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Introduction


With the advent of combinatorial chemistry[1, 2] and high-
throughput screening (HTS)[3] finding leads in drug discovery
has become a numbers game. Pharmaceutical companies
typically screen close to one million compounds against tens
of drug targets each year. Researchers in the early nineties
believed that, with an increased number of compounds
synthesized and screened, the number of drug candidates
would increase in parallel. Consequently, early attempts in the
design of combinatorial libraries focused on the synthesis of
large random libraries that were sometimes optimized for
diversity.[4] Unfortunately, the success rate of these early
random libraries is considered to be low. The somewhat
disappointing performance can be attributed, for example, to
the high flexibility of synthesized molecules as well as to their
high lipophilicity.[5] In addition, the libraries were often
limited in their pharmacophore diversity.[6] It should also be
noted here that, notwithstanding its successes, HTS produces


a somewhat low number of viable lead compounds. For
receptor and enzyme targets, on average one lead compound
is identified for 120000 compounds screened.[7] HTS is much
less successful for targets of protein ± protein interaction.[7]


Due to the limitations of current HTS and library-design
efforts, researchers have paid more attention to the concept of
the ™drug-likeness∫ of the molecules to be synthesized and
screened. While the design of more drug-like libraries has
often focused on profiling key physicochemical properties,
such as molecular weight, charge, and lipophilicity,[5, 8] other
researchers have focused on the specific functionalization of
drug molecules.[9, 10] In this article, current concepts of the
structural features of putative drug molecules are discussed.
Table 1 gives an overview of current techniques for character-
izing the structural features of drug-likeness and points out
their advantages and disadvantages. For a broader view on the
subject of drug-likeness we refer the reader to recent
reviews.[11±14]


Structural Frameworks and Side Chains of Known
Drugs


Bemis and Murcko have analyzed databases of commercially
available drugs to identify common drug features using shape
description methods.[15] They dissected drug molecules from
the Comprehensive Medicinal Chemistry (CMC) database[16]


into side chains and frameworks (containing ring systems and
linkers). They found that only 32 frameworks are needed to
describe the shapes of half the 5120 drugs in the CMC, which
contains 1170 scaffolds. Scheme 1 shows the process of
reducing a drug molecule to its framework, while Scheme 2
shows the most frequently occurring frameworks in the CMC.
More recently, the side chains most abundant in drug
molecules, have been analyzed by the same authors.[9] It has
been found that of the 15000 side chains contained in the
CMC, about 11000 belong to one of only 20 types of side chain
including (starting with the most frequent): carbonyl, methyl,
hydroxyl, methoxy, chloro, methylamine, primary amine,
carboxylic acid, fluoro, sulfone. Most molecules possess
between one and five side chains; the modal value being
two side chains per molecule (in more than 20% of
CMC). For the ten most frequently occurring side chains,
Table 2 shows the most frequently occurring pairs of
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Scheme 1. Ciprofloxacin and its decomposition into framework and side
chains.


side chains. It is interesting to note that six of these ten pairs
contain two key polar groups, each of which is capable
of forming hydrogen bonds and is also one of the key
functional groups identified as pharmacophore points dis-
cussed below.


Drug ±Nondrug Classification


The underlying assumption of topological drug classification
schemes is that compounds that are structurally similar to
known drug molecules may be potential drug candidates
themselves–exhibiting desirable biological properties such as
oral bioavailability, low toxicity, membrane permeability,
metabolic stability, and reasonable clearance rates. Following
this assumption, databases of drugs such as the CMC or
MDDR[17] and other databases that presumably do not
contain large numbers of drugs, for example reagent-like
databases such as the ACD,[18] can be statistically analyzed to
identify the structural features of molecules that help
distinguish drugs from nondrugs. Drug-classification models
that are based on this idea include neural network
approaches[19, 20] as well as recursive partitioning ap-
proaches[19, 21] (Table 1). The nonlinear character of the neural
network approaches prevents the derivation of discernible
rules for the classification of compounds as drug or nondrug.
The recursive partitioning approaches allow the structural


Table 1. Current approaches to address the drug-likeness of compounds


Approach Analysis Drug/nondrug Pros/Cons


discrimination


Drug frame-
works[15]


Database analysis of CMC About half of all known drugs
share only 32 common drug
frameworks.


A limited number of frameworks (scaffolds) and side chains
can be used to synthesize new molecular structures in
combinatorial fashion that are similar to known drugs.
However, drugs and nondrugs cannot be easily distinguished;
e.g., benzene, the most frequently occurring framework in
drugs, also occurs in 60% of reagent type compounds in the
ACD.


Drug side
chains[9]


Database analysis of CMC 11000 out of 15000 side chains of
drugs in CMC belong to the ™top
20∫ group of side chains.


RECAP[28] Fragmentation of molecules in
drug databases around bonds
formed by common chemical
reactions.


Identifies privileged structural
motifs in WDI correlated with
biological activity against specific
therapeutic classes.


De novo designed ligands are drug-like and more amenable to
chemistry. Libraries focused on specific biological targets can
be built. Fragments identified as privileged are biased by
active analogues available in the database.


Neural net-
works[19, 20]


Chemical structure descriptors are
used as input for neural nets
trained on compound databases
(CMC, MDDR, WDI, ACD)


Discriminates between drug data-
bases and reagent databases with
65 ± 90% accuracy.


High discrimination power between drugs and nondrugs.
Classification is biased by databases used. Black box character
of neural nets does not give structural classification rules.


Recursive
partition-
ing[19, 21]


Chemical structure descriptors are
used as input for decision trees
trained on compound databases
(WDI, ACD).


Classifies drugs/nondrugs with
70 ± 83% accuracy.


High discrimination power between drugs and nondrugs.
Simple rules can be derived that distinguish drugs from
nondrugs. Classification is biased by databases used.


MLCC[23] Up to tetracentered atom environ-
ments are assigned to molecules
and their abundance in CMC and
MDDR is tested.


76% of known drugs are classified
correctly; only 19% of cancer
drugs are recognized as drugs; it is
suggested that current drug data-
bases contain �80% of all viable
drug types.


A general rule is used to describe any type of substructure.
Disregarding the overall similarity of molecules, MLCC
compares the local compatibility between molecules and
known drugs. The method may be over-discriminative in that
every group of a molecule has to be identical to some part of a
known drug to have the molecule be classified as a drug.


Functional
group analy-
sis of drug
database[29]


CMC is analyzed for the occur-
rence of functional groups


Benzene is most abundant (more
than all heterocyclic rings com-
bined); tertiary aliphatic amines,
OH, and carboxamides are the
most abundant functional groups.


Privileged functional groups occurring in drugs can be used
for library design. The discrimination power between drugs
and nondrugs is limited.


Drug-like
index[30]


CMC is analyzed by using 25
structural descriptors and building
blocks are clustered.


About 100 building blocks in CMC
are statistically significant; 28% of
ACD compounds are not drug-like.


The Drug-like index gives a quantitative measure of the drug-
likeness of molecules, thereby ranking different molecules in
a library for screening or combinatorial synthesis. It is biased
by the databases (CMC) from which it is derived.


Pharmaco-
phore point
filter[10]


Intuitive rules are derived based
on the observation that drug-like
compounds need to be appropri-
ately functionalized.


2/3 of CMC and MDDR and 1/3 of
ACD are classified as drug-like.


Simple rules derived from ™chemical intuition∫ provide
moderate discrimination power between drugs and nondrugs.
The method can easily be applied to library design because
the rules apply to building blocks (rather than an enumerated
molecule).
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Scheme 2. The most frequently occurring frameworks in drugs. Numbers
indicate percentages of occurrence in the CMC database.


criteria for the classification of drugs and nondrugs to be
established. Scheme 3 shows a portion of a decision tree
derived from the WDI[22] and the ACD by Wagener and
Geerestein. One example rule derived from this partial tree
is: if a compound possesses no alcohol, does posses a tertiary
aliphatic amine but not a methylene linker between a
heteroatom and a carbon atom it is not drug-like. It is
interesting to note that just by testing the presence or absence
of hydroxyl, tertiary and secondary amines, carboxyl, phenol,
or enol groups, 75% of all drug-like structures in the MDDR
and CMC can be recognized.


Scheme 3. Partial simplified decision tree of Wagener and Geerestein[21]


for classifying compounds as drugs or nondrugs.


Pharmacophore Point Filter


The drug-fragmentation approaches combined with the
machine-learning approaches discussed above suggest that


the occurrence of a relatively small number of frameworks
(ring structures and linkers), an even smaller number of side
chains, and a few key polar groups characterize drug
molecules very well. It has been observed that drugs
distinguish themselves from nondrugs by possessing hydro-
phobic moieties that are well functionalized, while nondrugs
often contain hydrophobic moieties that are underfunction-
alized. Therefore, recent work focuses more on the presence
of key functional groups in molecules.


A simple pharmacophore point filter has recently been
introduced. It is based on the assumption that drug-like
molecules should contain at least two distinct pharmacophore
groups.[10] Four functional motifs have been identified that
guarantee the hydrogen bonding capabilities that are essential
for the specific interaction of a drug molecule with its
biological target (Scheme 4). These motifs can be combined


S
OO N OH


O


Scheme 4. Functional groups of drugs used to build pharmacophore
points.


into functional groups, which are also referred to as pharma-
cophore points; they include: amine, amide, alcohol, ketone,
sulfone, sulfonamide, carboxylic acid, carbamate, guanidine,
amidine, urea, and ester. The following main rules apply to the
pharmacophore point filter (PF1):
� Pharmacophore points are fused and counted as one if they


are separated by less than two carbon atoms.
� Molecules with less than two and more than seven


pharmacophore points fail the filter.
� Amines are considered pharmacophore points but not


azoles or diazines.
� Compounds with more than one carboxylic acid are


dismissed.
� Compounds without a ring structure are dismissed.
� Intracyclic amines in the same ring are fused to one


pharmacophore point.
The requirement of two distinct pharmacophore points


neglects at least one very important class of drugs–biogenic
amine-containing CNS drugs. Therefore, a second pharmaco-
phore filter has been designed that requires only one
pharmacophore point in small molecules of the type amine,
amidine, guanidine, or carboxylic acid (PF2).


Scheme 5 shows the pharmacophore count for the twelve
top-selling drugs worldwide in 1997.[23] Seven of the twelve
drugs possess between two and five pharmacophore points
and pass PF1, four possess only one pharmacophore point,
and one compound has none. Of the four compounds with
only one pharmacophore point, three are serotonin re-uptake
inhibitors that contain biogenic amines and cross the blood
brain barrier (sertraline, fluoxetine, paroxetine). These com-
pounds pass PF2. The classification shortcomings of the
pharmacophore point filter are exemplified by the remaining
two compounds. The H1 antihistamine loratidine, which does
not cross the blood brain barrier,[24] has only one pharmaco-
phore point. Omeprazole, a gastric acid secretion inhibitor,


Table 2. Most frequently found pairs of side chains in drugs in CMC.


Side chain pair frequency [%]


C�O/C�O 14.6
C�O/C�CH3 10.4
C�CH3/C�CH3 8.8
C�OH/C�OH 3.6
C�O/C�OH 2.9
C�O/C�NH2 2.9
C�CH3/C�F 2.8
C�CH3/C�OH 2.7
C�O/C�CO2H 2.1
C�O/N�CH3 1.9
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simvastatin
3 pharmacophore points


omeprazole
0 pharmacophore 
points


fluoxetine
1 pharmacophore point


enalapril
4 pharmacophore points


ranitidine
2 pharmacophore points


amlodipine
3 pharmacophore points


loratidine
1 pharmacophore point


amoxicillin
5 pharmacophore points


sertraline
1 pharmacophore point


paroxetine
1 pharmacophore point


ciprofloxacin
4 pharmacophore points


pravastatin
5 pharmacophore points


Scheme 5. Pharmacophore points of the twelve top-selling drugs.


has no pharmacophore points. These two examples suggest
that it may be desirable to allow for additional pharmaco-
phore features such as sulfoxide or pyridine. The introduc-
tion of these two additional features into the pharmacophore
point filter would allow loratidine and omeprazole to
pass PF1. The power of PF1 to discriminate between drugs
and nondrugs would not significantly change (the rate of
filter survivors would increase by 3% in MDDR and 4% in
ACD).


An analysis of drug databases and reagent-type databases
reveal that about two thirds of drugs and nondrugs can be
classified correctly by PF1. While the performance of this
simple filter may not seem so impressive, the method has clear
advantages over neural networks and decision trees. First, the
rules are derived from ™chemical wisdom∫. Drug databases


certainly do not contain all feasible drugs, and therefore drug-
like structural features are missing. In addition, reagent-like
databases, used as negative controls, may very well contain
drug-like compounds that are misclassified. In addition to this
database bias, the neural net approach also has the short-
coming of being a ™black box∫. That is, no direct rules for the
design of drug-like molecules can be derived. This fact is
particularly problematic when the drug-likeness of virtual
combinatorial libraries needs to be assessed. The virtual
library needs to be enumerated completely for this purpose.
In contrast, the simple pharmacophore point filter is able to
evaluate the drug-likeness of combinatorial libraries on the
building-block level, thereby making the optimization process
much more feasible.


Finally it should be noted that it is equally important to
identify structural features in molecules that are unwanted in
drugs, such as reactive or toxic moieties. An extensive survey
of structural features in toxic chemicals in the RTECS
database[25] reveals known carcinogens such as epoxy
ethane or aromatic fused cycles as well as a large list of
potentially toxic chemical frameworks.[26] A representative list
of reactive fragments has been assembled, for example, by
Rishton.[27]
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Introduction


Protein ± carbohydrate interactions play an essential role in
biological communication. Numerous normal and patholog-
ical processes including fertilization, infection, the inflamma-
tory response, cell adhesion, and metastatic spreading, are
mediated by such recognition events. Although the intrinsic
binding ability of monovalent protein ± carbohydrate inter-
actions is low, presentation of carbohydrates epitopes in
multivalent arrays results usually in highly specific and
effective ligands.[1] This specificity suggests a potential utility
of synthetic multiantennated saccharide derivatives as carri-
ers in drug or probe delivery to target sites and as inhibitors of
undesired carbohydrate ± receptor associations.[2] Multivalent


carbohydrate scaffolds built on conformationally defined rigid
macrocycles, such as cyclopeptides,[3] azacrown ethers,[4]


macrocyclic polyesters[5] or calixarenes,[6] have proven already
particularly useful in the design of both efficient ligands for
pharmacologically relevant receptor proteins (lectins) and
valuable tools for exploring the mechanisms by which multi-
valent saccharide ligands interact. Cyclodextrins (cyclomal-
tooligosaccharides, CDs)[7] offer unique features toward these
goals since they are essentially biocompatible, non-immuno-
genic carbohydrates of natural origin with high symmetry, and
a variety of selectively functionalized derivatives are acces-
sible from the commercially available cyclic hexa-, hepta- and
octamer (�-, �- and �-CD, respectively). Moreover, their
truncated cone-shaped hydrophobic cavity can include other
organic molecules of appropriate size that, eventually, can be
solubilized and stabilized in water. Multivalent cyclodextrin
conjugates may, therefore, form ternary lectin ± carbohydrate
cluster ± guest complexes through simultaneous host ± guest
complexation at the CD cavity and carbohydrate ± protein
interaction at the carbohydrate cluster moiety (Figure 1).


Figure 1. Full-carbohydrate, site-specific drug delivery systems based on
the cyclodextrin core.


In this article, we will summarize the progress that has been
made towards the design of saccharide-bearing cyclomaltoo-
ligosaccharides for encapsulation, cell recognition and mo-
lecular delivery. For reasons of applicability, most of these
results focus on cyclomaltoheptaose (�-CD), the most inter-
esting CD representative from the commercial point of view.
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Emphasis is placed on the versatility of the synthetic
approaches and the lectin binding and drug inclusion capa-
bilities of the resulting conjugates.


Discussion


Monovalent cyclodextrin neoglycoconjugates : The key pre-
cursor for the preparation of monobranched �-CD neoglyco-
conjugates is 6I-deoxy-6I-O-para-tolylsulfonylcyclomaltohep-
taose (1), for which we have recently reported an improved
one-step synthesis from �-CD.[8] Its reactivity was first exploited
by Defaye×s group in the preparation of 6I-S-glycosyl-6I-
thiocyclomaltoheptaose (4) by use of the sodium salt of
1-thio-�- and �-�-glucopyranose as the nucleophile[9] and was
further extended to the synthesis of the analogous mono-
valent �- and �-thiomaltosyl �-CD conjugates[10] (Scheme 1).


Scheme 1. General synthetic scheme for the preparation of monovalent �-
CD neoglycoconjugates through thioether[9±12] and amide bond-forming
reactions.[13, 14]


Driguez et al. have used a similar approach that employs
the peracetylated mono-(C-6)-iodo �-CD derivative 2 as a
precursor, which was obtained from the monotosylate 1.[11]


The peracetylated 1-thioglycose (�-�-glucopyranose, �-�-


galactopyranose, �-�-mannopyranose) is then used as the
nucleophile. More recently, Hattori et al.[12] have reported the
incorporation of a spacer arm between the CD core and the
saccharide marker by: i) reacting lactonolactone and cyste-
amine; and ii) introducing the resulting galactosyl-glucono-
amide ethanethiol fragment at the 6I position of �-CD
following the above general synthetic pathway (Scheme 1).


A second general approach for the preparation of mono-
valent �-CD-neoglycoconjugates consists in the amidation
reaction between 6I-amino-6I-deoxycyclomaltoheptaose (3),
readily available from 1 via the corresponding azide, and
saccharide markers bearing a carboxylic acid functionality to
give adducts 5. This strategy has been widely developed by the
groups of Parrot-Lopez[13] and Hattori[14] (Scheme 1).


The above-mentioned groups have reported an interesting
extension of the amide-bridging approach that combines:
i) amidation of the mono-(C-6) amine 3 with a carboxylic acid
armed N-acetylglucosamine derivative (e.g. 6); and ii) enzy-
matic glycosyl transfer to the glucosamine moiety in the �-
CD-conjugate.[15, 16] The preparation of mono-branched �-CD
derivatives that incorporate complex natural oligosaccharides
of the high-mannose, asialo- and sialo-complex type (8), as
depicted in Scheme 2, illustrates the potential of the chemo-
enzymatic strategy. Oligosaccharide transfer from ovalbumin
or human transferring glycoproteins to acceptor 7 was


Scheme 2. Chemo-enzymatic synthesis of monovalent �-CD conjugates.[16]


Fmoc: Fluorenyloxycarbonyl; Mpt: dimethylphosphinothioyl.
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catalyzed by the endo-�-N-acetylglucosaminidase of Mucor
hiemalis (EndoM).


As an alternative to the amidation reaction, we reported in
1996[17] the preparation of thiourea-bridged �-CD-neoglyco-
conjugates 10 by reaction of 6I-deoxy-6I-isothiocyanatocyclo-
maltoheptaose (9), obtained by isothiocyanation of 3 with
thiophosgene, with aminodeoxy sugars. Recently, Haque and
Diakur[18] have used the corresponding per-O-methyl deriv-
ative 11 in the conjugation with the ganglioside GM3 trisac-
charide, a tumor associated antigen (12) (Scheme 3). The
reverse coupling of mono-(C-6)-amino �-CD 3 with per-O-
protected glycosyl isothiocyanates proved more convenient
for the synthesis of (1�6)-thiourea-linked conjugates.[19] The
methodology is compatible with the presence both of alkyl


Scheme 3. Synthesis of monovalent �-CD conjugates through the thio-
urea-bridging strategy.[17±19]


and aryl spacer arms, giving access to a virtually unlimited
number of structures. Moreover, the thiourea-bridged adducts
exhibited a dramatic increase in water solubility (up to 40-
fold) as compared with the native �-CD, even when incorpo-
rating hydrophobic substituents, and a significant decrease in
the hemolytic character (up to eight-fold), while keeping the
inclusion capabilities of the cyclodextrin core. The scope of
the thiourea-bridging strategy, actually one of the most
conventional methodologies in neoglycoconjugate prepara-
tion,[20] for the design and synthesis of multivalent cyclo-
oligosaccharides will be further illustrated in the following
sections.


Multivalent polysubstituted cyclodextrin neoglycoconjugates :
The need for a multivalent presentation of the saccharide
markers to attain biologically relevant carbohydrate ± lectin
binding affinities has stimulated the preparation of well-
defined �-CD polyconjugates. For practical reasons, (C-6)-
heptabranched derivatives have been privileged. Highly
efficient coupling reactions are a prerequisite for such
prospect, since partial substitution would lead to a mixture
of undersubstituted regioisomers from which purification of
the desired per-(C-6) substituted compound becomes a
difficult task.


Basically, the preparation of per-(C-6) substituted �-CD
derivatives bearing carbohydrate appendages relies on the
same synthetic methodologies commented above for the
synthesis of monovalent conjugates, that is, thiol displacement
of a good leaving group (I or Br; 13), amidation of the per-
(C-6)-amino �-CD (14), or reaction of the latter with sugar
isothiocyanates. The development of very efficient procedures
for the preparation of the key per-(C-6)-halo �-CD precursors
has been, not surprisingly, a turning point in the chemistry of
these derivatives.[21]


The groups of Defaye[10] and Driguez[11b, 22] have been
instrumental in the development of per-(C-6)-thioglycosylat-
ed �-CD neoglycoconjugates (16). The thiolates of the
corresponding 1-thioglycopyranoses were first used as the
nucleophiles. Alternatively, a variety of spacer arms bearing a
terminal thiolate functionality were introduced[12, 22, 23]


(Scheme 4).
Parrot-Lopez×s[13c] and Stoddart×s groups[24] have exploited


the amidation approach for the synthesis of heptavalent
conjugates (17, 18) using carboxylic acid derivatives of �-
galactose, �-glucose or lactose and the heptaamine 14 or its
per-(2,3-di-O-methyl) derivative 15 as the coupling precursors
(Scheme 4). The reverse strategy using the heptacarboxylate
resulting from oxidation of the primary hydroxyl groups of �-
CD in reaction with saccharide-derived amines has also been
attempted. Yet, a mixture of undersubstituted compounds was
obtained from which no pure compound could be isolated.[25]


Recently, the groups of Santoyo-Gonza¬lez, Vargas-Beren-
guel and Roy[26] have reported some modifications of this
general scheme aimed at diversifying the nature of the linkers
while keeping the coupling efficiency, including: i) the use of
sugar derived thiouronium salts as nucleophilic agents instead
of the corresponding thiolates; ii) the preparation of the
heptakis(6-chloroacetamido-6-deoxy)cyclomaltoheptaose 19
(Figure 2) and its use as precursor in coupling reactions with







CONCEPTS J. M. GarcÌa Ferna¬ndez et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-1986 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 91986


Scheme 4. General synthetic scheme for the preparation of heptavalent �-
CD neoglycoconjugates through thioether[10, 11b, 12, 22, 23] and amide bond-
forming reactions.[13c, 24]


Figure 2. Spacer-containing �-CD derivatives for the synthesis of hepta-
valent glycoclusters.[26]


the aforementioned nucleophiles; and iii) the synthesis of the
per-(C-6)-thioether �-CD derivatives 20 and 21, bearing a
terminal chloro or amino group that can be used in coupling
reactions with sugar thiols or isothiocyanates, respectively. All
approaches require, however, the protection of the hydroxyl


groups both in the �-CD precursor and in the functionalized
saccharide marker.


In our laboratories, we have focused our approach on the
thiourea-bridging strategy for the preparation of heptavalent
�-CD glycoclusters.[19] The reaction of the per-(C-6)-amino �-
CD 14 (Scheme 5) with mono- as well as disaccharide glycosyl
isothiocyanates proceeded smoothly and with total chemo-
selectivity in water/acetone at pH 8 (NaHCO3) to afford the
target heptaconjugates (e.g. 22 and 23) in high yields.
Although some deacetylation of the adduct may occur,
purification from the unreacted precursors was readily
achieved at this stage by conventional column chromatog-


Scheme 5. General synthetic scheme for the preparation of heptavalent �-
CD neoglycoconjugates through the thiourea-bridging strategy.[19]
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raphy, an important aspect since the purification step is
frequently quite troublesome with CDs.


Two examples of �-CD glycoclusters that differ from the
aforementioned (C-6)-S or -N-substituted �-CD conjugates by
exploiting the reactivity of unsaturated �-CD ether deriva-
tives have been recently reported. Santoyo-Gonza¬ lez et al.[27]


described the preparation of an heptavalent neoglycoconju-
gate having heterocyclic linkers (25) by the 1,3-dipolar
cycloaddition of 2,3,4,6-tetra-O-acetyl-�-�-galactopyranosyl
nitrile oxide and the per-(2,3-di-O-methyl-6-O-propargyl)-�-
CD 24 (Scheme 6). Stoddart and Fulton[28] prepared the per-
(6-O-allyl-2,3-di-O-methyl-)-�-CD derivative and carried out
the photochemical addition of 2,3,4,6-tetra-O-acetyl-1-thio-�-
�-glucopyranose to the double bonds. Interestingly, this
strategy was also extended to �-CD derivatives per-O-
allylated at O-2 and per-(di-O-allylated) at O-2 and O-6
positions (26), resulting in the first examples of an heptavalent
�-CD neoglycoconjugate branched at the secondary face and
of a 14-valent (27) �-CD conjugate (Scheme 6).


Scheme 6. Synthesis of multivalent �-CD neoglycoconjugates from unsa-
turated ether derivatives.[27, 28]


Lectin-binding and inclusion ability of monovalent versus
multivalent polysubstituted cyclodextrin neoglycoconjugates :
�-CD neoglycoconjugates bearing biorecognizable saccharide
markers have been shown to bind to complementary lectins in
vitro. Thus, �-galactopyranosyl ligands bind to the cell wall
lectin of Kluyveromyces bulgaricus (KbCWL),[13, 15, 29] Arachis
hypogea (peanut),[26b] Ricinus communis[11b] and Griffonia
simplicifolia I (GSI) lectins;[25] �-glucopyranosyl ligands to
Pisum sativum (pea) lectin;[26a] �-mannopyranosyl ligands to
Pisum sativum[60] and Concanavalia ensiformis (concanavalin
A, Con A) lectins;[14, 16, 25, 26a] N-acetylglucosamine and N-
acetyllactosamine ligands to Triticum vulgaris (WGA, wheat
germ agglutinin)[23a, 23b, 25, 26a] and Erythrina corallodendron
(EcorL) lectins.[23b, 25] Multivalent polysubstituted conjugates
are generally bound with much higher association constants.
The increment in binding efficiency depends on the length and
the nature of the linker, being usually higher for neoglyco-
conjugates having long spacers between the external saccha-
ride markers and the �-CD core. It must be noticed, however,
that lectin binding results are also highly dependent on the


evaluation method, which hampers a reliable comparison of
literature data.


In order to assess the structural requirements for efficient
binding of CD-centered glycoclusters to specific lectins, we
have undertaken a systematic evaluation of a number of
thiourea-bridged mannose-�-CD conjugates using the en-
zyme-linked lectin assay (ELLA) and Con A as the model
lectin. Both monovalent and heptavalent adducts have been
considered (e.g. 28 ± 30) in comparison with model com-
pounds lacking the CD moiety.[19b] Our interest was to
pinpoint the possible effect of the CDmoiety and the thiourea
linkers on the carbohydrate ± protein recognition process.
Several interesting conclusions have been drawn: i) the
thiourea linker slightly decreases the binding efficiency in
comparison with the conventional O-glycosidic linkage and
totally abolishes the anomeric specificity (in contrast with the
known 40-fold higher affinity for the �-anomer in the O-
mannoside series); ii) the �-CD aglycon in monovalent
conjugates interacts with the protein stabilizing the complex
by about �0.35 kcal; iii) surprisingly, heptasubstitution at the
primary hydroxyls rim with mannopyranosylthioureido li-
gands totally abolishes Con A binding, probably due to
unfavorable steric interactions. This is a rather rare example
of a virtually complete inhibition of binding upon multi-
plication of the putative recognition epitope for a given lectin.
It may be interpreted as an indication that the mechanism of
transmission of biological information by expression of cell
surface carbohydrates might probably be more complex than
the off/on (low density ± high density) model previously
considered. The expected higher-than-seven-fold increase in
binding efficiency was observed after intercalation of a C5


spacer (Figure 3).
Only a few data on the inclusion ability of �-CD neo-


glycoconjugates are available in the literature. Defaye and co-
workers[10] have shown that the stability of inclusion com-
plexes of monovalent (C-6)-S-linked �-CD neoglycoconju-
gates is strongly dependent both on the inclusion dynamic and
on the possibility of complex stabilization. Complexes involv-
ing guest molecules entering the cavity through the narrower
rim may experience some decrease in the association constant
as compared to the corresponding native �-CD due to the
steric hindrance imposed by the substituent. No significant
difference was observed, however, for molecules entering the
cavity through the wider secondary hydroxyl groups rim.
Complex stabilization through hydrogen bonding by unsub-
stituted primary hydroxyl groups may then be operative. On
the other hand, per-(C-6)-substitution may drastically affect
the formation and stability of inclusion complexes. Thus, for
guest molecules entering the cavity through the primary
hydroxyl groups face, the association constant will be
expected to drastically decrease. Interestingly, the opposite
effect has been observed for the complexation of the
anticancer drug doxorubicin with a heptalactosyl �-CD
conjugate of type 16 having flexible spacer arms, which has
been ascribed to the induced fit of the heptavalent glyco-
cluster around the guest molecule.[12]


Beyond polysubstitution–CD-scaffolded glycodendrons :
From the above data, it can be concluded that heptasubsti-
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Figure 3. Comparative ELLA data for mannosylated �-CDs towards
concanavalin A (Con A). The mannosyl residues have the �-anomeric
configuration in the monovalent derivative 28 and a random 1:1 � :�
distribution in the heptavalent counterparts 29 and 30.[19b]


tution at the primary hydroxyl groups rim of �-CD with
incorporation of saccharides markers has beneficial effects
from the biological standpoint as compared with monovalent


conjugates, provided that long enough spacer arms are used to
warrant the accessibility of the glycocluster structure to
carbohydrate ± lectin recognition events. Yet, heptasubstitu-
tion may also impair inclusion and stabilization of potential
guests.


Ideal CD carriers for use in drug targeting should combine
both the advantages of monosubstitution regarding efficient
inclusion capabilities and a multivalent display of the required
saccharide epitope to comply with the need of high biological
receptor binding efficiency. Towards this goal, we have
recently reported the preparation of �-CD-scaffolded glyco-
dendrons (e.g. 32) as a new class of multivalent monosub-
stituted �-CD neoglycoconjugates.[8b] A modular strategy for
the preparation of isothiocyanate-armed mannosyl-coated
dendritic wedges (e.g. 31) was devised and these structures
were attached to the �-CD monoamine 3 in a final step
(Scheme 7).


Scheme 7. Convergent synthesis of glycodendron-bearing architectures
based on the �-CD core.[8b]
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Evaluation of the Con A binding ability by ELLA for a
series of mono- to hexavalent derivatives indicated a dramatic
increase in binding efficiency for the higher-valent conjugates
(up to 16-fold in a molar basis for hexavalent as compared to
monovalent). Moreover, solubilization experiments using the
anticancer drug Taxote¡re as model guest indicated solubility
values similar to those previously encountered for monova-
lent monobranched �-CD conjugates, about 20% higher as
compared with per-(C-6) substituted analogues.


Concluding Remarks and Future Directions


From the present body of information, it appears that
combination of the ability to form host ± guest inclusion
complexes characteristic of CDs and the biorecognition
capabilities of oligosaccharide appendages makes CD neo-
glycoconjugates promising candidates both as site-specific
drug delivery systems and valuable tools to expand the
current notions of carbohydrate ± protein interactions. Effi-
cient and high yielding synthetic methodologies involving a
limited number of protection/deprotection sequences have
been settled, opening the way to unlimited possibilities of
biorecognition structures which could result from the combi-
nation of chemical and enzymatic methods as well. Forth-
coming architectures include polyconjugates from selectively
functionalized CDs (e.g. 33),[30] hypervalent CDs (34),[31] for
which new supramolecular properties could result from the
presence of the cavity-like dendritic wedge, and multivalent
dimeric CD conjugates (35),[32] designed for the efficient
transport of molecules forming 2:1 host ± guest sandwich-type
complexes (Figure 4). The ability of multivalent CD-conju-


Figure 4. New multivalent cyclodextrin architectures: defined diantennat-
ed conjugates (e.g. 33),[30] hyperbranched CDs (34)[31] and dimeric multi-
valent conjugates (35).[32]


gates to interact simultaneously with both a specific lectin and
a drug has already been proven by surface plasmon resonance
(SPR).[12, 33] The field seems now mature for the development
of specific applications in the biological and biomedical areas.
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Abstract: During our research on ho-
moleptic organocalcium compounds, we
found that fluorenylcalcium complexes
show unusual solution behavior and
precipitate from nonpolar solvents after
addition of THF. Their solid-state struc-
tures reveal the unexpected rupture of
both metal ± carbanion bonds by the
polar solvent THF. The crystal
structures of five new Mg and Ca
solvent-separated ion pairs are descri-
bed. The compound [Ca2�(thf)6]-
[Me3Si(fluorenyl�)]2 is the first organo-
metallic complex of a Group 2 element
that crystallizes as a completely solvent-
separated ion pair. The driving forces for


its formation are: 1) the strong Ca�THF
bond; 2) the stability of the free
[Me3Si(fluorenyl)]� ion; 3) encapsula-
tion of [Ca2�(thf)6] in a ™box∫, the walls
of which consist of anionic fluorenyl
ligands and benzene molecules; and 4)
the presence of numerous (THF)C�
H ¥¥¥� interactions. The magnesium an-
alogue [Mg2�(thf)6][Me3Si(fluorenyl�)]2
is isostructural. Bis(7,9-diphenylcyclo-
penta[a]acenaphthadienyl)calcium also


crystallizes as a completely solvent-sep-
arated ion pair and can likewise be
described as a [Ca2�(thf)6] species in a
box of delocalized anions and benzene
molecules. In addition, the structures of
two Ph4B� complexes of Mg and Ca are
described. [Mg2�(thf)6][Ph4B�]2 crystal-
lizes as a completely solvent-separated
ion pair and also shows a solvated metal
cation bonded via C�H ¥¥¥� interactions
in a cavity formed by Ph4B� ions.
[(thf)4CaBr�][Ph4B�] has a structure in
which one of the anionic ligands is still
bonded to the Ca atom. Bridging bro-
mide ligands result in the formation of
the dimer [(thf)4CaBr�]2 .


Keywords: alkaline earth metals ¥
cage compounds ¥ hydrogen bonds
¥ ion pairs


Introduction


Solvent-separated ion pairs (SSIPs) are well-established
species in the organometallic chemistry of the alkali metals:
many crystal structures are known[1] and extensive studies on
SSIPs in solution have been published.[2] In contrast, SSIPs are
much less common in the organometallic chemistry of the
alkaline-earth metals. This is partly due to the limited
structural data for alkaline-earth metal compounds in general
(especially those of the heavier congeners Ca, Sr, and Ba), but
may also be due to the much stronger electrostatic bonding
between the doubly charged Group 2 cations and carbanions.
This kinetic stabilization of the cation ± anion bond prevents
the bond cleavage needed for SSIP formation.


Bond cleavage in a contact ion pair can only occur if the
resulting cation and anion are both effectively stabilized.


Cations are stabilized by strongly polar solvents (high
dielectric constant and dipole moment) and the presence of
strong Lewis bases. Multidentate Lewis bases, which com-
pensate for the loss in entropy, are especially effective cation
stabilizers. Anion stabilization also requires highly polar
solvents. In particular, protic solvents (e.g., alcohols) stabilize
anions by encapsulating them in a network of strong hydrogen
bonds. Protic solvents, however, cannot be used in highly basic
systems, that is, compounds containing carbanions derived
from acids with pKa� 16. Other modes of anion stabilization
involve the delocalization of negative charge (borates, ex-
tended � systems) and/or the use of sterically demanding
substituents. Incorporation of the ™free∫ anion in an organo-
metallic aggregate also provides for stabilization. These forms
of stabilization are observed in all the known Group 2
organometallic SSIPs listed below.


In the organoberyllium cation 1,[3] the ClBe� ion is
stabilized by three strongly electron-donating Arduengo
carbenes. Several SSIP structures have been reported for
organomagnesium compounds (2 ± 4).[4] Reaction of diorga-
nomagnesium compounds with multidentate ligands generally
results in Mg�C bond cleavage. The strongly basic alkyl
anions are stabilized by incorporation in large clusters (2 and
3), but the fluorenyl anion in 4, in which the negative charge is
largely delocalized, is ™free∫. The first example of a mono-
cationic organocalcium compound (5) was reported recent-
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ly.[5] Reaction of Cp*CaI
(Cp*� �5-C5Me5) with the neu-
tral but strongly polar Ph3P�O
leads to complete dissociation
of the Ca�I bond, but the
Cp*�Ca bond remains intact.
Finally, a monocationic organo-
barium compound is known
(6).[6a] Although the Ph4B� ion
can sandwich large metal cat-
ions (as in the polymeric struc-
tures of Ph4B�K� and
Ph4B�Rb�),[7] it shows noncoor-
dinating behavior in 6. Com-
plete SSIPs were recently ob-
tained by addition of crown
ethers and the highly polar
cosolvent hexamethylphos-
phoric triamide (HMPTA) to
(Ph3C)2Ba (7).[6b]


In our research on new poly-
merization catalysts,[8] we pre-
pared several homoleptic orga-
nometallic Group 2 complexes.
Some of these complexes show
unusual solution behavior, and
their solid-state structures re-
veal the unexpected rupture of
both metal ± carbanion bonds
by common polar solvents such
as THF.


Results and Discussion


Bis(9-trimethylsilylfluorenyl)-
calcium (8) was prepared by a
metathesis reaction between
the corresponding potassium
compound and CaI2 in THF
[Eq. (1); TMS� SiMe3]. Isola-
tion of the THF solution, evap-
oration of the solvent and dry-
ing under high vacuum
(0.01 Torr, 80 �C, 2 h) yielded a
red calcium compound with
two residual THF ligands. The
complex is soluble in benzene,
but the addition of small
amounts of THF results in the
immediate formation of a pre-
cipitate. This is in striking con-
trast to the normal behavior of
polar organometallic main
group compounds.[9] Addition
of more THF redissolves the orange precipitate. Large, bright
orange crystals, obtained by slow vapor diffusion of THF into
a solution of 8 in benzene, had the composition [8 ¥ (thf)6] ¥
C6H6.


A single-crystal structure determination revealed the
presence of the ion pair [Ca2�(thf)6][Me3Si(fluorenyl�)]2,
which is formed by the scission of two fluorenyl ± calcium
bonds. The Ca2� ion, which lies on a crystallographic center of
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inversion, shows nearly perfect
octahedral coordination by
THF ligands: the Ca�O bond
lengths are in the narrow range
of 2.314(2) ± 2.342(2) ä, and
the bond angles between neigh-
boring THF ligands deviate
from 90� by at most 2.1�. The
Ca2� ion, which is completely
coordinatively saturated by the
THF ligands, is positioned be-
tween the perfectly parallel
planes of the two large fluoren-
yl anions (Figure 1). This can be
regarded as a sandwich com-
plex with an unusually large
cation. The shielding of the
metal center by THF ligands
inhibits any direct Ca2� ¥ ¥ ¥ anion
contact and results in large


distances between the fluorenyl anions and the Ca2� ion
(the fluorenylcenter ¥ ¥ ¥ Ca2� distance is 6.472 ä). Consequently,
electrostatic bonding between the anions and the cation is
weak (the electrostatic bonding energy between anion and
Ca2� ion is inversely proportional to the distance and is
estimated to be approximately one-third of that in classical
sandwich complexes).


The structure of [8 ¥ (thf)6] is quite unusual for an organo-
metallic compound of the heavier alkaline-earth metals.
Cyclopentadienyl complexes of Ca, Sr, and Ba always
crystallize as contact ion pairs in which the two carbanions
are directly bound to the metal atom.[10] Indenyl[11] and
fluorenyl[12] complexes also form contact ion pairs. What are
the driving forces for the formation of the SSIP
[Ca2�(thf)6][Me3Si(fluorenyl�)]2? First, the highly oxophilic
nature of the Ca2� ion is well known.[13] Six strong OTHF�Ca2�
bonds compensate for the loss of electrostatic bonding energy
between anion and cation. Second, the [Me3Si(fluorenyl)]� ion
is thermodynamically stable. The negative charge is not only
delocalized over the fluorenyl ring but also over the Me3Si
group by negative hyperconjugation. Third, a more detailed
investigation of the crystal packing shows that the sandwich
complex interacts with two neighboring sandwiches and forms
a two-dimensional coordination polymer (Figure 2a). Therefore,
[8 ¥ (thf)6] is more accurately described with a ™metal in a box∫
model. The [Ca2�(thf)6] species is enclosed in a box of which
four walls are built from negatively charged fluorenyl rings.
The structure also contains a perfectly ordered benzene mole-
cule which, together with its symmetry-related partner, forms
the bottom and the lid of the box. Thus, [Ca2�(thf)6] is com-
pletely encapsulated by � systems, four of which are negatively
charged. This box model only applies to a completely solvated
Ca2� cation (a naked Ca2� would be too small for a snug fit),
and certainly contributes to the stabilization of this SSIP.
Finally, the above box model also implies another form of
stabilization. The contact between the solvated cation and the
walls of the box inevitably proceeds through the THF ligands,
and this suggest the presence of nonclassical C�H ¥¥¥ C
hydrogen bonds. A search for short contacts between THF


Figure 2. The ™metal-in-a-box∫ model. The walls of the box are formed by
four [Me3Si(fluorenyl)]� ions (blue) and two benzene molecules (green).
a) [Ca2�(thf)6][Me3Si(fluorenyl)�]2 ¥ C6H6 and b) [Ca2�(thf)6][ACp�]2 ¥ C6H6


([10 ¥ (thf)6] ¥ C6H6).


hydrogen atoms and the walls of the box shows that such
interactions may indeed be important. Each THF ligand
forms short C�H ¥¥¥ C bonds to one of the walls (i.e., H ¥¥¥ C
contacts shorter than or close to the sum of the C and H
van der Waals radii of 2.90 ä).[14] The shortest H ¥¥¥ C contact
is 2.615 ä. Such interactions are best described as C�H ¥¥¥�
interactions (attraction between the C���H�� dipole and the
�-electron cloud).[15] The shortest C�H ¥¥¥ ringcenter interac-
tions are shown in Figure 3. All the walls of the box show
these interactions to both sides, and a three-dimensional
network of hydrogen bonds is thus formed. Intuitively, one
would expect the closest contacts to be between the outer �-
hydrogen atoms and the walls, but the shortest wall ¥¥ ¥ THF
contacts are observed for the �-hydrogen atoms of the THF
molecules. This is in good agreement with the concept of
C�H�� ¥ ¥ ¥ C�� hydrogen bonding: the most acidic protons are
most likely to form the shortest and strongest bonds.[15g] The
shortest contacts to a �-hydrogen atom of THF is, however,
still quite short (2.765 ä) and these interactions also substan-
tially contribute to the efficient binding of [Ca2�(thf)6] in its
cavity.


Figure 1. The ™sandwich com-
plex∫ [Ca2�(thf)6][Me3Si(fluo-
renyl�)]2.
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A relationship exists with the
structure of the SSIP [fluoren-
yl�][(ethylenediamine)2Li�].[1e]


The ethylenediamine ligands in
this structure are not chelating
but bridge between Li� ions.
This gives rise to a three-dimen-
sional sponge structure of
bridged Li� ions. Thus, in this
structure the framework is not
built from the anions but from
the solvated cations. The fluo-
renyl anions are fixed in the
cavities of the sponge by strong
N�H ¥¥¥� interactions (the
higher acidity of N�H com-
pared to C�H bonds make such
interactions much more impor-
tant than C�H¥¥¥� interac-
tions).


Crystals of [8 ¥ (thf)6] are
slightly soluble in benzene,
and the compound was studied
in this solvent by NMR spec-
troscopy. If anion ± cation
bonding in solution is sufficiently strong, a preferential
arrangement could exist between the plane of the fluorenyl
ring and the solvated Ca2� ion. In that case 2D-ROESY
1H NMR spectroscopy might reveal short contacts between
the [Me3Si(fluorenyl)]� ion and hydrogen atoms of THF. Only
dinuclear relaxation between theMe3Si group of the fluorenyl
anion and the �-hydrogen atoms of THF was observed, and
no NOEs could be found to the �-hydrogens of THF. This
might suggest that C�H� ¥ ¥ ¥� hydrogen bonding, as observed
in the solid state, is still present in solution. However, we
would also expect weak NOEs for the �-hydrogen atoms of
THF. A better explanation might be the presence of species in


which at least one of the Me3Si(fluorenyl) ligands is bound to
a [Ca2�(thf)x] unit, either [Me3Si(fluorenyl)2]Ca ¥ (thf)2 or the
cation [Me3Si(fluorenyl)]2Ca ¥ (thf)4. We therefore propose an
equilibrium in solution in benzene between neutral, mono-
cationic, and dicationic species [Eq. (2)]. The position of the
equilibrium is strongly dependent on the THF concentration.
Addition of THF drives all equilibria to the side of the
completely solvent-separated ion pair, which precipitates
from solution.


The Mg analogue 9 crystallizes from THF/benzene as
yellow-orange needles and is isostructural to the calcium
complex. It has similar crystal data, the same space group, the
same composition ([Mg2�(thf)6][Me3Si(fluorenyl�)]2 ¥ C6H6),
and a very similar structure and crystal packing. TheMg2� ion,
situated on a crystallographic center of inversion, shows
nearly perfect octahedral coordination by THF ligands: the
Mg�O bond lengths are in the narrow range of 2.082(2) ±
2.109(2) ä, and the bond angles between neighboring THF
ligands deviate from 90� by at most 1.4�. The solvated cation is
enclosed in a box consisting of four [Me3Si(fluorenyl)]� ions
and two benzene molecules. A three-dimensional hydrogen-


bond network, very similar to that in the Ca analogue
(Figure 3), is observed here as well: the C�H ¥¥¥ ringcenter
distances (angles) are H1: 2.759 ä (137.8�), H2: 2.761 ä
(146.9�), and H3: 2.731 ä (154.6�). The shortest C�H ¥¥¥ C
contact involves H3 (2.656 ä, 130.0�). The structures and
crystal packing of the Mg and Ca analogues are strikingly
similar in even the smallest detail. The puckering of the THF
ligands in both structures is exactly the same. Although THF
ligands usually show a high degree of disorder and anisotropy,
those in both structures reported here have a high degree of
order. The average anistropic displacement factors for the
atoms of the THF molecules in the Mg and Ca structures are


Figure 3. The hydrogen-bond network in the crystal structure of
[Ca2�(thf)6][Me3Si(fluorenyl�)]2 ¥ C6H6. Only half of the structure is shown
(the other half is generated by inversion at the Ca center) and only
hydrogen atoms involved in short C�H ¥¥¥� interactions are shown. The
shortest C�H¥¥¥ ringcenter contacts are indicated by dashed lines. The C�H¥¥¥
ringcenter distances (angles) are H1: 2.725 ä (142.3�), H2: 2.730 ä (149.6�)
and H3: 2.777 ä (158.1�). The shortest C�H ¥¥¥ C contact involves H3 and
amounts to 2.615 ä (133.5�). Values for the isostructural Mg analogue are
H1: 2.759 ä (137.8�) H2: 2.761 ä (146.9�) and H3: 2.731 ä (154.6�). The
shortest H ¥¥¥ C contact involves H3 and amounts to 2.656 ä (130.0�).
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0.052 and 0.037, respectively (the maximum anistropic dis-
placement factors are 0.062 (Mg) and 0.101 (Ca)). This high
degree of order and the close similarity of the two structures
are likely due to the fixation of the [M2�(thf)6] ions in their
cavities by C�H ¥¥¥� interactions.


Bis(7,9-diphenylcyclopenta[a]acenaphthadienyl)calcium
[(ACp)2Ca] (10) crystallizes with the composition [10 ¥ (thf)6] ¥
C6H6. It contains a [Ca2�(thf)6] ion with a crystallographic


twofold axis running through Ca2� and two of the THFoxygen
atoms (Figure 2b). The octahedral coordination sphere
around the Ca2� ion is slightly distorted (Ca�O 2.327(2) ±
2.369(2) ä), and the bond angles between neighboring THF
ligands deviate from 90� by maximally 5.1�. The overall
structure of [10-(thf)6] ¥ C6H6 can also be described with the
box model. The box is made of four negatively charged walls
and two neutral, highly ordered benzene caps, which are
slightly off-center. Likewise, the [Ca2�(thf)6] ion is fixed in the
cavity by C�H ¥¥¥� interactions, the most important of which
are shown in Figure 4. Only short distances to the four


Figure 4. The hydrogen-bond network in the crystal structure of
[Ca2�(thf)6][ACp�]2 ¥ C6H6. The shortest C�H ¥¥¥ ringcenter contacts are
indicated by dashed lines. The C�H ¥¥¥ ringcenter distances (angles) are H1:
2.783 ä (158.9�), H2: ä 2.816 (155.0�), H3: 2.741 ä (153.9�), H4: 2.549 ä
(161.1�), H5: 2.679 ä (145.1�). The shortest H ¥¥¥ C contact involves H5 and
amounts to 2.587 ä (149.1�).


negatively charged ligands are observed. The shortest C�H ¥¥¥
� interaction with the center of the neutral benzene molecule
is 2.977 ä. The ACp� ligands themselves are pairwise
connected by C�H ¥¥¥� interactions (H1).


The box model and the incorporation of benzene seem to
be general features in the structures of SSIPs consisting of
fully solvated alkaline-earth metal cations and planar delo-
calized carbanions. We investigated the crystal packing of the
earlier reported 4.[4c] This is also a SSIP including a fluorenyl
anion and, interestingly, also a cocrystallized benzene mole-
cule. Its overall composition [Me2Mg22�(pmdta)2][fluore-
nyl�]2[C6H6] (PMDTA� pentamethyldiethylenetriamine) is
the same as those of the compounds discussed above. The
crystal structure shows a solvated Me2Mg22� ion (situated on a
center of inversion) surrounded by four negatively charged
fluorenyl rings and two neutral benzene molecules (Fig-
ure 5a). Some of the hydrogen atoms of the chelating


Figure 5. a) The hydrogen-bond network in the crystal structure of
[(pmdta)MgMe�][fluorenyl�]2 ¥ C6H6.[4c] The shortest C�H ¥¥¥ ringcenter con-
tacts are indicated by dashed lines. The C�H ¥¥¥ ringcenter distances (angles)
are H1: 2.589 ä (150.1�), H2: 2.432 ä (143.2�), H3: 2.588 ä (125.5�), H4:
2.542 ä (145.5�). The shortest H ¥¥¥ C contact involves H3 and amounts to
2.598 ä (104.4�). b) The packing model shows a honeycomb framework of
anions (black), the channels of which are filled with solvated cations (gray).


PMDTA ligand are involved in C�H ¥¥¥� interactions and
show very short distances to the centers of the aromatic rings.
The size and especially the elongated form of the cation
disrupts the box of � ligands. The ligands surround the cation
within the plane of projection. The three-dimensional ar-
rangement of the fluorenyl anions and the benzene molecules
is such that a honeycomb struc-
ture exists, that is, aromatic
molecules that from parallel
channels which are filled with
stacks of solvated cations (Fig-
ure 5b). A similar channel
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structure was reported for the alkali metal SSIP 11.[1h]


Likewise, SSIPs of bridged-fluorenyl anions with [Li�(thf)4]
countercations exhibit encapsulation of the solvated cation.[1b]


We prepared and structurally investigated two other SSIPs
containing the weakly or noncoordinating anion Ph4B�. The
phenyl-rich Ph4B� ion can coordinate directly to the metal
cation, as in Ph4B�K� and Ph4B�Rb�,[7] or can be free and
function as an efficient acceptor for C�H ¥¥¥� interactions.


The complex (Ph4B�)2Mg2� (12) was obtained by reaction
of MgBr2 with two equivalents of Na�Ph4B� in THF.
Crystallization of the product from THF/hexane yielded
crystals of composition [Mg2�(thf)6][Ph4B�]2 ¥ hexane. The
structure contains a [Mg2�(thf)6] ion, situated on a center of
inversion and with a nearly perfect octahedral coordination
geometry: the Mg�O bond lengths lie in the narrow range of
2.075(1) ± 2.115(1) ä, and the bond angles between neighbor-
ing THF ligands deviate from 90� by at most 1.1�. The boron
atoms of the eight borate anions surrounding the cation can be
regarded as the eight corners of a distorted cube (Figure 6).


Figure 6. Packing of anions and cations in the crystal structure of
[Mg2�(thf)6][Ph4B�]2 (cation in gray and anions in black; a heavily
disordered hexane molecule is not shown).


Thus, a solvated metal cation in a box is also present here.
Each solvated cation is embedded in a framework of eight
Ph4B� anions: six that encircle it within a plane, and one each
below and above the plane. Many short H ¥¥¥ C contacts are
observed between the THF protons and the numerous phenyl
ring carbon atoms (the shortest contact is 2.518 ä). At least
eight C�H ¥¥¥� interactions have C�H ¥¥¥ ringcenter distances
shorter than 2.8 ä.


The complex [CaBr(thf)4]�Ph4B� ([13-(thf)4]) was obtained
by reaction of anhydrous CaBr2 with one equivalent of
Ph4B�Na� in THF and crystallized from THF/hexane. The
crystal structure of this heteroleptic calcium compound is
depicted in Figure 7. It shows a centrosymmetric dimeric
Ca2Br22� cation in which the bromine anions bridge the metal
centers (Br-Ca-Br 83.9(3)�). Each Ca2� ion is solvated by four
THF ligands that complete its octahedral coordination sphere.
All O-Ca-O angles are smaller than 90� (largest deviation
14.5�) due to repulsive interactions with the large Br� ions.


The [Ca2Br22�(thf)8] species is encircled by six borate anions
(Figure 7a), but below and above the plane of projection are


Figure 7. The dimeric entity [CaBr�(thf)4]2 surrounded by six Ph4B�


anions. b) The packing model shows a honeycomb framework of anions
(black), the channels of which are filled with solvated cations (gray).


neighboring cations. Thus, the crystal packing can be best
described as a honeycomb framework of borate anions, the
channels of which are filled with cations (Figure 7b). In this
respect, the structure is quite similar to that of [Me2-
Mg2(pmdta)2]2�[fluorenyl�]2 ¥ C6H6 (Figure 5). This under-
scores the importance of size and shape of the cation: the
[Me2Mg2(pmdta)2]2� and [Ca2Br2(thf)8]2� ions both have
elongated forms.


Each THF ligand is disordered over two positions and this
complicates the discussion on C�H ¥¥¥� interactions between
cations and anions. Apparently, several geometries of the
solvated cation fit in the cavity. Both disordered models for
the THF ligand display numerous short C�H ¥¥¥ C bonds (H ¥¥¥
C � 2.8 ä).


Conclusion


We have found that fluorenylcalcium complexes show un-
usual behavior in solution and precipitate from nonpolar
solvents on addition of THF. Their solid-state structures
reveal the unexpected rupture of both metal ± carbanion
bonds to give completely solvent-separated ion pairs. The
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solid-state structures of these compounds are described by the
™metal-in-a-box∫ model. This model, in which the solvated
Group 2 cation is encapsulated in a box made of anionic
ligands and benzene molecules, seems to be a general feature
of structures of solvent-separated ion pairs with large planar
anions. Numerous short C�H ¥¥¥� interactions between THF
hydrogen atoms and the walls of the box fixate the solvated
cation in its cavity and significantly stabilize this form of
crystal packing.


Experimental Section


All experiments were carried out under argon using predried solvents and
Schlenk techniques. Bis[bis(trimethylsilyl)amide]calcium(thf)2,[16] 9-tri-
methylsilylfluorene,[17] and 7,9-diphenylcyclopenta[a]acenaphthadiene
(ACpH)[18] were prepared according to literature procedures. Anhydrous
CaI2 was obtained from Strem. Anhydrous MgBr2 was prepared in situ by
treating 1,2-dibromoethane with Mg in THF.


Synthesis of 9-trimethylsilylfluorenylpotassium : A solution of 9-trimethyl-
silylfluorene (2.0 g, 8.39 mmol) and potassium bis(trimethylsilyl)amide
(1.67 g, 8.37 mmol) in THF (15 mL) was refluxed for 2 h, during which the
color changed to deep red. Evaporation of the solvent resulted in a dark
red, foamy substance that became a powder after heating under vacuum
(0.01 Torr, 60 �C, 1 h, quantitative yield). 1H NMR (250 MHz, [D6]benzene/
[D8]THF, 20 �C): �� 0.60 (s, 9H; Me3Si), 6.78 (t, 3J(H,H)� 7.2 Hz, 2H;
aromatics), 7.09 (t, 3J(H,H)� 7.4 Hz, 2H; aromatics), 7.72 (d, 3J(H,H)�
8.1 Hz, 2H; aromatics), 7.89 (d, 3J(H,H)� 7.8 Hz, 2H; aromatics).
13C NMR: �� 2.5, 85.6, 111.4, 118.5, 119.2, 121.3, 123.9, 142.1.


Synthesis of hexakis(tetrahydrofuran)calcium bis(9-trimethylsilylfluore-
nide) ([8 ¥ (thf)6]): A solution of 9-trimethylsilylfluorenylpotassium (2.32 g,
8.39 mmol) in THF (20 mL) was stirred overnight with anhydrous CaI2
(1.21 g, 4.12 mmol). The THF was completely removed from the yellow-
brown suspension, and the resulting brown, sticky product was dried under
vacuum (0.01 Torr, 60 �C, 1 h). Addition of benzene (30 mL) and subse-
quent centrifugation resulted in a orange-red mother liquor, which was
concentrated to 20 mL. Addition of THF (4 mL) and cooling to 5 �C
resulted in a crop of large orange crystals (yield: 2.45 g, 58%). 1H NMR
(600 MHz, [D6]benzene, 20 �C): �� 0.56 (s, 9H; Me3Si), 1.27 (m, 4H;
THF), 3.24 (m, 4H; THF), 6.87 (t, 3J(H,H)� 7.1 Hz, 2H; aromatics), 7.15 (s,
6H; benzene), 7.18 (t, 3J(H,H)� 7.2 Hz, 2H; aromatics), 7.80 (d, 3J(H,H)�
8.2 Hz, 2H; aromatics), 7.83 (d, 3J(H,H)� 7.7 Hz, 2H; aromatics).
13C NMR: �� 2.4, 25.4, 68.4, 88.6, 113.2, 120.7, 120.8, 122.4, 124.5, 128.3
(benzene), 142.3.


Synthesis of hexakis(tetrahydrofuran)magnesium bis(9-trimethylsilylfluo-
renide) ([9 ¥ (thf)6]): A solution of 9-trimethylsilylfluorenylpotassium
(1.11 g; 4.01 mmol) and MgBr2 (8.0 mL, 0.25� in THF, 2.00 mmol) in
THF (20 mL) was refluxed for 1 h. The orange-brown mother liquor was
separated from the KBr by centrifugation and concentrated to ca. 10 mL.
Cooling to 4 �C yielded a large crop of yellow-orange blocks (1.98 g, 49%).
1H NMR (250 MHz, [D4]methanol, 20 �C): �� 0.10 (s, 9H; Me3Si), 1.85 (m,
4H; THF), 3.68 (m, 4H; THF), 7.22 ± 7.35 (m, 4H; aromatics), 7.33 (s, 6H;
benzene), 7.51 (t, 3J(H,H)� 6.7 Hz, 2H; aromatics), 7.78 (d, 3J(H,H)�
7.3 Hz, 2H; aromatics). 13C NMR: ���1.1 (Me3Si), 26.5 (THF), 68.8
(THF), 120.7, 125.1, 126.1, 127.0, 127.8, 138.1 (1J(C,D)� 21.7 Hz), 143.0
(aromatics), 129.3 (benzene).


Synthesis of hexakis(tetrahydrofuran)calcium bis(7,9-diphenylcyclopen-
ta[a]acenaphthadienide) ([10 ¥ (thf)6]): A solution of bis[bis(trimethyl-
silyl)amide]calcium(thf)2 (0.51 g, 1.00 mmol) and 7,9-diphenylcyclopenta[a]-
acenaphthadiene (ACpH, 0.68 g, 1.99 mmol) in benzene (40 mL) was
refluxed for 3 h. Evaporation of the solvent and drying under vacuum
(0.01 Torr, 75 �C, 1 h) gave the crude product in the form of a red-brown
powder as the THF disolvate (ACp)2Ca ¥ (thf)2 in essentially quantitative
yield. Large black (intense dark red) crystals of the SSIP were obtained by
dissolving the crude product in THF/benzene (9/1) and cooling to 4 �C
(yield: 0.78 g, 63%). 1H NMR (600 MHz, [D6] benzene, 20 �C): �� 1.31 (m,
4H; THF), 3.42 (m, 4H; THF), 6.34 (s, 1H; ACp), 7.12 (t, 3J(H,H)� 7.4 Hz,
2H; ACp), 7.15 (s, 6H; benzene), 7.18 (t, 3J(H,H)� 7.6 Hz, 2H; ACp), 7.27


(t, 3J(H,H)� 7.6 Hz, 2H; ACp), 7.37 (d, 3J(H,H)� 8.1 Hz, 2H; ACp), 7.68
(d, 3J(H,H)� 8.3 Hz, 2H; ACp), 7.70 (d, 3J(H,H)� 7.1 Hz, 2H; ACp).
13C NMR: �� 25.6 (THF), 68.0 (THF), 110.9, 117.3, 123.2, 123.4, 125.4,
127.2, 127.6, 128.5, 128.7, 131.0, 137.0, 137.3, 138.8 (ACp), 128.3 (C6H6).


Synthesis of hexakis(tetrahydrofuran)magnesium bis(tetraphenylborate)
([12 ¥ (thf)6]): A solution of Ph4B�Na� (0.70 g; 2.05 mmol) and MgBr2
(4.1 mL, 0.25� in THF, 1.03 mmol) in THF (20 mL) was refluxed for 1 h.
The colorless mother liquor was separated from NaBr by centrifugation.
Vapour diffusion of hexane into the mother liquor yielded a crop of large
colorless crystals (0.58 g, 51.0%) of the SSIP. 1H NMR (250 MHz, [D8]THF,
20 �C): �� 1.76 (m, 4H; THF), 3.62 (m, 4H; THF), 6.71 (t, 3J(H,H)�
7.1 Hz, 4H; p-H), 6.85 (t, 3J(H,H)� 7.3 Hz, 8H; m-H), 7.25 (m, 8H; o-H).
13C NMR: �� 26.7, 68.1, 121.6, 125.5, 137.1, 165.1 (q, 1J(C,B)� 7.3 Hz).


Synthesis of bromotetrakis(tetrahydrofuran)calcium tetraphenylborate
([13 ¥ (thf)4]): A suspension of anhydrous CaBr2 (0.49 g, 2.45 mmol) in
THF (20 mL) was combined with a solution of Ph4B�Na� (0.84 g,
2.45 mmol) in THF (20 mL) and stirred at 65 �C for 24 h. The resulting
white suspension was centrifuged, and the separated mother liquor was
concentrated to ca. 50% of its original volume and layered with hexane
(20 mL). An oil that later transformed into large platelike colorless crystals
separated from the solution (1.18 g; 33%). 1H NMR (250 MHz, [D4]meth-
anol, 20 �C): �� 1.82 (m, 16H; THF), 3.69 (m, 16H; THF), 6.83 (t,
3J(H,H)� 7.1 Hz, 4H; p-H), 6.96 (t, 3J(H,H)� 7.3 Hz, 8H; m-H), 7.29 (m,
8H; o-H). 13C NMR: �� 26.3, 68.0, 121.2, 125.3, 137.0, 165.4 (q, 1J(C,B)�
7.2 Hz).


Crystal structure determinations : Data were recorded on an Enraf-Nonius
CAD4 diffractometer (�� 0.71073 nm). The structures were solved by
automatic Patterson methods (DIRDIF)[19] or by direct methods (SHELX-
S)[20] and refined with SHELXL-97[21] against F 2 for all reflections.
Molecular illustrations and geometry calculations were performed with
the PLATON package.[22] Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
nos. CCDC-169838 ± 169842. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB21EZ, UK
(fax: (�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


[8 ¥ thf)6]: (C24H48CaO6)(C16H17Si)2(C6H6), Mr� 1025.58, orange-red block,
0.3� 0.4� 0.5 mm, monoclinic, space group P21/c, a� 12.569(2), b�
16.550(2), c� 18.121(2) ä, �� 128.555(7)�, V� 2947.8(7) ä3, Z� 2, ��
1.156 gcm�3, �(MoK�)� 0.195mm�1. A total of 6059 reflections were
measured (MoK� radiation, graphite monochromator, T��90 �C, �max�
26.0�), 5789 independent reflections (Rint� 0.031), 3966 observed reflec-
tions with I� 2.0	(I). Refinement to R1� 0.041, wR2� 0.108 and GOF�
1.03 (498 parameters). All hydrogen atoms were removed from the
difference Fourier map and refined isotropically with free displacement
factors; max./min. residual electron density: �0.39/0.23 eä�3.


[9 ¥ (thf)6]: (C24H48MgO6)(C16H17Si)2(C6H6), Mr� 1009.81, yellow needle,
0.2� 0.3� 0.4 mm, monoclinic, space group P21/c, a� 12.2863(14), b�
16.3355(9), c� 17.9291(18) ä, �� 127.951(6)�, V� 2837.5(5) ä3, Z� 2,
�� 1.182 gcm�3, �(MoK�)� 0.123mm�1. A total of 6076 reflections were
measured (MoK� radiation, graphite monochromator, T��90 �C, �max�
26.5�), 5804 independent reflections (Rint� 0.018), 4032 observed reflec-
tions with I� 2.0	(I). Refinement to R1� 0.043, wR2� 0.109 and GOF�
1.02 (498 parameters). All hydrogen atoms were removed from the
difference Fourier map and refined isotropically with free displacement
factors; max./min. residual electron density: �0.33/0.27 eä�3.


[10 ¥ (thf)6]: (C24H48CaO6)(C27H17)2(C6H6), Mr� 1233.62, black (dark red)
block, 0.4� 0.4� 0.5 mm, monoclinic, space group C2/c, a� 17.330(2), b�
18.985(2), c� 21.210(2) ä, �� 106.88(1)�, V� 6677.6(1) ä3, Z� 4, ��
1.227 gcm�3, �(MoK�)� 0.150mm�1. A total of 4742 reflections were
measured (MoK� radiation, graphite monochromator, T��90 �C, �max�
25.0�), 4597 independent reflections (Rint� 0.016), 3254 observed reflec-
tions with I� 2.0	(I). Refinement to R1� 0.038, wR2� 0.094 and GOF�
1.02 (588 parameters). All hydrogen atoms were removed from the
difference Fourier map and refined isotropically with free displacement
factors; max./min. residual electron density: �0.25/0.17 eä�3.


[12 ¥ (thf)6]: (C24H48MgO6)(C24H20B)2(C6H12), Mr� 1179.51, white block,
0.6� 0.7� 0.8 mm3, monoclinic, space group P21/c, a� 11.937(4), b�
13.227(3), c� 23.371(6) ä, �� 116.82(2)�, V� 3293(2) ä3, Z� 2, ��
1.190 gcm�3, �(MoK�)� 0.076mm�1. A total of 7529 reflections were
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measured (MoK� radiation, graphite monochromator, T��90 �C, �max�
27.0�), 7187 independent reflections (Rint� 0.022), 5119 observed reflec-
tions with I� 2.0	(I). Refinement to R1� 0.049, wR2� 0.128 and GOF�
1.04 (543 parameters). The structure contains a cocrystallized hexane
molecule with severe disorder. This disordered solvent was treated with the
bypass procedure using the program SQUEEZE[23] (incorporated in
PLATON[22]). All hydrogen atoms were removed from the difference
Fourier map and refined isotropically with free displacement factors. Max./
min. residual electron density: �0.24/0.41 eä�3.


[13 ¥ (thf)4]: (C32H64Br2Ca2O8)(C24H20B)2, Mr� 1455.07, colorless block,
0.4� 0.4� 0.4 mm, monoclinic, space group P21/c, a� 9.952(2), b�
28.446(2), c� 15.441(2) ä, �� 120.49(1)�, V� 3767(1) ä3, Z� 2, ��
1.283 gcm�3, �(MoK�)� 1.266mm�1. A total of 8649 reflections were
measured (MoK� radiation, graphite monochromator, T��90 �C, �max�
27.0�), 8186 independent reflections (Rint� 0.020), 5467 observed reflec-
tions with I� 2.0 	(I). Refinement to R1� 0.058, wR2� 0.171 and GOF�
1.04 (474 parameters). Absorption correction with PLATON[22] based on
psi scans (0.94 ± 0.98 transmission). All THF ligands showed disorder over
two positions and were refined isotropically as such. All borate hydrogen
atoms were removed from the difference Fourier map and were refined
isotropically with free displacement factors. The THF hydrogen atoms were
calculated and refined in a riding model; max./min. residual electron
density: �0.33/0.27 eä�3.
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Double Elimination Protocol for Synthesis of
5,6,11,12-Tetradehydrodibenzo[a,e]cyclooctene


Akihiro Orita, Daiki Hasegawa, Takehiko Nakano, and Junzo Otera*[a]


Abstract: A new method for construct-
ing 5,6,11,12-tetradehydrodibenzo[a,e]-
cyclooctene is described on the basis of
one-pot double elimination protocol.
The target molecule, which is the small-
est cyclophane with alternate arylene-
�ethynylene linkage, is synthesized in
61% yield through oxidative dimeriza-
tion of ortho-(phenylsulfonylmethyl)-
benzaldehyde. The initial carbon ± car-
bon bond formation between sp3 car-


bons followed by stepwise conversion to
sp2 and finally sp carbons bypasses the
difficulty encountered in direct coupling
of the sp carbon in the terminal acety-
lene. The mechanism of this process is
discussed. TheWittig ±Horner-type cou-


pling is a key reaction employed for the
carbon ± carbon bond formation. Gen-
eration of (E)-vinylsulfone moiety in the
first coupling between �-sulfonyl anion
and aldehyde functions is crucial for the
effective second coupling to complete
the cyclization. The syn-elimination of
the (E)-vinylsulfone moieties in the
cyclized intermediate furnishes the ace-
tylenic bonds.


Keywords: alkynes ¥ C�C coupling
¥ cyclization ¥ elimination ¥
sulfones


Introduction


5,6,11,12-Tetradehydrodibenzo[a,e]cyclooctene (1) is the
smallest cyclophane with alternate arylene ± ethynylene link-
age. As expected, this compound was found to possess highly
bent acetylenic bonds (155.7�) on the basis of X-ray analysis.[1]


Quite naturally, such acetylenic bonds are highly reactive.
They work as a dienophile in Diels ±Alder reaction[2] and also
undergo cyclopropenation upon treatment with diazoal-
kanes.[3] In addition, reactions with Pt0 complex and ortho-
bis(dimethylsilyl)benzene afforded platinacyclopropenes and
benzodisilahexene rings, respectively.[4] The synthesis of 1 was
first achieved by Sondheimer et al.[5] Bromination of sym-
dibenzocyclooctatetraene under irradiation (�75% yield)
followed by dehydrobromination of the resulting tetrabro-
mide with tBuOK (48% yield) furnished 1. Besides a
relatively low overall yield (36%) of this process, two
procedures for preparing sym-dibenzocyclooctatetraene with
recourse to Wittig[6] and Knoevenagel[7] condensations were
reported to result in less than 20% yield starting from ortho-
phthalaldehyde. As such, the Sondheimer process is not
efficient.[8] More recently, Youngs et al. invoked Sonogashira
coupling to dimerize an ortho-ethynyl iodobenzene derivative


with bulky substituents at ortho-positions, yet only a 10%
yield of the desired cyclophane was obtained.[9] The low yield
was ascribed to the highly reactive acetylenic bonds of the
product under the reaction conditions. It is apparent, there-
fore, that the direct C�C bond formation at terminal
acetylenes is not easy to generate cyclic acetylenes on account
of the propensity of the sp carbon to adopt the linear
disposition. Such drawback is particularly conspicuous with
small rings such as 1.[10]


In earlier works we presented the double elimination
methodology for creating an acetylenic bond (Scheme 1).[11, 12]


Aldolates resulting from treatment of �-sulfonyl carbanions
with aldehyde are transformed to �-substituted sulfones


R


SO2Ph


O


R'H
R


SO2Ph


O


R'
R


SO2Ph


OPr


R'


R


SO2Ph
R' R R'


i)
- +


-


ii) ii)


Scheme 1. i) MOMCl or Ac2O or TMSCl; ii) base.


which, then, undergo double elimination to give acetylenes.[11]


Notably, a sequence of these reactions can be integrated into
one pot, thus establishing an extremely convenient process.[12]


In this pathway, the initial carbon ± carbon bond is formed
between sp3 carbons and the successive eliminations follow
giving rise to sp2 and finally sp carbons in a stepwise manner.
Accordingly, it is reasonable to assume that involvement of
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bent sp3 or sp2 carbons allows this protocol to construct
arylene ± ethynylene cyclophane skeletons more easily than
the terminal acetylene coupling modes. We report herein that
this is indeed the case through efficient synthesis of 1.


Results and Discussion


Our procedure is quite simple [Scheme 2, Eq. (1)]. A mixture
of ortho-(phenylsulfonylmethyl)benzaldehyde (2) and (EtO)2-
P(O)Cl was treated with LiN(TMS)2 (LiHMDS) at �78�C�
r.t. Subsequently LDA was added to the reaction mixture at
�78�C to afford 1 in 61% yield.[13] Notably, all operations were
performed in one pot. Also, the selection of the above
combination of bases turned out to be rather crucial. The
starting material 2 could be readily obtained from commer-
cially available tolunitrile (see Experimental Section).


SO2Ph


CHO


SO2Ph


PhSO2SO2Ph


CHO


i), ii)


i)


2


(E, E)-4 65%


1 61%


2


(1)


(2)


Scheme 2. i) ClP(O)(OEt)2, LiHMDS, THF, �78 �C�RT, 2 h; ii) LDA,
�78 �C, 2 h.


A plausible reaction pathway is shown in Scheme 3.
Initially, 2 undergoes phosphonation and subsequent inter-
molecular Wittig ±Horner reaction to afford mono(vinylsul-
fone) intermediate 3 that probably consists of (E)- and (Z)-
isomers.[14] Only the (E)-isomer can undergo the second


SO2Ph


CHO CHO
SO2Ph


PhSO2


SO2Ph


PhSO2


3
2


4
1


fast


Scheme 3. Possible reaction pathway.


intramolecular Wittig ±Horner reaction to arrive at bis(vinyl-
sulfone) 4 while the (Z)-counterpart presumably oligomerizes
as a result of intermolecular condensations. In fact, when the
reaction was quenched before addition of LDA, 4was isolated
in 65% yield after column chromatography [Scheme 2,
Eq. (2)]. TLC monitoring of the reaction exhibited highly
polar material presumably due to the oligomers derived from
(Z)-3. X-ray diffraction study confirmed the (E,E)-structure
for 4 (Figure 1). Apparently, the E-geometry of 3 is crucial for


Figure 1. ORTEP drawing of (E,E)-4.


arriving at 4 so that the second formyl and sulfonylmethyl
groups could get close to each other whereas no effective
interaction between these two groups are feasible with Z-
geometry. The failure of all attempts to isolate 3 suggests that
this intermediate was consumed as soon as it had been
generated. Obviously, the rigid E-geometry is responsible for
the acceleration of the second Wittig ±Horner reaction.
Another possibility for the carbon ± carbon bond formation


is the aldol-type pathway where initially the addition of �-
sulfonylcarbanion to aldehyde takes place and, then, the
resulting enolate is trapped by the phosphoryl chloride
(Scheme 4).
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Scheme 4. Possible aldol-reaction-type pathway.


Actually, when benzoyl chloride derivatives were employed
in place of (EtO)2P(O)Cl, monoaldolates 5 were obtained in
reasonable yields (Scheme 5). However, treatment of 5a with
LiHMDS (3 equiv) or LDA (3 equiv) in the presence of
(EtO)2P(O)Cl furnished 4 only in 21 or 25% yield. Appa-
rently, the flexible conformation resulting from the sp3�sp3
carbon bond in 5 disfavors the intramolecular aldol-type
reaction. Thus, the double bond formation by Wittig ±Horner
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SO2Ph


CHO CHO
SO2Ph


PhSO2 OCOAr


iii) iv)


21 % (LiHMDS)
25 % (LDA)


2


i) ii)


5a: Ar = Ph: 82% (anti/syn  = 7:3)
5b: Ar = p-NO2C6H4: 61% (anti/syn  = 7:3)


5a 4


Scheme 5. i) ArCOCl; ii) LiHMDS; iii) (EtO)2P(O)Cl; iv) LiHMDS or
LDA.


condensation prior to the second carbon ± carbon bond
formation is crucial for the effective cyclization.
The generation of (E,E)-4 can be accounted for on the basis


of the equilibration as shown in Scheme 6. The intermediate 3
is converted to 6 through consecutive lithiation, phosphona-
tion, and a second lithiation. The anion 6 undergoes intra-
molecular carbon ± carbon bond formation to give 7. The
diastereomer 7a is readily transformed to (E,E)-4 through
syn-elimination via a four-membered intermediate while the
analogous elimination is not allowed for 7b due to the
conformational rigidity arising from the pre-existing (E)-
sulfonyl alkene linkage. Since 7a and 7b are involved in an
equilibrium via 6 due to the well-recognized fluttering of �-
sulfonylbenzyl anion[15] as well as rotation of the aryl ± formyl
bond, the equilibrium is biased in favor of 7a.
The elimination of 4, upon treatment with LDA (4 equiv),


proceeded completely to give 1 even at �78 �C (Scheme 7).
Such facile reaction has never been encountered since the
elimination of vinyl sulfones usually demands higher reaction
temperatures (rt� 60 �C) and the yield is not as high as in the


SO2Ph


PhSO2


S H
OO


Ph


Li N


4
1 99%


i)


Scheme 7. i) LDA (4 equiv), THF, �78 �C, 2 h.


present case.[11] Furthermore, the progress of the reaction
itself is counter-intuitive in terms of the increase in the ring
strain as the elimination advances. The uphill variation is
apparent from the heats of formation calculated by PM3[16] for
relevant species (Figure 2).[17] Hence, the high reactivity


SO2Ph


PhSO2


PhSO2


PhSO2H
(PhSO2H)x2


43.5 kcal


77.8 kcal
81.8 kcal


∆∆Hf: 34.3 kcal


∆∆Hf: 4.0 kcal


4


1


+
+


Figure 2. PM3-calculated heat of formation.


should be accounted for on the kinetic ground. Probably, the
facile syn-elimination[18] as depicted in Scheme 7 is respon-
sible. It should be noted that the difference of the heat of
formation (��Hf) is larger in the first elimination than in the
second one (Figure 2).[19] This is in accord with experimental


results that no mono(vinylsul-
fone) species was detected even
by use of lesser amounts of
LDA indicating much faster
second elimination than the
first one.
In conclusion, the concise,


high-yielding process for 1 has
been established according to
the reaction pathway given in
Scheme 3. It is reasonable to
assume that the initial Wittig ±
Horner reaction provides mon-
o(vinylsulfone) intermediate 3
that is composed of (E)- and
(Z)-isomers in about 60:40 to
70:30 ratio.[14] Of these two
isomers, only the (E)-isomer is
capable of undergoing cycliza-
tion to furnish 4. Provided that
the second Wittig ±Horner re-
actions proceeded quantitative-
ly, then the isolated yield of 4
(65%) in Equation (2) is under-
standable. As it has been dis-
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Scheme 6. Equilibrium which leads to (E,E)-4.
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closed that the final elimination took place completely
(Scheme 7), the yield in the one-pot process [61% in
Scheme 1, Eq. (1)] is recognized as being reminiscent of the
yields of the respective steps.
Now, we are in a position to obtain enough amount of 1 and


thus synthetic utilization of this compound is undertaken in
our laboratories.


Experimental Section


General : All reactions were carried out under an atmosphere of nitrogen
with freshly distilled solvents, unless otherwise noted. Tetrahydrofuran
(THF) was distilled from sodium/benzophenone. A THF solution of
LiHMDS was purchased from Aldrich and used without titration. A
hexane solution of BuLi was purchased from Aldrich and titrated before
use by Gilman method.[20] A THF/hexane solution of LDA was prepared
from diisopropylamine and a hexane solution of BuLi. Silica gel (Daiso gel
IR-60) was used for column chromatography. NMR spectra were recorded
at 25 �C on Varian Gemini-300, JEOL Lambda300 and JEOL Lambda500
instruments and calibrated with tetramethylsilane (TMS) as an internal
reference. Mass spectra were recorded on JEOL MStation JMS-700
Shimadzu/Kratos MALDI 4 and Platform II single quadrupole (Micro-
mass, Altrinchan, UK) mass spectrometers. Elemental analyses were
performed by the Perkin ±Elmer PE2400.


X-ray structure determination : X-ray diffraction measurements were made
on crystals of the appropriate size, which were mounted onto a glass fiber
and transferred to a Rigaku-RAXIS-IV automatic diffractometer using
graphite monochromated MoK� radiation for unit cell determination and
data collection. The data were corrected for Lorentz and polarization
effects. The structures were solved by direct methods (SAPI91)[21] and
subsequently refined by difference Fourier techniques (DIRDIF94).[22] The
non-hydrogen atoms were refined anisotropically. The hydrogen atoms
were found by successive Fourier difference maps and refined. All
calculations were performed using the teXsan crystallographic software
package.[23]


CCDC-173591 (4) and -173592 (5b) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; (fax:
(�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
Preparation of 2


i) �-Bromotolunitrile : A 100 mL flask was charged with ortho-tolunitrile
(2.37 mL, 20.0 mmol), N-bromosuccinimide (3.74 g, 21.0 mmol), AIBN
(328 mg, 2.0 mmol), and CCl4 (30 mL). After the mixture had been stirred
at 80 �C for 5 min and at 90 �C for 2 h, the reaction mixture was cooled to
room temperature and filtered. The filtrate was washed with aqueous
NaHCO3, dried over MgSO4 and filtered. The solvent was evaporated in
vacuo, and the residue was purified by chromatography (AcOEt/hexane
1:9) to give �-bromotolunitrile (3.14 g, 80%) as a white solid. 1H NMR
(500 MHz, CDCl3): �� 4.64 (s, 2H), 7.43 (dt, J� 1.6, 7.5 Hz, 1H), 7.55 ± 7.63
(m, 2H), 7.68 (d, J� 7.5 Hz, 1H); 13C NMR (75 MHz, CDCl3): �� 29.30,
112.36, 116.70, 128.90, 130.41, 133.13, 133.22, 141.05.


ii) ortho-(Phenylsulfonylmethyl)benzonitrile : A 100 mL flask was charged
with �-bromotolunitrile (3.92 g, 20.0 mmol), benzenesulfinic acid sodium
salt dihydrate (4.80 g, 24.0 mmol), and DMF (30 mL). After the mixture
had been stirred at 80 �C for 2 h, the reaction mixture was cooled to room
temperature. After usual work-up with water and ethyl acetate, the solvent
was evaporated in vacuo, and the residue was subjected to recrystallization
from AcOEt/hexane to give ortho-(phenylsulfonylmethyl)benzonitrile
(4.58 g, 89%) as colorless needles. M.p. 157 ± 160 �C; 1H NMR (300 MHz,
CDCl3): �� 4.57 (s, 2H), 7.27 ± 7.57 (m, 4H), 7.62 ± 7.73 (m, 5H); 13C NMR
(75 MHz, CDCl3): �� 60.46, 114.33, 116.51, 128.67 (2C), 129.25 (2C),
129.36, 131.60, 132.18, 132.77, 132.93, 134.28, 137.48.


iii) ortho-(Phenylsulfonylmethyl)benzaldehyde (2): A 100 mL flask was
charged with ortho-(phenylsulfonylmethyl)benzonitrile (1.29 g, 5.0 mmol)
and CH2Cl2 (15 mL), and DIBAL-H (1.0� in hexane, 11.5 mL, 11.5 mmol)
was added at �78 �C. After the mixture had been stirred at this temper-


ature for 2 h, aqueous NH4Cl was poured into the mixture. After usual
work-up with 1�HCl and CH2Cl2, the solvent was evaporated in vacuo, and
the residue was subjected to filtration through a thin pad (silica gel;
CH2Cl2) and recrystallization from CH2Cl2/hexane gave 2 (1.01 g, 78%) as
colorless needles. M.p. 143 ± 145 �C; 1H NMR (300 MHz, CDCl3): �� 5.03
(s, 2H,), 7.43 ± 7.48 (m, 3H), 7.55 ± 7.63 (m, 3H), 7.69 ± 7.75 (m, 3H), 9.83 (s,
1H); 13C NMR (75 MHz, CDCl3): �� 57.67, 128.68 (2C), 128.82, 128.85
(2C), 129.49, 133.57, 133.83, 133.88, 134.49, 134.61, 138.20, 192.04; MS (EI):
calcd for 260.0507, found: 260.0510 [M]� .


Synthesis of 1 from 2 : A 100 mL flask was charged with 2 (260 mg,
1.0 mmol), ClP(O)(OEt)2 (0.17 mL, 1.2 mmol) and THF (30 mL), and
LiHMDS (1.0� in THF, 2.0 mL, 2.0 mmol) was added at �78 �C. After the
mixture had been stirred at �78 �C for 30 min and, then, at room
temperature for 1.5 h, LDA (1.0� in THF/hexane, 5.0 mL, 5.0 mmol) was
added dropwise at �78 �C. The reaction mixture was stirred at this
temperature for 2 h, and aqueous NH4Cl was poured into the mixture.
After usual work-up with water and AcOEt, the solvent was evaporated in
vacuo, and the residue was purified by chromatography (CH2Cl2/hexane
2:3) to give 1 (61 mg, 61%) as a yellow solid. 1H NMR (300 MHz, CDCl3):
�� 6.71 ± 6.77 (m, 4H), 6.90 ± 6.96 (m, 4H); 13C NMR (75 MHz, CDCl3): �
109.28, 126.68, 129.01, 132.83.


Synthesis of 4 : A 100 mL flask was charged with 2 (260 mg, 1.0 mmol),
ClP(O)(OEt)2 (0.17 mL, 1.2 mmol) and THF (30 mL), and LiHMDS (1.0�
in THF, 2.0 mL, 2.0 mmol) was added at �78 �C. After the mixture had
been stirred at �78 �C for 30 min and, then, at room temperature for 1.5 h,
the reaction mixture was poured into aqueous NH4Cl. After usual work-up
with water and AcOEt, the solvent was evaporated in vacuo, and the
residue was purified by chromatography (AcOEt/hexane 3:7) to give 4
(157 mg, 65%) as a pale yellow foam. 1H NMR (300 MHz, CDCl3): ��
6.97 ± 6.99 (m, 2H), 7.22 ± 7.30 (m, 4H), 7.36 ± 7.50 (m, 12H), 7.61 ± 7.66 (m,
2H); 13C NMR (75 MHz, CDCl3): �� 126.89, 128.03, 128.28, 128.81, 128.92,
129.30, 130.70, 133.83, 135.55, 138.79, 138.81, 144.64; elemental analysis
calcd (%) for C28H20O4S2: C 69.40, H 4.16; found: C 69.22, H 4.14.
Recrystallization from AcOEt/EtOH/hexane (2:2:1) gave single crystals
suitable for X-ray analysis: m.p. 195 ± 199 �C.


Synthesis of 1 from 4 : A 100 mL flask was charged with 4 (485 mg,
1.0 mmol) and THF (30 mL), and LDA (1.0� in THF/hexane, 4.0 mL,
4.0 mmol) was added dropwise at �78 �C. The reaction mixture was stirred
at this temperature for 2 h, and aqueous NH4Cl was poured into the
mixture. After usual work-up with water and AcOEt, the solvent was
evaporated in vacuo, and the residue was purified by chromatography
(CH2Cl2/hexane 2:3) to give 1 (199 mg, 99%) as a yellow solid.


Synthesis of 5a : A 100 mL flask was charged with 2 (260 mg, 1.0 mmol),
PhCOCl (0.14 mL, 1.2 mmol) and THF (30 mL), and LiHMDS (1.0� in
THF, 1.0 mL, 1.0 mmol) was added at �78 �C. After the mixture had been
stirred at �78 �C for 30 min and, then, at room temperature for 1.5 h,
aqueous NH4Cl was added. After usual work-up with water and AcOEt,
the solvent was evaporated in vacuo, and the residue was purified by
chromatography (AcOEt/hexane 3:7) to give 5a (256 mg, 82%, 7:3 anti/syn
mixture) as a white solid. 1H NMR (300 MHz, CDCl3): �� 4.59, 4.88
(major)/5.95, 5.97 (minor) (each AB, JAB� 14.5 (major), 15.8 Hz (minor),
2H), 5.04 (major)/6.41 (minor) (d, J� 3.5 Hz (major); s (minor), 1H), 6.24
(major)/6.74 (minor) (d, J� 3.5 Hz (major); s (minor), 1H), 6.51 (major) (s,
1H), 6.95 ± 7.95 (major)/7.05 ± 8.24 (minor) (m, 23H (major); m, 24H
(minor)); 13C NMR (75 MHz, CDCl3) (major): �� 59.06, 66.93, 70.54,
89.43, 125.71, 126.39, 127.92, 128.27, 128.30, 128.38, 128.56, 128.81, 128.95,
129.14, 129.28, 129.38, 129.88, 130.21, 131.08, 133.51, 133.61, 133.68, 133.82,
137.08, 137.21, 138.67, 165.11; (minor): �� 66.96, 69.31, 71.63, 90.31, 124.64,
126.30, 127.79, 128.25, 128.46, 128.55, 128.66, 128.74, 129.00, 129.20, 129.36,
129.50, 129.73, 129.88, 130.35, 131.20, 132.42, 133.03, 133.51, 133.62, 133.14,
134.33, 134.50, 136.30, 137.17, 137.39, 139.18, 165.13, 190.38; elemental
analysis calcd (%) for C35H28O7S2: C 67.29, H 4.52; found: C 67.53, H 4.49.


p-Nitrobenzote 5b was prepared according to the same procedure, and
single crystals were obtained by recrystallization from EtOH/AcOEt/
CH3CN (2:1:1). X-ray analysis of this single crystal suggested that the major
product of benzoate was the anti stereoisomer.


Attempted synthesis of 4 from 5a : A 100 mL flask was charged with 5
(625 mg, 1.0 mmol), ClP(O)(OEt)2 (0.17 mL, 1.2 mmol) and THF (30 mL),
and LDA (1.0� in THF/hexane, 3.0 mL, 3.0 mmol) was added dropwise at
�78 �C. The reaction mixture was stirred at room temperature for 1.5 h and
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aqueous NH4Cl was added. After usual work-up with water and AcOEt,
the solvent was evaporated in vacuo, and the residue was purified by
chromatography (AcOEt/hexane 3:7) to give an inseparable mixture of 4
(25%) and 5a (69%).


[1] R. Destro, T. Pilati, M. Simonetta, J. Am. Chem. Soc. 1975, 97, 658.
[2] D.-M. Du, L.-P. Zhou, J. W. Wan, S.-K. Wang, Chin. J. Chem. 2000, 18,


441.
[3] H. D¸rr, G. Klauck, K. Peters, H. G. von Schnering, Angew. Chem.


1983, 95, 321; Angew. Chem. Suppl. 1983, 347; Angew. Chem. Int. Ed.
Engl. 1983, 22, 332.


[4] a) S. Shimada, Y. Uchimaru, M. Tanaka, Chem. Lett. 1995, 223; b) S.
Shimada, M. Tanaka, K. Honda, Inorg. Chim. Acta 1997, 265, 1.


[5] H. N. C. Wong, P. J. Garratt, F. Sondheimer, J. Am. Chem. Soc. 1974,
96, 5604.


[6] C. E. Griffin, J. A. Peters, J. Org. Chem. 1963, 28, 1715.
[7] L. F. Fieser, M. M. Pechet, J. Am. Chem. Soc. 1946, 68, 2577.
[8] This procedure was further applied to naphtho and phenanthro


analogues, respectively: Y.-M. Man, T. C. W. Mak, H. N. C. Wong, J.
Org. Chem. 1990, 55, 3214; C.-Y. Leung, T. C. W. Mak, H. N. C. Wong,
J. Chem. Crystallogr. 1996, 26, 227.


[9] M. Chakraborty, C. A. Tessier, W. J. Youngs, J. Org. Chem. 1999, 64,
2947.


[10] For synthesis of less strained cyclic polyyne linkages through coupling
of terminal acetylenes: a) U. H. F. Bunz, V. Enkelmann, Chem. Eur. J.
1999, 5, 263; b) W. B. Wan, S. C. Brand, J. J. Pak, M. M. Haley, Chem.
Eur. J. 2000, 6, 2044; c) M. A. Heuft, S. K. Collins, G. P. A. Yap, A. G.
Fallis, Org. Lett. 2001, 3, 2883; d) M. E. Galagher, J. E. Anthony,
Tetrahedron Lett. 2001, 42, 7533.


[11] a) T.Mandai, T. Yanagi, K. Araki, Y. Morisaki, M. Kawada, J. Otera, J.
Am. Chem. Soc. 1984, 106, 3670; b) J. Otera, H. Misawa, K. Sugimoto,
J. Org. Chem. 1986, 51, 3830.


[12] a) A. Orita, N. Yoshioka, J. Otera, Chem. Lett. 1997, 1023; b) A. Orita,
N. Yoshioka, P. Struwe, A. Braier, A. Beckmann, J. Otera, Chem. Eur.
J. 1999, 5, 1355; c) A. Orita, E. Alonso, J. Yaruva, J. Otera, Synlett
2000, 1333.


[13] An intermolecular version under the same reaction conditions as
shown below failed to effect cyclization [Eq. (3)].


SO2Ph


SO2Ph


OHC


OHC


+


1


(3)


[14] The Wittig ±Horner reaction of �-sulfonylmethylphosphonate result-
ing in a 7:3 E/Z ratio of vinyl sulfone was reported: T. H. Kim, K. M.
Park, Tetrahedron Lett. 1995, 36, 4833.


[15] a) S. Wolf, A. Stolow, L. A. LaJohn, Tetrahedron Lett. 1983, 24, 4071;
b) D. A. Bors, A. Streitwieser, Jr., J. Am. Chem. Soc. 1986, 108, 1397;
c) W. Hollstein, K. Harms, M. Marsch, G. Boche, Angew. Chem. 1988,
100, 868; Angew. Chem. Int. Ed. Engl. 1988, 27, 846; d) H.-J. Gais, G.
Hellmann, H. G¸nther, F. Lopez, H. J. Lindner, S. Braun, Angew.
Chem. 1989, 101, 1061; Angew. Chem. Int. Ed. Engl. 1989, 28, 1025;
e) H.-J. Gais, G. Hellmann, H. J. Lindner,Angew. Chem. 1990, 102, 96;
Angew. Chem. Int. Ed. Engl. 1990, 29, 100.


[16] The heat of formation was calculated after geometry optimization by
PM3 semiempirical molecular orbital method (MOPAC 2000, Fujitsu
Ltd., Tokyo, Japan). All the calculations were carried out by interface
of CS Chem3D Ultra V. 6.0 (CambridgeSoft Corporation, 100
CambridgePark Dr. Cambridge, MA 02140-2317, USA).


[17] Of course, the overall enthalpy balance may be compensated by the
formation of LiSO2Ph and Et2NH.


[18] A. Shibayama, T. Nakamura, T. Asada, T. Shintani, Y. Ukaji, H.
Kinoshita, K. Inomata, Bull. Chem. Soc. Jpn. 1997, 70, 381.


[19] Although relative reaction rates of elimination giving rise to mono-
(vinylsulfone) and bis(vinylsulfone) should be discussed on the basis
of their activation energies, we concluded that the second elimination
proceeds quite faster than the first because of remarkable difference
of ��Hf (���Hf : 30 kcalmol�1).


[20] H. Gilman, F. K. Cartledge, J. Organomet. Chem. 1967, 2, 447.
[21] H.-F. Fan, Structure Analysis Programs with Intelligent Control,


Rigaku Corporation, Tokyo, 1991.
[22] P. T. Beurskens, G. Admiraal, G. Beurskens, W. P. Bosman, R.


de Gelder, R. Israel, J. M. M. Smits, The DIRDIF-94 program system,
Technical Report of the Crystallography Laboratory, University of
Nijmegen (The Netherlands), 1994.


[23] Crystal Structure Analysis Package, Molecular Structure Corporation,
1985 & 1992.


Received: November 26, 2001 [F3705]








Sulfoximine Version of Double Elimination Protocol for Synthesis of Chiral
Acetylenic Cyclophanes


Akihiro Orita, De Lie An, Takehiko Nakano, Jayamma Yaruva, Nianchun Ma, and
Junzo Otera*[a]


Abstract: A new strategy for constructing enantiopure acetylenic cyclophanes is
described on the basis of one-pot double elimination reaction starting from
dialdehydes and bis(sulfoximine)s. In this case, the conventional sulfone protocol
affords poorer yields of the desired cyclophanes. Thus, arylene ± ethynylene moieties
with terminal sulfoximine or formyl functions are linked to binaphthyl cores and
these building blocks are then subjected to double elimination reaction. The desired
macrocycles are obtained in up to 35% yield. The corresponding Sonogashira
coupling fails to afford cyclophanes indicative of effectiveness of the double
elimination methodology.


Keywords: alkynes ¥ arenes ¥ chiral
auxiliaries ¥ elimination ¥ synthetic
method


Introduction


Cyclophanes with an arylene�ethynylene motif have attracted
extensive attention in view of both synthetic and physical
organic chemistries.[1] In addition, these macrocycles are of
particular promise in terms of applications to new materials in
electronics[2] and precursors for novel carbon materials.[3]


From the synthetic standpoint, incorporation of acetylene
units in the ring system is a key technology to this end. Since
the linear disposition is strongly directed with sp carbon, the
coupling between terminal acetylenes and aryl halides, which
is the most commonly employed technology for generating
aryl�acetylene bond,[4] often suffers low yield in cyclization.
Another subject that remains unexplored is the synthesis of


chiral derivatives, for which useful optical properties are
expected. In addition, these compounds may serve as unique
chiral host molecules. Several chiral acetylenic cyclophanes
were reported, but, unfortunately, most of them were
obtained as racemates.[3b, 5] According to our literature survey,
the studies on non-racemic compounds are rather limited.[6]


All of these procedures made recourse to the terminal
acetylene coupling technology.


In the preceding paper, we disclosed that the double
elimination methodology is effective for constructing cyclic
acetylenes because, in this protocol, the carbon�carbon bond
is initially formed between sp3 carbons and the successive
eliminations follow giving rise to sp2 and finally sp carbons in a
stepwise manner.[7] As a result, involvement of bent sp3 or sp2


carbons should allow this protocol to build arylene�
ethynylene cyclophane skeletons more easily than the termi-
nal acetylene coupling modes. We present here a double
elimination strategy for the rational design of this class of
compounds by use of binaphthyl group as a stereogenic
arylene moiety. Furthermore, it is demonstrated that sulfox-
imines serve as better substrates than sulfones for cyclization.


Results and Discussion


First, we attempted application of the conventional double
elimination reaction involving coupling between disulfone
and dialdehyde units as shown in Scheme 1. A binaphthyl
group withR conformer was employed as a stereogenic core,[8]


to which arylene�ethynylene moieties with terminal sulfone
or formyl functions are linked.
These building blocks, 1 and 2, were readily prepared


according to the procedures shown in Schemes 2 and 3.[9]


Unfortunately, however, the double elimination reaction
between these partners led to poor yields of the desired
macrocycles 3 (Scheme 1).
Then, we turned our attention to employ sulfoximines 13


instead of 1. The synthesis of 13 is shown in Scheme 4, where
the requisite sulfoximine was conveniently synthesized by


[a] Prof. Dr. J. Otera, Dr. A. Orita, Dr. De L. An, T. Nakano,
Dr. J. Yaruva, Dr. N. Ma
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Scheme 2. i) [Pd(Ph3P)4], CuI, iPr2NH, toluene, 75 �C, 12 h.


one-pot conversion of sulfide through successive action of
Chloramine-T[10] and RuO2/NaIO4.[11]


Treatment of 13 with 2 under double elimination conditions
led to a good deal of improvement for the yield of 3
(Scheme 5).


The same methodology was
applied to pyridine-containing
cyclophane 18 (Scheme 6). The
yield was better than the sul-
fone protocol.
Another type of sulfoximine


19 was also successfully em-
ployed to provide 3c
(Scheme 7). It should be noted
that the Sonogashira-coupling
failed to afford the desired
macrocycle (Scheme 8). Only a
trace amount of 3a was detect-
ed on TLC upon treatment of
diacetylene 12 and diiodide 20,


indicative of the effectiveness of the double elimination
protocol. As a consequence, the convergent double elimina-
tion methodology has been achieved to afford a variety of
non-racemic acetylenic cyclophanes. These results suggest the
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synthetic potential of sulfoximine chemistry although rather
little attention has been paid on this field so far.
CD spectra of the acetylenic cyclophanes thus obtained are


shown in Figure 1 together with that of the smallest one (R,P)-
3e (n� 1). This compound was prepared separately by


iterative Sonogashira reactions
and found to possess a twisted
double helical structure on the
basis of X-ray analysis.[12] A
characteristic CD spectral pro-
file of this compound is appa-
rent by comparison with an
acyclic compound (R)-21.[13]


21


The rigid double helical struc-
ture of 3e is reflected on dis-
appearance of the strong Cot-
ton effect with zero-point at
320 nm observed for (R)-21
concurrent with loss of a neg-
ative peak at 340 nm. On the
other hand, the higher homo-
logues 3a ± d give rise to differ-
ent patterns. The revival of the
Cotton effect in these com-
pounds implies that the aryle-
ne�acetylene rings are so flex-
ible that the double helical
structure could not be fixed.
Notably, the strength of the
negative peak at 340 nm in-
creases with increasing ring
size. Apparently, the relatively
smaller compounds such as
3a ± c are partially twisted while
virtually no double helicity re-
mains on the largest ring of 3d.
In other words, the CD spectros-
copy serves for diagnosis of the
helicity of acetylenic cyclo-
phanes.


Figure 1. CD spectra of acetylenic cyclophanes.
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In summary, the double elimination protocol has proved to
be effective for the synthesis of acetylenic cyclophanes. The
difficulty encountered in the cyclization involving sp carbon
can be overcome by bond formation between sp3 or sp2


carbons prior to generation of sp carbons. In case where
sulfones are not effective, sulfoximines may serve better. The
sulfoximine protocol thus achieved is not necessarily excellent
with respect to yield, yet acceptable if the difficulties in this
sort of cyclization technology is taken into account. The
conciseness of the process and successful synthesis of other-
wise difficult-to-obtain molecules will find a wide range of
applications.


Experimental Section


General : All reactions were carried out under an atmosphere of nitrogen
with freshly distilled solvents, unless otherwise noted. Tetrahydrofuran
(THF) was distilled from sodium/benzophenone. Other solvents such as
toluene and diisopropylamine were distilled from CaH2. A hexane solution
of BuLi was purchased from Aldrich and titrated before use by Gilman
method.[14] [Pd(PPh3)4] was prepared according to the reported method.[15]


Silica gel (Daiso gel IR-60) was used for column chromatography. NMR
spectra were recorded at 25 �C on Varian Gemini-300, JEOL Lambda300
and JEOL Lambda500 instruments and calibrated with tetramethylsilane
(TMS) as an internal reference. Mass spectra were recorded on JEOL
MStation JMS-700, Shimadzu/Kratos MALDI4 and PlatformII single
quadrupole (Micromass, Altrinchan, UK) mass spectrometers. Elemental
analyses were performed by the Perkin ±Elmer PE2400. Optical rotation
was measured on a JASCO DIP-1000 polarimeter. UV/Vis and circular
dichroism were measured on HITACHI U-3000 and JASCO J-820
spectrometers, respectively.


Synthesis of 3 with disulfone 1 (representative) (Scheme 1): BuLi (1.39� in
hexane, 1.99 mL, 2.76 mmol) was added to a THF solution (25 mL) of
disulphone 1 (1.05 g, 1.38 mmol) at �78 �C, and the mixture was stirred for
1 h. Dialdehyde 2a (705 mg, 1.38 mmol) in THF (50 mL) was added
dropwise over 30 min at this temperature. After an additional 1 h,
ClP(O)(OEt)2 (0.44 mL, 3.04 mmol) was added at �78 �C and the mixture
was stirred at room temperature for 1 h. After addition of tBuOK (3.81 g,
27.6 mmol) at �78 �C, the mixture was stirred at this temperature for
10 min and, then, at room temperature for 3 h. After usual work-up with
aqueous NH4Cl solution andAcOEt, the organic layer was evaporated. The
crude mixture was subjected to column chromatography (hexane/CH2Cl2
2:1) to give 3a (114 mg, 9%) as a pale yellow foam. The similar treatment
of 1a (1.05 g, 1.38 mmol) with 2b (981 mg, 1.38 mmol) or 2c (1.26 g,
1.38 mmol) furnished 3b (127 mg, 8%) or 3c (168 mg, 9%), respectively.
Characterization data of these compounds are given later.


Preparation of 1 (Scheme 2): A 100 mL flask was charged with 4 (913 mg,
3.02 mmol), 5 (2.35 g, 7.55 mmol), [Pd(Ph3P)4] (174 mg, 0.15 mmol), CuI
(29 mg, 0.15 mmol), diisopropylamine (10 mL) and toluene (50 mL). After
being stirred at 75 �C for 12 h, the reaction mixture was cooled to room
temperature and filtered. The filtrate was poured into aqueous NH4Cl, and
extracted with ethyl acetate. The extract was then washed with brine, dried
over MgSO4, and filtered. The solvent was evaporated in vacuo, and the
residue was purified by chromatography (CH2Cl2/AcOEt 50:1) to give 1
(1.68 g, 73%) as a yellow foam. 1H NMR (500 MHz, CDCl3): �� 4.10 (s,
4H), 6.49 (s, 2H), 6.64 (d, J� 7.6 Hz, 2H), 6.82 (d, J� 7.6 Hz, 2H), 6.96 (t,
J� 7.8 Hz, 2H), 7.28 ± 7.36 (m, 8H), 7.47 ± 7.50 (m, 4H), 7.53 (d, J� 8.3 Hz,
4H), 7.72 (d, J� 8.6 Hz, 2H), 7.95 (d, J� 7.0 Hz, 2H), 7.97 (d, J� 8.3 Hz,
2H); 13C NMR (125 MHz, CDCl3): �� 62.35 (2CH2), 90.03 (2C�), 92.65
(2C�), 121.28 (2C), 123.54 (2C), 126.54 (2CH), 126.56 (2CH), 126.77
(2CH), 127.97 (2CH), 127.98 (2CH), 128.04 (2CH), 128.07 (2C), 128.13
(2CH), 128.40 (4CH), 128.81 (4CH), 130.05 (2 CH), 131.35 (2CH), 132.49
(2C), 132.97(2C), 133.40 (2CH), 133.69 (2CH), 137.53 (2C), 140.31 (2C);
ESI-MS: calcd for 762.19; found 762.01 [M]� .


Preparation of 2a (Scheme 3): A 100 mL flask was charged with 4 (493 mg,
1.63 mmol), 6 (873 mg, 3.76 mmol), [Pd(Ph3P)4] (92 mg, 0.08 mmol), CuI


(15 mg, 0.08 mmol), diisopropylamine (5 mL) and toluene (25 mL). After
being stirred at 75 �C for 15 h, the reaction mixture was cooled to room
temperature and filtered. The filtrate was poured into aqueous NH4Cl, and
extracted with ethyl acetate. The extract was then washed with brine, dried
over MgSO4, and filtered. The solvent was evaporated in vacuo, and the
residue was prified by chromatography (hexane/CH2Cl2 1:3) to give 2a
(824 mg, 99%) as a yellow foam. 1H NMR (500 MHz, CDCl3): �� 6.99 (d,
J� 7.7 Hz, 2H), 7.12 (s, 2H), 7.26 (t, J� 7.7 Hz, 2H), 7.35 ± 7.42 (m, 4H), 7.53
(t, J� 7.3 Hz, 2H), 7.64 (d, J� 7.7 Hz, 2H), 7.79 (d, J� 8.5 Hz, 2H), 8.00 (d,
J� 8.3 Hz, 2H), 8.03 (d, J� 8.5 Hz, 2H), 9.81 (s, 2H); 13C NMR (125 MHz,
CDCl3): �� 90.86 (2C�), 92.14 (2C�), 121.06 (2C), 124.16 (2C), 126.56
(2CH), 126.83 (2CH), 126.95 (2CH), 127.93 (2CH), 128.08 (2CH), 128.17
(2CH), 128.20 (2CH), 128.64 (2CH), 132.53 (2C), 132.91 (2CH), 133.13
(2C), 136.11 (2C), 136.43 (2CH), 140.66 (2C), 191.28 (2CHO); ESI-MS:
calcd for 510.16; found 510.21 [M]� .


Preparation of 2b (Scheme 3): A 100 mL flask was charged with 12 (1.57 g,
3.12 mmol), 6 (1.67 g, 7.18 mmol), [Pd(Ph3P)4] (180 mg, 0.16 mmol), CuI
(30 mg, 0.16 mmol), diisopropylamine (10 mL) and toluene (50 mL). After
being stirred at 75 �C for 12 h, the reaction mixture was cooled to room
temperature and filtered. The filtrate was poured into aqueous NH4Cl, and
extracted with ethyl acetate. The extract was then washed with brine, dried
over MgSO4, and filtered. The solvent was evaporated in vacuo, and the
residue was purified by chromatography (hexane/CH2Cl2 1:3) to give 2b
(2.18 g, 98%) as a pale yellow foam. 1H NMR (500 MHz, CDCl3): �� 6.71
(d, J� 7.7 Hz, 2H), 6.94 (s, 2H), 7.10 (t, J� 7.8 Hz, 2H), 7.30 (d, J� 8.0 Hz,
2H), 7.34 ± 7.40 (m, 4H), 7.51 ± 7.55 (m, 4H), 7.75 (d, J� 7.7 Hz, 2H), 7.79 (d,
J� 8.6 Hz, 2H), 7.85 (d, J� 7.7 Hz, 2H), 7.99 (d, J� 8.0 Hz, 2H), 8.01 (s,
2H), 8.02 (d, J� 8.0 Hz, 2H), 10.03 (s, 2H); 13C NMR (125 MHz, CDCl3):
�� 88.11 (2C�), 90.01 (2C�), 90.18 (2C�), 92.60 (2C�), 121.31 (2C),
122.51 (2C), 123.52 (2C), 124.20 (2C), 126.56 (2CH), 126.67 (2CH), 126.86
(2CH), 128.03 (2CH), 128.08 (2CH), 128.10 (2CH), 128.13 (2CH), 129.04
(2CH), 129.06 (2CH), 130.87 (2CH), 131.29 (2CH), 132.55 (2C), 132.73
(2CH), 133.05 (2C), 134.25 (2CH), 136.41 (2C), 136.95 (2CH), 140.44
(2C), 191.39 (2CHO); ESI-MS: calcd for 710.2; found 710.0 [M]� .


Preparation of 15 (Scheme 4): A 100 mL flask was charged with 14 (9.2 g,
39.3 mmol), diphenyl disulfide (9.4 g, 43.1 mmol) and THF (40 mL).
Tributylphosphine (8.7 g, 43.1 mmol) was added dropwise slowly at room
temperature with stirring, and then the resulting solution was stirred for
6 h. The reaction mixture was poured into water, and extracted with ethyl
acetate. The extract was washed with NaOH (aq. 10%) followed by brine,
dried over MgSO4, and filtered. The solvent was evaporated in vacuo, and
the residue was purified by chromatography (hexane/AcOEt 50:1) to give
15 (12.2 g, 95%) as a colorless oil. 1H NMR (500 MHz, CDCl3): �� 4.01 (s,
2H), 6.99 (t, J� 7.8 Hz, 1H), 7.21 (t, J� 6.6 Hz, 2H), 7.24 ± 7.29 (m, 4H),
7.55 (d, J� 7.9 Hz, 1H), 7.61 (s, 1H); 13C NMR (125 MHz, CDCl3): ��
38.53 (CH2), 94.23 (C), 126.70 (CH), 127.96 (CH), 128.87 (2CH), 130.06
(CH), 130.28 (2CH), 135.53 (C), 136.13 (CH), 137.67(CH), 139.91 (C).


Preparation of 16 (Scheme 4): Solid Chloramine-T trihydrate (7.8 g,
27.7 mmol) was added slowly with stirring at room temperature to a
solution of sulfide 15 (7.02 g, 21.5 mmol) and tributyl hexadecylphospho-
nium bromide (639 mg, 1.26 mmol) in CH2Cl2 (70 mL). The mixture was
stirred at 35 �C for 3 h. After addition of CH2Cl2 (20 mL), RuO2(167 mg,
1.25 mmol) and NaIO4 (10.8 g, 50.5 mmol) in H2O (60 mL) were added.
After being stirred for overnight, the reaction mixture was extracted with
CH2Cl2. Isopropanol (12 mL) was added to organic layer and the mixture
was stirred for 10 min to reduce residual ruthenium tetroxide to the
insoluble ruthenium dioxide. The mixture was then dried over MgSO4 and
filtered. The solvent was evaporated in vacuo, and the residue was purified
by chromatography (CH2Cl2/AcOEt 30:1) to give 16 (10.7 g, 97%) as a
colorless oil. 1H NMR (500 MHz, CDCl3): �� 2.39 (s, 3H), 4.71, 4.79 (AB,
JAB� 13.8 Hz, 2H), 6.98 (t, J� 7.7 Hz, 1H), 7.09 (d, J� 7.7 Hz, 1H), 7.18 (s,
1H), 7.26 (d, J� 7.9 Hz, 2H), 7.49 (t, J� 7.9 Hz, 2H), 7.63 ± 7.68 (m, 4H),
7.87 (d, J� 8.3 Hz, 2H); 13C NMR (125 MHz, CDCl3): �� 21.35 (Me), 63.56
(CH2), 93.62 (C), 126.37 (2CH), 128.54 (2CH), 128.65 (C), 129.04 (2CH),
129.09 (2CH), 130.03 (CH), 130.48 (CH), 134.26 (C), 134.44 (CH), 138.11
(CH), 139.80 (CH), 140.54 (C), 142.66 (C).


Preparation of 13 (Scheme 4): A 100 mL flask was charged with 4 (1.0 g,
3.3 mmol), 16 (3.8 g, 7.45 mmol), [Pd(Ph3P)4] (191 mg, 0.17 mmol), CuI
(32 mg, 0.17 mmol), diisopropylamine (10 mL) and toluene (50 mL). After
being stirred at 75 �C for 12 h, the reaction mixture was cooled to room
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temperature and filtered. The filtrate was poured into aqueous NH4Cl, and
extracted with ethyl acetate. The extract was then washed with brine, dried
over MgSO4, and filtered. The solvent was evaporated in vacuo, and the
residue was purified by chromatography (CH2Cl2/AcOEt 25:1) to give 13
(2.73 g, 77%) as a yellow foam (a mixture of diastereomers). 1H NMR
(500 MHz, CDCl3): �� 2.37 (s, 6H), 4.50 ± 4.54 (m, 2H), 4.68 ± 4.74 (m,
2H), 6.27 ± 6.34 (m, 2H), 6.63 ± 6.65 (m, 2H), 6.79 (d, J� 6.7 Hz, 2H), 6.94
(t, J� 7.6 Hz, 2H), 7.24 (d, J� 7.4 Hz, 4H), 7.29 ± 7.34 (m, 8H), 7.45 ± 7.52
(m, 8H), 7.71 (dd, J� 8.6, 2.5 Hz, 2H), 7.86 (d, J� 7.0 Hz, 2H), 7.87 (d, J�
7.4 Hz, 2H), 7.95 (d, J� 8.9 Hz, 2H), 7.97 (d, J� 8.9 Hz, 2H); 13C NMR
(125 MHz, CDCl3): �� 21.21 (Me), 63.77 (CH2), 90.03 (C�), 90.04 (C�),
90.06 (C�), 90.08 (C�), 92.22 (C�), 92.24 (C�), 92.25 (C�), 120.88 (C),
120.95 (C), 123.25 (C), 126.23 (CH), 126.27 (CH), 126.34 (C), 126.46 (CH),
126.54 (CH), 126.62 (CH), 126.67 (CH), 127.69 (CH), 127.75 (CH), 127.87
(CH), 127.94 (CH), 128.01 (CH), 128.26 (CH), 128.81 (CH), 128.97 (CH),
130.43 (CH), 131.59 (CH), 131.62 (CH), 132.21 (C), 132.75 (C), 132.78 (C),
133.70 (CH), 133.75 (CH), 134.12 (CH), 134.26 (C), 140.07 (C),140.10
(C),140.12 (C), 140.14 (C), 140.60 (C), 140.63 (C), 142.50 (C); ESI-MS:
calcd for 940.32; found 940.66 [M]� .


Synthesis of 3 with bis(sufoximine) (representative procedure) (Scheme 5):
BuLi (1.39� in hexane, 0.81 mL, 1.13 mmol) was added at�78 �C to a THF
solution (50 mL) of bis(sulfoximine) 13 (547 mg, 0.51 mmol), and the
mixture was stirred for 5 min. Dialdehyde 2a (286 mg, 0.56 mmol) in THF
(25 mL) was added dropwise over 20 min at this temperature. After an
additional 1 h, ClP(O)(OEt)2 (0.21 mL, 1.41 mmol) was added at �78 �C
and the mixture was stirred at room temperature for 1 h. After addition of
tBuOK (1.14 g, 10.2 mmol) at �78 �C, the mixture was stirred at this
temperature for 10 min and, then, at room temperature for 3 h. After usual
work-up with aqueous NH4Cl solution and ethyl acetate, the organic layer
was evaporated. The crude mixture was subjected to column chromatog-
raphy (hexane/CH2Cl2 2:1) to give 3a (170 mg, 35%) as a pale yellow foam.
1H NMR (500 MHz, CDCl3): �� 6.73 (d, J� 7.7 Hz, 4H), 7.05 (t, J� 7.7 Hz,
4H), 7.25 (d, J� 8.0 Hz, 4H), 7.27 (d, J� 7.7 Hz, 4H), 7.31 (t, J� 7.7 Hz,
4H), 7.47 (t, J� 8.0 Hz, 4H), 7.49 (s, 4H), 7.83 (d, J� 8.6 Hz, 4H), 7.92 (d,
J� 8.0 Hz, 4H), 7.96 (d, J� 8.6 Hz, 4H); 13C NMR (125 MHz, CDCl3): ��
89.14 (4C�), 89.74 (4C�), 92.07 (4C�), 121.45 (4C), 122.96 (4C), 123.58
(4C), 126.42 (4CH), 126.49 (4CH), 126.74 (4CH), 128.04 (4CH), 128.07
(4CH), 128.13 (4CH), 128.39 (4CH), 130.56 (4CH), 130.89 (4CH), 132.49
(4C), 132.96 (4C), 134.86 (4CH), 139.95 (4C); MALDI-MS: calcd for
952.3; found 952.8 [M]� ; [�]29�2D ��81.2 (c� 0.995, CHCl3); [M]D��773.9;
UV/Vis (CHCl3, 4.5� 10�6�): �max (�max)� 239 (1.0� 105), 281 (1.7� 105),
305 (1.1� 104), 331 (5.0� 104); CD (c� 7.9� 10�5� in CHCl3, 0.1 cm cell):
���57.3, ����218.7 (at 282 nm); �� 69.8, ��� 266.3 (at 308 nm); ��
�29.5, ����112.5 (at 337 nm).


The similar treatment of 13 (547 mg, 0.51 mmol) with 2b (398 mg,
0.56 mmol) or 2d (622 mg, 0.56 mmol) furnished 3b (165 mg, 28%) or 3d
(246 mg, 31%), respectively. 3b : 1H NMR (500 MHz, CDCl3): �� 6.65 (d,
J� 7.6 Hz, 4H), 7.04 (t, J� 7.8 Hz, 4H), 7.12 (s, 4H), 7.26 ± 7.35 (m, 14H),
7.43 (d, J� 8.3 Hz, 4H), 7.46 (t, J� 7.5 Hz, 4H), 7.70 (s, 2H), 7.84 (d, J�
8.3 Hz, 4H), 7.94 (d, J� 8.0 Hz, 4H), 8.01 (d, J� 8.6 Hz, 4H); 13C NMR
(125 MHz, CDCl3): �� 88.78 (4C�), 89.19 (4C�), 90.12 (4C�), 92.68
(4C�), 121.45 (4C), 122.85 (4C), 123.38 (4C), 123.50 (4C), 126.47 (4CH),
126.62 (4CH), 126.84 (4CH), 128.05 (4CH), 128.09 (8CH), 128.13 (4CH),
128.46 (2CH), 130.80 (4CH), 131.08 (4CH), 131.25 (4CH), 132.58 (4C),
132.98 (4C), 134.42 (4CH), 134.68 (2CH), 140.41 (4C); MALDI-MS: calcd
for 1152.4; found 1151.2 [M]� ; [�]28�1D ��9.2 (c� 1.000, CHCl3); [M]D�
�106.1; UV/Vis (CHCl3, 4.5� 10�6�): �max (�max)� 245 (1.1� 105), 281
(2.6� 105), 305 (1.6� 105), 332 (8.7� 104); CD (c� 9.19� 10�6� in CHCl3,
1.0 cm cell): ���47.7, ����157.3 (at 280 nm); �� 82.4, ��� 271.5 (at
310 nm); ���42.9, ����141.8 (at 336 nm); 3d : 1H NMR (500 MHz,
CDCl3): �� 6.67 (d, J� 7.8 Hz, 4H), 7.02 (s, 4H), 7.06 (t, J� 7.8 Hz, 4H),
7.28 (d, J� 8.0 Hz, 4H), 7.31 ± 7.37 (m, 14H), 7.45 ± 7.52 (m, 16H), 7.70 (s,
4H), 7.74 (s, 2H), 7.80 (d, J� 8.6 Hz, 4H), 7.98 (d, J� 8.0 Hz, 4H), 8.01 (d,
J� 8.6 Hz, 4H); 13C NMR (125 MHz, CDCl3): �� 88.76 (4C�), 89.14
(4C�), 89.17 (4C�), 89.24 (4C�), 90.07 (4C�), 92.64 (4C�), 121.42 (4C),
122.85 (4C), 123.32 (4C), 123.36 (4C), 123.43 (4C), 123.50 (4C), 126.57
(4CH), 126.64 (4CH), 126.85 (4CH), 128.06 (4CH), 128.10 (8CH), 128.14
(4CH), 128.52 (4CH), 128.55 (2CH), 130.81 (4CH), 131.07 (4CH), 131.36
(8CH), 131.45 (4CH), 132.56 (4C), 133.03 (4C), 134.40 (4CH), 134.70
(4CH), 134.74 (2CH), 140.38 (4C); MS (MALDI): calcd for 1552.5; found
1553.0 [M]� ; [�]29�8D ��69.22 (c� 0.795, CHCl3); [M]D��1075.56; UV/Vis


(CHCl3, 8.95� 10�6�): �max (�max)� 240 (1.3� 105), 282 (3.4� 105), 305
(2.5� 105), 332 (8.3� 104); CD (c� 4.47� 10�6� in CHCl3, 1.0 cm cell):
��� 13.7, ����93.3 (at 279 nm); �� 39.6, ��� 268.3 (at 309 nm); ��
�30.6, ����207.8 (at 336 nm).


Preparation of 18 (Scheme 6): BuLi (1.39� in hexane, 0.23 mL, 0.32 mmol)
was added at �78 �C to a THF solution (30 mL) of 13 (141.2 mg,
0.15 mmol), and the mixture was stirred for 10 min. A THF solution
(8 mL) of 17 (118 mg, 0.17 mmol) was added dropwise over 30 min. After
15 min, ClP(O)(OEt)2 (0.06 mL, 0.40 mmol) was added at �78 �C, and the
reaction mixture was stirred at room temperature for 1.5 h. tBuOK
(337 mg, 3.0 mmol) was added at �78 �C, and the reaction mixture was
stirred at room temperature for 2.5 h. After usual work-up with aqueous
NH4Cl solution and AcOEt, the organic layer was evaporated. The crude
mixture was subjected to column chromatography (hexane/CH2Cl2 1:2) to
give 18 (34.7 mg, 20%) as a yellow foam. 1H NMR (300 MHz, CDCl3): ��
6.70 (dd, J� 1.1, 7.7 Hz, 4H), 7.04 (t, J� 7.7 Hz, 4H), 7.27 ± 7.38 (m, 18H),
7.46 (m, 4H), 7.54 (t, J� 7.8 Hz, 4H), 7.88 (d, J� 8.4 Hz, 4H) , 7.94 (d,
J� 8.1 Hz, 4H), 8.03(d, J� 8.4 Hz, 4H); 13C NMR (75 MHz, CDCl3): ��
88.47, 88.61, 90.11, 92.36, 121.43, 122.03, 123.64, 126.21, 126.45, 126.61,
126.73, 128.03, 128.06, 128.18, 128.41, 131.18, 131.80, 132.52, 132.97, 134.70,
136.31, 140.18, 143.35; ESI-MS: calcd for 1155.4; found 1155.4 [M�H]� ;
[�]29�3D ��58.80 (c� 1.000, CHCl3); [M]D��679.3; UV/Vis (CHCl3,
8.74� 10�5�): �max (�max)� 245 (1.1� 105), 281 (2.4� 105), 313 (1.5� 105);
CD (c� 8.74� 10�5� in CHCl3, 0.1 cm cell): ���29.0, ����100.4 (at
281 nm); �� 59.2, ��� 205.4 (at 310 nm); ���34.5, ����119.5 (at
337 nm).


Preparation of 19 : A 100 mL flask was charged with 12 (1.66 g, 3.30 mmol),
16 (3.53 g, 6.93 mmol), [Pd(Ph3P)4] (191 mg, 0.17 mmol), CuI (32 mg,
0.17 mmol), diisopropylamine (10 mL) and toluene (50 mL). After being
stirred at 70 �C for 2 h, the reaction mixture was cooled to room
temperature and filtered. The filtrate was poured into aqueous NH4Cl,
and extracted with ethyl acetate. The extract was then washed with brine,
dried over MgSO4, and filtered. The solvent was evaporated in vacuo, and
the residue was chromatographed (CH2Cl2/AcOEt 25:1) to give 19 (2.56 g,
68%) as a yellow foam (a mixture of inseparable diastereomers). 1H NMR
(500 MHz, CDCl3):[16] �� 2.36 (s, 6H), 4.74, 4.88 (JAB� 13.9 Hz, 4H),
6.65 ± 8.05 (m, 46H); 13C NMR (75 MHz, CDCl3) �� 21.35, 63.99, 88.39,
89.29, 90.05, 92.53, 121.18, 122.56, 123.33, 123.42, 126.45, 126.61, 126.79,
126.90, 128.00, 128.01, 128.06, 128.54, 128.60, 129.07, 129.14, 130.75, 131.05,
131.10, 132.22, 132.42, 132.95, 134.03, 134.19, 134.36, 134.50, 140.33, 140.66,
142.70; ESI-MS: calcd for 713.2; found 713.9 [M�H]� .


Preparation of 3c with sulfoximine 19 (Scheme 7): BuLi (1.39� in hexane,
0.43 mL, 0.60 mmol) was added at �78 �C to a THF solution (50 mL) of 19
(285 mg, 0.25 mmol), and the mixture was stirred for 15 min. Dialdehyde
2b (196 mg, 0.28 mmol) in THF (20 mL) was added dropwise over 40 min
at this temperature with stirring. After 15 min, ClP(O)(OEt)2 (0.10 mL,
0.69 mmol) was added at �78 �C and the mixture was stirred at room
temperature for 2.5 h. To this mixture was added tBuOK (337 mg,
3.0 mmol) at �78 �C and the mixture was stirred at room temperature
for overnight. After usual work-up with aqueous NH4Cl solution and
AcOEt, the organic layer was evaporated. The crude mixture was subjected
to column chromatography (hexane/CH2Cl2 2:1) to give 3c (103 mg, 30%).
1H NMR (500 MHz, CDCl3): �� 6.68 (d, J� 7.8 Hz, 4H), 7.00 (s, 4H), 7.07
(t, J� 7.8 Hz, 4H), 7.28 (d, J� 7.7 Hz, 4H), 7.30 ± 7.36 (m, 12H), 7.46 (d, J�
7.7 Hz, 4H), 7.49 ± 7.52 (m, 8H), 7.71 (s, 4H), 7.78 (d, J� 8.6 Hz, 4H), 7.98
(d, J� 8.6 Hz, 4H), 8.00 (d, J� 8.6 Hz, 4H); 13C NMR (125 MHz, CDCl3):
�� 88.77 (4C�), 89.15 (4C�), 89.28 (4C�), 90.09 (4C�), 92.64 (4C�),
121.44 (4C), 122.87 (4C), 123.36 (4C), 123.49 (4C), 123.54 (4C), 126.60
(4CH), 126.63 (4CH), 126.85 (4CH), 128.05 (4CH), 128.09 (8CH), 128.15
(4CH), 128.53 (4CH), 130.79 (4CH), 131.05 (4CH), 131.37 (8CH), 132.58
(4C), 133.06 (4C), 134.47 (4CH), 134.71 (4CH), 140.40 (4C); MALDI-MS:
calcd for 1352.4; found 1351.0 [M]�: [�]29�2D ��70.47 (c� 0.990, CHCl3);
[M]D��953.9; UV/Vis (CHCl3, 7.83� 10�5�): �max (�max)� 246 (1.3� 104),
282 (3.1� 105), 305 (2.2� 105), 332 (8.8� 104); CD (c� 7.8� 10�5� in
CHCl3, 0.1 cm cell): ���19.6, ����76.7 (at 281 nm); �� 65.5, ���
255.6 (at 310 nm); ���48.9, ����191.0 (at 338 nm).


Reaction between 12 and 20 (Scheme 8): A two-necked flask was charged
with [Pd(Ph3P)4] (40 mg, 35 �mol), CuI (7 mg, 35 �mol), diisopropylamine
(2 mL), and toluene (10 mL). Then, to the above suspension was added a
solution of 12 (174 mg, 0.35 mmol) and 20 (245 mg, 0.35 mmol) in
diisopropylamine (10 mL) and toluene (50 mL) at 75 �C by a syringe pump
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(2.5 mL h�1). The reaction mixture was cooled to room temperature and
filtered. The filtrate was poured into aqueous NH4Cl, and extracted with
ethyl acetate. The extract was then washed with brine, dried over MgSO4


and filtered. The solvents were evaporated in vacuo, and the crude mixture
was subjected to column chromatography (1:1.5 hexane/CH2Cl2) to give a
trace amount of 3a (�2.7%, not pure).


The preparation of 2c, 2d, 4, 5, 6, 8 ± 12, and 17 is described in the
Supporting Information.
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Synthesis and NaOTf Mediated Self-Assembly of Monodendritic
Crown Ethers


Virgil Percec,*[a] Wook-Dong Cho,[a] Goran Ungar,[b] and Duncan J. P. Yeardley[b]


Abstract: The synthesis of ten benzyl
ether based self-assembling monoden-
drons containing benzo[15]crown-5 at
their focal point is presented. These
dendritic building blocks self-assemble
either directly or via complexation with
NaOTf in two-dimensional smectic B,
smectic A, and p6mm hexagonal colum-
nar (�h) and three-dimensional Pm3≈n
cubic lattices. Retrostructural analysis of
these lattices and of the lattices gener-
ated from the same monodendrons con-
taining various other functional groups
at their focal point by X-ray diffraction
experiments provided for the first time a
correlation between the molecular struc-
ture and the shape of the monodendron,
the shape of the supramolecular den-


drimer and the symmetry of the lattice.
It has been shown that complexation
with NaOTf provides the following five
different trends: a) stabilization of the
three-dimensional Pm3≈n cubic lattice
self-organized from spherical dendrim-
ers that are self-assembled from conic
monodendrons; b) stabilization of the
two-dimensional SA phase generated
from parallelepiped monodendrons;
c) no effect on the stability of the two-
dimensional SB phase generated from
parallelepiped monodendrons; d) stabi-


lization of the two-dimensional p6mm
hexagonal columnar phase self-organ-
ized from cylindrical supramolecular
dendrimers that are self-assembled from
tapered monodendrons; and e) destabi-
lization of the two-dimensional p6mm
hexagonal columnar phase self-organ-
ized from cylindrical supramolecular
dendrimers self-assembled from half-
disc monodendrons. Mechanisms of
NaOTf mediated self-assembly process-
es were suggested. These monodendritic
crown ethers and their NaOTf com-
plexes provide the largest diversity of
liquid crystalline phases encountered so
far in any library of supramolecular
dendrimers.


Keywords: crown compounds ¥
dendrimers ¥ lattices ¥ self-assembly
¥ supramolecular chemistry


Introduction


Dendrimers have emerged as one of the most influential
architectural motif that provided substantial impact at the
interface between various subdisciplines of chemistry such as
biological mimics, catalysis, nanoelectronics, supramolecular
chemistry, and chirality.[1]


We have elaborated a strategy for the synthesis of self-
assembling monodendrons which can be equipped with
various functionalities at their focal point.[2] These monoden-
drons self-assemble in supramolecular dendrimers that sub-
sequently self-organize in lattices and superlattices. The
retrostructural analysis of these lattices provides access to
the determination of the shape and size of the supramolecular


dendrimers and of their parent dendrons.[2e,f, n, 3j, k] These
designed monodendrons are subsequently employed in the
synthesis of more complex macromolecular systems.
Depending on the position via which the monodendrons are
attached to the polymer backbone (i.e., at the focal point or at
their periphery) the complex macromolecular system results
either in single molecule functional nanosystems[3] or a
supramolecular barrier network containing multifunctional
channels that mimic some of the functions of the cell
membrane.[4]


The functionality most frequently employed at the focal
point of these self-assembling monodendrons is a crown ether
or a podant such as an oligooxyethylene group.[2a±e, g, o] Crown
ethers have been incorporated at the focal point of mono-
dendrons to facilitate self-assembly mediated by ionic inter-
actions after complexation of the crown ether with suitable
metal salts.[2a±e] The resulting supramolecular columnar sys-
tems are equipped with an ion channel penetrating through
their core that facilitates selective ion transport.[2a, c] These
crown ether containing monodendrons are also precursors to
supramolecular networks functionalized with ion-selective
channels.[4] None of the previously reported dendritic crown
ethers self-assemble in the absence of complexation.[2a±d]
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Exception from this group of molecules is provided so far only
by a class of semifluorinated crown ether containing dendrons
that are able to self-assemble in the absence of the complex-
ation process via the fluorophobic effect.[2e, g] In principle, the
fluorophobic effect can be replaced by suitable nonfluori-
nated monodendrons of higher generation.
This publication reports the synthesis and retrostructural


analysis of the first library of crown ether containing mono-
dendrons that self-assemble and subsequently self-organize
into two-dimensional p6mm hexagonal columnar, smectic B
and smectic A, as well as in three-dimensional Pm3≈n cubic
lattices either in the absence of complexation with NaOTf or
mediated by the complexation with NaOTf. The results
described here will elucidate the correlation between the
molecular structure of the nonfunctionalized and crown ether
functionalized monodendrons, their capability to self-assem-
ble and the shape of these molecular building blocks and of
their supramolecular assembly. These experiments also pro-
vide the largest diversity of liquid crystalline phases based on
dendritic building blocks since our pioneering report on liquid
crystalline dendrimers and their model hyperbranched poly-
mers.[5] In addition, these results may open new avenues
towards the elaboration of novel catalytic and ion-conductive,
ion-active and ion-selective principles based on self-assem-
bling monodendritic crown ethers.


Results and Discussion


Synthesis of dendritic crown ethers : In a recent publication
from our laboratory we have reported the synthesis, struc-
tural, and retrostructural analysis of three libraries of self-
assembling benzyl ether monodendrons.[2n] Nine representa-
tive examples of monodendrons that were selected for the
current synthetic experiments are shown in Scheme 1. Four of
them (3,4)12G1-CO2H, (4-3,4)12G1-CO2H, (3,4-3,4)12G2-
CO2H, (4-3,4,5-3,4)12G2-CO2H are based on 3,4-disubstitued
benzyl ether AB2 monodendrons containing various first-
generation monodendrons (minidendrons) functionalized
with n-dodecanyloxy groups on their periphery. Two of them,
(3,4-3,5)12G2-CO2H and (4-3,4,5-3,5)12G2-CO2H are based
on 3,5-disubstituted benzyl ether AB2 monodendrons with
various minidendrons on their periphery. The last three, (3,4-
3,4,5)12G2-CO2H, (3,4,5-3,4,5)12G2-CO2H, and (4-3,4,5-
3,4,5)12G2-CO2H are based on 3,4,5-trisubstituted benzyl
ether AB3 monodendrons. All carboxylic acid monodendrons
were obtained by the saponification of their corresponding
methyl ester. The synthesis of methyl ester precursors and the
corresponding carboxylic acids with the exception of (4-3,4,5-
3,4,5)12G2-CO2H were carried out as reported previous-
ly.[2f, h, n, 3b, 6±8] The synthesis of (4-3,4,5-3,4,5)12G2-CO2H is
described in the Experimental Section, while that of mono-
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(3,4)12G1-COOH
 MWt = 490.8


(4-3,4)12G1-COOH
 MWt = 703.0


(3,4-3,4)12G2-COOH
 MWt = 1071.7


(3,4-3,5)12G2-COOH
 MWt = 1071.7


(3,4,5-3,4,5)12G2-COOH
 MWt = 2099.4


(3,4-3,4,5)12G2-COOH
 MWt = 1546.4


(4-3,4,5-3,4)12G2-COOH
 MWt = 2077.1


(4-3,4,5-3,5)12G2-COOH
 MWt = 2077.1


(4-3,4,5-3,4,5)12G2-COOH
 MWt = 3054.5


Scheme 1. Monodendrons containing carboxylic acid at the focal point.
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dendritic crown ethers is outlined in Scheme 2. The mono-
dendrons containing benzo[15]crown-5 at their focal point
were synthesized by the estherification of the monodendritic
carboxylic acids described in Scheme1 with 4�-hydroxymeth-
ylbenzo[15]crown-5 in the presence of dicyclohexylcarbodi-
imide (DCC)/4-dimethylaminopyridinium p-toluenesulfonate
(DPTS) in CH2Cl2. 4�-Hydroxymethylbenzo[15]crown-5
(B15C5) was synthesized as reported previously.[2a] All
dendritic crown ethers were obtained as white solids in 48 to
83% yield after purification by column chromatography
(silica gel) and recrystallization.
The structural analysis of the supramolecular dendrimers


and the retrostructural analysis of the corresponding mono-
dendritic crown ethers was performed by a combination of
techniques consisting of differential scanning calorimetry
(DSC), thermal optical polarized microscopy (TOPM), and


X-ray diffraction (XRD) experiments according to conven-
tional methods employed in our laboratory.[2e, f, n, 5] DSC
experiments are qualitatively identifying the monodendrons
which self-assemble in supramolecular dendrimers and sub-
sequently self-organize in two- and three-dimensional lattices.
In addition they are providing the transition temperatures
between various ordered states. The transition temperatures
and the corresponding enthalpy changes of all compounds are
summarized in Tables 1 ± 3.
Subsequently, TOPM experiments are used to discriminate


qualitatively between smectic or hexagonal columnar two-
dimensional (fluid and optically anisotropic) and cubic three-
dimensional (fluid and optically isotropic) or crystalline three-
dimensional lattices (solid and optically anisotropic). Figure 1
shows selected examples of TOPM micrographs displayed by
the smectic A and hexagonal columnar (�h) two-dimensional
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DCC, DPTS, CH2Cl2


(3,4)12G1-B15C5
 MWt = 771.1 (48.0%)


(4-3,4)12G1-B15C5
 MWt = 983.3 (65.4%)


(3,4-3,4)12G2-B15C5
 MWt = 1352.0 (63.5%)


(3,4-3,5)12G2-B15C5
 MWt = 1352.0 (82.7%)


(3,4,5-3,4,5)12G2-B15C5
 MWt = 2379.7 (67.1%)


(3,4-3,4,5)12G2-B15C5
 MWt = 1826.8 (68.3%)


(4-3,4,5-3,4)12G2-B15C5
 MWt = 2357.4 (58.0%)


(4-3,4,5-3,5)12G2-B15C5 
MWt = 2357.4 (82.4%)


(3,4)12G1-COOH
 MWt = 490.8


(4-3,4)12G1-COOH
 MWt = 703.0


(3,4-3,4)12G2-COOH
 MWt = 1071.7


(3,4-3,5)12G2-COOH
 MWt = 1071.7


(3,4,5-3,4,5)12G2-COOH
 MWt = 2099.4


(3,4-3,4,5)12G2-COOH
 MWt = 1546.4


(4-3,4,5-3,4)12G2-COOH
 MWt = 2077.1


(4-3,4,5-3,5)12G2-COOH
 MWt = 2077.1


(4-3,4,5-3,4,5)12G2-B15C5
 MWt = 3334.8 (52.5%)


(4-3,4,5-3,4,5)12G2-COOH
 MWt = 3054.5


Scheme 2. Synthesis of monodendrons containing B15C5 crown ether at their focal point.
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liquid crystalline lattices of selected examples of supramolec-
ular dendrimers self-assembled and subsequently self-organ-
ized from dendritic crown ethers.


Structural and retrostructural analysis of supramolecular
dendrimers : The quantitative structural and retrostructural
analysis of supramolecular dendrimers and of their complexes
with NaOTf performed by X-ray diffraction experiments
according to the procedure outlined in Scheme 3 and de-
scribed in detail previously.[2e, f, n, 3j, k, 5] The d-spacings of
intermediary and crown ether containing monodendrons
and their selected complexes with NaOTf are collected in
Table 4. The lattice dimensions (a), the experimental densities
(�20), the experimental layer spacing of the smectic and the
experimental diameter of columnar or spherical supramolec-
ular dendrimers (D), the number of monodendrons per unit
cell (��) for the case of Pm3≈n and Im3≈m lattices, the number of
monodendrons per spherical dendrimer (�) for the case of


Pm3≈n and Im3≈m lattices or per 4.7 ä[9] column stratum of the
p6mm lattice and the planar angle (��) that represents the
projection of the solid angle, � (where �� 4�/�), of the
conical and tapered monodendrons (where ����/2� 2�/
�)[2j, m, n] are reported in Table 5. The results from Table 5
were used to generate the mechanisms of self-assembly
illustrated in Scheme 4.
We will discuss in more detail the most representative


examples of monodendritic crown ethers by following their
DSC traces on which all phases marked were assigned by
XRD analysis. Figure 2 shows representative DSC traces of
(3,4)12G1-B15C5 and of its complexes with NaOTf.
(3,4)12G1-B15C5 is crystalline. Its complexation with
0.2 mol NaOTf changes completely its phase behavior. On
cooling from the isotropic state (3,4)12G1-B15C5 ¥NaOTf�
0.2 exhibits a �h followed by a SB phase. On reheating the
SB phase undergoes isotropization followed by an immediate
crystallization process. The resulting crystal phase melts at


Table 1. Thermal characterization of intermediary monodendrons.


Monodendron Thermal transitions [�C] and corresponding enthalpy changes [kcalmol�1][a]


Heating Cooling


(3,4)12G1-CO2CH3 k[b] �2 (0.80) k 16 (2.93) k 54 (17.13) i[c] i 22 (13.58) k
k 38 (1.16) �k 41 (3.69) k 54 (16.95) i


(3,4)12G1-CO2H k 14 (14.64) k 94 (1.94) k 116 (13.12) i i 98 (14.32) k 87 (0.80) k
k 92 (0.94) k 116 (13.71) i


(4-3,4)12G1-CO2CH3 k 4 (1.96) k 60 (12.57) k 99 (4.87) i i 54 (1.92) �h 2 (2.51) k
k 7 (1.64) k 55 (3.22) �h


[d] 60 (2.03) i
(4-3,4)12G1-CO2H k �9 (9.89) k 125 (18.17) i i 114 (1.00) �h 110 (15.37) k


k �9 (1.19) k 125 (19.22) i
(4-3,4,5)12G1-CO2CH3 k 33 (7.83) k 60 (24.68) k 67 (7.90) i i 40 (26.39) k


k 66 (29.00) i
(4-3,4,5)12G1-CO2H k 47 (17.05) �k 58 (1.31) k 70 (11.82) �h 145 (3.97) i i 136 (3.77) �h 36 (15.43) k


k 43 (15.10) �h 140 (3.71) i
(3,4-3,4)12G2-CO2CH3 k �6 (0.55) k 93 (22.27) i i 78 (4.65) k �4 (0.93) k


� k 27 (8.89) �k 52 (1.19) k 93 (23.16) i
(3,4-3,4)12G2-CO2H k 2 (0.31) k 88 (0.54) �k 97 (3.34) k 108 (17.58) Cub[e] 119 (0.47) i i 114 (0.40) Cub 67 (17.04) k


� k 86 (4.63) k 108 (22.68) Cub 118 (0.54) i
(3,4-3,5)12G2-CO2CH3 k 77 (32.29) i i 41 (24.47) k


k 76 (28.39) i
(3,4-3,5)12G2-CO2H k 69 (21.82) i i 63 (4.00) �h 5 (2.45) k


k 14 (3.02) �h 68 (3.94) i
(4-3,4,5-3,5)12G2-CO2CH3 k 54 (36.82) �k 66 (9.23) k 82 (0.22) i i 66 (2.15) �h �23 (7.62) k


k �19 (7.95) �h 71 (2.13) i
(4-3,4,5-3,5)12G2-CO2H k 35 (168.41) Cub[f] 196 (0.64) i i 181 (0.17) Cub 64 (1.30) k �22 (8.28) k


k �19 (21.02) k 75 (3.34) Cub 195 (0.50) i
(4-3,4,5-3,4,5)12G2-CO2CH3 k 47 (40.18) �h 97 (2.28) LC[g] 118 (0.65) i i 107 (0.06) LC 91 (2.55) �h �23 (13.61) k


k �16 (19.58) �h 98 (2.19) LC 117 (0.52) i
(4-3,4,5-3,4,5)12G2-CO2H k �19 (16.03) k 182 (0.26) Cub[f] 195 (0.59) i[h]
(3,4-3,4,5)12G2-CO2CH3 k �5 (27.04) k 61 (1.45) i i �8 (11.86) k


k �3 (8.03) k 33 (0.41) i
(3,4-3,4,5)12G2-CH2OH k 0 (2.42) k 60 (39.14) Cub[e] 133 (4.45) i i 128 (4.31) Cub 15 (20.49) k


k 42 (18.32) Cub 133 (4.30) i
(3,4-3,4,5)12G2-CO2H k �4 (8.22) k 61 (31.93) LC 138 (2.16) i i 125 (2.01) LC 33 (5.68) k 2 (16.64) k


k 11 (12.87) k 30 (2.25) k 49 (6.42) LC 129 (6.09) i
(3,4,5-3,4,5)12G2-CO2CH3 k 57 (37.00) i i 35 (0.74) Cub[e] 11.4 (21.9) k


� k 10 (5.49) k 57 (36.70) i
(3,4,5-3,4,5)12G2-COOH k 85 (25.6) Cub[e] 119 (1.27) i i 111 (0.87) Cub �15 (8.67) k


k �9 (5.62) k 43 (�19.50) k 83 (24.30) Cub 117 (0.96) i
(4-3,4,5-3,4)12G2-CO2CH3 k �9 (2.41) k 51 (23.21) Cub[e] 119 (6.51) i i 114 (4.83) Cub �26 (13.11) k


k �27 (13.05) Cub 119 (4.96) i
(4-3,4,5-3,4)12G2-CO2H k 1 (5.85) k 39 (2.56) k 78 (8.55) Cub[e] 178 (4.74) i i 167 (0.11) Cub 51 (1.22) g[i] 22 k �22 (3.11) k


k �18 (3.73) g 31 k 62 (2.51) k 113 (0.08) Cub 178 (0.37) i
[a] Data from the first heating and cooling scans are on the first line and data from the second heating are on the second line. [b] k� crystalline. [c] i�
isotropic. [d] �h� p6mm hexagonal columnar lattice. [e] Cub�Pm3≈n cubic lattice. [f] Cub� Im3≈m cubic lattice. [g] LC�unknown lattice. [h] Decom-
position after first heating. [i] g� glassy.
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54 �C. Increasing the amount of NaOTf in the complex from
0.2 molmol�1 to 1.0 molmol�1 increases the transition from
isotropic to �h phase from 40 to 136 �C. However, this
complexation process does not influence the temperature
transition from the �h to the SB phase. Within instrumental
error the �h to SB and SB to �h transition temperatures are
constant. This suggests that the complexation of (3,4)12G1-
B15C5 with NaOTf disrupts its crystallization to uncovermost
probably its virtual SB phase.[10] Therefore, the SB phase is not
induced or affected by complexation with NaOTf. Never-
theless, the creation of the �h phase of (3,4)12G1-B15C5 is


induced by the ionic interactions generated by the ionization
of NaOTf due to its complexation by the B15C5 part of the
monodendron.
A second example of monodendritic crown ether is


provided by (4-3,4)12G1-B15C5 and its complexes with
NaOTf (Figure 3). On cooling (4-3,4)12G1-B15C5 forms a
SA phase followed by crystallization. On reheating, the crystal
phase melts in the SA phase which undergoes isotropization.
Above this isotropization, a new crystallization process occurs
followed by melting at 60 �C. Complexation with NaOTf
suppresses first the highest crystalline phase of (4-3,4)12G1-


Table 2. Thermal characterization of crown ether monodendrons.


