applied numerous mono- and bidentate phosphino li-
gands and a single aminophosphino ligand in the cross-cou-
pling reaction (Figure 1).


The initial experiments with various bases, solvents and
the monodentate ligands PPh3, P(tBu)3 and di-tert-butylbi-
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phanes
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phenylphosphine were unsuccessful (Table 1, entries 1–3).
Furthermore, the aminophosphino ligand Dave-Phos
(entry 4) and the achiral dppf (entry 5) gave low yields, if
any product at all, for various combinations of solvents and
bases. The main reaction observed in these experiments was
the b-hydride elimination leading to [2.2]paracyclophane.
The desired [2.2]paracyclophane amines (Table 1) was only
obtained with the chiral Binap ligand 5. Among the various
tested solvents, toluene gave superior results compared with
dioxane, triethylamine or monoglyme. Weak bases such as
Cs2CO3 (entry 7) or NEt3 showed no conversion at all,
whereas LiHMDS (lithiumhexamethyldisilazide, entry 8)
promoted the b-hydride elimination, thus leaving NaOtBu
as the base of choice. Additives such as diglyme (entry 9) or
[18]crown-6 failed to improve the reaction.


With these promising initial results, we tried to couple dif-
ferent chiral primary amines (Figure 2) by using 4-bromo-
[2.2]paracyclophane as the substrate and Binap (5) as the
chiral catalyst (Table 2).


With 1-phenylethylamine (11) (entries 1–4), 1-(4-methoxy-
phenyl)ethylamine (12) (entry 5), 1-(4-fluorophenyl)ethyla-
mine (entries 6–8) (13) and 1-(cyclohexyl)ethylamine (15),
the reaction proceeded almost quantitatively with negligible
amount of by-product due to b-elimination. The yield of the
desired product decreased considerably in the case of 1-(2-
naphthyl)ethylamine (14) where mostly b-elimination occur-
red (Scheme 2).


Scheme 1. Hartwig–Buchwald reaction of 4-bromo-[2.2]paracyclophane
(PcBr) with amines.


Figure 1. Ligands for the Hartwig–Buchwald reaction.


Table 1. Catalytic cross-coupling of 4-bromo-[2.2]paracyclophane with
achiral amines.[a]


Entry Ligand Amine Yield [%][b]


1 PPh3 morpholine –
2 P(tBu)3 (1) morpholine traces
3 (tBu)2P(biphenyl) (2) morpholine traces
4 Dave-Phos (3) morpholine traces
5 dppf (4) diphenylamine traces
6 Binap (5) morpholine 38
7[c] Binap (5) morpholine –
8[d] Binap (5) morpholine –
9[e] Binap (5) morpholine 38
10 Binap (5) butylamine 74
11 Binap (5) benzylamine 79
12 Binap (5) methylammoniumchloride 70


[a] Reaction conditions: 1.0 equiv PcBr, 2.0 equiv NaOtBu, 2.5 mol%
[Pd2(dba)3], 5 mol% ligand, 1.2 equiv amine in toluene at 75 8C for 16 h.
[b] Yield of isolated product. [c] As in [a] but with Cs2CO3 as base. [d] As
in [a] but with LiHMDS as base. [e] As in [a] but with 1.0 equiv diglyme
as additive.


Table 2. Binap-catalysed Hartwig–Buchwald reaction of 4-bromo-
[2.2]paracyclophane with chiral amines 11–17.[a]


Entry Binap Amine Yield [%][b] de [%]


1[c] rac-5 rac-11 quant. 34
2 rac-5 (S)-11 96 31
3 (S)-5 (S)-11 94 45
4 (R)-5 (S)-11 96 9
5 rac-5 (S)-12 96 12
6 rac-5 (S)-13 96 24
7 (S)-5 (S)-13 92 62
8 (R)-5 (S)-13 94 13
9 rac-5 (S)-14 78 27
10 (S)-5 (S)-14 56 28
11 (R)-5 (S)-14 58 31
12[c] rac-5 rac-15 quant. 57
13 (S)-5 (S)-15 98 47
14[c] rac-5 rac-16 56 36
15[c] rac-5 (S,S)-17 70[d] 98


[a] Reaction conditions: 1.0 equiv PcBr, 2.0 equiv NaOtBu, 2.5 mol%
[Pd2(dba)3], 5 mol% Binap (5), 0.5 equiv amine in toluene at 75 8C for
16 h. [b] Yield of product by GC-MS referring to amine. [c] As in [a] but
with 1.2 equiv amine. Yield of product by GC-MS with referring to PcBr.
[d] Yield of isolated product.
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The typical b-elimination by-products, [2.2]paracy-
clophane and 1-(2-naphthyl)ethylimine (18), could be conse-
quently isolated in about 20% yield. The most surprising re-
sults were achieved by using 1,2,3,4-tetrahydronaphthalen-1-
yl amine (16) as the coupling reagent (Scheme 3).


Although the yield of the desired product decreased com-
pared with the other amines, the major by-products were
not the expected b-elimination products, but [2.2]paracy-
clophane and (3,4-dihydro-2H-naphthalen-1-ylidenyl)-(4-
[2.2]paracyclophanyl)imine, the product of b-elimination
and subsequent cross-coupling reaction. It could easily be


hydrolysed into enantiomerically enriched 4-[2.2]paracyclo-
phanylamine (20). With 1-S-trans-(S-2-benzyloxy)cyclohexyl-
amine (17), the reaction proceeded in spite of the bulky
amine in a satisfactory 70% yield with no traces of b-elimi-
nation by-products. For all chiral amines, the resulting
excess diastereomer of the reaction was independent of the
Binap enantiomer used. This shows that the product selec-
tivity is superior to the catalyst selectivity. Measuring the
optical rotation of the remaining PcBr after the kinetic reso-
lution with (S)-1-phenylethylamine and comparing with the


literature value gave (S)-4-
bromo-[2.2]paracyclophane as
the excess enantiomer. Conse-
quently, the kinetic resolution
(R)-1-phenylethylamine result-
ed in (R)-4-bromo-[2.2]paracy-
clophane as the excess enantio-
mer. As a result, the excess
stereoisomer of the product is
(Rp,S) with (S)-1-phenylethyla-
mine and (Sp,R) with (R)-1-phe-
nylethylamine, both are the
same diastereomer, which could
be seen in the NMR as well.


Furthermore, 1-phenylethylamine (11) and 1-(4-fluorophe-
nyl)ethylamine (13) showed a distinct matched–mismatched
pair behaviour. While (S)-Binap showed a promising 62%
de with (S)-1-(4-fluorophenyl)ethylamine (entry 7), the dia-
stereoselectivity dropped dramatically via 24% de with rac-


Binap (entry 6) to 13% de with
the mismatched (R)-Binap
(entry 8). The same trend, from
45% (entry 3) (S) via 31%
(entry 2) rac to 9% de (entry 4)
(R), could be observed with
(S)-1-phenylethylamine. For
these substrates, the correct
combination of enantiomers is
crucial for the diastereoselectiv-
ity of the reaction. An opposite
example is (S)-1-(2-napthyl)-
ethylamine (14). Its diastereose-
lectivity remained approximate-
ly constant (entries 9–11, 28%
de (S), 27% de (rac), 31% de
(R)), regardless of which enan-
tiomer of Binap was used. Con-
sequently for this substrate,
only the product selectivity
played a role in the stereoselec-
tivity of the reaction. While


(S)-1-(4-methoxyphenyl)ethylamine (12) showed poor selec-
tivity (12% de), the selectivity of sterically more-demanding
amines, such as (S)-1-cyclohexylethylamine (15) (57% de
with rac-Binap) or 1-(S)-trans-(S-2-benzyloxy)cyclohexyla-
mine (17) with almost total stereocontrol (98% de with rac-
Binap), greatly surpassed this result.


Figure 2. Primary chiral amines tested (only the S enantiomer is shown).


Scheme 2. Competitive b-hydride elimination side reaction with 1-(2-naphthyl)ethylamine.


Scheme 3. Competitive reaction pathway with 1,2,3,4-tetrahydronaphthalen-1-yl amine.
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With these good results using Binap as chiral catalyst
ligand, we optimised the diastereoselectivity by varying the
chiral catalyst ligand. We decided to employ 4-bromo-
[2.2]paracyclophane and 1-(phenyl)ethyl amine (PEA) as a
screening system (Table 3).


We compared the purely stereoselective reaction with rac-
1-phenylethylamine, whereby no decrease of the amount of
any enantiomer occurs and a quantitative yield of product
can be obtained with the kinetic resolution reaction with
enantiomerically pure 1-phenylethylamine (Scheme 4).


In the first case, the resulting amine diastereomers can
range from racemic to enantiomerically pure, whereas in the
second case, the resulting product must be enantiomerically
pure under the reasonable assumption that no racemisation
occurs. In the latter case, the diastereomeric excess was usu-
ally lower, because the favoured Pc-Br enantiomer was de-
creased during the reaction. By changing the element of
chirality from axial chiral Binap to planar chiral Phanephos,
we were able to improve the selectivity from a modest 34%
de (entry 1) to a good 74% de (entry 2). Here, the matched/
mismatched differentiation became even more distinct,


ranging from a hardly measurable 5% de for (R)-1-phenyl-
ethylamine to clear-cut 57% de for (S)-1-phenylethylamine.
Consequently, we applied a variety of planar and central
chiral diphosphine ligands in the reaction. With Mandyphos
I–III and Taniaphos II (entries 6–8 and 10),[10] no improve-
ment of the diastereoselectivity was observed, whereas ap-
plication of Josiphos I (entry 3) led only to b-hydride elimi-
nation. This result is probably due to the bite angle of the
diphosphine, which is quite inflexible (1,2-disubstituted fer-
rocene) and rather small. Mandyphos, on the other hand,
has a very flexible bite angle (1,1’-disubstituted ferrocene),
thus providing very high conversions but only moderate dia-
stereoselectivities. An improvement of the result could be
achieved with the more rigid 1,2-disubstituted ferrocene
backbone, compared with the twistable 1,1’-ferrocene, but a
bigger and more flexible bite angle than Josiphos I. With Ta-
niaphos I (entry 9), the diastereomeric excess improved only
slightly from 74 to 78% but the matched/mismatched effect
was less pronounced and reversed to that of Phanephos re-
sulting in a matched pair for (R)-1-phenylethylamine (69%
de) and a mismatched pair for (S)-1-phenylethylamine
(47% de). The best results were achieved with the Walphos
ligands (entries 4 and 5). While, both Walphos I and Wal-
phos II, gave excellent diastereoselectivities (both 90% de
with rac-1-phenylethylamine), the more electron-rich Wal-
phos II resulted in much lower yields, with the b-hydride
elimination product [2.2]paracyclophane being the main
product. With the electron poorer Walphos I, the selectivity
remained constant, but the yield increased to about 55%.
Distinction between the two 1-phenylethylamine enantio-
mers in a kinetic resolution reaction showed that while (S)-
1-phenylethylamine resulted in excellent yields and selectivi-
ties (92% yield with respect to the amine and 86% de), (R)-
1-phenylethylamine yielded mainly starting material and
[2.2]paracyclophane. These results demonstrate that, of the
four possible stereoisomers of (1-(phenyl)-ethyl)-(4-[2.2]pa-
racyclophyl) amine only one is viable.


Based on these results, the feasibility of the improved re-
action conditions towards two amines chosen with regard to-
wards the conditions generality and substrate tolerance were
tested. Furthermore, we examined the scope of the reaction
with regards to other [2.2]paracyclophane derivates such as
triflates and nonaflates (Table 4).


1-(4-Fluorophenyl)ethylamine (13) and 1-(4-methoxyphe-
nyl)ethylamine (12) were chosen because they gave the
most unsatisfactory results with rac-Binap as the catalyst
ligand. By changing the catalyst from the axial chiral Binap


(5) to the planar chiral Phane-
phos (6), the diasteromeric
excess increased from a poor
12% to a reasonable 55% with
1-(4-methoxyphenyl)ethylamine
as the reagent. For 1-(4-fluoro-
phenyl)ethylamine, the more
promising planar- and central
chiral ferrocene ligands were
tested. Walphos II (8) (entry 5)


Table 3. Hartwig–Buchwald reaction of 4-bromo-[2.2]paracyclophane
with 1-phenylethylamine.[a]


Entry Catalyst rac-11 (R)-11 (S)-11
de [%][b] de [%] de [%]


1 (S)-Binap (5) 34 9 45
2 (Sp)-Phanephos (6) 74 5 57
3 (Rp,R)-Josiphos I (7) n.d.[c]


4 (Sp,R)-Walphos I (8) 90 (92)[d] n.d.[c] 86
5 (Sp,R)-Walphos II (8) 90 (91)[c,d]


6 (Rp,R,R,Rp)-Mandyphos I (9) 61 57 54
7 (Rp,R,R,Rp)-Mandyphos II (9) 55
8 (Rp,R,R,Rp)-Mandyphos III (9) 59
9 (Rp,R)-Taniaphos I (10) 78 (75)[d] 69 47
10 (Rp,R)-Taniaphos II (10) 56


[a] Reaction conditions: 1.0 equiv PcBr, 2.0 equiv NaOtBu, 2.5 mol%
[Pd2(dba)3], 5 mol% ligand, 0.5 equiv amine in toluene at 75 8C for 16 h.
[b] As in [a] but with 1.2 equiv amine. [c] Main product is [2.2]paracy-
clophane. [d] Results in parentheses for 10 mol% ligand and 5 mol%
[Pd2(dba)3].


Scheme 4. Kinetic resolution of rac-4-bromo-[2.2]paracyclophane with (S)-phenylethylamine.
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resulted in a diminished selectivity (71% de) with a similar
low yield. Taniaphos I (10) gave a good selectivity of 80%
de with rac-13 and still a moderate selectivity of 58% de for
(S)-13. The best selectivity was again achieved with Walphos
I (8), resulting in a high diastereoselectivity of 89% for rac-
emic 1-(4-fluorophenyl)ethylamine, thus showing that the
improved reaction conditions for 1-phenylethylamine are
successfully applicable to 1-(4-fluorophenyl)ethylamine. Fol-
lowing these successes, we tried to broaden the scope of the
reaction to trifluoromethanesulfonic acid (4-[2.2]paracy-
clophane) ester (PcOTf) and nonafluorobutanesulfonic acid
(4-[2.2]paracyclophane) ester (PcONf) which can be easily
synthesised from 4-hydroxy-[2.2]paracyclophane. The cross-
coupling of PcOTf and PcONf with 1-phenylethylamine and
NaOtBu as base resulted solely in the corresponding phenol
while reaction with Cs2CO3 as base gave no reaction at all.
Only K3PO4 generated the desired product with PcOTf as
reactant in high selectivity (91% de, entry 8) and good 67%
yield, while PcONf mainly reacted to [2.2]paracyclophane.


Conclusion


In summary, we have developed a highly diastereoselective
Hartwig–Buchwald reaction of 4-bromo-[2.2]paracyclophane
with chiral primary amines, showing diastereoselectivities of
up to 98% de. This method is particularly noteworthy be-
cause of its experimental simplicity, high generality of chiral
amines and because electron-rich aryl halides such as
[2.2]paracyclophanes still pose a great challenge for the
Hartwig–Buchwald reaction. Both enantiomers of 4-bromo-
[2.2]paracyclophane can be obtained by a kinetic resolution
reaction in good yields and via only one reaction step,
whereas previously four steps[11] were needed. Furthermore,
the first palladium-catalysed cross-coupling reaction of a
secondary amine with a [2.2]paracyclophane halide was ach-
ieved. Additionally, we succeeded in coupling 1-phenylethyl-
amine with trifluoromethanesulfonic acid (4-[2.2]paracy-
clophane) ester in 91% diastereomeric excess.


Experimental Section


General methods : All catalyses were performed in 10 mL vials under an
argon atmosphere. Substrates were either purchased from commercial
sources or were a gift from BASF (chiral amines) or Solvias (ligands)
and were used without further purification. Enantiomeric excesses were
determined by GC on a chiral stationary phase (CP-Chirasil-Dex or Lip-
odex E) or by comparison of optical rotation by literature known com-
pounds on a Perkin Elmer 242 polarimeter (Na, 589 nm). GC-MS was
measured on a HP 5890 Series II GC with a HP 5972 MS. Diastereomeric
excesses were determined by NMR. 1H/13C NMR spectra were recorded
on a Bruker AC250 (250 MHz/67 MHz), Bruker AM400 (400 MHz/
100 MHz), Bruker DRX500 (500 MHz/125 MHz) or Bruker AVANCE
600 (600 MHz/150 MHz), using CDCl3 as the solvent and residual CHCl3
as shift reference (CHCl3 7.26 ppm/77.00 ppm). 19F NMR spectra were re-
corded on a Bruker AM400 (376 MHz). Description of signals: s= sin-
glet, br s=broad singlet, d=doublet, t= triplet, q=quartet, m=multiplet,
dd=doublet of doublet, ddd=doublet of dd, dt=doublet of triplets, Pc=
[2.2]paracyclophanyl, Hn=hydronaphthyl, Cy=cyclohexyl, Mor=mor-
pholyl, Bu=butyl, Bn=benzyl, t= tertiary, q=quaternary. NMR signals
that are labeled with an asterix (*) are interchangeable within their cor-
responding numbers. Although the diastereomers were normally insepa-
rable, the discrimination of the major and the minor diastereomer in the
NMR spectra was possible. The MS spectra were recorded on a Finnigan
MAT 90. The IR spectra were recorded on a Bruker IFS 88.


General procedure 1—Hartwig–Buchwald reaction of rac-4-bromo-
[2.2]paracyclophane : A sealable tube was charged with rac-4-bromo-
[2.2]paracyclophane (144 mg, 0.500 mmol, 1.0 equiv), NaOtBu (96 mg,
1.0 mmol, 2.0 equiv), [Pd2(dba)3] (7.0 mg, 13 mmol, 2.5 mol%) and the re-
spective catalyst ligand (25 mmol, 5 mol%). Any solid racemic amine
(0.6 mmol, 1.2 equiv) was added at this stage. The vial was sealed after-
wards. The sealed tube was evacuated and refilled with argon. This pro-
cedure was repeated three times. Dry toluene (5 mL) and the racemic
amine (0.6 mmol, 1.2 equiv), if liquid, were added subsequently via sy-
ringe. The solution turned deep red and was warmed to 75 8C for 16 h.
After cooling to room temperature, saturated aqueous Na2CO3 (5 mL)
was added. The reaction mixture was transferred to a separatory funnel
and extracted twice with diethyl ether (10 mL). The combined organic
layers were dried with Na2SO4, filtered, and concentrated in vacuo. The
crude product was purified by flash chromatography.


General procedure 2—Kinetic resolution rac-4-bromo-[2.2]paracy-
clophane : Analogous to GP 1 except for a lower amount enantiomeri-
cally pure amine (0.25 mmol, 0.5 equiv) was used.


General procedure 3—Hartwig–Buchwald reaction of rac-trifluorometha-
nesulfonic acid (4-[2.2]paracyclophane) ester : A sealable tube was charg-
ed with rac-trifluoromethanesulfonic acid (4-[2.2]paracyclophanyl) ester
(178 mg, 0.500 mmol, 1.0 equiv), K3PO4 (318 mg, 1.50 mmol, 3.0 equiv),
[Pd2(dba)3] (14 mg, 25 mmol, 5 mol%) and rac-Binap (5) (31 mg, 50 mmol,
10 mol%). The vial was sealed, evacuated and refilled with argon. This
procedure was repeated three times. Dry toluene (5 mL) and rac-1-phe-
nylethylamine (91 mg, 0.75 mmol, 1.5 equiv) were subsequently added via
syringe. The solution turned deep red and was warmed to 90 8C for 72 h.
After cooling to room temperature, saturated aqueous Na2CO3 (5 mL)
was added. The reaction mixture was transferred to a separatory funnel
and extracted twice with diethyl ether. The combined organic layers were
dried with Na2SO4, filtered, and concentrated in vacuo. The crude prod-
uct was purified by flash chromatography (cyclohexane/dichloromethane
2:1).


1-(S)-trans-(S)-2-Benzyloxy)cyclohexyl 4-[2.2]paracyclophanylamine :
The product was synthesised according to GP 2. It was purified by
column chromatography (silica gel 60, cyclohexane/dichloromethane 1:1)
yielding a yellow oil (71 mg, 0.17 mmol, 69%). Rf=0.05 (cyclohexane/di-
chloromethane 1:1); 1H NMR (600 MHz, CDCl3): d=7.54 (d, J=7.5 Hz,
2H, Ph H-2), 7.45 (dd, J=7.5, 7.5 Hz, 2H, Ph H-3), 7.38 (t, J=7.5 Hz,
1H, Ph H-4), 7.01 (dd, J=7.8, 1.4 Hz, 1H, Pc HAr), 6.56 (dd, J=7.8,
1.5 Hz, 1H, Pc HAr), 6.37 (dd, J=7.8, 1.4 Hz, 1H, Pc HAr), 6.34 (dd, J=
7.8, 1.2 Hz, 1H, Pc HAr), 6.26 (d, J=7.6 Hz, 1H, Pc H-8), 6.05 (d, J=
7.5 Hz, 1H, Pc H-7), 5.42 (s, 1H, Pc H-5), 4.90 (d, J=11.6 Hz, 1H,


Table 4. Hartwig–Buchwald reaction with other substrates.[a]


Entry Substrate Catalyst Amine de [%]


1[b] PcBr S-Phanephos (6) (R)-12 55
2 PcBr (Rp,R)-Taniaphos I (10) rac-13 80
3[b] PcBr (Rp,R)-Taniaphos I (10) (S)-13 58
4 PcBr (Sp,R)-Walphos I (8) rac-13 89
5 PcBr (Sp,R)-Walphos II(8) rac-13 71
6[d] PcONf rac-Binap (5) rac-11 n.d.
7 PcOTf rac-Binap (5) rac-11 n.d.[c]


8[d] PcOTf rac-Binap(5) rac-11 91


[a] Reaction conditions: 1.0 equiv PcX, 2.0 equiv NaOtBu, 2.5 mol%
[Pd2(dba)3], 5 mol% ligand, 1.2 equiv amine in toluene at 75 8C for 16 h.
[b] As in [a] but with 0.5 equiv amine. [c] Main product is PcOH.
[d] 1.0 equiv PcOTf, 3.0 equiv K3PO4, 5 mol% [Pd2(dba)3], 10 mol%
ligand, 1.2 equiv amine in toluene at 85 8C for 72 h.
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PhCHH), 4.64 (d, J=11.6 Hz, 1H, PhCHH), 3.99 (br s, 1H, NH), 3.52
(td, J=9.2, 3.7 Hz, 1H, CHNH), 3.18 (td, J=9.1, 3.7 Hz, 1H, CHO), 3.1–
2.8 (m, 7H, PcCH2), 2.66 (ddd, J=14.1 Hz, 10.6, 7.2 Hz, 1H, PcCHH),
2.4–2.3 (m, 1H, HCy), 2.3–2.2 (m, 1H, HCy), 1.9–1.8 (m, 1H, HCy), 1.7–1.5
(m, 2H, HCy), 1.5–1.3 (m, 2H, HCy), 1.1–1.0 (m, 1H, HCy);


13C NMR
(150 MHz, CDCl3): d = 146.2, 140.9, 138.9, 138.7 (Pc C-4, C-6, C-11, C-
14), 138.6 (Pc CAr), 135.0 (Pc CAr), 132.8 (Pc CAr), 132.5 (Pc CAr), 131.3
(Pc CAr), 128.5 (Ph C-2*), 128.1 (Ph C-3*), 128.0 (Ph C-1), 127.8 (Ph C-
4), 123.7 (Pc C-3), 120.8 (Pc C-7), 117.0 (Pc C-5), 79.9 (CHOR), 70.7 (Ph
CH2), 56.1 (CHNH), 35.3 (Pc CH2), 32.5 (Pc CH2), 32.2 (Pc CH2), 30.1
(Pc CH2), 29.5 (Cy CH2), 26.9 (Cy CH2), 23.9 (Cy CH2), 23.4 (Cy CH2);
FTIR (neat): ñ = 3419, 2931, 1569, 1507, 1428, 1093, 689 cm�1; EI-MS:
m/z (%): 411 (15) [M +], 208 (31) [Pc+], 119 (45) [C8H8+NH2


+], 104
(100) [C8H8


+], 77 (95) [Ph+]; HRMS: m/z : calcd for C29H33NO:
411.2562; found: 411.2563.


4-[2.2]Paracyclophanylamine : The product was synthesised according to
GP1 or GP 2 with 1-aminotetralin. The crude product was dissolved in
methanol (10 mL) and conc. HCl (10 mL) and heated under reflux for
3 h. After cooling to room temperature, saturated aqueous Na2CO3


(50 mL) was added cautiously. The reaction mixture was transferred to a
separatory funnel and extracted twice with diethyl ether. The collected
organic layers were dried with Na2SO4, filtered, and concentrated in
vacuo. The crude product was purified by flash chromatography (silica
gel 60, cyclohexane/dichloromethane 1:1) yielding a waxy white solid
(GP 1, 62 mg, 0.28 mmol, 56%). Rf=0.1 (cyclohexane/dichloromethane
1:1); 1H NMR (400 MHz, CDCl3): d=7.18 (dd, J=7.8, 1.9 Hz, 1H, HAr),
6.59 (dd, J=7.8, 1.9 Hz, 1H, HAr), 6.40 (dd, J=7.9, 1.9 Hz, 2H, HAr), 6.27
(d, J=7.7 Hz, 1H, H-7 or H-8), 6.14 (dd, J=7.7, 1.8 Hz, 1H, HAr), 5.39
(d, J=1.7 Hz, 1H, H-5), 3.49 (br s, 2H, NH2), 3.1–2.5 (m, 8H, PcCH2);
13C NMR (100 MHz, CDCl3): d=144.9, 141.0, 138.9, 138.9 (C-4, C-6, C-
11, C-14), 135.2, 133.4, 132,4. 131.4, 126.8 (C-8, C-12, C-13, C-15, C-16),
124.5 (C-3), 122.8 (C-7), 122.3 (C-5), 35.3, 34.9, 33.0, 32.2 (C-1, C-2, C-9,
C-10); FTIR (neat): ñ = 3476, 3389, 2926, 1615, 1426, 718 cm�1; EI-MS:
m/z (%): 223 (29) [M +], 119 (100) [M +�C8H8], 104 (7) [C8H8


+];
HRMS: m/z : calcd for C16H17N: 223.1361; found: 223.1358.


(1-Tetrahydronaphthyl)-(4-[2.2]paracyclophanyl)amine : The product was
synthesised according to GP 1 or GP 2. It was purified by column chro-
matography (silica gel 60, cyclohexane/dichloromethane 2:1) yielding a
white solid (GP 1, 67 mg, 0.19 mmol, 38%). Rf=0.46 (both diastereom-
ers, cyclohexane/dichloromethane 2:1); 1H NMR (major diastereomer,
600 MHz, CDCl3): d=7.36 (dd, J=7.7, 7.6 Hz, 1H, Hn H-7*), 7.29 (dd,
J=7.6, 7.5 Hz, 1H, Hn H-8*), 7.25 (dd, J=7.7, 1.4 Hz, 1H, Hn H-6**),
7.19 (d, J=7.5 Hz, 1H, Hn H-9**), 6.63 (dd, J=7.9, 1.7 Hz, 1H, Pc HAr),
6.55–6.45 (m, 1H, Pc HAr), 6.45–6.40 (m, 2H, Pc HAr), 6.29 (d, J=7.6 Hz,
1H, Pc H-7***), 6.10 (d, J=7.6 Hz, 1H, Pc H-8***), 5.59 (s, 1H, Pc H-
5), 4.55 (br s, 1H, CHNH), 3.75 (br s, 1H, NH), 3.1–2.6 (m, 10H, PcCH2


+ Hn CH2), 2.2–1.6 (m, 4H, Hn CH2);
13C NMR (major diastereomer,


125 MHz, CDCl3): d=145.8 (q), 141.2 (q), 139.6 (q), 138.9 (t), 138.8 (q),
138.1 (q), 135.1 (t), 133.3 (q), 133.0 (t), 132.5 (t), 131.1 (t), 129.3 (t), 127.5
(t), 127.2 (t), 126.2 (t), 124.1 (q), 120.8 (t), 117.3 (t), 50.5 (Hn C-1), 35.7,
35.4, 33.0, 32.7, 29.4, 19.1, 15.3 (Hn C-2, C-3, C-4, PcC-1, C-2, C-9, C-10);
1H NMR (minor diastereomer, 600 MHz, CDCl3): d=7.20 (dd, J=7.4,
7.3 Hz, 1H, Hn H-7*), 7.15 (d, J=7.3 Hz, 1H, Hn H-6**), 7.12 (dd, J=
7.4, 7.4 Hz, 1H, Hn H-8*), 7.05 (d, J=7.4 Hz, 1H, Hn H-9**), 6.61 (dd,
J=8.1, 2.2 Hz, 1H, Pc HAr), 6.55–6.45 (m, 1H, Pc HAr), 6.45–6.40 (m,
2H, Pc HAr), 6.30 (d, J=7.3 Hz, 1H, Pc H-7***), 6.12 (d, J=7.3 Hz, 1H,
Pc H-8***), 5.50 (s, 1H, Pc H-5), 4.34 (br s, 1H, CHNH), 3.75 (br s, 1H,
NH), 3.1–2.6 (m, 10H, PcCH2 + Hn CH2), 2.2–1.6 (m, 4H, Hn CH2);
13C NMR (minor diastereomer, 125 MHz, CDCl3): d=145.0 (q), 141.4
(q), 139.0 (q), 138.8 (t), 138.2 (q), 137.5 (q), 135.2 (t), 133.3 (t), 133.1 (t),
131.3 (t), 129.2 (t), 129.0 (t), 128.8 (q), 128.3 (q), 127.1 (t), 126.2 (t), 121.3
(t), 117.1 (t), 51.6 (Hn C-1), 35.3, 33.1, 32.9, 30.1, 29.4, 27.5, 19.3 (Hn C-2,
C-3, C-4, Pc C-1, C-2, C-9, C-10); FTIR (both diastereomers, neat): ñ =


3415, 3012, 2853, 1594, 1506, 1425, 751 cm�1; EI-MS: m/z (both diaster-
eomers, %): 353 (19) [M +], 249 (9) [M�C8H8


+], 223 (16) [PcNH2
+], 208


(61) [Pc+], 104 (100) [C8H8
+]; HRMS: m/z : calcd for C26H27N: 353.2143;


found: 353.2140.


(1-(2-Naphthyl)ethyl)-(4-[2.2]paracyclophanyl)amine : The product was
synthesised according to GP 1 or GP 2. It was purified by column chro-
matography (silica gel 60, cyclohexane/ethyl acetate 5:1) yielding a waxy
white solid (GP 1, 83 mg, 0.22 mmol, 44%). Rf=0.23 (both diastereom-
ers, cyclohexane/ethyl acetate 5:1); 1H NMR (major diastereomer,
250 MHz, CDCl3): d=8.1–7.2 (m, 7H, Naph HAr), 7.04 (dd, J=7.8,
1.8 Hz, 1H, Pc HAr), 6.94 (dd, J=7.8, 1.8 Hz, 1H, Pc HAr), 6.40 (dd, J=
7.7 Hz; 1.7 Hz, 1H, Pc HAr), 6.29 (d, J=7.4 Hz, 1H, Pc H-7), 6.08 (dd,
J=7.7, 1.6 Hz, 1H, Pc HAr), 5.76 (dd, J=7.8, 1.9 Hz, 1H, Pc HAr), 5.50
(d, J=1.5 Hz, 1H, Pc H-5), 4.43 (q, J=6.7, 1H, H-1), 3.96 (br s, 1H,
NH), 3.4–2.7 (m, 8H, Pc CH2), 1.59 (d, 3H, J=6.7 Hz, Me); 13C NMR
(major diastereomer, 100 MHz, CDCl3): d=146.7 (q), 143.3 (q), 141.3
(q), 138.7 (q), 138.6 (q), 134.8 (t), 133.5 (q), 133.2 (q), 133.0 (t), 132.8 (t),
132.4 (t), 131.3 (t), 128.4 (t), 128.3 (t), 127.9 (t), 127.7 (t), 127.7 (t), 125.7
(t), 125.1 (t), 124.8 (t), 124.3 (t), 123.7 (q), 121.2 (Pc C-7), 117.6 (Pc C-5),
54.3 (C-1), 35.6, 35.2, 33.3, 32.3 (Pc C-1, C-2, C-9, C-11), 24.0 (Me);
1H NMR (minor diastereomer, 250 MHz, CDCl3): d=8.1–7.2 (m, 7H,
Naph HAr), 6.94 (dd, J=7.8, 1.8 Hz, 1H, Pc HAr), 6.6–6.2 (m, 3H, Pc
HAr), 6.32 (d, J=7.4 Hz, 1H, Pc H-7), 6.06 (dd, J=7.7, 1.7 Hz, 1H, Pc
HAr), 5.20 (d, J=1.4 Hz, 1H, Pc H-5), 4.61 (q, J=6.7, 1H, H-1), 3.94
(br s, 1H, NH), 3.4–2.7 (m, 8H, Pc CH2), 1.78 (d, 3H, J=6.7 Hz, Me);
13C NMR (minor diastereomer, 100 MHz, CDCl3): d=145.3 (q), 142.5
(q), 140.9 (q), 139.5 (q), 139.0 (q), 134.9 (t), 133.4 (q), 133.0 (q), 133.0 (t),
132.7 (t), 132.6 (t), 130.8 (t), 128.4 (t), 127.7 (t), 127.7 (t), 127.5 (t), 127.1
(t), 126.2 (t), 125.8 (t), 125.3 (t), 124.0 (t), 123.7 (q),121.6 (Pc C-7), 117.2
(Pc C-5), 52.7 (C-1), 35.2, 35.2, 33.1, 32.7 (Pc C-1, C-2, C-9, C-11), 25.6
(Me); FTIR (both diastereomers, neat): ñ = 3416, 2927, 1596, 1508,
1298, 749 cm�1; EI-MS: m/z (both diastereomers, %): 377 (6) [M +], 237
(18) [M�NaphCH3


+], 208 (26) [Pc+], 155 (12) [M�PcNH+], 104 (100)
[C8H8


+]; HRMS: m/z : calcd for C28H27N: 377.2143; found: 377.2140.


(1-(Phenyl)ethyl)-(4-[2.2]paracyclophanyl)amine : The product was syn-
thesised according to GP 1 or GP 2. It was purified by column chroma-
tography (silica gel 60, cyclohexane/dichloromethane 2:1) yielding a col-
ourless oil (GP 1, 153 mg, 0.47 mmol, 94%). Rf=0.23 (both diastereom-
ers, cyclohexane/dichloromethane 2:1); 1H NMR (major diastereomer,
(Rp,S) or (Sp,R), 600 MHz, CDCl3): d=7.63 (d, J=7.4 Hz, 2H, Ph H-2),
7.50 (dd, J=7.6, 7.4 Hz, 2H, Ph H-3), 7.38 (tt, J=7.6, 1.2 Hz, 1H, Ph H-
4), 6.83 (dd, J=7.8, 1.8 Hz, 1H, Pc HAr), 6.54 (dd, J=7.8, 1.9 Hz, 1H, Pc
HAr), 6.38 (dd, J=7.8, 1.8 Hz, 1H, Pc HAr), 6.26 (d, J=7.6 Hz, 1H, Pc H-
7), 6.06 (dd, J=7.5, 1.5 Hz, 1H, Pc HAr), 5.79 (dd, J=7.8, 1.8 Hz, 1H, Pc
HAr), 5.44 (d, J=1.3 Hz, 1H, Pc H-5), 4.25 (q, J=6.7 Hz, 1H, H-1), 3.86
(br s, 1H, NH), 3.3–2.6 (m, 8H, Pc CH2), 1.50 (d, J=6.7 Hz, 3H, Me);
13C NMR (major diastereomer, (Rp,S) or (Sp,R), 100 MHz, CDCl3): d=
146.6, 145.9, 141.3, 138.7, 138.6 (Pc C-4, C-6, C-11, C-14, Ph C-1), 134.8
(t), 132.9 (t), 132.4 (t), 131.4 (t), 128.7 (t), 128.1 (t), 127.3 (t), 126.7 (t),
123.7 (Pc C-3),121.6 (Pc C-7), 117.1 (Pc C-3), 54.1 (C-1), 35.3, 35.3, 33.4,
32.4 (Pc C-1, C-2, C-9, C-10), 24.0 (Me); 1H NMR (minor diastereomer,
(Rp,R) or (Sp,S), 500 MHz, CDCl3): d=7.3–7.2 (m, 5H, Ph), 6.99 (dd, J=
7.8, 1.8 Hz, 1H, Pc HAr), 6.59 (dd, J=7.8, 1.9 Hz, 1H, Pc HAr), 6.48 (dd,
J=7.8, 1.8 Hz, 1H, Pc HAr), 6.41 (dd, J=7.6, 1.8 Hz, 1H, Pc HAr), 6.29
(d, J=7.6 Hz, 1H, Pc H-7), 6.05 (dd, J=7.4, 1.5 Hz, 1H, Pc HAr), 5.15 (d,
J=1.2 Hz, 1H, Pc H-5), 4.43 (q, J=6.7 Hz, 1H, H-1), 3.86 (br s, 1H,
NH), 3.3–2.6 (m, 8H, Pc CH2), 1.70 (d, J=6.7 Hz, 3H, Me); 13C NMR
(minor diastereomer, (Rp,R) or (Sp,S), 100 MHz, CDCl3): d=145.4, 145.0,
141.0, 139.0, 138.6 (Pc C-4, C-6, C-11, C-14, Ph C-1), 135.0 (t), 133.3 (t),
132.7 (t), 130.9 (t), 128.5 (t), 127.2 (t), 126.7 (t), 125.8 (t), 123.3 (Pc C-
3),121.2 (Pc C-7), 117.6 (Pc C-3), 52.6 (C-1), 35.3, 35.3, 33.1, 32.8 (Pc C-1,
C-2, C-9, C-10), 25.7 (Me); FTIR (both diastereomers, neat): ñ = 3416,
2927, 1595, 1508, 1427,701 cm�1; EI-MS: m/z (both diastereomers, %):
327 (60) [M +], 312 (15) [M�Me+], 223 (100) [M�C8H8


+], 104 (96)
[C8H8


+], 43 (98) [C2H5N
+]; HRMS: m/z : calcd for C24H25N: 327.1987;


found: 327.1983; elemental analysis calcd (%) for C24H25N: C 88.03, H
7.70, N 4.28; found: C 87.43, H 7.39, N 3.45.


(1-(4-Methoxyphenyl)ethyl)-(4-[2.2]paracyclophanyl)amine : The product
was synthesised according to GP 1 or GP 2. It was purified by column
chromatography (silica gel 60, cyclohexane/dichloromethane 1:1) yielding
a waxy white solid (GP 2, 61 mg, 0.17 mmol, 68%). Rf=0.19 (both dia-
stereomers, cyclohexane/dichloromethane 1:1); 1H NMR (major diaster-
eomer, 500 MHz, CDCl3): d=7.51 (d, J=8.5 Hz, 2H, Ph H-2*), 7.00 (d,
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J=8.5 Hz, 2H, Ph H-3*), 6.82 (dd, J=7.7, 1.8 Hz, 1H, Pc HAr), 6.52 (dd,
J=7.8, 1.8 Hz, 1H, Pc HAr), 6.35 (dd, J=7.8, 1.7 Hz, 1H, Pc HAr), 6.23
(d, 1H, J=7.5 Hz, Pc H-7), 6.03 (dd, J=7.5, 1.3 Hz, 1H, Pc HAr), 5.86
(dd, J=7.7, 1.7 Hz, 1H, Pc HAr), 5.42 (s, 1H, Pc H-5), 4.20 (q, J=6.8 Hz,
1H, H-1), 3.87 (s, 3H, OMe), 3.55 (s, 1H, NH), 3.2–2.5 (m, 8H, PcCH2),
1.44 (d, J=6.8 Hz, 3H, Me); 13C NMR (major diastereomer, 125 MHz,
CDCl3): d=158.7 (Ph C-4), 146.6, 141.3, 138.7, 138.6, 138.0 (Pc C-4, C-6,
C-11, C-14, Ph C-1), 134.8 (t), 132.8 (t), 132.4 (t), 131.4 (t), 127.9 (t),
127.7 (Ph C-2*), 123.7 (Pc C-3), 121.4 (t), 117.1 (t), 113.9 (Ph C-3*), 55.4
(OMe), 53.3 (C-1), 35.3, 35.3, 33.3, 32.4 (Pc C-1, C-2, C-9, C-10), 23.8
(Me); 1H NMR (minor diastereomer, 500 MHz, CDCl3): d=7.17 (d, J=
8.6 Hz, 2H, Ph H-2*1), 6.96 (dd, J=7.7, 1.7 Hz, 1H, Pc HAr), 6.79 (d, J=
8.6 Hz, 2H, Ph H-3*1), 6.56 (dd, J=7.8, 1.9 Hz, 1H, Pc HAr), 6.45 (dd,
J=7.7, 1.8 Hz, 1H, Pc HAr), 6.38 (dd, J=7.6, 1.8 Hz, 1H, Pc HAr), 6.26
(d, J=7.5 Hz, 1H, Pc H-7), 6.01 (dd, J=7.5, 1.1 Hz, 1H, Pc HAr), 5.14 (s,
1H, Pc H-5), 4.36 (q, J=6.8 Hz, 1H, H-1), 3.74 (s, 3H, OMe), 3.55 (s,
1H, NH), 3.2–2.5 (m, 8H, PcCH2), 1.65 (d, J=6.8 Hz, 1H, Me);
13C NMR (minor diastereomer, 125 MHz, CDCl3): d=158.3 (Ph C-4),
145.5, 141.0, 139.0, 138.7, 137.1 (Pc C-4, C-6, C-11, C-14, Ph C-1), 134.9
(t), 133.3 (t), 132.6 (t), 130.9 (t), 127.1 (t), 126.7 (Ph C-2*), 123.2 (Pc C-
3), 121.1 (t), 117.6 (t), 113.9 (Ph C-3*), 55.2 (OMe), 52.0 (C-1), 35.3, 33.1,
32.7, 29.7 (Pc C-1, C-2, C-9, C-10), 25.7 (Me); FTIR (both diastereomers,
neat): ñ = 3412, 2927, 1570, 1511, 1245, 832 cm�1; EI-MS: m/z (both dia-
stereomers, %): 357 (34) [M +], 342 (11) [M�Me+], 135 (100)
[M�PcNH+], 119 (43) [C8H8NH2


+], 104 (83) [C8H8
+]; HRMS: m/z :


calcd for C25H27NO: 357.2093; found: 357.2089.


(1-(4-Fluorophenyl)ethyl)-(4-[2.2]paracyclophanyl)amine : The product
was synthesised according to GP 1 or GP 2. It was purified by column
chromatography (silica gel 60, cyclohexane/dichloromethane 2:1) yielding
a colourless oil (GP 2, 76 mg, 0.22 mmol, 88%). Rf=0.12 (both diaster-
eomers, cyclohexane/dichloromethane 2:1); 1H NMR (major diastereom-
er, 400 MHz, CDCl3): d=7.65–7.55 (m, 2H, Ph H-2*), 7.20–7.10 (m, 2H,
Ph H-2*), 6.79 (dd, J=7.8, 1.8 Hz, 1H, Pc HAr), 6.54 (dd, J=7.8, 1.9 Hz,
1H, Pc HAr), 6.38 (dd, J=7.7, 1.8 Hz, 1H, Pc HAr), 6.25 (d, J=7.6 Hz,
1H, Pc H-7), 6.06 (dd, J=7.8, 1.8 Hz, 1H, Pc HAr), 5.79 (dd, J=7.8,
1.8 Hz, 1H, Pc HAr), 5.37 (d, J=1.3 Hz, 1H, Pc H-5), 4.20 (q, J=6.7 Hz,
1H, C-1), 4.23 (br s, 1H, NH), 3.3–2.7 (m, 8H, Pc CH2), 1.46 (d, J=
6.7 Hz, 3H, Me); 13C NMR (major diastereomer, 100 MHz, CDCl3): d=
161.9 (d, J=245 Hz, C-F), 146.6 (q), 141.7 (d, J=3 Hz, Ph C-1), 141.3
(q), 138.7 (q), 138.6 (q), 134.8 (t), 133.3 (t), 132.8 (t), 131.3 (t), 128.1 (d,
J=8 Hz, 2 C, Ph C-2), 127.9 (t), 123.8 (Pc C-3), 121.8 (t), 117.2 (t), 115.4
(d, J=21 Hz, 2H, Ph C-3), 53.7 (C-1), 35.3, 35.3, 33.4, 32.3 (Pc C-1, C-2,
C-9, C-10), 24.3 (Me); 19F NMR (major diastereomer, 376 MHz, CDCl3):
d=�115–(�116) (m); 1H NMR (minor diastereomer, 400 MHz, CDCl3):
d=7.25–7.20 (m, 2H, Ph H-2*), 7.00–6.90 (m, 3H, Ph H-2*, Pc HAr), 6.57
(dd, J=7.8, 1.9 Hz, 1H, Pc HAr), 6.46 (dd, J=7.8, 1.8 Hz, 1H, Pc HAr),
6.37 (dd, J=7.7, 1.8 Hz, 1H, Pc HAr), 6.28 (d, J=7.6 Hz, 1H, Pc H-7),
6.04 (dd, J=7.7, 1.8 Hz, 1H, Pc HAr), 5.08 (d, J=1.3 Hz, 1H, Pc H-5),
4.40 (q, J=6.7 Hz, 1H, H-1), 4.23 (br s, 1H, NH), 3.3–2.7 (m, 8H, Pc
CH2), 1.66 (d, J=6.7 Hz, 3H, Me); 13C NMR (minor diastereomer,
100 MHz, CDCl3): d=161.6 (d, J=244 Hz, C-F), 145.2 (q), 141.0 (q),
140.6 (d, J=3 Hz, Ph C-1), 139.0 (q), 138.6 (q), 135.0 (t), 132.7 (t), 132.4
(t), 130.8 (t), 127.1 (d, J=8 Hz, 2 C, Ph C-2), 127.1 (t), 123.3 (Pc C-3),
121.3 (t), 117.5 (t), 115.3 (d, J=21 Hz, 2H, Ph C-3), 52.0 (C-1), 35.3, 35.3,
33.0, 32.7 (Pc C-1, C-2, C-9, C-10), 25.8 (Me); 19F NMR (minor diaster-
eomer, 376 MHz, CDCl3): d=�116–(�117) (m); FTIR (both diastereom-
ers, neat): ñ = 3421, 2927, 1570, 1508, 1427, 1222, 837, 718 cm�1; EI-MS:
m/z (both diastereomers, %): 345 (56) [M +], 330 (13) [M�Me+], 421
(64) [M�C8H8


+], 123 (100) [M�PcNH+], 104 (59) [C8H8
+]; HRMS: m/


z : calcd for C24H24NF: 345.1893; found: 345.1891.


(1-(Cyclohexyl)ethyl)-(4-[2.2]paracyclophanyl)amine : The product was
synthesised according to GP 1 or GP 2. It was purified by column chro-
matography (silica gel 60, cyclohexane/dichloromethane 2:1) yielding a
colourless oil (GP 1, 136 mg, 0.41 mmol, 82%). Rf=0.41 (both diaster-
eomers, cyclohexane/dichloromethane 2:1); 1H NMR (major diastereo-
mer, (Rp,R) (Sp,S), 400 MHz, CDCl3): d=7.01 (dd, J=7.4, 1.5 Hz, 1H, Pc
HAr), 6.59 (dd, J=7.8, 1.9 Hz, 1H, Pc HAr), 6.4–6.3 (m, 2H, Pc HAr), 6.24
(d, J=7.6 Hz, 1H, Pc H-8), 6.03 (m, 1H, Pc HAr), 5.33 (s, 1H, Pc H-5),
3.38 (br s, 1H, NH), 3.3–2.6 (m, 10H, Pc CH2, H-1, Cy H-1), 2.1–1.0 (m,


10H, Cy H-2,3,4), 1.00 (d, J=6.3 Hz, 3H, Me); 13C NMR (major diaster-
eomer, (Rp,R) (Sp,S), 100 MHz, CDCl3): d=146.0, 141.1, 138.8, 138.8 (Pc
C-4, C-6, C-11, C-14), 134.9, 133.1, 132.4, 131.1, 127.6 (Pc C-8, C-12, C-
131, C-15, C-16), 123.8 (Pc C-3), 120.3 (Pc C-7*), 117.3 (Pc C-5*), 52.7
(C-1), 43.8 (Cy C-1), 35.3, 33.1, 32.9, 30.2, 29.4, 26.7, 26.7 (Pc C-1, C-2, C-
9, C-10, Cy C-2, C-3, C-4), 17.1 (Me); 1H NMR (minor diastereomer,
(Rp,S) or (Sp,R), 400 MHz, CDCl3): d=6.99 (dd, J=8.4, 1.9 Hz, 1H, Pc
HAr), 6.59 (dd, J=7.6, 2.4 Hz, 1H, Pc HAr), 6.4–6.3 (m, 2H, Pc HAr), 6.24
(d, J=7.6 Hz, 1H, Pc H-8), 6.03 (m, 1H, Pc HAr), 5.30 (s, 1H, Pc H-5),
3.38 (br s, 1H, NH), 3.3–2.6 (m, 10H, Pc CH2, H-1, Cy H-1), 2.1–1.0 (m,
10H, Cy H-2,3,4), 1.28 (d, J=6.7 Hz, 3H, Me); 13C NMR (minor diaster-
eomer, (Rp,S) or (Sp,R), 100 MHz, CDCl3): d=146.3, 141.1, 138.8, 138.7
(Pc C-4, C-6, C-11, C-14), 135.1, 133.2, 132.4, 131.0, 127.1 (Pc C-8, C-12,
C-131, C-15, C-16), 123.2 (Pc C-3), 120.2 (Pc C-7*), 117.0 (Pc C-5*), 52.5
(C-1), 41.9 (Cy C-1), 35.4, 33.0, 32.9, 30.0, 27.4, 26.5, 26.3 (Pc C-1, C-2, C-
9, C-10, Cy C-2, C-3, C-4), 17.8 (Me); FTIR (both diastereomers, neat):
ñ = 3405, 2922, 2851, 1886, 1593, 1505, 1425, 1137, 892, 796 cm�1; EI-
MS: m/z (both diastereomers, %): 333 (7) [M +], 229 (15) [M +�C8H8],
146 (6) [M +�C8H8�Cy] 104 (100) [C8H8


+]; HRMS: m/z : calcd for
C24H31N: 333.2459; found: 333.2456.


(4-[2.2]Paracyclophanyl)morpholine : The product was synthesised ac-
cording to GP 1. It was purified by column chromatography (silica gel
60, cyclohexane for the separation of [2.2]paracyclophane followed by di-
chloromethane) yielding a colourless oil (56 mg, 0.19 mmol, 38%). Rf =


0.05 (cyclohexane); Rf = 0.6 (dichloromethane); 1H NMR (250 MHz,
CDCl3): d=6.69 (dd, J=7.9, 1.7 Hz, 1H, Pc HAr), 6.54 (dd, J=7.9,
1.8 Hz, 1H, Pc HAr), 6.50–6.40 (m, 2H, Pc HAr), 6.35 (dd, J=7.8, 1.8 Hz,
1H, Pc HAr), 6.30 (dd, J=7.7, 1.7 Hz, 1H, Pc HAr), 5.73 (d, J=1.6 Hz,
1H, Pc H-5), 4.02 (ddd, J=11.1, 6.3, 3.2 Hz, 1H, CHHO), 3.98 (ddd, J=
11.4, 6.2, 3.1 Hz, 2H, CHHO), 3.94 (ddd, J=11.0, 6.1, 3.1 Hz, 1H,
CHHO), 3.44–3.21 (m, 2H, Pc CH2), 3.12–2.66 (m, 10H, Pc CH2, CH2N);
13C NMR (100 MHz, CDCl3): d=150.4 (Pc C-4), 141.0, 139.8, 138.9 (Pc
C-6, C-11, C-14), 136.3 (t), 133.2 (t), 132.8 (t), 132.2 (Pc C-3), 131.2 (t),
128.7 (t), 127.4 (t), 121.2 (t), 67.5 (CH2O), 52.3 (CH2N), 35.3, 35.2, 34.9,
34.1 (Pc C-1, C-2, C-9, C-10); FTIR (neat): ñ = 3381, 2926, 2850, 1588,
1491, 1415, 1371, 1231, 1119, 988, 898, 716, 659 cm�1; EI-MS: m/z (%):
293 (4) [M +], 189 (3) [M +�C8H8], 104 [C8H8


+], 44 (100) [C2H6N
+];


HRMS: m/z : calcd for C20H23NO: 293.1780; found: 293.1776.


Methyl-(4-[2.2]paracyclophanyl)amine : The product was synthesised ac-
cording to GP 1 with methylammonium chloride as amine precursor and
an additional equivalent of base. It was purified by column chromatogra-
phy (silica gel 60, cyclohexane/ethyl acetate 5:1) yielding a colourless oil
(83 mg, 35 mmol, 70%). Rf=0.65 (cyclohexane/ethyl acetate 5:1);
1H NMR (250 MHz, CDCl3): d=6.89 (dd, J=7.8, 1.9 Hz, 1H, Pc HAr),
6.58 (dd, J=7.8, 1.9 Hz, 1H, Pc HAr), 6.41 (dd, J=7.8, 1.9 Hz, 1H, Pc
HAr), 6.36 (dd, J=7.8, 1.9 Hz, 1H, Pc HAr), 6.29 (dd, J=7.8, 1.9 Hz, 1H,
Pc HAr), 6.29 (d, J=7.6 Hz, 1H, Pc H-7), 6.11 (dd, J=7.6, 1.7 Hz, 1H, Pc
HAr), 5.32 (d, J=1.6 Hz, 1H, Pc H-5), 3.64 (br s, 1H, NH), 3.13–2.60 (m,
8H, Pc CH2), 2.76 (s, 3H, Me); 13C NMR (100 MHz, CDCl3): d=147.5
(Pc C-4), 141.3, 139.4, 139.1 (Pc C-6, C-11, C-14), 134.6 (t), 133.5 (t),
133.0 (t), 130.7 (t), 127.1 (t), 123.7 (Pc C-3), 120.9 (t), 116.0 (t), 35.3, 33.0,
32.8, 30.3, (Pc C-1, C-2, C-9, C-10,), 27.0 (Me); FTIR: ñ = 3394, 2926,
2803, 1596, 1570, 1510, 1441, 1413, 1330, 1295, 1264, 1169, 1089, 1062,
972, 854, 796, 722, 666 cm�1; EI-MS: m/z (%): 237 (28) [M +], 133 (76)
[M +�C8H8], 104 (13) [C8H8


+], 43 (100) [C2H5N
+]; HRMS: m/z : calcd


for C17H19N: 237.1517, found: 237.1514; elemental analysis calcd (%) for
C17H19N: C 86.03, H 8.07, N 5.90; found: C 85.68, H 7.71, N 5.87.


