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… was purified from a strain of
Streptomyces tendae, isolated from
the wall of an ancient cave in
southern Italy, shown in the cover
picture. These polyketide glyco-
sides, cervimycins A–D, demon-
strated potent activity against
multi-drug-resistant staphylococci
and vancomycin-resistant entero-
cocci. Results of NMR and chemi-
cal degredation studies revealed
the cervimycins to have a common
tetracyclic polyketide core substi-
tuted with unusual di- and tetra-
saccharide chains (see picture), but
with differences in their acetyl and
carbamoyl ring substituents, and in
the terminal methylmalonyl and
dimethylmalonyl residues. For
more details, see the Full Paper by
C. Hertweck and co-workers on page 5523 ff.


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


Two-Component Gels
The molecular self-assembly and network formation of small
molecule gelators has become one of the most active frontiers
of the emergent area of nanochemistry. In their Concept on
page 5496 ff., D. K. Smith and A. R. Hirst discuss the key
approaches used to control self-assembly by manipulating single
molecular-recognition events and illustrate how controlling the
transcription of information from the molecular to the macro-
scopic level by the simple addition of a second component
allows complex functional materials to be selectively assembled
from simple building blocks.


Deducing the Configuration
In their Full Paper on page 5509 ff. , R. Riguera et al.
describe how through comparison of the NMR spectra of
(R)- and bis-(S)-MPA esters, the absolute configuration of
1,2-diols, formed by a primary and a secondary (chiral)
hydroxyl group, can be determined.


Plant Glycosyltransferases
In the Concept on page 5486 ff., E.-K. Lim focuses on the
current understanding of the chemistry of a family of plant
enzymes capable of glycosylating small lipophilic molecules.
These enzymes are discussed in terms of their regio- and
enantioselective substrate recognition, sugar-donor selectiv-
ity, and their utility as biocatalysts in whole-cell systems.
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Plant Glycosyltransferases: Their Potential as Novel Biocatalysts


Eng-Kiat Lim*[a]


Glycosyltransferases: An Introduction


Glycosylation has long been recognised as a mechanism to
improve the hydrophilicity of lipophilic compounds, thereby
increasing their pharmacokinetics. This reaction can be car-
ried out through enzymatic or chemical methods. A compar-
ison of the advantages among these two synthetic ap-
proaches has been reviewed by Køen and Thiem.[1] Enzy-
matic glycosylation usually employs glycosyltransferases,
glycosidases or “glycosynthases”.[2,3] Glycosidases typically
catalyse the hydrolysis of glycosidic linkages. However,
under appropriate reaction conditions, these enzymes can
also be used in reverse hydrolysis and transglycosylation for
glycoconjugate synthesis, although the yields are generally
low. Glycosidases can be engineered such that the enzymes
no longer possess the hydrolysis ability; the resulting mu-
tants, named glycosynthases, thus become elegant biocata-
lysts with higher catalytic activity to synthesise glycosidic
linkages.[3]


Unlike glycosidases and glycosynthases, glycosyltransfer-
ases (GTs) are enzymes that have evolved naturally for gly-
cosylation reactions. GTs transfer sugar moieties from acti-
vated sugar donors to acceptor molecules with high efficien-
cy and regiospecificity (Figure 1).[4,5] Many mammalian and
microbial GTs have been employed for the synthesis of oli-
gosaccharides and antibiotic glycosides.[2,6] In contrast, due
to the small number of plant GT sequences that were avail-
able, their use in biocatalysis has been limited. In recent
years, many plant GT sequences have been identified and
their corresponding recombinant proteins analysed in vitro.
The advanced knowledge in the catalytic activities of these


Abstract: The potential application of glycosyltransfer-
ases in glycoconjugate synthesis has attracted considera-
ble interest from the biotechnology community in
recent years. This concept article focuses on the current
understanding of the chemistry of a family of plant en-
zymes capable of glycosylating small lipophilic mole-
cules. These enzymes are discussed in terms of their
regio- and enantioselective substrate recognition, sugar-
donor selectivity and their utility as biocatalysts in
whole-cell systems.