Monodendron Thermal transitions [�C] and corresponding enthalpy changes [kcalmol�1][a]


Heating Cooling


(3,4)12G1-B15C5 k[b] 81 (20.21) i[c] i 47 (15.68) k
k 68 (15.52) i


(4-3,4)12G1-B15C5 k 62 (7.75) �k 65 (0.78) k 73 (13.59) k 87 (1.14) i i 50 (2.43) SA[d] 43 (0.61) 6 g[e]


g 13 k 47 (0.57) SA 54 (0.52) �k 55 (0.79) k 60 (2.99) i
(4-3,4,5)12G1-B15C5 k 96 (19.30) i i 34 (12.5) k


k 50 �k 66 (3.47) k 94 (15.9) i
(3,4-3,4)12G2-B15C5 k 93 (4.09) �k 97 (3.25) k 112 (22.05) i i 74 (1.20) k 61 (14.46) k


� k 44 (0.73) k 111 (21.93) i
(3,4-3,5)12G2-B15C5 k 81 (25.01) i i 41 (21.02) k


k 76 (21.20) i
(4-3,4,5-3,5)12G2-B15C5 k 4 (6.18) k 82 (18.31) �h


[f] 103 (7.68) i i 87 (7.56) �h �27 (5.91) k
k �21 (8.29) �h 103 (8.13) i


(4-3,4,5-3,4,5)12G2-B15C5 k �20 (14.66) �h 113 (2.46) i i 107 (2.51) �h �24 (14.03) k
k �19 (12.37) �h 113 (2.36) i


(3,4-3,4,5)12G2-B15C5 k 66 (21.66) �k 74 (3.14) k 92 (24.54) i i[g] 86 Cub[h] 58 (0.28) k 20 g �17 (8.88) k
k �12 (11.05) k 31 (1.01) k 71 (0.52) Cub 92 (0.13) i


(3,4,5-3,4,5)12G2-B15C5 k 60 (43.19) i i �18 (5.62) k
k �13 (7.32) �k 39 (11.84) k 56 (12.33) i


(4-3,4,5-3,4)12G2-B15C5 � k 26 (82.84) k 58 (54.78) k 112 (60.00) i i 78 (0.14) Cub 40 (0.49) k �27 (2.54) k
k �24 (8.76) k 41 (0.44) Cub 91 (0.27) i


[a] Data from the first heating and cooling scans are on the first line and data from the second heating are on the second line. [b] k� crystalline. [c] i�
isotropic. [d] SA� smectic A. [e] g� glassy. [f] �h� p6mm hexagonal columnar lattice. [g] Observed by thermal optical polarized microscopy. [h] Cub�
Pm3≈n cubic lattice.


Table 3. Thermal characterization of the selected complexes of crown ether monodendrons with NaOTf.


Monodendron ¥NaOTf Thermal transitions [�C] and corresponding enthalpy changes [kcalmol�1][a]


[molmol] Heating Cooling


(3,4)12G1-B15C5 ¥ 0.8 k[b] 49 (10.23) �h
[c] 131 (0.14) i [d] i 126 (0.20) �h 23 (2.84) SB[e]


SB 33 (3.07) �h 130 (0.19) i
(4-3,4)12G1-B15C5 ¥ 0.8 g[f] 19 k 23 (0.47) k 46 (0.28) SA[g] 123 (0.11) i i 117 (1.00) SA 16 g


g 24 SA 120 (0.31) i
(4-3,4,5)12G1-B15C5 ¥ 1.0 g 38 �h 107 (0.51) i i 98 (0.24) �h 31 g


g 41 �h 106 (0.24) i
(3,4-3,4)12G2-B15C5 ¥ 0.8 k 61 (19.37) �h 143 (0.15) i i 139 (0.21) �h 27 g


g 31 �h 143 (0.26) i
(3,4-3,5)12G2-B15C5 ¥ 0.9 k 56 (14.76) �h 79 (0.26) i I i 72 (0.28) �h 19 g


g 23 �h 79 (0.26) i
(4-3,4,5-3,5)12G2-B15C5 ¥ 0.8 k �23 (1.75) �h 96 (3.77) i i 77 (3.77) �h �28 (2.90) k


k �23 (3.67) �h 94 (3.20) i
(4-3,4,5-3,4,5)12G2-B15C5 ¥ 0.4 k �22 (11.61) k 54 (1.72) �h 106 (0.55) i i 85 (0.54) �h �25 (6.58) k


k �19 (8.99) �h 104 (0.18) i
(3,4-3,4,5)12G2-B15C5 ¥ 0.8 k 55 (18.61) Cub[h] 134 (0.20) i i 113 (0.08) Cub


g 28 Cub 126 (0.09) i
(3,4,5-3,4,5)12G2-B15C5 ¥ 0.8 k 59 (43.46) i i �22 (7.84) k


k �17 (7.47) g 27 Cub 90 (0.19) i
(4-3,4,5-3,4)12G2-B15C5 ¥ 0.4 g 28 Cub 117 (0.29) i i 115 (0.06) Cub �26 (3.39) k


g 27 Cub 117 (0.64) i


[a] Data from the first heating and cooling scans are on the first line and data from the second heating are on the second line. [b] k� crystalline. [c] �h�
p6mm hexagonal columnar lattice. [d] i� isotropic. [e] SB� smectic B. [f] g� glassy. [g] SA� smectic A. [h] Cub�Pm3≈n cubic lattice.
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Figure 1. Representative optical polarized texture exhibited by a)
(4-3,4)12G1-B15C5 ¥NaOTf (1:0.8) obtained upon cooling from 123 to
115 �C with 1 �Cmin�1 (smectic A, SA) and b) (3,4-3,5)12G2-B15C5 ¥NaOTf
(1:0.6) obtained upon cooling from 79 to 51 �C with 1 �Cmin�1 (p6mm
hexagonal columnar lattice, �h).


Scheme 3. Schematic representation of a) the self-assembly of building
blocks based on flat tapered and disc-shaped monodendrons into supra-
molecular cylindrical dendrimers and their subsequent self-organization in
a p6mm hexagonal columnar (�h) lattice and b) the self-assembly of the
conical monodendrons into supramolecular spherical dendrimers and their
subsequent self-organization in Pm3≈n and Im3≈m cubic (Cub) lattices. For
explanation on the calculation of �, see Table 5.


B15C5 and subsequently the crystalline phase which is present
below the SA phase. Simultaneously the SA-isotropic phase
transition temperature increases. (4-3,4)12G1-B15C5 ¥
NaOTf� 0.5 to 1.0 exhibit only the SA phase above the glass
transition temperature. Therefore, the stability of the SA -
phase of (4-3,4)12G1-B15C5 is enhanced by complexation. By
contrast, the SB phase of (3,4)12G1-B15C5 is not affected by
complexation (Figure 2). These two different mechanisms will
be discussed based on the structures of the two smectic phases
as determined by XRD experiments.
The third representative example is provided by (3,4-


3,4)12G2-B15C5 and its complexes with NaOTf (Figure 4).
(3,4-3,4)12G2-B15C5 is crystalline. Complexation with
NaOTf destabilizes the crystalline phase and stabilizes the
newly formed�h phase of this compound to the point that the
(3,4-3,4)12G2-B15C5/NaOTf� 1.2 exhibits an enantiotropic
�h phase starting from its glass transition temperature (37 �C)
up to the isotropization temperature (173 �C). This is a
remarkable trend.
A similar trend is observed in the case of (3,4-3,5)12G2-


B15C5 and its complexes with NaOTf (not shown here). (3,4-
3,5)12G2-B15C5 is crystalline. Complexation with NaOTf
decreases its crystallization tendency and stabilizes the
formation of the �h phase. (3,4-3,5)12G2-B15C5 ¥NaOTf�
1.0 exhibits a �h phase from glass transition (23 �C) up to
90 �C. All the experiments have demonstrated the stabiliza-
tion of the�h phase through complexation with NaOTf. In all
these cases the shape of the dendritic monodendron is
tapered, that is, it represents a fragment of disc that is smaller
than half of a disc (Scheme 3).
Therefore, the next question is what is the influence of


complexation on the self-assembly of a dendritic crown ether
that has a shape identical to half of a disc (Scheme 3). The
answer to this question is provided by the investigation of (4-
3,4,5-3,5)12G2-B15C5 and (4-3,4,5-3,4,5)12G2-B15C5 and of
their complexes with NaOTf (Scheme 4). Both (4-3,4,5-
3,5)12G2-B15C5 and (4-3,4,5-3,4,5)12G2-B15C5 are the first
examples of monodendritic crown ethers that self-assemble in
the absence of complexation. Previous examples were pro-
vided only by semifluorinated compounds.[2e] (4-3,4,5-
3,5)12G2-B15C5 forms a �h phase that is stable from �21
up to 103 �C while (4-3,4,5-3,4,5)12G2-B15C5 a �h phase that
is stable from�19 to 113 �C. Figure 5 shows the DSC traces of
the present dendritic crown ethers and the complexation
experiments for the (4-3,4,5-3,5)12G2-B15C5 ¥NaOTf series
of experiments. The corresponding complexes for the (4-3,4,5-
3,4,5)12G2-B15C5 ¥NaOTf follow the same trend and there-
fore, are not shown. The DSC traces shown in Figure 5 follow
a completely different trend from the one exhibited by the
tapered monodendrons. The �h phase derived from tapered
monodendrons undergoes a dramatic stabilization through
complexation, while the �h phase generated from half-disc
monodendrons is destabilized upon complexation. The stabil-
ity of the �h phase of (4-3,4,5-3,5)12G2-B15C5 decreases
from 103 to 94 �C upon complexation with up to 0.8 mol
NaOTf (Figure 5). The same trend is shown by the complexes
of (4-3,4,5-3,4,5)12G2-B15C5. The stability of their �h phase
decreases (not shown) from 113 to 104 �C upon complexation
with up to 0.4 mol NaOTf.
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The final question refers to the influence of complexation
on the formation of Pm3≈n cubic phases generated from
spherical supramolecular dendrimers. Spherical supramolec-
ular dendrimers are self-assembled from various fragments of
spheres[2n, 3b] including conic shapes (Scheme 3). Three exam-
ples were investigated so far with conic monodendritic crown
ethers (Scheme 4) and they all follow the same trend.
Complexation with NaOTf enhances the stability of a mono-
tropic and enantiotropic cubic phase and produces an
enantiotropic cubic phase of much higher thermal stability.
A single example is elaborated in Figure 6. (3,4-3,4,5)12G2-
B15C5 shows a narrow monotropic phase (first DSC scan not
shown). Complexation with NaOTf destabilizes its crystalline
phase and increases the isotropization temperature from 92 to
126 �C for the (3,4-3,4,5)12G2-B15C5 ¥NaOTf� 0.8.


Correlation between the molecular structure of the mono-
dendrons, the functionality at their focal point and the


structure of supramolecular dendrimers : A schematic sum-
mary of the series of experiments reported in this manuscript
is presented in Scheme 4. This Scheme provides the following
sequence of information: the shape of the monodendron
containing a non-interacting -CO2CH3 or H-bonding -CO2H
or -CH2OH at the focal point, followed by the change in shape
that occurs by the incorporation of the B15C5 at the focal
point and the influence of complexation with NaOTf on the
self-assembly process. This sequence of events can be most
easily followed by the sets of arrows from the right side of
each dendron. The first important message that comes from
Scheme 4 is that the functionality at the focal point of the
monodendron determines its self-assembly capability.
(4-3,4)12G1-CO2CH3, (4-3,4,5-3,5)12G2-CO2CH3, and (4-3,4,5-
3,4,5)12G2-CO2CH3 exhibit tapered and half-disc shapes,
respectively and subsequently self-assemble in columnar
supramolecular dendrimers. (3,4,5-3,4,5)12G2-CO2CH3 and
(4-3,4,5-3,4)12G2-CO2CH3 display conic shapes and self-


Table 4. Measured d-spacings of the intermediary and crown ether monodendrons.


Monodendrons T NaOTf Lattice d001[a] d002[a] d003[a] d004[a] d005[a] d006[a]


d310 d222[�C] [equiv] d100 d110 d200 d210 d211 d220
d432d320 d321 d400 d420 d421 d332


[ä] [ä] [ä] [ä] [ä] [ä] [ä] [ä]


(3,4)12G1-B15C5 20 0.8 SB[a] 30.9 20.6 15.4 12.4 10.3
70 0.8 p6mm 45.0 22.5


(4-3,4)12G1-CO2CH3 57 p6mm 49.7 28.9 24.9
(4-3,4)12G1-CO2H 77 p6mm 46.6
(4-3,4)12G1-B15C5 40 0.8 SA[a] 66.1 33.0


120 0.8 SA[a] 53.3 26.6
(4-3,4,5)12G1-CO2H 87 p6mm 35.4 17.7
(4-3,4,5)12G1-B15C5 66 0.6 p6mm 49.0 28.1 25.1
(3,4-3,4)12G2-CO2H 112 Pm3≈n 42.4 37.7 34.2 29.6 26.7


22.6 21.1 18.8 18.3
(3,4-3,4)12G2-B15C5 80 0.8 p6mm 54.6 31.5 27.3 20.6


110 0.8 p6mm 51.9 30.0 26.0 19.5
(3,4-3,5)12G2-CO2H 66 p6mm 38.0 21.5 18.6
(3,4-3,5)12G2-B15C5 75 0.9 p6mm 45.3 26.3 22.8
(4-3,4,5-3,5)12G2-CO2CH3 60 p6mm 40.5 20.4
(4-3,4,5-3,5)12G2-CO2H 80 Im3≈m 38.5 27.2 22.1 19.1
(4-3,4,5-3,5)12G2-B15C5 100 0.0 p6mm 39.0 22.6 19.6
(4-3,4,5-3,4,5)12G2-CO2CH3 70 p6mm 41.7 23.7 20.5
(4-3,4,5-3,4,5)12G2-CO2H 140 Im3≈m 37.2 26.3 21.5 18.6
(4-3,4,5-3,4,5)12G2-B15C5 20 0.0 p6mm 38.4 22.1 19.0


70 0.0 p6mm 37.6 21.6 18.7
105 0.0 p6mm 36.9 21.3 18.5


(3,4-3,4,5)12G2-CH2OH 80 Pm3≈n 58.0 41.5 37.3 34.0 29.6 26.4 24.3
23.3 22.5 20.9 18.6 18.2 17.8


(3,4-3,4,5)12G2-B15C5 95 0.8 Pm3≈n 56.4 50.5 46.2 40.1 35.8
31.3 30.2 28.3 25.2 24.6


120 0.8 Pm3≈n 77.5 54.7 49.0 44.8 38.8 34.7
30.4 29.3 27.4 24.4 23.9


(3,4,5-3,4,5)12G2-CO2H 105 Pm3≈n 48.8 34.5 30.9 28.3 23.7 21.3
18.2 17.0


(3,4,5-3,4,5)12G2-B15C5 68 0.8 Pm3≈n 48.4 43.4 39.6 34.3 30.6
26.8 25.9 24.2


(4-3,4,5-3,4)12G2-CO2CH3 112 Pm3≈n 49.1 43.8 40.1 34.8 31.2 28.5
27.4 26.5 24.9 22.2 21.7


(4-3,4,5-3,4)12G2-CO2H 140 Pm3≈n 45.8 40.9 37.6 32.5 29.1 26.6
25.7 24.8 23.2 20.6 20.2


(4-3,4,5-3,4)12G2-B15C5 90 0.0 Pm3≈n 57.8 51.7 47.3 41.0 36.6 33.4
32.1 30.9 28.9 25.9 25.2 21.4


105 0.4 Pm3≈n 58.7 52.6 48.0 41.6 37.2 33.9
32.6 31.4 29.4 26.3 25.6


[a] d001 , d002 , d003 , d004 , d005 and d006 refer to SA and SB phases.
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assemble in spherical supramolecular dendrimers, respective-
ly. All other monodendrons which contain CO2CH3 groups at
the focal point are crystalline. However, the replacement of
-CO2CH3 from the focal point of the dendron with an
hydrogen-bonding group such as -CO2H or -CH2OH trans-
forms all compounds into self-assembling monodendrons.
Exception is (3,4)12G1-CO2H which remains crystalline. It is
interesting to observe that while the transition from (4-
3,4)12G1-CO2CH3 to (4-3,4)12G1-CO2H maintains a tapered
shape for the monodendron, the transition from (4-3,4,5-
3,5)12G2-X and (4-3,4,5-3,4,5)12G2-X with X�CO2CH3 to
CO2H changes the shape of the monodendron from half-disc
to conic. The insertion of the crown ether (CE) at the focal
point replaces the hydrogen-bonding capability of the parent
CO2H group and therefore, most of the dendritic crown ethers
adopt a similar shape to that of the monodendrons containing
the CO2CH3 group at the focal point. A significant exception
is provided by (4-3,4)12G1-B15C5 which adopts a parallele-
piped rather than a tapered shape and therefore forms a
SA phase. This is because the B15C5 is bulkier than the
-CO2CH3 group and therefore makes the dendron more
symmetric.


The NaOTf complexation experiments already described
can be now explained in a more quantitative way. In all cases
complexation destabilizes the crystalline phase of the mono-
dendritic crown ether since the binding process changes the
shape of the crown ether. The tapered monodendrons with
X� -CO2CH3, -CO2H or -CH2OH which have a larger planar
solid angle ��[2j, m, n] such as (4-3,4,5)12G1-CO2H and (3,4-
3,5)12G2-CO2H (��� 90.0� in both cases) maintain a tapered
shape after functionalization with B15C5 and complexation
with NaOTf. However, their tapered shape has, as expected, a
lower �� (i.e., ��� 32.9 and 60.0�). Tapered monodendrons
with lower �� ((4-3,4)12G1-CO2CH3 with ��� 30.0� and (4-
3,4)12G1-CO2H with ��� 32.7�) change, as expected, after
functionalization with B15C5 and complexation their shape
into parallelepiped. Conic monodendrons with small �� such
as (3,4-3,4)12G2-CO2H (��� 8.6�), (4-3,4,5-3,5)12G2-CO2H
(��� 15�) and (4-3,4,5-3,4,5)12G2-CO2H (��� 24�) change
their shape after functionalization with B15C5 and complex-
ation or in the absence of complexation from conic into
tapered. Finally, conic monodendrons with larger ��, that is,
(3,4-3,4,5)12G2-CH2OH (��� 12.9�), (3,4,5-3,4,5)12G2-COOH
(��� 30.0�) and (4-3,4,5-3,4)12G2-X with X�CO2CH3


Table 5. Structural characterization of supramolecular dendrimers self-assembled from intermediary and crown ether monodendrons.


Monodendron T NaOTf Lattice �d100�[a] a �20
[d] D ��[i] � ��[m]


[�C] [equiv] [ä] [ä] [gcm�3] [ä] [�]


(3,4)12G1-B15C5 20 0.8 SB 1.10 61.8[e]


70 0.8 p6mm 45.0 52.0[a] 1.10 52.0[f] 10[j] 36.0
(4-3,4)12G1-CO2CH3 57 p6mm 49.9 57.6[a] 1.05 57.6[f] 12[j] 30.0
(4-3,4)12G1-CO2H 77 p6mm 46.6 53.8[a] 1.04 53.8[f] 11[j] 32.7
(4-3,4)12G1-B15C5 40 0.8 SA 1.11 66.1[e]


120 0.8 SA 1.11 53.3[e]


(4-3,4,5)12G1-CO2H 87 p6mm 35.4 40.9[a] 1.02 40.9[f] 4[j] 90.0
(4-3,4,5)12G1-B15C5 66 0.6 p6mm 49.3 56.9[a] 1.09 56.9[f] 7[j] 32.9
(3,4-3,4)12G2-CO2H 112 Pm3≈n 83.5[b] 1.02 51.8[g] 334 42[k] 8.6
(3,4-3,4)12G2-B15C5 80 0.8 p6mm 54.6 63.0[a] 1.10 63.0[f] 8[j] 45.0


110 0.8 p6mm 51.9 59.9[a] 1.10 59.9[f] 7[j] 51.4
(3,4-3,5)12G2-CO2H 66 p6mm 37.5 43.3[a] 1.02 43.3[f] 4[j] 90.0
(3,4-3,5)12G2-B15C5 75 0.9 p6mm 45.5 52.5[a] 1.09 52.5[f] 6[j] 60.0
(4-3,4,5-3,5)12G2-CO2CH3 60 p6mm 40.7 47.0[a] 1.02 47.0[f] 3[j] 120.0
(4-3,4,5-3,5)12G2-CO2H 80 Im3≈m 54.2[c] 1.03 53.4[h] 48 24[l] 15.0
(4-3,4,5-3,5)12G2-B15C5 100 0.0 p6mm 39.1 45.2[a] 1.10 45.2[f] 2[j] 180.0
(4-3,4,5-3,4,5)12G2-CO2CH3 70 p6mm 41.2 47.6[a] 1.02 47.6[f] 2[j] 180.0
(4-3,4,5-3,4,5)12G2-CO2H 140 Im3≈m 52.6[c] 1.03 51.8[h] 30 15[l] 24
(4-3,4,5-3,4,5)12G2-B15C5 20 0.0 p6mm 38.2 44.1[a] 1.11 44.1[f] 2[j] 180.0


70 0.0 p6mm 37.5 43.3[a] 1.11 43.3[f] 2[j] 180.0
105 0.0 p6mm 36.9 42.6[a] 1.11 42.6[f] 2[j] 180.0


(3,4-3,4,5)12G2-CH2OH 80 Pm3≈n 83.5[b] 1.00 51.8[g] 228 28[k] 12.9
(3,4-3,4,5)12G2-B15C5 95 0.8 Pm3≈n 113.0[b] 1.09 70.1[g] 519 65[k] 5.5


120 0.8 Pm3≈n 109.5[b] 1.09 67.9[g] 472 59[k] 6.1
(3,4,5-3,4,5)12G2-CO2H 105 Pm3≈n 68.3[b] 1.04 42.4[g] 96 12[k] 30.0
(3,4,5-3,4,5)12G2-B15C5 68 0.8 Pm3≈n 96.8[b] 1.08 60.1[g] 248 31[k] 11.6
(4-3,4,5-3,4)12G2-CO2CH3 112 Pm3≈n 98.7[b] 1.03 61.2[g] 285 36[k] 10.0
(4-3,4,5-3,4)12G2-CO2H 140 Pm3≈n 92.2[b] 1.03 57.2[g] 234 29[k] 12.4
(4-3,4,5-3,4)12G2-B15C5 90 0.0 Pm3≈n 115.7[b] 1.09 71.8[g] 431 54[k] 6.7


105 0.4 Pm3≈n 117.5[b] 1.11 72.9[g] 460 58[k] 6.2


[a] p6mm hexagonal columnar lattice parameter a� 2�d100�/
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Figure 2. DSC traces (10 �Cmin�1) of the complexes of (3,4)12G1-B15C5
with NaOTf recorded during: a) first cooling scan and b) second heating
scan.


Figure 3. DSC traces (10 �Cmin�1) of the complexes of (4-3,4)12G1-B15C5
with NaOTf recorded during: a) first cooling scan and b) second heating
scan.


(��� 10.0 �) and X�CO2H (��� 12.4�) maintain a conic shape
after functionalization with B15C5.
Complexation with NaOTf provides the following five


different trends: a) stabilizes the Pm3≈n cubic phase self-


Figure 4. DSC traces (10 �Cmin�1) of the complexes of (3,4-3,4)12G2-
B15C5 with NaOTf recorded during: a) first cooling scan and b) second
heating scan.


Figure 5. DSC traces (10 �Cmin�1) of the complexes of (4-3,4,5-3,5)12G2-
B15C5 with NaOTf recorded during: a) first cooling scan and b) second
heating scan.


organized from spherical supramolecular dendrimers which
are self-assembled from conic monodendrons; b) stabilizes
the SA phase generated from parallelepiped monodendrons;
c) has no effect on the stability of the SB phase generated from
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Figure 6. DSC traces (10 �Cmin�1) of the complexes of (3,4-3,4,5)12G2-
B15C5 with NaOTf recorded during: a) first cooling scan and b) second
heating scan.


parallelepiped monodendrons; d) stabilizes the p6mm hexag-
onal columnar phase self-organized from cylindrical supra-
molecular dendrimers which are self-assembled from tapered
monodendrons; and e) destabilizes the p6mm hexagonal
columnar phase self-organized from cylindrical supramolec-
ular dendrimers self-assembled from half-disc monodendrons.
We will try to provide explanations for these trends. In the


case a) the conic monodendron contains the crown ether at
their apex and upon self-assembly into supramolecular
spherical dendrimers the crown ethers are placed at the
center of the sphere. When NaOTf is ionized in the center of
the supramolecular sphere the ionic interaction created
enhances the stability of the supramolecular object and of
its cubic lattice. In case b), the SA phase has a bilayer
interdigitated structure (Figure 7a) in which the B15C5 units
are facing each other in the center of the bilayer. Again
complexation can easily explain the enhanced stability of the
SA phase since the placement of the B15C5 can enhance after
complexation the interdendritic interactions. Case c) is ob-
served for the SB phase. No enhanced stability of the SB phase
is observed upon complexation since no interaction between
the non-interdigitated bilayer structures shown in Figure 8b is
possible. Cases d) and e) can be explained by the creation of
an ion channel that penetrates through the center of the
column.[2a, b, e] This ion channel seems to be most effective
when the dendritic crown ether has a tapered shape. However,
when the shape of the dendritic crown ether is equivalent to
half of a disc, complexation with NaOTf destabilizes the
formation of the ion channel (case e). More structural experi-
ments are required to elucidate the difference between


Figure 7. Molecular models of the smectic layers of a) smectic A (SA) and
b) smectic B (SB) phases.


cases d) and e). It is, however, rewarding to conclude that the
influence of complexation with NaOTf resembles that of the
dependence of polymerization from the field of liquid
crystalline polymers[10] known as the ™polymer effect∫ and
therefore this trend should be considered a ™supramolecular
polymer effect∫.[11] Unrelated examples of mediation of
supramolecular structure by a combination of crown ethers
or other ligands and ionic interactions are actively exploited
also in other laboratories.[12] Dendritic crown ethers that do
not self-assemble were recently reported by Gitsov and
Ivanova.[13] Nevertheless, the monodendritic crown ethers
and their complexes with NaOTf reported here provide the
largest diversity of liquid crystalline phases encountered so far
in any library of supramolecular dendrimers reported from
our[2±5] and other laboratories.[14]


Conclusion


The synthesis of the benzyl ether based self-assembling
monodendrons containing benzo[15]crown-5 at their focal
point is described. These dendritic building blocks self-
assemble and subsequently self-organize either spontaneously
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or after complexation with NaOTf into smectic B, smectic A,
p6mm hexagonal columnar (�h) and Pm3≈n cubic lattices. The
dependence between the shape of the monodendron, the
shape of the supramolecular dendrimer, the symmetry of the
supramolecular lattice obtained by its spontaneous self-
assembly and self-organization and the influence of complex-
ation with NaOTf on the stability of various supramolecular
lattices were elucidated by retrostructural analysis of the
lattices generated from supramolecular dendrimers. A very
delicate dependence between the shape of the dendritic crown
ether and the stability of its supramolecular lattice obtained
by complexation with NaOTf was demonstrated and mech-
anisms of complexation mediated self-assembly were sug-
gested. These mechanisms many help to elaborate novel ion-
active supramolecular concepts.


Experimental Section


Materials : 1,3-Dicyclohexylcarbodiimide (DCC, 99%), 4-(dimethylami-
no)pyridine (DMAP, 99%) (from Aldrich), p-toluenesulfonic acid (98%),
KOH, acetone, THF, and EtOH (from Fisher, ACS reagent) were used as
received. CH2Cl2 (from Fisher, ACS reagent) was dried over CaH2 and
freshly distilled before use. The materials used in the synthesis of
intermediary compounds reported previously were identical to those
reported in the previous publications.


Techniques : 1H NMR (200 MHz) and 13C NMR (50 MHz) spectra were
recorded on a Varian Gemini 200 spectrometer at 20 �C with tetramethyl-
silane (TMS) as internal standard. The purity of products was determined
by a combination of thin-layer chromatography (TLC) on silica gel plates
(Kodak) with fluorescent indicator and high pressure liquid chromatog-
raphy (HPLC) using a Perkin ±Elmer Series10 high-pressure liquid
chromatograph equipped with an LC-100 column oven and Nelson
Analytical 900 series integrator data station. THF was used as solvent at
an oven temperature of 40 �C. Detection was by UVabsorbance at 254 nm.
Thermal transitions were measured on a Perkin ±Elmer DSC-7 differential
scanning calorimetry (DSC) equipped with a TADS data station. In all
cases, the heating and cooling rates were 10 �Cmin�1. First-order transition
temperatures were reported as the maxima and minima of their endother-
mic and exothermic peaks. The glass transition temperatures (Tg) were read
at the middle of the change in heat capacity. Indium and zinc were used as
calibration standards. An Olympus BX-40 thermal optical polarized
microscope (TOPM) (100� magnification) equipped with a Mettler FP
82 hot stage and a Mettler FP80 central processor was used to observe
thermal transitions and verify the anisotropic and isotropic textures. X-ray
diffraction (XRD) experiments on liquid crystal phases were performed by
using either a helium-filled flat plate wide angle (WAXS) camera or a
pinhole-collimated small angle (SAXS) camera, and also by using an Image
Plate area detector (MAR Research) with a graphite-monochromatized a
pinhole-collimator beam and a helium tent. The samples, in glass
capillaries, were held in a temperature-controlled cell (�0.1 �C). Ni-filtered
CuK� radiation was used. Experiments were also performed at several
small-angle stations of the Synchrotron Radiation Source at Daresbury
(UK). A double-focused beam and a quadrant detector were used. In both
cases, the sample was held in a capillary within a custom-built temperature
cell controlled to within �0.1 �C. Densities (�20) were determined by
flotation in gradient columns at 20 �C. Elemental analysis of all new
compounds (M-H-W Laboratories, Phoenix, AZ) agrees with the calcu-
lated value within less than �0.4%.
Macromodel 6.0 from Columbia Innovation Corp. was used on a Silicon
Graphics Indy workstation to model the arrangement of smectic A and
smectic B phases.


Synthesis : The syntheses of 4�-hydroxymethylbenzo[15]crown-5
(B15C5),[2a] 4-dimethylaminopyridinium p-toluenesulfonate (DPTS),[2a]


NaOTf,[2a] methyl 3,4-bis(n-dodecan-1-yloxy)benzoate [(3,4)12G1-
CO2CH3],[6] 3,4-bis(n-dodecan-1-yloxy)benzoic acid [(3,4)12G1-CO2H],[7]


methyl 3,4-bis[p-(n-dodecan-1-yloxy)benzyloxy]benzoate [(4-3,4)12G1-


CO2CH3],[3b] 3,4-bis[p-(n-dodecan-1-yloxy)benzyloxy]benzoic acid [(4-
3,4)12G1-CO2H],[3b] methyl 3,4,5-tris[p-(n-dodecan-1-yloxy)benzyloxy]-
benzoate [(4-3,4,5)12G1-CO2CH3],[8] 3,4,5-tris[p-(n-dodecan-1-yloxy)ben-
zyloxy]benzoic acid [(4-3,4,5)12G1-CO2H],[2h, 8] methyl 3,4-bis[3�,4�-bis(n-
dodecan-1-yloxy)benzyloxy]benzoate [(3,4-3,4)12G2-CO2CH3],[3b] 3,4-
bis[3�,4�-bis(n-dodecan-1-yloxy)benzyloxy]benzoic acid [(3,4-3,4)12G2-
CO2H],[3b] methyl 3,5-bis[3�,4�-bis(n-dodecan-1-yloxy)benzyloxy]benzoate
[(3,4-3,5)12G2-CO2CH3],[3b] 3,5-bis[3�,4�-bis(n-dodecan-1-yloxy)benzyloxy]-
benzoic acid [(3,4-3,5)12G2-CO2H],[3b] methyl 3,5-bis{3�,4�,5�-tris-
[p-(n-dodecan-1-yloxy)benzyloxy]benzyloxy}benzoate [(4-3,4,5-3,5)12G2-
CO2CH3],[2n] 3,5-bis{3�,4�,5�-tris[p-(n-dodecan-1-yloxy)benzyloxy]benzyloxy}-
benzoic acid [(4-3,4,5-3,5)12G2-CO2H],[2n] methyl 3,4,5-tris{3�,4�,5�-tris[p-
(n-dodecan-1-yloxy)benzyloxy]benzyloxy}benzoate [(4-3,4,5-3,4,5)12G2-
CO2CH3],[2h] methyl 3,4,5-tris[3�,4�-bis(n-dodecan-1-yloxy)benzyloxy]ben-
zoate [(3,4-3,4,5)12G2-CO2CH3],[3b] 3,4,5-tris[3�,4�-bis(n-dodecan-1-yloxy)-
benzyloxy]benzoic acid [(3,4-3,4,5)12G2-CO2H],[3b] methyl 3,4,5-
tris[3�,4�,5�-tris(n-dodecan-1-yloxy)benzyloxy]benzoic acid [(3,4,5-3,4,5)-
12G2-CO2CH3],[2f] 3,4,5-tris[3�,4�,5�-tris(n-dodecan-1-yloxy)benzyloxy]ben-
zoic acid [(3,4,5-3,4,5)12G2-CO2H],[2f] methyl 3,4-bis{3�,4�,5�-tris[p-(n-
dodecan-1-yloxy)benzyloxy]benzyloxy}benzoate [(4-3,4,5-3,4)12G2-CO2-
CH3],[2n] 3,4-bis{3�,4�,5�-tris[p-(n-dodecan-1-yloxy)benzyloxy]benzyloxy}-
benzoic acid [(4-3,4,5-3,4)12G2-CO2H][2n] and 4�-methylbenzo[15]crown-5
3,4,5-tris[p-(n-dodecan-1-yloxy)benzyloxy]benzoate [(4-3,4,5)12G1-
B15C5],[2a] have been reported previously.


3,4,5-Tris{3�,4�,5�-tris[p-(n-dodecan-1-yloxy)benzyloxy]benzyloxy}benzoic
acid [(4-3,4,5-3,4,5)12G2-CO2H]: In a 200 mL one-neck round bottom flask
equipped with a reflux condenser, (4-3,4,5-3,4,5)12G2-CO2CH3 (2.0 g,
0.65 mmol) and KOH (0.26 g, 4.6 mmol) in a mixture of 95% EtOH
(30 mL) and THF (50 mL) were heated gently under reflux until the
reaction was completed (3 h as determined by TLC and 1H NMR. After
cooling to room temperature, the solvent was distilled under reduced
pressure with the solid residue taken up in THF (30 mL). The solution was
acidified with 50% aqueous CH3COOH and the resulting mixture was
precipitated by the addition of cold H2O (200 mL) and the product filtered
off. Recrystallization from acetone/CH2Cl2 (1:1, 80 mL) yielded a white
solid (1.67 g, 83.9%). Thermal transitions and corresponding enthalpy
changes are reported in Table 1. Purity (HPLC), 99�%; TLC (CH2Cl2):
Rf� 0; 1H NMR (CDCl3, TMS): �� 0.89 (t, 27H, J� 6.6 Hz, CH3), 1.27 (m,
162H, CH3(CH2)9), 1.72 (m, 18H, CH2CH2OAr), 3.84 ± 3.92 (m, 18H,
CH2CH2OAr), 4.70 (br s, 6H, ArCH2OAr, 4-(3�,4�,5�)-positions), 4.80 (s,
4H, ArCH2OAr, 3,5-(4�)-positions), 4.86 (s, 8H, ArCH2OAr, 3,5-(3�,5�)-
positions), 5.00 (br s, 6H, ArCH2OAr, 3,4,5-positions), 6.70 ± 6.77 (m, 22H,
ArH meta to CH2OAr, 3,4,5-(3�,4�,5�), ArH ortho to CH2OAr, 3,5-
positions), 7.13 ± 7.27 (m, 20H, ArH ortho to CH2OAr, 3,4,5-(3�,5�), ArH
ortho to CH2OAr, 4-position), 7.51 (s, 2H, ArH ortho to COOH); 13C NMR
(CDCl3, TMS): �� 14.1 (CH3), 22.7 (CH3CH2), 26.1 (CH2CH2CH2OAr),
29.3 (CH3(CH2)2CH2), 29.6 (CH3(CH2)3(CH2)5), 31.9 (CH3CH2CH2), 67.9
(CH2CH2OAr), 70.9 (ArCH2OAr, 3,4,5-(3�,5�)-positions), 71.5 (ArCH2-
OAr, 3,5-positions), 74.5 (ArCH2OAr, 3,4,5-(4�)-positions), 74.7 (ArCH2-
OAr, 4-positions), 106.6 ± 107.2 (ArC ortho to CH2OAr, 3,4,5-positions),
109.7 (ArC ortho to COOH), 114.2 ± 114.9 (ArC meta to CH2OAr, 3,4,5-
(3�,4�,5�)-positions), 123.7 (ArC ipso to COOH), 128.8 ± 129.8 (ArC ortho to
CH2OAr and ArC ipso to CH2OAr, 3,4,5-(3�,4�,5�)-positions), 132.1 ± 132.9
(ArC para to CH2OAr, 3,4,5-positions), 138.3 (ArC ipso to CH2OAr, 3,4,5-
positions), 142.2 (ArC para to COOH), 152.6 (ArC meta to COOH), 153.2
(ArCmeta to CH2OAr, 3,4,5-positions), 158.9 (ArC para to CH2OAr, 3,4,5-
(3�,4�,5�)-positions), 171.0 (COOH); elemental analysis calcd (%) for
C199H294O23: C 78.25, H 9.70; found: C 78.30, H 9.59.


General procedure for the synthesis of monodendrons containing B15C5 :
The monodendrons containing crown ether at their focal points were
synthesized by estherification with the corresponding benzoic acids and 4�-
hydroxymethylbenzo[15]crown-5 in the presence of DCC and catalyzed by
DPTS in CH2Cl2.


4�-Methylbenzo[15]crown-5 3,4-bis(n-dodecan-1-yloxy)benzoate [(3,4)12G1-
B15C5]: (3,4)12G1-CO2H (1.1 g, 2.2 mmol), 4�-hydroxymethylbenzo-
[15]crown-5 (0.80 g, 2.7 mmol), and DPTS (0.21 g, 0.67 mmol) were
dissolved in CH2Cl2 (50 mL). DCC (0.69 g, 3.4 mmol) was added and then
the mixture was heated under reflux. After 24 h, the reaction mixture was
passed through a glass fiber filter and evaporated in vacuo. Purification by
flash column chromatography (silica gel, CH2Cl2) and recrystallization
from acetone (30 mL) gave (3,4)12G1-B15C5 as a white product (0.83 g,
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48%). Thermal transitions and corresponding enthalpy changes are
reported in Table 2. Purity (HPLC), 99� %; TLC (hexane/EtOAc 4:1):
Rf� 0; 1H NMR (CDCl3, TMS): �� 0.88 (t, 6H, J� 6.7 Hz, CH3), 1.27 (m,
36H, CH3(CH2)9), 1.83 (m, 4H, CH2CH2OAr), 3.76 (s, 8H, (OCH2CH2)2),
3.91 (m, 4H, ArOCH2CH2O), 4.03 (m, 4H, CH2OAr), 5.24 (s, 2H,
CO2CH2Ar), 6.86 ± 6.97 (m, 4H, ArH (5)meta to CO2CH2Ar, ArHmeta to
CH2, ArH ortho to CH2), 7.55 (d, 1H, J� 2.0 Hz, ArH (2) ortho to
CO2CH2Ar, 2-position), 7.65 (s, 1H, ArH (6) ortho to CO2CH2Ar);
13C NMR (CDCl3, TMS): �� 14.1 (CH3), 22.7 (CH2CH3), 26.0 ± 29.6
((CH2)8), 31.9 (CH2CH2CH3), 66.5 (CO2CH2Ar), 69.0 (CH2CH2OAr), 69.1,
69.3, 69.6, 70.5, 71.1 (crown ether), 111.9 (ArC (5) meta to CO2CH2Ar),
113.8 (ortho to CH2 and O on crown ether), 114.4 (ArC (2) ortho to
CO2CH2Ar), 114.5 (meta to CH2 on crown ether), 121.7 (ArC ortho to CH2


on crown ether), 122.4 (ArC ipso to CO2CH2Ar), 123.7 (ArC (6) ortho to
CO2CH2Ar), 129.4 (ArC ipso to CH2 on crown ether), 148.5 (ArC (3)meta
to CO2CH3, 3-position), 149.2 (ArC ipso to O on crown ether), 153.3 (ArC
para to CO2CH2Ar), 166.4 (CO2CH2Ar); elemental analysis calcd (%) for
C46H74O9: C 71.65, H 9.67; found: C 71.68, H 9.62.


4�-Methylbenzo[15]crown-5 3,4-bis[p-(n-dodecan-1-yloxy)benzyloxy]ben-
zoate [(4-3,4)12G1-B15C5]: (4-3,4)12G1-CO2H (1.4 g, 2.0 mmol), 4�-hy-
droxymethylbenzo[15]crown-5 (0.68 g, 2.3 mmol), DPTS (0.12 g,
0.40 mmol), and DCC (0.49 g, 2.4 mmol) were dissolved in CH2Cl2
(20 mL) at reflux and heated (18 h). Purification by flash column
chromatography (silica gel, CH2Cl2) and recrystallization from acetone
(40 mL) gave compound (1.28 g, 65.4%) as a white solid. Thermal
transitions and corresponding enthalpy changes are reported in Table 2.
Purity (HPLC), 99�%; TLC (hexane/EtOAc 20:1): Rf� 0; 1H NMR
(CDCl3, TMS): �� 0.88 (t, 6H, J� 6.5 Hz, CH3), 1.26 (m, 36H,
CH3(CH2)9), 1.78 (m, 4H, CH2CH2OAr), 3.76 (s, 8H, (OCH2CH2)2),
3.89 ± 3.97 (m, 8H, CH2CH2OAr, ArOCH2CH2O), 4.15 (m, 4H, ArOCH2-
CH2O), 5.08 (s, 2H, ArCH2OAr, 4-position), 5.12 (s, 2H, ArCH2OAr,
3-position), 5.22 (s, 2H, CO2CH2Ar), 6.84 ± 6.99 (m, 8H, ArH meta to
CH2OAr, 3,4-positions, ArH (5) meta to CO2CH2Ar, ArH meta to CH2,
ArH ortho to CH2), 7.32 ± 7.36 (m, 4H, ArH ortho to CH2OAr, 3,4-
positions), 7.61 ± 7.65 (m, 2H, ArH ortho to CO2CH2Ar); 13C NMR (CDCl3,
TMS): �� 14.1 (CH3), 22.7 (CH2CH3), 26.0 ± 29.6 ((CH2)8), 31.9
(CH2CH2CH3), 66.5 (CO2CH2Ar), 68.0 (CH2CH2OAr), 69.1, 69.6, 70.5,
70.7 (crown ether), 71.1 (ArCH2OAr), 113.4 (ArC ortho to CH2 and O on
crown ether), 113.8 (ArC (5) meta to CO2CH2Ar), 114.5 (ArC meta to
CH2OAr, 3,4-positions, ArC meta to CH2 on crown ether), 115.8 (ArC (2)
ortho to CO2CH2Ar), 121.7 (ArC ortho to CH2 on crown ether), 122.9 (ArC
ipso to CO2CH2Ar), 124.3 (ArC (6) ortho to CO2CH2Ar), 128.6 (ArC ipso
CH2CO2Ar), 128.8 ± 129.1 (ArC ortho to CH2OAr, 3,4-positions, ArC ipso
CH2OAr, 3,4-positions), 148.4 ± 149.2 (ArC (3) meta CO2CH2Ar, ArC ipso
O on crown ether), 153.1 (ArC para to CO2CH2Ar), 159.0 (ArC para to
CH2OAr, 3,4-positions), 166.0 (CO2CH2Ar); elemental analysis calcd (%)
for C60H86O11: C 73.29, H 8.82; found: C 73.32, H 8.77.


4�-Methylbenzo[15]crown-5 3,4-bis[3�,4�-bis(n-dodecan-1-yloxy)benzyloxy]
benzoate [(3,4-3,4)12G2-B15C5]: (3,4-3,4)12G2-CO2H (1.50 g, 1.40 mmol),
4�-hydroxymethylbenzo[15]crown-5 (0.50 g, 1.7 mmol), DPTS (0.13 g,
0.42 mmol), and DCC (0.43 g, 2.1 mmol) were dissolved in CH2Cl2
(30 mL) and heated under reflux for 16 h. A white solid compound
(1.20 g, 63.5%) was obtained after flash column chromatography (silica gel,
CH2Cl2) and recrystallization from a mixture of CH2Cl2 and acetone (2:1,
25 mL). Thermal transitions and corresponding enthalpy changes are
reported in Table 2. Purity (HPLC), 99�%; TLC (THF): Rf� 0.71;
1H NMR (CDCl3, TMS): �� 0.89 (t, 12H, J� 6.8 Hz, CH3), 1.27 (m, 72H,
CH3(CH2)9), 1.75 (m, 8H, CH2CH2OAr), 3.77 (s, 8H, (OCH2CH2)2), 3.90 ±
4.01 (m, 12H, CH2CH2OAr, ArOCH2CH2O), 4.16 (m, 4H, ArOCH2-
CH2O), 5.08 (s, 2H, ArCH2OAr, 4-position), 5.11 (s, 2H, ArCH2OAr,
3-position), 5.24 (s, 2H, CO2CH2Ar), 6.81 ± 7.00 (m, 10H, ArH to CH2OAr,
3,4-positions, ArH (5)meta to CO2CH2Ar, ArHmeta to CH2, ArH ortho to
CH2), 7.62 ± 7.67 (overlapped peaks, 2H, ArH ortho to CO2CH2Ar);
13C NMR (CDCl3, TMS): �� 14.0 (CH3), 22.6 (CH2CH3), 26.0 ± 30.5
((CH2)8), 31.9 (CH2CH2CH3), 66.4 (CO2CH2Ar), 69.1 (CH2CH2OAr), 69.3,
69.5, 70.5, 70.8 (crown ether), 71.2 (ArCH2OAr), 113.1 (ArC ortho to CH2


and O on crown ether), 113.2 (ArC (2�) ortho to CH2OAr, 3,4-positions),
113.6 (ArC (5�) meta to CH2OAr, 3,4-positions), 113.8 (ArC (5) meta to
CO2CH2OAr), 114.5 (ArCmeta to CH2CO2Ar on crown ether), 115.6 (ArC
(2) ortho to CO2CH2Ar), 119.9 ± 120.1 (ArC ortho (6�) to CH2OAr, 3,4-
positions), 121.6 (ArC ortho to CH2CO2Ar on crown ether), 122.9 (ArC


ipso to CO2CH2Ar), 124.0 (ArC (6) ortho to CO2CH2Ar), 129.0 (ArC ipso
to CH2CO2Ar on crown ether), 129.3 (ArC ipso CH2OAr, 3,4-positions),
148.3 (ArC (2) meta to CO2CH2Ar), 148.9 ± 149.2 (ArC para to CH2OAr,
3,4-positions, ArC (3�) meta to CH2OAr, 3,4-positions, ArC ipso O on
crown ether), 153.0 (ArC para to CO2CH2Ar), 166.0 (CO2CH2Ar);
elemental analysis calcd (%) for C84H134O13: C 74.63, H 9.99; found: C
74.64, H 9.95.


4�-Methylbenzo[15]crown-5 3,5-bis[3�,4�-bis(n-dodecan-1-yloxy)benzyloxy]
benzoate [(3,4-3,5)12G2-B15C5]: (3,4-3,5)12G2-CO2H (1.4 g, 1.3 mmol),
4�-hydroxymethylbenzo[15]crown-5 (0.45 g, 1.5 mmol), DPTS (82 mg,
0.26 mmol), and DCC (0.32 g, 1.6 mmol) were taken up in CH2Cl2
(20 mL) at room temperature for 12 h. After flash column chromatography
(silica gel, CH2Cl2) and recrystallization from acetone (30 mL) a white
crystal (1.46 g, 82.7%) was obtained. Thermal transitions and correspond-
ing enthalpy changes are reported in Table 2. Purity (HPLC), 99�%; TLC
(THF): Rf� 0.59; 1H NMR (CDCl3, TMS): �� 0.88 (t, 12H, J� 5.9 Hz,
CH3), 1.26 (m, 72H, CH3(CH2)9), 1.78 (m, 8H, CH2CH2OAr), 3.75 (s, 8H,
(OCH2CH2)2), 3.92 ± 4.02 (m, 12H, CH2CH2OAr, ArOCH2CH2O), 4.15 (m,
4H, ArOCH2CH2O), 4.94 (s, 4H, ArCH2OAr, 3,5-positions), 5.25 (s, 2H,
CO2CH2Ar), 6.78 (t, 1H, J� 2.4 Hz, ArH para to CO2CH2Ar), 6.84 ± 7.01
(m, 9H, ArH to CH2OAr, 3,5-positions, ArH meta to CH2, ArH ortho to
CH2), 7.29 (d, 2H, J� 2.1 Hz, ArHortho to CO2CH2Ar); 13C NMR (CDCl3,
TMS): �� 13.9 (CH3), 22.5 (CH2CH3), 25.9 ± 29.5 ((CH2)8), 31.8
(CH2CH2CH3), 66.7 (CO2CH2Ar), 69.0 (crown ether), 69.1 (CH2CH2OAr),
69.4 (crown ether), 70.2 (ArCH2OAr), 70.4, 70.9 (crown ether), 107.0 (ArC
para to CO2CH2Ar), 108.3 (ArC ortho to CO2CH2Ar), 113.5 ± 113.6 (ArC
(2�) ortho to CH2OAr, 3,5-positions, ArC (5�) meta to CH2OAr, 3,5-
positions, ArC ortho to CH2 and O on crown ether), 114.5 (ArC meta to
CH2 on crown ether), 120.4 (ArC (6�) ortho to CH2OAr, 3,5-positions),
121.6 (ArC ortho to CH2 on crown ether), 128.8 (ArC ipso to CH2OAr, 3,5-
positions, ArC ipso to CH2CO2Ar on crown ether), 144.0 (ArC ipso to
CO2CH2Ar), 149.0 (ArC para to CH2OAr, 3,5-positions), 149.2 (ArC (3�)
meta to CH2OAr, 3,5-positions), 160.0 (ArC meta to CO2CH2Ar), 166.1
(CO2CH2Ar); elemental analysis calcd (%) for C84H134O13: C 74.63, H 9.99;
found: C 74.59, H 9.94.


4�-Methylbenzo[15]crown-5 3,4,5-tris[3�,4�-bis(n-dodecan-1-yloxy)benzyl-
oxy] benzoate [(3,4-3,4,5)12G2-B15C5]: From (3,4-3,4,5)12G2-CO2H
(1.4 g, 0.91 mmol) and 4�-hydroxymethylbenzo[15]crown-5 (0.31 g,
1.0 mmol) in the presence of DPTS (57 mg, 0.18 mmol) and DCC
(0.224 g, 1.09 mmol) in CH2Cl2 (20 mL) at room temperature (reaction
time, 16 h), a white crystal (1.13 g, 68.3%) was obtained after flash column
chromatography (silica gel, CH2Cl2) and recrystallization from CH2Cl2 and
acetone (1:3, 30 mL). Thermal transitions and corresponding enthalpy
changes are reported in Table 2. Purity (HPLC), 99� %; TLC (THF): Rf�
0.81; 1H NMR (CDCl3, TMS): �� 0.89 (t, 18H, J� 6.9 Hz, CH3), 1.27 (m,
108H, CH3(CH2)9), 1.79 (m, 12H, CH2CH2OAr), 3.72 ± 3.77 (m, 10H,
CH2OAr, 4-(3�)-position, (OCH2CH2)2), 3.93 ± 4.02 (m, 14H, CH2OAr, 3,5-
(3�,4�)- and 4-(4�)-positions, ArOCH2CH2O), 4.17 (m, 4H, ArOCH2CH2O),
5.03 (s, 6H, ArCH2OAr, 3,4,5-positions), 5.25 (s, 2H, CO2CH2Ar), 6.74 ±
6.99 (m, 12H, ArH to CH2OAr, 3,4,5-positions, ArH meta to CH2, ArH
ortho to CH2), 7.40 (s, 2H, ArH ortho to CO2CH2Ar); 13C NMR (CDCl3,
TMS): �� 14.1 (CH3), 22.7 (CH2CH3), 26.1 ± 30.2 ((CH2)8), 31.9
(CH2CH2CH3), 66.8 (CO2CH2Ar), 69.1 (crown ether), 69.3 (CH2CH2OAr),
69.6, 70.4, 70.5 (crown ether), 71.1 (ArCH2OAr), 108.5 (ArC ortho to
CO2CH2Ar), 113.7 (ArC ortho to CH2 and O on crown ether), 113.8 (ArC
(2�) ortho to CH2OAr, 3,4,5-positions), 114.6 (ArC (5�) meta to CH2OAr,
3,4,5-positions, ArC meta to CH2 on crown ether), 120.6 (ArC (6�) ortho to
CH2OAr, 3,4,5-positions), 121.8 (ArC ortho to CH2 on crown ether), 124.1
(ArC ipso to CO2CH2Ar), 129.0 (ArC ipso to CH2OAr, 3,4,5-positions,
ArC ipso to CH2CO2Ar on crown ether), 144.2 (ArC para to CO2CH2Ar),
149.1 ± 149.4 (ArC (3�) meta to CH2OAr, 3,4,5-positions, ArC para to
CH2OAr, 3,4,5-positions), 153.8 (ArC meta to CO2CH2Ar), 166.2 (CO2-


CH2Ar); elemental analysis calcd (%) for C115H188O16: C 75.61, H 10.37;
found: C 75.59, H 10.33.


4�-Methylbenzo[15]crown-5 3,4,5-tris[3�,4�,5-tris(n-dodecan-1-yloxy)benzyl-
oxy]benzoate [(3,4,5-3,4,5)12G2-B15C5]: (3,4,5-3,4,5)12G2-CO2H (1.5 g,
0.72 mmol), 4�-hydroxymethylbenzo[15]crown-5 (0.26 g, 0.86 mmol),
DPTS (67 mg, 0.22 mmol), and DCC (0.22 g, 1.1 mmol) were heated to
reflux in CH2Cl2 (40 mL) for 18 h. After purification by column chroma-
tography [silica gel, CH2Cl2 to CH2Cl2/MeOH 20:1] and recrystallization
from a mixture of CH2Cl2 and acetone (1:1, 30 mL) gave (3,4,5-3,4,5)12G2-
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B15C5 (1.14 g, 67.1%) as a white solid. Thermal transitions and corre-
sponding enthalpy changes are reported in Table 2. Purity (HPLC), 99�
%; TLC (THF): Rf� 0.91; 1H NMR (CDCl3, TMS): �� 0.88 (t, 27H, J�
6.6 Hz, CH3(CH2)11), 1.26 (m, 162H, CH3(CH2)8), 1.74 (m, 18H,
CH2CH2OAr), 3.71 ± 3.76 (m, 12H, CH2OAr, 4-(3�,5�)-positions,
(OCH2CH2)2), 3.84 ± 3.96 (m, 18H, CH2CH2OAr, 3,5-(3�,5�)-positions,
3,4,5-(4�)-positions, ArOCH2CH2O), 4.17 (m, 4H, ArOCH2CH2O), 5.02
(s, 6H, ArCH2OAr, 3,4,5-positions), 5.25 (s, 2H, CO2CH2Ar), 6.59 (s, 2H,
ArHortho to CH2OAr, 4-position), 6.63 (s, 4H, ArH ortho to CH2OAr, 3,5-
positions), 6.89 (d, 1H, J� 8.8 Hz, ArH meta to CH2), 6.99 (m, 2H, ArH
ortho to CH2), 7.40 (s, 2H, ArH ortho to CO2CH2Ar); 13C NMR (CDCl3,
TMS): �� 14.0 (CH3), 22.6 (CH3CH2), 26.1 ± 30.5 ((CH2)8), 31.9
(CH3CH2CH2), 66.7 (CO2CH2Ar), 68.8 (crown ether), 69.0 (CH2CH2OAr,
3,4,5-(3�,5�)-positions), 69.5, 70.5, 71.0 (crown ether), 71.6 (ArCH2OAr, 3,5-
positions), 73.3 (CH2CH2OAr, 3,4,5-(4�)-positions), 75.1 (ArCH2OAr,
4-position), 105.7 (ArC ortho to CH2OAr, 3,5-positions), 106.1 (ArC ortho
to CH2OAr, 4-position), 109.7 (ArC ortho to CO2CH2Ar), 113.8 (ArC ortho
to CH2 and O on crown ether), 114.5 (ArC meta to CH2 on crown ether),
121.6 (ArC ortho to CH2CO2Ar on crown ether), 125.2 (ArC ipso to
CO2CH2Ar), 129.0 (ArC ipso to CH2CO2Ar on crown ether), 131.6 (ArC
para to CH2OAr, 3,5-positions), 132.3 (ArC para to CH2OAr, 4-position),
137.8 (ArC ipso to CH2OAr, 3,4,5-positions), 143.4 (ArC para to
CO2CH2Ar), 149.2 (ArC ipso O on crown ether), 152.1 (ArC meta to
CO2CH2Ar), 153.0 (ArC meta to CH2OAr, 4-position), 153.2 (ArC meta to
CH2OAr, 3,5-positions), 166.0 (CO2CH2Ar); elemental analysis calcd (%)
for C151H260O19: C 76.21, H 11.01; found: C 76.18, H 11.03.


4�-Methylbenzo[15]crown-5 3,4-bis{3�,4�,5�-tris[p-(n-dodecan-1-yloxy)ben-
zyloxy]benzyloxy}benzoate [(4-3,4,5-3,4)12G2-B15C5]: (4-3,4,5-3,4)12G2-
CO2H (1.5 g, 0.72 mmol), 4�-hydroxymethylbenzo[15]crown-5 (0.26 g,
0.87 mmol) in the presence of DPTS (68 mg, 0.22 mmol) and DCC
(0.22 g, 1.1 mmol) were stirred in CH2Cl2 (40 mL) at room temperature
for 12 h. Purification by flash column chromatography with gradient
elution [silica gel, CH2Cl2/MeOH 20:1 to CH2Cl2/MeOH 10:1] and
recrystallization from CH2Cl2 and acetone (2:1, 30 mL) gave (4-3,4,5-
3,4)12G2-B15C5 (0.98 g, 58%) as a white solid. Thermal transitions and
corresponding enthalpy changes are reported in Table 2. Purity (HPLC),
99�%. TLC (THF): Rf� 0.81; 1H NMR (CDCl3, TMS): �� 0.89 (t, 18H,
J� 6.9 Hz, CH3), 1.27 (m, 108H, CH3(CH2)9), 1.77 (m, 12H, CH2CH2OAr),
3.76 (s, 8H, (OCH2CH2)2), 3.87 ± 3.93 (m, 16H, CH2CH2OAr, ArOCH2-
CH2O), 4.12 (m, 4H, ArOCH2CH2O), 4.84 (s, 4H, ArCH2OAr, 3,4-(4�)-
positions), 4.94 (s, 8H, ArCH2OAr, 3,4-(3�,5�)-positions), 5.08 (s, 4H,
ArCH2OAr, 3,4-positions), 5.25 (s, 2H, CO2CH2Ar), 6.72 ± 6.87 (m, 18H,
ArH meta to CH2OAr, 3,4-(3�,4�,5�)-positions, ArH ortho to CH2OAr, 3,4-
positions, ArHmeta to CO2CH2Ar, 5-position, ArHmeta to CH2), 6.99 (m,
2H, ArH ortho to CH2), 7.22 ± 7.26 (m, 12H, ArH ortho to CH2OAr, 3,4-
(3�,4�,5�)-positions), 7.69 (m, 2H, ArH ortho to CO2CH2Ar); 13C NMR
(CDCl3, TMS): �� 14.1 (CH3), 22.6 (CH2CH3), 26.1 (CH2CH2CH2OAr),
29.3 (CH3(CH2)2CH2), 29.6 (CH3(CH2)3(CH2)5), 30.1 (CH2CH2OAr), 31.9
(CH3CH2CH2), 66.5 (CO2CH2Ar), 67.9 (CH2CH2OAr, 3,4-[3�,4�,5�-(4��)]
positions), 69.0, 69.1, 69.5, 70.5 (crown ether), 71.0 ± 71.4 (ArCH2OAr, 3,4-
(3�,5�)-positions, 3,4-positions), 74.7 (ArCH2OAr, 3,4-(4�)-positions), 106.9
(ArC ortho to CH2OAr, 3-position), 107.1 (ArC ortho to CH2OAr,
4-position), 113.4 (ArC (5) meta to CO2CH2Ar), 113.8 ± 114.9 (ArC meta
to CH2OAr, 3,4-(3�,4�,5�)-positions, ArC ortho to CH2 and O on crown
ether, ArC meta to CH2 on crown ether), 115.8 (ArC (2) ortho to
CO2CH2Ar), 121.6 (ArC ipso to CO2CH2Ar, ArC ortho to CH2 on crown
ether), 124.2 (ArC (6) ortho to CO2CH2Ar), 128.9 (ArC ipso to CH2CO2Ar
on crown ether), 129.1 ± 130.1 (ArC ipso to CH2OAr, 3,4-(3�,4�,5�)-positions,
ArC ortho to CH2OAr, 3,4-(3�,4�,5�)-positions), 131.9 (ArC para to
CH2OAr, 3,4-positions), 138.1 (ArC ipso to CH2OAr, 3,4-positions),
149.0 (ArC meta (3) to CO2CH2Ar), 149.2 (ArC ipso O on crown ether),
153.1 (ArC meta to CH2OAr, 3,4-positions, ArC para to CO2CH2Ar), 158.8
(ArC para to CH2OAr, 3,4-(3�,4�,5�)-positions), 166.0 (CO2CH2Ar); ele-
mental analysis calcd (%) for C150H218O21: C 76.43, H 9.32; found: C 76.45,
H 9.28.


4�-Methylbenzo[15]crown-5 3,5-bis{3�,4�,5�-tris[p-(n-dodecan-1-yloxy)ben-
zyloxy]benzyloxy}benzoate [(4-3,4,5-3,5)12G2-B15C5]: (4-3,4,5-3,5)12G2-
CO2H (1.5 g, 0.72 mmol), 4�-hydroxymethylbenzo[15]crown-5 (0.26 g,
0.87 mmol), DPTS (68 mg, 0.22 mmol), and DCC (0.22 g, 1.1 mmol) were
heated at reflux in CH2Cl2 (40 mL) for 10 h. Awhite crystal (1.40 g, 82.4%)
was obtained after flash column chromatography (silica gel, CH2Cl2) and


recrystallization in a mixture of CH2Cl2 and acetone (1:1, 25 mL). Thermal
transitions and corresponding enthalpy changes are reported in Table 2.
Purity (HPLC), 99�%. TLC (1:1 hexane/EtOAc): Rf� 0.38; 1H NMR
(CDCl3, TMS): �� 0.89 (t, 18H, J� 6.9 Hz, CH3), 1.28 (m, 108H,
CH3(CH2)9), 1.79 (m, 12H, CH2CH2OAr), 3.76 (s, 8H, (OCH2CH2)2),
3.90 ± 3.99 (m, 16H, CH2CH2OAr, ArOCH2CH2O), 4.18 (m, 4H, ArOCH2-
CH2O), 4.94 (s, 4H, ArCH2OAr, 3,5-positions), 4.96 (s, 4H, ArCH2OAr,
3,5-(4�)-positions), 5.03 (s, 8H, ArCH2OAr, 3,5-(3�,5�)-positions), 5.28 (s,
2H, CO2CH2Ar), 6.74 ± 6.79 (m, 9H, ArH meta to CH2OAr, 3,5-(4�)-
positions, ArH ortho to CH2OAr, 3,5-positions, ArH para to CO2CH2Ar),
6.84 (m, 9H, ArHmeta to CH2OAr, 3,5-(3�,5�)-positions, ArHmeta to CH2),
7.01 (d, 2H, J� 8.1 Hz, ArH ortho to CH2), 7.26 ± 7.35 (m, 14H, ArH ortho
to CH2OAr, 3,5-(3�,4�,5�)-positions, ArH ortho to CO2CH2Ar); 13C NMR
(CDCl3, TMS): �� 14.0 (CH3), 22.6 (CH2CH3), 26.1 (CH2CH2CH2OAr),
29.3 (CH3(CH2)2CH2), 29.6 (CH3(CH2)3(CH2)5), 30.4 (CH2CH2OAr), 31.9
(CH3CH2CH2), 66.8 (CO2CH2Ar), 68.1 (CH2CH2OAr, 3,5-[3�,4�,5�-(4��)]-
positions), 69.3, 69.6, 70.6 (crown ether), 71.2 (ArCH2OAr, 3,5-positions),
71.4 (ArCH2OAr, 3,5-(3�,5�)-positions), 74.8 (ArCH2OAr, 3,5-(4�)-posi-
tions), 107.4 (ArC para to CO2CH2Ar), 107.8 (ArC ortho to CH2OAr, 3,5-
positions), 108.8 (ArC ortho to CO2CH2Ar), 113.9 (ArC ortho to CH2 and
O on crown ether), 114.2 ± 114.9 (ArC meta to CH2OAr, 3,5-(3�,4�,5�)-
positions, ArC meta to CH2 on crown ether), 121.7 (ArC ortho to CH2 on
crown ether), 129.1 ± 130.5 (ArC ipso to CH2OAr, 3,5-(3�,4�,5�)-positions,
ArC ortho to CH2OAr, 3,5-(3�,4�,5�)-positions, ArC para to CH2OAr, 3,5-
positions, ArC ipso to CH2CO2Ar on crown ether), 131.8 (ArC ipso to
CO2CH2Ar), 153.2 (ArC meta to CH2OAr, 3,5-positions), 159.0 (ArC para
to CH2OAr, 3,5-(3�,4�,5�)-positions), 159.8 (ArC meta to CO2CH2Ar), 166.1
(CO2CH2Ar); elemental analysis calcd (%) for C150H218O21: C 76.43, H
9.32; found: C 76.39, H 9.36.


4�-Methylbenzo[15]crown-5 3,4,5-tris{3�,4�,5�-tris[p-(n-dodecan-1-yloxy)-
benzyloxy]benzyloxy}benzoate [(4-3,4,5-3,4,5)12G2-B15C5]: Starting from
(4-3,4,5-3,4,5)12G2-CO2H (1.5 g, 0.49 mmol) and 4�-hydroxymethylben-
zo[15]crown-5 (0.18 g, 0.59 mmol) in the presence of DPTS (46 mg,
0.15 mmol) and DCC (0.20 g, 0.98 mmol) in CH2Cl2 (40 mL) at room
temperature for 16 h, a white crystal (0.86 g, 52.5%) was obtained after
flash column chromatography (silica gel, CH2Cl2) and recrystallization
from a mixture of CH2Cl2 and acetone (1:2, 25 mL). Thermal transitions
and corresponding enthalpy changes are reported in Table 2. Purity
(HPLC), 99�%; TLC (hexane/ethyl acetate 1:1): Rf� 0; 1H NMR
(CDCl3, TMS): �� 0.90 (t, 27H, J� 6.8 Hz, CH3), 1.28 (m, 162H,
CH3(CH2)9), 1.77 (m, 18H, CH2CH2OAr), 3.76 (s, 8H, (OCH2CH2)2),
3.82 ± 3.92 (m, 22H, CH2CH2OAr, ArOCH2CH2O), 4.13 (m, 4H, ArOCH2-
CH2O), 4.75 (s, 6H, ArCH2OAr, 4-(3�,4�,5�)-positions), 4.86 (s, 4H,
ArCH2OAr, 3,5-(4�)-positions), 4.92 (s, 8H, ArCH2OAr, 3,5-(3�,5�)-posi-
tions), 5.06 (s, 6H, ArCH2OAr, 3,4,5-positions), 5.27 (s, 2H, CO2CH2Ar),
6.68 ± 6.84 (m, 23H, ArH meta to CH2OAr, 3,4,5-(3�,4�,5�)-positions, ArH
ortho to CH2OAr, 3,5-positions, ArH meta to CH2), 6.95 (br s, 2H, ArH
ortho to CH2), 7.16 ± 7.28 (m, 20H, ArH ortho to CH2OAr, 3,4,5-(3�,4�,5�)-
positions, ArH ortho to CH2OAr, 4-position), 7.43 (s, 2H, ArH ortho to
CO2CH2Ar); 13C NMR (CDCl3, TMS): �� 14.1 (CH3), 22.7 (CH2CH3),
26.1 ± 30.3 ((CH2)8), 31.9 (CH3CH2CH2), 66.8 (CO2CH2Ar), 68.0
(CH2CH2OAr, 3,4,5-(3�,4�,5�)-positions), 69.0, 69.2, 69.6, 70.5, 70.8 (crown
ether), 71.1 (ArCH2OAr, 3,4,5-(3�,5�)-positions), 71.6 (ArCH2OAr, 3,5-
positions), 74.8 (ArCH2OAr, 3,4,5-(4�)-positions), 75.1 (ArCH2OAr, 4-po-
sition), 107.0 (ArC ortho to CH2OAr, 3,5-positions), 107.5 (ArC ortho to
CH2OAr, 4-position), 110.0 (ArC ortho to CO2CH2Ar), 114.0 (ArC ortho to
CH2 and O on crown ether), 114.2 ± 114.4 (ArC meta to CH2OAr, 3,4,5-
(3�,4�,5�)-positions, ArC meta to CH2 on crown ether), 121.7 (ArC ortho to
CH2 on crown ether), 125.7 (ArC ipso to CO2CH2Ar), 128.8 (ArC ipso to
CH2CO2Ar on crown ether), 129.2 ± 130.1 (ArC ortho to CH2OAr and ArC
ipso to CH2OAr, 3,4,5-(3�,4�,5�)-positions), 132.1 (ArC para to CH2OAr,
3,4,5-positions), 138.5 (ArC ipso to CH2OAr, 3,4,5-positions), 142.5 (ArC
para to CO2CH2Ar), 149.1 (ArC ipso O on crown ether), 152.5 (ArC meta
to CO2CH2Ar), 152.9 (ArC meta to CH2OAr, 4-position), 153.2 (ArC meta
to CH2OAr, 3,5-positions), 158.9 (ArC para to CH2OAr, 3,4,5-(3�,4�,5�)-
positions), 166.2 (CO2CH2Ar); elemental analysis calcd (%) for
C214H314O28: C 77.08, H 9.49; found: C 77.11, H 9.48.


Preparation of complexes of monodendrons containing crown ether with
NaOTf : Complexes of crown ether monodendrons with NaOTf were
prepared by mixing a solution of the dendritic crown ether (ca. 24 mgmL�1)
in anhydrous THF with an appropriate volume of a 0.01� stock solution of
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NaOTf in THF. The solvent was evaporated under a gentle N2 stream, and
the resulting complexes were further dried in a vacuum desicator under
vacuum for 24 h at room temperature.


Acknowledgement


Financial support by the National Science Foundation (DMR-99-96288
and DMR-0102459), MURI-ARO, ONR, the Engineering and Physical
Science Research Council (UK), and the Synchrotron Radiation Source at
Daresbury (UK) are gratefully acknowledged. We are also grateful to
Professor S. Z. D. Cheng of the University of Akron for density measure-
ments.


[1] a) G. R. Newkome, C. N. Moorefield, F. Vˆgtle, Dendritic Molecules.
Concepts, Synthesis, Perspectives, VCH, Weinheim, 1996 ; b) D. K.
Smith, F. Diederich, Chem. Eur. J. 1998, 4, 1353; c) M. Fischer, F.
Vˆgtle, Angew. Chem. 1999, 111, 934; Angew. Chem. Int. Ed. 1999, 38,
884; d) S. Hecht, J. M. J. Fre¬chet, Angew. Chem. 2001, 113, 76; Angew.
Chem. Int. Ed. 2001, 40, 74; e) D. Astruc, F. Chardac,Chem. Rev. 2001,
101, 2991; f) G. E. Oosterom, J. N. H. Reek, P. C. J. Kamer, P. W. N. M.
van Leeuwen, Angew. Chem. 2001, 113, 1878; Angew. Chem. Int. Ed.
2001, 40, 1828; g) F. Vˆgtle,Dendrimers in Top. Curr. Chem. 1998, 197;
h) F. Vˆgtle, Dendrimers II, Architecture, Nanostructure and Supra-
molecular Chemistry in Top. Curr. Chem. 2000, 210 ; i) F. Vˆgtle, in
Dendrimers III, Design, Dimension, Function in Top. Curr. Chem.
2001, 212 ; j) D. Seebach, P. B. Rheiner, G. Greiveldinger, T. Butz, H.
Sellner, Top. Curr. Chem. 1998, 197, 125; k) J. S. Moore, Acc. Chem.
Res. 1997, 30, 402.


[2] a) V. Percec, G. Johansson, J. Heck, G. Ungar, S. V. Batty, J. Chem.
Soc. Perkin Trans. 1 1993, 1411; b) G. Johansson, V. Percec, G. Ungar,
D. Abramic, J. Chem. Soc. Perkin Trans. 1 1994, 447; c) G. Ungar, S. V.
Batty, V. Percec, J. Heck, G. Johansson, Adv. Mater. Opt. Electron.
1994, 4, 303; d) D. Tomazos, G. Out, J. Heck, G. Johansson, V. Percec,
M. Mˆller, Liq. Cryst. 1994, 16, 509; e) V. Percec, G. Johansson, G.
Ungar, J. Zhou, J. Am. Chem. Soc. 1996, 118, 9855; f) V. S. K.
Balagurusamy, G. Ungar, V. Percec, G. Johansson, J. Am. Chem. Soc.
1997, 119, 1539; g) S. D. Hudson, H.-T. Jung, V. Percec, W.-D. Cho, G.
Johansson, G. Ungar, V. S. K. Balagurusamy, Science 1997, 278, 449;
h) V. Percec, W.-D. Cho, P. E. Mosier, G. Ungar, D. J. P. Yeardley, J.
Am. Chem. Soc. 1998, 120, 11061; i) V. Percec, C.-H. Ahn, T. K. Bera,
G. Ungar, D. J. P. Yeardley, Chem. Eur. J. 1999, 5, 1070; j) G. Ungar, V.
Percec, M. N. Holerca, G. Johansson, J. Heck, Chem. Eur. J. 2000, 6,
1258; k) V. Percec, W.-D. Cho, M.Mˆller, S. A. Prokhorova, G. Ungar,
D. J. P. Yeardley, J. Am. Chem. Soc. 2000, 122, 4249; l) V. Percec, W.-D.
Cho, G. Ungar, D. J. P. Yeardley, Angew. Chem. 2000, 112, 1661;
Angew. Chem. Int. Ed. 2000, 39, 1597; m) V. Percec, W.-D. Cho, G.
Ungar, J. Am. Chem. Soc. 2000, 122, 10273; n) V. Percec, W.-D. Cho,
G. Ungar, D. J. P. Yeardley, J. Am. Chem. Soc. 2001, 123, 1302; o) W.-J.
Pao, M. R. Stetzer, P. A. Heiney, W.-D. Cho, V. Percec, J. Phys
Chem. B 2001, 105, 2170.


[3] a) V. Percec, C.-H. Ahn, G. Ungar, D. J. P. Yeardley, M. Mˆller, S. S.
Sheiko, Nature 1998, 391, 161; b) V. Percec, C.-H. Ahn, W.-D. Cho,
A. M. Jamieson, J. Kim, T. Leman, M. Schmidt, M. Gerle, M. Mˆller,
S. A. Prokhorova, S. S. Sheiko, S. Z. D. Cheng, A. Zhang, G. Ungar,
D. J. P. Yeardley, J. Am. Chem. Soc. 1998, 120, 8619; c) V. Percec, D.
Schlueter, G. Ungar, S. Z. D. Cheng, A. Zhang,Macromolecules 1998,
31, 1745; d) V. Percec, M. N. Holerca, Biomacromolecules 2000, 1, 6;


e) V. Percec, J. A. Heck, D. Tomazos, G. Ungar, J. Chem. Soc. Perkin
Trans. 2 1993, 2381; f) V. Percec, D. Tomazos, J. Heck, H. Blackwell, G.
Ungar, J. Chem. Soc. Perkin Trans. 2 1994, 31; g) V. Percec, D.
Schlueter, Y. K. Kwon, J. Blackwell, M. Mˆller, P. J. Slangen, Macro-
molecules 1995, 28, 8807; h) G. Johansson, V. Percec, G. Ungar, J. P.
Zhou,Macromolecules 1996, 29, 646; i) S. A. Prokhorova, S. S. Sheiko,
A.Mourran, R. Azumi, U. Beginn, G. Zipp, C.-H. Ahn, M. N. Holerca,
V. Percec, M. Mˆller, Langmuir 2000, 16, 6862; j) D. J. P. Yeardley, G.
Ungar, V. Percec, M. N. Holerca, G. Johansson, J. Am. Chem. Soc.
2000, 122, 1684; k) H. Duan, S. D. Hudson, G. Ungar, M. N. Holerca,
V. Percec, Chem. Eur. J. 2001, 7, 4134; l) V. Percec, M. N. Holerca, S.
Uchida, S. N. Magonov, D. J. P. Yeardley, G. Ungar, H. Duan, S. D.
Hudson, Biomacromolecules 2001, 2, 706; m) V. Percec, M. N.
Holerca, S. Uchida, D. J. P. Yeardley, G. Ungar, Biomacromolecules
2001, 2, 729.


[4] a) V. Percec, G. Zipp, G. Johansson, U. Beginn, M. Mˆller,Macromol.
Chem. Phys. 1997, 198, 265; b) U. Beginn, G. Zipp, M. Mˆller, G.
Johansson, V. Percec, Macromol. Chem. Phys. 1997, 198, 2839; c) V.
Percec, T. K. Bera, Biomacromolecules 2002, 3, 167.


[5] a) V. Percec, P. Chu, G. Ungar, J. Zhou, J. Am. Chem. Soc. 1995, 117,
11441; b) V. Percec, M. Kawasumi, Macromolecules 1992, 25, 3843;
c) V. Percec, C. G. Cho, C. Pugh, D. Tomazos, Macromolecules 1992,
25, 1164; d) V. Percec, P. Chu, M. Kawasumi,Macromolecules 1994, 27,
4441.


[6] a) H. H. Tinh, C. Destrade, Mol. Cryst. Liq. Lett. 1989, 6, 123; b) G.
Staufer, M. Schellhorn, G. Lattermann, Liq. Cryst. 1995, 18, 519.


[7] H. H. Tinh, C. Destrade, J. Malthe√te, Liq. Cryst. 1990, 6, 797.
[8] a) J. Malthe√te, N. H. Tinh, A. M. Levelut, J. Chem. Soc. Chem.


Commun. 1986, 1548; b) J. Malthe√te, A. Collet, A. M. Levelut, Liq.
Cryst. 1989, 5, 123.


[9] G. Ungar, D. Abramic, V. Percec, J. A. Heck, Liq. Cryst. 1996, 21, 73.
[10] V. Percec, A. Keller, Macromolecules 1990, 23, 4347.
[11] J.-M. Lehn, Supramolecular Chemistry, VCH, New York, 1995.
[12] a) C. F. van Nostrum, R. J. M. Nolte, Chem. Commun. 1996, 2385;


b) D. Lelie¡vre, L. Bosio, J. Simon, J.-J. Andre¬, F. Bensebaa, J. Am.
Chem. Soc. 1992, 114, 4475; c) J. Simon, M. K. Engel, C. Soulie¬,New J.
Chem. 1992, 16, 287; d) J. Simon, C. Sirlin, Pure Appl. Chem. 1989, 61,
1625; e) V. Balzani, A. Credi, F. M. Raymo, J. F Stoddart, Angew.
Chem. 2000, 112, 3486; Angew. Chem. Int. Ed. 2000, 39, 3348; f) J.-P
Sauvage, Acc. Chem. Res. 1998, 31, 611; g) A. Liebmann, C.
Mertesdorf, T. Plesnivy, H. Ringsdorf, J. H. Wendorff, Angew. Chem.
1991, 103, 1358; Angew. Chem. Int. Ed. Engl. 1991, 30, 1375.


[13] I. Gitsov, P. T. Ivanova, Chem. Commun. 2000, 269.
[14] For selected examples of dendrimers that self-organize in liquid


crystalline phases see for example: a) D. J Pesak, J. S. Moore, Angew.
Chem. 1997, 109, 1709; Angew. Chem. Int. Ed. 1997, 36, 1636; b) H.
Meier, M. Lehmann,Angew. Chem. 1998, 110, 666;Angew. Chem. Int.
Ed. 1998, 37, 643; c) J. Barbera¬ , M. Marcos, J. L. Serrano,Chem. Eur. J.
1999, 5, 1834; d) M. Marcos, R. Gime¬nez, J. L. Serrano, B. Donnio, B.
Heinrich, D. Guillon, Chem. Eur. J. 2001, 7, 1006; e) M. Sua¬rez, J.-M.
Lehn, S. C. Zimmerman, A. Skoulios, B. Heinrich, J. Am. Chem. Soc.
1998, 120, 9526; f) R. Deschenaux, E. Serrano, A.-H. Levelut, Chem.
Commun. 1997, 1577; g) M. W. P. L. Baars, S. H. M. Sˆntjens, H. M.
Fischer, H. W. I. Peerlings, E. W. Meijer, Chem. Eur. J. 1998, 4, 2456;
h) I. M. Saez, J. W. Goodby, R. M. Richardson, Chem. Eur. J. 2001, 7,
2758.


Received: October 10, 2001 [F3603]








Constructing Terbium Co-ordination Polymers of
4,4�-Bipyridine-N,N�-dioxide by Means of Diffusion Solvent Mixtures


De-Liang Long, Alexander J. Blake, Neil R. Champness,* Claire Wilson, and
Martin Schrˆder*[a]


Abstract: Five different co-ordination
polymers of terbium(���) and the biden-
tate ligand 4,4�-bipyridine-N,N�-di-
oxide (L), [Tb(L)(CH3OH)(NO3)3]�
(1), {[Tb(L)1.5(NO3)3] ¥ CH2Cl2}� (2),
{[Tb(L)1.5(NO3)3] ¥ CH3OH ¥ 0.8H2O}�
(3), {[Tb(L)1.5(NO3)3] ¥ 0.4C2Cl4 ¥
0.8CH3OH}� (4), and [Tb(L)2(NO3)3]�
(5) have been synthesised by the use of
different ™diffusion solvent mixtures∫,
and structurally characterised by X-ray
crystallography. Compound 1, with a
Tb:L stoichiometry of 1:1, adopts a zig-
zag chain structure, which forms three-
fold interpenetrating diamondoid
frameworks through interchain hydro-
gen bonding between co-ordinated
methanol and a nitrate group on an


adjacent chain. Polymers 2, 3, and 4 all
have a Tb:L stoichiometry of 1:1.5, but
adopt different topologies. For 2, a
ladder arrangement is found and large
channels which accommodate solvent
CH2Cl2 molecules are formed by super-
position of the ladders. For 3 and 4 4.82


net structures are observed. The super-
position of the 4.82 nets in 3 and 4, by
disposing adjacent layers such that every
octagon is positioned below a tetragon
from the neighbouring layer, allows the


formation of two kinds of channel, with
that inside the tetragons accommodating
methanol molecules. The other kind of
channel, between tetragons, accommo-
dates water molecules in the case of 3
and tetrachloroethylene molecules in
the case of 4. Compound 5, with a
Tb:L stoichiometry of 1:2, has a linear
polymeric structure with one bridging
and one terminal ligand, and forms (6,3)
plane nets by means of intermolecular
electrostatic interactions between N-ox-
ide moieties. X-ray powder diffraction
studies show that upon desolvation,
compound 2 maintains its original lad-
der framework.


Keywords: co-ordination chemistry
¥ co-ordination polymers ¥ crystal
engineering ¥ interpenetration ¥
lanthanides


Introduction


Many examples of rationally designed poly-dimensional co-
ordination networks have been constructed by using the
concepts of crystal engineering.[1] The majority of studies thus
far have used bridging ligands such as 4,4�-bipyridine and its
analogues containing two or more 4-pyridyl donor units
bound to transition metal ions.[2] Although a number of
examples have appeared recently on the construction of
lanthanide open frameworks by employing O-donor bridging
ligands such as sulfoxides,[3] carboxylates,[4] pyridones and
lactams,[5, 6] f-block metal ions have received comparatively
less attention than d-block cations. Recently, our work on the
application of 4,4�-bipyridine-N,N�-dioxide (L) has revealed


that this ligand plays the same important role as its genitor
compound 4,4�-bipyridine in both lanthanide and transition
metal co-ordination polymers. These studies have resulted in a
family of extended assemblies including sheets of 4.82 top-
ology, interpenetrating CdSO4-like nets[7] and unusual five-,[8]


six-, seven- and eight-connected topologies.[9] We have also
shown different connection modes of this ligand, including co-
ordination, hydrogen bonding, or � ±� stacking in its d-block
metal complexes.[10] The effect of different solvents on the
formation of co-ordination polymers is readily appreciated,
but systematic studies of their role are still scarce.[11±13] In our
current studies on the complexation of 4,4�-bipyridine-N,N�-
dioxide by lanthanide ions both the ligand and metal salts are
readily soluble in MeOH and sparingly soluble in halogenated
solvents, and we have employed different solvent mixtures of
MeOH and halogenated solvents in our attempts to influence
co-ordination polymer formation. We report herein the
syntheses, characterisation and crystal structures of five
terbium co-ordination polymers [Tb(L)(CH3OH)(NO3)3]�
(1), {[Tb(L)1.5(NO3)3] ¥ CH2Cl2}� (2), {[Tb(L)1.5(NO3)3] ¥
CH3OH ¥ 0.8H2O}� (3), {[Tb(L)1.5(NO3)3] ¥ 0.4C2Cl4 ¥
0.8CH3OH}� (4) and [Tb(L)2(NO3)3]� (5), which were
obtained by tuning solvent mixtures.


[a] Dr. N. R. Champness, Prof. Dr. M. Schrˆder, Dr. De-L. Long,
Dr. A. J. Blake, Dr. C. Wilson
School of Chemistry, The University of Nottingham
University Park, Nottingham, NG7 2RD (UK)
Fax: (�44)115-951-3563
E-mail : Neil.Champness@nottingham.ac.uk


M.Schroder@nottingham.ac.uk


Supporting information for this article is available on the WWWunder
http://wiley-vch.de/home/chemistry/ or from the author.


FULL PAPER


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2026 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 92026







2026±2033


Chem. Eur. J. 2002, 8, No. 9 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2027 $ 20.00+.50/0 2027


Results and Discussion


Co-ordination polymer synthe-
sis : Four distinct techniques
were used to prepare and crys-
tallise compounds 1 ± 5. Meth-
od A involved dissolving
Tb(NO3)3 in MeOH and then
carefully mixing this solution
with a methanolic solution of
the ligand, which in general
afforded crystalline products
over a period of days. Method
B consisted of placing
Tb(NO3)3 at the bottom of a
glass vial and covering it with a
halogenated anti-solvent. Over
this protective layer a solution
of the ligand in MeOH was
layered and slow diffusion of the two solvents afforded what
we term a ™diffusion solvent mixture∫. Crystals of the product
formed with concomitant dissolution of the solid Tb(NO3)3
over a period of approximately two weeks. Method C used
what we term a ™pre-mixed solvent∫. The method consists of
dissolving separately both Tb(NO3)3 and the ligand in a pre-
mixed solvent comprising MeOH and a halogenated solvent.
These two solutions were then carefully mixed, resulting in a
clear solution that precipitated a microcrystalline solid within
hours. Method D employed a U-tube with a buffer of neat
halogenated solvent filling its central segment. This separates
methanolic solutions of Tb(NO3)3 and the ligand, which are
positioned in different arms of the U-tube. The product
crystallises in the central portion of the U-tube over a period
of weeks. A similar procedure has been described previously
by Khasanov.[14]


Compounds 1, 2 and 4 were obtained by the reaction of
solid Tb(NO3)3 with L using a ™diffusion solvent mixture∫ of
MeOH and a halogenated anti-solvent (CHCl3 or
CHCl2CHCl2 for 1, CH2Cl2 for 2, C2Cl4 for 4) as in method
B. The main function of the halogenated solvent is to slow the
rate of the reaction and hence crystallisation. However, we also
observed more profound effects for ™diffusion solvent mix-
tures∫ formed from methanol and different halogenated sol-
vents. Compounds 3 and 5were obtained frommixedmethanolic
solutions of Tb(NO3)3 and L (method A) and this is the most
commonly used method of co-ordination polymer synthesis.


Structural characterisation of 1 ± 5 : Compounds 1 ± 5 were
investigated by single-crystal X-ray analysis, which deter-
mined that these materials have polymeric structures based on
networks of nine co-ordinate terbium(���) centres with dis-
torted tricapped trigonal-prismatic geometries. Selected bond
lengths and angles are given in figure captions.
The structure of 1 exhibits a three-dimensional framework


built from zig-zag chains (Figure 1) joined by inter-chain
hydrogen bonds. Terbium(���) centres in 1 lie on crystallo-
graphic twofold axes and in a nona-co-ordinate TbO9 environ-
ment with one oxygen atom from each of two different
molecules of L, one from a co-ordinated methanol, and six


others from three bidentate nitrate anions. The two 4,4�-
bipyridine-N,N�-dioxide ligands form a ™V-joint∫ at the
terbium(���) centres, causing the chain to undulate with a
Tb ¥¥ ¥ Tb ¥¥ ¥ Tb angle of 99.7�. Neighbouring terbium centres in
the chain are separated by the ligand at a distance of about
13.2 ä, while the shortest interchain Tb ¥¥¥ Tb separation in
the crystal is 8.0 ä.
Figure 2a is a schematic representation of the overall


framework formed by the co-ordination polymers of 1. The


Figure 2. a) Schematic representation of the framework formed from
zigzag chains (full lines) by hydrogen bonds (dashed lines) in 1; b) schematic
representation of the threefold interpenetration of the diamondoid frame-
work in 1.


Figure 1. A view of the zig-zag structure of compound 1. Hydrogen atoms are omitted for clarity. Selected bond
lengths [ä] and angles [�]: Tb�O1 2.320(10), Tb�O21 2.519(4), Tb�O10 2.271(2), Tb�O22 2.546(10), Tb�O11
2.458(3), O10�N10 1.334(3), Tb�O12 2.471(3); O11-Tb-O12 51.8(1), O21-Tb-O22 50.4(2), O10-Tb-O10i 87.1(2),
N10-O10-Tb 131.4(2). Symmetry code: i : �x, y, 0.5� z.
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dashed lines represent the hydrogen bonding interactions
between the co-ordinated MeOH and a co-ordinated nitrate
group on an adjacent chain. The O ¥¥¥O distance of 2.74 ä and
O�H ¥¥¥O angle of 177� indicate comparatively strong inter-
chain interactions. With the aid of these contacts each
terbium(���) centre can be considered to be a four-connected
node and the network forms a three-dimensional (3D)
structure of 66 topology. Although the node geometry deviates
from tetrahedral, the overall structure has indeed the same
topology as a superdiamondoid, or adamantoid, array. When
viewed along the c direction, the structure is seen to contain
large channels (about 10� 10 ä), which are occupied by two
other chemically identical interpenetrating frameworks re-
sulting in a close-packed structure (Figure 2b). Threefold
interpenetrating co-ordination networks based on four-con-
nected centres are scarce to date. Previous examples of three-
fold interpenetrating diamondoid nets, including
[{Cu(diazapyrene)2]PF6}� ,[15] {[Cu(dmtpn)2](X)(dmtpn)-
(THF)}� (X�BF4, ClO4; dmtpn� 2,5-dimethylterephthalo-
nitrile),[16] [Cu(CN)(4-cyanopyridine)]� ,[17] [Ag2{OOC(CH2)-
COO}]� ,[18] and {[Cd(mea)(dahxn){Ni(CN)4}] ¥H2O}�[19] are
all constructed from d-metal junctions. To our knowledge, no
example of threefold interpenetrating networks has been
reported for lanthanide co-ordination polymers,[20] although a
few examples of twofold interpenetrating structures have
been reported.[4a, 21]


The terbium(���) centres in 2 lie in a distorted tricapped
trigonal prismatic nona-co-ordinate environment. As shown
in Figure 3, the three ligands L form a ™T-joint∫ at the


Figure 3. Asymmetric unit and labelling scheme for compound 2. Hydro-
gen atoms are omitted for clarity. Selected bond lengths [ä] and angles [�]:
Tb�O11 2.495(7), Tb�O12 2.452(6), Tb�O21 2.473(6), Tb�O22 2.489(7),
Tb�O31 2.489(7), Tb-O32 2.486(6), Tb�O10 2.327(6), Tb�O20 2.317(6),
Tb�O30 2.299(6), O10�N10 1.348(8), O20�N20 1.334(8), O30�N30
1.352(8); O10-Tb-O20 83.4(2), O20-Tb-O30 85.9(2), O11-Tb-O12 51.6(2),
O21-Tb-O22 50.6(2), O31-Tb-O32 50.8(2), N10-O10-Tb 125.8(4), N20-
O20-Tb 128.5(5), N30-O30-Tb 129.2(5). Symmetry codes: i : x, y, 1� z ; ii :
2� x, �y, 1� z ; iii : x, y, �1� z.


terbium(���) centres, the remaining co-ordination sites being
occupied by three bidentate nitrate anionic ligands. Thus, 2
has an infinite molecular ladder structure, which involves a 44-
membered parallelogram substructure with an inner angle of
72.3�. The parallelogram subunit consists of four ligands L and
four terbium(���) ions, with each ligand bridging two terbi-
um(���) centres. The large channels formed by superposition of
ladders (Figure 4a) leave residual free space (about 17.0% of


Figure 4. a) Channels formed by superposition of ladders of 2, with guest
CH2Cl2 molecules highlighted (above). b) Channels formed by super-
position of 2D 4.82 nets in 4 accommodate the tetrachloroethylene and
methanol solvent molecules (below). Hydrogen atoms are omitted for clarity.


the unit cell volume[22]) permitting the inclusion of small
molecules, CH2Cl2 in the case of 2. The laddermotif is known for
d-block metals complexes such as [Co2(NO3)4(1,2-bis(4-pyri-
dyl)ethyne)3]� ,[23] [Cd2(NO3)4(1,2-bis(4-pyridyl)ethane)3]� ,[24]


[Co2(NO3)4(1,2-bis(4-pyridyl)ethane)3]� ,[11] [Co2(NO3)4(4,4�-
bipyridine)3]� ,[25] [Cd2(NO3)4(1,4-bis(4-methylenepyridyl)ben-
zene)3]� ,[26] [M2(NO3)4(3,6-bis(pyridin-3-yl)-1,2,4,5-tetra-
zine)3]� (M�Cd, Zn)[12] and {[Cu2(MeCN)2(1,4-bis(4-
pyridyl)butadiyne)3]PF6}� .[27] Most of these polymers are
based upon pseudo-octahedral or pentagonal-bipyramidal
metal centres that generate what may be termed a flat ladder
with all linking ligands coplanar. In the last case,[27] however,
the tetrahedral CuI centres allow the ladder to undulate. A
few examples of ladder structures generated from f-block or a
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combination of d-block and f-block metals are also known
such as those found in [Ln(H2O)x(C2O4){O(CH2CO2)2}2]�[28]


and {Ln2[Cu(opba)]3}�[29] (Ln� lanthanide ion, opba� ortho-
phenylenebis(oxamato)), all of which are generated by using
oxalate or carboxylate chelating ligands. The present structure
represents the first lanthanide-based molecular ladder with a
homonuclear co-ordination sphere made from a nonchelating
bridging ligand.
The terbium(���) ions in 3 and 4 are nine co-ordinate with six


oxygen donors from three bidentate nitrates and the rest from
three ligands L (Figure 5). Compounds 3 and 4 form similar


Figure 5. Asymmetric unit and labelling scheme for 4. Hydrogen atoms are
omitted for clarity. Compound 3 has similar structure except for the solvent
molecules. Selected bond lengths [ä] and angles [�] for 3 : Tb�O10
2.313(14), Tb�O20 2.249(13), Tb�O30 2.344(11), Tb�O11 2.439(14),
Tb�O12 2.504(13), Tb�O21 2.468(14), Tb�O22 2.496(12), Tb�O31
2.452(14), Tb�O32 2.511(12), O10�N10 1.34(2), O20�N20 1.31(2),
O30�N30 1.34(2); O10-Tb-O30 81.9(5), O20-Tb-O30 84.2(5), O20-Tb-
O10 78.1(5), O11-Tb-O12 52.5(4), O21-Tb-O22 51.5(4), O31-Tb-O32
52.5(5), N10-O10-Tb 129.4(11), N20-O20-Tb 133.1(11), N30-O30-Tb
122.8(10). Selected bond lengths [ä] and angles [�] for 4 : Tb�O10
2.314(3), Tb�O20 2.260(3), Tb�O30 2.341(3), Tb�O11 2.451(3), Tb�O12
2.483(3), Tb�O21 2.472(3), Tb�O22 2.494(3), Tb�O31 2.450(4), Tb�O32
2.486(3), C1�Cl1 1.732(3), C1�Cl2 1.721(4), C2�Cl3 1.725(4), C2�Cl4
1.727(4), O10�N10 1.321(5), O20�N20 1.334(5), O30�N30 1.332(5); O10-
Tb-O30 81.89(11), O20-Tb-O30 83.72(11), O20-Tb-O10 78.75(12), O11-Tb-
O12 52.04(10), O21-Tb-O22 51.44(11), O31-Tb-O32 51.36(12), N10-O10-
Tb 130.2(3), N20-O20-Tb 131.6(3), N30-O30-Tb 124.5(2). Symmetry codes:
i : 1� x, �y, z ; ii : �y, x, �1� z ; iii : y, �x, �1� z.


2D sheets of 4.82 topology, in which the three-connected
nodes are shared by one square unit and two octagonal units
(Scheme 1). The same structural motif is observed for
{[Er(L)1.5(NO3)3] ¥ CH3OH}�.[7] The structure thus formed
contains large cavities with the octagonal unit, comprising
eight metal ions and eight ligands, having a diameter of about
2.6 nm. The structure does not exhibit interpenetration but
rather this large cavity is occupied by a four-membered ring of
metal atoms from a parallel adjacent layer. Although 3 and 4
have the same 4.82 network structures, they act as hosts for
different solvent molecules. Two kinds of channel are
generated along the crystallographic c axis (perpendicular to
the plane of the 4.82 net) by the superposition of these 2D


Scheme 1.


nets; one is inside the square-shaped unit (dimensions about
10� 10 ä), which includes MeOH molecules, while the other
is positioned between squares from adjacent layers and is
occupied by water molecules in the case of 3 and tetrachloro-
ethylene molecules in the case of 4 (Figure 4b).
The terbium(���) ions in 5 are nine co-ordinate, with six


oxygen donors from three bidentate nitrates and three others
from three 4,4�-bipyridine-N,N�-dioxide ligands. These 4,4�-
bipyridine-N,N�-dioxide ligands form a distorted T-shaped
node at the terbium(���) centres (Figure 6). Unlike the
T-shaped nodes adopted by M(NO3)2 (M�Co, Ni, Zn, Cd)
building blocks which form molecular ladder,[23±26] brick-
wall,[25, 30] herringbone,[23, 24, 31] tongue-and-groove[32] or three-
dimensional frameworks,[33] the terbium(���) centres in 5 adopt
a linear polymeric structure with pendant terminal ligands
from alternate nodes lying on opposite sides of the one-
dimensional chain (Figure 7). This results in a layered
polymeric structure of (6,3) topology for 5, formed by means
of an electrostatic interaction between N-oxide moieties
(Figure 7). Similarly shaped nodes in 2, 3 and 4 generate
ladder or 4.82 network structures. For all previous lanthanide
co-ordination compounds of L this ligand has adopted a
bridging mode, although examples of pendant L molecules
have been found for d-block metal complexes.[10]


As N-oxide groups have formal partial negative and
positive charges on the oxygen and nitrogen atoms, respec-
tively, it is reasonable to consider an electrostatic interaction
between two N-oxide groups as shown in Scheme 2. To our
surprise, no examples of such an interaction have been
reported in the Cambridge Structural Database (CSD) for
either organic or organometallic compounds. The shortest
intermolecular N ¥¥¥ O distance of 3.88 ä was identified in
[Co(nicotinato-N-oxide)2(H2O)4],[34] but no electrostatic N-
oxide interaction was invoked and rather N-oxide ¥¥¥ H2O
hydrogen bonding was emphasised. In compound 5 the
intermolecular N ¥¥¥O distance O40 ¥¥¥ N40iii of 2.931(2) ä
(symmetry code iii : �x, �y, �z) (Figure 6), is considerably
shorter than the spacings associated with aromatic � ±�
interactions[35] and indicates the existence of an electrostatic
interaction between two N-oxide groups. Taking this inter-
action into account, a (6,3) plane net is formed by 5 (Figure 7).
The identification of this electrostatic interaction between
two N-oxide groups offers a potential new strategy for crystal
engineering.
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Figure 7. (6, 3) nets formed through N-oxide electrostatic interactions in 5.


N+


N+


O-


O-


Scheme 2.


Comparison of methods of co-ordination polymer synthesis
and crystal growth: Diffusion solvent mixtures have been
widely applied for crystal growth. A traditional synthetic
route is the successive layering of the methanolic metal salt
solution over a halogenated solvent solution of the ligand.[1,2]


However, in the case of the current system, both 4,4�-
bipyridine-N,N�-dioxide and lanthanide salts are readily


soluble in MeOH and sparingly
soluble in halogenated solvents.
Based on this, a synthetic strat-
egy using solid metal salt was
applied to produce co-ordina-
tion polymers. The ligand was
dissolved in methanol and lay-
ered over a solvent, such as
CH2Cl2, which does not dis-
solve the metal salt but covers
the solid metal salt on the
bottom of the crystallisation
vessel. Because the reactants
are separated, they can only
combine slowly and as diffusion
occurs, a solvent mixture with
variable composition gradually
forms at the interface and slow-
ly dissolves the metal salt. The
concentration of both ligand
and metal ion is believed to be
appropriate when they meet in
such a ™diffusion solvent mix-
ture∫ and this is beneficial for
the growth of high quality crys-
tals. This is a simple, easily
controlled, efficient and useful


synthetic method, which could easily be applied to other
organic ligands with the same features as 4,4�-bipyridine-N,N�-
dioxide. The greatest advantage of this strategy that we have
observed in our system is that the isolated products are of a
single phase, as confirmed by X-ray powder diffraction. Using
this strategy, we obtained the products in large amounts while
using only small amounts of solvent, unlike traditional crystal
growth by solvent diffusion, in which the reactants must be in
very low concentrations, necessitating the use of large
volumes of solvent in order to obtain greater quantities of
product. Secondly, the composition and structure of the
products is almost independent of the reactant ratio but
depends rather on the properties of the halogenated anti-
solvent. Regardless of the amount of solid metal salt used in
the reaction, the critical metal ion and ligand concentrations
in the diffusion solvent mixture are always the same. Because
of the continuous supply of metal ions from the solid salt, the
concentration of the reactants will remain constant for a
considerable period of time, unlike the situation in traditional
solvent diffusion processes. By using different combinations
of solvents in the diffusion solvent mixture, the position of
crystal growth varies: in some cases crystals appear on the
bottom of the vial and in others on the vessel wall. This
suggests that the different solvent mixtures affect not only
metal ion and ligand transportation but also the process of
product and crystal formation. For comparison, normal
solvent mixtures (solvent mixtures fully dispersed prior to
crystallisation) of the same proportions of solvent were used
to dissolve both the metal salt and ligand separately and then
mixed for the synthesis of 1 and 2. In both cases a mixture of
products was obtained. Finally, in some instances, such as the
synthesis of 4, normal solvent mixtures with tetrachloro-


Figure 6. View showing the Tb co-ordination sphere and labelling scheme for 5. The intermolecular N-oxide
electrostatic interaction is shown as double dashed lines. Hydrogen atoms are omitted for clarity. Selected bond
lengths [ä] and angles [�] for 5 : Tb�O10 2.291(2), Tb�O20 2.294(2), Tb�O30 2.325(2), Tb�O11 2.535(2), Tb�O12
2.501(2), Tb�O21 2.548(2), Tb�O22 2.457(2), Tb�O31 2.451(2), Tb�O32 2.516(2), O10�N10 1.337(2), O20�N20
1.335(2), O30�N30 1.339(2), O40�N40 1.298(2); O10-Tb-O30 83.93(6), O10-Tb-O20 87.95(6), O20-Tb-O30
78.23(5), O11-Tb-O12 50.73(5), O21�Tb�O22 51.33(5), O31�Tb�O32 51.66(6), N10�O10�Tb 136.80(14),
N20�O20�Tb 132.13(13), N30-O30-Tb 125.16(12). Symmetry codes: i : �1� x, 1.5� y, �0.5� z ; ii : 1� x, 1.5� y,
0.5� z ; iii : �x, �y, �z.
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ethylene as the anti-solvent are difficult to obtain because of
solvent immiscibility, and the solid salt method is the only
viable technique. The synthesis of compounds 2 and 4, which
cocrystallise with the anti-solvent, and the structural diversity
of 1, 2, 4 and 5 illustrate the significance of this strategy.
Compounds 1, 2 and 4 have also been obtained in small


amounts and low yields by means of method D, although for
the present system we tend to use method B since it is
comparatively simple and flexible.


Stability of {[Tb(L)1.5(NO3)3] ¥ CH2Cl2}� (2) to guest removal :
Despite the inclusion of volatile CH2Cl2 solvent molecules,
crystals of 2 are stable with respect to solvent loss when
exposed to air, as confirmed by elemental analyses recorded
for samples following many days of exposure to air. However,
the CH2Cl2 molecules can be removed by heating in vacuo.
Thermogravimetric analysis in static air shows that the
compound loses weight over a temperature range of 90 ±
150�C, the total weight loss of 11.5% corresponding to one
CH2Cl2 molecule per metal centre, consistent with the
elemental analysis and empirical formula obtained by X-ray
crystallography. Powder X-ray diffraction patterns indicate
that the framework in compound 2 is maintained after
removal of the guest molecules, although the observed broad-
ening of the PXRD peaks indicates some loss of crystallinity.


Conclusion


We have reported the structures of five co-ordination
polymers generated from Tb(NO3)3 and the ligand 4,4�-
bipyridine-N,N�-dioxide, L, in different solvent mixtures.
The predominant feature of the results reported here,
together with those we have previously published for co-
ordination polymers of L with Sm(NO3)3 or Er(NO3)3,[7] is the
exciting diversity of solid-state structures produced by varying
the metal ion and solvent mixtures. In these lanthanide nitrate
compounds the nitrate anions are comparable in co-ordina-
tive ability with the 4,4�-bipyridine-N,N�-dioxide ligand. Thus,
in all cases the nitrates act as chelating ligands, occupying six
co-ordination sites and leaving the remaining sites available
for N-oxide co-ordination. For early lanthanide ions, the four
remaining ligand sites lead to four-connected structural nodes
and CdSO4-like frameworks. For heavier lanthanide ions
three-connected nodes are observed, which lead to molecular
ladders and (6,3) and 4.82 nets. Although the ™diffusion
solvent mixture∫ method has been widely applied in chemical
synthesis and crystal growth, the strategy described in this
study of using metal salts has been shown to be a simple and
effective method for the construction of lanthanide networks
and for crystal engineering.


Experimental Section


General : All chemicals (Aldrich) were reagent grade and were used as
received.Microanalyses (C, H, N and Cl) were performed by the University
of Nottingham School of Chemistry Microanalytical Service. IR spectra
were recorded as KBr discs using a Nicolet Avatar 360 FT-IR spectrometer
over the 400 ± 4000 cm�1 range. Powder X-ray diffraction (PXRD) data


were collected on a Philips X×pert �-2� diffractometer with CuK� radiation
in a 2� range of 5 ± 80�. Thermogravimetric analysis was carried out on a
Rheometric Scientific STA 1500H thermal analyzer. The samples of about
50 mg were loaded into platinum crucibles and heated at a rate of
3 �Cmin�1 from room temperature to 250 �C in static air.


General synthetic procedures of complex synthesis, Method A : Metal
nitrate hydrate (ca. 0.05 mmol) was dissolved in MeOH (ca. 10 mL) and
carefully mixed with a MeOH solution (ca. 10 mL) of L ¥ hydrate (in the
specified ratio with metal salt), affording crystalline products in a few days.


Method B : ™Diffusion solvent mixture∫: solid metal nitrate hydrate (ca.
0.05 mmol) placed at the bottom of a glass vial was covered with a
halogenated anti-solvent (ca. 10 mL), over which a solution of L ¥ hydrate
(22 mg, 0.10 mmol) in MeOH (ca. 10 mL) was layered. Over a period of
approximately two weeks, the solid metal salts gradually dissolved in the
solvent mixture with concomitant formation of crystals of the product on
the wall of the vial.


Method C : ™Normal solvent mixture∫: The metal salt (ca. 0.10 mmol) was
dissolved in a mixture of MeOH/halogenated solvent (1:1) (10 mL) and
carefully added dropwise into a solution of L ¥ hydrate (ca. 0.15 mmol) in
the same pre-mixed solvent mixture (10 mL), resulting first in a clear
solution and then microcrystalline solid within hours.


Method D : A halogenated solvent (4 mL) was placed in the central
segment of a U-tube. This halogenated buffer separates metal nitrate and
ligand (each ca. 0.01 mmol) in MeOH (2 mL). The product crystallises in
the central portion of the U-tube over a period of weeks.


Preparation of [Tb(L)(CH3OH)(NO3)3]� (1): Compound 1 was produced
using method B using a metal:ligand ratio of 1:1.5 as a single phase,
confirmed by powder X-ray diffraction (PXRD). The anti-solvent used was
either CHCl3 or 1,1,2,2-tetrachloroethane. The yield of 1 was about 55%.
Using method C for this reaction (normal solvent mixture MeOH/CHCl3 or
MeOH/1,1,2,2-tetrachloroethane) yields a product mixture containing 1, 3,
5 and other unidentified phases, confirmed by PXRD. Single phase 1 was
also obtained by using method D. IR (KBr disc): 1632m, 1506s, 1478s, 1384s,
1332s, 1278m, 1230s, 1183m, 1019m, 842s, 567m cm�1; elemental analysis
calcd (%) for C11H12N5O12Tb (565.18): C 23.38, H 2.14, N 12.39; found C
23.09, H 2.00, N 12.75.


Preparation of {[Tb(L)1.5(NO3)3] ¥CH2Cl2}� (2): Single phase 2, confirmed
by PXRD, was produced employing method B and a metal:ligand ratio of
1:1.5 with CH2Cl2 as the anti-solvent. The yield of 2 was about 60%. This
solvated compound is stable, maintaining crystalline morphology and
constant chemical analyses after exposure to air for five days. Using
method C produced microcrystalline precipitate in minutes. PXRD
indicated the product contains 1, 2, 3 and a small proportion of a fourth
unidentified phase. Compound 2 was also obtained as a single phase by
method D. IR (KBr pellet): 1638m, 1473s, 1384s, 1312m, 1231s, 1187m,
1033s, 841s, 562m cm�1; elemental analysis calcd (%) for C16H14Cl2N6O12Tb
(712.15): C 26.98, H 1.98, Cl 9.96, N 11.80; found C 26.96, H 1.87, Cl 9.78, N
11.95.


Preparation of {[Tb(L)1.5(NO3)3] ¥ CH3OH ¥ 0.8H2O}� (3) and
[Tb(L)2(NO3)3] (5): Using method A (metal:ligand ratio 1:1.5) initially
gave an opaque solution, which then became clear and produced colourless
lath-shaped crystals (3) and pale yellow block crystals (5) in two days.
Crystals of 3 and 5 were separated mechanically. The yield was about 30%
for 3 and 35% for 5.


3 : IR (KBr disc): 1635m, 1474s, 1384s, 1313m, 1229s, 1185m, 1032s, 841s,
561m cm�1; elemental analysis calcd (%) for C16H17.6N6O13.8Tb (673.68): C
28.53, H 2.63, N 12.48; found: C 27.70, H 2.22, N 12.40.


5 : IR (KBr disc): 1636m, 1475s, 1384s, 1312m, 1231s, 1187m, 1033s, 840s,
564m cm�1; elemental analysis calcd (%) for C20H16N7O13Tb (721.32): C
33.30, H 2.24, N 13.59; found: C 33.14, H 2.20, N 13.33.


Preparation of {[Tb(L)1.5(NO3)3] ¥ 0.4C2Cl4 ¥ 0.8CH3OH}� (4): Compound
4 was produced as a single phase, confirmed by PXRD, using method B in
metal:ligand ratio of 1:1.5 and with tetrachloroethylene as anti-solvent. The
yield of 4 was about 50%. Compound 4 was also obtained as a single phase
by method D. IR (KBr disc): 1646m, 1475s, 1384s, 1314m, 1227s, 1181m,
1032s, 840s, 560m cm�1; elemental analysis calcd (%) for
C16.6H15.2Cl1.6N6O12.8Tb (719.19): C 27.72, H 2.13, N 11.69, Cl 7.89; found:
C 26.70, H 2.03, N 11.71, Cl 8.14.
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Removal of guest CH2Cl2 molecules from 2 : To evaluate the removal of the
CH2Cl2 guest molecules from {[Tb(L)1.5(NO3)3] ¥ CH2Cl2}� 2, a PXRD
pattern was measured for the bulk product. The program POWDERCELL
2.3[36] was used to refine the cell parameters for the bulk product: triclinic,
a� 8.084, b� 11.761, c� 13.073 ä, �� 86.78, �� 79.55, �� 78.78�, V�
1198.7 ä3. A freshly prepared sample was heated at 100�C under reduced
pressure (1� 10�3 Torr) for 3 h. Elemental analysis of the desolvated
compound shows a chlorine content of 0.3% and suggests a formulation of
[Tb(L)1.5(NO3)3] ¥H2O, the water component presumably arising from
absorbed atmospheric moisture and reflecting the high absorption activity
of desolvated 2. Elemental analysis calcd (%) for C15H14N6O13Tb: C 27.92,
H 2.19, N 13.02; found: C 27.89, H 1.96, N 12.90. Compared with that of 2,
the PXRD pattern of the desolvated compound is considerably broadened
with the cell parameters being refined[36] as: triclinic, a� 8.076, b� 11.746,
c� 13.066 ä, �� 86.77, �� 79.61, �� 78.72� V� 1195.3 ä3.
X-ray crystallography : Diffraction data for 2 were collected at 298 K on a
Stoe» Stadi-4 four-circle diffractometer, graphite-monochromated MoK�
radiation (�� 0.71073 ä), � ± � scans. An absorption correction based
upon � scans was applied to the data. Diffraction data for 1, 3, 4 and 5 were
collected at 150 K on a Bruker SMART1000 CCD diffractometer equipped
with an Oxford Cryosystems open-flow cryostat,[37] employing graphite-
monochromated MoK� radiation (�� 0.71073 ä) and � scans. An absorp-
tion correction based upon symmetry equivalent reflections was applied to
the data. The structures were solved using direct methods[38] and all non-
hydrogen atoms were located by using subsequent difference-Fourier
methods.[39] Hydrogen atoms on pyridyl rings were placed in calculated
positions and refined in riding mode, while those on oxygen atoms were
found in the difference-Fourier map and then refined as part of rigid
rotating groups. Most of the non-hydrogen atoms were refined with
anisotropic displacement parameters. A disorder model with a methanol
and a nitrate group sharing two sites (each having half occupancy) was
applied to compound 1. Disorder models with solvent molecules of partial
occupancy were used in the refinement of 3 and 4. Further crystallographic
details are given in Table 1.
CCDC-170540 (1), CCDC-170541 (2), CCDC-170543 (3), CCDC-170542
(4), and CCDC-170544 (5) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-
336-033; or deposit@ccdc.cam.ac.uk).
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Synthesis of Functionalized Indole- and Benzo-Fused Heterocyclic
Derivatives through Anionic Benzyne Cyclization


Jose¬ Barluenga,*[a] Francisco J. Fanƒ ana¬s,[a] Roberto Sanz,[b] and Yolanda Ferna¬ndez[b]


Abstract: The development of a new method for the regioselective synthesis of
functionalized indoles and six-membered benzo-fused N-, O-, and S-heterocycles is
reported. The key step involves the generation of a benzyne-tethered vinyl or
aryllithium compound that undergoes a subsequent intramolecular anionic cycliza-
tion. Reaction of the organolithium intermediates with selected electrophiles allows
the preparation of a wide variety of indole, tetrahydrocarbazole, dihydrofenantri-
dine, dibenzopyran, and dibenzothiopyran derivatives. Finally, the application of this
strategy to the appropriate starting materials allows the preparation of some
tryptamine and serotonin analogues.


Keywords: benzynes ¥ cyclization
¥ heterocycles ¥ indoles ¥
organolithium


Introduction


The addition of a nucleophile that is part of an aryne side
chain to the benzyne intermediate to form a new ring has
provided a simple synthetic route to a variety of carbocyclic
and heterocyclic systems fused to benzene.[1] This strategy,
introduced independently by Huisgen[2] and Bunnet,[3] has
been successfully applied to the synthesis of natural products
and of a variety of heterocyclic and homocyclic systems. In
this context, a series of benzoxazole[4] and benzothiazole[5]


derivatives, functionalized at C(7), have been synthesized.
Also, 7-substituted indolines have been prepared by the
intramolecular cyclization of (2-phenethyl)formamidines[6]


and several diversely substituted isoindolin-1-ones have been
obtained by base-induced aryne-mediated cyclization.[7]


Moreover, a new route to chromanes and chromenes through
benzyne cyclization using intramolecular benzyne trapping by
alcohols has recently been described.[8] Cyclization of side
chain �-lithionitriles or other stabilized carbanions has found
extensive use in the synthesis of 1-substituted benzocyclobu-
tenes which are versatile synthons.[3b, c, 9] Although in all the


previous examples the side chain nucleophile is a stabilized
carbanion or nitrogen, oxygen, or sulfur anion, only two
examples of the generation and cyclization of benzyne-
tethered alkyllithiums have been reported.[10] Interestingly,
with this anionic benzyne cyclization methodology, it could be
possible to functionalize the cyclized product by further
reaction with electrophiles, which represents an important
advantage over the corresponding radical cyclizations. More-
over, cyclizations of vinyllithiums rather than alkyllithiums,
would also incorporate an alkene into the product with
control of its stereochemistry and also could allow further
functionalization.[11]


Among the methods of aryne generation, the aryl halide
strong base route is one of the most widely used.[12] Aryl
anions with a good leaving group in the ortho position readily
afford arynes. Since both the deprotonation and the benzyne
formation steps can be reversible, many factors such as the
nature of the leaving group, the base, and the solvent play an
important role in the rate and efficiency of aryne gener-
ation.[13] The ease of halide expulsion is I�Br�Cl�F but the
rates of initial proton removal are in the reverse order and in
the case of aryl fluorides, reprotonation can compete with
benzyne formation. However, Schlosser et al. demonstrated
that fluorine-substituted anilines could be selectively depro-
tonated next to the halogen atom, and that while 2-fluoro-
phenyllithiums are stable up to �50 �C, 2-fluoro-3-methoxy-
phenyllithium decomposes with loss of LiF above �75 �C
indicating that the elimination of LiF could be assisted by
heteroatoms.[14]


On the other hand, the development of new synthetic
routes to indolic systems continues to be an active area of
interest owing to the fact that the indole nucleus is a common
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moiety in a variety of natural products.[15] Many of these
compounds and their analogues possess biological activity and
are medicinal agents. Although a large number of methods
exist for the synthesis of substituted indoles, the preparation
of 3,4-disubstituted indoles still represents a formidable task.
The main difficulty is that the 4-position of the indole ring
system is much less electron-rich than other positions.[16] For
this reason, electrophilic aromatic substitution is not very
efficient and special methods that use transition metal
complexes and polysubstituted benzenoid starting materials
have been developed for the synthesis of these compounds.[17]


The development of new strategies directed towards the
preparation of regioselectively functionalized heterocyclic
systems continues to be an important synthetic goal in our
research group. Coupled with our interest in the preparation
of heterocycles by carbometallation reactions,[18] we have
reported the facile intramolecular carbolithiation of N-allyl-
N-(2-lithioallyl)amines that proceeds through 5-exo or 6-endo
modes depending on the electron density at the nitrogen
atom.[18c] In this paper we describe the development of a
methodology which allows the synthesis of 3,4-disubstituted
functionalized indoles and other benzo-fused heterocyclic
derivatives based on the cyclization of benzyne-tethered aryl
or vinyllithiums.[19]


Results and Discussion


Intramolecular cyclization of N-(2-lithioallyl)-2-fluoroani-
lines : Reaction of N-(2-bromoallyl)-N-methyl-2-fluoroaniline
(1a) with 3.5 equiv tert-butyllithium in THF at �110 to
�40 �C for 3 h, and further treatment with different electro-
philes at �78 to 20 �C, gave rise, after workup and purifica-
tion, to 1,3-dimethyl-4-functionalized indoles 2 in moderate to
good yields (Scheme 1 and Table 1).
It is interesting to note that this methodology allows the


preparation of 4-functionalized indole derivatives starting
from a simple acyclic precursor in a ™one-pot∫ sequence. To
prepare N-unsubstituted indoles, we choose the allyl moiety
as a result to its stability to strong basic conditions and the
variety of methods for its removal.[20] We therefore used an
approach based on the isomerization/hydrolysis of the allyl
group[21] with diisobutylaluminium hydride (DIBAL-H) and a


Scheme 1. Synthesis of 4-functionalized indole derivatives 2 and 3 from
2-fluoroanilines 1. i) tBuLi (3.5 equiv), THF, �110�� 40 �C (for 1a,c) or
to 20 �C (for 1b); ii) E�,�78� 20 �C; iii) for 1b, DIBAL-H (1.5 equiv), cat.
[NiCl2(dppp)], toluene, 20 �C.


catalytic amount of dichlorobis(diphenylphosphino)propane
nickel [NiCl2(dppp)], which has been recently reported.[22]


This simple procedure proved to be very efficient with our
compounds and moreover, we found that the removal of the
allyl group could be carried out without the isolation of the
intermediate N-allylindole. Thus, the reaction of N-allyl-2-
fluoroaniline 1b with 3.5 equiv tBuLi, at �110 to 20 �C,
afforded, after the addition of several electrophiles, the
corresponding functionalized indoles 2 (R� allyl). These
compounds were not isolated and the crude products were
treated with 1.5 equiv DIBAL-H and a catalytic amount of
[NiCl2(dppp)] in toluene, to afford 4-functionalized-3-meth-
ylindoles 3 in moderate yields (Scheme 1 and Table 1). The
intermediacy of the corresponding N-allylindole 2 is support-
ed by the isolation of N-allyl-3-methylindole 2 i.
For the formation of indoles 2 and 3 we assumed that


amines 1 first reacted with tBuLi at �110 �C to give N-(2-
lithioallyl)amines 4, through halogen ±metal exchange;[23] this
was confirmed by deuteration and isolation of the deuteriated
amine 5a (Scheme 2). Intermediate 4, which is stable for
several hours at �110 �C, probably undergoes proton-ab-
straction ortho to the fluorine atom by the additional
equivalents of tBuLi when the temperature is raised to
�40 �C giving the intermediate 6. The subsequent elimination
of LiF produces a benzyne intermediate 7, which is efficiently


Abstract in Spanish: Se describe el desarrollo de un nuevo
me¬todo para la sÌntesis regioespecÌfica de indoles funcionali-
zados y de heterociclos de seis miembros benzofusionados de
nitro¬geno, oxÌgeno y azufre. El paso clave implica la genera-
cio¬n de un compuesto vinil o arillitio que presenta un bencino
en su estructura, el cual experimenta posteriormente una
ciclacio¬n anio¬nica intramolecular. La reaccio¬n de los organo-
lÌticos intermedios con electro¬filos permite la preparacio¬n de
una amplia variedad de derivados de indoles, tetrahidrocarba-
zoles, dihidrofenantridinas, dibenzopiranos y dibenzotiiranos.
Finalmente, la aplicacio¬n de esta estrategia a los productos de
partida apropiados permite la preparacio¬n de algunos ana¬lo-
gos de triptamina y serotonina.


Table 1. Preparation of 4-functionalized indole derivatives 2 and 3 from N-(2-
bromoallyl)-2-fluoroanilines (1).


Starting
amine


R E� Product E Yield
[%][a]


1a Me H2O 2a H 75
1a Me Bu3SnCl 2b SnBu3 67
1a Me PhCHO 2c PhC(H)OH 69
1a Me Me2CO 2d Me2COH 73
1a Me ClCO2Et 2e CO2Et 73
1a Me PhCH�NPh 2 f PhCHNHPh 59
1a Me 4-ClC6H4CN 2g 4-ClC6H4CO 62
1a Me BrCH2CH2Br 2h Br 61
1b CH2CH�CH2 H2O 2 i H 38[b]


1c CH2CH�CHCH3 H2O 2 j H 72
1b CH2CH�CH2 D2O 3a D 53
1b CH2CH�CH2 Bu3SnCl 3b SnBu3 52
1b CH2CH�CH2 Me3SiCl 3c SiMe3 48
1b CH2CH�CH2 Ph2S2 3d SPh 49
1b CH2CH�CH2 PhCH�NPh 3e PhCHNHPh 46
1b CH2CH�CH2 4-MeC6H4CHO 3 f 4-MeC6H4C(H)OH 52
1b CH2CH�CH2 BrCH2CH2Br 3g Br 50


[a] Isolated yield based on the starting amine 1. [b] Yield lowered by the partial
decomposition in the silica gel chromatography.
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trapped by the 2-lithioallyl moiety, affording a regioselective-
ly C(4)-lithiated 3-methyleneindoline derivative 8. Quench-
ing of the lithiated species 8 with selected electrophiles
allowed the functionalization at this position through prod-
ucts 9 which isomerized on workup or on silica gel chroma-
tography to the corresponding indole derivatives 2
(Scheme 2). If the addition of tBuLi is carried out at �78 �C


Scheme 2. Anionic cyclization of N-(2-lithioallyl)-N-2-fluoroanilines 1 via
benzyne intermediates 7.


and the reaction mixture is allowed to reach room temper-
ature,[19] a competitive reaction involving a �-elimination from
4 affords the corresponding N-alkyl-2-fluoroaniline (25 ±
30%), probably as a result of the lower electron density at
the nitrogen atom.[18c] To minimize this undesired by-product,
several changes to the reaction conditions were tried and we
found that the addition of a slight excess of base (3.5 ± 4.0
equiv) at a constant�40 �C reduced the �-elimination process
to below 10 ± 15%. On the other hand, with N-allylamine 1b,
the carbolithiation of the allyl moiety by the 2-lithioallyl
group also takes place as we have previously described.[18c]


However, we found that when the reaction of 1b was carried
out at �110 to 20 �C the intramolecular carbolithiation was
almost avoided. To summarize, the best reaction conditions
found to avoid any lateral reaction are 3.5 ± 4.0 equivalents of
tBuLi in THFat �110 to �40 �C for amines 1a,c and at �110
to 20 �C for 1b. These results could be explained if we assume
that the slow step in our anionic cyclization is the removal of
the proton ortho to the fluorine atom and this process is
favored by an excess of base and by an increase in the
temperature. On the other hand, the �-elimination from
intermediates 4 is always possible and it is also favored by the
increase in the temperature. With N-allylamines, the carbo-
lithiation reaction also takes place at �40 �C but at higher
temperatures it is slower than the ortho-lithiation of the
fluoronaniline, so a fast increase in the reaction temperature
minimizes this pathway.


Reaction of 3-methyleneindolines with enophiles : We have
observed that the isomerization of the methyleneindolines 9
to their aromatic methylindoles 2 isomers, did not take place
just after the addition of the electrophiles but on the workup
or silica gel chromatography of the reaction. Buchwald
et al.[17f,h,i] demonstrated that 3-methylenindolines could un-


dergo Alder-ene reactions with activated enophiles to give
indole derivatives.[24] Thus, we added several activated eno-
philes to the methyleneindolines 9 in THF at reflux and we
observed the formation of the corresponding 3,4-functional-
ized indoles 10 in moderate yields based on the starting
amines 1 (Scheme 3 and Table 2). Moreover, when the amine
1b was used, the corresponding N-allylindole 10 (R�
CH2CH�CH2; XYH�CH2NMe2) was not isolated and the
allyl group was removed by treatment with DIBAL-H and
catalytic [NiCl2(dppp)] in toluene affording the indole
derivatives 11. It is interesting to note that compounds 11
are N,N-dimethyltryptamine derivatives. Our methodology
therefore allows the synthesis of a wide range of tryptamine
analogues from readily available starting products in a ™one-
pot∫ procedure; the preparation of these compounds usually
involves multi-step syntheses.[25]


Scheme 3. Synthesis of 3,4-functionalized indole derivatives 10 and 11 by
Alder-ene reactions. i) X�Y, THF, 67 �C [X�Y: H2C�N�Me2I�,
EtO2CN�NCO2Et, EtO2CC(�O)CO2Et]; ii) for R� allyl, DIBAL-H
(1.5 equiv), cat. [NiCl2(dppp)], toluene, 20 �C.


Intramolecular cyclization of N-(2-lithioallyl)-2-chloroani-
lines : Given that the �-elimination of organolithium 4 is a
possible competitive pathway, we thought that substitution of
fluorine by chlorine could solve this problem owing to the less
electron-withdrawing nature of chlorine. We therefore chose
2-chloroaniline derivative 12 as a starting material. However,
when compound 12 was treated with 3.3 or 3.5 equiv tBuLi in
THF at �110 to 20 �C, only secondary amine 14 was obtained
indicating that complete �-elimination from anion 13 had
occurred (Scheme 4). This result indicates that the ortho-
lithiation of the chloroaniline is slower than the �-elimination
process, probably as a result of the lower acidity of this proton
relative to the fluorinated case. However, it has been reported
that 3-chloroanisole is smoothly lithiated by sBuLi at
�105 �C.[9d] We therefore examined the lithiation of a


Table 2. Preparation of 3,4-functionalized indole derivatives 10 and 11 from
N-(2-bromoallyl)-2-fluoroanilines (1).


Starting
amine


R E� X�Y[a] Product E Yield
[%][b]


1a Me H2O A 10a H 64
1a Me 4-MeC6H4CN A 10b 4-MeC6H4CO 60
1a Me H2O B 10c H 58
1a Me ClCO2Et B 10d CO2Et 53
1a Me Bu3SnCl B 10e SnBu3 55
1a Me H2O C 10 f H 62
1a Me Ph2S2 C 10g SPh 50
1a Me ClCO2Et C 10h CO2Et 61
1c CH2CH�CHCH3 H2O A 10 i H 64
1b CH2CH�CH2 H2O A 11a H 51
1b CH2CH�CH2 BrCH2CH2Br A 11b Br 36


[a] Enophiles: A�H2C�N�Me2I� ; B�EtO2CN�NCO2Et; C�EtO2CC(�O)-
CO2Et. [b] Isolated yield based on the starting amine 1.
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chloroaniline with an oxygen atom at the para-position.
Moreover, since serotonin derivatives are based on the
5-hydroxytryptamine structure we prepared the analogue 16
in good yield from the readily accessible 2-chloro-4-methoxy-
aniline derivative 15, by using N,N-dimetylmethyleneammo-
nium iodide as the enophile (Scheme 4). As expected, the
powerful activating effect of the methoxy group on the ortho-
lithiation is an important feature for facile benzyne formation,
and, therefore, the �-elimination of the vinyllithium inter-
mediate is not a problem and the amount of base is not so
critical.


Scheme 4. Anionic cyclization of benzyne-tethered organolithiums from
2-chloroanilines 12 and 15. Synthesis of the serotonin analogue 16.i) tBuLi
(3.3 equiv), THF, �110� 20 �C; ii) H2O, �78� 20 �C; iii) CH2N�Me2I�,
THF, 67 �C.


Intramolecular cyclization of N-(2-lithio-2-cyclohexenyl)-2-
fluoroanilines–Synthesis of tetrahydrocarbazole derivatives :
In view of the highly efficient preparation of indole deriva-
tives from 2-bromoallylamines 1 and to extend the synthetic
scope of this methodology, we prepared N-(2-bromo-2-cyclo-
hexenyl)-2-fluoro-N-methylaniline (17). Treatment of 17 with
3.5 equiv tBuLi in THF at �110 to 20 �C, and subsequent
electrophilic trapping, gave compounds 18. In this case the �-
elimination process is disfavored and the temperature could
be raised to 20 �C. In contrast to the corresponding 3-meth-
yleneindolines 9, which were isomerized under the mildly
acidic workup conditions to their indole counterparts, com-
pounds 18 were rather stable and more difficult to isomerize.
The addition of a catalytic amount of p-toluenesulfonic acid
and heating at reflux in toluene[26] were required to generate
the functionalized tetrahydrocarbazole derivatives 19
(Scheme 5). Again, we postulate that a benzyne-tethered
vinyllithium intermediate (21) undergoes anionic cyclization
onto the benzyne moiety. As for compound 9, the addition of
an enophile led to the formation of the corresponding
functionalized carbazole derivatives 20 (Scheme 5).


Intramolecular cyclization of 2-lithiobenzyl-2-halophenyl
amines, ethers, and thioethers–Synthesis of phenanthridine,
dibenzopyran, and dibenzothiopyran derivatives : Having
demonstrated the efficiency of this methodology for the
preparation of indole derivatives, we prepared the 2-fluoro-
phenyl ether and thioether 22a,b to study their potential as
substrates that could afford oxygen and sulfur heterocycles.
However, treatment of 22a,b with tBuLi afforded, after


Scheme 5. Intramolecular cyclization of N-(2-lithio-2-cyclohexenyl)-2-flu-
oroaniline (17). Preparation of the carbazole derivatives 19 and 20. i) tBuLi
(3.5 equiv), THF, �110� 20 �C; ii) E�, �78� 20 �C; iii) cat. pTsOH,
toluene, 110 �C; iv) X�Y, THF, 67 �C, [X�Y: H2C�N�Me2I�,
EtO2CC(�O)CO2Et].


hydrolysis, compounds 24, derived from a �-elimination
reaction of the intermediate organolithium 23 ; no cyclization
products were observed (Scheme 6).


Scheme 6. Attempted anionic cyclization of 2-bromoallyl ether and
thioether 22. i) tBuLi (3.5 equiv), THF, �110�C; ii) � 110� 20 �C; iii)
H2O, 20 �C.


As a result of the facile breakdown of the �-oxygen and �-
sulfur functionalized organolithiums, we prepared starting
materials that could afford the much more stable �-function-
alized organolithium compounds. 2-Bromobenzyl 2-fluoro-
phenyl amines, ether, and thioether derivatives 25a ±d were
synthesized by conventional routes. The reaction of com-
pounds 25a ± d with 3.5 equiv tBuLi in THF at �110 to 20 �C,
and further treatment with different electrophiles, afforded
the corresponding six-membered benzofused N-, O-, or
S-heterocycles 26 ± 30 in moderate to good yields via the
benzyne intermediate 31 (Scheme 7 and Table 3).[27] More-
over, the dihydrophenanthridines 27, derived from amine 25b,
could easily be deprotected by treatment with DIBAL-H and
catalytic [NiCl2(dppp)] in toluene after their functionalization
with different electrophiles. With the successful result ach-
ieved with derivative 15 in mind, we aimed to extend this
strategy of using 1,3-chloromethoxy derivatives as precursors
of benzynes and we therefore prepared the 2-chloro-4-
methoxyphenylether 32. Treatment of 32 with 3.3 equiv tBuLi
and quenching with selected electrophiles led to dibenzopyr-
an[28] derivatives 33 in good yields (Scheme 7 and Table 3).
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Scheme 7. Preparation of benzo-fused six-membered heterocycles 26 ± 30
and 33 from 2-halophenyl 2-bromobenzyl ethers, amines, and thioether 25
and 32. i) tBuLi (3.5 equiv for 25a,b, 3.3 equiv for 25c,d, and 32), THF,
�110� 20 �C; ii) E�, �78� 20 �C; iii) for X�N(allyl), DIBAL-H
(1.5 equiv), cat. [NiCl2(dppp)], toluene, 20 �C.


Conclusion


In summary, a novel methodology for the regioselective
synthesis of functionalized indole and other benzofused
heterocyclic derivatives has been developed. The key step of
the synthesis involves the generation of a benzyne-tethered
organolithium compound, which undergoes an intramolecular
anionic cyclization to provide regiospecifically metalated
heterocyclic ring. The resulting organolithium reagents react
with a range of electrophiles to give new and interesting fused
heterocyclic compounds. It is noteworthy that this process


represents the first example of the intramolecular trapping of
benzyne intermediates by tethered non-stabilized vinyl and
aryllithiums. Moreover, this simple and straightforward syn-
thesis of functionalized heterocycles allows access to some
compounds that are otherwise more difficult or tedious to
prepare. Further studies on the applications of this method-
ology to organic syntheses are actively underway in our
laboratories.


Experimental Section


General methods : All reactions were carried out under a nitrogen
atmosphere in oven-dried glassware. Temperatures are reported as bath
temperatures. Tetrahydrofuran and toluene were continuously refluxed
and freshly distilled from sodium or sodium/benzophenone under nitrogen.
Solvents used in extraction and purification were distilled prior to use. TLC
was performed on aluminum-backed plates coated with silica gel 60 with
F254 indicator (Merck) and compounds were visualized by UV light
(254 nm) or iodine. Flash column chromatography was carried out on silica
gel 60, 230 ± 400 mesh (Merck). Melting points were measured on a B¸chi ±
Tottoli apparatus with open capillary tubes and are uncorrected. 1H (13C)
NMR spectra were recorded at 400, 300 (75.5), 200 (50.5), and 80
(20.2) MHz with tetramethylsilane (�� 0.0 in 1H NMR spectra) and CDCl3
(�� 77.0 in 13C NMR spectra) as internal standards by using the DEPT
pulse sequence. Low-resolution electron impact mass spectra (EI-LRMS)
were obtained at 70 eV on an HP-5987A instrument and the intensities are
reported as percentages relative to the base peak after the corresponding
m/z value. Elemental analyses were performed with a Perkin ±Elmer and
LECO elemental analyzers. All commercially available reagents were used
without further purification unless otherwise indicated and were purchased
from Aldrich Chemical Co., Acros Organics, or Fluorochem. tBuLi was
used as a 1.5� or 1.7� solution in pentane. BuLi was used as 1.6 or 2.5�
solutions in hexane. N-Benzylideneaniline was prepared by heating a
mixture of benzaldehyde and aniline in toluene at reflux, in the presence of
a catalytic amount of p-toluenesulfonic acid, in a system equipped with a
Dean ± Stark trap. 2-Chloro-4-methoxyaniline[29] was prepared by reduc-
tion of 2-chloro-4-methoxynitrobenzene (which was synthesized by nitra-
tion of 3-chlorophenol) with Fe/HCl, separation by steam-distillation of the
resulting o- and p-isomers, and subsequent methylation (MeI/K2CO3) of
the resulting 3-chloro-4-nitrophenol. 1,6-Dibromocyclohexene was pre-
pared according to a published procedure.[30]


General procedure for the preparation of N-alkyl-2-haloanilines : A
solution of 2-haloaniline (62.5 mmol) in THF (60 mL) was treated with
BuLi (10 mL, 2.5� solution in hexanes, 25 mmol) at �50 �C. The reaction
was stirred for 30 min at this temperature and then allowed to reach 20 �C,
and stirring was continued for 45 min. The reaction was re-cooled to
�50 �C and the corresponding alkyl halide (25 mmol) was added. After
15 min at this temperature, the reaction was allowed to warm up and
stirring was continued for 5 h. The mixture was hydrolyzed with water,
extracted with ethyl acetate (3� 30 mL), and the combined organic layers
were washed with saturated aqueous Na2CO3 solution, and dried over
anhydrous Na2SO4. The solvents were removed under vacuum and the
residue was purified by silica gel column chromatography (hexane/ethyl
acetate) to afford N-alkyl-2-haloanilines.


2-Fluoro-N-methylaniline : Prepared from 2-fluoroaniline (6.93 g,
62.5 mmol) and methyl iodide (3.55 g, 25 mmol) in THF (60 mL) according
to the general procedure described above to give the title compound
(2.50 g, 80%) as a colorless oil. Rf� 0.40 (hexane/ethyl acetate 20:1);
1H NMR (CDCl3, 80 MHz): �� 7.2 ± 6.5 (m, 4H), 3.7 (br s, 1H), 2.85 (s,
3H); 13C NMR (CDCl3, 20.2 MHz): �� 151.6 (d, J� 238.7 Hz), 138.0 (d,
J� 16.1 Hz), 124.4 (d, J� 3.3 Hz), 116.5 (d, J� 7.3 Hz), 114.0 (d, J�
20.2 Hz), 111.4 (d, J� 3.3 Hz), 29.8; MS (70 eV, EI): m/z (%): 125 (85)
[M]� , 124 (100); elemental analysis calcd (%) for C7H8FN (125.1): C 67.18,
H 6.44, N 11.19; found: C 67.22, H 6.29, N 10.98.


N-Allyl-2-fluoroaniline : Prepared from 2-fluoroaniline (6.93 g, 62.5 mmol)
and allyl bromide (3.03 g, 25 mmol) in THF (60 mL) according to the
general procedure described above to give the title compound (2.83 g,
75%) as an orange oil. Rf� 0.35 (hexane/ethyl acetate 30:1); 1H NMR


Table 3. Preparation of functionalized derivatives of dihydrophenanthridines 26 ±
28, dibenzopyrans 29 and 33, and dibenzothiopyrans 30, from 2-bromobenzyl
compounds 25 and 32.


Starting
product


X E� Product E Yield
[%][a]


25a NMe H2O 26a H 81
25a NMe BrCH2CH2Br 26b Br 68
25a NMe Ph2S2 26c SPh 80
25a NMe ClCO2Et 26d CO2Et 78
25a NMe Bu3SnCl 26e SnBu3 76
25b NCH2CH�CH2 H2O 27a H 71
25b NCH2CH�CH2 ClCO2Et 27b CO2Et 73
25b NCH2CH�CH2 H2O 28a H 70
25b NCH2CH�CH2 ClCO2Et 28b CH2OH 69
25b NCH2CH�CH2 BrCH2CH2Br 28c Br 73
25b NCH2CH�CH2 Bu3SnCl 28d SnBu3 71
25c O BrCH2CH2Br 29a Br 61
25c O ClCO2Et 29b CO2Et 68
25c O PhCHO 29c PhCH(OH) 56
25c O Bu3SnCl 29d SnBu3 60
25d S H2O 30a H 59
25d S ClCO2Et 30b CO2Et 50
25d S 4-MeC6H4CHO 30c 4-MeC6H4C(H)OH 57
32 H2O 33a H 81
32 ClCO2Et 33b CO2Et 75
32 4-MeC6H4CHO 33c 4-MeC6H4C(H)OH 79
32 Ph2S2 33d SPh 73


[a] Isolated yield based on the starting products 25 and 32.
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(CDCl3, 80 MHz): �� 7.2 ± 6.5 (m, 4H), 6.2 ± 5.7 (m, 1H), 5.4 ± 5.0 (m, 2H),
4.0 (br s, 1H), 3.8 (d, J� 4.0 Hz, 2H); 13C NMR (CDCl3, 20.2 MHz): ��
151.6 (d, J� 238.2 Hz), 136.5 (d, J� 11.2 Hz), 134.9, 124.4 (d, J� 3.0 Hz),
116.6 (d, J� 6.7 Hz), 116.0, 114.2 (d, J� 18.5 Hz), 112.3 (d, J� 2.6 Hz),
45.9; MS (70 eV, EI):m/z (%): 151 (100) [M]� ; elemental analysis calcd (%)
for C9H10FN (151.2): C 71.50, H 6.67, N 9.26; found: C 71.35, H 6.73, N 9.19.


N-(2-Butenyl)-2-fluoroaniline : Prepared from 2-fluoroaniline (6.93 g,
62.5 mmol) and crotyl bromide (3.38 g, 25 mmol) in THF (60 mL)
according to the general procedure described above to give the title
compound (3.50 g, 85%) as an orange oil and as a mixture of diaster-
eoisomers (E/Z). Rf� 0.4 (hexane/ethyl acetate 30:1); 1H NMR (CDCl3,
200 MHz): �� 7.1 ± 6.6 (m, 4H), 5.9 ± 5.5 (m, 2H), 4.0 (br s, 1H), 3.9 ± 3.8
(m, 2H; minor diast.), 3.8 ± 3.6 (m, 2H; major diast.), 1.8 (dd, J� 6.0,
1.2 Hz, 3H; major diast.), 1.7 ± 1.6 (m, 3H; minor diast.) ; 13C NMR (CDCl3,
50.5 MHz): �� 151.6 (d, J� 238.0 Hz), 136.6 (d, J� 11.4 Hz), 128.0, 127.6,
124.5, 116.4 (d, J� 6.8 Hz), 114.2 (d, J� 18.9 Hz), 112.2 (d, J� 3.8 Hz), 45.5
(NCH2; E isomer), 40.4 (NCH2; Z isomer), 17.6 (CH3; E isomer), 13.0
(CH3; Z isomer); MS (70 eV, EI): m/z (%): 165 (80) [M]� , 111 (100);
elemental analysis calcd (%) for C10H12FN (165.2): C 72.70, H 7.32, N 8.48;
found: C 72.61, H 7.35, N 8.34.


2-Chloro-N-methylaniline : Prepared from 2-chloroaniline (7.96 g,
62.5 mmol) and methyl iodide (3.55 g, 25 mmol) in THF (60 mL) according
to the general procedure described above to give the title compound
(2.86 g, 81%) as a colorless oil. Rf� 0.41 (hexane/ethyl acetate 10:1);
1H NMR (CDCl3, 80 MHz): �� 7.3 ± 6.5 (m, 4H), 4.3 (br s, 1H), 2.8 (s, 3H);
13C NMR (CDCl3, 20.2 MHz): �� 144.8, 128.7, 127.6, 118.7, 116.7, 110.4,
29.9; MS (70 eV, EI): m/z (%): 143 (24) [M�2]� , 141 (70) [M]� , 140 (100);
elemental analysis calcd (%) for C7H8ClN (141.6): C 59.38, H 5.69, N 9.89;
found: C 59.31, H 5.51, N 9.80.