Butyl-(4-[2.2]paracyclophanyl)amine : The product was synthesised ac-
cording to GP 1. It was purified by column chromatography (cyclohex-
ane) yielding a colourless oil (103 mg, 37 mmol, 74%). Rf=0.03 (silica
gel 60, cyclohexane); 1H NMR (250 MHz, CDCl3): d=6.92 (dd, J=7.8,
1.8 Hz, 1H, Pc HAr), 6.59 (dd, J=7.8, 1.9 Hz, 1H, Pc HAr), 6.42 (dd, J=
8.0, 2.0 Hz, 1H, Pc HAr), 6.38 (dd, J=7.9, 1.9 Hz, 1H, Pc HAr), 6.29 (d,
J=7.6 Hz, 1H, Pc H-7), 6.10 (dd, J=7.6, 1.6 Hz, 1H, Pc HAr), 5.34 (d,
J=1.2 Hz, 1H, Pc H-5), 3.64 (br s, 1H, NH), 3.70–2.60 (m, 10H, Pc CH2


+ Bu H-1, H-1’), 1.80–1.40 (m, 4H, Bu H-2, H-2’, H-3, H-3’), 1.05 (t, J=
7.2 Hz, 3H, Me); 13C NMR (100 MHz, CDCl3): d=146.9 (Pc C-4), 141.2,
138.8, 138.7 (Pc C-6, C-11, C-14), 134.7 (t), 133.3 (t), 132.3 (t), 130.8 (t),
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127.2 (t), 123.5 (Pc C-3), 120.8 (Pc C-7), 116.4 (Pc C-5), 43.0 (Bu C-1),
35.5, 32.9, 32.6, 31.9 (Pc C-1, C-2, C-9, C-10), 26.9 (Bu C-2), 20.6 (Bu C-
3), 14.0 (Bu C-4); FTIR: ñ = 3427, 2927, 1570, 1509, 1428 cm�1; EI-MS:
m/z (%): 279 (4) [M +], 175 (13) [M +�C8H8], 58 (40) [C3H8N


+], 43
(100) [C2H5N


+]; HRMS: m/z : calcd for C20H25N: 279.1986; found:
279.1990.


Benzyl-(4-[2.2]paracyclophanyl)amine : The product was synthesised ac-
cording to GP 1. It was purified by column chromatography (silica gel
60, cyclohexane) yielding a colourless oil (124 mg, 40 mmol, 79%). Rf=


0.05 (cyclohexane); 1H NMR (250 MHz, CDCl3): d=7.49–7.32 (m, 5H,
Bn HAr), 6.99 (dd, J=7.9, 1.7 Hz, 1H, Pc HAr), 6.58 (dd, J=7.8, 1.9 Hz,
1H, Pc HAr), 6.41–6.35 (m, 2H, Pc HAr), 6.30 (d, J=7.6 Hz, 1H, Pc H-7),
6.13 (dd, J=7.6 Hz,1.4 Hz, 1H, Pc HAr), 5.43 (s, 1H, Pc H-5), 4.25 (d, J=
13.1 Hz, 1H, Bn CH2), 4.08 (d, J=13.1 Hz, 1H, Bn CH2), 3.77 (br s, 1H,
NH), 3.15–2.62 (m, 8H, Pc CH2);


13C NMR (100 MHz, CDCl3): d=146.5
(Pc C-4), 141.4, 139.4, 138.9, 138.8 (Pc C-6, C-11, C-14, Ph C-1), 134.8 (t),
133.3 (t), 132.5 (t), 130.8 (t), 128.7, 128.1 (Ph C-2, C-3), 127.4, 127.3 (t),
124.1 (Pc C-3), 121.6 (Pc C-7), 116.7 (Pc C-5), 48.1 (Bn C-1), 35.3, 35.2,
33.0, 32.6 (Pc C-1, C-2, C-9, C-10); FTIR: ñ = 3429, 3032, 2924, 2853,
1890, 1595, 1570, 1506, 1474, 1427, 1327, 1299, 1249, 1120, 1096, 1064,
1028, 979, 937, 876, 797,718, 697, 666 cm�1; EI-MS: m/z (%): 313 (70)
[M +], 209 (100) [M +�C8H8], 104 (51) [C8H8


+]; HRMS: m/z : calcd for
C23H23N: 313.1830; found: 313.1833; elemental analysis calcd (%) for
C23H23N·H2O: C 83.34, H 7.60, N 4.23; found: C 83.85, H 7.24, N 4.02.
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Introduction


The Ras proteins are plasma membrane bound lipoproteins
that serve as central molecular switches in biological signal
transduction. They cycle between an inactive GDP-bound
state and an active GTP-bound state.[1] In the active state,
the Ras proteins translate growth-promoting signals into
changes in gene expression. These proteins are involved in
the regulation of diverse cellular processes such as cell
growth and differentiation, the cell cycle, and apoptosis.


[2]


The importance of the correct functioning of the Ras signal
transduction pathway is demonstrated by the fact that a
point of mutation in the ras oncogenes is found in approxi-
mately 30 % of all human cancers.[3] The Ras proteins con-
tain both acid-labile farnesyl thioethers and base-sensitive
palmitic acid thioesters and terminate in a cysteine methyl


ester (Figure 1). Lipidation of these proteins is essential for
the biological function.[4] The lipid groups are believed to
serve as anchors of the proteins to the membranes and are
possibly involved in protein–protein and protein–lipid inter-
actions.


Tailor-made lipidated peptides representing the character-
istic functional parts of their parent proteins are efficient
tools for the investigation of biological processes.[5–6] There-
fore, the availability of a flexible solid-phase technology for
their synthesis is of great importance. To develop such a
general and flexible solid-phase method that would be appli-


Abstract: A new flexible and efficient
methodology for the solid-phase syn-
thesis of lipidated peptides has been
developed. The approach is based on
the use of previously synthesized build-
ing blocks and overcomes the limita-
tions of previously reported methods,
since long doubly lipidated peptides
can be synthesized by using this route.


Furthermore, it was thus possible to
prepare a large number of N- and H-
Ras peptides bearing a wide range of
reporter and/or linking groups—effi-


cient tools for the investigation of bio-
logical processes. In terms of efficiency
and flexibility this solid-phase method
is superior to the solution-phase syn-
thesis. It gives pure peptides in multi-
milligram amounts within a much
shorter time and with superior overall
yield.
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cable to the synthesis of both acid- and base-labile lipidated
peptides several demands must be fulfilled (Figure 2). First,
the method requires the use of suitable orthogonally stable
protecting groups as well as a linker to the solid support
that can be cleaved under mild conditions[6] and which
allows release of the peptides as methyl ester, or—if re-
quired—equipped with a different functional group, for ex-
ample, a fluorophore at the C-terminus. Second, the ap-
proach should also allow an easy introduction of reporter
and/or linking groups needed for further biological investi-
gations.


At the outset of our work only one method for the solid-
phase synthesis of double lipidated peptides was available.
This employed on-resin lipidation of cysteines after cleavage
of suitable protecting groups as the key transformation.[7]


However, this method suffers from several drawbacks that
hinder its general applicability: 1) the use of a large excess
of (sometimes not readily available) lipidation reagents is
required, 2) it is not suitable for the synthesis of longer pep-
tides (>10 amino acids), 3) it is not readily automatable.
The major challenge to be met by a new more general and
flexible approach lies in the elongation of the peptide chain
after incorporation of the palmitoylated cysteine, since the
thioester rapidly undergoes an intramolecular S, N-acyl shift
once the amino group is deprotected (Figure 2).[8]


Herein we describe the development of a technology that
fulfils the demands and solves the problems mentioned
above. This approach employs the synthesis of lipidated
building blocks in solution, which substantially reduces the
amount of lipidation reagents required, and subsequent use
of these building blocks in the solid-phase synthesis of the
target peptides. The use of Fmoc-4-hydrazinobenzoic acid as
a linker allows direct access to the methyl esters or free
acids after cleavage under mild oxidative conditions.[9] Par-
ticularly remarkable is the establishment of coupling condi-
tions that minimize the S, N-acyl shift after incorporation of
the palmitoylated cysteine. We demonstrate the efficiency of
the new approach in the synthesis of a variety of C-terminal
N-Ras and H-Ras peptides that bear a wide range of fluo-
rescent and/or reporter and linking groups. Part of this work
has been published in a preliminary communication.[10]


Results and Discussion


Synthesis of the lipidated and labeled building blocks : The
building blocks required for the development of the new
solid-phase method were synthesized in high overall yields
as shown in Scheme 1 using in part transformations de-
scribed earlier.[11] Only one equivalent of lipidation reagent
(farnesyl or palmitoyl chloride) was required, which is nota-
bly advantageous in the case of the N-methylanthraniloyl
(Mant)-labeled cysteine 6, since this building block requires
a laborious multistep synthesis starting from geraniol.[12]


Thus a possible use of this reagent in fivefold excess as is re-
quired in the on-resin lipidation method[7] is clearly unde-
sired. Not only different lipidated cysteine building blocks
were synthesized (2, 4, 5, and 6), but also both a NBD (4-ni-
trobenz-2-oxa-1,3-diazole) fluorescent label (8) and a benzo-
phenone group (10) were attached to the side chain of
lysine.


Solid-phase synthesis of farnesylated and palmitoylated pep-
tides using the pre-lipidated building-blocks : The lipidated
cysteines 2 and 4 were used in the solid-phase synthesis of
the N- and H-Ras peptides 11 and 12 (Scheme 2). The solid-
phase synthesis was performed using the commercially avail-
able Fmoc-4-hydrazinobenzoic acid functionalized amino-
methyl polystyrene resin (Novabiochem) and standard
Fmoc chemistry. The Fmoc group was removed with 20 %
piperidine in DMF. Standard couplings were performed with
five equivalents of amino acid/HBTU/HOBt and 10 equiva-
lents of diisopropylethylamine in DMF for 2 h. Cysteine
building blocks were coupled using HBTU/HOBt/trimethyl-
pyridine in CH2Cl2/DMF (1:1) to avoid racemization.[13] In
these cases extended coupling times were required due to
the bulkiness of the lipid residues. The doubly lipidated pep-
tides 11 and 12 were obtained after cleavage from the resin.
The hydrazide bond is oxidized by copper acetate. After the
nucleophilic attack of methanol, the peptide is released
from the resin as a methyl ester (Scheme 2). Filtration of
the crude reaction products through a silica gel cartridge
allows the peptides to be obtained in high yields (69 % for
11 and 60 % for 12) and with high purity (>90 %, Figure 3).


Figure 2. Building block approach to the solid-phase synthesis of doubly lipidated peptides. FL: fluorescent label.
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Elongation of the peptide chain after incorporation of the
palmitoylated cysteine : Further elongation of the peptide
chain required finding new conditions to remove the Fmoc
protecting group from the N-terminal S-palmitoylated cys-
teine (Scheme 3), since the thioester is sensitive to nucleo-
philic attack (Figure 2) and therefore piperidine can not be
used. However, the main challenge at this point was to
avoid the quick S!N acyl shift once the amino group was
free.[8] Gratifyingly, 1,8-diazobicyclo[5.4.0]undec-7-ene
(DBU)—a non-nucleophilic hindered base—permitted a fast
removal of the Fmoc group and left the thioester intact. The
Fmoc group in 13 (Scheme 3) can be cleaved by double
treatment with a solution of 1 % DBU in DMF each time
for 30 s.[14] Fast washing of 14 with DMF (ca. 20 s) and im-
mediate addition of a large excess (10 equiv) of preactivated
(10 min) amino acid minimize the S,N-acyl shift of the palm-
itoyl group. After substantial experimentation we discovered
that the polarity of the solvent plays a crucial role in this
step (Table 1). In the first attempts we performed the cou-
pling in DMF. The amino acid was activated by using
HBTU/HOBt with DIPEA as the base (entry 1, Table 1). In
this way we obtained almost exclusively the S,N-shifted N-
Ras peptide 17. By decreasing the polarity of the solvent
with different mixtures of CH2Cl2/DMF, it was possible to


reduce the percentage of shifted peptide to 15 % when a 7:1
mixture was used (entry 3, Table 1). The change of the base
from DIPEA to TMP did not improve the results (entry 4,
Table 1).


Furthermore, the coupling reagent also influenced the
extent of the undesired S,N-shift. Thus, the best results were
obtained using HATU (5 equiv) as a coupling reagent in
CH2Cl2/DMF (7:1) (entries 5–7, Table 1). The addition of
larger amounts of HATU (10 equiv) did not improve the
result (entry 6, Table 1). However, the addition of a fourfold
excess of base relative to the reagents gave the best results;
less than 5 % of the undesired S,N-shifted peptide 17 was
formed (entry 7, Table 1). Taking these criteria into consid-
eration, we obtained the desired N-Ras peptide 15 in 98 %
yield by using HATU (5 equiv) and DIPEA (20 equiv)
(Table 1). The development of the coupling conditions ini-
tially was performed by using peptide 15 in which the amino
acid sequence of the N-Ras C-terminus was incorporated. In
subsequent experiments these results were confirmed in the
synthesis of peptide 16, which corresponds to the C-terminus
of H-Ras (see below). Notably, in this case the bulky O-
trityl-protected Fmoc-serine was attached to the N-depro-
tected S-palmitoylated cysteine. This demonstrates that the
results obtained for the N-Ras sequence in which a glycine


Scheme 1. Synthesis of building blocks 2, 4, 5, 6, 8, and 10. a) 5 % TFA, 3 % TES, CH2Cl2, 1 h, RT; b) TMS-Cl (1.1 equiv), 2 h, reflux, CH2Cl2, then Pal-
Cl or HD-I (3 equiv), Et3N (1.5 equiv) dropwise, 3 h, CH2Cl2, RT; c) Far-Cl (1 equiv), 4n NH3/methanol, 3 h, 0 8C, 1 h, RT; d) Fmoc-OSu (1.1 equiv),
Et3N (1.1 equiv), CH2Cl2, 2 h, RT; e) GerMantCl (1 equiv), 4n NH3/methanol, 3 h, 0 8C, 1 h, RT; f) NBDCl, THF/methanol, 65 8C, 2 h; g) 1.1 equiv
HATU, 2 equiv DIPEA, DMF, 10 min; h) Fmoc-Lys-OH, 5 h, RT. DIPEA: N,N-diisopropylethylamine, Far= farnisyl, Fmoc: 9-fluorenylmethyloxycar-
bonyl, HD-I: hexadecyl iodide, Pal=palmitoyl, TES: triethylsilane, TFA: trifluoroacetic acid, TMS: trimethylsilane, Su: succinimide, HATU: O-(7-aza-
benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate.
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is introduced, are also valid for elongation of the peptide
chain with a sterically demanding bulky amino acid.


N-coupled peptides, 15 and 16, and S,N-shifted analogues,
17 and 18 could be clearly distinguished in RP-HPLC
(Figure 4). These peptides were also identified by means of
their 1H NMR spectra, since the CH2 protons neighboring
the carbonyl group of the palmitoyl moiety display different
chemical shifts for the N-coupled (ca. 2.50 ppm) and the
S,N-shifted (ca. 2.15 ppm) peptides.


Applicability of the method to the synthesis of long lipidat-
ed peptides : Several farnesylated and palmitoylated pep-
tides (15–21) were synthesized to demonstrate the efficiency
of the method.(Figure 5) In all cases, pre-lipidated building
blocks were used for the solid-phase synthesis. After incor-
poration of the palmitoylated cysteine, 1 % DBU in DMF
was used for the Fmoc deprotection and the first coupling
was performed under the optimized conditions described
above (entry 7, Table 1) to avoid the S,N-shift of the palmi-
toyl group. Standard conditions (HBTU/HOBt/DIPEA in
DMF) were used for the following couplings. It is particular-
ly remarkable that with the new approach it was possible to
obtain C-terminal N-Ras decapeptide 19 and tetradecapep-
tide 20. Such long farnesylated and palmitoylated peptides
were not accessible with the previously reported solid-phase
method.[7] The superiority of the new method is also demon-


Scheme 2. Synthesis of N- and H-Ras peptides 11 and 12 using the preli-
pidated cysteines. a) 1. 20% piperidine/DMF, 2. Fmoc-Cys(Far)-OH
(4 equiv), HBTU/HOBt/TMP (4 equiv), CH2Cl2/DMF (1:1), 4 h; b) stan-
dard solid-phase synthesis: 1. 20% piperidine/DMF, 2. Fmoc-AA-OH
(5 equiv), HBTU/HOBt (5 equiv)/DIPEA (10 equiv), DMF, 2 h; c) 1.
20% piperidine/DMF, 2. Fmoc-Cys(Pal)-OH (4 equiv), HBTU/HOBt/
TMP (4 equiv), CH2Cl2/DMF (1:1), 4 h; d) Cu(OAc)2 (0.5 equiv), pyri-
dine (30 equiv), acetic acid (50 equiv), methanol (215 equiv), CH2Cl2,
oxygen, 3 h. HBTU: N-[(1H-benzotriazol-1-yl)(dimethylamino)methy-
lene]-N-methylmethanaminium hexafluorophosphate N-oxide, HOBt: 1-
hydroxybenzotriazole, TMP: trimethylpyridine.


Figure 3. RP-HPLC trace of Fmoc-Cys(Pal)-Lys(Aloc)-Cys(Far)-OMe,
11.


Scheme 3. Elongation of the peptide chain after incorporation of the pal-
mitoylated cysteine. a) 1% DBU/DMF; b) coupling of Fmoc-AA-OH.
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strated by means of the synthesis of the palmitoylated hexa-
decapeptide 21, which represents a lipidated part of the Wnt
protein, a signaling protein involved in numerous events in
animal development, such as proliferation and differentia-
tion in several tissues and structures during embryogene-
sis.[15]


Analysis of the biological activity of Wnt peptide 21: The
Wnt proteins are a family of lipid-modified extracellular
proteins,[16] which are highly conserved in vertebrates and
non-vertebrates. The extracellular Wnt proteins activate the
Wnt pathway, which has an impact on cell proliferation, cell
transformation, and cell differentiation.[17] The lipid modifi-
cation is essential for the biological activity of the Wnt pro-
tein. The peptide 21 corresponds to the highly conserved se-
quence of the Wnt proteins. Given this sequence conserva-
tion it might be possible that the lipidated core peptide
motif is sufficient to activate the downstream signaling path-
way. To investigate this possibility, we measured the ability
of this peptide to activate the Wnt pathway. The relative
level of the intracellular proto-oncoprotein b-catenin served
as a parameter for the activity of the Wnt pathway. L cells,
which were incubated with a conditioned medium from L


Wnt3a cells, served as the positive control. The conditioned
medium activated the Wnt pathway in the L cells, as shown
by the increase of the relative amount of b-catenin
(Figure 6). The b-catenin level did not increase after incuba-
tion with the peptide 21. There was no detectable b-catenin
in L cells incubated with the peptide up to a concentration
of 5 mm, which is approximately 1000 times higher than the
minimal concentration, in which the native protein showed
activity.[15a] The lack of activity of the peptide was not due
to the solvent. DMSO showed no negative or positive influ-
ence on the b-catenin level no matter whether the Wnt3a
protein was present or not. Thus, we conclude that the con-
served lipidated sequence incorporated into the peptide 21
is not sufficient to activate the Wnt pathway in L cells.


Table 1. Study of conditions for minimizing S,N-acyl shift in the coupling of the next amino acid after palmitoylated cysteine in the synthesis of N-Ras
peptide 15.[a]


Entry Coupling method Base Solvent Yield Yield
[CH2Cl2/DMF] 15 [%] 17 [%]


1 AA(10 equiv), HBTU (10 equiv), HOBt (10 equiv) DIPEA(20 equiv) 0:1 <5 >95
2 AA(10 equiv), HBTU (10 equiv), HOBt (10 equiv) DIPEA (20 equiv) 1:1 55 45
3 AA(10 equiv), HBTU (10 equiv), HOBt (10 equiv) DIPEA (20 equiv) 7:1 85 15
4 AA(10 equiv), HBTU (10 equiv), HOBt (10 equiv) TMP (10 equiv) 7:1 75 25
5 AA(5 equiv), HATU (5 equiv) DIPEA (10 equiv) 7:1 94 6
6 AA(10 equiv), HATU (10 equiv) DIPEA (20 equiv) 7:1 95 5
7 AA(5 equiv), HATU (5 equiv) DIPEA (20 equiv) 7:1 98 2


[a] Abbreviations: AA: amino acid, that is Gly in the synthesis of the N-Ras sequence and Ser (Trt) for the H-Ras peptide, TMP: trimethylpyridine.


Figure 4. RP-HPLC trace of mixture 15/17 (95:5).


Figure 5. Longer lipidated peptides synthesized by applying the optimized
conditions.
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Introduction of fluorescent labels and/or reporter and link-
ing groups into the Ras peptides for further biological inves-
tigations : Once the efficiency of the new methodology in
the synthesis of long doubly lipidated peptides was demon-
strated, the scope of the new approach was explored. For
this purpose labeled peptides bearing reporter and/or link-
ing groups required for further biological investigations
were synthesized. To demonstrate the versatility of the new
method the labels were placed in different positions on the
lipidated peptide: 1) within the lipid residue, 2) in the
amino acid side chain, 3) at the C-terminus, and 4) at the N-
terminus.


The incorporation of a male-
imidocaproyl group (MIC) at
the N-terminus of the peptide
allows the ligation to proteins
through conjugate addition of
cysteine thiol groups.[5a,b] We
have synthesized several N-Ras
peptides carrying the maleimi-
do group with different combi-
nations of lipid patterns (22–
24), such as the farnesylated
and palmitoylated peptide 22 or
the double farnesylated com-
pound 24 (Figure 7a). Ras pro-
teins bearing a photoactivatable
benzophenone group are effi-
cient tools to study the interac-
tion and cross-linking with pos-
sible Ras-binding proteins.[18]


The interest in such proteins
led us to synthesize lipidated


peptides 25 and 26 carrying the benzophenone group (Fig-
ure 7b). This reporter group was placed in the side chain of
the lysine using the previously synthesized building block 10
(Scheme 1). The introduction of the biotin marker should
facilitate both the detection as well as the purification of the
cross-linked products.


Furthermore, we synthesized a wide range of N- and H-
Ras peptides fluorescently labeled with, for example, the
NBD group (Table 2). Several of these peptides bear the
NBD marker at the N-terminus, whereas in other cases an
Fmoc-Lys(NBD)-OH 8 building block was used for the syn-
thesis. Most of these peptides also incorporate the MIC
group which can be employed for ligation to proteins.[5a–b]


The presence of an N-terminal cysteine in 27 and 32 also
permits the coupling to proteins by way of expressed protein
ligation.[19] Moreover, the peptide 35 with the d-configura-
tion was synthesized for further stereochemical studies.


Finally, Mant and Bodipy-FL (4,4-difluoro-4-borata-3a-
azonia-4a-aza-s-indacene)[20] were also used as fluorescent
labels (Table 2). Peptide 37 incorporates the GerMant-ana-
logue of the farnesyl group. The introduction of the fluores-
cent label into the lipid moiety leaves the C-terminus free
for possible ligation to proteins.


We did not synthesize a previously labeled lysine building
block for the synthesis of the peptide 38, since Bodipy-FL is
not stable under typical Fmoc deprotection conditions (20 %
piperidine). Fmoc-Lys(Aloc)-OH was used instead as a
building block for the peptide synthesis. After coupling of
Fmoc-Gly-OH, the Aloc group was removed, and the
Bodipy-FL was coupled to the lysine on the resin. Then, the
Fmoc group of Gly was cleaved with 1 % DBU in DMF, and
the MIC group was attached to the N-terminus.


Figure 6. Analysis of the biological activity of peptide 21. The sizes of
marker fragments are indicated on the left in kilodaltons (kDa). Top:
Western blot analysis of b-catenin or of GAPD in total lysates of L cells
after incubation with conditioned media from L cells (L cell CM), condi-
tioned medium from L Wnt3a cells (Wnt3a CM), peptide 21 or DMSO at
the indicated concentrations. Bottom: Control experiment to analyze the
influence of the solvent DMSO on the b-catenin level in activated and
non-activated L cells. The b-catenin level was analyzed by Western blot
in total lysates of L cells after incubation with L cell CM or with Wnt3a
CM in the presence or absence of 1 % DMSO.


Figure 7. Peptides incorporating reporter and linking groups.
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Conclusion


We have developed a flexible and efficient methodology for
the solid-phase synthesis of lipidated peptides based on the
use of pre-synthesized building blocks. This approach over-
comes the limitations of the previously reported method,
since it gives access to long doubly lipidated peptides and
furthermore it meets the demands for a widely applicable
potentially automatable methodology. Its efficiency is dem-
onstrated by the synthesis of a series of N- and H-Ras pep-
tides carrying not only different combinations of lipid pat-
terns, but also a wide range of reporter and/or linking
groups needed for further biological, biophysical, and bio-
chemical investigations. In terms of efficiency and flexibility
this solid-phase method is superior to the solution-phase
synthesis. It gives pure peptides in multimilligram amounts
within much shorter time and with superior overall yield.


Experimental Section


1H and 13C NMR data were recorded
on a 400 MHz spectrometer. Electro-
spray mass spectrometry (ESI-MS)
was performed in the positive mode
on an Agilent 1100 series instrument.
Analytical reverse-phase HPLC sepa-
ration was performed by using a C4


column with a flow rate of 1 mL min�1.


A solvent system was used that con-
sisted of a isocratic elution with 80%
acetonitrile/water, 0.1% formic acid
for 1 min followed by a linear gradient
to 100 % acetonitrile for 7 min and
then again isocratic elution with 100 %
acetonitrile for 4 min. FAB measure-
ments were taken with a Jeol SX
102 A apparatus by using a 3-nitroben-
zyl alcohol (3-NBA) matrix. Optical
rotations were measured with a
Perkin-Elmer 241 Polarimeter. Melt-
ing points were measured with a B:chi
B-540 apparatus. MALDI MS spectra
was recorded by using 2,5-dihydroxy-
benzoic acid (DHB) or a-cyano-4-hy-
droxy cinnamic acid (CHCA) as
matrix.


General procedure for the synthesis of
lipidated and labeled peptides : Com-
mercially available Fmoc-4-hydrazino-
benzoyl NovaGel resin was used for
all solid-phase reactions. The 50-mL
reactor flask had a frit at the bottom,
a stopcock, which permitted rapid fil-
tration and washing of the resin, and a
side arm, which allowed the supply of
nitrogen or argon. The yield and scale
of the solid-phase reactions are given
with respect to the amount of the first
amino acid coupled onto the resin.
The resin loading was determined by
measuring the Fmoc groups remaining
on the resin by the established UV
method. To this end, a small amount


of resin (~3 mg) was treated with 20 % piperidine/DMF solution
(7.5 mL) for 30 min, and the UV absorption of the solution at 301 nm
(e=7800m�1 cm�1) was determined.


All amino acids and NBD-labeled Lys or benzophenone-labeled Lys
were coupled by using HBTU/HOBt chemistry. Typically, the amino acid
(AA) (5 equiv) was treated for 2 min with HBTU (5 equiv), HOBt
(5 equiv), and DIPEA (10 equiv) in DMF. The solution was added to the
resin, which was then agitated for 2 h at room temperature. The resin
was washed after coupling and Fmoc-deprotection with DMF (5 O 2 min).
Every step was carried out under an argon atmosphere except the wash-
ings. The trityl group was cleaved by shaking the resin-bound peptides in
a solution of 1% TFA and 2 % triethylsilane in dichloromethane
(2.5 mL/0.1 g of resin) for 2 h.


Cysteine building blocks were coupled by using HBTU/HOBt/TMP in
CH2Cl2/DMF (1:1). After optimization of the coupling times for the lipi-
dated building blocks, the following conditions were used: Fmoc-Cys-
(Far)-OH was coupled by using four equivalents for 5 h, Fmoc-Cys(Pal)-
OH using four equivalents overnight, and Fmoc-Cys(GerMant)-OH
using 1.5 equivalents for 24 h. Standard Fmoc chemistry and piperidine
deprotection (20 % in DMF 4O 2 min) were used until palmitoylated Cys
was incorporated in the peptide. After incorporation of Fmoc-Cys(Pal)-
OH, 1% DBU/DMF (1 mL/0.1 g of resin, 2O 30 s) was used for Fmoc de-


Table 2. Results of the syntheses of fluorescent labeled peptides by means of the new method.


Entry Compound Peptide Yield [%]


1 27 28


2 28 22


3 29 28


4 30 32


5 31 25


6 32 38


7 33 37


8 34 12


9 35 40


10 36 22


11 37 31


12 38 30
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protection. To avoid an S,N-shift, HATU in CH2Cl2/DMF (7:1) was used
for the subsequent coupling of amino acids.


Oxidative cleavage of peptides from the solid support: The resin was
treated with a solution of Cu(OAc)2 (0.5 equiv with respect to the initial
resin loading), pyridine (30 equiv), acetic acid (50 equiv), and nucleophile
(215 equiv)—methanol in dichloromethane or water in THF (5 mL/0.1 g
of resin)—for 3 h under an oxygen atmosphere. The resin was filtered,
and the solvent was evaporated under reduced pressure. The crude resi-
due was washed three times with toluene and after each washing it was
evaporated to dryness. The oily residue was purified by using a short
silica gel column (2 or 5 mL) with ethyl acetate and methanol (0–5 % de-
pending on the peptide) as the eluent.


Fmoc-Cys(Pal)-OH (2): Trifluoroacetic acid (2.5 mL) and triethylsilane
(1.5 mL) were added to a solution of Fmoc-Cys(Trt)-OH (1) (2 g,
3.4 mmol) in CH2Cl2 (50 mL), and the mixture was stirred at room tem-
perature for 2 h under an argon atmosphere. The solvent was evaporated
under reduced pressure, and the crude residue was washed three times
with toluene and after each washing it was evaporated to dryness. The
solid residue was transferred to a sinter funnel and washed twice with
pentane to remove the released triphenylmethane. The remaining solid
(1.2 g) was dissolved in CH2Cl2 (25 mL), trimethylsilyl chloride (0.48 mL,
3.7 mmol) was added, and the reaction mixture was heated to reflux for
2 h. After the mixture was cooled to room temperature, palmitoyl chlo-
ride (3.1 mL, 10.2 mmol) was added, followed by dropwise addition of a
solution of triethylamine (0.78 mL, 5.6 mmol) in CH2Cl2 (15 mL) over 3 h
under an argon atmosphere. After the mixture had been stirred for one
hour, the solvent was evaporated, and the crude mixture was purified by
flash chromatography on silica gel using a gradient of 0–20 % ethyl ace-
tate in cyclohexane. The eluent furnished a white solid (1.6 g, 82 %). Rf=


0.6 (ethyl acetate/cyclohexane (2:1), 1% acetic acid). m.p. 85–86 8C.
[a]20


D =�7.2 (c=1.69 in CH2Cl2). 1H NMR (400 MHz, CDCl3): d=7.76 (d,
J=7.5 Hz, 2H), 7.62–7.55 (m, 2H), 7.40 (t, J=7.5 Hz, 2 H), 7.29 (t, J=
7.5 Hz, 2H), 5.64 (d, J=7.8 Hz, 1H), 4.62 (m, 1H), 4.39 (d, J=7.2 Hz,
2H), 4.24 (t, J=7.2 Hz, 1H), 3.50–3.34 (m, 2 H), 2.59 (d, J=7.6 Hz, 2H),
1.70–1.60 (m, 2H), 1.23 (s, 24H), 0.89 ppm (t, J=6.9 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d=199.5, 174.5, 156.2, 143.8, 141.4, 127.9, 127.3,
125.4, 120.2, 67.8, 62.8, 54.3, 47.4, 44.5, 32.4, 30.8, 30.12, 30.11, 30.10,
30.08, 30.03, 29.9, 29.8, 29.7, 29.4, 26.0, 23.1, 14.6 ppm; MS (FAB,
3-NBA): calcd for C34H47NO5S [M+Na]+ 604.3073, found 604.3085.


Fmoc-Cys(Far)-OH (4): A solution of cysteine hydrochloride monohy-
drate (3) (1.0 g, 5.7 mmol) in MeOH (11 mL) was cooled to 0 8C, and a
7n solution of ammonia in MeOH (15 mL) was slowly added. After
5 min farnesyl chloride (1.38 mL, 5.7 mmol) was added. The reaction
mixture was stirred at 0 8C for 3 h and then at room temperature for 1 h,
the solvent was evaporated, the solid residue was washed with pentane
(3 O 10 mL), and CH2Cl2 (50 mL) was added. The resulting suspension
was cooled to 0 8C and triethylamine (0.88 mL, 6.28 mmol) and Fmoc-
succinimide (2.12 g, 6.28 mmol) were added. The reaction mixture was
stirred overnight at room temperature and concentrated in vacuum. The
product was obtained by flash chromatography on silica gel using a gradi-
ent of 0–4 % methanol in dicholoromethane as the eluent to give a pale
yellow oil that can be triturated with pentane to yield a sticky solid
(2.3 g, 65%). Rf=0.7 (dichloromethane/methanol (9:1)). [a]20


D =�4.3 (c=
0.94 in CHCl3). 1H NMR (400 MHz, CDCl3): d=7.76 (d, J=7.4 Hz, 2H),
7.61 (d, J=7.5 Hz, 2 H), 7.40 (t, J=7.4 Hz, 2 H), 7.31 (t, J=7.4 Hz, 2H),
5.60 (d, J=8.0 Hz, 1 H), 5.22 (t, J=7.4 Hz, 1 H), 5.12–5.06 (m, 2H), 4.63
(m, 1 H), 4.47–4.39 (m, 2H), 4.24 (t, J=7.0 Hz, 1 H), 3.27–3.15 (m, 2 H),
3.04–2.90 (m, 2 H), 2.14–1.93 (m, 8H), 1.68 (s, 3 H), 1.65 (s, 3H),
1.59 ppm (s, 6 H); 13C NMR (100 MHz, CDCl3): d=175.7, 156.1, 143.8,
141.4, 140.5, 135.6, 131.5, 127.9, 127.3, 125.3, 124.5, 123.9, 120.2, 119.6,
67.7, 53.9, 47.5, 40.1, 40.0, 33.5, 30.5, 27.2, 26.9, 26.2, 18.2, 16.6, 16.5 pm;
MS (FAB, 3-NBA): calcd for C33H41NO4S [M+Na]+ 570.2654, found
570.2760.


Fmoc-d-Cys(Far)-OH : The synthesis was performed as described for the
l-enantiomer. [a]20


D =++ 4.2 (c=0.94 in CHCl3).


Fmoc-Cys(HD)-OH (5): Trifluoroacetic acid (1 mL) and triethlysilane
(0.6 mL) were added to a solution of Fmoc-Cys(Trt)-OH (1) (0.5 g,
3.4 mmol) in CH2Cl2 (20 mL), and the mixture was stirred at room tem-


perature for 2 h under an argon atmosphere. The solvent was evaporated
under reduced pressure and the crude product was washed three times
with toluene and after each washing it was evaporated to dryness. The
solid residue was transferred to a sinter funnel and washed twice with
pentane to remove the released triphenylmethane. The remaining solid
(0.3 g) was dissolved in DMF and cooled to 0 8C, then triethylamine
(5 equiv) and a solution of hexadecyl iodide (3 equiv) in DMF was
added. The mixture was stirred at 0 8C and then at room temperature
overnight. The solvent was evaporated and the crude mixture was puri-
fied by flash chromatography on silica gel using a gradient of 0–20 %
ethyl acetate in cyclohexane as the eluent. The eluent furnished a white
solid (0.14 g, 30%). [a]20


D =�5 (c=1.00 in CH2Cl2). 1H NMR (400 MHz,
CDCl3): d=7.77 (d, J=7.4 Hz, 2 H), 7.61 (m, 2 H), 7.41 (t, J=7.4 Hz,
2H), 7.32 (t, J=7.4 Hz, 2H), 4.65 (m, 1H, Fmoc), 4.42 (m, 2H), 4.25 (t,
J=7.0 Hz, 1H), 3.05 (m, 2 H), 2.56 (m, 2 H), 1.57 (t, J=7.2 Hz, 2H), 1.26
(m, 28H), 0.89 ppm (t, J=7.0 Hz, 3 H); 13C NMR (100 MHz, CDCl3): d=
174.9, 156.6, 143.7, 141.3, 127.7, 127.1, 125.1, 120.0, 67.4, 53.6, 47.1, 34.2,
32.9, 31.9, 29.7, 29.4, 29.2, 28.8, 22.7, 14.1 ppm; (FAB, 3-NBA): calcd for
C34H49NO4S [M+Na]+ 590.3280, found 590.3300.


Fmoc-Cys(GerMant)-OH (6): A solution of cysteine hydrochloride mono-
hydrate (0.39 g, 2.25 mmol) in MeOH (8 mL) was cooled to 0 8C, and a
7n solution of ammonia in MeOH (10 mL) was added slowly. After
5 min, GerMant-chloride[12] ((E,E)-8-O-(2-N-methyl-aminobenzoyl)-3,7-
dimethyl-2,6-octandiene-1-chloride) (0.47 g, 1.5 mmol) was added and the
mixture was stirred at 0 8C for 3 h and then at room temperature for 1 h.
The solvent was evaporated, the solid residue was washed with pentane
(3 O 5 mL), and CH2Cl2 (20 mL) was added. The resulting suspension was
cooled to 0 8C and triethylamine (0.31 mL, 2.25 mmol) and Fmoc-succini-
mide (0.76 g, 2.25 mmol) were added. The reaction mixture was stirred
overnight at room temperature and then concentrated in vacuum. The
oily residue was purified by flash chromatography on silica gel using a
gradient of 0–4 % methanol in dicholoromethane as eluent to afford a
colorless oil (0.53 g, 57 %). Rf=0.7 (dichloromethane/methanol 9:1).
[a]20


D =�1.0 (c=0.93 in CHCl3). 1H NMR (400 MHz, CDCl3): d=7.93 (d,
J=8.0 Hz, 1H), 7.75 (d, J=7.5 Hz, 2H), 7.62–7.58 (m, 2 H), 7.42–7.34 (m,
3H), 7.28 (t, J=7.5 Hz, 2 H), 6.66 (d, J=8.0 Hz, 1 H), 6.59 (t, J=8.0 Hz,
1H), 5.66 (d, J=6.9 Hz, 1 H), 5.46 (t, J=6.9 Hz, 1 H), 5.21 (t, J=7.5 Hz,
1H), 4.63–4.58 (m, 3H, distinguished singlet at 4.63 ppm), 4.45–4.38 (m,
2H), 4.22 (t, J=7.0 Hz, 1 H), 3.25–3.13 (m, 2 H), 3.04–2.88 (m, 5H, distin-
guished singlet at 2.89 ppm), 2.20–2.15 (m, 2H), 2.10–2.05 (m, 2H), 1.71
(s, 3H), 1.65 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=175.1, 168.6,
156.1, 152.2, 143.8, 141.4, 139.7, 134.8, 131.8, 130.8, 128.6, 127.9, 127.3,
125.3, 120.3, 120.2, 114.6, 111.1, 110.2, 70.1, 67.7, 53.8, 47.5, 39.3, 33.6,
30.4, 30.0, 26.4, 16.6, 14.6 ppm; MS (FAB, 3-NBA): calcd for
C36H40N2O6S [M+H]+ 629.2685, found 629.2653, [M+Na]+ 651.2505,
found 651.2496.


Fmoc-Lys(BP)-OH (10): Fmoc-Lys-OH (0.40 g, 1.10 mmol) was added
was added to a solution of 4-benzoylbenzoic acid (0.25 g, 1.10 mmol),
HATU (0.42 g, 1.10 mmol), and DIPEA (0.20 mL, 2.20 mmol) in DMF
(20 mL). The solution was stirred at room temperature for 5 h. After
evaporation of the solvent, the residue was dissolved in AcOEt and
washed with H2O, dried over MgSO4, and concentrated in vacuum to
afford a white solid (0.48 g, 75 %). [a]20


D =� 2.1 (c=0.92 in CH2Cl2).
1H NMR (400 MHz, CDCl3) d=7.85 (d, J=8.4 Hz, 2 H), 7.74–7.69 (m,
6H), 7.57–7.52 (m, 3 H), 7.44 (t, J=7.4 Hz, 2 H), 7.34 (t, J=7.4 Hz, 2H),
7.24 (t, J=7.4 Hz, 2 H), 4.40–4.30 (m, 2H), 44.17–4.09 (m, 2 H), 3.46 (m,
2H), 1.95–1.47 ppm (m, 6H); 13C NMR (100 MHz, CDCl3): d=196.5,
167.6, 156.6, 150.5, 143.8, 141.5, 140.3, 137.1, 133.2, 130.3, 128.7, 127.3,
120.2, 67.3, 60.7, 47.3, 40.1, 32.0, 29.0, 22.6, 14.2 ppm; MS (FAB, 3-NBA):
calcd for C35H33N2O6S [M+H]+ 577.2260, found 577.2365.


Fmoc-Cys(Pal)-Lys(Aloc)-Cys(Far)-OMe (11): Yield: 0.051 mmol; 69 %.
[a]20


D =�21.2 (c=0.20 in CH2Cl2). 1H NMR (400 MHz, CDCl3): d=7.68
(d, J=7.6 Hz, 2H, Fmoc), 7.52 (d, J=9.6 Hz, 2 H; Fmoc), 7.32 (t, J=
7.4 Hz, 2 H, Fmoc), 7.23 (t, J=7.4 Hz, 2 H; Fmoc), 6.94 (s, 1 H; NH), 6.82
(s, 1H), 5.83–5.75 (m, 2 H), 5.19 (d, J=18 Hz, 1 H), 5.15–4.97 (m, 5H),
4.66 (m, 1H), 4.50–4.24 (m, 6 H, Fmoc, Aloc), 4.14 (m, 1 H), 3.67 (s, 3H,
OMe), 3.30–2.75 (m, 8H), 2.51 (t, J=7.4 Hz, 2H, Pal), 2.1–1.81 (m, 8 H,
Far), 1.68–1.59 (m, 2 H, Pal), 1.60 (s, 3 H, Far), 1.58 (s, 3 H; CH3 Far), 1.52
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(s, 6 H, Far), 1.46–1.43 (m, 2 H), 1.36–1.33 (m, 2H), 1.18 (s, 24 H, Pal),
0.81 ppm (t, J=7.0 Hz, 3 H, Pal); MS (ESI + ): calcd for C63H94N4O9S2


[M+H]+ : 1115.7; found: 1115.3.


Fmoc-Cys(Pal)-Met-Gly-Leu-Pro-Cys(Far)-OMe (12): Yield:
0.044 mmol; 60%. [a]20


D =�17.0 (c=0.40 in CH2Cl2). 1H NMR (400 MHz,
[D6]DMSO): d=7.69 (d, J=7.6 Hz, 2 H, Fmoc), 7.53 (m, 2 H, Fmoc), 7.33
(t, J=7.4 Hz, 2 H, Fmoc), 7.24 (t, J=7.2 Hz, 2 H, Fmoc), 5.10 (t, J=
7.2 Hz, 1H, Far), 5.01 (m, 2H, Far), 4.70 (m, 1 H), 4.49 (m, 1H), 4.30 (m,
2H), 4.15 m (1 H), 3,65–3.48 (m, 5H, distinguished singlet at 3.60, OMe),
2.51 (t, J=7.3 Hz, 2H, Pal), 2.15–1.81 (m, 17H), 1.65–1.40 (m, 14 H, dis-
tinguished singlets at 1.60 and 1.52, Far), 1.35–1.17 (m, 30 H), 0.92–0.85
(m, 4 H), 0.80 ppm (t, J=7.0 Hz, 6 H, Leu, Pal); MS (ESI): calcd for
C71H108N6O10S3 [M+H]+ 1301.7; found 1301.4.


Fmoc-Gly-Cys(Pal)-Met-Gly-Leu-Pro-Cys(Far)-OMe (15): Yield:
0.031 mmol; 40%. [a]20


D =�27.0 (c=0.22 in CH2Cl2). 1H NMR (400 MHz,
CDCl3): d=7.74 (d, J=7.3 Hz, 2H, Fmoc), 7.60 (m, 2 H, Fmoc), 7.37 (t,
J=7.3 Hz, 2 H, Fmoc), 7,28 (t, J=7.3 Hz, 2 H, Fmoc), 5.13 (t, J=7.2 Hz,
1H, Far), 5.07 (m, 2H, Far), 4.82 (m, 1H), 4.65 (m, 2H), 4.51 (m, 1 H),
4.33 (t, J=7.0 Hz, 1 H), 4.20 (t, J=7.0 Hz, 1H), 3.99 (m, 2H), 3.77–3.45
(m, 5H, distinguished singlet at 3.68, OMe), 3.12–3.23 (m, 3H), 2.89–3.04
(m, 2 H), 2.65–2.70 (m, 1 H), 2.52 (t, J=7.2 Hz, 2H, Pal), 2.46 (t, J=
7.2 Hz, 2H), 2.19–1.95 (m, 17 H), 1.66–1.53 (m, 17H, distinguished sin-
glets at 1.66, 1.62 and 1.58, Far), 1.35–1.15 (m, 24H), 0.95–0.75 ppm (m,
9H, Leu, Pal); MS (ESI): calcd for C73H111N7O11S3 [M+H]+ 1358.8;
found 1358.6.


Fmoc-Ser(Trt)-Cys(Pal)-Lys(Aloc)-Cys(Far)-OMe (16): Yield:
0.041 mmol; 56%. [a]20


D =�20.3 (c=0.21 in CH2Cl2). 1H NMR (400 MHz,
CDCl3): d=7.69 (d, J=7.5 Hz, 2H, Pal), 7.57–7.52 (m, 2H, Pal), 7.37–
7.20 (m, 19H, Pal, Trt), 5.87–5.75 (m, 2H), 5.21 (d, J=17.2 Hz, 1H, Far)
5.15–4.93 (m, 5H, Far), 4.68–3.92 (m, 10 H), 3.78–3.65 (m, 5 H, distin-
guished singlet at 3.68 ppm, OMe), 3.35–2.72 (m, 8 H), 2.52 (t, J=7.6 Hz,
2H, Pal), 2.05–1.85 (m, 10H), 1.65–1.25 (m, 18H, distinguished singlets
at 1.60, 1.59, and 1.52, Far), 1.18 and 1.16 (2 O s, 24 H), 0.81 ppm (t, J=
6.9 Hz, 3H, Pal); MS (ESI): calcd for C85H113N5O11S2 [M+Na]+ 1466.8,
found 1446.8.


Fmoc-Gly-Thr-Gln(Trt)-Gly-Cys(Pal)-Met-Gly-Leu-Pro-Cys(Far)-OMe
(19): Yield: 0.022 mmol; 30%. [a]20


D =++ 1.3 (c=0.74 in CH2Cl2).
1H NMR (400 MHz, CDCl3): d(characteristic signals)=7.67 (m, Fmoc),
7.50 (m, Fmoc), 7.33 (m, Fmoc), 7.00–7.22 (m, Fmoc), 5.01 (m, Far),
3.60–3.70 (m, distinguished singlet at 3.65, OMe), 1.42–1.70 (m, distin-
guished singlets at 1.62 and 1.53, 4 CH3 Far), 0.90–1,40 (m, 12 CH2 Pal),
0.75–0.85 ppm (m, CH3 Pal, 2 CH3 Leu); MS (ESI): calcd for
C103H143N11O16S3 [M+H]+ 1887.0; found 1887.3.


Fmoc-Ser-Ser-Asp(OtBu)-Asp(OtBu)-Gly-Thr(OtBu)-Gln(Trt)-Gly-Cys-
(Pal)-Met-Gly-Leu-Pro-Cys(Far)-OMe (20): Yield: 0.010 mmol; 12%.
[a]20


D =�20.4 (c=0.21 in CH2Cl2). 1H NMR (400 MHz, CDCl3): d(charac-
teristic signals)=7.69 (m, Fmoc), 7.54 (m, Fmoc), 7.33 (m, Fmoc), 7.04–
7.23 (m, Fmoc, Trt), 5.01 (m, Far), 3.60–3.70 (m, distinguished singlet at
3.66, OMe), 1.42–1.70 (m, distinguished singlets at 1.60 and 1.53, 4 CH3


Far), 0.90–1,40 (m, 12 CH2 Pal, tBu), 0.76–0.85 ppm (m, CH3 Pal, 2 CH3


Leu); MS (MALDI, DHB): calcd for C129H187N15O26S3 [M+Na]+ 2481.3;
found 2481.8; [M+K]+ 2497.3; found 2497.9.


NH2-Gly-Cys(Pal)-Gln-His-Gln-Phe-Arg-Gly-Arg-Arg-Trp-Asn-Cys-Thr-
Thr-Val-OH (21): The Pbf, Boc, Trt, and tBu groups were cleaved from
the amino acid residues on resin with 95% TFA and 5 % water for 2 h.
The resin was treated with a solution of NBS (20 equiv) and pyridine
(20 equiv) in CH2Cl2 (3 mL) for 5 min, washed with DCM (3 O 5 mL), and
then with THF (3 O 5 mL). A solution of water (50 equiv) in THF (3 mL)
was added and the mixture was stirred for 4 h at room temperature. The
resin was filtered off and washed four times with THF and the solvent
was evaporated under reduced pressure. Yield: 0.023 mmol; 45%. [a]20


D =


+3.9 (c=0.43 in MeOH). 1H NMR (400 MHz, CD3CN): d= (characteris-
tic signals) 8.77 (m, 2 H, NH Trp, NH His), 7.98–7.93 (m, 19 H, C=NH
Arg, NH), 7.73–7.63 (m, 6 H, m-Phe, Trp), 7.34–7.27 (m, 3H, o-Phe, p-
Phe), 7.00 (s, 2H, His, Trp), 2.67 (t, J=7.0 Hz, 2H, Pal), 1.35–1.29 (m,
28H, Pal), 1.21 (d, J=4.3 Hz, 6 H, Thr), 0.96–0.89 ppm (m, 9H, Pal, Val);
MS (ESI): calcd for C97H155N31O23S2 [M+2Na]2+ 1116.1; found 1115.7.


MIC-Gly-Cys(Pal)-Met-Gly-Leu-Pro-Cys(Far)-OMe (22): Yield:
0.022 mmol; 30%. [a]20


D =�22.0 (c=0.42 in CH2Cl2). 1H NMR (400 MHz,
CDCl3): d=6.62 (s, 2H, MIC), 5.12 (t, J=7.2 Hz, 1 H, Far), 5.02 (m, 2 H,
Far), 4.52 (m, 1 H) 4.33 (t, J=7.0 Hz, 1 H), 4.20 (t, J=7.0 Hz, 1H), 3.99
(m, 2H), 3.78–3.44 (m, 7 H, distinguished singlet at 3.68, OMe), 3.12–3.23
(m, 3H), 2.89–3.04 (m, 2 H), 2.65–2.70 (m, 1 H), 2.54 (t, J=7.2 Hz, 2H,
Pal), 2.46 (t, J=7.2 Hz, 2H), 2.19–1.95 (m, 19 H), 1.66–1.53 (m, 17H, dis-
tinguished singlets at 1.66, 1.62 and 1.58, Far), 1.35–1.15 (m, 30 H), 0.92–
0.79 ppm (m, 9 H, Leu, Pal); MS (ESI): calcd for C68H112N8O12S3 [M+H]+


1329.8; found 1329.6.


MIC-Gly-Cys(HD)-Met-Gly-Leu-Pro-Cys(Far)-OH (23): Yield:
0.012 mmol; 25%. [a]20


D =�20.4 (c=0.30 in CH2Cl2). 1H NMR (400 MHz,
CDCl3): d=6.65 (s, 2H, MIC), 5.10 (t, J=7.2 Hz, 1 H, Far), 5.00 (m, 2 H,
Far), 4.50 (m, 1H), 4.30 (t, J=7.0 Hz, 1H), 4.20 (t, J=7.0 Hz, 1H), 3.99
(m, 2 H), 3.78–3.44 (m, 4H), 3.12–3.23 (m, 3H), 2.89–3.04 (m, 2 H), 2.65–
2.70 (m, 1H), 2.45 (t, J=7.2 Hz, 2H), 2.19–1.95 (m, 21H), 1.64–1.53 (m,
17H, distinguished singlets at 1.64, 1.61 and 1.57, Far), 1.30–1.10 (m,
32H), 0.92–0.79 ppm (m, 9H, Leu, HD); MS (ESI): calcd for
C67H112N8O11S3 [M+H]+ 1300.8 found 1300.9.


MIC-Gly-Cys(Far)-Met-Gly-Leu-Pro-Cys(Far)-OMe (24): Yield:
0.048 mmol; 14%. [a]20


D =�15.5 (c=1.28 in CH2Cl2). 1H NMR (400 MHz,
CDCl3): d=6.62 (s, 2H, MIC), 5.02–5.12 (m, 6H, Far), 4.7–4.2 (m, 8H),
3.6–3.1 (m, 7H), 2.6–2.15 (m, 10H), 2.1–1.3 (m, 27 H), 1.3–0.99 (m, 24 H,
Far), 0.6–0.95 ppm (6 H, Leu); MS (ESI): calcd for C67H106N8O11S3


[M+H]+ 1295.7; found 1295.7.


MIC-Gly-Cys(Pal)-Met-Lys(BP)-Leu-Pro-Cys(Far)-OMe (25): Yield:
0.018 mmol; 25 %. [a]20


D =�25.0 (c=0.20 in MeOH). 1H NMR (400 MHz,
CDCl3): d=7.81 (d, J=8.4 Hz, 2 H, BP), 7.74 (d, J=7.3 Hz, 2H, BP),
7,65 (d, J=7.3 Hz, 2H, BP), 7.55 (t, J=7.4 Hz, 1H, BP), 7,46 (2 H, J=
8.4 Hz, 2 H, BP), 6.60 (s, 2H, MIC), 5.13 (t, J=7.2 Hz, 1 H, Far), 5.02 (m,
2H, Far), 4.52 (m, 1 H), 4.30 (t, J=7.0 Hz, 1H), 4.20 (t, J=7.0 Hz, 1H),
3.96 (m, 2H), 3.75–3.44 (m, 7H, distinguished singlet at 3.65, OMe),
3.12–3.20 (m, 3H), 2.89–3.04 (m, 4H), 2.65–2.70 (m, 1 H), 2.51 (t, J=
7.3 Hz, 2 H, Pal), 2.15–1.90 (m, 25H), 1.62–1.47 (m, 17H, distinguished
singlets at 1.65, 1.62 and 1.57, Far), 1.35–1.15 (m, 30 H), 0.92–0.79 ppm
(m, 9 H, Leu, Pal); MS(ESI): calcd for C86H129N9O14S3 [M+H]+ 1608.9;
found 1608.6.


Biotin-Aca-Gly-Cys(Pal)-Met-Lys(BP)-Leu-Pro-Cys(Far)-OMe (26):
Yield: 0.015 mmol, 20%. [a]20


D =�24.0 (c=0.25 in MeOH). 1H NMR
(400 MHz, CDCl3): d(characteristic signals)=7.85 (d, J=8.2 Hz, 2 H,
BP), 7.78 (d, J=8,2 Hz, 2 H, BP), 7.72 (d, J=7.0 Hz, 2 H, BP), 7.55 (t, J=
7.4 Hz, 1 H, BP), 7.43 (t, J=7.8 Hz, 2 H, BP), 5.29 (m, 1 H), 5.14 (m, 1 H,
Far), 5.02 (m, 2H, Far), 3.69–3.60 (m, 7H, distinguished singlet at 3.69,
OMe), 2.02–1.89 (m, 14 H), 1.65–1.45 (m, 12H, distinguished singlets at
1.61 and 1.53, Far), 1.35–1.10 (m, 30 H, Pal), 0.83–0.77 ppm (m, 9H, Leu,
Pal); MS(ESI): calcd for C92H143N11O14S4 [M+H]+ 1754.0; found 1754.7.


Aloc-Cys(S-tBu)-Met-Ser-Cys(Pal)-Lys(NBD)-Cys(Far)-OMe (27):
Yield: 0.020 mmol; 28%. [a]20


D =�18.4 (c=0.30 in CH2Cl2). 1H NMR
(400 MHz, CDCl3): d(characteristic signals)=8.46 (m, 1 H, NBD), 6.15
(m, 1 H, NBD), 5.88 (m, 1H, Aloc), 3.72 (s, 3H, OCH3), 2.55 (t, J=
7.1 Hz, 2 H, Pal), 1.99 (s, 3H), 1.65 (s, 3H, Far), 1.57 (s, 6 H, Far), 1.31 (s,
9H, tBu), 1.22 (s, 24H, Pal), 0.85 ppm (t, J=7.1 Hz, 3H, Pal); MS
(MALDI, DHB): calcd for C69H112N10O14S5 [M+Na]+ 1487.7, found
1490.0.