Keywords: biocatalysts · biosynthesis · glycoconjugates ·
plant glycosyltransferases · regioselectivity


[a] Dr. E.-K. Lim
CNAP, Department of Biology
University of York, York YO10 5DD (UK)
Fax: (+44)1904-328-786
E-mail : ekl100@york.ac.uk


Figure 1. a) The retaining and inverting catalytic mechanisms of GTs, de-
pending on the relative anomeric configuration of the sugar-donor and
the glycosidic linkage formed at the acceptor molecule. b) The represen-
tative GT protein structures. These structures either consist of a single
domain with parallel b-strands flanked on either side by a-helices (GT-A
fold), or two Rossmann foldlike domains separated by a deep cleft (GT-
B fold).[5]
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enzymes has broadened the use of GTs in glycoconjugate
biosynthesis.


Plant GTs in CAZy database : Over 12000 sequences encod-
ing GTs in different organisms have now been collected in a
carbohydrate-active enzyme database (CAZy, http://
afmb.cnrs-mrs.fr/CAZY/).[7] These sequences were identified
and classified into 77 families through biochemical studies
of their gene products or through sequence homology com-
parison to the genes encoding enzymes of known catalytic
activity. In the genetic model plant Arabidopsis thaliana, 429
GT sequences have been identified (Table 1); these sequen-
ces occupy 1.6% of the total Arabidopsis genome. This is
much higher than the 0.7% ratio found in the complete
genome of human cells (raw statistical data obtained from
the CAZy database, MIPS Arabidopsis thaliana database


[http://mips.gsf.de/proj/thaldb�1/] , and The GDB Human
Genome database [http://www.gdb.org/]), and probably re-
flects the need of sedentary organisms to synthesise wider
ranges of glycoconjugates to respond to the environmental
conditions and to communicate with other organisms, as
well as to defend themselves from pathogen infection.


The sugar acceptors recognised by plant GTs include pro-
teins, lipids, polysaccharides and a vast diversity of small
molecules.[8–10] Among these metabolites, the pharmaceutical
and nutraceutical properties of small molecules have attract-
ed considerable interest from chemical and food industries.
The biofunctionalities of small molecules may be enhanced
by increasing their hydrophilicity and stability through gly-
cosylation.[11] In this context, GTs capable of glycosylating
small molecules may become useful catalysts, acting as iso-
lated enzymes or applied in whole-cell systems, for synthe-
sising glycosides of high utility.


Plant GTs for small molecules : A large proportion of plant
GTs recognise small molecules. For example, based on se-
quence analysis, 120 Arabidopsis GT sequences have been
grouped into Family 1 (Table 1), and assigned as GTs for
small molecules.[12–14] In the last few years, many of these
GTs have indeed been shown to glycosylate small molecules,
such as benzoates and flavonoids, in vitro.[10] Within
Family 1, the plant GTs can be further classified into two
subsets. One subset is defined by the presence of a 44–46
amino acid consensus sequence thought to be involved in
nucleotide sugar binding; this consensus is also present in
the mammalian GTs conjugating endogenous metabolites,
such as steroids and bile acids, and exogenous xenobiotics,
such as dietary flavonoids and drugs.[10,15] Through phyloge-
netic analysis, plant GTs carrying this consensus are grouped
into 15 clusters, as shown in Figure 2.[13,16]


The other subset is relatively small and does not contain
the consensus. The plant GTs in this subset glycosylate ster-
ols and glycerolipids.[9] It is worth noting that the microbial
GTs, such as those involved in the synthesis of antibiotics ur-
damycin, vancomycin and vicenistatin,[17] are also grouped
into Family 1. The reader is referred to the CAZy database
(http://afmb.cnrs-mrs.fr/CAZY/) for up-to-date information
on the activities described in Family 1.


The Chemistry of Plant Family 1 GTs


Regioselective glycosylation and sugar-donor selectivity :
The acceptor recognition of plant Family 1 GTs has been in-
vestigated through a functional genomic approach analysing
>100 Arabidopsis recombinant GTs in vitro against a
number of small molecules. This has proven to be an effi-
cient strategy to explore the chemical features of the accept-
ors recognised by these GTs, as well as the regioselectivity
of the enzymes towards their substrates. For example,
48 GTs from six phylogenetic clusters (B, D, E, F, H, L,
Figure 2) were found to glycosylate esculetin in the presence
of UDP-glucose (UDP-Glc) (Scheme 1a),[18] suggesting that


Table 1. The GT families of CAZy classification that contain Arabidopsis
thaliana sequences.