Preparation of N-allyl-2-chloro-4-methoxyaniline : A mixture of 2-chloro-
4-methoxyaniline (7.87 g, 50 mmol), K2CO3 (3.79 g, 27.5 mmol), and allyl
bromide (3.0 g, 25 mmol) in acetonitrile (50 mL) was stirred for 48 hours
under reflux. The mixture was extracted with ethyl acetate (3� 30 mL) and
the combined organic layers were washed with saturated aqueous Na2CO3


and dried over anhydrous Na2SO4. The solvents were removed under
vacuum and the residue was purified by silica gel column chromatography
to afford the title compound (2.85 g, 58%) as a yellow oil. Rf� 0.30
(hexane/ethyl acetate 40:1); 1H NMR (CDCl3, 200 MHz): �� 6.9 (d, J�
2.9 Hz, 1H), 6.75 (dd, J� 8.9, 2.8 Hz, 1H), 6.6 (d, J� 8.9 Hz, 1H), 6.1 ± 5.9
(m, 1H), 5.4 ± 5.2 (m, 2H), 4.1 (br s, 1H), 3.8 (d, J� 6.7 Hz, 2H), 3.7 (s, 3H);
13C NMR (CDCl3, 50.5 MHz): �� 151.4, 138.2, 135.1, 119.5, 116.1, 115.1,
113.6, 112.4, 55.8, 46.7; MS (70 eV, EI):m/z (%): 199 (32) [M�2]� , 197 (98)
[M]� , 156 (100); elemental analysis calcd (%) for C10H12ClNO (197.7): C
60.76, H 6.12, N 7.09; found: C 60.58, H 6.19, N 6.95.


General procedure for the preparation of 2-haloanilines 1a ± c, 12, 17, and
25a ± b : A solution ofN-alkyl-2-haloaniline (25 mmol) in THF (30 mL) was
treated with BuLi (10 mL, 2.5� solution in hexanes, 25 mmol) at �50 �C.
The reaction mixture was stirred for 15 min and was then allowed to warm
up to 20 �C, and stirring was continued for 45 min. The reaction mixture was
cooled to�50 �C and the corresponding dibromo derivative (25 mmol) was
added. After 15 min at this temperature, the reaction was allowed to warm
up and stirring was continued for 5 h. The mixture was hydrolyzed with
water, extracted with ethyl acetate (3� 30 mL), and the combined organic
layers were washed with saturated aqueous Na2CO3 and dried over
anhydrous Na2SO4. The solvents were removed under vacuum and the
residue was purified by silica gel column chromatography (hexane/ethyl
acetate) to afford the corresponding tertiary amine.


N-(2-Bromoallyl)-2-fluoro-N-methylaniline (1a): 2-Fluoro-N-methylani-
line (3.1 g, 25 mmol) was treated with BuLi (10 mL, 2.5� solution in
hexanes, 25 mmol). Addition of 2,3-dibromopropene (5.0 g, 25 mmol) and
workup as above yielded 1a (4.25 g, 70%) as a colorless oil. Rf� 0.25
(hexane/ethyl acetate 50:1); 1H NMR (CDCl3, 200 MHz): �� 7.1 ± 6.8 (m,
4H), 5.9 ± 5.8 (m, 1H), 5.65 ± 5.6 (m, 1H), 4.1 (s, 2H), 3.0 (s, 3H); 13C NMR
(CDCl3, 50.5 MHz): �� 154.3 (d, J� 244.5 Hz), 138.3 (d, J� 8.3 Hz), 130.1,
124.2 (d, J� 2.9 Hz), 120.8 (d, J� 7.6 Hz), 118.8 (d, J� 2.8 Hz), 117.3, 116.2
(d, J� 20.8 Hz), 62.6 (d, J� 6.5 Hz), 39.4 (d, J� 2.0 Hz); MS (70 eV, EI):
m/z (%): 245 (25) [M�2]� , 243 (25) [M]� , 138 (100); elemental analysis
calcd (%) for C10H11BrFN (244.1): C 49.20, H 4.54, N 5.74; found: C 49.01,
H 4.61, N 5.59.


N-Allyl-N-(2-bromoallyl)-2-fluoroaniline (1b): 2-Fluoro-N-allylaniline
(3.8 g, 25 mmol) was treated with BuLi (10 mL, 2.5� solution in hexanes,
25 mmol). Addition of 2,3-dibromopropene (5.0 g, 25 mmol) and workup
as above yielded 1b (4.77 g, 71%) as a colorless oil. Rf� 0.28 (hexane/ethyl
acetate 50:1); 1H NMR (CDCl3, 200 MHz): �� 7.15 ± 6.8 (m, 4H), 6.05 ± 5.8
(m, 2H), 5.7 ± 5.6 (m, 1H), 5.35 ± 5.2 (m, 2H), 4.1 (s, 2H), 3.9 (d, J� 5.6 Hz,
2H); 13C NMR (CDCl3, 50.5 MHz): �� 155.6 (d, J� 244.0 Hz), 138.1 (d,
J� 8.5 Hz), 135.2, 131.2, 125.1 (d, J� 3.0 Hz), 122.1 (d, J� 7.5 Hz), 121.1 (d,
J� 2.9 Hz), 118.5, 118.1, 117.4 (d, J� 21.0 Hz), 60.1 (d, J� 4.6 Hz), 55.5 (d,
J� 4.0 Hz); MS (70 eV, EI): m/z (%): 271 (33) [M�2]� , 269 (33) [M]� , 164
(100); elemental analysis calcd (%) for C12H13BrFN (270.1): C 53.35, H
4.85, N 5.18; found: C 53.19, H 4.81, N 5.07.


N-(2-Bromoallyl)-N-(2-butenyl)-2-fluoroaniline (1c): N-(2-Butenyl)-2-flu-
oroaniline (4.13 g, 25 mmol) was treated with BuLi (10 mL, 2.5� solution
in hexanes, 25 mmol). Addition of 2,3-dibromopropene (5.0 g, 25 mmol)
and workup as above yielded 1c (5.0 g, 71%) as a colorless oil and as a
mixture of diastereoisomers (E/Z). Rf� 0.21 (hexane/ethyl acetate 50:1);
1H NMR (CDCl3, 200 MHz): �� 7.1 ± 6.7 (m, 4H), 5.9 ± 5.5 (m, 4H), 4.2 (s,
2H; minor diast.), 4.05 (s, 2H; major diast.), 3.95 (d, J� 6.2 Hz, 2H; minor
diast.), 3.85 (d, J� 5.3 Hz, 2H; major diast.), 1.7 (d, J� 5.0 Hz, 3H);
13C NMR (CDCl3, 20.2 MHz): �� 154.6 (d, J� 244.0 Hz), 137.3 (d, J�
8.4 Hz), 130.4, 128.9, 126.9, 124.1, 120.9 (d, J� 7.8 Hz), 120.1 (d, J� 3.5 Hz),
117.0, 116.3 (d, J� 21.4 Hz), 59.3 (d, J� 5.3 Hz; minor diast.), 58.7 (d, J�
4.5 Hz; major diast.), 53.8 (d, J� 2.8 Hz; major diast.), 48.1 (d, J� 3.1 Hz;
minor diast.), 17.7, 13.0; MS (70 eV, EI):m/z (%): 285 (30) [M�2]� , 283 (30)
[M]� , 124 (100); elemental analysis calcd (%) for C13H15BrFN (284.2): C
54.95, H 5.32, N 4.93; found: C 55.02, H 5.26, N 4.81.


N-(2-Bromoallyl)-2-chloro-N-methylaniline (12): 2-Chloro-N-methylani-
line (3.5 g, 25 mmol) was treated with BuLi (10 mL, 2.5� solution in
hexanes, 25 mmol). Addition of 2,3-dibromopropene (5.0 g, 25 mmol) and
workup as above yielded 12 (4.85 g, 75%) as a colorless oil. Rf� 0.32
(hexane/ethyl acetate 40:1); 1H NMR (CDCl3, 80 MHz): �� 7.4 ± 6.9 (m,
4H), 6.0 ± 5.9 (m, 1H), 5.65 ± 5.55 (m, 1H), 3.9 (s, 2H), 2.85 (s, 3H);
13C NMR (CDCl3, 20.2 MHz): �� 148.5, 130.6, 130.0, 128.3, 127.2, 123.4,
121.6, 117.7, 63.2, 40.1; MS (70 eV, EI): m/z (%): 263 (4) [M�4]� , 261 (14)
[M�2]� , 259 (13) [M]� , 154 (100); elemental analysis calcd (%) for
C10H11BrClN (260.6): C 46.10, H 4.26, N 5.38; found: C 45.98, H 4.21, N 5.30.


N-(2-Bromo-2-cyclohexenyl)-2-fluoro-N-methylaniline (17): 2-Fluoro-N-
methylaniline (3.1 g, 25 mmol) was treated with BuLi (10 mL, 2.5�
solution in hexanes, 25 mmol). Addition of 1,6-dibromocyclohexene
(6.0 g, 25 mmol) and workup as above yielded 17a (5.51 g, 78%) as a
colorless oil. Rf� 0.2 (hexane/ethyl acetate 50:1); 1H NMR (CDCl3,
200 MHz): �� 7.1 ± 6.8 (m, 4H), 6.4 ± 6.3 (m, 1H), 4.45 ± 4.3 (m, 1H), 2.8 (s,
3H), 2.2 ± 1.6 (m, 6H); 13C NMR (CDCl3, 50.5 MHz): �� 145.5 (d, J�
243.4 Hz), 139.4 (d, J� 7.6 Hz), 134.0, 125.6, 124.0 (d, J� 3.2 Hz), 120.1 (d,
J� 8.4 Hz), 119.6 (d, J� 3.6 Hz), 116.0 (d, J� 21.3 Hz), 62.4 (d, J� 7.5 Hz),
32.6, 27.9, 27.5, 21.1; MS (70 eV, EI): m/z (%): 285 (13) [M�2]� , 283 (13)
[M]� , 125 (100); elemental analysis calcd (%) for C13H15BrFN (284.2): C
54.95, H 5.32, N 4.93; found: C 55.04, H 5.23, N 4.85.


N-(2-Bromobenzyl)-2-fluoro-N-methylaniline (25a): 2-Fluoro-N-methyl-
aniline (3.1 g, 25 mmol) was treated with BuLi (10 mL, 2.5� solution in
hexanes, 25 mmol). Addition of 2-bromobenzylbromide (6.2 g, 25 mmol)
and workup as above yielded 25a (5.27 g, 72%) as a colorless oil. Rf� 0.45
(hexane/ethyl acetate 30:1); 1H NMR (CDCl3, 200 MHz): �� 7.7 ± 7.6 (m,
2H), 7.4 (dt, J� 7.4, 1.4 Hz, 1H), 7.25 ± 6.9 (m, 5H), 4.5 (s, 2H), 3.0 (s, 3H);
13C NMR (CDCl3, 50.5 MHz): �� 154.7 (d, J� 244.1 Hz), 139.8 (d, J�
8.4 Hz), 137.6, 132.5, 129.1, 128.3, 127.3, 124.2 (d, J� 2.6 Hz), 123.3, 120.7 (d,
J� 7.6 Hz), 118.6 (d, J� 3.8 Hz), 116.1 (d, J� 21.4 Hz), 58.8 (d, J� 4.5 Hz),
39.4 (d, J� 2.8 Hz); MS (70 eV, EI): m/z (%): 295 (86) [M�2]� , 293 (86)
[M]� , 138 (100); elemental analysis calcd (%) for C14H13BrFN (294.2): C
57.16, H 4.45, N 4.76; found: C 57.07, H 4.51, N 4.75.


N-Allyl-N-(2-bromobenzyl)-2-fluoroaniline (25b): 2-Fluoro-N-allylaniline
(3.8 g, 25 mmol) was treated with BuLi (10 mL, 2.5� solution in hexanes,
25 mmol). Addition of 2-bromobenzylbromide (6.2 g, 25 mmol) and work-
up as above yielded 25b (5.90 g, 74%) as a colorless oil. Rf� 0.3 (hexane/
ethyl acetate 60:1); 1H NMR (CDCl3, 80 MHz): �� 7.6 ± 6.7 (m, 8H), 6.2 ±
5.7 (m, 1H), 5.4 ± 5.0 (m, 2H), 4.4 (s, 2H), 3.8 (d, J� 5.6 Hz, 2H); 13C NMR
(CDCl3, 50.5 MHz): �� 154.8 (d, J� 244.2 Hz), 138.1 (d, J� 8.5 Hz), 137.6,
134.3, 132.6, 129.0, 128.2, 127.3, 124.1 (d, J� 3.5 Hz), 123.2, 120.8 (d, J�
7.6 Hz), 120.0 (d, J� 3.8 Hz), 117.3, 116.3 (d, J� 21.5 Hz), 55.4 (d,
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J� 2.7 Hz), 55.1 (d, J� 4.8 Hz); MS (70 eV, EI):m/z (%): 321 (83) [M�2]� ,
319 (83) [M]� , 169 (100); elemental analysis calcd (%) for C16H15BrFN
(320.2): C 60.02, H 4.72, N 4.37; found: C 59.91, H 4.65, N 4.27.


N-Allyl-N-(2-bromoallyl)-2-chloro-4-methoxyaniline (15): Solid K2CO3


(3.8 g, 27.5 mmol) and 2,3-dibromopropene (5.0 g, 25 mmol) were added
to a solution of N-allyl-2-chloro-4-methoxyaniline (4.9 g, 25 mmol) in
acetonitrile (40 mL) at 20 �C. The resulting mixture was heated at reflux for
48 h and was then allowed to warm up to 20 �C. The crude mixture was
treated with water, extracted with ethyl acetate (3� 30 mL), and the
combined organic layers were washed with saturated aqueous Na2CO3


solution and dried over anhydrous Na2SO4. The solvents were removed
under vacuum and the residue was purified by silica gel column
chromatography (hexane/ethyl acetate) to afford 15 (6.0 g, 76%) as a
colorless oil. Rf� 0.40 (hexane/ethyl acetate 40:1); 1H NMR (CDCl3,
200 MHz): �� 7.05 (d, J� 8.8 Hz, 1H), 6.95 (d, J� 2.9 Hz, 1H), 6.75 (dd,
J� 8.8, 2.9 Hz, 1H), 5.9 (m, 1H), 5.9 ± 5.7 (m, 1H), 5.5 (d, J� 1.2 Hz, 1H),
5.3 ± 5.1 (m, 2H), 3.9 (s, 2H), 3.75 (s, 3H), 3.7 (d, J� 6.2 Hz, 2H); 13C NMR
(CDCl3, 50.5 MHz): �� 156.0, 139.7, 134.3, 131.2, 130.5, 125.1, 117.9, 117.8,
115.6, 112.6, 60.0, 56.0, 55.5; MS (70 eV, EI):m/z (%): 319 (64) [M�4]� , 317
(82) [M�2]� , 315 (23) [M]� , 210 (100); elemental analysis calcd (%) for
C13H15BrClNO (316.6): C 49.31, H 4.78, N 4.42; found: C 49.52, H 4.65, N
4.35.


General procedure for the preparation of 2-halophenyl ethers 22a, 25c, 32,
and 2-fluorophenyl thioethers 22b, 25d : Solid K2CO3 (1.1 equiv) and the
dibromo derivative (1.0 equiv) were added to a solution of the correspond-
ing phenol (1.0 equiv) in acetone (40 mL) at 20 �C. The resulting mixture
was heated at reflux, overnight for ethers and 48 h for thioethers, and then
allowed to warm up to 20 �C. The crude mixture was treated with water,
extracted with ethyl acetate (3� 30 mL), and the combined organic layers
were washed with an aqueous K2CO3 solution and dried over anhydrous
Na2SO4. The solvents were removed under vacuum and the residue was
purified by silica gel column chromatography (hexane/ethyl acetate) to
afford the corresponding ether or thioether.


2-Bromoallyl 2-fluorophenyl ether (22a): 2-Fluorophenol (2.2 g, 20 mmol)
was treated with K2CO3 (3.0 g, 22 mmol). 2,3-Dibromopropene (4.0 g,
20 mmol) was added and the mixture was heated at reflux overnight.
Workup according to the general procedure above gave 22a (3.68 g, 80%)
as a brown oil. Rf� 0.50 (hexane/ethyl acetate 25:1); 1H NMR (CDCl3,
200 MHz): �� 7.2 ± 6.9 (m, 4H), 6.1 ± 6.0 (m, 1H), 5.75 ± 5.65 (m, 1H), 4.7
(s, 2H); 13C NMR (CDCl3, 50.5 MHz): �� 152.7 (d, J� 247.3 Hz), 145.5 (d,
J� 10.7 Hz), 126.5, 124.2 (d, J� 3.9 Hz), 122.2 (d, J� 6.9 Hz), 118.0, 116.5,
116.1 (d, J� 6.0 Hz), 72.8; MS (70 eV, EI):m/z (%): 232 (8) [M�2]� , 230 (8)
[M]� , 112 (100); elemental analysis calcd (%) for C9H8BrFO (231.1): C
46.78, H 3.49; found: C 46.62, H 3.51.


2-Bromobenzyl 2-fluorophenyl ether (25c): 2-Fluorophenol (2.2 g,
20 mmol) was treated with K2CO3 (3.0 g, 22 mmol). 2-Bromobenzyl
bromide (5.0 g, 20 mmol) was added and the mixture was heated at reflux
overnight. Workup according to the general procedure above yielded 25c
(4.8 g, 85%) as a white solid. M.p. 35 ± 37 �C (hexane); 1H NMR (CDCl3,
200 MHz): �� 7.7 ± 6.9 (m, 8H), 5.2 (s, 2H); 13C NMR (CDCl3, 50.5 MHz):
�� 152.7 (d, J� 245.6 Hz), 146.3 (d, J� 10.7 Hz), 135.8, 132.4, 129.2, 128.7,
127.5, 124.2 (d, J� 3.8 Hz), 122.0, 121.6 (d, J� 6.9 Hz), 116.2 (d, J�
17.5 Hz), 115.4, 70.3; MS (70 eV, EI): m/z (%): 282 (28) [M�2]� , 280 (28)
[M]� , 171 (100); elemental analysis calcd (%) for C13H10BrFO (281.1): C
55.54, H 3.59; found: C 55.62, H 3.51.


2-Bromobenzyl 2-chloro-4-methoxyphenyl ether (32): 2-Chloro-4-methoxy-
phenol (3.2 g, 20 mmol) was treated with K2CO3 (3.0 g, 22 mmol).
2-Bromobenzylbromide (5.0 g, 20 mmol) was added and the mixture was
heated at reflux overnight. Workup according to the general procedure
above yielded 32 (5.5 g, 85%) as a white-pink solid. M.p. 31 ± 33 �C
(hexane); 1H NMR (CDCl3, 200 MHz): �� 7.7 (d, J� 7.6 Hz, 1H), 7.6 (d,
J� 7.8 Hz, 1H), 7.4 (t, J� 7.6 Hz, 1H), 7.2 (t, J� 7.6 Hz, 1H), 7.0 (d, J�
3.0 Hz, 1H), 6.9 (d, J� 9.0 Hz, 1H), 6.7 (dd, J� 9.0, 3.0 Hz, 1H), 5.1 (s,
2H), 3.7 (s, 3H); 13C NMR (CDCl3, 50.5 MHz): �� 154.1, 147.9, 135.9,
132.2, 128.9, 128.5, 127.4, 123.7, 121.7, 115.9, 115.1, 112.6, 70.6, 55.5; MS
(70 eV, EI):m/z (%): 330 (15) [M�4]� , 328 (54) [M�2]� , 326 (41) [M]� , 171
(100); elemental analysis calcd (%) for C14H12BrClO2 (327.6): C 51.33, H
3.69; found: C 51.21, H 3.71.


2-Bromoallyl 2-fluorophenyl thioether (22b): 2-Fluorothiophenol (1.3 g,
10 mmol) was treated with K2CO3 (1.5 g, 11 mmol). 2,3-Dibromopropene


(2.0 g, 10 mmol) was added and the mixture was heated at reflux for 24 h.
Workup according to the general procedure above yielded 22b (1.5 g, 60%)
as a colorless oil. Rf� 0.25 (hexane); 1H NMR (CDCl3, 200 MHz): �� 7.5 ±
7.0 (m, 4H), 5.65 ± 5.6 (m, 1H), 5.4 ± 5.35 (m, 1H), 3.8 (s, 2H); 13C NMR
(CDCl3, 50.5 MHz): �� 161.8 (d, J� 246.4 Hz), 134.0, 129.6 (d, J� 7.9 Hz),
128.3, 124.4 (d, J� 3.7 Hz), 119.3, 115.7 (d, J� 23.2 Hz), 43.9; MS (70 eV,
EI):m/z (%): 248 (38) [M�2]� , 246 (38) [M]� , 167 (100); elemental analysis
calcd (%) for C9H8BrFS (247.1): C 43.74, H 3.26; found: C 43.59, H 3.22.


2-Bromobenzyl 2-fluorophenyl thioether (25d): 2-Fluorothiophenol (1.3 g,
10 mmol) was treated with K2CO3 (1.5 g, 11 mmol). 2-Bromobenzyl
bromide (2.5 g, 10 mmol) was added and the mixture was heated at reflux
for 48 h. Workup according to the general procedure above yielded 25d
(2.5 g, 85%) as a colorless oil. Rf� 0.28 (hexane); 1H NMR (CDCl3,
200 MHz): �� 7.55 (d, J� 8.3 Hz, 1H), 7.3 ± 7.0 (m, 7H), 4.2 (s, 2H);
13C NMR (CDCl3, 50.5 MHz): �� 162.0 (d, J� 245.5 Hz), 136.6, 133.8,
132.9, 130.6, 129.2 (d, J� 7.3 Hz), 128.8, 127.3, 124.4, 124.3 (d, J� 4.5 Hz),
122.0 (d, J� 17.5 Hz), 115.5 (d, J� 22.7 Hz), 38.9; MS (70 eV, EI):m/z (%):
298 (88) [M�2]� , 296 (88) [M]� , 171 (100); elemental analysis calcd (%) for
C13H10BrFS (297.2): C 52.54, H 3.39; found: C 52.31, H 3.41.


General procedure for the preparation of 4-functionalized-1-alkyl-3-
methylindoles (2): A solution of the starting amine 1 (2 mmol) in THF
(15 mL) was treated with tBuLi (7 mmol, 3.5 equiv) at �110 �C. The
reaction mixture was stirred at this temperature for 15 min and then at
�40 �C for 3 h. The reaction mixture was re-cooled to �78 �C and the
electrophile (3 mmol) was added. The reaction mixture was stirred
overnight at room temperature, then hydrolyzed with water, and extracted
with ethyl acetate (3� 20 mL). The combined organic layers were dried
over anhydrous Na2SO4. The solvent was removed under vacuum and the
residue was purified by flash column chromatography (hexane/ethyl
acetate) and/or by recrystallization to afford products 2.


1,3-Dimethyl-1H-indole (2a): Amine 1a (0.49 g, 2 mmol) was treated with
tBuLi (4.7 mL, 1.5� in pentane, 7 mmol). Addition of water (excess) and
workup according to the general procedure above yielded 2a (0.22 g, 75%)
as a brown oil. Rf� 0.50 (hexane/ethyl acetate 50:1); 1H NMR (CDCl3,
200 MHz): �� 7.7 (d, J� 7.6 Hz, 1H), 7.4 ± 7.1 (m, 3H), 6.9 (s, 1H), 3.8 (s,
3H), 2.4 (s, 3H); 13C NMR (CDCl3, 50.5 MHz): �� 136.9, 128.5, 126.4,
121.3, 118.8, 118.4, 109.9, 108.9, 32.4, 9.5; MS (70 eV, EI):m/z (%): 145 (64)
[M]� , 144 (100); elemental analysis calcd (%) for C10H11N (145.2): C 82.72,
H 7.64, N 9.65; found: C 82.61, H 7.69, N 9.51.


1,3-Dimethyl-4-tributylstannyl-1H-indole (2b): Amine 1a (0.49 g, 2 mmol)
was treated with tBuLi (4.7 mL, 1.5� pentane, 7 mmol). Addition of
tributyltin chloride (0.98 g, 3 mmol) and workup according to the general
procedure above yielded 2b (0.58 g, 67%) as a yellow oil. Rf� 0.44
(hexane/ethyl acetate 15:1); 1H NMR (CDCl3, 300 MHz): �� 7.2 ± 7.0 (m,
3H), 6.8 (s, 1H), 3.6 (s, 3H), 2.3 (s, 3H), 1.6 ± 0.7 (m, 27H); 13C NMR
(CDCl3, 75.5 MHz): �� 136.2, 133.9, 131.8, 127.6, 127.0, 120.6, 111.5, 109.4,
32.3, 29.6, 27.4, 13.6, 11.3; MS (70 eV, EI):m/z (%): 435 (7) [M]� , 264 (100);
elemental analysis calcd (%) for C22H37NSn (434.3): C 60.85, H 8.59, N 3.23;
found: C 60.67, H 8.68, N 3.16.


4-(1-Hydroxy-1-phenylmethyl)-1,3-dimethyl-1H-indole (2c): Amine 1a
(0.49 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� in pentane, 7 mmol).
Addition of benzaldehyde (0.31 g, 3 mmol) and workup according to the
general procedure above yielded 2c (0.35 g, 69%) as a colorless oil. Rf�
0.36 (hexane/ethyl acetate 3:1); 1H NMR (CDCl3, 300 MHz): �� 7.3 ± 6.8
(m, 8H), 6.6 (s, 1H), 6.4 (s, 1H), 3.5 (s, 3H), 2.4 (br s, 1H), 2.2 (s, 3H);
13C NMR (CDCl3, 75.5 MHz): �� 143.7, 137.7, 136.3, 128.0, 127.8, 126.9,
126.8, 125.4, 121.2, 117.5, 109.6, 108.8, 72.5, 32.3, 12.8; MS (70 eV, EI): m/z
(%): 271 (10) [M]� , 126 (100); elemental analysis calcd (%) for C17H17NO
(251.3): C 81.24, H 6.82, N 5.57; found: C 81.32, H 6.93, N 5.49.


4-(1-Hydroxy-1-methylethyl)-1,3-dimethyl-1H-indole (2d): Amine 1a
(0.49 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� in pentane, 7 mmol).
Addition of acetone (0.18 g, 3 mmol) and workup according to the general
procedure above yielded 2d (0.30 g, 73%) as a white solid. M.p. 130 ±
132 �C (hexane); 1H NMR (CDCl3, 300 MHz): �� 7.35 ± 7.15 (m, 3H), 6.95
(q, J� 0.8 Hz, 1H), 3.8 (s, 3H), 2.6 (d, J� 0.8 Hz, 3H), 2.0 (br s, 1H), 1.8 (s,
6H); 13C NMR (CDCl3, 75.5 MHz): �� 141.2, 138.8, 128.9, 124.5, 120.4,
115.4, 110.1, 109.1, 72.9, 32.5, 31.9, 15.7; MS (70 eV, EI): m/z (%): 203 (66)
[M]� , 146 (100); elemental analysis calcd (%) for C13H17NO (203.3): C
76.81, H 8.43, N 6.89; found: C 76.75, H 8.52, N 6.78.
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Ethyl 1,3-dimethyl-1H-indole-4-carboxylate (2e): Amine 1a (0.49 g,
2 mmol) was treated with tBuLi (4.7 mL, 1.5� in pentane, 7 mmol).
Addition of ethyl chloroformate (0.33 g, 3 mmol) and workup according to
the general procedure above yielded 2e (0.32 g, 73%) as a green oil. Rf�
0.33 (hexane/ethyl acetate 10:1); 1H NMR (CDCl3, 400 MHz): �� 7.65 (d,
J� 6.8 Hz, 1H), 7.4 (d, J� 7.6 Hz, 1H), 7.2 (t, J� 7.6 Hz, 1H), 6.9 (s, 1H),
4.5 (q, J� 7.2 Hz, 2H), 3.7 (s, 3H), 2.4 (s, 3H), 1.4 (t, J� 7.2 Hz, 3H);
13C NMR (CDCl3, 50.5 MHz): �� 168.5, 138.1, 129.8, 125.3, 124.4, 121.5,
120.1, 112.8, 110.4, 60.6, 32.4, 14.3, 13.1; MS (70 eV, EI): m/z (%): 217 (91)
[M]� , 188 (100); elemental analysis calcd (%) for C13H15NO2 (217.3): C
71.87, H 6.96, N 6.45; found: C 71.75, H 6.82, N 6.29.


1,3-Dimethyl-4-(1-phenyl-1-phenylaminomethyl)-1H-indole (2 f): Amine
1a (0.49 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in
pentane, 7 mmol). Addition of N-benzylideneaniline (0.55 g, 3 mmol) and
workup according to the general procedure above yielded 2 f (0.39 g, 59%)
as a white solid. M.p. 154 ± 156 �C (hexane); 1H NMR (CDCl3, 300 MHz):
�� 7.3 ± 6.4 (m, 14H), 6.26 (s, 1H), 4.2 (br s, 1H), 3.6 (s, 3H), 2.3 (s, 3H);
13C NMR (CDCl3, 75.5 MHz): �� 147.1, 142.7, 137.9, 135.3, 129.0, 128.4,
127.9, 127.8, 127.0, 125.8, 121.5, 118.5, 117.0, 113.0, 110.0, 108.6, 58.5, 32.5,
12.8; MS (70 eV, EI):m/z (%): 326 (10) [M]� , 234 (100); elemental analysis
calcd (%) for C23H22N2 (326.4): C 84.63, H 6.79, N 8.58; found: C 84.71, H
6.73, N 8.39.


4-(4-Chlorobenzoyl)-1,3-dimethyl-1H-indole (2g): Amine 1a (0.49 g,
2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in pentane,
7 mmol). Addition of 4-chlorobenzonitrile (0.41 g, 3 mmol) and workup
according to the general procedure above yielded 2g (0.35 g, 62%) as a
yellow oil. Rf� 0.3 (hexane/ethyl acetate 5:1); 1H NMR (CDCl3,
400 MHz): �� 7.7 (d, J� 8.4 Hz, 2H), 7.4 (d, J� 8.0 Hz, 1H), 7.33 (d, J�
8.4 Hz, 2H), 7.25 (t, J� 7.6 Hz, 1H), 7.0 (d, J� 7.0 Hz, 1H), 6.85 (s, 1H), 3.8
(s, 3H), 1.9 (s, 3H); 13C NMR (CDCl3, 50.5 MHz): �� 177.3, 137.7, 137.4,
136.8, 133.1, 129.9, 128.4, 124.4, 121.1, 118.4, 110.0, 109.7, 32.6, 11.5; MS
(70 eV, EI): m/z (%): 285 (33) [M�2]� , 283 (100) [M]� ; elemental analysis
calcd (%) for C17H14ClNO (283.8): C 71.96, H 4.97, N 4.94; found: C 71.81,
H 4.93, N 4.83.


4-Bromo-1,3-dimethyl-1H-indole (2 h): Amine 1a (0.49 g, 2 mmol) was
treated with tBuLi (4.7 mL, 1.5� solution in pentane, 7 mmol). Addition of
1,2-dibromoethane (0.56 g, 3 mmol) and workup according to the general
procedure above yielded 2 h (0.27 g, 61%) as a white solid. M.p. 68 ± 70 �C
(hexane); 1H NMR (CDCl3, 400 MHz): �� 7.25 (d, J� 8.4 Hz, 1H), 7.2 (d,
J� 8.0 Hz, 1H), 7.0 (t, J� 8.0 Hz, 1H), 6.8 (s, 1H), 3.7 (s, 3H), 2.6 (s, 3H);
13C NMR (CDCl3, 50.5 MHz): �� 138.2, 128.3, 126.3, 122.8, 122.1, 114.8,
111.2, 108.4, 32.6, 12.3; MS (70 eV, EI): m/z (%): 225 (50) [M�2]� , 224
(100), 223 (50) [M]� , 222 (100); elemental analysis calcd (%) for C10H10BrN
(224.1): C 53.60, H 4.50, N 6.25; found: C 53.48, H 4.62, N 6.31.


1-Allyl-3-methyl-1H-indole (2 i): Amine 1b (0.54 g, 2 mmol) was treated
with tBuLi (4.7 mL, 1.5� solution in pentane, 7 mmol), and the cooling
bath was removed to allow the reaction to warm up to room temperature.
Addition of H2O (excess) and workup according to the general procedure
above yielded 2 i (0.13 g, 38%) as a colorless oil. Rf� 0.39 (hexane);
1H NMR (CDCl3, 200 MHz): �� 7.65 (d, J� 7.0 Hz, 1H), 7.4 ± 7.1 (m, 3H),
6.9 (s, 1H), 6.15 ± 5.9 (m, 1H), 5.3 ± 5.1 (m, 2H), 4.7 (dt, J� 5.4, 1.6 Hz, 2H),
2.4 (s, 3H); 13C NMR (CDCl3, 50.5 MHz): �� 136.3, 133.7, 128.8, 125.4,
121.4, 118.9, 118.6, 116.9, 110.5, 109.3, 48.5, 9.6; MS (70 eV, EI): m/z (%):
171 (100) [M]� , 170 (100); elemental analysis calcd (%) for C12H13N
(171.2): C 84.17, H 7.65, N 8.18; found: C 84.25, H 7.62, N 8.03.


1-(2-Butenyl)-3-methyl-1H-indole (2 j): Amine 1c (0.57 g, 2 mmol) was
treated with tBuLi (4.7 mL, 1.5� solution in pentane, 7 mmol). Addition of
H2O (excess) and workup according to the general procedure above
yielded 2 j (0.27 g, 72%) as a colorless oil. Rf� 0.25 (hexane); 1H NMR
(CDCl3, 200 MHz): �� 7.75 (d, J� 7.6 Hz, 1H), 7.5 ± 7.2 (m, 3H), 7.0 (s,
1H), 5.9 ± 5.6 (m, 2H), 4.8 (d, J� 8.4 Hz, 2H; minor diast.), 4.75 ± 4.65 (m,
2H; major diast.), 2.5 (s, 3H), 1.95 (d, J� 8.0 Hz, 3H; minor diast.), 1.9 ± 1.8
(m, 3H; major diast.); 13C NMR (CDCl3, 50.5 MHz): �� 136.2, 128.8,
128.4, 127.3, 126.6, 126.0, 125.2, 125.0, 121.2, 118.9, 118.5, 110.2, 109.3, 109.2,
47.8 (major diast.), 42.6 (minor diast.), 17.5 (major diast.), 13.0 (minor
diast.), 9.5; MS (70 eV, EI): m/z (%): 185 (78) [M]� , 130 (100); elemental
analysis calcd (%) for C13H15N (185.3): C 84.28, H 8.16, N 7.56; found: C
84.11, H 8.02, N 7.58.


General procedure for the preparation of 4-functionalized 3-methylindoles
(3): A solution of the starting amine 1b (2 mmol) in THF (15 mL) was


treated with tBuLi (7 mmol, 3.5 equiv) at �110 �C. The reaction mixture
was stirred for 15 min at this temperature, and the cooling bath was then
removed to allow the reaction to warm up to room temperature. The
mixture was re-cooled to �78 �C, and the corresponding electrophile
(3 mmol) was added. Workup according to the general procedure above
yielded a residue. The residue and [NiCl2(dppp)] (0.03 g, 0.08 mmol) were
dissolved in toluene (6 mL). DIBAL-H (1.5 equiv, 2 mL, 1.5� solution in
toluene, 3.0 mmol) was added at 0 �C and the temperature was increased to
room temperature. After stirring at the same temperature for 2 h, the
mixture was treated with 0.5� NaOH (2 mL) and Et2O (9 mL) for 1 h and
it was then dried directly over MgSO4. After evaporation of the solvent, the
residue was purified by flash column chromatography (hexane/ethyl
acetate) to afford products 3.


4-Deuterio-3-methyl-1H-indole (3a): Amine 1b (0.54 g, 2 mmol) was
treated with tBuLi (4.7 mL, 1.5� solution in pentane, 7 mmol). Deuterium
oxide (excess) was added and the mixture was treated according to the
general procedure above. DIBAL-H (2.0 mL, 1.5� solution in toluene,
3 mmol) was added to a solution of the residue and [NiCl2(dppp)] (0.04 g,
0.08 mmol) in toluene (6 mL). Workup as described above yielded 3a
(0.14 g, 53%) as a white solid. M.p. 96 ± 98 �C (methanol); 1H NMR
(CDCl3, 400 MHz): �� 7.9 (br s, 1H), 7.35 (d, J� 8.4 Hz, 1H), 7.2 (dd, J�
8.4, 6.0 Hz, 1H), 7.15 (d, J� 6.0 Hz, 1H), 7.0 (s, 1H), 2.4 (s, 3H); 13C NMR
(CDCl3, 100 MHz): �� 136.2, 128.1, 121.8, 121.5, 118.9, 111.6, 110.9, 9.7; MS
(70 eV, EI):m/z (%): 132 (60) [M]� , 131 (100); elemental analysis calcd (%)
for C9H8DN (132.2): C 81.78, H/D 7.62, N 10.60; found: C 81.88, H/D 7.47, N
10.59.


3-Methyl-4-tributylstannyl-1H-indole (3b): Amine 1b (0.54 g, 2 mmol) was
treated with tBuLi (4.7 mL, 1.5� solution in pentane, 7 mmol). Tributyltin
chloride (0.98 g, 3 mmol) was added and the mixture was treated as
described above. DIBAL-H (2.0 mL, 1.5� solution in toluene, 3 mmol) was
added to a solution of the residue and [NiCl2(dppp)] (0.04 g, 0.08 mmol) in
toluene (6 mL). Workup according to the general procedure above yielded
3b (0.44 g, 52%) as a colorless oil. Rf� 0.20 (hexane/ethyl acetate 20:1);
1H NMR (CDCl3, 400 MHz): �� 7.9 (br s, 1H), 7.3 (d, J� 8.0 Hz, 1H), 7.25
(d, J� 8.8 Hz, 1H), 7.15 (dd, J� 8.8, 8.0 Hz, 1H), 7.0 (s, 1H), 2.4 (s, 3H),
1.6 ± 1.5 (m, 6H), 1.4 ± 1.3 (m, 6H), 1.2 ± 1.1 (m, 6H), 0.9 (t, J� 7.6 Hz, 9H);
13C NMR (CDCl3, 50.5 MHz): �� 135.7, 133.5, 131.7, 128.3, 122.1, 121.1,
113.3, 111.4, 29.1, 27.4, 13.6, 11.4; MS (70 eV, EI):m/z (%): 421 (5) [M]� , 130
(100); elemental analysis calcd (%) for C21H35NSn (420.2): C 60.02, H 8.40,
N 3.33; found: C 60.21, H 8.32, N 3.31.


3-Methyl-4-trimethylsilyl-1H-indole (3c): Amine 1b (0.54 g, 2 mmol) was
treated with tBuLi (4.7 mL, 1.5� solution in pentane, 7 mmol). Chloro-
trimethylsilane (0.3 g, 3 mmol) was added and the mixture was treated as
described above. DIBAL-H (2.0 mL, 1.5� solution in toluene, 3 mmol) was
added to a solution of the resultant residue and [NiCl2(dppp)] (0.04 g,
0.08 mmol) in toluene (6 mL). Workup according to the general procedure
above yielded 3c (0.20 g, 48%) as a yellow solid. M.p. 53 ± 55 �C
(methanol); 1H NMR (CDCl3, 400 MHz): �� 7.95 (br s, 1H), 7.4 ± 7.35 (m,
2H), 7.2 (dd, J� 8.4, 7.2 Hz, 1H), 7.0 (s, 1H), 2.5 (s, 3H), 0.5 (s, 9H);
13C NMR (CDCl3, 50.5 MHz): �� 136.1, 131.4, 131.2, 126.8, 123.1, 120.9,
112.7, 13.5, 1.6; MS (70 eV, EI): m/z (%): 203 (50) [M]� , 188 (100);
elemental analysis calcd (%) for C12H17NSi (203.4): C 70.88, H 8.43, N 6.89;
found: C 70.76, H 8.37, N 6.77.


3-Methyl-4-phenylthio-1H-indole (3d): Amine 1b (0.54 g, 2 mmol) was
treated with tBuLi (4.7 mL, 1.5� solution in pentane, 7 mmol). Diphenyl
disulfide (0.6 g, 3 mmol) was added and the mixture was treated as
described above. DIBAL-H (2.0 mL, 1.5� solution in toluene, 3 mmol) was
added to a solution of the resultant residue and [NiCl2(dppp)] (0.04 g,
0.08 mmol) in toluene (6 mL). Workup according to the general procedure
above yielded 3d (0.23 g, 49%) as a yellow solid. M.p. 68 ± 70 �C
(methanol); 1H NMR (CDCl3, 400 MHz): �� 8.0 (br s, 1H), 7.35 (d, J�
7.6 Hz, 1H), 7.25 ± 7.1 (m, 7H), 6.95 (s, 1H), 2.5 (s, 3H); 13C NMR (CDCl3,
50.5 MHz): �� 139.1, 137.2, 129.3, 128.9, 128.4, 127.8, 126.8, 125.3, 124.8,
123.3, 122.2, 113.1, 12.4; MS (70 eV, EI): m/z (%): 239 (100) [M]� ;
elemental analysis calcd (%) for C15H13NS (239.3): C 75.27, H 5.47, N 5.85;
found: C 75.19, H 5.49, N 5.73.


3-Methyl-4-(1-phenyl-1-phenylaminomethyl)-1H-indole (3e): Amine 1b
(0.54 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in pentane,
7 mmol). N-Benzylideneaniline (0.54 g, 3 mmol) was added and the
mixture was treated as described above. DIBAL-H (2.0 mL, 1.5� solution
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in toluene, 3 mmol) was added to a solution of the resultant residue and
[NiCl2(dppp)] (0.04 g, 0.08 mmol) in toluene (6 mL). Workup according to
the general procedure above yielded 3e (0.29 g, 46%) as a yellow solid.
M.p. 92 ± 94 �C (methanol); 1H NMR (CDCl3, 200 MHz): �� 7.9 (br s, 1H),
7.5 ± 6.5 (m, 14H), 6.4 (s, 1H), 4.45 (br s, 1H), 2.4 (s, 3H); 13C NMR (CDCl3,
50.5 MHz): �� 147.1, 142.7, 137.3, 135.3, 129.1, 128.4, 128.0, 127.0, 125.5,
122.9, 122.0, 119.1, 117.1, 113.1, 111.7, 110.7, 58.5, 13.0; MS (70 eV, EI): m/z
(%): 312 (11) [M]� , 220 (100); elemental analysis calcd (%) for C22H20N2


(312.4): C 84.58, H 6.45, N 8.97; found: C 84.43, H 6.41, N 8.91.


4-[1-Hydroxy-1-(4-methylphenyl)methyl]-3-methyl-1H-indole (3 f):
Amine 1b (0.54 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution
in pentane, 7 mmol). 4-Methylbenzaldehyde (0.36 g, 3 mmol) was added
and the mixture was treated as described above. DIBAL-H (2.0 mL, 1.5�
solution in toluene, 3 mmol) was added to a solution of the resultant
residue and [NiCl2(dppp)] (0.043 g, 0.08 mmol) in toluene (6 mL). Workup
according to the general procedure above yielded 3 f (0.26 g, 52%) as a
brown solid. M.p. 98 ± 100 �C (methanol); 1H NMR (CDCl3, 200 MHz): ��
8.1 (br s, 1H), 7.4 ± 7.0 (m, 7H), 6.9 (s, 1H), 6.6 (s, 1H), 2.4 (s, 3H), 2.4 ± 2.3
(br s, 1H), 2.35 (s, 3H); 13C NMR (CDCl3, 50.5 MHz): �� 140.9, 137.3,
136.8, 136.5, 128.9, 127.0, 125.2, 123.0, 121.8, 118.0, 111.4, 110.9, 72.7, 21.1,
13.1; MS (70 eV, EI):m/z (%): 251 (100) [M]� ; elemental analysis calcd (%)
for C17H17NO (251.3): C 81.24, H 6.82, N 5.57; found: C 81.11, H 6.79, N
5.50.


4-Bromo-3-methyl-1H-indole (3g): Amine 1b (0.54 g, 2 mmol) was treated
with tBuLi (4.7 mL, 1.5� solution in pentane, 7 mmol). 1,2-Dibromoethane
(0.56 g, 3 mmol) was added and the mixture was treated as described above.
DIBAL-H (2.0 mL, 1.5� solution in toluene, 3 mmol) was added to a
solution of the resultant residue and [NiCl2(dppp)] (0.04 g, 0.08 mmol) in
toluene (6 mL). Workup according to the general procedure above yielded
3g (0.21 g, 50%) as a brown solid. M.p. 80 ± 82 �C (methanol); 1H NMR
(CDCl3, 400 MHz): �� 7.95 (br s, 1H), 7.3 ± 7.25 (m, 2H), 7.0 ± 6.95 (m, 2H),
2.6 (s, 3H); 13C NMR (CDCl3, 50.5 MHz): �� 137.5, 126.1, 123.4, 122.6,
114.7, 112.9, 110.4, 12.5; MS (70 eV, EI): m/z (%): 211 (93) [M�2]� , 210
(100), 209 (93) [M]� , 208 (100); elemental analysis calcd (%) for C9H8BrN
(210.1): C 51.46, H 3.84, N 6.67; found: C 51.53, H 3.77, N 6.71.


N-(2-Deuterioallyl)-2-fluoro-N-methylaniline (5a): A solution of amine 1a
(0.49 g, 2 mmol) in THF (15 mL) was treated with 2.2 equiv tBuLi (2.9 mL,
4.4 mmol) at �110 �C. The reaction mixture was stirred for 30 min at this
temperature and then quenched with deuterium oxide (excess), and
extracted with ethyl acetate (3� 20 mL). The combined organic layers
were dried over anhydrous Na2SO4. The solvent was removed under
vacuum and the residue was purified by flash column chromatography to
afford product 5a (0.30 g, 91%) as a colorless oil. Rf� 0.4 (hexane/ethyl
acetate 30:1); 1H NMR (CDCl3, 400 MHz): �� 7.1 ± 6.8 (m, 4H), 5.2 ± 5.1
(m, 2H), 3.7 (s, 2H), 2.8 (s, 3H); 13C NMR (CDCl3, 20.2 MHz): �� 155.0
(d, J� 244.6 Hz), 139.8 (d, J� 8.6 Hz), 134.3(t, J� 23.7 Hz), 124.1 (d, J�
3.2 Hz), 120.7 (d, J� 7.9 Hz), 118.7 (d, J� 3.3 Hz), 116.8, 116.0 (d, J�
21.4 Hz), 57.8 (d, J� 5.3 Hz), 38.9; MS (70 eV, EI): m/z (%): 166 (65)
[M]� , 138 (100); elemental analysis calcd (%) for C10H11DFN (166.2): C
72.26, H/D 7.88, N 8.43; found: C 72.34, H/D 7.71, N 8.37.


General procedure for the preparation of 3,4-functionalized indoles 10, 11,
and 16 : The procedure for the preparation of indoles 2 and 3 was repeated
until the addition of the electrophile. Then, different enophiles [N,N-
dimethylmethyleneammonium iodide, diethylazodicarboxylate (DEAD),
or diethyl ketomalonate, 2.2 mmol] were added and the reaction mixture
was heated at reflux for 3 h (monitored by TLC). The mixture was
hydrolyzed with water and extracted with ethyl acetate (3� 20 mL). The
combined organic layers were dried over anhydrous Na2SO4. For the
preparation of 11, the same procedure described for compounds 3 was
followed. The solvent was removed under vacuum and the residue was
purified by flash column chromatography (hexane/ethyl acetate/diethyl-
amine) and/or recrystallization to afford products 10, 11, and 16.


3-(2-Dimethylaminoethyl)-1-methyl-1H-indole (10a): Amine 1a (0.49 g,
2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in pentane,
7 mmol). Addition of water (0.05 mL, 3 mmol) and then N,N-dimetylme-
thyleneammonium iodide(0.41 g, 2.2 mmol) and workup as described
above yielded 10a (0.26 g, 64%) as a colorless oil. Rf� 0.2 (ethyl acetate/
triethylamine 25:1); 1H NMR (CDCl3, 400 MHz): �� 7.7 (d, J� 8.0 Hz,
1H), 7.35 ± 7.25 (m, 2H), 7.2 (t, J� 8.0 Hz, 1H), 6.9 (s, 1H), 3.75 (s, 3H),
3.05 ± 2.95 (m, 2H), 2.75 ± 2.65 (m, 2H), 2.4 (s, 6H); 13C NMR (CDCl3,


50.5 MHz): �� 136.8, 127.7, 126.1, 121.3, 118.7, 118.4, 112.7, 109.0, 60.5, 45.4,
32.3, 23.5; MS (70 eV, EI): m/z (%): 202 (12) [M]� , 58 (100); elemental
analysis calcd (%) for C13H18N2 (202.3): C 77.18, H 8.97, N 13.85; found: C
77.12, H 8.92, N 13.74.


3-(2-Dimethylaminoethyl)-1-methyl-4-(4-methylphenylcarbonyl)-1H-in-
dole (10b): Amine 1a (0.49 g, 2 mmol) was treated with tBuLi (4.7 mL,
1.5� solution in pentane, 7 mmol). Addition of 4-methylbenzonitrile
(0.35 g, 3 mmol) and then N,N-dimetylmethyleneammonium iodide(0.41 g,
2.2 mmol) and workup as described above yielded 10b (0.38 g, 60%) as a
yellow oil. Rf� 0.3 (ethyl acetate/triethylamine 10:1); 1H NMR (CDCl3,
400 MHz): �� 7.65 (d, J� 8.0 Hz, 1H), 7.35 (d, J� 8.4 Hz, 1H), 7.2 (dd, J�
8.4, 8.0 Hz, 1H), 7.15 (d, J� 8.0 Hz, 2H), 6.95 (d, J� 8.0 Hz, 2H), 6.9 (s,
1H), 3.75 (s, 3H), 2.55 ± 2.5 (m, 2H), 2.35 (s, 3H), 2.35 ± 2.25 (m, 2H), 2.1 (s,
6H); 13C NMR (CDCl3, 50.5 MHz): �� 178.0, 140.9, 137.3, 136.1, 133.7,
128.8, 128.4, 127.8, 123.9, 120.8, 118.6, 112.6, 109.7, 60.2, 44.9, 32.6, 23.8, 21.3;
MS (70 eV, EI): m/z (%): 320 (7) [M]� , 44 (100); elemental analysis calcd
(%) for C21H24N2O (320.4): C 78.71, H 7.55, N 8.74; found: C 78.76, H 7.38,
N 8.66.


Diethyl 1-(1-methyl-1H-indol-3-ylmethyl)-1,2-hydrazinedicarboxylate
(10c): Amine 1a (0.49 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5�
solution in pentane, 7 mmol). Addition of water (0.05 mL, 3 mmol),
followed by DEAD (0.38 g, 2.2 mmol) and workup as described above
yielded 10c (0.37 g, 58%) as a yellow solid. M.p. 106 ± 108 �C (hexane);
1H NMR (CDCl3, 80 MHz): �� 7.6 ± 6.9 (m, 4H), 6.9 (s, 1H), 6.4 (br s, 1H),
4.8 (s, 2H), 4.1 (m, 4H), 3.6 (s, 3H), 1.3 ± 0.9 (m, 6H); 13C NMR (CDCl3,
20.2 MHz): �� 155.9, 155.6, 136.9, 128.7, 127.2, 121.6, 119.1, 118.9, 109.1,
108.9, 62.0, 61.4, 44.3, 32.2, 14.2, 14.0; MS (70 eV, EI): m/z (%): 319 (3)
[M]� , 144 (100); elemental analysis calcd (%) for C16H21N3O4 (319.4): C
60.17, H 6.63, N 13.16; found: C 59.98, H 6.71, N 13.24.


Diethyl 1-(4-ethoxycarbonyl-1-methyl-1H-indol-3-ylmethyl)-1,2-hydrazi-
nedicarboxylate (10d): Amine 1a (0.49 g, 2 mmol) was treated with tBuLi
(4.7 mL, 1.5� solution in pentane, 7 mmol). Addition of ethyl chlorofor-
mate (0.32 g, 3 mmol), followed by DEAD (0.38 g, 2.2 mmol) and workup
as described above yielded 10d (0.415 g, 53%) as a yellow solid. M.p. 117 ±
119 �C (hexane); 1H NMR (CDCl3, 200 MHz): �� 7.7 (d, J� 7.6 Hz, 1H),
7.4 (d, J� 8.3 Hz, 1H), 7.25 ± 7.15 (m, 2H), 6.8 (br s, 1H), 5.0 (s, 2H), 4.4 (q,
J� 7.1 Hz, 2H), 4.2 (q, J� 7.0 Hz, 2H), 4.1 (q, J� 7.3 Hz, 2H), 3.7 (s, 3H),
1.4 (t, J� 7.1 Hz, 3H), 1.3 ± 1.0 (m, 6H); 13C NMR (CDCl3, 20.2 MHz): ��
168.1, 156.4, 155.9, 138.3, 131.9, 124.6, 124.1, 122.6, 120.4, 113.2, 109.8, 62.0,
61.4, 60.8, 47.2, 32.7, 14.4, 14.1; MS (70 eV, EI): m/z (%): 345 (8) [M�
C2H6O]� , 216 (100); elemental analysis calcd (%) for C19H25N3O6 (391.4): C
58.30, H 6.44, N 10.74; found: C 58.42, H 6.51, N 10.53.


Diethyl 1-(1-methyl-4-tributylstannyl-1H-indol-3-ylmethyl)-1,2-hydrazine-
dicarboxylate (10e): Amine 1a (0.49 g, 2 mmol) was treated with tBuLi
(4.7 mL, 1.5� solution in pentane, 7 mmol). Addition of tributyltin chloride
(0.96 g, 3 mmol), followed by DEAD (0.38 g, 2.2 mmol) and workup as
described above yielded 10e (0.67 g, 55%) as a yellow oil. Rf� 0.32
(hexane/ethyl acetate 2:1); 1H NMR (CDCl3, 80 MHz): �� 7.3 ± 7.0 (m,
3H), 6.9 (s, 1H), 6.6 (br s, 1H), 4.9 (s, 2H), 4.3 ± 3.9 (m, 4H), 3.6 (s, 3H),
1.7 ± 0.6 (m, 33H); 13C NMR (CDCl3, 20.2 MHz): �� 156.7, 155.8, 136.5,
132.6, 131.4, 128.6, 127.2, 121.1, 111.5, 109.5, 62.5, 61.7, 47.0, 32.5, 29.0, 27.2,
14.4, 13.5, 11.0; elemental analysis calcd (%) for C28H47N3O4Sn (608.4): C
55.28, H 7.79, N 6.91; found: C 55.12, H 7.72, N 6.72.


Diethyl 2-hydroxy-2-(1-methyl-1H-indol-3-ylmethyl)propanedioate (10 f):
Amine 1a (0.49 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in
pentane, 7 mmol). Addition of water (0.05 mL, 3 mmol), followed by
diethyl ketomalonate (0.38 g, 2.2 mmol) and workup as described above
yielded 10 f (0.40 g, 62%) as a yellow solid. M.p. 69 ± 71 �C (hexane);
1H NMR (CDCl3, 200 MHz): �� 7.7 (d, J� 7.0 Hz, 1H), 7.35 ± 7.05 (m, 3H),
7.0 (s, 1H), 4.4 ± 4.1 (m, 4H), 3.85 (br s, 1H), 3.75 (s, 3H), 3.5 (s, 2H), 1.25 (t,
J� 7.1, 6H); 13C NMR (CDCl3, 50.5 MHz): �� 170.2, 136.4, 128.6, 128.4,
121.3, 119.1, 118.7, 109.0, 106.8, 79.3, 62.3, 32.6, 30.4, 13.9; MS (70 eV, EI):
m/z (%): 319 (7) [M]� , 144 (100); elemental analysis calcd (%) for
C17H21NO5 (319.4): C 63.94, H 6.63, N 4.39; found: C 63.82, H 6.75, N 4.21.


Diethyl 2-hydroxy-2-(1-methyl-4-phenylthio-1H-indol-3-ylmethyl)propa-
nedioate (10g): Amine 1a (0.49 g, 2 mmol) was treated with tBuLi
(4.7 mL, 1.5� solution in pentane, 7 mmol). Addition of diphenyl disulfide
(0.65 g, 3 mmol), followed by diethyl ketomalonate (0.38 g, 2.2 mmol) and
workup as described above yielded 10g (0.43 g, 50%) as a yellow solid.
M.p. 67 ± 69 �C (hexane); 1H NMR (CDCl3, 80 MHz): �� 7.4 ± 6.9 (m, 9H),
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4.2 (q, J� 7.1 Hz, 4H), 4.1 (br s, 1H), 3.9 (s, 2H), 3.7 (s, 3H), 1.2 (t, J�
7.1 Hz, 6H); 13C NMR (CDCl3, 50.5 MHz): �� 170.3, 138.4, 137.2, 129.9,
128.8, 128.5, 128.0, 127.4, 125.5, 124.0, 121.5, 110.1, 108.2, 79.7, 62.2, 32.8,
30.6, 13.8; MS (70 eV, EI): m/z (%): 427 (7) [M]� , 207 (100); elemental
analysis calcd (%) for C23H25NO5S (427.5): C 64.62, H 5.89, N 3.28; found: C
64.52, H 5.94, N 3.19.


Diethyl 2-(4-ethoxycarbonyl-1-methyl-1H-indol-3-ylmethyl)-2-hydroxy-
propanedioate (10 h): Amine 1a (0.49 g, 2 mmol) was treated with tBuLi
(4.7 mL, 1.5� solution in pentane, 7 mmol). Addition of ethyl chlorofor-
mate (0.32 g, 3 mmol), followed by diethyl ketomalonate (0.38 g, 2.2 mmol)
and workup as described above yielded 10 h (0.48 g, 61%) as a yellow solid.
M.p. 98 ± 100 �C (hexane); 1H NMR (CDCl3, 200 MHz): �� 7.6 (d, J�
7.6 Hz, 1H), 7.4 (d, J� 8.4 Hz, 1H), 7.3 ± 71 (m, 2H), 4.85 (br s, 1H), 4.4
(q, J� 7.2 Hz, 2H), 4.2 (q, J� 7.0 Hz, 4H), 3.75 (s, 2H), 3.7 (s, 3H), 1.4 (t,
J� 7.2 Hz, 3H), 1.2 (t, J� 7.0, 6H); 13C NMR (CDCl3, 50.5 MHz): ��
170.3, 169.6, 137.7, 131.4, 125.8, 124.3, 122.5, 120.1, 113.2, 107.5, 80.1, 61.9,
61.2, 32.7, 31.1, 14.1, 13.8; MS (70 eV, EI):m/z (%): 391 (5) [M]� , 216 (100);
elemental analysis calcd (%) for C20H25NO7 (391.4): C 61.37, H 6.44, N 3.58;
found: C 61.12, H 6.51, N 3.42.


1-(2-Butenyl)-3-(2-dimethylaminoethyl)-1H-indole (10 i): Amine 1c
(0.57 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in pentane,
7 mmol). Addition of water (0.05 mL, 3 mmol), followed by N,N-dimetyl-
methyleneammonium iodide(0.41 g, 2.2 mmol) and workup as above
yielded 10 i (0.31 g, 64%) as a yellow oil. Rf� 0.25 (ethyl acetate/triethyl-
amine 20:1) for the major diastereoisomer: 1H NMR (CDCl3, 200 MHz):
�� 7.7 (d, J� 7.0 Hz, 1H), 7.4 ± 7.1 (m, 3H), 7.0 (s, 1H), 5.7 ± 5.6 (m, 2H),
4.7 ± 4.6 (m, 2H), 3.1 ± 3.0 (m, 2H), 2.75 ± 2.65 (m, 2H), 2.4 (s, 6H), 1.8 ± 1.7
(m, 3H); 13C NMR (CDCl3, 50.5 MHz): �� 136.2, 128.4, 128.0, 126.4, 124.8,
121.2, 118.8, 118.5, 112.9, 109.4, 60.4, 47.8, 45.3, 23.6, 17.4; MS (70 eV, EI):
m/z (%): 242 (3) [M]� , 58 (100); elemental analysis calcd (%) for C16H22N2


(242.4): C 79.29, H 9.15, N 11.56; found: C 79.46, H 9.01, N 11.34.


3-(2-Dimethylaminoethyl)-1H-indole (11a): Amine 1b (0.54 g, 2 mmol)
was treated with tBuLi (4.7 mL, 1.5� solution in pentane, 7 mmol).
Addition of water (0.05 mL, 3 mmol), followed by N,N-dimetylmethyle-
neammonium iodide(0.41 g, 2.2 mmol) and workup as described above
yielded a residue. DIBAL-H (2.0 mL, 1.5� solution in toluene, 3 mmol)
was added to a solution of the residue and [NiCl2(dppp)] (0.004 g,
0.08 mmol) in toluene (6 mL). Workup as described above yielded 11
(0.19 g, 51%) as a yellow oil.[31] 1H NMR (CDCl3, 400 MHz): �� 8.2 (br s,
1H), 7.6 (d, J� 7.6 Hz, 1H), 7.35 (d, J� 7.6 Hz, 1H), 7.2 (t, J� 7.6 Hz, 1H),
7.1 (t, J� 7.6 Hz, 1H), 7.0 (s, 1H), 3.0 ± 2.9 (m, 2H), 2.7 ± 2.62 (m, 2H), 2.3 (s,
6H); 13C NMR (CDCl3, 50.5 MHz): �� 136.3, 127.4, 121.8, 121.4, 119.1,
118.7, 114.3, 111.1, 60.3, 45.4, 23.7; MS (70 eV, EI):m/z (%): 188 (6) [M]� , 58
(100); elemental analysis calcd (%) for C12H16N2 (188.3): C 76.55, H 8.57, N
14.88; found: C 76.43, H 8.55, N 14.81.


4-Bromo-3-(2-dimethylaminoethyl)-1H-indole (11b): Amine 1b (0.54 g,
2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in pentane,
7 mmol). Addition of 1,2-dibromoethane (0.47 g, 2.4 mmol), followed by
N,N-dimetylmethyleneammonium iodide(0.41 g, 2.2 mmol) and workup as
described above yielded a residue. DIBAL-H (2.0 mL, 1.5� solution in
toluene, 3 mmol) was added to a solution of the residue and [NiCl2(dppp)]
(0.004 g, 0.08 mmol) in toluene (6 mL). Workup as described above yielded
11b (0.19 g, 36%) as a white solid. M.p. 114 ± 116 �C (hexane); 1H NMR
(CDCl3, 400 MHz): �� 8.8 (br s, 1H), 7.3 ± 7.2 (m, 2H), 7.0 (s, 1H), 6.95 (t,
J� 8.0Hz, 1H), 3.2 ± 3.15 (m, 2H), 2.75 ± 2.65 (m, 2H), 2.4 (s, 6H); 13CNMR
(CDCl3, 50.5 MHz): �� 137.6, 125.4, 123.8, 123.6, 122.5, 114.8, 114.1, 110.5,
61.7, 45.3, 24.3; MS (70 eV, EI): m/z (%): 187 (9) [M�Br]� , 58 (100);
elemental analysis calcd (%) for C12H15BrN2 (267.2): C 53.95, H 5.66, N
10.49; found: C 54.06, H 5.51, N 10.38.


1-Allyl-3-(2-dimethylaminoethyl)-5-methoxy-1H-indole (16): Amine 15
(0.63 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in pentane,
7 mmol). Addition of water (0.05 mL, 3 mmol), followed by N,N-dimetyl-
methyleneammonium iodide(0.41 g, 2.2 mmol) and workup as above
yielded 16 (0.28 g, 55%) as a brown oil.Rf� 0.2 (ethyl acetate/diethylamine
50:1); 1H NMR (CDCl3, 200 MHz): �� 7.2 (d, J� 8.6 Hz, 1H), 7.05 (d, J�
2.1 Hz, 1H), 6.9 (s, 1H), 6.85 (dd, J� 8.6, 2.1 Hz, 1H), 6.1 ± 5.9 (m, 1H),
5.25 ± 5.0 (m, 2H), 4.6 (d, J� 5.4 Hz, 2H), 3.9 (s, 3H), 3.0 ± 2.85 (m, 2H),
2.65 ± 2.55 (m, 2H), 2.35 (s, 6H); 13C NMR (CDCl3, 50.5 MHz): �� 153.6,
133.7, 131.7, 128.3, 125.8, 117.0, 112.7, 111.6, 110.3, 100.8, 60.4, 55.9, 48.8,
45.5, 23.8; MS (70 eV, EI): m/z (%): 258 (20) [M]� , 58 (100); elemental


analysis calcd (%) for C16H22N2O (258.4): C 74.38, H 8.58, N 10.84; found:
C 74.19, H 8.42, N 10.68.


General procedure for the preparation of carbazoles 19a ± b : A solution of
the starting amine 17 (0.57 g, 2 mmol) in THF (15 mL) was treated with
3.5 equiv tBuLi (7 mmol) at �110 �C. The reaction mixture was stirred for
15 min at this temperature and the cooling bath was then removed to allow
the reaction to warm up to room temperature. The reaction mixture was re-
cooled to �78 �C, 1,2-dibromoethane or ethyl chloroformate (3 mmol) was
added, and the mixture was stirred for 3 h at room temperature. The
mixture was hydrolyzed with water and extracted with ethyl acetate (3�
20 mL). The combined organic layers were dried over anhydrous Na2SO4


and the solvent was removed under vacuum. A solution of the residue and
p-toluenesulfonic acid (0.27 g, 1.6 mmol) in dry toluene (25 mL) was heated
at reflux for 2 h, then cooled, washed successively with 1� NaOH, water,
and brine. The combined organic layers were dried over anhydrous Na2SO4


and concentrated under reduced pressure. The residue was purified by flash
column chromatography (hexane/ethyl acetate) to afford products 19a ± b.


5-Bromo-1,2,3,4-tetrahydro-9-methyl-9H-carbazole (19a): Amine 17
(0.57 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in pentane,
7 mmol). 1,2-Dibromoethane (0.56 g, 3 mmol) was added and the mixture
was treated as described above. p-Toluenesulfonic acid (0.25 g, 1.6 mmol)
was added to a solution of the resultant residue in dry toluene (25 mL),
heated at reflux for 2 h. Workup as described above gave 19a (0.31 g, 59%)
as a white solid. M.p. 91 ± 93 �C (hexane); 1H NMR (CDCl3, 400 MHz): ��
7.2 (d, J� 7.0 Hz, 1H), 7.15 (d, J� 8.0 Hz, 1H), 7.0 (dd, J� 8.0, 7.0 Hz, 1H),
3.55 (s, 3H), 3.2 (t, J� 6.0 Hz, 2H), 2.7 (t, J� 6.0 Hz, 2H), 2.0 ± 1.8 (m, 4H);
13C NMR (CDCl3, 50.5 MHz): �� 137.6, 136.8, 125.7, 122.4, 120.9, 113.5,
109.8, 107.5, 28.9, 23.3, 23.0, 22.6, 22.2; MS (70 eV, EI): m/z(%): 265 (85)
[M�2]� , 263 (77) [M]� , 237 (100), 235 (80); elemental analysis calcd (%)
for C13H14BrN (264.2): C 59.11, H 5.34, N 5.30; found: C 58.93, H 5.42, N
5.21.


Ethyl 1,2,3,4-tetrahydro-9-methyl-9H-carbazole-5-carboxylate (19b):
Amine 17 (0.57 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution
in pentane, 7 mmol). Ethyl chloroformate (0.32 g, 3 mmol) was added and
the mixture was treated as described above. p-Toluenesulfonic acid (0.25 g,
1.6 mmol) was added to a solution of the resultant residue in dry toluene
(25 mL) and then heated at reflux for 2 h. Workup as described above gave
19b (0.33 g, 65%) as a white solid. M.p. 116 ± 118 �C (hexane); 1H NMR
(CDCl3, 400 MHz): �� 7.6 (d, J� 6.6 Hz, 1H), 7.4 (d, J� 7.4 Hz, 1H), 7.1
(dd, J� 7.4, 6.6 Hz, 1H), 4.4 (q, J� 7.2 Hz, 2H), 3.6 (s, 3H), 2.9 (t, J�
6.0 Hz, 2H), 2.75 (t, J� 6.0 Hz, 2H), 2.0 ± 1.9 (m, 2H), 1.85 ± 1.75 (m, 2H),
1.4 (t, J� 7.2 Hz, 3H); 13C NMR (CDCl3, 50.5 MHz): �� 168.5, 138.3, 137.6,
125.0, 122.8, 121.7, 119.1, 112.2, 109.4, 60.5, 28.9, 24.3, 23.7, 22.6, 22.5, 14.3;
MS (70 eV, EI):m/z(%): 257 (98) [M]� , 228 (100); elemental analysis calcd
(%) for C16H19NO2 (257.3): C 74.68, H 7.44, N 5.44; found: C 74.72, H 7.29,
N 5.32.


General procedure for the preparation of carbazoles 20a ± b : A solution of
the starting amine 17 (2 mmol) in THF (15 mL) was treated with 3.5 equiv
tBuLi (7 mmol) at �110 �C. The reaction was stirred for 15 min at this
temperature and the cooling bath was then removed to allow the reaction
mixture to warm up to room temperature. The reaction mixture was cooled
to �78 �C and diphenyl disulfide or water (3 mmol) was added, and the
reaction mixture was stirred for 3 h at room temperature. N,N-Dimetyl-
methyleneammonium iodide or diethyl ketomalonate (2.2 mmol) was then
added and the reaction mixture was heated at reflux for 3 h (monitored by
TLC). The mixture was hydrolyzed with water and extracted with ethyl
acetate (3� 20 mL). The combined organic layers were dried over
anhydrous Na2SO4. The solvent was removed under vacuum and the
residue was purified by flash column chromatography using hexane/ethyl
acetate or ethyl acetate/diethylamine, and subsequently recrystallized to
afford products 20a ± b.


4-(N,N-Dimethylaminomethyl)-1,2,3,4-tetrahydro-9-methyl-5-phenylthio-
9H-carbazole (20a): Amine 17 (0.57 g, 2 mmol) was treated with tBuLi
(4.7 mL, 1.5� solution in pentane, 7 mmol). Addition of diphenyl disulfide
(0.65 g, 3 mmol), followed by N,N-dimetylmethyleneammonium iodi-
de(0.41 g, 2.2 mmol) and workup as described above yielded 20a (0.41 g,
58%) as a yellow solid. M.p. 87 ± 89 �C (hexane/CHCl3); 1H NMR (CDCl3,
400 MHz): �� 7.3 ± 7.0 (m, 8H), 3.65 ± 3.55 (m, 2H), 3.6 (s, 3H), 2.85 ± 2.4
(m, 4H), 2.3 (s, 6H), 2.0 ± 1.9 (m, 2H), 1.55 ± 1.45 (m, 1H); 13C NMR
(CDCl3, 50.5 MHz): �� 139.3, 137.4, 137.3, 128.8, 127.6, 127.3, 126.7, 125.1,
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122.3, 120.8, 112.3, 109.0, 62.9, 45.4, 29.6, 29.1, 24.0, 22.2, 16.9; MS (70 eV,
EI): m/z(%): 351 (2) [M]� , 292 (100); elemental analysis calcd (%) for
C22H26N2S (350.5): C 75.38, H 7.48, N 7.99; found: C 75.13, H 7.55, N 8.05.


Diethyl 2-hydroxy-2-(1,2,3,4-tetrahydro-9-methyl-9H-carbazol-4-yl)propa-
nedioate (20b): Amine 17 (0.57 g, 2 mmol) was treated with tBuLi (4.7 mL,
1.5� solution in pentane, 7 mmol). Addition of water (0.05 mL, 3 mmol),
followed by diethyl ketomalonate (0.38 g, 2.2 mmol) and workup as
described above yielded 20b (0.40 g, 55%) as a white solid. M.p. 149 ±
151 �C; 1H NMR (CDCl3, 400 MHz): �� 7.5 (d, J� 8.0 Hz, 1H), 7.25 (d, J�
7.4 Hz, 1H), 7.1 (dd, J� 8.0, 7.4 Hz, 1H), 7.0 (t, J� 8.0 Hz, 1H), 4.4 (q, J�
7.0 Hz, 2H), 4.30 ± 4.15 (m, 3H), 3.6 (s, 3H), 3.45 (s, 1H), 2.9 ± 2.8 (m, 1H),
2.7 ± 2.6 (m, 1H), 2.55 ± 2.4 (m, 1H), 2.05 ± 1.95 (m, 1H), 1.9 ± 1.75 (m, 2H),
1.4 (t, J� 7.0 Hz, 3H), 1.2 (t, J� 7.2 Hz, 3H); 13C NMR (CDCl3, 50.5 MHz):
�� 170.5, 170.1, 139.0, 136.7, 126.3, 120.5, 118.6, 118.5, 108.5, 105.1, 83.1,
62.6, 62.4, 37.7, 29.0, 26.4, 21.4, 19.0, 14.0, 13.7; MS (70 eV, EI): m/z(%): 359
(1) [M]� , 184 (100); elemental analysis calcd (%) for C20H25NO5 (359.4): C
66.83, H 7.01, N 3.90; found: C 66.69, H 6.87, N 3.94.


General procedure for the preparation of 5-alkyl-1-functionalized-5,6-
dihydrophenanthridines (26 and 27): A solution of the starting amine 25a
or 25b (2 mmol) in THF (15 mL) was treated with 3.5 equiv tBuLi
(7 mmol) at �110 �C. The reaction mixture was stirred for 15 min at this
temperature. The cooling bath was then removed allowing the reaction to
warm up to room temperature. The reaction mixture was then re-cooled to
�78 �C, the electrophile (3 mmol) was added, and the mixture was stirred
for 3 h at room temperature. The mixture was hydrolyzed with water and
extracted with ethyl acetate (3� 20 mL). The combined organic layers
were dried over anhydrous Na2SO4. After evaporation of the solvent, the
residue was purified by flash column chromatography (hexane/ethyl
acetate) to afford products 26 ± 27.


5,6-Dihydro-5-methylphenanthridine (26a): Amine 25a (0.59 g, 2 mmol)
was treated with tBuLi (4.7 mL, 1.5� solution in pentane, 7 mmol).
Addition of H2O (excess) and workup as described above yielded 26a
(0.32 g, 81%) as a yellow solid. M.p. 80 ± 82 �C (hexane); 1H NMR (CDCl3,
200 MHz): �� 7.8 (d, J� 6.2 Hz, 1H), 7.45 ± 7.15 (m, 5H), 6.95 (t, J� 7.6 Hz,
1H), 6.8 (d, J� 7.9 Hz, 1H), 4.2 (s, 2H), 3.0 (s, 3H); 13C NMR (CDCl3,
50.5 MHz): �� 147.2, 133.1, 132.1, 129.0, 127.6, 126.9, 125.6, 123.5, 123.3,
122.4, 118.5, 112.3, 55.0, 38.5; MS (70 eV, EI): m/z(%): 195 (62) [M]� , 194
(100); elemental analysis calcd (%) for C14H13N (195.3): C 86.12, H 6.71, N
7.17; found: C 86.01, H 6.90, N 7.03.


1-Bromo-5,6-dihydro-5-methylphenanthridine (26b): Amine 25a (0.59 g,
2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in pentane,
7 mmol). Addition of 1,2-dibromoethane (0.56 g, 3 mmol) and workup as
described above yielded 26b (0.37 g, 68%) as a yellow solid. M.p. 82 ± 84 �C
(hexane); 1H NMR (CDCl3, 400 MHz): �� 8.6 (d, J� 8.4 Hz, 1H), 7.4 (t,
J� 7.6 Hz, 1H), 7.3 (t, J� 7.6 Hz, 1H), 7.3 ± 7.2 (m, 2H), 7.1 (t, J� 8.2 Hz,
1H), 6.8 (d, J� 8.0 Hz, 1H), 4.0 (s, 2H), 3.0 (s, 3H); 13C NMR (CDCl3,
50.5 MHz): �� 150.4, 135.5, 130.9, 128.9, 127.2, 126.3, 125.0, 123.5, 120.3,
111.7, 55.3, 39.0; MS (70 eV, EI): m/z(%): 275 (50) [M�2]� , 274 (100), 273
(50) [M]� , 272 (100); elemental analysis calcd (%) for C14H12BrN (274.2): C
61.33, H 4.41, N 5.11; found: C 61.50, H 4.29, N 5.14.


5,6-Dihydro-5-methyl-1-phenylthiophenanthridine (26c): Amine 25a
(0.59 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in pentane,
7 mmol). Addition of diphenyl disulfide (0.66 g, 3 mmol) and workup as
described above yielded 26c (0.485 g, 80%) as a yellow solid. M.p. 145 ±
147 �C (hexane); 1H NMR (CDCl3, 400 MHz): �� 8.3 (d, J� 8.0 Hz, 1H),
7.4 ± 7.2 (m, 8H), 7.1 (t, J� 8.2 Hz, 1H), 6.8 (d, J� 8.0 Hz, 1H), 6.7 (d, J�
8.4 Hz, 1H), 4.0 (s, 2H), 3.0 (s, 3H); 13C NMR (CDCl3, 50.5 MHz): ��
149.5, 136.6, 135.5, 133.0, 130.8, 128.9, 128.2, 127.5, 126.9, 126.6, 126.4, 125.2,
124.9, 123.9, 111.2, 55.3, 39.0; MS (70 eV, EI): m/z(%): 303 (66) [M]� , 302
(100); elemental analysis calcd (%) for C20H17NS (303.4): C 79.17, H 5.65, N
4.62; found: C 78.98, H 5.71, N 4.51.


Ethyl 5,6-dihydro-5-methyl-1-phenanthridinecarboxylate (26d): Amine
25a (0.59 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in
pentane, 7 mmol). Addition of ethyl chloroformate (0.32 g, 3 mmol) and
workup as described above yielded 26d (0.42 g, 78%) as a green oil. Rf�
0.2 (hexane/ethyl acetate 20:1); 1H NMR (CDCl3, 400 MHz): �� 7.4 ± 7.2
(m, 5H), 7.1 (d, J� 7.2 Hz, 1H), 6.8 (d, J� 8.4 Hz, 1H), 4.3 (q, J� 7.2 Hz,
2H), 4.1 (s, 2H), 2.9 (s, 3H), 1.2 (t, J� 7.2 Hz, 3H); 13C NMR (CDCl3,
50.5 MHz): �� 170.8, 148.4, 134.3, 130.5, 128.1, 127.0, 126.6, 126.3, 125.1,
122.4, 119.5, 114.6, 61.1, 54.8, 38.6, 13.7; MS (70 eV, EI): m/z(%): 267 (67)


[M]� , 266 (100); elemental analysis calcd (%) for C17H17NO2 (267.3): C
76.38, H 6.41, N 5.24; found: C 76.51, H 6.25, N 5.21.


5,6-Dihydro-5-methyl-1-tributylstannylphenanthridine (26e): Amine 25a
(0.59 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in pentane,
7 mmol). Addition of tributyltin chloride (0.96 g, 3 mmol) and workup as
above yielded 26e (0.74 g, 76%) as a yellow oil. Rf� 0.35 (hexane/ethyl
acetate 25:1); 1H NMR (CDCl3, 400 MHz): �� 7.6 (d, J� 7.7 Hz, 1H), 7.5 ±
7.2 (m, 5H), 6.9 (d, J� 8.0 Hz, 1H), 4.1 (s, 2H), 3.0 (s, 3H), 1.7 ± 1.5 (m,
6H), 1.4 ± 1.3 (m, 6H), 1.1 ± 1.0 (m, 6H), 0.9 (t, J� 7.3 Hz, 9H); 13C NMR
(CDCl3, 50.5 MHz): �� 148.5, 139.1, 135.3, 135.0, 131.7, 128.6, 128.0, 127.0,
126.6, 125.0, 124.8, 112.5, 55.4, 38.8, 28.9, 27.3, 13.6, 12.1; MS (70 eV, EI):
m/z(%): 485 (4) [M]� , 312 (100); elemental analysis calcd (%) for
C26H39NSn (484.3): C 64.48, H 8.12, N 2.89; found: C 64.27, H 8.17, N 2.77.


5-Allyl-5,6-dihydrophenanthridine (27a): Amine 25b (0.64 g, 2 mmol) was
treated with tBuLi (4.7 mL, 1.5� solution in pentane, 7 mmol). Addition of
H2O (excess) and workup as described above yielded 27a (0.31 g, 71%) as
a colorless oil. Rf� 0.6 (hexane/ethyl acetate 25:1); 1H NMR (CDCl3,
80 MHz): �� 7.8 ± 6.8 (m, 8H), 6.3 ± 5.8 (m, 1H), 5.5 ± 5.2 (m, 2H), 4.3 (s,
2H), 3.9 (dt, J� 5.4, 1.4 Hz, 2H); 13C NMR (CDCl3, 20 MHz): �� 145.9,
133.2, 132.9, 132.1, 128.9, 127.5, 126.9, 125.5, 123.6, 123.2, 122.3, 118.2, 117.7,
112.9, 53.3, 52.0; MS (70 eV, EI): m/z(%): 221 (77) [M]� , 220 (100);
elemental analysis calcd (%) for C16H15N (221.3): C 86.84, H 6.83, N 6.33;
found: C 86.62, H 6.85, N 6.19.


Ethyl 5-allyl-5,6-dihydro-1-phenanthridinecarboxylate (27b): Amine 25b
(0.64 g, 2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in pentane,
7 mmol). Addition of ethyl chloroformate (0.27 g, 2.5 mmol) and workup as
described above yielded 27b (0.43 g, 73%) as a yellow oil. Rf� 0.35
(hexane/ethyl acetate 20:1); 1H NMR (CDCl3, 80 MHz): �� 7.3 ± 6.6 (m,
7H), 6.0 ± 5.5 (m, 1H), 5.4 ± 5.0 (m, 2H), 4.2 (q, J� 7.0 Hz, 2H), 4.05 (s,
2H), 3.85 (dt, J� 5.3, 1.3 Hz, 2H), 1.1 (t, J� 7.0 Hz, 3H); 13C NMR (CDCl3,
20 MHz): �� 170.8, 147.3, 134.2, 132.9, 130.9, 128.0, 127.0, 126.6, 125.0,
122.7, 119.6, 117.7, 115.5, 61.0, 53.8, 52.2, 13.7; MS (70 eV, EI): m/z(%): 293
(63) [M]� , 292 (100); elemental analysis calcd (%) for C19H19NO2 (293.4): C
77.79, H 6.53, N 4.77; found: C 77.82, H 6.45, N 4.58.


General procedure for the preparation of 1-functionalized-5,6-dihydro-
phenanthridines (28): A solution of the starting amine 25b (0.64 g, 2 mmol)
in THF (15 mL) was treated with 3.5 equiv tBuLi (7 mmol) at�110 �C. The
reaction was stirred for 15 min at this temperature. The cooling bath was
then removed and the reaction mixture was allowed to warm up to room
temperature. The reaction mixture was re-cooled to �78 �C, the electro-
phile (3 mmol) was added, and the mixture was stirred for 3 h at room
temperature. The mixture was hydrolyzed with water and extracted with
ethyl acetate (3� 20 mL). The combined organic layers were dried over
anhydrous Na2SO4 and the solvent was removed under vacuum. The
residue and [NiCl2(dppp)] (0.04 g, 0.08 mmol) were dissolved in toluene
(6 mL). DIBAL-H (3 mmol, 1.5 equiv) was added to the reaction mixture
at 0 �C and the temperature was then raised to 20 �C. After stirring at the
same temperature for 2 h, the mixture was treated with 0.5� NaOH (2 mL)
and Et2O (9 mL) for 1 h and then dried directly over MgSO4. After
evaporation of the solvent, the residue was purified by flash column
chromatography to afford products 28.


5,6-Dihydrophenanthridine (28a): Amine 25b (0.64 g, 2 mmol) was treated
with tBuLi (4.7 mL, 1.5� solution in pentane, 7 mmol). Water (excess) was
added and the mixture was treated as described above. DIBAL-H (2.0 mL,
1.5� solution in toluene, 3 mmol) was added to a solution of the resultant
residue and [NiCl2(dppp)] (0.04 g, 0.08 mmol) in toluene (6 mL). The
subsequent treatment with NaOH (2 mL, 0.5� solution in water, 1 mmol),
Et2O (9 mL), and workup as described above yielded 28a (0.25 g, 70%) as
a white solid. M.p. 102 ± 104 �C (hexane); 1H NMR (CDCl3, 400 MHz): ��
7.8 ± 7.7 (m, 2H), 7.35 (t, J� 6.4 Hz, 1H), 7.25 (t, J� 6.7 Hz, 1H), 7.2 ± 7.1 (m,
2H), 6.9 (t, J� 7.4 Hz, 1H), 6.7 (d, J� 8.1 Hz, 1H), 4.4 (s, 2H), 3.9 (br s,
1H); 13C NMR (CDCl3, 50.5 MHz): �� 145.6, 132.6, 131.9, 128.7, 127.5,
127.0, 125.9, 123.4, 122.3, 121.8, 119.1, 115.0, 46.2; MS (70 eV, EI): m/z(%):
181 (38) [M]� , 180 (100); elemental analysis calcd (%) for C13H11N (181.3):
C 86.15, H 6.12, N 7.73; found: C 85.98, H 6.10, N 7.59.


5,6-Dihydro-1-hydroxymethylphenanthridine (28b): Amine 25b (0.64 g,
2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in pentane,
7 mmol). Ethyl chloroformate (0.32 g, 3 mmol) was added and the mixture
was treated as described above. DIBAL-H (2.0 mL, 1.5� solution in
toluene, 3 mmol) was added to a solution of the resultant residue and
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[NiCl2(dppp)] (0.04 g, 0.08 mmol) in toluene (6 mL) and subsequent
treatment with NaOH (2 mL, 0.5� solution in water, 1 mmol), Et2O
(9 mL), and workup as described above yielded 28b (0.29 g, 69%) as a
white solid. M.p. 108 ± 110 �C (hexane); 1H NMR (CDCl3, 400 MHz): ��
7.98 (d, J� 7.6 Hz, 1H), 7.35 (dt, J� 7.6, 1.6 Hz, 1H), 7.25 (dt, J� 7.2, 1.6 Hz,
1H), 7.2 (d, J� 7.6 Hz, 1H), 7.15 (t, J� 7.6 Hz, 1H), 7.0 (dd, J� 7.6, 1.2 Hz,
1H), 6.7 (dd, J� 7.6, 1.2 Hz, 1H), 4.9 (s, 2H), 4.15 (s, 2H), 3.3 (br s, 2H);
13C NMR (CDCl3, 50.5 MHz): �� 147.4, 137.6, 135.4, 131.3, 127.9, 127.2,
126.7, 125.5, 122.7, 121.5, 115.0, 63.6, 46.5; MS (70 eV, EI):m/z (%): 211 (48)
[M]� , 210 (100); elemental analysis calcd (%) for C14H13NO (211.3): C
79.59, H 6.20, N 6.63; found: C 79.65, H 6.17, N 6.61.


1-Bromo-5,6-dihydrophenanthridine (28c): Amine 25b (0.64 g, 2 mmol)
was treated with tBuLi (4.7 mL, 1.5� solution in pentane, 7 mmol). 1,2-
Dibromoethane (0.56 g, 3 mmol) was added and the mixture was treated as
described above. DIBAL-H (2.0 mL, 1.5� solution in toluene, 3 mmol) was
added to a solution of the resultant residue and [NiCl2(dppp)] (0.04 g,
0.08 mmol) in toluene (6 mL). Subsequent treatment with NaOH (2 mL,
0.5� solution in water, 1 mmol) and Et2O (9 mL), and workup as described
above yielded 28c (0.38 g, 73%) as a yellow solid. M.p. 83 ± 85 �C (hexane);
1H NMR (CDCl3, 400 MHz): �� 8.55 (d, J� 6.8 Hz, 1H), 7.4 (dt, J� 8.0,
1.6 Hz, 1H), 7.3 (dt, J� 7.6, 1.2 Hz, 1H), 7.2 (d, J� 7.6 Hz, 2H), 6.9 (t, J�
8.0 Hz, 1H), 6.65 (d, J� 8.0 Hz, 1H), 4.1 (s, 3H); 13C NMR (CDCl3,
50.5 MHz): �� 149.2, 135.0, 130.8, 128.6, 127.2, 126.7, 126.3, 125.5, 125.3,
122.2, 120.2, 114.5, 46.3; MS (70 eV, EI):m/z(%): 261 (50) [M�2]� , 259 (50)
[M]� , 260 (100), 258 (100); elemental analysis calcd (%) for C13H10BrN
(260.1): C 60.02, H 3.87, N 5.38; found: C 60.18, H 3.70, N 5.39.


5,6-Dihydro-1-tributylstannylphenanthridine (28d): Amine 25b (0.64 g,
2 mmol) was treated with tBuLi (4.7 mL, 1.5� solution in pentane,
7 mmol). Tributyltin chloride (0.96 g, 3 mmol) was added and the mixture
was treated as described above. DIBAL-H (2.0 mL, 1.5� solution in
toluene, 3 mmol) was added to a solution of the resultant residue and
[NiCl2(dppp)] (0.04 g, 0.08 mmol) in toluene (6 mL), and the subsequent
treatment with NaOH (2 mL, 0.5� solution in water, 1 mmol), Et2O
(9 mL), and workup as described above yielded 28d (0.67 g, 71%) as a
colorless oil. Rf� 0.18 (ethyl acetate/hexane 20:1); 1H NMR (CDCl3,
400 MHz): �� 7.55 (d, J� 7.2 Hz, 1H), 7.3 (dt, J� 7.6, 1.6 Hz, 1H), 7.25 (dt,
J� 7.6, 1.6 Hz, 1H), 7.2 (d, J� 7.6 Hz, 1H), 7.15 (t, J� 7.4 Hz, 1H), 7.05 (dd,
J� 7.2, 1.6 Hz, 1H), 6.7 (dd, J� 7.6, 1.6 Hz, 1H), 4.2 (s, 2H), 4.0 (br s, 1H),
1.5 ± 1.4 (m, 6H), 1.35 ± 1.25 (m, 6H), 1.1 ± 1.0 (m, 6H), 0.85 (t, J� 7.1 Hz,
9H); 13C NMR (CDCl3, 50.5 MHz): �� 147.0, 139.0, 135.0, 134.9, 130.1,
129.3, 127.8, 126.9, 126.6, 125.2, 124.6, 115.3, 46.5, 28.9, 27.2, 13.6, 11.9; MS
(70 eV, EI): m/z(%): 471 (2) [M]� , 298 (100); elemental analysis calcd (%)
for C25H37NSn (470.3): C 63.85, H 7.93, N 2.98; found: C 63.78, H 8.02, N
2.90.


General procedure for the preparation of 6H-dibenzo[b,d]pyrans 29, 33,
and 6H-dibenzo[b,d]thiopyrans (30): A solution of the starting ether 25c or
32, or thioether 25d (2 mmol) in THF (15 mL) was treated with tBuLi
(6.6 mmol, 3.3 equiv) at �110 �C. The reaction mixture was stirred for
15 min at this temperature. The cooling bath was then removed to allow the
reaction to warm up to room temperature. The reaction mixture was re-
cooled to �78 �C, the electrophile (2.5 mmol) was added, and the mixture
was allowed to stir for 3 h at room temperature. The mixture was
hydrolyzed with water and extracted with ethyl acetate (3� 20 mL). The
combined organic layers were dried over anhydrous Na2SO4. After
evaporation of the solvent, the residue was purified by flash column
chromatography to afford products 29, 30, and 33.


1-Bromo-6H-dibenzo[b,d]pyran (29a): Ether 25c (0.56 g, 2 mmol) was
treated with tBuLi (4.4 mL, 1.5� solution in pentane, 6.6 mmol). Addition
of 1,2-dibromoethane (0.47 g, 2.5 mmol) and workup as described above
yielded 29a (0.32 g, 61%) as a white solid. M.p. 54 ± 56 �C (hexane);
1H NMR (CDCl3, 400 MHz): �� 8.55 (d, J� 7.6 Hz, 1H), 7.4 (t, J� 7.6 Hz,
1H), 7.4 ± 7.3 (m, 2H), 7.2 (d, J� 6.8 Hz, 1H), 7.1 ± 7.0 (m, 2H), 4.95 (s, 2H);
13C NMR (CDCl3, 50.5 MHz): �� 157.3, 133.2, 129.3, 129.1, 128.6, 127.9,
127.6, 126.3, 124.7, 123.7, 119.7, 116.8, 69.2; MS (70 eV, EI):m/z(%): 262 (71)
[M�2]� , 261 (100), 260 (67) [M]� , 259 (87); elemental analysis calcd (%)
for C13H9BrO (261.1): C 59.80, H 3.47; found: C 60.02, H 3.41.


Ethyl 6H-dibenzo[b,d]pyran-1-carboxylate (29b): Ether 25c (0.56 g,
2 mmol) was treated with tBuLi (4.4 mL, 1.5� solution in pentane,
6.6 mmol). Addition of ethyl chloroformate (0.27 g, 2.5 mmol) and workup
as described above yielded 29b (0.35 g, 68%) as a yellow solid. M.p. 63 ±


65 �C (hexane); 1H NMR (CDCl3, 400 MHz): �� 7.4 ± 7.2 (m, 6H), 7.1 (d,
J� 7.8 Hz, 1H), 5.1 (s, 2H), 4.3 (q, J� 7.2 Hz, 2H), 1.3 (t, J� 7.2 Hz, 3H);
13C NMR (CDCl3, 50.5 MHz): �� 169.8, 156.1, 132.3, 130.4, 128.8, 127.8,
126.2, 124.8, 123.6, 122.5, 120.0, 69.0, 61.5, 14.0; MS (70 eV, EI): m/z(%):
254 (100) [M]� ; elemental analysis calcd (%) for C16H14O3 (254.3): C 75.57,
H 5.55; found: C 75.64, H 5.61.


1-(1-Hydroxy-1-phenylmethyl)-6H-dibenzo[b,d]pyran (29c): Ether 25c
(0.56 g, 2 mmol) was treated with tBuLi (4.4 mL, 1.5� solution in pentane,
6.6 mmol). Addition of benzaldehyde (0.26 g, 2.5 mmol) and workup as
described above yielded 29c (0.32 g, 56%) as a yellow solid. M.p. 47 ± 49 �C
(hexane); 1H NMR (CDCl3, 400 MHz): �� 7.85 ± 7.75 (m, 1H), 7.4 ± 7.0 (m,
11H), 6.4 (s, 1H), 5.0 (s, 2H), 2.8 (br s, 1H); 13C NMR (CDCl3, 50.5 MHz):
�� 155.9, 143.6, 140.5, 134.0, 129.3, 128.9, 128.2, 127.3, 127.2, 127.1, 126.8,
124.9, 123.7, 123.3, 116.4, 72.2, 68.9; MS (70 eV, EI): m/z(%): 288 (100)
[M]� ; elemental analysis calcd (%) for C20H16O2 (288.3): C 83.31, H 5.59;
found: C 83.18, H 5.64.


1-Tributylstannyl-6H-dibenzo[b,d]pyran (29d): Ether 25c (0.56 g, 2 mmol)
was treated with tBuLi (4.4 mL, 1.5� solution in pentane, 6.6 mmol).
Addition of tributyltin chloride (0.83 g, 3 mmol) and workup as described
above yielded 29d (0.565 g, 60%) as a colorless oil. Rf� 0.15 (hexane/ethyl
acetate 60:1); 1H NMR (CDCl3, 200 MHz): �� 7.7 ± 7.0 (m, 7H), 5.0 (s,
2H), 1.7 ± 0.9 (m, 27H); 13C NMR (CDCl3, 50.5 MHz): �� 155.9, 139.1,
133.2, 132.9, 131.8, 130.7, 128.7, 127.8, 127.1, 124.5, 124.1, 117.1, 68.8, 28.9,
27.2, 13.6, 11.9; MS (70 eV, EI): m/z(%): 415 [M�C4H9]� (84), 301 (100);
elemental analysis calcd (%) for C25H36OSn (471.3): C 63.72, H 7.70; found:
C 63.58, H 7.57.


6H-Dibenzo[b,d]thiopyran (30a): Thioether 25d (0.59 g, 2 mmol) was
treated with tBuLi (4.4 mL, 1.5� solution in pentane, 6.6 mmol). Addition
of water (excess) and workup as described above yielded 30a (0.23 g, 59%)
as a white solid. M.p. 70 ± 72 �C (hexane); 1H NMR (CDCl3, 200 MHz): ��
7.8 (dd, J� 7.0, 2.2 Hz, 1H), 7.7 (d, J� 7.2 Hz, 1H), 7.5 ± 7.2 (m, 6H), 3.85 (s,
2H); 13C NMR (CDCl3, 50.5 MHz): �� 134.6, 134.4, 134.3, 133.6, 128.4,
127.8, 127.6, 126.9, 126.4, 125.9, 125.7, 31.7; MS (70 eV, EI):m/z(%): 198 (65)
[M]� , 197 (100); elemental analysis calcd (%) for C13H10S (198.3): C 78.74,
H 5.08; found: C 78.89, H 4.97.


Ethyl 6H-dibenzo[b,d]thiopyran-1-carboxylate (30b): Thioether 25d
(0.59 g, 2 mmol) was treated with tBuLi (4.4 mL, 1.5� solution in pentane,
6.6 mmol). Addition of ethyl chloroformate (0.27 g, 2.5 mmol) and workup
as described above yielded 30b (0.27 g, 50%) as a yellow oil. Rf� 0.18
(ethyl acetate/diethylamine 50:1); 1H NMR (CDCl3, 200 MHz): �� 7.6 (d,
J� 7.8 Hz, 1H), 7.3 ± 7.2 (m, 6H), 4.2 (q, J� 7.2 Hz, 2H), 3.8 (s, 2H), 1.1 (t,
J� 7.2 Hz, 3H); 13C NMR (CDCl3, 50.5 MHz): �� 170.0, 138.0, 134.7,
134.2, 133.5, 132.1, 130.4, 129.1, 128.1, 127.9, 127.0, 126.8, 126.3, 61.3, 32.3,
13.7; MS (70 eV, EI):m/z(%): 270 (100) [M]� ; elemental analysis calcd (%)
for C16H14O2S (270.4): C 71.08, H 5.22; found: C 70.92, H 5.16.


1-[1-Hydroxy-1-(4-methylphenyl)methyl]-6H-dibenzo[b,d]thiopyran
(30c): Thioether 25d (0.59 g, 2 mmol) was treated with tBuLi (4.4 mL, 1.5�
solution in pentane, 6.6 mmol). Addition of 4-methylbenzaldehyde (0.3 g,
2.5 mmol) and workup as described above yielded 30c (0.36 g, 57%) as a
white solid. M.p. 84 ± 86 �C (hexane); 1H NMR (CDCl3, 200 MHz): ��
7.6 ± 7.1 (m, 11H), 6.3 (s, 1H), 3.7 (s, 2H), 2.55 (br s, 1H), 2.4 (s, 3H);
13C NMR (CDCl3, 50.5 MHz): �� 141.5, 141.2, 137.1, 136.9, 136.7, 134.6,
133.1, 129.8, 129.0, 127.8, 127.6, 127.2, 127.0, 126.6, 126.2, 72.9, 32.9, 21.0; MS
(70 eV, EI): m/z(%): 318 (6) [M]� , 316 (100); elemental analysis calcd (%)
for C21H18OS (318.4): C 79.21, H 5.70; found: C 79.33, H 5.84.


2-Methoxy-6H-dibenzo[b,d]pyran (33a): Ether 32 (0.65 g, 2 mmol) was
treated with tBuLi (4.4 mL, 1.5� solution in pentane, 6.6 mmol). Addition
of water (excess) and workup as described above yielded 33a (0.34 g, 81%)
as a colorless oil. Rf� 0.2 (ethyl acetate/diethylamine 40:1); 1H NMR
(CDCl3, 200 MHz): �� 7.7 (d, J� 7.2 Hz, 1H), 7.5 ± 7.1 (m, 4H), 6.95 (d, J�
8.8 Hz, 1H), 6.8 (dd, J� 8.8, 2.8 Hz, 1H), 5.05 (s, 2H), 3.85 (s, 3H);
13C NMR (CDCl3, 50.5 MHz): �� 154.8, 148.8, 131.8, 130.2, 128.3, 127.8,
124.7, 123.6, 122.0, 117.9, 115.0, 108.3, 68.6, 55.8; MS (70 eV, EI): m/z (%):
212 (100) [M]� ; elemental analysis calcd (%) for C14H12O2 (212.2): C 79.22,
H 5.70; found: C 78.99, H 5.73.


Ethyl 2-methoxy-6H-dibenzo[b,d]pyran-1-carboxylate (33b): Ether 32
(0.65 g, 2 mmol) was treated with tBuLi (4.4 mL, 1.5� solution in pentane,
6.6 mmol). Addition of ethyl chloroformate (0.27 g, 2.5 mmol) and workup
as described above yielded 33b (0.43 g, 75%) as a white solid. M.p. 71 ±
73 �C (hexane); 1H NMR (CDCl3, 200 MHz): �� 7.65 ± 7.55 (m, 1H),
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7.4 ± 7.1 (m, 3H), 7.05 (d, J� 8.8 Hz, 1H), 6.85 (d, J� 8.8 Hz, 1H), 5.0 (s,
2H), 4.4 (q, J� 7.0 Hz, 2H), 3.8 (s, 3H), 1.3 (t, J� 7.0 Hz, 3H); 13C NMR
(CDCl3, 50.5 MHz): �� 168.3, 151.8, 149.4, 133.2, 128.7, 128.1, 127.9, 124.8,
124.3, 121.6, 120.4, 118.8, 112.5, 68.8, 61.4, 56.5, 13.8; MS (70 eV, EI): m/z
(%): 284 (100) [M]� ; elemental analysis calcd (%) for C17H16O4 (284.3): C
71.82, H 5.67; found: C 71.85, H 5.58.


1-[1-Hydroxy-1-(4-methylphenyl)methyl]-2-methoxy-6H-dibenzo[b,d]pyr-
an (33c): Ether 32 (0.65 g, 2 mmol) was treated with tBuLi (4.4 mL, 1.5�
solution in pentane, 6.6 mmol). Addition of 4-methylbenzaldehyde (0.3 g,
2.5 mmol) and workup as described above yielded 33c (0.525 g, 79%) as a
white solid. M.p. 98 ± 100 �C (hexane); 1H NMR (CDCl3, 200 MHz): ��
7.40 ± 7.15 (m, 6H), 7.1 (d, J� 8.8 Hz, 2H), 6.9 (d, J� 8.8 Hz, 2H), 6.4 (d,
J� 11.6 Hz, 1H), 5.05 (d, J� 12.4 Hz, 1H), 4.95 (d, J� 12.4 Hz, 1H), 4.4 (d,
J� 11.6 Hz, 1H), 3.65 (s, 3H), 2.4 (s, 3H); 13C NMR (CDCl3, 50.5 MHz):
�� 153.4, 150.4, 141.1, 136.4, 134.3, 129.6, 128.8, 128.0, 127.4, 126.9, 126.4,
124.9, 124.6, 116.3, 112.7, 72.3, 69.2, 55.9, 21.0; MS (70 eV, EI): m/z(%): 332
(100) [M]� ; elemental analysis calcd (%) for C22H20O3 (332.4): C 79.50, H
6.06; found: C 79.52, H 5.97.


2-Methoxy-1-phenylthio-6H-dibenzo[b,d]pyran (33d): Ether 32 (0.65 g,
2 mmol) was treated with tBuLi (4.4 mL, 1.5� solution in pentane,
6.6 mmol). Addition of diphenyl disulfide (0.54 g, 2.5 mmol) and workup
as above yielded 33d (0.47 g, 73%) as a colorless oil. Rf� 0.18 (ethyl
acetate/diethylamine 20:1); 1H NMR (CDCl3, 200 MHz): �� 8.4 ± 8.3 (m,
1H), 7.4 ± 7.1 (m, 9H), 6.9 (d, J� 8.8 Hz, 1H), 5.0 (s, 2H), 3.75 (s, 3H);
13C NMR (CDCl3, 50.5 MHz): �� 156.2, 150.7, 138.2, 133.7, 129.7, 128.6,
127.7, 127.6, 127.4, 126.0, 124.8, 124.4, 118.9, 116.8, 112.2, 69.2, 56.6; MS
(70 eV, EI): m/z (%): 320 (100) [M]� ; elemental analysis calcd (%) for
C20H16O2S (320.4): C 74.97, H 5.03; found: C 75.08, H 5.11.
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Through-Space Spin ± Spin Coupling in van der Waals Dimers and
CH/� Interacting Systems. An Ab Initio and DFT Study


Alessandro Bagno,* Giacomo Saielli, and Gianfranco Scorrano[a]


Abstract: The through-space JHH and
JCH spin ± spin coupling constants of
model van der Waals dimers (involving
methane, ethylene, and benzene), and of
selected compounds showing the CH/�
interaction, have been investigated by
means of DFT and ab initio calculations.
In the range of intermolecular separa-
tions for which the interaction is stabi-
lizing, weak couplings (0.1 ± 0.3 Hz) are
predicted for JCH, while the correspond-
ing JHH couplings are much smaller. The


relative contributions (Fermi-contact,
spin ± orbit, and spin ± dipole) are
strongly dependent on the geometry of
the dimers and on the distance; the non-
negligible values of JCH for � systems


stem largely from an incomplete cancel-
lation of spin ± orbit terms. The results
obtained for the larger molecules, that is,
acetonitrile@calix[4]arene 5, the imine
6, and the aryl ester 7 are consistent with
those on the model dimers. For 7, the
occurrence of a through-space mecha-
nism for the transmission of coupling is
established by examining trends in the
magnitude of couplings as a function of
the number of intervening covalent
bonds.


Keywords: ab initio calculations ¥
CH/� interactions ¥ density
functional calculations ¥ NMR spec-
troscopy ¥ spin ± spin coupling ¥
van der Waals interactions


Introduction


Spin ± spin (scalar) J-coupling is normally thought of as a
probe of connectivities through covalent bonds only. As such,
in NMR spectroscopy it is employed in a variety of experi-
ments to elucidate the general molecular framework, as well
as conformational problems involving covalently bonded
groups. Recently, it has been demonstrated that spin ± spin
coupling can also be transmitted through hydrogen bonds
(HB), as long as the two interacting moieties remain at a
suitable distance for a time long enough for NMR detection.
This appears to be the case for several proteins,[1±3] DNA and
RNA base pairs,[1, 4] phosphorus compounds,[5] and HF com-
plexes at low temperature;[1, 6] such through-HB coupling
constants involving 1H, 13C, 15N, or 31P lie between 0.1 and
7 Hz, but are much larger for couplings involving 19F in
(HF)n ¥ ¥ ¥F� complexes.[6] Most notably, state-of-the-art NMR
techniques have made it possible to detect coupling constants
as small as 0.14 Hz.[3]


These findings have stimulated much theoretical work
aimed at a better understanding of the underlying factors, like
the influence of the distance, orientation, and HB type on the
coupling constant.[1, 7±15] Barfield et al. recently studied the
2JNN (15N�H ¥ ¥ ¥ 15N) of DNA triplets.[9] Scheurer et al.[10] and


Pecul et al. ,[14] as well as our group[15] have analyzed the
through-HB coupling constant 3JNC� (15N-H ¥ ¥ ¥O�13C) in
amide HB dimers as a function of the HB structure; this led
to predicted values lying in the correct range of the available
experimental results. These observations have an obvious
bearing on the hypothetical covalent character of the HB.[16, 17]


The connection between HB type, strength, and NMR
properties (including spin ± spin coupling) has been inves-
tigated by Del Bene and Bartlett.[11±13]


The unusually large long-range J couplings involving 19F
have been known for quite some time, and a through-space
mechanism has been invoked in this connection, for example
to explain 6JHF and 5JCF couplings in fluoronaphthalenes.[18]


Recently, Oldfield and co-workers demonstrated the through-
space nature of JFF spin ± spin couplings in fluoronaphthalenes
by DFT methods.[19]


It is worthwhile to note that, despite the fact that the term
™through-space∫ is now commonly used in the literature (and
we will conform to this usage), this should not be meant as
implying a different physical origin. In fact, the mechanisms
responsible for these couplings are exactly the same as for
covalently and hydrogen-bonded nuclei.


An obvious extension of the above ideas is that spin ± spin
coupling might be detectable even in the case of dispersion-
bound van der Waals complexes. In fact, Salsbury and Harris
calculated finite but very small (�10�3 Hz) couplings for
Xe ¥ ¥ ¥Xe and Xe ¥ ¥ ¥H.[20] More interestingly, Pecul et al.
calculated a surprisingly large coupling for the helium
dimer[21a] (J3He,3He� 1.3 Hz at the equilibrium distance) and the
HF ¥ ¥ ¥CH4 van der Waals dimer (JHF� ca. 4 Hz).[21b]
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Although the existence of scalar coupling between ™un-
bound∫ nuclei has obvious fundamental implications, the
experimental verification will be fraught with very great
difficulties, both owing to their small magnitude and, espe-
cially, to the probable floppiness of these weakly bound
systems, which might be in the fast-exchange regime between
™bound∫ and ™unbound∫ states on the NMR time scale
(except, perhaps, at extremely low temperatures). Neverthe-
less, exploiting couplings to 129Xe might be important in
relation to the use of optically pumped xenon as a spin probe
in host ± guest complexes.[22]


There is, moreover, a very broad range of organic host ±
guest complexes, which often owe their stability and structure
to favorable dispersive interactions, as well as flexible
molecules that exhibit folded conformers stabilized in this
way. In such cases, the importance of the CH/� interaction as a
factor to stabilize such host ± guest complexes, or the folded
conformer, has been widely recognized.[23] In a recent work,
Takahashi et al.[24] examined the structure of several host ±
guest compounds deposited in the Cambridge Crystallo-
graphic Database[25] in order to understand the relevance of
the CH/� interaction in the stabilization of the complexes. In a
large number of cases, short distances between a hydrogen of
the host (guest) compound and an aromatic portion of the
guest (host) compound have been found–often as short as
2.7 ä for both alkyl and aromatic C�H bonds. Short distances
between a hydrogen and a � system have also been observed
in several cases of intramolecular CH/� interaction.[23] Owing
to the relatively close contact of the atoms involved, these
cases represent the best examples of systems in which
through-space spin ± spin coupling may be detectable; in fact,
a through-space 1H,203,205Tl coupling of 17 Hz has been
experimentally determined for a dithallium cryptate.[26]


These circumstances prompted us to investigate the inter-
molecular spin ± spin coupling in model complexes structur-


ally related to the above systems. Indeed, by means of DFT
calculations we predicted that, at least for two simple
van der Waals dimers (methane ± benzene and benzene ±
benzene), a small but non-negligible 13C,1H coupling (0.2 ±
0.3 Hz) may exist between nuclei belonging to nonbonded
molecules.[27]


Herein we wish to broaden the scope of this investigation to
other van der Waals dimers involving methane, ethylene, and
benzene (Figure 1), including 3b and 4b, which have already
been presented.[27] For the smaller dimers we also compare
DFTresults with those from ab initio methods currently in use
for such calculations. Based on the results obtained from the
model systems, we also extend our investigation to a few
compounds for which through-space spin ± spin coupling is
expected to occur because of the similar structural arrange-
ments. These are the inclusion compound acetonitrile@ca-
lix[4]arene 5, the imine 6, and the aryl ester 7, reported in
Figure 2.


Computational Methods


Energetics : The stabilization energy for the various dimers was calculated
by using Gaussian 98.[28] Interaction energies were counterpoise correct-
ed[29] for the basis set superposition error (BSSE). The stabilization energy
of van der Waals complexes is entirely due to the dispersive interaction,
which in turn is due to electron correlation. Second-order M˘ller ± Plesset
theory (MP2) was employed for this purpose, since higher-order levels are
too computationally demanding for a systematic investigation of relatively
large dimers like C6H6 ¥ ¥ ¥C6H6. However, in the case of the ethylene[30] and
methane[31] dimers it has been shown that the MP4 correction to the MP2
correlation energy is only of few percent. A high quality basis set is also
required[30] when dealing with van der Waals interactions, and accordingly
we used Dunning×s triple-zeta quality basis set cc-pVTZ.[32] The geometry
of the monomers was optimized at the MP2/cc-pVTZ level, except for the
benzene dimers 4a and 4b ; here the experimental geometry was used. For
each case we performed several calculations as a function of the


C


H


C


H H


C


H


C


H


C


H


H


C


H


H


H


H


C


H


H


H


H


H


H


H


H


H


R


R


R


R


R


R


R


R


R


H


H


H
R


(1)


(2)


(2)
1a


(1)


(2)


(2)


1b


(1)


(2)


(2)


(1)


3b


3a


(1)


(2)
(2)


4a


4b


(1)


(1)


(2)


(2)


(2) (2)


(1)


(2)


(2)


(1)
2a


2b


2c


(2)


(2)
2d


(1)


Figure 1. Schematic representation of the van der Waals dimers model systems.
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intermolecular separation with a step of 0.2 ä, at least around the
minimum of the interaction energy.


Ab initio calculations : High-level ab initio methods like equation of
motion-coupled cluster,[11±13] configuration interaction,[21a] multiconfigura-
tion SCF[21b] and the second-order polarization propagator approximation
(SOPPA)[33] have been used lately to calculate nuclear spin ± spin couplings
in covalent molecules as well as in hydrogen-bonded and van der Waals
dimers. In particular, Pecul et al.[21b] carried on a detailed investigation of
the dependence of the intermolecular JHF coupling in HF ¥ ¥ ¥CH4 on the
basis set and size of the configurational space in Restricted Active Space
Self-Consistent Field (RASSCF) calculations.


For the smaller dimers investigated here (1 and 2) we ran a series of
calculations with the RASSCF method using a configuration space
obtained by following the guidelines reported in ref. [21b]. Thus, we
included in the active space all orbitals found to have an occupation
number larger than 0.0043 at the MP2 level. For the CH4 ¥ ¥ ¥CH4 dimer, this
implies that the two 1s orbitals of each methane molecule are inactive; the
RAS1 space (holes) is empty, while the RAS2 and RAS3 active spaces
contain eight and eighteen orbitals, respectively, and two electrons are
excited into RAS3 space. The configuration space is then indicated as 2/0/8/
18/2e. For the methane ± ethylene dimer, the configuration space used was
3/0/10/21/2e, and for the ethylene ± ethylene dimer 4/0/12/26/2e. The best
compromise between accuracy and computational cost was obtained with
Dunning×s double-zeta basis set (cc-pVDZ) augmented with diffuse
functions, fully decontracted s functions, and further augmented with one
tight s function (aug-cc-pVDZ-su1).[21b] As a second test we also considered
the SOPPA method with the same basis set. RASSCF and SOPPA
calculations were run with the Dalton 1.2 code,[34] which allows calculation
of the four contributions to the spin ± spin coupling: the Fermi Contact
(FC), the Paramagnetic Spin ± Orbit (PSO), the Diamagnetic Spin ± Orbit
(DSO) and the Spin ± Dipole (SD) contributions. Thus, J� J FC � J PSO �
JDSO � J SD. Its internal architecture does not allow 255 basis functions to be
exceeded for such calculations; this renders it impossible to carry out any
detailed analysis of basis-set effects in our systems (except perhaps for the
methane dimer, which will be shown to behave differently from all others
and therefore would not be a significant benchmark).


It is important to emphasize that the application of such high-level ab initio
calculations is severely limited to small systems: it is extremely demanding
even for the benzene dimers, and the large molecules 5 ± 7 are absolutely
intractable. DFT methods are then the only choice for the larger systems.


DFT calculations : DFT calculations were performed with the deMon-NMR
code,[35] which allows the calculation of the three contributions to the


nuclear spin ± spin coupling generally supposed to be of major importance,
that is, FC, DSO, and PSO.


For the smallest system (the CH4 ¥ ¥ ¥CH4 dimer) we ran the calculations
with two different functionals: the local Vosko ± Wilk ± Nusair exchange-
correlation functional[36] (VWN) and the Perdew ± Wang 1986 exchange[37]


with Perdew 1986 correlation[38] (PWP). The PWP functional is strongly
recommended for the calculation of spin ± spin couplings; for 1JCH in
hydrocarbons (methane, ethylene, benzene) the calculated results are
within a few percent of the experimental data.[35e] In the present case,
presumably because the nuclei with which we are concerned are separated
by a relatively large distance, we found that the two functionals gave almost
identical results. Moreover, an EXTRAFINE grid (64 radial points) is
required to have accurate results with the PWP functional, while the same
accuracy is obtained with a FINE grid (32 radial points) for the VWN
functional;[35e] this substantially reduces the running time. For this reason
we only used the VWN functional for the larger dimers with ethylene and
benzene, and for the CH/� examples 5, 6, and 7. The perturbation
parameter � was set to 0.001 and placed on the lighter atom.[35e] The basis
set used for these calculations was IGLO-III by Kutzelnigg et al.[39] In the
deMon implementation, this basis is the largest for which all fitting
parameters have been determined.


Results


Methane dimers : Two different geometries have been inves-
tigated: the crossed configuration 1a and the linear one 1b
(Figure 1). Interaction energies are shown in Figure 3; the
intermolecular distance R is measured between the centers of
symmetry of the two monomers. The interaction energy of 1a
(Figure 3a) shows a shallow minimum for R� 4.200 ä,
corresponding to a stabilization of 0.24 kcalmol�1, whereas
for the linear configuration 1b (Figure 3b) the stabilization
energy is smaller (only 0.11 kcalmol�1), and the minimum
occurs at R� 4.971 ä.


Figure 3. Interaction energy E and nuclear spin ± spin coupling constants J
for the methane dimers 1a (a) and 1b (b). BSSE-corrected MP2/cc-pVTZ
interaction energies (�, right axis); JHH (�) and JCH (�) (left axis) at the
VWN/IGLO-III level.
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The JHH and JCH intermolecular couplings were calculated
between the hydrogen labeled in Figure 1 as (1) on one
molecule and the hydrogen or carbon nucleus on the other
molecule, labeled as (2). For the dimer 1a all three theoretical
methods have been used to calculate the intermolecular JCH


and JHH couplings, and the results are reported in Table 1 for
some distances around the equilibrium geometry.


The SD term is smaller (almost by one order of magnitude)
than the other contributions, but not negligible, at least at
short distances. All the three methods yield the same value for
JDSO, which does not depend on correlation effects,[40] but
DFT yields a larger J PSO than RASSCF and SOPPA.


We remark that J PSO � JDSO � J SD at the RASSCF and
SOPPA levels is essentially zero, as is J PSO � JDSO at the DFT
level. In contrast, J FC is by far the largest contribution and
accordingly dominates the total coupling. The FC contribu-
tion calculated by DFT is substantially larger than the values
obtained by RASSCF and SOPPA, which are in very good
agreement with one another. Thus, DFT systematically
predicts JCH to be 1.5 times larger than what is predicted by
RASSCF and SOPPA, despite the high accuracy of DFT in
calculating spin ± spin couplings in covalent hydrocarbons.[35e]


The calculations at other distances for dimer 1a, and all
calculations for 1b, were run only at the DFT level (Figure 3).
In the range of intermolecular separations where the inter-
action is stabilizing, JHH is negligible. The DSO and PSO
contributions to JHH almost exactly cancel each other, even
though they can be significantly larger than the FC term, as
observed in covalent molecules.[41]


Analogous results are obtained for the linear configuration
1b (Figure 3b and Table 3, below). The JHH values are again
almost negligible in the stabilizing region, while JCH values can
reach about 0.3 Hz at a distance of 4.6 ä, but are extremely
small at the equilibrium distance.


Methane ± ethylene and ethylene-ethylene dimers : Dimer 2a,
in which an alkyl residue interacts with an unsaturated carbon,
provides a prototype CH/� interaction. Interaction energies
are given in Figure 4; for R� 4.285 ä, we have a stabilization
energy of 0.41 kcalmol�1.


For this system, we calculated the JCH intermolecular
couplings between hydrogen (1) of methane and the two
equivalent carbons (2) of ethylene (Figure 1) at the SOPPA
and DFT levels. In Table 2 we show the results for some
distances around the equilibrium separation, plus the
RASSCF result at the equilibrium distance.


Several differences appear between 2a and 1a. By DFT, J FC


is still significantly larger than by ab initio, but very small.


Figure 4. Interaction energy E and nuclear spin ± spin coupling constants J
for the methane ± ethylene dimer 2a. BSSE-corrected MP2/cc-pVTZ
interaction energies (�, right axis); JHH (�) and JCH (�) (left axis) at the
VWN/IGLO-III level.


According to SOPPA or RASSCF results, J FC is smaller than
J SD (which, unlike for 1a, is positive). On the other hand,
spin ± orbit terms do not cancel each other out as in the case of
the dimer 1a : J PSO � JDSO � J SD at the SOPPA level, and J PSO


� JDSO at the DFT level, are much larger than J FC. Since, as
noted before, the leading DSO term is calculated accurately
also by DFT, it turns out that the disagreement between DFT
and ab initio calculations, in this case, is smaller than for 1a.
More interestingly from the perspective on an experimental
verification, it appears that DFT underestimates JCH with
respect to the ab initio results, at least for separations around
the equilibrium. We again note the quantitative agreement
between the SOPPA and RASSCF methods as seen for 1a.
Some more distances and the JHH couplings have been
investigated at the DFT level (Figure 4). Once again JHH is
almost negligible, whilst a value of 0.18 Hz is calculated for
JCH at the equilibrium separation. We have also calculated the
JHH coupling at the SOPPA level for the equilibrium distance
of the dimer 2a. In agreement with the DFTresult, the FC and
SD terms are almost negligible. However, J PSO and JDSO, at the
SOPPA level, do not cancel each other exactly, as calculated
at the DFT level; this produces a total coupling of 0.14 Hz.
However, since the 13C,1H intermolecular coupling appears to
be stronger, we did not further investigate the 1H,1H coupling
with ab initio calculations for all the other systems.


We have also investigated the intermolecular couplings
between alkenes, like the ethylene-ethylene dimers in the
parallel configuration 2b and the T configuration 2c. For the
parallel dimer 2b we calculate no stabilization[30] (Figure 5a),
whereas for the T-shaped dimer 2c the interaction energy
(Figure 5b) shows a well-defined minimum (0.52 kcalmol�1 at
R� 4.6 ä).[30]


Table 1. Comparison of ab initio and DFT methods for the JCH intermolecular spin ± spin coupling (Hz) in the methane dimer 1a at some intermolecular
separations (Req � 4.2 ä).


3.6 ä 3.8 ä 4.0 ä 4.2 ä
DFT[a] SOPPA[b] RAS[c] DFT[a] SOPPA[b] RAS[c] DFT[a] SOPPA[b] RAS[c] DFT[a] SOPPA[b] RAS[c]


DSO 0.15 0.15 0.15 0.13 0.13 0.13 0.12 0.11 0.12 0.11 0.10 0.11
PSO � 0.14 � 0.11 � 0.11 � 0.13 � 0.10 � 0.10 � 0.11 � 0.09 � 0.09 � 0.10 � 0.08 � 0.08
SD ± � 0.04 � 0.04 ± � 0.03 � 0.03 ± � 0.02 � 0.02 ± � 0.02 � 0.02
FC 0.71 0.50 0.48 0.44 0.31 0.29 0.26 0.18 0.17 0.15 0.10 0.09
TOT 0.72 0.50 0.48 0.44 0.31 0.29 0.27 0.18 0.18 0.16 0.10 0.10


[a] DFT-VWN/IGLO-III. [b] SOPPA/aug-cc-pVDZ-su1. [c] RASSCF-(2/0/8/18/2e)/aug-cc-pVDZ-su1.
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Both JHH and JCH, at the DFT level, are almost zero in the
case of 2b (Figure 5a). For 2c, JHH is again negligible, but JCH


is about 0.2 Hz at the equilibrium distance. As we can see in
Table 3, there is an almost exact compensation between the
DSO and PSO contributions for JHH, while a relatively large
contribution from spin ± orbit terms can be observed in JCH.
For 2c we also calculated the JCH coupling with the SOPPA
method at Req� 4.6 ä (Table 2). JDSO is exactly the same as
obtained by DFT, whereas J PSO and J FC are larger at the DFT
level than the corresponding ab initio values. Moreover, the
ab initio results show that the magnitude of J SD is larger than
that of J FC, but with a negative sign. These results add up to a
total coupling of 0.12 Hz, to be compared with the DFT result
of 0.19 Hz, in which the SD term was neglected. Again, the
DFT result is larger than the ab initio results as found for 1a.


Figure 5. Interaction energy E and nuclear spin ± spin coupling constants J
for the ethylene dimers 2b (a) and 2c (b). BSSE-corrected MP2/cc-pVTZ
interaction energies (�, right axis); JHH (�) and JCH (�) (left axis) at the
VWN/IGLO-III level.


Since our interest lies mainly with CH/� interacting
compounds, we also calculated JCH for the ethylene dimer
2d, obtained from 2c by rotating the top ethylene molecule by
60� in the same plane, so that a C�H bond pointed
perpendicularly toward the C�C double bond of the bottom


Table 2. Comparison of ab initio and DFT methods for the JCH intermo-
lecular spin ± spin coupling (Hz) in the methane ± ethylene dimers 2a,c,d at
some intermolecular separations.


Contribution DFT[a] SOPPA[b] RAS[c]


2a, 3.685 ä
DSO 0.38 0.38
PSO � 0.23 � 0.15
SD � 0.08
FC 0.20 � 0.02
Total 0.35 0.29
2a, 3.885 ä
DSO 0.33 0.33
PSO � 0.20 � 0.13
SD � 0.06
FC 0.16 0.03
Total 0.29 0.29
2a, 4.085 ä
DSO 0.29 0.29
PSO � 0.18 � 0.12
SD ± 0.05
FC 0.11 0.04
Total 0.23 0.26
2a, 4.285 ä[d]


DSO 0.26 0.26 0.26
PSO � 0.16 � 0.11 � 0.11
SD ± 0.04 0.04
FC 0.07 0.03 0.02
Total 0.18 0.22 0.21
2a, 4.485 ä
DSO 0.23 0.23
PSO � 0.14 � 0.10
SD ± 0.03
FC 0.05 0.02
Total 0.14 0.18
2c, 4.600 ä[d]


DSO 0.23 0.23
PSO � 0.13 � 0.09
SD ± � 0.07
FC 0.09 0.05
Total 0.19 0.12
2d, 4.280 ä[e]


DSO 0.28 0.28 0.28
PSO � 0.18 � 0.12 � 0.12
SD ± 0.04 0.04
FC 0.06 0.02 0.00
Total 0.16 0.22 0.20


[a] DFT-VWN/IGLO-III. [b] SOPPA/aug-cc-pVDZ-su1. [c] RASSCF-(3/
0/10/21/2e)/aug-cc-pVDZ-su1. [d] Equilibrium distance. [e] Distance be-
tween the carbon atom to which H-1 is bonded and center of symmetry of
ethylene molecule (2) (see Figure 1).


Table 3. Intermolecular spin ± spin couplings calculated by DFTat selected
distances.[a]


Dimer JHH JCH


R[b] FC PSO DSO FC PSO DSO


1a 5.000 � 0.01 � 0.70 0.72 0.01 � 0.07 0.08
4.200 0.02 � 0.99 1.02 0.15 � 0.10 0.11
3.600 0.07 � 1.34 1.38 0.71 � 0.14 0.15


1b 6.171 � 0.01 � 1.13 1.19 0.01 � 0.10 0.10
4.971 � 0.06 � 2.04 2.17 0.12 � 0.16 0.15
4.571 � 0.17 � 2.62 2.78 0.33 � 0.20 0.18


2c 5.600 0.00 � 0.41 0.43 0.00 � 0.09 0.14
4.600 0.01 � 0.65 0.67 0.09 � 0.13 0.23
4.000 0.06 � 0.90 0.93 0.35 � 0.19 0.34


3a 6.485 � 0.04 � 2.18 2.29 0.09 � 0.28 0.26
6.085 � 0.13 � 2.74 2.88 0.27 � 0.34 0.31
5.685 � 0.28 � 3.57 3.75 0.59 � 0.42 0.37


3b 4.485 0.00 � 0.21 0.21 0.02 � 0.19 0.26
3.685 0.00 � 0.13 0.12 0.11 � 0.30 0.41
3.285 0.01 � 0.02 0.00 0.19 � 0.42 0.53


4a 5.000 0.00 � 0.39 0.39 0.00 � 0.05 0.08
3.800 � 0.01 � 0.75 0.76 0.01 � 0.10 0.15
3.300 0.15 � 1.14 1.14 0.12 � 0.13 0.21


4b 5.100 0.00 � 0.33 0.32 0.08 � 0.36 0.46
4.900 0.00 � 0.30 0.28 0.11 � 0.42 0.52
4.400 0.04 � 0.16 0.13 0.07 � 0.64 0.73


[a] In hertz at the VWN/IGLO-III level. See Table 2 for data of 2a and 2d ;
couplings for 2b are always negligible (see text). [b] In ä (see Figure 1).
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ethylene molecule (Figure 1). The distance between the C�C
midpoint and the hydrogen of the C�H bond was set to 3.2 ä,
corresponding to the equilibrium separation of 2a. The
different orientation of the C�H bond changes the sign of
J SD, which becomes positive as calculated for 2a. SOPPA and
RASSCF yield essentially the same results (total 0.22 ±
0.20 Hz), whereas DFT gives a total of 0.16 Hz, the positive
SD contribution being neglected. Therefore, when the C�H
bond is perpendicular to the � system, DFT underestimates
the ab initio results as was the case for the methane ± ethylene
dimer 2a, to which it is geometrically related.


Arene dimers : As an example of an alkyl ± aromatic inter-
action, we considered the CH4 ¥ ¥ ¥C6H6 dimer in two different
configurations, that is, linear (3a) and T-shaped (3b). For
3a, the interaction energy shows a shallow minimum at
R� 6.085 ä (Figure 6a), with a weak stabilization of
0.18 kcalmol�1; this is consistent with the large distance that
the methane molecule necessarily has from the � system of
benzene. At the DFT level, JHH is again almost negligible in
the range of distances in which the dimer is not destabilized,
but JCH is about 0.2 Hz at the equilibrium separation.


Figure 6. Interaction energy E and nuclear spin ± spin coupling constants J
for the methane ± benzene dimers 3a (a) and 3b (b). BSSE-corrected MP2/
cc-pVTZ interaction energies (�, right axis); JHH (�) and JCH (�) (left axis)
at the VWN/IGLO-III level.


In Figure 6b we report the results for the CH4 ¥ ¥ ¥C6H6 dimer
in the T-shaped configuration 3b. The interaction energy has
a relatively deep minimum (a stabilization energy of
1.40 kcalmol�1) for R� 3.685 ä. JHH is again essentially zero
throughout the distances investigated, while JCH is noticeable
(0.2 Hz at equilibrium distance). From Table 3 we again
observe that for JHH, J PSO and JDSO are larger than J FC, but


that they cancel each other to a large extent. For JCH the
contribution from spin ± orbit terms is significant, instead.


Finally, we investigated two benzene molecules in the
parallel (4a) and T-shaped (4b) configurations. These calcu-
lations were done with the monomer having the experimental
geometry[42] (tests employing MP2/cc-pVTZ geometries led to
the same results). In Figure 7a we show the interaction energy
and couplings for the parallel configuration 4a. The energy
minimum (2.50 kcalmol�1) occurs at R� 3.80 ä.[30, 43] The
coupling appears to be weak at the equilibrium separation,
although a detectable coupling is observable before the two
molecules start to overlap.


Figure 7. Interaction energy E and nuclear spin ± spin coupling constants J
for the benzene dimers 4a (a) and 4b (b). BSSE-corrected MP2/cc-pVTZ
interaction energies (�, right axis); JHH (�) and JCH (�) (left axis) at the
VWN/IGLO-III level.


Interaction energies and couplings for the benzene dimer in
the T-shaped configuration 4b are reported in Figure 7b. The
stabilization energy is relatively large (3.02 kcalmol�1, R�
4.90 ä).[30, 43] As in the previous cases, JHH is almost zero,
whereas JCH � 0.21 Hz at the equilibrium distance. Once
again, a significant contribution to JCH comes from the
incomplete compensation of the PSO and DSO terms (see
Table 3).


CH/� interacting systems : The calculations on the large
compounds 5, 6, and 7 were run only by DFT at the VWN/
IGLO-III level. The X-ray structure of the inclusion com-
pound acetonitrile@calix[4]arene, 5,[44] shows that the guest
molecule enters the cavity of the calixarene with the methyl
group first, its C�H bonds roughly pointing toward the
benzene rings of the host. The local arrangement of the C�H/
benzene group is, then, very similar to the model 3b. The
distance between the methyl carbon and the center of
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symmetry of one of the aromatic rings is found to be 3.71 ä.
This is very close to the distance corresponding to the
minimum of the interaction energy in Figure 6b, and confirms
the importance of dispersive interactions in the stabilization
of this kind of complexes. To reduce the computational effort,
the tert-butyl and hydroxyl groups of the original calix[4]arene
were replaced by hydrogen atoms. All hydrogen atoms (not
observed by X-ray), were then quickly optimized at the PM3
semiempirical level, keeping all other atomic coordinates
fixed. Finally, the perturbation was placed on the hydrogen
labeled H1 in 5. The results are reported in Table 4, and are
fully consistent with those obtained for the model system 3b.


The imine 6 also offers an example of a system, in which a
hydrogen, in this case belonging to an aromatic C�H bond, is
found to be quite close to a second benzene ring. Hamor
et al.[45] found that the E/Z exchange by rotation about the
imino bond is slow on the NMR time scale. The most
abundant Z isomer has been isolated, and the X-ray structure
reveals that the hydrogen atom H1 is only 2.7 ä above the
face of the phenyl ring C1 ± C6. These observations make 6 a
possible candidate for an experimental verification of the
theoretical results presented in this work. We therefore
calculated JCH between H1 in 6 and the C1 ± C6 carbon atoms
of the aromatic ring (Table 4).


Finally, we turn our attention to compound 7. Wilcox and
co-workers[47] found that this aryl ester exists as two con-
formers, the folded one in Figure 2 and an extended one,
which can be obtained by a 180� rotation about the bond
indicated. This process is slow on the NMR time scale, so two
separate sets of signals can be detected. Compound 7 is
another typical example of a CH/� interacting system, since
the arrangement of the two interacting benzene moieties,
determined by X-ray,[47] is almost exactly T-shaped with a
distance of 4.95 ä between the two ring centers (i.e. ,
essentially the same as the equilibrium distance of 4b).
However, the two benzene rings are arranged in a slightly
different way than in 4b, because the distance between H1
and C1 is only 2.72 ä, H1 being placed essentially above C1.
Therefore we expect JC1-H1 to be larger than the couplings with
the other carbon atoms of the phenyl ring. We also note that
the two interacting atoms are separated by no less than 16
covalent bonds; this should reduce any through-bond cou-
pling to zero. In order to reduce the size of the molecule
without losing significant structural aspects, we replaced the
methyl groups originally on C1 and C18 with hydrogen atoms.
The results of such calculations are reported in Table 4.


Figure 8 reports the J values between H1 and the carbon
atoms as a function of the number of connecting bonds for
both the folded and the extended conformer.


Figure 8. JCH couplings, at the DFT-VWN/IGLO-III level, between hydro-
gen H1 and the carbon atoms of the aryl ester 7 as a function of the number
N of connecting bonds. The carbon atoms of the benzene ring facing the
C�H bond are labeled as in Figure 2. Folded conformer (�), extended
conformer (�).


Discussion


General features–Ab initio versus DFT methods : When
dealing with dispersion-bound complexes, a point that arises
naturally and needs to be addressed is whether DFT is at all
adequate for the calculation of intermolecular couplings,
given its notorious inability to deal with their energetics. This
is a particularly sensitive point, since as yet there are no
experimental data to provide an anchor. A straightforward
way to work around this would be, of course, to adopt ab initio
correlated methods, which are known to correctly predict the
energetics. A strong point against this solution, however, lies
in the extremely steep rise in the computational demands that
follow even a modest increase in the size of the molecules
involved, a necessary step to approach systems amenable to
experimental studies. Thus, since even model complexes
involving benzene are intractable, it is practically impossible
to investigate large complexes like 5 ± 7 by ab initio methods,
even adopting a locally dense basis set;[33b] whereas they are
quite within the scope of DFT. The solution we have adopted
is to test the performance of two high-level ab initio methods
(RASSCF and SOPPA) against DFT for simple models (the
methane ± methane and methane ± ethylene dimers 1 and 2),
in order to establish at least some general trends. It is
especially hoped that the latter will provide a model of the
CH/� interaction.


We first note the essentially identical performance of
SOPPA and RASSCF with the active space chosen. DFT and
ab initio methods display somewhat different results ; thus, for
2a and 2d, DFT couplings are smaller than ab initio by a
factor of 0.8, and the reverse is true (by a factor of 1.6) for 1a
and 2c, that is, the difference is not systematic. Part of the
disagreement stems from the neglect of the SD term in DFT
calculations; it is otherwise difficult to attribute these differ-
ences to some specific factor, such as the absence of tight s
functions or diffuse functions in the basis sets used, or to the
different treatment of correlation effects specific to each


Table 4. Intermolecular JCH spin ± spin couplings for the three CH/�
interacting compounds.[a]


5 6 7


C1 0.09 0.16 0.30
C2 0.11 0.13 0.25
C3 0.13 0.17 0.09
C4 0.19 0.18 0.01
C5 0.13 0.22 0.08
C6 0.12 0.16 0.24


[a] In hertz at the VWN/IGLO-III level, between the hydrogen H1 and the
carbon atoms of the benzene ring facing the CH bond. [b] See Figure 2.
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method, or even to some fortuitous cancellation of errors.
Even taking this uncertainty into account, the predicted
values would still lie within the scope of high-level NMR
experiments, and the favorable scaling of DFT methods
allows large systems outside the scope of ab initio ones to be
investigated (for such systems, in fact, DFT seems to under-
estimate the couplings with respect to ab initio, as noted
above).


Model Dimers : Intermolecular spin ± spin coupling between
1H and 13C in most van der Waals dimers is calculated to be
not negligible, especially for systems in which a C�H bond is
pointing toward a � system, as in the case of 2a, 2c, 2d, 3b,
and 4b. Some trends (relative contribution of contact and
spin ± orbit terms) seem to conform to the behavior of
couplings in covalent molecules,[41] and absolute JCH values
may reach 0.2 ± 0.3 Hz for geometrical arrangements close to
the equilibrium distance. However, the predicted values are
derived from a delicate balance among several very small
terms; as a consequence, the spin ± dipole term (usually
considered to be negligible even in other van der Waals
complexes[21b]) may play a decisive role in determining the
total coupling, even though its value does not exceed 0.04 Hz
in stabilizing regions.


The main factor involved in determining the magnitude of
such couplings seems to be the internuclear distance. Thus, for
the parallel dimers 4a and, especially, 2b, the negligible
couplings arise simply from the larger C ¥ ¥ ¥H distance,
compared with the analogous T-shaped dimers. However,
the results for 2c and 2d (which differ only in the relative
arrangement of monomers) suggest some angular depend-
ence,[21b] especially of the SD term. On the other hand, the
very similar results obtained for 2a (at 4.285 ä) and 2d, which
differ only in the nature of the ™donor∫ C�H bond (alkane or
alkene), indicate that intermolecular coupling in CH/�
systems may be independent of the nature of the involved
partners.


It is also worth mentioning a characteristic dependence of
JCH on the intermolecular separation, which shows a change of
sign after reaching a maximum at about the contact distance
of the monomers (see for example Figures 4, 6b and 7b). The
same behavior was predicted theoretically[20] for J129Xe,131Xe and
experimentally found[6] for JFH in FHF�, F(HF)2


�, F(HF)3
�,


and F(HF)4
� HB complexes. Owing to the different geometry


of such complexes, they could determine the coupling
constant as a function of the F ¥ ¥ ¥HF distance.[6] Despite the
difference in the absolute values (JFH being larger by several
orders of magnitude), the JCH couplings calculated here show
the same qualitative behavior.


Intermolecular coupling for other nuclei and systems : As
mentioned earlier, 1H,1H couplings (�0.1 Hz) are generally
much smaller than 1H,13C. In order to clarify their relative
magnitude, we have to compare the reduced coupling
constants


KMN�
JMN


h


2�


�M


2�


�N


which are independent of the magnetogyric ratios. Thus, a JHH


of 0.1 Hz corresponds to K1H,1H� 0.0083� 1019 T2 J�1, whereas
assuming a JCH value of 0.3 Hz, as in the aryl ester 7, one
obtains K13C,1H� 0.10� 1019 T2 J�1; this illustrates the intrinsi-
cally stronger coupling in the latter case. Further comparisons
can be made with He ¥ ¥ ¥He[21a] yielding K3He,3He� 0.19�
1019 T2 J�1, and with HF ¥ ¥ ¥CH4,[21b] for which K1H,19F is about
0.4� 1019 T2 J�1, depending on the hydrogen considered.
Hence, although there are individual variations, all reduced
couplings fall within a similar range.


Hence, these weak couplings appear to be ubiquitous, since
all current theoretical models predict a non-negligible mag-
nitude for virtually every intermolecular arrangement, even
those leading to extremely weak interactions (e.g. He ¥ ¥ ¥He).
However, interestingly, no couplings are predicted for a non-
interacting system like the planar ethylene dimer 2b, and we
also recall the angular dependence noted before. Other than
this, there seems to be little if any indication that the existence
of such couplings can be related per se to the strength of such
™bonding∫.[21a] We note in passing that test calculations on
molecules substituted in ways that are expected to entail a
stronger interaction (e.g. 1,3,5-trihydroxybenzene; data not
reported) actually yield the same or even smaller couplings.
These preliminary results point out that such substitutions do
affect MO×s in the � system, but have no effect on those that
actually transmit the coupling, which are of � symmetry.[27]


This is somewhat analogous (with all due caveats) to hydrogen
bonding, in which the symmetry of the occupied MO×s
connecting donor and acceptor could be related to the
structural dependence of 15N-H ¥ ¥ ¥O�13C coupling con-
stants.[15]


We can then endorse Pecul×s concept that through-space
couplings are ™a much more common phenomenon than
previously thought∫.[21a] However, owing to their nonspecific
nature, their usefulness will be restricted to probing the
spacial proximity of specific atoms, rather than the energetics
of such interactions.


CH/� complexes : Intermolecular JCH couplings in 5 range
between 0.09 and 0.19 Hz, depending on the carbon atom of
the benzene ring, as the structure is not perfectly symmetric.
Since there is no covalent bond between host and guest, the
non-negligible JCH coupling we calculate must occur through
space. However, we note that its measurement may be
severely hampered by the mobile arrangement of the methyl
group inside the cavity, which also depends on the temper-
ature.


The analogous results for 6 are again fully consistent with
the data obtained for the corresponding model dimer 4b, JCH


being between 0.13 and 0.22 Hz. We note that the number of
covalent bonds separating the atoms involved in the coupling
is large, namely 7 for JC1-H1 and up to 10 for JC4-H1, and that the
larger couplings are those involving atoms separated by the
highest number of bonds; therefore the coupling must occur
through space as in 5. Moreover, couplings with the other
carbon atoms in the chain (C7 and C8) are as small as �0.03
and 0.11 Hz, respectively. Therefore, the spin ± spin couplings
with the carbon atoms of the benzene ring are significantly
higher than would be expected if only the number of bonds
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separating the two interacting atoms were considered. Once
again, however, one may expect great difficulties in the
experimental verification, since a relatively strong temper-
ature dependence of the chemical shift of H1 was observed
and interpreted by assuming a fast conformational equilibri-
um with a species less sterically congested than structure 6.
Therefore, only at low temperature is conformer 6 expected to
be the sole species present in solution.[46]


For 7, as expected, intermolecular coupling is also signifi-
cant, with JC1-H1� 0.30 Hz. The almost negligible value of JC4-


H1, despite the fact that C4 also belongs to the � system, can be
attributed to their larger separation (3.54 ä). Almost negli-
gible JCH couplings, between �0.01 and 0.03 Hz, are also
obtained between H1 and C7 ± C10, even though there are
fewer connecting bonds. This effect is highlighted in Figure 8:
for the folded conformer, the couplings rapidly fall to
negligible values after a few bonds, then rise up to a few
tenths of hertz for the carbon atoms of the benzene ring facing
the C�H bond. In contrast, for the extended conformer,
where the C�H bond and the benzene ring are very far apart,
the JCH coupling with C1 ± C6 vanishes. Again, this clearly
demonstrates that a through-space mechanism is operating.


We stress again that the CH/� interaction does not play any
particular role other than stabilizing a structure in which a
C�H bond is relatively close to a � system. This is evident
from our last example, in which the coupling is only relatively
large with the carbon atoms of the phenyl ring, which are close
enough to the C�H bond. Therefore, through-space spin ±
spin coupling is not, in principle, a peculiar property of CH/
� systems only, although it may be easier to observe in these
compounds.


Conclusion


We have investigated through-space spin ± spin couplings in
van der Waals dimers as models of molecules favorably
arranged to exhibit the CH/� interaction. For the model
systems, several computational methods, both ab initio and
DFT, have been compared. All the results are rather similar
considering the relatively small values involved; while 1H,1H
couplings are generally very small or negligible, larger values
(up to 0.2 ± 0.3 Hz) are predicted for 1H,13C.


In these compounds, DFT predicts coupling constants fully
consistent with the results of the model systems. However, it
has to be emphasized that typical van der Waals dimers such
as 1 ± 4 offer little if any prospect of an experimental
validation. The situation appears to be much more favorable
in the case of inclusion compounds like 5 and, especially, of
conformationally restricted species, such as 6 and 7. In these
cases, in fact, it might be possible to observe such intermo-
lecular couplings provided that the lifetime of the complex is
long on the NMR timescale.


Acknowledgement


We thank V. G. Malkin and O. L. Malkina for providing us with the deMon-
NMR program. Part of this work was carried out through a generous grant
of computer time on an SGI Origin 3800 at the CINECA supercomputer
center.


[1] See: G. Gemmecker, Angew. Chem. 2000, 112, 1276; Angew. Chem.
Int. Ed. 2000, 39, 1224, and references therein for a brief summary of
this field up to 1999.


[2] F. Lˆhr, S. G. Mayhew, H. R¸terjans, J. Am. Chem. Soc. 2000, 122,
9289.


[3] A. Liu, A. Majumdar, W. Hu, A. Kettani, E. Skripkin, D. J. Patel, J.
Am. Chem. Soc. 2000, 122, 3206.


[4] M. Mishima, M. Hatanaka, S. Yokoyama, T. Ikegami, M. W‰lchli, Y.
Ito, M. Shirakawa, J. Am. Chem. Soc. 2000, 122, 5883.


[5] J. E. Del Bene, S. A. Perera, R. J. Bartlett, I. Alkorta, J. Elguero, J.
Phys. Chem. A 2000, 104, 7165.


[6] I. G. Shenderovich, S. N. Smirnov, G. S. Denisov, V. A. Gindin, N. S.
Golubev, A. Dunger, R. Reibke, S. Kirpekar, O. L. Malkina, H. H.
Limbach, Ber. Bunsen-Ges. Phys. Chem. 1998, 102, 422.


[7] M. Pecul, J. Sadlej, Chem. Phys. Lett. 1999, 308, 486.
[8] A. J. Dingley, J. E. Masse, R. D. Peterson, M. Barfield, J. Feigon, S.


Grzesiek, J. Am. Chem. Soc. 1999, 121, 6019.
[9] M. Barfield, A. J. Dingley, J. Feigon, S. Grzesiek, J. Am. Chem. Soc.