NBD-Aca-Gly-Cys(SBut)-Met-Gly-Leu-Pro-Cys(Far)-OMe (28): Yield:
0.013 mmol, 22%. [a]20


D =� 32.3 (c=0.6 in CH2Cl2). 1H NMR
(400 MHz.CDCl3): d=8.42 (d, J=8.2, 1H, NBD), 6.1 (m,1 H, NBD), 5.2–
4.95 (m, 3 H, Far), 4.78–4.1 (m, 8H), 3.7–3.3 (m, 9H), 3.2–2.5 (m, 6H),
2.31–2.15 (m, 2H), 2.1–1.6 (m, 19H), 1.6–1.3 (m, 2 H), 1.3–0.99 (m, 27H),
0.6–0.95 ppm (m, 6H); MS (MALDI): calcd for C58H91N11O12S4 [M+Na]
1285.67 found 1286.28.


MIC-Gly-Cys(Pal)-Met-Lys(NBD)-Leu-Pro-Cys(Far)-OMe (29): Yield:
0.020 mmol; 28%. [a]20


D =�28.3 (c=0.60 in CH2Cl2). 1H NMR (400 MHz,
CDCl3): d=8.36 (d, J=8.4 Hz, 1 H, NBD), 6.62 (s, 2 H, MIC), 6.09 (m,
1H), 5.12 (t, J=7.2 Hz, 1H, Far), 5.02 (m, 2 H, Far), 4.52 (m, 1H) 4.33 (t,
J=7.0 Hz, 1 H), 4.20 (t, J=7.0 Hz, 1H), 3.99 (m, 2 H), 3.78–3.44 (m, 7 H,
distinguished singlet at 3.68, OMe), 3.12–3.23 (m, 3H), 2.89–3.04 (m,
4H), 2.65–2.70 (m, 1H), 2.54 (t, J=7.2 Hz, 2 H, Pal), 2.19–1.95 (m, 25H),


Chem. Eur. J. 2005, 11, 7405 – 7415 F 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 7413


FULL PAPERSolid-Phase Synthesis of Lipidated Peptides



www.chemeurj.org





1.66–1.53 (m, 17H, distinguished singlets at 1.66, 1.62 and 1.58, Far),
1.35–1.15 (m, 30H), 0.92–0.79 ppm (m, 9H, Leu, Pal). MS (ESI): calcd
for C78H122N12O15S3 [M+H]+ 1563.8; found 1563.6.


NBD-Aca-Gly-Cys(Pal)-Met-Gly-Leu-Pro-Cys(Far)-OMe (30): Yield:
0.019 mmol; 32%. [a]20


D =�18.4 (c=0.30 in CH2Cl2). 1H NMR (400 MHz,
CDCl3): d=8.1 (d, J=8.2, 1 H, NBD), 6.5 (m, 1 H, NBD), 5.4–5.2 (m,
3H, Far), 4.8–4.1 (m, 8H), 3.7–3.3 (m, 9H), 3.3–2.7 (m, 6H), 2.6–2.4 (m,
4H), 2.1–1.6 (m, 19H, CH2), 1.7–13 (m, 16 H, Far), 1.3–1.0 (m, 30H), 0.7–
0.95 (6 H, CH3 Leu, Pal) ppm. MS (ESI): calcd for C70H113N11O13S3


[M+H]+ 1412.7 found 1412.9.


NBD-Aca-Gly-Ser-Met-Gly-Leu-Pro-Cys(Far)-Val-Val-Met-OH (31):
Yield: 0.018 mmol, 25%. [a]20


D =�27.3 (c=0.36 in CH2Cl2). 1H NMR
(400 MHz.CDCl3): d=8.42 (m, 1H, NBD), 6.9 (m,1 H, NBD), 5.3 (m,
3H, Far), 4.0–3.2 (m, 20H), 3.0–2.5 (m, 8 H), 2.4–2.2 (m, 4H), 2.3–1.5 (m,
23H), 1.5–1.0 (m,18 H), 0.5–0.96 ppm (m, 18H); MS (ESI): calcd for
C68H108N14O16S3 [M+H]+ 1473.7, found 1473.3.


H-Cys(S-tBu)-Met-Lys(NBD)-Leu-Pro-Cys(Far)-OMe (32):
(0.028 mmol,38 %). [a]20


D =� 15.4 (c=0.40 in CH2Cl2). 1H NMR
(400 MHz, CDCl3): d=8.40 (d, J=8.4 Hz, 1H, NBD), 6.09 (m, 1H), 5.13
(m, 1 H, Far), 5.01 (m, 2 H, Far), 4.55–4.65 (m, 2H), 3.66–3.72 (m, 5 H,
OMe), 3.41–3.53 (m, 2H), 2.95–3.15 (m, 2 H), 1.90–2.05 (m, 17H), 1.53–
1.61 (m, 21 H), 1.19 (s, 9H, Leu), 0.81–0.87 ppm (m, 6H); MS (ESI):
calcd for C54H86N10O10S4 [M+H]+ 1163.5; found 1163.4.


NBD-Aca-Gly-Cys(S-tBu)-Met-Gly-Leu-Pro-Cys(Far)-OH (33): Yield:
0.011 mmol, 37%. [a]20


D =�6.2 (c=0.93 in CH2Cl2). 1H NMR (400 MHz,
CDCl3): d=8.2 (d, J=8.3, 1 H, NBD), 6.08 (m, 1 H, NBD), 5.4–5.2 (m,
3H, Far), 4.7–4.1 (m, 8 H), 3.7–3.38 (m, 6 H), 3.1–2.5 (m, 6 H), 2.15 (m,
2H), 2.00–1.8 (m, 19H), 1.8–1.4 (m, 2H), 1.3–1.0 (m, 27H), 1.0–0.7 ppm
(m, 6 H, Leu); MS-MALDI (DBH): calcd for C57H89N11O12S4 [M+Na]
1271.7; found 1271.9.


Ac-Met-Ser-Cys(SBut)-Lys(NBD)-Cys(Far)-OMe (34): Acetylation of
N-terminus: after Fmoc-cleavage from the Met residue, the N-terminus
was acetylated using a cocktail of five equivalents of acetic acid/HBTU/
HOBt/DIPEA in CH2Cl2/DMF (1:1) for 4 h. Yield: 0.009 mmol; 12 %.
[a]20


D =95.2 (c=0.70 in CH2Cl2). 1H NMR (400 MHz.CDCl3): d=8.42
(m,1 H, NBD), 6.10 (m, 1H, NBD), 5.30 (m,1 H, Far), 5.00 (m, 2 H, Far),
4.78–4.10 (m, 4H), 3.70–3.00 (m, 10 H, OMe), 2.80 (m, 2 H), 3.21–2.50
(m, 6H), 2.10–1.81 (m, 15H), 1.80–1.20 (m, 6 H) 1.20–1.02 ppm (m, 21H,
Far); MS-(ESI): calcd for C48H75N9O11S4 [M+H]+ 1083.43; found
1083.50.


NBD-Aca-Gly-d-Cys(Trt)-d-Met-Gly-d-Leu-d-Pro-d-Cys(Far)-OMe (35):
Yield: 0.035 mmol; 40%. [a]20


D =++3.0 (c=0.71 in CH2Cl2). 1H NMR
(400 MHz.CDCl3): d=8.42 (m ,1H, NBD), 7.06–7.45 (m,15 H, Trt), 6.9
(m,1 H, NBD),5.2–4.95 (m, 3H, Far), 4.78–4.1 (m, 8 H), 3.7–3.3 (m, 9H),
3.2–2.5 (m, 6H), 2.31–2.15 (m, 2H), 2.1–1.3 (m, 21 H, Far), 1.3–0.99 (m,
18H, Far, Aca), 0.6–0.95 ppm (m, 6 H, Leu); MS (ESI): calcd for
C73H97N11O12S3 [M+Na]+ 1438.65; found 1438.71.


NBD-Aca-Gly-Ser-Met-Gly-Leu-Pro-Cys(Far)-OMe (36): Yield:
0.013 mmol; 22%. [a]20


D =�2.4 (c=0.70 in CH3CN). 1H NMR
(400 MHz.CDCl3): d=8.42 (m,1 H; CH NBD), 6.9 (m, 1 H; CH
NBD),5.35 (m, 3 H; 3O C=CH Far), 4.2–4.0 (m, 8H), 3.8–3.2 (m,9 H),3.0–
2.5 (m, 6 H), 2.4–2.2 (m, 2H), 2.2–1.5 (m, 21 H, Far, Aca), 1.5–1.0
(m,18 H; Far, Aca),0.6–0.95 ppm (6 H, Leu); MS-MALDI (DBH): calcd
for C54H83N11O13S2 [M+K]+ 1197.44; found 1197.79.


MIC-Gly-Cys(Pal)-Met-Gly-Leu-Pro-Cys(GerMant)-OMe (37): Yield:
0.011 mmol; 31%. [a]20


D =�15.4 (c=0.30 in CH2Cl2). 1H NMR (400 MHz,
CDCl3): d(characteristic signals)=7.91 (d, J=8.0 Hz, 1 H, Mant), 7.36
(m, 1 H, Mant), 6.81 (m, 1 H, Mant), 6.69 (m, 1 H, Mant), 6.65 (s, 2 H,
MIC), 5.46 (m, 1 H, Ger), 5.15 (m, 1H, Ger), 3.70 (s, 3H, OCH3), 2.89 (s,
3H, NCH3), 2.52 (t, J=7.6 Hz, 2 H, a-CH2 Pal), 1.98 (s, 3H; SCH3), 1.68
(s, 3 H, Ger), 1.63 (s, 3H, Ger), 1.21 (s, 28 H, Pal + CH2 MIC), 0.93–0.88
(m, 6H, CH3 Leu), 0.84 ppm (t, J=6.9 Hz, 3H, CH3 Pal); MS (MALDI,
CHCA): calcd for C72H113N9O13S3 [M+Na]+ 1430.8, found 1434.2; calcd
for [M+K]+ 1446.7, found 1450.0.


MIC-Gly-Cys(Pal)-Met-Lys(Bodipy)-Leu-Pro-Cys(Far)-OMe (38): Yield:
0.037 mmol; 30%. [a]20


D =�11.6 (c=0.30 in CH2Cl2). 1H NMR (400 MHz,
CDCl3): d=7.63–7.58 (m, 1 H, Bodipy), 7.41–7.38 (m, 1H, Bodipy), 7.11–


6.95 (m, 1 H, Bodipy), 6.82–6.87 (m, 1 H, Bodipy), 6.61 (s, 2 H, MIC), 5.28
(m, 1H), 5.02 (m,1 H), 3.70–3.59 (m, 5H), 2.49 (m, 2 H), 2.18–2.16 (m,
2H), 1.98–1.92 (m, 6 H), 1.70–1.40 (m, 12 H, distinguished singlets at 1.60
and 1.53), 1.35–1.10 (m, 28H, Pal), 0.83–0.77 ppm (m, 12 H, Leu, Pal);
MS (ESI): calcd for C86H134BF2N11O13S3 [M+H]+ 1674.94, found 1674.78;
[M�F+H]+ 1655.94, found 1655.14.


Biological assay : The peptide 21 was solubilized in DMSO at 5 mm con-
centration. L-M(TK-) cells (L cells) from murine subcutaneous connec-
tive tissue and Wnt3a transfected L cells (L Wnt3a cells) were purchased
from ATCC and cultured in DulbeccoPs modified EaglePs medium with
10% fetal calf serum at 37 8C and 10% CO2.


[21] L Wnt3a cells express
and secrete biologically active Wnt-3a.[22] Conditioned media from L cells
or from L Wnt3a cells were prepared as described.[16] Assays to test the
activity of the Wnt peptide were performed as described for the purified
protein.[15a] L cells at approximately 75% confluence were incubated for
4.5 h with conditioned media from L cells or from L Wnt3a cells. In par-
allel, L cells were incubated with different concentrations of the peptide
21 and of DMSO as control. Assays were performed with the peptide or
DMSO in a full medium containing 10% fetal calf serum. After incuba-
tion, the cells were washed with PBS and lysed in cell lysis buffer (25 mm


Tris/HCl, 2 mm EDTA, 10 % glycerol, 1% Triton, 2 mm DTE, pH 7.8) by
incubation for 5 min on ice. Total lysates were equilibrated to equal pro-
tein concentrations with cell lysis buffer. Samples were electrophoresed
on 12.5 % SDS polyacrylamide gels and electro-blotted on a PVDF mem-
brane (Amersham Biosciences). Membranes were blocked in TPBS
(PBS, 0.1 % Tween) with 5 % powdered milk. The membrane was probed
with a monoclonal anti-b-catenin antibody (Transduction Laboratories)
at 1:1000 dilution or with a monoclonal anti-GAPDH antibody (abcam)
at 1:30 000 dilution in TPBS for 1 h at room temperature. After the mem-
brane had been washed three times in TPBS, it was probed with a horse-
raddish peroxidase coupled goat-anti-mouse antibody (Amersham Biosci-
ences) as secondary antibody. Luminescence detection was performed
with the commercial ECL Plus Western blot detection system (Amer-
sham Biosciences).
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Introduction


Although homogeneous catalysts are usually more active
and selective than heterogeneous ones (apart from metallic
nanoparticles), their commercial success lies a long way
behind.[1] Indeed, heterogeneous catalysts are easier to
handle and can give a more sustainable catalytic process
even if they often require more drastic conditions and so-
phisticated purification techniques. Consequently, much
work has been devoted to heterogenization of useful homo-
geneous catalytic systems, especially organometallic com-
plexes, by using various supports such as clays, polymers,
and ceramics.[2] Among these materials, the most widely
studied and employed are oxides, particularly silica. Discov-


ery in the early 1990s of periodically organized mesoporous
materials[3] opened a new area in the field of supported ca-
talysis: due to their high specific surface and their well-con-
trolled porosity, these materials are suitable for immobiliz-
ing catalytic complexes, and have been shown to preserve
both the catalytic selectivity and activity, and to allow high
reaction rates. Moreover, significant efforts to improve their
synthesis by increasing access to the support and presenting
more open pore geometries made to fine control of the dif-
fusion of the reactants in the inorganic matrix, and thus ac-
cessibility of the catalytic centers, possible.[4]


Two well-known approaches to heterogenization are usu-
ally employed[5] (Figure 1): the first, homogeneous support-
ed catalysis, relies on well-defined homogeneous catalysts
tethered to a support by an anchoring moiety. To limit inter-
actions between the support and the metal fragment, the an-
choring moiety is positioned a long way from the metal
center. The second approach, heterogeneous molecular ca-


Abstract: 1-Phosphanorbornadiene de-
rivatives were grafted onto various pe-
riodically organized mesoporous pow-
ders, including a new zirconia/silica
mixed oxide synthesized by aerosol
techniques. After complexation with
the [Rh(CO)2]


+ fragment, these mate-
rials were revealed to be more active
in olefin hydrogenation than their ho-
mogeneous counterparts. The reasons
for this higher activity are discussed in


the light of theoretical modeling. Vari-
ous surface treatments, such as esterifi-
cation, drying, and functionalization
with PhSi(OEt)3, provided insights into
the nature and mechanism of forma-
tion of the active species. Zirconia-


based materials were found to be
active in internal olefin hydroformyla-
tion. Investigation of the mechanism of
this reaction shows that the isomeriza-
tion step is catalyzed by the Lewis
acidic support, whereas the hydrofor-
mylation step is driven by the rhodium
catalyst. Dissociation of these two steps
leads to enhancement of activity.
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Figure 1. Examples of supported homogeneous catalysts. Left: the an-
choring chain consists of a propylsiloxane moiety (ref. [34]). Right: an
SOMC catalyst, with the metal directly bonded to the surface (ref. [6]).
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talysis (or surface organometallic chemistry (SOMC)[6]), ex-
ploits the presence of hydroxyl moieties on the surface of
the support to bind an isolated metal center to a well-con-
trolled environment.


We recently reported on the synthesis[7] of a new family of
mixed P–O grafted ligands that fill the gap between these
two approaches, namely hybrid bidentate ligands (HBLs). In


this approach, an organic scaf-
fold (the 1-phosphanorborna-
diene skeleton) bearing a heter-
oatom that can coordinate to a
transition metal is still present,
as in homogeneous supported
complexes, but an atom of the
anchoring moiety, typically an
oxygen atom, also binds the
metal center (Figure 2). Since
the latter atom is also linked to
the surface, these parts of such
systems can be regarded as hy-
brids between classical support-
ed catalysts and SOMC-based
catalysts.


The proximity of the complex
and the pore wall provides a


very rigid and well-defined environment for the metal
center. Therefore, such bifunctional systems are suitable for
studying the influence of pore size and wall effects (curva-
ture, functionalities) on the catalytic activity.[8]


Herein we report on the catalytic behavior of rhodium(i)-
based catalysts coordinated by both silica- and zirconia-sup-
ported HBLs. For the silica-based materials, both the mech-
anism of formation and the influence of the functionaliza-
tion of the wall on the catalytic activity were studied. The
synthesis of new zirconia-rich, mesoporous, mixed ZrO2/
SiO2 powders is described, allowing characterization of a


new HBL, namely a grafted phosphanorbornadiene phos-
phonate derivative. This material was tested in the hydroge-
nation of alkenes and also found an interesting application
in the hydroformylation of 2,3-dimethylbut-2-ene, in which
process the Lewis acidity of the wall was exploited to pro-
mote alkene isomerization before the rhodium-catalyzed hy-
droformylation. This new class of hybrid, periodically organ-
ized, mesoporous materials built on the surface of binary (or
tertiary) mesoporous oxides opens a host of possibilities for
the controlled design of smart polyfunctional catalysts.


Results


Synthesis of the anchorable phosphanorbornadiene species


1-Phospha-2-triethoxysilyl-4,5-dimethyl-3,6-diphenylnorbor-
nadiene (2): Synthesis of 2 was achieved by a well-known
procedure that relies on the reactivity of 2H-phospholes
toward functional alkynes (e.g., 1) (Scheme 1).[9] Important-


ly, the [4+2] cycloaddition process was very regioselective,
due to the electronic properties of the alkoxysilyl moieties.
As explained previously,[7] 2 behaved as a bidentate ligand
toward rhodium(i) precursors and variable-temperature
1H NMR experiments on the complex [Rh(cod)2][PF6]
(cod=cyclooctadiene) showed that the three ethoxy moiet-
ies exchange rapidly in solution with a coalescence tempera-
ture of �20 8C.


1-Phospha-2-triethoxysilyl-4,5-dimethyl-3,6-diphenylnorbor-
nene (2’): In ligand 2, the protons around the siloxane
moiety are not numerous enough to provide efficient CP-
MAS 29Si NMR measurements once grafted. Therefore the
1-phosphanorbornene 2’ was synthesized (see Scheme 2), as-
suming that it would display the same grafting ability as 2.
(The liquid 29Si NMR signal had quite a low chemical shift
(�49.6) for an alkyltriethoxysilane.


1-Phospha-2-ethoxydimethylsilyl-4,5-dimethyl-3,6-diphenyl-
norbornadiene (4): Compound 4 was synthesized by the
same procedure as for 2 (Scheme 3), by using ethoxydime-


Abstract in French: Des dérivés du 1-phosphanorbornadiène
ont été greffés sur différents supports mésoorganisés, dont de
nouveaux oxydes mixtes silice–zircone produits par aérosol.
Ces matériaux, après complexation à des précurseurs de rho-
dium(I), se sont révélés être des catalyseurs d’hydrogénation
des oléfines plus actifs que leurs équivalents homogènes. Les
causes possibles de cette augmentation d’activité sont passés à
l’aune d’une étude théorique. De plus divers traitements de
surface, comme l’estérification des hydroxyls de surface, le sé-
chage, et la fonctionnalisation par PhSi(OEt)3, permettent
une meilleure compréhension du mécanisme de formation
des espèces actives. Les matériaux à base de zircone se sont
avérés être actifs en hydroformylation des oléfines internes.
L’étude du mécanisme de cette catalyse montre que l’étape
d’isomérisation de l’oléfine est catalysée par la zircone alors
que l’hydroformylation l’est par le complexe de rhodium. Le
fait que ces deux étapes soient réalisées par des catalyseurs
différents explique la bonne activité observée.


Figure 2. First example of an
HBL rhodium complex
(ref. [7]) in which the metal
center is coordinated by both a
purely organic and an inorgan-
ic arm.


Scheme 1. Synthesis of anchorable phosphine 2.
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thyl(phenylethynyl)silane (3), which was readily prepared by
reaction of one equivalent of chlorodimethyl(phenylethy-
nyl)silane[10] with one equivalent of ethanol in THF. Com-
pound 4 was fully characterized by NMR techniques.


1-Phospha-4,5-dimethyl-3,6-diphenylnorbornadienylphos-
phonic acid (5): The synthesis of phosphanorbornadiene 5
has already been reported.[11] It was also shown that it be-
haves as a bidentate ligand toward rhodium(i) precursors.
These complexes were used as water-soluble hydroformyla-
tion catalysts but exhibited a low activity.


1-Oxo-1-phospha-4,5-dimethyl-3,6-diphenylnorbornadienyl-
phosphonic acid (5’): This was synthesized by HNO3 oxida-
tion of 5 in methanol (Scheme 4). It was characterized by
NMR and IR techniques.


Synthesis of the supporting material


Silica materials : The silica materials used have all been de-
scribed previously. The first, of the SBA-1 type,[12] was syn-
thesized under acidic conditions in the presence of cetyltrie-


thylammonium bromide (CTEAB) as surfactant. It had a
specific surface area of 750 m2 g�1, an average pore diameter
of 23 Å, and a cubic (SBA-1) pore structure organization.
The second was a standard SBA-15 type support[13] with sur-
face area 630 m2 g�1, pore diameter 60 Å; the pore structure
had a hexagonal (p6m) arrangement. The last one was an
MSU type of support, specific surface area 310 m2 g�1, aver-
age pore diameter 110 Å.[14]


Mixed zirconia/silica materials : Mesoporous ZrO2/SiO2


mixed oxides are of growing importance as they provide en-
hanced mechanical and chemical stability compared with
their pure zirconia counterparts.[15] This is the first reported
synthesis of such materials using standard aerosol tech-
niques. In this work, we focused on obtaining final material
with high zirconia loadings. Preparation of the sol has been
reported previously for synthesis of thin films.[16] The atomi-
zation sol was prepared by mixing a Zr-containing sol
(Sol A), molar ratio ZrCl4/EtOH/surfactant=1:40:c, and a
given volume of a Si-containing sol (Sol B), molar ratio
SiCl4/EtOH/surfactant=1:40:c, fixing the Zr/Si ratio. The
surfactant loading depended on the nature of the surfactant.
Water was added just before atomization in a ratio H2O/
(Zr+Si)=10:1. The aerosol was then generated using a com-
mercial atomizer with dry air as atomization gas. The result-
ing powders were labeled ZSx(S) (in which x=Si loading
[mol %], ranging from 0 to 30; (S)= surfactant; (S)=F for
F127 or (S)=C for cetyltrimethylamonium bromide
(CTAB)).


When using a Pluronic surfactant (F127), as for the syn-
thesis of thin layers, the transmission electronic micrographs
(TEMs) and the XRD pattern showed a monodisperse po-
rosity (2q=0.94 for ZS20F). However, upon calcination at
300 8C the powders became dark brown and FT-IR spectra
revealed the formation of carbonates, resulting from incom-
plete oxidation of organics. At higher temperature (450 8C),
the specific surface dropped dramatically (from 110 m2 g�1


to <5 for ZS20F, for example). The porosity of ZS10F and
ZS20F before calcination is shown in Figure 3.


This calcination step was avoided by using CTAB as a sur-
factant, which can be removed by ethanol washing after 24 h
of consolidation at 130 8C. Using CTAB, we were able to
synthesize mixed oxide aerosols with x ranging from 0 to
30 %. Specific surface areas of the powders obtained were
fairly high (230–470 m2 g�1; see Table 1) for zirconium-rich
metal oxide porous powders. Average pore sizes were rather
small, even with ZS20C, but this is in good agreement with
the well-established sintering of zirconia-rich materials
during consolidation.[16] Structural characteristics of the zir-
conia/silica mixed powders are presented in Table 1 and
TEMs of a pure zirconia powder, ZS10C, ZS20C, and ZS30C
are shown in Figure 4.


Synthesis of the grafted materials


Grafting on the silica supports: The same procedure was
used for the three supports. Ligand 2 (2’) was added to a


Scheme 2. Synthesis of model phosphine 2’.


Scheme 3. Synthesis of a methylated derivative (4) of 2.


Scheme 4. Synthesis of the oxide of 5.
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suspension of the corresponding support in toluene at room
temperature and then stirred at 90 8C for 12 h. The resulting
materials are labeled 2@SBA-1, 2’@SBA-1, 2@SBA-15, and
2@MSU. The ligand loading was checked by thermogravi-
metric analysis (TGA) and 14, 12, 6, and 8 wt%, respective-
ly, of the organic compound was grafted. The CP-MAS
1H NMR characterizations of
2@SBA-1 showed that there
were few ethoxy groups left on
the surface, indicating that the
grafting was almost complete.
This was confirmed by CP-MAS
29Si NMR experiments on 2’@
SBA-1, in order to obtain good
cross-polarization yields. The
chemical shift (d=�75 ppm)
was consistent with a species
which is triply bonded (T3) to
the surface, relative to its d=
�49.61 ppm shift before grafting. Though the CP experi-
ments are not quantitative, the CP-MAS 31P NMR spectrum
indicated that a large part of the phosphine remained unoxi-
dized (d=�8 ppm).


Grafting on the zirconia-rich supports: Although grafting of
phosphonic-based species on zirconia-rich materials should
be easier than for the silica equivalents, because of the small
pore size of ZS20C, we applied the same grafting procedure
as for 2@SBA-1. The grafting was followed by 31P NMR
spectroscopy of the solution, with Ph3P as internal standard.
After 12 h of heating detectable traces neither of 5 nor of 5’
were found in solutions corresponding to a 20 wt % loading.
The CP-MAS 31P NMR spectrum of 5@ZS20C showed two
large main peaks at d=3.5 and 54 ppm, which were ascribed
to the phosphonate moiety[17] and to the phosphine, respec-
tively. Interestingly, the second chemical shift (d=54 ppm)
is shifted significantly downfield relative to that recorded
for the free ligand (d=�9 ppm). Usually, such a downfield
shift indicates that the phosphorus atom has been oxidized.
However, the FT-IR spectra of 5@ZS20C and 5’@ZS20C are
distinct, providing clear evidence that 5@ZS20C is not in an
oxidized state. In particular the characteristic absorption
band of the P=O bond (at 1380 cm�1) is missing in the spec-
trum of 5@ZS20C. (As described previously for phospho-
nates grafted on titania,[18] no phosphonate P=O bands are
visible around 1200 cm�1, whereas the P�O�Zr bands are
visible around 1100 cm�1 together with the signal of the sup-
port; Figure 5).


Another possible explanation for this downfield shift is
that the phosphine was protonated by the acidic zirconia
surface. However, parallel experiments led us definitely to
rule out this hypothesis. Indeed, even when it was dissolved
in aqueous 12 M HCl, ligand 5 proved to be very difficult to
protonate and only a very weak signal (compared with that
of nonprotonated 5) was detected at d=8 ppm in the
31P NMR spectrum. This chemical shift is consistent with the
tabulated value. For example, in ClPH(Ph)3 the phosphorus


Figure 3. TEMs of ZS10F127 (top) and ZS20F127 (bottom), showing the po-
rosity before calcination.


Table 1. Characteristics of the zirconia/silica mixed powders.


Silica
content [%]


Specific
surface
area [m2 g�1]


BJH average
pore diameter [Å]


XRD[a]


d spacing [nm]


ZS0C 0 470 <10 –
ZS10C 10 320 <20 4.2
ZS20C 20 230 20 5.5
ZS30C 30 230 <10 –


[a] X-ray diffraction.


Figure 4. TEMs of a) pure zirconia powder; b)ZS10C ; c) ZS20C ;
d)ZS30C.
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atom resonates at d=0 ppm.[19] The third hypothesis is that
the phosphorus atom of the grafted ligand 5 can coordinate
with the zirconia surface. Interestingly, 31P NMR experi-
ments indicated that reaction of two equivalents of 5 with
ZrCl4 in EtOH led to the formation of a new peak at d=
61 ppm (�5 ppm for the phosphonate moiety). This down-


field chemical shift is consistent
with that recorded for 5@
ZS20C. Therefore, it seemed
reasonable to assume that 5@
ZS20C adopts the structure
shown here (the locations of
the phosphonate oxygen atoms
are not exact). The coordina-
tion of the phosphorus atom
with the surface probably ex-


plains why no oxidation takes place.
This assumption was reinforced by additional solid-state


NMR experiments. We supposed that if a coordination of
the phosphorus atom with the zirconia surface occurred, the
resulting bond would probably be weak because of the poor
affinity of tertiary phosphines for ZrIV centers. Thus dis-
placement reactions were attempted using alkynes which
can act as ligands to ZrIV centers through their p system.[20]


As expected, reaction of 5@ZS20C with an excess of phenyl-
acetylene for 12 h resulted in the appearance in solid-state
31P NMR spectrum of a new signal at d=�8 ppm, which
corresponds to the free phosphine moiety of 5.


Synthesis of surface-modified grafted material


(2+OMe)@SBA-1: In order to check the influence of the
functionalization of the surface on the catalytic activity, 2@
SBA-1 was esterified by suspending the material for 1 h at
45 8C in methanol. Modification of the surface was con-
firmed by a 1.5 wt % uptake in TGA.


(2+Ph)@SBA-1, (2+Ph)@MSU : Similarly, 2@SBA-1 and
2@MSU were treated with PhSi(OEt)3 at 90 8C in toluene
for 12 h. This resulted in an uptake of 6 wt % for both sup-
ports. (2+Ph)@MSU was dried for 24 h in vacuo at 60 8C to


yield (2+Ph)@MSUd. However, such a surface treatment
does not usually result in complete drying or in isolated OH
groups, as this requires more drastic conditions.[21] Heating
at higher temperature (120 8C), however, led to total passi-
vation of the catalytic material.


Complexation of the solids : The grafted materials were sus-
pended in CH2Cl2 with a given amount of rhodium(i) precur-
sor, [Rh(cod)2][PF6] or [Rh(acac)(CO)2], and then washed
three times with MeOH, yielding the corresponding [Rh-
(ligand)]@solid compounds.


[Rh(2)(cod)]@SBA-1: The CP-
MAS 31P NMR spectrum exhib-
ited a single peak at d=58, con-
sistent with the spectrum of 6
(the structure of which is illus-
trated here; the other ligands
on the rhodium center are
omitted). No signal correspond-
ing to the [PF6


�] counter anion
could be detected.


[Rh(2)(CO)2]@SBA-1: The FT-IR spectrum of the material
obtained with 2@SBA-1 when using [Rh(acac)(CO)2] as a
precursor clearly indicated that a displacement of the acac
ligand occurred (the two CO ligands featuring two charac-
teristic bands at 2002 and 2074 cm�1). These data corrobo-
rate the assumption that the ligand also behaves as a biden-
tate P^O� chelate.


[Rh(5)(CO)2]@ZS20C : For this support, only [Rh-
(acac)(CO)2] was used as a precursor. CP-MAS 31P NMR
spectroscopy showed that the peak at d=54 ppm in 5@
ZS20C shifted to d=58 ppm (the same chemical shift as for
[Rh(2)(cod)]@SBA-1). FT-IR spectroscopy showed that the
acac ligand was not eliminated, since it can also act as a
ligand for the zirconia surface.[22] However, the shift of the
two C=O stretching bands (1590 and 1538 cm�1 on the solid
instead of 1564 cm�1 and 1527 cm�1 in [Rh(acac)(CO)2])
clearly indicates that it has been displaced by the grafted
ligand 5 (5@ZS20C), which thus acts as a bidentate P^O�


chelate.


Catalytic tests : The catalytic activity of the supported cata-
lysts that had been prepared was evaluated in two processes:
the hydrogenation of 1-hexene and the hydroformylation of
2,3-dimethylbut-2-ene. All the homogeneous complexes
were formed in situ whereas all the supported complexes
were synthesized before being used as catalysts.


Hydrogenation of 1-hexene : All these tests were at room
temperature under H2 (7 bar). The metal/substrate ratio was
set at 1:1000.


Homogeneous catalysis : All the experiments were per-
formed using MeOH as solvent. As complex [Rh(2)(cod)]-


Figure 5. FT-IR spectra of 5@ZS20C and 5’@ZS20C. Note the strong peak
at 1380 cm�1 (arrow) characteristic of R3P=O vibrations.
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[PF6] proved to be inactive in the hydrogenation of hexene,
complex [Rh(4)(cod)][PF6] was tested in order to avoid the
exchange of the ethoxy moieties. A very low activity was ob-
served, combined with a long activation period (around
40 min). The addition of 1 equiv of water to [Rh(4)(cod)]-
[PF6] resulted in the breaking of the Si�O bond, yielding a
P^O� chelate (Scheme 5). Indeed, the 31P signal of the com-


plex shifts from d=52.8 to 52.4 ppm, whereas the release of
ethanol is clearly visible in the 1H spectrum (complexed Si�
OEt moieties feature a quadruplet of doublets at d=
3.5 ppm with 3J(H,H)=5 Hz and 3J(H,Rh)=1 Hz, whereas
after hydrolysis a quadruplet appears at d=3.7 ppm with 3J-
(H,H)=7 Hz) The neutral complex had the same activity as
the cationic one but no activation period was needed. The
hydrogen consumption in the two experiments is presented
in Figure 6.


Heterogeneous catalysis : The substrate/catalyst ratio (calcu-
lated on the basis of the theoretical rhodium loading) was
set at 1000:1. The dry catalytic powders were suspended in
the solution containing the substrate before pressurization.
The most interesting catalytic activities are summarized in
Table 2.


The solids behaved well during recycling, as previously
mentioned.[7] The powders only had to be filtered off and
could be re-used directly in a new catalytic batch. By this
procedure a maximum TON of more than 100 000 catalytic
cycles for [Rh(2)(cod)]@SBA-1 was reached (without any
notable activity loss after 20 recycles).


Hydroformylation of 2,3-dimethylbut-2-ene


Hydroformylation catalysis : To check whether the Lewis
acidic properties of the zirconia-rich wall of ZS20C could be
advantageous for difficult reactions, [Rh(5)(CO)2]@ZS20C
was tested in the hydroformylation of 2,3-dimethylbut-2-ene,
a substrate known to be rather reluctant to undergo hydro-
formylation. In this reaction, isomerization into 2-methyl-
3,3’-dimethylprop-1-ene takes place before the hydroformy-
lation, which yields 3,4-dimethylpentanal (Scheme 6).[23]


The results obtained after 48 h in experiments with
0.1 mol % of catalyst at 1108C under H2/CO (1:1, 30 bar),
summarized in Table 3, demonstrate that the supporting ma-
terial itself is active in isomerization of the internal olefin
(entry 1). The homogeneous catalyst is about four times less
active than the supported one (entries 2 and 3).


Discussion


Nature of the active species : The activation period (40 min)
observed when the [Rh(2’)(cod)][PF6] complex was used as
the catalyst strongly suggests that the active species is prob-
ably not the cationic species. Indeed, as previously ex-
plained, hydrolysis of this complex clearly promoted the hy-
drogenation process. Though CP-MAS Si29 NMR experi-
mental data showed that 2@SBA-1 was triply bonded
through to oxygen atoms on the surface, NMR and IR re-


Scheme 5. Formation of the active species in the hydrogenation of 1-
hexene with [Rh(4)(cod)]PF6.


Figure 6. Hydrogen consumption during the hydrogenation of 1-hexene
with [Rh(2’)(cod)][PF6]: ~ without addition of water; & with pre-hydroly-
sis.


Table 2. Turnover frequencies [cycles min�1] for the catalytic hydrogena-
tion of 1-hexene.


Entry Catalyst MeOH Toluene


1 [Rh(2)(cod)]@SBA-1 48 4
2 ([Rh(2)(cod)]+OMe)@SBA-1 –[a] 10
3 [Rh(2)(cod)]@SBA-15 72 –
4 [Rh(2)(cod)]@MSU 10 –
5 [Rh(5)(CO)2]@ZS20C 30 –
6 ([Rh(2)(cod)]+Ph)@SBA-1 15 30
7 ([Rh(2)(cod)]+Ph)@MSU 12 12
8 ([Rh(2)(cod)]+Ph)@MSUd 15 4.6
9 ([Rh(2)(cod)]+Ph)@MSUd


[b] – 10.3


[a] Empty entries (–) correspond to conditions that were not tested.
[b] Catalytic activity after addition of water (Rh/H2O=1:1).


Scheme 6. Principle of the 2,3-dimethylbut-2-ene hydroformylation.


Table 3. Hydroformylation of 2,3-dimethylbut-2-ene.


Catalyst Isomerization
rate[a] [%]


Aldehyde
selectivity[b] [%]


Linearity[c]


[%]


1 ZS20C 30 3 100
2 [Rh(5)(CO)2] 0 10 100
3 [Rh(5)(CO)2]@ZS20C 0 40 100


[a] Total percentage of 2,3-dimethylbut-1-ene formed. [b] Total percent-
age of aldehyde formed. [c] 3,4-Dimethylpentanal formed as a percentage
of the total aldehydes formed.
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sults clearly suggest that 2@SBA-1 behaves as an LX-type
ligand. Therefore, a Si�O bond must open during or just
after the complex formation, giving rise to the active species.
This assumption is supported by the catalytic tests on
([Rh(2)(cod)]+Ph)@MSUd. Indeed, when a dried catalyst
was used in toluene as solvent, the activity was found to be
much lower (4.6 catalytic cycles per minute) than when
methanol was used as solvent (15 catalytic cycles per
minute). Interestingly, when a wet catalyst was used the ac-
tivity was found to be comparable whatever the solvent
used (see Table 2, entry 7). This observation can be rational-
ized by considering that methanol is able to break Si�O�Si
bonds (esterification of the surface).[24] This Si�O bond
breaking may be facilitated by coordination of one oxygen
lone pair to the rhodium center (Scheme 7). Furthermore,
the catalytic activity was observed to increase (10.3 cycles
per minute, comparable with the wet catalyst) when water
was added to the batch containing the dried catalyst in tolu-
ene and the batch was reloaded (Table 2, entry 9).


To gain insight into the influence of the bonding in the
active species, DFT calculations were performed using the
Gaussian O3 package with the B3PW91 functional. For de-
tails of the combination of basis sets used, see the Experi-
mental Section. The model complexes I and II were opti-
mized. For simplification the phenyl moieties of the corre-
sponding complexes were replaced by hydrogen atoms and
the ethoxy moieties by methoxy fragments, and neither the
counter ion nor other ligands were considered in these cal-
culations. Complex I is a cationic 14 VE (valence electron)
complex in which coordination of the rhodium center occurs
through the lone pair at phosphorus and one lone pair of
one oxygen atom of the Si(OMe)3 group. In the neutral
14 VE complex II, which models the proposed active spe-
cies, the ligand behaves as an LX ligand. The two optimized
structures are presented in Figure 7 and the most significant
bond lengths and bond angles are listed in Table 4.


Interestingly, a natural bond analysis of the optimized
structures revealed that, in complex I, coordination of one
lone pair on the Rh center only slightly reduces the negative
charge at the coordinated oxygen atom (�0.86 in I ; �0.90
for an uncoordinated oxygen atom). A lengthening of the


Si�O bond is also noted (1.726 Å in I ; 1.621 Å for an unco-
ordinated oxygen atom). Though these variations are rela-
tively small, they reinforce the hypothesis that upon coordi-
nation to Rh the Si�O bonds are weakened. The natural
charge at rhodium in both model complexes I and II is also
important. Coordination of the oxygen atom in a covalent
manner results in a small decrease in the positive charge at
rhodium (+0.23 in II ; +0.28 in I) (see Figure 8). However,
this increase in the electron density on the Rh center is too
modest to explain the enhancement of the catalytic activity
on going from the cationic to the neutral complex.


Thus the effects of the oxygen and the phosphorus atom
of the phosphanorbornadiene on possible ligands in trans
positions were also investigated. For this purpose, structures
III and IV, both featuring two coordinated ethylene ligands
at rhodium, were optimized at the same level of theory. The
C3–C4 ligand is trans to the oxygen ligand and the C4–C5
one trans to the phosphorus atom of the phosphanorborna-
diene. For a view of the optimized structures see Figure 9;
the most significant bond distances and angles are listed in
Table 5.


Scheme 7. Formation of the active species through breaking of an Si�O
bond by H2O or an alcohol. The other ligands on rhodium have been
omitted.


Figure 7. Optimized structures of models of complexes I and II.


Table 4. Comparison of the most interesting bond lengths [Å] and angles
[8] in the model complexes I and II.


I II


P–Rh 2.196 2.189
O1–Rh 2.111 1.947
Si–O1 1.725 1.662
Si–O2 1.638 1.830
P-Rh-O1 47.5 91.5
C1-P-Rh-O1 �1.6 1.6


Figure 8. NBO charge distribution in complexes I and II.
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Interestingly, it appears that the effect of the oxygen li-
gands, whatever the charge at the rhodium center, is similar.
The olefin that is trans to the oxygen is more strongly
bonded to the rhodium center, whereas the olefin trans to
the P atom is more weakly bonded. This is clearly apparent
from the Rh�C bond lengths which are always shorter for
the C2�C3 coordinated olefin, reflecting a stronger p back-
bonding. Concomitantly, this shortening is accompanied by
a lengthening of the C�C bond (for example, in III : from
1.399 Å for C2�C3 to 1.367 Å for C4�C5). Evidence for the
stronger p back-donation in the C2�C3 olefin is also provid-
ed by a decrease in the dihedral angle H2-C2-C3-H3 com-
pared with H4-C4-C5-H5. However, a conclusion about the
respective effect of oxygen ligands in the two structures is
much more difficult to reach. The results of an NBO (natu-
ral bond orbital) analysis are presented in Figure 10. In con-
trast to compound II, covalent coordination of the oxygen
ligand increases the positive charge at rhodium. This indi-
cates a better electronic transfer to the C2�C3 olefinic
ligand, which is more negatively charged in IV than in III.


Though some electronic differences exist between I and II
and between III and IV, it is clear that all these data cannot
account definitely for the higher catalytic activity of com-
plex II since the differences are so subtle. A possible explan-
ation may reside in the strain provided by the metallacycle
Rh-P-Si-O in II and IV. Indeed, whereas the oxygen ligand
is covalently bonded in II, the Si-O-Me group in I probably
acts as a hemilabile ligand, thus transiently leaving a poorly
coordinated and probably highly reactive rhodium center.
Further calculations are currently in progress to confirm this
hypothesis.


Influence of the surface functionalization: One important
factor controlling the activity of a heterogeneous catalyst is
the accessibility of the catalytic sites. The turnover frequen-
cy of a support with small pores and high tortuosity such as
SBA-1, with a cubic Pm3n structure, is lower (48 cycles per
minute) than that of a more open one like SBA-15, of 2D
hexagonal structure (72 cycles per minute). However, acces-
sibility is directed not only by the pore geometry, but also
by the interaction between the reactants and the surface of
the support. The high hydrophilicity of mesoporous silica
gels synthesized under acidic conditions[25] accounts for the
rather low activity observed with [Rh(2)(cod)2]@SBA-1 in
toluene, which is quite a classic solvent for homogenous hy-
drogenation (Table 2, entry 1). When methanol is used as
solvent, esterification of the silica surface takes place,
making it more hydrophobic and thus increasing the activity.
This is emphasized by the fact that with a material pretreat-
ed with methanol, the catalysis conducted in toluene
(entry 2 in Table 2) is about two times faster. When a meso-
porous silica-based material treated with PhSi(OEt) is used
(entry 6 in Table 2), the influence of the affinity between the
surface and the solvent becomes even more pronounced as
the activity in toluene is two times greater than in methanol.


Influence of the chemical nature of the wall : A zirconia-rich
material does not seem to alter the catalyst behavior for hy-
drogenation notably. As shown by DFT calculations, the
charge on the rhodium center is slightly higher with ligand 5
than with the hydrolyzed ligand 2. The mean pore diameter
is also slightly smaller in ZS20C than in SBA-1. Both factors
tend to make [Rh(2)(CO)2]@SBA-1 a much more active cat-
alyst. Surprisingly the difference between the latter catalyst
and [Rh(5)(CO)2]@ZS20C is quite small (48 min�1 versus
30 min�1). This could be explained by the good affinity of
carbon–carbon double bonds for Lewis acids. If the associa-
tion constant between the hexene molecules and the acidic
sites of the zirconia surface is high enough, the diffusion
mechanism can be seen as a two-dimensional rather than a
standard three-dimensional one. According to this model,
the substrate moves onto the surface rather than being in
the solution, and thus the probability of meeting the active
center is enhanced.


Homogeneous tandem catalysts have attracted great inter-
est in recent years, in particular for industrial applica-
tions:[26] indeed, they allow one-pot multistep reactions with-


Figure 9. Optimized structures of models of complexes III and IV.


Table 5. Comparison of the most interesting bond lengths [Å] and angles
[8] in the model complexes III and IV.


III IV


P–Rh 2.312 2.319
O1–Rh 2.290 2.045
Rh–C2 2.122 2.126
Rh–C3 2.121 2.127
C2–C3 1.399 1.399
H2-C2-C3-H3 153.32 153.05
Rh–C4 2.247 2.224
Rh–C5 2.241 2.221
C4–C5 1.367 1.371
H4-C4-C5-H5 162.948 164.59


Figure 10. NBO charge distribution in complexes III and IV.
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out the expensive and fastidious product separation steps.
The main drawback of a homogeneous approach is that in-
compatible catalysts, such as bases and acids, cannot be
used. Anchoring of such catalysts on a solid support circum-
vents these problems. The most important papers in this
field report the anchoring of two catalytic entities on the
same support[27] or the use of an inorganic solid which itself
has two different catalytic properties.[28] Bifunctionality in
the case of [Rh(5)(CO)2]@ZS20C relies both on the pres-
ence of a rhodium center acting as an hydroformylation cat-
alyst and on the Lewis acidic properties of the wall. The
latter property can be exploited in the isomerization of in-
ternal olefins to yield linear aldehydes. As is evident in the
hydroformylation of 2,3-dimethylbut-2-ene, zirconia alone is
able to isomerize alkenes whereas the nongrafted rhodium
complex does not yield any isomerization product and is in-
efficient as a catalyst. This comparison confirms that the iso-
merization process is the slow step of the catalytic cycle. In
contrast, [Rh(5)]@ZS20C is able to perform both transfor-
mations simultaneously. Though the resulting bifunctional
catalyst compares with other reported homogeneous sys-
tems,[23] the concept in itself is new.


Conclusion


We have shown here that hydride bidentate ligands (HBLs)
are new materials that are able to bond to transition metals
and to act as very efficient catalysts. The range of characteri-
zation techniques that can be used, including kinetic studies,
allows good identification both of the complexes formed
and of the active species. The synthesis of mixed zirconia/
silica powders with a periodically organized mesoporosity
by an aerosol technique provides a convenient method for
the elaboration of supports that present additional Lewis
acidic properties (compared with standard silica). Moreover,
the use of ligands such as phosphines or amines bearing
phosphonate or carboxylate moieties opens up a new branch
of HBLs with promising catalytic properties, as confirmed
by the behavior of [Rh(5)]@ZS20C. Indeed, multifunctional
catalysis can be driven very easily by a suitable combination
of the catalytic properties of both the grafted complex and
the wall.


Experimental Section


All reactions were performed routinely under an inert atmosphere of
argon or nitrogen by Schlenk techniques and using dry deoxygenated sol-
vents. Dry THF and hexanes were obtained by distillation from Na/ben-
zophenone. Dry dichloromethane was distilled on P2O5 and dry toluene
on metallic Na. NMR spectra were recorded on a Bruker AC-200 SY
spectrometer operating at 300.0 MHz for 1H, 75.5 MHz for 13C, and
121.5 MHz for 31P. Solvent peaks have been used as internal references
relative to Me4Si for 1H and 13C chemical shifts; 31P chemical shifts are
relative to an 85% H3PO4 external reference. Powder XRD spectra were
recorded on a Philipps PW 1830. BET analyses were recorded on a Mi-
cromeritics ASAP 2000. IR spectra in KBr were recorded on a Nicolet
Magna 550. Thermogravimetric analyses were carried out on a TA


SDT6960 instrument, from RT to 1000 8C at 5 8C min�1. Solid-state
31P NMR spectra were recorded on a Brucker Avance 300 (7.6 T,
300 MHz for 1H, 121 MHz for 31P) at a spinning rate of 14 kHz. Butyl-
lithium in ether solution was purchased from Aldrich.


Triethoxy(phenylethynyl)silane (1): BuLi (6.25 mL, 1.6m solution in hex-
anes, 10 mmol) was added carefully to a solution of phenylacetylene
(1.02 g, 10 mmol) in THF (15 mL) at �70 8C with vigorous stirring. The
solution was allowed to warm slowly to room temperature. After 2 h the
dark brown reaction mixture was added slowly to a solution of chloro-
triethoxysilane (1.98 g, 10 mmol) in THF (15 mL) at 0 8C. After being al-
lowed to warm again to RT, the solvents were removed in vacuo. The
LiCl salts were precipitated with hexanes and filtered off. The hexanes
were removed in vacuo, then the product was purified by Kugelrohr dis-
tillation (160 8C at 10 mm) yielding a colorless oil. Yield: 2.5 g (95%);
1H NMR (CDCl3, 300 MHz): d=1.3 (t, 3J(H,H)=7 Hz, 9 H; CH3), 3.9 (q,
3J(H,H)=7 Hz, 6H; OCH2), 7.3 (m, 3H; CH of phenyl), 7.5 ppm (m,
2H; CparaH of phenyl); 13C NMR (CDCl3, 75.5 MHz): d=18.4 (s, CH3),
59.5 (s, OCH2), 85.4, 104.5 (2 s, C of the alkyne), 122.3 (s, Cipso of the
phenyl), 128.7–132.8 ppm (3s, C of the phenyl); MS (IE): m/z : 263 [M+].


1-Phospha-2-triethoxysilyl-4,5-dimethyl-3,6-diphenylnorbornadiene (2):
A solution of 1 (1.32 g, 5 mmol) and 1-phenyl-3,4-dimethylphosphol
(0.96 g, 5 mmol) in xylene (5 mL) were heated together in a sealed tube
at 140 8C for 4 h. The reaction mixture was filtered over celite and xylene
was removed in vacuo. The product was isolated as a colorless oil. Yield:
2 g (90%); 1H NMR (CDCl3, 300 MHz): d=0.9 (t, 3J(H,H)=7 Hz, 9 H;
CH3), 1.3 (s, 3 H; CH3), 1.9 (m, 2H; CH2), 2.0 (s, 3H; vinylic CH3), 3.5
(q, 3J(H,H)=7 Hz, 6 H; OCH2), 7.0, 7.2–7.5 ppm (d, J(H,H)=7 Hz, 2H;
m, 8H; phenyls); 13C NMR (CDCl3, 75.5 MHz): d=16.3 (s, vinylic CH3),
18.5 (s, CH3 of the ethoxy moieties), 20.9 (s, CH3), 59.5 (s, OCH2), 67.3
(s, CH2), 73.9 (s, C3), 125.5–128.7 (4s, aromatic CH), 139.8 (d, 2J(C,P)=
21 Hz, C4), 140.5, 155.8 (2s, Cipso of the phenyls), 141.5 (d, 1J(C,P)=
44.5 Hz, C2), 151.2 ppm (d, 1J(C,P)=25.7 Hz, C5); 31P NMR (CDCl3,
121.5 MHz): d=�8.3 ppm; MS (IE): m/z : 453 [M++1].
1-Phospha-2-triethoxysilyl-4,5-dimethyl-3,6-diphenylnorbornene (2’):
Triethoxysilane (1.64 g, 10 mmol) and PtCl2 (26 mg, 0.1 mmol) were
added to a solution of phenylacetylene (1.02 g, 10 mmol) in ethanol
(15 mL). The solution was stirred at 50 8C for 12 h. The solvent was re-
moved in vacuo. 1H NMR showed a total conversion of the alkyne to cis-
triethoxystyrylsilane and triethoxy(1-phenylvinyl)silane in a 2:1 ratio. 1-
Phenyl-3,4-dimethylphosphol (1.29 g, 6.6 mmol) was added to the reac-
tion products without solvent and the mixture was heated in a sealed
tube at 140 8C for 4 h. 31P NMR showed that only one product was
formed. The unreacted triethoxy(1-phenylvinyl)silane was removed by
Kugelrohr distillation. The product was isolated as a colorless oil. Yield:
1.1 g (60 %); 1H NMR (CDCl3, 300 MHz): d=1.0 (t, 3J(H,H)=8 Hz, 9 H;
CH3), 1.2 (s, 3 H; CH3), 1.3 (s, 3 H; vinylic CH3), 1.5 (m, 2H; CH2), 3.0
(d, J(H,P)=7 Hz, 1 H, Si�CH), 3.6 (m, 6H; OCH2), 7.0, 7.2–7.5 ppm (d,
J(H,H)=7 Hz, 2H; m, 8H; phenyls); 13C NMR (CDCl3, 75.5 MHz): d =


16.5 (s, vinylic CH3), 18.3 (s, CH3 of the ethoxy moieties), 21.0 (s, CH3),
28.2 (d, 2J(C,P)=29 Hz, C1), 50.4 (s, CH2), 53.3 (s, C2), 59.0 (s, OCH2),
65.5 (s, C3), 126.5–129.5 (4 s, aromatic CH), 139.2 (d, 2J(C,P)=20.4 Hz,
C4), 142.6, 151.3 (2s, Cipso of the phenyls), 143.4 ppm (d, 1J(C,P)=
21.9 Hz, C2); 31P NMR (CDCl3, 121.5 MHz): d=�14.9 ppm; MS (IE): m/
z : 455 [M++1].


1-Phospha-2-ethoxydimethylsilyl-4,5-dimethyl-3,6-diphenylnorbornadiene
(4): A solution of ethoxydimethyl(phenylethynyl)silane (1.02 g, 5 mmol)
and 1-phenyl-3,4-dimethylphosphol(0.96 g, 5 mmol) in xylene (5 mL) was
heated in a sealed tube at 140 8C for 4 h. The reaction mixture is filtered
on celite and the xylene was removed in vacuo. The product was isolated
as a colorless oil. Yield: 1.6 g (90%); 1H NMR (CDCl3, 300 MHz): d =


0.0, 0.04 (s, 6 H, Si�CH3), 1.1 (t, 3J(H,H)=7 Hz, 9 H; CH3), 1.4 (s, 3 H;
CH3), 2.1 (m, 2H; CH2), 2.2 (s, 3H; vinylic CH3), 3.5 (q, 3J(H,H)=7 Hz,
2H; OCH2), 7.0, 7.2–7.5 ppm (d, J(H,H)=5 Hz, 2H; m, 8 H; phenyls);
13C NMR (CDCl3, 75.5 MHz): d =0.0 (s, Si�CH3), 16.5 (s, vinylic CH3),
19.0 (s, CH3 of the ethoxy moieties), 20.9 (s, CH3), 59.0 (s, OCH2), 67.5
(s, CH2), 74.2 (s, C3), 126.7–128.8 (4s, aromatic CH), 132.5 (s, C2), 139.9
(d, 2J(C,P)=12.8 Hz, C4), 141.3, 156.8 (2 s, Cipso of the phenyls), 151.0 (d,
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1J(C,P)=25.7 Hz, C1), 156.7 ppm (d, 1J(C,P)=14.3 Hz, C5); 31P NMR
(CDCl3, 121.5 MHz): d=�12.1 ppm; MS (IE): m/z : 393 [M++1].