Family Mechanism No. of
members


Known activities


1 inverting 121 glycosyltransferase of small molecules
(flavonoids etc)


2 inverting 42 cellulose synthase
4 retaining 24 sucrose synthase; digalactosyldiacylgly-


cerol synthase
5 retaining 7 soluble starch synthase
8 retaining 42 galactinol synthase
10 inverting 3 a-1,4-fucosyltransferase; core a-1,3-fu-


cosyltransferase
13 inverting 1 b-1,2-N-acetylglucosaminyltransferase
14 inverting 11 N-acetylglucosaminyltransferase; b-xy-


losyltransferase
16 inverting 1 N-acetylglucosaminyltransferase
17 inverting 6 N-acetylglucosaminyltransferase
19 inverting 1
20 retaining 11 trehalose-6-phosphate synthase
21 inverting 1
22 inverting 2
24 retaining 1
28 inverting 4 monogalactosyldiacylglycerol synthase
29 inverting 3
30 inverting 1
31 inverting 33
32 retaining 6
33 inverting 1
34 retaining 8
35 retaining 2
37 inverting 10 xyloglucan a-1,2-fucosyltransferase
41 inverting 2
43 inverting 4
47 inverting 39 xyloglucan b-galactosyltransferase
48 inverting 12 callose synthase
50 inverting 1
57 inverting 2
58 inverting 1
59 inverting 1
61 inverting 7 b-1,2-xylosyltransferase
64 retaining 3
65 inverting 1
66 inverting 2
68 inverting 3
75 inverting 5 reversibly glycosylatable polypeptide
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the GTs within these clusters are capable of recognising
phenolics with similar chemical structures. When other phe-
nolic compounds, such as benzoates and flavonoids, were an-


alysed, the active GTs were again found within these six
clusters.[19,20] Whilst some GTs recognise the same substrate,
their regioselectivity can be different. A clear example of re-
gioselective glycosylation is given in Scheme 1b, which
shows that three different Arabidopsis GTs transfer sugar
onto different positions of 3,4-dihydroxybenzoic acid. In this
example, GTs in clusters B, D, E, and F glycosylate the OH
groups on the benzene ring, whereas GTs in cluster L trans-
fer sugar onto the carboxyl side chain to form a glucose
ester.[19]


The capability of cluster L GTs, including those from Ara-
bidopsis and other plant species, in forming a glucose ester
bond has also been demonstrated in other studies using
indole-3-acetic acid, thiohydroximate, crocetin, and steviol-
bioside as substrates (Scheme 2a–d).[21, 22] It is worth noting
that conjugation of steviolbioside catalysed by 74G1 leads to
the formation of a low calorie natural sweetener stevio-
side.[22] Two other GTs in cluster L, 74F1 and 74F2 that are
82% identical at the amino acid sequence level, interesting-
ly display different regioselectivity towards salicylic acid;
one produces O-glucoside and the other produces a glucose
ester (Scheme 3a).[19] Further investigation in the functional
domains of these two proteins will certainly provide new in-
sights into the enzyme architecture that determines the re-
gioselectivity.


In addition to the O- and S-linkages shown in Schemes 1
and 2, GTs in Family 1 are also capable of catalysing N-link-
ages (Scheme 3b). Furthermore, a GT may be able to form
different linkages with the substrates it recognises. This has
been demonstrated using Arabidopsis GT 72B1, which
forms an O-glucosidic bond with 3,4-dihydroxybenzoic acid
(Scheme 1b) and an N-glucosidic bond with a pollutant 3,4-
dichloroaniline (Scheme 3b).[19,23]