2001, 123, 4014.
[10] C. Scheurer, R. Br¸schweiler, J. Am. Chem. Soc. 1999, 121, 8661.
[11] J. E. Del Bene, S. A. Perera, R. J. Bartlett, J. Phys. Chem. A 1999, 103,


8121.
[12] J. E. Del Bene, S. A. Perera, R. J. Bartlett, J. Am. Chem. Soc. 1999,


121, 3560.
[13] J. E. Del Bene, M. J. T.Jordan, J. Am. Chem. Soc. 2000, 122, 4794.
[14] a) M. Pecul, J. Leszczynski, J. Sadlej, J. Phys. Chem.A 2000, 104, 8105;


b) M. Pecul, J. Leszczynski, J. Sadlej, J. Chem. Phys. 2000, 112, 7930.
[15] A. Bagno, Chem. Eur. J. 2000, 6, 2925.
[16] a) J. J. Dannenberg, L. Haskamp, A. Matsunov, J. Phys. Chem.A 1999,


103, 7083; b) A. Matsunov, J. J. Dannenberg, R. H. Contreras, J. Phys.
Chem. A 2001, 105, 4737.


[17] W. D. Arnold, E. Oldfield, J. Am. Chem. Soc. 2000, 122, 12835.
[18] a) S. Jaime-Figueroa, L. J. Kurz, Y. Liu, R. Cruz, Spectrochim. Acta


2000, 56A, 1167; b) W. Adcock, M. Bullpitt, W. Kitching, J.Org.Chem.
1977, 42, 2411; c) G. W. Gribble, D. J. Keavy, E. R. Olson, I. D. Rae, A.
Staffa, T. H. Herr, M. B. Ferraro, R. H. Contreras, Magn. Reson.
Chem. 1991, 29, 422; d) F. B. Mallory, C. W. Mallory, K. E. Butler,
M. B. Lewis, A. Q. Xia, E. D. Luzik, Jr., L. E. Fredenburgh, M. M.
Ramanjulu, Q. N. Van, M. M. Francl, D. A. Freed, C. C. Wray, C.
Hann, M. Nerz-Stormes, P. J. Carroll, L. E. Chirlian, J.Am.Chem. Soc.
2000, 122, 4108.


[19] W. D. Arnold, J. Mao, H. Sun, E. Oldfield, J. Am. Chem. Soc. 2000,
122, 12164.


[20] F. R. Salsbury, R. A. Harris, Mol. Phys. 1998, 94, 307.
[21] a) M. Pecul, J. Chem. Phys. 2000, 113, 10835; b) M. Pecul, J. Sadlej, J.


Leszczynski, J. Chem. Phys. 2001, 115, 5498.
[22] a) M. Luhmer, B. M. Goodson, Y.-Q. Song, D. D. Laws, L. G. Kaiser,


M. C. Cyrier, A. Pines, J.Am. Chem. Soc. 1999, 121, 3502; b) T. Brotin,
T. Devic, A. Lesage, L. Emsley, A. Collet, Chem. Eur. J. 2001, 7, 1561.


[23] M. Nishio, M. Hirota, Y. Umezawa, The CH/� Interaction, Evidence,
Nature and Consequences, Wiley-VCH, New York, 1998.


[24] H. Takahashi, S. Tsuboyama, Y. Umezawa, K. Honda, M. Nishio,
Tetrahedron 2000, 56, 6185.


[25] F. H. Allen, J. E. Davies, J. J. Galloy, O. Johnson, O. Kennard, C. F.
McRae, E. M. Mitchell, G. F. Mitchell, J. M. Smith, D. J. Watson, J.
Chem. Inf. Comput. Sci. 1991, 31, 187.


[26] O. W. Howarth, J. Nelson, V. McKee, Chem. Commun. 2000, 21.
[27] A. Bagno, G. Saielli, G. Scorrano, Angew. Chem. 2001, 113, 2600;


Angew. Chem. Int. Ed. 2001, 41, 2532.
[28] Gaussian 98 (Revision A.7), M. J. Frisch, G. W. Trucks, H. B. Schlegel,


G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo,
S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K.
Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B.
Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C.
Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson, W. Chen,
M. W. Wong, J. L. Andres, M. Head-Gordon, E. S. Replogle, J. A.
Pople, Gaussian, Inc., Pittsburgh PA, 1998.







FULL PAPER A. Bagno et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2056 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 92056


[29] S. F. Boys, F. Bernardi, Mol. Phys. 1970, 19, 553.
[30] S. Tsuzuki, T. Uchimaru, M. Mikami, K. Tanabe, Chem. Phys. Lett.


1996, 252, 206.
[31] S. Tsuzuki, K. Tanabe, J. Phys. Chem. 1991, 95, 2272.
[32] T. H. Dunning, J. Chem. Phys. 1987, 98, 1007.
[33] a) T. Enevoldsen, J. Oddershede, S. P. A. Sauer, Theor. Chem. Acc.


1998, 100, 275; b) P. F. Provasi, G. A. Aucar, S. P. A. Sauer, J. Chem.
Phys. 2000, 112, 6201; c) P. F. Provasi, G. A. Aucar, S. P. A. Sauer, J.
Chem. Phys. 2001, 115, 1324.


[34] T. Helgaker, H. J. Aa. Jensen, P. J˘rgensen, J. Olsen, K. Ruud, H.
ägren, A. A. Auer, K. L. Bak, V. Bakken, O. Christiansen, S. Coriani,
P. Dahle, E. K. Dalskov, T. Enevoldsen, B. Fernandez, C. H‰ttig, K.
Hald, A. Halkier, H. Heiberg, H. Hettema, D. Jonsson, S. Kirpekar, R.
Kobayashi, H. Koch, K. V. Mikkelsen, P. Norman, M. J. Packer, T. B.
Pedersen, T. A. Ruden, A. Sanchez, T. Saue, S. P. A. Sauer, B.
Schimmelpfennig, K. O. Sylvester-Hvid, P. R. Taylor, O. Vahtras,
Dalton, a molecular electronic structure program, Release 1.2, 2001.


[35] a) D. R. Salahub, R. Fournier, P. Mlynarski, I. Papai, A. St-Amant, J.
Ushio in Density Functional Methods in Chemistry (Eds.: J. Laba-
nowski, J. Andzelm), Springer, New York, 1991; b) A. St-Amant,
D. R. Salahub, Chem. Phys. Lett. 1990, 169, 387; c) V. G. Malkin, O. L.
Malkina, M. Casida, D. R. Salahub, J.Am. Chem. Soc. 1994, 116, 5898;
d) V. G. Malkin, O. L. Malkina, L. A. Eriksson, D. R. Salahub in


Modern Density Functional Theory : A Tool for Chemistry, Vol. 2
(Eds.: J. M. Seminario, P. Politzer), Elsevier, Amsterdam, 1995 ;
e) V. G. Malkin, O. L. Malkina, D. R. Salahub, Chem. Phys. Lett.
1994, 221, 91; f) O. L. Malkina, D. R. Salahub, V. G. Malkin, J. Chem.
Phys. 1996, 105, 8793.


[36] S. H. Vosko, L. Wilk, M. Nusair, Can. J. Phys. 1980, 58, 1200.
[37] J. P. Perdew, Y. Wang, Phys. Rev. B 1986, 33, 8800.
[38] J. P. Perdew, Phys. Rev. B 1986, 33, 8822.
[39] W. Kutzelnigg, U. Fleischer, M. Schindler, NMR-Basic Pinciples and


Progress, Vol. 23, Springer, Berlin, 1990.
[40] T. Helgaker, M. Jaszunski, K. Ruud, Chem. Rev. 1999, 99, 293.
[41] A. Bagno, Chem. Eur. J. 2001, 7, 1652.
[42] Handbook of Chemistry and Physics, 69th ed., CRC Press, Boca


Raton, 1988 ± 1989.
[43] R. L. Jaffe, G. D. Smith, J. Chem. Phys. 1996, 105, 2780.
[44] W. Xu, R. J. Puddephatt, L. Manojlovic-Muir, K. W. Muir, C. S.


Frampton, J. Incl. Phenom. 1994, 19, 277.
[45] T. A. Hamor, W. B. Jennings, L. D. Proctor, M. S. Tolley, D. R. Boyd,


T. Mullan, J. Chem. Soc. Perkin Trans. 2 1990, 25.
[46] S. Paliwal, S. Geib, C. S. Wilcox, J. Am. Chem. Soc. 1994, 116, 4497.


Received: November 5, 2001 [F3660]








Reactions of Group 8, 9, and 10 Monocations (Fe�, Co�, Ni�, Ru�, Rh�, Pd�,
Os�, Ir�, Pt�) with Phosphane in the Gas Phase


Ulf Mazurek and Helmut Schwarz*[a]


Dedicated to Professor Gottfried Huttner on the occasion of his 65th birthday


Abstract: The reactions of Group 8, 9
and 10 monocations with phosphane
were studied under single-collision con-
ditions in a Fourier transform ion cyclo-
tron resonance (FT-ICR) mass spec-
trometer. Fe� is completely unreactive,
Co� reacts slowly and shows both adduct
formation and P�H bond activation, and
Ni� reacts slowly as well but shows
adduct formation only. In contrast to


their first-row congeners, the investigat-
ed second- and third-row transition
metal monocations show facile P�H
bond activations. Remarkably, extensive
dehydrogenations of the collision com-


plexes yield cations MPH�, MP2�,
MP3H�, MP4� and so on. Exceptional
behaviour is shown by the two d9 cations
palladium (whose ™dehydrogenation
power∫ is rather limited) and platinum
(which gives rise to a great manifold of
only partially dehydrogenated species as
well). Collision-induced dissociation ex-
periments suggest that P2 and PH units
are formed as ligands.


Keywords: bond activation ¥ dehy-
drogenation ¥ gas-phase reactions ¥
phosphane ¥ transition metals


Introduction


Over the last years, the reactions of phosphane (PH3) in the
gas phase have met increased attention. Reaction partners
were H atoms[1] and various cations, for example, Si�,[2] P�,[3]


PH�,[4] Cr�,[5] Fe�,[6] FeO�[6] and Pt�.[7] Further, the formation
of transition metal/phosphorus clusters from mixtures of red
phosphorus and metal powders has been investigated.[8]


PH1±3
�/0 species themselves have been investigated by ab


initio quantum-mechanical calculations.[9] Transition metal
monocations show a remarkably diverse reactivity towards
phosphane. Cr� yields small amounts of the condensation
product CrPH3


�, but is unreactive in the sense of P�H bond
activation.[5] Fe� is unreactive even in the sense of adduct
formation, while FeO� yields Fe�, FeOPH� and FeOH� in a
2:2:1 ratio.[6] Pt� is capable of multiple consecutive P�H bond
activation yielding PtPH�, PtP2�, PtP3H�, PtP4�, PtP5H�, and
PtP6�.[7] Due to this diversity, we became interested in a more
systematic study of the reactivity of transition metal mono-
cations towards phosphane, and, in this publication, we
present the results for Group 8, 9 and 10 elements. To the
best of our knowledge, a comprehensive investigation of the
gas-phase chemistry of phosphane with Co�, Ni�, Ru�, Rh�,
Pd�, Os� and Ir� has not been conducted before. However,


the data for Fe�[6] and Pt�[7] obtained previously by our group
are included in this publication for the purpose of complete-
ness. Furthermore, the Pt�/PH3 system has been reinvestigat-
ed in the study reported here.


Results and Discussion


Reactant and product neutral species : In general, detection of
neutral species is not possible in an FT-ICR mass spectrom-
eter. Consequently, neutral reactants and reaction products
have to be inferred from the character of the investigated
system. However, with the PH3 concentration by far exceed-
ing that of all other species present in the reaction cell, this
intrinsic problem is reduced to a great extent. For the neutral
reactants, all species except phosphane can safely be dis-
regarded because only PH3 was constantly leaked-in and, thus,
was present in the reaction cell in substantial amounts, while
all other neutral species (generated from the reactions) can
safely be assumed to be removed constantly from the reaction
cell by pumping. In terms of formal kinetics, only the PH3


concentration was so high relative to that of the ions that all
reactions can be described to be of pseudo-zeroth order in
PH3, whereas the concentrations of the neutral species
generated in the ion-molecule reactions at most reaches the
order of the low ions× concentrations.
The composition of neutral reaction products proposed


here was based on the difference between reactant and
product ion compositions and formal addition of one mole-
cule of phosphane. Based on thermochemical data,[10] the
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minimum-energy neutral spe-
cies was/were assumed to pos-
sess the composition as shown
in Table 1. The decision was
always unequivocal.


Terminology for rate con-
stants : As reported by Brˆn-
strup et al.,[7] the reactions of
platinum monocations with
phosphane yield dehydrogenated product ions. However,
there was no guarantee that the behaviour of other metal
cations would parallel that of platinum. In a desire to make
different reaction pathways as convenient to compare as
possible, the following convention was adopted: In the
reaction described by the rate constant kij�kl , the reactant
ion consisting of the metal cation, i phosphorus and j
hydrogen atoms yields the product ion consisting of the metal
cation, k phosphorus and l hydrogen atoms (for neutral
species involved, see above). This scheme is unequivocal and
clear for both kij�kl and kij�kl , and the corresponding
equilibrium constant Kij�kl .


Experimental results : While Fe� was found to be completely
unreactive towards phosphane,[6] both Co� and Ni� react with
phosphane. The respective reactions are slow, and for both
cations, the participation of C5 ±C8 hydrocarbons present in
the background of the mass spectrometer cannot be ruled out.
In fact, numerous signals originating from species MCmHn


�


(M�Co, Ni) were detected in the m/z range of 135 ± 215. To
diminish the hydrocarbons× influence in the kinetic and
mechanistic (double-resonance) studies, the Co�/PH3 and
Ni�/PH3 systems were investigated at comparatively high
phosphane pressures. Furthermore, kinetic analysis was based
on the appearance of the product ions rather than on the
consumption of the bare metal cations. However, the reaction
efficiencies reported in Table 2 (see below) should be
interpreted as upper limits rather than exact values.


Cobalt : The formation of CoPH3
�, CoP2�, CoP2H6


� and
CoP3H3


� were observed at a phosphane pressure of 1�
10�7 mbar. Double-resonance experiments revealed that
CoP2H6


� was not generated from CoPH3
� ; this made us


conclude that CoP2H6
� was generated via at least one


Co� ± hydrocarbon complex by phosphane addition and sub-
sequent hydrocarbon/phosphane ligand exchange. On the
other hand, CoPH� (barely observed in the kinetic measure-
ments) and CoP2H2


� (never detected in the kinetic measure-
ments) were found to act as direct precursors of CoP3H3


�,
which, in turn, was detected in the kinetic measurements.
CoP2� was found to be generated, in part, from CoP2H2


�.
Analysis of the double-resonance experiments leads to the
reaction scheme (1); note that species not observed in kinetic
measurements are given in parentheses.
Two more comments shall be made about reaction


scheme (1): 1) The reaction of Co� and background hydro-
carbons does not necessarily proceed as a one-step associa-
tion. Moreover, we focus the mere occurence of this reaction


rather than its acutal mechanism. A related argument applies
to the phosphane additions to the CoCmHn


� complexes and
the phosphane/CmHn


� exchange reactions. 2) For principle
reasons, the hydrocarbon-mediated generation of CoPH3


� via
the cations CoCmHn


� as shown in the reaction sequence (2)
cannot be ruled out.


In contrast, it is likely that the formation of CoPH3
�


proceeds via CoCmHn
� because the small (five-atom) system


CoPH3
�, when formed directly from Co� and PH3, is unlikely


to reach observable concentrations without releasing at least
part of the Co��PH3 bond energy by third-body interactions
or IR radiation. For the kinetic analysis, however, reactions in
sequence (2) were neglected due to their manifold, and the
generation of CoPH3


� was attributed to the formal reaction in
scheme (1), while the determination of the rate constant
reported here as k00�13 was solely based on the appearance of
CoPH3


�. If, however, the reaction Co� �k00�13
�PH3


CoPH3
� actually


occurs, the reported rate constant would constitute an upper
limit rather than an exact value. In order to be consistent, all
reactions involving background hydrocarbons were excluded
from the kinetic modelling, owing to the unknown partial
pressures and the actual contributions of the particular
hydrocarbons and their cobalt complexes to the product
formation. Rate constants for unimolecular dissociations,
namely k13�11 and k22�20, could not be determined owing to
the incompatible time scales of adduct formation or adduct
formation/partial dehydrogenation, respectively, and the loss
of molecular hydrogen.


Nickel : The formation of both NiPH3
� and NiP2H6


� was
observed at phosphane pressures of both 1� 10�8 and


Table 1. Neutral species originating from reactions of transition metal mono-
cations with phosphane.


Minimum-
energy
species


Other possibilities (relative energy �rHo
298)[a]


[H] H
[H2] H2 2H (104)
[P] P
[P,H] PH P�H (72)
[P,H2] PH2 P�H2 (42), PH�H (75), P�2H (146)
[P,H3] PH3 PH�H2 (55), PH2�H (84), PH�2H (159), P�3H (231)
[P,H4] PH2�H2 PH3�H (20), P�2H2 (42), PH�H2�H (75), PH2�2H (104)


P�H2�2H (146), PH�3H (180), P�4H (251)
[P2] P2 2P (117)


[a] All energies in kcalmol�1.
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9� 10�8 mbar. NiP3H9
� was not observed even at the latter


phosphane pressure and a reaction time of 128 s. While the
adduct formation appears to be straightforward, double-
resonance experiments revealed that 1) the species NiPH�,
which was never observed in kinetic measurements, seems to
be involved to a certain extent in the generation of both
NiPH3


� and NiP2H6
� with the actual mechanistic background


of the latter reaction pathway remaining unclear, and
2) NiP2H6


� is, if at all, only to a small extent being formed
from NiPH3


�. The latter observation parallels that for the
Co�/PH3 system. Consequently, background hydrocarbons
were assumed to play a role in the formation of at least
NiP2H6


�, and the rate constant k00�13 reported here was
determined on the basis of the reaction scheme (3) without
paying attention to K13�11, that is, the interconversion of
NiPH3


� and the non-observed NiPH�.


The determination of rate constants other than k00�13
seemed inappropriate owing to the unknown contributions
of the background hydrocarbons. With respect to these
hydrocarbons, the comments made about the Co�/PH3 system
(see above) apply to nickel as well. The rate constants
determined for the reactions of cobalt and nickel monocations
with phosphane are summarised in Table 2.


For second- and third-row Group 8, 9 and 10 transition
metal monocations, a differentiation between the major
reaction sequence, side reactions and adduct formation is
indicated. Except for Pd� (see below), the major reaction
sequence is given in scheme (4).


Note that this reaction sequence is not necessarily com-
pleted, that is, the combined phosphane addition/dehydrogen-
ation may stop at a certain product cation depending on the
metal centre. This reaction sequence involves maximum
dehydrogenation in each reaction step yielding MPmHn


�


species (n�mmod2, that is, n� 0 for even and n� 1 for
odd numbers of m, respectively; mod denotes the modulo
function), which henceforth are referred to as ™hydrogen-
poor species∫. Side reactions give rise to ™hydrogen-rich
species∫ MPmHn


� (n�mmod2). Except for platinum (see
below), these hydrogen-rich species did not reach significant
concentrations. Consequently, we explain their generation by
adduct formation followed by rather slow elimination of
molecular hydrogen as shown in expressions (5) and (6). As a


consequence, the distinction between ™major∫ and ™side∫
reactions may appear to be somehow artificial. However, this
distinction may still be indicated when a hydrogen-rich
intermediate is observed in a kinetic measurement. Towards
the end of a reaction sequence, H2 elimination may no longer
proceed, thus causing adduct formation only. Both rate
constants and reaction efficiencies are listed in Table 3.


Ruthenium : From Ru� through to RuP6�, the reaction
sequence is straightforward as in reaction sequence (4);
hydrogen-rich species are not observed. Besides supporting
the reaction mechanism, double-resonance experiments con-
ducted at a phosphane pressure of 1� 10�8 mbar suggest that
the metal centre is ligated by P2 and PH units. Ejection of
RuP2� from the analyser cell causes the signals of Ru� and
RuPH� to increase; also the ejection of RuP3H� from the
analyser cell leads to an increase of the signals for Ru�,
RuPH� and RuP2�. Similar observations were noted for the
other product ions shown in reaction sequence (4). As
discussed below in the Experimental Section, we explain
these observations as results of unavoidable collisions of the
accelerated ions and PH3 present in the reaction cell as shown
in expressions (7) ± (9).
At the stage of RuP6�, however, the character of the system


changes. First, RuP6� accumulates to account for 90% of the
total ion intensity. Second, numerous hydrogen-rich species
[see reaction scheme (10) for details] are observed beyond
RuP6�. Third, while it was possible to derive the rate constants
and reaction efficiencies listed in Table 3 from the intensity
evolution of the observed species Ru� to RuP5H� easily, this
no longer holds true for the generation and consumption of
RuP6�. By applying the model shown in scheme (4), one may
reproduce either generation or consumption of that species


but not both. From this observation
we conclude that some reorganisa-
tion of the ligands takes place at the
stage of RuP6�. Fourth, and backing
the ™reorganisation hypothesis∫,
double-resonance experiments of


Table 2. Reaction rates and efficiencies for the reactions of atomic Co�


and Ni� with phosphane.[a±c]


Rate constant Co� Ni�


k00�13 4.6� 10�13 9.6� 10�13
(0.035%) (0.074%)


k11�22 5.8� 10�11
(4.8%)


k13�11 n.d.[c] n.d.
k13�11 n.d.
k22�20 n.d.
k22�33 5.1� 10�10


(44%)


[a] Fe� was found to be completely unreactive towards PH3.[6] [b] Unless
otherwise noted, reaction rates are given in units of cm3molecules�1 s�1,
whereas reaction efficiences � (values given in parentheses) are given as
fractions of the experimentally observed rate constant and that according
to the capture theory,[19] �� kexp/kcap� 100%. [c] n.d.�not determined.
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RuPmHn
� species (m� 6 ± 9, n� 0 ± 9; phosphane pressure 1�


10�8 mbar, reaction time 192 s) do not give rise to fragment
ions with less than six phosphorus atoms. In contrast, ejection
of the just-mentioned cations
from the reaction cell caused
the RuP6� signal to increase.
From these observations, we
concluded that the phosphorus
atoms ligating the ruthenium
centre no longer form P2 units
as found for the less-ligated
species, that is, RuP2�,
RuP3H�, . . . (see discussion of
the double-resonance experi-
ments above). In contrast, it
appears that units of P2, PH and
PH3 are lost from the species
RuPmHn


� (m� 7 ± 9, n� 0 ± 9)
by unavoidable collision-in-


duced dissociation, while the RuP6�


core remains intact. Further, the
double-resonance experiments re-
veal that the species RuPmHn


�


(m� 7 ± 9, n� 0 ± 9) are in equilibria
with each other as summarised in
scheme (10). Species not observed in


the kinetic measurements are given in parentheses. Interest-
ingly, dehydrogenation predominates even for species
RuP8±9PHn


�, except RuP8PH6
�.


Table 3. Reaction rates and efficiencies for the reactions of second- and third-row Group 8, 9 and 10 monocations with phosphane.[a,b]


Rate constant Ru�[c] Rh� Pd�[d] Os�[e] Ir�[f] Pt�[g]


k00�11 3.6� 10�10 3.3� 10�10 8.8� 10�11 5.0� 10�10 5.6� 10�10 6.6� 10�10
(31%) (28%) (7.4%) (45%) (50%) (59%)


k11�20 7.4� 10�10 1.1� 10�9 1.9� 10�10 5.0� 10�10 6.6� 10�10 7.8� 10�10
(64%) (97%) (17%) (45%) (60%) (71%)


k11�22 4.7� 10�10 n.d.[b] 2.3� 10�11
(41%) (2.1%)


k20�31 3.8� 10�10 7.5� 10�10 6.0� 10�10 7.4� 10�10 4.1� 10�10
(34%) (67%) (55%) (68%) (37%)


k22�20 n.d.
k31�40 7.6� 10�10 5.0� 10�10 7.0� 10�10 6.6� 10�10 6.9� 10�10


(68%) (45%) (65%) (60%) (63%)
k31�42 n.d.
k40�51 5.7� 10�10 6.1� 10�11 7.8� 10�10 6.7� 10�10 1.3� 10�10


(51%) (5.5%) (72%) (62%) (12%)
k40�53 1.1� 10�11 2.4� 10�11


(0.97%) (2.3%)
k42�40 n.d.
k51�60 4.7� 10�10 3.3� 10�10 2.8� 10�10 3.5� 10�10 4.3� 10�10


(43%) (30%) (26%) (32%) (40%)
k53�51 6.9� 10�8 s�1 3.4� 10�3 s�1
k60�71 n.d. 1.9� 10�12 3.3� 10�11[h]


(0.18%) (3.1%)
k60�73 4.6� 10�11 2.1� 10�11 4.7� 10�11 n.d. 6.7� 10�12


(4.2%) (1.9%) (4.4%) (0.63%)
k71�84 n.d. n.d.
k73�71 n.d. 0.26 s�1 n.d.
k73�86 n.d. 2.1� 10�11 n.d. n.d.


(2.0%)


[a] Unless otherwise noted, reaction rates are given in units of cm3molecules�1 s�1, whereas reaction efficiences � (values given in parentheses) are given as
fractions of the experimentally observed rate constant and that according to the capture theory,[19] �� kexp/kcap� 100%. [b] n.d.�not determined, see text.
[c] For additional reactions observed for the RuPmHn


� system, see scheme (10) and text. [d] For additional reactions observed for the Pd�/PH3 system, see
Table 4. [e] For additional reactions observed for the Os�/PH3 system, see Table 5. [f] For additional reactions observed for the Ir�/PH3 system, see
scheme (16) and text. [g] For additional reactions observed for the Pt�/PH3 system, see Table 7. [h] Base on the consumption of IrP6� only, that is, the sum of
k60�71 and k60�73, while ignoring the rise of IrP7H� and IrP7H3


� ; see text.
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Rhodium : The reaction sequence for rhodium follows that
given in scheme (4) from Rh� through to RhP4�. Species
reaching concentrations just surmounting the noise level were
RhPH3


�, RhP2H2
�, RhP2H4


�, RhP3� and RhP3H3
�. Similar to


RuP6�, RhP4� accumulates to about 75% of the total ion
intensity and thus dominates the product spectrum at a certain
reaction time. Other similarities to the Ru�/PH3 system are:
1) The generation and consumption of RhP4� cannot be
modelled without assuming at least two isomers with different
reactivities towards PH3 and 2) beyond RhP4�, dehydrogen-
ation is no longer complete, and the concentration of RhP5H3


�


reaches a substantial level. During double-resonance experi-
ments at a reaction time of 32 s and a phosphane pressure of
1� 10�7 mbar, the only species observed were RhP5H3


�,
RhP6�, RhP7H3


� and RhP8H6
�. An additional kinetic study


(phosphane pressure 1.5� 10�8 mbar, max. reaction time
128 s) revealed the generation of RhP7H� in small amounts,
while it could not confirm the generation of RhPH3


�,
RhP2H2


�, RhP2H4
� and RhP3�. Consequently, these four


species and the small signal of RhP3H3
� were neglected in the


kinetic analysis.


Palladium : The reactions observed for palladium cannot be
described adequately by scheme (4). In contrast, the reaction
sequence (11) applies.


One might argue that the reaction
PdPH� ��k11�23


�PH3 � �H
PdP2H3


� is rather exceptional and unlikely


to occur owing to the generation of atomic hydrogen.
However, double-resonance experiments showed that
PdP2H3


� is a follow-up product of PdPH�, whereas no other
precursor to PdP2H3


� could be detected unequivocally.
Consequently, we assume its generation to proceed as shown
in sequence (11). On the other hand, the existence of two
additional reaction channels shown in scheme (12) could not
be proven beyond doubt by double-resonance experiments.


Kinetic analyses including these reaction pathways resulted
in rate constants (see Table 4) being at least two orders of
magnitude smaller than the ones reported in Table 3. In
addition, branching between the three reaction channels
shown in sequence (11) remained constant through the
formation of the final products. Consequently, these two
hypothetical reaction channels were disregarded in the kinetic
analysis.
In comparison to the other 4d and 5d metal cations studied


here, the ™dehydrogenation power∫ of Pd� is rather limited. In
addition, the Pd��P2 bond appears to be rather weak, as


indicated by the facile replacement of a P2 unit by a PH3


ligand as shown for the generation of PdPH3
� and PdP2H6


� in
sequence (11).


Osmium : The reaction sequence for osmium follows that
given in scheme (4) from Os� through to OsP6�. Similar to
RuP6�, some reorganisation of the OsP6� ion×s ligand sphere
appears to occur. While that ion accumulates to more than


70% of the total ion intensity
at a certain reaction time, the
temporal evolution of its con-
centration cannot be account-
ed for by a simple generation ±
consumption scheme. Beyond
OsP6�, dehydrogenation is no
longer complete. Although


both OsP7H� and OsP8� dominate the product ion spectrum,
OsP7H3


�, OsP8H2
� and OsP8H6


� were observed as well. For
ions containing nine phosphorus atoms, OsP9H3


� dominates
over OsP9H� and OsP9H5


�. Following the reaction scheme (4)
and the adduct formation pathway, we assume the formation
of the cations to proceed as shown in sequences (13) ± (15).


However, the rate constants for these formation reactions
were not determined due to the fact that the reaction products
were observed, at a phosphane pressure of 1� 10�8 mbar, only
at a reaction time of 128 s. Furthermore, possible intercon-
versions of the species OsP9Hn


� and the alternative formation
of OsP9H3


� (e.g., OsP8H2
� ��k82�93


�PH3 � �H2
OsP9H3


�) were not in-


vestigated. Species with more than nine phosphorus atoms
were not observed.
For OsP8�, we were interested in the ligand structure and


arrangement. While single P atoms can be excluded as ligands
based on the P�P bond dissociation energy of 117 kcalmol�1


Table 4. Reaction rates and efficiencies for the Pd�/PH3 system.[a±c]


k11�20 k20�13
1.9� 10�10 7.4� 10�10
(17%) (66%)


k00�11 k11�22 k22�33 k33�26
8.8� 10�11 4.7� 10�10 1.4� 10�10 2.3� 10�10
(7.4%) (41%) (12%) (20%)


k11�23
1.1� 10�10
(9.8%)


k13�22 k22�23
n.d. n.d.


[a] The arrangement follows that in scheme (11) whenever possible.
[b] Unless otherwise noted, reaction rates are given in units of
cm3molecules�1 s�1, whereas reaction efficiences � (values given in paren-
theses) are given as fractions of the experimentally observed rate constant
and that according to the capture theory,[19] �� kexp/kcap� 100%. [c] n.d.�
not determined, see text.
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(see Table 1), plausible ligand structures are: 1) P2 units,
2) one or more phosphorus chains as in red phosphorus and
3) P4 tetrahedra as in yellow phosphorus. To elucidate the
structure of OsP8�, it was subjected to a collision-induced
dissociation experiment. It turned out that OsP8� looses P2
units only. No loss of single phosphorus atoms or higher Pn
molecules (n� 2) from the OsP8� ion was observed. We
conclude that the Os� centre is ligated by P2 units only. If there
was an interaction between two or more P2 units, it would be
weak relative to the Os��P2 interaction. By analogy, we
assume PH units to be present in the cations OsPH�, OsP3H�


and so on.
PH4


� was generated in small amounts but could not be
traced back to a particular metal-containing precursor by
double-resonance experiments.
In addition to the species already addressed, ions not fitting


into the reaction scheme outlined in sequence (4), namely
OsH�, OsP�, OsP2H�, OsP3�, OsP4H�, OsP5� and OsP6H�,
were detected. With their total intensity not exceeding six per
cent of the total ion intensity, these ions constitute a minor
reaction channel. Remarkably, this minor reaction pathway
may be described as being ™shifted∫ with respect to the major
reaction channel by just one hydrogen atom. On other words,
inclusion of the reaction Os� ��k00�01


�PH3 � �PH2
OsH� into the kinetic


model allows for keeping the maximum dehydrogenation
paradigm. We think that the minor reaction channel may
originate from either electronically excited osmium mono-
cations or normal branching from electronic ground-state
osmium monocations. While the ions of interest were subject
to low signal-to-noise ratios, it was possible to obtain at least
qualitative estimates for their formation and consumption
rates. These rate constants and those of the major reaction
channel are in the same order of magnitude (see Table 5); this
makes us favour the ™normal branching∫ explanation.


Iridium : The reaction sequence for iridium follows that given
in scheme (4) from Ir� through to IrP6�. Similar to RuP6� and
OsP6�, the IrP6� ion reaches a maximum of about 70% of the
total ion intensity at a certain reaction time. However, in
contrast to RuP6� and OsP6�, the temporal evolution of IrP6�


could be adequately described by a simple generation ± con-


sumption scheme. Observed species not mentioned in se-
quence (4) were IrP2H2


� and IrP4H2
�. However, as these two


species did not occur in substantial concentrations nor did
they accumulate, we assume them to loose molecular hydro-
gen easily; thus, ™joining∫ the major reaction pathway. For
obvious reasons, it is not possible to obtain meaningful rate
constants for generation of the hydrogen-rich species IrP2H2


�


and IrP4H2
� and their decomposition to yield the correspond-


ing hydrogen-poor species IrP2� and IrP4�, respectively. A
branching ratio between the major reaction pathway


IrPH� ��k11�20


�PH3 � �2H2
IrP2� and its minor counterpart


IrPH� ��k11�22


�PH3 � �H2
IrP2H2


� ��k22�20


�2H2
IrP2� favouring the latter


one will increase both k11�22 and k22�20 as follows from
applying Bodenstein×s ™stationary concentration∫ principle
to the IrP2H2


� ion. A related argument applies to the
determination of the rate constants for the
IrP3H� ��k31�42


�PH3 � �H2
IrP4H2


� ��k42�40


�2H2
IrP4� subsystem of reac-


tions. Consequently, the species IrP2H2
� and IrP4H2


� were
disregarded in the kinetic analysis (see Table 3) altogether
with the reactions either producing or consuming them.
However, formation and consumption of the hydrogen-poor
species IrP2� and IrP4�, respectively, was included. As a
consequence, the rate constants k11�20 and k31�40 reported
here account for both the major and the minor reaction
pathways mentioned.
Beyond IrP6�, the character of the system changes: 1) both


hydrogen-poor (namely IrP7H� and IrP8�) and hydrogen-rich
species (namely IrP7H3


�, IrP8H2
�, IrP8H6


�, IrP9H3
� and


IrP9H5
�) were observed, 2) the temporal evolution of the


IrP7H� ion could not be modelled by a simple generation ±
consumption scheme except when allowing for a much faster
consumption of the IrP6� ion than experimentally observed.
When undertaking double-resonance experiments for the
observed species, we did not repeat the full-detailed double-
resonance study undertaken for the Ru�/PH3 system, but
instead adopt the above scheme by analogy. The reac-
tion sequence is summarized in scheme (16). Species
not observed in kinetic measurements are given in parenthe-
ses. Reaction channels not investigated are given in paren-
theses as well.


Table 5. Reaction rates and efficiencies for the Os�/PH3 system.[a,b]


Reaction
channel[c,d]


Rate constant


non-(4) k00�01 k01�10 k10�21 k21�30 k30�41 k41�50 k50�61
8.8� 10�12 4.0� 10�10 6.3� 10�10 9.4� 10�10 8.9� 10�10 7.4� 10�10 6.4� 10�10
(0.79%) (35%) (57%) (85%) (82%) (78%) (59%)


(4) k00�11 k11�20 k20�31 k31�40 k40�51 k51�60
5.0� 10�10 5.0� 10�10 6.0� 10�10 7.0� 10�10 7.8� 10�10 2.8� 10�10
(45%) (45%) (55%) (65%) (72%) (26%)


(5)/(6) k60�73 k71�82 k73�71 k73�86
4.7� 10�11 1.1� 10�10 0.26 s�1 n.d.[b]


(4.4%) (11%)
(5)/(6) k80�91 k80�93 k82�80 k82�93 k82�95


n.d. n.d. 0.057 s�1 n.d. n.d.


[a] Unless otherwise noted, reaction rates are given in units of cm3molecules�1 s�1, whereas reaction efficiences � (values given in parentheses) are given as
fractions of the experimentally observed rate constant and that according to the capture theory,[19] �� kexp/kcap� 100%. [b] n.d.�not determined, see text.
[c] The numbers correspond to the reaction sequences numbers given in the text. [d] For a distinction between the reaction channels ™non-(4)∫ and ™(4)∫, see
text.
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Due to 1) the fact that the temporal evolution of the IrP7H�


ion cannot be modelled by a simple generation ± consumption
scheme, 2) the manifold of possible reactions of the Ir�/PH3


system beyond IrP6� [see sequence (16)] and 3) in anticipation
of gain of little knowledge only the detailed kinetic modelling
of the Ir�/PH3 system beyond the consumption of IrP6� was
not undertaken. The rate constant k60�71 reported here is
actually the sum of k60�71 and much smaller k60�73. Upon its
determination, the sole focus was on the temporal develop-
ment of the IrP6� ion, whereas the rise of the product ions
IrP7H� and IrP7H3


� was not paid attention to. The essential
findings for the Ir�/PH3 system beyond IrP6� are that
1) dehydrogenation is no longer complete for IrPmHn


� ions
(m� 7), 2) nonetheless, maximum dehydrogenation occurs
and dominates the product spectrum up to IrP8�, 3) beyond
IrP8�, adduct formation is observed and 4) IrP7H� initially
dominates over IrP7H3


� by a ratio of up to 20:1, but is
consumed faster than IrP7H3


�. For species IrP8Hn
�, IrP8�


dominates over IrP8H2
� and the late-occuring IrP8H6


�. In
fact, IrP8� takes the lead from IrP6�, while the concentration
maximum of the IrP7H� ion falls short of those of all ions
mentioned in the major reaction sequence [sequence (4)],
except the non-observed IrP9H�.
Finally, IrP9H3


� dominates over
IrP9H5


�.


Platinum : Driven by the observation
of hydrogen-rich species MPmHn


�


(n�m mod2) for second- and third-
row transition metals, we reinvesti-
gated the Pt�/PH3 system and ob-
served a great manifold of products
and a variety of reactions that inter-
convert them. In the following, these
observations shall be presented in a
systematic way.
1) The results reported by Brˆn-


strup et al.[7] were confirmed in so far
as the ™maximum dehydrogenation∫
pathway [reaction scheme (17), ma-
jor pathway] dominates the reaction
sequence. In addition, the PtPH� ion
gives rise to hydrogen-rich species
(minor pathway). Furthermore, PH4


�


was found to reach 3 ± 4% of the total
ion concentration and to be generat-


ed from, at least in part, to the
species PtP3H�, PtP4H3


�,
PtP5H� and, probably, PtPH�.
2) For ions containing at


least four phosphorus atoms, a
great manifold of hydrogen-
rich species was observed. Dou-
ble-resonance experiments re-
vealed numerous interconver-
sion reactions as shown in se-
quences (18) ± (20). We would
like to point out that this diver-
sity of reactions observed for


species PtPmHn
� (m� 4) has no equivalent in the other M�/


PH3 systems investigated in this study. However, the variety of
both hydrogen-rich species and reactions interconverting
them does not tell us anything about their particular
significances. As a matter of fact, the ions constituting the
major reaction pathway shown in scheme (17) account for at
least 66% of the total ion intensity throughout the entire
reaction. Table 6 demonstrates the ions× significance in more
detail. As shown, ten ions account for at least 90% of the total
ion intensity, whereas thirteen ionic species account for at
least 95% of it. It should be noted that these thirteen ions
account for the total ion intensity at reaction times of 64, 128,
and 192 s. Thus, neglecting other ions (namely PtP2H3


� and
PtP3H3


�) on the basis of Table 6 would affect intermediates
and not final products. We will refer to this point later.
3) The interpretation of the double-resonance experi-


ments is not trivial. For example, ejection of PtP6� from
the reaction cell caused the signals of PtP6H3


� and PtP6H6
�


to decrease significantly. Similarily, ejection of PtP6H3
�


caused the signal of PtP6H6
� to decrease significantly. In


a straightforward manner, one might interpret this experi-
mental result as being caused by the reaction sequence
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PtP6� ��k60�63


�PH3 � �P
PtP6H3


� ��k63�66


�PH3 � �P
PtP6H6


�. However, this se-


quence would require loss of atomic phosphorus which is
unlikely to occur according to thermochemical data (Table 1).
Furthermore, such processes would contradict all previous
experiments undertaken in this study which showed, if at all,
only loss of molecular (P2) phosphorus from the metal centres.
Consequently, we explain the above-mentioned experimental
findings by other reaction pathways as shown in expres-
sions (21) ± (23). One might argue that the loss of atomic
hydrogen in the reaction PtP5H3


� ��k55�63


�PH3 � �H2 �H
PtP6H3


� is as


unlikely as the loss of atomic phosphorus. However, we think
that the formation of a P2 unit ligating the platinum centre
combined with ™boiling off∫ H2 and H from PH units and/or


PH3 is favoured on both energetic (Table 1) and entropic
grounds. In addition, the proposed reactions, for example,


PtP7H3
� ��k73�66


�PH3 � �P2
PtP6H6


�, allow for maintaining a PtP4�


core with either two P2 units or one P4 unit being bound to
the metal centre.
4) The P2/PH3 ligand exchange is remarkable. With the


exception of the other d9 cation Pd�, this type of reaction has
not been observed in our study.
5) The frequent switching between ™open-shell∫ species


PtPmHn
� (odd (m � n)) and their ™closed-shell∫ counterparts


(even (m � n)) is unique among the M�/PH3 systems
investigated in this study.
For a kinetic analysis, the reaction schemes (17) ± (20) pose


the problem of maldetermina-
tion of certain rate constants.
For example, PtP4H3


� is formed
in three reactions and con-
sumed in two, which are, in
turn, interconnected by other
reactions. Consequently, an ap-
parently good fit of the ob-


served species× temporal evolution can be obtained irrespec-
tive of the rate constants× true significance.
For a simplification of reaction schemes (17) ± (20), we


proceeded as follows. 1) The most important reaction channel
[scheme (17), major pathway] was kept. 2) The reaction
channel PtP3H� ��k31�30


�PH3 � �PH2 �H2
PtP3� ��k30�43


�PH3
PtP4H3


� was ne-


glected, because PtP3� was not observed in the kinetic
studies and, furthermore, the transformation
PtP3H� ��k31�30


�PH3 � �PH2 �H2
PtP3� would be the only one of this type


in the entire reaction scheme. As a consequence, the ™hydro-
gen-rich∫ reaction channel [scheme (17), minor pathway] had
to be kept to account for the formation of PtP4H3


�. The formal
P-atom addition reaction PtP3H3


� ��k33�43


�PH3 � �H2 �H
PtP4H3


� occur-


ing in this reaction channel is paralleled by similar reactions of
PtP5H3


� and PtP5H6
�. 3) The hydrogen addition reaction


PtP5H� ��k51�53


�PH3 � �PH
PtP5H3


� was neglected based on its rather


small influence established by the double-resonance ex-
periments. For the same reason, the reactions
PtP5H6


� ��k56�53


�PH3 � �PH2 �2H2
PtP5H3


�, PtP6H6
� ��k53�66


�PH3
PtP5H3


�


and PtP6H6
� ��k66�63


�PH3 � �PH2 �2H2
PtP6H3


� were neglected. The rate


constants for these reactions are marked as ™not determined∫
in Table 7. 4) All other reactions were included in the kinetic
model. This model involves fifteen species, eighteen simple
and two equilibrium reactions and is shown below in
expressions (24) ± (28). In order to ease comparison with the
nonsimplified reaction scheme [expressions (17) ± (20)], we
keep the arrangement of the species× formulae. While still
containing a wide variety of conversion reactions, the
simplified model constitutes a compromise between simplicity
and full coverage of the investigated system.
By applying this reaction scheme, the temporal evolution of


almost all species considered can be reproduced well by


Table 6. Ion concentrations for the Pt�/PH3 system.[a±c]


Line Ions Reaction time [s]
0 1 2 3 4 6 8 16 24 32 64 128 192


1 Pt� 100 80 63 50 42 26 18 2 0 0 0 0 0
2 scheme (4), major pathway 100 100 100 100 97 98 97 89 85 82 71 70 66
3 line 2�PH4


� 100 100 100 100 100 100 98 93 89 86 75 73 69
4 line 3�Pt5H3


� 100 100 100 100 100 100 98 93 92 94 89 87 83
5 line 4�Pt6H6


� 100 100 100 100 100 100 98 93 92 94 90 91 89
6 line 5�Pt4H3


� 100 100 100 100 100 100 98 95 96 98 96 95 92
7 line 6�Pt5H6


� 100 100 100 100 100 100 98 95 96 98 97 97 97
8 line 7�Pt6H3


� 100 100 100 100 100 100 98 95 96 98 100 100 100
9 line 8�Pt2H2


� 100 100 100 100 100 100 100 96 96 98 100 100 100
10 line 9�Pt3H3


� 100 100 100 100 100 100 100 98 97 98 100 100 100
11 line 10�Pt4H2


� 100 100 100 100 100 100 100 100 100 100 100 100 100


[a] Phosphane pressure: 1.0� 10�8 mbar, maximum reaction time: 192 s. [b] All data normalised to �(ion concentration)� 100. [c] For a reaction time of 0 s,
only Pt� was observed.
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22 elementary reactions and their respective rate constants.
While the only significant deviation between the experimental
and the modelled data occurs for PtP7H3


�, whose formation is
too fast initially, we would like to point out that the agreement
with the rate constants reported in ref. [7] is good to excellent.
This proves, in our opinion, the dominance of the major
reaction pathway, whose reaction rate constants can be said to
be exact within the experimental error. On the other hand, the
rate constants for the reations (25) ± (28) should be taken as
reasonable estimates rather than exact values due to the
uncertainty introduced by the complex reaction scheme.


Conclusion


In this study, we have investigated the reactions of the
Group 8, 9, and 10 transition metal monocations with
phosphane. First-row transition metal monocations are not
very reactive towards PH3 with background-mediated adduct
formation being the predominant chemical reaction. In
contrast, second- and third-row transition metal monocations
are fairly reactive towards phosphane. With the exception of


palladium whose reaction ter-
mini are PdPH3


�, PdP2H6
� and


PdP2H3
�, all other ions (Ru�,


Rh�, Os�, Ir� and Pt�) follow
the ™maximum dehydrogena-
tion∫ pathway yielding MPH�,
MP2�, MP3H�, MP4�, MP5H�


and MP6� as major product
ions. According to collision-in-
duced dissociation experiments,
P2 and PH units are preferably
formed as ligands. At the stage
of MP6� (M�Ru, Rh, Ir, Pt) or
MP7H� (M�Os), the character
of the system changes: 1) the


temporal evolution of the cation just mentioned cannot be
modelled by simple generation ± consumption schemes, 2) fur-
ther reactions with PH3 do not necessarily form maximally
dehydrogenated species and 3) numerous hydrogen-exchange
equilibrium reactions between the product ions and PH3 are
observed. For the d9 cations of Pd� and Pt�, a remarkable
weakness of the M��P2 bond is noted.


Experimental Section


Phosphane (Praxair, ™electronic grade∫ 99.995%) and argon (Praxair,
99.996%) were obtained commercially and used without further purifica-
tion.


All experiments were performed with a Bruker Spectrospin CMS-47X
Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer,
whose setup and operation have been described previously.[11, 12] In brief,
atomic monocations M� (M�Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt) were
generated from targets of the respective pure metal by laser desorption/
laser ionization[13, 14] in the external ion source of the spectrometer by using
a Nd:YAG laser (Spectron Systems; �max� 1064 nm). The metal ions were
extracted from the source and transferred to the analyser cell by a system of
electrostatic potentials. Next, the most abundant isotope (56Fe, 58Ni, 102Ru,
106Pd, 192Os, 193Ir, 195Pt; 59Co and 103Rh are isotopically pure elements) was


Table 7. Reaction rates and efficiencies for the Pt�/PH3 system.[a,b]


(Formal) reaction Rate constant


(4) k00�11 k11�20 k20�31 k31�40 k40�51 k51�60
ref. [7] 6.0� 10�10 7.5� 10�10 3.3� 10�10 5.5� 10�10 1.2� 10�10 4.0� 10�10


6.6� 10�10 7.8� 10�10 4.1� 10�10 6.9� 10�10 1.3� 10�10 4.3� 10�10
(59%) (71%) (37%) (63%) (12%) (40%)
k60�73 k60�73
6.7� 10�12 n.r.[d,e]


(0.63%)
PH3 addn./loss k30�43 k40�53 k43�56 k43�56 k53�66 k53�66


n.d.[c] 2.4� 10�11 n.r. 8.9� 10�4 s�1 8.8� 10�12 n.d.
(2.3%) (0.82%)


Hn addn./loss k31�30 k51�53 k53�51 k56�53 k63�60 k66�63
n.d. n.d. 3.4� 10�3 s�1 n.d. n.r. n.d.


P2/PH3 exch. k60�53 k56�63 k66�73
8.5� 10�12 4.9� 10�11 n.d.
(0.79%) (4.5%)


P addn. k33�43 k43�53 k53�63 k56�66
6.9� 10�10 n.r. 1.6� 10�11 5.1� 10�12
(64%) (1.5%) (0.47%)


[a] Unless otherwise noted, all data are taken from this work. [b] Unless otherwise noted, reaction rates are given in units of cm3molecules�1 s�1, whereas
reaction efficiences � (values given in parentheses) are given as fractions of the experimentally observed rate constant and that according to the capture
theory,[19] ��kexp/kcap� 100%. [c] n.d.� not determined, see text. [d] n.r.� no reactivity indicating a reaction efficiency �� 0.01%. [e] The modelling
program[18] returned a rate constant of zero.
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mass-selected using FERETS,[15] a computer-controlled ion-ejection pro-
tocol that combines frequency sweeps and single-frequency pulses to
optimise resonant excitation and ejection of all unwanted ions. After mass
selection, the metal ions were allowed to thermalise by multiple collisions
with pulsed-in argon. Whereas the normal background pressure was about
(2 ± 3)� 10�9 mbar (1 mbar� 102 Pa) in the analyser cell of our spectrom-
eter, the argon pressure was allowed to reach 10�5 ± 10�4 mbar. According
to the purely exponential decay of their concentrations in the kinetic
studies, the metal cations were assumed to be completely thermalised.
Phosphane was admitted to the cell through a leak valve at a constant
pressure measured by a calibrated BALZERS IMG 070 ion gauge.[16]


Unless otherwise mentioned, the phosphane pressure was (1 ± 9)�
10�8 mbar.


The elemental compositions of ions were established by high-resolution
mass spectrometry in combination with the signal-matching capability of
the spectrometer-controlling ASPECT 3000 microcomputer.


Reaction mechanisms were derived from kinetic arguments and comple-
mentary double-resonance experiments.[17] In a double-resonance experi-
ment, a particular ion is ejected from the analyser cell by resonant
excitation for a certain amount of time. The resulting spectrum is compared
to a reference spectrum obtained by ™ejecting∫ a hypothetical ion (for
example,m/z� 200) for the same amount of time. Disappearance of an ion
indicates that it is formed, directly or indirectly, from the ejected ion. Rate
constants were determined by using a computer program that determines
rate constants of consecutive and parallel reactions based on a flexible
kinetic model and experimentally observed ion intensities.[18] The reported
rate constants are given as fractions of the measured bimolecular rate
constants and the gas kinetic collision rates according to the capture
theory.[19] The parameters used for phosphane were: dipole moment
0.574 D,[20] polarisability 4.84� 10�24 cm3,[20] relative ion gauge sensitivity
1.8 (estimated according to ref. [21]). The absolute error of the rate
constants is in the range of�30%, while the ratios of the rate constants are
more precise (�10%).[16] The metal monocation/phosphane reaction
sequences were assumed to be complete when no changes of the product
ion ratios were observed at long reaction times.


To elucidate the connectivity of ionic species, collision-induced dissociation
(CID) experiments[22] were undertaken. In a CID experiment, the ion of
interest is subjected to a pressure of typically (1 ± 4)� 10�8 mbar of a
nonreacting gas (typically argon) after having been kinetically activated by
a low-energy radio-frequency pulse. Eventual fragmentation reveals
information about the ion×s connectivity; to a certain extent, the respective
bond strengths can be assessed frommonitoring the fragments as a function
of the energy of the radio-frequency excitation pulse.


By chance, a double-resonance experiment may come close to a CID
experiment (see above). If, for example, a ligated metal ion is accelerated in
order to be ejected from the cell, it may collide with reactant gas molecules
at levels of energy exceeding RTand undergo collision-induced ligand loss.
As a consequence, the corresponding fragments and/or their follow-up
reaction products may gain intensity in double-resonance experiments.
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Isolation of an Oxomanganese(�) Porphyrin Intermediate in the Reaction of a
Manganese(���) Porphyrin Complex and H2O2 in Aqueous Solution


Wonwoo Nam,*[a] Inwoo Kim,[a] Mi Hee Lim,[a] Hye Jin Choi,[a] Je Seung Lee,[b] and
Ho G. Jang[b]


Abstract: The reaction of [Mn-
(TF4TMAP)](CF3SO3)5 (TF4TMAP�
meso-tetrakis(2,3,5,6-tetrafluoro-N,N,N-
trimethyl-4-aniliniumyl)porphinato di-
anion) with H2O2 (2 equiv) at pH 10.5
and 0 �C yielded an oxomanganese(�)
porphyrin complex 1 in aqueous solu-
tion, whereas an oxomanganese(��) por-
phyrin complex 2 was generated in the
reactions of tert-alkyl hydroperoxides
such as tert-butyl hydroperoxide and
2-methyl-1-phenyl-2-propyl hydroper-
oxide. Complex 1 was capable of epox-
idizing olefins and exchanging its
oxygen with H2


18O, whereas 2 did not
epoxidize olefins. From the reactions of
[Mn(TF4TMAP)]5� with various oxi-


dants in the pH range 3 ± 11, the O�O
bond cleavage of hydroperoxides was
found to be sensitive to the hydroper-
oxide substituent and the pH of the
reaction solution. Whereas the O�O
bond of hydroperoxides containing an
electron-donating tert-alkyl group is
cleaved homolytically, an electron-with-
drawing substituent such as an acyl
group in m-chloroperoxybenzoic acid
(m-CPBA) facilitates O�O bond heter-
olysis. The mechanism of the O�O bond


cleavage of H2O2 depends on the pH of
the reaction solution: O�O bond ho-
molysis prevails at low pH and O�O
bond heterolysis becomes a predomi-
nant pathway at high pH. The effect of
pH on 18O incorporation from H2


18O
into oxygenated products was examined
over a wide pH range, by carrying out
the epoxidation of carbamazepine
(CBZ) with [Mn(TF4TMAP)]5� and
KHSO5 in buffered H2


18O solutions. A
high proportion of 18O was incorporated
into the CBZ-10,11-oxide product at all
pH values but this proportion was not
affected significantly by the pH of the
reaction solution.


Keywords: enzyme mimetics ¥ ep-
oxidation ¥ heme proteins ¥ O ± O
activation ¥ porphyrinoids


Introduction


An important objective in research aimed at understanding
biological oxygenation reactions by heme-containing mono-
oxygenase enzymes is to elucidate the nature of the reactive
intermediates and the mechanism of formation of high-valent
metal oxo porphyrin intermediates.[1, 2] Model studies using
synthetic iron(���) porphyrin complexes have been fruitful in
affording a mechanistic insight into the enzymatic reactions
and developing biomimetic oxygenation reactions.[3] Some
high-valent oxoiron(��) porphyrin cation radicals have been
isolated and characterized, and the reactivities of the oxo-
iron(��) porphyrins in a variety of oxygenation reactions have


been investigated.[4] As a result of intensive studies of the
formation of high-valent oxoiron(��) porphyrin intermediates
in the reactions of iron(���) porphyrin complexes and hydro-
peroxides, O�O bond heterolysis and homolysis have been
proposed.[5]


Although synthetic manganese(���) porphyrin complexes
have shown promise as versatile catalysts in the oxygenation
of hydrocarbons,[6] only recently has the key oxomanganese(�)
porphyrin intermediate been isolated and well characterized
spectroscopically.[7] Groves and co-workers generated an
oxomanganese(�) porphyrin complex in the reaction of a
water-soluble manganese(���) meso-tetrakis(N-methyl-2-pyri-
dyl)porphyrin [MnIIITM-2-PyP] with artificial oxidants such
as m-chloroperoxybenzoic acid (m-CPBA), HSO5


� (oxone),
and OCl� at room temperature in aqueous solution.[7b] An
analogous oxomanganese(�) complex with a corrole ligand
was also synthesized and characterized by Gross and co-
workers, and the catalytic activity of the oxomanganese(�)
corrole intermediate was investigated in oxygenation reac-
tions.[8] Thus elucidation of the chemistry of the long-sought
high-valent oxomanganese(�) intermediates began by isola-
tion and characterization of the oxomanganese(�) complexes
of porphyrin and corrole ligands.[9]
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Since the oxomanganese(�) porphyrin complexes are gen-
erated by heterolytic O�O cleavage of hydroperoxides by
manganese(���) porphyrin complexes, an understanding of the
mechanism of hydroperoxide O�O bond cleavage is crucial in
designing better catalysts in manganese(���) porphyrin com-
plex catalyzed oxygenation reactions. Although the mecha-
nism of O�O bond cleavage of peracids such as m-CPBA has
been well established,[10] the exact nature of O�O bond
cleavage of biologically relevant hydroperoxides such as
hydrogen peroxide (H2O2) and alkyl hydroperoxides
(ROOH) has been less clearly understood. In the present
study, we report the isolation of an oxomanganese(�) por-
phyrin intermediate in the reaction of a biologically important
oxidant, H2O2, in buffered aqueous solution. The oxoman-
ganese(�) porphyrin complex was demonstrated to be a
reactive epoxidizing intermediate in the catalytic epoxida-
tion of olefins by H2O2. Some mechanistic aspects such as the
pH dependence of the O�O bond cleavage of various
hydroperoxides by the manganese(���) porphyrin complex
and the oxygen exchange between the oxomanganese(�)
porphyrin intermediate and 18O-labeled water, H2


18O, are
discussed.


Results and Discussion


Addition of H2O2 (2 equiv) to a reaction solution containing
[Mn(TF4TMAP)](CF3SO3)5 ((TF4TMAP�meso-tetrakis-
(2,3,5,6-tetrafluoro-N,N,N-trimethyl-4-aniliniumyl)porphina-
to dianion; see Supporting Information, Figure S1) at pH 10.5
and 0 �C caused immediate generation of a new species 1 with
a strong and sharp Soret band at 427 nm (Figure 1).[11] The
formation of 1 was also observed in the reactions of
[Mn(TF4TMAP)]5� with other oxidants such as m-CPBA,
KHSO5, NaOCl, and iodosylbenzene (PhIO) under identical
reaction conditions.[7a, b] Interestingly, when tert-alkyl hydro-
peroxides such as tert-butyl hydroperoxide (tBuOOH) and
2-methyl-1-phenyl-2-propyl hydroperoxide (MPPH)[12] were
used as terminal oxidants, the formation of another inter-


Figure 1. UV/Vis spectra of [Mn(TF4TMAP)]5�, 1, and 2. Reaction
conditions: ROOH (4� 10�2 m�, dissolved in 0.05 mL H2O) was injected
into a 1 cm UV cuvette containing a reaction solution of
[Mn(TF4TMAP)]5� (2� 10�2 m�) in 50m� borate buffer (3 mL, pH 10.5)
at 0 �C.


mediate 2 with a broad and weak Soret band at 417 nm was
observed at pH 10.5 and 0 �C (Figure 1).[7b, 13] While the
X-band EPR of 2 showed a strong and broad resonance at
g�� 4 and a weak signal at g� � 2 (see Supporting Informa-
tion, Figure S2), 1 was EPR-silent.[7b] On the basis of the UV/
Vis and EPR spectral features of 1 and 2, we suggest that 1,
generated in the reactions of H2O2 and other single oxygen
atom donors, is an oxomanganese(�) porphyrin complex and
2, formed in the reactions of tert-alkyl hydroperoxides, is an
oxomanganese(��) porphyrin complex (vide infra).


The reactivity of the intermediates 1 and 2 was then
examined in olefin epoxidation reactions, by generating the
intermediates and using them directly in reactivity studies.
When an olefin substrate such as carbamazepine (CBZ)[7d, 14]


was added to a reaction solution containing 1 generated in the
reaction of [Mn(TF4TMAP)]5� with a stoichiometric amount
of H2O2, the intermediate 1 reverted to the starting manga-
nese(���) porphyrin complex with clear isosbestic points at 394,
442, and 555 nm and with a half-life of 47 s (Figure 2).[15]


HPLC analysis of the resulting solution revealed that a good


Figure 2. UV/Vis spectral changes upon addition of CBZ (2.1m�,
dissolved in 0.1 mL CH3CN) into a 0.1 cm UV cuvette containing a
solution of 1 generated in the reaction of [Mn(TF4TMAP)]5� (7� 10�2 m�)
and H2O2 (7� 10�2 m�) in a solvent mixture of 50m� borate buffer
(0.5 mL, pH 10.5) and CH3CN (0.05 mL) at 0 �C. Scan interval: 45 s (first
scan was immediately after the addition of CBZ).


yield (55� 10% based on the amount of 1 formed) of CBZ-
10,11-oxide was obtained, demonstrating that 1 is capable of
oxidizing the olefin to give the epoxide product. Furthermore,
when a stoichiometric amount of H2O2 was added to a
reaction solution containing [Mn(TF4TMAP)]5� and CBZ, 1
was formed immediately upon addition of H2O2 to the
reaction mixture and then decayed back to the starting
[MnIII(TF4TMAP)]5� complex (see Supporting Information,
Figure S3). HPLC analysis of the reaction mixture revealed a
yield of 60� 10% CBZ-10,11-oxide (based on the amount of
H2O2 added). Significantly, when the latter reaction was
performed with H2


16O2 in buffered 18O-labeled water (H2
18O)


solution,[16] 45% of the oxygen in the CBZ-10,11-oxide
product came from the labeled water (Scheme 1)[7d, 14a, 14b, 17]


These results demonstrate that 1 is generated as a reactive
species in the catalytic epoxidation of olefins by
[MnIII(TF4TMAP)]5� and H2O2 and that the oxygen atom
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Scheme 1. Labeled water, H2
18O, experiment.


bound to 1 is exchanged with that of labeled water via ∫oxo ±
hydroxo tautomerism∫ as suggested by Meunier and co-
workers, resulting in 18O incorporation from H2


18O into the
oxide product.[14a, 17a] To ensure that the oxygen atom in the
oxide product does not come from molecular oxygen (O2) by
an autoxidation reaction, the catalytic epoxidation of CBZ by
[MnIII(TF4TMAP)]5� was performed with 18O-labeled hydro-
gen peroxide (H2


18O2) in buffered H2
18O solution.[18] The


percentage of 18O (97� 2%) in the CBZ-10,11-oxide product
demonstrated that all the oxygen present in the oxide product
is derived from either H2O2 or H2O, with essentially no
oxygen incorporation from air.


As we have observed formation of another intermediate 2
in the reactions of tert-alkyl hydroperoxides such as tBuOOH
and MPPH, the reactivity of 2 was also examined in the CBZ
epoxidation. When CBZ was added to a reaction solution
containing 2 generated in the reaction of tBuOOH, the UV/
Vis spectrum of the reaction solution did not change for 2 h,
and HPLC analysis of the reaction mixture did not show the
formation of CBZ-10,11-oxide. In addition, when tBuOOH
was used as a terminal oxidant in the catalytic epoxidation of
CBZ by [Mn(TF4TMAP)]5�, the intermediate 2 formed upon
the addition of tBuOOH to the [Mn(TF4TMAP)]5� solution
did not show any UV/Vis spectral changes, and HPLC analysis
of the resulting solution revealed no CBZ-10,11-oxide prod-
uct formation. These results demonstrate that 2 does not
oxidize olefins under our reaction conditions. The unreactivity
of an oxomanganese(��) porphyrin complex [oxoMnIVTM-2-
PyP] toward olefin epoxidation in aqueous solution has also
been reported by Groves and co-workers.[7b] Scheme 2
summarizes the above results: the UV/Vis and EPR spectral
features and reactivities of 1 and 2 clearly indicate that 1,
generated in the H2O2 reaction, is an oxomanganese(�)
porphyrin complex (pathway A) and 2, formed in the
reactions of tert-alkyl hydroperoxides such as tBuOOH and
MPPH, is an oxomanganese(��) porphyrin complex (path-
way B). The complex 1 epoxidizes olefins (pathway C) and
readily exchanges its oxygen with H2


18O (pathway E), where-


Scheme 2. Schematic summary of the reactions of [Mn(TF4TMAP)]5� with
H2O2 and tBuOOH at pH 10.5 and 0 �C.


as 2 does not epoxidize olefins (pathway D). Furthermore, the
successful isolation of 1 in the H2O2 reaction implies that a
catalase reaction between 1 and H2O2 does not occur under
these reaction conditions.[19]


The pH dependence of [Mn(TF4TMAP)]5� reactions with
various oxidants has been investigated for the catalytic
epoxidation of cis-stilbene in the pH range 3 ± 11 at room
temperature.[12c, 20] Whereas the cis-stilbene oxide yields were
high and independent of pH in the reactions of m-CPBA and
KHSO5, the oxide product yields in the H2O2 reaction varied
depending on the pH of the buffer solution (Figure 3). In the


Figure 3. Yields (%, based on oxidants added) of cis-stilbene oxide versus
pH of reaction solution for the catalytic epoxidations of cis-stilbene by
H2O2 (�), tBuOOH (�), m-CPBA (�), and KHSO5 (�). No trans-stilbene
oxide and benzaldehyde, or only trace amounts, were formed in any of the
reactions, which were run at least in triplicate, and the data reported
represent the average of these reactions. See the Experimental Section for
detailed reaction procedures.


latter reaction, no cis-stilbene oxide formation was observed
at low pH values (below pH 7), but the oxide yield gradually
increased as the reaction solution became basic. In the
tBuOOH reaction, cis-stilbene oxide formation was not
detected over the entire pH range. These results suggest that
hydroperoxide O�O bond cleavage is sensitive to the hydro-
peroxide substituent.[5a] The O�O bond of hydroperoxides
containing an electron-donating tert-alkyl group tends to be
cleaved homolytically, resulting in the generation of 2 and no
epoxide formation (Scheme 2, pathways B and D). In
contrast, an electron-withdrawing substituent such as an acyl
group in m-CPBA facilitates O�O bond heterolysis, resulting
in the formation of 1 and yielding the epoxide product. The
pH dependence of the H2O2 reaction may imply that the
mechanism of HO�OH bond cleavage depends on the pH of
the reaction solution, with O�O bond homolysis prevailing at
low pH and O�O bond heterolysis becoming a predominant
pathway as the pH of the reaction solution increases.[21, 22] It is
interesting that an opposite trend was observed in iron(���)
porphyrin complex mediated O�O bond cleavage of H2O2 in
aqueous solution, in which O�O bond heterolysis predom-
inates at low pH, whereas O�O bond homolysis prevails at
high pH.[12c, 14b, 22]


Since the oxide yields in the KHSO5 reaction were high and
independent of pH, we have examined the effect of pH on the
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extent of incorporation of 18O from H2
18O into oxygenated


products over a wide pH range,[17a] by epoxidation of CBZ
with [Mn(TF4TMAP)]5� and KHSO5 in buffered H2


18O
solutions. Some of the oxygen in the CBZ-10,11-oxide was
derived from 18O-labeled water (Table 1), indicating the
involvement of 1 as a common reactive species over the
entire pH range. In addition, the amounts of 18O incorporated
into the oxide product did not differ greatly at different pH
values, implying that the oxygen exchange between 1 and
H2


18O (Scheme 3, pathway B) may not be affected signifi-
cantly by the pH of the reaction solution. However, the
oxygen exchange between 1 and H2


18O (Scheme 3, path-
way B) is competing with the oxygen transfer from 1 to
organic substrate (Scheme 3, pathway A).[7d, 17b] Therefore,
another factor that may influence the degree of 18O incorpo-
ration in H2


18O experiments is the effect of pH on the rate of
oxygen transfer from 1 to olefins (Scheme 3, pathway A).
Consequently, to elucidate the effect of pH on the oxygen
exchange between 1 and H2


18O, the effect of pH on the rate of
oxygen transfer from 1 to olefins should be determined as
well; this is under active investigation in this laboratory.


Scheme 3. Competition between oxygen exchange and oxygen transfer for
the reaction of 1.


Experimental Section


Materials : [Mn(TF4TMAP)](CF3SO3)5 was purchased from Mid-Century
Chemicals. All chemicals obtained from Aldrich Chemical Co. were of the
highest purity available and were used without further purification unless
otherwise indicated. H2O2 (30% aqueous), tBuOOH (70% aqueous), m-
CPBA, and KHSO5 (oxone) were purchased from Aldrich. m-CPBA was
purified by washing with phosphate buffer (pH 7.4) followed by water and
then dried under reduced pressure. PhIO was prepared from iodobenzene
diacetate by a literature method.[23] H2


18O (95% 18O-enriched) and H2
18O2


(90% 18O-enriched, 2% solution in H2
16O) were obtained from Aldrich


and ICON Isotopes, respectively. CBZ-10,11-oxide was prepared by a
literature method.[14a] Water used in all the experiments was distilled and
deionized (Millipore, Milli-Q).


Instrumentation : Product analyses were performed on a Dionex Summit
HPLC System equipped with a variable-wavelength UVD-170S detector.
Products were separated on a Waters Symmetry C18 reverse-phase column


(4.6 mm� 250 mm), and detected at 215 and 254 nm. Low-temperature
UV/Vis spectra were recorded on a Hewlett Packard 8453 spectropho-
tometer equipped with an Optostat variable-temperature liquid-nitrogen
cryostat (Oxford Instruments). EPR spectra were obtained on a JEOL
JES-FA200 spectrometer.


Catalytic epoxidation of cis-stilbene : In a typical reaction, oxidant (2m�
H2O2, 2m� m-CPBA, 2m� KHSO5, and 4m� tBuOOH) was added to a
reaction solution containing [Mn(TF4TMAP)]5� (4� 10�2 m�) and cis-
stilbene (6m�) in a solvent mixture (5 mL) of buffered H2O (2.5 mL)/
CH3OH (1.0 mL)/CH3CN (1.5 mL) to make the reaction mixture homoge-
neous. Reactions were performed at pH 3 ± 4 in formate buffer (0.1�), at
pH 5 ± 6 in acetate buffer (0.1�), at pH 7 ± 9 in phosphate buffer (0.1�), and
at pH 10 ± 11 in borate buffer (0.05�), and the pH of the reaction solutions
was adjusted by adding either HCl (3�) or NaOH (3�) solutions whenever
necessary. The reaction mixture was stirred in air for 1 h (H2O2, mCPBA,
and KHSO5) or 4 h (tBuOOH) at 25 �C, and then analyzed by HPLC.
Products were separated on a Waters Symmetry C18 reverse-phase column
(4.6 mm� 250 mm), and product yields were determined by comparison
with standard curves of known authentic samples.


H2
18O experiments with CBZ : Reactions were run in buffered 18O-labeled


water solutions (0.15 mL, 85% 18O-enriched) containing
[Mn(TF4TMAP)]5� (7� 10�2 m�) and CBZ (3.6� 10�1 m�). Oxone
(0.7m� in 0.1� pH 3 formate buffer, 1m� in 0.1� pH 5 acetate buffer
and pH 7 phosphate buffer, 1.6m� in 0.1� pH 9 phosphate buffer, 2m� in
0.1� pH 10.5 borate buffer) was added to the reaction solution, which was
stirred for 40 min at room temperature, then taken to dryness in a Speed-
Vac. After addition of CH3CN (0.1 mL) to the residue, followed by
filtration, the filtrate was analyzed by the electronic impact method at
70 eV with a VG70-VSEQ mass spectrometer (VG Analytical). 16O and 18O
compositions in CBZ-10,11-oxide were determined from the relative
abundances of mass peaks at m/z 252 (16O) and 254 (18O).[7d, 14]


The conversion of CBZ and the yield of CBZ-10,11-oxide were determined
by carrying out the reactions in buffered H2


16O solutions under identical
conditions. The reaction mixture was analyzed directly by HPLC. CBZ and
its oxide derivative were separated on a Waters Symmetry C18 column; the
detection was made at 215 nm.
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Alkali and Alkaline-Earth-Metalated Forms of Calix[4]arenes:
Synthons in the Synthesis of Transition Metal Complexes


Geoffroy Guillemot,[b] Euro Solari,[b] Corrado Rizzoli,[c] and Carlo Floriani*[a]


Abstract: This is the first coherent re-
port on the metalation of calix[4]arene
by alkali and alkaline-earth metals, thus
providing a high-yield production of
appropriate synthons for the synthesis
of transition metal calix[4]arenes. In
addition, various facets of the coordina-
tion chemistry by calix[4]arene anions of
alkali and alkaline-earth metal ions have
been singled out. Among them: 1) the
exo and endo coordination of metal ions
by the calix[4]arene skeleton; 2) the �


solvation of the ions by the phenyl rings;
3) the ion-carrier properties of metal-


lacalix[4]arenes; 4) the simulation of the
kinetically labile coordination sphere of
alkali and alkaline-earth metal ions by a
polyoxo rigid skeleton. The peculiarities
of the complexation of alkali and alka-
line-earth metal ions by calix[4]arenes
outlined are deduced from the synthesis
and the structural characterization both
in solution (1H NMR) and in the solid


state (X-ray structure analysis) of the
following classes of compounds: 1) [p-
tBu-calix[4](OMSn)4]2 (M�Li, Na, K);
2) [p-tBu-calix[4](OR)2(O)2ML] (M�
Mg, L�THF, R�C5H9; M�Ca, L�
TMEDA (tetramethylethylenediami-
ne), R�C5H9; M�Ca, L�DME (di-
methoxyethane), R�C5H9; M�Ba,
L�TMEDA, R�C5H9; M�Ba, L�
none, R�C5H9); 3) [p-tBu-calix[4]-
(OC5H9)2(O)2Ca2I2(MeCN)2]; 4) [{p-tBu-
calix[4](OR)2(O)2}2BaNa2].


Keywords: alkali metals ¥ alkaline-
earth metals ¥ calixarenes ¥
metalations


Introduction


The entrance of calix[n]arenes as ancillary ligands into the
organometallic arena[1] is achieved almost exclusively through
the reaction of alkali metal calix[n]arenes[1, 2] with anhydrous
metal halides in a metathesis reaction. This notwithstanding, it
is very hard to find a coherent report on the metalation of
calix[n]arenes by alkali and alkaline-earth metals. This is the
purpose of the present report, which is focused on: 1) a
synthetic procedure leading to the high-yield synthesis of
alkali and alkaline-earth metal derivatives containing the fully
deprotonated forms of calix[4]arenes; 2) their structural
analysis; 3) the absence of any protic compound in the final
material. A number of structural reports, more than on
synthetic procedures, are available for partially deprotonated
forms of alkali metal calix[4]arenes, mainly containing some
additional protic species.[3±6] These are not appropriate for
approaching the synthesis of transition metal derivatives


designed for studying the reactivity of the metal center in an
organometallic environment.[1]


The long-standing proposition on the use of calix[4]arene as
ionophores for alkali and alkaline-earth metal ions has very
seldom considered the corresponding alkali and alkaline-
earth metalated forms. The latter would have both an intrinsic
interest per se, and the potential application as carriers for
additional metal ions of the same sort.


We report here details on: 1) the high-yield and large-scale
synthesis and structural characterization of [p-tBu-calix[4]-
(OMSn)4] in two different solvated forms; 2) the synthesis of
the metalated forms of the bis-alkylated derivatives [p-tBu-
calix[4](OR)2(OH)2] (R�Me, C5H9) both for alkali metal, [p-
tBu-calix[4](OR)2(OM)2] (M�Li, Na, K) and alkaline-earth
metal ions, [p-tBu-calix[4](OR)2(O)2MSn] (M�Mg, Ca, Ba).
The latter ones are unique mononuclear complexes of the
Group 2 metals in the calix[4]arene series; 3) the ion-carrier
properties, which are displayed by calcium derivatives to-
wards CaI2, thus forming an exo ± endo dicalcium complex; 4)
the formation of a sandwich bis-calix[4]arene ± barium com-
plex carrying sodium cations in the calix cavities.


Results and Discussion


The reaction of calix[4]arene freed from any protic solvent,
which usually derives from its synthesis, has been carried out
in THF with a slight excess of the alkali metal (Scheme 1).
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OHOH OH OH OMOM OM OM


M, naphthalene, THF


M = Li, n = 2, 2a
M = Na, n = 2, 3a
M = K, n = 2, 4a


1


nBuLi (toluene)
 THFn


{[calix[4]-(O)4Mn]2(m-M)8-2n(S)x}


M = Li, n = 2, S = THF, x = 8, 2b
M = Na, n = 1, S = Py, x = 8, 3b
M = K, n = 1, S = THF, x = 10, 4b


solvent = S


Scheme 1. Synthesis of alkali-metalated forms of calix[4]arene.


Following the procedure reported here, the solvation of the
alkali complex remains constant, as shown for 2 a ± 4 a
(Scheme 1), and can be easily confirmed by 1H NMR and
GC-MS data. We refer to those species as synthetic inter-
mediates in the transmetalation reactions. The X-ray analyses
have been performed, however, on the recrystallized forms
2 b ± 4 b, which have a different degree of solvation
(Scheme 1). The NMR analyses were performed on the
solvated forms 2 a ± 4 a.


Both 3 b (Figure 1) and 4 b (Figure 2) consist of complex
molecules in which two [(calix[4]arene)M]3� trianions (M�
Na for 3 b ; M�K for 4 b) are linked in dimers through


Figure 1. Structure of complex 3 b (SCHAKAL view; disorder affecting
one tert-butyl group has been omitted for clarity).


interactions of the oxygen atoms with a bridging [M6Sx]6�


system (Sx� py8 for 3 b ; Sx� thf10 for 4 b). Complex 4 b
possesses crystallographically imposed Ci symmetry, the
inversion center lying on the midpoint of the K2 ¥¥¥ K2� and
K3 ¥¥ ¥ K3� separations (see Figure 2 and Table 1). The num-
bering scheme adopted for the calix[4]arene skeleton here-
after is given in Scheme 2.


The overall structure of 2 b ± 4 b can be viewed as that of
dimers, where the two monomeric tetraanions are bridged by


Figure 2. Structure of complex 4b (SCHAKAL view; the THF molecules
bonded to K3 and K3� and disorder affecting some tert-butyl groups and
THF molecules have been omitted for clarity). A prime denotes a
transformation of �x, �y, �z.


eight alkali cations, with a 1:1 metal/solvent molecular ratio in
the case of 2 b and 3 b (see Scheme 1). While the M8O8 core in
complex 2 b has been recently structurally determined,[5] the
unit has a quite different topology in the case of Na and K,
even though the latter are very similar. Figures 3 and 4 display


Table 1. Selected bond lengths [ä] for complexes 3b and 4b.


3 b


Na1�O1A 2.335(8) Na4�O4B 2.301(9)
Na1�O3A 2.438(8) Na4�N4 2.473(11)
Na1�O1B 2.447(8) Na5�O3A 2.407(9)
Na1�O3B 2.319(8) Na5�O4A 2.527(7)
Na2�O2A 2.266(8) Na5�O1B 2.384(9)
Na2�O4B 2.355(12) Na5�O2B 2.245(10)
Na2�N1 2.511(13) Na5�O3B 2.406(8)
Na2�N2 2.483(14) Na6�O1A 2.271(9)
Na2�N3 2.552(12) Na6�O4A 2.297(8)
Na3�O1A 2.438(8) Na6�O1B 2.356(8)
Na3�O2A 2.227(10) Na6�N8 2.403(12)
Na3�O3A 2.361(9) Na7�O4A 2.335(10)
Na3�O1B 2.431(9) Na7�O2B 2.258(7)
Na3�O4B 2.550(8) Na7�N5 2.590(12)
Na4�O3A 2.371(8) Na7�N6 2.507(14)
Na4�O3B 2.289(9) Na7�N7 2.532(12)


4 b


K1�O1 2.759(8) K3�O5B 2.784(15)
K1�O3 2.861(5) K3�O6 2.811(9)
K2�O1 2.572(5) K4�O4 2.644(8)
K2�O2 2.544(9) K4�O2� 2.589(7)
K2�O3 2.553(7) K4�O7 2.747(10)
K2�O3� 2.770(8) K4�O8 2.744(11)
K2�O4� 2.782(5) K4�O9 2.749(9)
K3�O1 2.653(9) O1�C1 1.309(9)
K3�O4 2.704(7) O2�C13 1.283(14)
K3�O3� 2.700(5) O3�C20 1.327(13)
K3�O5A 2.688(16) O4�C27 1.321(13)
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Scheme 2. Numbering scheme for the calix[4]arene skeleton.


Figure 3. Coordination of the sodium cations in complex 3 b (SCHAKAL
view).


Figure 4. Coordination of the potassium cations in complex 4 b (SCHA-
KAL view). Disorder affecting O5 has been omitted. A prime denotes a
transformation of �x, �y, �z.


the M8O8 skeleton in complexes 3 b and 4 b, respectively. The
potassium complex core shows the eight cations (four of
which are solvent-free, while the remaining have different
degrees of solvation by THF), thus forming two fused
distorted tetrahedrons and two triangles along the bases of
the fused tetrahedrons. Each tetrahedron has one of the faces
centered by a single oxygen (O2) (O ¥¥¥ faces, 1.208 ä,


complex 4 b), while O4 is shared between two faces (O ¥¥¥
faces, 1.411, 1.711 ä, complex 4 b). The basal triangles are
centered by a single oxygen atom (O ¥¥¥ faces, 1.551 ä, 4 b).
Structural details concerning the structure of 3 b and 4 b and
their relationship are as follows:
a) Coordination geometry around the Na3 and Na5 cations in


3 b is a square pyramid, with O1A, O2A, O1B, O4B, and
O3A, O4A, O2B, O3B defining the base plane for Na3 and
Na5, respectively. The metals are displaced from the mean
basal plane by 0.226(5) and 0.228(5) ä for Na3 and Na5,
respectively. The Na3�O3A and Na5�O1B vectors are
perpendicular to the basal plane, the dihedral angle they
form with the normal to it being 3.4(2)� and 3.3(2)�,
respectively. Analogous coordination is observed for the
K2, K2� cations in 4 b, with the O1, O2, O3�, O4� and O3,
O4, O1�, O2� defining the basal planes and the O3 and O3�
atoms at the apices of the pyramids. The metals are
displaced by 0.206(2) ä from the mean basal plane, the
K2�O3 vector forming a dihedral angle of 8.3(1)� with the
normal to it.


b) Na2 and Na7 in 3 b show a slightly distorted trigonal
bipyramidal coordination, with the O4B, N1, N2 and O4A,
N6, N7 defining the equatorial planes and the O2A, N3
and O2B, N5 atoms in the axial positions. The metals are
displaced by 0.072(5) and 0.079(5) ä from the equatorial
planes toward N3 and N5, respectively. The K4 (and the
symmetry-related K4�) cation in 4 b displays a similar, even
if distorted to a greater extent, coordination environment,
with the O4, O7, O8 atoms defining the equatorial plane
and the O9, O2� in the axial positions. The metal atom lies
on the equatorial plane within experimental error.


c) The coordination polyhedra around Na6 and Na4 in 3 b
should be described as distorted tetrahedra, O1A, O4A,
O1B, N8 and O3A, O3B, O4B, N4 defining the tetrahe-
dron around Na6 and Na4, respectively. The correspond-
ing K3 (and the symmetry-related K3�) cation in 4 b is five-
coordinate, residing in a distorted trigonal bipyramid
environment. The equatorial plane is defined by the O1,
O6, O3� atoms, the apices by the O4 and the disordered O5
oxygen atoms. The metal atom is displaced by 0.369(3) ä
from the equatorial plane toward O5.


d) Both the Na1A and Na1B cations in 3 b are hosted inside
the cavity of a calixarene macrocycle bonded to O1A,
O3A and O1B, O3B, respectively, and displaying a �6


interaction with the aromatic rings associated to O2A,
O4A and O2B, O4B. The latter interactions are consistent
with the narrow ranges of the Na ¥¥¥ Caromatic ring separations
(Na1A ¥¥¥ C8A ± C13A 2.869(17) ± 3.432(16), Na1A ¥¥¥
C22A ± C27A 2.828(16) ± 3.522(13), Na1B ¥¥¥ C8B ± C13B
2.865(15) ± 3.346(16), Na1B ¥¥¥ C22B ± C27B 2.807(16) ±
3.617(13) ä). Similarly, the K1 (and the symmetry-related
K1�) cation in 4 b is bonded to O1 and O3 and through �6


interactions with the aromatic rings[7] associated to O2 and
O4 (K1 ¥¥¥ C8�C13 3.026(12) ± 3.244(14), K1 ¥¥¥ C22�C27
3.001(12) ± 3.342(11) ä).


In both complexes, the calixarene macrocycles show an
elliptical conformation, the presence of alkali cation ± Caromatic


�6 interactions forcing the opposite C8 ± C13 and C22 ± C27
aromatic rings to be nearly parallel.
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All three metalated forms 2 a ± 4 a are synthetically impor-
tant, since the reaction with transition metal halides produces
alkali halides displaying very different solubility in organic
solvents, and various degrees of complexation of the alkali
metal cation inside the calix[4]arene cavity or at the O4


periphery.[3±6, 8] The complexation of alkali metal cations
inside the calix[4]arene cavity is strongly dependent on the
shape of the cavity, which is in turn determined by the
coordination number of the transition metal ion fixed on the
O4 core. Significant selectivity has been observed for Li, Na,
and K as a function of the size of the transition metal ion and
its coordination geometry. The possible choice of producing
LiX, NaX, or KX allows one to make salt-free transition metal
calix[4]arene complexes.[8, 9]


A synthetically versatile calix[4]arene derivative is the
dialkylated form,[10] which has been used for tuning the charge
of the macrocycle and the degree of functionalization of the
metal. Such an O4 ligand has, in addition, a number of other
significant characteristics, like the difference in binding
strength between the two anionic and the two neutral oxygen
atoms, as well as the possibility of creating, thanks to the steric
hindrance of the alkyl groups, a protecting cavity for the
transition metal. We chose two different R substituents,
namely R�Me and cyclopentyl (see 5 and 6 in Scheme 3), as
limiting cases. The preferential use of the cyclopentyl[11]


substituent has been dictated by its good solubility. Owing
to the limited structural information on this class of O4


dianionic ligands, it would be interesting to report here the
X-ray structural information on the protic form 6.


[MI2(thf)4]


OHO OH O
R R


OO O O
M


L


OO O O
R RM'


M'


[Mg(anthracene)(thf)3]


[M(naphthalene)2]


R = Me, 5
R = C5H9, 6


M = Ca, Ba


R = C5H9


M = Mg, L = THF, 11
M = Ca, L = TMEDA, 12
M = Ca, L = DME, 13
M = Ba, L = TMEDA, 14
M = Ba, L = none, 15


R = Me, M' = Li, 7
R = Me, M' = Na, 8
R = Me, M' = K, 9
R = C5H9, M' = Na, 10


M', naphthalene
         THF


nBuLi, toluene
M = Ca, Ba


-2M'I


Scheme 3. Synthesis of mononuclear alkaline-earth-metalated forms of
calix[4]arene.


Two independent molecules of 6 are present (A and B) in
the solid state, each one possessing a crystallographic imposed
Ci symmetry. In Figure 5 a side view of molecule A is given.
The main feature of 6 is the chair conformation assumed by
the calixarene macrocycles, the opposite aromatic rings being
oriented opposite with respect to the ™reference∫ plane


Figure 5. Molecule A in compound 6 (SCHAKAL view). A prime denotes
a transformation of 1� x, �y, 1� z.


through the bridging methylene carbon atoms. This confor-
mation is favored by the presence of intramolecular hydrogen
bonds occurring between the proton associated to the O1, O1�
oxygen atoms and the adjacent O2, O2� atoms: O1A�H1A
0.96 ä; O1A ¥¥¥ O2A 2.751(2) ä; H1A ¥¥¥ O2A 1.80 ä; O1A-
H1A ¥¥¥ O2A 173� ; O1B�H1B 0.88 ä; O1B ¥¥¥ O2B
2.742(2) ä; H1B ¥¥¥ O2B 1.88 ä; O1B�H1B ¥¥¥ O2B 165�.


The metalation of 5 and 6 has been carried out both using
alkali and alkaline-earth metals. A structural report has
appeared for the sodium derivative,[12] while the synthesis of
the lithium and potassium derivatives has been carried out
analogously to the conditions specified in Scheme 1. Details
on the large scale synthesis of 7 ± 10, which are key inter-
mediates in the synthesis of metalla-calix[4]arenes, are in the
Experimental Section. Following our synthetic methods, such
compounds can be used in situ in metathesis reactions, with
inorganic salts.


A greater interest was focused on the alkaline-earth metals
with the intent, thanks to the charge of the macrocycle, of
making mononuclear complexes. Macrocyclic complexes of
alkaline-earth metal ions are a quite rare species. In the case
of Mg, the reaction has been carried out using a Mg ± an-
thracene (complex 11), while in the case of Ca and Ba, the
active form of the metal has been employed (complexes 12 ±
15 in Scheme 3). They have been isolated in different solvated
forms, namely 12 and 13 in the case of Ca, 14 and 15 in the case
of Ba. All of them display a C2 symmetry in the 1H NMR
spectra. The C2 symmetry is revealed by the existence of two
singlets for the tBu groups with the same integration and two
singlets for the aromatic protons, while only one set of
doublets is observed for the methylene groups. In addition,
they show a quite analogous structure in the solid state. The
structure of 11 is displayed in Figure 6. The complex possesses
a crystallographically imposed C2 symmetry, the twofold axis
being coincident with the Mg1 ± O5 direction. Magnesium
shows a trigonal-bipyramidal coordination, the O1, O1�, O5
oxygen atoms defining the equatorial plane and the O2, O2�
oxygen atoms in the axial positions. The metal center lies
perfectly onto the equatorial plane for symmetry require-
ments. The O4 core shows remarkable tetrahedral distortion,
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Figure 6. Structure of complex 11 (SCHAKAL view). Disorder affecting
the THF molecules has been omitted for clarity. A prime denotes a
transformation of 1� x, �y, z.


the metal being displaced by 0.361(2) ä from the mean plane
through it. The Mg distances to the anionic O1, O1� oxygen
atoms are remarkably shorter than those to the neutral O2,
O2�, and O5 oxygen atoms, as expected (Table 2). The
calixarene macrocycle displays a slightly elliptical conforma-
tion, this conformation allowing a THF molecule to be hosted
into the calix cavity.


Complex 12 (Figure 7) contains naphthalene and n-pentane
of crystallization.


The calix[4]arene skeleton displays an elliptic conforma-
tion, with Ca ion being �0.834(1) ä out of the O4 average
plane. The calcium cation, which is essentially pentacoordi-
nate, interacts with only three of the oxygen atoms of the
calix[4]arene ligand at short distances (Table 2), the Ca1�O2
distance being particularly long (2.809(2) ä). An alternative
synthetic access to 12 ± 15 is the metathesis reaction between
10 and calcium and barium iodides (see the Experimental
Section). Complexes 11 ± 15, besides their interest as synthetic
intermediates in the reaction with anhydrous transition metal
salts, are rather unique complexes in the context of coordi-
nation chemistry of Group 2 metals.


The coordination number of the metal sitting on the O4


surface is crucial in shaping the calix[4]arene cavity. The


Figure 7. Structure of complex 12 (SCHAKAL view). Disorder affecting
one tert-butyl group has been omitted for clarity.


pentacoordination, for example, is diagnostic for a cylindrical
calix[4]arene cavity, like in complex 11, while, in the case of a
hexacoordinate metal, like in complexes 12 ± 14, the calix[4]-
arene skeleton displays an elliptical conformation. Such a
conformation opens the cavity, which is able to host alkali
metal cations. As a matter of fact, an interesting property of
complexes 12 and 13, which may be extended to other
metalla-calix[4]arenes, is the ability to bind an additional
metal ion inside the calix cavity. The reaction of 12 and 13 with
CaI2 dissolved in acetonitrile led to the formation of the
dicalcium complex 16 (Scheme 4). Complex 16 emphasizes
the metalla-calix[4]arenes ability in alkali and alkaline-earth
metal ion carrying properties. Its solid state structure is shown
in Figure 8. The Ca1 metal achieves a distorted octahedral


MeCN


OO O O
Ca


L


Ca
OO OO


Ca


S S


I I


L = TMEDA, 12
L = DME, 13


[CaI2 (thf)4] excess


16


S = MeCN


Scheme 4. The ion-carrier properties of calcium-calix[4]arene.


Figure 8. Structure of complex 16 (SCHAKAL view).


Table 2. Selected bond lengths [ä] for complexes 11 and 12.


11


Mg1�O1 1.849(4) O1�C1 1.317(8)
Mg1�O2 2.232(4) O2�C13 1.423(8)
Mg1�O5 2.033(4) O2�C45 1.488(8)


12


Ca1�O1 2.127(2) O1�C1 1.318(4)
Ca1�O2 2.809(2) O2�C13 1.412(4)
Ca1�O3 2.120(2) O2�C45 1.462(4)
Ca1�O4 2.547(3) O3�C20 1.318(4)
Ca1�N1 2.600(4) O4�C27 1.416(4)
Ca1�N2 2.580(4) O4�C50 1.459(3)
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coordination. The best equatorial plane is defined by the O1,
O2, O4, I1 atoms, with the metal displaced by 0.424(1) ä
toward I2 from the mean plane through them. The six-
coordination to the metal removes the planarity of the O4


core, thus producing an elongated elliptical conformation of
the macrocycle. The Ca2 ion inside the cavity is bonded to O1
and O3, while it displays an �6 interaction with two opposite
aromatic rings (Ca2 ¥¥¥ Caromatic rings separations: Ca2 ¥¥¥ C8 ±
C13 3.072(3) ± 3.515(3) ä; Ca2 ¥¥¥ C22 ± C27 3.014(4) ±
3.403(4) ä). Ca2 completes its coordination sphere with two
acetonitrile molecules. The Ca�O bond lengths related to the
neutral O2 and O4 (mean value 2.564(3) ä) are significantly
longer than those involving the anionic O1 and O3 oxygen
atoms (Table 3) for both the Ca ions. The � solvation of alkali


and alkaline-earth metal ions has, very probably, a greater,
than expected, contribution to their carrier processes both in
chemical and biochemical systems. In addition, such a kind of
bonding mode of aromatic rings to Ca has some significant
precedents in the organometallic derivatives, though is much
more rare to single out this interaction for neutral alkaline-
earth metal ion derivatives.


In the case of large alkaline-earth metal ions, such as BaII,
the dialkyl-calix[4]arene dianion, when a 2:1 ligand:metal
molar ratio is used, can produce complexes where the metal
ion is sandwiched between two anions, as exemplified by
compounds 17 and 18 in Scheme 5. The structure of 18 has
been clarified with an X-ray analysis and is shown in Figure 9.
The two different calix[4]arene moieties are named A and B.
Complex 18 crystallizes with pyridine solvent molecules in a
complex/solvent stoichiometric molar ratio of 1/3. Electro-
neutrality of the complex is achieved by the presence of a
[Na(py)]� ion hosted in the cavity of calixarene A and a Na�


ion hosted in the cavity of calixarene B. The different nature
of the included fragment and its different bonding mode is
responsible of the distinct conformation displayed by the
calixarene macrocycles. In particular:


OO O O
RR Na Na


R R
R RBa


OO OO


OO OO


Na


Na


R = Me, 8
R = C5H9, 10


2 + BaI2(THF)4


R = Me, 17
R = C5H9, 18


Scheme 5. The bis-calix[4]arene complex of barium complexing sodium
cations.


1) The Na1A cation is bonded to calixarene unit A interact-
ing with O1A and O3A and it completes its coordination
binding to the opposite aromatic rings associated to O2A
and O4A. The narrow range of values observed for the
following contact distances involving C8A, C12A, C13A
(Na1A ¥¥¥ C8A 3.072(3); Na1A ¥¥¥ C12A 3.167(3); Na1A ¥¥¥
C13A, 2.934(3) ä; the contact distances with C9A, C10A,
C11A are greater than 3.6 ä) and C22A, C26A, C27A
(Na1A ¥¥¥ C22A, 3.127(4); Na1A ¥¥¥ C26A 3.097(3);
Na1A ¥¥¥ C27A 2.906(3) ä; the contact distances with
C23A, C24A, C25A are greater than 3.6 ä) are consistent
with a �3 interaction of the aromatic ring with sodium
cation. The elliptical conformation makes the appropriate
room for pyridine entering the cavity and binding to the
alkali metal.


2) The Na1B cation similarly binds to O1B and O3B and
completes its coordination by interacting with the opposite
aromatic rings associated to O2B and O4B. In the present
case, however, the narrow range of the contact distances
((Na1B ¥¥¥ C8B ± C13B: 2.831(2) ± 3.438(4) ä; Na1B ¥¥¥
C22B ± C27B: 2.916(3) ± 3.159(2) ä)) are consistent with


Table 3. Selected bond lengths [ä] for complexes 16 and 18.


16


Ca1�I1 3.113(1) Ca2�N1 2.445(3)
Ca1�I2 3.103(1) Ca2�N2 2.479(4)
Ca1�O1 2.219(3) O1�C1 1.339(4)
Ca1�O2 2.572(3) O2�C13 1.401(5)
Ca1�O3 2.206(3) O2�C45 1.479(4)
Ca1�O4 2.557(2) O3�C20 1.336(4)
Ca2�O1 2.274(3) O4�C27 1.400(5)
Ca2�O3 2.281(3) O4�C50 1.479(4)


18


Ba1�O1A 2.573(2) Ba1�O1B 2.602(2)
Ba1�O2A 2.967(3) Ba1�O2B 3.129(2)
Ba1�O3A 2.569(2) Ba1�O3B 2.583(3)
Ba1�O4A 3.083(2) Ba1�O4B 3.084(2)


Molecule A Molecule B


Na1�O1 2.329(3) Na1�O1 2.241(3)
Na1�O3 2.266(3) Na1�O3 2.300(2)
Na1�N1 2.370(3)


Figure 9. Structure of complex 18 (SCHAKAL view). Disorder has been
omitted for clarity.
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�6 interactions. The Ba�O bond lengths involving the
anionic O1 and O3 (mean value 2.582(8) ä) are remark-
ably shorter than those involving the neutral O2 and O4
oxygen atoms (mean value 3.08(3) ä) (Table 3), as re-
ported in this series of complexes.


3) These complexes maintain their structural features in
solution since the 1H NMR spectrum of 17 shows two
distinct calixarene moieties A and B, displaying both a
twofold symmetry.


The syntheses of 11 ± 15 illustrate we can both produce some
new calix[4]arene intermediates devoted to the synthesis of
transition metal derivatives, and establish the coordination
chemistry of Group 2 metal ions with calix[4]arenes. A major
issue of this research was also to establish the solvation sphere
of kinetically labile ions by the use of a rigid skeleton bearing
both anionic and neutral oxygen donor atoms.


Experimental Section


Synthesis of 2a


Method A : nBuLi (39 mL, 1.73�, 67.47 mmol) was added dropwise to a
suspension of [p-tBu-calix[4]-(OH)4] ¥ (C7H8) (12.5 g, 16.87 mmol) in tol-
uene (180 mL) at room temperature. The reaction mixture was heated
overnight at 110 �C to give a white suspension. DME (40 mL) was added
and volatiles were evaporated to dryness. The white residue was washed
with n-hexane (90 mL) and dried in vacuo to yield [(p-tBu-calix[4]-
(OLi)4] ¥ DME ¥ (C6H14)0.5 (12.7 g; 93%). 1H NMR (400 MHz, [D6]benzene
and [D8]THF, 25 �C, TMS): �� 7.30 (m, 2 H; ArH), 7.24 (m, 2 H; ArH), 6.94
(m, 2H; ArH), 6.91 (m, 2 H; ArH), 4.75 ± 4.50 (br, 2H; endo-CH2)
overlapping with 4.52 (d, J� 13.2 Hz, 2H; endo-CH2), 3.32 ± 3.18 (m, 4H;
exo-CH2) overlapping with 3.31 (s, 4H; DME), 3.11 (s, 6H; DME), 1.44 (s,
18H; tBu), 1.20 (m, 4 H; C6H14) overlapping with 1.16 (s, 9 H; tBu), 1.06 (s,
9H; tBu), 0.83 (m, 3H; C6H14); 1H NMR (400 MHz, [D6]benzene and
[D8]THF, 52 �C, TMS): �� 7.28 (m, 2H; ArH), 7.20 (m, 2H; ArH), 6.91 (m,
2H; ArH), 6.88 (m, 2 H; ArH), 4.65 (d, J� 12.4 Hz, 2H; endo-CH2), 4.45
(d, J� 13.6 Hz, 2H; endo-CH2), 3.34 (s, 4 H; DME), 3.27 (d, J� 13.6 Hz,
2H; exo-CH2), 3.19 (d, J� 12.8 Hz, 2H; exo-CH2), 3.14 (s, 6 H; DME),
1.43(s, 18H; tBu), 1.23 ± 1.10 (m, C6H14) overlapping with 1.12 (s, 9H; tBu),
1.03 (s, 9 H; tBu), 0.84 (m, 3H; C6H14); elemental analysis calcd (%) for 2 ¥
DME ¥ (C6H14)0.5, C51H69Li4O6 (805.8): C 76.01, H 8.63; found: C 76.01, H
8.61. Crystals suitable for X-ray structure analysis were grown in a THF/
diglyme solution at 3 �C, leading to the solvated form 2 b.


Method B : Li (128 mg, 18.44 mmol) and naphthalene (2.38 g, 18.57 mmol)
were added to a suspension of [p-tBu-calix[4]-(OH)4] ¥ (C7H8) (3.43 g,
4.63 mmol) in THF (120 mL) under an argon atmosphere. The reaction
mixture was stirred overnight at room temperature to give a colorless
solution. Volatiles were evaporated to dryness, and the white residue was
washed with n-hexane (50 mL) and dried in vacuo to yield [(p-tBu-calix[4]-
(OLi)4] ¥ (C4H8O)2 (3.22 g; 85.5 %). 1H NMR (400 MHz, [D6]benzene and
[D8]THF, 51 �C, TMS): �� 7.39 (m, 2H; ArH), 7.31 (m, 2 H; ArH), 7.02 (m,
2H; ArH), 6.93 (m, 2 H; ArH), 4.62 (d, J� 12.5 Hz, 2H; endo-CH2), 4.49
(d, J� 13.6 Hz, 2H; endo-CH2), 3.56 (m, 8 H; THF), 3.33 (d, J� 13.6 Hz,
2H; exo-CH2), 3.29 (d, J� 12.5 Hz, 2H; exo-CH2), 1.52 (s, 18H; tBu), 1.45
(m, 8 H; THF), 1.18 (s, 9H; tBu), 1.02 (s, 9 H; tBu); elemental analysis calcd
(%) for 2 a, C52H68Li4O6 (816.8): C 76.46, H 8.39; found: C 76.06, H 8.35.


Synthesis of 3a : Sodium (3.77 g, 164 mmol) and naphthalene (21.07 g,
164.4 mmol) were added to a suspension of [p-tBu-calix[4]-(OH)4] ¥ (C7H8)
(29.7 g, 40.1 mmol) in THF (300 mL) at room temperature. The reaction
mixture was refluxed overnight yielding a white solid in a slightly red
solution. The solid was collected, washed with THF (3� 50 mL), and dried
in vacuo to yield [(p-tBu-calix[4]-(ONa)4] ¥ (C4H8O)2 (33.9 g; 96%).
1H NMR (400 MHz, [D5]pyridine, 60 �C, TMS): �� 7.00 (s, 8H; ArH),
5.02 (d, J� 13.4 Hz, 4H; endo-CH2), 3.63 (m, 8H; THF), 3.21 (d, J�
13.4 Hz, 4H; exo-CH2), 1.59 (m, 8H; THF), 1.25 (s, 36H; tBu); elemental
analysis calcd (%) for 3 a, C52H68Na4O6 (881.0): C 70.89, H 7.78; found: C


70.87, H 7.90. Crystals suitable for an X-ray structure analysis were grown in
a pyridine solution, leading to the solvated form 3 b.


Synthesis of 4a : Potassium (1.47 g, 37.6 mmol) and naphthalene (4.83 g,
37.68 mmol) were added to a suspension of [p-tBu-calix[4]-(OH)4] ¥ C7H8


(6.98 g, 9.42 mmol) in THF (140 mL) at room temperature. The reaction
mixture was stirred for 10 h and then refluxed overnight to give a white
suspension. The solid was collected, washed with THF (50 mL), and dried
in vacuo to yield [(p-tBu-calix[4]-(OK)4] ¥ (C4H8O)2 (7.85 g; 88%). 1H NMR
(400 MHz, [D5]Py, 25 �C, TMS): �� 7.14 (br, ArH), 4.94 (d, J� 12.8 Hz,
4H; endo-CH2), 3.19 (d, J� 12.8 Hz, 4H; exo-CH2), 1.39 (br, tBu); 1H NMR
(400 MHz, [D5]Py, 72 �C, TMS): �� 7.20 (s, 8H; ArH), 4.95 (d, J� 12.4 Hz,
4H; endo-CH2), 3.69 (m, 8 H; THF), 3.20 (d, J� 12.4 Hz, 4 H; exo-CH2),
1.68 (m, 8H; THF), 1.44 (s, 36H; tBu); elemental analysis calcd (%) for 4a,
C52H68 K4O6 (945.5): C 66.06, H 7.25; found: C 66.28, H 7.32. Crystals
suitable for an X-ray structure analysis were obtained in a THF/TMEDA
solution at 3 �C, leading to the solvated form 4 b.


Synthesis of 7: The synthesis of 7 has been carried out analogously to that of
2a, either in THF or in toluene, to give in both case a colorless solution.
Compound 7 was usually used in situ in the transmetalation reactions with
the alkaline-earth metal salts. 1H NMR of 7, [p-tBu-calix[4]-(OMe)2-
(OLi)2] (400 MHz, [D5]pyridine, 25 �C, TMS): �� 7.47 (s, 4H; ArH), 6.93 (s,
4H; ArH), 4.69 (d, J� 11.6 Hz, 4H; endo-CH2), 3.49 (s, 6H; OCH3), 3.42
(d, J� 11.6 Hz, 4H; exo-CH2), 1.53 (s, 18H; tBu), 0.76 (s, 18 H; tBu).


Synthesis of 8 : Na (1.41 g, 61.33 mmol) and naphthalene (7.88 g,
61.48 mmol) were added to a solution of 5, [p-tBu-calix[4]-(OMe)2-
(OH)2], (20.82 g, 30.75 mmol) in THF (350 mL) at room temperature.
The reaction mixture was stirred overnight to give a white suspension.
Volatiles were evaporated to dryness and n-hexane (80 mL) was added to
the white residue. The solid was collected, washed again with n-hexane
(2� 30 mL), and dried in vacuo to yield [(p-tBu-calix[4]-(OMe)2-(ONa)2]
(8) (19.1 g; 86 %). 1H NMR (400 MHz, [D5]pyridine, 25 �C, TMS): �� 7.49
(s, 4 H; ArH), 7.07 (s, 4H; ArH), 4.81 (d, J� 11.6 Hz, 4H; endo-CH2), 3.43
(s, 6 H, OCH3 overlapping with d, 4 H; exo-CH2), 1.54 (s, 18H; tBu), 0.76 (s,
18H; tBu); elemental analysis calcd (%) for 8, C46H58Na2O4 (720.9): C
76.63, H 8.11; found: C 76.33, H 8.27.


Synthesis of 9 : Potassium (2.32 g, 59.34 mmol) and naphthalene (7.61 g,
59.37 mmol) were added to a solution of 5, [p-tBu-calix[4]-(OMe)2-(OH)2],
(20.1 g, 29.69 mmol) in THF (300 mL) at room temperature. The reaction
mixture was stirred overnight to give a white suspension. The solid was
collected, washed with n-hexane (3� 30 mL), and dried in vacuo to yield
[(p-tBu-calix[4]-(OMe)2-(OK)2] (9) (18.8 g; 84 %). 1H NMR (400 MHz,
[D5]pyridine, 25 �C, TMS): �� 7.44 (s, 4H; ArH), 7.29 (s, 4H; ArH), 4.39
(br, 4H; CH2), 3.62 (br, 4 H; CH2), 3.50 (s, 6H; OCH3), 1.51 (s, 18H; tBu),
1.07 (s, 18 H; tBu). 1H NMR (400 MHz, [D5]pyridine, 67 �C, TMS): �� 7.43
(s, 4H; ArH), 7.28 (s, 4H; ArH), 4.45 (d, J� 12.8 Hz, 4H; endo-CH2), 3.57
(s, 6 H; OCH3), 3.54 (d, J� 12.8 Hz, 4 H; exo-CH2), 1.54 (s, 18 H; tBu), 1.12
(s, 18H; tBu); elemental analysis calcd (%) for C46H58K2O4 (753.1): C 73.36,
H 7.76; found: C 73.63, H 7.95.


Synthesis of 10 : The reaction of 6 with sodium and naphthalene in a
1:2:2 molar ratio in THF at room temperature led to a colorless solution of
[p-tBu-calix[4]-(OCyp)2-(ONa)2] (10). It was usually used in situ in the
following transmetalation reaction with the alkaline-earth metal salts (see
synthesis of 12 and 14). 1H NMR of 10 (400 MHz, [D5]pyridine, 25 �C,
TMS): �� 7.48 (s, 4H; ArH), 7.07 (s, 4H; ArH), 4.78 (d, J� 11.8 Hz, 4H;
endo-CH2), 4.36 (m, 2 H; OCyp), 3.36 (d, J� 11.8 Hz, 4H; exo-CH2), 1.88
(m, 4H; OCyp), 1.59 (m, 4 H; OCyp) overlapping with 1.54 (s, 18H; tBu),
1.44 (m, 4 H; OCyp), 1.26 (m, 4H; OCyp), 0.89 (s, 18 H; tBu).


Synthesis of 11: [p-tBu-calix[4]-(OCyp)2-(OH)2] (4.03 g, 5.13 mmol) and
[Mg(anthracene)(thf)3] (2.14 g, 5.11 mmol) were suspended in THF
(140 mL) at room temperature. The reaction mixture was stirred overnight
to yield a yellowish solution. A small amount of solid was filtered off and
volatiles were evaporated to dryness. The resulting residue was washed
with n-hexane (40 mL) and dried in vacuo to give [(p-tBu-calix[4]-(OCyp)2-
(O)2)Mg(thf)] as a white powder (2.22 g, 61.4%). 1H NMR (400 MHz,
[D6]benzene, 25 �C, TMS): �� 7.46 (s, 4H; ArH), 7.08 (s, 4 H; ArH), 4.61 (d,
J� 12.2 Hz, 4 H; endo-CH2), 4.47 (m, 2 H; OCyp), 3.85 (m, 4H; THF), 3.40
(d, J� 12.2 Hz, 4H; exo-CH2), 1.88 (m, 4 H; OCyp), 1.64 (s, 18 H; tBu), 1.48
(m, 16 H; THF overlapping with OCyp), 1.13 (s, 18 H; tBu); elemental
analysis calcd (%) for 11, C58H78MgO5 (879.5): C 79.20, H 8.94; found: C
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79.41, H 8.93. Crystals suitable for X-ray structure analysis were grown in a
THF solution at 3 �C.


Synthesis of 12 : Sodium (0.22 g, 9.57 mmol) and naphthalene (1.24 g,
9.67 mmol) were added to a solution of [p-tBu-calix[4]-(OCyp)2-(OH)2]
(3.79 g, 4.83 mmol) in THF (120 mL). The reaction mixture was stirred
overnight at room temperature to give a colorless solution. [CaI2(thf)4]
(2.81 g, 4.83 mmol) was added and the mixture was refluxed for one day.
Volatiles of the resulting solution were evaporated, and toluene (120 mL)
was added to give a white suspension. The solid was filtered off and
TMEDA (ca. 1 mL) was added. Volatiles were evaporated to dryness to
give a white residue which was washed with pentane (40 mL) and dried in
vacuo to yield [(p-tBu-calix[4]-(OCyp)2-(O)2)Ca(tmeda)] (3.86 g; 85%).
1H NMR (400 MHz, [D5]Py, 25 �C, TMS): �� 7.49 (s, 4 H; ArH), 7.06 (s, 4H;
ArH), 4.78 (d, J� 11.6 Hz, 4H; endo-CH2), 4.37 (m, 2H; OCyp), 3.42 (d,
J� 11.6 Hz, 4H; exo-CH2), 2.36 (s, 4 H; TMEDA), 2.14 (s, 12H; TMEDA),
1.67 (m, 8 H; OCyp), 1.57 (s, 18H; tBu), 1.32 (m, 4 H; OCyp), 1.10 (m, 4H;
OCyp), 0.92 (s, 18 H; tBu); elemental analysis calcd (%) for 12,
C60H86CaN2O4 (939.4): C 76.71, H 9.23, N 2.98; found: C 76.81, H 8.88, N
2.52. Crystals suitable for X-ray structure analysis were grown in a THF/
pentane solution at 3 �C.


Synthesis of 13 : [p-tBu-calix[4]-(OCyp)2-(OH)2] (5.04 g, 6.42 mmol) was
added to a black suspension of active calcium (6.42 mmol) in THF
(150 mL) at room temperature. This rapidly led to a colorless solution
which was stirred overnight. Volatiles were evaporated to dryness, and
toluene (150 mL) was added to give a white suspension which was stirred
for a few minutes. The solid was filtered off and DME (5 mL) was added.
Volatiles were evaporated to dryness to give a white residue which was
washed with pentane (40 mL) and dried in vacuo to yield [(p-tBu-calix[4]-
(OCyp)2-(O)2)Ca] ¥ DME (4.98 g, 84.9 %). 1H NMR (400 MHz, [D6]ben-
zene, 25 �C, TMS): �� 7.43 (s, 4 H; ArH), 7.10 (s, 4H; ArH), 4.55 (d, J�
11.6 Hz, 4H; endo-CH2), 4.45 (m, 2H; OCyp), 3.34 (d, J� 11.6 Hz, 4H;
exo-CH2), 3.27 (br. s, 6 H; DME), 2.88 (br. s, 4H; DME), 1.85 (m, 4H;
OCyp), 1.67 (m, 4H; OCyp), 1.59 (s, 18 H; tBu) overlapping with (m, 4H;
OCyp), 1.35 (m, 4 H; OCyp), 1.14 (s, 18 H; tBu); elemental analysis calcd
(%) for 13, C58H80CaO6 (913.3): C 76.27, H 8.83; found: C 76.09, H 8.74.


Synthesis of 14 : Sodium (0.29 g, 12.61 mmol) and naphthalene (1.63 g,
12.72 mmol) were added to a solution of [p-tBu-calix[4]-(OCyp)2-(OH)2]
(5 g, 6.37 mmol) in THF (150 mL). The reaction mixture was stirred


overnight at room temperature to give a colorless solution. [BaI2(thf)4]
(4.34 g, 6.39 mmol) was added and the mixture was refluxed overnight.
Volatiles were evaporated and toluene (150 mL) was added to give a white
suspension. The solid was filtered off and TMEDA (ca. 1 mL) was added.
Volatiles were evaporated to dryness to give a white residue which was
washed with n-hexane (40 mL) and dried in vacuo to yield [(p-tBu-calix[4]-
(OCyp)2-(O)2)Ba(tmeda)] (4.64 g; 71%). 1H NMR (400 MHz, [D6]ben-
zene, 25 �C, TMS): �� 7.33 (s, 4H; ArH), 6.94 (s, 4H; ArH), 4.74 (d, J�
12.4 Hz, 4 H; endo-CH2), 4.49 (m, 2H; OCyp), 3.21 (d, J� 12.4 Hz, 4H;
exo-CH2), 2.34 (brs, 4H; TMEDA), 2.13 (br. s, 12H; TMEDA), 1.84 (m,
4H; OCyp), 1.77 (m, 4 H; OCyp), 1.55 (s, 18H; tBu), 1.26 (m, 4H; OCyp),
1.07 (m, 4 H; OCyp), 0.98 (s, 18 H; tBu); elemental analysis calcd (%) for
14, C60H86BaN2O4 (1036.6): C 69.52, H 8.36, N 2.70; found: C 69.44, H 7.96,
N 2.30.


Synthesis of 15 : [p-tBu-calix[4]-(OCyp)2-(OH)2] (4.07 g, 5.18 mmol) was
added to a black suspension of active barium (5.19 mmol) in THF (150 mL)
at room temperature. This rapidly led to a white suspension which was
stirred overnight. Volatiles were evaporated to dryness, and toluene
(150 mL) was added again giving a white suspension. The solid was filtered
off. Volatiles were evaporated to dryness and the white residue was dried in
vacuo (10�6 Torr) to give [(p-tBu-calix[4]-(OCyp)2-(O)2)Ba] (4.20 g, 89%).
1H NMR (400 MHz, [D6]benzene, 25 �C, TMS): �� 7.32 (s, 4 H; ArH), 6.94
(s, 4H; ArH), 4.74 (d, J� 12.4 Hz, 4 H; endo-CH2), 4.49 (m, 2H; OCyp),
3.20 (d, J� 12.4 Hz, 4 H; exo-CH2), 1.84 (m, 4H; OCyp), 1.77 (m, 4H;
OCyp), 1.55 (s, 18 H; tBu),1.25 (m, 4 H; OCyp), 1.07 (m, 4H; OCyp), 0.98 (s,
18H; tBu); elemental analysis calcd (%) for 15, C54H70BaO4 (920.4): C
70.46, H 7.66; found: C 70.23, H 7.78.


Synthesis of 16 : [CaI2(thf)4] (4.58 g, 7.86 mmol) was added to a solution of
[(p-tBu-calix[4]-(OCyp)2-(O)2)Ca] ¥ DME (2.02 g, 2.21 mmol) in acetoni-
trile (130 mL) and the reaction mixture was refluxed overnight. The
resulting colorless solution was concentrated to about 30 mL and the
resulting white crystalline precipitate was collected and dried in vacuo.
1H NMR (400 MHz, [D3]acetonitrile, 25 �C, TMS): �� 7.26 (s, 4 H; ArH),
7.12 (s, 4 H; ArH), 4.61 (m, 2H; OCyp), 4.16 (d, J� 13.6 Hz, 4H; endo-
CH2), 3.41 (d, J� 13.6 Hz, 4H; exo-CH2), 2.06 (m, 4H; OCyp), 1.95 (m,
8H; OCyp overlapping with CH3CN), 1.61 (m, 4H; OCyp), 1.33 (s, 18H;
tBu), 1.09 (s, 18H; tBu). Crystals suitable for an X-ray structure analysis
were obtained by recrystallization in acetonitrile at 3 �C, and the compound


Table 4. Experimental data for the X-ray diffraction studies on crystalline compounds 3b, 4b, 6, 11, 12, 16, and 18.


Compound 3b 4 b 6 11 12 16 18


formula C128H144N8Na8O8 C128H184K8O18 ¥
4 C4H8O


C54H72O4 ¥
C6H14


C58H78MgO5 ¥
C4H8O


C60H86CaN2O4 ¥
C10H8 ¥ C5H12


C58H76Ca2I2N2O4 ¥
5C2H3N


C113H145BaNNa2O8 ¥
3 C5H5N


a [ä] 25.350(5) 15.127(3) 13.480(3) 12.664(2) 18.394(3) 12.650(2) 24.359(2)
b [ä] 14.563(3) 15.124(3) 14.148(3) 12.664(2) 16.264(5) 12.233(2) 19.082(2)
c [ä] 34.227(7) 19.722(4) 16.552(3) 33.669(7) 23.841(4) 24.057(3) 26.643(3)
� [�] 90 110.69(3) 110.21(3) 90 90 75.47(1) 90
� [�] 110.71(3) 93.62(3) 107.21(3) 90 104.36(2) 75.52(1) 112.97(1)
� [�] 90 111.67(3) 102.79(3) 90 90 80.56(1) 90
V [ä3] 11819( 5) 3824.2( 20) 2638.9( 15) 5399.7(16) 6909(3) 3468.7(9) 11402(2)
Z 4 1 2 4 4 2 4
formula weight 2106.5 2612.1 871.3 951.7 1139.8 1404.5 2066.0
space group P21/n (no. 14) P1≈ (no 2) P1≈ (no. 2) P4≈21c (no. 114) P21/n (no. 14) P1≈ (no. 2) P21/n (no. 14)
T [�C] 143 143 143 143 143 143 143
� [ä] 0.71069 0.71069 0.71069 0.71069 0.71069 0.71069 0.71069
�calcd [gcm�3] 1.184 1.134 1.097 1.171 1.096 1.345 1.204
� [cm�1] 0.98 2.85 0.62 0.78 1.38 10.88 4.14
transmission coeff 0.999 ± 1.000 0.997 ± 1.000 0.999 ± 1.000 0.998 ± 1.000 0.998 ± 1.000 0.905 ± 1.000 0.994 ± 1.000
R [a,b] 0.087 0.101 0.079 0.059 [0.060] 0.077 0.042 0.050
wR2 0.211 0.284 0.229 0.148 [0.150] 0.232 0.099 0.137
GOF 0.990 0.970 0.976 1.012 1.063 1.016 1.038
N observed[c] 3573 3903 6801 1755 7837 9910 14707
N independent[d] 12178 8561 10777 3303 11330 14435 18095
N refinement[e] 9588 7418 9850 2925 10543 13800 17360
variables 1363 759 578 311 736 748 1288


[a] Calculated on the observed reflections having I� 2�(I). [b] Values in square brackets refer to the ™inverted∫ structure. [c] N observed is the total number
of the independent reflections having I� 2�(I). [d] N independent is the number of independent reflections. [e] N refinement is the number of reflection used
in the refinement having I� 0 and corrected for absorption.
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was analyzed as a CaI2 adduct, [{(endo-Ca(CH3CN)2)({p-tBu-calix[4]-
(OCyp)2-(O)2)CaI2}] ¥ 5CH3CN.


Synthesis of 17 and 18 : The reaction of 8 or 10 with [BaI2(thf)4] in a
2:1 molar ratio and in refluxing THF led to the bis-calix[4]arene-barium
species 17 and 18, respectively. A THF/pyridine solution of 18 gave crystals
suitable for an X-ray structure analysis: {bis(p-tBu-calix[4]arene-(OCyp)2-
(O)2)Ba}{Na2}. Compounds 17 and 18 display the expected C2 symmetry in
the 1H NMR spectra. 1H NMR of {bis(p-tBu-calix[4]arene-(OMe)2-
(O)2)Ba}{Na2} (17) (400 MHz, [D5]pyridine, 25 �C, TMS): �� 7.49 (s, 4H,
ArH); 7.46 (s, 4H, ArH); 7.08 (s, 4 H, ArH); 7.04 (s, 4H, ArH); 4.91 (d, J�
11.7 Hz, 4H, endo-CH2); 4.70 (d, J� 12 Hz, 4H, endo-CH2); 3.93 (s, 6H,
OCH3); 3.90 (s, 6 H, OCH3); 3.50 (d, J� 11.7 Hz, 4H, exo-CH2); 3.34 (d,
J� 12 Hz, 4H, exo-CH2); 1.55 (s, 18 H, tBu); 1.52 (s, 18 H, tBu); 0.91 (s,
18H, tBu); 0.89 (s, 18H, tBu).


X-ray crystallography for compounds 3b, 4b, 6, 11, 12, 16, and 18 : Single
crystals suitable for X-ray diffraction were grown from common organic
solvents (Table 4). Data for 3b, 4 b, 6, 11, 12, and 18 were collected on a
MAR345 IPDS image plate at 143 K using MoK� radiation, while those for
16 were collected on a Rigaku AFC7S diffractometer equipped with a
Mercury CCD detector at 143 K using MoK� radiation. The solutions and
refinements were carried out using the programs SHELX76[13] and
SHELX93.[14] Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos. CCDC-
173769 (3 b), CCDC-173770 (4 b), CCDC-173771 (6), CCDC-173772 (11),
CCDC-173773 (12), CCDC-173774 (16), CCDC-173775 (18). Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (�44)1223 ± 336 ± 033; e-mail :
deposit@ccdc.cam.ac.uk).
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Solvent-Dependent Mixed Complex Formation–NMR Studies and
Asymmetric Addition Reactions of Lithioacetonitrile to Benzaldehyde
Mediated by Chiral Lithium Amides


Richard Sott, Johan Granander, and Gˆran Hilmersson*[a]


Abstract: Lithioacetonitrile and a chiral
lithium amide with an internally coordi-
nating methoxy group form mixed di-
mers in diethyl ether (DEE) and in
tetrahydrofuran (THF) according to
NMR studies. Based on the observed
6Li,1H heteronuclear Overhauser ef-
fects, in THF lithioacetonitrile is present
in a mixed complex with the chiral
lithium amide, and this complex has a
central N-Li-N-Li core. In DEE, on the
other hand, the acetonitrile anion
bridges two lithiums of the dimer to


form a central six-membered Li-N-C-C-
Li-N ring. Gauge individual atomic
orbital DFT calculations of the
13C NMR chemical shifts of the DEE-
and THF-solvated mixed dimers show
good agreement with those obtained
experimentally. Lithioacetonitrile com-


plexed to the chiral lithium amide has
been employed in asymmetric addition
to benzaldehyde in both DEE and THF.
In THF the product, (S)-3-phenyl-3-
hydroxy propionitrile, is formed in
55% ee and in DEE the R enantiomer
is formed in 45% ee. This change in
stereoselectivity between solutions in
DEE and THF was found to be general
among a number of different chiral
lithium amides, all with an internal
chelating methoxy group.


Keywords: asymmetric synthesis ¥
density functional calculations
¥ enantioselectivity ¥ lithium
complexes ¥ solvent effects


Introduction


The chemistry of cyano-stabilized carbanions has been widely
employed in organic synthesis; this is underscored by the large
number of publications devoted to the field.[1±3] The addition
of cyano-stabilized carbanions to aldehydes gives access to the
versatile synthetic intermediates �-hydroxy nitriles. These can
be transformed into �-amino alcohols, which are useful
synthetic building blocks and common in prescribed anti-
depressants.[4±6]


The monomeric structures of these carbanions have been
widely discussed, and C-metalated carbanions, N-metalated
ketenimines, and bridged types, shown in Scheme 1, have all
been suggested.[7, 8] However, these organometallic species


CH C N


R


Li


HC C N


R Li
C C N


R


Lia) b) c)


Scheme 1. Suggested structures of lithiated nitriles: a) C-metalated car-
banion, b) N-metalated ketenimine, and c) bridged type.


generally aggregate in solution, and a small number of reports
on lithiophenylacetonitrile have shown dimeric complexes in
both tetrahydrofuran (THF) and dimethyl sulfoxide.[8±11]


The structure of these �-nitrile-stabilized organolithium
species did not become known in detail until Boche et al.
reported the first X-ray study of solvated lithiophenylaceto-
nitrile.[12] It was shown that lithiophenylacetonitrile was
present as an N-metalated ketenimine in a homo-dimer
solvated by N,N,N�,N�-tetramethylethylene diamine (TME-
DA), as in Scheme 2. Detailed solution studies of lithiophe-
nylacetonitrile by NMR spectroscopy by Collum et al. with
6Li,15N scalar couplings showed an N-lithiated ketenimine
dimer to be present in diethyl ether (DEE)/toluene and a
TMEDA-solvated dimer to be present in toluene.[13] No
6Li,15N couplings were resolved for solutions in tetrahydro-
furan. They also observed that a mixed dimer was formed
between doubly labeled [6Li,15N]-lithium hexamethyldisil-


C C N


R Li


CCN


Li R


H


H


TMEDA


TMEDA


Scheme 2. X-ray structure of lithiophenylacetonitrile found by Boche
et al.[12]
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azide and [6Li,15N]-phenylacetonitrile solvated by TMEDA;
this was similar to the complex found by Boche et al.
In contrast to the extensive use of lithiated nitriles in


organic synthesis, there are to our knowledge only a few
examples of diastereoselective and even fever examples of
enantioselective applications.[14] The first enantioselective
application with lithioacetonitrile was reported by Soai and
Mukaiyama.[15] Later they achieved higher selectivity with
cyanomethylzinc bromide.[16] Recently, Carlier reported the
deprotonation of arylacetonitriles and their subsequent
diastereoselective addition to aldehydes, although he named
this class of reactions aldol reactions.[14, 17, 18]


Here we wish to report on the solution structures of the
aggregates formed from lithioacetonitrile and the chiral
lithium amide Li-[2-methoxy-(R)-1-phenyl][(S)-1-phenyl-
ethyl]amide (Li�1) in THF and DEE.[19, 20] We have also
studied (S)-N-isopropyl-O-ethylphenyl glycinol (Li�2) and
compared the structure and reactivity of these two ligands.
The structures were determined based on NMR spectroscopy
accompanied by computational (semi-empirical and DFT)
methods. The results of stereoselective addition of lithioace-
tonitrile to benzaldehyde by using several different chiral
lithium amides as chiral inducers are also reported.


Results


NMR Studies of Li�1: Addition of nBu[6Li] to acetonitrile in
THF or DEE at �78 �C resulted in several signals in the 13C
and 6Li NMR spectra at �90 �C. These signals are probably
from mixed dimers and tetramers of nBuLi and lithioacetoni-
trile. Further addition of nBu[6Li] at �78 �C completed the
rapid formation of lithioacetonitrile, which has low solubility
in both DEE and THF. The presence of Li�1 prevented
precipitation of lithioacetonitrile; this indicates either reac-
tion with Li�1 or the formation of a mixed complex. Addition
of acetonitrile to Li�1 results in the formation of lithioace-
tonitrile, since acetonitrile is more acidic than 1.


THF : One equivalent of acetonitrile was added to an NMR
tube loaded with a 1:1 mixture of Li�1 and nBu[6Li] in
[D8]THF at �78 �C. Two 6Li NMR signals at �� 0.84 and ��
0.97 of equal intensity, independent of concentration (0.02 to
0.20�), were observed at �90 �C. To establish that these two
lithium signals arose from a single complex, we performed a


6Li,6Li EXSY experiment at �90 �C. From the cross-peak-to-
diagonal-peak intensities, the rate constant for the lithium
exchange was determined to be 0.47� 0.03 s�1, corresponding
to a �G� (176 K) of 10.4� 0.1 kcalmol�1.[21] The coalescence
temperature of the two peaks was found to be �72 �C at both
0.02 and 0.2�. The 13C NMR spectra of the mixed aggregate
were different from those of 1 and (Li�1)2.[20] One set of
signals from lithioacetonitrile was observed at different shifts
from those of pure lithioacetonitirile. The signal at ���1.9
was assigned to the � carbon of lithioacetonitrile complexed
to Li�1, and the broad signal at �� 157.3 was assigned to the
carbon of the cyano group. The measured 13C,1H coupling
constant of the � carbon of lithioacetonitrile in the mixed
dimer complex was 163 Hz. The magnitude of the coupling
constant suggests that the carbanion is mainly sp2 hybridized
in THF. No 13C,6Li couplings were observed between�60 and
�110 �C (experiments performed in THF/DEE 1:1). Further
addition of Li�1 resulted in monomeric Li�1 at �� 1.6 in the
6Li NMR spectra.[20] The 13C NMR chemical shifts of 1 and its
aggregate forms are given in Table 1.
The 6Li,1H HOESY experiments showed no NOE×s be-


tween the CH2 protons of lithioacetonitrile at �� 0.4 and the
two lithiums, see Figure 1. However, heteronuclear Over-


Figure 1. The 6Li,1H HOESY spectrum of a 1:1 mixture of lithioacetoni-
trile and Li�1 obtained at �90 �C in THF.


Table 1. Selected 13C NMR chemical shifts for 1 and its aggregate forms at �80 �C.
Structure �b (CN, AcNLi) �b(C C CH2 CH CH OCH3) �b(CH2, AcNLi/nBuLi)


THF
1 146.9 142.3 78.8 59.7 58.6 55.3
Li�1/BuLi 154.0 148.3 81.5 66.9 61.6 58.8 12.6 (quintet)
(Li�1)2 155.2 149.4 80.8 68.9 63.1 59.6
Li�1/AcN-Li 157.3 153.6 147.4 81.5 66.4 62.2 58.8 � 1.9
DEE
1 146.2 141.5 78.6 59.4 58.6 54.9
Li�1/BuLi 152.2 147.8 82.0 66.4 60.7 59.2 11.8 (quintet)
(Li�1)2 154.6 148.2 79.4 64.7 62.3 58.7
Li�1/AcN-Li[a] 149.5 151.4 146.9 82.2 66.2 59.1 58.7 � 7.2
[a] The 13C NMR spectrum was recorded at �85 �C.
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hauser effects between the two lithium signals and the
aromatic proton signals of complexed Li�1 were observed.
Altogether this suggests a mixed dimer complex of lithioace-
tonitrile and Li�1 with a Li-N-Li-N central core in THF,
shown in Scheme 3. Apparently there should be no observed
NOE×s between the �-protons of lithioacetonitrile and the
lithiums due to the large distances.


O


N


Li


Li


N C CH2


Scheme 3. Proposed solvent structure of the mixed aggregate of the
lithiated acetonitrile and Li�1 dimer in THF.


DEE : The NMR spectra of mixtures of Li�1 and lithioace-
tonitrile in DEE were not as simple as those in THF.
However, two major 6Li NMR signals at �� 1.1 and �� 2.8
in a 1:1 ratio were observed at �90 �C. The signal intensities
were concentration independent (0.02 to 0.20�). A set of
small unassigned signals (�10%) was also observed at ��
0.4, 1.6, and 3.1. However, strong cross peaks between the
signals at �� 1.1 and �� 2.8 were observed in 6Li,6Li EXSY
experiments performed at �50, �60, and �65 �C; these were
also independent of concentration (0.02 to 0.20�). From the
cross-peak-to-diagonal-peak intensities at �60 �C, the rate
constant for the intra-aggregate exchange was determined to
be 0.3� 0.05s�1, corresponding to a �G� (176 K)� 12.8�
0.1 kcalmol�1.[21] In the 13C NMR spectra obtained at �90 �C
one major set of signals was observed at different shifts from
those of (Li�1)2 and Li�1/nBuLi.[20] There were only traces of
signals from the amine 1 in the 13C and 1H spectra. Addition of
more than one equivalent of 1 and nBuLi[6Li] resulted in the
formation of (Li�1)2 and Li�1/nBuLi. Only one set of signals
was observed from lithioacetonitrile. The broad signal at ��
�7.2 was assigned to the � carbon and the other broad signal
at �� 149.5 was assigned to the cyano-group carbon of
lithioacetonitrile. The large solvent dependence in chemical
shift for the � carbon of lithioacetonitrile (���7.2 in DEE
and �1.9 in THFat �90 �C) is consistent with a structure that
has higher electron density at the � carbon than the one
proposed to exist in THF solution. The 13C NMR chemical
shifts of 1 are again given in
Table 1. The � carbon signal
was broad in DEE but no
13C,6Li coupling was resolved
at any temperature between
�60 and �110 �C; this is prob-
ably due to fast dynamics in
solution. The 13C,1H coupling
constant of the � carbon signal,
150 Hz measured at �90 �C,
was smaller than expected for
a sp2 carbon (typically values


are 160 ± 170 Hz) and smaller than that of the corresponding
dimer in THF, but significantly larger than that of acetonitrile.
The 6Li,1H HOESY experiments revealed heteronuclear


Overhauser effects between both lithium signals (�� 1.1 and
�� 2.8) and the CH2 protons of lithioacetonitrile at �� 0.6, as
well as the proton signals from Li�1, shown in Figure 2. This


Figure 2. HOESY spectrum of the mixed aggregate formed by lithioace-
tonitrile and Li�1 in DEE at �80 �C, showing NOE×s between the 6Li
signals at �� 1.1 and �� 2.8 and the proton signals from Li�1 and
lithioacetonitrile.


suggests a nonsymmetrical arrangement of lithioacetonitrile
in the dimer in which the acetonitrile anion bridges between
two lithiums. The unresolved 13C,6Li couplings may be
explained by a dynamic exchange between the two bridged
structures displayed in Scheme 4.
[15N]-labeled acetonitrile was employed in the attempts to


unambiguously determine the position of metalation of
lithioacetonitrile in the mixed complex with Li�1 in order to
observe 6Li,15N coupling. A 0.2� solution of [6Li]-1 and
[15N,6Li]-acetonitrile was prepared. No 6Li,15N couplings were
observed for any of the lithium signals of the mixed complexes
in either THF or DEE solution. The absence of scalar 15N,6Li
couplings at temperatures between �50 and �110 �C indi-
cates fast chemical exchange within the complexes.[22, 23]


However, the 6Li resonances of the DEE solvate were broad
and could possibly contain unresolved splittings. In previous
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studies, Li�1 has been shown to be predominantly dimeric in
DEE and monomeric in THF. However, we can not rule out
the possibility of larger aggregates, especially in DEE.


NMR Studies of Li�2 : The chiral lithium amide Li�2 in a
mixed complex with lithioacetonitrile was examined by 1H,
13C, and 6Li NMR spectroscopy in both DEE and THF. The
studies in DEE were similar to those of Li�1/lithioacetonitrile
with two signals at �� 2.7 and 1.1 of equal intensities in the 6Li
NMR spectrum at�70 �C. Signals at �� 149.3 and ���7.4 in
the 13C NMR spectrum and at �� 0.6 in the 1H NMR
spectrum indicated complexed lithioacetonitrile. Correlations
in the 6Li,1H HOESY experiment at �70 �C showed NOE×s
between the lithioacetonitrile protons and both lithium
signals in DEE, similar to the 6Li,1H HOESY spectra of
Li�1 in DEE. The THF-solvated mixture of Li�2 and
lithioacetonitrile resulted in two 6Li NMR signals at �� 0.9
and �� 0.7 of equal intensity, 13C NMR signals at �� 157.1
and ���2.1, and a 1H NMR signal at �� 0.3 at �80 �C. To
our surprise, the 6Li,1H HOESYexperiment at�70 �C in THF
was also similar to that of Li�1 in DEE, with correlations
between the lithioacetonitrile protons and both lithium
signals. The studies of Li�2 and lithioacetonitrile in DEE
and THF both indicate the formation of a mixed-dimer
complex, similar to that of Li�1 and lithioacetonitrile in DEE.


Computational Studies of Li�1/lithioacetonitrile : A computa-
tional approach was employed to gain further insight into the
structure of the mixed dimer between Li�1 and lithioacetoni-
trile solvated by ethers. Due to the considerable size of the
aggregates including the solvation, we restricted our full
geometry optimizations to semi-empirical PM3 calculations
with dimethyl ether replacing DEE and THF.[24] Two different
mixed dimers with a bridging acetonitrile anion are possible,
one with the chelating methoxy group on the lithium bonded
to the nitrile nitrogen and another with the methoxy group on
the lithium bonded to the CH2 carbon. In this study, only
dimers with tetracoordinated lithium atoms were considered.
The model systems named A1, A2, and A2� are displayed in
Figure 3. We also performed full DFT geometry optimizations
on the smaller model systems B1, B2, and B2� at the B3LYP/
6 ± 31G(d) level of theory.[25] DFT single-point calculations at
the MPW1PW91/6 ± 31�G(d) level of theory were per-
formed on both the PM3- and the B3LYP/6 ± 31G(d)-opti-
mized structures.[26]


From the results of the calculations we concluded that the
six-membered ring dimer with a bridging CH2CN unit appears
to be the most stable complex among A1, A2, and A2�. The
A2 structure is surprisingly 5.9 kcalmol�1 lower in energy
thanA2�. However, at the DFT level of theory for the simpler
B systems we found that the B2 arrangement is slightly higher
in energy (1.0 kcalmol�1) than B2�. In contrast to the
calculations of A1, A2, and A2�, we found that the
ketenimine mixed dimer B1, with the planar lithioacetonitile,
is more stable than B2� by 1.3kcalmol�1. However, the energy
differences are small and do not allow the exclusion of any of
these structures. Clearly this chemical computational study of
a model system does not represent all the experimental
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Figure 3. a) Geometry-optimized structures A1, A2, and A2� at the PM3
level of theory followed by a single-point calculation at the MPW1PW91/
6 ± 31�G(d) level, given as relative energies (kcalmol�1). b) Geometry-
optimized structures B1, B2, and B2� at the B3LYP/6 ± 31G(d) level of
theory followed by a single-point calculation at MPW1PW91/6 ± 31�G(d),
given as relative energies (kcalmol�1).


conditions. Calculations that include solvent continuum
effects have been found to be important.[27]


Selected Li ±H distances of the calculated structures A1
andA2 are given in Table 2. These distances are approximate,


Table 2. Selected Li ±H distances [ä] measured in the calculated struc-
tures A1 and A2.


A1 A2
methoxy coord. ether coord. methoxy coord. ether coord.


proton lithium lithium lithium lithium


CH2�C�N 4.81 4.88 4.54 2.69
-CH2-O-CH3 3.27 4.96 2.89 4.97
-CH-CH3 3.71 2.65 4.02 2.51
-CH-CH3 2.50 3.15 2.67 2.77
-CH-CH2O- 3.89 3.99 3.81 3.76
-OCH3 2.98 4.31 3.04 4.62
Aromatics 3.19 3.03 2.97 2.44
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but they indicate the relative proximities that support the
observed Li ±H NOE×s. Strong NOE×s are expected for Li ±H
distances of 2 ± 3 ä. From the calculations onA1, it is evident
that no NOE×s are expected between the protons of lithioa-
cetonitrile and the lithiums due to the long distance (4.8 ä).
The isotropic shielding values were calculated by using the


gauge individual atomic orbital (GIAO) method at the
MPW1PW91/6 ± 31�G(d)//PM3 and MPW1PW91/6 ± 31�
G(d)//B3LYP/6 ± 31G(d) levels of theory.[26, 28±30] The corre-
sponding chemical shifts were referenced to tetramethylsi-
lane. TMS was optimized at the B3LYP/6 ± 31G(d) level of
theory and its GIAO isotropic shift was calculated at
MPW1PW91/6 ± 31�G(d). The calculated shifts of acetoni-
trile in the PM3-optimized mixed dimers A1, and A2 are
shown in Table 3 along with those of the DFT-optimized
mixed dimers B1, B2, and B2�. The calculated shifts of the �
carbon of ketenimine structures A1 and B1 were similar with
values of ���0.2 and ���0.9 (cf. �exp��1.9). The
calculated shifts of the � carbon of the bridged acetonitrile
in A2, B2, and B2� appear more upfield with values of ��
�7.0, �10.4, and �8.5 (cf. �exp��7.2).


Furthermore, the good agreement between the calculated
chemical shift of the carbon of the nitrile (�calcA1� 162.3 and
�calc B1� 154.9) and that observed in THF solution (�exp�
157.3) suggests that the N-lithiated ketenimine dimer domi-
nates in THF. These values are also significantly different
from those calculated for the mixed dimers with a bridging
CH2CN unit (�calc A2� 141.3, �calc A2�� 140.4, �calc B2�
140.6, and �calc B2�� 141.7). These calculated chemical shifts
for the mixed dimers with a bridging CH2CN unit are close to
the experimental value of 149.5 observed in DEE.


Asymmetric addition of lithioacetonitrile to benzaldehyde :
The lithiation of acetonitrile with nBuLi proceeds quickly at
�116 �C in either THF or DEE. Benzaldehyde was added to
the 2:1 mixtures of the chiral lithium amides and lithioace-
tonitrile at �116 �C. The reaction mixture was quenched with
methanol after 30 minutes and analyzed by using capillary gas
chromatography on chiral stationary phase. The results of the
asymmetric nucleophile addition of acetonitrile to benzalde-
hyde at �116 �C by using different chiral lithium amide bases


are summarized in Table 4. Note that not all amides have the
same relative configuration at the stereogenic center next to
the nitrogen. Two different solvent systems were employed:
DEE and a 1:1 mixture of DEE and THF. The reason for
using a DEE/THF solvent mixture was simply to prevent the
THF from freezing. Only minor effects from the DEE are
expected, since THF is known to coordinate much more
strongly to lithium than DEE does.
In DEE, the enantiomeric excesses range from 4 to 45%


when these different chiral lithium amides are used as chiral
inducers. The largest enantiomeric excesses were observed for
the amides containing the bulkier substituents on the nitro-
gen, cyclohexyl, or 1-phenylethyl. However, there is no simple
correlation between the size of the hydrocarbon substituent
on the amide nitrogen and the ee of the product. All amides
yield low to moderate selectivity, that is, 4 to 45% ee of
3-hydroxy-3-phenylpropionitrile of the same configuration as


Table 3. Observed and calculated 13C NMR chemical shift[a] of the CH2


carbon of lithioacetonitrile in mixed dimers.


Structure �b (CH2-carbon) �b (CN-carbon)


Observed
in DEE � 7.2 149.5
in THF � 1.9 157.3
Calculated
A1[b] 0.2 162.3
A2[b] � 7.0 141.3
A2�[b] � 2.6 140.4
B1[c] � 0.9 154.9
B2[c] � 10.4 140.6
B2�[c] � 8.5 141.7


[a] Relative to TMS (�� 0.0). [b] Geometry optimized at the PM3 level of
theory followed by a single-point calculation at the MPW1PW91/6 ± 31�
G(d) level. [c] Geometry optimized at the B3LYP/6 ± 31G(d) level of
theory followed by a single-point calculation at MPW1PW91/6 ± 31�G(d).


Table 4. Resulting ee×s from the asymmetric addition of acetonitrile to
benzaldehyde at �116 �C by using different chiral lithium amides.


amide config. ee
in DEE in DEE/THF


1 (R) 45.0 (R) 54.8 (S)


2 (S) 30.3 (S) 13.0 (S)


3 (S) 4.1 (S) 55.0 (R)


4 (S) 34.0 (S) 22.6 (S)


5 (S) 27.8 (S) 17.1 (R)


6 (S) 22.2 (S) 14.1 (S)


7 (R) 30.5 (R) 48.8 (S)


8 (R) 42.8 (R) 10.0 (R)
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the chiral lithium amide used. The highest selectivity, 45% ee,
was achieved by using Li�1, see entry 1 in Table 4.
Employing THF/DEE resulted in large variations in


selectivity. The enantiomer of the product with the same
stereo configuration as the lithium amide used was only
formed when using the amides with the slightly larger alkyl
group on the oxygen (ethyl or isopropyl). The stereoselectiv-
ity was rather poor ranging from 10 to 23% ee (entries 2, 4, 6,
and 8).
However, to our surprise, all the methoxy ether amides


generated the opposite relative stereo configuration of the
product, see entries 1, 3, 5 and 7. The stereochemical addition
reaction is thus reversed with these amides, yielding selectiv-
ities between 17 and 55% ee. Thus these amides exhibit a
unique solvent dependence since the stereochemical outcome
of the addition reaction was inverted from DEE solution to
the DEE:THF mixture. The use of (R)-Li�1 produced (S)-3-
hydroxy-3-phenylpropionitrile with 55% ee in the DEE:THF
mixture, but in DEE a 45% ee of the R enantiomer was
observed. Thus Li�1 represents a unique catalyst that is able
to invert the stereochemistry of the addition product depend-
ing on the solvent used.