1-Oxo-1-phospha-4,5-dimethyl-3,6-diphenylnorbornadienyl phosphonic
acid (5’): Aqueous HNO3 (1 mL, 15m, 15 mmol) was added to 5 (370 mg,
1 mmol) in methanol. After 15 min the reaction mixture was neutralized
with aqueous NaHCO3 and extracted with CH2Cl2. The organic phase
was dried over MgSO4 and the solvent was removed in vacuo. The prod-
uct was isolated as white crystals. Yield: 200 mg (55%); 1H NMR
(CDCl3, 300 MHz): d=1.2 (s, 3H; CH3), 2.0 (s, 3 H; vinylic CH3), 3.4 (m,
2H; CH2), 7.0, 7.1–7.5 ppm (s, 2H; m, 8H; phenyls); 13C NMR (CDCl3,
75.5 MHz): d=14.4 (s, vinylic CH3), 17.5 (s, CH3), 67.5 (d, 1J(C,P)=
37.8 Hz, CH2), 67.2 (d, 3J(C,P)=71.0, C3), 126.2–129.2 (aromatic CH),
130.0 (m, C2), 133.7 (m, C4), 151.0 (d, 1J(C,P)=25.7 Hz, C1), 159.3 ppm
(m, C5); 31P NMR (CDCl3, 121.5 MHz): d=10.3 (d, 2J(P,P)=31.6 Hz;
�PO3H2), 51.7 ppm (d, 2J(P,P)=31.6 Hz; �P=O); MS (IE): m/z : 387
[M++1].


Silica supports: Structural characteristics of SBA-1, SBA-15, and MSU
are summarized in Table 6.


SBA-1:[12] In a typical run, cetyltriethylammonium bromide (1.2 g) was
dissolved at room temperature in aqueous HCl solution (61 mL, 3.6m).
TEOS (5.2 g) was then added with vigorous stirring. After 1 h a white
powder began to be precipitated; after 3 h precipitation was complete.
The powder was filtered off and washed three times with distilled water.
After 48 h of consolidation at 110 8C, the surfactant was removed by a
24 h ethanolic Soxhlet extraction. A 4 h calcination step at 450 8C ensur-
ed complete removal of surfactant.


SBA-15 and MSU : SBA-15 was synthesized according to reference [13],
and synthesis of MSU was as described in reference [14].


Mixed zirconia/silica supports


Sol A : Cetyltrimethylammonium bromide (0.625 g) was dissolved in etha-
nol (18.2 g). Zirconium tetrachloride (2.33 g) was then added with vigo-
rous stirring.


Sol B : Cetyltrimethylammonium bromide (0.625 g) was dissolved in etha-
nol (18.2 g). Silicon tetrachloride (1.68 g) was then added slowly with vig-
orous stirring, in order to avoid evolution of HCl.


Mixture : Sols A and B were mixed in a volume ratio corresponding to
the desired Zr/Si molar ratio and then atomized.


Grafting procedure


Silica material : In a typical run the appropriate silica powder (100 mg)
was suspended in toluene (20 mL) under argon. The phosphine to be
grafted (50 mg) was added. The solution was heated at 90 8C for 12 h
with vigorous stirring. The powder was filtered off and submitted to a
12 h ethanolic Soxhlet extraction, under nitrogen. The resulting powder
was dried under vacuum for 12 h.


Mixed zirconia/silica material : In a typical run the appropriate silica
powder (100 mg) was suspended in methanol (5 mL) under argon. The
phosphinic acid (20 mg) to be grafted and triphenylphosphine (5 mg)
were added. The solution was heated at 90 8C for 12 h with vigorous stir-
ring. The powder was filtered off and the grafting rate was checked by in-
tegration of the 31P NMR spectra of the solution (with PPh3 as an inter-
nal standard) and submitted to a 12 h ethanolic Soxhlet extraction, under
nitrogen. The resulting powder was dried under vacuum for 12 h.


Catalytic tests


Complexation : The rhodium precursor (either [Rh(cod)2][PF6] or [Rh-
(acac)(CO)2], 1 equiv) was added to a suspension of the given material
(20 mg) in dichloromethane (5 mL) under argon. After 30 min of stirring,
the powder was centrifuged and washed with dichloromethane (5 mL).


Hydrogenation : Hexene (0.84 g, 1 mmol) was dissolved in MeOH
(20 mL). The weight of the catalyst added corresponded to a theoretical
substrate/Rh molar ratio of 1:1000. The mixture was introduced to a
stainless steel autoclave fitted with a glass vessel, degassed, and pressur-
ized at 7 bar. The mixture was stirred vigorously at room temperature.
The yield was determined by GC.


Hydroformylation : 2,3-Dimethylbut-2-ene (0.84 g, 1 mmol) was dissolved
in toluene (20 mL). The weight of catalyst added corresponded to a theo-
retical substrate/Rh molar ratio of 1:1000. The mixture was introduced to
a stainless steel autoclave, degassed, and pressurized at 30 bar of H2/CO
(1:1) mixture. The mixture was stirred vigorously at 110 8C for 48 h. The
yield was determined by GC and confirmed by 1H NMR spectroscopy.


Computational details : All computations were performed using the
Gaussian 03 suite of programs and gradient-corrected density functional
theory[29] by using the B3PW91 functional.[30] Optimizations of I and II
were carried out using the 6-311+G(d) basis set for the atoms constitut-
ing the P�C�Si�O chelate motif and the 6-31G* basis set for all other
atoms. The basis set employed for the rhodium atom incorporates the
Hay and Wadt small-core relativistic effective core potential and double-
zeta valence basis set (441/2111/31/1).[31] The exponent for the metal f
function applied is 1.350.[32] The same basis sets were employed for the
calculations of structures III and IV, the 6-311+G(d) basis set being em-
ployed for the C and H atoms of the two coordinated ethylene ligands.
The charge distribution in optimized structures was calculated with the
NBO partitioning scheme.[33] Minima were characterized by having no
imaginary frequency.
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Introduction


It is almost a truism now that, after the inception of the
Creutz–Taube ion [(H3N)5Ru(pyrazine)Ru(NH3)3]


5+ in
1969,[2] studies of mixed/intermediate valence complexes
and their role in intramolecular electro- and magnetocom-
munication have become vital parts of contemporary re-
search in coordination chemistry.[3] Much effort has been in-
vested in the elucidation of the role that the nature of the
spacer between two interacting units plays in governing the
redox splitting between successive electron-transfer steps


(electrocommunication) and the sign and magnitude of ex-
change coupling of unpaired spins (magnetocommunica-
tion). Our own contribution to the field consists of the use
of sandwich complex units, trovacene [(h7-C7H7)V(h5-C5H5)]
(1)[4] in particular, as a probe of electrochemical and mag-
netic properties. Paramagnetic trovacene lends itself admira-
bly to this type of investigation, since it possesses a nonde-
generate 2A1 ground state giving rise to well-resolved 51V
hyperfine structure in EPR spectra; in addition it features
two adjacent reversible redox couples (1+ /0/�) and can be
lithiated regioselectively at the cyclopentadienyl ring, there-
by rendering a variety of derivatives accessible. In the past
we have described, amongst others, [5]trovacenyl carboxylic
acid [(C7H7)V(C5H4-COOH)], which features exchange cou-
pling in the hydrogen-bonded dimer (2C)2;[5] the isomers [5-
5]bitrovacene 3CC[6] and [7-7]bitrovacene 4CC,[7] which display a
pronounced difference in the extent of exchange coupling;
and the pair of [5,5]bitrovacenes 5CC and 6CC, which were con-
ceived in order to assess the influence a side-on versus a
head-on p-stacked disposition of two trovacene units may
exert on intramolecular interactions.[8] A very recent study
addressed the role of ethynyl- and butadiynyl units in inter-


Abstract: Five new paramagnetic dinu-
clear complexes containing [5]trova-
cenyl groups, (h7-C7H7)V(h5-C5H4�),
have been prepared and characterized,
including by single-crystal X-ray dif-
fraction. As intervening spacers, ethe-
nediyl units in the geminal and vicinal
(Z)- and (E)-bridging modes as well as
methanediyl and ethanediyl units have
been included with the aim of studying
their propensity to transmit electric
and magnetic information. It is found
that redox splitting of consecutive elec-
tron-transfer steps is resolved for re-


duction (0!1�!2�) only, unsatura-
tion of the C2 bridge not being requi-
site, since the �CH2CH2� spacer also
gives rise to a small redox splitting.
Magnetic communication is quantified
in terms of the exchange coupling con-
stant J, accessible from the EPR hyper-
fine pattern in solution and from mag-
netic susceptometry in the solid state.


The results obtained from these meth-
ods generally differ; this fact is not sur-
prising in view of conformational dif-
ferences in the respective states of ag-
gregation. It is concluded that orienta-
tion-dependent mechanisms of spin–
spin interactions (p-orbital overlap, hy-
perconjugation) contribute extensively
although, as implied by sizeable J
values for �CH2� and �C2H4� linked
di[5]trovacenyl groups, coupling medi-
ated by the s-orbital chain must also
be considered.
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sandwich complexes · vanadium
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[5]trovacenyl communication.[1] The present paper focusses
on ethylene as a spacer: the question raised is how the three
different ways (1,1-, (E)-1,2-, and (Z)-1,2-) of connecting
two [5]trovacenyl groups to ethylene are reflected in the
redox properties and the magnetic behavior of the prod-
ucts? The synthesis and properties of the important inter-
mediates acetyl[5]trovacene (8C) and formyl[5]trovacene
(12C), and that of the reference molecule vinyl[5]trovacene
(13C) will also be described. Finally, 1,2-di([5]trovacenyl)-
ethane (15CC) and di([5]trovacenyl)methane (17CC) have been
included in the series with the intent of probing the charge-
and spin-mediating properties of saturated spacers. It should
be mentioned that diamagnetic di(ferrocenyl)ethenes[9] and
di(ruthenocenyl)ethenes[10] have been prepared previously
with similar aims in mind. The open-shell nature of trova-
cene and the attendant exchange coupling in dinuclear com-
plexes represent an additional phenomenon to be exploited
in a study of intramolecular interactions.


Results and Discussion


Syntheses : Since for the generation of ethylene-linked bitro-
vacenes the McMurry type reductive coupling appeared
most promising, syntheses of the requisite mononuclear car-
bonyl–trovacene precursors was called for. Scheme 1 depicts
the synthesis of acetyl[5]trovacene (8C) and its conversion to
the target compounds (Z)-9CC, (E)-9CC, and 11CC. Acetyl[5]tro-
vacene (8C) rather than formyl[5]trovacene (12C) was em-


ployed in the McMurry coupling process, because aldehydes
are known to yield (E)-alkenes almost exclusivley,[12] while
ketones lead to a mixture of E and Z isomers, which are the
target compounds in our study. In fact, we isolated the iso-
mers (Z)-9CC and (E)-9CC in a 2:1 ratio. Separation was based
on the lower solubility of the E isomer in toluene and on its
stronger retention in column chromatography. 1,1-Bis([5]tro-
vacenyl)ethene (11CC) was conventionally synthesized by
Wittig olefination of bis([5](trovacenyl)ketone. However,
the low-yield access to the latter ketone[13] disfavored this
approach and, instead, the path involving dehydration of the
tertiary carbinol 10CC was followed. This synthesis has prece-
dent in the preparation of vinylferrocene from acetylferro-
cene and LiAlH4


[14] and of 1,1-diferrocenylethene from di-
ferrocenylketone and CH3MgBr;[15] in both cases dehydra-
tion of the respective ferrocenylcarbinol forms the terminal
step.


The preparation of formyl[5]trovacene (12C),[1] its titani-
um-mediated carbonyl olefination by means of (C5H5)2Ti-
(CH3)2


[11a] to yield vinyl[5]trovacene (13C), and reductive
coupling to 1,2-di([5]trovacenyl)ethane (15C) are outlined in
Scheme 2. For the synthesis of 17CC, it proved advantageous
to prepare the bridging ligand dicyclopentadienylmethane


Scheme 1.
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prior to formation of the trovacene units in the standard
way via the intermediate 16.


Structural studies : Crystals suitable for X-ray diffraction
could be grown for the compounds (E)-9CC, (Z)-9CC, 11CC, 12C,
and 15CC ; graphical representations of the molecular struc-
tures are shown in Figure 1 and selected bond lengths and
angles are given in Table 1.


Compared to the parent complex 1C,[16] no significant
structural deviations are observed for the trovacenyl units of
the derivatives reported herein, except for a slight (�2 pm)
elongation of the intraring Cipso�C bonds of the substituted
cyclopentadienyl ligand. In a valence bond picture, this may
be attributed to the participation of resonance structures
with Cipso�C single bonds, effected by p-donation from the
substituent (alkenyl, formyl). Consequently, the elongation
is absent in the structure of complex 15CC, which features a
saturated ethano bridge.


In the crystals of formyl[5]trovacene (12C)[1] rotational dis-
order of the h5-C5H4C(O)H ligand was encountered as de-
picted in Figure 1. In both forms, the formyl substituents are
coplanar with the cyclopentadienyl ring. For the discussion
of intramolecular interactions in the dinuclear complexes
the most pertinent structural aspect is, of course, the mutual
disposition of the p-systems of h-C5H4 and bridging groups.
However, it must be stressed at the outset that solid-state
structural information is strictly applicable only in discus-
sions of bulk magnetic susceptibility data obtained form mi-
crocrystalline samples. They may offer hints as to favored
conformations in fluid solution, but they will not tell the
whole story since nonrigidity in solution may affect the com-
munication between the sandwich cores and the bridging
units. With regard to the central ethene bridge, the [5]trova-


cenyl units adopt anti dispositions in the vicinal derivatives
(E)-9CC and (Z)-9CC, but a syn orientation in geminal 11CC. The
lengths of 1.48 N displayed by the Cipso�Cbridge bonds point
to conjugation between sp2-hybridized carbon atoms. Vary-
ing angles between the C=C double-bond vector of the
bridging unit and the cyclopentadienyl ligand plane to which
it is connected are encountered. For the (E)-9CC isomer, a tor-
sional angle of 23.08 is found, whereas for the (Z)-9CC isomer
it amounts to 36.68. The geminal isomer 11CC possesses two
sterically inequivalent [5]trovacenyl groups in which the
aforementioned torsion angles are 5.08 and 38.68, respective-
ly. For steric reasons, it is impossible for both [5]trovacenyl
units to maintain maximal conjugation with the C=C double
bond of the bridge, leading to severe torsion of one of them
with regard to the Cipso�Ca bond. In the following sections,
the structural features of the trovacene derivatives in the
crystal will be used in discussions of electrochemical and
magnetic properties of the respective species in solution.
While this is not strictly correct, justification stems from the
notion that conformations encountered in the crystal may
also be the preferred ones in fluid solution.


Redox properties : Figure 2 shows the waves obtained from
subjecting the complexes (Z)-9CC, (E)-9CC, 11CC, 15CC, and 17CC to
cyclic voltammetry; the pertaining data are given in the cap-
tion. With regard to the potentials at which oxidations and
reductions occur, the isomeric dinuclear complexes (Z)-9CC
and (E)-9CC closely resemble each other; consequently, the
redox splittings dE1/2, which define the potential difference
between subsequent redox processes at the two central
metal atoms present, are practically identical. Whereas the
redox splittings dE1/2 (2+ /+ ; + /0) for the oxidation steps
are unresolved in the cyclovoltammetric traces, they are
clearly discernable for the reduction steps as dE1/2 (0/�; �/
2�). The fact that electrocommunication in dinuclear com-
plexes, as expressed by the redox splittings dE1/2, is generally
larger for reductions than for oxidations has been comment-
ed on.[5] Despite closer proximity of the trovacenyl units in
the isomer (Z)-9CC relative to (E)-9CC, redox splitting dE1/2 is
somewhat smaller for the former. This must be traced to the
more extensive twisting of the trovacenyl groups of (Z)-9CC
in relation to the bridging ethene unit and the attendant de-
crease of p-conjugation. Accordingly, transmission of elec-
tronic effects will be attenuated. Therefore, the conclusion
that in the analogous di(ferrocenyl)ethene compounds intra-
molecular electronic interaction is dominated by coulomb
repulsion[9d] warrants reconsideration. The influence that p-
conjugation exerts on the degree of electrocommunication
may also be gleaned from the electrochemical properties of
the geminal isomer 11CC. Even though the number of C(sp2)
atoms in the bridge is smaller, dE1/2 (2+ /+ ; + /0, 11CC) fails
to be resolved and the value dE1/2 (0/�; �/2� ; 11CC) falls
short of that observed for the C2-separated dinuclear com-
plexes (Z)-9CC and (E)-9CC. This comes as no surprise in view
of the fact that the angle of twist between the h5-C5H4 and
the bridging ethene unit is maximal for 11CC. Yet, electrocom-
munication should not be traced to p-conjugation exclusive-


Scheme 2.
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ly, as the electrochemical behavior of 1,2-di([5]trovacenyl)-
ethane 15CC demonstrates; although the trovacenyl units in
15CC are separated by a saturated �CH2�CH2� spacer, a
small but significant redox splitting dE1/2 (0/�; �/2�, 15CC) is
observed. Electrocommunication therefore is also transmit-
ted by a sequence of s bonds or through C�H/p hypercon-
jugation. In this context, the reader may recall early work
on diferrocenyl alkanes [Fc(CH2)nFc], which lead to the
redox splittings dE1/2 (2+ /+ ; + /0)=300 (n=0), 170 (n=1),
40 mV (n=2).[17] For the di([5]trovacenyl)analogues 3C, 17CC,


and 15CC, the gradations dE1/2 (2+ /+ ; + /0)=147 mV (n=0),
not resolved (n=1), not resolved (n=2); and dE1/2 (0/�; �/
2�)=224 (n=0), 100 (n=1), 82 mV (n=2) apply.


Apart from providing information on the extent of inter-
metallic communication, redox splittings dE1/2 also serve in
calculations of comproportionation constants Kcon according
to the relation logKcon=16.9dE1/2 at 298 K.[18] Applied to
the systems under study here, for Kcon the values 160 ((Z)-
9C�), 800 ((E)-9C�), 20 (15C�) and 50 (17C�) are derived. Thus,
whereas upon oxidation equilibrium mixtures will be ob-


Figure 1. Molecular structures of (E)-9CC, (Z)-9CC, 11CC, 12C, and 15CC in the crystal (XP drawing and numbering scheme; ellipsoids are drawn at the 50%
level).
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tained which contain the three species (0/0), (0/+ ), and (+ /
+ ) in similar concentrations, reduction should, in principle,
allow the generation of the mixed/intermediate valence spe-
cies (Z)-9C� and (E)-9C� virtually uncontaminated by isova-
lent (0/0) and (�/�). Experimental problems of performing
controlled potential electrolyses at the very negative poten-
tials required and subsequent separation of the mixed/inter-
mediate valence salts R4N


+ (0/�)C� from supporting electro-
lyte has as yet precluded the isolation of (Z)-9C� , (E)-9C� ,
11C� , 15C� , and 17C� . This is unfortunate because access to
the mixed/intermediate valence species could provide an es-
timate of the electron coupling term Vab from the energy


and width at half-maximum of the vanadium–vanadium in-
tervalence transition and the intervanadium distance by em-
ploying the Hush equation.[19] The possibility of correlating
the electron-transfer matrix element Vab (a one-electron
quantity) with the exchange-coupling parameter J (a two-
electron quantity) could be revealing and this question has
already been addressed.[20]


EPR spectroscopy and magnetic susceptibility : Whereas the
EPR spectra of the mononuclear complexes 8C, 12C, 13C, and
14C do not invite much comment, those of the binuclear spe-
cies (Z)-9CC, (E)-9CC, 11CC, 15CC, and 17CC warrant detailed discus-


Table 1. Selected interatomic distances, bond lengths [N], and angles [8] for (E)-9CC, (Z)-9CC, 11CC, 12C, and 15CC.


(E)-9CC
V�VA 7.6630(23) V�C(Cp) av 2.2623(15) V�Cp cent 1.9101(34) C�C(Cp) av 1.4185(42)
V�C(Tr) av 2.1880(16) V�Tr cent 1.4629 C�C(Tr) av 1.4013(37) C1�C2 1.435(2)
C2�C3 1.414(2) C3�C4 1.409(3) C4�C5 1.417(2) C1�C5 1.432(2)
C1�C6 1.488(2) C6�C6A 1.356(3) C6�C7 1.513(2)
C1-C6-C7 113.49(13) C6A-C6-C1 124.01(17) C6A-C6-C7 122.47(17)
C2-C1-C6-C6A 23.0(3) C5-C1-C6-C6A 157.58(18) C5-C1-C6-C7 20.2(2) C2-C1-C6-C7 159.16(15)


(Z)-9CC
V1�V2 7.1678(7) V1�C(Cp) av 2.2648(19) V1�Cp cent 1.9192(10) C�C(Cp) av 1.4142(13)
V1�C(Tr) av 2.1735(3) V1�Tr cent 1.4628 C�C(Tr) av 1.3922(20) C5�C6 1.431(3)
C6�C7 1.402(3) C7�C8 1.404(3) C8�C9 1.413(3) C5�C9 1.421(3)
V2�C(Cp) av 2.2657(19) V2�Cp cent 1.9189(10) C�C(Cp) av 1.4180(13) V2�C(Tr) av 2.1845(2)
V2�Tr cent 1.4671 C�C(Tr) av 1.4038(13) C10�C11 1.425(3) C10�C14 1.428(3)
C11�C12 1.417(3) C12�C13 1.409(3) C13�C14 1.410(3) C2�C5 1.480(3)
C10�C3 1.482(3) C2�C3 1.347(3) C3�C4 1.514(3) C2�C1 1.516(3)
C3-C2-C5 124.42(17) C3-C2-C1 119.97(19) C5-C2-C1 115.61(18) C2-C3-C10 124.34(18)
C2-C3-C4 119.52(18) C10-C3-C4 116.07(17)
C1-C2-C3-C4 7.1(3) C1-C2-C3-C10 176.14(19) C5-C2-C3-C4 173.03(17) C5-C2-C3-C10 3.7(3)
C1-C2-C5-C9 143.5(2) C3-C2-C5-C6 139.3(2) C3-C2-C5-C9 36.6(3) C1-C2-C5-C6 40.6(3)
C2-C3-C10-C11 37.5(3) C2-C3-C10-C14 139.5(2) C4-C3-C10-C11 145.66(19) C4-C3-C10-C14 37.3(3)


11CC
V1�V2 5.6747(10) V1�C(Cp) av 2.272(4) V1�Cp cent 1.927(2) C�C(Cp) av 1.4174(28)
V1�C(Tr) av 2.171(7) V1�Tr cent 1.469 C�C(Tr) av 1.3877(47) C3�C4 1.424(6)
C4�C5 1.405(7) C5�C6 1.409(7) C6�C7 1.421(6) C3�C7 1.425(6)
V2�C(Cp) av 2.267(5) V2�Cp cent 1.919(2) C�C(Cp) av 1.4220(29) V2�C(Tr) av 2.180(6)
V2�Tr cent 1.463 C�C(Tr) av 1.4013(32) C8�C9 1.430(6) C9�C10 1.417(7)
C10�C11 1.406(8) C11�C12 1.417(7) C8�C12 1.437(6) C1�C2 1.330(6)
C2�C3 1.487(6) C2�C8 1.478(6)
C1-C2-C8 120.2(4) C1-C2-C3 120.8(4)
C1-C2-C3-C4 38.6(6) C1-C2-C3-C7 145.5(5) C8-C2-C3-C4 135.9(4) C8-C2-C3-C7 39.9(6)
C1-C2-C8-C9 171.6(5) C1-C2-C8-C12 5.0(7) C3-C2-C8-C9 3.0(6) C3-C2-C8-C12 179.6(4)


12C
V1�C(Cp) av 2.261(2) C�C(Cp) av 1.408(4) V1�C(Tr) av 2.171(3) C�C(Tr) av 1.393(5)
O1�C1 1.214(6) C1�C2 1.407(6) C1A�O1A 1.208(6) C1A�C3 1.489(6)
C2�C6 1.416(3) C2�C3 1.421(3) C3�C4 1.403(4) C4�C5 1.399(4)
C5�C6 1.402(4)
O1-C1-C2 121.8(5) O1A-C1A-C3 119.9(5)
O1-C1-C2-C6 2.1(6) O1-C1-C2-C3 �172.1(4) O1A-C1A-C3-C4 �8.9(6) O1A-C1A-C3-C2 �179.2(4)


15CC
V�VA 7.9725(10) V�C(Cp) av 2.255(3) V�Cp cent 1.9079(15) C�C(Cp) av 1.4141(20)
V�C(Tr) av 2.172(4) V�Tr cent 1.4702(16) C�C(Tr) av 1.3879(22) C1�C6 1.511(4)
C6�C6A 1.530(6) V’�V’A 7.2574(9) V’�C(Cp) av 2.256(3) V’�Cp cent 1.9120(16)
C�C(Cp) av 1.4097(21) V’�C(Tr) av 2.181(4) V’�Tr cent 1.4669(15) C�C(Tr) av 1.4013(19)
C1’�C6’ 1.511(4) C6’�C6’A 1.520(6)
C1-C6-C6A 112.4(3) C2-C1-C6 126.6(3) C5-C1-C6 126.7(3) C1’-C6’-C6’A 114.3(4)
C2’-C1’-C6’ 124.7(3) C5’-C1’-C6’ 128.1(3)
C2-C1-C6-C6A �76.0(5) C5-C1-C6-C6A 102.8(4) C2’-C1’-C6’-C6’A 163.8(4) C5’-C1’-C6’-C6’A �20.7(6)
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sion, since they deal with the principal concern of this study
(Figures 3–7, respectively). In all five cases, 51V hyperfine
splitting in the isotropic EPR spectra in fluid solution signal-
izes exchange coupling of the two unpaired electrons cen-
tered at the vanadium nuclei; 15 lines arise that are separat-
ed by approximately half the coupling constant a(51V) of the
mononuclear parent complex 1C. The hyperfine patterns dis-
play significant differences with regard to intensities and
line shapes, which can be used to determine the exchange
coupling constant J by means of computer simulation.[21]


This procedure leads to the following gradation of jJ j
(cm�1, 340 K): >1.50 17CC>1.20 11CC>1.02 (E)-9CC>0.52 15CC>
0.05 (Z)-9CC. The isotropic EPR spectrum of 17CC fails to dis-
play deviations from the fast exchange case; the 15 hyper-
fine components obey the intensity distribution
1:2:3:4:5:6:7:8:7:6:5:4:3:2:1. Concordantly, 17CC is the only
biradical in the series studied that exhibits an electron mag-
netic spin quantum number Dms=2 half-field transition. It
may come as a surprise that separation by an sp3 carbon


atom in 17CC fails to significantly attenuate the spin–spin ex-
change interaction of the two trovacene units relative to
that in spacer-free 3CC. One must bear in mind, however, that
ortho hydrogen compression strain will cause 3CC to adopt a
rotameric form in solution in which the cyclopentadienyl p-
perimeters are orthogonal. In contrast, in 17CC the most fa-
vorable conformation due to C(sp3) imposed tilt of the sand-
wich axes leads to finite overlap of the neighboring Cp p-
electron systems, which may assist through space spin–spin
exchange coupling. The relatively large value for 11CC is plau-
sible, since in this complex, the two [5]trovacenyl units are


Figure 2. Cyclic voltammograms for (Z)-9CC, (E)-9CC, 11CC, 15CC, and 17CC in
DME/0.1m n-Bu4NClO4 at T=�40 8C and v=100 mVs�1 versus SCE.
Additional peak potentials Ep (reversibilitiy criteria not applicable):
Compound (Z)-9CC : E1/2(2+/+)=0.31 V, DEp=77 mV, r=1; E1/2(+/0)=
0.25 V, DEp=62 mV, r=1; Epa=1.06, 1.53 V, E1/2(0/�)=�2.48 V, DEp=


56 mV, r=0.7; E1/2(�/2�)=�2.61 V, DEp=40 mV, r=0.85; Kcon=160.
Compound (E)-9CC : E1/2(2+/+)=0.27 V, DEp=64 mV, r=1; E1/2(+/0)=
0.27 V, DEp=64 mV, r=1; Epa=0.94, 1.42 V; E1/2(0/�)=�2.43 V, DEp=


57 mV, r=0.5; E1/2(�/2�)=�2.60 V, DEp=60 mV, r=0.8; Kcon=800.
Compound 11CC : E1/2(2+/0)=0.31 V, DEp=88 mV, r=1; Epa=1.06 V;
Epc=�2.43 V; E1/2(�/2�)=�2.50 V, DEp=79 mV, r=0.7; E1/2(2-/3-)=
�2.59 V, DEp=70 mV, r=0.9. Compound 15CC : E1/2(2+/0)=0.22 V, DEp=


64 mV, r=1; Epa=1.0 V; E1/2(0/�)=�2.51 V, DEp=69 mV, r=1; E1/2(�/
2�)=�2.59 V, DEp=75 mV, r=1; Kcon=20. Compound 17CC : E1/2(2+/0)=
0.19 V, DEp=104 mV, r=1; Epa=1.04 V; E1/2(0/�)=�2.46 V, DEp=


68 mV, r=1; E1/2(�/2�)=�2.56 V, DEp=64 mV, r=1; Kcon=50.


Figure 3. EPR spectra (X-band) of (E)-9CC in toluene: a) in fluid solution,
T=340 K; b) simulated spectrum, <g>=1.9810, a(51V)=�7.19 mT,
jJ j=1.017 cm�1; c) in rigid solution, T=142 K.


Figure 4. EPR spectra (X-band) of (Z)-9CC in toluene: a) in fluid solution,
T=340 K; b) simulated spectrum, <g>=1.9824, a(51V)=�7.09 mT,
jJ j=0.052 cm�1; c) in fluid solution at various temperatures and in rigid
solution, T=140 K.
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separated by a single C(sp2) atom only. It must be empha-
sized, however, that this value is not universally representa-
tive for magnetocommunication across a single C(sp2)
spacer, since severe twist distortion of one of the [5]trova-
cenyl groups relative to the plane of the C(sp2) center and
the second cyclopentadienyl plane is encountered in 11CC ;
this distortion curtails p-conjugation between the trovacenyl
units. Stereochemically induced strongly differing degrees of
coplanarity of the cyclopentadienyl and bridging ethene
units in the isomeric complexes (E)-9CC and (Z)-9CC should in
part be responsible for the dramatic difference of the ex-
change coupling constants J((E)-9CC) and J((Z)-9CC). Let us
recall here that in (E)-9CC the cyclopentadienyl rings are co-
planar and the ethene bridge deviates by 228 only from the
cyclopentadienyl planes. Conversely, in the isomer (Z)-9CC,
ortho-H compression strain of the cyclopentadienyl protons
causes more pronounced twisting of the [5]trovacenyl units
relative to the ethene bridge, resulting in angles of 36.6 and


40.68. The dihedral angle of the two cyclopentadienyl planes
amounts to 37.308. This twist distortions and the attendant
decreased p-conjugation are considered to be more impor-
tant than the differing intervanadium distances in affecting
the J values, since these metal–metal distances differ to a
small extent only, amounting to 7.66 N for (E)-9CC and 7.16 N
for (Z)-9CC. We stress again that the geometrical parameters
obtained from X-ray diffraction certainly cannot be transfer-
red to the structures in solution, rather they indicate a ten-
dency for the respective minimum energy conformation and,
as such, can be used in a qualitative discussion. Further-
more, the reason behind the profoundly differing values of
J((E)-9CC) and J((Z)-9CC) may be a little more subtle than al-
luded to above. Of course, a semiquantitative explanation
would have to take into account the mechanism of exchange
coupling, a question we will return to after having presented
the magnetic susceptibility data. At this point, however, at-
tention should be directed to phenomena possibly related to
electron–electron spin–spin interactions, namely, the elec-
tron–proton hyperfine interaction in the EPR spectrum of
the vinyl radical[22a] and proton–proton scalar coupling
3J(H,H)trans and 3J(H,H)cis in the 1H NMR spectra of ethyl-
ene derivatives.[22b] A common feature of these three pro-
cesses is the fact that the magnitude of the E interaction ex-
ceeds that of the Z interaction, which may point at mecha-
nistic similarity (Scheme 3).


Figure 5. EPR spectra (X-band) of 11CC in toluene: a) in fluid solution,
T=340 K; b) simulated spectrum, <g>=1.9799, a(51 V)=�7.23 mT,
jJ j=1.202 cm�1; c) in rigid solution, T=134 K.


Figure 6. EPR spectra (X-band) of 15CC in toluene: a) in fluid solution,
T=330 K; b) simulated spectrum, <g>=1.9829, a(51V)=�7.14 mT,
jJ j=0.52 cm�1; c) in rigid solution, T=140 K.


Figure 7. EPR spectra (X-band) of 17CC in toluene: a) in fluid solution,
T=330 K; b) simulated spectrum, <g>=1.9839, a(51V)=�7.11 mT,
jJ j >1.5 cm�1; c) in rigid solution, T=140 K. From the splitting of
4.98 mT in the DMs=2 multiplet, A?(


51V)=�9.96 mT is derived.


Scheme 3.
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Replacing an unsaturated ethene by a saturated ethane
unit in the spacer would be expected to cause quenching of
intramolecular electron spin–spin interaction. Yet, 1,2-
di([5](trovacenyl)ethane (15CC), which was shown to engage
in finite electrocommunication, dE1/2 (0/�; �/2�)=82 mV,
also displays sizeable intramolecular magnetic interactions,
in that the analysis of the EPR hyperfine pattern yielded
the value jJ j (15CC)=0.52 cm�1. This finding sheds light on
the mechanism of exchange coupling, since it indicates that
magnetic interaction can occur even in the absence of p con-
jugation.[23] Two variants come to mind: a) exchange cou-
pling is transmitted by means of spin polarization of the C�
C s bonds of the �CH2CH2� linker; b) exchange coupling is
mediated by a path that utilizes hyperconjugation of the
Ca


�H bonds with the h5-cyclopentadienyl p-electron system.
Corroborative evidence for both paths is provided by the
isotropic EPR spectra of the bis(h6-arene)metal (d5) species
18C+ and 19C+ , which feature Ca


�H bonds in sterically fixed
positions (Figure 8).[24] Whereas in the radical cation [(h12-


[2.2]paracyclophane)chromium]C+ (18C+) the b-protons are
confined to the nodal plane of the ligand p-electron system,
in the radical cation [bis(cyclobuta-h6-benzene)chromium]C+


(19C+) the Ca
�H bond axes are almost cofacial with the


ligand p orbitals. The gradation of hyperfine coupling con-
stants a(1H) given in Figure 8 demonstrates that spin density
can be transferred to the methylene protons by s-spin polar-
ization (18C+) of the Cipso�Ca and Ca


�H bonds as well as by
hyperconjugation of the Ca


�H bond with the ligand p orbi-
tals (19C+), the latter process being more effective. Both
paths operate for the freely rotating methyl group in the
radical cation [bis(h6-p-xylene)chromium]C+ (20C+), whereby
the hyperfine coupling constant a(12 1HMe, 20C+) concords
with the magnitude predicted by the Heller–McConnell re-
lationship a(1Hb)=B0+cos2VB2


[25] (B0=conformation-inde-
pendent part, B2=conformation-dependent part, V angle of
twist between the ligand pz orbital and the Ca


�H bond). It
therefore is plausible that a conformationally flexible
�CH2CH2� spacer in the diradical 15CC provides an exchange
coupling path. In all five cases (Z)- 9CC, (E)-9CC, 11CC, 15CC, and
17CC exchange coupling is initiated by spin polarization of
filled ligand p-orbitals by the SOMO a1, which is an almost
pure central metal dz2 orbital, the p-spin density thus gener-


ated at the Cipso atom then interacts with the spacer. It is the
small magnitude of spin density present at Cipso that renders
fluid solution EPR applicable in the study of the superex-
change process here, since in this way the condition for 51V
hyperfine structure to be informative, namely J�500a(51V),
is fulfilled. There have been a few other studies of exchange
coupling on organometallic oligoradicals, employing the par-
amagnetic units [TiCp2]


+ ,[26] [Mo(NO)TpMe,MeCl] and
[Mo(O)TpMe,MeCl] (TpMe,Me=hydrotris(3,5-dimethylpyrazo-
lyl)borate),[27] and [Cp*Fe(Ph2P(CH2)2PPh2)]


2+ .[28] In all
these cases, the unpaired electron resides in a central metal
orbital that can engage in p bonding with the orbitals of the
spacer. In contrast, in the trovacene probe the singly occu-
pied vanadium orbital is essentially a vanadium 3dz2 func-
tion that is orthogonal to the molecular orbitals of the cyclo-
pentadienyl ligand. Therefore, the spin densities that leak
into the spacers and, correspondingly, the J values, are very
small, too small for magnetic susceptometry to be applicable
in most instances. Yet, they are just of the right size to lead
to very characteristic 51V hyperfine patterns for trovacene/
spacer combinations of general interest. In Figure 9 model
simulations for different J/a ratios are depicted, whereby for


Figure 8. s versus p spin transfer in the isotropic EPR spectra of [(h12-
[2.2]paracyclophane)chromium]C+ (18C+), [bis(cyclobuta-h6-benzene)chro-
mium]C+ (19C+), and [bis(h6-p-xylene)chromium]C+ (20C+).


Figure 9. Model simulations of 51V hyperfine patterns in EPR spectra of
bitrovacenes for different J/a ratios. Reference: ja(51V, 1C) j=6.98 mT =̂


0.0065 cm�1. A constant linewidth of 2.0 mT has been assumed, that is, mI


dependency has been neglected.
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a(51V) the value 65.4R10�4 cm�1 has been adopted, which
pertains to mononuclear trovacene, and J was varied from 0
to 1.66 cm�1, thereby covering the ratios 0<J/a<256. Since
51V occurs in 99.75% natural abundance, these hyperfine
patterns arise unobstructed by a superimposed signal due to
a nonmagnetic isotopomer and precise J values can be de-
rived by fitting the experimental spectra. Alternatively, the
simulated traces (Figure 9) can serve as finger prints in ob-
taining good estimates of J values by simple visual inspec-
tion.


The EPR hyperfine patterns of exchange-coupled diradi-
cals are unaffected by the sign of J. Therefore they do not
reveal whether the interaction is ferromagnetic (J>0) or an-
tiferromagnetic (J<0). This information is available from a
study of the temperature dependence of magnetic suscepti-
bility, the respective plots for the compounds (Z)-9CC, (E)-9CC,
11CC, 15CC, and 17CC are shown in Figure 10. Only in the case of


17CC is a well-developed maximum observed that attests to
J<0; for (E)-9CC and 11CC an inflection at extremely low-tem-
perature indicates that a maximum would form could even
lower temperatures be reached. The susceptibility curves
were fitted by means of the modified Bleaney–Bowers for-
mula[29] [Eq. (1)], in which the correction term V for inter-
molecular magnetic interactions, the molar fraction 1 of re-
sidual uncoupled species, and the exchange coupling con-
stant J are variational parameters; the other symbols have
their usual meaning.


cm ¼ 2Ng2mB
2


kðT�VÞ
�
3þ exp


�
� J


kT


�� ð1�1Þ þNg2mB
2


2kT
1 ð1Þ


In Table 2 the values Jc from magnetic susceptometry are
listed together with the values JEPR derived from the 51V hy-


Figure 10. Magnetic susceptibility data for (Z)-9CC, (E)-9CC, 11CC, 15CC, and 17CC at 10 kG in the temperature range 1.8–200 K (&). The solid lines represent the
best fit to the Bleaney–Bowers expression (see text) with, compound (Z)-9CC : Jc=�2.19 cm�1, V=�1.32 K, and 1=0.24; compound (E)-9CC : Jc=


�4.65 cm�1, V=�7.2 K, and 1=0.12; compound 11CC : Jc=�2.48 cm�1, V=�8.8 K, and 1=0.21; compound 15CC : Jc=�0.97 cm�1, V=�0.7 K, and 1=


0.05; compound 17CC : Jc=�4.25 cm�1, V=�4.5 K, and 1=0.09.
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perfine patterns and the parameters used in the simulation.
For 17CC, a comparison of JEPR with Jc is not possible because
the former parameter is inaccessible, as 17CC resides in the
fast-exchange limit on the 51V hyperfine timescale. The cor-
respondence of the data pairs runs from very similar (15CC)
to highly divergent ((E)-9CC). The magnitudes of the Jc values
place them at the border of accessibility by susceptibility
methods which is defined by J01 cm�1; the negative sign
indicates antiferromagnetic coupling in all cases. The grada-
tion reflects the extent to which the structures in fluid solu-
tion and in the crystal differ. The almost identical values
JEPR and Jc for 15CC indicate near conformational invariance
that is plausible in view of the fact that in the absence of un-
saturation in the spacer coupling through the s-bond system
probably dominates; contributions from Cipso and Ca


�H hy-
perconjugation are expected to be similar in rigid and in
conformationally interconverting molecules. In contrast, the
large difference between JEPR and Jc for (Z)-9CC, which,
please note, is also found for 1,2-di([5]trovacenyl)benzene
(jJ jEPR=0.04, Jc=�1.04 cm�1),[30] must be traced to the
strain inherent in conformations in which the h5-cyclopenta-
dienyl and the bridging ethylene p systems deviate from
strict orthogonality. Whereas in the crystal packing forces
induce dihedral angles h5-C5H4/m-ethylene of 36.68, (Z)-9CC in
fluid solution probably adopts the 908 conformation in
which p conjugation and exchange coupling are minimal.
This argument helps to rationalize the initially disturbing
observation that exchange coupling in fluid solution is stron-
ger for 15CC than for (Z)-9CC, despite the fact that the C2


spacer in 15CC is saturated. The similar J values for 11CC and
(E)-9CC may be regarded as the outcome of two countervail-
ing effects: 11CC features a spacer comprised of a single C-
(sp2) atom, yet the close distance of the [5]trovacenyl units
causes torsion which impedes conjugation; in (E)-9CC a two-
carbon(sp2) bridge is present but for this particular isomer a
conformation possessing coplanarity of the two h5-cyclopen-
tadienyl rings and the bridging ethylene unit is tolerated or
even preferred as gleaned from the crystal structure.


The fairly unsymmetrical structure of (Z)-9CC in the crystal
helps us to understand the peculiar temperature dependence
of the EPR spectrum in fluid solution. As evident from
Figure 4, satisfactory simulation was performed for the
15 line spectrum, recorded at 370 K with the parameter jJ j
=0.05 cm�1. Lowering the temperature initially led to a
more pronounced expression of the alternating linewidth
effect, which is already discernible in the 370 K spectrum.
Ultimately, at 290 K, a 14 line spectrum emerges. These
drastic changes of the hyperfine pattern arising in the
narrow temperature range of 808 clearly point to an intra-
molecular dynamic process with attendant time-dependent


modulation of the exchange coupling constant J. The EPR
line width alternation has been known for a long time,[31]


first having been observed for nitroxide biradicals.[31a] More
recent examples include carboxylate-bridged oxovanadi-
um(iv) dimers[31d] and 1,2-di([5]trovacenyl)benzene,[30] the
latter exhibiting a structural pattern, bulk magnetic, and
EPR features virtually identical to those found for (Z)-9CC.
Conceivably, J modulation arises from twist distortions
about the Cipso�Ca bonds that fluctuate between a form simi-
lar to that present in the crystal (dihedral angles h5-cyclo-
pentadienyl/ethene 378, large J) and a conformation in
which the two p systems are orthogonal (small J). The
370 K spectrum could be simulated satisfactorily by using a
single J value that may be regarded as the average between
the two limiting J values (fast interconversion). The follow-
ing expression [Eq. (2)], which includes a factor d allowing
for linewidth alternation, was therefore employed.[31d,e]


DB ¼aþ bfmIð1Þ þmIð2Þg þ cfmIð1Þ þmIð2Þg2þ
dfmIð1Þ�mIð2Þg2


ð2Þ


Whereas the a, b, and c terms cover inhomogeneous line-
widths (a) and the effects resulting from incomplete averag-
ing of g and A(51V) anisotropies during tumbling motion (b
and c), the d term treats the fluctuation of the exchange
coupling constant J and its correlation time. In this way, the
alternating line widths spectra could be reproduced well. At-
tempts to simulate the low-temperature 14 line spectrum
(290 K, Figure 4) by merely varying jJ j failed.


The parameters a(51V), hgi, a, b, c, d, and jJ j that led to
the simulated trace in Figure 4 are given in the caption. In
view of their large number, the uniquenes of the simulation
and the precision of J thus determined are disputable.
Beyond doubt, however, jJ j for (Z)-9CC does fluctuate. Inter-
estingly, it is only for this isomer that linewidth alternation
is observed; this observation can be explained by the fact
that only in the Z isomer do severe steric constraints inhibit
rotation around the Cipso�Ca bonds and J fluctuates about its
mean value. In this situation and under the provision that
jJ j@a(51V), which is fulfilled here, transitions for which the
individual mI(


51V) values in the dinuclear complex differ are
broadened. This constitutes the alternating linewidth effect
observed for (Z)-9CC as depicted in Figure 4.


Conclusion


The three positional isomers of di([5]trovacenyl)ethene, (Z)-
9CC, (E)-9CC, and 11CC, differ in the extent to which electronic
and magnetic effects are transmitted between the vanadium
atoms. Differences in electrocommunication, which manifest
themselves in redox splittings dE1/2 of consecutive electron-
transfer steps, are only measurable for reduction (0/�; �/
2�). The small magnitude of the conproportionation con-
stants derived therefrom and the extremely negative reduc-
tion potentials preclude isolation of the respective mixed va-


Table 2. Comparison of exchange coupling constants [cm�1] obtained
from fluid solution EPR (JEPR) and solid-state magnetic susceptometry
(Jc).


(Z)-9CC (E)-9CC 11CC 15CC 16CC


jJEPR j 0.05 1.02 1.20 0.50 �2
Jc �0.74 �1.67 �2.52 �0.67 �4.25
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lence species. Observation of redox splittings dE1/2 (0/�; �/
2�) for di([5]trovacenyl)ethane 15CC and for di([5]trovace-
nyl)methane 17CC reveals that electrocommunication is not
confined to the presence of an unsaturated spacer.


The extent of magnetocommunication is quantified by the
exchange coupling constant J, which can be determined
through analysis and simulation of the EPR 51V hyperfine
pattern (fluid solution) or by magnetic susceptometry (poly-
crystalline sample). The pronounced differences in the mag-
nitudes of the J values obtained by these alternative meth-
ods indicate that the conformations present in these two
states of aggregation play a pivotal role in governing the in-
teraction between the two spin centers, that is, the vanadium
atoms. Consequently, the magnetic interaction is transmitted
predominantly by means of the p orbitals of the bridge. Ex-
change coupling is attennuated, yet not quenched if the sa-
turated ethane spacer is introduced; the mechanism of mag-
netic coupling in 15CC can involve either a spin polarization
path along the s bonds of the probe–spacer combination or
Cipso�Ca


�H hyperconjugation. Surprisingly large exchange
coupling is exhibited by the methylene-linked complex 17CC,
for which the relatively close proximity of the trovacene
units and their tilted disposition renders a through-space
mode of interaction possible. The very weak exchange cou-
pling found for (Z)-9CC suggests that the p path dominates,
because in (Z)-9CC, due to severe steric constraints, p conju-
gation between the h5-cyclopentadienyl rings and the ethene
spacer is restricted. Steric hindrance in (Z)-9CC prevents full
rotation of the trovacenyl units about the Cipso�Cspacer bonds.
Instead, torsional motion between two limiting dihedral
angles h5-C5H4/-(CHR)2-, passing through a 908 conforma-
tion with zero p conjugation, are conceivable. The attendant


fluctuation in the exchange coupling constant J manifests
itself in the alternating line width effect which the EPR
spectra of (Z)-9CC show in the temperature range 370�T�
290 K and which is peculiar to this isomer.


Experimental Section


General : All chemical manipulations were performed in an atmosphere
of purified dinitrogen or argon in dry and degassed solvents employing
standard Schlenk techniques. TiCl3 was commercially available and was
used as received. Physical measurements were carried out with the instru-
ments described previously.[1] Crystallographic data are given in Table 3.
Treatment of hydrogen atoms: for (E)-9CC, isotropic refinement; for (Z)-
9CC, riding model; for 11CC, isotropic refinement, 7-ring H calculated; for
12C refined, disorder calculated; and for 15CC isotropic refinement. Absorp-
tion corrections were not performed.


Acetyl-[5]trovacene (8C): Acetyl-h5-cyclopentadienyl)tetracarbonylvanadi-
um[32] (1.58 g, 5.85 mmol) was heated under reflux in cycloheptatriene
(25 mL) for 24 h. After cooling to ambient temperature the volatiles
were removed in vacuo. The dark residue was redissolved in toluene and
subjected to column chromatography (Al2O3, 3% H2O, 3R40 cm). Elu-
tion of a green zone by toluene/THF (50:1) and removal of the solvent in
vacuo afforded the product as an amorphous green solid. Yield: 0.85 g
(3.41 mmol), 58%; MS (70 eV, EI): m/z (%): 249 (100) [M+], 158 (6)
[M+�C7H7], 91 (37) [C7H7


+], 67 (16) [C5H6
+], 51 (6) [V+]; elemental


analysis calcd (%) for C14H14OV (249.20): C 67.47, H 5.66; found: C
68.11, H 6.27; IR (toluene): ñ=1678 cm�1 (C=O); EPR (X-band, tolu-
ene): giso=1.9865, a(51V)=�7.30 mT (298 K), gk=2.0027, g? =1.9780,
Ak =�1.26 mT, A?=�10.32 mT (100 K); cyclic voltammetry (DME/
0.1m Bu4NClO4, �35 8C, n=100 mVs�1 vs SCE): E1/2(+,0)=0.43 V, DEp=


53 mV; Epa=1.13 V; E1/2(0,�)=�2.21 V, DEp=55 mV, Epc=�2.74 V.


2,3-Di([5]trovacenyl)-2-butenes (Z)-9CC and (E)-9CC : [TiCl3(dme)1.5]
[12d]


(1.34 g, 4.56 mmol) and Zn(Cu)[12d] (1.16 g, 17.6 mmol) were heated to
reflux in DME (50 mL) for 2 h. After cooling to room temperature a so-
lution of 8C (0.27 g, 1.08 mmol) in DME (8 mL) was added rapidly to the
black suspension and the mixture was refluxed for 20 h. After cooling to


Table 3. Crystallographic and refinement data.


(E)-9CC (Z)-9CC 11CC 12CC 16CC


size [mm�3] 0.30R0.27R0.09 0.35R0.30R0.20 0.45R0.30R0.10 0.36R0.19R0.08 0.30R0.15R0.15
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group P21/n P21/c P21/c P21/c P21/n
Z 4 4 4 8 4
a [N] 11.0352(8) 10.8650(6) 21.5635(11) 6.6010(6) 10.8966(10)
b [N] 8.0664(7) 19.3338(8) 7.7503(4) 25.1421(17) 8.0248(4)
c [N] 12.8284(9) 13.1973(8) 11.7382(7) 12.6856(12) 22.9874(19)
b [8] 113.646(7) 96.644(6) 91.821(7) 96.272(11) 102.744(10)
V [N3] 1046.04(14) 2753.6(3) 1960.74(18) 2092.7(3) 1960.6(3)
formula C14H14V C35H36V2 C26H24V2 C13H12OV C26H26V2


Mr 233.19 558.52 438.33 235.17 440.35
1calcd [Mgm�3] 1.481 1.347 1.485 1.493 1.492
m [mm�1] 0.906 0.701 0.962 0.913 0.962
F(000) 484 1168 904 968 912
q range [8] 2.06–26.01 1.88–25.89 2.79–25.00 2.29–25.94 1.82–25.87
hkl index ranges �13/13, �9/9, �14/15 �13/13, �23/23, �16/16 �25/25, �9/9, �13/13 �8/8, �30/29, �14/15 �13/13, �9/9, �28/27
reflns collected 7866 21449 12998 12815 14926
independent reflns 1964 [R(int)=0.0200] 5330 [R(int)=0.0440] 3397 [R(int)=0.0491] 4042 [R(int)=0.0500] 3794 [R(int)=0.0721]
completeness 96.9% 99.6% 98.5% 99.7% 99.8%
obsd reflns [I>2s(I)] 1715 3692 2772 2732 2385
reflns used 1964 5330 3397 4042 3794
largest diff peak/hole [eN�3] 0.259/�0.189 0.389/�0.267 0.894/�0.353 0.294/�0.252 0.580/�0.331
parameters 181 376 294 405 357
GOF on F2 1.048 0.904 1.221 0.899 0.888
wR2 (all data) 0.0685 0.0779 0.1318 0.0710 0.0966
R1 [I>2s(I)] 0.0251 0.0314 0.0528 0.0309 0.0388
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ambient temperature the green-black suspension was diluted with hexane
(40 mL) and filtered through a 2 cm layer of celite. The green filtrate was
evaporated to dryness in vacuo and the dark residue redissolved in tolu-
ene and kept at ambient temperature for several hours. A dark green
precipitate of (E)-9CC was collected by fitration, which was recrystallized
from toluene, washed twice with diethyl ether, and dried in vacuo. Yield:
0.08 g (0.15 mmol), 28%. The toluene filtrate of (E)-9CC was subjected to
column chromatography (Al2O3, 2R40 cm, toluene). The first gray-green
fraction containing (Z)-9CC was collected, the solvent removed, and the
blue-green residue was washed with hexane. Yield: 0.15 g (0.32 mmol,
60%) of (Z)-9CC. A second, light green fraction was eluted, which yielded
a very small amount of (E)-9CC. For both compounds single crystals suita-
ble for X-ray diffraction were obtained from solutions in toluene.


Data for (E)-9CC : MS (70 eV, EI): m/z (%): 466 (100) [M+], 375 (67) [M+


�C7H7], 233 (35) [M++], 116 (19) [C5H5V
+]; elemental analysis calcd


(%) for C28H28V2 (466.41): C 72.11, H 6.05; found: C 71.87, H 5.81; IR
(KBr): ñ=1639, 1618 cm�1 (C=C); for CV, EPR, and magnetic suscep-
tometry data see text.


Data for (Z)-9CC : MS (70 eV, EI): m/z (%): 466 (100) [M+], 375 (67) [M+


�C7H7], 233 (35) [M++], 116 (19) [C5H5V
+]; elemental analysis calcd


(%) for C28H28V2 (466.41): C 72.11, H 6.05; found: C 72.60, H 6.20; IR
(KBr): ñ=1638, 1618 cm�1 (C=C); for CV, EPR, and magnetic suscep-
tometry data see text.


1,1-Di([5]trovacenyl)ethene (11CC): n-Butyllithium (1.6m in hexane,
1.2 mL, 1.93 mmol) was added to a solution of trovacene 1C[33b] (0.4 g,
1.93 mmol) in THF/diethyl ether (1:1, 50 mL) at �10 8C and the mixture
was stirred at ambient temperature overnight. Compound 8C (0.45 g,
1.81 mmol) in THF (10 mL) was added dropwise and stirring was contin-
ued for several hours. After cooling to 0 8C, the mixture was hydrolyzed
with 2m HCl (2 mL) and stirred at room temperature for 4.5 h. The resi-
due from solvent removal in vacuo was redissolved in benzene and the
solution was dried over Na2SO4. Filtration through silica gel (2R8 cm) af-
forded a blue-green solution, which was subjected to column chromatog-
raphy (Al2O3, 2% H2O, 2R39 cm, benzene). The first violet fraction con-
tained unreacted trovacene 1C, followed by a weak yellow-green band. Fi-
nally, the target compound 11CC was obtained from a gray-blue fraction
upon evaporation in vacuo. The gray residue was washed with diethyl
ether and hexane. Yield of 11CC : 0.05 g (0.11 mmol, 6% based on 8C).
Single crystals suitable for X-ray diffraction were grown from a solution
in benzene layered with hexane. MS (70 eV, EI): m/z (%): 438 (100)
[M+], 347 (42) [M+�C7H7], 219 (13) [M++], 116 (46) [C5H5V


+], 78 (35)
[C6H6


+]; elemental analysis calcd (%) for C26H24V2 (438.359): C 71.24, H
5.52; found: C 70.51, H 5.86; IR (KBr): ñ=3105, (CH2), 1650, 1580 (C=
C), 876 cm�1 (C=CH2); for CV, EPR, and magnetic susceptometry data
see text.