Sugar-donor selectivity is another interesting feature of
GTs. Currently several sugar donors, such as UDP-Glc,
UDP-galactose (UDP-Gal) and UDP-glucuronic acid
(UDP-GlcUA), are commercially available for routine bio-
chemical analyses; however, other sugar donors typically
used in plants, such as UDP-rhamnose (UDP-Rha), are not
available as yet. This makes a comprehensive analysis on
the sugar-donor selectivity of the entire multigene family
impossible. Nevertheless, several closely related GTs have
been found to recognise the same acceptor molecule, display
the same regioselectivity, but catalyse the glycosidic linkage
by means of different sugar donors. Two Arabidopsis cluster
F GTs are capable of glycosylating the 3-OH of quercetin in
vitro. Interestingly, whilst GT 78D2 uses UDP-Glc as the
sugar donor,[20] GT 78D1 prefers UDP-Rha (Scheme 4).[24]


Another GT in cluster F, ACGaT from Aralia, forms quer-
cetin-3-O-galactoside with UDP-Gal as the sugar donor.[25]


Although it is likely that these three GTs have a common
ancestor, they have evolved to recognise different sugar
donors.


Whilst many plant GTs glycosylate the aglycone moiety
of glycosides to form products such as quercetin-3,7-di-O-
glucoside,[20] some other Family 1 GTs are found to glycosy-
late the sugar moiety of glycosides. Two interesting exam-


Figure 2. An unrooted phylogenetic tree of the plant Family 1 GTs. In
each cluster, the representative Arabidopsis sequences are shown in solid
line and the GTs reported recently from other plant species are shown in
dotted line (accession numbers available in the CAZy database). The de-
tailed phylogenetic analysis and the Arabidopis sequences in each
branches were described by Li et al.[13] and Lim et al.[19] previously.


Scheme 1.
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ples are shown in Scheme 5. Cyanidin-3-O-(6’’-O-malonyl-
2’’-O-glucuronyl)glucoside is a stable red pigment in the
Bellis flower. A GT was recently isolated from the Bellis
flower and confirmed to be able to transfer glucuronic acid
from UDP-GlcUA onto the 2-OH group of the malonylglu-


Scheme 2.


Scheme 3. Scheme 4.
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cosyl moiety of cyanidin-3-O-(6’’-O-malonyl)glucoside
(Scheme 5a).[26] Another example is the Citrus Cm1,2RhaT
that transfers a rhamnose molecule onto the 2-OH group of
the glucose moiety attached to the 7-OH group of naringe-
nin, resulting in the formation of a bitter tasting glycoside in
some Citrus species (Scheme 5b).[27] There is also a GT in
Citrus species such as mandarin, that transfers rhamnose
onto the 6-OH group of the glucose moiety of naringenin-7-
O-glucoside and forms a tasteless glycoside.[27] The forma-
tion of a low calorie and noncariogenic sweetener, rebaudio-
side A, in Stevia also involves a GT that glycosylates the
glucosyl side chain of the precursor (Scheme 2d).[22] These
GTs will be useful catalysts to form a diglycosyl chain on ac-
ceptor molecules. As yet, no in vitro activities have been re-
ported for any Arabidopsis GTs in cluster A related to
Bellis BpUGAT and Citrus Cm1,2RhaT. It is of interest to
investigate the activities of these Arabidopsis GTs towards
glycosides of small molecules.


Scheme 6 shows several additional acceptor molecules
recognised by Family 1 GTs. trans-Zeatin is glycosylated by
Arabidopsis GTs 76C1 and 76C2 (cluster H) on the adenine
moiety to form N-glucoside,[16] and can also be glycosylated
by Arabidopsis GT 85 A1 (cluster G) and Phaseolus ZOG1
(93 A1) at the N6 side-chain to form O-glucoside (Sche-
me 6a).[16,28] Deoxynivalenol is a mycotoxin known to be
conjugated by Arabidopsis GT 73C5 in cluster D (Sche-
me 6b).[29] Betanidin and p-hydroxymandelonitrile are natu-
ral metabolites present in glycosylated form. GTs capable of
conjugating these aglycones have also been identified
(Scheme 6c and d).[30]


Enantioselectivity : A recent study has demonstrated the ca-
pability of an Arabidopsis GT, 71B6, in distinguishing be-
tween enantiomers, and the use of GT 71B6 in purification
of (+)-abscisic acid from (� )-abscisic acid.[31] When incubat-
ed with (� )-abscisic acid and UDP-Glc, the enzyme was
found to glycosylate (+)-abscisic acid with an enantiomeric


excess of 92% (Scheme 7).
Thus, a new utility of GTs in
discriminating enantiomers as a
means of chiral separation has
been suggested, in addition to
their use in the synthesis of re-
giospecific glycosides.