Discussion


The quantum chemical calculations of 13C NMR chemical
shifts showed differences between the two proposed dimeric
complexes formed between lithioacetonitrile and Li�1 in
THF and in DEE. In THF, the 6Li,1H HOESY experiments
suggested that the mixed complex was an N-lithiated keten-
imine dimer. In DEE on the other hand, the � carbon of
lithioacetonitrile must be in close proximity to the lithiums,
since strong heteronuclear Overhauser effects were observed.
This strongly suggests that DEE promotes the formation of a
6-membered ring structure with a bridging acetonitrile anion.
The DFT GIAO-computed �-carbon chemical shifts of the
model systems B2 and B2�, ���10 and ���8.5, were close
to the experimentally observed value of ���7.2. Fast intra-
aggregate exchange between the possible mixed dimers of the
chiral lithium amide and lithioacetonitrile may explain the
broad unresolved 13C and 6Li NMR signals. Although the
DFT calculations suggests that the planar ketenimine struc-
ture should be favored in the mixed dimer with the chiral
lithium amide, all other results strongly argue for the bridging
acetonitrile arrangement. One should also remember that the
calculated in vacuo energy difference between the calculated
structures is small. However, the DFT-GIAO results are very
promising as a tool for the elucidation of structures and
aggregates of organolithium complexes. The two bridging
structures B2 and B2� give similar values (�10 and �8.5) for
the 13C NMR chemical shifts of the two carbons of lithio-
acetonitrile in the mixed complex. The DFT-computed
chemical shifts of both the � carbon and the nitrile carbon
of lithioacetonitrile in the proposed mixed dimers are in good
agreement with those experimentally observed in THF and
DEE.
In contrast to the NMR studies of Li�1/lithioacetonitrile,


we found that Li�2 formed 6-membered ring structures with a


bridging acetonitrile anion in both DEE and THF. The
stereoconfiguration of the alkylation product of the reaction
mediated by Li�2 is solvent independent; this was general
among the O-ethylated and O-isopropylated amides. The O-
methylated amides, on the other hand, produced alcohols with
the same stereoconfiguration in DEE and opposite stereo-
configuration in THF. This indicates that the lithium amides
that form 6-membered ring structures with lithioacetonitrile
produce alcohols with the same stereoconfiguration, while N-
lithiated ketenimine structures result in the opposite stereo-
configuration.
Asymmetric additions of lithioacetonitrile to benzaldehyde


mediated by a chiral lithium amide yielded selectivities up to
55%. This does not represent a synthetically useful selectivity
but the addition showed a very strong solvent dependence
with 45% ee of the R product in DEE but 55% ee of the S
product in DEE/THF with (R)-Li�1.


Conclusion


Lithioacetonitrile forms mixed dimeric complexes with Li�1
in THF and DEE. NMR experiments suggest an N-lithiated
ketenimine dimer in THF, which is different from the six-
membered ring complex formed in DEE. These chiral
complexes are potentially useful for enantioselective addition
to aldehydes, especially since the stereoselectivity can be
inverted by changing solvent. Although it has been shown
previously that lithiophenylacetonitrile exists as an N-lithi-
ated dimer both in solution and in the solid state, our results
have shown that mixed complexes between a chiral lithium
amide and a lithiated nitrile anion may also consist of a
bridging acetonitrile anion. Such a bridging acetonitrile anion
coordination has to our knowledge only been reported in a
dimeric lanthanide complex.[31]


Experimental Section


General : Glassware and syringes were dried at 50 �C in a vacuum oven
before transfer into a glove box (Mecaplex GB80 equipped with a gas
purification system that removes oxygen and moisture) under a nitrogen
atmosphere. Typical moisture content was less than 1.5 ppm. All manip-
ulations concerning the addition reactions were carried out by using gas-
tight syringes. Ethereal solvents, distilled under nitrogen from sodium and
benzophenone, were kept over 4 ä molecular sieves in septum-sealed
flasks inside the glove box. Acetonitrile was distilled from CaH2 and further
dried over molecular sieves.


[2-methoxy-(R)-1-phenylethyl][2-[6Li]-lithium-(S)-1-phenylethyl] amide
(Li�1) in situ preparation : The preparation and characterization of this
lithium amide has been reported previously.[19, 20]


NMR Instrumental : All NMR spectra were recorded on a Varian Unity500
spectrometer equipped with three channels and a 5 mm 1H, 13C, 6Li triple
resonance probe head built by the Nalorac Company. Measuring frequen-
cies were 500 MHz (1H), 125 MHz (13C), and 73 MHz (6Li). The 1H and 13C
spectra were referenced to the solvent signals: [D10]diethyl ether at �� 1.06
(1H -CH3) and � 65.5 (13C -CH2), and [D8]THF at � 1.72 (1H -CH2) and ��
25.4 (13C -CH2). Probe temperatures were measured after more than 1 hour
of temperature equilibrium with both a calibrated methanol ± freon NMR
thermometer and the standard methanol thermometer supplied by Varian
instruments.[32] 6Li,1H HOESYexperiments were performed with �M� 1.0 s
in both THFand DEE. 6Li,6Li EXSY spectra were recorded with �M� 0.5 s
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in THF and �M� 1.5 s in DEE. For further data of the 6Li,1H HOESY
experiments, see previous studies of Li�1.[20]


Computational methods : Due to the considerable size of the aggregates
under investigation, we restricted our geometry optimizations to semi-
empirical PM3 calculations.[21, 22] However, geometry optimizations were
also performed on smaller model systems at the B3LYP/6 ± 31G level of
theory. All geometries were characterized as minima by calculation of their
frequencies. All the GIAODFT 13C NMR chemical-shift calculations were
performed at the MPW1PW91/6 ± 31�G(d) level of theory.[26, 28±30] The
calculations were performed either by using the Titan[33] program package
or the Windows-based Gaussian98[34] program package on a Pentium4
1400 MHz PC.


Asymmetric addition reactions : A septum-sealed flask containing a
magnet, the amine (0.20 mmol), and dry DEE or THF/DEE (1:1)
(2.0 mL) was assembled inside the glove box. The flask was taken out
and directly fitted with a dry argon inlet. The flask was cooled to �116 �C
(DEE/N2(l)) for 10 min before nBuLi (0.30 mmol in hexane) was added
dropwise with a syringe. After an additional 10 min, acetonitrile
(0.10 mmol in dry toluene) was added dropwise to the solution. The
lithiation of acetonitrile was complete in 1 h at �116 �C. Benzaldehyde
(0.05 mmol in dry toluene) was slowly added with a syringe. The reaction
was quenched after 30 min by the addition of methanol (1.0 mL). The crude
mixture was neutralized with 10% HCl, extracted with DEE, and analyzed
by using chiral stationary-phase GC. The chromatograms showed that the
reactions were close to quantitative with respect to the amines and that the
addition products together with traces of 1-phenylpentan-1-ol were the
only detected compounds. The assignment of the two resolved peaks in the
chiral GC chromatogram was made by comparison with that of enantio-
merically pure (S)-3-hydroxy-3-phenylpropionitrile synthesized from (R)-
styrene epoxide.[5]


Chromatographic analyses were carried out by using a Varian Star 3400CX
gas chromatograph. All GC analyses were run on a chiral stationary-phase
column (CP-Chirasil-DEX CB, 25 m, 0.32 mm) from Chrompack. Analyses
were done with He (1.5 mLmin�1) as carrier gas (injector 225 �C, detector
250 �C). The column temperature was 150 �C. The retention times were
18.5 min for (R)-3-hydroxy-3-phenylpropionitrile and 20.2 min for (S)-3-
hydroxy-3-phenylpropionitrile.
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Silver Phosphanes Partnered with Carborane Monoanions:
Synthesis, Structures and Use as Highly Active Lewis Acid Catalysts
in a Hetero-Diels ±Alder Reaction


Nathan J. Patmore, Catherine Hague, Jamie H. Cotgreave, Mary F. Mahon,
Christopher G. Frost,* and Andrew S. Weller*[a]


Abstract: Four Lewis acidic silver
phosphane complexes partnered with
[1-closo-CB11H12]� and [1-closo-
CB11H6Br6]� have been synthesised and
studied by solution NMR and solid-state
X-ray diffraction techniques. In the
complex [Ag(PPh3)(CB11H12)] (1), the
silver is coordinated with the carborane
by two stronger 3c ± 2e B�H�Ag bonds,
one weaker B�H�Ag interaction and a
very weak Ag ¥ ¥ ¥Carene contact in the
solid state. In solution, the carborane
remains closely connected with the
{Ag(PPh3)}� fragment, as evidenced
by 11B chemical shifts. Complex 2
[Ag(PPh3)2(CB11H12)]2 adopts a dimeric
motif in the solid state, each carborane
bridging two Ag centres. In solution at
low temperature, two distinct complexes


are observed that are suggested to be
monomeric [Ag(PPh3)2][CB11H12] and
dimeric [Ag(PPh3)2(CB11H12)]2. With
the more weakly coordinating anion
[CB11H6Br6]� and one phosphane, com-
plex 3 [Ag(PPh3)(CB11H6Br6)] is iso-
lated. Complex 4, [Ag(PPh3)2-
(CB11H6Br6)], has been characterised
spectroscopically. All of the complexes
have been assessed as Lewis acids in the
hetero-Diels ±Alder reaction of N-ben-
zylideneaniline with Danishefsky×s di-
ene. Exceptionally low catalyst loadings
for this Lewis acid catalysed reaction are


required (0.1 mol%) coupled with turn-
over frequencies of 4000h�1 (quantita-
tive conversion to product after 15 min-
utes using 3 at room temperature).
Moreover, the reaction does not occur
in rigorously dry solvent as addition of a
substoichiometric amount of water
(50 mol%) is necessary for turnover of
the catalyst. It is suggested that a Lewis
assisted Br˘nsted acid is formed be-
tween the water and the silver. The
effect of changing the counterion to
[BF4]� , [OTf]� and [ClO4]� has also
been studied. Significant decreases in
reaction rate and final product yield are
observed on changing the anion from
[CB11H6Br6]� , thus demonstrating the
utility of weakly coordinating carborane
anions in organic synthesis.


Keywords: carboranes ¥ cluster
compounds ¥ cycloaddition ¥
homogeneous catalysis ¥ silver


Introduction


Monoanionic carborane anions based around [closo-1-
CB11H12]� (A, see Scheme 1) are among the most inert and
least coordinating anions currently known.[1, 2] The high
chemical stability and low nucleophilicity of these ions means
that they have been used to stabilise exotic cationic species,
which are not isolatable with other, more coordinating,
anions.[3±6] Such anions also have the potential to act as
partners with cationic Lewis acidic transition metal complexes
that take part in various catalytic processes. Somewhat
surprisingly, given the almost ubiquitous use of [B(C6F5)4]�


and derivatives in such applications, there are only a few


reports of anions such as A or related compounds utilised in
catalytic processes,[7±10] despite their potential advantages
over perfluorinated borates.[11, 12]


The coordination chemistry of cationic silver(�) phosphane
complexes (combined with a range of anions) has been
studied in some detail,[13±16] to the point that useful structural
predications may be made on the basis of spectroscopic
data.[17] Silver phosphanes exo-coordinated to polyhedral
boranes are rarer,[18] but recent work, particularly from Stone
et al.[19±21] has established this area. Related complexes in
which exo-coordinated silver is bound to ligands other than
phosphane,[22±25] or arene solvent molecules[26±29] or where the
silver is partnered with halogeno-substituted carbo-
ranes[27, 30±33] are also known.
One of us has a current interest in the synthesis, structures


and reactivity of Lewis acidic transition metal complexes
partnered with anion A and derivatives.[24, 25] Concurrently,
there is also interest in Lewis acid catalysis using silver(�) salts
as effective promoters of a wide-range of organic trans-
formations including allylation, aldol, ene and glycosylation
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Scheme 1. Structures A and B and 1 ± 4.


reactions.[34] Of particular note is the use of silver(�) BINAP
([1,1�-binaphthalene]-2,2�-diylbis(diphenylphosphane)) com-
plexes in asymmetric aldol reactions,[35±38] Mukaiyama aldol
reactions,[39] asymmetric allylations[40] and hetero-Diels ±
Alder reactions.[41] It is well established that these reactions
are accelerated by other Lewis acids (for example: Ti, B, Al,
Sn complexes). However, many of these established catalysts
are sensitive to air, water and product inhibition and
consequently are used at a low substrate/catalyst ratio. The
use of silver(�) phosphane complexes can provide a practical
solution, with many precatalysts being stable in air and
retaining activity in the presence of reaction product. Never-
theless, the best examples from the literature routinely
employ high catalytic loadings (5 ± 10 mol%) to achieve
competitive rates and product yields. We are thus interested
in developing silver(�) Lewis acids complexed with carborane
anions in anticipation that the weakly coordinating nature of
the anions will reveal enhanced activity for these systems. The
hetero-Diels ±Alder reaction is one of the most useful
methods for the synthesis of bioactive heterocycles. Hence
we chose to test our new complexes in this challenging
reaction with the intention of identifying structure ± activity
relationships when the coordination sphere of the silver
(number of phosphanes, anion) is systematically changed.


We report here the synthesis and solution and solid-state
structural investigations for complexes of the formula
[Ag(PPh3)n(CB11H6Y6)] (n� 1, 2; Y�H, Br) and their use
as active catalysts in the hetero-Diels ±Alder reactions of N-
benzylideneaniline with Danishefsky×s diene. Aspects of this
work have been communicated previously.[42]


Results and Discussion


Synthesis and structures : Silver(�) salts of monoanionic
carborane anions are readily prepared and are air stable and
useful synthons for subsequent reactions. For example,
they can be used in silver salt metathesis reactions to
introduce a carborane anion into a metal×s coordination
sphere[23, 25, 29, 43, 44] or to generate synthetically useful salts.[28]


In addition they often have significant solubility in aromatic
solvents compared with other cations, facilitating more
complete characterisation of the cation/anion pair. In princi-
ple, they also provide a useful starting point for the
investigation of silver(�) complexes of the general formula
[Ag(L)n(CB11H6Y6)] (L� two electron donor; Y�H, halo-
gen) as simple addition of the required ligand (L) results in
complex formation.
Addition of slightly less than one equivalent (to avoid


formation of 2, vide infra) of PPh3 to a suspension of
Ag[CB11H12] in CH2Cl2 results in the formation of
[Ag(PPh3)(CB11H12)], 1, as an analytically pure solid in good
isolated yield after recrystallisation (Tables 1 and 2). The
solid-state structure of 1 is presented in Figure 1. The
{AgPPh3}� fragment interacts with the carborane anion
through the three {BH} units that form the B(12)�B(7)�B(8)
polyhedral face, a coordination motif seen previously in
[(Cp*)ZrMe2-�3-(CB11H12)].[10] The silver phosphane frag-
ment does not sit over the centre of this face but is more
localised towards B(8) and the corresponding Ag�B bond
lengths reflect this: Ag(1)�B(8) 2.504(1) ä, Ag(1)�B(12)
2.569(3) ä, Ag(1)�B(7) 2.619(2) ä. These bond lengths are
broadly similar to those previously reported for the related
complex [2,2,2-(CO)3-2-PPh3-7,12-{Ag(PPh3)}-closo-2,1-
MoCB10H9][20, 21] (2.552(4) ä and 2.589(4) ä), in which the
Ag centre is bound dihapto by the cage and is the only other
closo-polyhedral borane structure reported with an exo-
{AgPR3} fragment, although there are others reported with
ligands other than phosphane,[22] with Ag�metal bonds[21] and
with endo coordination of a silver fragment.[18] The location of
the silver phosphane fragment in relation to the B(8)�B(12)
bond is such that the silver atom adopts a planar coordination
motif with respect to P(1), B(8) and B(12) with the sum of
relevant angles around Ag(1) 359.7�. P(1) essentially lies on
the same plane formed by Ag(1), B(8) and B(12) (max
deviation from plane 0.083 ä for P(1)), resulting in an
apparent vacant coordination site transoid to H(7). Inspection
of the extended lattice packing diagram shows that there are
no Ag ¥ ¥ ¥H�B intermolecular interactions directed towards
this vacant site.[18, 20] However, there is a long intermolecular
interaction (3.348 ä) between Ag(1) and C(35)� of a phenyl
ring in a symmetry related molecule (Figure 2), and the arene
carbon approaches the silver from the reverse of the trigonal
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plane formed by B(8), B(12), Ag(1) and P(1). Although this
distance is very long compared with other reported silver�
arene bond lengths found in the solid-state structure of Ag
carboranes (ca. 2.5 ± 2.6 ä), we suggest that it may be
significant, given the observed orientation of the silver
phosphane fragment with respect to the cage. Indeed, gas-
phase DFT calculations on 1 show that the silver adopts the
expected tetrahedral geometry when there are no intermo-
lecular interactions,[45] while comparable weak silver�arene
contacts have been previously identified.[46, 47] The
Ag(1)�P(1) distance, at 2.3625(7) ä, is at the shorter end of
the range reported for [Ag(PPh3)L] or [Ag(PPh3)]X (X�


Figure 1. Molecular structure of complex 1, showing the atom-numbering
scheme. Thermal ellipsoids are drawn at the 50% probability level.


counterion or two-electron ligand (L)) molecules[14, 16] sug-
gesting a relatively strong AgP bond.
In solution, the 1H{11B} NMR spectrum of 1 shows a 1:1


ratio of phosphane to carborane anion. Resonances due to
{BH} groups are observed at �� 2.25 and �� 1.85 in the ratio
1:10 (the latter is a 5�5 coincidence), with no high-field
resonances potentially indicative of M�H�B interactions
observed.[48] That only two {BH} resonances are observed
suggests that the {AgPPh3} fragment is fluxional over the
surface of the cage and affords time-averaged C5V symmetry
in solution. This facile process is evidenced by no significant
change observed in the spectrum when recorded at �90 �C.


Table 1. Crystal data and structure refinement for 1, 2 and 3.


1 2 3


empirical formula C19H27AgB11P C74H84Ag2B22P4 C19H21AgB11Br6P
Mr 513.16 1550.85 986.57
T [K] 150(2) 170(2) 150(2)
� [ä] 0.71073 0.71069 0.71073
crystal system triclinic triclinic monoclinic
space group P1≈ P1≈ P21/c
a [ä] 10.282(2) 11.6963(2) 8.89500(10)
b [ä] 10.988(2) 13.1668(2) 24.4140(4)
c [ä] 11.308(2) 14.1393(2) 14.4170(3)
� [�] 76.22(3) 96.8860(6) 90
� [�] 75.25(3) 106.8980(7) 102.0720(10)
� [�] 75.61(3) 110.5370(8) 90
V [ä3] 1175.7(4) 1890.30(5) 3061.60(9)
Z 2 1 4
�calcd [mgm�3] 1.450 1.362 2.140
� [mm�1] 0.932 0.646 8.554
F(000) 516 792 1848
crystal size [mm] 0.20� 0.20� 0.10 0.25� 0.20� 0.17 0.10� 0.10� 0.05
	 range [�] 2.96 to 27.50 3.38 to 27.50 3.71 to 27.88
reflections collected 20702 22570 23164
independent reflections 5374 [R(int)� 0.0387] 8605 [R(int)� 0.0250] 7253 [R(int)� 0.0519]
reflections observed (�2
) 4538 7964 5880
max and min transmission 0.9126 and 0.8355 1.027, 0.981 0.66 and 0.47
data/restraints/parameters 5374/0/302 8605/2/478 7253/0/349
goodness of fit on F 2 1.018 1.050 1.041
final R indices [I� 2
(I)] R1� 0.0316 wR2� 0.0757 R1� 0.0289 wR2� 0.0738 R1� 0.0358 wR2� 0.0783
R indices (all data) R1� 0.0417 wR2� 0.0813 R1� 0.0323 wR2� 0.0763 R1� 0.0521 wR2� 0.0855
largest diff. peak and hole [eä�3] 0.544 and �0.923 1.727 and �0.584 1.081 and �1.181


Table 2. Selected bond lengths [ä] and angles [�] for the new
compounds 1 ± 3.


Compound 1
Ag(1)�P(1) 2.3625(7) P(1)�Ag(1)�B(7) 142.11(6)
Ag(1)�B(7) 2.619(3) P(1)�Ag(1)�B(8) 158.23(6)
Ag(1)�B(8) 2.504(3) P(1)�Ag(1)�B(12) 160.32(6)
Ag(1)�B(12) 2.569(3) B(12)�Ag(1)�B(8) 41.26(8)
Ag(1)�H(7) 2.36(2) B(12)�Ag(1)�B(7) 40.37(8)
Ag(1)�H(8) 2.14(2) B(7)�Ag(1)�B(8) 40.98(8)
Ag(1)�H(12) 2.26(2)
Compound 2
Ag(1)�P(1) 2.4698(3) Ag(1)�H(12)� 2.17(2)
Ag(1)�P(2) 2.4741(3) Ag(1)�H(7) 2.51(2)
Ag(1)�B(7) 3.494(2) P(1)�Ag(1)�P(2) 130.90(1)
Ag(1)�B(12)� 2.892(2) B(7)�Ag(1)�B(12)� 72.4(6)
Compound 3
Ag(1)�P(1) 2.4032(10) P(1)�Ag(1)�Br(7) 117.44(3)
Ag(1)�Br(7) 2.8710(5) P(1)�Ag(1)�Br(8) 155.55(3)
Ag(1)�Br(8) 2.6963(5) P(1)�Ag(1)�Br(12) 93.31(3)
Ag(1)�Br(12) 3.0953(5) P(1)�Ag(1)�Br(11)� 157.15(1)
Ag(1)�Br(11)� 3.4901(5) Br(7)�Ag(1)�Br(8) 87.471(14)
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Figure 2. Dimeric unit formed in the extended lattice by Ag ¥ ¥ ¥Carene
contacts (Ag�C(35)� 3.348 ä). Atom labelling and other details as
in Figure 1.


Related metallaboranes with exo-coordinated {AgPPh3} frag-
ments are also highly fluxional in solution.[20, 21] We were
initially surprised to observe that the 11B{1H} NMR spectrum
shows that both the antipodal [B(12)] and lower pentagonal
belt [B(7)�(11)] borons undergo a significant upfield shift on
complexation with the {AgPPh3} fragment when compared
with Ag[CB11H12] (Figure 3), while there is no significant shift
in the {BH} resonances observed in the 1H{11B}NMR spectrum.
This was unexpected as coordination of an exo-metal frag-
ment results in significant upfield shifts of the exo-metal
coordinated {BH} units in both the 1H and 11B NMR spectra in


other systems.[25, 44] Specifically, in the 11B{1H} NMR spectrum,
resonances are observed at ���10.3, ���11.2 and ��
�12.0 in the ratio 1:5:5. This dichotomy between 1H and 11B
chemical shifts may be indicative of the cage-silver bonding
predominantly originating from Ag�B interactions,[49] with a
reduced contribution (or perhaps a more electrostatic inter-
action) from the cage hydrogens. It is noteworthy that AgH
interactions can be observed by 1H NMR spectroscopy in
certain cases and show both significant chemical shifts and
AgH coupling constants,[50] neither of which are observed for
complex 1, or previously in related Ag cage compounds.[19±21]


Given that only the antipodal [B(12)] and lower pentagonal
belt [B(7)�B(11)] boron atoms appear significantly perturbed
in the 11B NMR spectrum on coordination of the {AgPPh3}
fragment, we suggest a mechanism to explain the observed
fluxionality that incorporates the metal phosphane precessing
around the five triangular faces formed between B(7)�B(11)
and B(12). This mechanism is similar to that previously
observed for the movement of {Rh(cod)}�[44] or
{Pt(tBu2P(CH2)3PtBu2)}�[51] over the surface of [closo-
CB11H12]� . In the 31P{1H} NMR spectrum of 1, a peak centred
at �� 18.70 is observed as a pair of concentric doublets, due to
109AgP and 107AgP coupling, having an average value for
J(AgP)average of 743 Hz. This large value is consistent with the
strong AgP bond seen in the solid state and is also indicative
of a low-coordinate silver phosphane species;[13] this suggests
the observed solution and solid-state structures of 1 are
similar.
Addition of two equivalents of PPh3 to Ag[CB11H12]


gives complex 2, having the empirical formula
[Ag(PPh3)2(CB11H12)], which has been characterised by
solution NMR spectroscopy and in the solid state by X-ray
diffraction. The extra PPh3 ligand has the effect of disturbing
the silver-cage bonding from 1, so that a dimeric, centro-
symmteric, [Ag(PPh3)2(CB11H12)]2 unit is now observed (Fig-
ure 4), in which each carborane unit bridges two silver centres.
Each cage interacts with the two silver centres through one
shorter (Ag(1)�H(12)� 2.17(2) ä, Ag(1)�B(12)� 2.892(2) ä)


and one longer (Ag(1)�H(7) 2.51(2) ä,
Ag(1)�B(7) 3.494(2) ä) Ag ¥ ¥ ¥H�B in-
teraction. This bonding mode to the two
silver centres by the antipodal [B(12)]
and a single lower pentagonal belt
[B(7)] vertex is similar to that observed
in the extended solid-state structure of
[Mo(Cp)(CO)3I ¥Ag(CB11H12)]2.[24] Di-
meric and tetrameric silver carborane
complexes with cages other than
[CB11H12]� have also been previously
reported.[18, 20±22] As expected on moving
to a higher coordination number in
going from 1 to 2, the Ag�P bond
lengths are relatively longer in the latter
complex (Ag(1)�P(1) 2.4698(3) ä,
Ag(1)�P(2) 2.4741(3) ä). The P(1)�
Ag(1)�P(2) angle of 130.90(1)� is sim-
ilar to that observed in the three-
coordinate complex [Ag(PPh3)2-
(NCMe)][BF4] (129.37(2)�).[14]


Figure 3. 11B NMR chemical shift ™stick∫ diagram comparing complexes 1 and 2 (solutions in CD2Cl2)
with Ag[CB11H12] (solution in [D6]acetone).
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Figure 4. Molecular structure of complex 2, showing the atom-numbering
scheme. Phenyl hydrogen atoms are omitted for clarity. Thermal ellipsoids
are drawn at the 50% probability level.


In solution at room temperature in 2, the carborane does
not interact significantly with the metal centre. This is
evidenced in the 11B NMR spectrum, which does not show
any appreciable perturbation from that found for
Ag[CB11H12], with three resonances observed at ���5.1,
�10.6 and �12.6 in the ratio 1:5:5 (Figure 3). These data
reflect the significantly weaker Ag ¥ ¥ ¥H�B interactions appar-
ent in 2, relative to 1, in the solid state. In the room-
temperature 31P{1H} NMR spectrum of 2, a single broad
resonance centred at �� 14.8 is observed, suggesting that the
phosphane ligands are undergoing an exchange process.
Progressive cooling affords two broad singlets at �� 15.4
and �� 13.2 at 0 �C, which gradually sharpen into two sets of
doublets at �60 �C, of approximately equal proportions,
centred at �� 13.7 (J(AgP)� 333 Hz) and �� 13.6. The latter
resonance is further observed as a pair of concentric doublets,
showing coupling to both 109Ag and 107Ag (J(AgP)average�
519 Hz). These changes in the NMR spectrum on cooling
are consonant with the presence of two different complexes in
solution at low temperature, which interconvert at ambient
temperature. The species that reveals the larger AgP coupling
constant has a value very similar to that reported for two-
coordinate [Ag(PPh3)2][BF4] (J(AgP)� 530 Hz),[14] while the
alternative species has a coupling constant intermediate
between the three-coordinate [Ag(PPh3)2Br] (J(AgP)�
385 Hz)[15] and four-coordinate [Ag(PPh3)4][PF6] (J(107AgP)
� 224 Hz)[13] silver phosphane complexes. On the basis of
these observations, we tentatively suggest that, at low temper-
ature an approximate 1:1 mixture consisting of the two-
coordinate, ion-pair separated, species [Ag(PPh3)2][CB11H12]
and the dimeric [Ag(PPh3)2(CB11H12)]2 is formed.
No evidence for the disproportionation of 2 to form
[Ag(PPh3)][CB11H12] and [Ag(PPh3)3][CB11H12] was seen in
the low-temperature 31P{1H} NMR spectrum.[13] The low-
temperature 11B{1H} NMR spectrum exhibits two broad peaks
at ���5.8 (1B) and ���11.6(10B), essentially unshifted
from room-temperature values.
The coordination chemistry of the anion [closo-CB11H12]�


can be usefully compared with that of [closo-CB11H6Br6]� , in


which the six lower hydrogen atoms in the cage are replaced
with bromines, and it is considered to be significantly more
weakly coordinating than [CB11H12]� . While there are now a
significant number of solid-state structural investigations on
the silver salts of perhalogenated anions,[27, 30±33] there are few
studies in which both the solution and solid-state structures of
their transition metal complexes have been investigated.
Addition of one equivalent of PPh3 to a suspension of
Ag[CB11H6Br6] in CH2Cl2 affords the new complex
[Ag(PPh3)(CB11H6Br6)] (3). The solid-state structure of 3 is
presented in Figure 5. On first inspection, the silver(�) centre is
coordinated with the carborane anion through two shorter
(2.6963(5) ä and 2.8710(5) ä) Ag�Br interactions and one
longer one (3.0953(5) ä), all of which fall comfortably within
the sum of the van der Waals radii for silver and bromine.
These bond lengths are of similar values to those previously
reported for silver complexes of [CB11H6Br6]�[31] and dibro-
moalkane complexes of silver.[52] The silver phosphane bond
length (2.4032(10) ä) is slightly longer than that found in 1.
The phosphane phenyl groups adopt a relatively uncommon
C2v arrangement, a result of one phenyl group (C(2)�C(7))
twisting to minimise interactions with Br(12). Given that the
silver is formally 4-connected in the asymmetric unit, the fact
that it appears to adopt a pseudotrigonal planar, as opposed to
a tetrahedral coordination motif (sum of relevant angles
around Ag(1) is 360.5�) was on first inspection puzzling to us.
However, similar to 1, the packing diagram (Figure 6) reveals
a long interaction (3.4901(5) ä) between Ag(1) and Br(11)�
on a symmetry related cage in the lattice; this bromine
atom approaches Ag(1) approximately trans to Br(12)
(Br(12)�Ag(1)�Br(11)� 157.15(1)�). Although this distance is
long, the coordination motif around the silver suggests that it
is significant in the solid state. This interaction completes the
coordination sphere at the silver centre. It also results in
phenyl groups on symmetry related phosphanes having a close
approach in the lattice (Figure 6), and the Ag(1)�P(1)
vector being canted from lying equidistant between Br(7)


Figure 5. Molecular structure of complex 3, showing the atom-numbering
scheme. Thermal ellipsoids are drawn at the 50% probability level.
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and Br(8) (P(1)�Ag(1)�Br(8) 155.55(3)�, P(1)�Ag(1)�Br(7)
117.44(3)�).
In solution, C5v symmetry is observed for the cage anion in


the 11B NMR spectrum, which shows that the {AgPPh3}�


fragment does not retain a rigid coordination motif with
respect to the cage. The 31P{1H} NMR spectrum of 3 is similar
to that of 1 with a resonance centred at �� 16.52 is observed
as a concentric pair of doublets, J(AgP)average� 715 Hz,
suggesting that similar structures are adopted in solution for
both complexes. This value is slightly smaller than that
observed for 1, in line with the slightly longer Ag�P bond
observed in the solid state for 3 compared with complex 1.[17]


Addition of two equivalents of PPh3 to Ag[CB11H6Br6]
results in the isolation of a white solid having the empirical
formula [Ag(PPh3)2(CB11H6Br6)] (4). Despite repeated at-
tempts, crystals suitable for X-ray diffraction could not be
obtained, so characterisation of complex 4 was limited to


NMR spectroscopy and microanalysis. In solution at room
temperature, the 31P{1H} NMR spectrum of 4 has a broad
singlet at �� 12.9, showing that the phosphane ligands are
undergoing exchange under ambient conditions. The corre-
sponding 1H{11B} NMR spectrum shows a 2:1 ratio of
phosphane to cage, with no signals observed at high field.
The low-temperature (�80 �C) 31P{1H} NMR spectrum shows
that one species is present at this temperature, due to two
concentric doublets centred around �� 8.1. The magnitude of
the AgP coupling constant (J(AgP)average� 240 Hz) is very
small and of the same order of that associated with
[Ag(PPh3)4]� .[13] To account for this, a low-temperature
limiting structure that has a sp3 hybridised silver(�) centre is
suggested, in which the hexabromo carborane anion is
coordinated to the silver by two of the bromines on the cage.
That there is a more intimate contact between the halogen-
ated cage and silver in 4 compared with the silver-cage contact


Figure 6. Extended solid-state structure apparent in complex 3 : a) showing weak axial Ag ¥ ¥ ¥Br interactions; b) space-filling diagram showing orientation of
phenyl groups in the solid state.
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in 2 is further reflected in the
relative catalytic activities of
these two compounds, which
will be presented later. While
we have taken measures to use
pure samples (recrystallised
material used exclusively for
NMR and catalysis experi-
ments), we cannot completely rule out the presence of small
amounts of free PPh3 in 2 and 4, which would lead to rapid
phosphane exchange at room temperature.[13]


Catalysis : We have investigated the reaction between
N-benzylideneaniline (I) and Danishefsky×s diene (II)
(Scheme 2) with the silver complexes 1 to 4. Importantly, in
the absence of any catalyst there was only a trace (less than
5%) of product after 24 hours at room temperature. Initial
experiments using freshly distilled reagent grade solvents
revealed that the addition of 1 mol% of silver complex
promoted the efficient formation of the product (III) in less
than one hour at room temperature (Table 3). On the bench
under these conditions, complexes 1 to 4 were significantly
more active than [Ag(PPh3)(OTf)] and [Ag(PPh3)(BF4)]
whilst [Ag(PPh3)(ClO4)] was of comparable activity. Remark-
ably, the catalyst loading could be lowered to 0.1 mol% of
complex 3 and the reaction was still complete in less than
thirty minutes to afford an isolated yield of 99% product
(�2000 turnovershour�1).


A competition experiment illustrated that silver complex 3
could preferentially activate imines in the presence of
aldehydes (Scheme 3). When Danishefsky×s diene (II) was
added to a 1:1 mixture of benzaldehyde (IV) and imine (I) in
the presence of 1 mol% of 3, the product arising from the
reaction, after 15 minutes at room temperature, was isolated
in 70% yield whilst the aldehyde adduct was produced in only
5% yield. According to the classification system suggested by


Kobayashi et al.,[53] the silver catalyst is thus an A-2 Lewis
acid (active, imine selective).
Prompted by these results we decided to follow the


reactions by 1H NMR spectroscopy, using catalyst loadings
of 0.1 mol%, in the anticipation of uncovering structure ±
activity relationships involving counterion and/or phosphane
ligands. This initially resulted in the unexpected observation
that the reaction between diene II and imine I did not proceed
(no reaction after ca. two hours at room temperature) when in
the NMR tube, using rigorously dried solvent (CD2Cl2
vacuum distilled from CaH2). However, addition of a
substoichiometric amount of water (ca. 50 mol%, 1 �L,
unoptimised) to these solutions resulted in rapid initiation
of the reaction. This is an example of a water-accelerated
Lewis acid catalysed reaction; such reactions, in which water
is an important partner, are being increasingly appreciated.[54]


Pertinent to this observation, modest yield enhancements on
addition of stoichiometric amounts of water to a hetero-
Diels ±Alder reaction catalysed by lanthanide trifluorometh-
anesulfonylamides[55] have been reported previously. Current-
ly, we are unsure about the exact role of the water in the
reaction. It is likely, however, that a polarised, silver-bound,
water molecule acts as a Lewis assisted Br˘nsted acid, similar
to that in lanthanide salt catalysed aromatic electrophilic
substitutions.[56] It is also similar to the role metal-coordinated
water is suggested to play in certain catalytic processes.[57] In
support of this, preliminary DFT calculations on the model
system [Ag(Me3P)(OH2)(MeNH�CHMe)]� indicate that a
coordinated water molecule plays an important function in
the silver promoted [2�4] addi-
tion of imine to diene. A putative
intermediate in this process is
shown in Scheme 4, in which the
water molecule forms a hydrogen
bond with the nitrogen atom.[45]


This proposed intermediate ac-
counts for both the observed
dependence on trace amounts of water in this reaction and
the strong counterion effect observed (vide infra), with both
the Lewis assisted Br˘nsted acidity (OH ¥ ¥ ¥N hydrogen bond)
and the need for a vacant site (alkene coordination) playing
important roles. Experimentally, what is clear is that trace
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Scheme 2. Reaction between N-benzylideneaniline (I) and Danishefsky×s diene (II) with the silver complexes 1 ± 4.


Table 3. Yields of compound III. Catalyst (1 mol%); imine I (1.1 mmol);
Danishefsky×s diene (II) (1.65 mmol). Yields reported are after reaction for
60 minutes at room temperature and workup (see Experimental Section for
full details).


Complex Isolated yield of III [%]


1 [Ag(PPh3)(BF4)] 35
2 [Ag(PPh3)(OTf)] 70
3 [Ag(PPh3)(ClO4)] 90
4 [Ag(PPh3)(CB11H12)] (1) 98
5 [Ag(PPh3)2(CB11H12)] (2) 99
6 [Ag(PPh3)(CB11H6Br6)] (3) 99
7 [Ag(PPh3)2(CB11H6Br6)] (4) 85
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Scheme 3. Activation of imines in the presence of aldehydes by silver complex 3.
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amounts of water are needed for this reaction to proceed,
which is probably made available to the reaction, when at the
bench, by adventitious water.
That a silver-bound water molecule is strongly implicated as


a catalytic proton source in these reactions is demonstrated by
the following control experiments. Addition of just water to a
mixture of I and II affords no product, while under the
standard conditions used for catalysis addition of the hindered
base 2,6-di-tert-butyl-4-methylpyridine suppressed the reac-
tion completely.[56] Moreover, water need not be the unique
proton source. The reaction is easily repeated replacing an
alcohol (methanol, 20 mol%) for water, resulting in essen-
tially identical product yields and reaction times.
The results of these NMR experiments, in which water is


added, are shown in Figure 7 for the new complexes 1 through
4 and for comparison the complexes [Ag(PPh3)(BF4)],
[Ag(PPh3)(ClO4)][58] and [Ag(PPh3)(OTf)].[16] All of these
experiments were carried out at 0.1 mol% catalyst loading
with 50 mol% added water in solutions in CD2Cl2, with the
diene in 1.5 molar excess. The final products in the NMR tube
are a consistent mixture of intermediate V and final product
III (ca. 90:10 ratio), which on workup gives only the final
product. The reactions were monitored by selected peaks due
to intermediate V and the final product (see Experimental
Section). No hydrolysis of the imine to benzaldehyde was
observed under the conditions used, while the consumption of
imine I in each run followed the same time-dependent profile
(although inversed) as the increase in V and III.
It is clear from Figure 7 that complex 3 gives the fastest rate


of catalysis, complete conversion being apparent after 15 min-
utes. This equates to a turnover frequency (TOF) of
4000hour�1, which is excellent for a Lewis acid catalysed
reaction of this type. Complex 1, although a slower catalyst
than 3, also yields complete conversion of the imine after
�40 minutes. Not unsurprisingly the monophosphane com-
plexes, [Ag(PPh3)(ClO4)] and [Ag(PPh3)(OTf)], which con-
tain more nucleophilic counterions, are less active than 1 and
3. The addition of an extra PPh3 ligand would be expected to


both reduce the Lewis acidity of the metal centre while also
adding more steric bulk and blocking a potential vacant site. It
is not unexpected then, that complexes 2 and 4 are signifi-
cantly poorer catalysts than any of the monophosphane
complexes. Interestingly the relative reaction rates for the
bisphosphane complexes 2 and 4 are reversed from those seen
for the monophosphane/carborane complexes. Complex 2,
which incorporates the [CB11H12] anion, catalyses the reaction
significantly faster than 4. Although this is perhaps counter-
intuitive given the relative coordinating abilities of these two
anions, when the solution structures at �60 �C are compared
(vide supra), complex 4 shows a considerably smaller value
for J(AgP), suggesting a silver centre that has a higher formal
coordination number in 4 than in 2. This implies that the
[CB11H6Br6]� anion interacts significantly with the metal
centre at this temperature in 4. Although we do not have the
solid-state structure of 4 to hand,[59] this correlation between
the magnitude of J(AgP) at low temperature and the relative
rates of 2 and 4 is compelling. This difference in rate is also
reflected in the relative product yields on the bench after one
hour (entries 5 and 7 in Table 3).
The catalyst [Ag(PPh3)(BF4)] ceases to function after only a


few minutes of activity, giving only modest yields of cyclo-
addition product in both the NMR and the bench-top
experiments (Figure 7 and Table 3, entry 1). We suggest that
under the conditions used for catalysis (0.1 mol% catalyst,
50 mol% water), rapid (�2 minutes) silver(�) mediated hy-
drolysis of the [BF4]� anion occurs to afford an oxyborate
anion that binds strongly with the metal centre, shutting down
the catalytic cycle dramatically. In support of this, hydrolysis
of [BF4]� to afford coordinated oxyborates has been reported
previously.[60, 61]


Conclusion


The preparation of the four silver(�) phosphane complexes
partnered with the carborane anions [closo-CB11H12] and


Figure 7. Chart showing relative rates of reaction between I and II by using 0.1 mol% of catalysts 1 ± 4 and [Ag(PPh3)(Y)] [Y�OTf, BF4, ClO4] and
50 mol% added H2O at room temperature in CD2Cl2. See text for other details.







FULL PAPER A. S. Weller, C. G. Frost et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2096 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 92096


[closo-CB11H6Br6] has allowed a study to be made of the
relationship between solid and solution structures and per-
formance as partners to cationic Lewis acids of these anions in
an organic transformation. Not unsurprisingly, given the now
well-documented[4, 5] inertness coupled with the low nucleo-
philicity of the hexahalageno anions and the precedent for
pronounced counterion effects in Lewis acid catalysed cyclo-
additions,[62±64] the monophosphane complex 3 is a significant-
ly better catalyst than both 1 and all of the other systems
examined. In addition, compound 3 (and presumably the
others, although not tested) is selective for imines and can be
used at significantly lower catalyst loadings than previously
reported for Lewis acid catalysed hetero-Diels ±Alder reac-
tions.
To us, the surprising result is that the relative ordering in


rate of catalysis between [CB11H12] and [CB11H6Br6] is
reversed when two phosphanes are coordinated to the silver
centre. Although this was unexpected, it is pleasing that a
gross correlation exists between observable NMR properties
in solution (magnitude of J(AgP)) and the catalytic activity.
Thus, complexes 1 and 3, which have large AgP coupling
constants, are better catalysts than 2 and 4, with the latter
complex exhibiting the poorest performance and the lowest
coupling constant by far (albeit measured at low temper-
ature). Overall this suggests that when considering catalyst
performance in these, and related systems, the influence of
counterion and ligands are not independent and need to be
considered together. It is however encouraging that useful
catalyst performance indicators may be gleaned from simple
NMR experiments, which could help in the identification of
promising catalytic systems. To this end, we are currently
investigating the applicability of complexes such as 3 in other
Lewis acid catalysed reactions and will report on these in due
course.


Experimental Section


General : All manipulations were carried out under an argon atmosphere
by using standard Schlenk line or dry box techniques. CH2Cl2 was distilled
from CaH2 and hexane was distilled from sodium. Solution NMR spectra
were measured on Varian400 MHz and Bruker Advance300 MHz FT-
NMR spectrometers in solutions in CD2Cl2. Residual protio solvent was
used as a reference (CD2Cl2, �� 5.33) in 1H NMR, BF3 ¥OEt2 (external) in
11B NMR and 85% H3PO4 (external) for 31P NMR spectra. Coupling
constants are given in Hz. Elemental analyses were performed in-house at
the Department of Chemistry. The complexes Ag[CB11H12][26] and
Ag[CB11H6Br6][13] were prepared by the published literature routes or
variations thereof. All other chemicals were used as purchased from
Aldrich.


Preparations


[Ag(PPh3)(CB11H12)] (1): PPh3 (0.163 g, 0.650 mmol) was dissolved in
CH2Cl2 (10 mL) and added dropwise to a Schlenk flask charged with
Ag[CB11H12] (0.155 g, 0.591 mmol), in the dark and with stirring. This
solution was stirred overnight and then cannula filtered. The solvent was
removed in vacuo to leave a pale yellow solid. Colourless crystals suitable
for an X-ray diffraction study were grown by redissolving the product up in
minimum CH2Cl2, layering with hexane, then placing the sample in a
freezer overnight at �30 �C (0.281 g, 92% yield).
1H{11B} (22 �C): �� 7.52 ± 7.29 (m, 15H; C6H5), 2.55 (br s, 1H; CHcage), 2.25
(br s, 1H; BH), 1.85 (10H; 5�5 coincidence, BH); selected 1H{11B}
(�90 �C): �� 2.59 (br s, 1H; CHcage), 2.34 (br s, 1H; BH), 1.94 (5H; BH),
1.76 (5H; BH); 11B{1H} (22 �C): ���10.3 (shbr, 1B), �11.2 (br, 5B),


�12.0 (5B); 11B ���10.3 (d, 5�1 coincidence, J(HB)� 118 Hz),�12.0 (d,
J(HB)� 110 Hz, 5B); 31P{1H} (22 �C): �� 18.70 (dd, J(Ag109P)� 795,
J(Ag107P)� 691 Hz, 1P); IR (KBr): �� � 2565 (vs, BH), 2517 (shs, BH),
2372 cm�1 (m, BH); elemental analysis calcd (%) for C19H27B11AgP: C 44.5,
H 5.30; found: C 44.3, H 5.19.


[Ag(PPh3)2(CB11H12)] (2): Ag[CB11H12] (0.075 g, 0.299 mmol) and PPh3
(0.158 g, 0.602 mmol) were stirred together in CH2Cl2 (15 mL) in the dark
for 1 hour. This solution was filtered and hexane (20 mL) added to the
filtrate to induce crystallisation. The colourless product was isolated by
decanting off the solvent and drying in vacuo (0.204 g, 88% yield). Crystals
suitable for an X-ray diffraction study were grown by redissolving a portion
of the solid product in a minimum of CH2Cl2, layering with hexanes and
then placing in a freezer overnight at �30 �C to yield white crystals.
1H{11B} (22 �C): �� 7.45 ± 7.18 (m, 30H; C6H5), 2.21 (br s, 1H; CHcage), 1.85
(br s, 1H; BHa), 1.58 (br s, 10H; 5�5 coincidence, BH); 11B{1H} (CD2Cl2,
22 �C): ���5.1 (br s, 1B), �10.6 (br s, 5B), �12.6 (br s, 5B); 11B (22 �C):
���5.1 (d, J(HB)� 128 Hz, 1B), �10.6 (d, J (HB)� 138 Hz, 5B), �12.6
(d, J(HB)� 158 Hz, 5B); 31P{1H} (CD2Cl2, 22 �C): �� 14.8 (s, br); 31P{1H}
(�60 �C): �� 13.7 (brd, J(AgP)� 333 Hz), 13.6 (dd, J(Ag109P)� 554,
J(Ag107P)� 483 Hz); IR (KBr): 2544 (vs, BH), 2442 (m, BH), 2396 cm�1


(m, BH); elemental analysis calcd (%) for C37H42B11AgP2: C 57.3, H 5.46;
found: C 57.2, H 5.53.


[Ag(PPh3)(CB11H6Br6)] (3): PPh3 (0.062 g, 0.236 mmol) was dissolved in
CH2Cl2 (10 mL) and added dropwise to a Schlenk flask charged with
Ag[CB11H6Br6] (0.200 g, 0.276 mmol) in the dark and with stirring. The
resulting solution was stirred overnight and filtered. The supernatent
solvent was removed in vacuo to leave a clear oil. Crystals suitable for an
X-ray diffraction study were grown by redissolving the product up in
minimum CH2Cl2, layering with hexane, then placing the sample in a
freezer overnight at �30 �C (0.194 g, 83% yield).
1H{11B}: �� 7.52 ± 7.22 (m, 15H; C6H5), 2.73 (br s, 1H; CHcage), 2.43 (5H;
BH); 11B: ���2.1 (br s, 1B, B), �6.6 (br s, 5B, BBr), �16.9 (d, J(HB)�
157 Hz, 5B, BH); 31P{1H}: �� 16.52 (d of d, J(Ag109P)� 766, J(Ag107P)�
664 Hz, 1P); IR (KBr): 2608 (vs, BH), 2593 cm�1 (s, BH); elemental
analysis calcd (%) for C19H21B11AgPBr6: C 23.1, H 2.12; found: C 22.6, H
2.17.


[Ag(PPh3)2(CB11H6Br6)] (4): The compounds Ag[CB11H6Br6] (0.250 g,
0.345 mmol) and PPh3 (0.181 g, 0.690 mmol) were stirred together in
CH2Cl2 (20 mL) in the dark for 1 hour. The solution formed was filtered
and solvent removed in vacuo to leave a white solid. This solid was
redissolved in minimum CH2Cl2, layered with hexane and placed in a
freezer overnight at �30 �C to afford a colourless microcrystalline powder
(0.246 g, 57%).
1H{11B}: �� 7.45 ± 6.87 (m, 30H; C6H5), 2.45 (br s, 1H; CHcage), 2.21 (br s,
5H); 11B: �� 1.3 (br s, 1B, B), �6.8 (s, 5B), �17.2 (d, J(HB)� 166 Hz, 5B);
31P{1H} (22 �C): �� 8.1 (br s); 31P{1H} (�80 �C): �� 8.06 (dd, J(109AgP)�
256, 107J(AgP)� 223 Hz); IR (KBr): 2956 (vs, BH), 2587 cm�1 (s, BH);
elemental analysis calcd (%) for C37H36B11AgP2Br6: C 35.7, H 2.89; found:
C 35.5, H 3.01.


General experimental procedure for catalytic studies : The imine I (0.200 g,
1.1 mmol) in dichloromethane (1.5 mL) at room temperature was added to
a stirring solution of freshly recrystallised catalyst (1 mol%) in dichloro-
methane (3.5 mL). The reaction mixture was allowed to stir for 5 minutes
then Danishefsky×s diene (II) (320 �L, 1.65 mmol) was added dropwise.
After 60 minutes, the reaction was quenched with aqueous sodium
hydrogen carbonate and extracted with ethyl acetate. The crude product
was purified by chromatography on silica gel (hexane/ethyl acetate 4:1) to
afford the product III.
1H NMR: �� 7.67 (dd, J(HH)� 1, 7 Hz, 1H), 7.35 ± 6.99 (m, 10H), 5.27 (dd,
J(HH)� 1, 7 Hz, 2H), 3.29 (dd, J(HH)� 7, 16 Hz, 1H), 2.77 (ddd, J(HH)�
1, 3, 16 Hz, 1H).


General procedure for NMR tube reactions : Solutions of catalyst were
typically prepared by dissolving the compound (1 mg) in CD2Cl2 (1 mL)
with the use of an ultrasound bath to ensure complete catalyst dissolution,
although, by eye, the solids seemed to have dissolved completely. The
relevant quantity of catalyst solution to give a 0.1 mol% catalyst concen-
tration (i.e. 0.00011 mmol of catalyst) was taken from this standard solution
and placed in an NMR tube previously charged with N-benzylideneaniline
(20 mg, 0.11 mmol). Danishefsky×s diene (32 �L, 0.17 mmol) and water
(1 �L, 0.056 mmol) were added to the NMR tube, which was then shaken
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vigorously before being placed in the NMR spectrometer and measure-
ments were taken at timed intervals. The disappearance of the peak at ��
8.51 due to PhN�CHPh was monitored, along with the growth of the peaks
centred at �� 6.64 and �� 6.54 [3H total, intermediate V] and �� 5.27 [1H
total, final product III]. A plot for each catalyst, of time verses con-
sumption of I and time verses total concentrations of V and III showed
essentially the same profile. Repeat runs for all the catalysts tested showed
the same time-dependent profiles.


Intermediate V: 1H NMR: �� 7.56 (d, J(HH)� 13 Hz, 1H), 7.42 ± 7.40 (m,
2H), 7.28 ± 7.23 (m, 1H), 7.10 ± 7.01 (m, 3H), 6.64 (m, 1H), 6.54 (m, 2H),
5.58 (d, J(HH)� 12 Hz, 1H), 4.86 (q, J(HH)� 6 Hz, 1H), 4.71 (d, J(HH)�
6 Hz, 1H), 3.68 (s, 3H), 2.94 (dd, J(HH)� 6 Hz, 22H), 0.144 (s, 9H).
X-ray crystallography : The crystal structure data for compounds 1 ± 3 were
collected on a Nonius KappaCCD. Structure solution followed by full-
matrix least-squares refinement was performed by using the SHELX suite
of programs throughout.[65] Hydrogens were included at calculated
positions throughout, with the exception of H7 and H12 in compound 2.
These latter hydrogens were readily located in the penultimate difference
Fourier map and refined at a fixed distance 1.12 ä from parent atoms B(7)
and B(12), respectively. Plots were produced by using ORTEX.[66]


CCDC-171721 (1), 171769 (2) and 168828 (3) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.
uk).
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On the Existence of Cu� Pairs in ZSM-5–A Computational Study


Philipp Spuhler,[a] Max C. Holthausen,*[a] Dana Nachtigallova¬ ,[b] Petr Nachtigall,[b] and
Joachim Sauer*[c]


Abstract: The siting and coordination
of CuI pairs in zeolite ZSM-5 have been
studied by means of a combined quan-
tum mechanics/interatomic potential
function technique (QM-Pot). It couples
a density functional theory (DFT) de-
scription employing a hybrid functional
(B3LYP) for copper ions, including their
local environment, with a DFT-parame-
terized shell model ion-pair potential for
the periodic ZSM-5 structure. A missing
CuI ±CuI interaction potential term in


the force field has been parameterized
on the basis of DFT results. Several
distinct coordination sites for CuI pairs
have been identified within the ZSM-5
framework. These have been classified
as open, nest, open-nest, and cage pairs,
owing to the shape of their local envi-


ronment in the crystal. A nest-shaped,
bridged eight-membered ring consti-
tutes the most probable site for the
existence of CuI ion pairs. It is energeti-
cally favored over all isolated CuI sites.
The excitation and emission energies for
the singlet ± triplet transition of the CuI


pairs have been studied. Earlier assign-
ment of an emission band at 520 nm to
CuI pairs by others is not supported by
our computed results.


Keywords: copper ¥ density func-
tional calculations ¥ ion pairs ¥
QM-Pot calculations ¥ zeolites


Introduction


In the mid-eighties, Iwamoto and co-workers first reported[1]


that the Cu-exchanged zeolite ZSM-5 shows a particularly
high and steady activity for the direct catalytic conversion of
NO into N2 and O2 (™deNOx activity∫). The same system is
also active for the selective catalytic reduction (SCR) of NO
by hydrocarbons in the presence of excess oxygen.[2] Both
findings rendered research on this material highly attractive
since its potential use as an alternative to contemporary
catalytic converter techniques to remove pollutants from
exhaust gas is of obvious environmental and hence industrial
relevance. Unfortunately, at the present stage the use of Cu-
ZSM-5 is limited by its instability under hydrothermal


conditions and facile poisoning by sulfur oxides. Numerous
academic and industrial research groups have studied proper-
ties and reactivity of this and related systems ever since
Iwamoto×s discovery. Despite many attempts to characterize
the active site in Cu-ZSM-5 and to unveil the mechanism by
which NO decomposes,[3±6] neither goal has been achieved up
to now. A detailed understanding of this catalyst, however, is a
prerequisite for its improvement or the de novo design of new
materials. In particular, the nature of active sites and the role
of pairs of Cu ions therein is still a matter of debate. This is the
subject which we address in this study by computational
techniques.


The catalyst of interest, ZSM-5, is a high-silica alumino-
silicate of MFI structure type. Twelve unique tetrahedral sites
(referred to as T sites, T1 to T12) can be distinguished in its
orthorhombic all-silica structure.[7] A characteristic feature of
this material is the presence of two major channel types
formed by ten-membered rings (i.e. , rings consisting of 10 T
sites), arranged to form a straight (™main∫) channel and a
perpendicular sinusoidal (™zigzag∫) channel. In ZSM-5, Al
atoms can replace some of the framework Si atoms and the Si/
Al ratio can be controlled by synthesis. Each Al site
introduces one negative charge to the system, which is
balanced by extraframework counterions. Commercially
available material usually contains H� or Na� ions. Ion
exchange with aqueous copper(��) acetate or nitrate solutions
and subsequent reduction of CuII to CuI [8±10] yields CuI-ZSM-5
with variable copper loading (commonly given as exchange
level, e.l. , defined by 2nCu/nAl in percent). As different Cu and
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Cu±O species may be obtained by this procedure, model
catalysts prepared by gas-phase ion exchange between
H-ZSM-5 and CuICl provide a better defined system for
studying CuI sites.[11]


There are four essential experimental findings and inter-
pretations of relevance for the present discussion concerning
the nature of the active site: 1) The turnover frequency (TOF:
number of NO molecules converted per Cu ion and unit time)
of the decomposition reaction increases with the copper
exchange level,[12±15] and zeolites exceeding the exchange level
of 100% show a very high catalytic activity. Furthermore, the
conversion ratio (that is, twice the amount of N2 or O2


produced, divided by the amount of NO utilized) shows an
S-shape dependence on the e.l.[16] From these data it has been
reasoned that either the active site consists of two or more
adjacent Cu ions or there are two or more single Cu ion sites,
with the catalytically more active being less favorable for
cation exchange; that is, the active site is populated only after
saturation of other coordination positions for the copper
ions.[16] 2) The TOF increases with the Si/Al ratio for zeolites
with an e.l. below 90%, but decreases with the Si/Al ratio for
zeolites with an e.l. above 90%.[13] This led some authors to
propose Cu pairs anchored to next-nearest-neighbor Al sites
in the zeolite framework as active site.[12±14] 3) On the basis of
EXAFS, IR, and photoluminescence data, Lamberti et al.
suggested two different types of sites, characterized by 490 nm
and 535 nm bands in the emission photoluminescence spectra
and by 256 nm and 300 nm bands in the photoluminescence
excitation scan.[11] They explained the differences in the
emission and excitation spectra by differences in the first
coordination shell, that is by three- and twofold coordinated
isolated CuI species. Nachtigallova¬ and Nachtigall corrobo-
rated these interpretations in two subsequent computational
studies.[17, 18] Deœdecœek and Wichterlova¬ also found two dom-
inant bands at 480 nm and 540 nm and observed that the
relative intensities of these bands depend on the Si/Al ratio
and the Cu concentration.[19] For low Si/Al ratios and low Cu
concentrations the 480 nm peak becomes dominant, whereas
the 540 nm peak has been observed for high Si/Al ratios and
high Cu concentrations. However, these authors came up with
a different explanation: they assumed that the former band is
due to CuI ions adjacent to two Al framework atoms and the
latter due to CuI ions in the vicinity of only one Al framework
atom.[19] Moreover, they have found that the number of sites
that give the 540 nm band correlates with the activity of the
zeolite.[15, 20] Anpo et al. observed three bands in the photo-
luminescence spectrum at 420 nm, 470 nm, and 520 nm of Cu-
ZSM-5.[21] The last band and an excitation band at 310 nm
were assigned to CuI dimer species, while the other two were
attributed to isolated CuI species. Here we note in passing that
in the ZSM-5 samples investigated by all these groups the
number of Cu ions per unit cell was two at most; this fact
renders the occurrence of CuI pairs rather unlikely. 4) EXAFS
measurements on Cu-ZSM-5 with various Cu loadings and Si/
Al ratios indicate a Cu ±O distance in the range between 1.93
and 2.00 ä.[9, 11, 22, 23] The average coordination number of CuI


ions in Cu-ZSM-5 prepared by gas-phase reaction of H-ZSM-
5 with CuCl is 2.5.[11] For zeolites pretreated with hydrogen,
Cu ±Cu distances between 2.95 and 3.00 ä as well as very


short Cu ±Cu distances in the range of 2.53 ± 2.57 ä have been
reported.[9, 23, 24] The longer Cu ±Cu distances have been
attributed to oxygen-bridged Cu pairs, while the closer
contacts were interpreted as evidence for the presence of
metal clusters.[9]


Until now neither experimental technique applied to metal-
ion-exchanged ZSM-5 has led to an unequivocal identification
of the local environment of active sites. Owing to the low CuI


ion concentration (the Si/Al ratio is typically greater than 10
for experimentally used material) and the presence of a
variety of binding sites with markedly different properties, the
direct assessment of structural information is virtually impos-
sible. Therefore all published interpretations based on exper-
imental data–whether favoring or disfavoring the existence
of copper ion pairs in Cu-ZSM-5–remain tentative so far.


From a computational point of view, systems like Cu-ZSM-
5 constitute severe challenges for a balanced treatment of
both the zeolite framework with its large unit cell (96 T sites
and 192 oxygen atoms, 20� 20� 13.5 ä) on the one hand and
the subtle electronic effects present in active sites containing
first-row transition metals on the other hand. Both the
application of interatomic potential functions applied in a
periodic treatment of the zeolite and the use of very small
model systems in a quantum chemical approach severely limit
predictive capabilities: molecular mechanics (MM or Pot) do
not explicitly take any electronic effects of the transition
metal center into account, and the choice of a small frame-
work region in a quantum-chemical treatment completely
ignores lattice constraints and steric effects as well as long-
range electrostatic interactions due to the zeolite frame-
work.[25] The highly desirable full periodic quantum-mechan-
ical treatment of Cu-ZSM-5, even at moderate levels of
approximation, is not yet feasible for systems of such size on a
routine basis. The only viable approach is provided by
embedding methods, which combine quantum mechanics for
the active sites with interatomic potential functions for the
periodic zeolite structure. The combined quantum mechan-
ics ± interatomic potential function approach (QM-Pot)[26, 27]


has indeed led to a variety of interesting conclusions for the
properties of single copper ion centers in Cu-ZSM-5[17, 18, 28±30]


and Cu-FER.[31] In this study we employ the same strategy to
investigate the existence of copper ion pairs in Cu-ZSM-5 and
their properties. For earlier computational studies concerning
Cu ion pairs in zeolites, see refs. [32 ± 34].


Computational Methods and Models


The QM-Pot approach : Within the QM-Pot approach,[26, 27] a small model
system (™cluster∫, C) is cut out from the infinite structure of the Cu-ZSM-5
system (S) retaining the atomic positions for the common set of atoms. The
model system contains all atoms needed for a correct description of the
electronically demanding site (that is, the binding region of the CuI ions
including neighboring atoms of the framework). The energy EQM(C) of this
structure is obtained by quantum mechanics. A second calculation for the
same model system employs interatomic potential functions to give an
energy EPot(C). The whole periodic zeolite structure itself is described in a
third calculation by interatomic potential functions resulting in a single-
point energy EPot(S). All three energies obtained in this way are then
combined to EQM-Pot(S) according to Equation (1).
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EQM-Pot(S)�EPot(S)�EPot(C)�EQM(C) (1)


This definition of the QM-Pot energy can be understood as follows: In
order to correct the low-level energy EPot(S) of the whole system for
electronic structure effects, the low-level energy of the active site, EPot(C),
is ™cut out∫ and replaced by a high-level energy EQM(C). Thus, the term
�EPot(C)�EQM(C) can be understood as a quantum-mechanical correction
for the electronically demanding site within the zeolite. Equation (1)
defines a consistent potential energy hypersurface of the system and allows
not only for the calculation of a combined energy, but also for the
computation of combined gradients essential for the optimization proce-
dure and a combined Hessian necessary to characterize stationary points.
Geometry optimizations are performed on the whole system in cartesian
coordinate space. Whenever the definition of the model system requires the
breaking of chemical bonds, open valences are saturated by addition of link
atoms. In the present study, this concerns only O�Si bonds, which are
substituted by O�H bonds in the model system. During geometry
optimization the additionally introduced atoms are kept aligned along
the original O�Si bonds of the whole system at a fixed distance such that
the potential energy surface correctly depends on 3N cartesian degrees of
freedom. A detailed description of the choice of the model systems is given
below; for further details of the method see ref. [27]. All QM-Pot
calculations were carried out with the QMPOT program,[25] which
combines energies and gradients obtained with the TURBOMOLE[35]


and GULP[36] programs for electronic structure and classical force-field
calculations, respectively. Additional calculations (evaluation of analytic
second derivatives, NBO analysis) were performed using the Gaussian 98
suite of programs.[37]


Electronic structure calculations : For a description of chemical reactions or
an understanding of spectroscopic properties like, say, photoluminescence
spectra, correlated levels of electronic structure theory have to be applied.
While the application of post-Hartree ± Fock methods is limited to small
systems, density functional theory (DFT)[38] provides a valuable compro-
mise between accuracy and computational effort. In this study we employ
the B3LYP exchange-correlation functional.[39] For the atoms H, Si, Al, and
Cu the DZP and for O the TZP basis sets, respectively, were chosen from
the TURBOMOLE library,[40] T(O)DZP for short. The contraction scheme
is (4s1p)� (2s1p)/[31/1] for H, (11s7p1d)� (6s4p1d)/[521111/4111/1] for
Si and Al, (14s10p5d)� (8s6p3d)/[62111111/331111/311] for Cu, and
(10s6p1d)� (6s3p1d)/[511111/411/1] for O. Neither relativistic effects nor
corrections for the basis set superposition error have been taken into
account in this study.


Interatomic potential functions : A shell-model ion-pair potential was used
as the classical part in the QM-Pot calculations. In this approach atoms are
considered as ions with formal charges corresponding to their valence
states (H�, Si4�, Al3�, O2�, Cu�) and all atomic interactions are described by
analytical functions. These functions contain long- and short-range terms,
the former describing Coulomb attraction and repulsion of charges, the
latter describing interactions that cannot be assigned to simple electro-
statics. The polarizability of the anions (O2� in this case) is taken into
account by a shell model, which divides each anion into a negatively
charged shell and a positively charged core coupled by a harmonic spring,
thereby treating each anion as a flexible dipole.


A detailed description of the shell-model ion-pair potential is given in
ref. [41]. The parameters in the functional terms for the interaction
between H, Si, Al, and O atoms have been derived by fitting to a DFT
description of model systems.[42] In the same way, parameters for the Cu ±O
interaction have been determined,[17] as well as those for the Cu ±Cu
interaction, which we present in this study. A standard procedure
implemented in the program GULP was used to fit the parameters to
DFT gradients of model systems by a least-squares method. The database
for parameter fitting included data from a simple D2h-2-T site model for
different Cu ±Cu distances (see next section) and was extended during the
QM-Pot lattice energy minimizations by inclusion of DFT gradients of
several model systems obtained in the course of geometry optimizations.
The short-range term for the Cu ±Cu interaction was chosen to be of Morse
type, as described by Equation (2). The adjusted parameters are D�
1.5748576 eV, �� 1.5232 ä�1 and r0� 2.21038 ä, for a cut-off distance of
10 ä.


E(r)�D {[1� exp(��[r� r0])]2� 1} (2)


This shell-model ion-pair potential has been applied to a unit cell
containing 96 T sites (94 Si atoms and 2 Al atoms) using periodic boundary
conditions. Lattice energy minimizations have been performed without
symmetry constraints (P1 symmetry). Cell parameters have been deter-
mined for each Al distribution by constant pressure calculations, in other
words completely unconstrained optimizations, at the interatomic potential
function level by means of GULP. Because a reliable CuI ±CuI potential
was not available at the beginning of our investigation, the determination
of the cell parameters was carried out without Cu ions in the unit cell.
Subsequently, constant-volume calculations for the unit cell, that is, an
optimization with fixed cell parameters with 2 CuI ions included, have been
performed at the interatomic potential function level for a reasonable
structure guess. This preoptimized structure was used as an initial estimate
for subsequent constant-volume QM-Pot lattice energy minimization by
the program QMPOT, in which the atoms were allowed to relax but the cell
parameters were fixed.


Selection of model systems : The cluster models were chosen according to
the following procedure: 1) All framework O atoms less than 2.5 ä from
CuI ions were considered as first coordination shell and included in the
cluster.[17] 2) All T sites (Si or Al atoms at the center of a framework
tetrahedron) directly connected to these atoms, as well as the remaining O
atoms forming their tetrahedral environment, were included in the cluster.
3) The bonds connecting these tetrahedra to the framework were cut and
the resulting open valences were saturated by H atoms. These atoms were
kept aligned along the respective ™substituted∫ O�Si bond of the whole
system in QM-Pot geometry optimizations and the O�H bond lengths were
fixed to 0.9666 ä and 0.9628 ä for Si-O-H and Al-O-H moieties,
respectively. 4) If more than one bond to a particular framework
tetrahedron was broken, the entire subunit (i.e., T site plus all connected
O atoms) was included in the cluster in order to avoid computational
artifacts due to close H±H contacts.


Results and Discussion


A first model study : A first indication of the existence of CuI


pairs emerged from a preliminary study of a simple model
consisting of two C2v-symmetric [CuAl(OH)4] species, corre-
sponding to a symmetrized representation of one of the most
likely coordination sites of a single CuI ion in ZSM-5, referred
to as I2 in previous work.[17] As a simple model we combined
two such species to make a D2h-symmetric structure. Our
initial aim was to learn about potential deviations from a
purely repulsive Coulomb curve resulting from the orbital
interaction of two neighboring CuI centers. However, the
quite unexpected result of the relaxed Cu ±Cu distance scan
in theD2h-[CuAl(OH)4]2 system is shown in Figure 1. The scan
reveals a minimum at 2.46 ä, 8.5 kcalmol�1 deep with respect
to two isolated [CuAl(OH)4] moieties. In order to substantiate
our finding, we evaluated the Hessian elements at the
minimum structure, optimized within D2h symmetry. An
inspection of the harmonic frequencies revealed eleven
imaginary modes, all below 220i cm�1, which identifies this
structure as a higher order saddle point without any chemical
relevance. Subsequent geometry optimizations following each
of the imaginary modes ™downhill∫ led to major geometric
rearrangements and finally converged on the D2-symmetric
dimer structure depicted in Figure 2. Subsequent evaluation
of harmonic frequencies indeed verified this species as a true
minimum on the potential energy hypersurface, with a Cu ±
Cu distance of 2.73 ä. Relative to two isolated C2-symmetric
[CuAl(OH)4] fragments (symmetry has also been relaxed for
the fragments in order to dispose three imaginary modes
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revealed by harmonic frequency analysis), the dimer is bound
by 80 kcalmol�1.


This species bears structural features very different from
the D2h starting point of the investigation, but closer
inspection of the literature revealed a variety of examples
for CuI salts with a very similar local coordination environ-
ment for the copper ions. In inorganic and organometallic
chemistry several examples of multinuclear copper(�) com-
plexes are known that have Cu ±Cu contacts comparable to
the smallest Cu ±Cu distance of 2.56 ä in metallic copper.
Some of these exhibit extraordinary closed shell interactions,
which have already been subject to theoretical investigation
(see references cited in ref. [43]). In particular, bidentate
ligands such as acetate, trifluoroacetate, and benzoate have
been characterized as multinuclear complexes that share a
key structural property with the D2-symmetrical dimer–a
parallel arrangement of linear O-Cu-O units.[44] The strongest


similarity is shown by gaseous CuI acetate, which is also a
dimer.[45] This structural feature is not even limited to oxygen
ligands or to CuI as a central ion. CuI azenido compounds
[{CuI(RN3R)}2] as well as AuI dithiocarbamates
[{Au(R2NCSS)}2] show equivalent structures.[43] Given the
high stability of the D2 species, we searched for potential
positions of such species within the zeolite framework. And in
fact, as detailed below, this bonding pattern is the heart of
highly reasonable candidates for CuI pairs in Cu-ZSM-5.


A referee wondered whether the density functions current-
ly in use are capable of describing these special dispersion-
type closed-shell interactions. First, we note that we are not in
the region of vanishing density overlap where this problem
does indeed become critical. Second, the interaction between
the two I2-[CuAl(OH)4] units is rather an effect of 4s/3d
hybridization and orbital interactions at both CuI fragments
(see Electronic structure of CuI pair species, below), which are
both described reasonably well by B3LYP.


Structures of CuI pairs in the zeolite : More or less arbitrarily,
we consider an arrangement of two CuI ions a pair if the Cu ±
Cu distance is shorter than 3.0 ä–a criterion based on
structural, not electronic, properties. The simplest way to
investigate copper aggregation is to consider two CuI ions per
unit cell only. This implies that two of the 96 Si tetrahedral
sites of the unit cell are exchanged for Al atoms in order to
avoid an overall charge. This situation corresponds to a Si/Al
ratio of 47. There are ample possibilities for the distribution of
Al and Cu atoms within the ZSM-5 unit cell and a systematic,
exhaustive search seems impossible. Previous calculations
have shown that CuI ions preferentially coordinate to O atoms
belonging to AlO4 tetrahedra within the framework,[17] but
there are no distinguished crystallographic sites for Al
substitution. We therefore started our search for pair sites
by generating starting geometries in which CuI pairs are
located at coordination sites with two neighboring Al
positions separated by one, two, or three SiO4 tetrahedra.
Figure 3 shows all types of coordination sites for which pair
structures resulted from the geometry optimizations.


A selection of the model systems that have been optimized
by the QM-Pot approach is shown in Figures 4 ± 9. All are
described by minimum cluster sizes according to the rules
outlined above, except for the open-nest pair (Figure 8). The
smallest distance found between two CuI ions coordinated at
such sites was 2.55 ä (open site, see below), which compares
well to the closest metal ±metal contact in metallic copper
(2.56 ä). We have classified the structures according to their
local environment as open pairs (O), nest pairs (N), open-nest
pairs (ON), and cage pairs (C). Let us now turn to the
discussion of the distinct structural features, an overview of
which is given in Table 1.


Open pairs : The coordination site of an open pair consists of a
five-membered chain of T sites (Figure 4). This site can be
regarded as a superposition of two neighboring I2 sites,
according to the nomenclature introduced in ref. [17]. All
such pairs are located at the intersection of main and
sinusoidal channels and, hence, should be accessible to
adsorbates from both directions. CuI ions at O sites reach


Figure 1. Energy of the D2h-[{CuAl(OH)4}2] model as a function of the
Cu ±Cu distance, obtained by symmetry-constraint structure optimizations
at given Cu ±Cu distances. The apparent minimum structure at 2.46 ä is in
fact a higher order saddle point on the potential energy surface.


Figure 2. a) Optimized C2-[CuAl(OH)4] model. b) Optimized D2-[{CuAl-
(OH)4}2] model in the electronic ground state (1A).
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into an ™open space∫ within the ZSM-5 structure and the
oxygen coordination number is rather small, two per CuI. The
particular coordination mode (each copper coordinates to one
T site only) introduces some flexibility into the position of
both CuI ions, and framework O atoms available for
coordination in the closer environment easily lead to a
separation of both ions. Consequently, only three different
open pairs could be located, whereas many structures initially
created as O-pairs collapsed into two isolated sites in the
course of geometry optimization. We designate the remaining
pairs asO(2,12/1),O(2,5/1), andO(6,9/1). Numbers before the
slash denote the T sites substituted by Al atoms, on the basis
of their classification in the orthorhombic structure of the all-
silica ZSM-5,[7] while the number following the slash denotes
the smallest number of Si sites separating the two Al sites. As
mentioned already, the Cu ±Cu distance inO(6,9/1), 2.55 ä, is
the smallest found in this study.


Nest pairs : In structural terms, nest pairs (N sites) differ
greatly from O sites. In these species each CuI ion is bound to
oxygen atoms such that the local ion arrangement is much less
flexible than in open pairs. We found three different N sites
(see Figures 5 ± 7), all located at walls of the sinusoidal
channel, and thus easily accessible for adsorbates. Overall, for
N species the oxygen coordination numbers are two or three,
and all nests identified consist of a combination of four-, five-,
or six-membered rings forming larger seven- or eight-mem-
bered rings. Despite careful searches, we were unable to
locate CuI pairs coordinated to just one five- or six-membered
ring, either in the main or in the sinusoidal channel.
Apparently, ring sizes smaller than seven do not lead to
stable CuI pairs.


Nest 1 consists of an eight-membered ring bridged by one
T site (Figure 5). This type of site can be regarded as a
superposition of two six-membered rings which have been
identified as very stable coordination sites for isolated copper
ions in former work, designated Z6 sites.[17] The oxygen


Figure 3. Sketch of the individual types of Cu� pair sites and their location
within the ZSM-5 framework. View along the main channels, represented
by ten-membered rings, perpendicular to the sinusoidal channels. a) The
sites denoted as ™nest 1 ± 3∫ are located on the wall of the sinusoidal
channel and the ™open sites∫ are on the edge of the sinusoidal and the main
channel. b) The ™open nest∫ is located on the wall of the main channel and
the ™cage∫ encloses an area that belongs neither to the main nor to the
sinusoidal channel. Tetrahedron sites are shaded bright and connecting
oxygen atoms dark.


Table 1. Selected structural properties of Cu� pairs in Cu-ZSM-5 (bond lengths in
ä).


Site[a] r(Cu ±Cu) r(Cu ±O)[b] CN(O)[c] CN(OAl)[d]


O(2,12/1) 2.70 2.00, 2.07 / 2.01, 2.07 2/2 2/2
O(6,9/1) 2.55 2.03, 2.04 / 2.02, 2.03 2/2 2/2
O(2,5/1) 2.69 2.03, 2.05 / 1.99, 2.08 2/2 2/2
N1(7�,10�/1) 2.63 1.93, 1.95 / 1.98, 2.02[e] 2/2 2/2
N1(1,7/2) 2.82 1.94, 1.99, 2.37 / 1.99, 2.15, 2.21 3/3 3/1
N1(4,10/2) 2.61 1.99, 2.01, 2.16 / 2.07, 2.09, 2.45 3/3 3/2
N1(5,11/2) 2.78 1.92, 1.96 / 2.10, 2.13, 2.18 2/3 2/1
N1(7,10�/2) 2.65 1.99, 2.05, 2.39 / 1.99, 2.03 3/2 1/2
N1(7�,10/2) 2.61 1.99, 2.06, 2.46 / 1.99, 2.03, 2.20 3/3 1/3
N1(11,11/2) 2.82 1.96, 2.01 / 2.01, 2.07, 2.26 2/3 1/2
N1(1,7/3) 2.76 1.97, 2.06, 2.29 / 1.99, 2.15, 2.36 3/3 1/1
N1(4,10/3) 2.66 2.02, 2.08, 2.15 / 2.09, 2.10, 2.17 3/3 2/2
N2(7,12/2) 2.64 2.09, 2.10, 2.22 / 2.02, 2.16 3/2 3/2
N2(7,12/1) 2.63 2.03, 2.20, 2.28 / 2.04, 2.05 3/2 2/2
N3(9,10/1) 2.56 2.10, 2.19, 2.32 / 2.01, 2.09, 2.49 3/3 3/1
C(5,11/2) 2.61 1.98, 2.06 / 2.01, 2.08, 2.26 2/3 1/2
ON(7,12/2) 2.86 2.03, 2.11 / 2.06, 2.14, 2.17 2/3 2/1


[a] For a definition of clusters O, N1, N2, N3, C, ON see Figures 4 ± 9. Numbers
before the slash indicate the T sites substituted by Al atoms. The classification is
based on the orthorhombic structure of high-silica ZSM-5. The number following
the slash refers to the number of Si sites separating the Al sites. [b] Distance to
oxygen atoms closer than 2.50 ä. Bold numbers refer to oxygen atoms not bound to
Al atoms. The numbers before and after the slash relate to the Al site given first and
second in the pair classification, respectively. [c] Number of oxygen atoms with Cu ±
O distances less than 2.50 ä. The numbers before and after the slash relate to the Al
site given first and second in the pair classification, respectively. [d] Number of
oxygen atoms bound to Al atoms with Cu ±O distances less than 2.50 ä. The
numbers before and after the slash relate to the Al site given first and second in the
pair classification, respectively. [e] Both Cu� ions are closer to Al at T7�.


Figure 4. a) Open site for Cu� pairs including the nearest Si/Al sites
(bright/black) and the connecting oxygen atoms (dark). b) Model system of
the O(6,9/1) pair. Numbers denote the T sites in the orthorhombic ZSM-5
structure.
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coordination number per CuI ion ranges from two to three,
depending on the particular binding situation (see below).
Remarkably, CuI pairs occur for nine out of ten Al distribu-
tions investigated within the nest. Between one and three SiO4


tetrahedra can separate Al sites without preventing the


formation of CuI pairs. Only in one case, namely N1(5,11/3),
is the Cu ±Cu distance greater than 3 ä (3.16 ä). The
D2-[Cu2{Al(OH)4}2] gas-phase model and the N1(7�,10�/1)
pair show very similar structural features (since the previous
nomenclature is not unequivocal, in this case we had to
distinguish between two T7 and two T10 sites–see Figure 5).
In both structures each copper ion is almost linearly
coordinated to two oxygen atoms with Cu ±Cu distances of
2.73 and 2.63 ä, respectively. Evidently, in line with our
findings for the D2-[Cu2{Al(OH)4}2] system, this particular
orientation of two Al(OH)4 tetrahedrons provides an optimal
coordination environment for the CuI pair. Similar bonding
patterns are visible in most of the N1 sites.


N2 sites also consist of an eight-membered ring (see
Figure 6). Unlike N1, however, the ring is bridged by two Si
sites, so the entire binding site consists of two Z5 sites[17]


joined by two oxygen bridges. In all N2-pairs found, the Al
sites are separated by one or two SiO4 tetrahedra. The oxygen
coordination number is different for the two copper ions (2


Figure 6. a) Nest 2 for Cu� pairs. b) Model system of the N2(7,12/2) pair.
c) Model system of the N2(7,12/1) pair.


Figure 5. a) Nest 1 for Cu� pairs. b) Model system of the N1(7�,10�/1) pair.
c) Model system of the N1(4,10/2) pair. d) Model system of the N1(4,10/3)
pair.
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and 3, respectively) and, as shown in Figure 6, one of the ring
oxygen atoms coordinates both ions in case of the N2(7,12/2)
pair. Figure 6 also shows that the coordination mode of
copper in the vicinity of the aluminum atom at the T12
position resembles the binding mode of an I2 site for the
monomer.


We found a third type of nest structures, denoted as N3,
consisting of a seven-membered ring (see Figure 7). It can be
regarded as a combination of a Z5 and a Z4 site,[17] and the


Figure 7. a) Nest 3 for Cu� pairs. b) Model system of the N3(9,10/1) pair.


oxygen coordination number is three per CuI ion. This pair
type only exists for an arrangement of two Al sites separated
by one Si site as a stable minimum structure with a very short
Cu ±Cu distance of 2.56 ä.


Open-nest pairs : As noted above, it was impossible to locate
pairs solely coordinated to one five- or six-membered ring.
Instead, nests in the main channel consist of a combination of
such rings (designated M5 and M6 sites in ref. [17]). These
combinations lead to rather flat structural moieties (com-
pared with the possible combinations of rings within the
sinusoidal channel) to which we refer as open nests (ON). We
were able to locate one pair of this type, which is shown in
Figure 8. The structure contains one copper center bound to
three oxygen atoms of a ring (corresponding to the M6 site)
while the other is bound to two oxygen atoms of a single
tetrahedron site only (corresponding to an I2 site). Two Si
sites separate the Al sites. The Cu ±Cu distance of 2.86 ä is
larger than in all other pair structures identified. In fact, this
species is unstable with respect to a cluster in which the two
copper ions are separated by 3.98 ä (Figure 8). In this
competing structure, both ions are coordinated to M6 sites.
As the cluster size and connectivity is identical for both
species, we can directly compare total QM-Pot energies: the
energy difference of 22 kcalmol�1 in favor of the latter
renders the existence of this pair highly unlikely.


Cage pairs : Another rather stable pair species in which the
CuI ions are surrounded by oxygen atoms was classified as
cage-type (C) (Figure 9). The Al sites are separated by 2 SiO4


tetrahedra in this structure. The oxygen coordination numbers
for the two copper ions are two and three. The twofold
coordinated CuI reaches out of the cage formed by nine T sites
and into the sinusoidal channel. However, most of the local
environment of the C-pair belongs neither to the main nor to
the sinusoidal channel. Correspondingly, we expect that this
area is less accessible for adsorbates than all other pair sites
we found.


In summary, the Cu ±Cu distances for all types of pairs fall
into the range between 2.5 and 2.9 ä. The larger distances
come very close to the Cu ±Cu distances usually assigned to
Cu-(O)-Cu species in experimental work, whereas smaller
distances are very similar to the Cu ±Cu distance ascribed to


Figure 8. a) Open nest for Cu� pairs. b) Model system of the ON(7,12/2)
pair. c) Model system with separated Cu� ions.
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Cu0 ±Cu0 bonds in metal clusters.[9] The Cu ±O distances for
the first coordination shell and the average oxygen coordina-
tion number between two and three do not differ from the
values predicted previously for isolated CuI binding sites.[17]


Hence, it will not be possible to identify CuI ±CuI pairs in
zeolites from this data.


Dissociation energies and relative energies : When discussing
energies we have to keep in mind that a direct comparison of
QM-Pot energies obtained according to Equation (1) is
meaningful only for model systems with identical size and
connectivity to the zeolite framework. That is, we cannot
directly compare total energies of different pair sites. We can,
however, compare energies for a stepwise dissociation of the
two Cu ions if we define the first and total dissociation
energies by the Equations (3) and (4).


Cu2Z � CuZ��Cu� ED,first�E(CuZ�)�E(Cu�)�E(Cu2Z) (3)


Cu2Z � Z2�� 2Cu� ED,tot�E(Z2�)� 2E(Cu�)�E(Cu2Z) (4)


The energy ED,first describes the dissociation energy of one
of the copper ions (see below)–for nonsymmetrical clusters
this results in two different values, depending on the choice of
the ion removed first. ED,first and ED,tot are adiabatic dissoci-
ation energies which involve lattice energy minimization for
the ZCu� and Z2� species. Due to the periodic boundary
conditions these dissociation energies refer to processes in
which CuI ions are removed from every unit cell of the
periodic, infinite lattice. In the GULP calculations we added
one or two positive background charges, respectively, to every


unit cell because otherwise the periodic treatment of the
crystal would lead to an infinite number of negative charges.
The model systems were treated with the correct charge (for
details see ref. [46]).


Table 2 shows a selection of total dissociation energies ED,tot


computed according to Equation (4). The data clearly show


that two CuI ions are most strongly bound at N1 sites (312 ±
320 kcalmol�1). The highest total dissociation energy is given
for the N1(7�,10�/1) site, which is the site that resembles the
local oxygen coordination environment of the optimized D2-
[Cu2{Al(OH)4}2] gas-phase model most closely. The dissocia-
tion energies for all other sites range from 300 kcalmol�1 for
C(5,11/2) to 282 kcalmol�1 for ON(7,12/2). There is no
obvious correlation between ED,tot and the coordination
number of copper ions (cf. Tables 1 and 2).


The relative stability of pairs is influenced in part by the
stability of the corresponding Al distribution within the
zeolite. For an estimate of this effect we computed lattice
energies (shell-model potential only) for structures containing
the negatively charged Al sites without any charge-compen-
sating counterions Erel,Pot(Z2�). At this level, the stabilities of
the Al distributions within the various pair sites differ
significantly by up to 19 kcalmol�1 (Table 3). In agreement


Figure 9. a) Cage for Cu� pairs. b) Model system of the C(5,11/2) pair.


Table 2. Dissociation energies of copper pairs according to Equation (4).


Site ED,tot [kcalmol�1]


O(2,12/1) 297.4
O(6,9/1) 295.3
O(2,5/1) 292.9
N1(7�,10�/1) 319.5
N1(1,7/2) 308.1
N1(4,10/2) 312.0
N2(7,12/2) 294.6
N2(7,12/1) 296.6
N3(9,10/1) 290.4
C(5,11/2) 300.2
ON(7,12/2) 282.2


Table 3. Relative energies of ZSM-5 for different Al distributions without
copper ions, obtained by the interatomic potential function approach and
QM-Pot calculations. The values given in square brackets refer to relative
energies within sites of one type.


Classification Erel,Pot(Z2�) [kcalmol�1] Erel,QM-Pot(Z2�) [kcalmol�1]


O(2,12/1) 19.1 [7.1] 7.2
O(6,9/1) 12.4 [0.4] 0.5
O(2,5/1) 12.0 [0.0][a] (0.0)[a]


N1(7�,10�/1) 10.3 [4.8] 4.3
N1(1,7/2) 5.5 [0.0][a] (0.0)[a]


N1(4,10/2) 7.7 [2.2] 0.1
N1(5,11/2) 7.0
N1(7,10�/2) 5.2
N1(7�,10/2) 6.2
N1(11,11/2) 8.0
N1(1,7/3) (0.0)[a]


N1(4,10/3) 4.6
N2(7,12/2) 7.9 [0.0][a] (0.0)[a]


N2(7,12/1) 12.8 [4.9] 3.8
N3(9,10/1) 16.7
C(5,11/2) 7.0
ON(7,12/2) 6.1


[a] Arbitrarily set to zero.
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with Dempsey×s rule[47] the relative energies decrease with an
increasing number of Si sites between the two Al sites. Hence,
structures with AlO4 tetrahedra separated by just one SiO4


tetrahedron (O and N3 sites, as well as the N1(7�,10�/1) and
the N2(7,12/1) site) are disfavored relative to those separated
by two or three SiO4 tetrahedra. For sites of one type and the
same QM part, the relative energies obtained by the shell-
model potential alone can be compared with results of QM-
Pot calculations. For the selected cases given, Table 3 shows
agreement within 2 kcalmol�1. It is known that relative
stabilities of different Al distributions are influenced by
charge-compensating cations. For example, calculations by
Schrˆder and Sauer for faujasite have shown that if protons
were used for charge compensation, the Al atoms preferen-
tially occupy two next-nearest-neighbor positions (Al-O-Si-
O-Al).[48] Moreover, in calculations on ZSM-5 with protons as
charge-compensating counterions, no preference was found
for separation of the Al pairs by two instead of one SiO4


tetrahedron.[28] Hence, Dempsey×s rule cannot serve as an a
priori guide for the design of reasonable models for theoret-
ical studies on copper-loaded species within a zeolite system.
Correspondingly, a comparison of relative QM-Pot energies
for the various families of copper-ion-loaded pair sites
(Table 4) reveals the high stability of the N1(7�,10�/1) pair,


irrespective of the fact that the Al sites are separated by one Si
site only.


Because we cannot directly calculate relative QM-Pot
energies for systems with different model systems in the
quantum part we consider three hypothetical reaction steps
and the corresponding energy contributions defined in
Equations (4) ± (6).


Cu2Z � Z2�� 2Cu� ED,tot�E(Z2�)� 2E(Cu�)�E(Cu2Z) (4)


Z2� � Z�2� E(Z�2�)�E(Z2�) (5)


2Cu� � Z�2� � Cu2Z� �ED,tot(Cu2Z�) (6)


This scheme describes a process in which CuI ions are
removed from the original lattice [Eq. (4)] and Al atoms are
moved to different positions to generate a new lattice
[Eq. (5)], to which the Cu� ions are subsequently added


[Eq. (6)]. While QM-Pot energies are available for reac-
tions (4) and (6), that for step (5) is available only at the
potential function level for QM-Pot-optimized structures.
Hence, energy differences between sites of different type can
be approximated by Equation (7).


�E�ED,tot(Cu2Z)�EPot//QM-Pot(Z�2�)�EPot//QM-Pot(Z2�)�ED,tot(Cu2Z�) (7)


Table 5 shows these energy differences computed for a
variety of pairs relative to one pair structure, denoted as Erel ,
together with the corresponding energy contributions


EPot//QM-Pot(Z2�) relative to one particular Al distribution, thus
denoted as Erel,Pot//QM-Pot(Z2�). We note a pleasingly small
maximum deviation of 2 kcalmol�1 (for N1(7,12/1) and
N2(7,12/2)) if we compare relative stabilities of species within
their respective classes directly obtained as QM-Pot energies
(Table 4) and approximated by Equation (7) (Table 5). This
may serve as a validation of the approximation defined by
Equation (7). The compilation of relative energies reveals a
particularly high stability of N1-type pairs with N1(7�,10�/1) as
the most stable species among all pair sites investigated. As a
remnant of Dempsey×s rule for the cation-free framework,
Erel,Pot//QM-Pot(Z2�) of N1(7�,10�/1) is slightly higher than that of
many other species; however, this is evidently compensated
by the large dissociation energy of the two CuI ions (Table 2).


Relative stabilities of copper ion pairs versus monomers : To
compare the stability of Cu� ion pairs with that of monomers,
we define an average binding energy per Cu� ion in the pair
[Eq. (8)], whereED,tot is defined by Equation (4). Values ofEav


computed from Table 2 fall into the range between 141 and
160 kcalmol�1, slightly higher than the range of dissociation
energies of Cu� monomers obtained by Nachtigallova¬ et al. for
a variety of binding sites, which is 138 ± 152 kcalmol�1.[17] In
terms of Eav we find three nest pair structures, N1(7�,10�/1),
N1(1,7/2), and N1(4,10/2), more stable than the most favor-
able monomer site (Z6). An intrinsic shortcoming of this
approach, however, is caused by the fact that the dissociation
energies ED,tot contain a contribution from the Z2� species in
Equation (4). The inherent instability due to Coulomb


Table 4. Relative QM-Pot energies of pairs in Cu-ZSM-5.


Classification Erel,QM-Pot(Cu2Z) [kcalmol�1]


O(2,12/1) 4.7
O(6,9/1) (0.0)[a]


O(2,5/1) 2.0
N1(7�,10�/1) (0.0)[a]


N1(1,7/2) 7.1
N1(4,10/2) 3.2
N1(5,11/2) 12.4
N1(7,10�/2) 6.2
N1(7�,10/2) 5.9
N1(11,11/2) 15.1
N1(1,7/3) 14.8
N1(4,10/3) 9.3
N2(7,12/2) (0.0)[a]


N2(7,12/1) 1.8


[a] Arbitrarily set to zero.


Table 5. Relative energies of pairs evaluated according to Equation (7)
and Pot lattice energies employing QM-Pot-optimized structures.


Classification Erel Erel,Pot//QM-Pot (Z2�) [kcalmol�1]


O(2,12/1) 27.7 10.2
O(6,9/1) 22.8 3.7
O(2,5/1) 24.9 3.4
N1(7�,10�/1) (0.0)[a] 4.6
N1(1,7/2) 6.8 0.5
N1(4,10/2) 3.9 1.5
N2(7,12/2) 21.5 1.8
N2(7,12/1) 25.5 7.8
N3(9,10/1) 32.5 8.5
C(5,11/2) 18.0 3.9
ON(7,12/2) 32.2 (0.0)[a]


[a] Arbitrarily set to zero.
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repulsion in these doubly charged anions increases the Eav


value computed for a pair, although this artificial situation is
not present in the real zeolite. Rather, we consider a process
described in Equation (9).


Eav�ED,tot/2 (8)


Cu1Cu2Z(Al1,Al2)� [Z(Al1,Si2)]� � [Cu2Z(Al1,Al2)]��Cu1Z(Al1,Si2) (9)


In Equation (9), [Z(Al1,Al2)]2� stands for the zeolite frame-
work with two negative charges per unit cell with the specific
Al positions Al1 and Al2, and Cu1 and Cu2 being the copper
ions closer to the corresponding Al atoms. The process in
Equation (9) can be formally divided into two steps, repre-
sented in Equations (10) and (11). The first step corresponds
to the dissociation of one Cu� ion from each unit cell, and the
energy ED,first connected with this process corresponds to the
definition given above in Equation (3). The copper ion is
transferred in the second step to an equivalent coordination
site in which the Al2 position has been exchanged by a Si atom
(that is, creating a monomer copper site within a zeolite
containing one Al atom per unit cell). The transfer energy
Etrans resulting for the hypothetical overall reaction in
Equation (9) is given by Equation (12).


Cu1Cu2Z(Al1,Al2) � Cu�� [Z(Al1,Al2)Cu2]� ED,first (10)


Cu�� [Z(Al1,Si2)]� � Cu1Z(Al1,Si2) �ED,mono (11)


Etrans�ED,first�ED,mono (12)


This approach does not consider compensating cations
either, but the effects of charged unit cells are present equally
on both sides of the reaction and should be well balanced in
terms of Etrans. A general comparison of ED,first computed for
pair sites (ranging from 121 to 158 kcalmol�1, see Table 6)
with dissociation energies ED,mono of monomer sites (138 to
152 kcalmol�1) published previously[17] shows no general
preference for either binding situation. A direct comparison
can be made for selected cases, in which our pair models
contain the monomer site referred to in ref. [17] (Table 6).
Among those, we find the monomer copper sites favored


except in the case of the N1(7�,10�/1) site, which gives an Etrans


of �5 kcalmol�1.
For our next approach, we designed a model system that


contains both theN1(7�,10�/1) site as well as one monomer site
of M7 type,[17] which consists of a six-membered ring (2-1-5-
11-7-8) bridged by one T site (T4) (see Figure 10). Model
systems of this size cannot be adopted on a routine basis, but
for this exemplary case we accepted the computational
expenses in order to establish directly the relative stability
of pair vs. monomer copper ion sites. If we transfer one copper
ion from one of the pair positions to this site, the QM-Pot total
energies can be compared directly. Prior to the actual QM-Pot
calculations, we explored the relative stability of different Cu�


distributions for aluminum at T7 and T10 at the potential
function level. One of the two Cu� ions in N1 was trans-
ferred to various positions within the same unit cell keeping
it in contact with one AlO4 tetrahedron in all cases. The
other Cu� ion was left in its position above either the
symmetrical or the unsymmetrical ring. Subsequent geometry
optimizations at the interatomic potential function level
revealed the two most stable structures depicted in Fig-
ure 10b and 10c. After geometry optimization at the QM-Pot
level, the transfer of Cu(sym) or Cu(asym) from its posi-
tion in N1 to M7 causes an increase in energy by 14 and
10 kcalmol�1, respectively. We also optimized the correspond-
ing monomer structures (cf. Figure 10d ± e) with the alu-
minum atom located at T7 and found them nearly identical
in energy. Both isolated pair positions–Cu(sym) and
Cu(asym)–collapsed into a single structure (Figure 10d)
owing to the lack of a second AlO4 tetrahedron able to afford
the highly favorable linear coordination around the copper
centers.


Finally, we chose yet another approach to evaluate the
relative stability of copper ions bound to the most stable Cu�


monomer and pair sites, Z6 and N1(7�,10�/1), respectively. In a
super-cell approach including two Cu� ions, one proton, and
three Al sites embedded in the respective minimum cluster
environment, both sites were treated simultaneously in a
common quantum part. Specifically, as quantum part in a first
unit cell we selected the Z6 monomer site consisting of the T
sites 4-5-1-10-11-7, with aluminum at T4.[17] As the quantum


part in a second unit cell (gen-
erated adjacent to the first by
duplication of the cell parame-
ters in the c direction) we se-
lected the energetically most
favorable Cu� pair site,
N1(7�,10�/1), for which Z6 ac-
tually forms the unsymmetrical
ring. This super cell was treated
periodically in the shell-model
ion-pair potential calculations.
In this way, we were able to
assess directly the energetic
consequences of the transfer of
one copper ion from a pair site
to the monomer site (compen-
sating for the charge of the
corresponding vacant binding


Table 6. Dissociation and transfer energies according to Equations (10) ± (12).


Classification ED,first
[a] ED,mono


[b] Etrans


O(2,12/1) T2: 144.9 / T12 144.7 T12 (I2): 148.6 T12: 3.9
O(6,9/1) T6: 136.7 / T9: 142.7 T6 (I2): 148.3 T6: 11.6
O(2,5/1) T2: 136.1 / T5: 142.7
N1(7�,10�/1)[c] Sym: 154.3 / Asym: 155.8 T10�(sym) (Z6): 149.0 T10�(sym): � 5.3
N1(1,7/2) T1: 157.6 / T7: 141.5
N1(4,10/2) T4: 149.8 / T10: 144.5 T4 (Z6): 151.9 / T10 (Z6): 149.0 T4: 2.1 / T10: 4.5
N2(7,12/2) T7: 147.9 / T12: 132.5
N2(7,12/1) T7: 131.9 / T12: 135.0
N3(9,10/1) T9: 141.6 / T10: 137.2
C(5,11/2) T5: 131.5 / T11: 131.5
ON(7,12/2) T7: 121.3 / T12: 133.1 T12 (M6): 147.6 T12: 14.5


[a] First dissociation energy of single CuI ions from a pair according to Equation (10). Reference is given with
respect to the Al position from which ions were removed. [b] Data taken from ref. [17]. [c] In theN1(7�,10�/1) pair,
both Cu ions are marginally closer to the Al atom at T7 and our nomenclature distinguishing the Cu ion binding
sites is no longer unique. We therefore characterize the ions as Cu(sym), which is centered above the symmetric
six-membered ring (10-10-11-7-7-11), and Cu(asym), which is centered above the asymmetric six-membered ring
(10-11-7-4-5-1).
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site by adding a proton to the coordinating oxygen atoms; see
Figure 11) by comparison of total QM-Pot energies. In
pleasing agreement with the results obtained above, this
approach revealed that the Cu� pair is favored by 9 kcal mol�1


over the two monomers.


Electronic structure of Cu� pair species, excitation and
emission spectra : For a qualitative prediction of spectroscopic
properties of the various Cu� ion pairs, we computed the
vertical T1� S0 excitation and S0�T1 emission energies as
energy difference between triplet and singlet state energies at


Figure 10. a) Large model system of the N1(7�,10�/1) pair. b) Model system for Al at T7� and T10� with separated Cu� ions coordinated at the M7 site and the
asymmetrical ring of nest 1, or c) the symmetrical ring of nest 1. Energies given are relative to the pair. d) Large model system of Cu� monomers for Al at T7�
with Cu� coordinated at nest 1 or e) at the M7 site. Energies given are relative to the nest 1 monomer. OH groups are not shown for the sake of clarity.


Figure 11. Cu�/H� exchange reaction between the Z6 and the N1 site. OH groups are not shown for the sake of clarity.
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singlet and triplet optimized geometries, respectively. The
latter can be compared directly with photoluminescence
spectra, whereas the former correspond to excitation spectra
assuming a spin-forbidden excitation into the lowest triplet
state. Experimentally, excitation into the first excited singlet
state is observed and thus our calculations will give excitation
energies inherently lower than experimental data. Further-
more, our approach neglects vibrational energy corrections
and the respective Franck ±Condon factors between distinct
vibrational levels.


Before we present results for embedded calculations, we
shall start our discussion with the electronic structure of the
D2-[{CuAl(OH)4}2] model. In its singlet state (1A) the HOMO
and LUMO are of b3 and a symmetry (Figure 12). The
HOMO is an antibonding combination of 3d and 4s hybrid
orbitals on each of the copper ions. This hybridization results
in efficient polarization of charge density out of the formerly
doubly occupied d orbitals away from the O-Cu-O bond axes.
This is a common binding
mechanism[38] for late transition
metal ions, increasing the abil-
ity of metal centers without
vacant d acceptor orbitals to
receive electron density from
the donor orbitals (oxygen lone
pairs in our case). The LUMO,
in turn, is composed of a bond-
ing linear combination of the


respective 3d and 4s hybrid orbitals. HOMO and LUMO form
the SOMOs in the first excited state 3B3 and therefore the
occupation of the former LUMO leads to a significant
shortening of the Cu ±Cu distance by 0.36 ä and a reduction
of the O-Cu-O angle from 179.6� to 163.4�.


In line with this bonding picture, the natural bond orbital
(NBO) analysis of the singlet electron density reveals a 4s
occupation of 0.48e� and a 3d occupation of 9.73e� for each of
the copper atoms. In the triplet state (3d9.454s0.72) the 4s
population is increased by 0.24e� and the occupation of the 3d
shell is decreased by approximately the same amount
(0.28e�), that is, overall half an electron is transferred from
the 3d to the 4s orbitals upon excitation (Table 7).


Figure 13 shows the character of frontier orbitals for the
QM part of the O(6,9/1) pair: the SOMO-1 and SOMO for
this open site in the triplet state correspond to the HOMO-1
and the LUMO in the singlet state. The SOMO-1 comprises
3d ± 4s atomic hybrid orbitals on each of the copper centers


Figure 12. a) OptimizedD2-[{CuAl(OH)4}2] model in the electronic ground state (1A). b) OptimizedD2-[{CuAl(OH)4}2] model in the first excited electronic
state (3B3). c) HOMO of the 1A state with b3 symmetry. d) Second-highest SOMO from ROB3LYP calculations of the first excited electronic state (3B3) with
b3 symmetry, which corresponds to the HOMO of the electronic ground state. e) LUMO of the 1A state with a symmetry. f) Highest SOMO from ROB3LYP
calculations of the first excited electronic state (3B3) with a symmetry, which corresponds to the LUMO of the electronic ground state. Molecular orbitals
have been depicted with the aid of the program Molden.[50]


Table 7. Results of NBO analysis for the D2-[{CuAl(OH)4}2] model system with RB3LYP and ROB3LYP,
respectively.


Natural charges Natural population
Atom Singlet Triplet Orbital Singlet Triplet total Triplet � Triplet � Spin density[a]


Cu � 0.77 � 0.78 4s 0.48 0.72 0.50 0.23 0.85
3d 9.73 9.45 4.98 4.47


O[b] � 1.24 � 1.23 2s 1.78 1.80 0.91 0.89 0.06
2p 5.44 5.42 2.74 2.68


Al � 2.12 � 2.12


[a] Mulliken analysis. [b] Oxygen atoms next to the copper atoms.
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linearly combined to an MO with antibonding character. In
the SOMO the linear combination of these atomic hybrid
orbitals leads to an MO of bonding character, fully in line with
the situation for the D2-[{CuAl-
(OH)4}2] model above. Ac-
cordingly, the Cu� ±Cu� distance
is shortened by 0.22 ä upon
single occupation of the SOMO
in the triplet state. The NBO
analysis assigns slight differen-
ces to the electronic structure of
the singlet states of both sys-
tems:[49] atomic 3d ± 4s hybrid-
ization of Cu� is slightly less
pronounced in the O(6,9/1) sys-
tem, with a 3d9.844s0.25 popula-


tion, than in the D2-[{CuAl(OH)4}2] model (3d9.734s0.48). In the
triplet state, however, the occupation pattern is very similar
(3d9.514s0.66 vs. 3d9.454s0.72, see Table 8).


Figure 13. a) C1-symmetric QM-Pot structure of the O(6,9/1) pair in its electronic ground state (1A). b) C1-symmetric QM-Pot structure of the O(6,9/1) pair
in its first excited electronic state (3A). c) Second-highest occupied MO of the 1A state. d) Second-highest SOMO from ROB3LYP calculations of the first
excited electronic state (3A) which corresponds to the second-highest occupied MO of the 1A state. e) LUMO of the 1A state. f) Highest SOMO from
ROB3LYP calculations of the first excited electronic state of the (3A) which corresponds to the LUMO of the 1A state.


Table 8. Results of NBO analysis for the O(6,9/1) model system with RB3LYP and ROB3LYP, respectively.
Average values are given.


Natural charges Natural population
Atom Singlet Triplet Orbital Singlet Triplet total Triplet � Triplet � Spin density[a]


Cu 0.88 0.79 4s 0.25 0.66 0.51 0.15 0.87
3d 9.84 9.51 4.98 4.51


O[b] � 1.43 � 1.41 2s 1.80 1.80 0.9 0.9 0.06
2p 5.63 5.61 2.84 2.78


Al 2.17 2.17
Si 2.57 2.58


[a] Mulliken analysis. [b] Oxygen atoms next to the copper atoms.
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Energetically, the first excited electronic state (3B3) of the
D2-[{CuAl(OH)4}2] model is 3.0 eV higher than the singlet
ground state (see Table 9) and the vertical transition energies
are computed as 2.6 eV and 3.4 eV for the S0�T1 and the
T1�S0 process in theD2-[{CuAl(OH)4}2] model. For the QM-
Pot results on the larger systems we generally note much
smaller singlet ± triplet gaps (Table 9) and they cover a broad


range from 0.9 ± 3.2 eV (excitation) and 0.3 ± 1.7 eV (emis-
sion).


The noticeable differences between transition energies for
the D2-[{CuAl(OH)4}2] model and the N1(7�,10�/1) pair are
caused by differences in the structure of the local environ-
ment, as demonstrated by calculations on a smaller model for
the N1(7�,10�/1) pair, denoted as N� (see Figure 14c and d).
Atomic positions were taken from the QM-Pot structures of
the standard models (Figure 14a and b) and the O�H bonds
were kept frozen. The transition energies for this system agree
with the QM-Pot results for the N1(7�,10�/1) pair for the
vertical T1� S0 transition but not with those for the vertical
S0�T1 nor with those for the adiabatic energy difference.
This discrepancy is clearly caused by the neglect of two
coordinating oxygen atoms present in the larger system in the
triplet state.


Evidently, the local environment of the Cu� ions has a
significant influence on the transition energies. While this
does not come as a surprise, it can be illustrated best by
comparing singlet ± triplet energy gaps for smaller model
systems of identical constitution, O� and N�, representing the
larger O(6,9/1) and N1(7�,10�/1) sites considered above. The
structures of these two systems were taken from the QM-Pot
results of the regular larger clusters optimized for the singlet
and triplet states (Figure 15). O�H bond lengths were
optimized while all atomic positions except for those of the
hydrogen atoms were kept frozen. From comparison of the


Table 9. Excitation and emission energies [eV].


Classification E(T1� S0) E(S0�T1) E(T1)�E(S0) r(Cu ±Cu)[a]


D2-[{CuAl(OH)4}2] 3.41 2.58 2.97 2.37
N�[b] // N1(7�,10�/1) 3.08 2.07 3.43 2.36
N1(7�,10�/1) 3.10 1.68 2.29 2.36
N1(1,7/2) 2.91 0.95 1.70 2.46
N1(4,10/2) 2.66 0.56 1.45 2.69
O(2,12/1) 0.90 0.32 0.49 2.37
O(6,9/1) 0.72 0.25 0.40 2.33
O(2,5/1) 0.71 0.31 0.46 2.38
N2(7,12/2) 2.00 0.78 1.12 2.37
N2(7,12/1) 1.51 0.77 1.03 2.35
N3(9,10/1) 1.61 0.69 1.04 2.37
C(5,11/2)[c] 3.21
ON(7,12/2) 1.77 0.88 1.18 2.36


[a] Cu ±Cu distance [ä] for the structure in the triplet state. [b] Small
model system of N1(7�,10�/1) with fixed O�H bond lengths and a structure
as obtained by QM-Pot calculations for the model system of regular cluster
size. [c] In the triplet state the Cu� ions separate and one Cu� ion is
migrating into the sinusoidal channel. Thus the triplet does not have the
characteristic of a cage pair and is not considered here.


Figure 14. a) Model system of the N1(7�,10�/1) pair in its electronic ground state (1A). b) Model system of the N1(7�,10�/1) pair in the first excited electronic
state (3A). c) Model system N� in its electronic ground state (1A) with the structure of (a). d) Model system N� in the the first excited electronic state (3A) with
the structure of (b).
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energies computed for O� and N� we see that the singlet state
of N� is 62 kcalmol�1 more stable than singlet O�. Triplet O�,
however, is found to be 8 kcalmol�1 more stable than triplet
N�. Thus, the larger singlet ± triplet gap computed for the nest
pair (79 kcalmol�1 or 3.4 eV) compared with the open site
(9 kcalmol�1 or 0.4 eV) results from the high stability of the
singlet ground state species while the triplet spin state is of
similar energy. It is thus the particular linear oxygen
coordination mode of the two copper ions within the nest
structures that render this species special in terms of
excitation and emission spectroscopic properties. We note in
passing that the even higher T1� S0 gap computed for the
C(5,11/2) site is due to a highly unstable triplet state:
geometry optimization of the triplet state species leads to
dissociation of the two copper ions.


None of our computed excitation or emission energies
provides an unambiguous explanation for experimental data:
bands in the photoluminescence spectra have been reported
at 490 nm (2.53 eV) and 535 nm (2.32 eV) (Lamberti et al.),[11]


at 480 nm (2.58 eV) and 540 nm (2.30 eV) (Wichterlova¬
et al.),[15, 19, 20] or at 420 nm (2.95 eV), 470 nm (2.64 eV), and
520 nm (2.38 eV) (Anpo et al.)[21] . The observed bands in the
excitation spectra are at 256 nm (4.84 eV) and 300 nm (4.13)
(Lamberti et al.)[11] and at 310 nm (4.00 eV) (Anpo et al.).[21]


On the basis of the present results we cannot assign any of the
experimentally observed bands to Cu� pairs even if we take
into consideration the fact that our calculated excitation
energies are systematically too low (we have calculated
energies for T1� S0 transitions instead of S1� S0 transitions
observed experimentally). We would not expect the occur-
rence of distinct bands anyway, because of the scant Cu


contents present in the Cu-ZSM-5 samples used for the
spectroscopic measurements (two copper ions per unit cell at
most) and the necessity of Al atoms at appropriate framework
positions. Cu� pairs, if present at all, would thus represent only
a small fraction of the total population of Cu species. The
occurrence of isolated Cu� sites is more likely. On the basis of
our results we feel it is safe to rule out earlier suggestions that
the 520 nm emission band observed in the photoluminescence
spectra is due to Cu� pairs.[21] A computational study on
photoluminescence spectra instead suggests that the bands
observed correspond to two different types of isolated Cu�


sites.[17]


Conclusions


Notwithstanding their formal charge and closed shell d10


electronic configuration, Cu� ions can form pairs in Cu-
ZSM-5 provided Al atoms are present at appropriate frame-
work positions. By means of a state-of-the-art quantum
chemical/interatomic potential function approach, we have
located various types of possible Cu� pairs, which we classified
as open, nest, open-nest, and cage pairs. Open pairs are located
at chain-shaped sites at the intersection of the main and the
sinusoidal channel. Nest pairs were found in the sinusoidal
channel. The group of nest pair sites consists of bridged seven-
and eight-membered rings. Open-nest pairs were found in the
main channel. Cage pairs are located in an area that belongs
neither to the main nor to the sinusoidal channel.


The majority of pairs are energetically slightly less stable
than separated monomers. Taking entropic effects into con-
sideration further disfavors pairs. However, the nest 1 coor-


Figure 15. a) Model systemN� in its electronic ground state (1A). b) Model systemO� in its electronic ground state (1A). c) Model systemN� in its first excited
electronic state (3A). d) Model system O� in its first excited electronic state (3A). Energies given are relative to N� in its electronic ground state (1A).
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dination site constitutes an exceptional species, which is the
most stable coordination site for Cu� pairs. It consists of an
eight-membered ring bridged by one T site and is found for
many different Al distributions. Most N1 pairs show a parallel
arrangement of two linear O-Cu�-O units. In particular we
found that N1(7�,10�/1), in which two linear O-Cu�-O units are
located between two Al sites, was energetically favored over
all other pairs or monomers. However, this site can exist only
if Al atoms are present in next-nearest-neighbor T7 and T10
positions.


Calculated vertical singlet ± triplet transition energies for
both singlet- and triplet-optimized pair structures give evi-
dence that no distinct Cu� pair band in the excitation and
emission spectra can be expected. The assignment of the
emission band at 520 nm to Cu� pairs cannot be supported.
Our calculations confirm the conclusion of a previous study
that the observed photoluminescence bands are due to
isolated Cu� sites.[17]


On the basis of our results we propose the following
minimum requirements for zeolites in which there could be a
significant population of Cu� pairs: the material must contain
eight-membered rings bridged by one T site (two six-
membered rings sharing three T sites). The Si/Al ratio must
be low and the Cu� loading high. For the preparation
procedure, a direct Cu� ion exchange should be favored over
Cu�� ion exchange followed by a reduction, in order to avoid
the blocking of possible pair coordination sites by Cu�� ions. If
Cu�� ions are used in the preparation phase, however, repeated
exchange and reduction steps seem necessary. Samples
prepared in this way could possibly contain some pairs and
allow for further investigation of the catalytic role of Cu� pairs
in the deNOx process.


By analogy with bioinorganic approaches to model enzy-
matic catalysis by investigation of biomimetic model systems,
we believe that the experimental investigation of zeomimetic
models of possible active sites in zeolites could be a promising
approach for the study of their reactivity. With respect to the
present results, it would be interesting to investigate model
systems mimicking the N1(7�,10�/1) pair.
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Stereoselective Synthesis of Structurally Simplified Cephalostatin Analogues
by Multiple Heck Reactions and Their Biological Evaluation


Lutz F. Tietze* and Wolf-R¸diger Krahnert[a]


Abstract: The stereoselective synthesis
of structurally simplified heptacyclic
cephalostatin analogues 2, 3, 18 ± 21, 31,
32 and 33 by multiple Heck reactions is
described. The key step of the synthesis
is a selective Heck reaction of hydrin-
dene 7with 12 and 25, respectively at the
vinyl bromide moiety followed by the
introduction of a second molecule of 7


and a twofold intramolecular Heck re-
action. The obtained bissteroidal hepta-
cyclic compounds 2 and 3, in which the
central octahydrophenazine moiety of 1


is replaced by a benzene ring, contain an
unusual cis-annulation of the two newly
generated rings. The cytotoxicity of
some of the derivatives was determined
on human lung cancer cell line A 549 in
HTFCA tests (Human tumor colony
forming ability). They show a rather
high activity with an ED50 in the micro
molar range.


Keywords: cephalostatin ¥ Heck
reaction ¥ natural products ¥
palladium ¥ steroids


Introduction


In 1988, Petit et al. isolated the unusual dimeric steroid
derivative cephalostatin 1 (1) from the marine worm Ceph-
alodiscus gilchristi.[1] The compound shows a remarkably high
cytostatic activity with a GI50 value of about 2.20� 10�9� in an
in vitro screening against the NCI 60 human cancer cell line.[2]
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To date, 19 cephalostatins are known, all of which show a high
cytostatic activity. Together with the recently from the marine
tunikate Ritterella tokioka isolated ritterazins[3±4] they belong
to the family of steroidal alkaloids, with a backbone composed
of two over a pyrazine ring connected steroids.[5]


Clinical trials with cephalostatin 1 and 7 had to be stalled
because of the lack of material which was mainly obtained
from natural sources.[6] In view of this, synthesis of the
cephalostatins has been the focus of a number of recent
studies.[7±11] In 1998, Fuchs et al. have reported the first total
synthesis of 1.[6, 12±15] Considering its biological activity and its
unusual bissteroidal structure as well as the lack of knowledge
of its mode of action, we became interested in the synthesis of
simplified analogues of 1. In contrast to the work of Heath-
cock, Winterfeldt and Fuchs, who built up the backbone of
cephalostatin from commercially available steroids, we herein
describe a new approach to access the bissteroidal backbone
using multiple Heck reactions.[16±20] In a convergent strategy
the heptacycles 2 and 3 as simplified analogues of 1, in which
the central octahydrophenazine moiety is replaced by a
benzene ring, were readily accessible by a twofold intra-
molecular Heck reaction of 4 and 5, respectively. Retrosyn-
thetic analysis of 4 and 5 led to tetrafunctionalised benzenes
of type 6 and the hexahydro-1H-indene (7),[21±23] which can be
obtained in a few steps from the Hajos ±Wiechert ketone 8
(Scheme 1).[24] In addition to the synthesis, we also deter-
mined the cytotoxicity of the new analogues by performing
HTFCA tests (Human tumor colony forming ability).


Results and Discussion


Synthesis of heptacycle 3 and its derivatives : The acid
catalyzed reaction of dibromoterephthalaldehyde 9[26] with
ethylene glycol gave the monoacetal 10 together with the
expected diacetal in a statistical distribution (see Scheme 2).
The diacetal could be separated by column chromatography
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Scheme 1. Retrosynthesis of the simplified cephalostatin analogues 2
and 3.
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Scheme 2. Synthesis of the heptacycle 3. a) HOCH2CH2OH, pTsOH,
toluene, reflux; b) CBr4, PPh3, CH2Cl2, 0 �C; c) HOCH2CH2OH, pTsOH,
toluene, reflux, 80% (two steps); d) [Pd(PPh3)4], nBu3SnH, toluene, RT;
e) Pd(OAc)2, PPh3, nBu4NOAc, DMF/CH3CN/H2O 1:1:0.2, 60 �C;
f) HOAc, 80 �C, 74%; g) CBr4, PPh3, CH2Cl2, 0 �C, 90%; h) [Pd(PPh3)4],
nBu3SnH, toluene, RT, 88%; i) Pd(OAc)2, PPh3, nBu4NCl, K2CO3, DMF/
CH3CN/H2O 1:1:0.2, 60 �C; j) 15, nBu4NOAc, DMF/CH3CN/H2O 1:1:0.2,
130 ± 140 �C.


and was subsequently transformed back into 9. Corey ± Fuchs
reaction[27±30] of 10 followed by selective debromination with
nBu3SnH[31±33] exclusively furnished the (Z)-2-bromoethenyl-
benzene 12 in 78% overall yield. In the Heck reaction of 12
and hexahydro-1H-indene (7) we expected a selective reac-
tion of the vinyl moiety since we had previously shown that
vinyl bromides are more reactive in Pd0-catalyzed reactions
than bromoarenes.[17] Indeed, the bond formation seems to
have occurred exclusively between the vinyl moiety and C-4 in
7 with complete facial selectivity anti to the angular methyl
group to give 13 with 41% yield; unreacted 7 could be
recovered by chromatography. Neither a transformation at
C-5 in 7 nor a formation of the homo coupled product of 12 or
of diastereoisomers of 13 was observed. We assume that the
high regioselectivity of the Heck reaction is due to a fast and
reversible C�C bond formation between 7 and 12 followed by
a fast elimination step when the Pd atom is located at C-5 of 7.
In the other case with the Pd atom at C-4 a slow elimination
can be expected due to an unfavorable orientation of the Pd
atom and the �-hydrogen.


To improve efficiency, we also tried to perform a Heck
reaction of hydrindene 7 and the deprotected 12 containing an
aldehyde moiety, which is accessible from 12 by hydrolysis of
the acetal moiety. However, only decomposed material was
obtained. For the introduction of a second molecule of
hexahydro-1H-indene (7) we therefore hydrolyzed the acetal
moiety in 13 using 80% acetic acid and the obtained aldehyde
was transformed into the (Z)-2-bromovinylbenzene deriva-
tive 14 in 59% yield again using a sequence of a Corey ± Fuchs
reaction[27±30] and selective debromination.[31±33] Heck reaction
of compound 14 with 7 then yielded the desired diindenyle-
thenylbenzene 5 in 47% yield again in a stereo- and
regioselective way.


The following twofold intramolecular Heck reaction of 5 to
give analogue 3 required a precise control of the reaction time
and temperature. Thus, when 5 was reacted with catalytic
amounts of the palladacycle 15[34] at 130 ± 140 �C for 1.5 h 3
could be obtained in 80% yield. The conversion proceeded
with high selectivity leading to the exclusive formation of an
unusual cis-annelation of the two newly generated rings.


An even shorter way to 3 would be a double Heck reaction
of hydrindene 7 and the bisvinyl bromide 17, easily accessible
from 9 via 16 (Scheme 3). However, all attempts to run this
transformation resulted in a complete decomposition of 17
already after 30 min in the presence of any palladium catalyst.
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Scheme 3. Twofold intramolecular Heck reaction of 17 and hydrindene 7
aimed at 5 : a) CBr4, PPh3, CH2Cl2, 0 �C; b) [Pd(PPh3)4], nBu3SnH, toluene,
RT.
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The decomposition of 17 was accompanied by the formation
of a black solid, that was insoluble in any solvent.


The bissteroidal arene 3 could be further manipulated in
several ways. Hydrogenation with 10% Pd on charcoal
furnished 18, which was subsequently treated with trimethyl-
iodosilane (TMSI) to yield diol 19 (Scheme 4). On the other
hand, hydrogenation of 3 using the Wilkinson catalyst led to
the tetra-hydrogenated heptacycle 20, which was again
deprotected with TMSI to give diol 21.
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Scheme 4. Hydrogenation and deprotection of heptacycle 3. a) 10 mol%
10% Pd/C, H2 (3 bar), EtOAc, RT; b) TMSI, CH2Cl2, RT;
c) [(PPh3)3RhCl], H2 (3 bar), EtOAc/MeOH 1:1, RT; d) TMSI, CH2Cl2,
RT.


The high chemoselectivity in the homogenous hydrogena-
tion of 3 is probably due to a conformational effect in 3 where
the angular 8a- and 16a-methyl groups shield the �-face of the
�7,8- and�15,16-double bonds. The �-face of these double bonds
is shielded by the bended molecule structure (see Figure 1b).


Synthesis of heptacycle 2 and its derivatives: Reaction of
dialdehyde 22 with ethylene glycol yielded the monoacetal 23
together with the corresponding diacetal, which was separated
by column chromatography and transformed back into 22. A
sequence of a Corey ± Fuchs reaction[27±30] followed by palla-
dium-catalyzed debromination with nBu3SnH[31±33] gave the
desired (Z)-vinyl bromide 25 selectively (see Scheme 5). The
Heck reaction between 25 and hydrindene 7 was carried out
under similar conditions as described for vinyl bromide 12
with the difference that only a twofold excess of hydrindene 7
is necessary to achieve a yield of 50% of Heck product 26.
Again the bond formation takes place between the vinyl
moiety of 25 and C-4 in 7 under formation of only one
diastereoisomer.


The acetal moiety in 26 was hydrolyzed using pyridinium p-
toluenesulfonate (PPTS) in acetone/water. Under these con-
ditions the reaction proceeds slower than in case of hydrolysis
of acetal 13 but with a substantially better yield. Corey ± Fuchs
reaction[27±30] followed by selective debromination[31±33] gave
the (Z)-2-bromovinylbenzene derivative 27 in 69% yield (two
steps). Heck reaction of 27 and hydrindene 7 proceeded with
the expected high stereo- and regioselectivity and yielded
diindenylethenylbenzene 4 in 47% yield.
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Scheme 5. Synthesis of heptacycle 2. a) HOCH2CH2OH, pTsOH, toluene,
reflux; b) CBr4, PPh3, CH2Cl2, �20 �C; c) HOCH2CH2OH, pTsOH,
toluene, reflux, 80% (two steps); d) [Pd(PPh3)4], nBu3SnH, toluene, RT;
e) Pd(OAc)2, PPh3, nBu4NOAc, DMF/CH3CN/H2O 1:1:0.2, 60 �C; f) PPTS,
acetone/H2O 2:1, reflux, 83%; g) CBr4, PPh3, CH2Cl2, �20 �C, 75%;
h) [Pd(PPh3)4], nBu3SnH, toluene, RT, 92%; i) Pd(OAc)2, PPh3, nBu4NCl,
K2CO3, DMF/CH3CN/H2O 1:1:0.2, 60 �C; j) 15, Ag3PO4, DMF/CH3CN/
H2O 1:1:0.2, 120 �C.


Surprisingly, under the conditions described for the reac-
tion of 5 the twofold intramolecular Heck reaction of 4 led to
the desired heptacyclic product 2 in only 32% yield. The main
product of this reaction was heptacycle 28 which was obtained
in 67% yield. Its formation can be explained as a result of a
readdition and elimination of the intermediately formed
H-Pd-Br species at one of the two newly generated double
bonds. However, it is known that in palladium catalyzed
reactions silver salts might suppress the migration of double
bonds.[35, 36] We were therefore pleased to find out that the
twofold intramolecular Heck reaction of 4 using palladacycle
15[34] and Ag3PO4


[37, 38] instead of Bu4NOAc as base led to the
exclusive formation of heptacycle 2 in 81% yield without
migration of any double bond.


However, 2 is also accessible via a shorter, more efficient
synthetic route which failed for the synthesis of 3. Trans-
formation of the dialdehyde 22 in a twofold Corey ±Fuchs
reaction[27±30] followed by a twofold palladium catalyzed
debromination reaction[31±33] yields (Z)-di(bromoethenyl)ben-
zene 30 selectively in an overall yield of 44% (Scheme 6). In
contrast to 17, the bis(bromovinyl)arene 30 reacted with
hydrindene 7 in the presence of a catalytic amount of
Pd(OAc)2 and a base system consisting of nBu4NCl and
K2CO3 at 60 �C to furnish the desired diindenylethenylben-
zene 4 in 13% yield, which was then transformed into 2.
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Scheme 6. Twofold intramolecular Heck reaction of 30 and hydrindene 7.
a) CBr4, PPh3, CH2Cl2, 0 �C; b) [Pd(PPh3)4], nBu3SnH, toluene, RT;
c) Pd(OAc)2, PPh3, nBu4NOAc, DMF/CH3CN/H2O 1:1:0.2, 60 �C.


Hydrogenation of heptacycle 2 using PtO2 ¥H2O, 50 bar
hydrogen pressure and a protic solvent system furnished the
octahydro analogue 31 and deprotection of 31 by reaction
with TMSI led to the corresponding diol 32 (Scheme 7). A
selective hydrogenation of 2 using the Wilkinson catalyst as in
the case of 3 was not possible. The reaction of 2 with 10% Pd
on charcoal led in absence of a hydrogen atmosphere to the
formation of 33, which contains an equilenin substructure.
Compound 33 was obtained as an inseparable mixture
together with substrate 2, since the reaction was not complete
after six days and was therefore stopped.
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Scheme 7. Hydrogenation and dehydrogenation of heptacycle 2.
a) 10 mol% PtO2 ¥H2O, H2 (50 bar), MeOH/EtOAc 1:1, RT; b) TMSI,
CH2Cl2, RT; c) 10% Pd/C, MeOH, 50 �C.


The structures of the newly formed compounds were
determined by NMR spectroscopy. In addition, X-ray anal-
yses were performed from 20 and 31 (Figure 1).[39] As
examples, the 1H NMR data of 2 ± 5 as well as of 13 and 26
are discussed.


For the angular methyl group in 13 a singlet at �� 0.65 and
for 4-H a multiplet at �� 2.82 is found. NOESY experiments
confirmed that 4-H is cis-orientated to the methyl group.
Further signals are observed at �� 3.46 as triplet with J�
8.8 Hz for 1-H, at �� 5.48 as doublet of doublet with J� 11.5
and 11.0 Hz for 1�-H and at �� 6.36 as doublet with J�
11.5 Hz for 2�-H. The coupling constants indicate that the
double bond has a Z-configuration. The two aromatic hydro-
gens resonate at �� 7.43 and 7.76. The 1H NMR spectrum of
26 is nearly identical; here the aromatic hydrogens resonate at
�� 7.51 and 7.77. Also the 1H NMR spectra of 5 and 4 are very
similar with the only difference that the integration of the


Figure 1. X-ray structure of a) 20 and b) 31.


signals for the hydrindene moiety is twice as high and the
signals for the acetal moiety in 13 and 26 are missing. Thus, the
angular methyl groups resonate at �� 0.66 and 0.61, respec-
tively, the hydrogens at the acyclic double bonds in 5 as a
doublet of a doublet at �� 5.47 with J� 11.2 and 11.0 Hz and
as a doublet at �� 6.38 with J� 11.2 Hz and for 4 as a doublet
of a doublet at �� 5.44 with J� 11.2 and 11.0 Hz and at ��
6.34 as doublet with J� 11.2 Hz. The only significant differ-
ence between the 1H NMR spectra of 5 and 4 are the singlet at
�� 7.46 found for the aromatic hydrogens of 5 and the two
singlets at �� 7.13 and 7.78 for those of 4.


Due to the symmetric structure of 3 and 2 again only one set
of signals is found for the rings A,B,C and E,F,G in these
compounds. As before, for the two aromatic hydrogens in 3
only one singlet is observed at �� 6.86, whereas two singlets
at �� 6.60 and 7.18 are found for the corresponding hydrogens
in 2.


All other resonances are very similar with the exception of
those for the angular methyl groups at �� 0.61 and 0.85,
respectively. For the hydrogens at the OtBu group multiplets
are found at �� 3.45 and 3.47 and at the benzylic double
bonds, doublets of doublets at �� 5.80 and 5.82 with J� 9.6/
9.7 and 5.9/6.1 Hz as well as doublets at �� 6.32 and 6.30 with
J� 9.6/9.7 Hz.


The proof for the cis-annulation of rings BC and EF
demonstrated for 2 is given by a coupling constant of J�
6.9 Hz for the hydrogens 13a-H and 14b-H at �� 3.70,
whereas the trans orientation of rings AB and FG is indicated
by a coupling constant of J� 11.8 Hz of the signal for 3b-H
and 8a-H at �� 2.63.


The cis orientation of the rings BC and EF in 18 is
confirmed by NOESY experiments.
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Biological evaluation of analogues 19, 21, and 32 : The
cytotoxicities of the new structurally simplified cephalostatin
analogues were determined by performing a HTFA tests
(Human tumor colony forming ability). For this purpose, 102


to 105 human lung cancer cells of the line A549 were placed in
six-well multiplates and cultivated in a culture medium that
contained 90% DMEM (Dulbeco×s modified Eagle×s medi-
um) and 10%FCS (fetal calf serum). After 24 h of cultivation,
the medium was removed, and the cells were incubated with
different concentrations of the synthesized analogues dis-
solved in DMSO/culture medium for 24 h. The remaining cells
were cultivated for a further 8 ± 9 days at 37 �C in air with a
CO2 content of 7.5% and dyed with Lˆfflers methylene blue;
finally the relative colony-forming rate was determined.[40]


Since we only had a restricted amount of 19 and 21 for the
determination of the cytotoxicity, we were just able determine
effective dosage ranges (ED50) for these two compounds,
which are 1 ± 100�� for 19 and 13 ± 130�� for 21. The
effective dosage value for 32 is ED50� 59��.[41] Though the
observed cytotoxicities of the analogues 19, 21 and 32 are not
in the range of those found for the natural cephalostatins, they
are still remarkably high since the compounds do not contain
any obviously toxic functionalities as the well known and
clinically used alkylating anticancer agent cyclophosphamide,
which has an ED50 value of 251�� against the same cell line.


Conclusion


With the synthesis of 2 and 3 as well as of their derivatives, we
have developed a short entrance to structurally simplified
cephalostatin analogues starting from simple molecules. Some
of the analogues synthesized show a remarkably high
cytotoxicity against the human cancer cell line A549, which
encourages us to undertake further investigations in this area.
Thus, application of the developed method to heterocyclic
arenes and further substituted hydrindenes should allow the
preparation of more complex symmetrical and unsymmetrical
cephalostatin analogues.


Experimental Section


General : All reactions were performed in oven-dried glassware under an
argon atmosphere. Solvents were degassed by the freeze ± pump ± thaw
methology. TLC chromatography was performed on precoated aluminium
silica gel SIL G/UV254 plates (Macherey, Nagel Co.), and silica gel 32 ± 63
(0.032 ± 0.064 mm) (Macherey, Nagel Co.) was used for column chroma-
tography. Melting points: Mettler FP61. Optical rotations: Perkin ±Elmer
241. IR: Bruker IFS25. UV/Vis: Perkin ±Elmer Lambda9. NMR: Varian
VXR-200 (200 MHz, 1H), Bruker AM-300 (300 MHz, 75 MHz, for 1H and
13C, respectively), Varian VXR-500 (500 MHz, 125 MHz, for 1H and 13C,
respectively), Varian Unity Inova-600 (600 MHz, 150 MHz, for 1H and 13C,
respectively). For 1H and 13C NMR, CDCl3 as solvent, TMS as internal
standard. Chemical shifts are reported on the � scale. Signals are quoted
as s (singlet), d (doublet), t (triplet), q (quadruplet), m (multiplet) and
br (broad). MS: Varian MAT 731. Elemental analysis: Mikroanalyti-
sches Labor des Institutes f¸r Organische Chemie der Universit‰t
Gˆttingen.


2,5-Dibromo-4-[1,3]dioxolan-2-ylbenzaldehyde (10): A suspension of 2,5-
dibromobenzene-1,4-dicarbaldehyde (30.9 g, 106 mmol), ethylene glycol
(5.92 mL, 6.57 g, 106 mmol) and pTsOH ¥H2O (101 mg, 0.53 mmol) in


toluene (430 mL) was heated under reflux for 1.5 h. After cooling the
mixture was washed with water (100 mL) and brine (100 mL), dried over
NaSO4 and the solvent was removed in vacuo. Purification of the residue by
column chromatography (n-pentane/CH2Cl2 2:1) furnished 10 (12.3 g,
36.6 mmol, 35%) as a white solid together with the corresponding diacetal
(10.1 g, 26.6 mmol, 25%) and 2,5-dibromobenzene-1,4-dicarbaldehyde
(8.96 g, 30.7 mmol, 29%). Analytical data for 10 : Rf� 0.34 (n-pentane/
CH2Cl2 2:1); m.p. 112 �C; UV/Vis (CH3CN): �max (lg �)� 224.0 (4.422),
252.0 (3.996), 313.0 nm (3.297); IR (KBr): �� � 2902, 1695, 1085, 1055 cm�1;
1H NMR (300 MHz, CDCl3): �� 4.06 ± 4.22 (m, 4H), 6.03 (s, 1H), 7.86 (s,
1H), 8.07 (s, 1H), 10.26 (s, 1H); 13C NMR (75 MHz, CDCl3): �� 65.66,
101.4, 122.4, 125.4, 133.0, 134.0, 134.6, 143.7, 190.1; MS (70 eV, EI):m/z (%):
335.8 (58) [M]� , 306.8 (11) [M�CHO]� , 290.8 (24) [M�C2H5O]� , 262.8
(20) [M�C3H5O2]� , 254.9 (37) [M�Br]� , 73.0 (100) [C3H5O2]� ; elemental
analysis calcd (%) for C10H8Br2O3 (336.0): C 35.75, H 2.40; found C 35.75,
H 2.37.


1,4-Dibromo-2-(2,2-dibromovinyl)-5-[1,3]dioxolan-2-ylbenzene (11): A
solution of PPh3 (15.9 g, 60.7 mmol) in CH2Cl2 (50 mL) was added slowly
to a solution of CBr4 (10.1 g, 15.2 mmol) in CH2Cl2 (50 mL) at 0 �C. After
stirring the reaction mixture for 1 h benzaldehyde 10 (5.10 g, 15.2 mmol) in
CH2Cl2 (80 mL) was added within 10 min. Stirring was continued for 1 h at
0 �C followed by 1 h at room temperature. The reaction mixture was
concentrated in vacuo until a precipitation of triphenylphospine oxide was
seen and then purified by column chromatography (n-pentane/CH2Cl2 3:1)
to yield a mixture of 11 and the corresponding deprotected benzaldehyde.


This mixture was dissolved in toluene (100 mL), ethylene glycol (3.40 mL,
3.77 g, 60.7 mmol) and pTsOH ¥H2O (14.5 mg, 76.2 �mol) were added and
the reaction mixture was heated under reflux for 5 h with a Dean ± Stark
tube. After cooling down it was washed with water (50 mL) and brine
(50 mL), dried over Na2SO4. The solvent was removed in vacuo to yield 11
(5.94 g, 12.1 mmol, 80%) as white solid. Rf� 0.25 (n-pentane/CH2Cl2 3:1);
m.p. 113 �C; UV/Vis (CH3CN): �max (lg �)� 212.0 (4.353), 263.0 nm (3.982);
IR (KBr): �� � 2889, 1597, 1360 cm�1; 1H NMR (300 MHz, CDCl3): ��
4.03 ± 4.20 (m, 4H), 6.02 (s, 1H), 7.43 (s, 1H), 7.79 (s, 2H); 13C NMR
(75 MHz, CDCl3): �� 65.59, 94.59, 101.7, 121.3, 122.0, 131.8, 134.2, 135.0,
138.1, 138.3; MS (70 eV, EI): m/z (%): 491.6 (52) [M]� , 446.5 (14) [M�
C2H5O]� , 410.6 (83) [M�Br]� , 337.7 (12) [M�Br�C3H5O2]� , 330.8 (17)
[M� 2�Br]� ; elemental analysis calcd (%) for C11H8Br4O2 (491.8): C
26.86, H 1.64; found C 27.17, H 1.75.


1,4-Dibromo-2-[(Z)-2-bromovinyl]-5-[1,3]dioxolan-2-ylbenzene (12):
[Pd(PPh3)4] (4.00 mol%, 938 mg, 0.81 mmol) was added to a solution of
11 (10.0 g, 20.3 mmol) in degassed toluene (120 mL) and the solution was
stirred until homogeneous. Then nBu3SnH (5.92 mL, 6.50 g, 22.3 mmol)
was added dropwise at room temperature and the solution was stirred for
1.5 h. n-Pentane (120 mL) was added to the reaction mixture, it was washed
with water (100 mL) and brine (100 mL), dried over Na2SO4 and the
solvents were removed in vacuo. Purification by column chromatography
(n-pentane/CH2Cl2 3:1) furnished 12 (8.21 g, 19.9 mmol, 98%) as white
solid. Rf� 0.18 (n-pentane/CH2Cl2 3:1); m.p. 76 �C; UV/Vis (CH3CN): �max


(lg �)� 214.5 nm (4.311); IR (KBr): �� � 2887, 1609, 1354 cm�1; 1H NMR
(300 MHz, CDCl3): �� 4.03 ± 4.21 (m, 4H), 6.04 (s, 1H), 6.65 (d, J� 7.9 Hz,
1H), 7.13 (d, J� 7.9 Hz, 1H), 7.80 (s, 1H), 7.96 (s, 1H); 13C NMR (50 MHz,
CDCl3): �� 65.55, 101.8, 111.0, 121.0, 122.6, 130.9, 131.7, 134.3, 137.3, 137.9;
MS (70 eV, EI): m/z (%): 411.7 (24) [M]� , 366.7 (8) [M�C2H5O]� , 332.8
(51) [M�Br]� , 288.8 (9) [M�Br�C2H4O]� , 260.8 (12) [M�Br�
C3H4O2]� ; elemental analysis calcd (%) for C11H9Br3O2 (412.9): C 32.00,
H 2.20; found C 31.96, H 2.18.


(�)-(1S,3aS,4S,7aS)-1-tert-Butoxy-4-{(Z)-2-[2,5-dibromo-4-([1,3]dioxolan-
2-yl)phenyl]vinyl}-7a-methyl-2,3,3a,4,7,7a-hexahydro-1H-indene (13): A
solution of 12 (79 mg, 191 �mol), hydrindene 7 (10 mg, 48 �mol) and
nBu4NOAc (116 mg, 384 �mol) in degassed DMF/CH3CN/H2O (1:1:0.2,
1 mL) was heated to 60 �C. At 50 �C PPh3 (20 mol%, 10.0 mg, 38.4 �mol)
and Pd(OAc)2 (10 mol%, 4.30 mg, 19.1 �mol) were added and the mixture
was heated at 60 �C for 21 h. After cooling down it was diluted with Et2O
(10 mL), washed with water (2� 5 mL) and the combined aqueous layers
were washed with Et2O (2� 5 mL). The combined organic layers were
washed with brine, dried over Na2SO4, the solvent was removed in vacuo
and the residue purified by column chromatography (n-pentane/CH2Cl2
1:1) to yield 13 (10.6 mg, 19.6 �mol, 41%) as colorless oil. Rf� 0.30 (n-
pentane/CH2Cl2 1:1); [�]20D ��8.7� (c� 1 in CHCl3); UV/Vis (CH3CN):
�max (lg �)� 207.0 (4.342), 224.0 (4.333), 345.0 nm (2.561); IR (KBr):
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�� � 2968, 2883, 1589, 1387 cm�1; 1H NMR (500 MHz, CDCl3): �� 0.65 (s,
3H), 1.11 (s, 9H), 1.10 ± 1.20 (m, 1H), 1.27 ± 1.44 (m, 2H), 1.58 ± 1.67 (m,
1H), 1.77 ± 1.88 (m, 2H), 1.99 (ddt, J� 17.5, 5.2, 1.8 Hz, 1H), 2.80 ± 2.89 (m,
1H), 3.47 (t, J� 8.8 Hz, 1H), 4.02 ± 4.19 (m, 4H), 5.39 (d, J� 10.0 Hz, 1H),
5.48 (dd, J� 11.5, 11.0 Hz, 1H), 5.68 (ddt, J� 10.0, 5.0, 2.2 Hz, 1H), 6.00 (s,
1H), 6.36 (d, J� 11.5 Hz, 1H), 7.43 (s, 1H), 7.76 (s, 1H); 13C NMR
(75 MHz, CDCl3): �� 11.44, 24.77, 28.71, 30.43, 38.72, 38.80, 41.19, 46.23,
65.52, 65.64, 72.22, 80.53, 101.9, 120.92, 122.95, 127.7, 127.8, 128.2, 131.6,
134.3, 136.5, 137.7, 140.2; MS (70 eV, EI): m/z (%): 540.0 (7) [M]� , 483.9
(100) [M�C4H8]� , 465.9 (12) [M�C3H6O2]� , 385.0 (10) [M�Br�
C3H6O2]� , 57.0 (69) [C4H9]� ; HRMS: calcd for C25H32Br2O3: 538.0718;
found 538.0718; elemental analysis calcd (%) for C25H32Br2O3 (540.3): C
55.57, H 5.97; found C 55.31, H 5.88.


(�)-2,5-Dibromo-4-{(Z)-2-[(1S,3aS,4S,7aS)-1-tert-butoxy-7a-methyl-
2,3,3a,4,7,7a-hexahydro-1H-inden-4-yl]vinyl}benzaldehyde (13a): A solu-
tion of acetal 13 (500 mg, 92.5 �mol) in 80% acetic acid (20 mL) was heated
at 80 �C for 2 h. After cooling down it was diluted with Et2O (10 mL)
followed by addition of a saturated solution of NaHCO3 until the end of the
gas formation. The organic layer was washed with water (10 mL) and brine
(10 mL), dried over Na2SO4 and the solvent was removed in vacuo.
Purification of the residue by column chromatography furnished 13a
(34.0 mg, 68.5 �mol, 74%) as colorless oil.Rf� 0.46 (n-pentane/Et2O 20:1);
[�]20D ��32.8� (c� 1 in CHCl3); UV/Vis (CH3CN): �max (lg �)� 221.5
(4.206), 283.0 nm (3.911); IR (KBr): �� � 3009, 2971, 2874, 1692 cm�1;
1H NMR (300 MHz, CDCl3): �� 0.67 (s, 3H), 1.13 (s, 9H), 1.00 ± 2.12 (m,
7H), 2.77 ± 2.97 (m, 1H), 3.49 (t, J� 8.0 Hz, 1H), 5.42 (d, J� 10.0 Hz, 1H),
5.61 (dd, J� 11.5, 11.0 Hz, 1H), 5.74 (ddt, J� 10.0, 5.0, 2.5 Hz, 1H), 6.43 (d,
J� 11.5, 1H), 7.56 (s, 1H), 8.10 (s, 1H), 10.26 (s, 1H); 13C NMR (50 MHz,
CDCl3): �� 11.36, 24.80, 28.70, 30.41, 38.67, 39.02, 41.19, 46.13, 72.28, 80.41,
123.7, 124.8, 127.4, 127.6, 128.3, 132.8, 133.5, 135.1, 139.1, 145.0, 190.1; MS
(70 eV, EI): m/z (%): 496 (2) [M]� , 440 (56) [M�C4H8]� , 343 (8) [M�
C4H9O�Br]� , 57 (100) [C4H9]� ; HRMS: calcd for C23H28Br2O2: 494.0456;
found 494.0456; elemental analysis calcd (%) for C23H28Br2O2 (496.3): C
55.66, H 5.69; found C 55.90, H 5.68.


(�)-(1S,3aS,4S,7aS)-1-tert-Butoxy-4-{(Z)-2-[2,5-dibromo-4-(2,2-dibromo-
vinyl)phenyl]vinyl}-7a-methyl-2,3,3a,4,7,7a-hexahydro-1H-indene (13b): A
solution of PPh3 (235 mg, 895 �mol) in CH2Cl2 (0.4 mL) was added slowly
to a solution of CBr4 (148 mg, 447 �mol) in CH2Cl2 (0.4 mL) at 0 �C. After
stirring of the reaction mixture for 30 min, benzaldehyde 13a (111 mg,
224 �mol) in CH2Cl2 (0.4 mL) was added within 10 min. Stirring was
continued for 1 h at 0 �C followed by 1 h at room temperature. The reaction
mixture was concentrated in vacuo until a precipitation of triphenylpho-
spine oxide was seen and then purified by column chromatography (n-
pentane/CH2Cl2 6:1) to yield 13b (131 mg, 201 �mol, 90%) as colorless oil.
Rf� 0.49 (n-pentane/CH2Cl2 6:1); [�]20D ��22.3� (c� 0.7 in CHCl3); UV/
Vis (CH3CN): �max (lg �)� 229.5 (4.241), 272.0 nm (4.062); IR (KBr): �� �
2972, 1642, 1598 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.69 (s, 3H), 1.09 ±
1.73 (m, 4H), 1.14 (s, 9H), 1.78 ± 1.94 (m, 2H), 1.97 ± 2.09 (m, 1H), 2.83 ±
2.96 (m, 1H), 3.50 (t, J� 8.2 Hz, 1H), 5.42 (d, J� 10.0 Hz, 1H), 5.53 (dd,
J� 11.2, 11.0 Hz, 1H), 5.72 (ddt, J� 10.0, 5.0, 2.5 Hz, 1H), 6.38 (d, J�
11.2 Hz, 1H), 7.46 (s, 1H), 7.49 (s, 1H), 7.85 (s, 1H); 13C NMR (50 MHz,
CDCl3): �� 11.42, 24.84, 28.75, 30.48, 38.74, 38.85, 41.24, 46.23, 72.29, 80.52,
93.86, 121.3, 122.5, 127.7, 127.9, 128.1, 133.6, 133.9, 135.1, 135.6, 139.5, 137.9;
MS (70 eV, EI):m/z (%): 651.7 (2) [M]� , 595.7 (10) [M�C4H8]� , 496.8 (10)
[M�C4H9O�HBr]� , 57.1 (100) [C4H9]� ; HRMS: calcd for C24H28Br4O:
647.8874; found 647.8874; elemental analysis calcd (%) for C24H28Br4O
(652.1): C 44.20, H 4.33; found C 44.48, H 4.57.