Hydroxymethyl-[5]trovacene (14C): Solid NaBH4 (0.38 g, 10 mmol) was
added portionwise to a solution of compound 12C[1] (1.03 g, 4.38 mmol) in
methanol (50 mL) at 0 8C. After 10 min the color of the solution changed
from dark green to violet. Stirring was continued for 10 min, then HCl
(0.5 N, 25 mL) was added. The mixture was extracted with benzene/dieth-
yl ether. The combined organic phases were washed with water and dried
over Na2SO4, and the solvent was removed in vacuo. Crude 14C was ob-
tained as a violet solid (1 g, 4.21 mmol, 96%), which was sufficiently pure
for subsequent reactions. Further purification was achieved by chroma-
tography (silica gel, toluene/diethyl ether (20–10:1)) and recrystallization
from hexane. MS (70 eV, EI): m/z (%): 237 (63) [M+], 159 (100) [M+


�78], 129 (37) [C6H6V
+], 116 (7) [C5H5V


+], 91 (30) [C7H7
+], 67 (26)


[C5H6
+], 51 (14) [V+]; elemental analysis calcd (%) for C13H14OV


(237.189): C 65.83, H 5.95; found: C 64.65, H 5.63; IR (KBr): ñ=3213
(O�H), 1314 cm�1 (C�O); EPR (X-band, MTHF): giso=1.9832, a(51V)=
�7.15 mT (294 K, f=9.2449 GHz), gk=2.0008, g?=1.9744, Ak=


�1.18 mT, A?=�10.13 mT (124 K, f=9.2498 GHz); cyclic voltammetry
(DME/0.1m Bu4NClO4, �35 8C, n=100 mVs�1 vs SCE): E1/2(+,0)=
0.27 V, DEp=73 mV; Epa=1.04 V; E1/2(0,�)=�2.46 V, DEp=71 mV.


1,2-Di([5]trovacenyl)ethane (15CC): n-Butyllithium (1.6m in hexane,
1.2 mL, 1.88 mmol) was added to a cooled (�60 8C) suspension of TiCl3
(0.29 g, 1.88 mmol) in DME (20 mL) and the mixture stirred for 30 min.
Triethylamine (0.26 mL, 1.88 mmol) was added to the dark suspension


and finally a suspension of the lithium salt of alcohol 14C [prepared previ-
ously by adding n-butyllithium (1.6m in hexane, 1.14 mL, 1.83 mmol) to a
solution of 14C in DME (25 mL) at �10 8C] was added rapidly. The black
suspension was stirred at room temperature for 1.5 h and heated under
reflux for an additional 2 h. After cooling to ambient temperature, the
mixture was poured into aqueous sodium acetate (15%, 150 mL). The re-
sulting green-black suspension was extracted four times with toluene
(250 mL in total). The combined organic extracts were washed with
water, dried with Na2SO4, and concentrated in vacuo. The product pre-
cipitated from the violet solution after several days and was recrystallized
from hot toluene yielding 80 mg of 15CC. An additional crop of 60 mg was
obtained by stirring the aqueous phase with toluene overnight and work-
ing up the organic phase as described above. Combined yield: 0.14 g
(0.32 mmol), 35%. Single crystals suitable for X-ray diffraction were
grown from a saturated solution in benzene. MS (70 eV, EI): m/z (%):
440 (100) [M+], 349 (68) [M+�C7H7], 220 (63) [M++], 142 (32)
[C7H7V


+], 129 (7) [C6H6V
+], 116 (19) [C5H5V


+], 91 (35) [C7H7
+], 51


(36) [V+]; elemental analysis calcd (%) for C26H26V2 (440.375): C 70.91,
H 5.95; found: C 70.73, H 5.91; IR (KBr): ñ=2918, 2855 cm�1 (CH2); for
CV, EPR, and magnetic susceptometry data see text.


m-Di(h5-cyclopentadienyl)methanebis[(tetracarbonyl)vanadium] (16): A
mixture of V(CO)6


[34] (1.894 g, 8.65 mmol) and freshly prepared dicyclo-
pentadienylmethane[35] (0.614 g, 4.26 mmol) was heated under reflux in
methylcyclohexane (50 mL) for 4 h. After cooling to ambient tempera-
ture the mixture was filtered through a 2 cm layer of celite and evaporat-
ed to dryness in vacuo. The residue was subjected to column chromatog-
raphy {Al2O3 (2R20 cm, toluene/CH2Cl2 (9:1)}. Elution of a yellow zone
and evaporation of the eluent in vacuo afforded 457 mg (0.98 mmol,
23%) of the product 16 as an orange oil which was used in the subse-
quent reaction without further purification. EI-MS (70 eV): m/z (%): 468
(6) [M+], 356 (14) [M+�4CO], 328 (38) [M+�5CO], 300 (100) [M+


�6CO], 272 (50) [M+�7CO], 244 (43) [M+�8CO], 193 (16) [M+


�8CO�V], 122 (11) [M++�8CO], 116 (13) [C5H5V
+], 51 (23) [V+]; IR


(nujol mull): ñ=2022, 1924 cm�1 (C=O).


Di([5]trovacenyl)methane (17CC): Compound 16 (452 mg, 0.97 mmol) was
heated under reflux in cycloheptatriene (30 mL) for 30 h. The residue
from filtration and evaporation of the solvent in vacuo was subjected to
column chromatography (Al2O3, 2R35 cm, toluene/THF 99:1). Elution of
a pale violet zone and concentration to dryness in vacuo afforded a violet
powder, which was recrystallized from hot toluene. The target compound
17CC precipitated as light violet leaflets in a yield of 33 mg (0.077 mmol,
8%). EI-MS (70 eV): m/z (%): 426 (100) [M+], 213 (17) [M++], 142 (3)
[C7H7V


+], 91 (7) [C7H7
+]; elemental analysis calcd (%) for C25H24V2


(426.347): C 70.43, H 5.67; found: C 69.97, H 5.81.


Vinyl[5]trovacene (13C): A solution of compound 12C (0.36 g, 1.53 mmol)
and [(C5H5)2Ti(CH3)2]


[11b] (0.79 g, 3.83 mmol) in THF (40 mL) was heated
to 65 8C for 20 h under exclusion of light. After cooling to room tempera-
ture the solvent was removed in vacuo. The residue was extracted into
toluene (4 mL) and filtered through Al2O3 (3% H2O, 2R10 cm, toluene).
The dark green filtrate was evaporated to dryness and the residue was re-
dissolved in methyl cyclohexane (5 mL) and subjected to chromatogra-
phy at Al2O3 (3% H2O, 2R20 cm). A gray-violet zone containing the
product was eluted with methyl cyclohexane/benzene (30:1). The eluate
was concentrated to a volume of 1.5 mL and stored at 4 8C overnight.
Compound 13C precipitated as a violet fibrous material (0.11 g,
0.47 mmol) in a yield of 31%. MS (70 eV, EI): m/z (%): 233 (100) [M+],
155 (8) [M+�78], 142 (8) [C7H7V


+], 129 (10) [C6H6V
+], 116 (3)


[C5H5V
+], 51 (34) [V+]; elemental analysis calcd (%) for C14H14V


(233.207): C 72.11, H 6.05; found: C 71.50, H 5.95; IR (KBr): ñ=1631
(C=C), 893 cm�1 (C=CH2); EPR (X-band, toluene): giso=1.9828, a(51V)=
�7.19 mT (295 K, f=9.2444 GHz), gk=2.0008, g?=1.9738, Ak=


�1.16 mT, A?=�10.21 mT (122 K, f=9.2470 GHz); cyclic voltammetry
(DME/0.1m Bu4NClO4, �35 8C, n=100 mVs�1 vs SCE): E1/2(+,0)=
0.27 V, DEp=74 mV; Epa=1.11 V; E1/2(0,�)=�2.47 V, DEp=75 mV.
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Solid Film versus Solution-Phase Charge-Recombination Dynamics of
exTTF–Bridge–C60 Dyads**


Samantha Handa,[a] Francesco Giacalone,[b] Saif A. Haque,[a] Emilio Palomares,*[a, c]
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Introduction


The achievement of ultrafast photoinduced electron transfer
from conjugated polymers to C60 moieties has led to novel
approaches for the fabrication of photovoltaic devices. Or-
ganic photovoltaic devices based upon an interpenetrating
network of light-absorbing semiconducting polymer and
electron-accepting C60-derivative materials have resulted in
device efficiencies in excess of approximately 3 %.[1] At
present, such interpenetrating networks typically comprise a
random blending of the electron-donor and -acceptor spe-
cies, with blend-morphology optimisation largely achieved
through empirical correlations between film-deposition con-
ditions and device performance. Control of this blend mor-
phology on the nanometer scale is essential to achieve effi-
cient charge separation and charge transport to the device
contacts, whilst at the same time minimising interfacial
charge-recombination losses. There is therefore considerable
interest in developing approaches to control the morphology
of the materials on the nanoscale. One elegant approach to
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[**] exTTF=9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene, that
is, p-extended tetrathiafulvalene.


Abstract: The charge-recombination
dynamics of two exTTF–C60 dyads
(exTTF=9,10-bis(1,3-dithiol-2-yli-
dene)-9,10-dihydroanthracene), ob-
served after photoinduced charge sepa-
ration, are compared in solution and in
the solid state. The dyads differ only in
the degree of conjugation of the bridge
between the donor (exTTF) and the
acceptor (C60) moieties. In solution,
photoexcitation of the nonconjugated
dyad C60–BN–exTTF (1) (BN=1,1’-bi-
naphthyl) shows slower charge-recom-
bination dynamics compared with the
conjugated dyad C60–TVB–exTTF (2)
(TVB=bisthienylvinylenebenzene)
(lifetimes of 24 and 0.6 ms, respective-
ly), consistent with the expected stron-


ger electronic coupling in the conjugat-
ed dyad. However, in solid films, the
dynamics are remarkably different,
with dyad 2 showing slower recombina-
tion dynamics than 1. For dyad 1, re-
combination dynamics for the solid
films are observed to be tenfold faster
than in solution, with this acceleration
attributed to enhanced electronic cou-
pling between the geminate radical
pair in the solid film. In contrast, for
dyad 2, the recombination dynamics in
the solid film exhibit a lifetime of 7 ms,


tenfold slower than that observed for
this dyad in solution. These slow re-
combination dynamics are assigned to
the dissociation of the initially formed
geminate radical pair to free carriers.
Subsequent trapping of the free carri-
ers at film defects results in the ob-
served slow recombination dynamics. It
is thus apparent that consideration of
solution-phase recombination data is of
only limited value in predicting the
solid-film behaviour. These results are
discussed with reference to the devel-
opment of organic solar cells based
upon molecular donor–acceptor struc-
tures.


Keywords: C60 dyads · donor–
acceptor systems · electron transfer ·
self-assembly · thin films
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this problem that is currently receiving attention is the use
of supermolecular donor–acceptor dyads. In such dyads, the
donor and acceptor species are covalently bound, attached
by a suitable molecular bridge such as to allow charge sepa-
ration whilst minimising the charge-recombination back re-
action.[2–4] Further studies have addressed the potential for
engineering such dyads to allow self-assembly and form or-
dered solid-state materials.[5,6]


Supermolecular and supramolecular donor–acceptor
structures have been widely studied in solution as simple
model systems for studies of photoinduced electron-transfer
dynamics.[7,8] Careful design of molecular structure has led
to near-unity charge-separation yields, with lifetimes of the
charge-separated state of up to hundreds of microseconds,
even for simple dyad structures.[9–11] Moreover, this molecu-
lar approach has been employed for photochemical energy
conversion including, for example, the harnessing of solar ir-
radiation for the generation of adenosine triphosphate
(ATP) in solution.[12] However, the application of such mo-
lecular structures to organic photovoltaics requires consider-
ation and optimisation of their behaviour in solid films. Sev-
eral studies have addressed the photovoltaic performance of
organic thin films fabricated from C60–OPV (fullerene–oli-
go(phenylenevinylene))[13–20] and C60–OPE (fullerene–oligo-
(phenyleneethynylene))[21, 22]conjugates and double cables.
However, only very modest device efficiencies were ach-
ieved that were attributed to excessive charge-recombina-
tion losses.[10]


Recently, Janssen et al. have reported a comparison of
electron-transfer dynamics for a C60–OPV dyad in solution
and as a solid film.[23] This study focused on the ultrafast dy-
namics of this system and found that this dyad exhibited
both faster charge-separation and slower charge-recombina-
tion dynamics in the solid state relative to the solution state.
The faster charge-separation dynamics were assigned to in-
termolecular electron-transfer dynamics, whilst the slower
recombination dynamics were assigned to the migration of
charge carriers to energetically more favourable sites within
the film. We believe that the optimisation of photovoltaic
devices based upon molecular donor–acceptor structures re-
quires a detailed understanding of the correlation between
molecular structure and electron-transfer dynamics of these
structures in solid films. For this reason, we begin this report
by making a detailed comparison of the charge-recombina-
tion dynamics of two molecular dyads, C60–BN–exTTF (1)
(BN=1,1’-binaphthyl) and C60–TVB–exTTF (2) (TVB=bis-
thienylvinylenebenzene), in which the donor (exTTF) and
acceptor (C60) units are connected by a chiral binaphthyl p-
conjugated system. These dyads are investigated in both so-
lution and solid films.


Figure 1 illustrates the chemical structures of the dyads
used in this study, which differ only in the degree of conju-
gation of the molecular wire that connects both moieties.
The use of tetrathiafulvalene and p-extended tetrathiafulva-
lene (exTTF) units is based on their strong electron-donat-
ing character and their thermodynamic stability when oxi-
dised, which stems from the gain in aromaticity of the di-


cationic species.[24–33] Moreover, careful design of the molec-
ular dyads has enabled us to prepare moieties with long
alkyl side chains attached to the molecular bridge to allow
high solubility in organic solvents for both systems. Further-
more, dyad 1 possesses a binaphthyl unit as molecular
bridge, which breaks the molecular conjugation between
donor and acceptor moieties.[34] In contrast, for dyad 2, the
p-orbital conjugation extends from the exTTF group to the
C60 unit by using a bisthienylvinylenebenzene (o-1,4-dia-
lkoxy-2,5-bis[2-(2-thienyl)vinyl]benzene) unit. We attempt
to rationalise the different dynamics we observe in solution
and solid films in terms of the molecular structures of the
dyads and discuss these results in terms of the optimisation
of dyad structures for photovoltaic device applications.


Experimental Section


Synthesis of molecular dyads


General : FTIR spectra were recorded with KBr pellets on a Nicolet-
Magna-IR 5550 spectrometer. Electrospray ionization (ESI) mass spectra
were recorded on a HP1100MSD spectrometer. UV/Vis spectra were re-
corded in dichloromethane using 1 cm quartz cuvettes on a Varian Cary
50 Scan spectrophotometer. NMR spectra were recorded on Bruker AC-
200 (1H, 200 MHz; 13C, 50 MHz) and AMX-500 (1H, 500 MHz; 13C,
125 MHz) spectrometers at 298 K using partially deuterated solvents as
internal standards. Chemical shifts are given as d values (internal stan-
dard: TMS). Elemental analyses were performed on Perkin–Elmer 2400
CHN and 2400 CHNS/O analysers. Cyclic voltammograms were recorded
on a potentiostat/galvanostat AUTOLAB with PGSTAT30 equipped
with GPES software for Windows (version 4.8). A conventional three-
compartment cell was used with a glassy carbon electrode (GCE) as the
working electrode, a saturated calomel electrode (SCE) as the reference
electrode, Pt wire as the counter electrode, Bu4NClO4 as the supporting
electrolyte, an o-dichlorobenzene/acetonitrile (DCB/MeCN) solvent mix-
ture (4:1 v/v), and a scan rate of 200 mV s�1 (also see Table 1 below).


Aldehyde 9 : A mixture of the p-extended TTF derivative 8[35] (112 mg,
0.15 mmol) and potassium tert-butoxide (34 mg, 0.3 mmol) was placed
under reflux in dry toluene under an argon atmosphere for 30 minutes.
Once the formation of the ylide was completed, a solution of 1,4-dihex-


Figure 1. Chemical structures of C60–BN–exTTF (dyad 1) and C60–TVB–
exTTF (dyad 2).
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yloxy-2,5-bis[(1E)-2’(5-formyl-2-tienyl)vinyl]benzene (7)[36] (117 mg,
0.22 mmol) in toluene (10 mL) was added in one portion and the mixture
was reacted further under reflux conditions for 3 h. The crude product
was cooled to room temperature and CH3OH (5 mL) was added. After
evaporation of the solvent mixture, the residue was purified by chroma-
tography on silica gel with a hexane/CH2Cl2 (3:2) mixture as eluent to
give the corresponding dyad as a red solid (63 mg, 45%). 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d=9.85 (s, 1H; �CHO), 7.81 (s, 1H),
7.73–7.65 (m, 4H), 7.50 (d, 3J(H,H)=16.4 Hz, 2 H), 7.34 (d, 3J(H,H)=
16.1 Hz, 1 H), 7.33 (d, 3J(H,H)=16.5 Hz, 1 H), 7.32 (m, 2 H), 7.23 (d, 3J-
(H,H)=16.4 Hz, 2H), 7.14 (m, 2H), 7.04 (s, 2 H), 6.94 (m, 3 H), 6.32 (s,
4H), 4.05 (t, 3J(H,H)=6.2 Hz, 4 H), 1.89 (m, 4 H; �CH2�), 1.55–1.15 (m,
4H), 1.25 (s, 4H), 0.88 ppm (m, 6H; �CH3); 13C NMR (50 MHz, CDCl3,
25 8C, TMS): d=182.47, 153.69, 151.70, 151.03, 142.76, 142.25, 141.26,
137.27, 135.88, 135.80, 135.30, 135.25, 134.82, 134.69, 128.29, 128.18,
127.94, 127.32, 127.23, 125.99, 125.35, 125.06, 124.96, 124.15, 123.33,
123.02, 122.60, 122.09, 121.90, 120.98, 117.27, 117.07, 111.13, 110.38, 69.62,
69.42, 31.65, 31.59, 29.44, 29.37, 25.95, 25.92, 22.68, 22.64, 14.11,
14.04 ppm; IR (KBr) nΡ=2925, 2854, 1655, 1493, 1464, 1433, 1377, 1260,
1219, 1043, 943, 798, 635 cm�1; UV/Vis (CH2Cl2): lmax (loge)=233 (4.60),
367 (4.40), 479 nm (4.80 mol�1 cm3 dm�1); MS (ESI): m/z (%): 949 (100)
[M+Na]+ .


Dyad 2 : A mixture of the aldehyde 9 (45 mg, 0.049 mmol), [60]fullerene
(35 mg, 0.049 mmol) and N-octylglycine (27 mg, 0.15 mmol) in chloroben-
zene (28 mL) was placed under reflux for 24 hours. After cooling to
room temperature, the crude product was purified by column chromatog-
raphy on silica gel, using CS2 to elute the unreacted fullerene, followed
by a hexane/toluene (7:3) mixture to isolate compound 2 as a black solid
(39 mg, 45 %). M.p. 206–208 8C (hexane/toluene); 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=7.80 (d, 3J(H,H)=1.4 Hz, 1H), 7.70 (m, 2 H),
7.67 (d, J=8.0 Hz, 1H), 7.35 (dd, 3J1(H,H)=8.0 Hz, 3J2(H,H)=1.4 Hz,
1H), 7.30 (d, 3J(H,H)=3.4 Hz, 1H), 7.29 (d, 3J(H,H)=3.4 Hz, 2H), 7.23
(d, 3J(H,H)=16.5 Hz, 2 H), 7.23–7.16 (m, 3 H), 7.01 (s, 1 H), 6.98 (d, 3J-
(H,H)=16.5 Hz, 2 H), 6.96 (d, 3J(H,H)=16.5 Hz, 1 H), 6.95 (d, 3J(H,H)=
16.5 Hz, 1 H), 6.94 (m, 1 H), 6.31 (s, 4 H), 5.33 (s, 1 H), 5.08 (d, 3J(H,H)=
9.6 Hz, 1 H), 4.10 (d, 3J(H,H)=9.6 Hz, 1H), 4.02 (m, 4 H), 3.43 (m, 1H),
2.62 (m, 1 H), 1.87 (m, 6H), 1.55–1.25
(m, 22H), 0.93 ppm (t, 9 H); 13C NMR
(125 MHz, CDCl3, 25 8C, TMS): d=
156.19, 154.22, 153.38, 153.34, 151.13,
151.07, 147.32, 147.31, 146.94, 146.37,
146.31, 146.27, 146.19, 146.15, 146.12,
146.07, 145.94, 145.92, 145.78, 145.51,
145.50, 145.46, 145.42, 145.32, 145.28,
145.24, 145.15, 144.85, 144.71, 144.65,
144.38, 144.36, 143.15, 143.02, 142.96,
142.68, 142.56, 142.32, 142.23, 142.14,
142.07, 142.03, 141.96, 141.94, 141.90,
141.65, 141.59, 140.15, 140.12, 139.90,
139.73, 137.08, 136.69, 135.85, 135.80,
135.73, 135.56, 135.28, 135.24, 134.73,
129.02, 128.69, 128.21, 128.07, 127.34,
126.87, 126.43, 126.35, 125.98, 125.33,
125.29, 125.08, 124.96, 124.93, 124.13,
123.70, 123.63, 122.57, 122.43, 122.28,
122.08, 121.97, 117.32, 117.25, 117.10,
110.93, 110.48, 109.57, 78.49, 69.53,
69.45, 68.69, 66.97, 53.60, 53.40, 31.97,
31.65, 29.71, 29.45, 29.41, 29.35, 28.32,
27.56, 25.95, 22.73, 22.71, 22.69, 14.18,
14.13 ppm; IR (KBr): nΡ=2946, 2920,
2851, 1635, 1541, 1451, 1183, 941, 752,
635, 526 cm�1; UV/Vis (CH2Cl2): lmax


(loge)=256 (5.21), 309 (4.76), 332
(4.77), 441 (4.92, sh), 468 nm
(4.96 mol�1 cm3 dm�1); MS (ESI): 1773
(100) [M+H]+ .


Thin film preparation : All glass used
for drop-casting of solutions was


cleaned by using mixtures of acetonitrile/distilled water/isopropanol and
sonicated for 30 minutes. After the cleaning step, the glass was dried at
120 8C for 30 minutes to ensure removal of all solvents. Thin films were
obtained from a diluted solution of each molecular dyad. Films were fab-
ricated for a range of different solvents (dichloromethane, chloroben-
zene, toluene and acetonitrile) and dyad concentrations (1–15 × 10�5


m) by
employing both drop-casting and spin-coating methods. Optimum optical
quality of the deposited films was obtained with dichloromethane. The
kinetics of the transient optical data was found to be independent of
dyad concentration, deposition technique and the use of sonication prior
to film deposition. All data reported herein were obtained with films
drop cast from dichloromethane with dyad concentrations of 1 × 10�5


m


unless otherwise stated.


Optical transient studies : Nanosecond–microsecond transient spectrosco-
py experiments were performed by using a Xenon lamp as a probe
source and a Nd-YAG laser as excitation source (lex=335 nm and pulse
duration <6 ns) at 1 Hz. The resulting photoinduced change in absorp-
tion was monitored by employing a 75 W Xenon arc lamp, a PTI model
101 monochromator (dual grating) after the sample, a TDS Tektronix
2022 digital storage oscilloscope and an Si-based photodiode (Costronics
Electronics) as a photodetector. Data acquisition was carried out by
using Tekave version 1.43 software. The UV/Vis spectra before and after
the laser transient experiments were measured by using a double-beam
Shimadzu UV-1601 spectrophotometer.


Results


Synthesis : Dyad 1 (exTTF–BN–C60) was synthesized by fol-
lowing the method previously reported by our group.[34]


Dyad 2 (exTTF–TVP–C60) was obtained in a multistep syn-
thetic procedure as depicted in Scheme 1. Thus, a twofold
Wittig–Horner olefination reaction of bisphosphonate 3[37]


with commercially available 4-bromo-2-formylthiophene


Scheme 1. Synthesis of the C60–TVB–exTTF dyad (2).
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under basic conditions afforded the p-conjugated compound
5 bearing two bromine atoms at terminal positions. A fur-
ther Rosemund–von Braun reaction with copper(i) cyanide
in DMF, followed by treatment with ammonia, led to the di-
cyano derivative 6[38] . Compound 6 underwent a reduction
process with DIBAL-H and hydrolysis to form dialdehyde 7.
A careful stoichiometric Wittig reaction of 7 with exTTF
phosphonium salt 8[36] afforded compound 9 bearing the
exTTF unit and a suitable formyl group. This formyl group
reacted with C60 in the presence of N-octyl glycine to form
the final fulleropyrrolidine 2, according to the Prato proce-
dure,[39] by 1,3-dipolar cycloaddition of the azomethyne
ylide, generated in situ, to the C60 molecule (Scheme 1).


Purification of 2 was accomplished by using flash chroma-
tography (silica gel, CS2 to recover unreacted C60, then
hexane/toluene 7:3) to obtain dyad 2 in 45 % yield. The
1H NMR spectrum (500 MHz) shows, in addition to the
presence of the protons of exTTF and the pyrrolidine ring,
the presence of the all-trans vinyl groups at d=7.23, 6.98,
6.96 and 6.95 ppm (J3�16.5 Hz, see the Experimental Sec-
tion). The UV-visible spectrum of 2 shows that it consists of
a simple superimposition of the constituent fragments, thus
confirming the lack of significant electronic interactions be-
tween the electroactive species in the ground state.


Electrochemical characterisation : The electrochemical fea-
tures of dyads 1 and 2 were probed by using cyclic voltam-
metry in solution at room temperature, and showed ampho-
teric redox behaviour with donor and acceptor electroactive
responses. The redox potentials are collected in Table 1 with
those of the parent exTTF, pristine C60 and the unsubstitut-
ed fulleropyrrolidine (Fp) for comparison (Table 1).


Similarly to dyad 1,[34] dyad 2 shows the presence of four
quasireversible one-electron reduction waves, which corre-
spond to the reduction of the fullerene core at �0.66, �1.07,
�1.62 and �2.05 V. These values are cathodically shifted rel-
ative to pristine C60 and have been explained in terms of the
saturation of a double bond of the fullerene core, which
raises the LUMO energy. These values are furthermore
quite similar to those found for the unsubstituted fulleropyr-
rolidine (Fp). However, in contrast to dyad 1, another re-
duction wave is observed in dyad 2 at �1.87 V, which is as-


signed to the reduction of the p-conjugated bridge (see
Figure 2). On the oxidation side, important differences are
found between dyads 1 and 2. Thus, dyad 1 shows a first


quasireversible oxidation wave corresponding to the forma-
tion of the dication of the exTTF unit at +0.57 V, with two
additional waves at +1.04 and +1.33 V stemming from the
BN moiety. Dyad 2 also exhibits the quasireversible oxida-
tion wave of the exTTF unit and two further oxidation
waves corresponding to the p-conjugated bridge (TVB).
However, the first oxidation potential value in 2 is signifi-
cantly shifted towards less positive values relative to the
parent exTTF (Table 1). This cathodic shift is in contrast to
that observed for dyad 1 and reveals the better electronic
communication existing between the exTTF unit and the C60


moiety through the p-conjugated bridge in dyad 2. This find-
ing is in agreement with the behaviour previously observed
for the related C60–TVB dyads, which also showed a small
but noticeable electronic interaction between the p-conju-
gated oligomer and C60.


[38]


Behaviour in solution: First we consider the behaviour of
dyads 1 and 2 in solution. Figure 3 shows the absorption
spectra of both dyads in solution (black lines). As expected,
both molecular dyads exhibit a strong absorption maximum
in the blue spectral region, with the absorption maximum of
dyad 2 redshifted relative to that of dyad 1 (labs=465 and
434 nm, respectively), consistent with the expected greater
delocalisation of the p orbitals for this dyad.


The primary function of the molecular wire bridge in the
dyads is to allow photoinduced electron transfer from the
exTTF donor unit to the C60 electron-accepting molecule,
thereby resulting in a long-lived charge-separated radical-
pair state. We herein employ transient absorption spectros-
copy to monitor these electron-transfer dynamics by focus-
ing, in particular, upon the lifetime of the charge-separated
state. A long lifetime of this state is essential for photovolta-
ic device function, allowing efficient charge collection by the
device electrodes. Figure 4 compares typical data for both
dyads in solution, with Figure 5 showing the transient ab-


Table 1. Redox potential (E in V) values of novel compounds 1 and 2
and reference compounds.[a,b]


E1
pa E2


pa E3
pa E1


pc E2
pc E3


pc E4
pc E5


pc


exTTF +0.55 – – – – – – –
C60 – – – �0.54 �0.96 �1.43 �1.92 –
Fp – – – �0.64 �1.03 �1.58 �1.99 –
1 +0.57 +1.04 +1.33 �0.64 �1.05 �1.60 �2.09 –
2 +0.50 +0.91 +1.29 �0.66 �1.07 �1.62 �1.87 �2.05


[a] Conditions: V versus SCE; working electrode, GCE; reference elec-
trode, Ag/Ag+ ; counter electrode, Pt; 0.1m Bu4NClO4; scan rate,
200 mV s�1; concentrations, 0.5–2.0 × 10�3


m ; solvent, oDCB:MeCN (4:1
v/v). [b] Epaand Epc are anodic and cathodic peak potentials, respectively.


Figure 2. Cyclic voltammograms for dyad 2 at room temperature (solvent,
oDCB/MeCN 4:1 v/v; supporting electrolyte, Bu4NClO4, scan rate,
200 mV s�1).
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sorption spectrum observed one microsecond after pulsed
laser excitation at lex=355 nm.


Both dyads 1 and 2 show the expected formation of an
exTTF radical cation (exTTFC+)/C60 radical anion (C60C�)
charge-separated state. In both cases, photoinduced absorp-
tion maxima are observed at l�700 nm, assigned to the
exTTFC+ species, and at l�980 nm, assigned to the C60C�


species. These values are consistent with previous observa-
tions.[12]


Typical spectra for charge recombination of the exTTFC+/
C60C� state in solution are shown in Figure 5, monitored at l
�980 nm (assigned to the C60C� absorption). It is apparent
that the decay dynamics of 1 are retarded compared with
those of 2, with decay lifetimes, t50 %, of t=25 and 0.7 ms, re-
spectively. This retardation is consistent with the expected
less-conjugated character of the molecular bridge of dyad 1.
The faster recombination for dyad 2 results from the extend-
ed conjugation of the molecular bridge “wiring” the donor
and acceptor species, thereby enhancing the electronic cou-
pling between these species.


For both dyads, the recombination dynamics are nonexpo-
nential, as is apparent from their dispersive appearance on
the logarithmic timescale employed. Numerical fitting of the
decay dynamics to a stretched exponential function (DOD/
exp(�(t/t)a) gave reasonable fits to the data, with stretch pa-
rameter a�0.45 for both dyads. This nonexponential behav-
iour is tentatively assigned to different structural conforma-


Figure 3. The UV-visible spectra of dyad 1 (top) and dyad 2 (bottom) in
dichloromethane (black curves) and film (grey curves), spin coated on
transparent glass. The insets show the AFM images of the films. Note the
AFM and the optical spectra both indicate an aggregated, more scattered
film for dyad 2 relative to 1.


Figure 4. Log–linear plot for the electron-recombination dynamics for
dyads 1 (grey) and 2 (black) in dichloromethane at lprobe=830 and lex=


355 nm, with their representative stretched exponential fits. The inset
shows the linear–linear plot.


Figure 5. Transient absorption spectra (lex=355 nm) recorded after t=
1 ms for dyad 1 in dichloromethane (top) and on thin film (bottom). The
spectra show the features corresponding to exTFFC+ (l�700 nm) and
C60C� (l�980 nm) for both samples.
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tions of the dyads, as discussed in more detail below. Fur-
thermore, we would like to point out that despite the use of
diluted solutions (1× 10�5


m) for both dyads, we still ob-
served aggregation processes for dyad 2. This behaviour im-
plies that, although experimental conditions are identical for
both samples, the nature of the molecular bridge influences
the formation of aggregates.


Behaviour in the solid state : We now turn to the investiga-
tion of molecular films fabricated by drop casting dyads 1
and 2 onto glass substrates from solution. For dyad 1, the
ground-state absorption spectra in solution and in the solid
film were indistinguishable, indicating that exTTF p orbitals
involved in the optical absorption were not strongly pertur-
bed in the film relative to their state in solution. The optical
quality of the films formed with dyad 2 was found to be
poorer than that for dyad 1, resulting in significant light
scattering and preventing the determination of a precise ab-
sorption spectrum for this dyad in the solid film. The pro-
nounced light scattering of films fabricated from dyad 2 is
attributed to the formation of molecular aggregates, as dis-
cussed below.


Figure 6 compares transient absorption data obtained for
dyad 1 in solution and as a solid film. For such film studies,
it is essential to address the excitation-density dependence
of the transient data. For isolated molecules in solution, the
transient kinetics are expected to be excitation-density inde-
pendent. However, for solid films, nonlinear effects due to
polaron–polaron, exciton–exciton or exciton–polaron inter-
actions can arise at higher excitation densities, resulting in
excitation-density-dependent dynamics and complicating in-
terpretation of the experimental data. For this reason, tran-
sient absorption data were collected as a function of excita-
tion density. Figure 6 (top) compares dynamics for solution
and solid films at two (high and low) excitation densities,
whilst Figure 6 (bottom) shows the dependence of the am-
plitude of the transient signal on laser intensity for both
samples. Most importantly, it is apparent that the recombi-
nation dynamics for the solid film are approximately tenfold
faster than those observed in solution (lifetimes of t=2.1
and 25 ms). It is furthermore apparent that the charge-re-
combination kinetics for both the solution and film are inde-
pendent of excitation density over the range studied. The
magnitude of the transient signal exhibits a linear depend-
ence on excitation density for the solution data as expected,
but a sublinear behaviour for the solid film. At low excita-
tion densities, the magnitude of the transient absorption
signal for both samples are indistinguishable within error
margins, indicating a similar yield of long-lived charge-sepa-
rated states. However, at higher laser intensities, the ampli-
tude of the signal for the film data starts to become saturat-
ed, indicating a lower yield of such states.


An analogous comparison of solution and film data was
undertaken for dyad 2, as shown in Figure 7. Most strikingly,
and in marked contrast to dyad 1, it is apparent that the re-
combination dynamics for the solid film are an order of
magnitude slower than those observed in solution (lifetimes


of t=7 and 0.7 ms, respectively). These dynamics are again
observed to be nonexponential and independent of excita-
tion density. The magnitude of the transient signal is ob-
served to exhibit a sublinear dependence upon excitation
density, both for the solution and solid film data. This be-
haviour is in contrast to that of dyad 1, in which such behav-
iour was only observed in the solid film (absolute compari-
son of the film and solution signal magnitude for this dyad
was not possible due to the scattering nature of the solid
film).


Discussion


The faster recombination dynamics observed in solution for
the more conjugated dyad (2) is consistent with the expect-
ed stronger electronic coupling through the molecular
bridge for this dyad. However, the nonexponential nature of
the dynamics is unexpected. Most plausibly, this nonexpo-
nential behaviour arises from different structural conforma-
tions of the dyad in solution, varying the electronic coupling
between the exTTFC+ and C60C� species. For dyad 1, the mag-
nitude of the transient signal exhibits the expected linear de-
pendence on excitation density, consistent with negligible
dyad–dyad interactions. However, for dyad 2, the transient
signal exhibits a sublinear dependence on excitation density,


Figure 6. Top: Comparison of the electron recombination dynamics at
high (black line) and low (grey line) excitation density for a solution (in
dichloromethane) and film of dyad 1. The signals have been normalised
to clearly exhibit the dynamics (t=0.1 ms). Bottom: Laser-power depend-
ence of the transient absorption signal for dyad 1 (lprobe=830 and lex=


355 nm); grey line= film, black line= solution.
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tending to saturate in magnitude as the excitation density
was increased. This behaviour was observed in both concen-
trated (�0.06 mm) and dilute (0.01 mm) solutions. This non-
linear behaviour suggests significant dyad–dyad interactions
(for example, exciton–exciton annihilation or bimolecular
recombination processes), indicative of significant dyad ag-
gregation even in dilute solution. Such aggregation is consis-
tent with the scattering nature of the solid films fabricated
with this dyad, and further supported by atomic force micro-
scopy (AFM) studies of the solid films for both dyads. We
believe that dyad 2 might show a higher degree of molecular
ordering than dyad 1 by p–p stacking between the fully con-
jugated molecular bridges. These molecular aggregates were
previously demonstrated for other systems in which the
presence of conjugated units induced ordered structures. For
this reason, the presence of molecular aggregation is tenta-
tively attributed to the more planar and conjugated nature
of dyad 2 relative to dyad 1.


For dyad 1, the recombination dynamics observed for the
solid film are approximately ten times faster than those ob-
served in solution. In solution, these recombination dynam-
ics are assigned to geminate, monomolecular charge recom-
bination of exTTFC+/C60C� radical pairs in isolated dyad mol-
ecules, consistent with the observed excitation-density de-
pendence. The observed excitation-density independence of
the recombination dynamics in the solid film suggests that
the faster recombination dynamics observed for solid films


cannot be attributed to bimolecular recombination process-
es. Rather, the accelerated recombination dynamics are as-
signed to stronger electronic coupling between exTTFC+ and
C60C� geminate radical pairs in the film. Such stronger cou-
pling may result from enhanced intramolecular electronic
coupling within each dyad owing, for example, to a more fa-
vourable structural conformation or to strong intermolecular
interactions between an exTTF moiety on one dyad and a
C60 moiety on a neighbouring dyad. In either case, the re-
sulting fast recombination dynamics suggest that this dyad
will not be attractive for photovoltaic device applications.
On the other hand, for dyad 2, it is striking that the recom-
bination dynamics are observed to be ten times slower in
the solid film relative to solution. This retardation is consis-
tent with a recent study of Janssen et al. of OPV–C60 dyads
in solution and solid films.[23] It is possible that the recombi-
nation dynamics for dyad 2 also originate from geminate re-
combination processes, as discussed above for dyad 1, but
with reduced rather than increased electronic coupling in
the film relative to the solution. However, both the lower di-
electric constant expected for films compared with solutions
(er�3–4 in film compared with 9 in solution),[40, 41]and the
more dense molecular packing in the film, suggest that the
electronic coupling for solid films should be higher rather
than lower than that in solution, contrary to this interpreta-
tion. More plausibly, the slow recombination dynamics ob-
served in the solid film can be assigned to dissociation of
the photogenerated radical pairs to free carriers, and subse-
quent trapping of these free carriers on low-energy sites
within the film. Such a model of slow, detrapping-limited re-
combination dynamics would be consistent with studies of
random polymer–C60 blends, both carried out by us and
other groups. This interpretation requires dissociation of the
geminate radical pairs, in contrast to dyad 1, where the ex-
perimental data is consistent with geminate charge-recombi-
nation dynamics, both in solution and the solid film. En-
hanced dissociation of geminate radical pairs for dyad 2 is
consistent with the expected greater p-orbital stacking of
this dyad, as evidenced by the dyad aggregation observed
even in solution. The enhanced radical-pair dissociation and
slow charge-recombination dynamics can be expected to
favour efficient photovoltaic device function, although we
note that the poor optical quality of the spun coated films in
practice limit device applications for this dyad.


Efficient photovoltaic device function requires the photo-
generation of a high yield of long-lived charge-separated
species. On the basis of solution dynamics alone, dyad 1 ap-
pears most attractive for such applications. However, it is
apparent from the experimental data reported here that
such solution data cannot be readily extrapolated to solid
films. After consideration of the charge-recombination dy-
namics observed in solid films, it is apparent that the elec-
tron-transfer dynamics for dyad 2 are in fact more suitable
for photovoltaic applications. Several factors influence the
electron-transfer dynamics in the solid film which are not
present in solution. Firstly, donor–acceptor electronic cou-
pling may be very different in solution and in solid films. A


Figure 7. Top: Comparison of the electron recombination dynamics at
high (black line) and low (grey line) excitation density for a solution (in
dichloromethane) and film of dyad 2. The signals have been normalised
to clearly exhibit the dynamics (t=0.1 ms). Bottom: Laser-power depen-
dence of the transient absorption signal for dyad 2 (lprobe=830 and lex=


355 nm); grey line= film, black line= solution.
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key concern here is the potential for intermolecular interac-
tions between a donor on one molecule and an acceptor on
a neighbouring species. Long geminate radical-pair lifetimes
may therefore require consideration of not only intramolec-
ular but also intermolecular electronic interactions. A
second consideration is the efficiency of geminate radical-
pair dissociation to yield free carriers, requiring favourable
intermolecular acceptor–acceptor and/or donor–donor inter-
actions. The success of dyad 2 relative to dyad 1 in generat-
ing long-lived charge-separated species in solid films, as re-
ported here, appears to derive primarily from this latter con-
sideration, with p-orbital stacking favouring efficient radi-
cal-pair dissociation.


Conclusion


The application of molecular donor–acceptor structures to
photovoltaic energy conversion requires a detailed under-
standing of the correlations between molecular structure,
electron-transfer dynamics and device function. More de-
tailed studies, including different temperatures during thin-
film formation, will be necessary to completely understand
the charge-transfer process at interfaces in organic molecu-
lar devices. It can be concluded from the studies reported
here that transient absorption studies of solid molecular
films is a powerful approach to elucidating such correlations,
and may play an effective role in guiding future optimisation
of molecular structure for such applications.


Acknowledgements


We would like to acknowledge financial support from BP Solar (British
Petroleum), the Engineering and Physical Sciences Research Council
(EPSRC) and the Ministerio de Ciencia y Tecnología of Spain (project
BQU2002-00855). E.P. would like to acknowledge the EU for the Marie
Curie Fellowship HPMF-CT-2002-01744 for financial support and the
MEC for the Ramon y Cajal Fellowship.


[1] F. Padinger, R. S. Rittberger, N. S. Sariciftci, Adv. Funct. Mater.
2003, 13, 85.


[2] M. R. Wasielewski, Chem. Rev. 1992, 92, 435.
[3] D. Gust, T. A. Moore, A. L. Moore, Acc. Chem. Res. 2001, 34, 40.
[4] H. Imahori, Y. Mori, J. Photochem. Photobiol. C 2003, 4, 51.
[5] R. Holzwarth, M. Katterle, M. G. Muller, Y. Ma, V. Prokhorenko,


Pure Appl. Chem. 2001, 73, 469.
[6] P. Samorì, X. Yin, N. Tcheborateva, Z. Wang, T. Pakula, F. Jackel,


M. D. Watson, A. Venturini, K. Mullen, J. P. Rabe, J. Am. Chem.
Soc. 2004, 126, 3567.


[7] a) K. G. Thomas, V. Biju, P. V. Kamat, M. V. George, D. M. Guldi,
ChemPhysChem 2003, 4, 1299; b) F. Giacalone, J. L. Segura, N.
Martín, D. M. Guldi, J. Am. Chem. Soc. 2004, 126, 5340.


[8] a) I. B. Martini, B. Ma, T. Da Ros, R. Hegelson, F. Wudl, B. J.
Schwartz, Chem. Phys. Lett. 2000, 327, 253; b) G. De la Torre, F.
Giacalone, J. L. Segura, N. Martín, D. M. Guldi, Chem. Eur. J. 2005,
11, 1267.


[9] A. Harriman, Angew. Chem. 2004, 116, 5093; Angew. Chem. Int. Ed.
2004, 43, 4985.


[10] S. C. J. Meskers, P. A. van Hal, A. J. H. Spiering, A. F. G. van der
Meer, J. C. Hummelen, R. A. J. Janssen, Phys. Rev. B 2000, 61, 9917.


[11] K. Ohkubo, H. Kotani, J. Shao, Z. Ou, K. M. Kadish, G. Li, R.
Pandey, M. Kujitsuka, O. Ito, H. Imahori, S. Fukuzumi, Angew.
Chem. 2004, 116, 871; Angew. Chem. Int. Ed. 2004, 43, 853.


[12] G. Steinberg-Yfrach, J. L. Rigaudt, E. N. Durantini, A. L. Moore, D.
Gust, Nature 1998, 392, 479.


[13] N. Armaroli, F. Barigelletti, P. Ceroni, J. F. Eckert, J. F. Nicoud, J. F.
Nierengarten, Chem. Commun. 2000, 599.


[14] J. F. Nierengarten, J. F. Eckert, J. F. Nicoud, L. Ouali, V. Krasnikov,
G. Hadziioannou, Chem. Commun. 1999, 617.


[15] J. F. Eckert, J. F. Nicoud, J. F. Nierengarten, S. G. Liu, L. Echegoyen,
F. Barigelletti, N. Armaroli, L. Ouali, V. V. Krasnikov, G. Hadziioan-
nou, J. Am. Chem. Soc. 2000, 122, 7467.


[16] E. Peeters, P. A. van Hal, J. Knol, C. J. Brabec, N. S. Sariciftci, J. C.
Hummelen, R. A. J. Janssen, J. Phys. Chem. B 2000, 104, 10174.


[17] J. L. Segura, R. Gómez, N. Martín, C. Luo, A. Swartz, D. M. Guldi,
Chem. Commun. 2001, 707.


[18] P. A. van Hal, R. A. J. Janssen, G. Lanzani, G. Cerullo, M. Zavelani-
Rossi, S. De Silvestri, Phys. Rev. B 2001, 64, 075 206.


[19] N. Armaroli, G. Accorsi, J.-P. Gisselbrecht, M. Gross, V. Krasnicov,
D. Tsamouras, G. Hadziioannou, M. J. Gómez-Escalonilla, F. Langa,
J. F. Eckert, J. F. Nierengarten, J. Mater. Chem. 2002, 12, 2077.


[20] J. F. Nierengarten, N. Armaroli, G. Accorsi, Y. Rio, J. F. Eckert,
Chem. Eur. J. 2003, 9, 37.


[21] T. Gu, J. F. Nierengarten, Tetrahedron Lett. 2001, 42, 3175.
[22] T. Gu, D. Tsamouras, C. Melzer, V. Krasnikov, J.-P. Gisselbrecht, M.


Gross, G. Hadziioannou, J. F. Nierengarten, ChemPhysChem 2002,
3, 124.


[23] P. A. van Hal, S. C. J. Meskers, R. A. J. Janssen, Appl. Phys. A 2004,
79, 41.


[24] N. Martín, L. Sánchez, C. Seoane, E. Ortí, P. M. Viruela, R. Viruela,
J. Org. Chem. 1998, 63, 1268.


[25] Fundamentals and Applications of Tetrathiafulvalene, Vol. 16 (Eds.:
J. Yamada, T. Sugimoto), Springer, Berlin, 2004.


[26] N. Martín, L. Sánchez, D. M. Guldi, Chem. Commun. 2000, 113.
[27] M. A. Herranz, B. Illescas, N. Martín, C. Luo, D. M. Guldi, J. Org.


Chem. 2000, 65, 5728.
[28] D. M. Guldi, L. Sánchez, N. Martín, J. Phys. Chem. B 2001, 105,


7139.
[29] M. A. Herranz, N. Martín, J. Ramey, D. M. Guldi, Chem. Commun.


2002, 2968.
[30] S. Gonzalez, N. Martín, D. M. Guldi, J. Org. Chem. 2003, 68, 779.
[31] S. González, N. Martín, A. Swartz, D. M. Guldi, Org. Lett. 2003, 5,


557.
[32] M. C. Díaz, M. A. Herranz, B. M. Illescas, N. Martín, N. Godbert,


M. R. Bryce, C. Luo, A. Swartz, G. Anderson, D. M. Guldi, J. Org.
Chem. 2003, 68, 7711.


[33] M. C. Díaz, B. M. Illescas, N. Martín, P. M. Viruela, R. Viruela, E.
Ortí, O. Brede, I. Zilbermann, D. M. Guldi, Chem. Eur. J. 2004, 10,
2067.


[34] D. M. Guldi, G. de la Torre, F. Giacalone, J. L. Segura, N. Martín,
Chem. Eur. J. 2005, 44, 1267.


[35] L. Sánchez, I. Pérez, N. Martín, D. M. Guldi, Chem. Eur. J. 2003, 9,
2457.


[36] D. M. Guldi, C. Luo, A. Swartz, R. Gómez, J. L. Segura, N. Martín,
J. Phys. Chem. B 2004, 108, 455.


[37] U. Stalmach, H. Kolshorn, I. Brehm, H. Meier, Liebigs Ann. 1996,
1449.


[38] D. M. Guldi, C. Luo, A. Swartz, R. Gómez, J. L. Segura, N. Martín,
C. J. Brabec, N. S. Sariciftci, J. Org. Chem. 2002, 67, 1141.


[39] M. Maggini, M. Prato, G. Scorrano, J. Am. Chem. Soc. 1993, 115,
9798.


[40] J. A. Riddick, W. B. Bunger, Organic Solvents, Wiley, New York,
1970.


[41] K. R. Seddon, A. Stark, M. J. Torres, Pure Appl. Chem. 2000, 72,
2275.


Received: December 20, 2004
Revised: August 5, 2005


Published online: October 27, 2005


Chem. Eur. J. 2005, 11, 7440 – 7447 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 7447


FULL PAPERexTTF–Bridge–C60 Dyads



www.chemeurj.org







DOI: 10.1002/chem.200500616


Hydrogen Bonding and Dynamic Behaviour in Crystals and Polymorphs of
Dicarboxylic–Diamine Adducts: A Comparison between NMR Parameters
and X-ray Diffraction Studies
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Introduction


The controlled preparation and characterisation of crystal
polymorphs,[1–7] that is, of different crystal forms of the same


substance, is one of the major issues of modern crystal engi-
neering and solid-state chemistry.[8–14] The reason for this in-
terest stems from the fact that such studies can give funda-
mental information about molecular recognition, crystal nu-
cleation, crystallisation, and the relationship between solid
phases.[15–18] A key aspect of the studies on polymorphism is
the possibility of preparing crystal forms by means of nonso-
lution methods, such as the solvent-free mechanochemical
cogrinding of solids.[19–22]


The acid–base adducts investigated in this paper have also
been selected in view of the fact that the main supramolec-
ular interaction that holds the building blocks together is
the hydrogen bond, undoubtedly the interaction of choice in
the majority of crystal engineering investigations with mo-
lecular components.[23–29] The nature and strength of hydro-
gen-bonding interactions are being investigated extensively
due to the requirements of crystal engineering. In the field
of supramolecular chemistry, which has become one of the
central topics in chemistry for the design of molecular sys-
tems,[30–33] the hydrogen-bonding interactions are often pre-
ferred because they combine directionality and strength


Abstract: Fumaric, malonic, maleic,
and hydromuconic
(HOOCCH2(CH)2CH2COOH) acids
were used to prepare a series of hydro-
gen-bonded adducts or salts, depending
on whether acid–base proton transfer
takes place, with the dibase [N-
(mCH2CH2)3N] in various stoichiomet-
ric ratios. The resulting compounds
have been investigated by using the 1H
MAS, 15N, and 13C cross polarisation
magic-angle spinning (CPMAS) meth-
ods and discussed in relation to X-ray
diffraction studies to ascertain the
nature of the O-H···O, N···H-O, and N+


-H···O� hydrogen bonds between the
various species. In addition, two poly-
morphic forms of the malonic com-
pound and a hydrate in the maleic case
were examined. We also present the
correlations between the chemical
shifts of the hydrogen-bonded protons
and those from the proton transfer re-
action (acid-to-base) with the heavy


atom distances. The dynamic behaviour
in the solid-state of the [N-
(mCH2CH2)3N] adducts with fumaric
2:1, maleic 1:1 hydrate, and hydromu-
conic acids, and a malonate 2:1 poly-
morph adduct have been investigated
by using variable-temperature 1H spin–
lattice relaxation times. A substantial
agreement between the activation ener-
gies obtained from fitting the T1 data
and the results of potential energy bar-
rier calculations demonstrates that the
facile reorientation of the [N-
(mCH2CH2)3N] molecule occurs in sev-
eral of the adducts.
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with selectivity.[34] Numerous papers devoted to the self-or-
ganization of organic molecules into one-, two-, or three-di-
mensional hydrogen-bonded architectures have been pub-
lished in recent years.[35–43]


Solid-state NMR provides reliable information concerning
hydrogen bonding and polymorphism.[44] This is mainly due
to its ability to observe the change in the chemical shift of
the atoms (in particular hydrogen, carbon, and nitrogen) di-
rectly involved in the interaction. By performing more so-
phisticated experiments[45] it is possible to obtain structural
information such as the X�H distance and the X-H-Y angle
from 13C and 15N chemical shift tensors, hetero- and homo-
nuclear dipolar interactions, and quadrupolar interactions,
and so on.


McDermott and co-workers[46] have shown that the iso-
tropic 13C chemical shift of carbonyl carbon atoms increases
with decreasing heavy atom distance, whereas the 13C chem-
ical shift tensor parameters provide a clear indication of the
protonation state of the carboxylic group. For the 15N iso-
tropic chemical shift the protonation-induced shifts are of
the order of 100 ppm towards lower frequencies for aromat-
ic amines and of about 25 ppm towards higher frequencies
for aliphatic amines.[47] Furthermore, Limbach and co-work-
ers[48] analysed 15N chemical shift tensors in terms of the va-
lence bond order model for pyridine and carboxylic acid ad-
ducts and found a correlation with the hydrogen-bond ge-
ometry. Frey and Sternberg[49,50] have observed direct rela-
tionships between d 1H and hydrogen-bond strength, and
between d 1H and X�H distance, respectively, for different
classes of hydrogen-bonded compounds.


In a previous paper we have investigated the proton trans-
fer reaction along a hydrogen bond between aliphatic dicar-
boxylic acids and the diamine base 1,4-diazabicyclo-
[2.2.2]octane (DABCO), by means of 1H, 13C, and 15N solid-
state NMR spectroscopy.[51] We founded that the isotropic
13C chemical shift moved to higher frequencies as it passes
from the carboxylic acid to the carboxylate form. The 13C
chemical shift tensor analysis of the carboxylic group
showed that d22 is the most sensitive parameter, changing
from 192�6 for the deprotonated form to 162�5 ppm for
the protonated form. Similar results had already been ob-
served by several authors.[52,53] Correlation between the d1H
and the heteroatom separation supports this interpreta-
tion.[54,55] The analysis of the compounds previously studied
has shown that intramolecular O-H···O and intermolecular
N···H-O hydrogen bonds are strong interactions with proton
chemical shifts of around 16�1.5 ppm, and N�O and O�O
bond lengths of around 2.55–2.60 J, while intermolecular
N+-H···O� interactions are weaker and are characterised by
a d1H of about 12.3 ppm and by a N�O bond length of
about 2.7 J.


It was possible to detect the occurrence of proton transfer
between salts and cocrystals of dabco–dicarboxylic acid sys-
tems by using the NMR parameters.


In order to deepen our understanding of this fundamental
interaction and to learn how to control proton transfer in
hydrogen-bond formation we performed systematic studies


of crystalline materials that have O-H···O, N-H···O, and O-
H···N interactions.[44,51]


In this paper we expand our investigation into the hydro-
gen-bonding interactions of O-H···O, O-H···N, and N+-
H···O� observed in the crystalline acid–base adducts to cases
involving unsaturated aliphatic acids. These were obtained
by treating a series of dicarboxylic acids (malonic acid,
maleic acid, fumaric acid, and hydromuconic acid) with the
dabco dibase. We subsequently investigated intriguing cases
of polymorphism, hydrate formation, and different acid–
base ratios.


The malonate salt [HN(mCH2CH2)3NH]-
[OOC(CH2)COOH]2 can be obtained as two polymorphs by
reacting the acid and dabco in a 2:1 ratio. The polymorph
achieved will depend on whether the crystals are obtained
by grinding together the reactants (I) or by slow crystalliza-
tion from solution (II).[56] In this case the solid-state NMR
technique is necessary to ascertain the degree of protonation
of the organic base. In another experiment the anhydrous
salt [HN(mCH2CH2)3N][OOC(HC=CH)COOH] has been
obtained by reacting maleic acid and the dabco base in ab-
solute ethanol in the presence of a large excess of base. The
salt contains chains of hydrogen-bonded cations [HN-
(mCH2CH2)3N]+ and isolated [OOC(HC=CH)COOH]�


anions, forming exclusively intramolecular hydrogen bonds.
Upon exposure to air the anhydrous salt converts within a
few hours into the hydrated pseudopolymorphic species
[HN(mCH2CH2)3N][OOC(HC=CH)COOH]·(H2O)0.25, that
contains N+-H···O� hydrogen bonds between the anion and
cation. Preliminary reports have been published on structur-
al studies of these latter two cases.[57]


We were unable to fully characterise the nature of the ad-
ducts by diffraction techniques because of the intrinsic diffi-
culty in locating the hydrogen atoms with this method. How-
ever, we are now able to complement such solid-state obser-
vations with the results of a combined 1H MAS, 13C
CPMAS, and 15N CPMAS solid-state NMR study.