The aim of the examples
shown above has been to illus-
trate the acceptor features, the
regio- and enantioselectivity
and the sugar-donor selectivity
of Family 1 GTs. There are yet
other plant GT activities that
have been reported and re-
viewed in the last few years, but
are not included in this arti-
cle.[10,32] There is no doubt that
many new activities will be re-
vealed in the near future, and
our understanding in the


Scheme 5.


Scheme 6.
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chemistry of this GT family will be broadened through these
studies.


Plant Family 1 GTs as Biocatalysts


Use as purified enzymes : Recombinant technologies have
provided a way to use GTs as biocatalysts in synthesising
glycosides of small molecules. In this approach, plant GTs
can be heterologously expressed in bacterial cells at fer-
menter scale and purified as recombinant enzymes for large-
scale glycosylation reactions. To achieve the reactions more
economically, the recombinant enzymes can be recycled
through enzyme immobilisation. Various enzyme immobili-
sation techniques have been applied to microbial and mam-
malian GTs for glycoconjugate synthesis.[33] In this context,
a plant GT partially purified from pummelo fruits has been
immobilised and used in bioprocessing for debittering citrus
juice by converting limanoids into tasteless glycosides.[34]


A constraint to the use of isolated GTs for biocatalysis
applications is the requirement of supplementary activated
sugar donors, which are usually expensive and not available
in large quantity. Several methods have been reported for in
vitro regeneration of sugar donors;[1,33, 35] however, the cost
of these systems is still considered to be expensive for gener-
al large-scale applications.


Use in plant whole-cell systems : Plant whole-cell biocataly-
sis is a distinct system in comparison to the use of purified
enzymes. In a whole-cell system, exogenous aglycones are
applied to living cells and are glycosylated by the endoge-
nous GTs that are either present as “house-keeping” en-
zymes or induced by the exogenous aglycones. The major
advantage of this whole-cell system is that living cells can
provide activated sugar donors for the glycosylation reac-
tions. In particular in plant cells, specific sugar donors such
as UDP-Rha become available. The use of plant whole-cell
systems for the glycosylation of small molecules has more
than 30 years of history; various types of plant materials
such as seedlings and suspension cell cultures have been re-
ported as biocatalysts.[1]


The aglycones applied to plant whole-cell systems are not
limited to the natural plant metabolites. Xenobiotics such as
pollutant 3,4-dichloroaniline can also be glycosylated
through plant whole-cell biocatalysis.[24] This capability has
allowed plant cells to act as biocatalysts in phytoremedia-
tion.


A major concern in plant whole-cell systems is that the
glycosides synthesised in the cells are often stored in va-


cuoles. Additional extraction steps are therefore required to
obtain the products, as described in several examples using
Catharanthus suspension cell cultures.[36] Thus, plant cells are
more suitable to be used in a batch process. Nevertheless,
there are also other examples that show the glycosides syn-
thesised in plant cells can be exported into the culture
medium.[24] Since many GT sequences are now available, the
next step in the development of the plant whole-cell bioca-
talysis is likely to involve the use of transgenic cells overex-
pressing GT sequences.


Use in microbial whole-cell systems : Microorganisms are
simple but efficient whole-cell biocatalysts widely used in
oligosaccharide synthesis.[33] In recent years, progress has
been made to use microbial fermentation involving E. coli
cells heterologously expressing plant Family 1 GTs to pro-
duce glycosides of small molecules.[20, 37,38] For example, a
number of Arabidopsis GTs were expressed in E. coli and
were used as whole-cell biocatalysts to glycosylate quercetin
regioselectively. Several different mono- and diglycosides
could be produced and were readily recovered from the cul-
ture medium.[20] In an extended application, a combinatorial
whole-cell biocatalysis system has been demonstrated for
the first time using a combination of methyltransferases and
GTs to produce polymethylated quercetin glucosides.[38]