(�)-(1S,3aS,4S,7aS)-1-tert-Butoxy-4-{(Z)-2-[2,5]-dibromo-4-((Z)-2-bromo-
vinyl)phenyl]vinyl}-7a-methyl-2,3,3a,4,7,7a-hexahydro-1H-indene (14):
[Pd(PPh3)4] (4.00 mol%, 30.0 mg, 25.8 �mol) was added to a solution of
13b (420 mg, 644 �mol) in degassed toluene (3.8 mL) and the solution was
stirred until homogeneous. Then nBu3SnH (179 �L, 197 mg, 676 �mol) was
added dropwise at room temperature and the solution was stirred for 1.5 h.
n-Pentane (5 mL) was added to the reaction mixture, it was washed with
water (5 mL) and brine (5 mL), dried over Na2SO4 and the solvents were
removed in vacuo. Purification by column chromatography (n-pentane/
Et2O, 100:1) furnished 14 (323 mg, 564 �mol, 88%) as colorless oil. Rf�
0.20 (n-pentane/Et2O, 100:1), [�]20D ��39.3� (c� 0.8 in CHCl3); UV/Vis
(CH3CN): �max (lg �)� 226.5 (4.401), 266.5 nm (4.214); IR (KBr): �� � 2971,
1461, 1197 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.67 (s, 3H), 1.08 ± 1.71
(m, 4H), 1.15 (s, 9H), 1.76 ± 1.92 (m, 2H), 1.95 ± 2.06 (m, 1H), 2.83 ± 2.96 (m,


1H), 3.47 (t, J� 8.2 Hz, 1H), 5.41 (d, J� 10.0 Hz, 1H), 5.50 (dd, J� 11.2,
11.0 Hz, 1H), 5.69 (ddt, J� 10.0, 5.0, 2.5 Hz, 1H), 6.37 (d, J� 11.2 Hz, 1H),
6.60 (d, J� 8.0 Hz, 1H), 7.12 (d, J� 8.0 Hz, 1H), 7.48 (s, 1H), 8.02 (s, 1H);
13C NMR (125.7 MHz, CDCl3): �� 11.41, 24.82, 28.73, 30.48, 38.73, 38.80,
41.21, 46.24, 72.25, 80.53, 110.2, 122.0, 122.2, 127.77, 127.79, 128.2, 130.8,
133.6, 133.9, 134.8, 137.7, 139.1; MS (70 eV, EI): m/z (%): 573.7 (4) [M]� ,
517.7 (9) [M�C4H8]� , 497.7 (11) [M�C4H10O]� , 418.9 (11) [M�
C4H10O�Br]� , 339.9 (2) [M�C4H10O� 2�Br]� , 57.1 (52) [C4H9]� ;
HRMS: calcd for C24H29Br3O: 571.9748; found 571.9748; elemental analysis
calcd (%) for C24H29Br3O (573.2): C 50.29, H 5.10; found C 50.54, H 5.03.


(�)-1,4-Dibromo-2,5-bis{(Z)-2-[(1S,3aS,4S,7aS)-1-tert-butoxy-7a-methyl-
2,3,3a,4,7,7a-hexahydro-1H-inden-4-yl]vinyl}benzene (5): A solution of 14
(40.0 mg, 69.8 �mol), hydrindene 7 (29.0 mg, 140 �mol), K2CO3 (24.0 mg,
174 �mol) and nBu4NCl (19.0 mg, 69.8 �mol) in degassed DMF/CH3CN/
H2O (1:1:0.2, 1 mL) was heated to 50 �C when PPh3 (20 mol%, 3.70 mg,
14 �mol) and Pd(OAc)2 (10 mol%, 1.60 mg, 6.98 �mol) were added with
stirring; afterwards the mixture was stirred at 60 �C for 5 h. After cooling
the reaction mixture was diluted with Et2O (10 mL), washed with water
(2� 5 mL) and the combined aqueous layers were washed with Et2O (2�
5 mL). Then the combined organic layers were washed with brine, dried
over Na2SO4, the solvent was removed in vacuo and the residue was
purified by column chromatography (n-pentane/CH2Cl2 3:1) to yield 5
(23.0 mg, 32.8 �mol, 47%) as colorless oil. Rf� 0.33 (n-pentane/CH2Cl2
3:1); [�]20D ��21.2� (c� 0.25 in CHCl3); UV/Vis (CH3CN): �max (lg �)�
226.0 (4.299), 260.0 nm (4.030); IR (KBr): �� � 2972, 1730, 1643, 1465 cm�1;
1H NMR (300 MHz, CDCl3): �� 0.66 (s, 6H), 1.12 (s, 18H), 1.07 ± 1.72 (m,
8H), 1.75 ± 1.91 (m, 4H), 2.00 (dd, J� 17.0, 5.0 Hz, 2H), 2.83 ± 2.97 (m, 2H),
3.46 (t, J� 8.5 Hz, 2H), 5.40 (d, J� 10.0 Hz, 2H), 5.47 (dd, J� 11.2, 11.0 Hz,
2H), 5.67 (ddt, J� 10.0, 5.0, 2.5 Hz, 2H), 6.38 (d, J� 11.2 Hz, 2H), 7.46 (s,
2H); 13C NMR (75 MHz, CDCl3): �� 11.34, 24.88, 28.74, 30.52, 38.73,
38.75, 41.28, 46.24, 72.24, 80.58, 122.1, 127.6, 127.9, 128.5, 133.8, 137.4, 137.8;
MS (70 eV, EI): m/z (%): 700.0 (10) [M]� , 643.9 (7) [M�C4H8]� , 625.9 (8)
[M�C4H10O]� , 587.8 (12) [M� 2�C4H8]� , 569.9 (14) [M�C4H8�
C4H10O]� , 57.1 (100) [C4H9]� ; HRMS: calcd for C38H52Br2O2: 698.2334;
found 698.2334.


(�)-(1S,3aS,3bS,6bR,8aS,9S,11aS,11bS,14bR,16aS)-1,9-Di-tert-butoxy-
8a,16a-dimethyl-2,3,3a,3b,6b,8a,10,11,11a,11b,14b,16a-dodecahydro-di-1H-
indeno[4,5-a :4,5-h]anthracene (3): A solution of 5 (100 mg, 143 �mol),
nBu4NOAc (215 mg, 714 �mol) and trans-di(�-acetato)-bis[ortho-(di-or-
tho-tolylphosphino)benzyl]dipalladium(��) (15 ; 5.00 mol%, 6.54 mg,
7.14 �mol) in degassed DMF/CH3CN/H2O (1:1:0.2, 5 mL) was heated for
1.5 h at 130 ± 140 �C in a preheated oil bath. After cooling down, water
(15 mL) was added and the reaction mixture was extracted with Et2O (2�
20 mL). The combined organic layers were washed with brine (10 mL) and
dried over Na2SO4. Removal of the solvent and chromatographic
purification (n-pentane/CH2Cl2 5:1) yielded 3 (62.0 mg, 115 �mol, 80%)
as colorless oil. Rf� 0.32 (n-pentane/CH2Cl2 5:1); [�]20D ��39.0� (c� 0.2 in
CHCl3); 1H NMR (500 MHz, CDCl3): �� 0.86 (s, 6H), 1.11 (s, 18H), 1.35 ±
1.57 (m, 6H), 1.69 ± 1.89 (m, 4H), 2.62 ± 2.69 (m, 2H), 3.45 (dd, J� 8.7,
6.6 Hz, 2H), 3.67 (dd, J� 5.6, 4.4 Hz, 2H), 5.80 (dd, J� 9.6, 5.9 Hz, 2H),
6.04 (d, J� 10.0 Hz, 2H), 6.12 (dd, J� 10.0, 4.4 Hz, 2H), 6.32 (d, J� 9.6 Hz,
2H), 6.86 (s, 2H); 13C NMR (75 MHz, CDCl3): �� 14.94, 22.84, 28.72,
31.89, 33.92, 37.47, 41.84, 44.69, 72.33, 76.22, 125.0, 125.3, 128.8, 129.2, 131.8,
134.6, 135.9; MS (70 eV, EI): m/z (%): 538.5 (38) [M]� , 481.4 (25) [M�
C4H9]� , 425.4 (10) [M�C4H8�C4H9]� , 407.3 (18) [M�C4H9�C4H10O]� ,
57.1 (100) [C4H9]� ; HRMS: calcd for C38H50O2 538.3811; found 538.3810.


1,4-Dibromo-2,5-di(2,2-dibromovinyl)benzene (16): A solution of PPh3


(16.6 g, 63.2 mol) in CH2Cl2 (60 mL) was added slowly to a solution of
CBr4 (10.5 g, 31.6 mmol) in CH2Cl2 (87 mL) at 0 �C. After stirring of the
reaction mixture for 30 min, terephthalaldehyde 9 (2.57 g, 7.89 mmol) in
CH2Cl2 (118 mL) was added within 10 min. Stirring was continued for 1 h at
0 �C followed by 1 h at room temperature. The reaction mixture was
concentrated in vacuo until triphenylphospine oxide precipitated, and
subsequently purified by column chromatography (n-pentane) to yield 16
(3.57 g, 5.91 mmol, 75%) as white solid. Rf� 0.51 (n-pentane); m.p. 176 �C;
UV/Vis (CH3CN): �max (lg �)� 223.0 (4.106), 276.0 nm (3.864); IR (KBr):
�� � 3014, 1604, 863, 632 cm�1; 1H NMR (200 MHz, CDCl3): �� 7.44 (s, 2H),
7.85 (s, 2H); 13C NMR (75 MHz, CDCl3): �� 94.39, 121.3, 133.4, 134.7,
137.3; MS (70 eV, EI):m/z (%): 603.7 (100) [M]� , 522.8 (9) [M�Br]� , 443.8
(27) [M� 2�Br]� , 364.9 (6) [M� 3�Br]� , 283.9 (32) [M� 4�Br]� , 124.1
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(20) [M� 6�Br]� ; elemental analysis calcd (%) for C10H4Br6 (603.6): C
19.90, H 0.67; found C 20.19, H 0.69.


1,4-Dibromo-2,5-di[(Z)-2-bromovinyl]benzene (17): [Pd(PPh3)4]
(8.00 mol%, 140 mg, 121 �mol) was added to a solution of 16 (912 mg,
1.51 mmol) in degassed toluene (100 mL) and the solution was stirred until
homogeneous. Then nBu3SnH (0.88 mL, 968 mg, 3.32 mmol) was added
dropwise at room temperature and the solution was stirred for 3.5 h. n-
Pentane (100 mL) was added and the mixture was washed with water
(50 mL), brine (50 mL), dried over Na2SO4 and the solvents were removed
in vacuo. Purification by column chromatography (n-pentane) furnished 17
as white solid (536 mg, 1.20 mmol, 80%). Rf� 0.40 (n-pentane); m.p.
121 �C; UV/Vis (CH3CN): �max (lg �)� 225.0 (4.277), 270.0 nm (4.116); IR
(KBr): �� � 3080, 1772, 1619 cm�1; 1H NMR (200 MHz, CDCl3): �� 6.66 (d,
J� 8.1 Hz, 2H), 7.14 (d, J� 8.1 Hz, 2H), 8.04 (s, 2H); 13C NMR (50 MHz,
CDCl3): �� 110.8, 122.0, 130.8, 133.8, 136.1; MS (70 eV, EI):m/z (%): 445.9
(100) [M]� , 364.9 (64) [M�Br]� , 286.0 (39) [M� 2�Br]� , 206.1 (15) [M�
2�Br�HBr]� , 126.1 (30) [M� 4�Br]� ; elemental analysis calcd (%) for
C10H6Br4 (445.8): C 26.94, H 1.36; found C 27.18, H 1.40.


(�)-(1S,3aS,3bR,6bR,8aS,9S,11aS,11bR,14bR,16aS)-1,9-Di-tert-butoxy-
8a,16a-dimethyl-2,3,3a,3b,4,5,6b,7,8,8a,10,11,11a,11b,12,13,14b,15,16,16a-
eicosahydro-di-1H-indeno[4,5-a :4,5-h]-anthracene (18): A solution of
freshly prepared 3 (9.0 mg, 17 �mol) and 10% Pd on charcoal (10 mol%
Pd, 1.8 mg, 1.7 �mol) in ethyl acetate (1 mL) was stirred under a hydrogen
atmosphere (3 bar) for 16 h at room temperature. The solvent was removed
in vacuo and the residue was purified by column chromatography (n-
pentane/CH2Cl2 5:1) to furnish 18 (7.3 mg, 13.3 �mol, 80%) as colorless oil.
Rf� 0.32 (n-pentane/CH2Cl2 5:1); [�]20D ��20.8� (c� 0.4 in C6H6); 1HNMR
(500 MHz, C6D6): �� 0.87 (s, 18H), 0.91 ± 1.00 (m, 2H), 0.93 (s, 6H), 1.21 ±
1.33 (m, 4H), 1.42 ± 1.66 (m, 8H), 1.70 ± 1.79 (m, 4H), 1.84 (ddt, J� 14.5, 4.3,
4.3 Hz, 2H), 1.88 ± 1.94 (m, 2H), 2.33 (d, J� 14.5 Hz, 2H), 2.56 (t, J�
7.9 Hz, 2H), 2.64 (ddd, J� 15.8, 4.0, 4.0 Hz, 2H), 2.79 ± 2.89 (m, 2H), 2.90
(br s, 2H), 7.21 (s, 2H); 13C NMR (75 MHz, CDCl3): �� 11.64, 23.94, 24.63,
26.26, 26.35, 28.71, 31.17, 33.22, 34.49, 38.23, 41.87, 43.30, 71.77, 80.53, 127.3,
135.3, 136.0; MS (70 eV, EI): m/z (%): 546.4 (100) [M]� , 489.3 (43) [M�
C4H9]� , 472.3 (18) [M�C4H10O]� , 433.3 (7) [M�C4H8�C4H9]� , 415.3
(22) [M�C4H9�C4H10O]� ; HRMS: calcd for C38H58O2: 546.4437; found
546.4436.


(�)-(1S,3aS,3bR,6bR,8aS,9S,11aS,11bR,14bR,16aS)-1,9-Dihydroxy-
8a,16a-dimethyl-2,3,3a,3b,4,5,6b,7,8,8a,10,11,11a,11b,12,13,14b,15,16,16a-
eicosahydro-di-1H-indeno[4,5-a :4,5-h]anthracene (19): A solution of 18
(7.2 mg, 13 �mol) and trimethylsilyliodide (TMSI) (4.7 �L, 6.9 mg,
34 �mol) in CH2Cl2 (1 mL) was stirred for 18 h at room temperature.
Methanol (0.1 mL) and brine (5 mL) were added to the reaction mixture.
Then it was extracted with ethyl acetate (3� 5 mL), the combined organic
layers were dried over Na2SO4, evaporated in vacuo and the residue was
purified by column chromatography (n-pentane/EtOAc 1:1) to furnish 19
(5.2 mg, 12 �mol, 90%) as colorless oil. Rf� 0.34 (n-pentane/EtOAc 1:1);
[�]20D ��96.4� (c� 0.25 in CHCl3); 1H NMR (500 MHz, CD2Cl2): �� 0.83
(s, 6H), 1.00 (ddd, J� 13.3, 13.3, 3.5 Hz, 2H), 1.25 ± 1.45 (m, 6H), 1.53 (ddd,
J� 13.3, 3.5, 3.5 Hz, 2H), 1.56 ± 1.82 (m, 8H), 1.86 ± 2.07 (m, 6H), 2.32 (dd,
J� 14.6, 2.0 Hz, 2H), 2.55 (ddd, J� 16.5, 5.4, 2.0 Hz, 2H), 2.73 (ddd, J�
16.5, 12.7, 5.4 Hz, 2H), 2.90 (br s, 2H), 3.50 (t, J� 8.2 Hz, 2H), 7.00 (s, 2H);
13C NMR (125 MHz, CDCl3): �� 10.83, 23.57, 24.87, 25.85, 26.07, 30.31,
33.01, 34.59, 37.98, 41.99, 43.48, 82.20, 127.1, 135.3, 135.4; MS (70 eV, EI):
m/z (%): 434.3 (100) [M]� , 375.2 (3) [M�H2O�CH3�C2H2]� , 334.1 (2)
[M�H2O� 2�CH3� 2�C2H2]� , 321.2 (4) [M� 2�CH3�C2H2�C3


H5O]� , 57.0 (4) [C3H5O]� ; HRMS: calcd for C30H42O2: 434.3185; found
434.3184.


(�)-(1S,3aS,3bS,6bR,8aS,9S,11aS,11bS,14bR,16aS)-1,9-Di-tert-butoxy-
8a,16a-dimethyl-2,3,3a,3b,4,5,6b,8a,10,11,11a,11b,12,13,14b,16a-hexadeca-
hydro-di-1H-indeno[4,5-a :4,5-h]anthracene (20): A solution of freshly
prepared 3 (20.6 mg, 38.2 �mol) and [(PPh3)3RhCl] (10 mol%, 3.54 mg,
3.83 �mol) in methanol/ethyl acetate (1:1, 2.75 mL) was stirred under a
hydrogen atmosphere (3 bar) for 13 h at room temperature. The solvent
was removed in vacuo and the residue was purified by column chromatog-
raphy (n-pentane/CH2Cl2 5:1) to furnish 20 (14.5 mg, 26.7 �mol, 70%) as
white solid. Rf� 0.33 (n-pentane/CH2Cl2 5:1); m.p. 151 �C; [�]20D ��271.8�
(c� 0.8 in C6H6); 1H NMR (500 MHz, C6D6): �� 1.05 (s, 18H), 1.09 (s, 6H),
1.27 ± 1.39 (m, 2H), 1.44 ± 1.61 (m, 6H), 1.61 ± 1.69 (m, 2H), 1.70 ± 1.82 (m,
4H), 2.27 (m, 2H), 2.52 (ddd, J� 15.8, 4.4, 4.4 Hz, 2H), 2.75 (ddd, J� 15.8,
11.5, 4.4 Hz, 2H), 3.21 (dd, J� 7.5, 7.5 Hz, 2H), 3.48 (dd, J� 4.4, 4.4 Hz,


2H), 6.10 (dd, J� 9.8, 4.2 Hz, 2H), 6.16 (d, J� 9.8 Hz, 2H), 7.14 (s, 2H);
13C NMR (125 MHz, CDCl3): �� 15.44, 23.24, 25.83, 26.14, 28.78, 31.90,
32.21, 39.55, 42.56, 45.09, 72.16, 77.04, 128.6, 129.3, 135.0, 136.4, 135.4; MS
(70 eV, EI): m/z (%): 542.5 (76) [M]� , 485.4 (100) [M�C4H9]� , 429.3 (24)
[M�C4H8�C4H9]� , 411.3 (26) [M�C4H9�C4H10O]� , 57.0 (24) [C4H9]� ;
HRMS: calcd for C38H54O2: 542.4124; found 542.4123.


(1S,3aS,3bS,6bR,8aS,9S,11aS,11bS,14bR,16aS)-1,9-Dihydroxy-8a,16a-di-
methyl-2,3,3a,3b,4,5,6b,8a,10,11,11a,11b,12,13,14b,16a-hexadecahydro-di-
1H-indeno[4,5-a :4,5-h]anthracene (21): Reaction of 20 (6.7 mg, 12 �mol)
with TMSI (3.4 �L, 4.9 mg, 25 �mol) as described for 19 gave 21 (4.1 mg,
9.5 �mol, 77%) as colorless oil. Rf� 0.45 (n-pentane/EtOAc 1:1); 1H NMR
(500 MHz, CD2Cl2): �� 0.87 (s, 6H), 1.34 ± 1.82 (m, 14H), 1.99 ± 2.13 (m,
2H), 2.28 ± 2.38 (m, 2H), 2.48 (ddd, J� 16.1, 4.1, 4.1 Hz, 2H), 2.70 (ddd, J�
16.1, 8.1, 8.1 Hz, 2H), 3.49 (br s, 2H), 3.69 (t, J� 8.0 Hz, 2H), 5.97 (dd, J�
10.0, 3.6 Hz, 2H), 6.01 (d, J� 10.0 Hz, 2H), 6.98 (s, 2H); 13C NMR
(125 MHz, CDCl3): �� 14.31, 22.88, 25.61, 25.66, 31.53, 31.96, 39.32, 42.77,
45.06, 78.10, 128.7, 130.2, 134.6, 135.2, 136.1; MS (70 eV, EI):m/z (%): 430.3
(100) [M]� , 412.3 (4) [M�H2O]� , 371.3 (2) [M�H2O�CH3�C2H2]� , 57.1
(16) [C3H5O]� , 43.0 (11) [C2H3O]� ; HRMS: calcd for C30H38O2: 430.2872;
found 430.2871.


2,4-Dibromo-5-[1,3]dioxolan-2-ylbenzaldehyde (23): Reaction of 2,4-di-
bromobenzene-1,5-dicarbaldehyde (55.0 g, 188 mmol), ethylene glycol
(10.5 mL, 11.7 g, 188 mmol) and pTsOH ¥H2O (0.5 mol%, 179 mg, 9.41�
10�4 mol) in toluene (765 mL) as described for 10 gave 23 (16.3 g,
48.5 mmol, 26%) as a white solid together with the corresponding diacetal
(25.7 g, 67.7 mmol, 36%) and 2,4-dibromobenzene-1,5-dicarbaldehyde
(19.8 g, 67.8 mmol, 36%). Analytical data for 23 : Rf� 0.25 (n-pentane/
CH2Cl2 2:1); m.p. 112 �C; UV/Vis (CH3CN): �max (lg �)� 222.5 (4.318),
263.5 (4.170), 297.5 nm (3.256); IR (KBr): �� � 2903, 2884, 1692 cm�1;
1H NMR (200 MHz, CDCl3): �� 4.02 ± 4.23 (m, 4H), 6.04 (s, 1H), 7.91 (s,
1H), 8.11 (s, 1H), 10.30 (s, 1H); 13C NMR (75 MHz, CDCl3): �� 65.57,
101.6, 127.2, 128.8, 129.8, 132.5, 137.55, 137.57; MS (70 eV, EI): m/z (%):
335.9 (40) [M]� , 334.9 (60) [M�H]� , 306.9 (7) [M�CHO]� , 290.9 (36)
[M�C2H5O]� , 262.9 (33) [M�C3H5O2]� , 73.1 (100) [C3H5O2]� ; elemental
analysis calcd (%) for C10H8Br2O3 (336.0): C 35.75, H 2.40; found C 35.75;
H 2.25.


1,5-Dibromo-2-(2,2-dibromovinyl)-4-[1,3]dioxolan-2-ylbenzene (24): Re-
action of CBr4 (32.2 g, 97.0 mmol) in CH2Cl2 (100 mL), PPh3 (50.9 g,
194 mmol) in CH2Cl2 (150 mL) and 23 (16.3 g, 48.5 mmol) in CH2Cl2
(150 mL) at �20 �C followed by reaction of the obtained mixture with
ethylene glycol (27.1 mL, 30.1 g, 485 mmol) and pTsOH ¥H2O (46 mg,
242 �mol) in toluene (350 mL) as described for 11 gave 24 as a white solid
(19.1 g, 38.8 mmol, 80%). Rf� 0.19 (n-pentane/CH2Cl2 3:1); m.p. 55 �C;
UV/Vis (CH3CN): �max (lg �)� 209.0 (4.450), 266.0 nm (4.098); IR (KBr):
�� � 3084, 2885, 1375 cm�1; 1H NMR (300 MHz, CDCl3): �� 4.01 ± 4.20 (m,
4H), 6.05 (s, 1H), 7.43 (s, 1H), 7.81 (s, 1H), 7.82 (s, 1H); 13C NMR (50 MHz,
CDCl3): �� 65.50, 93.90, 101.9, 123.1, 123.9, 129.2, 135.3, 135.5, 136.2, 136.3;
MS (70 eV, EI): m/z (%): 491.8 (24) [M]� , 446.7 (9) [M�C2H5O]� , 410.8
(37) [M�Br]� , 337.9 (8) [M�Br�C3H5O2]� , 73.1 (100) [C3H5O2]� ;
elemental analysis calcd (%) for C11H8Br4O2 (491.8): C 26.86, H 1.64;
found C 27.09, H 1.60.


1,5-Dibromo-2-[(Z)-2-bromovinyl]-4-[1,3]dioxolan-2-ylbenzene (25): Re-
action of 24 (15.0 g, 30.5 mmol), [Pd(PPh3)4] (4.00 mol%, 1.41 g,
1.22 mmol) and nBu3SnH (8.90 mL, 9.77 g, 33.6 mmol) in toluene
(180 mL) as described for 12 gave 25 (11.6 g, 28.1 mmol, 92%) as white
solid. Rf� 0.17 (n-pentane/CH2Cl2 3:1); m.p. 65 �C; UV/Vis (CH3CN): �max


(lg �)� 210.5 (4.337), 257.5 nm (4.021); IR (KBr): �� � 2887, 1615, 1325 cm�1;
1H NMR (200 MHz, CDCl3): �� 4.02 ± 4.22 (m, 4H), 6.09 (s, 1H), 6.63 (d,
J� 8.4 Hz, 1H), 7.14 (d, J� 8.4 Hz, 1H), 7.83 (s, 1H), 8.00 (s, 1H); 13C NMR
(50 MHz, CDCl3): �� 65.46, 102.0, 110.3, 122.6, 124.5, 129.2, 131.3, 136.2,
134.3, 136.0; MS (70 eV, EI): m/z (%): 411.7 (54) [M]� , 366.9 (15) [M�
C2H5O]� , 333.0 (77) [M�Br]� , 289.0 (9) [M�Br�C2H4O]� , 260.9 (14)
[M�Br�C3H4O2]� , 73.1 (100) [C3H5O2]� ; elemental analysis calcd (%)
for C11H9Br3O2 (412.9): C 32.00, H 2.20; found C 32.36, H 2.11.


(�)-(1S,3aS,4S,7aS)-1-tert-Butoxy-4-{(Z)-2-[2,4-dibromo-5-([1,3]dioxolan-
2-yl)phenyl]vinyl}-7a-methyl-2,3,3a,4,7,7a-hexahydro-1H-indene (26): Re-
action of 25 (150 mg, 363 �mol), hydrindene 7 (151 mg, 727 �mol),
nBu4NOAc (274 mg, 908 �mol), PPh3 (20 mol%, 19.0 mg, 72.7 �mol) and
Pd(OAc)2 (10 mol%, 8.20 mg, 36.3 �mol) in DMF/CH3CN/H2O (1:1:0.2,
5 mL) as described for 13 gave 23 as colorless oil (98.0 mg, 181 �mol, 50%).
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Rf� 0.22 (n-pentane/CH2Cl2 1:1); [�]20D ��11.6� (c� 0.5 in CHCl3); UV/
Vis (CH3CN): �max (lg �)� 208.5 (4.482), 251.5 nm (4.123); IR (KBr): �� �
2971, 2876, 1584, 1389 cm�1; 1H NMR (500 MHz, CDCl3): �� 0.63 (s, 3H),
1.11 (s, 9H), 1.17 ± 1.26 (m, 1H), 1.29 ± 1.44 (m, 2H), 1.60 ± 1.69 (m, 1H),
1.79 ± 1.89 (m, 2H), 1.99 (ddt, J� 17.3, 5.2, 1.4 Hz, 1H), 2.87 ± 2.95 (m, 1H),
3.47 (t, J� 8.5 Hz, 1H), 4.01 ± 4.06 (m, 4H), 5.39 (d, J� 9.8 Hz, 1H), 5.49
(dd, J� 11.2, 11.2 Hz, 1H), 5.67 (ddt, J� 10.0, 5.0, 2.5 Hz, 1H), 6.05 (s, 1H),
6.40 (d, J� 11.2 Hz, 1H), 7.51 (s, 1H), 7.77 (s, 1H); 13C NMR (50 MHz,
CDCl3): �� 11.37, 24.69, 28.71, 30.41, 38.66, 38.68, 41.20, 46.14, 65.31, 65.57,
72.25, 80.52, 102.1, 121.1, 124.9, 127.6, 128.1, 128.4, 129.4, 135.8, 136.8, 135.9,
137.3; MS (70 eV, EI): m/z (%): 540.1 (10) [M]� , 483.0 (19) [M�C4H9]� ,
461.2 (34) [M�Br]� , 403.1 (100) [M�Br�C4H8]� , 73.0 (56) [C3H5O2]� ,
57.0 (88) [C4H9]� ; HRMS: calcd for C25H32Br2O3: 538.0718; found 538.0718.


(�)-2,4-Dibromo-5-{(Z)-2-[(1S,3aS,4S,7aS)-1-tert-butoxy-7a-methyl-
2,3,3a,4,7,7a-hexahydro-1H-inden-4-yl]vinyl}benzaldehyde (26a): A solu-
tion of 26 (4.19 g, 7.76 mmol) and pyridinium p-toluenesulfonate (585 mg,
2.33 mmol) in acetone/water (2:1, 100 mL) was heated under reflux for
4.5 d. The solvents were removed in vacuo and diethyl ether (100 mL) was
added. The organic phase was washed with brine, dried over Na2SO4 and
evaporated in vacuo. Purification by column chromatography (n-pentane/
Et2O 30:1) furnished 26a (3.21 g, 6.47 mmol, 83%) as colorless oil and 26
(163 mg, 302 �mol, 4%). Rf� 0.28 (n-pentane/Et2O 30:1); [�]20D ��11.0�
(c� 0.8 in CHCl3); UV/Vis (CH3CN): �max (lg �)� 202.5 (4.259), 245.0
(4.331), 314.5 nm (3.350); IR (KBr): �� � 2972, 1698, 1575 cm�1; 1H NMR
(500 MHz, CDCl3): �� 0.60 (s, 3H), 1.11 (s, 9H), 1.12 ± 1.21 (m, 1H), 1.27 ±
1.50 (m, 2H), 1.56 ± 1.67 (m, 1H), 1.77 ± 1.88 (m, 2H), 1.98 (dd, J� 17.2,
5.3 Hz, 1H), 2.73 ± 2.81 (m, 1H), 3.46 (t, J� 8.3 Hz, 1H), 5.40 (d, J� 9.6 Hz,
1H), 5.55 (dd, J� 11.2, 11.2 Hz, 1H), 5.68 (ddt, J� 9.7, 5.0, 2.6 Hz, 1H), 6.35
(d, J� 11.2 Hz, 1H), 7.76 (s, 1H), 7.88 (s, 1H), 10.27 (s, 1H); 13C NMR
(50 MHz, CDCl3): �� 11.33, 24.77, 28.71, 30.42, 38.66, 38.89, 41.18, 46.11,
72.24, 80.48, 124.8, 127.1, 127.9, 128.0, 130.9, 131.2, 132.0, 137.0, 138.1, 138.4,
190.8; MS (70 eV, EI): m/z (%): 496.1 (4) [M]� , 440.0 (41) [M�C4H8]� ,
343.1 (26) [M�C4H9O�Br]� , 57.1 (100) [C4H9]� ; HRMS: calcd for
C23H28Br2O2: 494.0456; found 494.0456; elemental analysis calcd (%) for
C23H28Br2O2 (496.3): C 55.66, H 5.69; found C 55.70, H 5.31.


(�)-(1S,3aS,4S,7aS)-1-tert-Butoxy-4-{(Z)-2-[2,4-dibrom-5-(2,2-dibromovi-
nyl)phenyl]vinyl}-7a-methyl-2,3,3a,4,7,7a-hexahydro-1H-indene (26b): Re-
action of CBr4 (4.28 mg, 12.9 mmol) in CH2Cl2 (20 mL), PPh3 (6.77 g,
25.8 mmol) in CH2Cl2 (20 mL) and benzaldehyde 26a (3.20 g, 6.45 mmol)
in CH2Cl2 (10 mL) at �20 �C as described for 13b gave 26b as colorless oil
(3.14 g, 4.82 mmol, 75%). Rf� 0.34 (n-pentane/CH2Cl2 6:1); [�]20D ��5.2�
(c� 0.5 in CHCl3); UV/Vis (CH3CN): �max (lg �)� 253.3 nm (4.283); IR
(KBr): �� � 2971, 1196, 1078 cm�1; 1H NMR (500 MHz, CDCl3): �� 0.58 (s,
3H), 1.04 ± 1.16 (m, 1H), 1.10 (s, 9H), 1.26 ± 1.40 (m, 2H), 1.56 ± 1.65 (m,
1H), 1.76 ± 1.87 (m, 2H), 1.97 (dd, J� 17.2, 5.2 Hz, 1H), 2.89 ± 2.96 (m, 1H),
3.45 (t, J� 8.5 Hz, 1H), 5.44 (d, J� 9.6 Hz, 1H), 5.48 (dd, J� 11.0, 11.0 Hz,
1H), 5.69 (ddt, J� 9.6, 5.4, 2.6 Hz, 1H), 6.35 (d, J� 11.2 Hz, 1H), 7.40 (s,
1H), 7.46 (s, 1H), 7.80 (s, 1H); 13C NMR (75 MHz, CDCl3): �� 11.73, 24.60,
28.72, 30.36, 38.67, 38.92, 41.23, 46.27, 72.27, 80.50, 93.40, 121.5, 124.4, 127.9,
127.9, 128.3, 131.5, 134.8, 137.2, 135.7, 137.6; MS (70 eV, EI): m/z (%): 652.1
(5) [M]� , 594.9 (23) [M�C4H9]� , 577.9 (30) [M�C4H10O]� , 497.0 (12)
[M�C4H10O�Br]� , 57.1 (100) [C4H9]� ; HRMS: calcd for C24H28Br4O:
647.8874; found 647.8874; elemental analysis calcd (%) for C24H28Br4O
(652.1): C 44.20, H 4.33; found C 43.95, H 4.06.


(�)-(1S,3aS,4S,7aS)-1-tert-Butoxy-4-{(Z)-2-[2,4]-dibromo-5-((Z)-2-bromo-
vinyl)phenyl]vinyl}-7a-methyl-2,3,3a,4,7,7a-hexahydro-1H-indene (27):
Reaction of 26b (3.20 g, 6.45 mmol), [Pd(PPh3)4] (4.00 mol%, 223 mg,
1.93� 10�4 mol) and nBu3SnH (1.34 mL, 1.47 g, 5.06 mmol) in degassed
toluene (26 mL) as described for 14 gave 27 (2.53 g, 4.41 mmol, 92%) as
colorless oil. Rf� 0.28 (n-pentane/CH2Cl2 6:1); [�]20D ��36.3� (c� 0.8 in
CHCl3); UV/Vis (CH3CN): �max (lg �)� 252.5 nm (4.622); IR (KBr): �� �
2972, 1576, 1197 cm�1; 1H NMR (500 MHz, CDCl3): �� 0.62 (s, 1H), 1.05 ±
1.16 (m, 1H), 1.11 (s, 9H), 1.26 ± 1.41 (m, 2H), 1.57 ± 1.65 (m, 1H), 1.76 ±
1.87 (m, 2H), 1.97 (dd, J� 17.2, 5.2 Hz, 1H), 2.98 ± 3.04 (m, 1H), 3.46 (t, J�
8.5 Hz, 1H), 5.45 (d, J� 9.8 Hz, 1H), 5.48 (dd, J� 11.0, 11.0 Hz, 1H), 5.68
(ddt, J� 9.7, 5.5, 2.2 Hz, 1H), 6.37 (d, J� 11.2 Hz, 1H), 6.58 (d, J� 8.0 Hz,
1H), 7.09 (d, J� 8.0 Hz, 1H), 7.65 (s, 1H), 7.81 (s, 1H); 13C NMR (50 MHz,
CDCl3): �� 11.71, 24.60, 28.73, 30.39, 38.71, 38.85, 41.25, 46.36, 72.22, 80.56,
110.0, 122.1, 123.9, 127.6, 128.0, 128.5, 131.4, 131.6, 133.9, 136.8, 135.6,
137.42; MS (70 eV, EI): m/z (%): 574.3 (2) [M]� , 517.3 (4) [M�C4H9]� ,


500.2 (4) [M�C4H10O]� , 419.3 (4) [M�C4H10O�Br]� , 57.1 (100) [C4H9]� ;
HRMS: calcd for C24H29Br3O 569.9768; found 569.9768.


(�)-1,5-Dibromo-2,4-bis{(Z)-2-[(1S,3aS,4S,7aS)-1-tert-butoxy-7a-methyl-
2,3,3a,4,7,7a-hexahydro-1H-inden-4-yl]vinyl}benzene (4): 1. Reaction of
vinyl bromide 27 (40.0 mg, 69.8 �mol), hydrindene 7 (29.0 mg, 140 �mol),
K2CO3 (24.0 mg, 174 �mol), nBu4NCl (19.0 mg, 69.8 �mol), PPh3


(20 mol%, 3.70 mg, 14.0 �mol) and Pd(OAc)2 (10 mol%, 1.60 mg,
6.98 �mol) in DMF/CH3CN/H2O (1:1:0.2, 1 mL) as described for 5 gave 4
(23.0 mg, 32.8 �mol, 47%) as colorless oil.


2. PPh3 (20 mol%, 4.70 mg, 17.9 �mol) was added at 50 �C to a stirred
solution of 30 (40.0 mg, 89.7 �mol), hydrindene 7 (75.0 mg, 359 �mol) and
nBu4NOAc (135 mg, 449 �mol) in degassed DMF/CH3CN/H2O (1:1:0.2,
1 mL) and Pd(OAc)2 (10 mol%, 2.00 mg, 8.97 �mol), and the reaction
mixture was heated at 60 �C for 18 h. After cooling the solution was diluted
with Et2O (10 mL), washed with water (2� 5 mL) and the combined
aqueous layers were extracted with Et2O (2� 5 mL). Then, the combined
organic layers were washed with brine, dried over Na2SO4, the solvent was
removed in vacuo and the residue purified by column chromatography (n-
pentane/CH2Cl2 3:1) to give 4 (8.0 mg, 11.4 �mol, 13%) as colorless oil.
Rf� 0.31 (n-pentane/CH2Cl2 5:1); [�]20D ��6.3� (c� 1 in CHCl3); UV/Vis
(CH3CN): �max (lg �)� 239.0 nm (4.340); IR (KBr): �� � 2972, 1197,
1079 cm�1; 1H NMR (500 MHz, CDCl3): �� 0.61 (s, 6H), 1.02 ± 1.17 (m,
2H), 1.11 (s, 18H), 1.22 ± 1.47 (m, 4H), 1.57 ± 1.66 (m, 2H), 1.75 ± 1.88 (m,
4H), 1.98 (dd, J� 17.2, 5.0 Hz, 2H), 2.76 ± 2.85 (m, 2H), 3.45 (t, J� 8.4 Hz,
2H), 5.40 (d, J� 10.0 Hz, 2H), 5.44 (dd, J� 11.0, 11.0 Hz, 2H), 5.66 (ddt,
J� 10.0, 5.4, 2.1 Hz, 2H), 6.34 (d, J� 11.2 Hz, 2H), 7.13 (s, 1H), 7.78 (s,
1H); 13C NMR (75 MHz, CDCl3): �� 11.49, 24.76, 28.74, 30.37, 38.71, 38.97,
41.12, 46.35, 72.22, 80.58, 122.5, 127.7, 128.1, 128.4, 131.6, 135.5, 136.8, 137.0;
MS (70 eV, EI):m/z (%): 700.2 (8) [M]� , 643.2 (10) [M�C4H9]� , 587.1 (36)
[M�C4H8�C4H9]� , 569.1 (34) [M�C4H9�C4H10O]� , 57.1 (100) [C4H9]� ;
HRMS: calcd for C38H52Br2O2: 698.2334; found 698.2334; elemental
analysis calcd (%) for C38H52Br2O2 (700.6): C 65.14, H 7.48; found C
65.02, H 7.31.


(�)-(1S,3aS,3bS,8aS,8bS,11S,11aS,13aR,14bR,16aS)-1,11-Di-tert-butoxy-
11a,16a-dimethyl-2,3,3a,3b,8a,8b,9,10,11a,13a,14b,16a-dodecahydro-di-1H-
indeno[4,5-a :4,5-j]anthracene (2): A solution of 4 (20.0 mg, 28.5 �mol),
Ag3PO4 (31.0 mg, 74.2 �mol) and trans-di(�-acetato)-bis[orto-(di-ortho-
tolylphosphino)benzyl]dipalladium(��) 15 (5.00 mol%, 1.30 mg, 1.43 �mol)
in degassed DMF/CH3CN/H2O (1:1:0.2, 1 mL) was heated for 1.5 h at
130 �C in a preheated oil bath. After the reaction mixture was cooled, water
(10 mL) was added and the reaction mixture was extracted with Et2O (2�
10 mL). The combined organic layers were washed with brine and dried
over Na2SO4. Removal of the solvent and chromatographic purification (n-
pentane/CH2Cl2 5:1) yielded 2 (12.4 mg, 23.0 �mol, 81%) as colorless oil.
Rf� 0.33 (n-pentane/CH2Cl2 5:1); [�]20D ��338.3� (c� 0.3 in CHCl3); UV/
Vis (CH3CN): �max (lg �)� 222.0 (4.133), 250.5 (4.508), 257.0 (4.538), 270.0
(4.287), 281.5 nm (4.167); IR (KBr): �� � 2972, 1362, 1198 cm�1; 1H NMR
(500 MHz, CDCl3): �� 0.85 (s, 6H), 1.10 (s, 18H), 1.34 ± 1.53 (m, 6H),
1.68 ± 1.77 (m, 2H), 1.78 ± 1.88 (m, 2H), 2.63 (ddd, J� 11.8, 6.9, 6.9 Hz, 2H),
3.47 (dd, J� 8.7, 6.5 Hz, 2H), 3.70 (dd, J� 6.9, 6.9 Hz, 1H), 5.82 (dd, J� 9.7,
6.1 Hz, 2H), 6.04 (d, J� 10.1 Hz, 2H), 6.15 (dd, J� 10.1, 4.7 Hz, 2H), 6.30
(d, J� 9.7 Hz, 2H), 6.60 (s, 1H), 7.18 (s, 1H); 13C NMR (150 MHz, CDCl3):
�� 14.93, 22.82, 28.73, 31.80, 33.83, 38.20, 41.62, 44.74, 72.39, 76.21, 124.2,
125.4, 126.2, 129.5, 130.7, 136.1, 136.3; MS (70 eV, EI): m/z (%): 538.6 (56)
[M]� , 481.5 (54) [M�C4H9]� , 425.5 (20) [M�C4H9�C4H8]� , 407.4 (34)
[M�C4H9�C4H8�H2O]� , 57.1 (100) [C4H9]� ; HRMS: calcd for C38H50O2:
538.3811; found 538.3811.


(1S,3aS,3bS,8bR,11S,11aS,14bR,16aS)-1,11-Di-tert-butoxy-11a,16a-dimeth-
yl-2,3,3a,3b,8b,9,10,11a,12,13,14b,16a-dodecahydro-di-1H-indeno[4,5-a :
4,5-j]anthracene (28): Rf� 0.18 (n-pentane/CH2Cl2 5:1); 1H NMR (500 MHz,
CDCl3): �� 0.66 (s, 3H), 0.90 (s, 3H), 1.10 (s, 9H), 1.18 (s, 9H), 1.38 ± 1.88
(m, 8H), 2.07 ± 2.20 (m, 3H), 2.69 ± 2.77 (m, 2H), 3.11 ± 3.30 (m, 2H), 3.47
(dd, J� 8.9, 6.2 Hz, 1H), 3.64 (t, J� 7.8 Hz, 1H), 3.82 (t, J� 5.5 Hz, 1H),
5.95 (dd, J� 9.6, 6.0 Hz, 1H), 6.10 (d, J� 10.0 Hz, 1H), 6.30 (dd, J� 10.0,
4.3 Hz, 1H), 6.55 (d, J� 9.6 Hz, 1H), 7.09 (d, J� 8.4 Hz, 1H), 7.34 (s, 1H),
7.53 (d, J� 8.4 Hz, 1H), 7.77 (s, 1H); 13C NMR (150 MHz, CDCl3): ��
10.81, 15.08, 22.87, 23.84, 24.52, 28.71, 28.77, 31.79, 31.85, 34.33, 34.35, 38.79,
42.38, 42.45, 45.22, 46.53, 72.34, 72.39, 76.19, 79.96, 121.1, 124.4, 125.0,
125.51, 125.54, 127.0, 130.2, 130.5, 130.8, 131.5, 130.6, 136.1, 136.3, 136.4; MS
(70 eV, EI): m/z (%): 538.3 (100) [M]� , 481.2 (96) [M�C4H9]� , 464.2 (36)
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[M�C4H8�H2O]� , 407.2 (6) [M�C4H9�C4H8�H2O]� , 57.0 (54)
[C4H9]� ; HRMS: calcd for C38H50O2: 538.3811; found 538.3810.


1,5-Dibromo-2,4-di(2,2-dibromovinyl)benzene (29): Reaction of CBr4
(2.67 g, 8.04 mmol) in CH2Cl2 (15 mL), PPh3 (4.22 g, 16.1 mmol) in CH2Cl2
(15 mL) and 2,4-dibromobenzene-1,5-dicarbaldehyde (22 ; 587 mg,
2.01 mmol) as described for 16 gave 29 (694 mg, 1.15 mmol, 57%) as white
solid. Rf� 0.54 (n-pentane); m.p. 175 �C; UV/Vis (CH3CN): �max (lg �)�
207.5 (3.948), 262.5 nm (3.908); IR (KBr): �� � 3080, 1595, 1574, 1444 cm�1;
1H NMR (200 MHz, CDCl3): �� 7.43 (s, 2H), 7.79 (s, 1H), 7.84 (s, 1H);
13C NMR (50 MHz, CDCl3): �� 94.15, 123.3, 131.3, 135.3, 135.4, 136.0; MS
(70 eV, EI): m/z (%): 603.7 (70) [M]� , 522.7 (2) [M�Br]� , 443.9 (10) [M�
2�Br]� , 364.9 (2) [M� 3�Br]� , 284.0 (10) [M� 4�Br]� ; elemental
analysis calcd (%) for C10H4Br6 (603.6): C 19.90, H 0.67; C 20.22, H 0.67.


1,5-Dibromo-2,4-di[(Z)-2-bromovinyl]benzene (30): Reaction of 29
(623 mg, 1.03 mmol), [Pd(PPh3)4] (8.00 mol%, 95.0 mg, 82.6 �mol) and
nBu3SnH (0.57 mL, 631 g, 0.57 mmol) in toluene (62 mL) as described for
17 gave 30 (354 mg, 794 �mol, 77%) as white solid. Rf� 0.39 (n-pentane);
m.p. 108 �C; UV/Vis (CH3CN): �max (lg �)� 256.5 nm (4.313); IR (KBr):
�� � 3080, 1620, 1572, 1318, 1045, 864, 666 cm�1; 1H NMR (200 MHz,
CDCl3): �� 6.65 (d, J� 8.0 Hz, 2H), 7.15 (d, J� 8.0 Hz, 2H), 7.86 (s, 1H),
8.14 (s, 1H); 13C NMR (50 MHz, CDCl3): �� 110.3, 123.6, 131.2, 131.3,
134.2, 135.8; MS (70 eV, EI): m/z (%): 445.9 (100) [M]� , 365.0 (64) [M�
Br]� , 286.0 (40) [M� 2�Br]� , 206.1 (21) [M� 2�Br�HBr]� , 126.1 (40)
[M� 4�Br]� ; elemental analysis calcd (%) for C10H6Br4 (445.8): C 26.94,
H 1.36; found C 27.15, H 1.49.


(�)-(1S,3aS,3bR,8aR,8bR,11S,11aS,13aR,14bR,16aS)-1,11-Di-tert-butoxy-
11a,16a-dimethyl-2,3,3a,3b,4,5,7,8,8a,8b,9,10,11a,12,13,13a,14b,15,16,16a-
eicosahydro-di-1H-indeno[4,5-a :4,5-j]anthracene (31): A solution of fresh-
ly prepared 2 (54.3 mg, 101 �mol) and PtO2 ¥H2O (10 mol%, 2.50 mg,
10.2 �mol) in methanol/ethyl acetate (1:1, 4 mL) was stirred under a
hydrogen atmosphere (50 bar) for 15 h at room temperature. The solvent
was removed in vacuo and the residue was purified by column chromatog-
raphy (n-pentane/CH2Cl2 5:1) to furnish 31 (54 mg, 98.7 �mol, 98%) as
white solid. Rf� 0.14 (n-pentane/CH2Cl2 5:1); m.p. 188 �C; [�]20D ��95.0�
(c� 0.5 in CHCl3); UV/Vis (CH3CN): �max (lg �)� 204.0 (4.730), 248.0
(2.932), 254.0 (2.970), 260.5 (2.970), 275.5 (3.204), 284.5 (3.235), 308.0 nm
(2.447); IR (KBr): �� � 2971, 2925, 1198 cm�1; 1H NMR (500 MHz, CDCl3):
�� 0.96 (s, 24H), 1.06 ± 1.16 (m, 2H), 1.21 ± 1.42 (m, 4H), 1.48 ± 1.59 (m,
4H), 1.60 ± 1.77 (m, 8H), 1.86 ± 1.97 (m, 4H), 2.47 (d, J� 14.5 Hz, 2H), 2.57
(dd, J� 16.8, 4.7 Hz, 2H), 2.82 (m, 2H), 3.01 (t, J� 8.0 Hz, 4H), 6.88 (s,
1H), 7.67 (s, 1H); 13C NMR (150 MHz, CDCl3): �� 11.40, 23.74, 24.96,
25.25, 25.67, 28.54, 30.86, 33.30, 34.20, 38.24, 41.41, 42.96, 71.68, 80.82, 123.9,
130.2, 134.4, 136.0; MS (70 eV, EI): m/z (%): 546.6 (100) [M]� , 489.5 (88)
[M�C4H9]� , 471.5 (27) [M�C4H9�H2O]� , 433.4 (14) [M�C4H8�
C4H9]� , 415.4 (40) [M�C4H9�C4H8�H2O]� ; HRMS: calcd for
C38H58O2: 546.4437; found 546.4436.


(�)-(1S,3aS,3bR,8aR,8bS,11S,11aS,13aR,14bR,16aS)-1,11-Dihydroxy-
11a,16a-dimethyl-2,3,3a,3b,4,5,7,8,8a,8b,9,10,11a,12,13,13a,14b,15,16,16a-
eicosahydro-di-1H-indeno[4,5-a :4,5-j]anthracene (32): Reaction of 31
(20.0 mg, 36.6 �mol) with TMSI (10.0 �L, 14.6 mg, 73.1 �mol) as described
for 19 gave 32 (16 mg, 36.8 �mol, 100%) as colorless oil. Rf� 0.52 (n-
pentane/EtOAc 1:1); [�]20D ��90.8� (c� 1.16 in CHCl3); 1H NMR
(500 MHz, CD2Cl2): �� 0.83 (s, 6H), 0.92 (dd, J� 13.1, 3.3 Hz, 2H),
1.18 ± 1.28 (m, 4H), 1.28 ± 1.41 (m, 2H), 1.43 (br s, 2H), 1.52 (ddd, J� 12.6,
3.3, 3.3 Hz, 2H), 1.59 ± 1.66 (m, 2H), 1.71 ± 1.81 (m, 4H), 1.88 ± 1.98 (m,
4H), 2.04 (ddd, J� 11.8, 8.0, 3.8 Hz, 2H), 2.36 (dddd, J� 14.7, 5.4, 2.5,
2.5 Hz, 2H), 2.56 (d, J� 16.5 Hz, 2H), 2.66 ± 2.76 (m, 2H), 2.96 (br s, 2H),
3.45 (dd, J� 8.6, 7.8 Hz, 2H), 6.75 (s, 1H), 7.31 (s, 1H); 13C NMR
(125 MHz, CDCl3): �� 11.27, 23.96, 25.28, 25.74, 26.22, 30.67, 33.44, 35.00,
38.60, 42.43, 43.92, 82.59, 124.6, 130.2, 135.2, 136.3; MS (70 eV, EI): m/z
(%): 434.3 (100) [M]� , 375.2 (3) [M�H2O�CH3�C2H2]� , 334.2 (3) [M�
H2O� 2�CH3� 2�C2H2]� , 321.2 (7) [M� 2�CH3�C2H2�C3H5O]�


; HRMS: calcd for C30H42O2: 434.3185; found 434.3184.


(1S,3aS,8bS,11S,11aS,16aS)-1,11-Di-tert-butoxy-11a,16a-dimethyl-
2,3,3a,8b,9,10,11a,16a-octahydro-di-1H-indeno[4,5-a :4,5-j]anthracene
(33): A solution of freshly prepared 2 (30.0 mg, 55.7 �mol) and 10%
palladium on charcoal (20 mol% Pd, 1.17 mg, 11.4 �mol) in methanol
(1 mL) was stirred for 6 d at 50 �C. The catalyst was removed by filtration
through a short pad of celite. Evaporation of the solvent and purification of
the residue by column chromatography gave an inseparable 1:1 mixture


consisting of 33 (8.5 mg, 15.9 �mol, 29%) and 2 (8.6 mg, 15.9 �g, 29%).
Analytical data for 33 : Rf� 0.24 (n-pentane/CH2Cl2 3:1); 1H NMR
(500 MHz, CDCl3): �� 0.71 (s, 6H), 1.25 (s, 18H), 1.67 ± 1.80 (m, 2H),
1.95 ± 2.13 (m, 4H), 2.20 ± 2.32 (m, 2H), 3.09 (dd, J� 12.5, 7.3 Hz, 2H), 4.02
(dd, J� 8.5, 7.5 Hz, 2H), 6.54 (d, J� 9.8 Hz, 2H), 7.26 (d, J� 8.6 Hz, 2H),
7.36 (d, J� 9.8 Hz, 2H), 7.87 (d, J� 8.6 Hz, 2H), 8.36 (s, 1H), 8.89 (s, 1H);
13C NMR (150 MHz, CDCl3): �� 10.46, 23.69, 28.84, 32.49, 44.92, 46.35,
72.61, 75.62, 115.2, 122.2, 123.5, 127.3, 127.4, 128.3, 129.0, 130.2, 135.1, 139.2;
MS (70 eV, EI): m/z (%): 534.4 (87) [M]� , 459.2 (12) [M�C4H9�H2O]� ,
57.0 (100) [M]� ; C38H46O2 (534.8).
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The Mechanism of 1,2-Addition of Disilene and Silene:
Hydrogen Halide Addition**


Bala¬zs Hajgato¬ ,[a] Masae Takahashi,[b] Mitsuo Kira,[c] and Tama¬s Veszpre¬mi*[a]


Abstract: The mechanism of 1,2-addi-
tion reactions of HF and HCl to Si�Si,
Si�C, and C�C bonds has been inves-
tigated by ab initio quantum chemical
methods. Geometries and relative ener-
gies of the stationary points and all
the transition states were determined
by using the MP2/6-311��G(d,p),
B3LYP/6-311��G(d,p), and CBS-Q
levels of theory. The investigated reac-
tions can be characterized by two main
thermodynamic profiles. The type in
which the reagent molecule attacks a
carbon atom is moderately exothermic


with a high activation barrier. The
second type in which a hydrogen halide
attacks a silicon is strongly exothermic
with a low activation energy. At the
early stage of all the reactions a weakly
bonded initial complex is found which
indicates that the initial step of all the
reactions is an electrophilic attack of
hydrogen halide. The geometry and


charge distribution of the transition
state of the reactions indicate two main
types of mechanism. If silicon is at-
tacked, the halogen ± silicon bond for-
mation precedes the H�Y bond break-
ing. If, however, carbon is attacked, the
first step is always an ionic dissociation
of the hydrogen halide and a carbenium
ion formation, which is stabilized by the
C�Y bond formation in the final step of
the reaction. The reaction diagrams and
proposed mechanisms explain the ex-
perimentally found regioselectivity well.


Keywords: ab initio calculations ¥
disilene ¥ reaction mechanisms ¥
silicon


Introduction


In our previous papers[1] we reported the results of high level
ab initio calculations for the mechanism of water and alcohol
addition to disilene (designated by IA ±C), silene (IIA ±B,
IIIA ±B), and, as a comparison, ethene (IVA ±B). The
investigated reactions could be characterized by two main
thermodynamic profiles. The type in which the reagent
molecule attacks a carbon atom is moderately exothermic
with a high activation barrier. If, however, water or alcohol
attacks a silicon, the reaction is strongly exothermic, and the
activation energy is small. Weakly bonded and characteristic


complexes have been found at the early stage of all the
reactions which determine the further mechanism. On the
basis of the HOMO, LUMO, and Laplacian of electron
distribution of disilene and silene two main mechanisms, an
™electrophilic∫ and a ™nucleophilic∫ channel, have been
proposed depending on the substrate (disilene, silene, or
ethene) and the reagent (water, methanol, or trifluorometha-
nol). The mechanisms assumed explain the experimentally
found regioselectivity and diastereoselectivity well.
In this paper we report the systematic results of high


level ab initio calculations for the mechanism of the
following reactions.


For comparison we also studied the HF and HCl addition
to ethene.


Unsaturated silicon species react efficiently with alcohol,
water, and hydrogen halides without an acid catalyst to give
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addition products.[2] The addition to silenes results normally in
a reaction forming silylethers, silanols, or halosilanes, and the
™abnormal∫ way to give carbon-substituted silanes has never
been observed.[3]


The first observations about the reactivity of disilenes
suggested that the hydrogen halide addition reactions resem-
bled those of electron-rich olefins.[4] The detailed investiga-
tions discovered differences. The reaction of stereoisomeric
disilene (E)-1,2-di-tert-butyl-1,2-dimesityldisilene with HCl
and alcohols is reported to give a mixture of two diaste-
reomers.[5] From this result it was suggested that these
reactions proceed in a stepwise manner involving a rate-
determining nucleophilic (or electrophilic) attack in the first
step. The zwitterionic intermediate formed in this step reacts
further either by an intramolecular or intermolecular mech-
anism forming syn or anti product, respectively. Nagase and
Kudo in their early theoretical calculations for the gas-phase
HCl addition to disilene and silene found that the reaction
involved a four-membered transition state and proceeded in a
concerted manner.[6] According to Hartree ± Fock calculations
the barrier of the reactions was much smaller than in the
similar reaction of ethene.


It is generally accepted that the hydrogen halide addition to
olefins in the solution phase proceeds ionically, through a
protonation as a first step, and the reaction yields a
carbenium ion intermediate. The direct bimolecular addi-
tion which is the reverse of the HY elimination from
haloalkanes, occurs in the gas phase by pyrolysis. This
reaction has been studied extensively in recent years.[7] The
leading interaction in the addition reaction with ethene was
found to be an electrophilic attachment of the hydrogen
atom of hydrogen halide to the carbon in ethene. The
reactants form first a T-shaped van der Waals complex of
C2v symmetry, then with a rotation of HY within the heavy
atom plane the reaction leads to a four-membered ring
transition state and finally to the addition product. The
conclusive evidence was gathered by both theory[8] and
experiments[9] concerning the existence of the initial van
der Waals complex.
It was also found that the termolecular reactions of ethene


with two HF or HCl molecules are favored over the
bimolecular channels owing to a catalytic action of a second
hydrogen halide molecule.[7a±c] Although this might also be
true in the reactions of silene or disilene, we discuss only the
bimolecular reaction between the double bonded species
and one hydrogen halide. The reactions with a dimer will be
considered in future work.


Computational Methods


Quantum chemical calculations were carried out by using the Gauss-
ian 94 and Gaussian 98 suite of programs.[10] In our previous work on the
addition mechanism of 4-silatriafulvene[1a] we studied the effect of basis
sets and electron correlation by using the standard 6-31G(d), 6-311��
G(d,p), and 6-311��G(3df,2p) basis sets and several correlation
methods like MP2, MP3, MP4SDQ, and QCISD. We found that the
geometry was not sensitive to the basis set. However, considerable
difference between the Hartree ± Fock and correlated methods was


observed. In our preceeding study on the mechanism of water and alcohol
addition to doubly bonded systems[1d] excellent results could be gained by
the CBS-Q method[11] for the thermodynamic data, and by the MP2 and
B3LYP methods[12, 13] with the 6-311��G(d,p) basis set for the molecular
geometry. Therefore in the present work we used the same levels of theory.
Transition states for the reactions were fully optimized by using the
eigenvector following method. Each reaction path was confirmed by
intrinsic reaction coordinate (IRC) calculations by using the MP2/6-311�
�G(d,p) level. Second derivatives and harmonic vibrational frequencies
were also calculated for all the stable molecules and transition states
investigated. The existence of only one imaginary frequency for the
transition states was checked. All the calculated energy data were corrected
by the zero point energy (ZPE). For all the adduct molecules, a BSSE
(Basis Set Superposition Error) correction was carried out according to the
counterpoise procedure.[14]


For electron densities, a Natural Bond Orbital analysis was applied.[15]


Results and Discussion


The calculated thermodynamic data and selected geometric
parameters are shown in Tables 1 and 2, respectively. Since
the MP2 and B3LYP methods give very similar molecular
geometry, only the MP2 results are presented in Table 2.
Complete geometries and total energies for each stationary


Table 1. Thermodynamic data of stationary points in reactions I ± IVE, and
E in kcalmol�1.


Reaction Stat. point CBS-Q MP2[a] B3LYP[a]


�E �G298 �E �G298 �E �G298


reagents 0.0 0.0 0.0 0.0 0.0 0.0
H2Si�SiH2�HF (ID) CE � 2.2 2.9 � 0.9 5.2 � 2.4 3.8


T 4.0 12.6 6.2 14.5 3.6 11.9
Pf � 72.1 � 63.9 � 68.8 � 60.9 � 66.7 � 58.8


reagents 0.0 0.0 0.0 0.0 0.0 0.0
H2Si�SiH2�HCl (IE) CE � 2.7 1.7 � 0.3 5.6 � 0.3 5.7


T 8.5 17.0 12.0 20.3 9.0 17.3
Pf � 66.4 � 57.9 � 64.5 � 56.3 � 60.6 � 52.4


reagents 0.0 0.0 0.0 0.0 0.0 0.0
H2C�SiH2�HF (IID) CE � 3.6 2.6 � 3.2 3.3 � 4.5 2.4


T 3.1 11.6 4.3 13.0 2.3 10.8
Pf � 80.7 � 72.4 � 74.5 � 65.9 � 84.1 � 65.7


reagents 0.0 0.0 0.0 0.0 0.0 0.0
H2C�SiH2�HCl (IIE) CE � 3.3 2.9 � 1.7 4.8 � 2.4 4.5


T 7.0 15.0 8.3 17.0 5.7 13.9
Pf � 72.7 � 64.1 � 68.7 � 59.9 � 66.4 � 57.8


reagents 0.0 0.0 0.0 0.0 0.0 0.0
H2Si�CH2�HF (IIID) CE � 3.6 2.6 � 3.2 3.3 � 4.5 2.4


T 49.3 57.8 53.9 62.6 42.4 50.9
Pf � 21.3 � 13.0 � 18.4 � 9.9 � 21.9 � 13.6


reagents 0.0 0.0 0.0 0.0 0.0 0.0
H2Si�CH2�HCl (IIIE) CE � 3.3 2.9 � 1.7 4.8 � 2.4 4.5


T 44.3 52.4 52.3 61.0 38.0 46.4
Pf � 31.2 � 22.6 � 30.8 � 22.0 � 28.2 � 19.6


reagents 0.0 0.0 0.0 0.0 0.0 0.0
H2C�CH2�HF (IVD) CE � 3.3 2.0 � 1.7 3.9 � 2.6 3.1


T 48.5 56.1 50.6 58.2 42.9 50.4
Pf � 11.4 � 3.9 � 9.3 � 1.6 � 11.3 � 3.7


reagents 0.0 0.0 0.0 0.0 0.0 0.0
H2C�CH2�HCl (IVE) CE � 2.4 2.6 � 0.7 4.8 � 1.1 4.4


T 41.7 49.1 46.0 53.7 37.1 44.7
Pf � 16.8 � 8.9 � 17.6 � 9.7 � 13.9 � 6.1


[a] Using 6-311��G(d,p) basis. CE energies and free energies were corrected with
the CP method.
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point are collected in the Supporting Information. Compared
with the MP2, DFT, and CBS-Q methods, the MP2-computed
thermodynamic data are generally closer to the highly
accurate CBS-Q than the DFT results.
Similarly to the water and alcohol addition, the mechanism


of the investigated reactions can be characterized by two
different thermodynamic profiles (Table 1, Figures 1 ± 6).
When a halogen is bonded to a carbon atom (reactions
III and IV), the reaction is moderately exothermic
(�E�� 32 kcalmol�1) with high (�40 kcalmol�1) activation
energy. On the other hand, when a halogen is bonded to a
silicon atom (reactions I and II), the barrier is small
(�9 kcalmol�1), and the reaction is strongly exothermic
(�E�� 66 kcalmol�1). These findings are consistent with
the experimental results : the addition to silicon always occurs
in a facile bimolecular way, and hydrogen halide additions to
silenes result normally in halosilanes. The gas-phase addition
to olefins, however, requires high activation energy, and in the
solution phase the reaction proceeds ionically with an acid
catalyst.


Initial complexes : The initial step of all the addition reactions
is the formation of a weakly bonded van der Waals complex.


In water and alcohol addition, two main reaction profiles have
been found.[1b, d] The path which starts with an ™electrophilic∫
complex, CE, clearly demonstrates an electrophilic interaction
between one of the water/alcohol ± hydrogens and the HO-
MO of disilene, and the reaction finishes with a syn product.
In a second channel, the initial step is the formation of a
™nucleophilic∫ complex, CN, in which the lone electron pair of
the oxygen turns toward the LUMO lobe of disilene. This
reaction type is responsible for the anti-oriented products.
In the case of the hydrogen halide additions regardless of


the substrate molecule, only a CE-type initial complex has
been found, in which the hydrogen of HY (where Y�F, Cl)
points almost perpendicularly to the plane of the substrate,
and this suggests the electrophilic attack on both carbon and
silicon (Figures 1 ± 6). Considering the strongly acidic charac-
ter of the HY hydrogen, the lack of the nucleophilic channels
is understandable. In the case of ethene�HY the adducts
have a clear C2v symmetry (T-shape). The disilene complexes
are of similar shape with a slight asymmetry (Cs symmetry)
due to the trans-bent structure of disilene. In the case of silene,
the hydrogen points toward the negative carbon atom with a
Cs symmetry. In contrast to the water and alcohol addition of
silene, only one initial complex has been found, and, as IRC


Table 2. Selected geometric data[a, b] of reactions I ± IVD and E.


Reaction Stat. point Geometric data[c] Charge[d]


H2X1�X2H2�HY r(X1X2) r(YH) r(X2Y) r(XH) �2 �1 X2 X1 H Y


reagents 2.162 0.916 145.1 � 145.1 0.304 0.304 0.539 � 0.539
H2Si�SiH2�HF (ID) CE 2.162 0.925 2.743 � 148.3 148.1 0.325 0.262 0.538 � 0.562


T 2.267 0.988 2.107 2.194 175.2 113.5 0.768 � 0.046 0.507 � 0.574
Pf 2.342 1.632 124.4 120.1 1.125 0.431 � 0.633


reagents 2.162 1.273 145.1 � 145.1 0.304 0.304 0.238 � 0.238
H2Si�SiH2�HCl (IE) CE 2.164 1.282 2.933 � 145.8 146.3 0.325 0.278 0.238 � 0.262


T 2.276 1.349 2.614 2.266 176.0 106.9 0.701 � 0.033 0.240 � 0.237
Pf 2.337 2.069 124.1 119.7 0.702 0.489 � 0.363


reagents 1.710 0.916 180.0 180.0 0.980 � 1.036 0.539 � 0.539
H2C�SiH2�HF (IID) CE 1.714 0.930 2.097 174.3 169.6 1.050 � 1.131 0.550 � 0.574


T 1.740 1.036 2.145 1.702 176.1 153.9 1.270 � 1.282 0.508 � 0.584
Pf 1.856 1.629 124.9 121.6 1.548 � 1.096 � 0.634


reagents 1.710 1.273 180.0 180.0 0.980 � 1.036 0.238 � 0.238
H2C�SiH2�HCl (IIE) CE 1.713 1.287 2.267 174.4 170.1 1.031 � 1.101 0.254 � 0.276


T 1.732 1.482 2.817 1.581 178.2 158.4 1.265 � 1.224 0.234 � 0.418
Pf 1.859 2.064 124.2 121.1 1.168 � 1.068 � 0.374


reagents 1.710 0.916 180.0 180.0 � 1.036 0.980 0.539 � 0.539
H2Si�CH2�HF (IIID) CE 1.714 0.930 2.097 169.6 174.3 � 1.131 1.050 0.550 � 0.574


T 1.850 1.126 1.811 1.855 167.1 121.1 � 0.421 0.502 0.326 � 0.484
Pf 1.898 1.406 123.7 119.3 � 0.304 0.930 � 0.391


reagents 1.710 1.273 180.0 180.0 � 1.036 0.980 0.238 � 0.238
H2Si�CH2�HCl (IIIE) CE 1.713 1.287 2.267 170.1 174.4 � 1.101 1.031 0.254 � 0.276


T 1.811 1.632 2.460 1.746 176.6 131.4 � 0.555 0.664 0.086 � 0.326
Pf 1.889 1.789 122.3 118.6 � 0.805 0.980 � 0.038


reagents 1.338 0.916 180.0 180.0 � 0.345 � 0.345 0.539 � 0.539
H2C�CH2�HF (IVD) CE 1.341 0.924 2.297 179.3 179.3 � 0.364 � 0.364 0.548 � 0.561


T 1.404 1.290 1.884 1.321 166.4 154.5 0.015 � 0.700 0.431 � 0.572
Pf 1.510 1.397 124.0 120.5 0.116 � 0.590 � 0.396


reagents 1.338 1.273 180.0 180.0 � 0.345 � 0.345 0.238 � 0.238
H2C�CH2�HCl (IVE) CE 1.340 1.280 2.521 179.3 179.3 � 0.357 � 0.357 0.249 � 0.260


T 1.397 1.783 2.459 1.275 173.1 158.6 � 0.042 � 0.671 0.358 � 0.529
Pf 1.514 1.786 123.4 120.4 � 0.336 � 0.576 � 0.060


[a] Calculated at theMP2/6-311��G(d,p) level. [b] Bond lengths in ä, bond angles in degrees. [c] �1 and �2 are the dihedral angles between the HX1H plane
and X1�X2 bond and the HX2H plane and X2�X1 bond, respectively. [d] NBO charges.
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Figure 1. Free-energy diagram at the CBS-Q level of theory for the
reaction channels of the disilene� hydrogen fluoride reaction (ID).[18]


Figure 2. Free-energy diagram at the CBS-Q level of theory for the
reaction channels of the disilene� hydrogen chloride reaction (IE).


Figure 3. Free-energy diagram at the CBS-Q level of theory for the
reaction channels of the ethene� hydrogen fluoride reaction (IVD).


Figure 4. Free-energy diagram at the CBS-Q level of theory for the
reaction channels of the ethene� hydrogen chloride reaction (IVE).


calculations prove (Figure 7), the reaction channels in both
directions (IID ± IIID and IIE ± IIIE) start from the same
CE complex.
The stabilization energy of the complexes is between 2.2


and 3.6 kcalmol�1, and the Gibbs free energy is a small
positive value (between 1.7 and
2.9 kcalmol�1) due to the negative
entropy factors. The distance between
the substrate molecule and the ap-
proaching hydrogen is between 2 and
3 ä, and for HCl it is larger than for
HF by about 0.2 ä. The length of the
double bond is practically unchanged,
but the hydrogen ± halogen bond is
slightly elongated by about 0.007 ±
0.014 ä in the complex. A small but
systematic charge transfer from the
substrate to the HY molecule (Ta-
ble 2) proves the electrophilic charac-
ter of the processes. It is an interesting
fact that the negative charge on the
HYmoiety of the complex seems to be
almost independent of the substrate
and the type of halogen, and in each
case it is found in a narrow region


Figure 5. Free-energy diagram at the CBS-Q level of theory for the reaction channels of the
silene�hydrogen fluoride reaction (IID and IIID).
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between �0.012 e and �0.024 e. Excluding the olefins, the
charge shift region is even narrower (between �0.022 e and
�0.024 e). The shape of the orbitals in the complexes is
usually very similar to that of the separated component
molecules. The shift of the orbital energies, however, indicates
a trend, which is understandable on the basis of the FMO
(Frontier Molecular Orbital) theory. The electrophilic inter-
action between the LUMO of the reagent and the HOMO of
the substrate results in a slight shift of HOMO down and
LUMO up.


Transition states : Starting from the initial van der Waals
complex, a characteristic step of the water or alcohol addition


is the formation of a Lewis
complex via a transition state
with low energy.[1] Then, in the
next step it gives the final
product (Pf) via a second tran-
sition state. The appearance of
this second stable complex,
however, depends on the type
of alcohol. For example, in the
case of the acidic CF3OH, no
second complex was found, and
the reaction proceeded by the
CE-T-Pf channel. As a conse-
quence, a similar reaction path
is expected in the reactions with
the strongly acidic hydrogen
halides.
Although the structure of the


transition states (T) is close to
the geometry of the second


transition state of the water and alcohol reactions,[1c, d] and it
indicates the well-known four-membered ring character, some
important differences can be observed between the reactions
of disilene, silene, and ethene with hydrogen halides. In the
case of ID and IE the Si atom closer to the halogen becomes
almost planar, while the other silicon (closer to hydrogen) is
pyramidal. The Si�Si bond is elongated, and it is more than
halfway between the single and double bond. The Si�Y bond
is shorter than the Si�H(Y) bond (compared with the final
bond lengths), and the H�Y bond is only moderately
elongated (by 6 ± 8%). The � bond of disilene has already
been broken, and the HOMO is localized on the pyramidal
silicon as a formal lone electron pair. As a result, this silicon


Figure 6. Free-energy diagram at the CBS-Q level of theory for the reaction channels of the silene� hydrogen
chloride reaction (IIE and IIIE).


Figure 7. Intrinsic reaction coordinates of IIE and IIIE starting from the common initial complex.
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becomes strongly negative, compared with the charge distri-
bution of the initial complex, while the other silicon is strongly
positive. The charge separation of the hydrogen halide
increases with a more negative halogen and a more positive
hydrogen, but the total charge of the H�Y moiety does not
change significantly. As a consequence, this stage of the
reaction can be considered as a bond formation between the
halogen atom and silicon.
In spite of the huge activation energies, the originally planar


geometry of ethene is much less distorted in the transition
state of IVD and IVE than in the analogous transition states
of disilene. Both the moderate bond elongation and the shape
of HOMO indicate that the C�C bond partially keeps its
double bond character. The H�Y bond, however, is drastically
elongated by 0.37 ä (HF) and 0.50 ä (HCl), and the hydrogen
is closer to ethene than the halogen atom. All these facts
suggest that the leading processes at this stage are the Y�H
bond breaking and C�H bond formation. During this process
the halogen atom becomes strongly negative (compared with
the relatively positive halogen in the case of ID and IE
reactions). Therefore this point of the reaction can also be
interpreted as an ion-pair formation: hydrogen halide ionic-
ally dissociates in the transition state and yields a carbenium
ion intermediate that evolves in the next step to the product.
This explanation makes the huge activation energy of such
reactions understandable: a large part of the energy is used in
the dissociation of hydrogen. Indeed, the calculated energy
necessary for the same bond elongation of HF and HCl is
45.25 and 45.61 kcalmol�1, respectively (at the MP2/-311��
G(d,p) level), which is about 90% of the total activation
energy of IVD and IVE.
It is interesting to note that although the initial complexes


of the reactions of disilene with hydrogen halides (ID and IE)
are very similar to those of the corresponding reactions of
ethene (IVD and IVE), the subsequent pathways selected are
very different from each other; in the final step of the
reactions ID and IE, the halogen as a nucleophile attacks a
silicon to form four-membered cyclic transition states, while in
IVD and IVE, heterolytic H�Y bond cleavage takes place to
give the H�C bond in the transition state. This selectivity may
be explained by the preferred orbital interaction in the final
step. We can expect the stabilizing interaction between the
�* orbital and lone-pair orbital in the nucleophilic interaction
in this step as found in the disilene�water reaction.[1b, d] Since
disilene has a low-lying �* orbital,[16] this interaction is
actually effective in the reactions ID and IE, and this leads
to the cyclic transition state found theoretically. On the other
hand, in IVD and IVE, since ethene �* orbital level is rather
high, a similar interaction between ethene �* and the lone-
pair orbitals is less effective, and hence, the other pathway to
form the hydrogen ± carbon bond with heterolytic HY cleav-
age will be selected.
As predicted, the reactions of silene bear the special marks


of I and IV. The energy and structure of the transition states
along the two different directions of the HYaddition are quite
different (Figures 5 and 6). In IIID and IIIE, a huge activation
energy is required, and the HY bond is elongated like in the
reactions of IVD and IVE. On the other hand, the structure at
the silicon atom is greatly bent with a formal lone electron


pair, which forms the HOMO. This fact and the degree of the
Si�C bond elongation mean that it resembles the reaction of
ID and IE. In the reaction of IID and IIE, the activation
energy is small, the structure of the highly positive silicon is
almost planar, while the carbon side is only moderately bent
(similarity to ID and IE). The Si�C distance is, however,
closer to the double bond than to the single bond, and the
shape of HOMO is a (deformed) � bond between the C and Si
atoms (like in IVD and IVE).
The charge distribution of HF, in the reaction of IID and


IIID resembles those of ID and IVD, respectively. Evidently,
the halogen atom is more negative, and the hydrogen is less
positive when they approach the silicon side of the substrate
molecule. It can be inferred from the facts above that the
mechanisms of the addition in IID and ID and also in IIID
and IVD are similar. From this feature the transition state of
HCl addition to silene is somewhat different. In both IIE and
IIIE the hydrogen is definitely closer to the substrate than the
chlorine. The H�Cl bond is strongly elongated in both cases
(although in IIIE it is much longer than in IIE), and a
considerable charge shift from silene to HCl and an additional
charge separation between H and Cl can be observed. The
negative charge of HCl in IIIE is extremely large, and even in
the reaction of IIE it is about the same as in IVE. From these
facts it may follow that the ionic intermediate model discussed
above tends to compete with the bimolecular way in IIE
(because of the enhanced acidity of HCl compared with the
HF), although the thermodynamic profile of the reaction is
close to IE. To prove this hypothesis, some trial calculations
(using the MP2/6-311��G(d,p) level) were carried out with
the highly acidic HBr for the transition state of the following
reactions.


The comparison of the transition state geometries of IID ±F
and IIID ±F (Figure 8) proves that the four-membered ring
shape, characteristic of the usual bimolecular addition, is
strongly deformed with increasing acidity, the elongation of
C�Si distance as well as the H�C and H�Si distance gradually
decreases, while the H�Y bond length gradually increases,[17]


and this indicates the change in the dominant process.


Final products : The geometry, charge distribution, and energy
data of the final products are shown in Tables 1 and 2. We
have not studied the structural and energy differences
between the staggered and eclipsed forms, but we expect
from previous experience that the rotation barrier at the
newly formed X1�X2 single bond is small, and the staggered
form is more stable. All the investigated reactions are
exothermic. The product molecules are stable and demon-
strate the expected geometric data. From the two possible
isomer products in the reactions of silene, the halosilanes are
more stable in agreement with the experimental evidence.
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Conclusion


The investigated reactions ID ±E, IID ±E, IIID ±E, and
IVD ±E can be characterized by two main thermodynamic
profiles. The type in which the reagent molecule attacks a
carbon atom is moderately exothermic with a high activation
barrier. The second type in which the hydrogen halide attacks
a silicon is strongly exothermic with a low activation energy.
At the early stage of all the reactions a weakly bonded initial
complex is found, which indicates that the initial step of all the
reactions is an electrophilic attack of hydrogen. In our
previous work on the water and alcohol addition to the same
substrate molecules, we discovered both electrophilic and
nucleophilic initial complexes. Considering the highly acidic
character of HY hydrogen, we find the lack of nucleophilic
reaction channels is reasonable. The geometry and charge
distribution of the transition state of the reactions indicate
two main classes of mechanisms. If silicon is attacked, the
halogen ± silicon bond formation precedes the H�Y bond
breaking. If, however, carbon is attacked, the first step is
always an ionic dissociation of hydrogen halide and a
carbenium ion formation, which is stabilized in the final step
of the reaction by the C�Y bond formation. Some preliminary
calculations suggest, however, that with increasing acidity of
the reagent the ionic mechanism will probably be dominant
even in the attack of silicon. The reaction diagrams and
proposed mechanisms explain the experimentally found
regioselectivity well.


Figure 8. The optimized geometry of transition states of IID ±F and
IIID ±F at the MP2/6-311��G(d,p) level.
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Revealing Structural Effects: Electrochemical Reactions of Butanols
on Platinum


Jose¬ L. RodrÌguez, Ricardo M. Souto, Luis Ferna¬ndez-Me¬rida, and Elena Pastor*[a]


Abstract: Spectroelectrochemical stud-
ies on the reactivity of butanol isomers
on Pt electrodes in perchloric acid
medium led to the observation of struc-
tural effects that result from the differ-
ent arrangements of atoms in the organ-
ic molecules. The use of differential
electrochemical mass spectrometry
(DEMS) to detect volatile products
showed that all four isomers react on
the electrode, though different product
yields were observed for each com-
pound. In spite of the differences in the
electrochemical behaviour of the buta-


nol isomers, a series of general processes
accounts for the results obtained. The
formation of strongly adsorbed residues
by a dehydration process leading to the
formation of a C�C bond was proposed
for all isomers. Electroreduction of the
adsorbates produces C4 and C3 alkanes,
and the latter reveal the existence of a
fragmentation process. The C4 hydro-


carbons can be formed by hydrogena-
tion of these residues and by hydro-
genolysis of alcohol molecules in the
bulk solution which react at the elec-
trode with adsorbed hydrogen. On the
other hand, CO2 is formed during elec-
trooxidation of the adsorbed species.
Partial-oxidation products containing a
carbonyl group were detected from 0.2�
solutions of 1-butanol, isobutyl alcohol
and sec-butyl alcohol. The tertiary alco-
hol tert-butyl alcohol only reacts in its
adsorbed state.


Keywords: adsorption ¥ butanols ¥
electrochemistry ¥ mass spectrome-
try ¥ platinum


Introduction


The electrochemical reactivity of organic compounds on
noble electrodes in aqueous solution depends, among other
factors, on the chemical nature of the electrode, the nature of
the organic compound and the electrode potential.[1, 2] Short-
chain alcohols such as methanol, ethanol and ethylene glycol
are widely regarded as interesting model organic compounds
for such studies, and have been the object of systematic
investigations to elucidate reaction pathways and to establish
their applicability as direct-combustion fuels.[3±12] In all cases,
the formation of adsorbed intermediates was shown to be of
paramount importance for the kinetics of the overall process,
and their identification was fundamental to elucidating the
mechanisms. In this respect, the introduction of novel
spectroscopic techniques in the electrochemical laboratory
has provided valuable information for identifying the species
participating in these complex reactions.[13±18]


The extension of these studies to alcohols with longer
chains has demonstrated the influence of the molecular
structure on the electroreactivity of these compounds. In this


way, differences in the adsorption and reaction mechanisms
were found during the investigation of primary C3 alcohols
with different degrees of unsaturation.[19±23] Structural effects
can also be expected in molecules that only differ in the
position of the functional group, owing to different inductive
electronic effects and different availability of the reaction
sites. 1-Propanol and 2-propanol, a primary and a secondary
alcohol, respectively, are the simplest examples for such a
situation and exhibit remarkable differences in electrochem-
ical behaviour. On platinum electrodes, they both can be
electrooxidised to yield CO2 and partially oxygenated species
(propanal and propionic acid from 1-propanol,[20] and acetone
from 2-propanol[24±26]). These alcohols also show significant
differences in their electroreduction reactions, as the position
of the OH group in the primary alcohol strongly favours
rupture of the C3 chain, a process that does not occur when the
hydroxyl group is attached to the central atom as in
2-propanol. These observations were supported by differ-
ential electrochemical mass spectrometry (DEMS),[20, 26] Four-
ier transform infrared spectroscopy (FTIRS)[20, 26] and radio-
tracer[27] experiments.


Herein we give consideration to the aliphatic C4 alcohols,
which introduce the smallest tertiary alcohol, namely, tert-
butyl alcohol. Several studies have been published regarding
the behaviour of butanol isomers on different noble metal
electrodes, though they mainly deal with electrochemical
investigations on platinum.[28±30] It was concluded that the
primary alcohols are the most reactive on platinum, though
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they produced strongly poisoning intermediates, whereas for
the secondary isomer the reactivity was lower. Finally, no
response was observed for the tertiary alcohol at room
temperature.[29, 30, 33] Unfortunately, all these studies relied
exclusively on the analysis of electrochemical data, and no
spectroscopic techniques which could help in understanding
the structural effects responsible for the differences in
reactivity were employed. The only exception is a recent
paper on an FTIRS study on the electroadsorption and
reactivity of 1-butanol on platinum in acidic solution.[34] The
authors proposed a reaction scheme in which the molecule
undergoes dissociative adsorption in parallel to its oxidation
to butanoic acid and CO2. But even for this alcohol, some
statements are still tentative, such as the proposed formation
of propane and 1-butanal, which could not be experimentally
demonstrated by FTIRS.[34]


We therefore undertook a systematic study on the electro-
reactivity of 1-butanol and its isomers on platinum in acid
solution using DEMS[35] to detect gaseous and volatile
products. A DEMS study of the electrochemical behaviour
of the isolated adsorbates from butanol isomers on platinum,
obtained by using a flow-cell procedure, is currently underway
and is the subject of a future publication.[36]


Experimental Section


Experimental details : Differential electrochemical mass spectrometry
(DEMS) was used for on-line detection of volatile products. Details of
the method are described elsewhere.[35, 37] In brief, a porous layer of
platinum metal deposited on a Teflon membrane forms the interface
between the electrochemical cell and the ion source of the mass
spectrometer. The counterelectrode was a platinum wire, and the reference
electrode was a reversible hydrogen electrode (RHE) in aqueous 0.1�
HClO4. Simultaneously to the cyclic voltammograms (CVs), the ion
current for selected mass to charge ratios (m/z) was recorded as mass
spectrometric cyclic voltammograms (MSCVs).


All solutions were prepared from Millipore MilliQ* plus water
(18.2 M�cm), and high-purity chemicals (Fluka) to ensure that each of
the butanol isomers was not contaminated with any of the others. This was
of paramount importance in the case of tert-butyl alcohol, which was
reported in the literature to be electrochemically unreactive at room
temperature.[29, 30, 33] Chromatographic analysis of a solution of tert-butyl
alcohol showed it to be free from traces of the other isomers. 0.1� HClO4


was used as base solution, and the concentration of butanol isomers was
fixed at 0.2�. Solutions were carefully deaerated with 99.998 % argon. All
measurements were performed at room temperature.


The working electrode was activated in 0.1� HClO4 by applying repetitive
potential cycles at 0.01 Vs�1 between 0.01 and 1.50 V until a reproducible
voltammogram was obtained. The real area (15 ± 25 cm2) was measured
through the voltammetric charge within the hydrogen potential range for
platinum.[38] After electrode activation in the base electrolyte, exchange
with the alcohol-containing solution was performed at a potential in the
double-layer region of the platinum electrode. The second potential cycle is
shown in all cases. Each m/z ratio was recorded at least three times.
Reproducible CVs and MSCVs were obtained.


The platinum surface and product assignment : The identification of the
oxidation and reduction products generated at the platinum electrode, after
recording appropriate m/z values with DEMS, requires knowledge of any
changes in the state of the metal surface with the applied potential.


The CV for a platinum surface in 0.1� HClO4 shows three potential
regions:
1) The ™hydrogen region∫ (0.01 ± 0.40 V), which is characterised by the
presence of adsorbed hydrogen on the electrode surface. The features
observed in the voltammetric curve correspond to the adsorption/


desorption of hydrogen atoms with different energies. At E� 0.10 V
hydrogen evolution occurs.
2) The ™platinum oxide region∫: at E� 0.75 Va platinum oxide layer starts
to form with increasingly positive potential, and is subsequently electro-
reduced during the reverse sweep with the development of a peak centred
at 0.77 V.
3) The ™double-layer region∫: in this potential range (0.40 ± 0.75 V during
the positive run, narrower in the cathodic sweep), neither Had nor Oad


species are present at the surface.


The presence of oxygen at E� 0.75 V favours the formation of oxidation
products, whereas at E� 0.40 V, the reduction process prevails, that is,
oxidation reactions are not expected to occur at potentials at which the
surface is mainly covered with hydrogen. This fact must be considered in
the interpretation of the mass-spectrometric curves obtained with DEMS.


Platinum is a good catalyst for the oxidation of organic compounds to CO2.
Thus, carbon dioxide was observed with methanol,[3] ethanol[4±10] and other
alcohols[20±22, 24±26] including 1-butanol.[34] On the other hand, the formation
of hydrocarbons from these alcohols at potentials in the hydrogen region
was established many years ago by gas chromatographic analysis.[39]


Therefore, oxidation and reduction processes take place on platinum in
different potential ranges.


In accordance with these general statements, the identification of the
products from the analysis of the recorded MSCVs must be performed
carefully. Thus, even the same value of m/z could be assigned to different
fragments of different molecules, depending on the potential region
considered. Previous electrochemical data on the nature of the reduction
and oxidation products that were obtained with other techniques can be
used to elucidate the nature of these compounds, though the application of
DEMS introduces a clear advantage: the potential dependence of their
production can also be established.


Fragmentation patterns from reduction and oxidation products, as well as
those from the electroactive organic compound (the alcohol in our case),
must be considered for the interpretation of each MSCV. The criteria for
the selection of the m/z values to be recorded are: 1) the most intense peaks
corresponding to the fragmentation patterns of the predicted compounds
and 2) peaks which do not overlap with fragments from other products. If
fragments from different compounds contribute to the same m/z signal,
then the ion-current curves should be interpreted after comparison of the
potential dependencies and ion-current intensities of various MSCVs. This
procedure has been extensively applied for DEMS analysis.[3, 19±23, 35, 40±46]


Results


Primary alcohols : Typical cyclic voltammograms for a Pt
electrode in 0.1� HClO4 containing 0.2� 1-butanol or 0.2�
isobutyl alcohol are depicted in Figures 1A and 2A (solid
line), respectively. They show two features during the positive
potential scan, the main one centred at 1.25 V, with a previous
contribution around 0.90 V. The threshold potential for the
oxidation of the alcohols (0.70 V) is below the onset of
platinum oxide formation (cf. the CV measured in the base
electrolyte, as depicted in Figures 1A and 2A, dotted lines).
During the reverse potential scan, a new anodic current was
observed in the cyclic voltammograms in the potential range
0.80 ± 0.40 V. This feature is apparent as soon as the platinum
surface becomes free of oxide. In this scan, a cathodic
contribution is recorded at potentials below 0.20 V, which is
more pronounced for 1-butanol.


Despite similar currents being measured for the two
primary isomers in the hydrogen region, as well as for the
electrooxidation occurring at 0.90 V in the positive sweep, the
faradic current for the peak centred at 1.28 V in the case of
1-butanol is about half that of isobutyl alcohol (cf. Figures 1A
and 2A).
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Figure 1. A) Cyclic voltammogram of a Pt electrode in 0.2� 1-butanol�
0.1� HClO4, v� 0.01 V s�1, real area� 17.7 cm2 (––); CV in the base
electrolyte (- - - -). MSCVs for B) m/z� 31 (1-butanol), C) m/z� 72 (1-
butanal), D) m/z� 29 (1-butanal, propane and butane), E) m/z� 44 (CO2,
1-butanal and propane) and F) m/z� 58 (butane).


Potential-dependent mass signals obtained simultaneously
with the voltammetric runs for several m/z values are shown
in Figures 1B ± F and 2B ± F. The consumption of the two
primary alcohols could be monitored by means of the
potential dependence of the m/z� 31 and m/z� 74 signals
(Figures 1B and 2B, respectively). The ion current for m/z�
31 is related to the main fragment of 1-butanol ([CH2OH]�),
whereas m/z� 74 corresponds to the radical cation of isobutyl
alcohol [(CH3)2CHCH2OH] .� . The two m/z ratios are quite
stable during the positive scan up to 1.50 V in both the
hydrogen and double-layer ranges of platinum, followed by a
decrease at E� 0.80 V. The consumption of the alcohols is
thus observed in the potential ranges for the two electro-
oxidation features apparent in the corresponding CVs (cf.
Figures 1A and 2A). At E� 1.40 Vand after potential reversal
at 1.50 V, effective blockage of the electrode occurs due to the
platinum oxide layer formed on the metal, which allows for a
gradual recovery of the alcohol concentration around the
electrode. Nevertheless, a decrease in the mass signals is again
observed at E� 0.80 V during the negative sweep, which
closely matches the anodic current in the CVs.


The electrooxidation products of the primary butanols were
identified from the potential dependence of the signals for
m/z� 72, 29 and 44. The mass to charge ratio m/z� 72
corresponds to formation of the radical cation of the butanal
resulting from the oxidation of the corresponding butanol


Figure 2. A) Cyclic voltammogram of a Pt electrode in 0.2� isobutyl
alcohol� 0.1� HClO4, v� 0.01 Vs�1, real area� 18.1 cm2 (––); CV in the
base electrolyte (- - - -). MSCVs for B) m/z� 74 (isobutyl alcohol),
C) m/z� 72 (isobutanal), D) m/z� 29 (isobutanal and propane),
E) m/z� 44 (CO2 and propane) and F) m/z� 58 (isobutane).


([CH3CH2CH2CHO] .� for 1-butanal and [(CH3)2CHCHO] .�


for isobutanal). This ion current increases when the positive
potential scan exceeds 0.70 V and reaches a maximum at
around 1.30 V with a shoulder at about 0.97 V. Accordingly,
the regions of consumption described above correlate with the
maxima for the formation of the corresponding aldehydes in
Figures 1C and 2C for 1-butanol and isobutyl alcohol,
respectively.


The production of butanals was confirmed by the signal for
m/z� 29 (Figures 1D and 2D), which corresponds to the
characteristic [CHO]� fragment of aldehydes. Comparison of
the mass spectrometric cyclic voltammograms (MSCVs)
measured for m/z� 72 and m/z� 29 in the two solutions
clearly reveals the same potential dependence at E� 0.25 V.
The contributions observed at potentials below 0.20 V (cf.
Figures 1D and 2D) have to be assigned to the electro-
reduction of the alcohol (see below). Support for this idea is
provided by inspecting the MSCVs for m/z� 72 (Figures 1C
and 2C), which show no features in the hydrogen region.


On the other hand, the ion current for m/z� 44 could
correspond, in principle, to the formation of CO2 ([CO2]


.�) as
the second electrooxidation product. This is the case for
isobutyl alcohol (see Figure 2E). The onset for this signal is
observed during the positive run at around 0.60 V and
increases steadily until a maximum value is reached at
0.90 V. Then, a decay of the signal is observed at E� 0.90 V.
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After potential reversal at 1.50 V, CO2 production is strongly
inhibited until the Pt oxide layer is partially reduced. Then,
the ion current increases again to define a new CO2


contribution with a maximum at 0.75 V.
In contrast, the m/z� 44 signal recorded in the solution


containing 1-butanol (Figure 1E) shows the same features as
the signal for m/z� 72 (Figure 1C). The discrepancy arises
from the contribution to the mass to charge ratio m/z� 44
observed in the fragmentation patterns of 1-butanal.[40]


According to the literature, the presence of this ion current
in the spectrum is due to McLafferty rearrangement in the
ionisation chamber of the mass spectrometer,[48] which in the
case of 1-butanal leads to the fragment [CH2�CHOH] .� . This
rearrangement can take place in this case because it is
characteristic of molecules with an H atom in a �-position to
an unsaturated group.[48] However, the signal for m/z� 44 in
Figure 1E depicts a higher ion current around 0.95 V than that
for m/z� 72. Therefore, it seems that CO2 is also formed in
this potential region, and its contribution to the signal for
m/z� 44 overlaps with that from 1-butanal at the same mass
to charge ratio. Additional support for this interpretation was
obtained during oxidative stripping of the adsorbed residues
of 1-butanol from platinum after a flow-cell experiment.[36] As
shown in Figure 3A,B, after adsorption at 0.15 V and electro-
lyte replacement, the residues formed from this isomer are
oxidised to CO2 with a peak at around 1.07 V (Figure 3B). In
the adsorption experiment, the signal for m/z� 44 is exclu-
sively assigned to CO2, as no potential dependence is
observed for m/z� 72.


On the basis of these results it is concluded that, whereas in
the case of isobutyl alcohol the m/z� 44 signal is exclusively
due to the production of carbon dioxide, the corresponding
signal in the case of 1-butanol corresponds to the contribution
of butanal and CO2 formation. This is the reason for the major
difference in the ion current scales in Figures 1E and 2E.


As mentioned before, electroreduction of the alcohols
occurs at E� 0.20 V. For the assignment of the reduction
products, the MSCVs for m/z� 30, 29, 28, 15 and 14 were
recorded in addition to those shown in Figures 1 and 2. By


considering the fragmentation patterns of various hydro-
carbons, it was established that saturated C4 and C3 hydro-
carbons are the main products in this process (other com-
pounds could be formed in traces). As expected, different
potential dependencies were observed for the mass signals
assigned to each hydrocarbon.


The MSCVs for m/z� 44 in this potential region, associated
with the radical cation [CH3CH2CH3]


.� of propane, increase
and develop a maximum at 0.12 ± 0.14 V during the negative
sweep (see Figures 1E and 2E). The production of butane and
isobutane can be monitored by means of the MSCVs for
m/z� 58 in Figures 1F and 2F, assigned to the radical cation of
butane [CH3CH2CH2CH3]


.� in the case of 1-butanol, and to
the radical cation of isobutane [(CH3)2CHCH3]


.� in the case
of isobutyl alcohol. The maximum in this signal is observed at
the cathodic potential limit of the scan. The difference in the
ion-current intensities in Figures 1F and 2F is explained in
terms of the different contributions of the radical cation
[C4H10]


.� to the fragmentation patterns of butane (about
15 %) and isobutane (about 3 %).


Both propane and butane contribute to the signal for m/z�
29 at potentials below 0.15 V by means of the fragment
[CH3CH2]� in Figure 1D, whereas only propane is responsible
for the response in Figure 2D (the contributions of butane and
isobutane to this ion current are ca. 40 and 4 %, respectively).


It is noteworthy that the shape of the curves for the signals
related to propane (m/z� 44, 29) is similar to those obtained
from the isolated adsorbates,[36] whereas some changes are
observed in the ion currents associated with the C4 hydro-
carbon. This result confirms that alcohol molecules in the bulk
contribute to the signal m/z� 58.


Some additional features are evident in the MSCV for
m/z� 58 at E� 0.50 V in the solution containing 1-butanol (see
Figure 1F). They are certainly not due to butane formation.
This could be an indication that traces of propanal are formed
during the electrooxidation process, which would correspond
to the radical cation [CH3CH2CHO] .� . However, the shape of
the mass voltammogram in this potential range resembles that
recorded for 1-butanal (m/z� 72, Figure 1C). This similarity


suggests that the contributions
result from the natural content
of 13C in the fragment
[CH2CH2CHO]� from butanal.


Secondary alcohol : The CV of a
platinum electrode in 0.2� sec-
butyl alcohol and 0.1� HClO4 is
shown in Figure 4A (solid line).
An anodic current is already
observed in the double-layer
potential range of platinum
during the positive potential
sweep, with a feature centred
at 0.70 V, which is followed by a
second feature at 1.30 V in the
oxide region. In the reverse
scan, a sharp peak is followed
by a hump at 0.64 V in the cyclic
voltammogram at potentials


Figure 3. Electrooxidation of the residues formed on a Pt electrode after adsorption from a base solution
containing 0.2� of the butanol, followed by electrolyte exchange with 0.1� HClO4; Ead � 0.15 V, v� 0.01 Vs�1,
real area� 17.7 cm2. A) CVand B) MSCV for m/z� 44 (CO2) after adsorption of 1-butanol. C) CVand D) MSCV
for m/z� 44 (CO2) after adsorption of sec-butyl alcohol. CV in the base electrolyte (- - - -).
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Figure 4. A) Cyclic voltammogram of a Pt electrode in 0.2 � sec-butyl
alcohol� 0.1� HClO4, v� 0.01 Vs�1, real area� 24.6 cm2 (––); CV in the
base electrolyte (- - - -). MSCVs for B) m/z� 72 (butanone), C) m/z� 29
(butanone, propane and butane), D) m/z� 44 (CO2, butanone and
propane) and E) m/z� 43 (propane and butane).


below 0.83 V. The electrooxidation in the double-layer
potential range during the positive run and the sharp anodic
current increase in the negative potential excursion are
characteristic voltammetric features for the secondary alco-
hol, as they were not observed for either 1-butanol or isobutyl
alcohol (cf. Figures 1A and 2A).


Mass signals recorded during the voltammetric scan for
selected m/z values are shown in Figures 4B ± E. The MSCVs
for m/z� 72, 29 and 43 exhibit the same features at E� 0.20 V,
and therefore seem to correspond to the same product. In this
case, these signals are assigned to the radical cation and the
fragments [CH3CH2]� and [CH3CO]� from butanone, respec-
tively. During the positive run, the onset for butanone is
observed around 0.30 V (see Figure 4B,C,E). Two ion-current
contributions of approximately the same height are centred at
0.75 and 1.35 V. In the reverse sweep, butanone production is
strongly inhibited until the platinum oxide layer is partially
reduced, and then the ion currents increase sharply and attain
a maximum at 0.76 V. The height of the signal at 0.76 V in the
mass spectrometric curves is twice as high as those recorded
during the preceding potential scan. Therefore, the peak in
the CV for this scan direction is related to the formation of the
ketone.


The ion current for m/z� 44 shows a different behaviour
and therefore must be related to a new electrooxidation
product. This compound is CO2, as was the case for the
primary alcohols. This MSCV increases steadily during the
positive scan from 0.30 V and reaches a maximum at 1.03 V,
which is followed by a slow decay with a hump at approx-
imately 1.35 V. The hump is not observed during the oxidative


stripping of the adsorbates formed from sec-butyl alcohol on
platinum (see Figure 3C,D). Moreover, the onset of CO2


production in Figure 3D is 0.50 V, that is, more positive than
in Figure 4D. This is explained in terms of a contribution to
the m/z� 44 signal from the fragmentation of butanone.[40]


During the reverse scan, the signal shows an electrooxidation
feature around 0.77 V. The ion intensity in this potential range
is higher than that observed in Figure 3D. Therefore, also in
this region the contribution of butanone to m/z� 44 is
apparent.


The features at E� 0.20 V in the signals for m/z� 29, 44 and
43 (Figure 4C ± E) are less pronounced than in Figures 1 and
2, but it must be emphasized that the intensity of the signals at
E� 0.20 V is higher in the case of sec-butyl alcohol, and,
therefore, a different scale was employed in the plot. The
curves show the same potential dependence in the hydrogen
region, with a maximum at 0.04 V in the negative potential
sweep. This behaviour differs from those of the primary
alcohols. These contributions are explained in terms of the
formation of propane and butane, as in the case of 1-butanol.


Tertiary alcohol : The reactivity of tert-butyl alcohol is very
low at room temperature, as can be deduced by inspection of
the voltammogram shown in Figure 5A. The existence of
various peaks in the hydrogen-adsorption region of platinum
and a well-defined double-layer potential range are still easily
recognisable in the CV. However, during the positive poten-
tial scan, a broad contribution is observed in the potential
region of platinum oxide. In the reverse scan, a slight decrease


Figure 5. A) Cyclic voltammogram of a Pt electrode in 0.2� tert-butyl
alcohol� 0.1� HClO4, v� 0.01 Vs�1, real area� 22.3 cm2 (––); CV in the
base electrolyte (- - - -). MSCVs for B) m/z� 29 (propane), C) m/z� 44
(CO2 and propane), D) m/z� 58 (isobutane) and E) m/z� 15 (isobutane,
propane and methane).
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in the charge covered under the voltammetric peak due to the
electroreduction of platinum oxide is recorded, as well as a
significant increase in the cathodic charge measured in the Had


region.
Furthermore, the occurrence of electrochemical reactions


at the platinum electrode in the acidic solution containing tert-
butyl alcohol is unambiguously established from DEMS
measurements. Several potential-dependent signals were
found, which demonstrate that the tertiary alcohol undergoes
both electrooxidation and electroreduction processes. The
mass signals recorded for tert-butyl alcohol are shown in the
MSCVs of Figure 5B ± D.


The electrooxidation of tert-butyl alcohol is represented by
the production of CO2 at E� 0.55 V, as monitored by the
MSCV for m/z� 44 (Figure 4B), since no other species was
detected by checking different m/z values. This agrees with
the observation that the shape of the ion-current curve for
m/z� 44 closely follows that of the CV in this potential range.
In the positive scan, the yield of CO2 attains a maximum at
1.05 V with a shoulder at 0.75 V. Its production continues
during the negative potential sweep after most of the platinum
oxide is reduced, and displays a feature around 0.76 V.


The formation of three reduction products at E� 0.20 V
was established from the MSCVs for m/z� 29, 44, 58 and 15
(Figure 5B ± E). These signals are attributed to propane
(m/z� 29, 44, 15) and isobutane (m/z� 58, 15), analogously
to the reduction products of isobutyl alcohol. However, the
intensity for the ratio m/z� 15 is higher than can be expected
from the fragmentation patterns for propane and isobutane.[40]


Thus, it appears to be plausible that a third hydrocarbon is
formed in this potential region. Accordingly, we regard
methane as another product in the process (see Discussion).
All these ion currents show a peak at 0.05 V in the negative
run, in contrast to the primary alcohols.


Discussion


Preliminary considerations : The electrochemical reactivity of
dissolved butanols on platinum in perchloric acid solution was
confirmed to depend on the molecular structure of the organic
substance. The position of the hydroxyl group in the aliphatic
chain determines the electrochemical reactions and the
potential range in which they occur. The use of DEMS to
detect volatile products allowed a better analysis of the
influence of the molecular structure. It was of crucial
importance in studying the electroreactivity of tert-butyl
alcohol, which was previously regarded as unreactive on
platinum electrodes in sulfuric acid solution at room temper-
ature.[29 30, 33]


To facilitate comparison of the electrochemical reactivity of
the four butanol isomers on platinum electrodes, the results
described in the previous section are summarised as follows:
1) Stable cyclic voltammograms show that all the four


alcohols are oxidised during the positive potential scan.
The onset potential for the oxidation process was 0.30 V
for sec-butyl alcohol, whereas for the other isomers this
reaction commences at 0.70 V. Two anodic features were
observed for 1-butanol, isobutyl alcohol and sec-butyl


alcohol, but only one broad feature for tert-butyl alcohol
(cf. Figures 1A, 2A, 4A and 5A). Except for tert-butyl
alcohol, the oxidation of these molecules also takes place
during the negative potential scan when the Pt oxide layer
is partially reduced. The highest reactivity was observed
for sec-butyl alcohol (especially during the negative
potential sweep), and the lowest for tert-butyl alcohol.


2) The anodic contributions observed in the CVs correlate
directly with the consumption of the alcohols on the
electrode, as can be monitored, for example, by means of
the potential dependence of the MSCVs measured for
m/z� 31 in the case of 1-butanol (see Figure 1B), and for
m/z� 74 in the case of isobutyl alcohol (Figure 2B).


3) All four molecules undergo electrooxidation to CO2 (see
Figures 1E, 2E, 4D and 5C), although partially oxidised
products (the corresponding aldehydes or ketone; see
Figures 1C, 2C, and 4B) are produced, except for tert-butyl
alcohol. Importantly, the formation of the corresponding
carboxylic acid during the electrooxidation of the primary
alcohols, with the aldehyde as reaction intermediate, could
not be excluded on the basis of our measurements. This
uncertainty originates from the significant differences in
volatility between each aldehyde and the corresponding
carboxylic acid, the former being the only volatile species
suitable for detection in the mass spectrometer, while the
carboxylate species diffuse in the solution instead.


4) CO2 was identified as the main electrooxidation product in
the potential range covered by the current peak centred
around 0.90 V. The formation of aldehydes occurs at more
positive potentials and is responsible for the current at E�


0.90 V and during the reverse scan in Figures 1 and 2. The
production of butanone from sec-butyl alcohol is observed
for E� 0.30 V in Figure 4, that is, in the double-layer
region, prior to oxidation to CO2. Electrooxidation
processes occured mainly in parallel to the adsorption of
oxygen on platinum, though they become progressively
hindered by the platinum oxide layer that develops on the
surface of the electrode, and can only continue on the
oxide-free platinum surface during the negative voltam-
metric scan.


5) CO2 originates form adsorbates, as was confirmed by
oxidative stripping of the adsorbates formed at 0.15 V on
platinum in a flow-cell (Figure 3).


6) Electroreduction of the butanol isomers takes place in the
hydrogen-adsorption potential range of platinum, with the
production of the corresponding butane isomer and
propane. Therefore, a dissociative reaction leading to the
formation of the latter occurs in all cases.


Possible electrode reactions : Despite the significant differ-
ences observed in the reactivity of the isomers, which result in
different product yields for each of them, they share some
general trends, too, as summarised above. Therefore, it is
possible to explain all these observations by considering a
general reaction scheme for the butanol isomers, which must
take into account the reaction pathways responsible for the
formation of the different products. To facilitate the discus-
sion, a general formula for the butanol isomers is presented,
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from which the four isomers can be derived by identifying the
groups R, R�, R��, and R���.


For the complete description of the electrochemical char-
acteristics of butanol isomers reacting on platinum electrodes
in acidic media, six reaction steps are proposed.


Dehydration : The interaction of the butanol isomers in acid
solution with a platinum surface must lead to the formation of
physisorbed molecular species that probably are weakly
bound to the metal surface. Next, dehydration of these
species leads to the formation of strongly adsorbed inter-
mediates containing a C�C bond [Eq. (1)].


The existence of such intermediates is indicated by FTIR
measurements, as was shown for 1-butanol in the potential
range between 0.25 and 0.60 V[34] . The only requirement for
this reaction to take place is that the organic compound must
contain a hydrogen atom � to the OH group. As this is the
case for all four butanol isomers, this reaction pathway is
proposed for all the butanols.


Hydrogenation : Addition of hydrogen to the C�C bond in the
adsorbates formed in reaction (1) leads to the formation of
the corresponding butanes (butane in the cases of 1-butanol
and sec-butyl alcohol, and isobutane for isobutyl alcohol and
tert-butyl alcohol). This process [Eq. (2)] explains the MSCVs
recorded for m/z� 58 and occurs in the potential range for
hydrogen evolution on platinum.


Fragmentation : The detection of propane in the potential
range for hydrogen adsorption on platinum, as given by the
mass ratio m/z� 29, indicates that the C�C bond in the
adsorbates can be broken to give C3 and C1 species. The


detection of methane in addition to propane was only possible
in the case of tert-butyl alcohol and was monitored by means
of the signal for m/z� 15. This may indicate that C1 species
remain adsorbed on the electrode surface in the case of the
other butanol isomers [Eq. (3)].


This C1 adsorbate is assigned as COad for 1-butanol, as
detected in FTIR studies,[34] and given the observed voltam-
metric and DEMS behaviours, seems to be the same for
isobutyl alcohol and tert-butyl alcohol, too. In the case of sec-
butyl alcohol, the formation of propane can only be explained
if a rearrangement occurs during adsorption of the alcohol in
the hydrogen region or on the surface, as the expected
hydrocarbons would be methane and ethane. However, no
evidence for the formation of these compounds instead of
propane was found.


Hydrogenolysis : The reaction between the alcohol molecules
in the bulk solution and the hydrogen adsorbed on the
electrode may also lead to the formation of the C4 alkane. This
process was already proposed to describe the electrochemical
reactivity of other alcohols on platinum in acidic media[8, 20, 26].
Accordingly, DEMS results reported here suggest that this
process is responsible for the higher yields of hydrocarbons
from 1-butanol and isobutyl alcohol, that is, the reaction is
favoured for the primary alcohols [Eq. (4)].


Complete oxidation : The oxidation of the adsorbed residues at
E� 0.50 V produces CO2. The participation of residues in this
reaction was further confirmed by the experiments conducted
in a flow-cell. The oxidative stripping of the butanol
adsorbates from the platinum electrode can be described by
Equation (5).


Adsorbate�H2O � CO2 � xH2O� xe� (5)


Partial oxidation : During the electrooxidation of the primary
and secondary alcohols, namely, 1-butanol, isobutyl alcohol
and sec-butyl alcohol, the corresponding aldehydes and the
ketone were detected by DEMS (m/z� 72) as reaction
products in addition to CO2. Partial oxidation is supported
by FTIRS data for the electrooxidation of 1-butanol.[34] The
spectra show the loss of CO (band at ca. 2050 cm�1),
simultaneous with the formation of CO2 (feature at
2345 cm�1) and the appearance of a band at 1712 cm�1 related
to the formation of a carbonyl compound,[34] which was
interpreted as the formation of the corresponding acid,
whereas the formation of the aldehyde could not be deter-
mined.
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On the other hand, as the formation of compounds
containing the carbonyl group is only observed for the
primary and secondary alcohols, but not for tert-butyl alcohol,
we must assume that one of the groups R or R� must be a
hydrogen atom for this reaction to occur. The corresponding
stoichiometric reaction can be expressed by Equation (6).


During the positive potential scan, the onset potential for
this process is 0.30 V for the secondary alcohol (sec-butyl
alcohol) and 0.70 V for the primary isomers (1-butanol and
isobutyl alcohol). Moreover, in the reverse scan a strong
reactivation of the surface is recorded for sec-butyl alcohol
once it is free from oxide. According to these results, it is
concluded that this process occurs more easily for secondary
alcohols (similar results were obtained for 1-propanol[20] and
2-propanol[24±26]). This observation also suggests that the
surface is strongly poisoned in the case of 1-butanol and
isobutyl alcohol, and only when the oxidation of the residues
commences can bulk molecules undergo further partial oxida-
tion. For sec-butyl alcohol, the blockage is lower, that is, a
smaller amount of adsorbed species is present on the surface
during the potentiodynamic experiment, and the partial oxida-
tion already occurs at potentials in the double-layer region.


Conclusion


The existence of structural effects in the electroreactivity of
organic compounds has been demonstrated by using electro-
chemical mass spectrometry (DEMS) for the detection of the
volatile products formed during the electrochemical reactions
of butanol isomers on platinum in acidic media. In this way,
the influence of the molecular structure could be analysed.


The kinetics and the mechanism of the processes strongly
depend on the number of H atoms � to the OH group. All four
isomers, respectively bearing two, one or no �-H atoms, can
be chemisorbed on platinum in a dehydration process that
produces adsorbates with a C�C bond, which interact with the
electrode through their �-electron density.


On the other hand, potential cycling in the hydrogen-
potential range leads to the cleavage of the molecules, their
relative fraction depending on the nature of the isomer, and
probably on the potential at which they were adsorbed. This
last possibility cannot be established from our studies
performed in solutions containing the organic compounds,
and therefore must be investigated on the adsorbates formed
in a flow-cell, which is currently under way in our laboratory.
In this process, propane is formed. Additionally, the existence
of hydrogen adsorbed on the electrode allows cathodic
stripping, at potentials below 0.20 V, of the adsorbates formed
in the dehydrogenation reaction, which produces the corre-
sponding butane isomer.


Another reaction route is the oxidation of the alcohols to
partially oxidised compounds, that is, aldehydes and probably


carboxylic acids (though these compounds could not be
confirmed in this work) are products in the oxidation of the
primary alcohols, whereas butanone is formed from sec-butyl
alcohol. tert-Butyl alcoholol does not undergo this reaction;
this means that a hydrogen atom must be bound to the carbon
atom bearing the OH group. Furthermore, this process is
mainly maintained by the species in solution and cannot take
place with the residues. Although this conclusion must be
confirmed by studies on the reactivity of adsorbed species,
some evidence is provided by the previous observation that
CO2 was the only oxidation product formed from the
adsorbates of 1-propanol[20] and 2-propanol,[26] whereas par-
tially oxidised compounds were detected when these C3


alcohols were present in the solution in contact with the
platinum electrode.[20, 26]


Finally, the residues formed from the four butanol isomers
undergo oxidative stripping to CO2. These adsorbed species
are responsible for the strong poisoning effects observed for
the primary alcohols on platinum, which result in the absence
of electrochemical activity in the double-layer potential
range. Only after oxidation of some of the adsorbed species
is the electrode activated again, and the partial-oxidation
pathway operates simultaneously. However, the surface must
be less blocked by the adsorbates from sec-butyl alcohol, as
this compound undergoes oxidation in the double-layer
region prior to the oxidation of the residues to CO2.
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Abstract: Lipophilic guanosine derivatives are self-assembled into ribbonlike
aggregates, both in the crystal state and in solution. The structure of the ribbons
has been characterised by single-crystal X-ray diffraction and, in solution, by NMR
spectroscopy and ESI-MS. Two different ribbons with different patterns of hydrogen
bonds are present in the solid state and in chloroform solutions. The gel-like phases
obtained in hexadecane, toluene and chloroform have been investigated by optical
microscopy and small-angle X-ray diffraction: the type of phase observed is related
to the molecular structure of the compounds and depends dramatically on the
solvent. The structures of the phases are discussed, with the presence of the two
different ribbons being taken into account.


Keywords: guanosine derivatives ¥
liquid crystals ¥ nucleosides ¥
self-assembly ¥ supramolecular
chemistry


Introduction


Low molecular mass gelators of organic liquids are subjects of
constant interest.[1, 2] In contrast with their macromolecular
counterparts in which covalent bonds are involved, the
supramolecular organisation of these molecules, which is
responsible for the gelling properties, is due to weak
molecular forces including hydrogen-bonding, �-stacking
and solvophobic effects. As a consequence, the process is
reversible and several new applications are possible: for


example, the preparation of microcellular organic materials,[3]


porous membranes[4, 5] and photoresponsive gels.[6]


Owing to the difficulty in understanding the self-assembly
process, and because of the variety of the structures of gelling
agents, which were found almost exclusively by serendipity,
often the gelling process is not completely clear;[1] however,
once a type of gelator is discovered and the polymerisation
process understood, it is possible to design variations of the
structure leading to interesting new properties, as for exam-
ple, in urea derivatives.[7, 8]


As gels are ™easier to recognise than to define∫,[1] there are
several cases in which the terms gel and lyotropic liquid crystal
seem to overlap,[1, 8±10] the only clear distinction being in the
membrane field. Therefore we shall not try to find an
unambiguous definition of the two states, preferring the
liquid crystal name in the case of birefringent ordered
structures.
In preceding work, we have described the self-assembly of


lipophilic guanosine derivatives with or without added
ions.[11, 12] In the presence of ions the assembled species are
columns composed of classic G-quartets,[13] which also char-
acterise aqueous gel structures,[14] but when no ions are
present, deoxyguanosines 1 and 2 form ribbonlike nano-
structures in solution and at the solid ± liquid interface. In
particular, NMR work in CDCl3 has shown the presence of
two different ribbons (Figure 1): the first (ribbon I), which we
hypothesised would exist in the solid state, has a definite
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NMR spectrum that slowly transforms into a different
spectrum corresponding to the ribbon stable in CHCl3
solution (ribbon II); the transition from ribbon I to ribbon II
is faster in the presence of moisture in the solvent.[12] These


ribbons seem particularly interesting as their ordered molec-
ular layers, which are obtained on solid surfaces by evapo-
ration of the LC phase in CHCl3, display rectifying[15] and
photoconductive properties.[16]


In a preliminary communication[17] we have described a new
lyomesophase formed by derivative 1 in hexadecane; more
recently, Kato and co-workers have reported thermotropic[18]


and lyotropic[19] phases formed by folic acid derivatives due to
similar hydrogen-bond patterns. In this paper, we report the
structure of ribbon I, obtained from single-crystal X-ray
diffraction of deoxyguanosine derivative 3, and a study of
the gel-like liquid crystals formed in different solvents by
derivatives 1 and 2 and by the two other guanosines 4 and 5,
which belong to the ribo series and contain the acetonide
group. We believe that the variations of the gel-like structures
with the chemical constitution of the gelators and with the
solvent yield a good understanding of the self-assembly
process leading to the gel-like phases,[20] and that the presence
of the two different ribbons in the different lyomesophases is
remarkable.


Results and Discussion


X-ray single-crystal study : Compound 3 crystallises in the
chiral group P1, with two independent molecules in the
asymmetric unit. The two molecules differ in the conforma-
tion of the lateral chains attached to the guanosine skeleton,
as can be seen in Figure 2.
The two types of molecules interact in the solid state by


means of hydrogen bonding between the guanine residues
(Figure 3). The NH group of the six-membered ring interacts
exclusively with the N atom of the five-membered ring
(N(H) ±N 2.827(2) and 2.909(2) ä). The two H atoms on the
NH2 groups interact with the oxygen atom on the six-


Abstract in Italian: I derivati lipofili della guanosina allo stato
cristallino e in soluzione sono autoassociati in aggregati a
nastro. La struttura dei nastri e¡ stata caratterizzata mediante
diffrazione dei raggi X da cristallo singolo e, in soluzione,
mediante NMR e ESI-MS. Allo stato solido e in soluzione
cloroformica sono presenti due diversi nastri con un diverso
schema di legami a idrogeno. Le fasi di tipo gel ottenute in
esadecano, toluene e cloroformio sono state studiate con la
microscopia ottica e la diffrazione dei raggi X a basso angolo:
il tipo di fase osservata e¡ in relazione con la struttura
molecolare dei composti e dipende fortemente dal solvente
presente. Vengono discusse le strutture delle fasi tenendo in
considerazione la presenza dei due diversi nastri.


Figure 1. Hydrogen-bond pattern of the two ribbonlike assemblies of guanosine derivatives.
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Figure 2. Ball-and-stick representation of the two independent molecules
present in the asymmetric unit of crystalline 3. Relevant bond lengths (in ä,
averaged over the two molecules): N1�C2 1.357(6), N2�C2 1.339(6),
C2�N3 1.334(6), N3�C4 1.359(6), C4�C5 1.379(6), C5�C6 1.422(6), N1�C6
1.411(6), C6�O6 1.211(6), C4�N9 1.365(6), C8�N9 1.363(6), C8�N7
1.310(6), C5�N7 1.410(6), N9�C1� 1.447(6), C1��C2� 1.504(6), C2��C3�
1.507(6), C3��C4� 1.526(6), C4��O4� 1.438(6), C1��O4� 1.423(6).


Figure 3. Ribbon formation by hydrogen-bonding interactions of the
N�H ¥¥¥ N and N�H ¥¥¥O type in crystalline 3. Relevant intermolecular
distances: N(H)�N 2.827(2), 2.909(2) ä; N(H)�O 2.898(2), 2.926(2),
2.984(2), 3.131(2) ä.


membered ring (N(H) ±O 2.898(2) and 2.926(2) ä) and with a
carbonylic oxygen belonging to the CH2OC(O)Et lateral
chains (N(H) ±O 2.984(2) and 3.131(2) ä); these latter groups
are flexible and can fold in order to ™hook∫ the central part of
the ribbon.
The repetition along the cell diagonal (�1 1 0) of the large


tetrameric unit depicted in Figure 3 gives rise to the formation
of infinite ribbons, four of which are represented in Figure 4.
The guanine residues, marked in the figure by atom shading,
constitute the flat central part of the ribbons, and are held
together by hydrogen-bonding interactions of the N�H ¥¥¥ N
and N�H ¥¥¥O types shown in Figure 3. The crystal architec-
ture results from the superimposition of the ribbons; however,
the presence of the bulky lateral chains is responsible for the


Figure 4. Shifted arrangement of the planes consisting of hydrogen-
bonded guanine residues (shaded atoms) in ribbons of crystalline 3.
Top: stick-and-ball; bottom: space-filling views. For clarity H atoms are not
shown.


shift observed for consecutive ribbons so that no �-stacking of
the flat residues is observed (see Figure 4).
It is worth mentioning that, in the large hydrogen-bonding


™rings∫ constituting the central part of the ribbons, the N(H) ±
N interactions are shorter than the N(H) ±O ones within the
same ring (2.827(2) versus 2.898(2), and 2.908(2) versus
2926(2) ä). We have searched the Cambridge Crystallo-
graphic Database[21] for neutral guanine residues forming this
kind of hydrogen-bonded ring; our results are in agreement
with the general observed trend.


Self-assembly in isotropic solution–spectroscopic measure-
ments : While for derivatives 1 and 2 the assembled structures
in the solid state and in solution are completely character-
ised,[12] those formed by compounds 4 and 5 require further
characterisation. The ESI-MS spectra of derivatives 4 and 5
obtained from chloroform in the presence of traces of formic
acid have been recorded (the most basic nitrogen which
should be protonated is N(7), which is not involved in the
hydrogen bonds of ribbon II, stable in chloroform). For both
derivatives, assembled species up to the singly protonated
heptamer can easily be detected; also signals corresponding to
doubly protonated higher polymers can be seen, in the case of
compound 5 up to [513H2]2� (see Supporting Information).
The 1H NMR spectrum of 5 was recorded in CDCl3 and the


signals (Table 1) were assigned by means of two-dimensional
COSYand NOESYexperiments. The spectrum shows a broad
singlet centred at �� 12.1, corresponding to an hydrogen-
bonded imino proton NH(1),[22] which does not shift when the
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solute concentration is increased. The H(8) signal is around
�� 7.6 and the H(2) resonance falls from �� 6.1 to 6.3 in a
concentration range of 2.6� 10�3 ± 5� 10�2 molL�1. The sugar
proton signals are well separated and appear between �� 4
and 6.[23] The analysis of the cross-peak intensities made on
the basis of a COSY experiment allows one to distinguish the
single resonances of the ribose moiety. In particular, H(1�)/
H(2�) and H(3�)/H(4�) are correlated by small coupling
constants, while H(2�) and H(3�) show larger cross-peak
intensities due to a larger coupling constant.
Structural information on the assembled species in solution


was obtained by 1H± 1H NOESY experiments on compound
5, and the results compared with those of a previous work on
derivative 1.[12] For both compounds, 1 and 5, the NH2 signal
shifts downfield when the concentration is increased, an
observation that indicates progressive involvement of this
group in hydrogen bonding. Ribo derivative 5 shows more
extensive aggregation than 1 at room temperature in non-
anhydrous CDCl3: the spectra recorded at the same concen-
tration values used for compound 1 display broader signals for
all the protons (this observation agrees well with the critical
concentration measured for the two families of compounds,
vide infra).
NOESY data (mixing times 0.05 ± 0.2 ms) for a 0.01 molL�1


solution of 5 confirm the presence of ribbonlike self-assem-
bled species. Ribbon II (™solution∫ aggregate) is prevalent in
nonanhydrous CDCl3, and is identified by a strong intermo-
lecular interaction between NH2 and H(1�) and a less intense
cross-peak between NH2 and H(2�) protons (Figure 5). These
results parallel those obtained for deoxyribo derivative 1.
Additional cross-peaks confirming the hydrogen-bonding
pattern are generated by the intrinsic structure of the
compound under investigation. Important intermolecular
interactions between methyl protons of the acetonide ring
of one molecule and the NH2 of the one closest to it, and
between the methyl protons and the H(8) of the next closest
one, allow the sequential connection between three molecules
and thus confirm the hydrogen-bonding framework character-
ising the ™solution∫ aggregate: the former spatial interaction,
CH3 ±NH2, is what is expected for the relative arrangement of
monomer 1 and monomer 2 in which hydrogen-bonding to
N(3) is involved; the latter, CH3 ±H(8), is what is expected for
the relative arrangement of monomer 2 and monomer 3 in
which H(1)/O(6) hydrogen-bonds are present.[24]


Figure 5. Important intermolecular interactions determined from NOESY
experiments.


The conversion of the ™crystal∫ aggregate (ribbon I) to the
™solution∫ ribbon (ribbon II) in chloroform is also associated
with a change in the conformation around the N(9)�C(1�)
glycosidic bond, as shown by NOESY experiments.[25] It is
interesting to note that in order to detect NOESY cross-peaks
relating the intra- and intermolecular protons for solutions of
lower concentration (4� 10�3 molL�1) longer mixing times
are required; this suggests the presence of shorter ribbons.
The data obtained are a confirmation of the general behaviour
of some lipophilic derivatives of guanosine and deoxyguano-
sine. These compounds self-associate, in the absence of added
alkali metal ions, to give ribbonlike structures characterised
by two different hydrogen-bonding networks in the solid state
and in chloroform.[26]


Circular dichroism (CD) spectra were recorded in chloro-
form and hexane, at different temperatures and concentra-
tions. The spectra are, in all cases, weak and follow the shape
of the absorption: no exciton patterns were detected.


Gel-like lyomesophases : The critical concentrations for the
formation of the gel-like liquid-crystalline phases were
determined from slowly evaporating solutions. First viscous
phases were observed and then compact gel-like structures,
which did not move when the test-tube was turned upside
down. These phases are birefringent, indicating an ordered
structure. The critical concentrations at which birefringence
appears are reported in Table 2: these data are in excellent
agreement with those obtained from small-angle X-ray
scattering experiments. The critical values are similar for all
compounds in the various solvents, with the exception of


Table 1. 1H NMR data of a 2.60� 10�3 molL�1 solution of 5 in CDCl3.[a]


� [ppm] JHH [Hz]


H(8) 7.59 (s)
H(1�) 5.95 (d) 1.8
H(2�) 5.25 (dd) 6.3, 1.8
H(3�) 4.97 (m)
H(4�) 4.42 (m)
H(5�)[b] 4.69 (dd) 11.2, 5.9
H(5��)[b] 4.12 (dd) 11.2, 6.3
N-H(1) 12.12 (br s)
N-H(2) 6.06 (br s)


[a] Other resonances: 2.32 (t, J� 7.5 Hz, CH2CO), 1.60 (m, 5H, acetonide
CH3, CH2CH2CO); 1.38 (s, acetonide CH3), 1.25 (m, 12H, CH2); 0.86 (t,
J� 6.5 Hz, CH2CH3). [b] H(5�) and H(5��) protons were not individually
assigned.


Table 2. Critical concentration [weight%] for the formation of the gel-like
phases.


Compound CHCl3 Toluene Hexadecane


1 23% 4% 8%
2 22% 4% 5%
4 4% 5% *[a]


5 4% 5% *[a]


[a] *� no birefringent phases observed.
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derivatives 1 and 2 in chloroform, which give the lyomeso-
phases at much higher concentrations. The lower critical
concentrations in chloroform for derivatives 4 and 5 (with
respect to 1 and 2) were expected on the basis of NMR results
showing stronger aggregation for these derivatives.
IR spectra were recorded for derivative 1 as a dry film


(ribbon I), and in hexadecane, toluene and chloroform
(ribbon II), and the spectral region of the NH stretching has
been analysed (Figure 6). The spectra for the dry film and
hexadecane gel are superimposable, while in toluene the
bands are slightly shifted. In chloroform the spectrum is
different. These data indicate that the ribbon present in
hexadecane (and possibly in toluene) must be similar to that
of the solid phase and definitely different from the ribbon
present in chloroform.


Figure 6. FT-IR spectra of 1: a) a dry film; b) a gel-like lyomesophase in
hexadecane; c) the same lyomesophase in toluene; d) an isotropic solution
in chloroform.


Small-angle X-ray diffraction experiments were performed
for different concentrations of the various derivatives dis-
solved in different solvents. Both the nature and the amount
of the solvent appear to modify the scattering profile
characteristics.


Gel-like phases in hydrocarbon solvents–small-angle diffrac-
tion measurements : X-ray diffraction experiments were per-
formed in hexadecane for 2 and 1[17] and in toluene for 1, 4 and
5. In these hydrocarbon solvents, a clear dependence of the
scattering profiles on the solvent concentration was detected
(see Supporting Information). At concentrations lower than
the critical concentration (see Table 2), the X-ray diffraction
profiles show only a very broad band around s� (5 ä)�1 (2��
18�), indicating the absence of order inside the sample and
confirming the presence of liquid isotropic phases.
In the concentration range in which gel-like phases are


observed, in the small-angle region (from which information
on the long-range order can be obtained),[27] derivatives 1 and
2 exhibit a series of narrow Bragg reflections, while a diffuse


band centred at approximately s� (4.5 ± 5 ä)�1 (2�� 18 ± 20�)
is detected in the wide-angle region (which contains informa-
tion on the short-range order)[27] (Figure 7). This pattern
clearly indicates that the structure combines short-range


Figure 7. X-ray diffraction profiles of the gel-like phases of 2 in hexade-
cane, 1 in chloroform and 4 in toluene.


disorder with long-range order. However, the small-angle
higher order diffractions are not easily detectable, even when
very long exposure times are used. Moreover, the fading of
the reflections as a function of s increases with increasing
concentration. Such an effect is usually observed in lyotropic
systems, as a consequence of disordering of the lattice.[27] This
indicates that the structure of this gel-like phase is intrinsically
disordered, that is, it is liquid-crystalline. The analysis of the
spacing ratios of the few reflections observed in the X-ray
small-angle diffraction profiles gives information about the
structure. The peak reciprocal spacings are in the ratio
1:
�
2:
�
4.. . , indicative of a two-dimensional square pack-


ing.[17, 27] The absence of additional small-angle peaks indi-
cates that no correlation exists in the direction perpendicular
to the two-dimensional square cell. The unit cell parameters
continuously increase as a function of the solvent content,
indicating a continuous swelling of the two-dimensional cell.
The investigation of the two isopropylidene derivatives 4


and 5 in toluene in the range of existence of the gel-like phases
reveals the presence of a rather broad peak in the small-angle
X-ray diffraction region, indicating that a certain degree of
long-range order is associated with the structures occurring in
these conditions (see Figure 7). For both derivatives, the peak
position appears dependent on solvent concentration. The
corresponding spacing moves from 60 ä to about 28 ä when
the concentration increases from 5 to 20%, indicating a
continuous variation of the characteristic length scale asso-
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ciated with the sample structure. As for derivatives 1 and 2, a
large band is detected in the wide-angle region too, centred at
about s� (5 ä)�1 (2�� 18�). The absence of any other Bragg
peaks indicates that the structure formed in toluene by the
two derivatives in this concentration range has no crystalline
long-range order. Because of the birefringence and the low
degree of order, the gel-like phases observed for 4 and 5 are
considered to be liquid-crystalline as well.
At higher nucleoside concentrations (ca. 20% for 2, 4 and 5


and 10% for 1), the gel-like structures appear to coexist with
crystalline structures: the X-ray diffraction profiles are
characterised by the presence of a series of intense peaks,
the positions of which appear to be independent of the solvent
content. A layered structure has been proposed for the dry
fibre formed by derivative 1.[28]


Gel-like phases in chloroform–small-angle diffraction meas-
urements : X-ray diffraction results obtained from 2, 4 and 5 in
chloroform show a different behaviour with respect to that
observed in hydrocarbon solvents. Up to the critical concen-
trations, the X-ray beam is completely absorbed by the
sample. In the concentration range in which gel-like phases
are observed, the diffraction profiles are characterised by a
broad peak in the small-angle region, while a diffuse band is
detected in the wide-angle region, at about s� (4.5 ± 5 ä)�1


(2�� 18 ± 20�) (see Supporting Information and Figure 7). As
before, this pattern is indicative of a liquid-crystalline phase.
However, in contrast with the results in hydrocarbon solvents,
the position of the small-angle peak shows a rather slow
dependence on the chloroform content (in the case of 2) or
does not show any dependence at all (in the case of 4 and 5).
These facts suggest that this solvent is unable to swell the
structure. At high concentrations (45, 20 and 30%, for 2, 4 and
5, respectively), crystallisation occurs.


Structural models for the gel-like lyomesophases : The struc-
tural models for the liquid-crystalline phases observed in the
different systems were analysed considering the peculiar
ability of deoxyguanosines to form ribbonlike structures in the
absence of ions. Accordingly, the analysis of the variation of
the unit cell parameter as a function of the solvent concen-
tration appears to be appropriate for deriving the ribbon
packing model.
If we consider the presence of rod-shaped structural


elements with constant cross-sectional area S packed into a
two-dimensional cell, we find that the a versus c data can be
fitted by different swelling models.[27, 29, 30] Whatever the shape
of the rod section, the master equation is Equation (1), in
which a is the two-dimensional unit cell parameter, k is a
constant, taking into account the cell symmetry (e.g., k��


3/2
for hexagonal or pseudohexagonal packing and k� 1 for
square packing), C is the average distance between rod
centres (normal to the two-dimensional cell plane), L is the
average length of the rods and cv is their volume concen-
tration.


LS�Cka2cv (1)


cv can be derived from c, the weight concentration: in
particular, we assume that the solvents and the different
guanosine derivatives have equal specific volumes (therefore,
c� cv). The ratio L/C gives the fraction of solvent in the C
direction. For rod-shaped elements infinite in length, L/C is
one; for finite rod-shaped objects that swell isotropically (i.e.
on dilution the interparticle distances increase uniformly in all
three dimensions), L/C� t/a (where t, which depends on the
shape of the rod section and is then proportional to


�
S, is the


effective radius of the rod).[29, 30]


Equation (1) can thus be rewritten as Equation (2),[30] in
which b� (S/k)1/2 and ���1/2 for the L/C� 1 condition
(infinite rods), while b� (tS/k)1/3 and ���1/3 for uniform
isotropic swelling.


a� bc�
v (2)


Therefore, cv exponents �1/2 and �1/3 can be considered
as fingerprints of interparticle distances decreasing in a plane
(two-dimensional swelling) or isotropically in the volume
around the particles in all three dimensions (three-dimen-
sional swelling), respectively; from parameter b, the rod cross-
sectional area can be defined. If the length of the rod particles
depends on the concentration or if the changes in the
interparticle distances with concentration are not isotropic,
the power law dependence of a on cv can be even slower.[30, 31]


Gel-like phases in hydrocarbon solvents: In the case of the gel-
phase of 1 and 2 in hydrocarbon solvents (toluene and
hexadecane, respectively; for 1 in hexadecane see ref. [17]), a
two-dimensional square packing of the structure elements can
immediately be deduced from the spacings of the small-angle
reflections. The cell parameter increases with increasing
solvent content, clearly indicating that the hydrocarbon
solvents are able to penetrate the structure (see Supporting
Information). The swelling behaviour is analysed by means of
the assumption that the guanine residues cluster into regions
from which the hydrocarbon chains are excluded and that the
chains are completely dissolved in the solvent.[17] In this way,
once the ratio between the volume of the deoxyguanosine
part (base and sugar) and the full volume of the derivatives
(see Supporting Information) has been determined from
molecular models, the cross-sectional area of the guanosine
core of the structure elements (Score) can be derived directly
from parameter b in Equation (2), which is obtained by the
fitting procedure.
The a versus cv data are well fitted by the two-dimensional


swelling model (��� 0.47� 0.02 and �0.49� 0.04, b� 11.1�
0.5 and 13.1� 1.2 ä, for 1 and 2, respectively). From the fitting
parameters, constant cross-sections Score of about 50 and 46 ä2


can be derived (with k� 1) for 1 and 2 ; this corresponds well
to the guanosine ribbon cross-section determined from the
model (S*core � 48� 2 ä2). The swelling behaviour is consistent
with the occurrence of a phase in which the structure
elements, infinite in length and with their long axes parallel
to each other, are packed in a two-dimensional square cell.
The ribbons contain the guanine residues in the extended
hydrogen-bonded configuration, while the hydrocarbon
chains, together with the hydrocarbon solvent in which they
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Figure 8. Models for gel-like phases in hydrocarbon solvents (a) and in
chloroform (b and c).


are dissolved, fill the lateral gap between the ribbons (Fig-
ure 8a).
The diffuse band observed at (4.5 ± 5 ä)�1 (2�� 18 ± 20�) is


characteristic of liquid paraffins, and indicates a disordered
(liquidlike) organisation inside the hydrocarbon region. As
the solvent is expected to scatter in the same region, no
detailed information on the hydrocarbon conformation can be
derived.
In the case of derivatives 4 and 5 in toluene, the local


packing of the ribbons cannot be inferred from simple X-ray
diffraction data owing to the presence of only one broad peak.
However, the swelling experiments for these compounds
show behaviour similar to that observed for deoxy derivatives
1 and 2. In fact, the fit of the a versus c data to Equation (2)
shows a two-dimensional swelling mode: in both cases, � turns
out to be very close to �1/2 (���0.51� 0.01 and � 0.53�
0.03, respectively), while the cross-sectional area of the
guanosine core in the ribbons (Score), calculated by assuming
a two-dimensional square packing of the structure elements
(i.e., k� 1) and using a value for Vcore/Vmol of 0.27 for 4 and of
0.30 for 5, is 45.5 ä2 and 49.0 ä2, respectively. The Score value
becomes 52.6 and 56.5 ä2 when a local hexagonal packing
(k��


3/2) is considered. The cross-sectional area of the
guanosine core of the ribbon calculated from molecular
models (S*core � 48� 2 ä2) is very similar to the experimentally
derived values, confirming that these two derivatives, too,
form ribbons in hydrocarbon solvents. The structural model
for the gel-like phase in toluene is thus similar to the one
proposed for derivatives 1 and 2 : the ribbons are likely to be
packed in a two-dimensional cell. Together with the hydro-


carbon solvent in which they are dissolved, the hydrocarbon
chains fill the lateral gap between the ribbons. As before, the
broadness of the wide-angle peak indicates that the chains
exhibit a liquidlike conformation.


Gel-like phases in chloroform : The structure of the gel-like
phase formed in chloroform by 2 can be discussed only
tentatively. In this case, only one, rather broad, Bragg peak is
detected in the small-angle region. Moreover, the peak
position is slowly dependent on the solvent content: the cv


exponent obtained by fitting the data with Equation (2) is ��
�0.11� 0.01, clearly indicating that the swelling is not
isotropic.[30] However, the L/C value calculated as a function
of concentration by using Equation (1) with S*core � 48 ä2 is
larger than 1. This suggests a different structure, in which the
rods, packed in a two-dimensional cell (either square or
hexagonal), are composed of multiple stacked ribbons: in this
arrangement the solvent is not able to penetrate the ribbon
regions.[32] The chloroform thus favours self-assembly into
larger fibres; however, because no evidence for phase
separation has been obtained by optical microscopy observa-
tions, even after weeks, we also suggest that the individual
fibres do not aggregate into specific separated domains.
Assuming that the ribbons are infinitely long, the observed
dimensions are compatible with a stacking of the ribbons in
the range of two to four layers, depending on the concen-
tration. Under these conditions, Equation (1) can be rewritten
as nScore�Ka2cvVcore/Vmol , where n is the number of stacked
ribbons in the unit cell. The proposed structure is sketched in
Figure 8b. Considering the observed X-ray diffraction pro-
files, two points should be underlined: first, the breadth of the
small-angle peak implies that the structure is characterised by
a low degree of long-range order; second, the absence of a
Bragg peak in the wide-angle region (around the expected
stacking distance of about 3.3 ± 3.4 ä) is compatible with the
small number of stacked layers in a fibre, but also indicates
that the neighbouring stacks are arranged in a random fashion
in relation to each other throughout the gel-like phase.
As for derivative 2, the analysis of the structure of the gel-


like phases formed by 4 and 5 in chloroform is only tentative.
In fact, in these cases as well, the X-ray diffraction profiles are
characterised by only one peak in the small-angle region, even
when the profiles are obtained with extremely long exposure
times; therefore, the symmetry of the phase cannot be
determined. In both 4 and 5, the peak spacing appears to be
independent of solvent concentration, while the correspond-
ing cell parameter is surprisingly small (a� 23 ± 24 ä) in
comparison with that observed for 2 (a� 35 ± 38 ä). These
results indicate that the packing is very tight and that
chloroform is unable to penetrate the cell. In this case too,
no indication of phase separation has been detected by optical
microscopy observations.
Let us hypothesise that the structure is formed by guanine


ribbons packed in a two-dimensional structure (square or
hexagonal); the � values obtained from fitting the a versus c
data to Equation (2) are very small, that is, �0.028 and
�0.023 for 4 and 5, respectively, indicative of structure
elements whose length is variable with concentration.[30, 31]


The L/C values, calculated with Equation (1) by using a
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theoretical cross-sectional area of the ribbon guanosine core
of 48 ä2, are compatible with a model of short structure
elements whose lengths change as a function of solvent
content: in particular, the length of the aggregates reduces
when the chloroform content increases (see also the NMR
spectroscopy section).
A second structural model can be obtained by considering


the formation of multiple stacked ribbons and a subsequent
arrangement in a smectic fashion of separate layers containing
alternately the bases and the chains (Figure 8c). In this
structure, the spacing of the observed Bragg peaks corre-
sponds to the layer repeat distance: comparison with the
dimensions of molecular models indicates that complete
interdigitation of the chains or a tilt of the ribbon formed by
the guanine residues should occur. However, because of the
absence of swelling, in this case too the length of the ribbons
should be considered to be dependent on solvent concen-
tration. This peculiar behaviour can be determined by the
occurrence of large interactions between ribbons in chloro-
form and by the ability of this solvent to compete with
hydrogen bonds. Because of the exclusion of solvent from the
ribbon region, dilution will preferentially increase the end-to-
end axial distance between the ribbons. At low concentration,
the aggregates become very short and a very loose packing
results. As expected, a phase transition to the isotropic phase
occurs.


Conclusion


Lipophilic guanosine and deoxyguanosine derivatives are able
to gelatinise some organic solvents, provided that a suffi-
ciently long hydrocarbon tail is present. The process is
mediated by the formation of ribbonlike assembled species,
which are described both in the solid state and in solution for
deoxyribo compounds 1 and 2, while in the ribo series
(compounds 4 and 5) they are described only in solution by
NMR spectroscopy and ESI-MS. The nature of the gel-like
phases is strongly influenced by the structure of the solute and
by the solvent.
Deoxy derivatives 1 and 2 in hydrocarbon solvents form a


quite ordered lyotropic liquid-crystalline phase characterised
unequivocally, from the spacing of the few small-angle
diffraction peaks observed, as a two-dimensional square
packing of the ribbons. Also, isopropylidene derivatives 4
and 5 in toluene form birefringent gels, which were tentatively
described as likewise having a two-dimensional square
disposition of the ribbons, on the basis of dilution studies
and from calculation of the cross-sectional area.
In CHCl3 the situation is rather different: the critical


concentrations are drastically different for the deoxy and the
ribo series; all compounds give a single small-angle diffraction
peak whose position is scarcely (for derivative 2) or not (for 4
and 5) influenced by dilution; this is interpreted as a
weakening of the hydrogen-bonded structure (detected also
by NMR spectroscopy) as a result of the competitive solvent
causing the breaking of the ribbons into shorter fragments. A
concomitant effect could be the strong interaction of alkyl
side chains of different ribbons, caused by the polar solvent; as


a consequence, new phases are observed, which are, however,
different for deoxy (1 and 2) and ribo (4 and 5) derivatives.
As for the presence of ribbons I or II in the phases,


ribbon II is certainly present in CHCl3. It is tempting, and also
reasonable in the light of IR spectroscopic results, to say that
ribbon I is present in hydrocarbon solvents, thus justifying on
a molecular basis the claim of different phases present in these
solvents. In all cases the gelling process is rather well
understood and the prospective of further developments
seems concrete.[4, 6]


The liquid-crystalline phases described in this report are
completely different from lyomesophases and gels formed in
water[14, 33, 34] by natural guanine nucleosides and nucleotides.
The self-assembly process at the origin of the present phases
does not involve alkali metal ions and leads to flat, ribbonlike
structures in which the chirality of the nucleosides is not
expressed at the supramolecular level:[35, 36] CD spectra of the
ribbon aggregates are very weak and almost identical to those
of the monomers. The lyomesophases and gels formed in
water can instead be described as stacks of G-quartets
forming chiral columnar structures containing alkali metal
ions. In this case there is strong chirality transfer from the
monomers to the supramolecular aggregates and exciton CD
are observed in the guanine absorption region.