To investigate the dynamic behaviour of the adducts in
the solid-state we also performed a detailed study of 1H wi-
deline relaxation times at various temperatures. The opti-
mised motional parameters calculated from the experimen-
tal spin–lattice proton relaxation time (T1) data were then
compared with the activation energies obtained by potential
energy surface (PES) calculations.


Results and Discussion


The 1H, 13C, and 15N NMR data for all compounds discussed
herein are given in Table 1.


The 1H MAS spectra are characterised by the signal due
to dabco (CH2 groups) that falls in the range 3.7–4.7 ppm,
and an olefinic =CH signal for the acid at 6.8–7.3 ppm. Hy-
drogen-bonded protons, that is, N+-H···O� intermolecular
and O-H···O intramolecular, and O-H···O intermolecular,
can be observed in the range 12.9–20.9 ppm, depending on
the interaction strength (see, for example, the 1H MAS spec-
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trum of dabco–maleate 1:2 (V) in Figure 1). The assign-
ments for these spectra are based on previously published
criteria.[51] The 13C CPMAS spectra for these compounds


(Figure 2 shows that of dabco–
malonate 1:2, I) are similar to
those previously reported for
the dabco–dicarboxylic aliphat-
ic acid adducts, although small
differences can be observed. In
particular the presence of the
double bond shifts the carbox-
ylic and carboxylate signals to
about 167 and 173 ppm, respec-
tively, whereas values of 177
(COOH) and 180 ppm (COO�)
have been observed in the
dabco–aliphatic dicarboxylic
acids.[44] It is straightforward to
distinguish between the proton-
ated and deprotonated forms
on the basis of the relative
chemical shift without perform-
ing a detailed tensor analysis on
the carboxylic/carboxylate spec-
tra.[58,59] The signals due to the
=CH double bond appear
around 137 ppm while the
dabco signal is located at about
45 ppm.


Since it is well known that
the nitrogen chemical shift
caused by a hydrogen bond de-
pends on many parameters in-
cluding the heavy atom dis-
tance, the strength of the inter-
action and the hydrogen atom
position along the axis of the
heavy atoms, we also performed
a systematic 15N NMR study.
As a general criterion, based on


the previously published results,[51] the signals at around
�15 ppm are assigned to nitrogen atoms not involved in the
hydrogen bond, the resonances in the range �2 to �8 ppm


Table 1. 1H, 13C, and 15N NMR data for all compounds.


Compound d 1H [ppm] Note d 13C [ppm] d 15N [ppm]


dabco–malonate 1:2 18.1 O-H···O intra 178.1 COO� 0.0 N+-H···O�


(I) 13.6 N+-H···O� 172.5 COOH
4.2 dabco and CH2 44.6 dabco


acid 38.4 CH2


dabco–malonate 1:2 17.8 O-H···O intra 174.4 COO� 5.0 N+-H···O�


(II) and N+-H···O� 173.2 COO�


12.5 O-H···O inter 171.5 COOH
and N+-H···O� 44.7 dabco


3.6 dabco and CH2 44.1 dabco
acid 37.4 CH2


dabco–maleate 1:1 169.6 COO�


anhydrous 137.9 CH
(III) 47.6 dabco
dabco–maleate 1:1 20.9 O-H···O intra 172.4 COO� 3.8 N+-H···O�


hydrate 12.9 N+-H···O� 170.5 anhydrous -17.3 free N
(IV) 7.3 CH 167.8 COOH


4.7 dabco 137.6 anhydrous
136.9 CH
46.1 anhydrous
44.1 dabco


dabco–maleate 1:2 19.4 O-H···O intra 172.9 COO� 6.3 N+-H···O�


(V) 14.9 N+-H···O� 167.8 COOH
7.0 CH 137.7 CH
4.3 dabco 135.3 CH


44.8 dabco
dabco–fumarate 1:1 17.1 N+-H···O� 171.6 COO�


(VI) 16.7 (sh) N+-H···O� 141.2 CH
7.1 CH 132.0 CH
3.8 dabco 44.6 dabco


dabco–fumarate 1:2 15.7 N+-H···O� and 173.4 COO� 5.3 N+-H···O�


(VII) O-H···O inter 168.8 COOH
7.1 CH 137.8 CH
4.4 dabco 133.3 CH


44.6 dabco
dabco– 18.5 (sh) N+-H···O� 182.4 COO� 1.9 N+-H···O�


hydromuconate 1:1 17.8 N+-H···O� 181.7 COO�


(VIII) 6.8 (sh) CH 133.8 CH
3.7 dabco and CH2 acid 133.0 CH


48.7 dabco
42.4 CH2


Figure 1. 1H MAS NMR spectrum of dabco–maleate 1:2 (V) at 298 K ob-
tained at 499.7 MHz.


Figure 2. 13C CPMAS NMR spectrum of dabco–malonate 1:2 (I) at 298 K
obtained at 67.8 MHz.
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are related to N···H-O interactions while a high-frequency
shift to about 3–6 ppm indicates the presence of N+-H···O�


interactions. Figure 3 shows the 15N CPMAS spectrum of
dabco–maleate 1:1 hydrate (IV) as an example of the free
nitrogen signal and the N+-H···O� signal.


Dabco–malonate 1:2 (compounds I and II): The dabco–mal-
onate 1:2 adduct, compound I, represents an intriguing case
where the dabco ligand is diprotonated. The hydrogen malo-
nate anion forms the typical intramolecular hydrogen bond
with an O···O distance of 2.403(1) J and interacts with the
dabco moieties through an N···O hydrogen bond (length
2.713(1) J) forming a supramolecular hydrogen-bonded
adduct with the dabco units linked between two hydrogen
malonate anions (Figure 4). The crystallographic asymmetric
unit contains one independent hydrogen malonate anion
and half a dabco unit. The presence of a carboxylate group


in the acid is indicated by the nearly equal C�O distances
[C3�O1 1.239(6) J and C3�O2 1.253(7) J] and by the peak
at 178.1 ppm in the 13C CPMAS spectrum (Figure 2), typical
of a COO� form. Nevertheless the 15N resonance at 0.0 ppm
for the two equivalent nitrogen atoms is intermediate be-
tween the chemical shift of a N+�H-type and a weaker
N···H form. This evidence confirms that the protonation of
the two nitrogen atoms of dabco is not a straightforward
process.[60]


The signal at 13.6 ppm in the 1H MAS NMR spectrum
and the N�O distance of 2.765(1) J in I indicate the forma-
tion of two weak charge-assisted N+-H···O� hydrogen bonds
between the diprotonated [HN(mCH2CH2)3NH]2+ ion and
two hydrogen malonate anions. The remaining carboxylic
groups [C1�O3 1.288(7) and C1�O4 1.196(6) J], with 13C
resonances at d 172.5 ppm, form intramolecular O-H···O hy-
drogen bonds as already observed in similar adducts. The
proton chemical shift (d 18.1) and the O�O distance of
2.403(1) J suggest that this interaction is much stronger and
of shorter length than the charge-assisted ones.


Polymorph II consists of two trimolecular units of the
kind acidintra–dabco–acidinter units joined by two acidinter


anions that form a twelve-membered ring (Figure 5). Only


three resonances are observed in the 1H spectrum: d 3.6,
12.5, and 17.8 ppm. The first is characteristic of the CH2


groups present in the dabco and in the acid. The signal at
17.8 ppm is consistent with strong hydrogen bonds and we
believe it corresponds to both the intramolecular hydrogen
bond (O1···O3 2.429(2) J) and to the shorter N2···O5 inter-
action [2.607(2) J], while the signals of the intermolecular
O5�O8 hydrogen bond [2.615(2) J], and the longer N1···O1
[2.698(2) J] both occur at 12.5 ppm. We partly resolved the
potential ambiguity in the assignments for the hydrogen-
bond signals by measuring the sample at 300 MHz. At this
magnetic field, the signal at 17.8 ppm appears to broaden
from 600 Hz linewidth (as seen at 500 MHz) to 700 Hz,
while the signal at 12.5 ppm splits into a broadened 2:1 dou-
blet, showing that at least the latter contains a component
from a C�N carbon which involves a second-order effect
arising from dipolar coupling to the quadrupolar 14N
nuclei.[61]


Although the two nitrogen atoms involved in the N+-
H···O� (N1 and N2) interactions are slightly different, they
give rise to a single resonance in the 15N spectrum at
5.0 ppm which indicates the diprotonation of the dabco
moiety. The 13C spectrum of polymorph II shows three
peaks in the carbonyl region at 174.4, 173.2 ppm, and a
more intense resonance at 171.5 ppm. The resonance at
171.5 ppm is assigned to the carboxylic groups involved in
the intramolecular O-H···O and the intermolecular O-H···O
bonds labelled A in Figure 5, the C�O bond lengths of
which are C3�O4 1.202(3), C3�O3 1.303(3), C6�O7
1.194(2), and C6�O8 1.314(2) J. The chemical shifts of the
remaining two signals (174.4 and 173.2 ppm) are characteris-
tic of intermediate situations between carboxylic and car-


Figure 3. 15N CPMAS NMR spectrum of dabco–maleate 1:1 hydrate (IV)
at 298 K obtained at 27.25 MHz.


Figure 4. Crystal structure of dabco–malonate 1:2 (I). HCH of dabco have
been omitted for clarity.


Figure 5. Crystal structure of dabco–malonate 1:2 (II). HCH of dabco have
been omitted for clarity.
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boxylate forms with different hydrogen-bond arrangements.
This behaviour is intriguing, since the carboxylic acid carbon
loses its proton in favour of the base but it still maintains a
strong carboxylic character. This suggests a localisation of
the negative charge on the oxygen atom involved in the in-
tramolecular hydrogen bond and the N+-H···O� bond. The
small differences in the C�O bond lengths [C4�O6 1.219(2),
and C4�O5 1.275(2) J labelled B, and C1�O2 1.219(2), and
C1�O1 1.270(2) J labelled C, in Figure 5] do not allow un-
ambiguous assignment of the carboxylate peaks.


Dabco–maleate 1:1 (compounds III and IV): The remarka-
ble feature of the anhydrous phase of dabco–maleate 1:1
(III) is the presence of N+-H···N hydrogen-bonded dabco
cation chains and isolated maleic anions (Figure 6). Due to
its tendency to form the more-favoured cation–anion N+-


H···O� interactions, compound III is very sensitive to air
and also to grinding so it was not possible to run the 1H
MAS spectrum at the required high spinning rate without
producing an extensive transformation of the sample. For
the same reason several attempts to obtain 15N data on this
compound with long acquisition times failed. However, it
was possible to record a 13C spectrum that shows only one
signal at 169.6 ppm in the carbonyl region for the two equiv-
alent carboxylic groups, their chemical shift (169.6 ppm)
being exactly between that of the COOH form (~167 ppm)
and of the COO� form (~173 ppm). This is also confirmed
by crystallographic data: C1�O1 1.232(3), C1�O2 1.290(3),
and C4�O4 1.225(3), C4�O3 1.285(4) J. In the short intra-
molecular O-H···O [2.404(3) J] bond, the hydrogen is situat-
ed almost midway along the bond and the single 13C chemi-
cal shift is consistent with the presence of a symmetrical hy-
drogen bond.[62]


As previously described,[57] the anhydrous phase of
dabco–maleate 1:1 (III) converts into dabco–maleate 1:1 hy-
drate [HN(mCH2CH2)3N][OOC(HC=CH)COOH]·(H2O)0.25
(IV) on simple exposure to air. During the conversion from
anhydrous III to hydrated IV the N+-H···N hydrogen bonds
were replaced by more conventional “charge-assisted” N+-


H···O� interactions which join together the acid and dabco
units to form dimers. Concerning the crystal packing, a
water molecule is also present that interacts with both the
dabco and the acid through N···H-O [2.908(5) J] and O···H-
O [2.920(5) J] vectors (Figure 7). The water molecule is lo-


cated in a channel and is shared over two sites with occu-
pancy 50:50. The water molecule signal is not observed sep-
arately in the 1H spectrum probably because the signal is ob-
scured by the aliphatic resonance of dabco (d=4.7 ppm). In
the new arrangement the delocalisation in the acid moiety is
lost and it is possible to distinguish between a carboxylate
[C4�O4 1.236(2), C4�O3 1.265(3), and C8�O8 1.237(2),
C8�O7 1.255(3) J], and a carboxylic group [C1�O1
1.221(3), C1�O2 1.287(3), and C5�O5 1.219(3), C5�O6
1.290(3) J] as is confirmed by the presence of two resonan-
ces in the 13C NMR spectrum at 172.4 (COO�) and
167.8 ppm (COOH), respectively. The carboxylate groups
are involved in the strong intramolecular O-H···O hydrogen
bond [heavy atom separation of 2.417(3) and 2.427(3) J cor-
responding to the signal at 20.9 ppm in the 1H spectrum],
and also in the relatively weak intermolecular N+-H···O�


[2.688(3) and 2.728(3) J] interactions, the 1H signal of
which falls at 12.9 ppm. We found two different types of ni-
trogen atoms in the dabco moiety that were characterised
by 15N peaks at 3.8 ppm (hydrogen bond acceptor in the in-
termolecular hydrogen bond) and �17.3 ppm (isolated nitro-
gen) (Figure 3).


Dabco–maleate 1:2 (compound V): Crystals of [HN-
(mCH2CH2)3NH][OOC(HC=CH)COOH]2 (V), were ob-
tained from a solution in ethanol, and the crystal structure
determined. No significant differences were observed be-
tween our crystal structure and that previously published.[63]


The latter has been used in this paper.
In compound V the dabco molecule forms a trimer with


two acid molecules (Figure 8). The particular feature of V is
that both acid moieties transfer their carboxylic proton to
the nitrogen atoms of dabco, as confirmed by the single res-
onance at 6.3 ppm in the 15N NMR spectrum. In this case, as


Figure 6. Crystal structure of dabco–maleate 1:1 anhydrous (III).


Figure 7. Crystal structure of dabco–maleate 1:1 hydrate (IV). HCH of
dabco have been omitted for clarity.
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in all systems where the carboxylic acid is involved in more
than one intramolecular hydrogen bond, the acid is able to
transfer its hydrogen atom forming N+-H···O� interactions
[2.662(3) and 2.614(4) J, 14.9 ppm in the 1H spectrum
(Figure 1)]. The strong intramolecular O-H···O interactions
[2.484(7) and 2.440(4) J] are characterised by a 1H reso-
nance at 19.4 ppm. The 13C spectrum of dabco–maleate 1:2
(V) shows two peaks in the carbonyl region at 172.9 ppm,
assigned to the carboxylate groups [C7�O1 1.257(6), C7�O2
1.257(4) J, and C11�O5 1.273(4), C11�O6 1.235(4) J], and
at 167.8 ppm that is related to the carboxylic groups [C10�
O3 1.315(6), C10�O4 1.215(4), and C14�O7 1.319(4), C14�
O8 1.212(4) J].


Dabco–fumarate 1:1 (compound VI): Crystals of compound
VI were obtained from a solution in ethanol and the crystal
structure was determined at room temperature. Even
though X-ray diffraction data at 150 K have been reported
previously, we have chosen to discuss the results of the
room-temperature NMR experiments on the basis of the
former data for consistency.[64]


The adduct VI consists of an infinite chain of alternate
acid and base units constructed around N···O interactions
(Figure 9). As reported in the published results for com-
pound VI one acidic hydrogen has been transferred com-
pletely from the acid to the base, while the other acidic hy-
drogen has been transferred only partially. In the former
case, the hydrogen atom was located in two different sites in
the Fourier map with occupancy 50:50. The C�O bond
lengths [C4�O4 1.218(2), C4�O3 1.293(2), C1�O2 1.228(2),
C1�O2 1.270(2)] show no clear distinction between the car-
boxylic and carboxylate group. This situation explains the
13C spectrum where we see only one signal at 171.6 ppm in
the appropriate region for the two types of carboxylic
groups with a chemical shift in between those of a carboxyl-
ic and of a carboxylate group. The 1H MAS spectrum is con-
sistent with these data; in fact only one peak at 17.1 ppm
with a shoulder at about 16.7 ppm is observed for the two
N···O hydrogen bonds. Considering the N�O distances [N1�
O3 2.577(1) and N2�O2 2.606(1) J] the interactions can be
classified as strong hydrogen bonds. It is worth noting that
two strong intermolecular N+-H···O� interactions have not
been found either in any of the other samples of this series
or in the previously examined aliphatic dicarboxylic acid–
dabco adducts.[44, 51]


In the 13C spectrum the double-bond =CH resonances fall
at 141.2 and at 132.0 ppm. Such a large difference is justified
by the presence of a short intermolecular contact [C···H-C
2.854(1) J, H···H 2.561(1) J] between a C�H acid group
and a CH2 dabco moiety of the neighbouring chain, whereas
the other acid C�H fragment is quite far from the neigh-
bouring molecules, with C···H-C and H···H distances of
3.171(1) and 2.492(1) J, respectively.[64] At room tempera-
ture the dabco unit gives rise to a very broad signal
(700 Hz) centred at 44.6 ppm. This behaviour probably
arises from the molecular motion having a similar timescale
to the MAS rate, as described by Nakai and McDowell.[65]


The dabco 13C linewidth, recorded at 125 MHz, varied with
temperature, being approximately 1400 Hz at �15 8C and
about 400 Hz at �55 8C. Moreover, increasing the spin rate
from 5 kHz to 7 kHz at room temperature sharpened the
line from 700 Hz width to 500 Hz. Varying the decoupling
power, on the other hand did not seem to change the width.
Unfortunately the line-broadening associated with the same
phenomenon precludes the observation of the 15N resonance
even at very long accumulation time.


Dabco–fumarate 1:2 (compound VII): As in the case of
compound VI since the solid-state NMR measurements
were carried out at room temperature, our crystal structure
is used for discussion in preference to the one measured at
150 K although no significant differences were found.[64]


The crystal packing of adduct VII consists of acid chains
based on intermolecular O-H···O hydrogen bonds linked by
dabco molecules through N+-H···O� interactions
(Figure 10). The 1H MAS spectrum for compound VII
shows only one resonance at 15.6 ppm for the two different
O-H···O� [2.540(3) J] and N+-H···O� [2.644(2) J] intermo-
lecular hydrogen bonds. The resonance is very broad (ap-
proximately 3 ppm) indicating a partial overlapping of the
two signals. The 13C spectrum is characterised by two signals,
one at 168.8 ppm for the COOH [C4�O3 1.195(3) and C4�
O4 1.323(2) J] involved in the intermolecular O-H···O�


bond between two acid molecules, and the other at
173.4 ppm, for the COO� [C1�O1 1.239(3), C1�O2
1.268(3) J]. The presence of a single resonance at 5.3 ppm
in the 15N spectrum confirms the diprotonation of the dabco
moiety by carboxylic acids.


Dabco–hydromuconate 1:1 (compound VIII): The infinite
chains formed by the A/B/A/B alternation of cations and
anions observed in adduct VI is also present in compound


Figure 8. Crystal structure of dabco–maleate 1:2 (V). HCH of dabco have
been omitted for clarity.


Figure 9. Crystal structure of dabco–fumarate 1:1 (VI). One acidic proton
has been transferred only partially; the two different sites with occupancy
50:50 are shown. HCH of dabco have been omitted for clarity.
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VIII ; the dabco unit is inserted into the original chains of
acid molecules, but in this case no interchain linking is ob-
served (Figure 11). The acid and dabco moieties are linked


by N···O hydrogen-bond interactions. In both hydrogen
bonds the hydrogen atom has been found close to the mid-
point (see Table 2). The asymmetric unit contains one for-


mula unit, that is, the two carboxyl groups are crystallo-
graphically independent as shown by the C�O bond lengths,
namely, C1�O1 1.210(3) and C1�O2 1.280(3) J, with a 13C
signal at 182.4 ppm, and C6�O4 1.303(3) J and C6�O3
1.208(4) J, with a 13C signal at 181.7 ppm. The 13C spectrum
of compound VIII in the carbonyl region is similar to that
of other aliphatic dicarboxylic adducts previously report-
ed.[44] In the 1H MAS spectrum of dabco–hydromuconate
1:1, one signal at 17.8 ppm with a shoulder at 18.5 ppm is
present for the strong N+-H···O� interactions (N�O length:
2.555(3) and 2.577(4) J). The 15N spectrum of compound
VIII is characterised by a broader, unresolved resonance
centred at 1.9 ppm for the two semiprotonated nitrogen
atoms involved in an N+-H···O� hydrogen bond.


Proton relaxation studies and PES calculations : Spin-lattice
proton relaxation times T1 provide a versatile experimental
route for evaluating molecular motion in the solid state. We
decided to investigate the dynamic behaviour of the adducts
by measuring the 1H relaxation time at variable temperature
in the wideline mode. Assuming that a single correlation
time tc dominates the modulation of the dipolar interaction
in the various temperature regimes, the T1 values obey the
Kubo–Tomita-type relation:[66]


T1
�1 ¼ C½tc=ð1þw2t 2


c Þ þ 4tc=ð1 þ 4w2t2cÞ� ð1Þ


where C is the motional constant, w is the angular Larmor
frequency, and tc is the correlation time for the motion ex-
pressed by the Arrhenius law:


tc ¼ t0expðEa=RTÞ ð2Þ


t0 and Ea are the correlation time in the limit of the infinite
temperature and the activation energy for the motion, re-
spectively.


Figure 12 reports the logT1 profile versus 103/T (K) for
dabco–maleate 1:1 hydrate (IV). Similar profiles have also
been obtained for dabco–malonate 1:2 (II), dabco–fumarate
1:2 (VII), and dabco–hydromuconate 1:1 (VIII) (see Experi-
mental Section). The T1 minimum is observed at about
310 K for hydrate IV, whereas for compound VII the T1


minimum is found at about 350 K (see Supporting Informa-
tion). For compounds II and VIII it was not possible to
reach the T1 minimum without decomposing the samples;
nevertheless it was possible to obtain the Ea from the slopes
of the lines used for fitting the points. Figure 12 shows the
good agreement between the experimental data and the
curves calculated according to the above Equations (1) and
(2).


The best-fitted curves allow
us to obtain the optimised mo-
tional parameters listed in
Table 3. Thus for compound IV
an Ea of 14.2 kJmol�1 has been
found, whereas for compounds
VII, II, and VIII the activation
energies are 21.3, 16.3, and


19.2 kJmol�1, respectively. The most likely dynamic process
responsible for the T1 profiles in the four adducts is the rota-
tion of the dabco molecule around its C3 symmetry axis.
This has been confirmed by the semiempirical Austin Model
1 (AM1) PES calculations (Table 3, see Experimental Sec-
tion for details) based on the structural data that provide
possible models for the reorientational process. In fact, the
relatively low energy barrier obtained from PES calculations
(see Supporting Information) for compounds II, IV, VII,
and VIII, indicates that dabco in these adducts should be
able to rotate rather freely in the lattice at room tempera-
ture.


The experimental activation energies evaluated by fitting
the T1 values are in reasonable agreement with the calculat-


Figure 10. Crystal structure of dabco–fumarate 1:2 (VII). HCH of dabco
have been omitted for clarity.


Table 2. Bond lengths [J] and angles [8] of the hydrogen-bond interactions in compound VIII.


Hydrogen bond O�H H�N O···N Angle


O2···H100···N1 1.35(5) 1.20(5) 2.555(4) 176(3)
O4···H400···N2 1.25(4) 1.33(4) 2.577(4) 175(3)


Figure 11. Crystal structure of dabco–hydromuconate 1:1 (VIII). HCH of
dabco have been omitted for clarity.
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ed PE barriers if one takes into account the crude approxi-
mation of the latter and a general overestimation of the po-
tential barrier calculations within the “static environment”
approximation. The activation energies obtained using PES
and T1 profiles for compounds VII and VIII differ by only
approximately 2 kJmol�1. For compounds IV and II the dis-
crepancy between calculated and experimental Ea values is
slightly larger. In the barrier calculations rigid rotation is
generally assumed, without considering the adaptability and
the flexibility of the whole system. In the present study the
mutual internal rigidity of the dabco unit and of the neigh-
bouring molecules (an acceptable approximation in most of
the cases) could lead, however, to an overestimation of the
energy barriers. For compound IV the difference can be re-
lated to the presence of water molecules in the crystalline
channel and to their mobility. In the PES calculations simul-
taneous motion of the dabco and the water molecules is not
considered and so a higher Ea is expected. In contrast, the
fumaric 1:1 and the anhydrous maleic 1:1 adducts, but in
particular the maleic 2:1 adduct, appear to encounter very
high potential energy (PE) barriers that freeze the dabco in
its position (see Supporting Information). Moreover, the
bottom of the PE well is rather narrow, surrounded by
steeply rising potential walls, suggesting also that oscillation
motion is limited. In all these cases the experimental values
of the proton relaxation times (T1=8.7, 20.3, 89.3 s for com-


pounds I, V, and VI, respectively, at 295 K) are almost two
orders of magnitude higher than in the case of fumaric 2:1,
maleic 1:1 hydrate, and malonate 2:1 polymorph salts. In
other words the lack of an efficient relaxation mechanism
operating in the adducts experimentally confirms the sub-
stantial rigidity of the dabco moiety. For malonic 2:1 and
malonic 2:1 polymorph an intermediate rotational energy
barrier has been evaluated by PES calculations.


Conclusion


In this paper a complete solid-state characterisation of the
adducts obtained from the reaction between dabco and di-
carboxylic acids has been reported. By a combined use of
X-ray diffraction and solid-state NMR data we demonstrat-


ed that in all adducts, except
compound VIII, the N+-H···O�


interactions are weak, with N�
O bond lengths between 2.577
and 2.765 J and 1H chemical
shifts in the range 12–15 ppm.
Nevertheless, it is worth nothing
that the simultaneous presence
of two hydrogen bonds on the
carboxylic group (either on the
same oxygen or on two oxygen
atoms) increases the proton
acidity, favouring the proton
transfer from the acid to the
base. We can therefore tune the


COOH acidity depending on the kind of hydrogen-bond
network, allowing or disallowing the protonation or the di-
protonation of dabco. We have also confirmed that all intra-
molecular O-H···O interactions are strong, with O�O
lengths between 2.403 and 2.452 J and 1H chemical shifts
ranging between 16.5 and 20.9 ppm. On the basis of the re-
sults reported here, the two main parameters for classifying
the hydrogen bonds on the basis of their relative strengths
are the proton chemical shift and the heavy atom separa-
tion. In weak hydrogen bonds, where the heavy atoms are
separated by less than the sum of their van der Waals radii,
that is, for O···H···O 	 2.6, N···H···N 	 2.8, and for
N···H···O 	 2.7 J, the proton chemical shifts appear at
values smaller than 16 ppm. In strong hydrogen bonds the
heavy atom separation is 2.4–2.55 J for O···H···O, 2.6–2.7 J
for N···H···N and 2.5–2.6 J for N···H···O, while the proton
chemical shifts span 16–22 ppm. In Figure 13 the correlation
between the hydrogen-bonded proton chemical shifts and
the distance between heavy atoms is represented. The two
lines, related to the N···H···O and the O···H···O interactions,
show quite a different intercept value, but are rather similar
in slope, agreeing with the correlations previously reported
by several authors: in fact it is known that, independent of
the nature of the heteroatoms involved, for strong hydrogen
bonding the heavy atom separation is smaller, leading to an
X�H bond polarization, which deshields the proton reso-


Figure 12. Variation of log of the spin-lattice relaxation time (T1) with
the temperature (1000/T) for the dabco–maleate 1:1 hydrate (IV).


Table 3. Calculations of the potential energy (PE) barriers associated with the rotation of the dabco for all ad-
ducts.


Compounds Calculated dabco rotational Experimental dabco rotational
barrier energies (H Opt, kJmol�1) barrier energies [kJmol�1]


malonic 2:1 (I) 42.53 –
malonic 2:1 (II) 39.12 16.3
maleic 1:1 (III) 69.34 –
maleic 1:1 hydrate (IV) 25.47 14.2
maleic 2:1 (V) 110.85 –
fumaric 1:1 (VI) 76.64 –
fumaric 2:1 (VII) 23.34 21.3
hydromuconic 1:1 (VIII) 21.63 19.2
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nance, while for weak hydrogen bonding the heavy atom
separation is large so the X�H bond is less polarized and
the proton resonance is less deshielded.[67]


Proton relaxation time measurements for compounds II,
IV, VII, and VIII have indicated molecular motion in the
adducts that acts as a mechanism of relaxation. Clearly the
rotation of the dabco molecule is the source of this relaxa-
tion for the protons in the solid adducts. Ea values of 21.3,
14.2, 16.3, and 19.2 kJmol�1 have been obtained for com-
pounds VII, IV, II, and VIII, respectively, for the molecular
motion. In general the experimental activation energies
roughly agree with the potential barriers associated with the
reorientation process on the basis of attractive and repulsive
electrostatic interactions with
atoms or nearby molecules. It is
well known,[68] however, that
potential barrier calculations
within the “static environment”
approximation tend to overesti-
mate the barrier height.


In summary, while the NMR
method affords quantitative in-
formation on the dynamic proc-
esses occurring in the solid
state, the PE calculations based
on the structural data provide
possible models for the reorien-
tation process.


Experimental Section


Solid-state NMR spectroscopy : 1H
MAS NMR spectra were recorded on
a Varian Infinity Plus500 spectrometer
operating at 499.7 MHz for 1H and on


a Varian Unity Inova300 spectrometer operating at 299.82 MHz for 1H.
Powdered samples were spun at about 25–28 kHz in a Varian 2.5 mm HX
probe. Spectra were acquired using a p/2 pulse of 2.4 ms and a pulse
delay of 20 s over a spectral width of 100 kHz. A total of four transients
was collected for each spectrum. Proton chemical shifts were referenced
through the resonance of poly(dimethylsiloxane) (PDMSO) at 0.14 ppm
relative to TMS. All 13C and 15N spectra were recorded on a JEOL
GSE270 equipped with a Doty probe operating at 67.8 MHz for 13C and
27.25 MHz for 15N. A standard cross-polarisation pulse sequence has
been used with a contact time of 3.5 ms for 13C and 5 ms for 15N, a 908
pulse of 4.5 ms, recycle delay of 10–15 s, and 600–4000 transients. Pow-
dered samples were spun at 4–5 kHz at room temperature. The 13C re-
sults were reported with respect to TMS assuming the hexamethylben-
zene methyl peak is at 17.4 ppm. 15N chemical shifts were referenced
through the resonance of solid (NH4)2SO4 (�355.8 ppm with respect to
CH3NO2). For all samples the magic angle was carefully adjusted from
the 79Br spectrum of KBr by minimising the linewidth of the spinning
sideband satellite transitions.


For the dabco–malonate 1:2 polymorph sample II 1H MAS spectrum var-
iable-temperature experiments were performed but no significant differ-
ences either in the linewidth, or in the chemical shifts were observed.
Variable-temperature measurements were collected between 213 and
323 K by passing nitrogen gas through a heat exchanger immersed in
liquid nitrogen.


T1 measurements : Proton spin-lattice relaxation times in wideline mode
were measured by the inversion recovery pulse sequence on a JEOL
GSE270 operating at 270.05 MHz for the proton. The 908 pulse duration
was 1.0 ms. The temperature was maintained within �2 K by a nitrogen
gas flow (low temperatures) or air (high temperatures). The temperature
was checked by a thermocouple set in the proximity of the sample
(50 mg).


The error in the experimental Ea obtained by fitting the T1 points with
the Kubo–Tomita expression[66] has been estimated to be around
�1 kJmol�1.


Crystal structure determination : The crystal structure data for com-
pounds VI, VII and VIII were collected at room temperature on a
Nonius CAD4 diffractometer with MoKa radiation, l=0.71073 J, and
graphite monochromator. Crystal data and details of measurements are
summarised in Table 4. SHELX97[69] was used for structure solution and
refinement was based on F 2. Nonhydrogen atoms were refined anisotrop-
ically. HN atoms were located in the final difference Fourier map and re-


Figure 13. Correlation between 1H chemical shifts [ppm] and heavy atom
distances [J] for the O···H···O interactions (&) and N···H···O interactions
(&) for all compounds.


Table 4. Crystal data and details of measurements.


VI VII VIII


formula C10H16N2O4 C14H20N2O8 C12H20N2O4


MW 228.25 344.32 256.30
T [K] 293(2) 293(2) 293(2)
system monoclinic monoclinic triclinic
space group P21/c C2/c P1̄
a [J] 9.705(3) 20.027(6) 7.160(1)
b [J] 8.939(3) 6.554(2) 7.722(7)
c [J] 12.683(5) 12.516(5) 11.871(10)
a [8] 90 90 98.59(7)
b [8] 99.89(3) 114.87(3) 91.43(4)
g [8] 90 90 96.08(4)
V [J3] 1083.9(7) 1490.5(9) 644.8(8)
Z 4 4 2
F(000) 488 728 276
1calcd [Mgm�3] 1.399 1.534 1.320
m(MoKa) [mm�1] 0.109 0.127 0.099
measured reflns 2859 1230 2376
unique reflns 2696 1162 2257
parameters 157 118 172
GOF on F 2 0.990 1.064 1.033
R1 (on F [I>2s(I)]) 0.0479 0.0557 0.0697
wR2(on F 2, all data) 0.1533 0.1641 0.2090
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fined without constraints. All other hydrogen atoms were added in calcu-
lated positions. SCHAKAL99 was used for the graphical representation.
[70]


Powder diffractograms were measured for all species discussed in this
paper and compared with those calculated on the basis of the single-crys-
tal structure.


CCDC-271682–271684 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif/


Powder diffraction data were collected on a Philips PW-1710 automated
diffractometer and on an X’Pert Philips diffractometer; both with CuKa


radiation and graphite monochromator. The program PowderCell 2.2[71]


was used for calculation of X-ray powder patterns.


Potential energy calculations : The calculations of the PE barriers associ-
ated with the rotation of the dabco unit around its N�N C3 symmetry
axis in the solid state were achieved by means of the AM1 semiempirical
model,[72] as implemented in the Gaussian 03 program.[73] The structures
used in the AM1 calculations were obtained from the corresponding cell
packing by the inclusion of all the neighbouring molecules surrounding
the dabco considered for the rotation. Typically between five and nine
dabco units as well as between five and twelve acid moieties were select-
ed for the calculations. This results in a large number (over 200) of atoms
being included for the calculations, ruling out the possibility of using the
ab initio methods. Therefore, the positions of hydrogen atoms were re-
fined first by the universal force field (UFF) molecular mechanics
method defining the atom types according to the experimental data, and
in the second step by AM1. The structures obtained by this method were
employed for the AM1 rigid PES calculations. We are aware of the fact
that AM1 cannot accurately compute the position of hydrogen atoms di-
rectly involved in hydrogen bonds, and therefore the absolute value of
energies in these calculations are of limited meaning. However these hy-
drogen atoms scarcely contribute to the definition of the PES barriers be-
cause of their axial position, and the energy barriers themselves were cal-
culated as absolute differences between the minimum and the maximum
energy values during PES.
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Introduction


Catalytic dinitrogen reduction under mild ambient condi-
tions at a structurally well-defined synthetic catalyst has
been a Holy Grail in coordination chemistry.[1–4] A large
number of dinitrogen complexes and potential intermediates
have been synthesized—many of them inspired by the bio-
logical nitrogen reducing enzyme nitrogenase.[5–7] In 2003,
Yandulov and Schrock[8,9] established the first abiological
catalytic nitrogen fixation system based on a mononuclear


molybdenum triamidoamine chelate complex [Mo(TerN3N)]
(abbreviated as [Mo] in the following) with Ter=HIPT 1
(see Figure 1), which was a breakthrough in dinitrogen fixa-
tion research.[10,11] In a recent paper, Schrock and collabora-
tors[12] examined Mo complexes 2–4 with three modified
chelate ligands (with Ter=pBrHIPT, HMT, HTBT, respec-
tively, in Figure 1).


Despite the comparatively small variations in the chelate
ligands, remarkable consequences for the catalytic process
have been observed. The authors state that “relatively
subtle steric and electronic variations of the [TerN3N]3�


ligand system produce profound changes in the efficacy of
the catalytic reduction of dinitrogen to ammonia”[12] and
that “the catalytic reaction clearly is extremely finely bal-
anced”.[13] These changes in efficacy were then traced to key
steps of the reduction cycle. It has been noted by Schrock
and co-workers[12] that the reduction of the cationic ammine
complex and exchange of ammonia by dinitrogen [Eq. (1)]
are the steps most sensitive to a change in the [TerN3N]3�


chelate ligand.


Abstract: In several recent studies
Schrock and collaborators demonstrat-
ed for the first time how molecular di-
nitrogen can be catalytically trans-
formed under mild and ambient condi-
tions to ammonia by a molybdenum
triamidoamine complex. In this work,
we investigate the geometrical and
electronic structures involved in this
process of dinitrogen activation with
quantum chemical methods. Density
functional theory (DFT) has been em-
ployed to calculate the coordination
energies of ammonia and dinitrogen
relevant for the dissociation/association
step in which ammonia is substituted
by dinitrogen. In the DFT calculations


the triamidoamine chelate ligand has
been modeled by a systematic hierar-
chy of increasingly complex substitu-
ents at the amide nitrogen atoms. The
most complex ligand considered is an
experimentally known ligand with an
HMT=3,5-(2,4,6-Me3C6H2)2C6H3 sub-
stituent. Several assumptions by
Schrock and collaborators on key reac-
tion steps are confirmed by our calcula-
tions. Additional information is provid-
ed on many species not yet observed


experimentally. Particular attention is
paid to the role of the charge of the
complexes. The investigation demon-
strates that dinitrogen coordination is
enhanced for the negatively charged
metal fragment, that is, coordination is
more favorable for the anionic metal
fragment than for the neutral species.
Coordination of N2 is least favorable
for the cationic metal fragment. Fur-
thermore, ammonia abstraction from
the cationic complex is energetically
unfavorable, while NH3 abstraction is
less difficult from the neutral and
easily feasible from the anionic low-
spin complex.
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½Mo�ðNH3Þþ þe�
��!½Mo�ðNH3Þ


þN2


�NH3
���!½Mo�ðN2Þ ð1Þ


Hence, the first key step is the reduction of the cationic
[Mo](NH3)


+ to [Mo](NH3). Also sensitive are the equilibri-
um involving loss of ammonia to give the metal fragment
[Mo] and the subsequent binding of dinitrogen. Yandulov
and Schrock[13] stress that “Although replacement of ammo-
nia by dinitrogen in dinitrogen reduction schemes has been
postulated for decades, upon reflection it is difficult to imag-
ine two h1 ligands that are more different in how they bind
to the same site in a MoIII complex. The mechanism, equilib-
rium, and rate of conversion of [Mo](NH3) to [Mo](N2)
therefore are of great importance.”


The aim of this quantum chemical study is to shed light
on these key reactions and to provide insight into the role
of the chelate ligand. For this purpose it is mandatory to in-
clude the experimentally known ligands as well as simplified
models. From experiment we chose the “small” system 3
with the HMT substituent at the amide nitrogen atoms (see
Figure 1) although less experimental data are available for
complex 3 relative to complex 1. The lack of experimental
data on 3 is due to solubility reasons,[12] but experiments
with different solvents also indicate that the catalytic activity
of 3 is reduced compared to the original derivative 1. How-
ever, the complexes 1, 2, and 4 require significantly larger


computational times relative to 3, because of the increased
number of stable conformers due to the larger alkyl sub-
stituents iPr and tBu. A comparison of complexes 1 to 4 is
thus beyond the scope of this work and will be presented in
a future study.


Due to the size of the triamidoamine complexes only
quantum chemical methods based on density functional
theory (DFT) are feasible. Here, we will also assess the reli-
ability of different density functionals for SchrockMs com-
plexes, which may also be important for the assessment of
DFT studies on the biological active site, that is, the FeMo
cofactor (FeMoco) of nitrogenase. All theoretical studies of
FeMoco lack a direct comparison with experiment. For ex-
ample, the structure of FeMoco is only known for the rest-
ing state and not even the charge of the FeMoco cluster or
the spin state during reduction are known with certainty.
Nonetheless, sophisticated DFT studies on the FeMoco of
nitrogenase have been carried out.[14–22] Though these calcu-
lations were performed at very high standards, a final
answer on the mechanism of nitrogenase has not yet been
found, as they do not agree in essential parts of the mecha-
nism. For example, in reference [14] N2 adsorption at the
“surface” of the FeMoco is postulated, while FeMoco open-
ing according to SellmannMs open-side model[3] is found in
reference [15]. Furthermore, the mechanisms postulated in
references [14] and [15] exclude an exchange of the central
nitrogen atom, while it is exchanged in the hypothetical
mechanism given in reference [19]. Also, the molybdenum
atom was excluded as the coordination site of dinitrogen.
This exclusion was made on the basis of electronic energy
differences of minimum structures, which turned out to be
as small as 26 kJmol�1 in isolated FeMoco model systems.[19]


In reference [22] molybdenum is considered as the N2 coor-
dinating center. Furthermore, all DFT studies on FeMoco
rely on pure density functionals like (R)PBE[23,24] and
BP86,[25,26] while it is well known that the energetical order-
ing of different spin states can hardly be reproduced without
inclusion of exact exchange in critical cases.[27–36] Very re-
cently Graham et al.[37] presented a sophisticated compari-
son of DFT and coupled cluster results for nitrogen activa-
tion at a three-coordinate molybdenum metal fragment
yielding tetrahedral dinuclear dinitrogen complexes. They
found B3LYP energies in agreement with CCSD(T) results,
while other density functionals yield substantially different
results. For this reason, we rely on the pure functional BP86
and the hybrid functional B3LYP in this work in order to
arrive at functional-independent and consistent results. Note
that Graham et al. found our B3LYP* functional[27,29,30] to
yield the same results as B3LYP. Since much more experi-
ence has been gained with B3LYP, we also stick to the
B3LYP functional instead of B3LYP* in this work.


The role of Mo is evident in SchrockMs complex and has
often been considered essential for dinitrogen binding by
various authors (see also the recent work in references [38–
44]). Very recently, studies on molybdenum complexes have
been reported,[45,46] which discuss results for intermediate
steps of N2 reduction in the light of Yandulov and SchrockMs


Figure 1. Structure of SchrockMs dinitrogen reduction catalyst. The triami-
doamine complex is experimentally known with four different ligands
R=HIPT 1, pBrHIPT 2, HMT 3, and HTBT 4 (HIPT=3,5-(2,4,6-
iPr3C6H2)2C6H3, pBrHIPT=4-Br-3,5-(2,4,6-iPr3C6H2)2C6H2, HMT=3,5-
(2,4,6-Me3C6H2)2C6H3, HTBT=3,5-(2,4,6-tBu3C6H2)2C6H3). For the com-
putational investigations presented in this study we included three simpli-
fied models A, B, and for a methodological comparison of BP86 and
B3LYP coordination energies the smallest model C.
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remarkable catalytic system. Although the iron atoms in
FeMoco may play the decisive role in biological nitrogen re-
duction, our focus here will be on the central molybdenum
atom in SchrockMs complex, because of the wealth of de-
tailed experimental data available on this well-defined
system.


The present investigation aims at two major goals. First,
the quantum chemical calculations shall provide a detailed
insight into the key steps of SchrockMs mechanism and then
help to clarify the role of the ligand. Second, our study shall
provide an assessment of the confidence interval of DFT
studies on nitrogen fixation.


Computational Methods


For all calculations we employed the density functional programs provid-
ed by the TURBOMOLE 5.1 and 5.6 suites.[47] Results were obtained
from Kohn–Sham optimizations of all investigated structures. We used
the Becke–Perdew functional dubbed BP86[25, 26] and the hybrid function-
al B3LYP[48,49] as implemented in TURBOMOLE. For all closed-shell
electronic structures we employed a restricted framework, while we
switched to unrestricted Kohn–Sham calculations for the open-shell com-
plexes. In connection with the BP86 functional we applied the resolu-
tion-of-the-identity (RI) density-fitting technique with auxiliary bases by
Eichkorn et al.[50, 51] in order to speed up the calculations. For the experi-
mentally known complex 3 we employed AhlrichsM TZVP basis set,[52]


featuring a valence triple-zeta basis with polarization functions on the
molybdenum and nitrogen atoms, while the carbon and hydrogen atoms
carried the smaller split valence plus polarization functions SVP basis
set.[53] All small models A, B, and C (depicted in Figure 1) were opti-
mized within the TZVP basis set for all atoms. For the molybdenum
atom an effective core potential (ECP) from the Stuttgart group was ap-
plied.[54] This ECP also guarantees a reliable description of scalar-relativ-
istic effects on molybdenum. Population analyses were performed within
the Davidson–Roby–Ahlrichs scheme[55,56,57] as implemented in TURBO-
MOLE.


All BP86 and B3LYP data are reported for fully optimized structures.
These two functionals were chosen since they are the most well-establish-
ed representatives of pure and hybrid density functionals yielding reason-
able reaction energetics and molecular structures in a large number of
cases.[58] Especially, the BP86 functional is well established for the calcu-
lation of reliable structural parameters of transition-metal complexes
(compare, for example, references [58,27, 59–61]). However, in cases in
which states of different spin need to be considered, the situation turned
out to be different and unreliable energetics have been obtained for tran-
sition-metal complexes; see, for instance, references [27, 59] and the
recent review by Harvey.[62]


To analyze the electronic structure of the molybdenum–triamidoamine
complexes within an occupation-number-independent picture, calcula-
tions based on extended HAckel theory (EHT)[63] were carried out on the
BP86-optimized structures of the small model complexes [Mo](N2) and
[Mo](NH3) of series B (see Figure 1) by using the CACAO program.[64]


The Slater exponents (z) and the valence-shell ionization potentials (Hii


in eV), respectively, were set to: 1.3, �13.6 for H 1s; 1.625, �21.4 for C
2s; 1.625, �11.4 for C 2p; 1.950, �26.0 for N 2s; 1.950, �13.4 for N 2p;
1.960, �8.34 for Mo 5s; 1.900, �5.24 for Mo 5p. The Hii value for Mo 4d
was set equal to �10.50 eV. A linear combination of two Slater-type orbi-
tals with exponents z1=4.54 and z2=1.90 and with the weighting coeffi-
cients c1=0.5899 and c2=0.5899 was employed to represent the Mo 4d
atomic orbitals. It should be emphasized that the EHT calculations do
not account for spin-orbit splittings of the one-electron p and d states
and thus include at most spin-averaged scalar relativistic effects.


Complex 3 exhibits a huge number of local minima on the potential-
energy hypersurface connected through rotations of the methyl and


phenyl substituents. Since such a magnitude of conformers cannot appro-
priately be examined by means of static quantum chemical calculations,
we started all structure optimizations from the same initial structure of
the chelate ligand in order to avoid artificial energy differences stemming
from conformational energy differences in the chelate ligand. Further-
more, we initially tested that internal rotation of the phenyl rings does
not lead to more stable conformers. (All optimized Cartesian coordinates
may be obtained from the authors.)


Results and Discussion


Models and optimized structures : To systematically study
the steric and electronic effects of the chelate ligand, we
started with the smallest possible model for a triamidoamine
ligand, namely with model complex C [Mo-
{(HNCH2CH2)3N}]. However, structure optimization for this
model with NH3 as fifth ligand led to pyramidalized amide
nitrogen atoms when using the B3LYP density functional.
That is, two out of three amide nitrogen atoms showed a
pyramidalized structure in contradiction with experiment.
For this reason, the smallest model C serves only for a meth-
odological comparison of BP86 and B3LYP coordination en-
ergies. We should note that after submission of this paper a
DFT study by Studt and Tuczek on the full catalytic cycle as
proposed by Schrock and collaborators was published,[65]


which was solely based on the small model C. These authors
did not observe the pyramidalization in the B3LYP calcula-
tions, but employed different basis sets and effective core
potentials in the structure optimization.


In model B [Mo{(MeNCH2CH2)3N}], in which the hydro-
gen atoms at the amide nitrogen atoms of C have been sub-
stituted by methyl groups, no pyramidalized amide nitrogen
atoms show up after structure optimizations. The next larg-
est model A [Mo{(LNCH2CH2)3N}] with L=3,5-
(C6H5)2C6H3 features the generic chelate ligand, which
closely resembles the experimentally known system without
substituents at the phenyl rings. Finally, we include in our
study the smallest of the experimentally known complexes,
system 3 [Mo{(HMTNCH2CH2)3N}] with HMT=3,5-(2,4,6-
Me3C6H2)2C6H3. The BP86/RI-optimized structures of the
two models A and B as well as of system 3 are depicted in
Figure 2 with N2 as the fifth ligand.


Table 1 contains selected structural parameters of the op-
timized complexes relevant for the study of the initial NH3


dissociation and N2 association step(s). Since some com-
plexes have also been optimized with the B3LYP density
functional in order to test the calculated energetics for inter-
nal consistency, it is also worth to compare the structures
obtained for both functionals. First of all, we note that the
Mo�Nad bond lengths optimized with BP86/RI and B3LYP
are in excellent agreement; the differences are within
0.01 T. This is also the case for most of the other bond
lengths. Even the relevant bond angles are in excellent
agreement. Only few bond lengths in Table 1 deviate by
more than 0.01 T. Examples are found for the Mo�Na dis-
tance and for the triple bond in the dinitrogen ligand. In the
latter case, the B3LYP N�N bond length is closer to the ex-
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perimental value of 1.0977 T,[66] while the BP86/RI value
deviates by about 0.04 T. However, when it comes to the
calculation of metal–ligand bond lengths the reverse situa-


tion often appears to be the case and the BP86 metal–ligand
distances are in better agreement with experiment than the
B3LYP distances are (see also the references given in the
Computational Methods section). Nonetheless, for the mo-
lybdenum–nitrogen bonds, the deviations are usually less
than about 0.02 T, which is very satisfactory—especially as
we need to compare with the experimental value for a dif-
ferent ligand, namely, for complex 1 (see Table 2), because
experimental bond lengths are not yet available for complex
3. In view of the good agreement of the structural parame-
ters calculated with the two different density functionals and
for the sake of brevity, we restrict the following discussion
to BP86/RI structural parameters.


Comparing the calculated structural parameters for the
three systems 3, A, and B we note that the overall structures
are similar. Depending on the chelate ligand, bond length
variations of about 0.02 T can be observed. The most inter-
esting structural parameter is the N�N bond length
(column 5 in Tables 1 and 2): it is almost equal for all neu-
tral (1.142–1.148 T), all cationic (1.128–1.130 T), and all
anionic complexes (1.163–1.170 T). Hence, reduction of the
neutral complexes results in an elongation of the triple bond


by 0.02 T. Model B shows the
largest bond elongation by
0.042 T of the cationic species
upon double-electron transfer
to yield the anionic species.


The bond lengths of Mo to
the amide nitrogen atoms
(column 2 in Tables 1 and 2) as
well as to the trans-amine nitro-
gen atom (column 3 in Tables 1
and 2) in the neutral and cat-
ionic species show systematic
trends from complex B to A to
3, which can be assigned to the
increased strain induced by the
bulkier ligands. In fact, the che-
late ligand in complex 3 exhib-
its pronounced steric demands
and provides only a rather
small cavity for the reduction
reactions to take place. Howev-
er, the trends are less evident in
the anionic complexes.


Interestingly, the negatively
charged [Mo](N2)


� species pos-
sess linear Mo�N�N moieties
with an elongated N�N bond
length. Thus, the triple bond re-
mains essentially intact in the
anionic complexes, which is in
agreement with what is experi-
mentally known for complex 1.
An alternative reaction of the
N2 ligand could have been the
formation of a double bond,


Figure 2. BP86-optimized structures of [Mo](N2) for system 3, model A,
and model B.


Table 1. Selected structural parameters of the three molybdenum triamidoamine complexes (BP86/RI/TZVP-
SVP for complex 3 ; BP86/RI/TZVP for models A and B ; for some structures we also obtained B3LYP-opti-
mized structures for internal consistency checks, which are given in brackets) [distances and angles are given
in T and degrees, respectively; notation is according to Figure 2]. A comparison with the X-ray structural data
available for the original complex 1 is given in Table 2.


Mo�Nad
[a] Mo�Nam


[b] Mo�Na Na�Nb Nam-Mo-Na Mo-Na-Nb


complex 3
[Mo]� 2.033 2.146
[Mo] 2.012 2.149
[Mo]+ 1.971 2.201
[Mo](N2)


� 2.041 2.259 1.925 1.163 178.9 179.4
[Mo](N2) 2.011 2.245 1.982 1.143 178.3 178.3
[Mo](N2)


+ 1.980 2.268 2.045 1.130 175.0 174.9
[Mo](NH3)


� 2.027 2.214 2.284 177.8
[Mo](NH3) 2.020 2.208 2.284 176.7
[Mo](NH3)


+ 1.979 2.252 2.278 174.1


model A
[Mo]� 2.025 2.136
[Mo] 2.008 2.138
[Mo]+ 1.967 2.202
[Mo](N2)


� 2.049 2.262 1.922 1.164 178.5 179.4
[Mo](N2) 2.009 2.236 1.991 1.142 177.4 178.2
[Mo](N2)


+ 1.974 2.264 2.058 1.129 175.7 175.4
[Mo](NH3)


� 2.024 2.202 2.316 176.4
[Mo](NH3) 2.016 2.205 2.293 175.0
[Mo](NH3)


+ 1.976 2.262 2.272 164.0


model B
[Mo]� 2.031 [2.053] 2.116 [2.165]
[Mo] 2.000 [2.008] 2.128 [2.149]
[Mo]+ 1.944 [1.943] 2.187 [2.199]
[Mo](N2)


� 2.031 [2.042] 2.241 [2.261] 1.922 [1.935] 1.170 [1.148] 179.8 [179.8] 179.7 [179.8]
[Mo](N2) 2.002 [2.005] 2.229 [2.228] 1.978 [2.013] 1.148 [1.125] 178.5 [178.4] 178.7 [178.4]
[Mo](N2)


+ 1.954 [1.950] 2.261 [2.260] 2.066 [2.125] 1.128 [1.107] 177.6 [177.6] 178.2 [178.0]
[Mo](NH3)


� 2.041 [2.067] 2.170 [2.204] 2.357 [2.409] 173.9 [177.2]
[Mo](NH3) 2.016 [2.023] 2.179 [2.198] 2.329 [2.351] 179.0 [179.0]
[Mo](NH3)


+ 1.957 [1.957] 2.257 [2.265] 2.316 [2.327] 173.1 [174.7]


[a] Averaged Mo�N(amide) distance. [b] Mo�N(amine) distance.
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which, for instance, has been observed as a viable N2-bond
activation process in quantum chemical studies on iron(ii)–
sulfur complexes.[67, 68] The fact that this alternative activa-
tion mechanism, which would exhibit a characteristic bend-
ing of the Mo-N-N unit from 1808 to up to 1208 owing to
the emerging nitrogen lone-pairs, is not observed indicates
that the excess charge of the anionic complex does not pop-
ulate the antibonding p orbital of the N2 ligand in significant
amounts. Rather it is located on the molybdenum central
ion, which then increases the amount of back-bonding re-
sulting in an elongation of the triple bond (see also the pop-
ulation analyses discussed below).


Except for one bond length (namely, Mo�Nam in the
ammine model B, [Mo](NH3)), all calculated distances are
found equal or slightly larger than the experimental bond
lengths in complex 1. However, a few calculated distances
are more than 0.1 T larger than the experimental ones. This
is, for instance, the case for the Mo�Nam and Mo�Na distan-
ces in [Mo](NH3)


+ and [Mo](NH3), respectively. These dif-
ferences are likely due to the fact that we are comparing dif-
ferent chelate ligand derivatives.