Whilst the use of plant GTs in bacterial cells is promising,
side products may be formed by bacterial enzymes. Some
bacteria are known to possess the ability to glycosylate
small molecules such as resveratrol and produce a-glyco-
sides of the acceptors.[39]


As described earlier, GTs capable of distinguishing be-
tween enantiomers can be used as a new tool in chiral sepa-
ration. Thus, E. coli cells expressing Arabidopsis GT 71B6
were used in a fermentation system to purify (+)-abscisic
acid from enantiomeric mixtures; an 84% enantiomeric
excess of the purified enantiomer was obtained through this
whole-cell biocatalysis.[31]


As the time of writing, the products obtained in E. coli
whole-cell biocatalysis systems involving plant GTs are
mainly glucose conjugates. This is because the major activat-
ed sugar donors in E. coli recognised by plant GTs are
UDP-Glc and UDP-Gal. In the last three years, our under-
standing of the enzymes involved in the biosynthesis and in-
terconversion of nucleotide sugars in plants has been greatly
improved, and many genes corresponding to these enzymes
have been isolated.[40] By introducing these plant genes into
bacterial cells, it is now possible to manipulate the bacterial
nucleotide sugar synthesis pathways and generate new acti-
vated sugar donors for use by plant GTs in bacterial whole-
cell biocatalysis systems.[40]


Conclusion


Enzymatic synthesis of glycoconjugates has many advantag-
es over conventional chemical methods. The regio- and
enantioselectivity of GTs provide a simple means to synthe-


Scheme 7.
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sise stereospecific glycosides without the requirement of
protection and deprotection of other functional groups.
These processes are often difficult or impossible for chemi-
cal synthesis. Furthermore, the application of plant GTs in
microbial whole-cell systems offers a “green chemical ap-
proach” for glycoconjugates synthesis, not only because this
approach avoids the use of hazardous chemical derivatives
as blocking and deblocking reagents, but also uses safer sol-
vents and reaction conditions, as well as renewable materi-
als. More importantly, the process involves fewer synthetic
steps, thereby reducing the cost of glycoconjugate synthesis.
The potential of plant GTs as biocatalysts will be further ex-
ploited in the near future as more catalytic activities
become defined.
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Two-Component Gel-Phase Materials—Highly Tunable Self-Assembling
Systems


Andrew R. Hirst and David K. Smith*[a]


Introduction


The properties of a material depend both on the nature of
its molecular constituents and the precise spatial positioning
of functional groups. Supramolecular chemistry has provided
a means of exploiting this exciting frontier of chemistry by
the rational design of molecular components or building
blocks capable of programmed self-assembly.[1] Modifying
the covalent structural framework of a molecule can lead to
the explicit manipulation of the molecular recognition
event, a process that ultimately controls the function or
macroscopic behaviour of the material. The structural
framework of the building block can be considered to be
programmed with molecular information (e.g., chirality, hy-
drogen-bonding capacity, steric demands, electrostatic prop-
erties, hydrophilic or hydrophobic character and metal-ion-
binding capability). Self-assembly provides a route to or-
dered nanomaterials that would be impossible to generate
by more traditional synthetic approaches. For example,
“bottom-up” fabrication, using simple molecular building
blocks to fashion nanoscale assemblies, has enabled the cre-
ation of remarkable architectures ranging from helices and
grids to rotaxanes and catenanes.


In addition to the assembly of intriguing architectures,
self-assembly has also been applied to the construction of
nanostructured materials that extend over macroscopic
length scales. Supramolecular gel-phase materials[2] based on
low-molecular-weight gelators are a prime example of the
way in which bottom-up fabrication can be used for the as-
sembly of nanoscale architectures. Supramolecular gels are
constructed from individual molecules organised through a
self-complementary network of interactions, enabling them
to assemble into extended fibres and hence form a self-sup-
porting gel. In most cases, these gels are based on a single
molecular component. Indeed, using this approach a vast
array of organogels and hydrogels based on different molec-
ular building blocks have been reported, and a good under-
standing is gradually beginning to emerge.[2] Typically, these
building blocks assemble by means of self-complementary