Experimental Section


Derivatives 1, 2 and 3 were synthesised as reported in refs. [11, 12 and 37],
respectively.


2�,3�-O-Isopropylidene-5�-decanoylguanosine (5): Compound 5 was pre-
pared in 86% yield starting from 2�-3�-O-isopropylideneguanosine (Sigma)
(0.77 mmol) and decanoic anhydride (1.2 equiv) according to the literature
procedure.[37] 1H NMR (300 MHz, [D6]DMSO): �� 0.84 (t, 3H; CH2-CH3),
1.20 (m, 12H; CH2), 1.31 (s, 3H; CH3), 1.44 (m, 2H; -CH2-CH2-CO), 1.49 (s,
3H; CH3), 2.26 (t, 2H; CH2-CO), 4.09 ± 4.23 (m, 3H; H-4�, H-5�, H-5��), 5.11
(dd, 1H; H-2�), 5.25 (dd, 1H; H-3�), 6.00 (d, 1H; H-1�), 6.52 (br s, 2H; NH2),
7.84 (s, 1H; H-8), 10.69 (br s, 1H; NH); ES-MS: m/z (%): 478.15 (100)
[5��H].


2�,3�-O-Isopropylidene-5�-(p-heptyl)benzoylguanosine (4): Adamantane-
carbonyl chloride (0.55 mmol) was added to a stirred solution of Et3N
(1.84 mmol) and p-heptylbenzoic acid (0.61 mmol) in CH3CN (10 mL). The
resulting mixture was stirred at RT for 2 h. 2�,3�-O-Isopropylideneguano-
sine (0.46 mmol) and 4-dimethylaminopyridine (0.020 g) were then added
and the resulting suspension was stirred for 72 h. Methanol (0.5 mL) was
added and stirring was continued for 30 min. The suspension was filtered
and the resulting solution was concentrated in vacuo. The crude reaction
mixture was purified by column chromatography on silica gel (eluent:
gradient CH2Cl2/CH3OH 97:3� 90:10). The product obtained was redis-
solved in CHCl3 and washed several times with Millipore-grade water,
affording compound 4 as a white solid in a 42% yield. 1H NMR (300 MHz,
[D6]DMSO): �� 0.85 (t, 3H, CH2-CH3), 1.25 (m, 8H, CH2), 1.34 (s, 3H,
CH3), 1.53 (s, 3H, CH3), 1.56 (m, 2H, -CH2-CH2-Ph), 2.64 (t, 2H, CH2-Ph),
4.31 ± 4.52 (m, 3H, H-4�, H-5�, H-5��), 5.28 (m, 2H, H-2� and H-3�), 6.05 (d,
1H, H-1�), 6.56 (br s, 2H, NH2), 7.32 and 7.83 (m, 4H, Ph), 7.84 (s, 1H, H-8),
10.72 (br s, 1H, NH); ES-MS: m/z (%): 526.31 (100) [4��H].


Crystal structure determination : Single-crystal X-ray diffraction data for 3
were collected at room temperature on a Bruker AXS SMART diffrac-
tometer equipped with a graphite monochromator (MoK� radiation, ��
0.71073 ä): C16H21N5O6, Mr� 379.38, triclinic, P1, a� 8.903(1), b�
10.327(1), c� 10.796(1) ä, �� 86.109(5), �� 71.834(5), �� 72.496(4)�,
V� 899.1(2) ä3, Z� 2, F(000)� 400, �� 0.109 mm�1, � range 2 ± 34�,
13006 reflections, 9877 independent, refinement on F 2 for 488 parameters,
wR (F 2, all refls.)� 0.1540, R1 [I� 2�(I)]� 0.0540. The computer program
SHELX97[38] was used for structure solution and refinements based on F 2.
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All non-hydrogen atoms were refined anisotropically and hydrogen atoms
were added in calculated positions. SCHAKAL99[39] was used for the
graphical representation of crystalline 3. The program PLATON[40] was
used to calculate the hydrogen bonding interactions of the N�H ¥¥¥N and
N�H ¥¥¥O type. CCDC-171521 contains the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).


Spectroscopic measurements : 1H and two-dimensional COSY spectra were
measured on a Varian Gemini 300 instrument; two-dimensional NOESY
experiments were carried out on a Varian Mercury 400 instrument; �(H)
values quoted above are relative to the solvent peak in CDCl3 solutions and
coupling constants Jare given in Hz. Varian Gemini 300: �(H) for 6.4� 10�4


to 5.5� 10�2 molL�1 solutions; two-dimensional COSY: 4� 10�3 molL�1


solution. Varian Mercury 400 instrument: two-dimensional NOESY: 1�
10�2 molL�1 solution; the instrumental settings were: spectral width
6.0 kHz, pulse width 12.8 �s (90� flip angle), repetition time 2.5 s, complex
data point in t1 1024, complex FIDs in t2 256, mixing times 0.05 ± 0.2 s,
number of transients 16.


FT-IR spectra were measured with a Nicolet Prote¬ge¬ 460 spectrometer.


Preparation of the phases : The liquid-crystalline phases in chloroform were
obtained by slow evaporation of the solvent from isotropic solutions of the
guanosine derivatives. Lyomesophases (and isotropic solutions) in hexa-
decane were prepared by dissolving the guanosine compound in the
minimum amount of dichloromethane and adding the relevant amount of
hexadecane; the chlorinated solvent was then removed under vacuum. The
mesophases (and isotropic solutions) in toluene were obtained by adding
the solute to the appropriate amount of solvent and heating the mixture to
a clear, homogeneous solution. The critical concentrations for the
formation of the gel-like phases in toluene and chloroform were
determined by observation, under crossed polarisers, of the appearance
of birefringence in solutions in slow evaporation. In the case of hexadecane,
the critical concentrations were determined by observation of the presence
or absence of birefringence in solutions of different concentration.


Small-angle X-ray diffraction measurements : Small-angle X-ray diffraction
experiments were performed with a 3.5 kW Philips PW1830 X-ray
generator equipped with a Guinier-type focussing camera operating in a
vacuum: a bent quartz crystal monochromator was used to select the CuK�1


radiation (�� 1.54 ä). The explored s range extended from 0.01 to 0.35ä�1


(s� 2sin�/�, where 2sin� is the scattering angle). The samples were
mounted in vacuum-tight cells with thin mica windows. In order to reduce
the spottiness arising from possible macroscopic monodomains, the cells
were continuously rotated during exposure. The sample-cell temperature
was controlled to an accuracy of 0.5 �C by means of a circulating
thermostat. The diffraction patterns were recorded on a stack of four
Kodak DEF-392 films. In each experiment, a number of sharp or broad
reflections were observed and their spacings measured following the usual
procedure.[41] In the liquid-crystalline phases, the unit cell parameter is
indicated by a.


In some cases, the X-ray diffraction profiles were recorded after solvent
loss due to partial evaporation in order to follow the general trend of the
structural parameters. Therefore, in such cases, the sample concentration,
which was determined by gravimetric measurements, is only indicative.
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Abstract: Two new copper-complexed
[2]catenanes have been prepared, both
of which consist of two different inter-
locking rings. In both cases, one of the
rings incorporates a disulfide bridge.
The other ring contains either a single
chelate (phen� 1,10-phenanthroline, a
bidentate ligand) or two different che-
lates (phen and terpy, 2,2�,6�,2��-terpyri-
dine, a tridentate chelate). Deposition of
these two complexes on a gold electrode
surface was carried out by standard
procedures, leading to reductive cleav-
age of the S�S bridge. The adsorbed


species can be viewed as [2]catenanes
for which the gold atoms of the elec-
trode surface are an integral fragment of
one of the two rings. They yield clear
electrochemical responses, but no mo-
tion is observed for the catenane incor-
porating a phen unit and a terpy frag-
ment in one of the two rings, regardless
of the metal oxidation state. This is at


odds with the behavior of the parent
compound in solution, which undergoes
ring-gliding motions upon electrochem-
ical reduction or oxidation of the copper
center. Near-field microscopy was used
to study the deposited layers (STM and
AFM). STM images suggest that the
molecules do not tend to order at long
range on the surface. Polarization mod-
ulation ± infrared reflection absorption
spectroscopy (PM-IRRAS) led to prom-
ising results: the two catenanes depos-
ited are likely to be oriented perpendic-
ular to the gold surface.


Keywords: catenanes ¥ molecular
devices ¥ monolayers ¥ rotaxanes ¥
self-assembly


Introduction


If bistable molecules, ™molecular machines∫, and switchable
systems are to find applications one day, especially in relation
to information storage and processing, it is clear that these
species will have to be assembled in two- or three-dimensional
arrays. A promising possibility is the deposition of the
compounds to be used on solid surfaces, allowing subsequent
visualization of individual molecules by means of near-field
microscopy techniques.


So far, catenanes and rotaxanes represent the best proto-
types of molecular machines, that is, multicomponent systems


of which certain parts can be set in motion by an external
signal, while the other parts can be regarded as motionless.[1, 2]


This special feature of interlocked and threaded ring-con-
taining assemblies originates from their special ability to
undergo large-amplitude but nondestructive motions in a
precisely controlled fashion. Only a few reports have men-
tioned surface-confined catenanes and rotaxanes so far. The
molecules have either been deposited onto an electrode
surface by oxidative electropolymerization of pyrrole- or
thiophene-substituted precursors (in order to afford a film[3])
or have been adsorbed onto a gold surface by formation of an
Au�S bond,[4, 5] following the strategy used very successfully
by several groups to make SAMs (self-assembled monolay-
ers).[6] Another promising approach relies on the ability of
certain ionic catenanes to form Langmuir films at an air/water
interface.[7a] Threading and dethreading of pseudorotaxanes
trapped in a rigid matrix or tethered onto a silica film was
recently described.[7b]


We would now like to report deposition on a gold surface of
two kinds of copper(�)-containing architectures: [2]catenanes
incorporating a disulfide bridge in one ring, and pseudo-
rotaxanes whose threaded fragment is end-functionalized by
thiol functions. The present paper describes synthesis, ad-
sorption, and electrochemical properties of the compounds in
solution as well as when deposited onto the gold surface. In
particular we describe a switchable catenane that can easily be
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Supporting information for this article is available on the WWWunder
http://www.wiley-vch.de/home/chemistry/ or from the author. 1: Infra-
red spectra of [Cu ¥ 2]� as a powder (black line, transmission IR
spectroscopy) and as a SAM on gold (dotted line, PM-IRRAS).
(Spectra offset and scaled for clarity; significant peaks marked with an
asterisk.) 2: STM image (819� 819 nm2) of a monolayer of [Cu ¥ 3]� on
Au(111) on mica.
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set in motion in solution by the action of an electro-
chemical signal (CuII/CuI). In addition, a set of experi-
ments was carried out to study the behavior of this
compound once it was adsorbed onto a gold surface.
Surface studies performed on well-characterized surface-
immobilized catenanes permitted visualization of the
molecules and even the estimation of their relative
orientation with respect to the surface.


Results and Discussion


Design, synthesis, and characterization : The three-di-
mensional template effect of copper(�), introduced almost
two decades years ago, made catenanes, rotaxanes, and
related systems readily accessible from a preparative
point of view.[8] The strategy developed by some of us to
prepare catenanes is based on a precursor consisting of
two phenanthroline-type ligands entwined around a CuI


center. Indeed, reacting the end functionalities of the
acyclic ligands with bifunctionalized molecular links leads
to the formation of a catenane. Another strategy, which
has been exploited in the present work, consists in using a
particular precursor in which one of the ligands is already
a macrocycle: the acyclic ligand is threaded through the
macrocycle, forming a prerotaxane species before being
closed. This alternative strategy is well suited to the
synthesis of disymmetrical catenanes or rotaxanes.[9]


These threading steps, involving different coordinat-
ing macrocycles and 2,9-diphenyl-1,10-phenanthroline
(dpp)-containing acyclic ligands, are represented in
Scheme 1a, b, c. The copper(�) complex [Cu ¥1]� is a pseudo-
rotaxane whose wheel 4 and axle 5 (Scheme 1a) both
incorporate a dpp unit. The axle is end-functionalized by
thiol groups at each end, and small alkyl chains have been
introduced on the 4- and 7-positions of the phenanthro-
line unit in order to reduce solubility problems. Pseudo-
rotaxane [Cu ¥ 1]� was obtained by threading ligand 5–the
axle–through the coordinating macrocycle 4, using the
templating effect of CuI. Due to the particularly high
stability of [Cu(dpp)2] complexes,[10] the threading step is
quantitative. Macrocycle 4[11] incorporates one bidentate
site, a dpp unit. The phenanthroline-attached phenyl
groups are joined through a pentaoxoethylene chain,


Scheme 1. a) Representation of the threading step leading to
prerotaxane [Cu ¥ 1]� . b, c) Threading steps leading to precatenane
structures [Cu(4)(6)]� and [Cu(6)(7)]� . d) Ring-closing reaction
leading to the homoleptic catenane [Cu ¥ 2]� . Each macrocycle
includes a dpp unit as coordinating site. e) Ring-closing reaction
leading to the heteroleptic catenane [Cu ¥ 3]� . One of the rings
includes both a bidentate (dpp) and a tridentate (terpy) coordinating
site. f) The dpp-based coordinating subunit of [Cu(4)(6)]� and
[Cu(6)(7)]� , which includes a disulfide fragment. Macrocycle 8 is a
34-membered ring. g) Synthetic route leading from 2-[2-(2-iodo-
ethoxy)ethoxy]ethanol to the dielectrophilic reagent 9 : i) sodium
thiosulfate, EtOH, reflux, 50%, j) HCl, H2O, reflux, k) O2, l) MsCl,
NEt3, �5 �C, m) LiBr, acetone, reflux. h) Demetalation of the
tetracoordinated Cu(�) catenane and subsequent remetalation with
Cu(��) salt leads to the pentacoordinated copper(��) catenane [Cu ¥ 3]2�.
The prefixal numbers 4- and 5- (in italics) indicate the coordination
numbers.
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which is linked to the 4,4�-positions through oxygen atoms.
Ligand 5 is a bis-para-functionalized 4,7-dipropyl-2,9-bis(p-
hydroxyphenyl)-1,10-phenanthroline. The para positions are
linked to thiol functionalities by butyl chains.[5a] Owing to its
sensitivity towards oxygen, 5 had to be freshly prepared
before the threading step leading to [Cu ¥ 1]� and the
adsorption experiments (vide infra). Ligand 5 was prepared
by hydrolysis of the stable thioacetate precursor, 4,7-dipropyl-
2,9-bis-[p-(4-thioacetatobutane-1-oxy)phenyl]-1,10-phenan-
throline, the synthesis of which has been previously de-
scribed.[5a] Compounds [Cu ¥ (4)(6)]� (Scheme 1b) and [Cu ¥
(6)(7)]� (Scheme 1c) are the precursors of [Cu ¥ 2]�


(Schemes 2 and 1d) and [Cu ¥ 3]� (Schemes 2 and 1e). Both
[Cu ¥ 2]� and [Cu ¥ 3]� are copper [2]catenanes. In [Cu ¥ 2]� ,
each macrocycle contains the same coordinating fragment, a


Scheme 2. Pseudorotaxane [Cu ¥ 1]� and homo- and heteroleptic copper(�)
[2]catenanes [Cu ¥ 2]� and [Cu ¥ 3]� . The axle of the pseudorotaxane is
functionalized by thiol groups at each end. Each catenane contains a
coordinating ring that includes a disulfide bridge.


dpp unit, but one of the macrocycles, 8 (Scheme 1 f), includes
a disulfide bridge. This same ring 8 is one of the elements of
catenane [Cu ¥ 3]� , in which the second ring 7[12a] is a
heterobischelating macrocycle, including a tridentate site (a
terpyridine unit, terpy) and a bidentate site (a phenanthroline
unit, dpp). The coordination number of the metal atom, N, is
clearly defined for [Cu ¥ 2]� (N� 4) whatever the oxidation
state of the metal is. In contrast, in catenane [Cu ¥ 3]� , the
metal can either be tetracoordinated (N� 4), each macrocycle
providing a bidentate unit (dpp), or pentacoordinated (N� 5),
through the dpp core of one ring and the terpy core of the
other ring. The first molecular motors developed in our group
were based on this ambivalence of the coordination number
of the central metal in such systems.[12] Indeed, it was observed
that the metal is tetracoordinated in its CuI state, each
macrocycle providing a dpp unit, but pentacoordinated in the
thermodynamically stable situation of the corresponding CuII


catenanes, in which one terpy and one dpp unit surround the
metal. The behavior of catenane [Cu ¥ 3]n� after the redox
state of the metal has been changed will be described in a
later section. Pseudorotaxanes [Cu(4)(6)]� and [Cu(6)(7)]�


are formed quantitatively by reacting CuI ions
([Cu(CH3CN)4]BF4 or [Cu(CH3CN)4]PF6) with macrocycles
4 and 7, respectively, in the presence of stoichiometric


amounts of 2,9-bis(p-hydroxyphenyl)-1,10-phenanthroline
(6). The ring-closing reactions (Scheme 1d, e) transform
these threaded structures into copper [2]catenanes [Cu ¥ 2]�


(15% yield) and [Cu ¥ 3]� (12% yield), respectively. These
reactions lead to the formation of 34-membered macrocycle 8
(Scheme 1 f) interlocked with 4 or 7 in [Cu ¥ 2]� and [Cu ¥ 3]� ,
respectively. They were achieved by treating the nucleo-
philic diphenolates corresponding to [Cu(4)(6)]� and
[Cu(6)(7)]� with the disulfide-bridge-incorporating chain 9
(Scheme 1d, g), which bears an electrophilic carbon at each
end. Small amounts of the free macrocycle 8 were isolated in
each catenane synthesis. Both sulfur atoms of 9 are linked to a
2-(2-bromoethoxy)ethoxyethyl fragment. The sequential re-
action steps leading to 9 from 2-[2-(2-iodoethoxy)ethoxy]-
ethanol are represented in Scheme 1g. The free catenane 3
was prepared by demetalation of [Cu ¥ 3]� with KCN in a
ternary acetonitrile/dichloromethane/water solvent[8] (Sche-
me 1h). Remetalation of the free ligand with Cu(BF4)2
afforded the copper(��) complex [Cu ¥ 3]2�.


Clear evidence of the pseudorotaxane structure of [Cu ¥ 1]�


and of the catenane structures of [Cu ¥ 2]� and [Cu ¥ 3]� was
obtained by 1H NMR spectroscopy and FAB-MS. As a
consequence of the threading of molecular string 5 through
macrocycle 4, a large upfield shift of the doublets correspond-
ing to the Hm protons (Scheme 1a) of the thread (���
�1.28 ppm) and Hm� of the macrocycle (����1.09 ppm) is
observed. This shielding effect is characteristic of entwined
2,9-diaryl-1,10-phenanthroline complexes and is due to the
spatial proximity of the phenyl group of one coordinating
subunit to the phenanthroline core of the other.[13]


Similarly, for [Cu ¥ 2]� a shielding effect of ����1.21 ppm
is observed for the meta protons Hm� compared to the
corresponding protons in free ring 4 (Figure 1). A similar
shift is observed after the threading process for protons Hm of
the disulfide bridge containing macrocycle 8. For [Cu ¥ 3]� , in
which one ring, 7, incorporates two different coordinating
sites, 1H NMR confirms at once the catenane structure and
the entwining of two dpp subunits (one from each macro-
cycle) around the metal. Indeed, the upfield shifts of protons
Hm and Hm� (����1.10 ppm for Hm and �1.17 ppm for Hm�)
are close to those observed for the analogous protons in [Cu ¥
2]� , whereas protons of the terpyridine subunit in [Cu ¥ 3]�


resonate at a similar field to those in free macrocycle 7. FAB-
MS of pseudorotaxane [Cu ¥ 1]� reveals the threaded structure
of this molecular assembly: intense peaks are observed which
correspond to the loss of the counterion (m/z� 1253.0 for
[Cu ¥ 1�]), to the loss of both counterion and thread (m/z�
629.4 for [Cu ¥ 1�� 5]) and to the loss of counterion, thread,
and metal to leave the macrocycle 4 (m/z� 567.6 for [4��H]).


The positive FAB mass spectra of [Cu ¥ 2]� and [Cu ¥ 3]�


show a pattern that has already been observed for other
metallocatenanes. A characteristic feature of the mass spectra
of catenanes is the almost total absence of ions between the
molecular peak and the peak corresponding to one individual
macrocycle.[14] Thus for [Cu ¥ 2]� the spectrum shows the
molecular peak ([Cu ¥ 2�] m/z� 1287.3), and the next highest
peaks are those of each of the constituent macrocycles
complexed by a copper(�) ion, namely [Cu�4�] (m/z� 629.2)
and [Cu�8�] (m/z� 721.2), respectively. Figure 2 displays the







FULL PAPER J.-P. Sauvage, J.-M. Kern et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2156 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 92156


Figure 1. The upfield shielding of protons Ho and Hm in the copper
catenanes: representation of the aromatic region of the 1H NMR spectra of
catenane [Cu ¥ 2]� (spectrum c) and of its metal-free constituent rings 4
(spectrum b) and 8 (spectrum a).


Figure 2. FAB-MS spectrum of the heteroleptic catenane [Cu ¥ 3]� . Frag-
mentation of the copper(�) catenane [Cu ¥ 3]� (m/z� 1398.3) leads to the
formation of [Cu�7�] (m/z� 740.1) and [Cu�8�] (m/z� 721.1).


FAB mass spectrum of catenane [Cu ¥ 3]� . The main peaks
correspond to [Cu ¥ 3�] (m/z� 1398.3), [Cu�7�] (m/z� 740.1),
and [Cu�8�] (m/z� 721.1).


Deposition on a gold surface and electrochemical studies : In
the field of self-assembled monolayers, numerous authors
have taken advantage of the strong interaction between sulfur
atoms and gold.[6] The presence of thiol or disulfide function-
alities in the compounds studied here permitted their attach-
ment to a gold surface.


The electrochemical properties of both the free and the
adsorbed species are due to the copper center. The reversible


CuII/CuI transition occurs in two different potential ranges,
depending on the coordination sphere of the metal. Thus, for
complexes in which copper(�) is coordinated to two dpp units,
that is, [Cu(dpp)2]� , where the metal is tetracoordinated and
the monovalent state is strongly stabilized, oxidation of the
metal occurs between 0.55 and 0.70 V versus SCE.[15] In
contrast, in complexes where CuII is stabilized by five nitrogen
atoms (one bidentate and one tridentate ligand), a dramatic
cathodic shift (�E�� 0.7 V) is observed for the oxidation
potential of the monovalent state.[8] Fortunately, this potential
window is compatible with the SAM and no damage to the
self-assembled monolayers was observed (vide infra) when
the applied potential was in this range. Thus, the electro-
activity of the complexes allowed us to monitor the adsorption
process by cyclic voltammetry (CV). Adsorption was achieved
by immersing gold bead electrodes in dichloromethane
solutions of [Cu ¥ 1]� , [Cu ¥ 2]� , or [Cu ¥ 3]� . After the adsorp-
tion time, the gold beads were thoroughly rinsed with CH2Cl2,
dipped into dichloromethane containing only Bu4NBF4 as
supporting electrolyte, and used as working electrodes. Fig-
ure 3a depicts the characteristic CV curves obtained after
dipping a gold bead into a solution of [Cu ¥ 1]� . Figure 3b
illustrates, for comparison, the electrochemical response of
the threaded complex [Cu ¥ 1]� in solution.


Figure 3. a) Cyclic voltammetric response of a gold bead electrode
(CH2Cl2, 10�1 molL�1 Bu4NBF4) after being dipped (20 min) in a solution
of prerotaxane [Cu ¥ 1]� (10�3 molL�1) in CH2Cl2 and rinsed. The potential
scan rate was successively increased from 50 mVs�1 (curve i) to 400 mV s�1


(curve m). b) Cyclic voltammetric response of the same complex [Cu ¥ 1]� in
solution (CH2Cl2, 10�1 molL�1 nBu4NBF4, Pt electrode, 0.5 mmolL�1,
potential sweep rate: 100 mVs�1).
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In Figure 3a, the presence of a reversible electron transfer
at 0.61 V versus silver quasireference is evident. This potential
corresponds to the oxidation/reduction process of the bisdiar-
ylphenanthroline CuI moiety. The difference in potential
(�Ep) between oxidation and reduction peaks is less than
60 mV (30 mV at a sweep rate of 100 mVs�1) and no
broadening of �Ep was observed when the potential sweep
rate v was increased (v was varied from 50 to 400 mVs�1;
curves i ±m in Figure 3a). This is characteristic of surface-
confined species. The intensity of the anodic and cathodic
peak current increases linearly with the sweep rate v, as
expected too for a reversible anchored redox species. The
stability of the adsorbed complex is remarkable; less than
15% decrease in electroactivity was observed after 60 cycles.
The adsorption process itself is fast, and the coverage of the
gold surface can reach its maximum value as soon as after
15 minutes dipping.


The electrochemical response of a gold bead electrode after
it had been dipped in a solution containing a copper(�)
threaded complex evidences the adsorption of a bis-dpp
structure onto the surface. Undoubtedly, this strong adsorp-
tion, as shown by the stability of the electrochemical response,
is a consequence of Au�S bond formation. Indeed, adsorption
experiments using similar structures but free of thiol functions
led only to weak and unstable electrode coverages.


As a consequence of the adsorption of the thiol functions of
the thread of the CuI prerotaxane [Cu ¥ 1]� , the gold-adsorbed
species can be viewed as a [2]catenane in which the gold atoms
of the surface are an integral part of one of the rings
(Scheme 3a). In this particular catenane, the gold atoms are
part of the assembly. They act as a link between the two ends
of the thread, converting a rotaxane-like assembly to a
catenane one. However, due to the pronounced reducing
character of the thiol functionality, only the copper(�) pre-
rotaxane can be prepared and consequently adsorbed. The
corresponding copper(��) rotaxane is too strong an oxidant to
be compatible with the presence of thiol functionalities in the
molecular structure. The reducing power of the thiol func-
tionalities also explains the low stability of [Cu ¥ 1]� and of the
free molecular thread 5 in the presence of air, which leads
progressively to the formation of insoluble polydisulfide
material. Going from the threaded structure [Cu ¥ 1]� to the
catenane structure [Cu ¥ 2]� or [Cu ¥ 3]� allowed us to over-
come these difficulties. Indeed, the disulfide bridge present in
8, which is one of the constituent rings of both catenanes
[Cu ¥ 2]� and [Cu ¥ 3]� , is chemically inert towards oxidation
and will act as an alternative to the thiol functionality in the
adsorption process. Moreover, mechanical linkage of the rings
in the catenanes excludes the possibility of ligand exchange
around the metal in the course of the adsorption process. The
electrochemical behavior of the molecular catenane [Cu ¥ 2]�


is as expected for a dpp-based copper catenane.[15] The
reversible redox process occurs at 0.69 V versus a silver
quasireference electrode. An adsorption phenomenon was
observed when a gold bead electrode was dipped into a
solution of [Cu ¥ 2]� . This was evidenced by the persistence of
the redox signal centered at 0.58 V after the electrode had
been treated as described above. Here again, the redox signal
is attributed to the [CuII(dpp)2]/[CuI(dpp)2] transition, and the


Scheme 3. Schematic representation of the adsorption processes leading:
a) from a pseudorotaxane structure to a catenane state; b) from a
molecular catenane to a surface-confined catenane in which gold atoms
are constituent elements of one ring; c) from polydisulfide material formed
in solution by oxidation of the thiol functions of the pseudorotaxane
[Cu ¥ 1]� to immobilized polyrotaxanes.


electrochemical response of the modified electrode is very
similar to that observed after adsorption of [Cu ¥ 1]�: a
potential difference between oxidation and reduction peaks
inferior to 60 mV (�Ep� 20 mV), linear increase of the
intensity of the redox signals with the potential sweep (50 to
400 mVs�1) but no modification of the potential of the
oxidation and reduction peaks. But in that case the adsorption
process represented schematically in Scheme 3b leads from a
molecular catenane in solution to a surface-anchored one.
During this transformation, the disulfide bridge of ring 8 is
likely to be cleaved,[16] , leading to two Au�S bonds. Con-
sequently, ring 8 is converted into a new species, which can
again be considered as a well-defined macrocycle, but in
which gold atoms are constituent elements of the ring.


In solution, the electrochemical behavior of [Cu ¥ 3]� is
markedly different from those of [Cu ¥ 1]� and [Cu ¥ 2]� .
Indeed, one of the rings, ring 7, of this catenane includes
two different coordinating sites, a dpp and a terpy unit. Owing
to the pronounced difference of the stereoelectronic require-
ments of copper(�) and copper(��), a reorganization of the
coordination sphere of the metal, and subsequently of the
rings around the metal, could be expected after the change in
its redox state.[17]


Figure 4a illustrates the electrochemical behavior of
[Cu ¥ 3]� in a Et4NBF4 acetonitrile solution. The signal
occurring at 0.71 V corresponds to the tetracoordinate CuII/I


couple and is in accordance with the 1H NMR observations,
which indicate that two dpp units (each macrocycle included
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Figure 4. Cyclic voltammetry curves recorded with a Pt working electrode
at sweep rate 50 mVs�1 (CH3CN, 10�1 molL�1 Bu4NBF4, Ag wire
pseudoreference): a) tetracoordinated copper(�) catenane 4-[Cu ¥ 3]� ;
b) chemically prepared pentacoordinated copper(��) catenane 5-[Cu ¥ 3]2�.


in [Cu ¥ 3]� providing one unit) are entwined around the metal
(vide supra). In addition, it can be observed that the
intensities of the cathodic and anodic peaks are equal,
showing that no transformation or reorganization of the
tetracoordinated CuII complex (formed in the diffusion layer
during the oxidation process) occurs on the time scale of the
measurement (potential sweep rate: 100 mVs�1).


In contrast, the corresponding CuII catenane [Cu ¥ 3]2�


prepared by metalation of the free ligand 3 behaves very
differently in solution (Figure 4b). In the experiment repre-
sented in Figure 4b, the potential sweep was started at�1.0 V,
a potential at which no electron transfer should occur,
whatever the surroundings of the central CuII are (penta- or
tetracoordination). The curve, recorded at 100 mVs�1, has two
cathodic peaks: a small one located at�0.60 V followed by an
intense one at �0.13 V. Only one anodic peak, at 0.67 V,
appears during the reverse sweep. The weak peak at 0.60 V is
due to the presence of small quantities of tetrahedral [Cu ¥ 3]� .
Indeed, in the preparation of [Cu ¥ 3]2�, we always observed
the formation of a small proportion of the CuI catenane. This
phenomenon is probably due to the presence of trace amounts
of organic electron donors or to a small proportion of ligand
acting as an irreversible reducing agent. The main cathodic
peak at �0.13 V is characteristic of pentacoordinated CuII.
These observations confirm that in [Cu ¥ 3]2� prepared by
metalation of the free catenane with CuII ions the central
metal is coordinated to the tridentate terpy site of ring 7 and
to the bidentate dpp site of ring 8. The irreversibility of this
peak means that the pentacoordinated CuI species formed in
the diffusion layer when the potential is swept cathodically is
transformed very rapidly and in any case before the electrode
potential becomes more anodic than the potential of the
pentacoordinated CuII/CuI redox system. The irreversible
character of the wave at �0.13 V and the appearance of an
anodic peak at the value of �0.60 V indicates that the
transient species formed by reduction of pentahedral 5-[Cu ¥
3]2� (5 indicating the coordination number of the metal) has


undergone a complete rearrangement that leads to a tetra-
coordinated CuI catenane. These two complementary cyclic
voltammetry experiments confirm that in this catenane, as in
previously studied related systems,[12] the tetracoordinated
CuI state is more stable than the pentacoordinated one, and
the pentacoordinated CuII state is more stable than the
tetracoordinated one. Moreover, it was observed that the
rearrangement rates from the less to the more stable geo-
metries are dramatically different for the two oxidation states
of the metal: although the isomerization of 5-[Cu ¥ 3]� into
4-[Cu ¥ 3]� occurs on the same time scale as the cyclic
voltammetry, the rearrangement of 4-[Cu ¥ 3]2� into the
thermodynamically more stable species, 5-[Cu ¥ 3]2�, is too
slow to be monitored by this electrochemical technique.


Triggering intramolecular motions in immobilized species
at will is a challenging target. From a structural point of view,
this should be possible with the gold-adsorbed [Cu ¥ 3]n�


species. Two sets of experiments were performed in order to
check whether catenane-containing SAMs are suitable can-
didates for the elaboration of surface-attached molecular
devices. In a first series, [Cu ¥ 3]� was adsorbed onto a gold
bead. The adsorption process took place as for [Cu ¥ 1]� or
[Cu ¥ 2]� , as illustrated in Figure 5a. This modified electrode
was polarized at 1.0 V, and CV curves were recorded at


Figure 5. a) Cyclic voltammetric response of a gold bead electrode:
a) after dipping (15 min) in a solution of [Cu ¥ 3]� and rinsing; b) after
dipping (18 h) in a solution of [Cu ¥ 3]2� and rinsing. Medium: CH2Cl2,
10�1 molL�1 Bu4NBF4. Potential sweep rate: 50 mVs�1.


regular intervals. These curves remained unchanged from that
represented in Figure 5a, which was recorded immediately
after the adsorption step. Observations made with the surface-
confined species underline the kinetic inertness of tetracoor-
dinated 4-[Cu ¥ 3]2� and are similar to those made with
[Cu ¥ 3]� in solution. In a second run, chemically prepared
5-[Cu ¥ 3]2�, in which the metal has a pentacoordinated
environment, was adsorbed on gold by means of the same
procedure as for [Cu ¥ 1]� and [Cu ¥ 2]� . In order to observe
movements inside the SAM, the potential sweep was started
at �0.9 V, a potential at which no electron transfer should
occur, regardless of the surroundings of the copper center, in
other words, whether there are four or five coordinated atoms.
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CV measurements evidenced the formation of an electro-
active layer on the gold surface. Despite the fact that the
waves are less well defined, it is clear from Figure 5b that two
redox systems, called Ep1 and Ep2, are present. The potential
difference between these two systems is nearly the same as
that observed for the [Cu(dpp)2]2�/� and [Cu(dpp, terpy)]2�/�


moieties in solution. In the previous section it was emphasized
that the preparation of 5-[Cu ¥ 3]2� is accompanied by the
formation of 4-[Cu ¥ 3]� , a fact that may explain the presence
of wave Ep1 in Figure 5b. Assuming that the more cathodi-
cally located wave Ep2 corresponds to the reduction of
adsorbed 5-[Cu ¥ 3]2�, polarization of the modified electrode at
a potential more negative than Ep2 should lead to the
reduction of the whole SAM including the pentacoordinated
CuII catenane. The electrochemical study of 5-[Cu ¥ 3]2� in
solution showed that 5-[Cu ¥ 3]� is less stable than 4-[Cu ¥ 3]� ,
and that electrogeneration of 5-[Cu ¥ 3]� is rapidly followed by
its transformation to the thermodynamically more stable
linkage isomer 4-[Cu ¥ 3]� . If the same process occurred for
anchored 5-[Cu ¥ 3]� , an increase in the intensity of Ep1 and a
decrease in that of Ep2 would be expected when successive
cyclic potential scans from positive to negative values were
carried out with the Au ± 5-[Cu ¥ 3]2� entity. However, even
when the potential was scanned slowly (50 mVs�1) and
continuously from 1.0 to �0.3 Vand vice versa, or even when
the electrode potential was polarized at �0.3 V for 120 s, no
modification of the shape of the CV curves was observed. In
particular, no peak increase of the Ep1 intensity was observed
when scanning cathodically from 0.9 V at the second scan.
These experiments seem to indicate that intramolecular
motions in this surface-confined pentacoordinated CuI cate-
nane are markedly slowed down in comparison with the
molecular species in solution, if not totally frozen.


Surface studies : Electrochemical studies evidenced the ad-
sorption on gold of threaded and interlocked copper com-
plexes. Knowledge of the coverage ratio of the host metal
gives useful information on the formation of mono- or
multilayers. The organization of the layer(s) was investigated
by AFM (atomic force microscopy) and STM (scanning
tunneling microscopy) techniques. PM-IRRAS (polarization
modulation ± infrared reflection absorption spectroscopy) was
used to collect information about the orientation of the
adsorbed species on the surface.


The roughness factor of the gold surface was determined by
iodine chemisorption[18] to give the developed area of the
electrode. The amount of electroactive species deposited onto
the metal was simply deduced from the CV curves by
determination of the quantity of current needed for oxidation
and/or reduction of the SAM. The area occupied by adsor-
bates on the surface was determined by projection of their
CPK models onto a plane and was estimated to be roughly
280 ä2. The corresponding diameter of the adsorbates
(�19 ä) is in accordance with the size of the dots observed
by STM (vide infra). The coverage ratio � was then obtained
by division of the surface area of the SAM by the developed
surface area of the electrode. For threaded complex [Cu ¥ 1]� ,
in which a thiol group is attached at each end of the axle,
evaluation of the coverage ratio � led to values superior to


100%. On the other hand, the relatively low � value (43%)
obtained in the case of [Cu ¥ 2]� is an indication that the
adsorption process of this complex does not lead to a compact
layer on the gold surface. For [Cu ¥ 1]� , the � value is
abnormally high, suggesting that more than one monolayer
of adsorbed [Cu ¥ 1]� is anchored to the gold surface. This
observation could be related to the chemical instability of
[Cu ¥ 1]� mentioned in the previous section. Indeed, the
polydisulfide material obtained by oxidation of the thiol end
groups can adsorb onto gold, either through some disulfide
bridges present in the structure or through the thiol function-
alities. The coverage ratio being based on the intensity of the
electrochemical response of the copper centers present on the
electrode surface, the adsorption of oligomers of [Cu ¥ 1]� can
actually yield � values larger than 1 (Scheme 3c).


Infrared analysis of [Cu ¥ 3]� SAM on gold : Figure 6 shows the
PM-IRRAS spectrum of a monolayer of [Cu ¥ 3]� on gold,
together with the transmission IR spectrum of the same
compound as a powder (KBr pellet). Several peaks (at 1538,
1458, 1360, and 1330 cm�1, for example) appear significantly


Figure 6. Infrared spectra of [Cu ¥ 3]� as a powder (unbroken line, trans-
mission IR spectroscopy) and as a SAM on gold (dotted line, PM-IRRAS).
The spectra are offset and scaled for clarity. Significant peaks are marked
with an asterisk.


more intense with respect to the other peaks in the PM-
IRRAS spectrum than in the transmission IR spectrum. These
peaks are likely to arise from in-plane transition moments
coming from the aromatic groups of the molecule: phenan-
throline, pyridine, or phenyl groups.[19, 20] As PM-IRRAS is
only sensitive to transition dipolar moments perpendicular to
the metal surface, these aromatic groups are likely to be
oriented perpendicular to the plane of the substrate. Thus, the
[Cu ¥ 3]� molecule is likely to adsorb on gold with its two rings
roughly perpendicular to the gold surface.


Similar conclusions can be obtained from the IR and PM-
IRRAS spectra of catenane [Cu ¥ 2]� in the powder state and
as a SAM on a gold surface. This molecule is likely to be
oriented perpendicularly to the gold surface as [Cu ¥ 3]� .
These observations are important since they demonstrate that
a certain level of geometrical control can be reached at the
electrode surface.


AFM and STM investigation of [Cu ¥ 3]� SAM on gold : STM
and AFM were used to characterize the texture of the film
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formed by adsorption of catenane molecules [Cu ¥ 3]� onto
gold surfaces (adsorption time 15 min). As shown in Figure 7,
the adsorbed molecules form a homogeneous layer with a
slightly grainy texture.


Figure 7. Tapping-mode image (387� 387 nm2) of a layer of [Cu ¥ 3]�


molecules on a gold substrate. The vertical distance between the markers
is 0.36 nm.


Large-scale STM images (available as Supporting Informa-
tion) confirm that the layer is homogeneous in terms of
electron transmission properties too. At some places some
holes were observed in the layer, as shown in Figure 8a. The
figure also corroborates the AFM data concerning the grainy
texture. The absence of grainy texture in the black areas,
together with the homogeneity of the layer over a large area,
seems to indicate that a monolayer is formed. At lower
imaging current, it was possible to resolve the grainy structure
by STM. This is shown in Figure 8b. Though the image is
noisy, a fine texture consisting of dots of the same gross size is


Figure 8. a) STM image (203� 203 nm2) of a layer of [Cu ¥ 3]� molecules
on a gold substrate. Vt� 916 mV, It� 57 pA. The black area corresponds to
holes in the layer of molecules. b) The inset shows a different place (100�
100 nm) on the same layer with different imaging conditions : Vt� 550 mV,
It� 2.5 pA.


visible. These dots are 2 ± 3 nm in diameter, which is
comparable to the expected size of a [Cu ¥ 3]� molecule.
Taking this into account along with the fact that the images
were stable with time, we believe that these dots may
correspond to individual [Cu ¥ 3]� molecules. No long-range
ordering of these molecules was found. At some places,
however, a compact or a square arrangement was observed,
but never involving more than 8 ± 10 molecules.


Conclusion


In this work a strategy to form surface-bound dynamic
systems was explored. The synthesis of a diphenyl-based
copper(�) prerotaxane and two copper catenanes has been
described. Grafting of thiol functionalities onto both ends of
the axle of the prerotaxane allowed its adsorption onto a gold
surface and the formation of a hybrid architecture in which
atoms of the metal electrode belong to one of the rings of the
catenane. Similarly, adsorption of molecular copper catenanes
in which one ring includes a disulfide bridge leads to SAMs. In
the particular case of the heteroleptic copper catenane
[Cu ¥ 3]� , in which one ring includes a bidentate site and a
tridentate site, the bistability was investigated by cyclic
voltammetry. As for previously described analogous systems,
a great difference was observed between the kinetic stability
of pentacoordinated Cu(�) catenanes and that of tetracoordi-
nated Cu(��) catenanes. In the case of the adsorbed species, the
bistable phenomenon could not be demonstrated, whereas it
could for the molecular catenanes in solution. Near-field
microscopy techniques, AFM and STM, allowed observation
of the monolayers formed by the adsorbed molecules, in
which nevertheless there was no long-range order visible. PM-
IRRAS studies of the surface-confined catenanes provided
interesting information about the relative orientations of the
interlocked rings, which are both roughly perpendicular to the
surface.


Experimental Section


General methods : Oxygen or water-sensitive reactions were conducted
under a positive pressure of argon in oven-dried glassware, by Schlenk
techniques. Common reagents and materials were purchased from com-
mercial sources. The following materials were prepared according to
literature procedures: [Cu ¥ 1]� ,[5a] 4,[11] 5,[5a] 6,[11] 7,[12a] [Cu(CH3CN)4BF4],[21]


[Cu(CH3CN)4PF6],[22] and 2-[2-(2-iodoethoxy)ethoxy]ethanol.[23] Column
chromatography was carried out on silica gel 60 (E. Merck, 70 ± 230 mesh).
1H NMR spectra were obtained on either a Bruker WP200SY (200 MHz)
or an AM400 (400 MHz) spectrometer. NMR chemical shifts � are
expressed relative to internal solvent peaks. The coupling constants J are
measured in Hz. Labels for the protons of the prerotaxane [Cu ¥ 1]� , the
[2]catenanes [Cu ¥ 2]� and [Cu ¥ 3]� , and their precursors are provided in
Scheme 1. Fast-atom bombardment mass spectrometry (FAB MS) data
were recorded in the positive ion mode with a xenon primary atom beam in
conjunction with a 3-nitrobenzyl alcohol matrix and a ZAB-HF mass
spectrometer. A VG BIOQ triple quadrupole spectrometer was used for
the electrospray mass spectrometry measurements (ES-MS), also in the
positive ion mode.


2-[2-(2-Sodiothiosulfatoethoxy)ethoxy]ethanol (10, Bunte salt): A solution
of pentahydrated sodium thiosulfate (7.13 g, 28.3 mmol) in water (20 mL)
was added to a refluxing solution of 2-[2-(2-iodoethoxy)ethoxy]ethanol
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(5.72 g, 21.9 mmol) in ethanol (30 mL). After the solvents had been
removed, the residue was taken up in ethanol and filtered to eliminate the
remaining sodium thiosulfate. The solvent was then removed and cold
acetone was added to dissolve the sodium iodide produced by the reaction.
The product was filtered and dried. The isolated white crystals (5.11 g)
contained approximately 40% sodium iodine (estimated by ES-MS), which
gives a rough 50% yield for the reaction. White solid; 1H NMR (200 MHz,
CDCl3): �� 3.82 (t, 3J(H,H)� 6.7 Hz, 2H; Hf), 3.6 ± 3.4 (m, 8H; Hb,c,d,e),
3.17 (t, 3J� 6.6 Hz, 2H; Ha).


2-[2-(2-Mercaptoethoxy)ethoxy]-ethanol (11) and 2-{2-{2-{2-[2-(2-hydroxy-
ethoxy)ethoxy]ethyldisulfanyl}ethoxy}ethoxy}ethanol (12): A solution of
molar hydrochloric acid (40 mL, 0.04 mol) was added to a solution of 10
(3.208 g, 11.9 mmol) in 10 mL ethanol and left for 15 hours. The solvents
were then removed and the residue was taken up in CH2Cl2/H2O. The thiol
11 was extracted with CH2Cl2 and the organic layer stirred in the presence
of air over one night without further purification of 11. After removing the
solvent, the resulting dark orange oil was purified by flash column
chromatography (SiO2, eluent CH2Cl2/MeOH 2%). The product was
isolated (1.11 g) in quantitative yield.


Compound 12 : Yellow oil; 1H NMR (200 MHz, CDCl3): �� 3.8 ± 3.6 (m,
20H; Hb,c,d,e,f), 2.93 (t, 4H, 3J� 6.7 Hz, 4H; Ha), 1.71 (s, 2H; OH).


Methanesulfonic acid 2-{2-{2-{2-[2-(2-methanesulfonyloxyethoxy)ethoxy]-
ethyldisulanyl}ethoxy}ethoxy}ethyl ester (13): A solution of mesyl chloride
(1.15 mL, 14.8 mmol) in CH2Cl2 (6 mL) was added dropwise under argon to
a degassed solution of 12 (966 mg, 2.92 mmol) and triethylamine (4.52 mL,
32.4 mmol) at �5 �C in CH2Cl2. The temperature was maintained below
0 �C during the addition. The mixture was stirred for 3 h at �5 �C before
being brought to RT. The solution turned from colorless to pale yellow. It
was washed with H2O and dried over Na2SO4. After the solvent had been
removed, a yellow oil was isolated and purified by flash column
chromatography (SiO2, eluent CH2Cl2/MeOH 0.5%). The product was
obtained in 78% yield (929 mg, 2.01 mmol). 13 : Colorless oil. 1H NMR
(200 MHz, CDCl3): �� 4.38 (m, 4H; Hf), 3.8 ± 3.6 (m, 16H; Hb,c,d,e), 3.07 (s,
6H; CH3), 2.88 (t, 3J� 6.5 Hz, 4H; Ha).


2-{2-{2-{2-[2-(2-Bromoethoxy)ethoxy]ethyldisulfanyl}ethoxy}ethoxy}bro-
moethane (9): A solution of 13 (384 mg, 0.831 mmol) in acetone (20 mL)
was refluxed for 13 h in the presence of LiBr (820 mg, 9.46 mmol) under
argon. After the solvent had been removed, the residue was taken up in
CH2Cl2/H2O. Extraction with CH2Cl2 and drying over Na2SO4 left, after
evaporation of the solvent, a yellow oil (343 mg, 0.75 mmol) whose purity
was good enough (�95% by NMR) to be used without further purification.
Yellow oil; 1H NMR (200 MHz, CDCl3): �� 3.9 ± 3.6 (m, 16H; Hb,c,d,e), 3.48
(t, 3J� 6Hz, 4H; Hf), 2.89 (t, 3J� 6.6 Hz, 4H; Ha).


Threaded complex [Cu ¥ (4)(6)]� and catenane [Cu ¥ 2]�: By the cannula
transfer technique, [Cu(CH3CN)4]BF4 (207 mg, 0.66 mmol) in degassed
acetonitrile (15 mL) was added under argon and at RT to a stirred,
degassed pale yellow solution of macrocycle 4 (347 mg, 0.61 mmol) in
CH2Cl2 (40 mL). A deep orange coloration appeared immediately. After
15 min at RT, a solution of 2,9-diphenol-1,10-phenanthroline (6 ; 221 mg,
0.61 mmol) in DMF (25 mL) was added by cannula to the solution, which
instantly turned dark red. After the solution had been stirred for 30 min
under argon at RT, the solvents were removed under high vacuum:
precatenane [Cu(4)(6)]� was obtained as a dark red-brown powder. This
product was dissolved in DMF (50 mL) with 9 (303 mg; 0.66 mmol). This
degassed mixture was added dropwise over 24 h to a degassed solution of
Cs2CO3 (601 mg, 1.84 mmol) in DMF (70 mL) at 58 �C. After addition, the
solution was stirred for a further 12 h. The DMF was then removed, and the
residue was taken up in CH2Cl2 and washed three times with water
containing ascorbic acid, and three times with water. The organic layer was
dried on Na2SO4, and the solvent was removed. Before purification, the
counterions were exchanged from BF4


� to PF6
�. The product was then


purified by several flash column chromatographies (Al2O3; eluent CH2Cl2)
to give a dark red powder (118 mg; 15%). Small quantities of the less polar
free macrocycle 8 were isolated too.


[Cu ¥ 2]PF6 : Dark red solid; 1H NMR (400 MHz, ROESY, CD2Cl2): ��
8.65 (d, 3J� 8.4 Hz, 2H; H4), 8.56 (d, 3J� 8.4 Hz, 2H; H4�), 8.24 (s, 2H; H5),
8.18 (s, 2H; H5�), 7.87 (d, 3J� 8.4 Hz, 2H; H3), 7.85 (d, 3J� 8.4 Hz, 2H; H3�),
7.39 (d, 3J� 8.8 Hz, 4H; Ho), 7.32 (d, 3J� 8.8 Hz, 4H; Ho�), 6.07 (d, 3J�
8.8 Hz, 4H; Hm), 6.02 (d, 3J� 8.8 Hz, 4H; Hm�); 3.84 (m, 8H; H�, H��), 3.72


(m, 20H; H�,�,�,�,��), 3.59 (m, 8H; H��,��); 3.48 (m, 4H; H��), 3.00 (t, 3J�
6.4 Hz, 4H; H�); FAB-MS: found m/z� 1287.3 [M��PF6]; calcd: 1287.4.


Macrocycle 8 : White solid; 1H NMR (200 MHz, CD2Cl2): �� 8.46 (d, 3J�
8.9 Hz, 4H; Ho), 8.24 (d, 3J� 8.4 Hz, 2H; H4), 8.06 (d, 3J� 8.4 Hz, 2H; H3),
7.73 (s, 2H; H5), 7.15 (d, 3J� 8.9 Hz, 4H; Hm), 4.29 (t, 3J� 5.0 Hz, 4H; H�),
3.94 ± 3.66 (m, 16H; H�,�,�,�), 2.97 (t, 3J� 6.9 Hz, 4H; H�); FAB-MS: found
m/z� 659.3 [M��H]; calcd: 658.8.


Threaded complex [Cu(6)(7)]� and catenane [Cu ¥ 3]�: By the cannula
transfer technique, [Cu(CH3CN)4]BF4 (207 mg, 0.66 mmol) in degassed
acetonitrile (15 mL) was added under argon and at RT to a stirred,
degassed pale yellow solution of 7 (415 mg, 0.61 mmol) in CH2Cl2 (40 mL).
A deep orange coloration appeared immediately. After 15 min at RT, a
solution of 2,9-diphenol-1,10-phenanthroline (6, 222 mg, 0.61 mmol) in
DMF (25 mL) was added by the cannula transfer technique to the solution,
which immediately turned dark red. After the solution had been stirred for
30 min under argon at RT, the solvents were removed under high vacuum:
precatenane [Cu(6)(7)]� was obtained as a dark red-brown powder. This
product was dissolved in 50 mL DMF with 7 (303 mg, 0.66 mmol). This
degassed mixture was added dropwise for 24 h to a degassed solution of
Cs2CO3 (610 mg, 1.84 mmol) in DMF (70 mL) at 58 �C. After addition, the
solution was stirred for a further 12 h. The DMF was then removed, and the
residue was taken up in CH2Cl2 and washed three times with water
containing ascorbic acid, and three times with water. The organic layer was
dried over Na2SO4, and the solvent was removed. Before purification, the
counter ions were exchanged from BF4


� to PF6
�.The product was then


purified by several flash column chromatographies (SiO2; CH2Cl2/2%
MeOH) to give a dark red powder (112 mg, 12%). As in the case of the
synthesis of [Cu ¥ 2]� , small quantities of 8 were isolated.


[Cu ¥ 3]PF6 : Dark red solid; 1H NMR (400 MHz, ROESY, CD2Cl2): ��
8.70 (d, 3J� 8.0 Hz, 2H; Ht�3), 8.62 (d, 4J� 1.8 Hz, 2H; Ht6), 8.49 (d, 3J�
8.3 Hz, 2H; Ht3), 8.40 (d, 3J� 8.4 Hz, 2H; H4�), 8.34 (d, 3J� 8.3 Hz, 2H; H4),
8.08 (s, 4H; H5, H5�), 8.04 (t, 3J� 8.0 Hz,1H; Ht�4), 7.80 (d, 3J� 8.6 Hz, 2H;
H3�), 7.68 (dd, 3J� 8 Hz, 4J� 2 Hz, 1H; Ht4), 7.66 (d, 3J� 8.0 Hz, 2H; H3 ),
7.35 (d, 3J� 8.5 Hz, 4H; Ho�), 7.22 (d, 3J� 8.5 Hz, 4H; Ho), 5.99 (d, 3J�
8.8 Hz, 4H; Hm�), 5.97 (d, 3J� 8.8 Hz, 4H; Hm), 3.84 (t, 3J� 6.3 Hz, 4H;
H�), 3.8 ± 3.6 (m, 16H; H�,�,�,�), 3.21 (t, 3J� 7 Hz, 4H; Ha), 2.99 (t, 3J�
6.5 Hz, 4H; H�), 2.91 (m, 4H; Hb), 2.10 (m, 4H; Hc); MS (FAB-MS): found
m/z� 1398.3 [M��PF6]; calcd: 1398.4.


[2]Catenane 3 : [Cu ¥ 3]PF6 (3.2 mg, 2.07 �mol) was dissolved in CH2Cl2
(3 mL). KCN (3 mg, 46 �mol) was dissolved in water (1 mL) and added to
the former solution. The mixture was made homogeneous by addition of
acetonitrile and stirred until the initial dark red color had totally
disappeared (about 15 min). The mixture was then extracted with CH2Cl2,
washed with water, and dried over Na2SO4. The water was discarded by
pouring it into a solution of sodium hypochlorite. Evaporation of the
solvent afforded the demetalated catenane 3. Colorless solid; 1H NMR
(400 MHz, CD2Cl2): �� 8.82 (d, 3J� 8 Hz; 2H), 8.61 (d, 4J� 2 Hz; 2H),
8.45 (d, 3J� 8 Hz; 4H), 8.39 (d, 3J� 8 Hz; 2H), 8.3 ± 7.9 (several signals;
13H), 7.77 (dd, 3J� 8 Hz, 4J� 2 Hz; 2H), 7.74 (s; 2H), 7.70 (s; 2H), 7.17 (d,
3J� 9 Hz; 4H), 7.06 (d, 3J� 9 Hz; 4H), 4.29 (br; 4H), 4.0 (t, 3J� 6 Hz; 4H),
4.0 ± 3.5 (several signals; 16H), 2.95 (m; 4H), 2.79 (t, 3J� 6 Hz; 4H), 2.2
(m; 4H); MS (FAB-MS): found m/z� 1337.4 [M��H], 678.2 [7��H],
659.1 [8��H]� ; calcd: 1337.6, 678.8, 659.8.


Cu(��) catenane [Cu ¥ 3]2� : Catenane 3 (3 mg, 2.24 �mol) was dissolved in
5 mL CH2Cl2, the resulting solution completed to 10 mL by addition of
acetonitrile. A slightly substoichiometric quantity of Cu(BF4)2 dissolved in
acetonitrile was added. When the first drops of the copper(��) salt were
added, the characteristic red color of the tetracoordinated CuI catenane
appeared; further addition was rapidly accompanied by the appearance of
the pale green color of the pentacoordinated CuII catenane. Evaporation of
the solvents provided catenane [Cu ¥ 3](PF6)2 as a pale green solid.
Following the same procedure but using Cu(ClO4)2 instead of Cu(BF4)2
yielded [Cu ¥ 3](ClO4)2. Vis [Cu ¥ 3](ClO4)2: �max� 648 nm, ��
180mol�1Lcm�1 (CH3CN).


Electrochemical experiments and adsorption procedure : Electrochemical
experiments were carried out with an EGG Princeton 273A model
potentiostat equipped with an x ± y recorder (Research Electrochemistry
Software). All experiments were carried out at RT. For analytical experi-
ments, a standard three-electrode cell was used. Potentials are referenced
to an Ag wire pseudoreference electrode with 0.1 molL�1 tetrabutylam-
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monium tetrafluoroborate as supporting electrolyte in an acetonitrile/
dichloromethane 4:1 mixture as solvent. To prevent any interaction with
copper complexes and with the working gold electrode, use of electrolytes
and reference electrodes containing chloride ions was avoided. The redox
potentials of the adsorbed species were compared to those of the
corresponding molecules in solution. With ferrocene as internal standard
it was verified that the redox potential value of [Cu(dpp)2]2�/� versus the Ag
wire pseudoreference in acetonitrile is close to that versus the SCE
reference electrode.[21] A platinum disc electrode (2 mm diameter) was
used for CVexperiments. The gold bead working electrodes were made by
annealing the tip of a gold wire (99.9985%, 0.5 mm diameter) in a gas ±
oxygen flame. After being cooled, the hot gold bead was immersed in a
10�3molL�1 solution of the compound in CH2Cl2 for times varying from
10 min to 24 h. The electrode was then washed with pure CH2Cl2. Cyclic
voltammetry (double compartment cell, Pt counter electrode, Ag wire
pseudoreference electrode) was performed with the monolayer-covered
working electrode immersed in 0.1 molL�1 Bu4NBF4 (cell volume� 5 mL).
The voltammetric response of these electrodes was checked when clean
(before adsorption) in Bu4NBF4. Flat background responses in the
potential range �0 V to 1 V versus Ag�/Ag were commonly found.


General : Transition infrared spectra were recorded on a Perkin ±Elmer
1725X FTIR spectrometer. PM-IRRAS was performed on a Nicolet
Magna 860 FTIR spectrometer, equipped with a step-scan data collector, a
photoelastic modulator, a lock-in amplifier and a MCT detector.[24, 25] The
spectrometer was purged with dry nitrogen for 2 h before collection of the
spectra. 1000 scans were recorded on each sample. STM imaging was
performed at RT on a custom-made apparatus kindly donated by IBM
Zurich Research Laboratory (R¸schlikon, Switzerland). Typical imaging
conditions were 150 ± 400 mV bias tip position and 10 pA current set point.
Pt/Ir (80/20) cut tips were used. The AFM apparatus was a Nanoscope IIIa
(Digital Instruments), equipped with a scanner capable of scanning a
region of 16.8� 16.8 �m. Experiments were carried out in air at RT. The
images were recorded in tapping mode using a 225 �m long silicon
cantilever (rectangular shape, 4 mNm�1� k� 8 mNm�1, Nanoprobe
GMBH).


Materials : Gold (99.99%) was obtained from Engelhard ±Clal (Paris,
France). Chromium (99.996%) was obtained from JohnsonMatthey (Paris,
France). Silicon wafers were purchased from ACM (Villiers, France).
Chloroform used for SAM formation was distilled under nitrogen and
degassed with nitrogen bubbling.


Substrates : Gold films (100 nm thick) were thermally evaporated and
condensed onto glass slides that had been primed with chromium (2 ± 4 nm)
to promote gold adhesion. STM experiments were performed on flat
Au(111) surfaces on mica prepared by deposition of 1000 ä of gold on a
mica substrate heated to 350 �C. Such a process resulted in atomically flat
terraces of up to 500� 500 nm.


Monolayer formation : The SAM was formed by immersing gold substrates
that had just been cleaned by UV±ozone treatment in a freshly prepared
solution of the disulfide for 30 min. Then the substrate was rinsed with
chloroform, dried, and immediately studied by PM-IRRAS.
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Time-Resolved Resonance Raman Spectroscopy and Density Functional
Study of 2-Fluorenylnitrene and Its Dehydroazepine Products


Shing Yau Ong,[a] Peizhi Zhu,[a] Yuen Fan Poon,[a] King Hung Leung,[a] Wei-Hai Fang,[a, b]


and David Lee Phillips*[a]


Abstract: We report time-resolved res-
onance Raman spectra for 2-fluorenyl-
nitrene and its dehydroazepine products
acquired after photolysis of 2-fluorenyl-
nitrene in acetonitrile. The experimental
Raman band frequencies exhibit good
agreement with the calculated vibra-
tional frequencies from UBPW91/cc-
PVDZ density functional calculations
for the singlet and triplet states of the
2-fluorenylnitrene as well as BPW91/cc-
PVDZ calculations for the two dehy-


droazepine ring-expansion product spe-
cies. The decay of the 2-fluorenylnitrene
Raman signal and the appearance of the
dehydroazepine products suggest the
presence of an intermediate species
(probably an azirine) that does not
absorb very much at the 416 nm probe


wavelength used in the time-resolved
resonance Raman experiments. Com-
parison of the singlet 2-fluorenylnitrene
species with the singlet 2-fluorenylnitre-
nium ion species indicates that protona-
tion of the nitrene to give the nitrenium
ion leads to a significant enhancement of
the cyclohexadienyl character of the
phenyl rings without much change of
the C�N bond length.


Keywords: arylnitrenes ¥ arylnitre-
nium ions ¥ density functional
calculations ¥ Raman spectroscopy


Introduction


There has been a great deal of interest in the photochemistry
of aryl azides,[1±59] and a better understanding of their reaction
mechanisms has proceeded rapidly over the past decade with
the application of laser flash-photolysis techniques to directly
probe their reaction intermediates and photoproducts. Pho-
tolysis of aryl azides in solution typically leads to the
formation of a singlet nitrene species and a nitrogen molecule.
The singlet nitrene may then undergo very rapid ring
expansion to produce ketenimines (dehydroazepine), which
can be trapped by nucleophiles. In some cases (e.g., singlet
2-pyrimidylnitrene),[55] the singlet nitrene species may decay
mainly by intersystem crossing to the triplet nitrene species.
The chemistry and reaction mechanisms of singlet phenyl
nitrene has been extensively studied and well character-
ized.[7, 8, 18, 20, 21, 42±46, 52±54] Singlet phenyl nitrene has been
directly observed at room temperature[44, 45] and has a short


lifetime of �1 ns that is mainly caused by the fast ring-
expansion reaction (Ea� 2 ± 3 kcalmol�1). The lifetime of the
singlet nitrenes can become substantially longer when various
substituents are used.[16±18, 22±25, 29, 40, 55, 57] For example, photol-
ysis of polyfluorinated phenyl azides in acetonitrile have been
shown to produce singlet nitrenes with lifetimes of tens to
hundreds of nanoseconds,[40] because the ring-expansion
reaction becomes slower with a higher activation barri-
er.[16±18, 22±25, 29, 40, 55, 57] These longer lived singlet nitrene species
can be trapped more easily by nucleophiles, such as diethyl-
amine, pyridine, and tetramethylethylene. Some of these
longer lived singlet nitrenes have also been found to undergo
fast protonation reactions to produce singlet nitrenium
ions.[26, 28, 31±37, 40, 47, 48] While a great deal has been learned
about the chemistry and reaction mechanisms of arylnitrenes,
there are few reports of direct vibrational mode-specific
characterization of singlet or triplet arylnitrenes in room
temperature solutions.
In this paper, we report a time-resolved resonance Raman


spectroscopic study of arylnitrenes produced following ultra-
violet photolysis of 2-fluorenylnitrene in acetonitrile. To our
knowledge, these are the first time-resolved resonance
Raman spectra obtained for photochemically generated
arylnitrenes in room-temperature solutions. We observe a
number of vibrational Raman bands in the time-resolved
spectra and their vibrational frequencies exhibit good agree-
ment with those calculated from density functional calcula-
tions for singlet (and triplet) 2-fluorenylnitrene and their ring-


[a] D. L. Phillips, S. Y. Ong, P. Zhu, Y. F. Poon, K. H. Leung, W.-H. Fang
Department of Chemistry, The University of Hong Kong
Pokfulam Road, Hong Kong S.A.R. (P. R. China)
Fax: (�852)-2857-1586
E-mail : phillips@hkucc.hku.hk


[b] W.-H. Fang
Department of Chemistry, Beijing Normal University
Beijing 100875 (P. R. China)


Supporting information for this article is available on the WWWunder
http://www.wiley-vch.de/home/chemistry/ or from the author.


FULL PAPER


Chem. Eur. J. 2002, 8, No. 9 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2163 $ 20.00+.50/0 2163







FULL PAPER D. L. Phillips et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2164 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 92164


expansion dehyroazepine products. The experimental Raman
vibrational frequencies (in conjunction with density func-
tional computational results) provide experimental evidence
that these singlet (and/or triplet) arylnitrenes have noticeable
cyclohexadienyl character. Comparison of the singlet nitrene
species with their corresponding singlet nitrenium ion species
indicates that the degree of cyclohexadienyl character in-
creases noticeably when the singlet arylnitrenium ion is
formed. The resonance Raman bands of 2-fluorenylnitrene
decrease in intensity with no immediate formation of the
dehydroazepine products that can be observed on the micro-
second timescale. This suggests there is a dark intermediate
(probably an azirine species) formed from the 2-fluorenylni-
trene precursor which then reacts further to produce the
dehydroazepine products.


Results and Discussion


Figure 1 presents the 416 nm transient resonance Raman
spectra obtained 10 ns after 309 nm photolysis of 2-fluoren-
ylnitrene in acetonitrile (top) and in a mixed solvent system


Figure 1. Transient 416 nm resonance Raman spectrum of 2-fluorenylni-
trene (top) obtained after 309 nm photolysis of 2-fluorenylnitrene in
acetonitrile. Transient 416 nm resonance Raman spectrum of the 2-fluo-
renylnitrenium ion (bottom) obtained after 309 nm photolysis of 2-fluo-
renylnitrene in a 75% water/25% acetonitrile (by volume) mixed solvent.
The transient Raman spectra were found by subtracting a probe-only
spectrum and a pump-only spectrum from a pump/probe spectrum to
remove solvent and precursor Raman bands. Both spectra were obtained
with a pump/probe time delay of 10 ns. The asterisks mark solvent
subtraction artifacts and the daggers mark small stray light or ambient light
artifacts. The tentative vibrational assignments for some of the Raman
bands are labeled (refer to text and Tables 1 and 2 for more details).


of 75% water/25% acetonitrile by volume (bottom). Figure 2
displays the 416 nm time-resolved resonance Raman spectra
obtained 10 ns, 50 ns, 100 ns, 500 ns, 5 �s, and 10 �s after
266 nm photolysis of 2-fluorenylnitrene in acetonitrile. Ta-
bles 1 and 2 (below) give the vibrational frequencies and


Figure 2. Time-resolved resonance Raman spectra obtained after 309 nm
photolysis of 2-fluorenylnitrene in acetonitrile. The time-resolved reso-
nance Raman spectra were found by subtracting probe-only spectra and
pump-only spectra from pump/probe spectra to remove solvent and
precursor Raman bands. The spectra were obtained with different pump/
probe time delays (10, ns, 50 ns, 100 ns, 500 ns, 5 �s, and 10 �s) as indicated
next to each spectrum. The asterisks mark solvent subtraction artifacts and
the daggers mark small stray light or ambient light artifacts. The tentative
vibrational assignments for some of the Raman bands are labeled (refer to
text and Tables 1 and 2 for more details).


tentative assignments for the Raman bands observed in the
transient and time-resolved resonance Raman spectra in
acetonitrile (Figures 1 and 2). Inspection of Figure 1 shows
that the transient Raman spectrum recorded in acetonitrile is
very different than that obtained in a 75% water/25%
acetonitrile (by volume) solvent system. This indicates that
two distinctly different species are formed on the 10 ns
timescale after photolysis of 2-fluorenylnitrene in the two
different solvents. We have previously shown that the
transient resonance Raman spectrum acquired in the 75%
water/25% acetonitrile solvent system is caused by the singlet
2-fluorenylnitrenium ion species (the reader is referred to
ref. [60] for more details). Several different groups have
attributed the formation of singlet arylnitrenium ions follow-
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ing photolysis of aryl azides to be caused by a fast protonation
reaction of the singlet arylnitrene species initially produced in
the presence of water.[31±37, 40] Such a protonation reaction
would be expected to be substantially slower in a pure
acetonitrile and it is tempting to assign the transient Raman
spectrum observed in the top of Figure 1 to the singlet and/or
the triplet 2-fluorenylnitrene species. Comparison of the 10 ns,
50 ns, and 100 ns spectra with the 5 �s and 10 �s spectra shown
in Figure 2 reveals that a new species is formed on the
microsecond timescale from the initially produced 2-fluoren-
ylnitrene.
Several studies have used a comparison of vibrational


frequencies computed with density functional to experimental
frequencies observed in either time-resolved Raman or IR
spectra to convincingly assign several different arylnitrenium
ions to their singlet ground states,[48, 56, 60] and we expect a
similar approach may be useful for arylnitrene species. We
have performed UBPW91/cc-PVDZ calculations to find the
optimized geometry and predicted vibrational frequencies for
the singlet and triplet 2-fluorenylnitrene species. Figure 3
shows selected parameters for the optimized geometry of the
singlet and triplet 2-fluorenylnitrene species (a more com-


plete listing of the geometry parameters can be found in the
Supporting Information). Tables 1 and 2 compare the
UBPW91/cc-PVDZ-computed vibrational frequencies to the
experimental Raman values. We note that the experimental
Raman bands in the time-resolved resonance Raman spectra
observed on the 10 ± 100 ns and 5 ± 10 �s timescales in Figure 2
provide a reasonable fingerprint for the transient species
produced after photolysis of the 2-fluorenylnitrene precursor
in acetonitrile. Examination of Tables 1 and 2 show that there
is generally good agreement between the calculated and
experimental frequencies. The calculated vibrational frequen-
cies of triplet and singlet 2-fluorenylnitrene differ by
�10 cm�1 and 11 cm�1, respectively, on average from the ten
experimental Raman bands for the species observed in the
10 ns (and in the 50 ns and 100 ns) spectra listed in Table 1.
The Raman bands observed in the time-resolved resonance
Raman spectra of Figure 2 cannot clearly distinguish whether
the spectra are mainly attributed to the triplet and/or singlet
states of 2-fluorenylnitrene. However, there is other evidence
that the experimental spectra on the 10 ± 100 ns timescale are
probably mostly caused by the singlet 2-fluorenylnitrene
species.


The electronic configurations and
geometric structures of phenylnitrene
(PhN) in its low-lying electronic states
have been intensively investigated ex-
perimentally and theoretically by
Platz, Borden, Karney, and co-work-
ers.[7, 8, 18, 20, 21, 42±46, 52±54] The open-shell
triplet state was confirmed to be a
ground state (3A2) of PhN with the
open-shell singlet state (1A2) located
�18 kcalmol�1 above the ground
state.[8, 21, 61] The 3A2 state has two
unpaired electrons partitioned into
two nonbonding orbitals and are most-
ly localized on the nitrogen atom,
while the in the 1A2 state, one of the
singly occupied orbitals is delocalized
into the phenyl ring and this signifi-
cantly stabilizes the 1A2 state so that
the energy differences between the
two states is much smaller for PhN
than that found for NH. We obtained
similar results for the triplet and
singlet states of 2-fluorenylnitrene
from our UBPW91/cc-PVDZ calcula-
tions. The triplet state is lower in
energy than the open-shell singlet
state by �7.4 kcalmol�1 for the 2-flu-
orenylnitrene species and this singlet ±
triplet splitting is much lower than that
found for PhN. This is due in large part
to the larger conjugation system in
2-fluorenylnitrene relative to PhN.
The UBPW91-calculated spin densi-
ties show that the two unpaired elec-
trons are mainly located on the N atom
with little of the charge delocalized


Figure 3. Schematic diagrams of the triplet and singlet states of 2-fluorenylnitrene and the two isomers of
the dehydroazepine product species (DA1 and DA2) with the atoms numbered. The numbering of the
atoms corresponds to those in the Supporting Information for the UBPW91/cc-PVDZ and BPW91/cc-
PVDZ calculations. Selected geometry parameters (bond lengths [ä]) are indicated in the diagrams.
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into the N-bonded phenyl ring for the triplet state, while the
spin density on the N atom is less than one for the open-shell
singlet state with a noticeable amount of spin density located
on the C1, C3, C5, C7, C10, C11, and C13 atoms. It is evident
that one electron is mainly distributed into the � orbital of the
N atom and the other is in the � orbital that is delocalized into
the phenyl rings for the open-shell singlet state of 2-fluoren-
ylnitrene. This leads to noticeable differences in the geometry
of the two states, as shown in Tables 1 and 2. For example, the
C12�N14 bond length is 1.3071 ä in the singlet state and
1.3242 ä in the triplet state. Similarly, the C�C alternation
pattern is noticeably different in the singlet and triplet states,
as shown in Figure 3. These geometry differences do give rise


to a number of differences in some of the vibrational
frequencies (see Table 1); however, the ten resonance Raman
bands observed are not particularly diagnostic for distinguish-
ing between the triplet and singlet state 2-fluorenylnitrene
species.
We note that singlet 2,6-dicyanophenylnitrene was found to


have a transient absorption at �405 nm with a lifetime of
�2 ns in room temperature solutions.[57] This is consistent with
our observation of the 2-fluorenylnitrene species with a
416 nm probe wavelength. In addition, it was found that para
substitution of the phenyl nitrene with a cyano group raised
the barrier to the cyclization pathway and noticeably in-
creased the singlet p-cyanophenylnitrene lifetime to �8 ns.[57]


Table 1. Experimental Raman vibrational frequencies observed in the time-resolved resonance Raman spectra of 2-fluorenylnitrene and its dehydroazepine
product(s) shown in Figure 1 and Figure 2.[a] The experimental vibrational frequencies are compared to those from UBPW91/cc-PVDZ computations for the
singlet and triplet states of 2-fluorenylnitrene species observed in the 10 ns, 50 ns and 100 ns time-resolved resonance Raman spectra (see text for more
details).


Triplet 2-fluorenylnitrene Singlet 2-fluorenylnitrene Experiment
vibrational mode UBPW91/cc-PVDZ vibrational mode UBPW91/cc-PVDZ 10 ns time-resolved Raman
approx. description calcd. value [cm�1] approx. description calcd. value [cm�1] frequency shift [cm�1]


��50, ring def. 527 ��51, ring def. 524
��49, ring def. 563 ��50, CCC bend 563
��48, CCC bend 571 ��49, ring def. 567
��49, ring def. 634 ��48, CCC bend 623 637
��46, ring def. 692 ��47, ring def. 690
��45, ring def. 719 ��46, CCC bend 709
��44, ring def. � C�H bend 724 ��45, C�H bend (o.p.[b]) 722
��43, C�H bend 767 ��44, CCC bend 738
��42, C�H bend 805 ��43, C�H bend 766
��41, ring def. 806 ��42, ring def. � C�H bend 798
��40, C�H bend � CH2 bend 839 ��41, CCC bend 814 818
��39, C�H bend 853 ��40, C�H bend (o.p.) 835
��38, ring def. 894 ��39, C�H bend 850
��37, C�H bend � CH2 bend 908 ��38, ring def. 885
��36, C�H bend 935 ��37, ring def. 907
��35, ring 1 C�H bend 941 ��36, ring def. � C�H bend 934
��34, ring 2 C�H bend 965 ��35, C�H bend (o.p.) 941
��33, ring def. 980 ��34, C�H bend (o.p.) 964
��32, C�H bend 999 ��33, CCC bend 980
��31, C�H bend 1069 ��32, ring 3 C�C stretch 1021
��30, C�H bend 1098 ��31, C�H bend 1078
��29, CH2 twist 1112 ��30, C�H bend 1102
��28, C�H bend � CH2 scissor 1124 ��29, CH2 twist 1114
��27, C�H bend 1135 ��28, ring def. � C�H bend 1121
��26, C�H bend � CH2 wag 1165 ��27, ring def. � C�H bend 1141
��25, C�H bend 1183 ��26, C�H bend � CH2 wag 1165
��24, C�H bend 1202 ��25, ring def. � C�H bend 1183
��23, C�H bend 1233 ��24, ring def. � C�H bend 1202
��22, C�H bend 1278 ��23, C�C stretch 1221
��21, C�C stretch � C�H bend 1294 ��22, C�H bend � CH2 wag 1276
��20, ring 1 C�N stretch � C�C stretch 1327 ��21, C�C stretch 1296
��19, CH2 rock � C�H bend 1364 ��20, C�C stretch � CH2 scissor 1352 1331
��18, CH2 twist 1375 ��19, C�C stretch � CH2 scissor 1371 1367
��17, C�C stretch 1395? ��18, C�C stretch � CH2 scissor 1377
��16, C�C stretch � C�H bend 1437? ��17, C�C stretch � N�H stretch 1429 1410
��15, C�C stretch � C�H bend 1448 ��16, C�C stretch � C�C2 scissor 1431
��14, C�C stretch � C�H bend 1468 ��15, C�C stretch 1453 1451
��13, C�C stretch 1503 ��14, C�C stretch � C�N stretch 1475 1479
��12, C�C stretch 1577 ��13, C�C stretch 1495
��11, C�C stretch 1578 ��12, C�C stretch 1575 1551
��10, ring 2, C�C stretch 1605 ��11, C�C stretch � N�H stretch 1579 1573


��10, C�C stretch 1604 1591


[a] Possible vibrational band assignments are also shown based on comparison with calculated vibrational frequencies from UBPW91/cc-PVDZ or BPW91/
cc-PVDZ computations in the 500 ± 1700 cm�1 fingerprint region for the ground singlet and triplet state of 2-fluorenylnitrene and the ground singlet state of
the two isomers of the dehydroazepine products (see text). [b] o.p.� out-of-plane.
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One could reasonably expect that para substitution with a
phenyl ring may also stabilize the singlet arylnitrene species
and increase its lifetime significantly. Our results indicate that
this is probably the case with the 2-fluorenylnitrene species
with the UBPW91/cc-PVDZ calculations predicting a sub-
stantial stabilization of the singlet state to produce a gap
between the singlet and triplet states of only 7.4 kcalmol�1


compared to�18 kcalmol�1 for PhN. Therefore, it is probable
that the singlet 2-fluorenylnitrene species is readily observed
on the 10 ± 100 ns timescale after photolysis of the azide
precursor in acetonitrile. This is consistent with the approx-
imate 30 ± 50 ns lifetime of the 2-fluorenylnitrene species
observed in the time-resolved resonance Raman spectra of


Figure 2. The fact that the transient species observed in
acetonitrile is readily quenched by water to form the
corresponding singlet nitrenium ion provides further support
for our assignment and indicates the singlet 2-fluorenylnitrene
species has a lifetime that is sufficiently long to enable it to
easily react with water.
It is important to consider the product formed at longer


times from the 2-fluorenylnitrene species and observed in the
5 and 10 �s spectra shown in Figure 2. Singlet arylnitrenes,
such as PhN, tend to react and form ring-expansion dehy-
droazepine products, while triplet nitrenes, such as PhN, tend
to form azo dimerization products with an N�N group in the
condensed phase.[3±9] Resonance Raman spectra have been


Table 2. Experimental Raman vibrational frequencies observed in the time-resolved resonance Raman spectra of 2-fluorenylnitrene and its dehydroazepine
product(s) shown in Figures 1 and 2.[a] The experimental vibrational frequencies are compared to those from UBPW91/cc-PVDZ computations for the two
isomers of the dehydroazepine 2-fluorenyl derivatives observed in the 5 �s and 10 �s time-resolved resonance Raman spectra (see text for more details).


Isomer 1 of 2-fluorenyl dehydroazepine Isomer 2 of 2-fluorenyl dehydroazepine Experiment
vibrational mode BPW91/cc-PVDZ vibrational mode BPW91/cc-PVDZ 5 �s time-resolved Raman
approx. description calcd. value [cm�1] approx. description calcd. value [cm�1] freq. shift [cm�1]


��52, ring def. 503 ��51, ring def. 518
��51, ring def. � C�C�N bend 517 ��50, ring def. 552
��50, ring def. � C�C�N bend 537 ��49, ring def. � C�C�N bend 565 586
��49, CCC bend 591 ��48, ring def. 617
��48, ring def. 621 ��47, ring def. 646
��47, ring def. 652 ��46, CCC bend 684
��46, ring def. 677 ��45, ring def. 691
��45, ring def. 698 ��44, C�H bend (o.p.[b]) 715
��44, C�H bend (o.p.) 720 ��43, CCC bend � C�H bend (o.p.) 748
��43, ring def. 728 ��42, C�H bend (o.p.) 760
��42, C�H bend (o.p.) 761 ��41, CCC bend 814 808
��41, CCC bend 814 ��40, ring def. 830
��40, ring def. 838 ��39, C�C bend (o.p.) � CH2 rock 845 844
��39, C�H bend � CH2 rock 850 ��38, ring def. � CH2 rock 887
��38, ring 1 C�H bend (o.p.) 866 ��37, ring def. � C�H bend 909
��37, C�H bend (o.p.)� CH2 rock 910 ��36, ring def. � C�H bend 925
��36, C�H bend (o.p.) 935 ��35, CCC bend 948
��35, CCC bend 945 ��34, ring def. 970
��34, C�H bend (o.p.) 963
��33, C�N stretch 1000 ��33, CCC bend � C�C�N bend 970
��32, ring 3 CC stretch 1025 ��32, ring def. 1023
��31, ring 1 CC stretch 1037 ��31, ring def. 1055
��30, ring def. � C�H bend 1085 ��30, ring def. � C�H bend 1088
��29, CC stretch � C�N stretch 1099 ��29, ring def. �CH2 twist 1094
��28, CH2 twist 1120 ��28, C�C stretch 1111
��27, C�C stretch � C�H bend 1133 ��27, C�H bend � CH2 wag 1124
��26, C�H bend 1142 ��26, C�H bend 1142
��25, ring 2 and 3 C�C stretch 1172 ��25, C�H bend 1177
��24, CH2 wag � C�H bend 1185 ��24, C�C stretch 1182 1188
��23, C�C stretch 1228 ��23, C�H bend 1215 1231
��22, C�C stretch 1260 ��22, C�C stretch 1260
��21, C�H bend 1275 ��21, C�C stretch � C�H bend 1278
��20, ring 1 C�C stretch 1300 ��20, C�C stretch 1330
��19, C�C stretch 1334 ��19, CH2 scissor 1355
��18, ring 3 C�C stretch 1373 ��18, C�C stretch � C�N stretch 1372
��17, CH2 scissor 1390 ��17, C�C stretch 1383 1407
��16, ring 3 C�C stretch 1452 ��16, C�C stretch 1443 1439
��15, ring 3 C�C stretch 1454 ��15, C�C stretch 1452 1457
��14, C�C stretch ring 1 and 2 1548 ��14, C�C stretch 1512
��13, C�C stretch 1570 ��13, C�C stretch 1556 1560
��12, C�C stretch 1588 ��12, C�C stretch 1587
��11, C�C stretch ring 3 1611 ��11, C�C stretch ring 3 1612 1608
��10, N�C�C asym. stretch 1887 ��10, N�C�C asym. stretch 1891


[a] Possible vibrational band assignments are also shown based on comparison with calculated vibrational frequencies from UBPW91/cc-PVDZ or BPW91/
cc-PVDZ computations in the 500 ± 1700 cm�1 fingerprint region for the ground singlet and triplet state of 2-fluorenylnitrene and the ground singlet state of
the two isomers of the dehydroazepine products (see text). [b] o.p.� out-of-plane.
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obtained for a number of azo compounds with phenyl groups
(such as trans-azobenzene, 4-nitro,4�-dimethylamino-azoben-
zene, and others) and these resonance Raman spectra
typically have most of their intensity in Raman bands
associated with the N�N chromophore and corresponding
vibrational modes in the �� 1400 ± 1500 cm�1 region with
moderate intensity in bands above 1500 cm�1 associated with
aromatic C�C bonds.[62±65] This is in contrast with the
resonance Raman intensity pattern observed in the 5 �s and
10 �s time-resolved resonance Raman spectra shown in
Figure 2, in which most of the Raman intensity is in the
1560 ± 1610 cm�1 region of the C�C-stretch vibrational modes
and only moderate intensity in the 1400 ± 1500 cm�1 region.
Thus, it is not likely that the species observed in the 5 and
10 �s spectra are caused by an azo dimerization compound
with a N�N chromophore. Dehydroazepine products have
been previously observed after photolysis of other aryl azides
by means of time-resolved IR spectroscopy.[14, 15] Therefore,
we performed some BPW91/cc-PVDZ computations to
obtain the optimized geometry and vibrational frequencies
for two isomers of the dehydroazepine products (DA1 and
DA2) that can be formed from 2-fluorenylnitrene. The lower
part of Figure 3 shows schematic diagrams (and selected
optimized geometry parameters) of DA1 and DA2 with their
atoms numbered as used in Table 2, which also lists the
vibrational frequencies computed at the BPW91/cc-PVDZ
level. There is reasonable agreement between the ten
experimental Raman vibrational band frequencies observed
in the 5 �s and 10 �s spectra of Figure 2 and those computed
for the two dehydroazepine species (DA1 and DA2). The
difference between the experimental and theoretical values
are approximately 7 cm�1 and 9 cm�1 for DA1 and DA2,
respectively. The level of agreement is similar for both the
closely related dehydroazepine ring-expansion product spe-
cies, and our current Raman spectra cannot clearly distinguish
between them or indicate the relative branching ratio for the
formation of the two dehydroazepine species. However, it is
clear that dehydroazepine ring-expansion products are
formed on the microsecond timescale (5 and 10 �s spectra)
from the 2-fluorenylnitrene species. Since ring-expansion
dehydroazepine products or intermediates are associated
with singlet arylnitrenes, this suggests that the time-resolved
resonance Raman spectra on the nanosecond timescale
observed in Figure 1 are mainly from the singlet 2-fluorenyl-
nitrene species.
It is intriguing that the 2-fluorenylnitrene species first


decreases in intensity without any apparent immediate
formation of the dehydroazepine species or other species.
This indicates the presence of another intermediate that does
not absorb very well at the wavelength of the 416 nm probe.
The identity of this dark intermediate is most probably an
azirine species formed from the singlet 2-fluorenylnitrene. We
note that formation of azo dimerization products from triplet
state arylnitrenes does not involve any intermediate step. This,
the decay behavior of the 2-fluorenylnitrene species, and the
formation of the dehydroazepine species in the spectra shown
in Figure 2 provide further support for our assignment of the
2-fluorenylnitrene nanosecond spectra to be caused by the
singlet state species. An elegant study by Morawietz and


Sander[38] demonstrated the formation of fluorinated azirine
intermediates from fluorinated phenyl nitrenes in low-tem-
perature matrices by means of IR and UV/Vis absorption
spectroscopy to detect the azirine species. They found that the
azirines had a noticeable absorption band at �250 nm with
little absorption in the 350 ± 450 nm region. This is consistent
with both the time-resolved resonance Raman spectra shown
in Figure 2 and the possibility of the dark intermediate
derived from an azirine intermediate formed from the singlet
2-fluorenylnitrene and then reacting further to produce the
dehydroazepine species observed on the microsecond time-
scale.
Examination of the simple schematics of the normal mode


descriptions for the vibrational bands experimentally ob-
served in Figure 2 (see Figures S1 and S2 in the Supporting
Information ) indicates that the normal mode descriptions are
somewhat complicated with contributions from a number of
different internal coordinates for each mode. Therefore, it is
helpful to make use of the predicted geometry of the
UBPW91/cc-PVDZ and BPW91/cc-PVDZ computational
results in order to elucidate the degree to which the observed
Raman band frequencies correlate with the structure and
bond order of the 2-fluorenylnitrene and the two isomers of
the dehydroazepine ring-expansion species. Selected opti-
mized structural parameters from the UBPW91/cc-PVDZ
and BPW91/cc-PVDZ calculations are shown in Figure 3 and
a more complete listing is given in the Supporting Informa-
tion.
Inspection of the bond lengths in Figure 3 reveals that the


C�N bond lengths are reasonably short and there is notice-
able alternation in the C�C bond lengths in the phenyl rings
for both the triplet and singlet 2-fluorenylnitrene species. The
C�N bond length is very similar in both the singlet 2-fluo-
renylnitrene species (1.3071 ä) and the 2-fluorenylnitrenium
ion (1.3077 ä), while the triplet 2-fluorenylnitrene is notice-
ably longer (1.3242 ä). These C�N bond lengths are closer to
that for a typical C�N bond (�1.28 ä) than a C�N bond
(�1.40 ä).[66] These short C�N bonds and the alternation of
the C�C bond lengths in the phenyl rings observed for the
2-fluorenylnitrene species indicates both the singlet and
triplet states have significant iminocyclohexadienyl character,
although to a varying extent. This behavior is similar to that
found for several arylnitrenium ions[48, 56, 60] including the
2-fluorenylnitrenium ion.[60]


Symmetric aromatic C�C stretch vibrational modes in the
1568 ± 1628 cm�1 region were previously found to correlate
with the degree of iminocyclohexadienyl character of several
arylnitrenium ions.[48, 56, 60] Comparison of similar modes in
2-fluorenylnitrene indicates this kind of correlation for
arylnitrene species is not as clear and appears to be
complicated by the nature of the nitrene moiety. For example,
the singlet and triplet 2-fluorenylnitrenes have very similar
vibrational frequencies of the C�C stretch mode (1575, 1579,
and 1604 cm�1 for the singlet state and 1577, 1578, and
1605 cm�1 for the triplet state) although the aromatic C�C
and C�N bonds are noticeably different in the optimized
geometries shown in Figure 3. This is probably partly caused
by the complex and by the delocalized nature of the vibra-
tional normal modes that are not clearly associated with
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mainly one or the other carbon atom rings as was the case for
the singlet 2-fluorenylnitrenium ion and some other singlet
arylnitrenium ions.[56, 60]


It is very interesting to compare the optimized geometry of
the singlet 2-fluorenylnitrene species to the singlet 2-fluoren-
ylnitrenium ion species (see Table 2 of Ref. [60]). Addition of
a proton to singlet 2-fluorenylnitrene to form the singlet
2-fluorenylnitrenium ion[60] results in little change in the C�N
bond (from 1.3071 ä in the nitrene to 1.3077 ä in the
nitrenium ion). However, formation of the nitrenium ion
from the nitrene leads to noticeably stronger alternation of
the C�C bonds in the two phenyl rings. The first phenyl ring
(to which the nitrogen atom is attached) has differences in the
C�C bond alternation for the C11�C12 and C11�C10 bonds
of 0.0838 ä in the nitrene and 0.1031 ä in the nitrenium ion.
There are similar changes for the C12�C13 and C8�C13
bonds of 0.0865 ä in the nitrene and 0.1011 ä for the
nitrenium ion, the C7�C10 and C10�C11 bonds of
�0.0389 ä in the nitrene and 0.0672 ä for the nitrenium
ion, and for the C7�C8 and C8�C13 bonds of 0.0589 ä in the
nitrene and 0.0812 ä for the nitrenium ion. There are also
significant increases in the C�C bond alternation pattern in
the other phenyl ring as the singlet 2-fluorenylnitrene
becomes a singlet 2-fluorenylnitrenium ion. For example,
the change in the C3�C4 and C2�C3 bonds in the nitrene is
0.0107 ä and 0.0323 ä in the nitrenium ion; between the
C4�C5 and C5�C6 bonds it is 0.030 ä for the nitrene and
0.04553 ä for the nitrenium ion; between the C1�C2 and the
C2�C3 bonds it is 0.0088 ä for the nitrene and 0.0295 ä for
the ion; between the C1�C6 and C5�C6 bonds it is 0.0120 ä
for the nitrene and 0.0135 ä for the nitrenium ion. Our results
indicate that the cyclohexadienyl character and charge
delocalization into the phenyl rings becomes substantially
stronger upon protonation of the 2-fluorenylnitrene species to
produce the 2-fluorenylnitrenium ion accompanied by little
change in the C�N bond length. The singlet 2-fluorenylnitrene
species appears to have a lifetime in the order of approx-
imately 30 ± 50 ns (see Figure 2), while the singlet 2-fluoren-
ylnitrenium ion has a substantially longer lifetime, namely on
the microsecond timescale.[31] There appears to be an inter-
esting correlation of the degree of cyclohexadienyl character
and charge delocalization into the two phenyl rings with the
lifetime of the 2-fluorenylnitrene and 2-fluorenylnitrenium
ion species. Our results also indicate that the nitrenium ion
moiety enables substantially better charge delocalization into
the phenyl rings than the neutral nitrene moiety for similar
imine character of the C�N bond.
We have demonstrated the utility of time-resolved reso-


nance Raman spectroscopy to examine chemical intermedi-
ates, such as nitrenes and dehydroazepines produced after
photolysis of azido compounds such as 2-fluorenylnitrene.
The spectra obtained from resonance Raman spectroscopy
have enhancement of Raman band intensities for the species
involved in the transient electronic absorption spectra. Thus,
the resonance Raman vibrational frequencies are correlated
with and are indicative of the transient absorption spectra.
This enables characterization of different species, even though
their transient absorption spectra are very similar to one
another. To make improved vibrational assignments of the


time-resolved resonance Raman spectra for the nitrene and
dehydroazepine chemical intermediates, it will be useful to
obtain spectra for isotopic derivatives some time in the future.
Since Raman and IR absorption are complementary techni-
ques, it would also be useful to characterize the intermediates
with time-resolved IR absorption spectroscopy to more fully
characterize the vibrational frequencies and to compare them
to predictions from ab initio or density functional computa-
tions.


Conclusion


We have obtained time-resolved resonance Raman spectra of
several species formed on the nanosecond and microsecond
timescales after UV photolysis of a solution of 2-fluorenylni-
trene in acetonitrile. The species observed in the nanosecond
timescale spectra (10 ns, 50 ns, and 100 ns) had ten Raman
vibrational bands whose frequencies are in reasonable agree-
ment with those from UBPW91/cc-PVDZ calculations for the
singlet and triplet states of 2-fluorenylnitrene. Both the singlet
and triplet states of 2-fluorenylnitrene have significant
iminocyclohexadienyl character, similar to arylnitrenium ions.
The species observed on the microsecond timescale (5 and
10 �s) spectra had ten Raman vibrational bands whose
frequencies are in reasonable agreement with those from
BPW91/cc-PVDZ calculations for two isomers of dehydro-
azepine products formed from 2-fluorenylnitrenes. Since
dehydroazepine products are typically associated with their
formation from singlet arylnitrenes, this suggests that most of
the Raman intensity in the 2-fluorenylnitrene nanosecond
timescale spectra is caused by the singlet 2-fluorenylnitrene
species. The UBPW91/cc-PVDZ computations indicate that
the singlet 2-fluorenylnitrene species is significantly stabilized
relative to the triplet state so that there is only a gap of
7.4 kcalmol�1 between the singlet and triplet states compared
to the singlet ± triplet gap of�18 kcalmol�1 in phenylnitrenes.
The significantly smaller singlet ± triplet gap for 2-fluorenyl-
nitrenes and the quenching of 2-fluorenylnitrene by water to
give the singlet 2-fluorenylnitrenium ion are both consistent
with our assignment of the nanosecond timescale resonance
Raman spectra to the singlet 2-fluorenylnitrene species. As
the 2-fluorenylnitrene species decays, there is no immediate
formation of the dehydroazepine product. This suggests that a
dark intermediate species is first produced from the 2-fluo-
renylnitrene species before the dehydroazepine species is
produced, and it is probable that this dark intermediate is an
azirine. Related azirines were previously observed by others
in low-temperature matrices and these species had significant
absorption at �250 nm but not in the 350 ± 450 nm region
near to the 416 nm probe wavelength used in our time-
resolved resonance Raman experiments. This is consistent
with the hypothesis of an azirine species being the dark
intermediate formed as the 2-fluorenylnitrene decays and the
azirine then decays to produce dehydroazepine products.
Comparison of our results for the singlet 2-fluorenylnitrene


species with that previously found for the singlet 2-fluorenyl-
nitrenium ion species reveals that the cyclohexadienyl char-
acter and charge delocalization into the phenyl rings becomes
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substantially stronger when the 2-fluorenylnitrene species is
protonated to form the 2-fluorenylnitrenium ion. However,
the C�N bond length is about the same in both species. There
is a correlation of the degree of cyclohexadienyl character and
charge delocalization into the two phenyl rings of the singlet
2-fluorenylnitrene (lifetime of �30 ± 50 ns) and 2-fluorenylni-
trenium ion (microsecond scale lifetime) species with their
lifetimes. However, it is probably more important that the
ground state of the nitrenium ion is the singlet state and,
hence, it has a longer lifetime since it cannot decay by
intersystem crossing to another state.


Experimental Section


Synthesis of the 2-fluorenylnitrene : 2-Fluorenylnitrene was prepared by
means of a previously reported method for the synthesis of azido
compounds.[67] In a 200 mL round-bottom flask, 2-aminofluorene (1.81 g,
10 mmol) was dissolved in water (40 mL) that contained concentrated
sulfuric acid (10 mL). This solution was cooled to below 5 �C in an ice bath
and diazotized with a solution of NaNO2 (0.76 g, 11 mmol) in distilled water
(7 mL). The mixture was stirred in an ice bath for 1 h with occasional
addition of small portions of water to rinse the walls of the flask. A solution
of NaN3 (1.34 g, 20 mmol) in water (10 mL) was added at 0 �C. After
10 min, water (70 ± 80 mL) was added at 0 �C, and the resulting suspension
was filtered to isolate the product (�1.56 g). The product was then purified
by recrystallization from ethanol. 1H NMR (500 MHz, CDCl3): �� 7.73 (d,
J� 8.0 Hz, 2H), 7.52 (d, J� 7.4 Hz, 1H), 7.38 (t, J� 7.4 Hz, 1H), 7.29 (m,
1H), 7.21 (s, 1H), 7.02 (m, 1H), 3.89 (s, 2H); IR (film): �� � 2113, 1604, 1581,
1454, 1401, 1307, 1292, 1281, 838, 766, 732 cm�1; MS (EI): m/z (%): 179
(100) [C13H9N�], 152 (24), 111 (27), 97 (45), 85 (53), 77 (73), 71 (58).
Caution : The azide precursor compound, 2-fluorenylnitrene, is potentially
explosive (especially if allowed to dry) and should be handled with care.


Computational methods : The density functional calculations made use of
the Gaussian program suite[68] with complete geometry optimization.
Vibrational frequency calculations were performed analytically with the
UBPW91 or BPW91 methods[69, 70] and the cc-PVDZ basis set[71] for the
singlet and triplet states of 2-fluorenylnitrene and the two dehydroazepine
product species (DA1 and DA2). The Supporting Information lists the
computed geometry parameters and vibrational frequencies for the singlet
and triplet 2-fluorenylnitrene species and the two dehydroazepine product
(DA1 and DA2) species from selected parts of the Gaussian output files.


Transient and time-resolved resonance Raman spectroscopy experiments :
The 2-fluorenylnitrene precursor was prepared with concentrations in the
2 ± 5m� range in acetonitrile for the transient resonance Raman experi-
ments that led to the observation of the singlet 2-fluorenylnitrene and
dehydroazepine species. Additional experiments were carried out with
�5 m� 2-fluorenylnitrene in a 75% water/25% acetonitrile (by volume)
mixed solvent system with a 2m� acetate buffer and a pH of 3.5 in order to
quench the singlet 2-fluorenylnitrene species to produce the singlet
2-fluorenylnitrenium ion reaction product.[60]


The transient resonance Raman and time-resolved resonance Raman
apparatus and experimental methods have been described elsewhere and
only a brief account will be provided here.[60, 72±76] The hydrogen Raman-
shifted laser lines produced from the harmonics of a nanosecond-pulsed
Nd:YAG laser system provided the pump (309 nm) and probe (416 nm)
excitation wavelengths for the transient and time-resolved resonance
Raman experiments. The transient resonance Raman experiments used
optical time-delays of 0 ± 10 ns between the pump and probe laser beams.
The time-resolved resonance Raman experiments employed two Nd:YAG
lasers electronically synchronized to each other by means of a pulse delay
generator (Stanford Research Systems model DG-535) to control the
relative timing of the two lasers (both the firing of the lamp and Q-switch
pulses) Two fast photodiodes, whose output was displayed on a 500 MHz
oscilloscope (Hewlett Packard54522A), were used to examine the relative
timing of the pump and probe laser pulses. The jitter between the pump and
probe pulses was observed to be �5 ns. In both types of resonance Raman
experiments the laser beams were lightly focused onto a flowing liquid


stream of sample with a near-collinear geometry. The scattered Raman
light was collected by means of reflective optics and a backscattering
geometry to minimize the effects of chromatic aberration and sample
reabsorption of the light. The collected scattered Raman light was imaged
through a polarization scramble mounted on the entrance slit of a 0.5 m
spectrograph whose grating then dispersed the Raman signal onto a CCD
detector cooled with liquid nitrogen. The Raman signal was acquired by the
CCD for approximately 300 to 600 s before being read out to an interfaced
PC computer. About 10 to 20 of these readouts were summed to obtain a
resonance Raman spectrum. Pump-only, probe-only, and pump/probe
resonance Raman spectra were acquired. A background scan was also
recorded. The known Raman bands of acetonitrile were used to calibrate
the wavenumber shifts of the resonance Raman spectra. The solvent and
precursor Raman bands were removed by subtracting the probe-only
spectrum from the pump/probe spectrum. The pump-only spectrum and the
background spectrum were also subtracted from the pump/probe spectrum
to obtain the transient resonance Raman spectrum.
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Synthesis and Photochemical Behavior of Phosphorus Dendrimers Containing
Azobenzene Units within the Branches and/or on the Surface
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Jean-Pierre Majoral*[a]


Dedicated to all the victims of the explosion that occurred in Toulouse on September 21st, 2001.


Abstract: We describe the synthesis of
three series of phosphorus-containing
dendrimers having azobenzene deriva-
tives specifically placed at some gener-
ations in the interior and/or on the
surface. The largest compound obtained
possesses 48 azobenzene groups on the
surface. Irradiation at 350 nm induces
isomerization of the azobenzene groups


from the E form to the Z form, whatever
their location. The thermal back-isomer-
ization to the E form in the dark at room
temperature was observed in all cases.


The kinetics of this Z�E back-isomer-
ization was studied in several cases; the
rate is not dependent on the number of
azobenzene units or of the generation,
when the azobenzene groups are linked
to the surface of the dendrimer. A
different behavior was observed when
the azobenzene groups were located
within the framework of the dendrimer.


Keywords: azo compounds ¥
dendrimers ¥ phosphorus ¥
photochemistry


Introduction


Dendrimers constitute an exciting class of special polymers,
whose outstanding features attract intense interest. Indeed,
these hyperbranched macromolecules synthesized in a step-
wise iterative fashion have potential practical applications
springing from their unusual architecture.[1] Furthermore,
dendrimers offer a unique opportunity for the study of
physicochemical behavior of particular groups as a function of
their number, their location, and the molecular size in well-
defined macromolecules.[2] It was shown that the properties of
these macromolecules can correspond to a simple addition of
the elementary properties, to a reduction in these properties,
or to an increase (the so-called ™dendritic effect∫). These
effects may result from the synergistic combination of the
chemical constitution of the building blocks of the dendrimer
and the reduced accessibility of the functional groups to be
studied. In order to unify and rationalize these puzzling results
and to free them from the influence of the nature of the
building blocks, we decided a few years ago to study a single


family of dendrimers, easily tunable to place particular groups
precisely within their structural interior or at their periphery.[3]


We have already demonstrated for these phosphorus-con-
taining dendrimers that the value of a precise property
divided by the number of groups concerned decreases for the
dipole moment,[4] is a constant for the chiroptical[5] and
electrochemical[6] properties, and increases for the catalytic
properties,[7] the stabilization of naked Au55 clusters,[8] and the
transfection efficiency,[9] as a function of the generation.
Pursuing this work, we thought it important to study the
behavior and properties of photoactive moieties precisely
placed within a dendrimer, which would undergo reversible
photoinduced configurational changes. Azobenzene deriva-
tives appear the most suitable photoactive moiety, since it is
well known that they undergo an efficient and fully reversible
photoisomerization reaction.[10] Azobenzene groups have
already been included in the skeleton of dendritic macro-
molecules either in the exterior,[11] at the core,[12, 13] through-
out the dendritic architecture,[14, 15] or at a precise genera-
tion,[16] with various intentions. Among them, one can cite the
encapsulation of guest molecules[11c] and their transport,[13a, 13b]


optical switching,[11b, 11e] holographic storage,[11d] light harvest-
ing,[12a, 12b] long-term energy storage,[12c] and nonlinear optical
materials.[15] Furthermore, their interesting properties for
high-performance technological materials were recently em-
phasized.[17]


We describe here the design of new dendritic structures
having azobenzene derivatives precisely placed at some
generations in the interior and/or at the surface. Figure 1
illustrates various generations of three types of dendrimers.
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A-G2
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A-G3
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B-G3


C-G0


C-G1


C-G2


Figure 1. Various types of azobenzene-containing dendrimers.


The A family corresponds to azobenzene groups placed at the
first generation and progressively buried in the interior when
the dendrimer is grown. The B family corresponds to
dendrimers having azobenzene groups at each generation
(except at the very core, to avoid a large steric hindrance
during isomerization). The C family corresponds to dendri-
mers having azobenzene groups at each generation starting
from a hexafunctional core. Furthermore, the number of
azobenzene groups is the same for dendrimers A-G1 and C-G0


(6), for B-G2 and C-G1 (18), and for B-G3 and C-G2 (42); this
fact will allow comparison of the influence of crowding on the
photochemical properties.


Results and Discussion


Syntheses : To build up dendrimers incorporating azobenzene
groups precisely placed within their skeleton and using a
procedure derived from the one we generally use,[3] we need
an analogue of p-hydroxybenzaldehyde. The unsymmetrical
azobenzene derivative HO�C6H4�N�N�C6H4�CHO (1)[18]


appears the most suitable for this purpose. Furthermore, it
can also be grafted onto the surface of a dendrimer, by means
of either the phenol or the aldehyde function.


In our first attempt, we treated six equivalents of 1 with
first-generation dendrimers. The reaction of the chlorine
derivative 2-G1 in the presence of cesium carbonate affords
dendrimer 3-G�1, which has six azo and six aldehyde groups on
the surface, while the reaction of the hydrazine derivative
4-G1


[19] affords dendrimer 5-G1 with six azo and six phenol
groups on the surface (Scheme 1). Of course, the grafting of
functionalized azo derivatives could be extended to higher
generation dendrimers, as illustrated by the fourth-generation
5-G4, possessing 48 azobenzene and 48 phenol groups. To the
best of our knowledge, this is the largest number of azo groups
linked to the surface of a dendrimer obtained so far.[20]


The presence of reactive groups on the surface, particularly
the aldehyde functions, permits the continuation of the
synthesis of higher generations of dendrimers. Thus, com-
pound 3-G�1 can be used as starting reagent, either for the
synthesis of dendrimers having azo derivatives only in the
interior at the level of the first generation (A-Gn family), or at
each layer within the branches and on the surface (B-Gn


Abstract in French: La synthe¡se de trois se¬ries de dendrime¡res
phosphore¬s ayant des de¬rive¬s de l×azobenze¡ne place¬s spe¬cifi-
quement a¡ l×inte¬rieur et/ou a¡ la surface est de¬crite. Le plus
grand compose¬obtenu posse¡de 48 groupements azobenze¡ne en
surface. L×irradiation a¡ 350 nm provoque l×isome¬risation des
groupements azobenze¡ne de la forme E vers la forme Z, quelle
que soit leur localisation. L×isome¬risation thermique de retour
vers la forme E, a¡ tempe¬rature ambiante dans le noir, est
observe¬e dans tous les cas. La cine¬tique de cette isome¬risation
retour Z�E a e¬te¬ e¬tudie¬e dans plusieurs cas; lorsque les
groupes azobenze¡ne sont greffe¬s a¡ la surface du dendrime¡re, la
vitesse ne de¬pend pas de leur nombre, ni de la ge¬ne¬ration. Un
comportement diffe¬rent est observe¬ lorsque les groupes azo-
benze¡ne sont situe¬s a¡ l×inte¬rieur de la structure du dendrime¡re.
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Scheme 1. Synthesis of dendrimers with azo groups on the surface only.
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family). The former dendrimers are built from
H2NNMeP(S)Cl2 and NaOC6H4CHO alternately (Scheme 2),
whereas the latter are built from alternate use of
H2NNMeP(S)Cl2 and HOC6H4N�NC6H4CHO in the pres-
ence of cesium carbonate (Scheme 3). In both cases, the
synthesis is stopped at the third generation, giving dendrimers
6-G�3 and 7-G�3, respectively. Both compounds possess
24 CHO end groups, but 6-G�3 has only six azo groups located
at the level of the first generation, whereas 7-G�3 has 42 azo
groups located in three layers, six at the level of the first
generation, 12 at the second generation, and 24 at the third
generation, that is, the surface.


Analogous reactions were carried out starting from a
cyclotriphosphazene core. In this case, the azobenzene
derivatives were directly grafted onto the core, leading to
the hexaazo hexaaldehyde 8-G�0 (Scheme 4). Using the
sequence of reactions already described for 7-G�3, the syn-
thesis was carried out up to the formation of the second
generation 8-G�2 (C-Gn family). This dendrimer possesses


exactly the same number of azobenzene groups and aldehyde
functions as 7-G�3, but its synthesis requires two steps fewer
than the preceding one.


Characterizations : All reactions were monitored by NMR
spectroscopy, particularly by 31P NMR spectroscopy for the
P�Cl�P�O�Ar transformation (from �� 63 to �� 61) and
1H NMR spectroscopy for the CHO�CH�N�R transforma-
tion (disappearance of the aldehyde signal at �� 10). Both
techniques indicated complete reaction at each step with a
precision better than 1%. Size exclusion chromatography
gave thin traces for all dendrimers.


We also tried to characterize these dendrimers by MALDI-
TOF mass spectrometry. We have already reported for
dendrimers containing hydrazone moieties that fragmenta-
tions occur at the level of these bonds owing to their ability to
absorb the laser energy.[21] The presence of azo linkages could
prevent this fragmentation, because the wavelength of the
laser light (337 nm) is in a zone in which the azobenzene
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Scheme 2. Synthesis of dendrimers with interior, first-generation azo groups only (A-Gn family).
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groups absorb strongly (see later). Thus, the expected trans ±
cis isomerization of the azobenzene bonds could help to
release the laser energy and to keep the whole molecule
intact. Initial experiments were carried out with 8-G�0, which
possesses six azo bonds but no hydrazone bond, in order to
check the stability of the azo bonds. The experiments done
with DHB as matrix were disappointing, since fragmentation
of the azo bonds (multiple losses of 117 u) are observed
(Figure 2a). However, the use of dithranol (1,8,9-anthracene-
triol) as matrix gave much better results, and all fragmenta-
tions disappeared (Figure 2b). This trend is similar to the one
observed for dendrimers containing hydrazone moieties.[21]


We tried to apply the same technique to 3-G�1, which possesses
both azo and hydrazone bonds. Fragmentation was observed
at both levels (respective losses of 117 u and 541 u) when
DHB was used as matrix (Figure 3a). Better results were
obtained with dithranol as matrix, particularly if LiI was
added (Figure 3b). However, fragmentation was still ob-
served, even though a clean spectrum was obtained for the
analogous compound without azo groups.[21] In view of these
findings, we predicted that the results should be worse with
higher generations. Indeed, fragmentation was observed in
these cases, in a dramatically higher proportion than that
observed for analogous compounds without azo bonds,[21]


even if the molecular peak was observed. Thus, one may
suppose that the azo bonds absorb energy but then partly
transfer it to the hydrazone bonds, inducing their destabiliza-
tion instead of protecting them. Consequently, MALDI-TOF
MS cannot be used to characterize structure defects for these
phosphorus- and azo-containing dendrimers.


Photochemical behavior : The UV± visible spectrum of azo-
benzene derivative 1 has one intense ��* band at �max�
366 nm (�� 27000��1 cm�1) and a flat n�* band (Table 1).
The ��* band of 1 is greatly red-shifted when compared with
azobenzene (�max� 318 nm), presumably because the elec-


Figure 2. MALDI-TOF MS spectra of compound 8-G�0. a) DHB as matrix.
b) Dithranol as matrix.


trons of 1 can be delocalized in the highly conjugated form 1a
(Scheme 5), which can no longer exist after the grafting of 1 to
phosphorus. Thus, a large decrease is observed for the �max


value of 8-G�0 (336 nm; ����30 nm) (Table 1, Figure 4). The
condensation with the phosphorhydrazide leading to 8-G1
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Scheme 4. Synthesis of C-Gn family of dendrimers in which the azobenzene derivative is grafted directly onto a core.







FULL PAPER A.-M. Caminade, J.-P. Majoral et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2176 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 92176


Figure 3. MALDI-TOF MS spectra of compound 3-G�1. a) DHB as matrix.
b) Dithranol as matrix, LiI added.


should lengthen the conjugation (Scheme 5). Indeed, we have
shown several times by X-ray crystallography that
O�C6H4�CH�N�N(Me)P�S linkages are flat, including the
NMe group.[3g±i, 4, 22] This trend is confirmed by the red shift
observed on going from 8-G�0 to 8-G1 (����20 nm). The
grafting of a second layer of azobenzene derivatives (com-
pound 8-G�1� should give a composite band, made of both
previously described influences. The final result is a slight
decrease of the �max value on going from 8-G1 to 8-G�1


HO N N C
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O N N CHOH


O


O N N C
H


NDendri N


Me


P S


1
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Scheme 5. Electron delocalization in 1� 1a and the lengthened conju-
gated compound 8-G1.


Figure 4. UV± visible spectra of dendrimers 8-G�0 ± 8-G�2.


(����8 nm). Analogous trends are observed for 8-G2 and
8-G�2 (Table 1, Figure 4). As expected, the intensity of the ��*
band increases with the number of azobenzene groups. An
increase in this band is also observed with increasing
conjugation for the same number of azobenzene groups, on
going from 8-G�n to 8-Gn�1.


Different behavior is expected for the series 3-G�1, 6-G2 ±
6-G�3. Indeed, the azobenzene-type units are not the only
chromophoric groups for these dendrimers. Accordingly,
another type of ��* band at a lower �max value is expected,
corresponding to the aryl aldehyde and/or aryl hydrazone
groups. Indeed, compound 3-G�1 exhibits two bands in the UV
region at �max� 340 nm for the azobenzene aldehyde groups
and another band at �max� 290 nm for the aryl hydrazone


Table 1. UV±visible spectroscopy data.


No. of N�N �max ArN�NAr �ArN�NAr �/No. N�N[a] �max N�N �N�N �max other Ar �other Ar


���* [nm] ���*[a] [��1 cm�1] n��* [nm] n��*[a] [��1 cm�1] ���* [nm] ���*[a] [��1 cm�1]


1 1 366 27000 27000 too flat
3-G�1 6 340 157800 26300 444 4100 290 124300
6-G2 6 360 223200 37200 too flat 284 200800
6-G�2 6 362 198600 33100 442 10100 258 269700
6-G3 6 366 194400 32400 444 12100 286 384500
6-G�3 6 366 204000 34000 too flat 262 525400
7-G�2 18 348 489600 27200 448 39000
7-G3 18 362 648000 36000 442 37500
7-G�3 42 352 1155000 27500 460 74700
8-G�0 6 336 151200 25200 434 5700
8-G1 6 356 225600 37600 440 9800
8-G�1 18 348 498600 27700 440 22300
8-G2 18 362 662400 36800 446 35600
8-G�2 42 352 1176000 28000


[a] Estimated error on the molar absorption coefficient � is �10%.
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groups (Table 1, Figure 5). Condensation with the phosphor-
hydrazide to afford 6-G2 caused a red shift in the �max value of
the ��* azobenzene band as expected (����20 nm), but
had little influence on the �max value of the other ��* aromatic
band. The �max value and the intensity of the ��* azobenzene


Figure 5. UV± visible spectra of dendrimers 3-G�1, 6-G2 ± 6-G�3.


band do not vary significantly on going up to the third
generation 6-G�3, whereas they do for the other aromatic
groups. The grafting of aryl aldehydes on 6-G2 , leading to
6-G�2, induced a band to appear at a lower �max value (258 nm),
with a shoulder due to the internal aryl hydrazones. Con-
densation with the phosphorhydrazide leading to 6-G3


induced the expected red shift, affording a band at �max�
286 nm, which corresponds to the superposition of the signal
of all the aryl hydrazones. Comments similar to those made
for 6-G�2 can be applied to 6-G�3.


Several conclusions can be inferred from these data. Study
of the 3-G�3, 6-G2-6-G�3 series demonstrates that the only factor
influencing the wavelength and the intensity of the maximum
of the ��* absorption band of the azobenzene derivative is
the conjugation (see the transformation 3-G�1 � 6-G2). In-
deed, the growth of several layers without azo groups on this
azo layer, progressively burying the azobenzene groups, had
practically no influence on the �max value. The effects of
conjugation on the �max value were also confirmed by studying
the 8-G�0 ± 8-G�2 series. The value of the molar absorption
coefficient increases with the number of azobenzene groups in
a simple additive way. Indeed, it can be deduced from Table 1
that each azobenzene aldehyde group contributes
�26000��1 cm�1 to the � value, whereas each azobenzene ±
hydrazone group contributes for �37000 (hydrazone ±
P(S)Cl2) or �34000��1 cm�1 (hydrazone ±P(S)(OAr)2) to
the � value. However, the difference between the two types
of azobenzene ± hydrazone groups may be not significant,
since it lies within the limits of the precision of detection
(�10%).


Thus, the position of a particular azobenzene group within
the dendrimer has no influence upon its absorption properties.
On the other hand, it must not be deduced from these findings
that the isomerization properties will be identical for all
compounds. In order to study the influence of the location
upon the isomerization properties of the N�N groups, we


decided to perform some kinetic experiments. However, the
sensitivity of dendrimers 3 and 5 ± 8 toward laser irradiation
observed in mass spectrometry could preclude any study
concerning the photoinduced configurational changes of their
azobenzene moieties. Thus, our first concern was to verify the
stability of the dendrimers in the conditions used for the
E�Z isomerization of the azobenzene moieties.


Irradiations were carried out at 350 nm, that is, in the ��*
band of the azobenzene moieties of the dendrimers, in
chloroform, with concentrations suitable for NMR experi-
ments. Only dendrimers with aldehyde end groups were
studied, and we focused most of our work on dendrimers 3-G�1,
6-G�2, 7-G�2, and 8-G�0. After several hours of irradiation of the
dendrimers (3 to 24 h), new peaks appear in the 31P NMR
spectra close to the peaks corresponding to the initial
dendrimers. 1H NMR spectra show complicated patterns in
the aromatic region, but the aldehyde signal provides very
useful information. Indeed, in all cases it is a singlet for the
initial all-trans dendrimers. After irradiation, new signals
slightly shielded appear in the aldehyde region. The shielding
is ��� 0.2 ppm when the aldehyde is directly linked to the
azobenzene group, namely, for 3-G�1 (Figure 6a). Keeping this


Figure 6. Evolution of the aldehyde signals in 1H NMR spectra after
irradiation at 350 nm.


solution in the dark at 20 �C allows the total recovery of the
initial aldehyde singlet in 1H NMR spectrum, and the 31P
NMR spectrum corresponds again to the all-trans initial
dendrimer. Surprisingly, a shielding of the aldehyde signal is
also observed when the aldehyde is located 14 bonds away
from the azo group (6-G�2�. The shielding is smaller (���
0.035 ppm) but easily detectable (Figure 6b). When this
solution is kept in the dark for five days and then examined
by 1H NMR spectroscopy, the signal corresponding to the
presence of cis isomers is diminished, but it does not disap-
pear totally. Thus, the rate of the recovery of the trans form
seems to be slower for 6-G�2 than for 3-G�1. However, the
recovery of the all-trans dendrimer was total after a few
weeks.
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Dendrimer 7-G�2 possesses azo derivatives at two levels;
thus it is expected that irradiation will induce the formation of
cis isomers at both levels, creating combinatorial series. We
thought that only modifications of the external azo groups
could be detected in 1H NMR spectra, but very unexpectedly,
three signals are observed for the aldehyde groups after
irradiation (Figure 6c). Besides the signal corresponding to
the initial trans-azoaldehyde groups, a signal very close (���
0.015 ppm) and a broad, more shielded signal (��� 0.200
ppm) appear. The only way to account for these results is to
consider that the isomerization of the internal groups is also
detectable in 1H NMR spectra, even if this isomerization
occurs 20 bonds away from the aldehyde end groups. Thus, the
most deshielded (initial) signal corresponds to trans-azoalde-
hydes pertaining to [trans-N�N(CHN)�(trans-N�N(CHO))2] and
[trans-N�N(CHN)�(cis-N�N(CHO))(trans-N�N(CHO))] branches,
the signal closest to this one corresponds to trans-azoalde-
hydes pertaining to [cis-N�N(CHN)�(trans-N�N(CHO))2] and
[cis-N�N(CHN)�(cis-N�N(CHO))(trans-N�N(CHO))] branches,
and the most shielded signal corresponds to cis-azoaldehydes
pertaining to [trans-N�N(CHN)�(cis-N�N(CHO))2], [cis-
N�N(CHN)�(cis-N�N(CHO))2], [trans-N�N(CHN)�(trans-N�N(CHO))-
(cis-N�N(CHO))], and [cis-N�N(CHN)�(trans-N�N(CHO))-
(cis-N�N(CHO))] branches (Figure 7). The presence of four
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Figure 7. Examples of branch isomerism.


types of isomers within this last signal may account for its
broadening when compared to the others. Keeping this
solution in the dark for five days induced the phenomena
already observed for 3-G�1 and 6-G�2. The signal corresponding
to the external cis-azo groups disappeared, whereas the signal
corresponding to the internal cis-azo groups diminished but
did not disappear, indicating a different rate for the recovery
of the trans form. However, the all-trans form reappeared
after several weeks in the dark. Some of these solutions, in
particular those containing dendrimers 3-G�1 and 8-G�0, were
reirradiated and back-isomerized several times (up to seven
times) to check their stability over time. No decomposition
could be detected by comparing the data furnished by NMR
techniques and size exclusion chromatography (SEC) of the
irradiated products (after recovery of the all-trans form) with
those of nonirradiated samples.


These first experiments reassured us of the stability of these
azobenzene dendrimers towards irradiation in the conditions
used for the isomerization. Thus, we decided to study the
photochemical behavior of several azobenzene-containing
dendrimers described in this paper, mostly those having
aldehyde end groups. The experiments were carried out at
295 K in CH2Cl2 or CHCl3, no difference being observed
between experiments carried out in one or the other solvent.
In all cases, the E�Z photoisomerizations were observed by
UV± visible spectroscopy. As an example, Figure 8 displays


Figure 8. Changes in the UV± visible spectrum of 3-G�1 upon irradiation at
350 nm.


the spectral changes observed for the E�Z photoisomeriza-
tion of compound 3-G�1 under 350 nm light. As expected, an
important decrease of absorbance was observed in the near-
UV spectral region (��* absorption band) whereas a slight
increase was observed in the visible region (n�* absorption
band). The presence of isosbestic points during isomerization
confirms the independence of each chromophoric unit. After
a few minutes, the photostationary equilibrium was reached in
dilute solutions (cazo� 10�5�), but several hours were needed
for concentrated solutions (cazo� 10�3�). Assuming that the
absorbance of the Z isomer at the wavelength of the ��* band
maximum can be neglected,[11d] the relative amount of E and
Z isomers can be deduced from the value of the absorbance at
the photostationary equilibrium (Table 2). In some cases, the
E/Z ratio was directly measured by 1H NMR spectroscopy


Table 2. Photostationary equilibria and kinetic data for thermal back-
isomerization (Z�E).


No. N�N Photostationary k295 [s�1] Method
eq. Z [%][a]


1 1 67 9	 10�4 UV/Vis
3-G�1 6 63 1.5	 10�5 1H NMR
6-G2 6 52
6-G�2 6 52 3.3	 10�6 1H NMR
6-G�3 6 42
7-G�2 18 30 1.3	 10�5[b] 1H NMR
7-G�3 42 21
8-G�0 6 47 1.4	 10�5 1H NMR
8-G1 6 44
8-G�2 42 12


[a] For dilute solutions. [b] For azo groups at the surface only.
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and correlated well with the values deduced from UV
absorption, confirming the assumption made previously on
the negligible value of the Z absorption. Interesting conclu-
sions can be drawn from these data. First, the progressive
burying of the azobenzene groups inside the dendrimer
induces a progressive reluctance of the azobenzene groups
to isomerize, as shown by the decreasing amount of Z form
registered on going from 3-G�1 to 6-G�3, from 63% to 42% of Z
isomer. Second, a higher density also induces a lower
percentage of isomerization, as shown by the comparison
between 3-G�1 and 8-G�0 (63% and 47% of Z isomer,
respectively), or between 7-G�3 and 8-G�2 (21% and 12% of
Z isomer, respectively). Third, a higher number of azoben-
zene groups also induces reluctance of the azo groups to
isomerize, as shown by the comparison between 6-G�3 and
7-G�3 (42% and 21% of Z isomer, respectively).


The NMR data indicate that the thermal back-isomer-
ization (Z�E) is a rather lengthy process for dendrimers
(several hours to several days). We could not use UV± visible
spectrophotometry to study these kinetics, owing to problems
of temperature regulation over a long time inducing unreli-
able results. The only usable UV±visible kinetic data
concerned compound 1 in dilute solutions (c� 4.4	 10�5�),
which back-isomerizes in the dark within less than one hour.
The t0 time corresponds to the end of irradiation. A plot of
ln(A�A0) versus time is a straight line, with A0 being the
absorbance at 359 nm (�max) for the trans isomer, and A being
the absorbance at 359 nm at time t (Figure 9). The slope gives
the value of the first-order rate constant, k� 9 10�4 s�1 at
295 K (Table 2). Because of the high rate of isomerization, we
could not monitor it by 1H NMR spectroscopy.


Figure 9. Kinetic data for the thermal back-isomerization (Z�E) of the
azo bonds for compounds 1, 3-G�1, 6-G�2, 8-G�0, and the surface azo groups of
7-G�2.


On the other hand, 1H NMR spectroscopy is a perfectly
suitable technique to monitor the Z�E isomerization of azo
dendrimers by integration of the signals corresponding to the
aldehyde groups. This technique gives a direct measurement,
which does not necessitate any approximation, unlike UV
measurements. Concentrated solutions irradiated for several
hours were used, but the photostationary equilibrium ob-
served for dilute solutions was not reached in these cases,
presumably because of differences in the temperature of the


samples during prolonged irradiation. The t0 time was at least
one hour after the end of irradiation, to allow the sample to
reach a constant temperature (295 K) in the NMR machine.
First experiments were carried out with dendrimer 3-G�1. A
plot of ln[Icis/(Icis � Itrans)] versus time was also a straight line,
with Icis and Itrans being the integration corresponding to the
CHO groups linked to cis and trans azobenzene groups,
respectively. The strict adherence to first-order kinetics
demonstrates that all the azobenzene groups of dendrimer
3-G�1 behave independently, as has already been demonstrat-
ed for other azo-containing dendrimers.[16] The value of the
first-order rate constant deduced from the slope is k� 1.5	
10�5 s�1 at 295 K (Table 2).


Analogous experiments were carried out with dendrimer
8-G�0. Its behavior is very similar to that observed for 3-G�1, as
expected for compounds having the same number of azo
groups (i.e. , six) located in the external layer. The first-order
rate constant is k� 1.4	 10�5 s�1 (Figure 9, Table 2). On the
other hand, dendrimer 6-G�2 behaves differently. This com-
pound derives from 3-G�1 and it possesses the same number of
azo groups (i.e., six), but they are included within the skeleton
of the dendrimer and not on the surface. However, the same
procedure can be applied to the 1H NMR spectra of 6-G�2,
using integration of the aldehyde groups located on the
surface at 14 bonds from the trans or cis azo groups. A straight
line is also obtained when ln[Icis/(Icis � Itrans)] is plotted versus
time, indicating here also the independent behavior of the azo
groups within the dendrimer. However, the rate constant k
deduced from the slope is appreciably different: 3.3	 10�6 s�1


for 6-G�2 versus 1.5	 10�5 s�1 for 3-G�1 (Figure 9, Table 2).
Dendrimer 7-G�2 constitutes a more complex case, owing to


the presence of two types of azo derivatives, one type located
on the surface and the other within the interior. The total
description of the kinetic parameters of this system is not
obtainable by 1H NMR spectroscopy, but the rate of the
Z�E isomerization of the azoaldehyde groups on the surface
is accessible, again from a plot of ln[Icis/(Icis � Itrans)] versus
time. In this case, the Icis value corresponds to the integration of
the most shielded aldehyde signal, and the Itrans value corre-
sponds to the sum of integration of the two most deshielded
aldehyde signals (see above for the description of the attribu-
tion made for these signals, and Figure 6). The rate constant of
the back-isomerization of the azoaldehyde groups is deduced
from the straight line obtained in Figure 9, that is, 1.3	 10�5 s�1.


Several conclusions can be drawn from these kinetic data.
First, the E form of the azo groups located on the surface is
recovered at identical rates whatever the generation consid-
ered (compare values obtained for 8-G�0, 3-G�1, and 7-G�2�.
Second, the burying of the azo groups within the dendrimeric
structure (as in the case of 6-G�2� considerably lowers the rate
of the back-isomerization. At first glance, this result could be
interpreted as the effect of steric hindrance and lower
flexibility. However, it was previously demonstrated that the
incorporation of azobenzene derivatives within dendrimers[16]


or polymers[23] in fact has no influence upon their cis ± trans
thermal isomerization, even if a recent paper points out that
the rate constant of this isomerization increases with the ring
size for azobenzene-containing macrocycles.[24] On the other
hand, it is evident that the azo groups located on the surface
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are of a type different from the azo groups located in the
interior, with an aldehyde as substituent in the first case and a
hydrazone in the second case. A difference in the substituents
is known to induce a difference in the rate of the thermal
isomerization.[25] Another illustration of this behavior is given
here by the large decrease observed between the azo
derivative 1 (HO substituent) and the same azo derivative
linked to the surface of the dendrimer (P�O substituent), for
which steric hindrance is unlikely to be involved. Thus, it
appears that a large part of the rate difference observed for
the back-isomerization is most likely due to substituent effects
rather than to position inside the dendrimer or on the surface.


Conclusion


We have synthesized three series of phosphorus-containing
dendrimers with azobenzene units precisely placed within
their framework. The presence of these azobenzene groups
induces higher sensitivity of the dendrimer to laser light for
the MALDI-TOF MS technique, but does not preclude
studying the photochemical behavior of these dendrimers.
The position of a particular azobenzene group within the
dendrimer has no influence upon its absorption properties.
The only factor influencing the wavelength of the maximum
of the ��* absorption band is the conjugation, since the
progressive burying of the azobenzene groups inside the
dendrimer has practically no influence on the �max value
(series 3-G�1, 6-G2 ± 6-G�3�. Furthermore, the value of the molar
absorption coefficient �max increases with the number of
azobenzene groups in a simple additive way, within the limits
of precision.


On the other hand, the relative amount of E and Z isomers
obtained at the photostationary equilibrium reached by
irradiation with a 350 nm light differs greatly depending on
the location of the azobenzene groups. Progressive burying of
the azobenzene groups inside the dendrimer induces a
progressive reluctance to isomerize. A higher density and a
higher number of azobenzene groups induce the same
phenomenon. The kinetic data for the back-isomerization
(Z�E) of some dendrimers was deduced from 1H NMR


spectra. Very unexpectedly, it was shown that the signal
corresponding to the aldehyde end groups is sensitive to
configurational changes occurring at a distance of 14 and even
20 bonds from this group. A strict adherence to first-order
kinetics is observed, demonstrating that all the azobenzene
groups behave independently. The rate of recovery of the E
form for azobenzene groups located on the surface is similar,
whatever the generation–and thus the number of azoben-
zene groups–considered. On the other hand, the large
difference observed for this rate depending on the location
of the azobenzene groups appears most likely to be due to a
substituent effect than to the location. Thus, surprisingly, the
photochemical behavior of azobenzene groups is very com-
parable to the electrochemical behavior of ferrocene groups
linked to or included in the same type of dendrimers.


Experimental Section


General : All reactions were carried out in the absence of air, by means of
standard Schlenk techniques and vacuum-line manipulations. All solvents
were dried before use. Instrumentation: Bruker AM250 and DPX300 (1H,
13C, and 31P NMR); Perkin ±Elmer 1725X (FT-IR); Hewlett Packard (UV/
Vis) connected to Hewlett Packard Vectra VL series 5/133 computer
(program used: HP UV/Vis Configuration Edition); PerSeptive Biosys-
tems Voyager Elite equipped with a nitrogen laser (337 nm) (mass
spectrometry). All irradiation was carried out at 263 K with a homemade
irradiation system equipped with 350 nm lamps. SEC data were obtained
with a Waters 410 differential diffractometer. The numbering used for
NMR data of dendrimers is depicted in Scheme 6. References for NMR
chemical shifts were 85%H3PO4 for 31P NMR, SiMe4 for 1H and 13C NMR.
The 13C NMR signals were assigned by Jmod, two-dimensional HMBC, and
HMQC, broadband, or CW 31P decoupling experiments when necessary.
Compounds 1[8] and 4-Gn


[19] were prepared according to published
procedures. All dendrimers containing azobenzene groups were protected
against light at all times during the synthesis and were stored in the dark.
Most photochemical experiments were carried out with several batches,
without noticeable changes.


General procedure for the synthesis of dendrimers with azobenzene
aldehyde end groups (3-G�1, 7-G�2, 7-G�3, 8-G�0, 8-G�1, 8-G�2): A mixture of
dendrimer with P(S)Cl2 end groups (a : 2-G1, 0.50 g, 0.55 mmol; b : 6-G2 ,
0.25 g, 0.083 mmol; c : 7-G3 , 0.23 g, 0.032 mmol; d : N3P3Cl6, 0.50 g,
1.44 mmol; e : 8-G1, 0.50 g, 0.204 mmol; f : 8-G2 , 0.52 g, 0.078 mmol),
4-[(4-hydroxyphenyl)azo]-benzaldehyde (1; a : 0.77 g, 3.41 mmol; b : 0.23 g,
1.02 mmol; c : 0.18 g, 0.777 mmol; d : 2.00 g, 8.77 mmol; e : 0.57 g,
2.51 mmol; f : 0.43 g, 1.90 mmol), and Cs2CO3 (a : 2.22 g, 6.82 mmol; b :


Scheme 6. Numbering used for NMR studies.
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0.67 g, 2.04 mmol; c : 0.51 g, 1.56 mmol; d : 5.60 g, 17.3 mmol; e : 1.63 g,
5.02 mmol; f : 1.24, 3.80 mmol) in THF (15 ± 25 mL) was stirred overnight at
room temperature, then evaporated to dryness. The residue was extracted
with CH2Cl2 (3	 25 mL). The liquid phases were recovered and evaporated
under vacuum to give a paste, which was washed three times with THF/
pentane (1/10) to give an orange powder of a : 3-G�1 ; b : 7-G�2 ; c : 7-G�3 ; d :
8-G�0 ; e : 8-G�1 ; f : 8-G�2.


General procedure for the synthesis of dendrimers 5-Gs (n� 1, 4): One
equivalent of dendrimer 4-Gn (n� 1: 0.200 g, 0.132 mmol; n� 4: 0.098 g,
0.0049 mmol) and 3	 2n equivalents the azo derivative 1 (n� 1: 0.18 g,
0.792 mmol; n� 4: 0.053 g, 0.236 mmol) were dissolved in THF (n� 1:
10 mL; n� 4: 5 mL) and stirred overnight at room temperature. The
solution was concentrated (2/3 of the solvent was evaporated), then
pentane was added to precipitate a powder. The solution was filtered, and
the powder was washed with THF/pentane (1/10) to give 5-Gn as orange
powders.


General procedure for the synthesis of dendrimers with P(S)Cl2 end groups
(6-G2, 6-G3, 7-G3, 8-G1, 8-G2): A solution of Cl2P(S)NCH3NH2 (0.23�) in
CHCl3 (a : 11.4 mL, 2.63 mmol; b : 3.10 mL, 0.714 mmol; c : 2.7 mL,
0.629 mmol; d : 7.0 mL, 1.60 mmol; e : 5.43 mL, 1.25 mmol) was added
slowly to a solution of dendrimer with aldehyde end groups (a : 3-G�1, 0.80 g,
0.390 mmol; b : 6-G�2, 0.23 g, 0.0567 mmol; c : 7-G�2, 0.26 g, 0.050 mmol; d : 8-
G�0, 0.36 g, 0.244 mmol; e : 8-G�1, 0.47 g, 0.0992 mmol) in THF (5 ± 20 mL) at
room temperature. The resulting solution was stirred overnight, then the
solvent was removed under vacuum, and the residue was washed three
times with CH2Cl2/pentane (1/10) to give an orange powder of a : 6-G2 , b : 6-
G3 , c : 7-G3, d : 8-G1, e : 8-G2 .


General procedure for the synthesis of dendrimers with benzaldehyde end
groups (6-G�n, n� 2, 3): NaOC6H4CHO (n� 2: 0.18 g, 1.24 mmol; n� 3:
0.16 g, 1.12 mmol) was added to a solution of dendrimer 6-Gn (n� 2: 0.30 g,
0.0995 mmol, n� 3: 0.28 g, 0.0462 mmol) in THF (15 mL). The resulting
mixture was stirred overnight, then centrifuged and filtered. The solution
was evaporated to dryness, and the residue was washed three times with
THF/pentane (1/10) to give 6-G�n as an orange powder.


Dendrimer 3-G�1 : 98% yield (1.10 g); 31P {1H} NMR (CDCl3): �� 52.6 (P0),
61.3 (P1); 1H NMR (CDCl3): �� 3.43 (d, 3J(H,P)� 10.7 Hz, 9H; CH3NP1),
7.31 (dd, 3J(H,H)� 8.6 Hz, 4J(H,P)� 1.3 Hz, 6H; C2


0H), 7.41 (dd,
3J(H,H)� 8.8 Hz, 4J(H,P)� 1.4 Hz, 12H; C2


1H), 7.69 (s, 3H; CH�N(0)),
7.76 (d, 3J(H,H)� 8.6 Hz, 6H; C3


0H), 7.95 (d, 3J(H,H)� 8.8 Hz, 12H; C3
1H),


7.97 (s, 24H; C6�7
1 H), 10.06 (s, 6H; CHO); 13C {1H} NMR (CDCl3): �� 33.0


(d, 2J(C,P)� 13.6 Hz; CH3NP1), 121.6 (d, 3J(C,P)� 4.8 Hz; C2
0�, 122.2 (d,


3J(C,P)� 5.8 Hz; C2
1�, 123.3 (C3


1�, 124.8 (C6
1�, 128.5 (C3


0�, 130.7 (C7
1�, 132.5


(C4
0�, 137.5 (C8


1�, 138.9 (d, 3J(C,P)� 13.8 Hz; CH�N(0)), 149.9 (C4
1�, 151.3 (d,


2J(C,P)� 7.9 Hz; C1
0�, 153.3 (d, 2J(C,P)� 7.9 Hz, C1


1�, 155.7 (C5
1�, 191.0


(CHO); IR (KBr): �� � 1699 cm�1 (CHO); UV/Vis (CHCl3): �max (�)� 340
(157800), 444 nm (4100��1 cm�1); elemental analysis calcd (%) for
C102H78N18O15P4S4 (2048.01): C 59.82, H 3.83, N 12.30; found C 60.00, H
3.93, N 12.35.


Dendrimer 5-G1: 76% yield (0.28 g); 31P {1H} NMR ([D6]DMSO): �� 15.2
(d, 2J(P�1,P1)� 25.7 Hz; P�1�, 60.6 (d, 2J(P1,P�1�� 25.7 Hz; P1), 77.9 (P0);
1H NMR ([D6]DMSO): �� 3.23 (d, 3J(H,P1)� 8.8 Hz, 18H; CH3NP1), 3.32
(d, 3J(H,P0)� 8.4 Hz, 9H; CH3NP0), 7.04 (d, 3J(H,H)� 8.4 Hz, 12H; HC2


2�,
7.50 ± 7.90 (m, 51H; Harom, CH�N), 7.73 (d, 3J(H,H)� 15.5 Hz, 12H; HC7


2�,
7.77 (d, 3J(H,H)� 15.5 Hz, 12H; HC6


2�, 7.88 (d, 3J(H,H)� 8.4 Hz, 12H;
HC3


2�, 10.46 (br s, 6H; OH); 13C {1H} NMR ([D6]DMSO): �� 33.9 (d,
2J(C,P1)� 9.9 Hz; CH3NP1), 34.4 (d, 2J(C,P0)� 8.2 Hz; CH3NP0), 117.2
(C2


2�, 123.7 (C3
2�, 126.1 (C6


2�, 127.4 (d, 3J(C,P�1�� 11.1 Hz; C2
1�, 127.9 (C7


2�,
129.9 (d, 3J(C,P�1�� 12.8 Hz; Cm


1 �, 130.2 (dd, 1J(C,P�1�� 106.0 Hz,
3J(C,P1)� 2.8 Hz; C4


1�, 130.5 (brd, 1J(C,P�1�� 106.7 Hz; Ci
1�, 133.4 ± 134.2


(m; C3
1, Co


1, C
p
1�, 135.3 (d, 3J(C,P1)� 14.0 Hz; CH�N(2)), 138.4 (m; CH�N(1)),


139.7 (C8
2�, 140.5 (d, 4J(C,P)� 2 Hz; C1


1�, 140.6 (C4
2�, 152.5 (C1


2�, 162.2 (C5
2� ;


UV/Vis (DMSO): �max (�)� 262 (97400), 324 (98500), 396 nm
(165000��1 cm�1); elemental analysis calcd (%) for C144H132N33O6P7S4


(2765.9): C 62.53, H 4.81, N 16.71; found C 62.28, H 4.74, N 16.63.


Dendrimer 5-G4 : 67% yield (0.099 g); 31P {1H} NMR ([D8]THF): �� 14.3
(d, 2J(P�4,P4)� 26.5 Hz; P�4�, 15.3 (brd, 2J(P,P)� 27.8 Hz; P�1, P�2, P�3�, 59.8 (d,
2J(P4,P�4�� 26.5 Hz; P4), 59.9 (m; P1, P2, P3), 76.7 (P0); 1H NMR ([D8]THF):
�� 3.33 (br s, 279H; CH3), 6.99 (d, 3J(H,H)� 7.8 Hz, 96H; HC2


5�, 7.30 ± 8.20
(m, 819H; Harom, CH�N), 7.84 (d, 3J(H,H)� 15.4 Hz, 96H; HC7


5�, 7.88 (d,
3J(H,H)� 15.4 Hz, 96H; HC3


5�, 9.23 (br s, 48H; OH); 13C {1H} NMR


([D8]THF): �� 32.1 (d, 2J(C,P4)� 10.8 Hz; CH3NP4), 32.5 (m; CH3), 115.6
(C2


5�, 122.5 (C3
5�, 124.7 (C6


5�, 125.6 (m; C2
1�4�, 126.6 (C7


5�, 128.3 (d, 3J(C,P)�
11.8 Hz; Cm


1�4�, 129.7 (brd, 1J(C,P)� 106 Hz; C4
1, Ci


1�, 130.0 (brd, 1J(C,P)�
107 Hz; C4


2�3, Ci
2�3�, 130.3 (brd, 1J(C,P)� 106 Hz; C4


4, Ci
4�, 132.1 (m; Cp


1�4�,
132.9 (br s; C3


1�4, Co
1�4, CH�N(5)), 138.2 (m; CH�N(1±4)), 139.2 (s; C8


5, C1
1�,


141.0 (br s; C1
2�4�, 146.3 (C4


5�, 151.8 (C1
5�, 160.9 (C5


5� ; UV/Vis (DMSO): �max


(�)� 262 (1296000), 340 (1520000), 396 nm (1380000��1 cm�1); elemental
analysis calcd (%) for C1572H1434N327O48P91S46 (29968): C 63.00, H 4.82, N
15.28; found C 62.89, H 4.88, N 15.11.


Dendrimer 6-G2 : 99% yield (1.16 g); 31P {1H} NMR (CDCl3): �� 52.5 (P0),
61.6 (P1), 63.1 (P2); 1H NMR (CDCl3): �� 3.41 (d, 3J(H,P)� 10.2 Hz, 9H;
CH3NP1), 3.50 (d, 3J(H,P)� 13.6 Hz, 18H; CH3NP2), 7.30 (d, 3J(H,H)�
8.7 Hz, 6H; C2


0H), 7.38 (dd, 3J(H,H)� 8.8 Hz, 3J(H,P)� 1.3 Hz, 12H;
C2


1H), 7.65 (s, 3H; CH�N(0)), 7.72 (s, 6H; CH�N(1)), 7.77 (d, 3J(H,H)�
8.7 Hz, 6H; C3


0H), 7.85 ± 7.94 (m, 36H; C3�6�7
1 H); 13C {1H} NMR (CDCl3):


�� 31.9 (d, 2J(C,P)� 13.8 Hz; CH3NP2), 33.1 (d, 2J(C,P)� 12.2 Hz;
CH3NP1), 121.6 (d, 3J(C,P)� 4.6 Hz; C2


0�, 122.1 (d, 3J(C,P)� 5.2 Hz; C2
1�,


123.4 (C3
1�, 124.5 (C6


1�, 128.2 (C7
1�, 128.5 (C3


0�, 132.6 (C4
0�, 136.4 (C8


1�, 138.9
(d, 3J(C,P)� 13.8 Hz; CH�N(0)), 140.7 (d, 3J(C,P)� 18.3 Hz; CH�N(1)),
149.9 (C4


1�, 151.3 (d, 2J(C,P)� 7.6 Hz; C1
0�, 152.8 (d, 2J(C,P)� 7.7 Hz; C1


1�,
153.1 (C5


1� ; UV/Vis (CHCl3): �max (�)� 360 nm (223200��1 cm�1); elemen-
tal analysis calcd (%) for C108H96Cl12N30O9P10S10 (3013.98): C 43.03, H 3.21,
N 13.94; found C 42.95, H 3.32, N 13.85.