Interestingly, Schrock et al.[13] observed for the reduction
of [Mo](NH3)


+ : “One-electron reduction of [Mo](NH3)
+


leads to a slight lengthening of Mo�Namide distances (by an
average of 0.05 T), shortening of the Mo !NH3 bond (by
0.07 T), and lengthening of the trans Mo-Namine bond (by
0.06 T). While these small changes in bond distances in gen-
eral are consistent with an electron being added to a dxz or
dyz orbital on Mo, why the Mo !NH3 bond shortens upon
reduction of [Mo](NH3)


+ to [Mo](NH3) is not clear to us”.


While we can confirm the bond elongations of Mo�Namide


and Mo�Namine for systems 3, A, and B, we do not observe a
bond contraction of the Mo !NH3 ligand bond. By contrast,
this coordinative bond is elongated in all model complexes
investigated here. We observe a lengthening of the calculat-
ed Mo !NH3 bond (by 0.006, 0.021, and 0.013 T for com-
plex 3, model A, and model B, respectively) and a shorten-
ing of the calculated Mo�Namine bond (by 0.044, 0.057, and
0.078 T for complex 3, model A, and model B, respectively).
The reason for the experimentally observed contraction of
this bond in complex 1 thus remains unclear and cannot be
explained on the basis of the calculations. Either the differ-
ent structure of the chelate ligand of complex 1 when com-
pared with the systems 3, A, or B or a crystal packing effect
are responsible for this contradiction. The latter is more
likely in view of the same trends observed for our three dif-
ferent systems 3, A, and B as opposed to the experimentally
investigated complex 1. It appears to be unlikely that the
local electronic structure at the central molybdenum ion is
responsible for the experimentally observed bond contrac-
tion.


Qualitative picture of the electronic structure : For a qualita-
tive understanding of the electronic structure of a transition-
metal complex, occupation-number-independent EHT calcu-
lations represent a very valuable tool. Hence, we carried out
such calculations for the BP86-optimized structures of the
N2 and NH3 complexes. We selected the small model com-
plex B in order to keep the spectrum of orbital energies as
sparse as possible. This selection is justified in view of the
similar structural parameters of the three complexes under
consideration. The electronic structure of model complex B
with dinitrogen as fifth ligand is depicted in Figure 3. This
figure contains the correlation diagram for the interaction of
the frontier orbitals of the triamidoamine–metal fragment
with those of dinitrogen. The occupation chosen is for the
open-shell neutral doublet complex.


While the occupied p-orbitals 3a and 4a of the dinitrogen
ligand do not participate in the metal–N2 interaction, the ro-
tationally symmetric bonding orbital 5a of N2 experiences a
significant stabilization upon interaction with the Mo dz or-
bital. Also, the EHT molecular orbital diagram clearly
shows a stabilization of the N2 coordination by an interac-
tion of the frontier d orbitals at molybdenum with the anti-
bonding pg orbitals of dinitrogen, resulting in a decrease in
orbital energy and transfer of charge into the antibonding
orbitals by means of a back-donation mechanism.


From the qualitative MO diagram in Figure 3 we may an-
ticipate that the electron affinity (EA) is likely to be exo-
thermic or slightly endothermic, since an energy-lowered
frontier orbital localized at the molybdenum–N2 moiety will
be occupied to yield a stable closed-shell singlet structure.
This stabilization of the system is indeed accompanied by a
contraction of the Mo�Na bond as documented in Table 1
for all systems. With regard to the first ionization energy of
the dinitrogen-coordinated model B we note that an elec-
tron would have to be removed from the same stabilized


Table 2. Comparison between calculated (complex 3 and models A and
B) and experimental (complex 1; reference [8]) bond lengths; the latter
are given in bold face [distances are given in T; notation is according to
Figure 2].


Mo�Nad
[a] Mo�Nam


[b] Mo�Na Na�Nb


[Mo](N2)
3 2.011 2.245 1.982 1.143
A 2.009 2.236 1.991 1.142
B 2.002 2.229 1.978 1.148
1 1.978 2.188 1.963 1.061


[Mo](N2)
�


3 2.041 2.259 1.925 1.163
A 2.049 2.262 1.922 1.164
B 2.031 2.241 1.922 1.170
1 2.030 2.241 1.863 1.156


[Mo](NH3)
3 2.020 2.208 2.284
A 2.016 2.205 2.293
B 2.016 2.179 2.329
1 2.003 2.205 2.170


[Mo](NH3)
+


3 1.979 2.252 2.278
A 1.976 2.262 2.272
B 1.957 2.257 2.316
1 1.948 2.147 2.236


[a] Averaged Mo�N(amide) distance. [b] Mo�N(amine) distance.
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frontier molecular orbital (47a). This would result in an in-
creased amount of energy required for ionization. Accord-
ingly, the Mo�Na bond length is expected to increase and
the Mo�Nad bond lengths to shorten with decreasing molec-
ular charge (see Table 1).


Figure 4 depicts the EHT frontier molecular orbital inter-
action diagram for the ammine complex of model B. Coordi-
nation of NH3 is facilitated by the s-donating orbital 4a in-
teracting with the molybdenum d orbital of proper local
symmetry. However, the resulting decrease in energy is
smaller than in case of N2 coordination, indicating that the
coordination energies might be of comparable strengths tun-
able through the charge state of the complex. In contrast to
the N2 complex, the ammine system B cannot benefit from a
back-donation mechanism owing to the lack of p orbitals;
the [Mo] d-frontier orbitals 41a and 42a remain nonbonding
(see Figure 4). From the highest occupied frontier orbital of


the MO diagram in Figure 4,
we understand that the electron
affinity of the ammine complex
should be less “exothermic”
when compared with the dini-
trogen system, while the ioniza-
tion energy should be less “en-
dothermic”.


Experimentally it is known
for complex 1 (reference [13])
that “the [Mo](N2)


+ /0 potential
is almost 1 V higher than the
value for [Mo](NH3)


+ /0


(�0.66 V vs �1.63 V), that is,
[Mo](NH3)


+ is more difficult to
reduce than [Mo](N2)


+ by
~1 V”. This substantial differ-
ence has been ascribed to the
stronger s-donating properties
of ammonia as well as to the
fact that the electron added to
[Mo](N2)


+ can occupy a p-
bonding orbital. The EHT orbi-
tal interaction diagrams of
[Mo](N2) and [Mo](NH3) in
Figures 3 and 4 thus confirm
these assumptions. However,
the slightly stronger s donation
of NH3 compared to N2 is only
evident from the occupancies of
the fragment orbitals after in-
teraction, which are 1.72 and
1.74 for the 4a (N2) and 5a
(NH3) s-type fragment molecu-
lar orbitals, respectively. It is
not substantiated from an ener-
getical point of view as de-
scribed above. Also, whereas
the LUMO (46a) of [Mo]-
(NH3)


+ is almost exclusively of
dxz type (or dyz) on Mo, the first unoccupied orbital of
[Mo](N2)


+ (47a) corrersponds to the bonding interaction of
the same dxz-type orbitals with p-type orbitals of the dinitro-
gen fragment. This orbital is thus stabilized and can facili-
tate the addition of an electron. This stabilization of the
LUMO when replacing the NH3 group by a N2 fragment is
visible in the self-consistent DFT calculations for neutral
and cationic complexes of NH3 and N2 studied (see Table 3).
The effect is also visible, but much less pronounced for the
anionic complexes, which are therefore not included in
Table 3.


Ionization energies and electron affinities : For the exchange
of ammonia and dinitrogen in catalytic dinitrogen reduction
it is important to understand, in which order the reduction
and exchange steps are carried out. Therefore, we first in-
vestigate oxidation and reduction reactions with correspond-


Figure 3. EHT orbital interaction diagram for the model complex B [Mo](N2). Fragment molecular orbital oc-
cupancies after interaction are given in brackets. The formal occupation depicted corresponds to the neutral
system. The extended dark boxes mark dense lying molecular orbitals of the metal fragment that do not con-
tribute to a qualitative understanding of N2 coordination.
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ing ionization energies IEi and
electron affinities EAi. Before
we discuss the results, we
should have a look on the
BP86/RI versus the B3LYP ion-
ization energies and electron af-
finities. For comparison, we col-
lected some data in Table 4.


Large discrepancies between
the BP86/RI and the B3LYP
energies for the C series of
model complexes are caused by
a pronounced structural distor-
tion of the metal fragment in
the ammine complex. This dis-
tortion manifests in a pyramid-
alization of two out of the three
amide nitrogen atoms (see also
Sect. 3). When B3LYP single
point calculations are carried
out for the ammine complex of
C on the BP86/RI optimized
structures, the discrepancies be-
tween B3LYP and BP86/RI en-
ergies are diminished as can be
understood from Table 4.


The electron affinity of the
[Mo](N2)


+ complexes in
Table 4 (fourth line in upper
block) is not affected by the
choice of the functional and we
obtain almost the same results
for BP86/RI and B3LYP. The
corresponding calculation for
the [Mo](NH3)


+ complex of
model B shows a small differ-
ence between BP86/RI and
B3LYP of �12.12 kJmol�1.
When we look at the electron
affinities we note deviations of
BP86/RI from B3LYP between
22.86 and 29.44 kJmol�1, which
are small in view of the general
accuracy of DFT calculations.
Based upon this comparison of
density functionals we may con-
clude that it is justified to re-
strict the discussion of energies
to the BP86/RI data only. The
calculated adiabatic energies
for these electron-transfer reac-
tions have been obtained from
fully optimized species and are
given in a combined map of re-
action pathways depicted in
Figure 5.


Figure 4. EHT orbital interaction diagram for the model complex B [Mo](NH3). Fragment molecular orbital
occupancies after interaction are given in brackets. The formal occupation depicted corresponds to the neutral
system. See Figure 3 for plots of the main molecular orbitals of the [Mo] fragment of complex B.


Table 3. Calculated BP86 HOMO and LUMO energies [in eV] for [Mo](NH3)
+ and [Mo](N2)


+ of system 3
and models A and B (basis sets as described above). Replacing NH3 by N2 yields a consistent lowering of the
orbital energies independent of the charge. For model B we have also included the orbital energies obtained
from the B3LYP optimizations.


complex 3 model A model B
BP86/RI BP86/RI BP86/RI /B3LYP


[Mo](NH3)
+ HOMO �5.94 �6.14 �6.65/�7.81


LUMO �5.91 �5.86 �5.92/�5.17


[Mo](N2)
+ HOMO �7.01 �7.17 �7.98/�8.81


LUMO �6.66 �6.68 �7.20/�6.38


[Mo](NH3) HOMOa=HOMO�1 �2.76 �2.89 �2.09/�3.02
HOMOb=HOMO �2.42 �2.55 �1.73/�2.64
LUMOb=LUMO �2.11 �2.24 �1.40/�0.32
LUMOa=LUMO+1 �1.39 �1.96 �0.63/�0.13


[Mo](N2) HOMOa=HOMO�1 �3.98 �4.04 �3.69/�4.44
HOMOb=HOMO �3.73 �3.79 �3.43/�4.12
LUMOb=LUMO �3.38 �3.45 �3.13/�2.14
LUMOa=LUMO+1 �1.65 �1.93 �1.11/�0.31
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The last step to complete
SchrockMs catalytic dinitrogen
reduction cycle will be the
transfer of a proton onto a
[Mo](NH2) species. The product
is the [Mo](NH3)


+ complex,
which is the first species of rele-
vance to the subsequent ex-
change of ammonia versus dini-
trogen. In principle, exchange
of ligands is possible in the cat-
ionic state, but the ionization
energy indicates that reduction
to the neutral species is highly
exothermic [Eq. (2)], that is,
the ionization energy IENH3


is
endothermic by more than
+427 kJmol�1 (compare Fig-
ure 5).


½Mo�ðNH3Þ !
½Mo�ðNH3Þþ þ e�IENH3


ð2Þ


On the other hand, the re-
duction of the N2 cationic com-
plex is even more exothermic
and the corresponding ioniza-
tion energy IEN2


for the reverse
reaction [Eq. (3)] is about
+525 kJmol�1 for the large sys-
tems and +540 kJmol�1 for the
small model B.


½Mo�ðN2Þ !
½Mo�ðN2Þþ þ e� IEN2


ð3Þ


We note that in both cases,
complex 3 and model A yield
almost equivalent results, indi-
cating that the steric effects of
the substituted chelate ligand of
3 do not play a significant role.


Coming back to the experi-
mental observations mentioned
already in the previous section,
we find the experimental result
that [Mo](NH3)


+ is more diffi-
cult to reduce than [Mo](N2)


+


[13] is supported by our calcula-
tions. The authors of refer-
ence [13] further assumed that
“this substantial difference can
be ascribed to the stronger s-
donating properties of ammo-
nia, as well as the fact that the
electron added to [Mo](N2)


+


can go into p-bonding orbitals


Table 4. Comparison of reaction energies for model complexes C and B [in kJmol�1]. In cases of large dis-
crepancies, the B3LYP energies have been marked in bold face. The common element in all these reactions is
the ammine complex of model C, which turned out to be structurally distorted at one amide nitrogen atom. A
B3LYP single-point calculation for this [Mo](NH3) complex of series C on its BP86/RI/TZVP-optimized struc-
ture recovers the general trends of BP86 and B3LYP results (results are given in parenthesis). D denotes the
energy difference.


model C model B
reactants products BP86/RI B3LYP D BP86/RI B3LYP D


reduction processes
[Mo](NH3)


+ +e� ! [Mo](NH3) �435.18 �359.56 +75.62 �427.79 �439.91 �12.12
(�442.01) (�6.83)


[Mo](NH3)+e� ! [Mo](NH3)
� +63.29 +18.02 �45.27 +60.06 +89.50 +29.44


(+100.47) (+37.18)
[Mo](N2)+e� ! [Mo](N2)


� �79.66 �55.82 +23.84 �96.43 �73.57 +22.86
[Mo](N2)


+ +e� ! [Mo](N2) �564.93 �562.18 +2.75 �540.00 �540.63 �0.63


ligand exchange processes
[Mo](NH3)


+ +N2 ! [Mo](N2)
+ +NH3 +41.76 +70.27 +28.51 +25.43 +56.94 +31.51


[Mo](NH3)+N2 ! [Mo](N2)+NH3 �87.98 �132.35 �44.37 �86.78 �43.79 +42.99
(�49.90) (+38.08)


[Mo](NH3) ! [Mo]+NH3 +95.77 +7.45 �88.32 +87.52 +87.15 �0.37
(+89.90) (�5.87)


[Mo]+N2 ! [Mo](N2) �183.75 �139.80 +43.95 �174.29 �130.93 +43.36


Figure 5. Possible reaction steps (with enegies in kJmol�1) for the NH3/N2 ligand exchange reaction for system
3 (upper values), model A (middle values) and model B (lower values). All energies are calculated from the
total electronic energies of products minus the ones for the reactants according to the reaction arrows. Accord-
ingly, the adiabatic ionization potentials have been calculated from fully optimized structures (BP86/RI/
TZVP) for the reaction metallocene ! metallocene+ +e� .
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that are largely located on dinitrogen”. This assumption is
corroborated by our analysis so far (cf. the previous sec-
tion).


In contrast to the ionization energies of the different tri-
amidoamine complexes, the electron affinities of the neutral
species largely differ for 3, A, and B. Reduction of the neu-
tral ammine complexes [Eq. (4)] is exothermic for the large
complex 3 and model A, but endothermic for models B and
C (compare Figure 5 and Table 4).


½Mo�ðNH3Þ þ e� ! ½Mo�ðNH3Þ� EANH3
ð4Þ


Also, the deviation of the electron affinity calculated for
model A from the less exothermic electron affinity obtained
for 3 is 26 kJmol�1. The situation is similar for the electron
affinities EAN2


of the [Mo](N2) reduction reaction [Eq. (5)],
the exothermicity of which increases in the order: model B
(EAN2


=�96.43 kJmol�1), complex 3 (EAN2
=


�187.22 kJmol�1), and model A (EAN2
=�203.53 kJmol�1).


½Mo�ðN2Þ þ e� ! ½Mo�ðN2Þ� EAN2
ð5Þ


Evidently, the chelate ligand is able to tune this electron
affinity. Since the metallocene reductants deployed in ex-
periment possess ionization potentials too large to reduce
the ammine complexes (see the inlay in Figure 5 for calcu-
lated values), the reduction of [Mo](NH3) may only be ach-
ieved by other NxHy coordinated triamidoamine species
present in solution with ionization potentials comparable in
absolute value to EANH3


.
In general, we expect that solvent effects play only a


minor role for the dinitrogen reduction cycle at the molyb-
denum central ion, since the experimentally known systems
show a small cavity hardly accessible by large solvent mole-
cules like heptane. However, for the reliable calculation of
electron-transfer reactions the solvent environment would
have to be taken into account in order to avoid the artificial-
ly large ionization energies and electron affinities and to
compensate the excess charge. This is a method-inherent
problem in the computational chemistry of reduction and
protonation processes for isolated molecules as differential
solvent effects cannot be taken into account properly if one
does not want to use explicit solvation in a molecular dy-
namics framework. The effect of the environment in com-
pensating the work for charge separation or recombination
for the isolated complexes might be estimated by some
flavor of electrostatic polarizable continuum models,[69]


which would, however, introduce additional parameters af-
fecting the computed results.


Therefore, we calculate the intrinsic ionization energies
and electron affinities for the isolated system, which may be
compared with those of the isolated reductant and acid.
However, an explicit comparison of this kind, especially if
only the relative energies to a selected reductant are given,
would give the impression of definite reaction energies
though they are actually given only with respect to a certain
model of the reducing and pronating reagents. In experi-


ment,[8,12, 13] three different metallocenes, CoCp2, CoCp2*,
and CrCp2* (Cp=cyclopantadiene, Cp*=pentamethylcyclo-
pentadiene), have been tested. The gas-phase ionization po-
tentials of the isolated molecules have been calculated and
included in Figure 5. From the BP86/RI/TZVP calculation
of the ionization process of these metallocenes, we note that
reduction of [Mo](NH3)


+ to [Mo](NH3) with CoCp2* would
be exothermic, while the reduction with CrCp2* is almost
thermoneutral and with CoCp2 it is hardly possible. The de-
protonation energy of the acid used in experiment is calcu-
lated to be 1000.2 kJmol�1 for 2,6-LuH+/2,6-Lu (2,6-Lu=
{2,6-lutidinium}{BAr’4}).


Reaction energetics : Before we come to the general discus-
sion of coordination energies, we should have a look on the
B3LYP coordination energies and compare with the BP86/
RI results in Table 4. As in the case of the electron affinities
large discrepancies between the BP86/RI and the B3LYP
energies are observed for the ammine complex of model C.
For the coordination of dinitrogen to the metal fragment
[Mo] of models B and C, we observe an energy deviation of
about 44 kJmol�1 between BP86/RI and B3LYP for both
models. Hence, the coordination energy is by 44 kJmol�1


less exothermic in the B3LYP calculations but this deviation
is consistent for both models. Accordingly, the ligand ex-
change reactions in Table 4 exhibit deviations from +28.51
to +42.99 kJmol�1, which can be traced back to the same
reasons found for the deviation of BP86/RI and B3LYP in
case of N2 coordination to the metal fragment. Thus, the
reason for these deviations may be either an inaccurate
quantum chemical treatment of the isolated N2 ligand or of
the N2 metal complexes. From reference [70] (compare reac-
tion A.I in this reference) we understand that the difference
between BP86 and B3LYP reaction energies of the isolated
dinitrogen molecule are of the order of 15 kJmol�1 and may
attribute the remaining difference to the neutral dinitrogen
complex. By contrast, the ammine complex of model B is
calculated with almost the same accuracy using the BP86/RI
or the B3LYP functional (the deviation is only
�0.37 kJmol�1). From this comparison we may conclude for
the coordination energies to be discussed in the following
that coordination of dinitrogen may be affected by a maxi-
mum error of about 40 kJmol�1 if we regard the absolute
maximum difference of BP86/RI and B3LYP results as a
measure for the reliability of present day DFT methods.


Please note that all energetics have been obtained for low-
spin species. Studt and Tuczek[65] found, however, that high-
spin states may become important. We can confirm that the
cationic ammine complex [Mo](NH3)


+ indeed possesses a
triplet ground state independent of the density functional.
For model B we found this triplet state by �38.4 kJmol�1


with BP86, by �45.2 kJmol�1 with B3LYP* from referen-
ces [27,29,30], and by �51.0 kJmol�1 with B3LYP more
stable than the lowest lying singlet state. The differences of
these splittings are small compared to the accuracy of DFT
results in general and follow the trend described in referen-
ces [27,29,30]. In the following sections, however, we present
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all energies for the low-spin potential-energy surfaces, which
are either of singlet- or doublet-spin character.


Dissociation of ammonia : For the ammonia versus dinitro-
gen exchange it is essential to understand the coordination
energetics of ammonia to the triamidoamine–metal frag-
ments in different charged states. Ammonia dissociation is
endothermic as expected, but requires the less energy the
more electrons are transferred onto the molybdenum metal
fragment. That is, ammonia abstraction is most easily possi-
ble from the monoanionic complex (for complex 3,
71.58 kJmol�1 are required) and should be feasible at ambi-
ent temperatures. Dissociation might also be possible from
the neutral species at higher temperatures, which requires
up to about 100 kJmol�1 and is thus by about 20 to
30 kJmol�1 larger than for the anionic complex. The cationic
complex [Mo](NH3)


+ requires an energy of 112.01 to
137.02 kJmol�1 depending on the chelate ligand derivative.
An additional amount of up to 50 kJmol�1 is required for
ammonia abstraction when compared with the neutral spe-
cies. However, no trend is observed with respect to the in-
creasing complexity of the ligand in system B to A to 3.
Complex 3 shows the smallest difference in dissociation
energy for [Mo](NH3) (+109.52 kJmol�1) and [Mo](NH3)


+


(+121.87 kJmol�1). Hence, dissociation of ammonia from
the neutral and cationic species of complex 3 is almost
equally feasible. We emphasize that the dissociation energet-
ics from the various charged ammine complexes of the
smallest model series B show the most pronounced differen-
ces when dissociating ammonia from the anionic
(+43.24 kJmol�1), the neutral (+87.52 kJmol�1), or the cat-
ionic (+137.47 kJmol�1) ammine complex.


Coordination of dinitrogen : The coordination of dinitrogen
is exothermic in all cases. The exothermicity of the coordi-
nation reaction depends largely on the charge of the metal
fragment. In the case of the monoanion, the reaction is by
more than �220 kJmol�1 exothermic, which is very remark-
able. The neutral metal fragments bind N2 still by about
�140 kJmol�1 or more depending on the chelate ligand. The
gain of energy by coordination of dinitrogen to the cationic
complex fragment yields at most about �110 kJmol�1. This
trend of decreased coordination energies is in accordance
with the population of the stabilized frontier molecular orbi-
tal 47a in Figure 3 as discussed above.


The trans-effect of the amine nitrogen atom of the chelate
ligands may also play a role in modulating the coordination
energy of N2 as demonstrated in reference [71]. The rigidity
of the chelate ligand limits the spatial relaxation of the
amine nitrogen atom in the chelate ligand in trans-position
so that the calculated coordination energy may be regarded
as an upper limit for N2 coordination. However, a test calcu-
lation on an oversimplified dinitrogen-coordinating model
[Mo(NH3)(NH2)3(N2)] with a non-clamped ammonia in
trans-position and three free NH2


� amide ligands in equato-
rial position yields a H3N�Mo distance of about 2.23 T,
which is in the range of bond lengths reported in Table 1.


However, this structure has not been fully optimized, since
one of the three amide ligands would rotate and is then in
orthogonal orientation with respect to the remaining two
amide ligands.


The NH3-dissociation/N2-coordination step : Since dissocia-
tion of NH3 is facilitated, the more negatively charged the
metal complexes are and dinitrogen binding is energetically
favored for negatively charged complexes, it is evident that
exchange of NH3 by N2 at the anionic triamidoamine–metal
fragments is exothermic by at least �140.35 kJmol�1, while
it is still energetically favorable for the neutral species (by
at least �41.22 kJmol�1), but endothermic for the cationic
species (by +25.88 kJmol�1 or more; see Figure 5 for all
ligand exchange energies). Experimental evidence[13] indi-
cates that conversion of the cationic ammine to the cationic
dinitrogen complex of species 1 should be slower by at least
one order of magnitude than the conversion of the neutral
species. Based on this observation, Yandulov and Schrock[13]


consider the reduction of the cationic ammine complex to
the neutral species as an imperative step for efficient forma-
tion of the dinitrogen complex, which is fully corroborated
by our quantum chemical results.


From the overall energetics of all possible NH3/N2 ex-
change pathways we conclude that a direct substitution
would only be likely to take place if the reaction cavity, the
size of which is governed by the chelate ligand, is sufficient-
ly large to accomodate both ligands at the same time. This,
however, does not appear to be the case for complex 3. The
chelate ligand of complex 3 is sterically very demanding and
leaves only a single entrance channel for N2 from one
side—all other sides are blocked. This unique channel is de-
picted in Figure 6. Of course, thermal movement of the
phenyl substituents may open a new entrance channel for
N2 (depending on the substituents in the [TerN3N]3� ligand),
but this would close the channel which was open before for
steric reasons. Most important is that the channel is rather
narrow and it is unlikely that N2 approaching from this side
will be able to substitute the NH3 ligand. It should be em-
phasized that one must not draw conclusion on the size of
the cavity on the basis of models A and B, since these
models are oversimplified in this respect.


Thus, an elimination and subsequent addition process ap-
pears to be the most probable reaction mechanism for coor-
dination of N2. The only thermodynamically viable elimina-
tion–association pathway appears to be the abstraction of
ammonia from the anionic metal fragment, which thus re-
quires a reduction step first. It is also interesting to note
that the exchange of ligands is endothermic (or at best ther-
moneutral if environment and finite temperature effects are
taken into account) for the cationic complex.


Schrock and co-workers[12] concluded for the conversion
step of [Mo](NH3)


+ to [Mo](N2) that two key steps are in-
volved: 1) reduction of [Mo](NH3)


+ to [Mo](NH3) and 2)
replacement of ammonia by dinitrogen. Step 2 is believed to
take place through the formation of the bare [Mo] metal
fragment though this species has not been observed so far.
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The scheme of potential reactions depicted in Figure 5
offers two possible reaction pathways depending on the re-
action conditions. Experimental results for complex 1 clearly
show that the cationic ammine complex [Mo](NH3)


+ is an
intermediate that is produced in significant amount.[13] If the
neutral ammine complex of 3 is reduced to the [Mo](NH3)


�


ion, which is exothermic by �70.47 kJmol�1 provided that
an electron can be delivered from a reductant with corre-
sponding ionization energy, NH3 will dissociate and yield
[Mo]� . In a subsequent step, N2 will coordinate and yield
[Mo](N2)


� , which can then be further reduced. The resulting
reaction mechanism is given in Equation (6).


½Mo�ðNH3Þþ þe�
��!½Mo�ðNH3Þ þe�


��!½Mo�ðNH3Þ� �NH3
���!½Mo��


þN2
��!½Mo�ðN2Þ� þHþ


��!½Mo�ðN2HÞ
ð6Þ


At higher temperatures and without presence of a (very)
strong reductant, an alternative route would be the dissocia-
tion of NH3 from the neutral complex to form the metal
fragment [Mo]. This neutral metal fragment then coordi-
nates N2 and needs to be reduced—it is exothermic by


�187.22 kJmol�1 for complex 3—in order to facilitate the
first transfer of a proton on the activated anionic N2 com-
plex. The mechanism then changes to that given in Equa-
tion (7).


½Mo�ðNH3Þþ þe�
��!½Mo�ðNH3Þ �NH3


���!½Mo� þN2
��!½Mo�ðN2Þ


þe�
��!½Mo�ðN2Þ� þHþ


��!½Mo�ðN2HÞ
ð7Þ


Moreover, since the abstraction of an electron requires a
significant amount of energy it is likely that the anionic dini-
trogen complex is then protonated. The neutral dinitrogen
complex appears to be no imperative intermediate of dini-
trogen reduction. However, the concentration of neutral di-
nitrogen complexes will strongly depend on the chelate
ligand, since the ionization energy of the anion (equivalent
to the electron affinity of the neutral complex) largely de-
pends on the chelate ligand (cf. Figure 5). Accordingly, the
effect of different derivatives of the chelate ligand is not
solely a kinetic one owing to varying steric effects, but
exerts thermodynamic effects.


Cao and co-workers[22] studied a simplified model with a
[(PhN)3N]3� ligand using the BLYP and PW91 density func-
tionals. Their results are in accordance with our findings for
models A and B and thus supplement the series of model
systems investigated here. A close comparison with the
work of Cao et al. is, however, hardly possible as these au-
thors have considered only the second route of the two pos-
sible mechanisms, for which they gave not many details.


The fact that reduction of the ammonia complex or metal
fragment facilitates dinitrogen binding is known from exper-
imental facts for molybdenum complexes and Schrock et al.
note:[13] “[..] conversion of [Mo](NH3)


+ into [Mo](N2)
+


would appear to be slower by at least an order of magnitude
than the conversion of [Mo](NH3) into [Mo](N2) … Conver-
sion of [Mo](NH3)


+ into [Mo](NH3) facilitates the exchange
of ammonia for dinitrogen, which is what one would con-
clude simply upon considering bonding of ammonia versus
dinitrogen to a positively charged MoIV center versus a neu-
tral MoIII center. Therefore, reduction of [Mo](NH3)


+ to
[Mo](NH3) would appear to be imperative for efficient for-
mation of [Mo](N2).”


From Davidson–Roby–Ahlrichs partial charges reported
in Table 5 we understand that the molybdenum atom is posi-
tively charged in all ammine and dinitrogen complexes, irre-
spective of the charge of the complex and of the chelate
ligand. However, the trend from cationic to anionic species
clearly shows a reduction of this positive partial charge on
the molybdenum atom. Interestingly, the partial charge on
the nitrogen atom of N2 coordinated to the central metal ion
is also positive and increased in this order. By contrast, the
negative partial charge of the nitrogen atom in the NH3


ligand of complex 3 is decreased in the order from cationic
to neutral to anionic. The ammine complexes of the models
A and B, however, do not show clear trends (compare the
second set of three rows of blocks two and three in Table 5).
Taking the amide and amine nitrogen atoms of the chelate
ligand sphere into account the results given in Table 5 also


Figure 6. A side and top view of the ammine complex 3. The side view
shows the single channel available for dinitrogen approaching the reac-
tion center to substitute the ammine ligand.
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do not exhibit any evident trends. The two electrons added
to the cationic and neutral states to give the anion are thus
distributed on the whole complex.


Conclusions


This work represents a first part of a series of DFT studies
on Schrock-type triamidoamine–molybdenum complexes to
understand dinitrogen reduction under mild ambient condi-
tions from a quantum chemical point of view. The study pro-
vides thermochemical data for all intermediates involved in
the first ammonia-dissociation/dinitrogen-binding step.


On the basis of our results obtained for complex 3 and
model A, we draw the general conclusions that two routes
of the mechanism are feasible for the ligand exchange step
in the Schrock cycle. In the presence of a strong reductant,
the following elementary steps [Eq. (8)] are likely to take
place:


½Mo�ðNH3Þ þe�
��!½Mo�ðNH3Þ� �NH3


���!½Mo�� þN2
��!½Mo�ðN2Þ� ð8Þ


If, however, reduction of the neutral ammine complex
cannot be achieved, an alternative route [eventually at
higher tenperatures; Eq. (9)] will be the pathway.


½Mo�ðNH3Þ �NH3
���!½Mo� þN2


��!½Mo�ðN2Þ þe�
��!½Mo�ðN2Þ� ð9Þ


Both pathways appear to be consistent with experimental
findings that different routes for the catalytic cycle are pos-
sible.[13]


The different chelate ligand derivatives exert pronounced
electronic effects on reaction energies. Models B and C
turned out to be rather inadequate model complexes when
it comes to a quantitative understanding of the catalytic
action of the triamidoamine complex. Especially for the co-
ordination reactions of N2 and NH3, we found large devia-
tions of the small model complexes B and C from the results
obtained for the larger model A and the experimentally
known complex 3. The effect is less pronounced if the disso-
ciation–addition reaction is calculated directly, since the ef-
fects for ammonia dissociation and dinitrogen coordination
cancel. Only model A, which is the generic ligand for the
[TerN3N]3� class of ligands, shows good agreement with
complex 3. While the general qualitative picture will be
valid also for all model systems, it is even qualitatively dif-
ferent for the reduction of the ammine complex to the
anionic species [Mo](NH3)


� . However, in this case even the
largest model A does not show quantitative agreement with
the energies calculated for complex 3. These results indicate
that the true energetics of SchrockMs triamidoamine com-
plexes should be assessed from the full systems.


A technical side note on computational studies appears to
be appropriate at this place: We observe a surprisingly small
variation in coordination energies for N2 and NH3 calculated
with BP86 and B3LYP density functionals from structures
optimized with the corresponding functionals. These differ-
ences shed light on the overall reliability of calculated reac-
tion energies within the DFT framework. Pure and hybrid
density functionals yield, in general, consistent structural pa-
rameters and consistent energetics for triamidoamine–mo-
lybdenum complexes.


The next two parts of this series of papers will consider 1)
the thermochemistry of the transfer of protons on the coor-
dinated nitrogen ligands and 2) a detailed comparison of the
experimentally most well-known and most efficient triami-
doamine derivative 1 with results from DFT calculations.
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Introduction


The scope and diversity of studies on fluorophores in the
realm of the life sciences and biotechnology has continued
to expand ever since the initial use of fluorescein, tetrame-
thylrhodamine and phycobiliproteins.[1] One of the more se-
rious problems inherent to most organic fluorescent labels


used in biotechnology concerns the relatively small energy
gap between the absorption and emission maxima.[2] As a
direct consequence of this situation, the sensitivity is re-
duced because of the need to employ specific filters that dis-
criminate against incident or scattered light. A popular strat-
egy used to enhance the Stokes’ shift, at least in a virtual
sense, is to make use of electronic energy transfer between
two dyes linked together: here, one dye takes the role of the
energy donor (i.e., the absorbing chromophore) and the
other operates as the acceptor (i.e., the emitting fluoro-
phore). In many biotechnology applications, the donor and
acceptor subunits are connected by aliphatic tethers, which
implies a through-space energy-transfer process (i.e., Fçrster
mechanism).[3] Within the framework of this theory, the
emission spectrum of the donor must overlap with the ab-
sorption spectrum of the acceptor. This requirement places
a limit on the “virtual” Stokes’ shift of the dual-dye system.
In contrast, through-bond energy transfer offers the possibil-
ity to increase the energy separation between absorption
and emission maxima, thereby leading to much larger
Stokes’ shifts. Indeed, connecting the donor and acceptor
subunits by means of unsaturated linkages opens up the pos-
sibility to transfer energy by several different routes, such as


Abstract: Molecules bearing a 4,4-di-
fluoro-8-(aryl)-1,3,5,7-tetramethyl-2,6-
diethyl-4-bora-3a,4a-diaza-s-indacene
(bodipy) core and 1-pyrenyl-1-phenyl-
4-(1-ethynylpyrene), or 1-phenyl-4-[1-
ethynyl-(6-ethynylpyrene)pyrene] units
were constructed in a step-by-step pro-
cedure based on palladium(0)-promot-
ed cross-coupling reactions with the re-
quired preconstructed modules. X-ray
structures of single crystals reveal a
twisted arrangement of the two chro-
mophores. In one case, an almost per-
fect orthogonal arrangement is found.
These dyes are strongly luminescent in


solution and display rich electrochemis-
try in which all redox processes of the
bodipy and pyrene fragments are clear-
ly resolved. The absorption spectra in-
dicate that the bodipy and pyrene chro-
mophores are spectrally isolated, there-
by inducing a large “virtual” Stokes
shift. The latter is realised by efficient
transfer of intramolecular excitation
energy by the Fçrster dipole–dipole


mechanism. The rate of energy transfer
depends on the structure of the dual-
dye system and decreases as the
centre-to-centre separation increases.
The energy transfer efficiency, howev-
er, exceeds 90% in all cases. The link-
age of two pyrene residues by an
ethyne group leads to a decrease in the
energy-transfer efficiency, with the two
polycycles acting as a single chromo-
phore. The directly linked bodipy–
pyrene dual dye binds to DNA and op-
erates as an efficient solar concentrator
when dispersed in plastic.
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Dexter-type short-range exchange interactions,[4] excitonic
or phonon–phonon-assisted processes and other mecha-
nisms.[5]


A potential way, therefore, to design next-generation mol-
ecules suitable for biological fluorescence labelling is to con-
nect a donor component that has strong absorbance at the
excitation wavelength to an acceptor that displays a high
fluorescence quantum yield. An added requirement is that
some type of internal barrier has to be inserted to prevent
the donor–acceptor structure acting as a single “supermole-
cule”. This barrier can be imposed by twisting the molecular
axis such that the donor and acceptor units are no longer co-
planar, since this has the effect of preventing the system
from forming an extended LUMO. This deviation from pla-
narity should be kept modest, otherwise through-bond
energy transfer might not compete with detrimental non-ra-
diative decay processes.
Among the many stable and strongly luminescent dyes


available, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene deriva-
tives (trade name Bodipy[6]) appear to be particularly well
suited for the design of new dual-dye systems.[7] In particu-
lar, the fluorescence properties of bodipy chromophores can
be tailored and tuned by a variety of different substitution
patterns on both the pseudo-meso position and on the pyr-


role ring.[8–10] The availability of sophisticated bodipy-based
structures offers the possibility of tackling specific problems
linked to: 1) sensing of protons[11] or other cations[12–15] by
opto-electronic switching, 2) light-harvesting in porphyrin-
based arrays[16] and 3) Stokes shift discrimination in energy
transfer based on molecular modules.[17] Their well-establish-
ed molecular structure makes it easy to establish firm struc-
ture–property relationships. For example, with anthracene–
bodipy modules, it has been found that both the electro-
chemical features and the intramolecular energy-transfer
processes depend on the nature of the connecting units and
on the substitution pattern of the dye.[18]


Recently, we developed a strategy to increase the triplet
lifetime of luminescent ruthenium–poly(pyridine) complexes
by attaching pyrene (pyr) fragments.[19,20] Pyrene, which is
highly fluorescent, absorbs in a region of the spectral range
where bodipy is essentially transparent and, as such, might
make a useful light harvester. Furthermore, 1-ethynylpyrene
appears to be a sufficiently versatile module to merit its at-
tachment to a bodipy residue to form an interesting dual-
dye system with a conjugated connector. The availability of
1,6-disubstituted pyrene derivatives suggests that these dual-
dye systems could be extended to include dyes with multiple
light-harvesting units. In this report, we investigate the syn-
thesis of dual-dye systems comprising a bodipy emitter cova-
lently linked to one or two pyrene absorbers. The photo-
physical properties of these new systems are described.


Results and Discussion


Synthesis of the modules : The simple pyrene-based module
1, which has a direct connection between the two dyes, was
prepared by means of a classical synthetic approach. As out-
lined in Scheme 1, two equivalents of kryptopyrrole[21] and
one equivalent of 1-pyrenecarboxaldehyde were allowed to
react together under acidic conditions in CH2Cl2. The resul-
tant dipyrromethane was oxidised in situ with DDQ. The
neutral dipyrromethene compound so formed was deproton-
ated and treated with boron trifluoride etherate to afford
the corresponding bodipy derivative in reasonable yield
(25%) for a one-pot synthesis (Scheme 1).
To further extend these studies to modular systems exhib-


iting significant degrees of electron delocalisation, we
sought to employ alkynylene bridges as the means to attach
bodipy fragments to pyrene-based chromophores. Initial at-
tention focussed on a bodipy fragment containing a phenyl
ring at the meso position because this should ensure that the
two dyes are tilted with respect to each other. The devised
synthetic strategy starts from a prefabricated bodipy unit
bearing a reactive C-I function suitable for subsequent
cross-coupling reactions with alkynyl pyrene fragments by
means of a catalytic reaction promoted by palladium(0). In
the first step, the 1-ethynylpyrene building block was syn-
thesised from 1-bromopyrene by a Sonogashira coupling
with trimethylsilyl-acetylene, following a literature proce-
dure.[22]


Abstract in French: De nouvelles mol�cules comprenant un
cœur 4,4-difluoro-8-(aryl)-1,3,5,7-tetramethyl-2,6-diethyl-4-
bora-3a,4a-diaza-s-indacene (appel� bodipy) et des fragments
1-pyr)nyl, 1-ph�nyl-4-(1-�thynylpyr)ne), ou 1-ph�nyl-4-[1-
�thynyl-(6-�thynylpyr)ne)pyr)ne] ont �t� synth�tis�es par le
biais de couplage crois�s entre des modules pr�-construits.
Ces r�actions ont �t� catalys�es par du palladium sous-ligan-
d� dans des conditions ana�robiques. Dans deux cas typiques
la structure mol�culaire d�termin�e par diffraction aux
rayons X sur monocristal r�v)le un arrangement quasi per-
pendiculaire des deux sous-unit�s bodipy et pyr)ne. L0ensem-
ble des compos�s sont tr)s fluorescents en solution et d�voi-
lent une voltamm�trie cyclique riche en signaux r�versibles.
L0ensemble des processus d0oxydation et de r�duction locali-
s�s sur les sous-unit� pyr)ne et bodipy sont bien r�solus. De
plus ces deux fragments sont spectroscopiquement diff�renci-
�es ce qui permet d0obtenir des d�placements de Stokes im-
portant lorsque la partie pyr)ne est excit�e et que la fluores-
cence de la partie bodipy est observ�e. Le processus respon-
sable de ce ph�nom)ne est un transfert d0�nergie ayant lieu
par r�sonance (m�canisme dit de Fçrster par interaction
dip4le-dip4le). La vitesse de ce transfert d0�nergie d�pends de
la structure mol�culaire et d�cro5t en augmentant la distance
ente les deux chromophores. L0efficacit� de ce transfert est su-
p�rieur 6 90% dans l0ensemble des cas �tudi�s. Cependant la
connexion par une liaison triple des motifs bodipy et pyr)ne
diminue l0efficacit� de ce transfert. La mol�cule comportant
un pyr)ne directement connect� au bodipy se lie fortement 6
l0ADN et se comporte comme un concentrateur de photons
lorsque dispers� dans des plastiques rigides.
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A disubstituted pyrene derivative was required for the
multi-step synthesis of module 10. As outlined in Scheme 2,
1,6-dibromopyrene[23] was coupled with one equivalent of
methylbutyn-2-ol in the presence of a catalytic amount of
[Pd(PPh3)4] in n-propylamine as the solvent. This protective
group was chosen in an attempt to facilitate separation of
the desired compound from the starting material and from
the disubstituted pyrene on the basis of the polarity impart-
ed by the hydroxy group. Compound 2 was attained in a
modest yield (40%) by means of standard chromatography.
Related trials with trimethylsilyl protecting groups gave a
mixture of three compounds that could not be separated by
conventional chromatography. Reversed-phase chromatog-
raphy was not tried owing to the low solubility of these poly-
aromatic compounds in polar eluents (water, methanol or
acetonitrile). Intermediate 2 was functionalised by means of
a second Sonogashira coupling reaction with triethylsilylace-
tylene to give disubstituted pyrene 3 bearing two protected
ethyne functions. The choice of the TES protecting group al-
lowed us to selectively deprotect the isopropyl group in
good yield (90%) with NaOH in anhydrous toluene to
obtain 4, without loss of the silyl protective group.[24]


To connect the bodipy acceptor, we made use of the p-io-
dophenyl-bodipy 5 described by Burgess et al. ,[7] because re-
action conditions for optimised Sonogashira–Heck coupling
conditions have been worked out for partially related ethyn-
yl-oligopyridines.[25] Following this improved method, we
were able to couple p-tolylacetylene, 1-ethynylpyrene and
derivative 4 to the aromatic halide 5, in the presence of [Pd-
(PPh3)2Cl2]/CuI in THF/iPr2NH, in good yields of 93, 85 and
80%, respectively (Scheme 3). The triethylsilyl protecting
group of intermediate 8 was removed with K2CO3 in a
CH2Cl2/methanol mixture, to give compound 9 (67%). The
final dipyrene-based supermolecule 10 was obtained in ex-
cellent yield (95%) by way of a Sonogashira coupling reac-


tion between 9 and 1-bromopyrene, in the presence of a cat-
alytic amount of [Pd(PPh3)4] in benzene/iPr2NH.
All new compounds were unambiguously characterised by


standard spectroscopic techniques. The 1H NMR spectra dis-
play characteristic peaks including two singlets at d�1.3
and 2.5 ppm for both methylenes and a triplet and quadru-
plet for the ethyl group of the kryptopyrrole subunit. This
reflects complete delocalisation of the electrons on the inda-
cene core, leading to two-fold symmetry. In the case of 1,
strong shielding of the methyl group near the pyrenyl unit is
observed (d = 0.78 versus d = 1.31 ppm for reference com-
pound 5) owing to its location in the pyrene shielding zone.
This situation is favoured by the apparent orthogonality be-
tween the two dyes. The quasi-aromaticity of the bodipy
system is confirmed by the pyrrole quaternary carbon chem-
ical shifts appearing between d = 120–140 ppm in 13C NMR
spectra. In the case of the acetylenic-bridged system, the
triple bond appears as two well-defined peaks between d =


80–105 ppm. The 11B NMR spectra show a characteristic
triplet signal at d = 3.8–4.0 ppm with a coupling constant of
J�33 Hz, which is attributed to coupling with two equiva-
lent fluorine nuclei. The FAB+-MS positive-mode mass
spectra reveal good stability for these dyes with a major mo-
lecular peak corresponding to [M+H]+ , followed by frag-
mentation peaks assigned to the successive loss of fluorine
atoms. These observations are in agreement with previous
studies on oligopyridine-functionalised bodipy fragments.[25]


Single-crystal X-ray studies : Single-crystal X-ray structures
were obtained for compounds 1 and 7. In both structures,
the average B�N and B�F bond lengths are approximately
1.538(8) and 1.393(3) T, respectively, and the average N-B-
N, F-B-F, and N-B-F angles are 107.3(4), 108.6(3) and
110.2(5)8, respectively. As observed previously,[26] pro-
nounced double-bond character is apparent for the C4A�


Scheme 1. i) Kryptopyrrole (2 equiv), pTsOH cat, CH2Cl2; ii) DDQ (1 equiv); iii) TEA (6 equiv), BF3·Et2O (8 equiv). DDQ= 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone, TEA= triethylamine.


Scheme 2. i) nPrNH2, 2-methylbutyn-2-ol, [Pd(PPh3)4], RT; ii) nPrNH2, TES-acetylene, [Pd(PPh3)4], RT; iii) toluene, NaOH. TES= triethylsilyl.
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N1A and C4B�N1B bonds (1.346(6) T), but not for the
longer C5A�N1A and C5B�N5B bonds (1.398(3) T). In
both compounds, the central six-membered ring lies copla-
nar with the adjacent five-membered ring (the maximum de-
viation from the least-squares mean plane for the 12 atoms
of the indacene group being 0.025(3) T). This geometry en-
sures p-electron delocalisation over the indacene core; how-
ever, this does not extend to the two B�N bonds.
The ORTEP view of compound 1 (Figure 1) shows an


almost orthogonal geometry between the mean plane of the
indacene fragment and the pyrene subunit (dihedral angle
78.38). The crystal packing diagram shows no special p–p
stacking; however, it shows a cofacial arrangement of the
pyrene subunit. The shorter distance between two C25
atoms belonging to two neighbouring molecules is 3.595 T.
As shown in Figure 2, the interaction between two neigh-
bouring molecules is less effective than might be expected
because of steric constraints imposed by the bodipy frag-
ment. Additionally, it is worth noting that hydrogen bonding
is observed between the proton of the co-crystallised nitro-
methane molecule and the BF2 fluorine of the bodipy
(F2···H1’2 at 2.39 T, F2�C1’ 3.16 T, F2-H1’2-C1’ angle =


135.7 8).


A perspective view of com-
pound 7 is shown in Figure 3.
The dihedral angle between the
mean planes of the pyrene
[C19!C34] and the bopidy
units [N1A!C5A, N1B!C5B,
C10 B] is 29.48, whilst that be-
tween the mean plane of the
pyrene group [C19!C34] and
the central phenyl ring [C11!
C16] is 50.88. Furthermore, the
mean plane between the central
aromatic ring [C11!C16] and
the bodipy fragment is close to
being orthogonal (79.968). The
crystal packing diagram reveals
a short separation between the
bodipy and pyrene units, these
being related centrosymmetri-
cally i[x,y,z] and ii[�x,1�y,z]
with a distance of only 3.644 T
between C15i and C15ii). Like-
wise, adjacent pyrene rings
appear to lie in a cofacial ar-
rangement, centro-symmetrical-
ly related, i[x,y,z] and ii,
[1�x,1�y,1�z] and separated
by only 3.487 T between C30i
and C28ii (Figure 4). Further-
more, the p–p stacked dimers
are interlocked in a herring-
bone arrangement in which hy-
drogen bonds between aromatic
protons (pyrene and phenyl)


and BF2 fluorine is effective: C21-H21···F1 (H···F 2.56 T,
C�F 3.43 T, C-H-F angle 154.78), C13-H13···F2 (H···F
2.59 T, C�F 3.42 T, C-H-F angle 147.88), C24-H24···F2
(H···F 2.48 T, C–F 3.36 T, C-H-F angle 156.58). These
values are in good agreement with the distances and angles
reported for fluoroaromatic compounds.[26]


Scheme 3. i) THF/iPr2NH, [Pd(PPh3)2Cl2] (6mol%), CuI (10mol%); ii) K2CO3, CH2Cl2/MeOH; iii) 1-bromo-
pyrene (1 equiv), benzene/iPr2NH, [Pd(PPh3)4] (6mol%).


Figure 1. Molecular structure of compound 1 and the atom-labelling
scheme. Thermal ellipsoids are plotted at the 30% level.
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Molecular modelling studies (see the Supporting Informa-
tion) are consistent with the X-ray results. Thus, the pyrene-
like unit lies orthogonal to the bodipy unit in compounds 1,
7 and 10. The bodipy residue is essentially flat in each com-
pound. For 7, the lowest-energy conformation has the
pyrene and phenylene units lying coplanar to each other
and orthogonal to the bodipy
unit. Likewise, the lowest-
energy conformation computed
for 10 shows both pyrene rings
lying coplanar to the connecting
phenylene ring and orthogonal
to the bodipy unit. Important
bond angles and lengths are
comparable to those derived by
single-crystal X-ray studies, and
there are no obvious indications
for strong electronic coupling
between the two dyes.


Electrochemical properties : An
evaluation of the extent of elec-
tronic communication between
the various subunits in these
dual-dye molecules was made


by cyclic voltammetry in CH2Cl2 with tetra-N-butylammoni-
um hexafluorophosphate as the supporting electrolyte at
20 8C. The electrochemical data collected for 1, 6–10 and for
some reference compounds (A, B and 4, Scheme 4) are
gathered in Table 1. The prototypic dye 1 (bodipy-pyrene)
displays two reversible, one-electron oxidation waves at
+1.02 and +1.48 V vs SSCE and two reversible, one-electron
reduction waves at �1.19 and �1.96 V vs SSCE (Figure 5).


Figure 2. Crystal packing of 1 showing the cofacial arrangement of the
pyrene cores along the a axis.


Figure 3. Molecular structure of compound 7 and the atom-labelling
scheme. Thermal ellipsoids are plotted at the 30% level.


Figure 4. Crystal packing of 7 showing the cofacial arrangement of the
pyrene cores along the a axis.


Scheme 4. Reference compounds for the electrochemical measurements.


Table 1. Electrochemical properties of the bodipy-pyrene dyes and reference compounds in solution.[a]


Compound E00
ox [V] (DE [mV]) E00


red [V] (DE [mV])
bodipy+/bodipy pyr+/pyr bodipy/bodipy� pyr/pyr�


A – +1.34 (irrev, Ia/Ic�0.2) – –
B – +1.30 (irrev, Ia/Ic�0.3) – –
4 – +1.36 (irrev, Ia/Ic�0.2) – �1.78 (90)
1 +1.02 (60) +1.48 (70) �1.19 (65) �1.96 (65)
6 +1.02 (60) – �1.20 (65) –
7 +0.99 (65) +1.28 (70) �1.32 (80) �1.68 (80)
8 +1.00(60) +1.27 (70) �1.33 (80) �1.63 (60)
9 +1.00 (60) +1.28 (70) �1.32 (70) �1.63 (80)
10 +0.99 (70) +1.24 (70) �1.35 (70) �1.70 (80)


�1.82 (70)


[a] Potentials determined by cyclic voltammetry at 20 8C in a deoxygenated CH2Cl2 solution containing 0.1m
TBAPF6, at a solute concentration of about 1 mm. Potentials were standardised versus ferrocene (Fc) as an in-
ternal reference and converted to SSCE assuming that E1=2(Fc/Fc


+) = ++0.38 V (DEp = 70 mV) vs SSCE. The
error in the half-wave potentials is �10 mV. Where the redox process is irreversible, the peak potential (Eap)
is quoted and the relative peak heights are given as Ia/Ic. All reversible redox steps result from one-electron
processes.
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By comparison with compound 6 (bodipy-Ph-C�C-PhCH3),
which lacks the pyrene unit, we can assign the oxidative
wave at +1.02 V to a one-electron oxidation of the bodipy
unit. Similarly, the first reductive step can be attributed to a
one-electron reduction of the bodipy fragment. The mea-
sured half-wave potentials are in keeping with results ob-
tained with bodipy-linked poly(pyridine) ligands.[25,27] For
the reference compound 6, no additional redox processes
could be detected between +1.6 and �2.2 V versus SSCE.
As a consequence, the two additional processes observed for
compound 1 at +1.48 V and �1.96 V can be assigned to
one-electron oxidation and reduction, respectively, of the
pyrene unit.[22]


In 7, where the pyrene and bodipy units are connected
through a -Ph-C�C- linkage, the oxidation of the bodipy
fragment is slightly easier compared to 1; however, reduc-
tion is much harder. A more significant effect is seen for the
pyrene fragment in 7, which becomes easier to both oxidise
and reduce than that in 1. These effects are confirmed by
the reduction potentials observed for 8 and 9. Again, the
one-electron oxidation of pyrene is electrochemically rever-
sible. A slight difference is found for 10, which is equipped
with two pyrene residues. Here, there is an additional one-
electron reduction step occurring at strongly cathodic poten-
tials. This extra step is presumed to involve attachment of
an electron to each of the two pyrene fragments.


Optical properties : Spectroscopic data relevant to the pres-
ent discussion are collected in Table 2. To clarify interpreta-
tion of results obtained with the dual-dye systems, we refer


to model compounds B and 4 (Scheme 4. With the exception
of the phenyl-tolyl derivative 6, and the pyrene-substituted
reference molecules B and 4, all compounds exhibit similar
absorption spectral patterns that might be considered char-
acteristic of bodipy linked to pyrene.[7–15] In solution, the ab-
sorption spectrum of compound 6 shows a strong S0!S1 (p–
p*) transition, centered l�527 nm with an absorption coef-
ficient of �60000m�1 cm�1, assigned to the bodipy chromo-
phore. The much weaker and relatively broad absorption
bands located at l�357 nm can be assigned to the S0!S2
(p–p*) transition located on the bodipy fragment,[28] where-
as the more energetic transition at l�283 nm is attributed
to the (p–p*) transition localised on the phenyl-ethynyl sub-
unit. As expected for the 1-ethynylpyrene compound B, no
absorption is found at l�530 nm, but strong p–p* transi-
tions with a vibronic structure are observed in the 320–370
and 230–310 nm regions.[29]


The grafting of a pyrene unit onto bodipy produces an ab-
sorption spectral profile that approximates to a superposi-
tion of spectra of the individual components (Figure 6). In


addition to the bodipy S0!S1 (p–p*) and S0!S2 (p–p*)
transitions at l = 528 and �370 nm, respectively, three
new, broad patterns are seen at �340, 270 and 230 nm for 1
in methanol. These latter bands are clearly attributable to
p–p* transitions localised on the pyrene subunit. Interest-
ingly, the intensity of the S0!S1 transition associated with
the bodipy unit is increased relative to the reference com-
pound. The absorption spectral profile recorded for 7 re-
mains similar to that found for 1 except for a pronounced
broadening of the p–p* transitions associated with the
pyrene-like chromophore (Figure 7). Upon increasing the
number of ethyne groups from one to two, the molar ab-
sorption coefficient for the pyrene-like chromophore in-
creases from 40000m�1 cm�1 in 7 to 60000m�1 cm�1 in 8 and
9. For 10, the presence of two pyrene-like units results in a
set of intense transitions in the range l = 340 to 480 nm
(Figure 8). These bands are clearly associated with the
pyrene-like chromophore; however, it is not obvious wheth-
er this unit acts as a single giant chromophore or as two sep-


Figure 5. Cyclic voltammetry of compound 1. Scan rate 200 mVs�1, 0.1m
TBAPF6 in CH2Cl2.