Abstract: In the past 10 years, the molecular self-assem-
bly and network formation of small molecule gelators
has become one of the most active frontiers of the
emergent area of nanochemistry. Increasingly, research
efforts have begun to focus on multicomponent gelators,
which rely on the initial interaction of distinct individual
components to form a complex that subsequently self-
assembles into a fibrous supramolecular polymer. In
true two-component systems, an individual component
can be present in isotropic solution, and only on addi-
tion of the second component will a gel actually form.
In some cases, however, two-component gels are report-
ed in which the second component significantly modifies
the behaviour of a known gelator. Both systems are dis-
cussed in this article. The additional level of supra-
molecular control in the hierarchical self-assembly of
two-component gels confers exquisite tunability and
controllability. Functionality can be readily built into
the material by simple variation of one of the individual
components. This article discusses the key approaches
used to control self-assembly by manipulating single
molecular-recognition events and illustrates how con-
trolling the transcription of information from the molec-
ular to the macroscopic level by the simple addition of
a second component allows complex functional materi-
als to be selectively assembled from simple building
blocks.
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hydrogen bonds, p–p interactions, solvophobic interactions,
van der Waals forces and so forth.


This article, however, focuses on two-component gelation
systems, which have a significant conceptual difference to
their one-component analogues. In two-component gels,
self-assembly relies on the initial interaction between two
distinct, complementary components to form a complex.
This complex subsequently self-assembles into a fibrous
supramolecular polymer (Scheme 1). The formation of the


complex prior to fibrillar assembly offers an additional level
of control in the hierarchical self-assembly process, and, as
will be illustrated in this article, provides exquisite tunability
and control—indeed this level of control is difficult to repli-
cate in one-component gelation systems. In two-component
systems, structural modifications of either one of the two
components readily enable the introduction of functional
behaviour into the materials. Finally, the ratio of the two-
components offers another parameter that can be varied to
generate new morphologies and tune the materials behav-
iour.


This concept article describes the different types of two-
component self-assembling gelation systems. It is shown that
the use of hydrogen bonding,
chirality, reversible metal–
ligand interactions and charge-
transfer interactions to build
self-assembling two-component
systems confers tunability and
responsiveness to different
stimuli. Strictly speaking, in
two-component gels, one of the
individual components should
form a solution, and only on
addition of the second compo-
nent will a gel form. It should,
however, be noted that in some
of the two-component gels dis-
cussed here, one of the compo-
nents forms a gel in its own
right and the addition of the
second component modifies the
gelation process as a conse-
quence of complex formation
with the first component; such
systems although not strictly


two-component gels, will also be discussed in this article.


Two-Component Organogelators


Hydrogen-bonding/electrostatics : The first two-component
gelators were reported in 1993,[3] and it was Hanabusa and
co-workers who were perhaps the first to realise the poten-
tial of this general approach to gelation. This group reported


a two-component gel based on
the well-known interaction be-
tween barbituric acid and py-
rimidine units. These building
blocks (1 and 2, respectively)
were functionalised in such a
manner as to encourage the
one-dimensional assembly of an
extended complex. This was
achieved by sterically blocking
one face of each of these
“three-faced” noncovalent


building blocks, and the authors proposed that this should
give rise to self-assembly as illustrated in Scheme 2.


Indeed, gel-phase materials were generated by applying
precisely controlled 1:1 mixtures, although the concentra-
tions required for gelation were relatively high (40–160mm,
depending on the solvent). IR spectroscopic measurements
supported the formation of the proposed hydrogen-bond in-
teractions. Transmission electron microscopy (TEM) indicat-
ed a fibrillar architecture, with large fibre diameters
(80 nm), consistent with the hierarchical self-assembly of
smaller strands. MFlhaupt and co-workers made use of this
type of self-assembling system to assemble nanoscale fibres
within a polypropylene matrix and illustrated that these


Scheme 1. Schematic illustration of the self-assembly of a two-component gel-phase material.