Dendrimer 6-G�2 : 93% yield (0.33 g); 31P {1H} NMR (CDCl3): �� 52.5 (P0),
60.4 (P2), 61.7 (P1); 1H NMR (CDCl3): �� 3.42 (d, 3J(H,P)� 10.6 Hz, 27H;
CH3NP1,2), 7.32 (d, 3J(H,H)� 8.2 Hz, 6H; C2


0H), 7.39 (d, 3J(H,H)� 8.0 Hz,
36H; C2


1�2H), 7.70 (s, 9H; CH�N(0,1)), 7.78 (d, 3J(H,H)� 8.2 Hz, 6H; C3
0H),


7.86 (d, 3J(H,H)� 8.0 Hz, 24H; C3
2H), 7.84 ± 7.93 (m, 36H; C3�6�7


1 H), 9.93 (s,
12H; CHO); 13C {1H} NMR (CDCl3): �� 33.1 (d, 2J(C,P)� 13.8 Hz;
CH3NP1,2), 121.6 (d, 3J(C,P)� 3.8 Hz; C2


0�, 122.0 (d, 3J(C,P)� 5.3 Hz; C2
2�,


122.1 (d, 3J(C,P)� 5.3 Hz; C2
1�, 123.4 (C3


1�, 124.5 (C6
1�, 127.8 (C7


1�, 128.5 (C3
0�,


131.5 (C3
2�, 132.6 (C4


0�, 133.7 (C4
2�, 136.8 (C8


1�, 139.0 (d, 3J(C,P)� 13.9 Hz;
CH�N(0)), 139.7 (d, 3J(C,P)� 13.8 Hz; CH�N(1)), 150.0 (C4


1�, 151.3 (d,
2J(C,P)� 7.7 Hz; C1


0�, 152.7 (d, 2J(C,P)� 7.0 Hz; C1
1�, 153.0 (C5


1�, 155.1 (d,
2J(C,P)� 6.1 Hz; C1


2�, 190.7 (CHO); IR (KBr): �� � 1702 cm�1 (CHO); UV/
Vis (CHCl3): �max (�)� 258 (269700), 362 (198600), 442 nm
(10100��1 cm�1); elemental analysis calcd (%) for C192H156N30O33P10S10


(4041.92): C 57.05, H 3.89, N 10.39; found C 57.17, H 4.05, N 10.17.


Dendrimer 6-G3 : 85% yield (0.29 g); 31P {1H} NMR (CDCl3): �� 52.5 (P0),
61.7 (P1,2), 63.6 (P3); 1H NMR (CDCl3): �� 3.43 (brd, 3J(H,P)� 13.9 Hz,
63H; CH3NP1,2,3), 7.29 (d, 3J(H,H)� 8.0 Hz, 30H; C2


0�2H), 7.38 (d,
3J(H,H)� 8.6 Hz, 12H; C2


1H), 7.63 (s, 21H; CH�N(0,1,2)), 7.71 (d,
3J(H,H)� 8.0 Hz, 24H; C3


2H), 7.68 ± 7.93 (m, 42H; Harom);13C {1H} NMR
(CDCl3): �� 31.7 (d, 2J(C,P)� 13.1 Hz; CH3NP3), 33.0 (d, 2J(C,P)�
12.6 Hz; CH3NP2), 32.1 (d, 2J(C,P)� 12.6 Hz; CH3NP1), 121.5 (d,
3J(C,P)� 4.4 Hz; C2


0�, 121.8 (d, 3J(C,P)� 4.4 Hz; C2
2�, 121.9 (d, 3J(C,P)�


5.1 Hz; C2
1), 123.2 (C3


1�, 124.3 (C6
1�, 128.0 (C7


1�, 128.2 (C3
0�, 128.6 (C3


2�, 131.4
(C4


2�, 132.4 (C4
0�, 136.9 (C8


1�, 138.9 (d, 3J(C,P)� 15.6 Hz; CH�N(0,1)), 140.5
(d, 3J(C,P)� 18.6 Hz; CH�N(2)), 149.8 (C4


1�, 151.2 (d, 2J(C,P)� 6.2 Hz; C1
0�,


151.7 (d, 2J(C,P)� 6.8 Hz; C1
2�, 152.5 (d, 2J(C,P)� 7.1 Hz; C1


1�, 152.7 (C5
1� ;


UV/Vis (CHCl3): �max (�)� 286 (384500), 366 (194400), 444 nm
(12100��1 cm�1); elemental analysis calcd (%) for C204H192Cl24N54O21P22S22


(5973.86): C 41.01, H 3.23, N 12.66; found C 41.32, H 3.54, N 12.76.


Dendrimer 6-G�3 : 86% yield (0.30 g); 31P {1H} NMR (CDCl3): �� 52.6 (P0),
60.5 (P3), 61.9 (P1,2); 1H NMR (CDCl3): �� 3.37 (brd, 3J(H,P)� 10.3 Hz,
63H; CH3NP1,2,3), 7.34 (d, 3J(H,H)� 7.7 Hz, 90H; C2


0�1�2�3H), 7.62 (s, 12H;
CH�N(2)), 7.66 (s, 9H; CH�N(0,1)), 7.83 (d, 3J(H,H)� 7.7 Hz, 48H; C3


3H),
7.70 ± 7.93 (m, 66H; Harom), 9.91 (s, 24H; CHO); 13C {1H} NMR (CDCl3):
�� 32.8 (d, 2J(C,P)� 13.4 Hz; CH3NP3), 32.9 (d, 2J(C,P)� 12.7 Hz;
CH3NP1,2), 121.8 (d, 3J(C,P)� 4.8 Hz; C2


0�1�2�3�, 123.2 (C3
1�, 124.3 (C6


1�, 127.6
(C7


1�, 128.2 (C3
2�, 128.4 (C3


0�, 131.3 (C3
3�, 131.7 (C4


2�, 132.4 (C4
0�, 133.5 (C4


3�
136.9 (C8


1�, 139.0 (d, 3J(C,P)� 13.1 Hz; CH�N(0,1)), 139.4 (d, 3J(C,P)�
14.2 Hz; CH�N(2)), 149.8 (C4


1�, 151.2 (d, 2J(C,P)� 6.1 Hz; C1
0�, 151.3 (d,


2J(C,P)� 6.5 Hz; C1
2�, 151.4 (d, 2J(C,P)� 7.3 Hz; C1


3�, 152.6 (d, 2J(C,P)�
6.9 Hz; C1


1� 152.7 (C5
1�, 190.6 (CHO); IR (KBr): �� � 1702 cm�1 (CHO); UV/


Vis (CHCl3): �max (�)� 262 (525400), 366 nm (204000��1 cm�1); elemental
analysis calcd (%) for C372H312N54O69P22S22 (8029.75): C 55.64, H 3.91, N
9.42; found C 55.79, H 4.25, N 9.49.


Dendrimer 7-G�2 : 90% yield (0.20 g); 31P {1H} NMR (CDCl3): �� 52.5 (P0),
61.0 (P2), 61.6 (P1); 1H NMR (CDCl3): �� 3.42 (m, 27H; CH3NP1,2), 7.40
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(m, 42H; C2
0�1�2H), 7.70 ± 8.08 (m, 123H; Harom, CH�N(0,1)), 10.05 (s, 12H;


CHO); 13C {1H} NMR (CDCl3): �� 33.1 (d, 2J(C,P)� 12.2 Hz; CH3NP1),
33.2 (d, 2J(C,P)� 13.3 Hz; CH3NP2), 121.6 (d, 3J(C,P)� 4.5 Hz; C2


0�, 122.2
(d, 3J(C,P)� 5.3 Hz; C2


1�2�, 123.3 (C3
2�, 123.4 (C3


1�, 124.4 (C6
1�, 124.8 (C6


2�,
127.8 (C7


1�, 128.5 (C3
0�, 130.7 (C7


2�, 132.6 (C4
0�, 136.9 (C8


1�, 137.5 (C8
2�, 138.9 (d,


3J(C,P)� 19.7 Hz; CH�N(0)), 139.3 (d, 3J(C,P)� 13.9 Hz; CH�N(1)), 149.9
(C4


2�, 149.9 (C4
1�, 151.3 (d, 2J(C,P)� 7.9 Hz; C1


0�, 152.7 (d, 2J(C,P)� 6.1 Hz;
C1


1�, 152.9 (C5
1�, 153.3 (d, 2J(C,P)� 6.5 Hz; C1


2�, 155.7 (C5
2�, 191.6 (CHO); IR


(KBr): �� � 1696 cm�1 (CHO); UV/Vis (CHCl3): �max (�)� 348 (489600),
448 nm (39000��1 cm�1); elemental analysis calcd (%) for
C264H204N54O33P10S10 (5291.26): C 59.92, H 3.88, N 14.29; found C 59.83, H
3.65, N 14.02.


Dendrimer 7-G3 : 86% yield (0.31 g); 31P {1H} NMR (CDCl3): �� 52.4 (P0),
61.2 (P2), 61.6 (P1), 63.1 (P3); 1H NMR (CDCl3): �� 3.46 (m, 63H;
CH3NP1,2,3), 7.32 (m, 42H; C2


0�1�2H), 7.60 ± 8.00 (m, 135H; Harom,
CH�N(0,1,2)) ;13C {1H} NMR (CDCl3): �� 31.9 (d, 2J(C,P)� 13.7 Hz;
CH3NP3), 33.1 (d, 2J(C,P)� 12.0 Hz; CH3NP1), 33.2 (d, 2J(C,P)� 13.5 Hz;
CH3NP2), 121.7 (d, 3J(C,P)� 3.5 Hz; C2


0�, 122.1 (d, 3J(C,P)� 3.9 Hz; C2
1�2�,


123.4 (C3
1�2�, 124.5 (C6


1�2�, 127.8 (C7
1�, 128.2 (C7


2�, 128.6 (C3
0�, 132.6 (C4


0�, 136.4
(C8


2�, 137.0 (C8
1�, 139.2 (d, 3J(C,P)� 14.2 Hz; CH�N(0)), 139.4 (d, 3J(C,P)�


13.8 Hz; CH�N(1)), 140.1 (d, 3J(C,P)� 19.0 Hz; CH�N(2)), 149.9 (C4
1�2�,


151.2 (d, 2J(C,P)� 7.7 Hz; C1
0�, 152.7 (d, 2J(C,P)� 6.1 Hz; C1


1�, 152.8 (d,
2J(C,P)� 7.3 Hz; C1


2�, 152.9 (C5
1�, 153.1 (C5


2� ; UV/Vis (CHCl3): �max (�)� 362
(648000), 442 nm (37500��1 cm�1); elemental analysis calcd (%) for
C276H240Cl24N78O21P22S22 (7223.19): C 45.89, H 3.34, N 15.12; found C
46.02, H 3.57, N 15.35.


Dendrimer 7-G�3 : 85% yield (0.27 g); 31P {1H} NMR (CDCl3): �� 52.5 (P0),
61.0 (P3), 61.5 (P1,2); 1H NMR (CDCl3): �� 3.43 (m, CH3NP1,2,3 ; 63H), 7.42
(m, 90H; C2


0�1�2�3H), 7.50 ± 8.20 (m, 279H; Harom, CH�N(0,1,2)), 10.01 (br s,
24H; CHO); 13C {1H} NMR (CDCl3): �� 33.2 (brd, 2J(C,P)� 13.4 Hz;
CH3NP1,2,3), 121.6 (br s; C2


0�, 122.1 (br s; C2
1�2�3�, 123.3 (C3


1�3�, 123.4 (C3
2�, 124.4


(C6
1�2�, 124.8 (C6


3�, 127.8 (C7
1�2�, 128.5 (C3


0�, 130.7 (C7
3�, 132.5 (C4


0�, 136.9 (C8
2�,


137.0 (C8
1�, 137.4 (C8


3�, 138.9 (d, 3J(C,P)� 13.7 Hz; CH�N(0)), 139.2 (d,
3J(C,P)� 13.8 Hz; CH�N(1)), 139.3 (d, 3J(C,P)� 12.4 Hz; CH�N(2)), 149.6
(C4


2�, 149.8 (C4
1�, 150.0 (C4


3�, 151.3 (br s; C1
0�, 152.7 (d, 2J(C,P)� 7.1 Hz; C1


1�2�,
152.8 (C5


1�2�, 153.3 (d, 2J(C,P)� 7.4 Hz; C1
3�, 155.6 (C5


3�, 191.6 (CHO); IR
(KBr): �� � 1698 cm�1 (CHO); UV/Vis (CHCl3): �max (�)� 352 (1155000),
460 nm (74700��1 cm�1); elemental analysis calcd (%) for
C588H456N126O69P22S22 (11777.75): C 59.96, H 3.90, N 14.98; found C 60.0,
H 3.99, N 15.23.


Dendrimer 8-G�0 : 95% yield (0.21 g); 31P {1H} NMR (CDCl3): �� 8.4 (P0);
1H NMR (CDCl3): �� 7.20 (d, 3J(H,H)� 7.9 Hz, 12H; C2


0H), 7.80 (d,
3J(H,H)� 7.9 Hz, 12H; C3


0H), 7.88 (br s, 24H; C6�7
0 H), 10.05 (s, 6H; CHO);


13C {1H} NMR (CDCl3): �� 121.5 (C2
0�, 123.3 (C3


0�, 124.7 (C6
0�, 130.5 (C7


0�,
137.5 (C8


0�, 149.8 (C4
0�, 152.8 (d, 2J(C,P)� 6.9 Hz; C1


0�, 155.5 (C5
0�, 191.4


(CHO); IR (KBr): �� � 1700 cm�1 (CHO); UV/Vis (CHCl3): �max (�)� 336
(151200), 434 nm (5700��1 cm�1); elemental analysis calcd (%) for
C78H54N15O12P3 (1486.30): C 63.03, H 3.66, N 14.13; found C 63.22, H
3.98, N 14.26.


Dendrimer 8-G1: 98% yield (0.59 g); 31P {1H} NMR (CDCl3): �� 8.7 (P0),
62.6 (P1); 1H NMR (CDCl3): �� 3.51 (d, 3J(H,P)� 13.7 Hz, 18H; CH3NP1),
7.17 (d, 3J(H,H)� 8.7 Hz, 12H; C2


0H), 7.69 (s, 6H; CH�N(0)), 7.78 (d,
3J(H,H)� 8.7 Hz, 12H; C3


0H), 7.80 (d, 3J(H,H)� 7.0 Hz, 24H; C6�7
0 H); 13C


{1H} NMR (CDCl3): �� 32.5 (d, 2J(C,P)� 12.3 Hz; CH3NP1) 121.5 (C2
0�,


123.4 (C3
0�, 124.5 (C6


0�, 128.1 (C7
0�, 136.3 (C8


0�, 140.8 (d, 3J(C,P)� 19.5 Hz;
CH�N(0)), 149.9 (C4


0�, 152.4 (br s; C1
0�, 153.1 (C5


0� ; UV/Vis (CHCl3): �max


(�)� 356 (225600), 440 nm (9800��1 cm�1); elemental analysis calcd (%)
for C84H72Cl12N27O6P9S6 (2452.27): C 41.14, H 2.95, N 15.42; found C 41.30,
H 3.20, N 15.31.


Dendrimer 8-G�1 : 85% yield (0.82 g); 31P {1H} NMR (CDCl3): �� 8.6 (P0),
61.2 (P1); 1H NMR (CDCl3): �� 3.42 (d, 3J(H,P)� 10.5 Hz, 18H; CH3NP1),
7.20 (d, 3J(H,H)� 8.9 Hz, 12H; C2


0H), 7.41 (dd, 3J(H,H)� 8.7 Hz,
4J(H,P)� 1.3 Hz, 24H; C2


1H), 7.72 (s, 6H; CH�N(0)), 7.82 (d, 3J(H,H)�
8.7 Hz, 24H; C3


1H), 7.90 (d, 3J(H,H)� 8.9 Hz, 12H; C3
0H), 7.91 (s, 24H;


C6�7
0 H), 7.95 (br s, 48H; C6�7


1 H), 10.04 (s, 12H; CHO); 13C {1H} NMR
(CDCl3): �� 33.2 (d, 2J(C,P)� 12.0 Hz; CH3NP1) 121.6 (C2


0�, 122.1 (d,
3J(C,P)� 5.5 Hz; C2


1�, 123.3 (C3
1�, 123.5 (C3


0�, 124.3 (C6
0�, 124.8 (C6


1�, 127.8
(C7


0�, 130.6 (C7
1�, 137.0 (C8


0�, 137.5 (C8
1�, 139.4 (d, 3J(C,P)� 13.8 Hz;


CH�N(0)), 149.9 (C4
0�1�, 152.5 (br s; C1


0�, 152.8 (C5
0�, 153.2 (d, 2J(C,P)�


7.8 Hz; C1
1�, 155.6 (C5


1�, 191.5 (CHO); IR (KBr): �� � 1699 cm�1 (CHO);


UV/Vis (CHCl3): �max (�)� 348 (498600), 440 nm (22300��1 cm�1); ele-
mental analysis calcd (%) for C240H180N51O30P9S6 (4729.55): C 60.95, H 3.83,
N 15.10; found C 61.12, H 3.65, N 14.98.


Dendrimer 8-G2 : 99% yield (0.67 g); 31P {1H} NMR (CDCl3): �� 8.7 (P0),
61.3 (P1), 63.0 (P2); 1H NMR (CDCl3): �� 3.39 (d, 3J(H,P)� 10.1 Hz, 18H;
CH3NP1), 3.47 (d, 3J(H,P)� 13.3 Hz, 36H; CH3NP2), 7.17 (d, 3J(H,H)�
7.6 Hz, 12H; C2


0H), 7.40 (d, 3J(H,H)� 7.1 Hz, 24H; C2
1H), 7.68 (s, 18H;


CH�N(0,1)), 7.79 ± 7.94 (m, 108H; C3�6�7
0�1 H); 13C {1H} NMR (CDCl3): �� 31.9


(d, 2J(C,P)� 12.4 Hz; CH3NP2), 33.2 (d, 2J(C,P)� 13.4 Hz; CH3NP1), 121.6
(C2


0�, 122.1 (d, 3J(C,P)� 3.9 Hz; C2
1�, 123.4 (C3


1�, 123.6 (C3
0�, 124.5 (C6


0�1�,
127.7 (C7


0�, 128.1 (C7
1�, 136.4 (C8


1�, 137.1 (C8
0�, 139.2 (d, 3J(C,P)� 14.1 Hz;


CH�N(0)), 140.7 (d, 3J(C,P)� 17.9 Hz; CH�N(1)), 149.9 (C4
0�1�, 152.4 (br s;


C1
0�, 152.8 (d, 2J(C,P)� 8.6 Hz; C1


1�, 152.9 (C5
0�, 153.1 (C5


1� ; UV/Vis
(CHCl3): �max (�)� 362 (662400), 446 nm (35600��1 cm�1); elemental
analysis calcd (%) for C252H216Cl24N75O18P21S18 (6661.48): C 45.43, H 3.26,
N 15.77; found C 45.58, H 3.37, N 15.55.


Dendrimer 8-G�2 : 85% yield (0.56 g); 31P {1H} NMR (CDCl3): �� 8.6 (P0),
61.1 (P2), 61.5 (P1); 1H NMR (CDCl3): �� 3.41 (br s, 54H; CH3NP1,2), 7.39
(br s, 84H; C2


0�1�2H), 7.50 ± 8.20 (m, 270H; Harom, CH�N(0,1)), 9.98 (s, 24H;
CHO); 13C {1H} NMR (CDCl3): �� 33.2 (d, 2J(C,P)� 12.7 Hz; CH3NP1,2),
121.5 (C2


0�, 122.1 (d, 3J(C,P)� 3.3 Hz; C2
1�2�, 123.3 (C3


2�, 123.4 (C3
0�1�, 124.4


(C6
0�1�, 124.8 (C6


2�, 127.8 (C7
0�1�, 130.6 (C7


2�, 137.0 (C8
1�, 137.1 (C8


0�, 137.7 (C8
2�,


139.3 (d, 3J(C,P)� 13.7 Hz; CH�N(0,1)), 149.8 (C4
0�1�2�, 152.4 (br s; C1


0�, 152.7
(d, 2J(C,P)� 8.7 Hz; C1


1�, 152.8 (C5
0�1�, 153.3 (d, 2J(C,P)� 7.0 Hz; C1


2�, 155.6
(C5


2�, 191.6 (CHO); IR (KBr): �� � 1697 cm�1 (CHO); UV/Vis (CHCl3): �max


(�)� 352 nm (1176000��1 cm�1); elemental analysis calcd (%) for
C564H432N123O66P21S18 (11216.04): C 60.39, H 3.88, N 15.36; found C 60.28,
H 3.95, N 15.28.


Acknowledgements


Thanks are due to the CNRS (France) for financial support and to the
foundation Ramon Areces (Spain) for a grant to one of us (RMS).


[1] For reviews, see for example: a) D. A. Tomalia, A. M. Naylor, W. A.
Goddard III, Angew. Chem. 1990, 102, 119; Angew. Chem. Int. Ed.
Engl. 1990, 29, 138; b) D. A. Tomalia, H. D. Durst, Top. Curr. Chem.
1993, 165, 193 ± 313; Supramolecular Chemistry I (Ed.: E. Weber),
Springer, Berlin, 1993, pp. 193 ± 313; c) G. R. Newkome, C. N. Moore-
field, F. Vˆgtle, Dendritic Molecules, VCH, Weinheim, 1996 ; d) F.
Zeng, S. C. Zimmerman, Chem. Rev. 1997, 97, 1681; e) A. Archut, F.
Vˆgtle, Chem. Soc. Rev. 1998, 27, 233; f) H. F. Chow, T. K. K. Mong,
M. F. Nongrum, C. W. Wan, Tetrahedron 1998, 54, 8543; g) M. Fischer,
F. Vˆgtle, Angew. Chem. 1999, 111, 934; Angew. Chem. Int. Ed. 1999,
38, 884; h) A. W. Bosman, H. M. Janssen, E. W. Meijer, Chem. Rev.
1999, 99, 1665; i) J. P. Majoral, A. M. Caminade, Chem. Rev. 1999, 99,
845.


[2] S. Hecht, J. M. J. Fre¬chet, Angew. Chem. 2001, 113, 76; Angew. Chem.
Int. Ed. 2001, 40, 74.


[3] a) N. Launay, A. M. Caminade, R. Lahana, J. P. Majoral, Angew.
Chem. 1994, 106, 1682; Angew. Chem. Int. Ed. Engl. 1994, 33, 1589;
b) N. Launay, A. M. Caminade, J. P. Majoral, J. Am. Chem. Soc. 1995,
117, 3282; c) C. Galliot, D. Pre¬vo√ te¬, A. M. Caminade, J. P. Majoral, J.
Am. Chem. Soc. 1995, 117, 5470; d) M. Slany, M. BardajÌ, M. J.
Casanove, A. M. Caminade, J. P. Majoral, B. Chaudret, J. Am. Chem.
Soc. 1995, 117, 9764; e) C. Larre¬, A. M. Caminade, J. P. Majoral,
Angew. Chem. 1997, 109, 613; Angew. Chem. Int. Ed. Engl. 1997, 36,
596; f) C. Galliot, C. Larre¬, A. M. Caminade, J. P. Majoral, Science
1997, 277, 1981; g) C. Larre¬, B. Donnadieu, A. M. Caminade, J. P.
Majoral, J. Am. Chem. Soc. 1998, 120, 4029; h) C. Larre¬, D. Bressolles,
C. Turrin, B. Donnadieu, A. M. Caminade, J. P. Majoral, J. Am. Chem.
Soc. 1998, 120, 13070; i) V. Maraval, R. Laurent, B. Donnadieu, M.
Mauzac, A. M. Caminade, J. P. Majoral, J. Am. Chem. Soc. 2000, 122,
2499; j) M. K. Boggiano, G. J. A. A. Soler-Illia, L. Rozes, C. Sanchez,
C. O. Turrin, A. M. Caminade, J. P. Majoral, Angew. Chem. 2000, 112,
4419;Angew.Chem. Int.Ed. 2000, 39, 4249; k) F. Le Derf, E. Levillain,
G. Trippe¬, A. Gorgues, M. Salle¬, R. M. Sebastia¬n, A. M. Caminade,
J. P. Majoral, Angew. Chem. 2001, 113, 230; Angew. Chem. Int. Ed.







Phosphorus Dendrimers 2172±2183


Chem. Eur. J. 2002, 8, No. 9 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2183 $ 20.00+.50/0 2183


2001, 40, 224; l) L. Brauge, G. Magro, A. M. Caminade, J. P. Majoral, J.
Am. Chem. Soc. 2001, 123, 6698.


[4] M. L. Lartigue, B. Donnadieu, C. Galliot, A. M. Caminade, J. P.
Majoral, J. P. Fayet, Macromolecules 1997, 30, 7335.


[5] M. L. Lartigue, A. M. Caminade, J. P. Majoral, Tetrahedron: Asym-
metry 1997, 8, 2697.


[6] C. O. Turrin, J. Chiffre, D. de Montauzon, J. C. Daran, A. M.
Caminade, E. Manoury, G. Balavoine, J. P. Majoral, Macromolecules
2000, 33, 7328.


[7] V. Maraval, R. Laurent, A. M. Caminade, J. P. Majoral, Organo-
metallics 2000, 19, 4025.


[8] G. Schmid, W. Meyer-Zaika, R. Pugin, T. Sawitowski, J. P. Majoral,
A. M. Caminade, C. O. Turrin, Chem. Eur. J. 2000, 6, 1693.


[9] C. Loup, M. A. Zanta, A. M. Caminade, J. P. Majoral, B. Meunier,
Chem. Eur. J. 1999, 5, 3644.


[10] G. S. Kumar, D. C. Neckers, Chem. Rev. 1989, 89, 1915.
[11] a) H. B. Mekelburger, K. Rissanen, F. Vˆgtle, Chem. Ber. 1993, 126,


1161; b) R. Moors, F. Vˆgtle, Adv. Dendritic Macromol. 1995, 2, 41;
c) A. Archut, G. C. Azzellini, V. Balzani, L. DeCola, F. Vˆgtle, J. Am.
Chem. Soc. 1998, 120, 12187; d) A. Archut, F. Vˆgtle, L. DeCola, G. C.
Azzellini, V. Balzani, P. S. Ramanujam, R. H. Berg, Chem. Eur. J.
1998, 4, 699; e) A. Archut, F. Vˆgtle, Chem. Soc. Rev. 1998, 27, 233;
f) S. Li, D. V. McGrath, J. Am. Chem. Soc. 2000, 122, 6795.


[12] a) D. L. Jiang, T. Aida, Nature 1997, 388, 454; b) T. Aida, D. L. Jiang,
E. Yashima, Y. Okamoto, Thin Solid Films 1998, 331, 254; c) Y.
Wakabayashi, M. Tokeshi, D. L. Jiang, T. Aida, T. Kitamori, J. Lumin.
1999, 83 ± 84, 313; d) S. Tanaka, S. Itoh, N. Kurita, Chem. Phys. Lett.
2000, 323, 407.


[13] a) D. M. Junge, D. V. McGrath, Chem. Commun. 1997, 857; b) D. M.
Junge, D. V. McGrath, Polym. Mater. Sci. Eng. 1997, 77, 79; c) M.
Hashemzadeh, D. V. McGrath, Polym. Prepr. 1998, 39, 338; d) D. M.
Junge, D. V. McGrath, Polym. Prepr. 1998, 39, 340; e) D. V. McGrath,
D. M. Junge, J. R. McElhanon, M. Hashemzadeh, Polym. Prepr. 1998,
39, 281; f) S. Li, S. Sikder, D. V. McGrath, Polym. Prepr. 1999, 40, 267;
g) D. V. McGrath, D. M. Junge, Macromol. Symp. 1999, 137, 57;
h) D. V. McGrath, D. M. Junge, Polym. Mater. Sci. Eng. 1999, 80, 62;
i) D. V. McGrath, D. M. Junge, A. Chen, G. D×Ambruoso, Mater. Res.


Soc. Symp. Proc. 1999, 543, 319; j) L. Liao, D. V. McGrath, Polym.
Prepr. 2000, 41, 870.


[14] a) T. Nagasaki, A. Noguchi, T. Matsumoto, S. Tamagaki, K. Ogino,
An. Quim. Int. Ed. 1997, 93, 341; b) T. Nagasaki, S. Tamagaki, K.
Ogino, Chem. Lett. 1997, 717.


[15] a) S. Yokoyama, T. Nakahama, A. Otomo, S. Mashiko, Chem. Lett.
1997, 1137; b) S. Yokoyama, T. Nakahama, S. Mashiko, Mol. Cryst.
Liq. Cryst. 1997, 294, 19; c) S. Yokoyama, T. Nakahama, A. Otomo, S.
Mashiko, Thin Solid Films 1998, 331, 248; d) S. Yokoyama, S.
Mashiko,Mater.Res. Soc. Symp. Proc. 1998, 488, 765; e) S. Yokoyama,
T. Nakahama, A. Otomo, S. Mashiko, J. Am. Chem. Soc. 2000, 122,
3174.


[16] D. M. Junge, D. V. McGrath, J. Am. Chem. Soc. 1999, 121, 4912.
[17] Macromol. Symp. 1999, 137, 1 ± 165 (whole issue).
[18] a) M. Negishi, O. Tsutsumi, T. Ikeda, T. Hiyama, J. Kawamura, M.


Aizawa, S. Takehara, Chem. Lett. 1996, 319; b) S. Takehara, H.
Takasu, T. Hiyama, T. Ikeda, (Jpn Kokai Tokkyo Koho) JP09241230,
09.16.1997.


[19] R. M. Sebastia¬n, G. Magro, A. M. Caminade, J. P. Majoral, Tetrahe-
dron 2000, 56, 6269.


[20] A dendrimer with 32 azo end groups[11c, 11d] and a dendrimer with
60 azo derivatives within its skeleton, including 32 end groups,[14a, 14b]


were the largest reported so far.
[21] J. C. Blais, C. O. Turrin, A. M. Caminade, J. P. Majoral, Anal. Chem.


2000, 72, 5097.
[22] a) M. L. Lartigue, N. Launay, B. Donnadieu, A. M. Caminade, J. P.


Majoral, Bull. Soc. Chim. Fr. 1997, 134, 981; b) C. Larre¬, B.
Donnadieu, A. M. Caminade, J. P. Majoral, Chem. Eur. J. 1998, 4,
2031.


[23] a) D. Tabak, H. Morawetz, Macromolecules 1970, 3, 403; b) D. T. L.
Chen, H. Morawetz, Macromolecules 1976, 9, 463.


[24] W. H. Wei, T. Tomohiro, M. Kodaka, H. Okumo, J. Org. Chem. 2000,
65, 8979.


[25] E. R. Talaty, J. C. Fargo, Chem. Commun. 1967, 65.


Received: November 5, 2001 [F3657]








1,3-Diphospholene-4-ylidene Chromium (Tungsten) Pentacarbonyl
Complexes Formed by CO Insertion into the Ring of a
1,3-Diphosphacyclobutane-2,4-diyl-2-ide–Complexes of a Phosphanyl
Carbene or a Phosphonium Ylide?


Andre¬ Fuchs,[a] Dietrich Gudat,[a] Martin Nieger,[a] Olaf Schmidt,[a] Manuel Sebastian,[a]
Laszlo Nyulaszi,[b] and Edgar Niecke*[a]


Dedicated to Professor Manfred Regitz–a pioneer in the chemistry related to the phosphorus ± carbon diagonal relationship–
on the occasion of his 66th birthday


Abstract: Reaction of the 1,3-diphos-
phacyclobutane-2,4-diyl-2-ide 1 with
chromium or tungsten hexacarbonyl
afforded the anionic complexes [cyclo-
{P(Mes*)-C(SiMe3)-P(Mes*)-C(O)-
C[M(CO)5]}]� (3a,b : M�Cr, W) by the
formal insertion of CO into the four
membered ring. Computational analysis
suggests that this reaction proceeds via
two intermediates that can be formulat-
ed as a cyclic metal acyl and an acyclic
ketenyl complex. The anionic complexes
3a,b further reacted with electrophiles
to afford the neutral complexes [cyclo-
{P(Mes*)-C(SiMe3)-P(Mes*)-C(OR)-
C[M(CO)5]}] (4a,b : M�Cr, W, R�Me;
5, 6 : M�Cr, R� SiMe3, H). All prod-
ucts were characterized by standard


spectroscopic (NMR and MS) techni-
ques, and 4a,b further by extensive one-
and two-dimensional multinuclear (1H,
13C, 31P, 183W) NMR studies. From these
investigations, an unequivocal assign-
ment of chemical shifts and coupling
constants was derived, confirming un-
usually large shielding for the formal
carbenic carbon atoms which exceed
even those in complexes of imidazoyl
carbenes. Single-crystal X-ray diffrac-
tion analyses of 3a, 4a,b, and 5 revealed


that all of these compounds contain
planar P2C3 rings. The phosphorus atoms
are slightly pyramidal, and the carbon ±
metal distances (C�Cr 218 pm, C�W
230 pm) suggest low bond orders. Com-
parison of the structural parameters of
3a with those of the O-substitution
products 4a, 5 revealed substantial
changes in endocyclic P�C bond
lengths and the degree of pyramidal
character of bonding at the phosphorus
atoms. In line with the spectroscopic and
computational results, these effects were
interpreted in terms of a considerable
reorganization of � electrons in the ring,
which induces a substantial degree of
aromatic character in the neutral com-
plexes 4 ± 6.


Keywords: computer chemistry ¥ in-
sertion ¥ NMR spectroscopy ¥ car-
bene complexes ¥ phosphorus het-
erocycles


Introduction


Stable compounds containing a divalent carbon atom can be
obtained if the subvalent center is stabilized by push ± pull
substituent effects as in ™Bertrand-type∫[1] (I) (Scheme 1) or
by �-donor (push) substituents as in ™Arduengo-type∫ com-
pounds (II).[2] The carbene-like reactivity of I may be


observed in many examples,[3] and such systems can con-
sequently be considered as crypto-carbenes. However, the
synthesis of a transition metal complex with a crypto-carbene
ligand of this type has not been reported. According to recent
theoretical studies by Schoeller et al. ,[4] the reason for this
behavior is the high distortion energy associated with the
contraction of the obtuse valence angle at the divalent carbon
atom, which is an essential prerequisite for complexation.


Unstable phosphanyl carbenes (with a push substituent) are
bent[4, 5] and therefore expected to form metal complexes.
Examples of pertinent phosphanyl carbene complexes (III in
Scheme 1) are known, as reported by Fischer et al. ,[6] but
generally these compounds are unstable at ambient temper-
ature and transform by means of intermolecular ligand
substitution to give complexes of type IV (Scheme 1).[7]


The recently synthesized lithium complex of the 1,3-
diphosphacyclobutane-2,4-diyl-2-ide 1 (Scheme 1)[8] can be
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Scheme 1. Mes*� 2,4,6-tBu3C6H2; Tms� SiMe3.


described as an anionic phosphanylcarbene whose valence
angle at the carbene carbon atom should be suitable for metal
complexation. Therefore, we expected 1 to act as a two-
electron donor, forming complexes of typeV.[9] We now report
on complexation reactions of 1 that proceed, surprisingly, by
ring expansion to yield products which may formally be
addressed as phosphanylcarbene complexes of type III
(Scheme 1).


Results and Discussion


Syntheses and crystal structure analyses : The lithium salt of
1,3-diphosphacyclobutane-2,4-diyl-2-ide (1),[9] prepared by
deprotonation of the 1,3-diphosphacyclobutane-2,4-diyl,
(Me3Si-CP(Mes*)C(H)P-Mes*),[10] reacts with one equivalent
of chromium or tungsten hexacarbonyl to give the anionic
complexes 3a,b that were isolated as red crystalline products
of the composition [3a(3b)][Li(thf)3] (Scheme 2). Presum-
ably, this reaction proceeds by the initial formation of
intermediates 2a,b by means of the attack of 1 at a carbonyl
ligand, and subsequent ring expansion. The proposal of an
acyl complex (2) as an intermediate is consistent with the
formation of similar products during reactions of metal
hexacarbonyls with nucleophilic phosphorus ylides.[11]


Subsequent reactions of [3a(3b)][Li(thf)n] with
[Me3O][BF4], and of [3a][Li(thf)3] with chlorotrimethylsilane
or pyridinium hydrochloride, respectively, yielded the neutral
chromium (tungsten) pentacarbonyl complexes 4a,b, 5, and 6.
These compounds crystallized as red (yellow) solids. The
protonation of 3a,b affords, in addition to 6, a by-product
(10 ± 20%) whose available spectroscopic data are consistent
with the formation of a 4-oxo-1,3-diphospholene-5-ylidene
complex (7) (Scheme 2).[12]


Figure 1 shows the molecular structure of the lithium salt
[3a][Li(thf)3]. The five-membered P2C3 ring has an ™enve-
lope∫ conformation with the P1 atom sticking out of the plane
formed by the other atoms. The lithium atom is surrounded by
a distorted tetrahedral array of four oxygen atoms and has a
particularly short distance to the keto oxygen atom (Li1 ¥¥O1
182.7(6) pm). The coordination geometry at the P2 phospho-
rus atom is characterized by an almost planar (sum of valence
angles: 358�) arrangement of substituents and comparatively
short endocyclic P�C distances (P2�C3 169.2(3), P2�C2
171.3(3) pm), whereas the P1 phosphorus atom displays a
distinctly pyramidal coordination geometry (sum of valence
angles: 336�) and significantly longer endocyclic P�C dis-
tances (P1�C3 177.1(3), P1�C1 182.1(3) pm). The C1�O1
distance (127.6(3) pm) is similar to bond lengths in carbox-
ylates (125.4� 1.0 pm[13]) and ureas (approximately
124 pm[13]). The observed structural features suggest that the
bonding in anion 3a is best described in terms of a canonical
structure A (Scheme 3; R�Li for B, C and D) whose
heterocyclic ring is composed of adjacent bis(methylene)-
phosphorane (C3�P2�C2), phosphane (P1) and carbonyl
(C1�O1) fragments (Figure 1). The very long Cr1�C2 bond
(218.0(3) pm, as compared to a mean distance of 207 pm for
chromium carbene complexes[14]) is remarkable and suggests
that the carbene carbon atom has a small degree of �-acceptor


Abstract in German: Die Reaktion des 1,3-Diphosphacyclo-
butan-2,4-diyl-2-ids 1 mit [Cr(CO)6] bzw. [W(CO)6] verl‰uft
unter einer formalen Insertion von CO in den Vierring unter
Ausbildung der anionischen Komplexe [cyclo-{P(Mes*)-C(Si-
Me3)-P(Mes*)-C(O)-C(M(CO)5)}]� (3a,b : M�Cr, W). Theo-
retischen Berechnungen zufolge sollte die Reaktion ¸ber zwei
‹bergangszust‰nde, einen zyklischen Metall-Acyl- und einen
azyklischen Ketenylkomplex verlaufen. Die anionischen Kom-
plexe 3a,b bilden bei der Umsetzung mit Elektrophilen
neutrale Komplexe [cyclo-{P(Mes*)-C(SiMe3)-P(Mes*)-
C(OR)-C(M(CO)5)}] (4a,b : M�Cr, W, R�Me; 5, 6 : M�
Cr, R� SiMe3, H). Alle Produkte wurden durch die ¸blichen
spektroskopischen Methoden (NMR und MS) charakterisiert.
Desweiteren wurden ausgiebige ein- und zweidimensionale,
multinukleare (1H, 13C, 31P, 183W) NMR-Untersuchungen
durchgef¸hrt. Das Ergebnis dieser Studien erlaubt es, ein
eindeutiges Zuordnungsschema f¸r die chemischen Verschie-
bungen und Kopplungskonstanten abzuleiten, und best‰tigt die
ungewˆhnlich gro˚e Abschirmung des Kohlenstoffatoms mit
formalem Carbencharakter. Diese ¸bertrifft sogar die in
Imidazoylkomplexen beobachtete Abschirmung. Einkristall-
Rˆntgenstrukturanalysen von 3a, 4a,b und 5 zeigen, dass alle
Verbindungen planare P2C3-Ringe besitzen. Die Phosphor-
atome sind leicht pyramidalisiert und die Kohlenstoff-Metall-
Abst‰nde (C�Cr 218, C�W 230 pm) legen einen geringen
Bindungsgrad nahe. Ein Vergleich der Strukturparameter von
3a mit denen der O-substituierten Produkte 4a, 5 zeigt
substantielle ænderungen der endozyklischen P�C-Bindungs-
l‰ngen und des Grades der Pyramidalisierung der P-Atome.
Zusammen mit den Ergebnissen der spektroskopischen Unter-
suchungen und der theoretischen Berechnungen werden diese
Effekte als eine bemerkenswerte Reorganisation der �-Elektro-
nen des P2C3-Ringes interpretiert, die den neutralen Komplexen
4 ± 6 einen betr‰chtlichen, aromatischen Charakter verleiht.
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Figure 1. Structure of 3a. Selected bond lengths [pm] and angles [�]:
Cr1�C2 218.0(3), C2�P2 171.3(3), P2�C3 169.2(3), C3�P1 177.1(3), P1�C1
182.1(3), C2�C1 142.5(4), P2�C6 180.9(3), C3�Si1 186.4(3), P1�C24
184.2(3), C1�O1 127.6(3), O1�Li1 182.7(6), Li1�OTHF 198.6(7) ± 204.5(7),
Cr1�Ccis 188.2(4) ± 190.0(4), Cr1�C1A 182.6(4); P2-C3-P1 100.4(1), C3-P1-
C1 102.9(1), P1-C1-C2 112.8(2), C1-C2-P2 106.6(2), C2-P2-C3 113.7(1).
(For the sake of comparability of the Figures the CCDC numbering does
not conform with the numbering used in this Figure.)


ability. The lengthening of the carbenic Cr1�C2 bond is
complimented, as expected, by a shortening of the Cr1�C1A
bond positioned trans to it (182.6(4) pm vs. 188.2(4) ±
190.0(4) pm for Cr1�Ccis bonds). Similar bonding is found in
the C�Cr(CO)5 fragment in the bis(carbene)chromium com-
plex [{Et2N�C[Cr(CO)5]}2] (Cr�C 219 pm)[15] and an even
longer C�Cr bond (226 pm) was observed in a chromium
pentacarbonyl complex of the ylidic diphosphete
[{(Me2N)2PCH}2].[16]


The molecular structures of the neutral complexes 4a
(Figure 2) and 5 (Figure 3) show almost planar P2C3 back-
bones. Compared to 3a, the difference in the sums of valence
angles at the two phosphorus atoms is less pronounced (4a :
343� (P1), 353� (P2); 5 : 345� (P1), 355� (P2)). The P1�C3
distances (4a : 173.3(2); 5 : 172.7(3) pm) shorten and the
vicinal P2�C2 bonds (4a : 174.3(2); 5 : 176.6(3) pm) lengthen
in comparison to the corresponding values for 3a, while the
remaining P2�C3 (4a : 169.7(2); 5 : 170.7(3) pm) and P1�C1
(4a : 179.5(2); 5 : 178.2(3) pm) distances remain similar.
Together, these effects result in the tendency for the two
geminal and vicinal P�C bonds in the P�C�P and P�C�C�P
moieties, respectively, to become equal. A similar tendency is


Scheme 2. Mes*� 2,4,6-tBu3C6H2; Tms� SiMe3.


Scheme 3. Mes*� 2,4,6-tBu3C6H2; Tms� SiMe3; R�Li.







Diphospholene-ylidene Metal Complexes 2188±2196


Chem. Eur. J. 2002, 8, No. 9 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2191 $ 20.00+.50/0 2191


also observed for the C1�C2 bond (4a : 138.1(3); 5 :
137.4(3) pm), which is shorter than the corresponding distance
in 3a (142.5(4) pm) and the C1�O1 distance (4a : 138.0(2); 5 :
137.2(3) pm), which is longer than in 3a (127.6(3) pm); both
types of bond fit into the typical ranges of appropriate
distances in �-delocalized carbon heterocycles.[13] The metric
parameters in the {C[Cr(CO)5]} fragments of both 4a and 5
agree closely with the corresponding features of 3a. The
molecular structure of the tungsten complex 4b shows no
peculiar dissimilarities with respect to the homologous
chromium complex 4a. The C2�W1 bond length in 4b is
229.6(3) pm.


Based on the observed struc-
tural parameters of 4a,b and 5,
we suggest that the bonding in
the five-membered heterocy-
cles of these compounds is best
described by a delocalized �-
electron system, which can be
characterized in terms of the
resonance canonical structures
B ±D (Scheme 3). Of these, B
and C are considered as domi-
nant, and D as being much less
important. The emphasis on
canonical structures B and C
implies that the ligands in com-
plexes 4a,b and 5, although
formally described as carbenes,
should preferably be consid-
ered as resonance-stabilized
mesoionic species with a con-
siderable degree of formal ylide
character at the metal-coordi-
nated carbon atom. The pro-
posed �-electron delocalization
is further supported by comput-
ed values for the Bird aroma-
ticity index I5[17] of 0.76 (4a) and
0.71 (5), respectively. Recently,
an aromatic triphosphole with a
planar three-coordinate phos-
phorus atom and a similar Bird
index (I5� 0.84) has been de-
scribed.[18]


Spectroscopic investigations : In
contrast to 1, the chemical
equivalence between the two
phosphorus atoms in the five-
membered heterocycles of 4 ± 6
is lost, and the 31P{1H} NMR
spectra show two signals which
form the parts of an AB spin
system and are separated by
some 80 ppm (�(31P)� 25 ± 31
(A-part), 110 ± 135 (B-part)).
The coupling constants are very
large in all cases; their values lie


around 320 Hz for 4 ± 6, but decrease by some 60 Hz in the
case of 3. To achieve an unequivocal assignment of the 31P
chemical shifts to the two different sites in the molecule, and
to secure the correct identification of the 1H and 13C NMR
signals, we chose the methoxy derivatives 4a,b to carry out an
exhaustive spectroscopic characterization by one- and two-
dimensional multinuclear NMR methods. The 1H and
13C NMR signals of the nuclei in the peripheral Me3Si,
MeO, and CO moieties were easily identified by means of
their characteristic chemical shifts. Further assignments were
possible from 1H gs-NOESY spectra, which allowed both the
observation of the set of signals belonging to the two Mes*


Figure 2. Structure of 4a, [4b]. Selected bond lengths [pm] and angles [�]: C2�P2 174.3(2) [173.8(3)], P2�C3
169.7(2) [169.9(3)], C3�P1 173.3(2) [173.3(3)], P1�C1 179.5(2) [178.8(3)], C1�C2 138.1(3) [138.2(4)],
C2�Cr1[W1] 218.3(2) [2.296(3)], P2�C26 180.6(2) [180.2(3)], C3�Si1 188.8(2) [188.7(3)], P1�C8 183.0(2)
[182.9(3)], C1�O1 138.0(2) [137.7(4)], O1�C4 142.7(3) [142.5(4)], Cr1�Ccis 189.9(3) ± 190.6(3) [203.1(4) ±
204.9(4)], Cr1�C1A 184.4(3) [197.7(4)]; C2-C1-P1 116.9(2) [116.7(2)], C1-C2-P2 105.5(2) [106.0(2)], C3-P2-C2
111.5(1) [111.1(2)], P2-C3-P1 102.5(1) [102.6(2)], C3-P1-C1 102.2(1) [102.3(2)].


Figure 3. Structure of 5a. Selected bond lengths [pm] and angles [�]: C2�P2 176.6(3), P2�C3 170.7(3), C3�P1
172.7(3), P1�C1 178.2(3), C1�C2 137.4(4), C2�Cr1 218.9(3), P2�C28 182.5(3), C3�Si2 188.3(3), P1�C10 182.3(3),
C1�O1 137.2(3), O1�Si1 168.2(2), Cr1�Ccis 188.6(4) ± 190.0(4), Cr1�Ctrans 185.6(3), C2-C1-P1 118.0(2), C1-C2-P2
105.8(2), C3-P2-C2 109.8(2), P2-C3-P1 103.7(2), C3-P1-C1 102.3(2).
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moieties, and the means of distinguishing between the
substituents in 1,3-positions of the ring. This was possible on
the basis of characteristic differences in the intensities of cross
peaks connecting the resonance signals of protons in these
substituents with those of the methoxy group. Measurement
of 1H, 31P gs-HMQC spectra allowed us to identify the signal
of the phosphorus atom bound to each Mes* group. Accord-
ingly, the less-shielded 31P resonance was assigned to the
phosphorus atom adjacent to the metal ± carbonyl moiety, and
the more shielded one to the phosphorus atom next to the
methoxy group. Likewise, 1H, 13C gs-HMQC and HMBC
experiments served to identify the signals of all carbon atoms
in the Mes* moieties and in the 2- and 5-positions of the
central heterocycle. The remaining 13C resonance signal was
attributed to the ring-carbon atom next to the metal, as
confirmed by two-dimensional 31P-relayed 1H, 13C-HSQC
spectra (�(13C)� 162.9 (4a), 152.3 (4b), see Figure 4). The
pulse scheme used corresponds to a two-dimensional projec-
tion of the three-dimensional correlation experiments de-
signed by Rinaldi et al.[19] This is used for the detection of
mutually coupled 1H/13C/31P{29Si} triples in polymers (see
Experimental Section for further details) and also yields a
precise assignment of individual JP,C coupling constants. Given
that the NMR spectra of 3a,b, 5, and 6 display very similar
patterns of chemical shifts and coupling constants to those of
4a and 4b, spectral assignments for these compounds were
made by analogy with those of 4a and 4b. Both 31P NMR
signals of the tungsten compounds 3b and 4b are accompa-
nied by satellites arising from coupling with the magnetically
active 183W isotope (I� 1³2, natural abundance 14.4%).


The 2JW,P (25.2 Hz (3b); 15.3 Hz (4b)) and 3JW,P (11.9 Hz
(3b); 13.8 Hz (4b)) coupling constants are similar in magni-
tude and have, according to the results of 31P, 183W HMQC
experiments, like signs (Figure 5). Inspection of the metal
chemical shifts of 3b (�(183W)��3303) and 4b (�(183W)�
�3221) reveals that the different electronic properties of the
ligands exert only very limited effects on the metal shielding.


Figure 5. Phase-sensitive 31P,183W{1H} HMQC spectra of [3a][Li(thf)x]
obtained with selective excitation of the phosphorus atoms in the 3-position
(a) and 1-position (b) of the ring. The cross peaks are split by the active
2JW,P3/3JW,P2 and the passive 2JP,P couplings in F2, and by the passive 3JW,P2/
2JW,P3 couplings in F1. The tilt of the cross peaks indicates like signs of all
couplings 2JP,P, 2JW,P3 , and 3JW,P2.


Comparison of the NMR data of all the heterocycles
studied reveals, in the case of the the lithium compounds
[3a(3b)][Li(thf)n], a relative deshielding of the oxygenated-
and a strong shielding of the metalated-carbon atom
(�(13C)� 107.9) in comparison to the remaining compounds.
These effects, together with the greatly reduced value of 2JP,P,


are in full agreement with a
description of the canonical
structure A (Scheme 3) for
3a,b and presumably reflect
the different �-electron distri-
bution in the five-membered
ring. The given description of
the bonding in terms of super-
position of the canonical struc-
tures shown in Scheme 3 is
further in accord with the ob-
served pattern of 1JP,C coupling
constants between the phos-
phorus atoms and the endocy-
clic-silylated carbon atom and
the ipso-carbon atoms of the
Mes* substituents, respectively.
The increased size of 1JP,C cou-
pling to the phosphorus atoms
at the 3-position of the rings in
3 ± 6 adheres to the known
trend that 1JP,C coupling involv-
ing formally pentavalent �5�3-
and �5�4-phosphorus atoms is
generally larger than that in-
volving tervalent �3�3-phospho-
rus atoms.[20±22] This also agrees
with the somewhat greater pref-
erence for canonical structures


Figure 4. Expansions of gs-1H,13C-HMBC (left, defocusing delays of 60 ms for H,C coherence transfer) and 31P-
relayed gs-1H,13C-HSQC spectra (right, defocusing delays of 31 ms for H,P and of 5 ms for C,P coherence
transfer) of 4b at the chemical shift of the aromatic proton of the Mes* substituent at the P3 atom. The splitting of
the cross peaks in the HMBC spectrum along the F2 direction are caused by nJP,H and nJC,H couplings, which were
removed in the right spectrum by simultaneous decoupling of both heteronuclei. The cross peaks in the 1H,13C
HMBC spectrum are attributable to correlations by 2,3JC,H connecting the hydrogen to the ipso-, meta-, and para-
carbon atoms in the same ring. The additional cross peaks in the 31P-relayed 1H,13C-HSQC spectrum correspond
to 31P-relayed coherence transfers from the observed proton to the C4 and C5 carbon atoms of the central
heterocycle, and to the ipso-C atom of the Mes* substituent at P1. The correlation signal to the C2 atom of the
P2C3 heterocycle coincides with that of the H�Cmeta correlation signal. In connection with the identification of the
resonance signals of the C2 and C4 carbons from the 1H,13C HMBC spectrum (not shown), the displayed spectrum
proves the assignment of the resonance of the carbenic C4 atom.
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with higher formal valence at this atom (A and B in
Scheme 3).


The signals of the formal carbenic carbon atoms in all
compounds are considerably more shielded in comparison to
reported values of genuine carbene complexes (�(13C)�
230 ± 400 for R2C�Cr(CO)5 and �(13C)� 180 ± 360 for
R2C�W(CO)5,[20]) and appear even more shielded than those
for complexes of Arduengo-type carbenes (�(13C)� 188 (M�
Cr), 179 (M�W) for [M(CO)5{C(NMeCHCHNMe)}].[23])
The failure to detect 183W satellites for the carbenic reso-
nances of 3a and 4a suggests that the 1JW,C coupling is not
resolved (�10 Hz) and is thus much smaller than in com-
plexes of type R2C�W(CO)5 (1JW,C� 70 ± 110[20]). In connec-
tion with the observed structural data, these effects may be
interpreted in terms of low M�C bond orders and suggest that
the coordinated phosphorus heterocycles are very weak �


accceptors. Furthermore, the M�C bond can be essentially
described in terms of a C�M dative interaction with
negligible contributions from C�M back donation.


Computational studies : To understand the formation of the
five-membered diphosphole ring, quantum-chemical calcula-
tions were carried out[24] with a model complex (8a) built from
2-silyl-1,3-diphosphacyclobutane-2,4-diyl-2-ide and [Cr(CO)6]
(Figure 6). Compound 8a is obtained as a real minimum on
the potential energy surface. The unsubstituted ring carbon
atom is attached to one of the carbonyl carbon atoms of
[Cr(CO)6]. The intermediate 10a is obtained via a low-lying
transition state of structure 9a, which is only 12 kcalmol�1


higher in energy than 8a. The formation of transition state 9a
can be understood by two simultaneous movements of the
nuclei: the ring of 8a opens up along a C�P bond, which is
adjacent to the carbon atom
attacked previously, and at the
same time the Cr(CO)5 frag-
ment shifts to the neighboring
carbon atom, as shown by the
single imaginary frequency ob-
tained for this transition state.
In the intermediate 10a the ring
has opened up completely.
Compound 10a is more stable
(�40 kcalmol�1, Table 1) than
the initially formed complex
8a.


Starting with 10a, the prod-
uct 12a can be obtained via
transition state 11a, which is
10 kcalmol�1 lower in energy
than the initial complex 8a (and
is 30 kcalmol�1 higher in energy
than the intermediate 10a). The
imaginary mode computed for
11a is clearly the ring-closing
motion. The whole reaction
pathway is shown in Scheme 4.
The model compound 12a of
the observed product (3a), is
more stable (�21 kcalmol�1)


than the initial complex 8a. Thus it is considerably less
stable than 10a, contradicting the observation that the five-
membered ring has in fact formed during the reaction
sequence.


It is very likely that, with the real substituents, the relative
energies of the isomers will change. To model the effect of the
substituting groups on the phosphorus atoms, the 2,6-dimeth-
ylphenyl moiety was used first. As shown in Table 1, neither
the relative energy of the first transition state 9b nor that of
the product 12b changed significantly in relation to the energy
of the initially formed complex 8b. However, the relative
energies of 10b and 11b are considerably destabilized with
respect to the simplest model system used here (hydrogen
substituent on phosphorus). Nevertheless, the model com-
pound calculated for the product 12b is still less stable
(5.6 kcalmol�1) than 10b. Minima were also calculated with
the bulkier 2,6-di-tert-butylphenyl substituent at the phos-
phorus atoms (these calculations were carried out at the
B3LYP/3-21G* level). The energy difference between 10c and
12c decreases slightly (4.0 kcalmol�1) in comparison to that of
10b and 12b. Finally, an inspection of the optimized structures
of 10c and 12c, in which the silyl group is replaced with the
bulkier trimethylsilyl substituent, showed that in this case 12c
is more stable than 10c by 2.9 kcalmol�1.


Figure 6. Energies of the compounds 8 ± 12 from quantum-chemical calculations (see Table 1 for details).


Table 1. Computed relative energies (with respect to 8) for the model
compounds 9 ± 12 (cf. Figure 6).[24]


9 10 11 12


a : R�H 12.0 � 40.0 � 10.0 � 21.0
b : R� 2,6-dimethylphenyl 12.7 � 22.9 8.9 � 17.3
c : R� 2,6-di-tert-butylphenyl ± � 23.1 ± � 19.1


Scheme 4. a : R�H; b : R� 2,6-dimethylphenyl; c : R� 2,6-di-tert-butylphenyl.
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Conclusion


The ring expansion reaction of a 1,3-diphosphetane-2,4-diyl-2-
ide, proceeding by CO insertion with metal hexacarbonyls to
give the anionic complexes 3a,b represents an unprecedented
opportunity to access a novel type of diphosphorus hetero-
cycle. The spectroscopic and structural features of the
products suggest that these are best described in terms of
heterocyclic ylide complexes whose coordinated carbon atom
forms part of a bis(methylene)phosphorane moiety with a
planar three-coordinate phosphorus atom. The transforma-
tion of 3a,b into the neutral complexes 4 ± 6 results in
significant changes in both molecular structures and spectro-
scopic data which suggest development of a considerable
degree of cyclic �-delocalization. The formation of a fully
aromatic system with an ideal degree of electron delocaliza-
tion and equalising of bond length is presumably prevented by
the known preference of three-coordinate phosphorus centers
to remain pyramidal, owing to the inability to allow isovalent
orbital hybridization at phosphorus atoms. The long C�M
bond indicates that the � acidity of the present heterocycles is
presumably still lower than that of Arduengo-type carbenes,
and highlights a similarity with complexes of classical
phosphonium ylides.


Computational studies suggest that the ring expansion
leading to 3a, b proceeds by following an interesting sequence
of ring-opening and -closure steps, and includes the rearrange-
ment of an anionic ketenyl complex as a key intermediate.
The detection of this product is presumably prevented by the
accumulation of sterically overloaded substituents on the
P�C�P triad.


The successful synthesis of the heterocycles described here
stimulates further study of similar systems. A particularly
interesting objective for further research is the design of rings
featuring formal replacement of the phosphorus by nitrogen
atoms. These compounds would represent species that are
isomers of the imidazoline-2-ylidenes (™Arduengo-type∫ car-
benes) I.


Experimental Section


General remarks : All reactions were carried out under dry argon. Solvents
were dried by standard procedures.


NMR spectra were recored on a Bruker AMX 300 spectrometer (1H:
300.1 MHz, 31P: 121.5 MHz, 13C: 75.4 MHz, 183W: 12.5 MHz); chemical
shifts were referenced to external TMS (1H, 13C), 85% H3PO4 (��
40.480747 MHz, 31P), aq. [WO4]2� (�� 4.166388 MHz, 183W). Positive signs
denote shifts to lower frequencies, and coupling constants are given as
absolute values. Gradient-selected (gs) two-dimensional 1H NOESY, and
1H,13C or 1H,31P HMQC/HSQC experiments were obtained by using
standard pulse sequences. Gradient-selected, 31P relayed 1H,13C HSQC
experiments were performed by using a pulse sequence obtained by
modification of the original three-dimensional 1H/13C/31P{29Si} correlation
schemes developed by Rinaldi et al.[19] by appropriate adjustment of the
three NMR channels and gradient strengths to the nuclides 1H, 31P, 13C and
replacing the F2 evolution period by a fixed delay. Selective excitation of
31P resonances was achieved by using rectangular pulses of sufficiently low
power.[25] By using this set-up, the experiment corresponds to the sampling
of a two-dimensional slice of a three-dimensional cube at a desired fixed 31P
chemical shift. Values of �(183W) were obtained from semi-selective, 31P-
detected 31P,183W{1H}-HMQC[26] and 31P-relayed 1H,183W-HSQC experi-


ments using the same pulse sequence as described above. Relative signs of
nJW,P couplings were determined from tilted cross peaks in 31P,183W HMQC
spectra. Assignment of individual JP,H couplings was carried out from
selectively decoupled 1H{31P} NMR spectra, and JP,C couplings were
assigned by analysis of the splitting and intensity of correlation signals in
suitable two-dimensional NMR spectra. Missing entries for some 13C
resonance signals arise from the fact that a secure signal assignment was, in
these cases, prevented by severe signal overlap, or insufficient signal-to-
noise ratios.


Mass spectra were recorded on a VG-Instruments VG 12 ± 250 spectrom-
eter.


Melting points were determined in sealed capillaries.


Lithium [1,3-bis-(2,4,6-tri-tert-butylphenyl)-2-trimethylsilyl-5-oxo-1,3-di-
phospholene-4-ylidene chromium pentacarbonyl] [3a][Li(thf)3]: A suspen-
sion of [Cr(CO)6] (0.5 mmol) in THF (10 mL) was added to a solution of
[1][Li(thf)x], which was prepared by reaction of Mes*PC(H)C(Si-
Me3)PMes*[4] (325 mg, 0.5 mmol) in THF (10 mL) with lithium diisopro-
pylamide (LDA; 0.5 mmol). The mixture was stirred until the metal
carbonyl had dissolved completely. After two days, [3a][Li(thf)3] crystal-
lized from the reaction mixture. Yield: 330 mg, (76%); m.p. 143 ± 145 �C;
1H NMR (C6D6): ���0.10 (s; SiCH3), 1.37 (s; p-tBu(1-Mes*/3-Mes*)),
1.41 (s; p-tBu(1-Mes*/3-Mes*)), 1.47 (d, 5JP1,H� 0.6 Hz; o-tBu(1-Mes*)),
1.61 (dd, 5JP3,H� 1.1 Hz, 7JP1,H� 0.8 Hz; o-tBu(3-Mes*)), 7.69 (d, 4JP1,H�
2.0 Hz; m-H(1-Mes*)), 7.82 (d, 4JP3,H� 3.9 Hz; m-H(3-Mes*)); 31P{1H}
NMR (C6D6): �� 31.2 (d, 2JP,P� 327 Hz; P-1), 109.4 (d, 2JP,P� 327 Hz; P-3).


Lithium [1,3-bis-(2,4,6-tri-tert-butylphenyl)-2-trimethylsilyl-5-oxo-1,3-di-
phospholene-4-ylidene tungsten pentacarbonyl] [3b][Li(thf)x]: A suspen-
sion of [W(CO)6] (1 mmol) in THF (15 mL) was added to a solution of
[1][Li(thf)x], prepared by reaction of Mes*PC(H)C(SiMe3)PMes*[4]


(650 mg (1 mmol)) in THF (10 mL) with LDA (2 mmol). The mixture
was stirred until the metal carbonyl had dissolved completely. After two
days, [3b][Li(thf)x] crystallized from the reaction mixture. Yield: 390 mg,
60%; 1H NMR (C6D6): ���0.24 (s; SiCH3), 1.25 (s; p-tBu(1-Mes*/3-
Mes*)), 1.29 (s; p-tBu(1-Mes*/3-Mes*)), 1.82 (br; o-tBu(1-Mes*)), 1.93 (br;
o-tBu(3-Mes*)), 7.56 (d, 4JP3,H� 2.4 Hz; m-H(1-Mes*)), 7.69 (dd, 4JP3,H�
4.0 Hz, 6JP1,H� 0.5 Hz; m-H(3-Mes*)); 13C{1H} NMR (C6D6): �� 1.8 (dd,
3JP,C� 3.2 Hz; 1.3 Hz, SiMe3), 107.9 (d, 1JP3,C� 45.0 Hz; C-4), 126.6 (dd,
1JP1,C� 18.3 Hz, 1JP3,C� 39.7 Hz; C-2), 203.0 (dd, 3JP3,C� 2.3 Hz, 1JW,C�
125.9 Hz; COeq), 203.3 (dd, 1JP1,C� 38.5 Hz, 2JP3,C� 9.5 Hz; C-5), 203.7 (d,
1JW,C� 1.9 Hz; COax); 1-Mes*: 31.1 (s; p-CCH3), 34.1 (d, 4JP1,C� 2.7 Hz; o-
CCH3), 35.1 (s; p-CCH3), 39.6 (d, 3JP1,C� 3.8 Hz; o-CCH3), 123.6 (d, 1JP1,C�
8.4 Hz; Cipso), 124.1 (dd, 3JP1,C� 19.5 Hz, 5JP3,C� 3.4 Hz; Cmeta), 154.0 (d,
4JP1,C� 2.7 Hz; Cpara), 159.1 (dd, 2JP1,C� 10.7 Hz, 4JP3,C� 3.4 Hz; Cortho);
3-Mes*: 30.8 (s; p-CCH3), 34.9 (d, 4JP3,C� 1.5 Hz; o-CCH3), 35.4 (s; p-
CCH3), 40.9 (d, 3JP3,C� 2.3 Hz; o-CCH3), 121.0 (dd, 1JP3,C� 59.5 Hz, 3JP1,C�
2.7 Hz; Cipso), 125.9 (d, 3JP3,C� 11.4 Hz; Cmeta), 152.1 (d, 4JP3,C� 3.1 Hz;
Cpara), 156.0 (dd, 2JP3,C� 7.2 Hz, 4JP1,C� 5.7 Hz; Cortho); 31P{1H} NMR
(CH2Cl2): �� 24.9 (d, 2JP,P� 258 Hz, 3JWP� 11.9 Hz; P-1), 135.2 (d, 2JP,P�
258 Hz, 2JWP� 25.2 Hz; P3).


1,3-Bis-(2,4,6-tri-tert-butylphenyl)-2-trimethylsilyl-5-methoxy-1,3-diphos-
pholene-4-ylidene chromium pentacarbonyl (4a), 1,3-bis-(2,4,6-tri-tert-
butylphenyl)-2-trimethylsilyl-5-trimethylsilyloxy-1,3-diphospholene-4-yli-
dene chromium pentacarbonyl (5), and 1,3-bis-(2,4,6-tri-tert-butylphenyl)-
2-trimethylsilyl-5-hydroxy-1,3-diphospholene-4-ylidene chromium penta-
carbonyl (6): A solution of either Me3SiCl (0.4 mmol) in THF (10 mL),
[Me3O][BF4] (0.4 mmol) in CH2Cl2 (2 mL), or pyridinium hydrochloride
(0.3 mL of a 1 molL�1 solution in THF) in THF (3 mL) was added at 25 �C
to a solution of 3a (260 mg, 0.3 mmol) in THF (10 mL). The mixture was
stirred for one hour and any volatiles were removed in vacuo. The residue
was dissolved in n-pentane (10 mL) and filtered to remove precipitated
LiX. Storing the redish solution at 0 �C yielded the products 4a, 5, 6 as
orange crystals.


4a : Yield 230 mg, 86%; m.p. 143 ± 145 �C; 1H NMR (C6D6): ���0.29 (s;
SiCH3), 1.23 (s; p-tBu(1-Mes*/3-Mes*)), 1.24 (s; p-tBu(1-Mes*/3-Mes*)),
1.47 (d, 5JP1,H� 0.6 Hz; o-tBu(1-Mes*)), 1.61 (dd, 5JP3,H� 1.1 Hz, 7JP1,H�
0.8 Hz; o-tBu(3-Mes*)), 3.97 (d, 4JP1,H� 0.8 Hz; OMe), 7.57 (dd, 4JP1,H�
3.6 Hz, 6JP3,H� 0.5 Hz; m-H(1-Mes*)), 7.72 (dd, 4JP3,H� 4.6 Hz, 6JP1,H�
0.7 Hz; m-H(3-Mes*)); 13C{1H} NMR (C6D6): �� 1.8 (d, 3JP,C� 2.5 Hz,
3.3 Hz; SiMe3), 62.7 (dd, JP,C� 3.8 Hz, 5.3 Hz; OCH3), 126.6 (dd, 1JP1,C�
13.0 Hz, 1JP3,C� 21.4 Hz; C-2), 162.9 (d, 1JP3,C� 2.7 Hz; C-4), 178.0 (dd,
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1JP1,C� 41.6 Hz, 2JP3,C� 28.2 Hz; C-5), 220.3 (dd, 3JP3,C� 4.6 Hz, 4JP1,C�
1.0 Hz; COeq), 224.2 (s; COax); 1-Mes*: 31.3 (s; p-CCH3), 34.1 (t, 4JP1,C�
1.3 Hz, 7JP3,C� 1.3 Hz; o-CCH3), 35.4 (s; p-CCH3), 39.8 (d, 3JP1,C� 3.4 Hz; o-
CCH3), 120.5 (dd, 1JP1,C� 15.1 Hz, 3JP3,C� 10.9 Hz; Cipso), 124.7 (d, 3JP1,C�
9.9 Hz; Cmeta), 155.7 (d, 4JP1,C� 3.4 Hz; Cpara), 159.4 (dd, 2JP1,C� 9.4, 4JP3,C�
5.2 Hz; Cortho); 3-Mes*: 31.3 (s; p-CCH3), 35.5 (d, 4JP3,C� 1.6 Hz; o-CCH3),
35.4 (s; p-CCH3), 41.1 (d, 3JP3,C� 2.3 Hz; o-CCH3), 117.6 (d, 1JP3,C� 54.7 Hz;
Cipso), 126.9 (d, 3JP3,C� 12.2 Hz; Cmeta), 155.3 (d, 4JP3,C� 3.1 Hz; Cpara), 157.5
(dd, JP,C� 7.8 Hz, 7.0 Hz; Cortho); 31P{1H} NMR (C6D6): �� 31.2 (d, 2JP,P�
327 Hz; P-1), 109.4 (d, 2JP,P� 327 Hz; P-3); MS (70 eV, FAB): m/z (%): 800
(4) [M� 3CO]� , 772 (23) [M� 4CO]� , 744 (13) [M�� 5CO]� , 693 (100)
[MH�Cr(CO)5]� .


5 : Yield: 140 mg, 49%; m.p. 226 ± 228 �C; 1H NMR (THF-d8): ���0.25 (s;
SiCH3), �0.58 (s; SiCH3), 1.22 (s; p-tBu(1-Mes*/3-Mes*)), 1.23 (s; p-tBu(1-
Mes*/3-Mes*)), 1.35 (s; o-tBu(1-Mes*)), 1.46 (s; o-tBu(3-Mes*)), 7.51 (d,
4JP1,H� 4.4 Hz; m-H(1-Mes*)), 7.61 (d, 4JP3,H� 3.5 Hz; m-H(3-Mes*));
13C{1H} NMR (THF-d8): ���0.8 (s; OSiMe3), �0.5 (s; CSiMe3), 129.7
(dd, 1JP1,C� 4.2 Hz, 1JP3,C� 30.5 Hz; C-2), 173.8 (dd, 1JP1,C� 28.6 Hz, 2JP3,C�
2.1 Hz; C-5), 218.0 (dd, 3JP3,C� 4.2 Hz, 4JP3,C� 1.2 Hz; COeq), 221.8 (s;
COax); 1-Mes*: 28.8 (s; p-CCH3), 31.6 (d, 4JP1,C� 1.5 Hz; o-CCH3), 33.5 (s;
p-CCH3), 37.7 (d, 3JP1,C� 3.8 Hz; o-CCH3), 122.5 (d, 3JP1,C� 10.0 Hz; Cmeta),
153.7 (d, 4JP1,C� 3.1 Hz; Cpara), 158.2 (dd, 2JP1,C� 10.3, 4JP3,C� 5.0 Hz; Cortho);
3-Mes*: 28.7 (s; p-CCH3), 32.9 (d, 4JP3,C� 1.9 Hz; o-CCH3), 33.5 (s; p-
CCH3), 38.9 (d, 3JP3,C� 2.3 Hz; o-CCH3), 115.7 (dd, 1JP3,C� 56.1 Hz, 3JP1,C�
1.5 Hz; Cipso), 124.6 (d, 3JP3,C� 12.6 Hz; Cmeta), 153.4 (d, 4JP3,C� 3.4 Hz;
Cpara), 155.5 (dd, 2JP3,C� 8.4 Hz, 4JP1,C� 6.7 Hz; Cortho); 31P{1H} NMR
(CH2Cl2): �� 30.5 (d, 2JP,P� 322 Hz; P-1), 118.5 (d, 2JP,P� 322 Hz; P-3);
MS (70 eV, FAB):m/z (%): 830 (10) [M� 4CO]� , 749 (15) [M�Cr(CO)5]� ,
669 (27) [M�CO�Mes*]� , 613 (100) [M� 3 CO�Mes*]� , 433 (49) [M�
Cr(CO)5�Mes*�Tms]� .


6 : Yield: 190 mg, 73%; m.p. 160 ± 162 �C; 1H NMR (C6D6): �� 0.11 (s;
SiCH3), 1.19 (s; p-tBu(1-Mes*/3-Mes*)), 1.22 (s; p-tBu(1-Mes*/3-Mes*)),
1.48 (s; o-tBu(1-Mes*/3-Mes*)), 1.55 (s; o-tBu(1-Mes*/3-Mes*)), 7.53 (d,
4JP1,H� 3.5 Hz; m-H(1-Mes*)), 7.64 (d, 4JP3,H� 4.2 Hz; m-H(3-Mes*)), 7.7


(br d, JPH� 22.1 Hz; OH); 13C{1H} NMR (C6D6): �� 1.7 (s; SiMe3), 189.9
(dd, 1JP1,C� 23.6 Hz, 2JP3,C� 9.2 Hz; C-5), 220.0 (d, 3JP3,C� 3.8 Hz; COeq),
223.6 (s; COax); 1-Mes*: 31.4 (s; p-CCH3), 32.1 (s; o-CCH3), 35.2 (s; p-
CCH3), 39.9 (d, 3JP1,C� 4.2 Hz; o-CCH3), 124.1 (d, 3JP1,C� 11.5 Hz; Cmeta),
156.1 (d, 4JP1,C� 3.4 Hz; Cpara), 160.9 (dd, 2JP1,C� 10.3, 4JP3,C� 4.4 Hz; Cortho);
3-Mes*: 31.1 (s; p-CCH3), 34.1 (br s; o-CCH3), 35.6 (s; p-CCH3), 41.0 (d,
3JP3,C� 2.3 Hz; o-CCH3), 118.6 (dd, 1JP3,C� 47.8 Hz, 3JP1,C� 1.7 Hz; Cipso),
126.7 (d, 3JP3,C� 12.6 Hz; Cmeta), 155.2 (d, 4JP3,C� 3.0 Hz; Cpara), 157.8 (dd,
JP,C� 8.4 Hz, 6.5 Hz; Cortho); 31P{1H} NMR (C6D6): �� 17.8 (d, 2JP,P�
335 Hz; P-1), 117.0 (d, 2JP,P� 335 Hz; P-3); MS (70 eV, FAB): m/z (%):
870 (1) [M]� , 842 (1.5) [M�CO]� , 786 (2) [M� 3CO]� , 758 (10) [M�
4CO]� , 730 (46) [M� 5CO)�, 485 (100) [M� 5CO�Mes*]� .


1,3-Bis-(2,4,6-tri-tert-butylphenyl)-2-trimethylsilyl-5-methoxyimidazole-4-
ylidene tungsten pentacarbonyl (4b): A solution of [Me3O][BF4]
(0.5 mmol) in CH2Cl2 (10 mL) was added to a solution of 3b (504 mg,
0.5 mmol) in CH2Cl2 (10 mL) at 25 �C. The mixture was stirred for one hour
and any volatiles were removed in vacuo. The residue was dissolved in n-
pentane (15 mL) and filtered to remove precipitated LiX. Storing the
brown solution at 0 �C yielded 4b as yellow crystals. Yield: 447 mg, 88%;
1H NMR (C6D6): ���0.34 (s; SiCH3), 1.19 (s; p-tBu(1-Mes*/3-Mes*)),
1.42 (d, 5JP1,H� 0.7 Hz; o-tBu(1-Mes*)), 1.55 (dd, 5JP3,H� 1.4 Hz, 7JP1,H�
0.7 Hz; o-tBu(3-Mes*)), 3.94 (d, 4JP1,H� 1.0 Hz; OMe), 7.52 (dd, 4JP1,H�
3.8 Hz, 6JP3,H� 0.5 Hz; m-H(1-Mes*)), 7.66 (dd, 4JP3,H� 4.7 Hz, 6JP1,H�
0.8 Hz; m-H(3-Mes*)); 13C{1H} NMR (C6D6): �� 1.7 (t, 3JP,C� 2.8 Hz;
SiMe3), 62.7 (dd, JP,C� 3.6 Hz, 5.5 Hz; OCH3), 126.1 (dd, 1JP1,C� 11.6 Hz,
1JP3,C� 23.2 Hz; C-2), 152.3 (d, 1JP3,C� 28.5 Hz; C-4), 179.1 (dd, 1JP1,C�
42.0 Hz, 2JP3,C� 30.1 Hz; C-5), 201.0 (dd, 3JP3,C� 4.2 Hz, 1JW,C� 125.7 Hz;
COeq), 202.6 (d, 1JW,C� 134.4 Hz; COax); 1-Mes*: 31.2 (s; p-CCH3), 34.2 (d,
4JP1,C� 1.6 Hz; o-CCH3), 35.5 (s; p-CCH3), 40.0 (d, 3JP1,C� 3.6 Hz; o-CCH3),
119.9 (dd, 1JP1,C� 15.9 Hz, 3JP3,C� 9.5 Hz; Cipso), 124.6 (d, 3JP1,C� 10.8 Hz;
Cmeta), 155.9 (d, 4JP1,C� 2.9 Hz; Cpara), 159.7 (dd, 2JP1,C� 9.4, 4JP3,C� 4.8 Hz;
Cortho); 3-Mes*: 31.1 (s; p-CCH3), 35.5 (d, 4JP3,C� 1.5 Hz; o-CCH3), 35.5 (s;
p-CCH3), 41.2 (d; 3JP3,C� 2.2 Hz; o-CCH3), 117.4 (d, 1JP3,C� 56.9 Hz; Cipso),
127.0 (d, 3JP3,C� 12.6 Hz; Cmeta), 155.3 (d, 4JP3,C� 3.2 Hz; Cpara), 157.7 (dd,


Table 2. Crystallographic data, structure solution and refinement of [3a][Li(thf)3], 4a,b, and 5.


[3a][Li(thf)3] 4a 4b 5


formula C59H91CrLiO9P2Si ¥ 2THF C48H70CrO6P2Si C48H70O6P2SiW C50H76CrO6P2Si2 ¥ cyclopentane
Mr 1237.50 885.07 1016.92 1013.36
crystal size [mm] 0.35� 0.25� 0.13 0.30� 0.20� 0.05 0.50� 0.30� 0.20 0.35� 0.25� 0.10
color red orange yellow orange
crystal system monoclinic orthorhombic orthorhombic monoclinic
space group P21/c (no.14) Pbca (no.61) Pbca (no.61) P21/n (no.14)
a [ä] 22.772(2) 11.8335(2) 11.8960(1) 11.3537(7)
b [ä] 10.509(10) 21.2361(4) 21.2508(3) 26.1575(11)
c [ä] 31.821(3) 38.7891(7) 38.8353(5) 19.4068(11)
� [�] 109.54(1) 99.282(2)
V [ä3] 7176.5(11) 9747.6(3) 9817.5(2) 5688.1(5)
Z 4 8 8 4
� [g cm�1] 1.145 1.206 1.376 1.183
� [mm�1] 2.312 0.369 2.487 0.345
F(000) 2672 3792 4192 2184
diffractometer Nonius Mach 3 Nonius Kappa CCD Nonius Kappa CCD Nonius Kappa CCD
radiation CuK� MoK� MoK� MoK�


� [ä] 1.54178 0.71073 0.71073 0.71073
T [K] 200(2) 123(2) 123(2) 123(2)
�max [�] 67.86 25.00 25.00 25.00
index range � 27� h� 0 � 14�h� 14 � 14� h� 14 � 13� h� 13


� 12� k� 0 � 25�k� 25 � 25� k� 23 � 28� k� 29
� 36� l� 38 � 46� l� 46 � 46� l� 24 � 23� l� 23


reflections measured 13374 103495 34500 43137
unique reflections 13024 8549 8399 9705
observed reflections [I� 2�(I)] 10269 5877 6164 6213
Rint 0.057 0.089 0.053 0.072
parameters/restraints 879/1369 523/0 523/0 595/68
R [I� 2�(I)] 0.062 0.037 0.028 0.046
wR2 (all data) 0.184 0.089 0.060 0.129
largest diff. peak and hole [e�ä3] 0.742/� 0.528 0.307/� 0.417 1.157/� 0.803 0.547/� 0.461
Goof on F 2 1.02 0.96 0.94 0.96







FULL PAPER E. Niecke et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2196 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 92196


2JP3,C� 7.1 Hz, 4JP1,C� 7.1 Hz; Cortho); 31P{1H} NMR (C6D6): �� 29.4 (d,
2JP,P� 320 Hz, 3JWP� 13.8 Hz, P-1), 112.2 (d, 2JP,P� 320 Hz, 2JWP� 15.2 Hz,
P-3).


Crystal structure determinations of compounds 3a ± 5 : The structures were
solved by direct methods (SHELXS-97[27a]). The non-hydrogen atoms were
refined anisotropically, H atoms were refined by using a riding model (full-
matrix least-squares refinement on F 2(SHELXL-93[27b](3a), SHELXL-
97[27c](4a,b, 5))). Details of data collection and refinement are given in
Table 2. For 3a, extinction and empirical absorption corrections (min./max.
transmission� 0.589/0.937) were applied. The tBu groups and the two THF
molecules are disordered. An empirical absorption correction was applied
for 4b (min./max. transmission� 0.3758/0.4403).


CCDC-116958 (3a), CCDC-143139 (4a), CCDC-72434 (4b), and CCDC-
116959 (5) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or
deposit@ccdc.cam.ac.uk).
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An Extraction-Based Assay for Neutral Anionophores: The Measurement of
High Binding Constants to Steroidal Receptors in a Nonpolar Solvent


Alan J. Ayling,[a] Shay Broderick,[b] John P. Clare,[a] Anthony P. Davis,*[a]
M. Nieves Pe¬rez-Paya¬n,[b] Maarit Lahtinen,[c] Maija J. Nissinen,[c] and Kari Rissanen[c]


Abstract: The extraction-based proto-
col for measuring binding constants,
developed by Cram and co-workers,
has been extended for use with anionic
substrates. The method is especially
useful for high-affinity receptors, allow-
ing very high binding constants to be
measured in nonpolar solvents. Distri-
bution constantsKd between chloroform
and water have been obtained for tet-


raethylammonium chloride and bro-
mide, thus calibrating the method for
these two substrates. Application to
steroidal podands 5 ± 9 has confirmed


the ability of electron-withdrawing
groups to enhance hydrogen-bond do-
nor capabilities. Binding constants of
�3� 107��1 have been measured for
the most powerful receptor 7. An X-ray
crystal structure of 15, the methyl ester
analogue of 7, reveals a well-defined
binding site preorganised for anion rec-
ognition.


Keywords: anion recognition ¥
ionophores ¥ molecular recognition
¥ receptors ¥ supramolecular
chemistry


Introduction


The study of anion recognition has become an active area of
supramolecular chemistry.[1] While much early work focused
on positively charged systems, in recent years there has been
increasing emphasis on electroneutral anionophores.[2±4] Such
molecules are more compatible with organic solvents, have
scope for ™phase-transfer∫ applications (e.g. in ion-selective
electrodes), and are of special interest if only because they
may be viewed as anion-binding counterparts to the classical,
cation-binding crown ethers and cryptands.[3] A recent
communication from this laboratory described two such
anionophores, 1 and 2, with steroidal organising frameworks
derived from cholic acid 3.[4] Both showed marked affinities
for halide anions, binding chloride in CDCl3 with Ka� 7200
and 92000��1, respectively.
The development of improved systems related to 1 and 2


was impeded by problems of measurement. The 1H NMR
titrations used in our initial work can only be employed forKa


up to �105��1,[5] the level already reached by 2. The obvious
remedy was a change to a more competitive solvent, such as
acetonitrile or DMSO. However, comparisons with our earlier
results would then be more difficult; moreover the perform-
ance of receptors in more polar solvents might not parallel
that in nonpolar media of interest, such as biological
membranes or the polymer materials used in ion-selective
electrodes.
We therefore sought a method which could measure


binding constants of, ideally, any magnitude in a nonpolar
medium such as chloroform. An option, realised for cation-
binding by the group of Cram,[6] relies on the extraction of
salts from water into the nonpolar solvent. Though applied
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regularly to cationophores,[7] the method had not been
adapted to the study of inorganic anion recognition.[8]


Following Cram, the extraction may be represented by
Equations (1) and (2), where H � receptor, X� � anionic
substrate, Y� � counterion and Ke � extraction constant.


Horg�X�
aq�Y�


aq ��
Ke


HX�Y�
org (1)


Ke�
�HXY�org


�H�org�X��aq�Y��aq
(2)


At equilibrium there will also be a concentration of free
X�Y� in the organic phase, governed by Equations (3) and (4)
(Kd � distribution constant).


X�
aq�Y�


aq ��
Kd


X�Y�
org (3)


Kd�
�X�Y��org


�X��aq�Y��aq
(4)


Combining Equations (2) and (4);


Ka�
Ke


Kd


(5)


Ka may therefore be determined provided [HX�Y�]org/
[H]org and Kd can be measured. The method is especially
useful for powerful receptors, because quantitative complex
formation (receptor saturation) can be avoided by a) using a
relatively hydrophilic substrate, and b) adjusting the aqueous
concentration of X�Y� used for the extraction experiments.
The assumption [implicit in Eq. (4)] that X� and Y� are
separate in water but tightly bound in the organic phase does,
of course, need to be validated. However, as discussed below,
the consistency of our results provides support in the present
case.


Results and Discussion


With respect to our original designs 1 and 2, the receptors 4 ± 9
used for this study incorporated two modifications. Firstly, the
methyl ester side chain was replaced by the highly lipophilic
eicosyl ester, to restrict loss of receptor during extractions.
Secondly, a range of moderately to strongly electron-with-
drawing substituents were attached to the pendant NH
groups, to increase hydrogen-bond donor potency and there-
fore affinity.
Receptors 4 ± 8 were synthesized from 3 via eicosyl


azidocholanoate 11, as indicated in Scheme 1.[9] Two routes
were used, depending on whether the carbamoyl groups in the
product contained a reducible substituent. Receptor 9 was
prepared from 14[10] as shown in Scheme 2.
As substrates we chose tetraalkylammonium salts because


of a) their widespread use in anion-binding measurements,
b) their tunable lipophilicity, and c) ease of analysis by
1H NMR spectroscopy. A preliminary survey indicated that
Et4N�Cl� and Et4N�Br� would be suitable for measurements
on relatively powerful anionophores.[11] Two methods were
explored for the determination of Kd. The first (method A)
involved the equilibration of fairly concentrated aqueous salt


Scheme 1. a) Cs2CO3, MeOH/H2O (10:1), evaporate then C20H41Br, NaI
(cat.), DMF; b) Ph3P, DEAD, MeSO3H, Et3N, THF; c) NaN3, DMPU;
d) Zn, AcOH; e) wash with aq. NaOH, then ZCl, CH2Cl2 or DCE, Et3N
[Z�ClCH2CO, p-O2NC6H4SO2, o,p-(O2N)2C6H4SO2]; f) R-NCO, CH2Cl2,
Me3SiCl cat. [R�ClCH2, p-O2NC6H4]; g) p-F3CC6H4NCO, (CHCl2)2,
Me3SiCl cat. , 60 �C; h) Z-Cl, CH2Cl2, Et3N [Z�Ts, p-O2NC6H4SO2].
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Scheme 2. a) CsOH, MeOH/H2O (10:1), evaporate then C20H41Br, NaI
(cat.), DMF; b) TFA, CH2Cl2; c) p-O2N(C6H4)SO2Cl, Et3N, DMAP (cat.),
CH2Cl2.


solutions with large volumes of chloroform (typically
500 mL), phase separation, evaporation of the organic phase
and analysis of the dissolved salt by 1H NMR after addition of
an internal standard. The method proved difficult to operate
reproducibly, probably due to the large concentration differ-
ences between the phases (typically, for Et4N�Cl�, aqueous
and organic concentrations of 0.5� and �2 ��, respectively).
However, values of Kd (Et4N�Cl�)� 1.16� 10�5��1, and Kd


(Et4N�Br�)� 2.69� 10�4��1, were obtained by averaging
over five and three experiments, respectively.
This second approach (method B) was less direct. Rear-


ranging Equation (5), gives:


Kd�
Ke


Ka


(6)


In other words, measurement of both Ke and Ka for a
receptor-substrate pair may be used to determine Kd for the
substrate. Ka must be obtained by an independent method
(e.g. NMR titration) under the conditions pertaining to the
extraction experiment (water-saturated chloroform). Recep-
tor 4 was employed as our ™reference∫ anionophore. The least
powerful of 4 ± 9, it proved amenable to study by 1H NMR
titrations; indeed, these measurements could be performed
with unusual accuracy, as all three NH signals could be
followed independently, analysed by curve fitting, and the
results averaged. Binding constants Ka for 4�Et4N�Cl� and
Et4N�Br� in water-saturated CDCl3 were found to be
16500��1 (average of three titrations) and 8400��1 (average
of four titrations), respectively. When solutions of 4 in CHCl3
were equilibrated with aqueous Et4N�Cl� and Et4N�Br�,
quantities of the salts were extracted into the organic phase as
detailed in Table 1. For this rather weak receptor it was
necessary to use quite high concentrations of aqueous
substrate (0.3 ± 0.5�), resulting in significant amounts of
unbound substrate in the organic phases. The straightforward
application of Equation (6) was therefore not possible, as Ke


could not be obtained directly from the measured ratio of
substrate to receptor in the organic phase (Rm). However,
algebraic manipulation yielded a more complex expression
for Kd in terms of Rm and Ka (see Experimental Section),
which was applied to give the figures in Table 1. Notably, the
extractions of Et4N�Br� at three different aqueous concen-
trations gave closely similar results, while the averaged Kd


values for this method are only slightly different from those
obtained by method A. Both observations provide support for
the model underlying the calculations [Eqs. (1) ± (4)]. As
method B seems the more reliable, we have adopted this
second set of figures [Kd (Et4N�Cl�)� 1.27� 10�5��1, and Kd


(Et4N�Br�)� 2.18� 10�4��1] as standards for Ka determina-
tions by extraction.


The results from extraction experiments performed with 5 ±
9 on Et4N�Cl� and Et4N�Br� are summarised in Table 2. As
expected,[12] the electron-withdrawing CF3 and NO2 groups do
indeed cause significant increases in affinity. Receptor 7 is
found to be �5000 times more potent than the prototypical
sulfonamido-bis-carbamate 1, despite the change from dry to
wet medium.[13] Perhaps surprisingly, affinities peak at 7. The
additional nitro group in 8 may inhibit binding through
intramolecular hydrogen bonding, while the nitro groups in
tris-sulfonamide 9 seem to have a less dramatic effect than in
the bis-carbamate series. The consistency of the three results
quoted for 7�Et4N�Cl�, obtained using substantially differing
substrate concentrations, serves to further validate the
extraction method.


Table 1. Extraction of Et4N�Cl� and Et4N�Br� from aqueous solution into
CHCl3 at 303 K by receptor 4, and derived values for Kd.[a]


Substrate [substrate]aq [�] Rm
[b] Kd [��1][c]


Et4N�Cl� 0.5 0.055 1.27� 10�5[d]
Et4N�Br� 0.5 0.41 2.23� 10�4[e]
Et4N�Br� 0.4 0.28 2.17� 10�4[e]
Et4N�Br� 0.3 0.172 2.14� 10�4[e]


[a] Solutions of receptor 4 in CHCl3 (5 mL, 0.0006�) were equilibrated
with aqueous substrate solutions at 303 K. The organic phases were
separated, evaporated and analysed by 1H NMR. For a detailed procedure,
see Experimental Section. [b] Ratio [substrate]/[receptor] in organic phase,
as measured by NMR integration. [c] Calculated from Rm and the NMR
derived Ka values; see text and Experimental Section. [d] Average of two
determinations, with results differing by � 2%. [e] Average� 2.18�
10�4��1.


Table 2. Extraction of Et4N�Cl� and Et4N�Br� from aqueous solution into CHCl3 at 303 K by receptors 5 ± 9.[a]


Receptor Et4N�Cl� Et4N�Br�


[substrate]aq [�] Ke [��2] Ka [��1][b] ��G 0 [kJmol�1] [substrate]aq [�] Ke [��2] Ka [��1][c] ��G 0 [kJmol�1]


5 0.5 1.14 9 � 104 28.7 0.2 23.3 1.07� 105 29.2
6 0.1 69.4 5.5� 106 39.1 0.025 1500 6.9� 106 39.7
7 0.0125 402 3.2� 107 43.5 0.01 6250 2.9� 107 43.3
7 0.033 401 3.2� 107 43.5
7 0.1 430 3.4� 107 43.7
8 0.05 93 7.3� 106 39.8 0.01 1110 5.1� 106 38.9
9 0.125 41.2 3.2� 106 37.8 0.0625 239 1.1� 106 35.0


[a] Receptor (0.01�) in CHCl3 (1 mL) was vigorously stirred with aqueous substrate (1 ± 8 mL) for 15 min. After separation of the phases the organic layer
was passed through hydrophobic filter paper then evaporated. Analysis by 1H NMR gave the ratio of substrate to receptor. After taking account of unbound
substrate, Ke was calculated according to ref. [6]. [b] Ke/Kd , assuming Kd�1.27�10�5��1. [c] Ke/Kd , assuming Kd�2.18�10�4��1.
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Finally, NMR and X-ray crystallographic studies supported
our hypothesis that these receptors bind halide anions with 1:1
stoichiometry by H-bond donation. A 1H NMR titration of 7
versus Bu4N�Br� yielded the expected downfield motions of
the NH signals, linear with concentration until equivalence.
Although we have not yet obtained crystals of a complex, the
sulfonamido-bis-carbamate 15 (the methyl ester analogue of


7) has been prepared, crystallised, and subjected to X-ray
crystallography. As shown in Figure 1, the structure reveals a
well-defined binding site occupied by a molecule of acetone
solvent.[14] The NH groups converge, despite the presence of
just one host ± guest hydrogen bond, and may thus be
preorganised for anion recognition.


Figure 1. Structure of 15 in the crystal. Hydrogens bound to carbon, the
steroidal side-chain (C20 ±C24; see 3 for numbering) and chloroform
solvent are omitted for clarity. The structure is viewed down the long axis of
the steroid nucleus, from the C20 end. The proposed anion-binding site is
occupied by a molecule of acetone solvent, hydrogen-bonded to N33 ±H
(steroidal C7 ±OCONH).


In conclusion, we have extended Cram×s extraction proce-
dure for measuring association constants, so that it can be
applied to the binding of tetraethylammonium chloride and
bromide in chloroform. The method is not restricted by an
upper limit for Ka , and is therefore suitable for use with high-
affinity receptors. Applied to a series of steroidal podand
anionophores, it has served to illustrate the dramatic effect
that electron-withdrawing groups can have on H-bond donor
capabilities, and therefore on receptor potencies. In other
work, we have shown that still higher binding constants can be
measured for systems containing additional H-bond donor
groups.[15] A future priority will be the extension of the
method to other anions, so that the selectivities of a range of
receptors may be examined under a standard set of conditions.


Experimental Section


General : 1H and 13C NMR spectra were run on Bruker DPX-400 or Jeol
Eclipse400 spectrometers using deuterated chloroform as solvent with
tetramethylsilane as internal standard. Elemental analyses were carried out
in the microanalytical laboratory, Department of Chemistry, University
College Dublin. Melting points were recorded on a Griffin melting point
apparatus and are uncorrected. Infrared spectra were recorded on a
Perkin ±Elmer883 spectrophotometer. Thin-layer chromatography was
carried out on aluminium-based Kieselgel60F254 0.2 mm plates. Spots due
to steroidal compounds were visualised by charring over a Bunsen burner.
Cholic acid was obtained as a gift from Diamalt GmbH and used without
further purification. Solvents were distilled before use and dried using
standard techniques. Flash chromatography of reaction products was
carried out using Kieselgel60 (Merck) 400 ± 230 mesh.


Eicosyl cholate (10): Solid cesium carbonate was added to a solution of
cholic acid (20.20 g, 49.4 mmol) in methanol/water (10:1, 200 mL) until the
pH was approximately 9 (determined using indicator paper). The solvent
was removed in vacuo and re-evaporated with toluene (2� 50 mL) and
CH2Cl2 (2� 50 mL). 1-Bromoeicosane (23.92 g, 66.2 mmol, 1.4 equiv) and
sodium iodide (0.5 g) were added and the mixture was stirred in dry DMF
(300 mL) at 47 �C under argon for one week. The mixture was dissolved in
chloroform (250 mL) and washed with water (3� 200 mL), dried (MgSO4)
and the solvent removed in vacuo. The crude product was re-evaporated
with toluene (2� 25 mL) and CH2Cl2 (2� 25 mL) and purified by flash
chromatography (hexane/ethyl acetate 1:1), then methanol/CH2Cl2 1:4)
affording eicosyl cholate 10 as a slightly off-white solid (30.33 g, 44.0 mmol,
89%). Rf� 0.35 (10% methanol/CH2Cl2); m.p. 75 ± 77 �C; IR (film): ��max�
1738 cm�1 (C�O); 1H NMR (400.13 MHz): �� 0.70 (s, 3H; 18-CH3), 0.88
(t, J� 7.0 Hz, 3H; eicosyl CH3), 0.90 (s, 3H; 19-CH3), 0.99 (d, J� 6.5 Hz,
3H; 21-CH3), 1.26 (m, �36H; eicosyl C18H36), 3.46 (brm, 1H; 3�-H), 3.85
(s, 1H; 7�-H), 3.98 (s, 1H; 12�-H), 4.05 (t, J� 6.5 Hz, 2H; eicosyl OCH2);
13C NMR (100.61 MHz): �� 12.47 (C-18), 14.07 (eicosyl CH3), 17.31 (C-21),
22.45 (C-19), 22.65 (CH2), 23.21(CH2), 25.94 (CH2), 26.42 (CH),
27.47(CH2), 28.21 (CH2), 28.67 (CH2), 29.26 (CH2), 29.33 (CH2), 29.52
(CH2), 29.58 (CH2), 29.68 (CH2), 30.44 (CH2), 30.96 (CH2), 31.36 (CH2),
31.90 (CH2), 34.69 (CH2), 34.75, 35.22 (CH), 35.32 (CH2), 39.57 (2C; CH2,
CH), 41.52 (CH), 41.69 (CH), 46.46, 47.09 (CH), 64.42 (eicosyl OCH2),
68.44 (CH), 71.90 (CH), 73.05 (CH), 174.39 (C-24); HRMS (FAB):
calcd for C44H80O5Na: 711.5903 [M�Na]� , found: 711.5924; elemental
analysis calcd (%) for C44H80O5 (689.10): C 76.69, H 11.70; found C 76.21,
H 11.64.


Eicosyl 3�-azido-7�,12�-dihydroxy-5�-cholan-24-oate (11): Eicosyl chol-
ate 10 (7.1 g, 10.3 mmol), triphenylphosphine (8 g, 30.5 mmol) methane-
sulfonic acid (1.4 mL, 21.8 mmol) and triethylamine (0.57 mL, 4.12 mmol)
were dissolved in dry THF (50 mL). Diethyl azodicarboxylate (5.3 mL,
33.7 mmol) was added dropwise over 15 min while stirring at 40 �C under
an atmosphere of argon. The mixture was evaporated and partially purified
by flash chromatography on silica gel with ethyl acetate/chloroform (10:1)
as the eluant yielding eicosyl 3�-methanesulfonyloxy-7�,12�-dihydroxy-
5�-cholan-24-oate as a partially pure, low-melting solid (5.1 g, 65%). Rf�
0.60 (ethyl acetate/hexane 1:1); 1H NMR (400.13 MHz): �� 0.68 (s, 3H;
18-CH3), 0.87 (s, 3H; 19-CH3), 0.96 (d, J� 6.0 Hz, 3H; 21-CH3), 1.25 (m,
36H; eicosyl CH2), 2.63 (t, J� 15 Hz, 1H; 4�-H), 3.85 (m, 1H; 7�-H), 3.97
(m, 1H; 12�-H), 4.04 (t, J� 6.5 Hz, 2H; OCH2), 4.96 (m, 1H; 3�-H). The
foregoing material was dissolved in N,N�-dimethyl-N,N�-propylene urea
(DMPU) (28 mL) and sodium azide (5 g, 77 mmol) was added. The mixture
was allowed to stir at 40 �C for 16 h then poured into cold water (100 mL)
and extracted with chloroform (60 mL). The extract was dried over MgSO4


and evaporated. Column chromatography on silica gel with chloroform/
hexane/ethyl acetate (1:1:1) as eluant yielded the azide 11 as an amorphous
solid (4.18 g, 90%, 59% from 10). Rf� 0.71 (ethyl acetate/hexane 1:1);
1H NMR (400.13 MHz): �� 0.69 (s, 3H; 18-CH3), 0.86 (t, J� 7.0 Hz, 3H;
eicosyl CH3), 0.89 (s, 3H; 19-CH3), 0.98 (d, J� 6.5 Hz, 3H; 21-CH3), 1.26
(m, 36H; eicosyl CH2), 3.14 (m, 1H; 3�-H), 3.87 (m, 1H; 7�-H), 4.01 (m,
1H; 12�-H), 4.06 (t, J� 6.5 Hz, 2H; OCH2); 13C NMR (100.13 MHz): ��
11.90, 13.60, 16.80, 21.98, 22.20, 22.80, 25.48, 25.92, 26.40, 27.14, 27.58, 28.19,
28.80, 28.87, 29.22, 30.36, 30.76, 31.44, 34.32, 34.87, 34.94, 35.08, 38.83, 41.33,
41.49, 46.08, 46.72, 60.84, 63.96, 67.85, 72.73, 174.06 (C24); elemental
analysis calcd (%) for C44H79N3O4 (714.12): C 74.01, H 11.15, N 5.88; found
C 74.09, H 10.91, N 5.75.
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Eicosyl 3�-(chloroacetylamido)-7�,12�-bis(chloroacetylaminocarbonyl-
oxy)-5�-cholan-24-oate (4): Zinc dust (2.6 g, 40 mmol) was added with
vigorous stirring to the azido-diol 11 (2.55 g, 3.57 mmol) in glacial acetic
acid (30 mL). After 8 h the mixture was filtered, the reaction solvent was
removed by azeotropic distillation with toluene under reduced pressure,
and the residue was redissolved in CHCl3. The solution was washed with
saturated aqueous sodium hydrogen carbonate and water, dried over
MgSO4 and re-evaporated. The white solid was redissolved in dry CH2Cl2
(30 mL) with chloroacetyl chloride (0.31 mL, 3.8 mmol) and triethylamine
(0.505 g, 5 mmol). The mixture was allowed to stir for 2 h under an
atmosphere of argon at room temperature. The solution was washed with
aqueous HCl (2�) and water, dried (MgSO4), and evaporated. Flash
chromatography on silica gel with hexane/ethyl acetate/chloroform (1:1:1)
as eluant yielded 12 (Z�ClCH2O) as an amorphous solid (2.47 g, 92%).
Rf� 0.28 (ethyl acetate/hexane 1:1); IR: ��max (film from CDCl3): 1740 cm�1


(C�O); 1H NMR (400.13 MHz): �� 0.68 (s, 3H; 18-CH3), 0.88 (t, J�
7.0 Hz, 3H; eicosyl CH3), 0.90 (s, 3H; 19-CH3), 0.96 (d, J� 6.5 Hz, 3H;
21-CH3), 1.28 (m, 36H; eicosyl CH2), 2.82 (br s, 2H; 2�OH), 3.65 (m, 1H;
3�-H), 3.84 (m, 1H; 7�-H), 4.00 (m, 1H; 12�-H), 4.02 (t, J� 6.5 Hz, 2H;
OCH2), 4.03 (s, 2H; CH2Cl), 6.48 (d, J� 6.0 Hz, 1H; 3�-NH); 13C NMR
(100.13 MHz): �� 12.42, 13.98, 17.23, 22.44, 22.57, 23.10, 25.85, 26.52, 27.45,
28.29, 28.57, 29.16, 29.23, 29.44, 29.48, 29.58, 30.78, 31.24, 31.80, 34.44, 34.51,
35.20, 35.58, 35.96, 39.31, 41.67, 41.90, 42.60, 46.48, 47.21, 49.96, 64.39, 68.26,
73.07, 164.96, 174.32 (C24). To the foregoing material (1.0 g, 1.4 mmol) in
dry 1,2-dichloroethane (DCE) (20 mL) was added chloroacetyl isocyanate
(0.24 mL, 2.8 mmol) and chlorotrimethylsilane (0.183 mL, 1.44 mmol),
under an atmosphere of argon. The solution was allowed to stir at 40 �C for
24 h. The solvent was removed and the product was purified by flash
chromatography using hexane/ethyl acetate/chloroform (3:1:1) as eluant
affording the bis-carbamate 4 as an amorphous solid (1.09 g, 82%). Rf�
0.28 (ethyl acetate/hexane 1:3); IR: ��max (film from CDCl3): 1740 cm�1


(C�O); 1H NMR (400.13 MHz): �� 0.76 (s, 3H; 18-CH3), 0.88 (m, 6H; 21-
CH3, OCH3), 0.97 (s, 3H; 19-CH3), 1.26 (m, 36H; eicosyl CH2), 3.65 (m,
1H; 3�-H), 3.40 (s, 2H; 3�-CH2Cl), 4.04 (t, J� 6.5 Hz, 2H; OCH2), 4.62 (s,
2H; CH2Cl), 4.70 (s, 2H; CH2Cl), 4.96 (m, 1H; 7�-H), 5.16 (m, 1H; 12�-H),
6.46 (d, J� 6.0 Hz, 1H; 3�-NH), 8.60 (s, 1H; carbamate NH), 9.27 (s, 1H;
carbamate NH); 13C NMR (100.13 MHz): �� 11.37, 13.57, 17.20, 21.98,
21.15, 22.65, 24.51, 25.41, 26.65, 27.26, 28.14, 28.73, 28.82, 29.00, 29.16, 30.14,
30.56, 30.87, 31.39, 34.05, 35.10, 35.17, 37.78, 40.69, 41.67, 42.35, 44.03, 44.65,
46.87, 49.53, 52.99 (C3), 63.95, 74.00 (C7), 77.92 (C12), 150.46 (NHCO),
150.62 (NHCO), 164.53, 167.40, 168.24, 169.54, 173.45 (C24); FAB-MS:m/z
(%): 1046 (17) [M�2Na�H]� , 1024 (26) [M�Na]� , 949 (50), 729 (100);
HRMS (FAB): calcd for C52H85Cl3N3O9Na2 [M�2Na�H]�: 1046.5147,
found: 1046.5083.


Eicosyl 3�-(p-nitrobenzenesulfonylamido)-7�,12�-(p-nitrophenylamino-
carbonyloxy)-5�-cholan-24-oate (7): Zinc dust (2.6 g, 40 mmol) was added
with vigorous stirring to the azido-diol 11 (2.55 g, 3.57 mmol) in glacial
acetic acid (30 mL). After 8 h the mixture was filtered, the reaction solvent
was removed by azeotropic distillation with toluene under reduced
pressure, and the residue was redissolved in CHCl3. The solution was
washed with saturated aqueous sodium hydrogen carbonate and water,
dried over MgSO4 and re-evaporated. The white solid was redissolved in
dry CH2Cl2 (30 mL) with p-nitrobenzenesulfonyl chloride (0.84 g,
3.8 mmol) and triethylamine (0.505 g, 5 mmol), and allowed to stir for 2 h
under an atmosphere of argon at 0 �C. The solution was allowed to warm to
room temperature, washed with aqueous HCl (2�) and water, dried
(MgSO4), and evaporated. Column chromatography on silica gel with
hexane/ethyl acetate/chloroform (1:1:1) as eluant yielded 12 (Z� p-
O2NC6H4SO2) as an amorphous solid (2.47 g, 92%). Rf� 0.28 (ethyl
acetate/hexane/chloroform 1:1:1); IR: ��max (film from CDCl3)� 1730
(C�O), 1380 (SO2N), 1530 cm�1 (NO2); 1H NMR (400.13 MHz): �� 0.67
(s, 3H; 18-CH3), 0.88 (m, 6H; 19-CH3, eicosyl CH3), 0.97 (d, J� 6.0 Hz,
3H; 21-CH3), 1.28 (m, 36H; eicosyl CH2), 2.74 (br s, 2H; 2�OH), 3.00 (m,
1H; 3�-H), 3.84 (m, 1H; 7�-H), 4.00 (m, 1H; 12�-H), 4.05 (t, J� 6.5 Hz,
2H; OCH2), 6.10 (d, J� 6.0 Hz, 1H; 3�-NH), 8.09 (d, J� 9.0 Hz, 2H; aryl
H ortho to NO2), 8.33 (d, J� 9.0 Hz, 2H; aryl H meta to NO2); 13C NMR
(100.13 MHz): �� 11.42, 13.05, 16.31, 21.43, 21.64, 22.11, 24.91, 25.50, 26.43,
27.09, 27.63, 27.81, 28.23, 28.30, 28.50, 28.55, 28.65, 28.72, 29.88, 30.28, 30.88,
33.40, 33.43, 34.14, 34.77, 36.44, 38.34, 70.87, 40.98, 45.40, 46.14, 53.36, 63.52,
67.32, 71.95, 123.25, 127.13, 146.63, 148.83, 173.42 (C24); HRMS (FAB):
calcd for C50H84N2O8S: 872.5948 [M]� , found: 872.5924. To the foregoing


material (0.61 g, 0.66 mmol) in dry DCE (15 mL) was added p-nitrophenyl
isocyanate (0.43 g, 2.65 mmol) and chlorotrimethylsilane (0.09 mL,
0.71 mmol). The solution was allowed to stir at 60 �C under an atmosphere
of argon for 3 d. The reaction mixture was cooled to 0 �C and filtered to
remove solid impurities. The filtrate was evaporated and the product
purified by flash chromatography using hexane/ethyl acetate/chloroform
(1:1:1) as eluant affording the bis-carbamate 7 as an amorphous solid
(0.59 g, 75%). Rf� 0.22 (ethyl acetate/hexane 1:1); IR: ��max (film from
CDCl3)� 1730 (C�O), 1380 (SO2N), 1525 cm�1 (NO2); 1H NMR
(400.13 MHz): �� 0.56 (m, 1H; 4�-H), 0.81 (s, 3H; 18-CH3), 0.87 (m,
6H; 19-CH3, OCH3), 0.90 (d, J� 6.0 Hz, 3H; 21-CH3), 1.27 (m, 36H;
eicosyl CH2), 2.93 (m, 1H; 3�-H), 3.98 (t, J� 6.5 Hz, 2H; OCH2), 5.03 (m,
1H; 7�-H), 5.17 (m, 1H; 12�-H), 5.43 (br s, 1H; 3�-NH), 7.45 (d, J� 9.0 Hz,
2H; carbamato aryl H ortho to NO2), 7.61 (d, J� 9.0 Hz, 2H; carbamato
aryl H meta to NO2), 7.81 (br s, 1H; carbamate NH), 7.97 (m, 5H; aryl H,
carbamate NH), 8.00 (d, J� 9.0 Hz, 2H; aryl H), 8.14 (d, J� 9.0 Hz, 2H;
sulfonamido aryl H ortho to NO2); 13C NMR (100.13 MHz): �� 11.66,
13.61, 13.71, 17.11, 22.01, 22.19, 25.41, 26.88, 28.11, 28.73, 28.87, 29.01, 29.10,
29.20, 30.25, 30.80, 30.91, 31.43, 33.78, 34.23, 37.55, 41.10, 42.44, 45.00, 47.10,
54.10, 64.03, 72.18, 112.88, 117.00, 124.05, 124.39, 125.90, 127.36, 141.35,
141.62, 144.78, 146.10, 149.52, 151.77, 152.17, 173.70; HRMS (FAB): calcd
for C64H92N6O14S: 1200.6392 [M]� , found: 1200.6392.


Eicosyl 3�-(2,4-dinitrobenzenesulfonylamido)-7�,12�-(p-nitrophenylami-
no-carbonyloxy)-5�-cholan-24-oate (8): Zinc dust (0.53 g) was added while
vigorously stirring to the azido-diol 11 (0.5 g, 0.72 mmol) in glacial acetic
acid (10 mL). After 12 h the mixture was filtered, the reaction solvent was
removed by forming an azeotrope with toluene and the solid was
redissolved in CHCl3. The liquor was washed with aqueous sodium
hydrogen carbonate and water, dried over MgSO4 and re-evaporated to
dryness. The white solid was redissolved in dry CH2Cl2 (60 mL) at 0 �C with
2,4-dinitrobenzenesulfonyl chloride (0.175 g, 0.75 mmol), and triethyl-
amine (0.2 mL, 1.44 mmol) and the reaction was allowed to stir for 2 h
under an atmosphere of nitrogen. The solution was then allowed to warm to
room temperature. The solution was washed with aqueous HCl (2�) and
water, dried (MgSO4), and evaporated to dryness. Flash chromatography
on silica gel with hexane/ethyl acetate (2:1) as eluant yielded 12 (Z�o,p-
(O2N)2C6H3SO2) (0.39 g, 59%). Rf� 0.28 (ethyl acetate/hexane 1:1); IR:
��max (film from CDCl3): 1740 (C�O), 1380 cm�1 (SO2N); 1H NMR
(400.13 MHz): �� 0.70 (s, 3H; 18-CH3), 0.90 (m, 6H; 19-CH3, eicosyl
CH3), 0.98 (s, 3H; 21-CH3), 1.28 (m, 36H; eicosyl CH2), 3.24 (m, 1H; 3�-H),
4.01 (m, 1H; 12�-H), 4.07 (t, J� 6.5 Hz, 2H; OCH2), 5.47 (d, J� 6.0 Hz,
1H; 3�-NH), 8.38 (d, J� 9.0 Hz, 1H; aryl H), 8.54 (d, J� 9.0 Hz, 1H; aryl
H), 8.68 (s, 1H; aryl H); 13C NMR (100.13 MHz): �� 12.05, 13.62, 16.85,
22.10, 22.20, 25.48, 28.21, 28.80, 28.87, 29.07, 29.12, 29.18, 29.22, 30.38, 31.45,
34.00 34.71, 38.99, 46.10, 46.88, 55.08, 64.05, 67.69, 72.49, 76.22, 76.54, 76.86,
120.22, 126.66, 131.66, 173.92 (C24). To the foregoing material (0.61 g,
0.66 mmol) in dry DCE (10 mL) was added p-nitrophenyl isocyanate
(0.43 g, 2.65 mmol) and chlorotrimethylsilane (0.06 mL, 0.47 mmol). The
mixture was allowed to stir at room temperature under an atmosphere of
argon for 3 d then cooled to 0 �C and filtered to remove solid impurities.
The filtrate was evaporated and the product was purified by flash
chromatography using hexane/ethyl acetate/chloroform (1:1:1) as eluant,
affording the bis-carbamate 8 as an amorphous solid (0.51 g, 72%). Rf�
0.20 (ethyl acetate/hexane/chloroform 1:1:1); IR: ��max (film from CDCl3)�
1725 (C�O), 1380 (SO2N), 1530 cm�1 (NO2); 1H NMR (400.13 MHz): ��
0.83 (s, 3H; 18-CH3), 0.89 (m, 6H; 19-CH3, eicosyl CH3), 0.91 (d, J�
6.0 Hz, 3H; 21-CH3), 1.26 (m, 36H; eicosyl CH2), 3.32 (m, 1H; 3�-H), 3.97
(t, J� 6.5 Hz, 2H; OCH2), 5.08 (m, 2H; 7�-H, 12�-H), 5.43 (br s, 1H; 3�-
NH), 7.50 ± 8.34 (m, 14H; aryl H, carbamate NH, carbamate NH); 13CNMR
(100.13 MHz): �� 11.48, 13.60, 17.09, 22.06, 22.19, 25.40, 28.11, 28.74, 28.86,
29.01, 29.09, 29.20, 30.26, 30.81, 31.42, 34.21, 45.05, 63.97, 110.76, 117.03,
124.31, 130.30, 141.27, 145.02, 148.95, 151.84, 173.68, 177.14; HRMS (FAB):
calcd for C64H91N7O16S: 1245.6243 [M]� , found: 1245.6243.


Eicosyl 3�-azido-7�,12�-bis-p-(trifluoromethyl)phenylaminocarbonyloxy-
5�-cholan-24-oate (13): (�,�,�-4-Trifluoromethyl)phenyl isocyanate
(0.10 mL, 0.70 mmol, 2.5 equiv) and chlorotrimethylsilane (0.01 mL,
0.079 mmol) were added under argon t a solution of the azido diol 11
(200 mg, 0.28 mmol) in dry DCE (3 mL). The solution was stirred at 40 �C
for 16 h. The solvent was removed in vacuo and the product was purified by
flash chromatography (CH2Cl2/hexane 9:1) affording the azido dicarba-
mate 13 as a slightly off-white solid (246 mg, 0.23 mmol, 80%). Rf� 0.6
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(CH2Cl2/hexane 9:1); IR: ��max (film from CDCl3): 2150 (azide), 1740 cm�1


(C�O); 1H NMR (400.13 MHz): �� 0.75 (s, 3H; 18-CH3), 0.90 (t, J�
7.0 Hz, 3H; eicosyl CH3), 0.94 (d, J� 6.0 Hz, 3H; 21-CH3), 0.97 (s, 3H;
19-CH3), 1.25 (m, 36H; eicosyl CH2), 3.18 (m, 1H; 3�-H), 4.01 (t, J�
6.5 Hz, 2H; OCH2), 4.97 (m, 1H; 7�-H), 5.13 (m, 1H; 12�-H), 6.94 (br s,
1H; carbamate NH), 7.06 (br s, 1H; carbamate NH), 7.67 (s, 8H; aryl H);
13C NMR (100.13 MHz): �� 12.33, 14.10, 17.60, 22.53, 22.68, 22.87, 25.84,
25.90, 26.83, 27.14, 28.61, 29.13, 29.22, 29.35, 29.49, 29.56, 29.68, 30.74, 31,19,
31.46, 31.91, 34.38, 34.50, 34.65, 35.04, 37.86, 41.08, 43.73, 45.44, 47.47, 61.20,
64.58, 72.38, 118.18, 118.20, 126.37, 141.07, 152.43, 152.68, 174.22; HRMS
(FAB): calcd for C60H87N5O6F6Na: 1110.6458 [M�Na]� , found: 1110.6472.
Eicosyl 3�-(p-toluenesulfonylamino)-7�,12�-bis(p-trifluoromethyl)phenyl-
aminocarbonyloxy-5�-cholan-24-oate (5): Zinc dust (1.07 g, 16 mmol) was
added with vigorous stirring to the bis-carbamoyl steroid 13 (0.89 g,
0.87 mmol) in glacial acetic acid (16 mL). After 8 h the mixture was
filtered, the reaction solvent was removed by azeotropic distillation with
toluene under reduced pressure, and the residue was redissolved in CHCl3.
The solution was washed with saturated aqueous sodium hydrogencar-
bonate and water, dried over MgSO4 and re-evaporated. The white solid
was redissolved in dry CH2Cl2 (20 mL) with p-toluenesulfonyl chloride
(0.167 g, 0.87 mmol) and triethylamine (0.24 mL, 1.74 mmol), and the
reaction mixture was allowed to stir for 2 h under an atmosphere of argon.
The solution was washed with aqueous HCl (2�) and water, dried, and
evaporated. Flash chromatography with hexane/ethyl acetate/chloroform
(1:1:1) as eluant yielded the tosylamido steroid 5 as an amorphous solid
(0.485 g, 67%). Rf� 0.44 (ethyl acetate/hexane 1:1); IR: ��max (film from
CDCl3): 3600 ± 3200 (NH), 1720 (C�O), 1380 cm�1 (SO2N); 1H NMR
(400.13 MHz): ���0.13 (m, 1H), 0.69 (s, 3H; 18-CH3), 0.76 (s, 3H; 19-
CH3), 0.89 (d, 3H; J� 4.2 Hz, 21-CH3), 0.90 (t, J� 7.0 Hz, 3H; eicosyl
CH3), 1.28 (m, 36H; eicosyl CH2), 2.45 (s, 3H; tosylamido CH3), 2.62 (m,
1H; 3�-H), 4.02 (t, J� 6.5 Hz, 2H; OCH2), 4.87 (m, 1H; 7�-H), 5.21 (m,
1H; 12�-H), 5.89 (d, 1H; J� 6 Hz, 3�-NH), 7.19 (d, J� 9.0 Hz, 2H;
tosylamido aryl H meta to SO2), 7.30 (d, J� 8.0 Hz, 2H; aryl H ortho to
CF3), 7.36 (d, J� 8.0 Hz, 2H; aryl H meta to CF3), 7.51 (d, J� 8.0 Hz, 2H;
aryl H ortho to CF3), 7.69 (d, J� 8.0 Hz, 2H; aryl H meta to CF3), 7.70 (s,
1H; carbamate NH), 7.80 (d, J� 9.0 Hz, 2H; tosylamido aryl H ortho to
SO2), 7.87 (s, 1H; carbamate NH); 13C NMR (100.13 MHz): �� 12.41
(C18), 14.07, 17.63 (C21), 21.42 (tosylamido CH3), 21.82 (C19), 22.66, 22.81,
25.88, 26.04, 27.24, 28.61, 29.21, 29.33, 29.47, 29.54, 29.67, 30.77, 31.11, 31.26,
31.90, 33.36, 34.70, 35.70, 37.68, 40.98, 43.37, 45.23, 47.49, 53.01 (C3), 64.47,
71.71 (C7), 75.80 (C12), 117.6, 118.21, 118.29, 125.86, 126.02, 126.5, 130.25,
137.18, 141.9, 144.80, 152.60 (NHCO), 152.79 (NHCO), 174.20, (C24);
HRMS (FAB): calcd for C67H95N3O8F6S1: 1215.6744 [M]� , found:
1215.6744.


Eicosyl 3�-(p-nitrobenzenesulfonylamino)-7�,12�-bis(p-trifluoromethyl)-
phenylaminocarbonyloxy-5�-cholan-24-oate (6): Zinc dust (1.0 g, 15 mmol)
was added with vigorous stirring to the bis-carbamoyl steroid 13 (0.74 g,
0.73 mmol) in glacial acetic acid (16 mL). After 8 h the mixture was
filtered, the reaction solvent was removed by azeotropic distillation with
toluene under reduced pressure, and the residue was redissolved in CHCl3.
The solution was washed with saturated aqueous sodium hydrogen
carbonate and water, then dried over MgSO4 and re-evaporated. The
white solid was redissolved in dry CH2Cl2 (25 mL) with nitrobenzenesul-
fonyl chloride (0.193 g, 0.87 mmol) and triethylamine (0.24 mL,
1.74 mmol), and the reaction was allowed to stir for 2 h under an
atmosphere of argon. The solution was washed with aqueous HCl (2�)
and water, dried (Na2SO4), and the solvent was removed. Flash chroma-
tography on silica gel with hexane/ethyl acetate/chloroform (1:1:1) as
eluant yielded the nosylamido steroid 6 as an amorphous solid (0.55 g,
65%). Rf� 0.30 (ethyl acetate/hexane 1:1); IR: ��max (film from CDCl3):
3600 ± 3200 (NH), 1740 (C�O), 1540 (NO2), 1380 cm�1 (SO2N); 1H NMR
(400.13 MHz): �� 0.10 (m, 1H; 4�-H), 0.73 (s, 3H; 18-CH3), 0.77 (s, 3H;
19-CH3), 0.88 (d, J� 6.0 Hz, 3H; 21-CH3), 0.90 (t, J� 7.0 Hz, 3H; eicosyl
CH3), 1.27 (m, 36H; eicosyl CH2), 2.71 (m, 1H; 3�-H), 4.01 (t, J� 6.5 Hz,
2H; OCH2), 4.91 (m, 1H; 7�-H), 5.18 (m, 1H; 12�-H), 5.89 (d, J� 6.0 Hz,
1H; 3�-NH), 7.34 (s, 1H; carbamate NH), 7.42 (m, 9H; carbamato aryl H,
carbamate NH), 8.04 (d, 2H; J� 8.8 Hz, nosylamido aryl H), 8.28 (d, 2H;
J� 8.8 Hz, nosylamido aryl H); 13C NMR (100.13 MHz): �� 13.60 (C18),
17.16 (C21), 21.47, 22.20, 22.38, 25.42, 28.19, 28.75, 28.87, 29.02, 29.21, 30.30,
30.72, 31.44, 33.09, 34.19, 37.27, 42.91, 44.81, 46.98, 53.63 (OCH2), 64.08
(C3), 71.57 (C7), 75.88 (C12), 117.41, 117.61, 124.84, 125.69, 127.24, 141.10,


144.13, 145.33, 150.06, 151.91 (NHCO), 152.17 (NHCO), 173.71 (C24);
FAB-MS: m/z (%): 1269.5 (100) [M�Na]� , 1064 (15), 837 (30), 635 (20),
455 (10); HRMS (FAB): calcd for C66H92N4O10F6S1Na: 1269.6336
[M�Na]� , found: 1269.6366.
Extraction of tetraethylammonium chloride/bromide from aqueous solu-
tion into chloroform by receptor 4 : Solutions of receptor 4 in water-
saturated chloroform (0.6 m�, 5 mL), and tetraethylammonium halide in
water (0.3 ± 0.5�, 1 mL), were sealed in a sample tube with a small
magnetic stirring bar. The tube was placed in a water bath held at 30 �C, and
the contents were stirred vigorously for 15 minutes. The two phases were
allowed to separate. The majority of the aqueous phase was then removed
with a pipette and the remaining mixture was filtered through Whatman
1PS hydrophobic filter paper to remove any excess undissolved aqueous
phase. Solvent was then evaporated from the filtrate under reduced
pressure. The resulting glass-like solid was redissolved in deuterated
chloroform and an NMR spectrum was recorded. Integration of the
tetraethylammonium versus receptor protons gave the ratio of substrate/
receptor present in the organic phase (Rm). The distribution constantKd for
the tetraethylammonium halide was obtained as follows. In their analysis of
the extraction protocol,[6] Cram et al. define the quantity R as [HX�Y�]org/
[Hi]org, where [Hi]org is the initial concentration of the receptor in the
organic phase. As Rm contains contributions from both bound and unbound
substrate, Rm and R are related by Equation (7).


R�Rm�
Kd �X�Y��2aq


�Hi�org
(7)


It is shown by Cram et al. that:


Ke�
R


	1� R
 �X�Y��2aq
(8)


Combining Equations (8) and (5), and rearranging:


R�KdKa (1�R) [X�Y�]2aq (9)


where R and Ka are independent measurements made on the same
receptor. Substituting Equation (7) into (9):


Rm�
Kd�X�Y��2aq


�Hi�org
�KdKa (1�Rm�


Kd�X�Y��2aq
�Hi�org



[X�Y�]2aq (10)


Rearranging Equation (10) gives (11), a quadratic equation which can be
solved to give Kd.


(Ka[X�Y�]4aq
K 2
d � (Ka[X�Y�]2aq[Hi]org�Ka[X�Y�]2aq[Hi]orgRm


�[X�Y�]2aq
Kd�Rm[Hi]org� 0 (11)
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Abstract: Reaction of dimethoxycar-
bene (DMC), generated by thermolysis
of a 2,5-dihydro-1,3,4-oxadiazole, with
2,2,4,4-tetramethyl-3-thioxocyclobuta-
none afforded primarily 2,2-dimethoxy-
3,3,5,5-tetramethyl-4-thioxocyclopenta-
none from ring expansion by overall
insertion into the C�CO bond. 4,4-
Dimethoxy-2,2,5,5-tetramethyl-3-thioxo-
cyclopentanone, from overall insertion


into a C�CS bond, was a minor product.
Thus the carbene had reacted preferen-
tially at the carbonyl group, rather than
the thiocarbonyl group of the four-
membered ring. However, the minor


product reacted with DMC at the thio-
carbonyl group to afford a dimethoxy-
thiirane. A product from a correspond-
ing reaction at the carbonyl group could
not be found. A rationale for the appa-
rent reversal of relative reactivities of
the carbonyl and thiocarbonyl groups is
offered, with supporting evidence.


Keywords: carbenes ¥ dimethoxy-
carbene ¥ nucleophilic addition ¥
thiirane ¥ thiocarbonyl


Introduction


Recently we reported ring expansions of a number of
anhydrides[1] and small-ring carbonyl compounds[2] by inser-
tion (overall) of the nucleophilic dimethoxycarbene (DMC)
into a bond between the carbonyl carbon and an atom in the
�-position. Similar ring expansions by reactions of nucleo-
philic carbenes with thiocarbonyl compounds have not been
reported. Thiocarbonyl compounds do react with electrophilic
carbenes, such as dichlorocarbene or difluorocarbene, but the
attack is at sulfur to generate the appropriate thiocarbonyl
ylides.[3] Thus, reactions of the carbonyl and thiocarbonyl
groups appear to depend strongly on the attacking carbene×s
nucleophilicity, as expected.


It was therefore of interest to compare the reactions of
DMC with a carbonyl and a thiocarbonyl group in similar or
identical environments. The thiocarbonyl double bond is
longer (ca. 1.617 versus 1.200 ä),[4] weaker (ca. 127.6 versus
188.9 kcalmol�1)[4] and less polar (1.65 in H2C�S versus 2.33 D
in H2CO)[5] than the carbonyl double bond and might be
expected to be more reactive in many processes. For example,
it is a powerful dipolarophile[6] as well as a reactive 2�-


component in Diels ±Alder reactions.[7] We now report that
the thiocarbonyl group in 2,2,4,4-tetramethyl-3-thioxocyclo-
butanone (a four-membered ring) was found to be less
reactive toward dimethoxycarbene than the carbonyl group
in the same ring. On the other hand, the thiocarbonyl group in
4,4-dimethoxy-2,2,5,5-tetramethyl-3-thioxocyclopentanone (a
five-membered ring) was found to be more reactive toward
that carbene than the carbonyl group in the same ring, but the
reaction was thiirane formation instead of ring expansion. The
apparent reversal of relative reactivities is accounted for in
terms of group polarities and neighbouring substituents that
could interact with the attacking agent at the transition state.


Results and Discussion


DMC (2), generated by thermolysis of 2,5-dihydro-2,2-di-
methoxy-5,5-dimethyl-1,3,4-oxadiazole (1),[8, 9] (also known as
2,2-dimethoxy-5,5-dimethyl-�3-1,3,4-oxadiazoline) reacted
with 2,2,4,4-tetramethyl-3-thioxocyclobutanone (3) to afford
ring expansion product 4 in 50% yield. That product must
have arisen from attack of 2 at the carbonyl group of the
ketone and subsequent (or concurrent) ring expansion.[2] An
isomer (5) from analogous attack at the thiocarbonyl group
was obtained in about 5% yield (Scheme 1). A third product
(6) must have arisen from attack of DMC at the thiocarbonyl
group of 5. Isolation of 5 and treatment with 2 gave 6 in 50%
yield. Isolation of 4 and analogous treatment with 2 gave only
very small amounts (ca. 1% each) of three products of higher
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molecular weight. Although these were not identified, it is
clear that 5 is much more reactive than 4 towards 2. The fourth
product was the known thiirane 7[10] from reaction of 3 in the
presence of 1. It is presumably formed from cycloaddition of
2-diazopropane (minor co-product of thermolysis of 1) to the
C�S bond and subsequent loss of N2.


The structures of 4 and 5 were established by means of
NMR spectroscopy (1H, 13C and three-bond correlations), IR
spectroscopy, and mass spectrometry. In the IR spectra of 4
and 5 there were absorptions indicating the presence of a
carbonyl group. The 1H NMR spectrum of 4 in C6D6 consisted
of two singlets (each 6H) in the methyl region and one singlet
(6H) in the methoxy region while the 13C NMR spectrum was
composed of eight signals. One 1H NMR methyl signal
correlated with both the carbonyl and thiocarbonyl 13C NMR
signals and the other with the 13C signal of the thiocarbonyl
group only. Isomer 5 had similar NMR spectra but the three-
bond couplings showed that one 1Hmethyl signal was coupled
to both the thiocarbonyl and carbonyl carbons and the other
to the carbonyl carbon only. These results mean that the
connectivities of 4 and 5 are those depicted and that the
carbonyl functional group is preferred over the thiocarbonyl
group for ring expansion, which is a rather surprising result.
Although a diaminocarbene (8) reacts with both CS2 and CO2


(Scheme 2) to afford stable dipolar adducts (9)[11] and 10,[12]


the C�S bond is generally more reactive toward nucleophiles
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Scheme 2. R1�Me, Et, iPr; R2�Me.


than the C�O bond.[13] One might expect, on the basis of
analogy, that DMC too would react readily at a thiocarbonyl
group, because it is a nucleophile.[14] It is capable of
nucleophilic aromatic substitution,[15] for example, as is a
diaminocarbene.[16]


Nucleophiles (presumably including nucleophilic carbenes)
attack C�S bonds in two ways, thiophilic attack[17] and
carbophilic attack, probably because the electronegativities
of sulfur and carbon are not very different.[18] On the other
hand electrophilic carbenes, such as dichlorocarbene, react


with a thiocarbonyl compound
to generate a thiocarbonyl ylide
intermediate.[3]


The structures of thiiranes 6
and 7 were established by
means of their 1H and
13C NMR spectra, and their
mass spectra. Thus, the
1H NMR spectrum of 6 consist-
ed of four methyl singlets and
four methoxy singlets, all of
equal intensity. The 13C NMR
spectrum also showed four dis-


tinct methyl carbons and four methoxy carbons, as well as
signals for the quaternary carbons C2, C3, C4, C5, and C7.
Moreover, a signal at �� 221 clearly showed the presence of a
carbonyl group. Thiirane 6 was thermally stable, having
survived heating in benzene at 110 �C for 24 h, and it was not
hydrolysed readily, as indicated by its survival upon exposure
of the solution of 6 in benzene to the atmosphere. Similarly,
the structure of 7 is based on its spectra, which matched the
data reported.[10b]


In 3 the carbonyl group is more reactive than the
thiocarbonyl group, but in 5 the reverse is true. How can the
apparent reversals of the relative reactivities of the carbonyl
and thiocarbonyl groups toward DMC be rationalized?


We postulate that the reaction of DMC with 3 in benzene is
concerted, but asynchronous in the sense depicted by 11 and
12. The higher polarity of the carbonyl group, relative to that
of the thiocarbonyl group (dipole moment for H2CO: 2.33 D;
for H2CS: 1.65 D)[4] could be an important factor that
determines the preference for attack on the former. Stable
betaines are not formed, however, because the ability of the
oxygens to support a full positive charge is insufficient. The
better donor atoms (N) of 9 and 10 are required for the
formation of stable betaines. The observed ring expansion
might occur through a transition state with the (MeO2)C�C
bond partly developed or intermediates 11 and 12 might form
and subsequently undergo ring expansion by a diradical
mechanism (Scheme 3) leading to 4 and 5. Concerted cyclo-
addition of the carbene to generate 12 could be slowed
because the C�S bond is too long (1.63 ä) for good overlap of
the carbene orbitals at both C and S. Stepwise addition, on the
other hand, might face a higher barrier because the dipolar
intermediate would be poorly solvated in benzene. Precedents
for the formation of a dimethoxyoxirane[19] analogous to 11
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and a dimethoxythiirane analogous to 12 have been reported
(Scheme 4).[20] The dimethoxythiirane (13) was accompanied
by the known thiirane 14.[21]


N
N
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OMeMeO
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OMe
OMe
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1


benzene


110 °C


13 (90%) 14 (4%)


Scheme 4.


To explain the higher reactivity of the C�S bond in 5, where
the competition is also between the C�O and C�S groups, we
suggest that a methoxy group of 5 plays a role in stabilizing the
transition state for reaction of DMC at the thiocarbonyl group
(Scheme 5). Thiocarbonyl groups are attacked at sulfur by
soft nucleophiles[3] and attack at sulfur of 3 ± 5 should be
favoured in any case because the steric hindrance is less as a
result of the length of the C�S bond: 1.67 ä (C�S) versus
1.20 ä (CO).[4] However, attack at S without concurrent
bonding to C causes charge separation, and the positive
charge can best be dispersed by neighbouring methoxy groups
if attack occurs at the C�S group of 5. The thiocarbonyl
carbon would adopt some negative charge, and that would be
stabilized inductively by the carbonyl group across the ring as
depicted in Scheme 5. In a dipolar transition state, with partial
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Scheme 5. Transition state I, *� site of partial positive charge; #� site of
partial negative charge.


positive charge in the erstwhile carbene portion, the methoxy
group situated on the same side as the attacking carbene could
share some of the charge. A methoxy group of 4 would be less
effective in stabilizing the transition state for relatively
synchronous carbonyl addition than analogous cycloaddition
to the C�S group, leaving less to be gained from stabilization
of a dipolar transition structure (Scheme 6).


Support for the explanation came from treatment of 2,2,4,4-
tetramethylcyclobutan-1,3-dithione (15) with DMC from
thermolysis of 1, see Scheme 7. The major product was 2,2-
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Scheme 6. Oxirane-like transition state I with little charge separation.


dimethoxy-3,3,5,5-tetramethylcyclopentan-1,3-dithione (16)
and, again, furthur reaction of 16 with DMC gave 17, the
product from attack of the carbene at the C�S group nearest
to the methoxy substituents. A likely explanation for that
preference is stabilization of a dipolar transition state by a
methoxy group, as in Scheme 4, although the inductive effects
of the alkoxy groups would also increase the electrophilicity
of the closer thiocarbonyl group. Attack at the other C�S
group could not profit as much from nucleophilic participa-
tion by an alkoxyl group, because the positive site to be
stabilized would be farther away.


The discovery of 6 and 17 opens the way for the preparation
of other 2,2-dialkoxythiiranes and it suggests that a methoxy
substituent, or another substituent with an unshared electron
pair, tethered alpha to a carbonyl or thiocarbonyl group might
enhance reactivity toward a dialkoxycarbene. We will test this
hypothesis with 2-alkoxy- and 2,2-dialkoxycycloalkanones.


Conclusion


Dimethoxycarbene attacks at both the carbonyl and thiocar-
bonyl groups of 2,2,4,4-tetramethyl-3-thioxocyclobutanone,
leading to isomeric five-membered rings that are the products
of insertion of the carbene into the sp2�sp3 bonds. In the initial
reaction, the carbonyl group is more reactive than the
thiocarbonyl group but the product from insertion into the
C�C(�S) bond reacts with a second carbene to afford a
dimethoxythiirane. The product from insertion of the carbene
into the C�C(�O) bond does not react further with dime-
thoxycarbene. Thus, the relative reactivities of the carbonyl
and thiocarbonyl groups are reversed in the starting material
and in the initial products.


Experimental Section


Thermolysis of 2,5-dihydro-2,2-dimethoxy-5,5-dimethyl-1,3,4-oxadiazole
(1) in the presence of 2,2,4,4-tetramethyl-3-thioxocyclobutanone (3). The
following thermolysis procedure is typical. A solution of 3 (0.075 g,


0.48 mmol) and 1 (0.080 g, 0.50 mmol)
in dry benzene (5 mL) in a thermolysis
tube was degassed by means of three
freeze ± pump ± thaw cycles before the
tube was sealed under vacuum. It was
then placed into an oil bath (110 �C)
for a 24 h period.


In the case of 3, evaporation of the
solvent and the volatile components
left a residue that was purified by
chromatography on silica (Chromato-
tron, 1 mm plate, 50 mL 100%
hexane� 50 mL 10% EtOAc in
hexane� 50 mL 20% EtOAc in
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hexane� 50 mL 40% EtOAc in hexane) to afford 3,3,5,5-tetramethyl-2,2-
dimethoxy-4-thioxocyclopentanone (4, 48%), 2,2,5,5-tetramethyl-4,4-di-
methoxy-3-thioxocyclopentanone (5, 5%), 2,2,4,4-tetramethoxy-5,5,7,7-
tetramethyl-6-oxo-1-thiaspiro[2.4]heptane (6, 3%), 2,2,4,4,6,6-hexameth-
yl-5-oxo-1-thiaspiro[2.3[hexane (7, 2%) and unreacted 3 (20%).


Compound 4 (red crystals): m.p. 42 �C; 1H NMR (300 MHz, C6D6, 25 �C,
TMS): �� 3.06 (s, 6H, OMe), 1.36 (s, 6H, Me), 1.30 (s, 6H, Me); 13C NMR
(75 MHz, C6D6, 25 �C): �� 271.1, 209.6, 104.2, 62.8, 58.7, 50.4, 28.3, 23.5; MS
(70 eV, EI): m/z (%): 230 [M]� (3), 202 (30), 96 (100), 81 (86), 71 (51), 59
(50); MS (HR): m/z : calcd for C11H18O3S: 230.0976; found 230.0970; IR
(KBr pellet): �� � 2977, 2946, 1769 (C�O), 1559, 1468, 1258, 1107, 1076,
1062 cm�1.


Compound 5 (magenta liquid): 1H NMR (300 MHz, CDCl3, 25 �C, TMS):
�� 3.31 (s, 6H, OMe), 1.33 (s, 6H, Me), 1.26 (s, 6H, Me); 13C NMR
(75 MHz, CDCl3, 25 �C, TMS): �� 275.6, 218.3, 106.6, 60.8, 55.5, 50.5, 28.1,
19.5; MS (70 eV, EI): m/z (%): 230 [M]� (5), 202 (30), 96 (100), 81 (86), 71
(51), 59 (50); MS (HR):m/z : calcd for C11H18O3S: 230.0976; found 230.0977;
IR (neat): �� � 2977, 2946, 1769, 1550, 1468, 1258 (m), 1107, 1076, 1062 cm�1.


Compound 6 (colorless crystals): m.p. 53 �C; 1H NMR (300 MHz, CDCl3,
TMS): �� 3.67 (s, 3H, OMe), 3.52 (s, 3H, OMe), 3.35 (s, 3H, OMe), 3.34 (s,
3H, OMe), 1.37 (s, 3H, Me), 1.32 (s, 3H, Me), 1.21 (s, 3H, Me), 1.07 (s, 3H,
Me); 13C NMR (75 MHz, CDCl3, 25 �C): �� 221.2, 145.3, 132.0, 60.2, 55.6,
52.2, 50.6, 27.1, 23.5, 22.6, 20.0; MS (70 eV, EI): m/z (%): 304 [M]� (9), 273
(6), 188 (23), 160 (100), 116 (58), 85 (42), 73 (29); IR (KBr pellet): �� � 2980,
2944, 2839, 1743, 1461, 1228, 1195, 1150, 1064, 879 cm�1.


Compound 7 (colorless crystals): m.p. and 1H NMR spectrum in agreement
with published data;[10b] 13C NMR (75 MHz, CDCl3, 25 �C): �� 220.7, 72.2,
62.4, 52.2, 29.2, 24.7, 23.2.


Thermolysis of 2,5-dihydro-2,2-dimethoxy-5,5-dimethyl-1,3,4-oxadiazole
(1) in the presence of adamantanethione : The standard procedure gave,
from adamantanethione (0.089 g, 0.54 mmol) and 1 (0.093 g, 0.58 mmol), a
residue that was purified by chromatography on silica (Chromatotron plate,
1 mm, 5% EtOAc in hexane) to afford 3,3-dimethoxyspiro[thiirane-2,2�-
tricyclo[3.3.1.13,7]decane (13, 90%), the known[21] 3,3-dimethylspiro[thiir-
ane-2,2�-tricyclo[3.3.1.13,7]decane (14, 4%), and unreacted thioketone
(3%).


Comound 13 (colorless crystals): m.p. 44 �C; 1H NMR (300 MHz, CDCl3,
25 �C): �� 3.62 (s, 6H), 2.02, 1.98, 1.90, 1.85, 1.79 (5�brm, 14H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 115.5, 66.6, 57.7, 37.2, 37.0, 36.1, 35.9, 27.6, 26.8;
MS (70 eV, EI): m/z (%): 240 [M]� (19), 225 (10), 207 (8) 165 (15), 86 (36),
84 (54), 49 (100); MS (HR) m/z : calcd for C13H26O2S: 240.1184; found
240.1169.


Thermolysis of 2,5-dihydro-2,2-dimethoxy-5,5-dimethyl-1,3,4-oxadiazole
(1) in the presence of 2,2,4,4-tetramethylcyclobutan-1,3-dithione (15):
From 2,2,4,4-tetramethylcyclobutan-1,3-dithione (0.91 g, 0.53 mmol) and 1
(0.082 g, 0.51 mmol), the standard procedure gave a residue that was
purified by chromatography on silica (Chromatotron plate, 1 mm, 10%
EtOAc in hexane) to afford 2,2-dimethoxy-3,3,5,5-tetramethylcyclopen-
tane-1,3-dithione (16, 30%), 2,2,4,4-tetramethoxy-5,5,7,7-tetramethyl-6-
thioxo-1-thiaspiro[2.4]heptane (17, 18%), 2,2,3,3,5,5-hexamethyl-4-thi-
oxo-1-thiaspiro[2.3]pentane (18, 5%), the known 19 (2%) and unreacted
15 (19%).


Compound 16 (magenta liquid): 1H NMR (300 MHz, CDCl3, 25 �C): ��
3.33 (s, 6H, OMe), 1.49 (s, 6H, Me), 1.37 (s, 6H, Me); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 272.0, 259.1, 198.6, 70.3, 64.5, 50.6, 33.6, 24.1; MS (70 eV,
EI): m/z (%): 246 [M]� (12), 231 (30), 216 (5), 172 (11), 85 (32), 71 (100);
MS (HR) m/z : calcd for C11H18O2S2: 246.0748; found: 246.0749; IR (neat):
�� � 2977, 2939, 1466, 1454, 1229, 1132, 1096, 1055, 1017, 966 cm�1.


Compound 17 (pink oil): 1H NMR (300 MHz, CDCl3, 25 �C): �� 3.69 (s,
3H, OMe), 3.55 (s, 3H, OMe), 3.40 (s, 3H, OMe), 3.35 (s, 3H, OMe), 1.54
(s, 3H, Me), 1.48 (s, 3H, Me), 1.26 (s, 6H, Me); 13C NMR (75 MHz, CDCl3,
25 �C): �� 278.5, 109.4, 108.4, 66.4, 60.2, 55.6, 52.5, 50.6, 32.4, 29.1, 27.9,
24.8; MS (70 eV, EI): m/z (%): 320 [M]� (100), 305 (48), 289 (29), 257 (17),
246 (67), 231 (12); IR (neat): �� � 2981, 2942, 2837, 1457, 1311, 1222, 1114,
1067, 1028, 876 cm�1.


Compound 18 (orange oil): 1H NMR (300 MHz, CDCl3, 25 �C): �� 1.74 (s,
6H, Me), 1.54 (s, 6H, Me), 1.23 (s, 6H, Me); 13C NMR (75 MHz, CDCl3,
25 �C): �� 27.3, 28.7, 29.0, 52.7, 65.5, 72.5, 276.2; MS (70eV, EI): m/z (%):
214 [M]� (56), 199 (21), 113 (27), 84 (54), 85 (58), 71 (100); IR (neat): �� �
2971, 2923, 1457, 1361, 1294, 1087, 1053 cm�1.


Compound 19 (yellow oil):[22±24] 1H NMR (300 MHz, CDCl3, 25�C): �� 1.84
(s, 3H, Me), 1.71 (s, 3H, Me), 1.45 (s, 6H, Me); 13C NMR (75 MHz, CDCl3,
25 �C): �� 244.0, 123.0, 111.9, 73.9, 25.7, 22.4, 20.5; MS (70 eV, EI):m/z (%):
172 [M]� (41), 96 (42), 84 (28), 81 (100), 71 (32); IR (neat): �� � 2970, 2927,
2862, 1455, 1242, 1075, 862, 837 cm�1.
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