Table 2. Photophysical properties and the results of emission spectral fit-
ting for the various dual-dyes in methanol solution.


Property 1 7 10


FF 0.9 0.70 0.63
tS [ns


�1] 7.0 4.0 4.0
kRAD/10


8 [s�1] 1.3 1.8 1.6
kNR/10


7 [s�1] 1.4 7.5 9.3
DE [cm�1] 18600 18600 18600
hwM[cm


�1] 1370 1480 1500
hwL [cm


�1] 685 740 750
g 1.52 1.50 1.50
SM 0.22 0.21 0.20
e [m�1 cm�1][a] 73000 60000 58000
lmax [nm


�1][b] 524 523 523


[a] Molar absorption coefficient measured for the peak of the bodipy S0–
S1 transition. [b] Absorption maximum.


Figure 6. Overlay of absorption and fluorescence spectra recorded for 1
in methanol solution.
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arate units. In this case, the absorption coefficient of the
strongest band is superior to the bodipy S0!S1 (p–p*) tran-
sition. Finally, no charge-transfer (CT) absorption bands are
evident at long wavelengths for these neutral compounds as
is often observed in other organic fluorophores in polar sol-
vents.[30,31]


The fluorescence properties were examined under ambi-
ent conditions in a very dilute methanol solution. Fluores-
cence from the bodipy unit is apparent in all the compounds
studied (Figures 6–8). This emission profile shows good
mirror symmetry with the corresponding absorption band
and displays a small Stokes shift of �600 cm�1. The mea-
sured fluorescence quantum yields (FF) are high under
these conditions and are little affected by the presence of
dissolved molecular oxygen. Emission from the bodipy unit
decays with first-order kinetics and a lifetime (tS) in the
order of 4–7 ns (Table 2). The fluorescence spectral profiles
for 1 and 7 were found to be unaffected by cooling the solu-
tion to the freezing point. No phosphorescence could be de-
tected at 77 K and the overall change in FF on cooling from
298 to 77 K was less than 10%. These photophysical proper-
ties are in accordance with those reported for somewhat re-
lated boron-dipyrromethene dyes.[32] It is interesting to note,
however, that both FF and tS are reduced for 7 and 10 rela-


tive to 1 (Table 2). This effect can be traced to an increase
in the rate of non-radiative decay (kNR) for the compounds
bearing an ethynyl group because the radiative rates (kRAD)
are little affected by substitution. Similar behaviour is ob-
served in CH2Cl2 solution (Table 3).


Deactivation of the S1 state localised on the bodipy unit
can be considered within the framework of the Englman–
Jortner energy-gap law [Eq. (1)] within the weak coupling
limit.[33] Here, the rate constant for non-radiative decay
(kNR) is related to the energy gap between emitting and
ground states (DE) and the magnitude of a medium-fre-
quency vibrational mode (hwM) coupled to the decay pro-
cess. For the dyes under consideration here, there is no
change in the energy gap (DE = 18600 cm�1) whilst curve-
fitting analyses of the fluorescence spectral profiles indicat-
ed that the value of hwM is surprisingly sensitive to the
nature of the emitter (Table 2). The derived values refer to
C=C and/or C=N stretching vibrations. For 1, 7 and 10, the
emission profiles also indicate the involvement of a low-fre-
quency vibrational mode (hwL) that couples to the decay
process. This latter process probably refers to twisting of the
aryl group attached directly to the bodipy unit. The Huang–
Rhys factors (SM) are closely comparable for the various
compounds, as evidenced from the fact that the emission
spectra and Stokes shifts are very similar throughout the
series. The parameter g, as defined by Equation (2), contains
pertinent structural information concerning the relative dis-
placement of the potential energy surfaces for the ground
and excited states. Here, d refers to the number of degener-
ate, or almost degenerate, vibrational modes of frequency
hwM, and DM is the reduced displacement of that mode.
There is, however, little variation in this term upon substitu-
tion. The variation in hwM gives a quantitative explanation
of the observed changes in kNR. Thus, small changes in the
vibrational pattern result in observable perturbation of the
emission yield and lifetime.


kNR ¼ C2
ffiffiffiffiffiffi
2p


p


�h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hwMDE


p expð�SMÞexp
�
� gDE
hwM


�
ð1Þ


g ¼ ln
�


DE
dhwMD


2
M


�
�1 ð2Þ


Figure 7. Overlay of absorption and fluorescence spectra recorded for 7
in methanol solution.


Figure 8. Overlay of absorption and fluorescence spectra recorded for 10
in methanol solution.


Table 3. Spectroscopic data for the compounds in CH2Cl2 at 298 K.


Compound labs e lF FF
[a] tF kRAD kNR


[nm] [m�1 cm�1] [nm] [ns] [108 s�1] [107 s�1]


1 528 83000 544 0.90 7.0 1.3 1.4
6 527 56000 549 0.87 5.5 1.6 2.4
7 526 60000 544 0.60 5.0 1.2 8.0
8 529 69000 544 0.82 5.1 1.6 3.5
9 527 66300 542 0.95 5.2 1.8 0.96
10 532 52900 545 0.68 4.3 1.6 7.4


[a] With Rhodamine6G, as reference F = 0.78 in water, lexc =


488 nm.[36] All FF are corrected for changes in the refractive index.
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For the directly linked dual-dye 1, the fluorescence excita-
tion spectrum was found to exactly match the absorption
spectrum recorded over the entire spectral range (see the
Supporting Information). In particular, photons absorbed by
the pyrene-like subunit are channelled to the bodipy unit
with high efficiency. No fluorescence could be detected from
the pyrene-like unit within the range l = 350–500 nm. If
the fluorescence quantum yield and singlet lifetime for
pyrene under these conditions are taken to be 0.76 and
140 ns, respectively, it is clear that the excited singlet state
resident on the pyrene substituent in 1 is quenched by a
factor of at least 100-fold. This suggests that the rate con-
stant for intramolecular excitation energy transfer (kF) for 1
is >1010 s�1. This rate constant is essentially independent of
temperature over the range 77–293 K.
For both 7 and 10, it was noted that direct excitation into


the pyrene-like subunit resulted in the appearance of weak
fluorescence at approximately 400–500 nm (Figure 7 and
Figure 8). This latter emission is characteristic of fluores-
cence from an ethynylated pyrene derivative. Indeed, the
corrected excitation spectrum recorded for this emission
profile remained in excellent agreement with the absorption
profile attributed to the pyrene-like unit. Excitation spectra
recorded for emission from the bodipy unit were consistent
with fast energy transfer from the pyrene-like fragment; a
comparison of the absorption and excitation spectra over
the region of interest shows that intramolecular energy
transfer occurs with an efficiency of �95 and 90%, respec-
tively, for 7 and 10 (see the Supporting Information). The
energy-transfer efficiency measured for 7 is essentially inde-
pendent of the temperature over the range 77 to 293 K. A
comparison of the quantum yields of pyrene-like fluores-
cence with those measured for appropriate reference com-
pounds supports the concept of efficient intramolecular
energy transfer in 7 and 10. These latter experiments indi-
cate that the energy-transfer efficiency exceeds 90% for
both 7 and 10. On the basis of the values of the ethyne-
linked pyrene dimer C as a reference (FF = 0.78, tS =


1.5 ns), it is concluded that the energy-transfer rates for 7
and 10 are in the order of 3.0X1010 s�1 and 7X109 s�1, respec-
tively.


It is instructive to closely examine the excitation and ab-
sorption spectra recorded for 10 (Figure 9). Although
energy transfer is not quite complete in this system, the
spectral profiles are closely comparable. This finding sug-
gests that the two pyrene subunits act as a single giant chro-
mophore rather than as two separate species. Support for


this notion comes from quantum-chemical computations
made on the lowest-energy conformation (see the Support-
ing Information). Thus, calculations indicate that both the
LUMO and HOMO for 1 are localised on the bodipy unit
with LUMO(�1) and HOMO(1) being centered on the
pyrene residue. This situation is consistent with the results
from optical studies, namely, the lowest-energy excited state
is associated with the bodipy unit. The excited singlet state
localised on the pyrene-like nucleus lies at much higher
energy. Similar calculations made for 7 again indicate that
both the LUMO and HOMO reside on the bodipy residue.
The pyrene-like unit is clearly associated with LUMO(�1)
and HOMO(1); however, whilst these latter orbitals involve
the ethynyl group, they do not encompass the phenylene
ring. As such, the two dyes are isolated in electronic terms.
For the extended system 10, the calculations indicate that
both LUMO and HOMO are localised on the bodipy resi-
due, without penetrating onto the linking phenylene ring. It
is clear that HOMO(1) is delocalised over both pyrene poly-
cycles and over the two ethyne groups. The electron density
is evenly distributed over the two polycycles, but not on the
bridging phenylene ring. Again, this finding indicates that
the two dyes are electronically decoupled. At the same time,
LUMO(�1) is spread asymmetrically over both pyrene resi-
dues and the attached ethynes. Unlike HOMO(1), the elec-
tron density is somewhat localised on the central pyrene
fragment, but it does include the distal pyrene. We can
safely conclude, therefore, that the two pyrene residues act
cooperatively as a single chromophore and that the corre-
sponding S1 state is delocalised over the entire substituent.
These quantum-chemical computations, together with the


photophysical properties recorded for the bodipy fragments
in compounds 1, 7 and 10 indicate that the two dyes are not
in strong electronic communication. This is presumably a
consequence of their orthogonal geometries. The two dyes,
however, are in quite close proximity such that electronic
energy transfer might take place by way of the Fçrster
dipole–dipole mechanism.[34] Here, the rate constant for
energy transfer (kET) is related to the centre-to-centre sepa-
ration distance (RCC), the refractive index of the surround-
ing medium (n), a spectral overlap integral (JF), an orienta-


Figure 9. Comparison of absorption (c) and excitation (*) spectra re-
corded for 10 in methanol solution.
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tion factor (K), and the photophysical properties of the
donor according to Equation (3). The latter information was
collected for appropriate pyrene-based molecular fragments
in deoxygenated methanol at room temperature. The over-
lap integral was then calculated for emission from the
pyrene-based fragments and absorption by the relevant
bodipy unit in the dual-dye compounds. The separation dis-
tance was determined from the energy-minimised conforma-
tions (see the Supporting Information). These latter struc-
tures were also used to compute the orientation factors
using calculated transition dipoles. The derived values are
compiled in Table 4, together with the computed rate con-
stants.


kF ¼ 8:8� 10�25FFK
2JF


n4tDR6
CC


ð3Þ


For 1, the calculated kF value is 6.7X10
11 s�1 and is consis-


tent with the absence of fluorescence from the pyrene resi-
due. The close proximity of the reactants, despite their or-
thogonality, favours very fast energy transfer. If, under these
conditions, pyrene is taken as having a fluorescence lifetime
of 140 ns, it appears that the probability of fluorescence
quenching is unitary. This situation is favoured by the excel-
lent overlap between S0–S2 absorption in bodipy and fluores-
cence from pyrene. The increased separation for 7, together
with the modified photophysical properties of the reference
compound and the reduced spectral overlap, decrease the
calculated kF to 3.7X10


10 s�1. Here, the fluorescence lifetime
of the pyrene model compound is only 1.5 ns and the
energy-transfer efficiency is about 95%. The inherent FF


for the pyrene model is comparable to that of the bodipy
unit so it is not too surprising that a small amount of residu-
al fluorescence is seen from the pyrene unit in 7. Indeed, on
the basis of the calculated kF value, the estimated FF for
pyrene-like fluorescence from 7 becomes 0.014. The project-
ed lifetime of 27 ps for the pyrene-like fluorescence is below
the temporal resolution of our instrument. It should be
noted that the ethynyl substituent pushes the pyrene-like
fluorescence towards higher energy than the S0–S2 absorp-
tion band on the bodipy unit. This reduces both the overlap
integral and the virtual Stokes shift (Table 4).


For 10, the overlap integral and orientation factor remain
comparable to those measured for 7, although there is a
marked decrease in the average separation distance
(Table 4). The latter situation arises because the two pyrene
polycycles are assumed to function as a single giant chromo-
phore so that the calculated kF becomes 6.2X10


9 s�1, which
translates to an energy-transfer efficiency of about 91%.
This is consistent with the excitation spectrum, where the
energy-transfer efficiency is about 90%; however, it has to
be realised that there is considerable uncertainty about the
size of the separation distance. The expected FF for the
pyrene-like unit is 0.08 which, again, is in reasonable agree-
ment with the experimental result.


Conclusion


Highly fluorescent and soluble dual-dye probes have been
synthesised by a strategy that combines the advantages of
readily available starting materials with the synthetic effi-
ciency of C�C bond formation promoted by palladium(0)
catalysts. A straightforward route allows the coupling of a
disubstituted pyrene unit in which one alkyne function is
protected by a trimethylsilyl group. After deprotection and
cross-coupling to a second pyrene entity, an extended dual-
dye system is produced that has greatly increased absorptivi-
ty in the l = 400–500 nm region. Each of the three dual-
dye systems examined here exhibits efficient intramolecular
excitation energy transfer from pyrene to bodipy. The latter
unit fluoresces strongly, even in aerated solutions at room
temperature. Several important considerations can now be
raised regarding these systems. Firstly, direct linkage of the
pyrene and bodipy units in an orthogonal arrangement leads
to the largest virtual Stokes shift of 10900 cm�1 and retains
the best photophysical properties for the emitter. Energy
transfer is quantitative and very fast because of an improved
spectral overlap integral. However, absorption by the
pyrene-like chromophore is modest. Secondly, connection of
the two dyes through a phenylethyne linker has the effect of
reducing the energy-transfer efficiency and lowering the
fluorescence yield and lifetime of the emitter. There is also
a reduction in the virtual Stokes shift to 7400 cm�1. Howev-
er, absorptivity in the near-UV region is increased signifi-
cantly. Thirdly, these latter effects are amplified by joining a
second pyrene to the first pyrene unit. Here, the two pyrene
units cooperate to form a giant chromophore that is less ef-
fective at transferring excitation energy to the terminal
bodipy unit. The virtual Stokes shift drops to 3700 cm�1, but
there is a further increase in absorptivity in the near-UV
region.
These dual-dye systems are photostable in solution and


do not form a triplet excited state in a measurable yield.
Fluorescence yields are high and there are no indications for
aggregation in solution. Because the dyes are neutral, they
dissolve in a wide range of common organic solvents, but
not in water. The orthogonal geometry keeps the two dyes
in electronic isolation. It is interesting to note that com-


Table 4. Virtual Stokes shifts and parameters associated with intramolec-
ular energy transfer in methanol solution.


Parameter 1 7 10


Stokes shift [cm�1] 10900 7400 3700
JF [10


�14 mol�1 cm6][a] 2.2 0.096 0.092
K2[b] 3.1 2.0 2.0
tD[ns


�1][c] 140 1.5 1.5
FF


[d] 0.76 0.78 0.78
RCC [T


�1] 7.3 14.1 18.8
kF [10


9 s�1] 670 37 6.2
PET [%]


[e] 100 95 90


[a] Spectral overlap integral calculated for the reference compounds.
[b] Orientation factor computed from the energy-minimised structures.
[c] Excited singlet lifetime of the pyrene-like donor. [d] Fluorescence
quantum yield of the pyrene-like donor. [e] Energy-transfer efficiency
calculated from the excitation spectra.
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pound 10 has high absorptivity between 350 and 450 nm.
This compound also shows dual fluorescence, with emission
bands at both 450 and 550 nm. The emitting states are too
far apart in energy for them to lie in thermal equilibrium.
For all three dual-dye systems, the energy-transfer efficiency
and the photophysics of the emitter are essentially inde-
pendent of temperature. The Fçrster mechanism is insensi-
tive to changes in solvent polarity. As a consequence, the
new dyes described here appear to be robust and versatile
fluorescent tags that display relatively large virtual Stokes
shifts.
It was observed that 1, in particular, dispersed readily into


poly(methylmethacrylate) (PMMA) to form a highly fluo-
rescent plastic film. Dried films standing in room light were
stable over one year without apparent loss of fluorescence.
The absorption and emission spectra remain comparable to
those recorded for methanol solutions and it is clear that the
fluorescence quantum yield for the PMMA-dispersed dye is
very high. The fluorescence lifetime was recorded as 6.6 ns
and is only slightly affected by changes in temperature. Be-
cause the absorption spectrum retains the well-resolved fine
structure associated with the pyrene-like unit, ratiometric
fluorescence measurements can be made. Also, the films dis-
play high internal reflection, which indicates that they
would be excellent solar concentrators. Films prepared from
10, with the increased absorptivity in the 350–450 nm range,
indicates that they would be enhanced solar concentra-
tors.[37]


Finally, samples of 1 were incubated with calf-thymus
DNA in water (pH 7, I = 0.05m) at room temperature.
Little fluorescence could be observed until after saturation
of the duplex with dye. At this point, free dye in the solu-
tion shows strong fluorescence. Although no evidence was
sought as to the mode of association between 1 and DNA, it
is clear that complexation occurs and leads to fluorescence
quenching. On the basis of spectrophotometric titrations
(see the Supporting Information), it was concluded that 1
occupies two base pairs in the association step. It is known
that pyrene residues intercalate into double-stranded DNA
and undergo electron transfer with the individual nucleic
acid bases, especially cytosine.[38] Illumination of the pyrene
subunit of 1, therefore, after complexation with DNA could
result in rapid electron transfer to cytosine, in competition
to energy transfer to bodipy. The reduction potentials are
such that the resultant pyrene radical cation would oxidise
the bodipy unit. Of course, electron transfer would need to
be very fast; however, it is known that this occurs with inter-
calated reagents. Illumination of the bodipy unit of DNA-
bound 1 also fails to give fluorescence from the dye. It is
considered unlikely that the bodipy unit intercalates into the
strand, but association must position the dye close to the nu-
cleic acid bases. As such, light-induced electron transfer be-
tween bodipy and guanine is a possible cause of the extin-
guished fluorescence. At low concentrations of dye, this be-
haviour indicates that it would be a very sensitive fluores-
cent sensor for double-stranded DNA.


Experimental Section


General methods : The 200.1 (1H), 300.1 (1H), 400 (1H), 50.3 (13C), 75.46
(13C) and 100.3(13C) MHz NMR spectra were recorded at room tempera-
ture with perdeuterated solvents as the internal standard: d(H) is given
relative to residual protiated solvent; d(C) is given relative to the solvent.
The 128.4 MHz 11B NMR spectra were recorded at room temperature
with glass residual B2O3 as the reference. A fast-atom bombardment
ZAB-HF-VB-analytical mass spectrometer operated in the positive
mode was used with m-nitrobenzyl alcohol (m-NBA) as the matrix. FT-
IR spectra were recorded for the neat liquid or as a thin film, prepared
with a drop of CH2Cl2 and evaporated to dryness on KBr pellets. Melting
points were obtained with a capillary melting point apparatus in open-
ended capillaries and are uncorrected. Chromatographic purification was
conducted with standardised Al2O3 (grade90). Thin-layer chromatogra-
phy (TLC) was carried out on Al2O3 plates coated with fluorescent indi-
cator. All solvent mixtures are given as volume/volume ratios.


Materials : CH2Cl2 and iPr2NH, were distilled from P2O5 and KOH, re-
spectively. Kryptopyrrole, 1-pyrenecarboxaldehyde, 1-bromopyrene, tri-
methylsilylacetylene, KF, DDQ, BF3·Et2O, pTsOH and Et3N were ob-
tained from commercial sources and used without further treatment.
Samples of [Pd(PPh3)2Cl2]


[39] and [Pd(PPh3)4].
[40] were prepared and puri-


fied according to literature procedures. Samples of [Pd(PPh3)2Cl2] was re-
crystallised from DMSO. All reactions were carried out under dry argon
using Schlenk-tube and vacuum-line techniques.


Spectroscopic measurements : Absorption spectra were recorded with a
HitachiU3310 spectrophotometer whilst emission spectra were recorded
with a HitachiF4500 spectrophotometer. All studies were made at 20 8C
unless stated otherwise. Excitation and emission spectra were fully cor-
rected by reference to a standard lamp. Solutions were deoxygenated by
purging with dried N2 prior to recording the spectrum. Fluorescence
quantum yields were measured relative to Rhodamine6G in methanol.
Fluorescence lifetimes were measured with a Ivon–Jobin fluorolog tau-3
spectrometer in dilute solutions. Decay profiles were deconvoluted from
the instrument response function before analysis. The spectral curves
were fitted with PeakFit. Spectral overlap integrals were calculated by
standard methods and appropriate reference compounds in dilute metha-
nol solutions. Variable-temperature studies were conducted with an
Oxford Instruments OptistatDN cryostat.


Electrochemical measurements : Electrochemical studies employed cyclic
voltammetry with a conventional 3-electrode system and a BAS CV-50W
voltammetric analyzer equipped with a Pt microdisk (2 mm2) working
electrode and a silver wire counter-electrode. Ferrocene was used as an
internal standard and was calibrated against a saturated calomel refer-
ence electrode (SSCE) that was separated from the electrolysis cell by a
glass frit presoaked in electrolyte solution. Solutions containing the elec-
tro-active substrate in deoxygenated, anhydrous CH2Cl2 with doubly re-
crystallised tetra-n-butylammonium hexafluorophosphate (0.1m) as the
supporting electrolyte. The quoted half-wave potentials were reproduc-
ible within about 20 mV.


X-ray crystal structure determinations of compound 1 and 7: The X-ray
diffraction data were recorded at ambient temperature on an Enraf-
Nonius Kappa-CCD diffractometer with graphite-monochromated MoKa
radiation (l = 0.71073 T), from a very thin, red plate-type crystal
(0.500X0.180X0.025) for 1 and from a dark red prism (0.45X0.40X
0.30 mm) for 7. A f scan with an increment of 1.68 over 1838 was record-
ed and completed by three subsequent w-scans for crystal 1, which be-
longs to triclinic space group, P1̄. A full sphere of data was collected by
f-axis rotation with an increment of 28 for 7, in the monoclinic space
group, P21/c. “Dezingering” was accomplished by measuring each frame
twice with 180 s exposure per degree for 1 and 25 s exposure per degree
for 7. Data reductions were carried out with the DENZO program from
the HKL suite.[41] This allowed the integration of reflections up to q =


23.38, which were subsequently reduced to 4185 independent reflections
(Rmerge = 0.038) for 1, whereas 7351 unique reflections up to q = 27.58
were measured for 7. The structures were solved by direct methods
(SHELX-S)[42] and all non-hydrogen atoms were refined with anisotropic
displacement parameters using SHELX-L[42] by full-matrix least-squares


Chem. Eur. J. 2005, 11, 7366 – 7378 P 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7375


FULL PAPERIntramolecular Energy Transfer in Bodipy Derivatives



www.chemeurj.org





on F2 values. All hydrogen atoms were located on difference-Fourier syn-
theses and were refined with a riding model and with Uiso set to
1.15 times that of the attached C-atom (= 1.2 for the methyl group).


In each case, the asymmetric unit consists of one ligand compound and
one co-crystallised solvent molecule (a nitromethane molecule in 1 and a
CH2Cl2 molecule in 7). The largest difference peak and hole (0.705 and
�0.475 eT�3) in 1 is in agreement with the disordered nitromethane mol-
ecule. The CH2Cl2 molecule is also affected by disorder in 7. Two posi-
tions were found on the difference Fourier syntheses. Better convergence
was obtained with an occupancy factor of 0.50. For 1, the final conven-
tional R value is 0.0740 for 2784 observed reflections with Fo>4s(Fo)
and 381 parameters, and 0.1091 for all data, wR(F2) = 0.23 for all, w =


1/[s2(Fo)
2 + (0.1192P)2 + 1.0874P], where P = (F2o + 2F2c)/3. For 7, the


final conventional R is 0.0842 for 4132 Fo>4s(Fo), 468 parameters and
4 restraints, and 0.141 for all data, wR(F2) = 0.28 for all, w = 1/[s2(Fo)


2


+ (0.1373P)2 + 2.4515P] where P = (F2o + 2F2c)/3. The largest differ-
ence peak and hole are 0.4 and �0.4 eT�3. A summary of the crystallo-
graphic data is given in Table 5.


CCDC-263269 (1) and CCDC-263270 (7) contain the supplementary crys-
tallographic 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. deposit@ccdc.cam.uk).


4,4-Difluoro-8-(1-pyrenyl)-1,3,5,7-tetramethyl-2,4-diethyl-4-bora-3a,4a-
diaza-s-indacene (1): To a solution of kryptopyrrole (0.65 mL, 4.8 mmol)
in anhydrous CH2Cl2 (150 mL) was added pyrene-1-carboxaldehyde
(0.5 g, 2.17 mmol) and a catalytic amount of pTsOH. This mixture was
stirred for four days at room temperature. DDQ (0.55 g, 2.5 mmol) was
added, and the mixture was stirred for 4 h. Triethylamine (1.8 mL,
13 mmol) and BF3·Et2O (2.2 mL, 17.4 mmol) were added to the deep red


solution, which turned pink with glints of green, and was stirred for one
more day. The solution was washed with aqueous NaHCO3 solution and
the organic layer was dried over MgSO4. Column chromatography (alu-
mina; CH2Cl2/hexane, gradient 2:8 to 3:7) followed by recrystallisation
from CH2Cl2/hexane gave the desired compound. Yield: 0.28 g (25%);
1H NMR (CDCl3, 300 MHz): d = 8.02–8.29 (m, 8H), 7.89 (d, 1H, 3J =


7.7 Hz), 2.60 (s, 6H), 2.23 (q, 4H, 3J = 7.5 Hz), 0.92 (t, 6H, 3J = 7.5 Hz),
0.78 ppm (s, 6H); 13C{1H} NMR (CDCl3, 300 MHz): d = 153.9, 138.9,
138.5, 132.8, 131.6, 131.3, 131.1, 130.3, 129.5, 128.7, 128.2, 127.3, 126.4,
126.2, 125.6, 125.5, 125.3, 124.6, 124.5, 124.4, 17.4, 14.6, 12.6 , 11.1 ppm;
11B NMR (CDCl3, 400 MHz): d = 4.08 ppm (t, J(B,F) = 33.7 Hz); UV/
Vis (CH2Cl2): l (e [m


�1 cm�1]) = 529 (83000), 342 (45600), 327 (30100),
276 (48300), 265 (29500), 245 (82000) nm; FT-IR (KBr): ñ = 2961 (s),
2205 (s), 1598 (s), 1540 (s), 1474 (s), 1320 (s), 1191 (s), 1070 (s), 979 (s),
846 (s) cm�1; FAB+/MS (mNBA): m/z (%): 505.2 (100) [M+H]+ , 485.2
(20) [M�F]+ ; elemental analysis calcd (%) for C33H31BF2N2: C 78.58, H
6.19, N 5.55; found: C 78.41, H 6.09, N 5.47.


1-(3,3-Dimethyl-3-hydroxypropynyl)-6-bromopyrene (2): To a stirred, de-
gassed solution of 1,6-dibromopyrene (1 g, 2.78 mmol) in nPrNH2
(150 mL) contained in a Schlenk flask were added [Pd0(PPh3)4] (0.19 g,
6% mol), and 2-methylbutyn-2-ol (380 mL, 1.4 equiv). The mixture was
stirred at room temperature under argon for five days. The solution was
then evaporated to dryness. Chromatography (silica, AcOEt/hexane
30:70) afforded the target compound. Yield: 0.403 g (40%); 1H NMR
(CDCl3, 300 MHz): d = 8.52 (d, 1H, 3J = 9.1 Hz), 8.44 (1H, d, 3J =


9.2 Hz), 8.25 (d, 1H, 3J = 8.3 Hz), 8.08–8.13 (m, 5H), 1.80 ppm (s, 6H);
13C{1H} NMR (CDCl3, 75 MHz): d = 132.1, 131.2, 130.63, 130.59, 130.4,
129.9, 128.9, 128.2, 126.8, 126.2, 125.8, 125.7, 125.1, 124.0, 120.7, 118.2,
100.0 (C�C), 81.0 (C�C), 66.0, 31.7 ppm; UV/Vis (CH2Cl2): l


(e [m�1 cm�1]) = 372 (50100), 352 (35800), 287 (41300), 275 (26200), 249
(49300), 239 (45000) nm; FT-IR (KBr): ñ = 2978 (s), 2143 (C�C) (s),
1600 (m), 1433 (m), 1268 (m), 1158 (s), 963 (m), 841 (s) cm�1; FAB+/MS
(mNBA): m/z (%): 364.03 (80) [M+H]+ ; elemental analysis calcd (%)
for C21H15BrO: C 69.44, H 4.16; found: C 69.23, H 4.02.


1-(3,3-Dimethyl-3-hydroxypropynyl)-6-triethylsilylacetylenylpyrene (3):
To a thoroughly degassed solution of 2 (0.2 g, 0.55 mmol) in nPrNH2, was
added [Pd0(PPh3)4] (16 mL, 0.038 g, 6% mol) and triethylsilylacetylene
(150 mL, 0.83 mmol). The mixture was stirred at room temperature under
argon until complete consumption of the starting material (16 h). The so-
lution was evaporated and the crude solid was washed twice with water
(100 mL) and once with diethyl ether (50 mL). Chromatography on alu-
mina (AcOEt/hexane, gradient from 0:10 to 3:7) afforded the desired
compound. Yield: 0.15 g (64%); 1H NMR (CDCl3, 300 MHz): d = 8.55
(d, 1H, 3J = 9.1 Hz), 8.41 (1H, dd, 3J = 9.1 Hz, 4J = 1.7 Hz), 8.13 (d,
1H, 3J = 7.9 Hz), 7.96–8.14 (m, 5H), 1.82 (s, 6H), 1.21 (t, 9H, 3J =


7.9 Hz), 0.85 ppm (q, 6H, 3J = 7.9 Hz); 13C{1H} NMR (CDCl3, 75 MHz):
d = 132.2, 131.9, 131.0, 130.9, 130.3, 129.9, 128.1, 127.9, 126.2, 125.9,
124.90, 124.89, 123.9, 118.4, 117.7, 105.2 (C�C), 99.8 (C�C), 98.2 (C�C),
81.1 (C�C), 66.0, 31.8, 7.7, 4.7 ppm; UV/Vis (CH2Cl2): l (e [m�1 cm�1]) =


390 (76700), 369 (49600), 292 (51600), 281 (27000), 249 (56000), 241
(54000), 230 (47000) nm; FT-IR (KBr): ñ = 2954 (s), 2874 (m), 2144 (C�
C) (s), 1633 (s), 1458 (m), 1161 (m), 972 (m), 843 (s), 738 (s) cm�1; FAB+/
MS (mNBA): m/z (%): 423.21 (80) [M+H]+ ; elemental analysis calcd
(%) for C25H30OSi: C 82.41, H 7.15; found: C 82.17, H 6.98.


1-Ethynyl-6-triethylsilylacetylenylpyrene (4): To solution of 3 (0.370 g,
0.89 mmol) in anhydrous toluene (50 mL) was added NaOH (0.042 mg,
1.01 mmol). The solution was stirred at reflux until total consumption of
the starting material (8 h, as checked by TLC). The solution was evapo-
rated and chromatography (silica, AcOEt/hexane 40:60) gave the desired
compound. Yield: 0.304 g (90%); 1H NMR (CDCl3, 200 MHz): d = 8.56
(d, 1H, 3J = 9.0 Hz), 8.51 (1H, d, 3J = 9.0 Hz), 8.15–8.01 (m, 6H), 3.64
(s, 1H), 1.20 (t, 9H, 3J = 8.1 Hz), 0.86 ppm (q, 6H, 3J = 8.1 Hz); 13C{1H}
NMR (CDCl3, 75 MHz): d = 132.6, 132.3, 131.5, 131.1, 130.5, 128.3,
128.1, 126.6, 126.1, 125.2, 125.0, 124.0, 123.9, 118.7, 117.2, 105.2, 98.4,
83.0; 82.7, 7.9, 4.8 ppm; UV/Vis (CH2Cl2): l (e [m


�1 cm�1]) = 387 (54300),
366 (33300), 348 (14300), 291 (37400), 280 (21000), 249 (46100), 240
(47300), 229 (44200) nm; FT-IR (KBr): ñ = 2955 (s), 2143 (C�C) (s),
2099 (C�C) (s), 1603 (m), 1459 (m), 1233 (m), 1016 (s), 843 (s); 719 (s),


Table 5. Summary of crystal data, intensity measurements and structure
refinement for 1 and 7.


1 7


formula C33H31BF2N2·CH3NO2 C41H35BF2N2·CH2Cl2
Mr 565.45 687.43
crystal system triclinic monoclinic
space group P1̄ P21/c
a [T] 7.266(4) 7.940(3)
b [T] 12.168(3) 26.19 (1)
c [T] 17.628(4) 17.024(7)
a [8] 100.33 (2) 90.00
b [8] 90.79 (2) 94.062(4)
g [8] 104.64 (2) 90.00
V [T3] 1480.6(10) 3531(2)
l [T] 0.71073 0.71073
F(000) 596 1432
1calcd [Mgm


�3] 1.268 1.293
m [mm�1] 0.087 0.228
crystal size [mm] 0.500X0.180X0.025 0.450X0.400X0.300
T [K] 293(2) 293(2)
reflections collected/
unique


10525/4185 14238/7351


q range [8] (complete-
ness)


2.35<q<23.24
(98.5%)


1.43<q<27.48
(100%)


hkl range �8/8, �13/13, �19/19 �10/10, �33/34, �20/
20


refined data/obs.
I>2s(I)


4181/2784 7347/4132


restraints/parameters 3/381 4/468
goodness-of-fit on F2 1.059 1.022
final R indices R1 = 0.0740 R1 = 0.0842
[I>2s(I)] wR2 = 0.2070 wR2 = 0.2332
R indices (all data) R1 = 0.1091 R1 = 0.1414


wR2 = 0.2367 wR2 = 0.2861
max. Fourier diff. [eT�3] 0.705, �0.475 0.48, �0.36
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646 (m) cm�1; FAB+/MS (mNBA): m/z (%): 365.17 (80) [M+H]+ ; ele-
mental analysis calcd (%) for C26H24Si: C 85.66, H 6.64; found: C 85.35,
H 6.32.


General procedure for the ethynyl-linked compounds 6–8 : The ethynyl-
substituted aromatic compound (1.1 equiv), 5 (1 equiv), [Pd(PPh3)2Cl2]
(6% mol), THF and iPr2NH were mixed in a Schlenk flask. The pink
slurry was vigorously degassed with argon. Copper iodide (10% mol)
was then added. After stirring for one night at room temperature, the sol-
vent was removed under vacuum. The residue was purified by chroma-
tography on alumina.


4,4-Difluoro-8-(p-(ethynyl-4-toluyl)phenyl)-1,3,5,7-tetramethyl-2,4-dieth-
yl-4-bora-3a,4a-diaza-s-indacene (6): This was synthesised from com-
pound 5 (0.1 g, 0.20 mmol), tolylacetylene (0.025 g, 0.215 mmol), [PdII-
(PPh3)2Cl2] (8.3 mg, 6% mol), THF/iPr2NH (15:5, 20 mL) and CuI
(3.8 mg, 10% mol). Chromatography on (alumina, CH2Cl2/hexane 20:80)
afforded the pure compound as pink needles. Yield: 0.093 g (95%);
1H NMR (CDCl3 200 MHz): d = 7.47 (AB sys, 4H, J(A,B) = 8.1 Hz,
n0d = 74.3 Hz), 7.33 (AB sys, 4H, J(A,B) = 8.1 Hz, n0d = 54.5 Hz), 2.54
(s, 6H), 2.31 (q, 4H, 3J = 7.6 Hz), 1.37 (s, 6H), 0.99 ppm (t, 6H, 3J =


7.5 Hz); 13C{1H} NMR (CDCl3, 100 MHz): d = 154.4, 139.8, 139.2, 138.6,
136.0, 133.3, 132.6 (CH), 131.9 (CH), 130.9, 129.6 (CH), 128.9 (CH),
124.5, 120.2, 91.2 (C�C), 88.5 (C�C), 21.9 (CH3), 17.5 (CH2), 14.9 (CH3),
12.9 (CH3), 12.3 ppm (CH3);


11B NMR (CDCl3, 128.38 MHz): d =


3.86 ppm (t, J(B,F) = 32.7 Hz); UV/Vis (CH2Cl2): l (e [m
�1 cm�1]) = 527


(56100), 357 (9100), 283 (41800), 296 (36400), 253 (65600), 243
(57500) nm; FT-IR (KBr): ñ = 3435 (m), 2964 (m), 22215 (m), 1538 (m),
1474 (s), 1315 (s), 1186 (s), 976 (s), 761 (s) cm�1; FAB+/MS (mNBA): m/
z (%): 495.1 (100) [M+H]+, 475.1 (65) [M�F]; elemental analysis calcd
(%) for C32H33BF2N2: C 77.74, H 6.73, N 5.67; found: C 77.51, H 6.45, N
5.46.


4,4-Difluoro-8-(p-(ethynyl-1-pyrenyl)phenyl)-1,3,5,7-tetramethyl-2,4-di-
ethyl-4-bora-3a,4a-diaza-s-indacene (7): This was synthesised from com-
pound 5 (0.094 g, 0.185 mmol), 1-ethynylpyrene (0.042 g, 0.185 mmol),
[PdII(PPh3)2Cl2] (8 mg, 6% mol) in THF/iPr2NH (15:5 mL) and CuI
(4 mg, 10% mol). Chromatography (alumina, CH2Cl2/hexane 20:80), fol-
lowed by recrystallisation (CH2Cl2/hexane) gave the titled compound as
pink greenish crystals. Yield: 0.096 g (86%); 1H NMR (CDCl3,
400 MHz): d = 8.71 (d, 1H, 3J = 9.0 Hz), 8.27–8.04 (8H, m), 7.62 (AB
sys, 4H, J(A,B) = 7.9 Hz, n0d = 193.7 Hz), 2.58 (s, 6H), 2.34 (q, 4H, 3J
= 7.5 Hz), 1.42 (s, 6H), 1.02 (t, 9H, 3J = 7.5 Hz), 13C{1H} NMR (CDCl3,
100.6 MHz): d = 154.5, 139.7, 138.7, 136.3, 133.4 (CH), 132.7, 132.4,
131.9, 131.7, 131.5, 131.0, 130.1 (CH), 129.1 (CH), 128.9 (CH), 128.8
(CH), 127.6 (CH), 126.7 (CH), 126.2 (CH), 126.2 (CH), 125.8 (CH),
125.0 (CH), 124.9, 124.7, 124.6, 117.7, 90.4 (C�C), 94.9 (C�C), 17.5
(CH2), 15.0 (CH3), 12.9 (CH3), 12.4 (CH3);


11B NMR (CDCl3,
128.38 MHz): d = 3.90 (t, J(B,F) = 33.2 Hz); UV/Vis (CH2Cl2): l (e -
[m�1 cm�1]) = 528 (58000), 387 (40000), 370 (44000), 295 (43000), 284
(35000), 240 (48000) nm; FT-IR (KBr): ñ = 3436 (s), 2962 (s), 2142 (m),
1641 (m), 1541 (s), 1474 (s), 1320 (s), 1191 (s), 1072n (s), 979 (s), 848 (s),
713 (s) cm�1; FAB+/MS (mNBA): m/z (%): 605.1 (100) [M+H]+ ,
585.1(75) [M�F]; elemental analysis calcd (%) for C41H35BF2N2: C 81.46,
H 5.84, N 4.63; found: C 81.29, H 5.64, N 4.51.


4,4-Difluoro-8-(p-(9-triethylsilylacetylenyl-1-ethynylpyrenyl)phenyl)-
1,3,5,7-tetramethyl-2,4-diethyl-4-bora-3a,4a-diaza-s-indacene (8): This
was synthesised from compound 5 (0.1 g, 0.20 mmol) in THF/iPr2NH
(15:5 mL), [PdII(PPh3)2Cl2] (8.3 mg, 6% mol), CuI (3.8 mg, 10% mol),
and compound 4 (0.075 g, 0.20 mmol). Chromatography (alumina,
CH2Cl2/hexane 0:1 to 2:8) and recrystallisation from CH2Cl2/hexane gave
the desired compound as orange-pink needles. Yield: 0.18 g (80%);
1H NMR (CDCl3 300 MHz): d = 8.70 (d, 1H, 3J = 9.0 Hz), 8.64 (1H, d,
3J = 9.2 Hz), 8.13–8.26 (m, 6H), 7.85 (d, 2H, 3J = 8.3 Hz), 7.38 (d, 2H,
3J = 8.3 Hz), 2.56 (s, 6H), 2.33 (q, 4H, 3J = 7.5 Hz), 1.40 (s, 6H), 1.17 (t,
9H, 3J = 7.8 Hz), 1.00 (6H, t, 3J = 7.5 Hz), 0.83 (q, 6H, 3J = 7.9 Hz);
13C{1H} NMR (CDCl3, 75 MHz): d = 154.2, 139.4, 138.4, 136.1, 133.1
(CH), 132.5, 132.4, 132.2, 131.5, 131.3, 130.7, 130.6 (CH), 130.1 (CH),
128.7 (CH), 128.5 (CH), 128.3 (CH), 126.7 (CH), 126.3 (CH), 125.3
(CH), 125.2 (CH), 124.3, 124.2, 124.1, 118.9, 118.1, 105.1 (C�C), 96.7 (C�
C), 94.9 (C�C), 89.9 (C�C), 17.2 (CH2), 14.8 (CH3), 12.7 (CH3), 12.1


(CH3), 7.7 (CH3), 4.6 (CH2);
11B NMR (CDCl3, 128.38 MHz): d = 3.89


(t, J(B,F) = 32.6 Hz); UV/Vis (CH2Cl2): l (e [m
�1 cm�1]) = 529 (68800),


413 (68200), 391 (64400), 296 (36400), 253 (65600), 243 (57500) nm; FT-
IR (KBr): ñ = 2872 (m), 2142 (m), 1540 (s), 1321 (m), 1191 (m), 1150
(m), 980 (m), 842 (m), 738 (m) cm�1; FAB+/MS (mNBA): m/z (%): 743.1
(80) [M+H]+ ; elemental analysis calcd (%) for C49H49BF2N2Si: C 79.23,
H 6.65, N 3.77; found: C 78.91, H 6.37, N 3.56.


4,4-Difluoro-8-(p-(9-acetylenyl-1-ethynylpyrenyl)phenyl)-1,3,5,7-tetra-
methyl-2,4-diethyl-4-bora-3a,4a-diaza-s-indacene (9): To a stirred solu-
tion of compound 8 (0.054 g, 0.073 mmol) in CH2Cl2/methanol (20 mL,
1:1) was added K2CO3 (0.1 g, 0.7 mmol). After complete consumption of
the starting material (2 d), the solution was concentrated by rotary evap-
oration, and the crude product was purified by column chromatography
(alumina, hexane/CH2Cl2 70:30). Recrystallisation from CH2Cl2/hexane
gave 8 as pink crystals. Yield: 32 mg (67%); 1H NMR (CDCl3,
400 MHz): d = 8.73 (d, 1H, 3J = 9.0 Hz), 8.64 (1H, d, 3J = 9.0 Hz), 8.26
(d, 1H, 3J = 7.5 Hz), 8.18–8.24 (m, 5H), 7.85 (d, 2H, 3J = 8.0 Hz), 7.38
(d, 2H, 3J = 8.0 Hz), 3.66 (s, 1H), 2.56 (s, 6H), 2.33 (q, 4H, 3J =


7.5 Hz), 1.40 (s, 6H), 1.00 (t, 6H, 3J = 7.5 Hz); 13C{1H} NMR (CDCl3,
100 MHz): d = 154.2, 139.4, 138.4, 136.2, 133.1, 132.8 (CH), 132.5, 132.2,
131.6, 131.5, 130.8 (CH), 130.2 (CH), 128.9 (CH), 128.5 (CH), 128.4
(CH), 126.6 (CH), 126.4 (CH), 125.5 (CH), 125.3 (CH), 124.3, 124.2,
124.1, 118.3, 117.5, 95.1 (C�C), 89.9 (C�C), 83.3 (C�CH), 82.7 (C�C),
17.3 (CH2), 14.8 (CH3), 12.7 (CH3), 12.1 (CH3);


11B NMR (CDCl3,
128.38 MHz): d = 3.89 (t, J(B,F) = 33.5 Hz); UV/Vis (CH2Cl2): l


(e [m�1 cm�1]) = 527 (66300), 408 (59000), 386 (57600), 292 (46400), 248
(72200) nm; FT-IR (KBr): ñ = 3436 (m), 2142 (m), 1603 (m), 1539 (s),
1475 (m), 1320 (m), 1191 (s), 1150 (m), 979 (m), 846 (m), 762 (m) cm�1;
FAB+/MS (mNBA): m/z (%): 609.1 (100) [M�F]+ ; elemental analysis
calcd (%) for C43H35BF2N2: C 82.17, H 5.61, N 4.46; found: C 82.37, H
5.42, N 4.19.


4,4-Difluoro-8-(p-(9-(1-acetylenylpyrenyl)-1-ethynylpyrenyl)phenyl)-
1,3,5,7-tetramethyl-2,4-diethyl-4-bora-3a,4a-diaza-s-indacene (10): To a
stirred, degassed solution of 9 (20 mg, 0.032 mmol) in benzene/iPr2NH
(3 mL, 3:1) contained in a Schlenk flask were added progressively [Pd0-
(PPh3)4] (1.1 mg, 6% mol) and 1-bromopyrene (13.5 mg, 0.048 mmol).
The mixture was stirred at room temperature under argon until starting
material had been completely consumed (16 h). The solution was then
evaporated, and the crude precipitate was washed with water (2X) and
diethyl ether (1X). Column chromatography (alumina, CH2Cl2/hexane
gradient from 0:100 to 20:80) and recrystallisation from CH2Cl2/hexane
afforded the target compound as pink needles. Yield: 25 mg (95%);
1H NMR (CDCl3, 300 MHz): d = 8.96 (d, 1H, 3J = 9.0 Hz), 8.91 (1H, d,
3J = 9.0 Hz), 8.77 (d, 1H, 3J = 9.0 Hz), 8.44 (d, 1H, 3J = 8.0 Hz), 8.41
(d, 1H, 3J = 8.5 Hz), 8.31–8.21 (m, 9H), 8.17–8.04 (m, 3H), 7.87 (d, 2H,
3J = 8.3 Hz), 7.39 (d, 2H, 3J = 8.3 Hz), 2.58 (s, 6H), 2.36 (q, 4H, 3J =


7.5 Hz), 1.43 (s, 6H), 1.00 (t, 6H, 3J = 7.5 Hz); 13C{1H} NMR (CDCl3,
75 MHz): d = 154.3, 142.5, 139.4, 138.44, 138.42, 136.2, 133.1, 132.5,
132.3 (CH), 132.21, 132.15, 131.6, 131.5, 131.4, 130.8, 130.4, 130.3 (CH),
130.0 (CH), 129.9 (CH), 128.9 (CH), 128.8 (CH), 128.54 (CH), 128.50
(CH), 127.5 (CH), 126.8 (CH), 126.5 (CH), 126.4 (CH), 125.9 (CH),
125.8 (CH),125.6 (CH), 125.5 (CH), 125.4 (CH), 124.6 (CH), 124.52,
124.51, 124.2, 124.1, 118.2, 118.0, 95.2 (C�C), 95.0 (C�C), 94.4 (C�CH),
81.2 (C�C), 17.2 (CH2), 14.8 (CH3), 12.7 (CH3), 12.1 (CH3); 11B NMR
(CDCl3, 128.38 MHz): d = 3.89 (t, J(B,F) = 33.0 Hz); UV/Vis (CH2Cl2):
l (e [m�1 cm�1]) = 532 (52900), 458 (57600), 430 (57000), 367 (24900),
304 (32600), 289 (34800) 247 (43900) nm; FT-IR (KBr): ñ = 2141 (m),
2029 (m), 1403 (s), 1315 (m), 1188 (m), 1116 (m), 977 (m), 8432 (m), 761
(m) cm�1; FAB+/MS (mNBA): m/z (%): 829.2 (80) [M+H]+ , 809.1 (100)
[M�F]+ ; elemental analysis calcd (%) for C59H43BF2N2: C 85.50, H 5.23,
N 3.38; found: C 85.41, H 5.00, N 3.07.


Acknowledgements


This work was supported by the CNRS, the EPSRC, the UniversitB Louis
Pasteur, the University of Newcastle, and IST/ILO Contract 2001–33057.


Chem. Eur. J. 2005, 11, 7366 – 7378 P 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7377


FULL PAPERIntramolecular Energy Transfer in Bodipy Derivatives



www.chemeurj.org





[1] K. Van Dyke, C. Van Dyke, K. Woodfork in Luminescence Biotech-
nology: Instruments and Applications, CRC Press, Boca Raton, Fl,
USA, 2002.


[2] B. Valeur in Molecular Fluorescence: Principles and Applications,
Wiley-VCH, Weinheim, Germany, 2002.


[3] Th. Forster, Discuss. Faraday Soc. 1959, 27, 7–21.
[4] D. L. Dexter, J. Chem. Phys. 1953, 21, 836.
[5] S. Speiser, Chem. Rev. 1996, 96, 1953.
[6] R. P Haugland, Handbook of Molecular Probes and Research


Products, Ninth Edition; Molecular Probes, Inc., Eugene, OR,
USA, 2002.


[7] A. Burghart, H. Kim, M. B. Wech, . L. H. Thorensen, J. Reibenspies,
K. Burgess, J. Org. Chem. 1999, 64, 7813.


[8] L. H. Thoresen, H. Kim, M. B. Welch, A. Burghart, K. Burgess, Syn-
lett 1998, 1276.


[9] T. Chen, J. H. Boyer, M. L. Trudell, Heteroat. Chem. 1997, 8, 51.
[10] G. Sathyamoorthi, L. T. Wolford, A. M. Haag, J. H. Boyer, Heteroat.


Chem. 1994, 5, 245.
[11] T. Gareis, C. Huber, O. S. Wolfbeis, J. Daub, Chem. Commun. 1997,


1717.
[12] M. Kollmannsberger, K. Rurack, U. Resch-Genger, J. Daub, J. Phys.


Chem. 1998, 102, 10211.
[13] K. Rurack, M. Kollmannsberger, U. Resch-Genger, J. Daub, J. Am.


Chem. Soc. 2000, 122, 968.
[14] B. Turfan, E. U. Akkaya, Org. Let. 2002, 4, 2857.
[15] C. Goze, G. Ulrich, L. CharbonniEre, R. Ziessel, Chem. Eur. J. 2003,


9, 3748.
[16] F. Li, S. I. Yang, Y. Ciringh, J. Seth, C. H. Martin, III, D. L. Singh,


D. Kim, R. R. Birge, D. F. Bocian, D. Holten, J. S. Lindsey, J. Am.
Chem. Soc. 1998, 120, 10001.


[17] A. Burghart, L. H. Thorese, J. Che, K. Burgess, F. Bergstrçm, L. B-
T Johansson, Chem. Commun. 2000, 2203.


[18] C.-W. Wan, A. Burghart, J. Chen, F. Bergstrçm, L. B.-A. Johanson,
M. F. Wolford, T. G. Kim, M. R. Topp, R. M. Hochstrasser, K. Bur-
gess, Chem. Eur. J. 2003, 9, 4430.


[19] A. Harriman, M. Hissler, A. Khatyr, R. Ziessel, Chem. Commun.
1999, 735–736.


[20] A. Harriman, M. Hissler, A. Khatyr, R. Ziessel, Eur. J. Inorg. Chem.
2003, 955; A. Harriman, A. Khatyr, R. Ziessel, Dalton Trans. 2003,
2061.


[21] H. Fischer, P. Halbig, B. Walach, Ann. Chem. 1927, 452, 268.


[22] M. Hissler, A. Harriman, A. Khatyr, R. Ziessel, Chem. Eur. J. 1999,
5, 3366; Z. Shen, R. Proch]zka, J. Daub, N. Fritz, N. Acar, S.
Schneider, Phys. Chem. Chem. Phys. 2003, 5, 3257.


[23] J. Grimshaw, J. Trocha-Grimshaw, J. Chem. Soc. Perkin I, 1972,
1622.


[24] C. Goze, D. V. Kozlov, F. N. Castellano, J. Suffert, R. Ziessel, Tetra-
hedron Lett. 2003, 44, 8713.


[25] G. Ulrich, R. Ziessel, Synlett 2004, 439. G. Ulrich, R. Ziessel, J. Org.
Chem. 2004, 69, 2070; G. Ulrich, R. Ziessel, Tetrahedron Lett. 2004,
45, 1949.


[26] V. R. Thalladi, H.-C. Weiss, D. Bl^ser, R. Boese, A. Nangia, G. R.
Desiraju, J. Am. Chem. Soc. 1998, 120, 8702.


[27] Z. Shen, H. Rçhr, K. Rurack, H. Uno, M. Spieles, B. Schulz, G.
Reck, N. Ono, Chem. Eur. J. 2004, 10, 4853.


[28] J. Karolin, L. B.-A. Johansson, L. Strandberg, T. Ny, J. Am. Chem.
Soc. 1994, 116, 7801; P. Toele. H. Zhang, C. Trieflinger, J. Daub, M.
Glasbeek, Chem. Phys. Lett. 2003, 368, 66.


[29] A. Harriman, M. Hissler, R. Ziessel, Phys. Chem. Chem. Phys. 1999,
1, 4203.


[30] K. Rurack, M. Kollmannsberger, U. Resch-Genger, J. Daub, J. Am.
Chem. Soc. 2000, 122, 968.


[31] K. Rurack, M. Kollmannsberger, J. Daub, Angew. Chem. 2001, 113,
396; Angew. Chem. Int. Ed. 2001, 40, 385; .


[32] M. Kollmannsberger, K. Rurack, U. Resch-Genger, J. Daub, J. Phys.
Chem. A 1998, 102, 10211.


[33] R. Englman, J. Jortner, Mol. Phys. 1970, 18, 145.
[34] T. Fçrster, Discuss. Faraday Soc. 1959, 27, 7.
[35] V. Grosshenny, A. Harriman. M. Hissler, R. Ziessel, J. Chem. Soc.


Faraday Trans. 1996, 92, 2223.
[36] J. Olmsted, III, J. Phys. Chem. 1979, 83, 2581.
[37] R. Leutz, A. Suzuki, A. Akisawa, T. Kashiwagi, J. Opt. A 2000, 2,


112.
[38] T. L. Netzel, J. Biol. Inorg. Chem. 1998, 3, 210.
[39] O. Dangles, F. Guibe, G. Balavoine, J. Org. Chem. 1987, 52, 4984.
[40] D. R. Coulson, Inorg. Synth. 1972, 13, 121.
[41] Z. Otwinovski and W. Minor, Macromolecular Crystallography,


Part A in Methods in Enzymology, Academic Press 1997, 307–326.
[42] G. M. Sheldrick, SHELX97, Program for the Refinement of Crystal


Structures from Diffraction Data, University of Gçttingen, Germa-
ny, 1997.


Received: April 4, 2005
Published online: September 20, 2005


www.chemeurj.org P 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 7366 – 73787378


R. Ziessel et al.



www.chemeurj.org