Scheme 2. Assembly of compounds 1 and 2 through hydrogen-bond interactions gives rise to an extended fi-
brous nanostructure, and hence a gel-phase material.
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types of two-component assemblies can lead to modified
materials behaviour of the polymer.[4]


Shinkai and co-workers have also made use of barbiturate
derivatives to generate two-component gels.[5] In their case,
they developed barbiturate receptors functionalised with
cholesterol units (compound 3, Scheme 3). Cholesterol is a
building block that is known to encourage gelation, primari-
ly as a consequence of solvophobicity. Indeed, compounds
such as 3 do form gels in certain solvents (e.g., toluene) in
their own right. However, in selected solvents (e.g., 1,2-di-
chloroethane), addition of a barbiturate guest (4) enhanced
the gelation properties. Recently, Yagai, Kitamura and co-
workers reported a related gelation system based on mela-
mine/barbiturate interactions that exhibited good gelation,
even at relatively low concentrations (e.g., 0.2 wt%).[6]


In interesting recent studies, hydrogen-bond interactions
between nucleobases have also been employed to generate
two-component gelation systems.[7] Shinkai and co-workers
have made use of an organogelator based on thymidine,
which yielded opaque gels in benzene, and demonstrated
that when complementary (poly(A)) RNA was added (with
an appropriate lipid to aid solubility), a new transparent gel
phase was formed. It was reported that in addition to a
change in optical properties, the thermal behaviour of the
two-component gel was also modified. Noncomplementary
RNA (poly(C)) did not modify the gel properties in this
way.


Beginning in 1993, McPherson and co-workers have made
a detailed and informative study of organogels that form
when substituted phenolic compounds, such as p-chloro-
phenol (5) are added to anhy-
drous solutions of the twin-
tailed anionic surfactant sodium
bis(2-ethylhexyl)sulfosuccinate
(6, AOT; Scheme 4).[8] Using
this two-component system,
they found that gel phase mate-
rials could be generated in non-
polar solvents including isooc-
tane, toluene and hexadecane.
The propensity for gel forma-
tion was most evident when


using a 1:1 molar ratio of phenol/AOT. In nonpolar solvents
AOT typically forms spherical inverse micelles. Upon addi-
tion of the phenolic component, however, the low-viscosity
micellar solution spontaneously transformed into a rigid or-
ganogel.


It was proposed that gelation begins through the forma-
tion of a hydrogen-bonding interaction (possibly with associ-
ated proton transfer) between the phenol and the sulfonate
head group of the AOT. This proposal was supported by the
observation that gels form efficiently when para-substituted
phenols were used; however, ortho-substituted phenols do
not form gels—presumably as a consequence of steric hin-
drance of the phenolic OH group. Furthermore, the thermal
stability of the gel increased with the pKa value of the phe-
nolic component. For example, the gel–sol transition tem-
perature (Tgel) of the gel based on p-nitrophenol gels was
significantly higher than the corresponding p-chlorophenol-
based gels. Once again, these observations are consistent
with the involvement of the phenolic OH group in a hydro-
gen-bond (or proton-transfer) interaction. This class of ma-
terial has also been shown to form gels if the phenol build-
ing block is replaced by a dihydroxynaphthalene.[9]


Evidence suggested that after the initial complexation be-
tween phenol and AOT, the gel-phase materials were con-
structed from strands of stacked and motionally restricted
phenol molecules, with the surfactant molecules hydrogen
bonded to the outer surface, coating the fibres, ensuring
compatibility with the surrounding solvent environment
(Scheme 4). The microstructure was later determined in
more detail using small-angle X-ray scattering (SAXS) and


Scheme 3. Complex formed between compounds 3 and 4 which leads to enhanced gelation in 1,2-dichloroethane.


Scheme 4. Association of p-chlorophenol (5) and bis(2-ethylhexyl) sulfosuccinate (6, AOT) and proposed
mode of self-assembly.
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atomic force microscopy (AFM). In summary, it was found
that AOT–phenolic strands, each composed of individual
phenol stacks (ca. 2 nm in diameter, as shown in Scheme 4),
self-assemble into fibres (ca. 10 nm diameter). These fibres
then aggregate further into fibre bundles (ca. 20–100 nm in
diameter) (Scheme 5). Above a critical threshold concentra-
tion the gel-phase material behaves like a cross-linked, or
entangled three-dimensional network.


In early 2001, Smith and co-workers communicated the
basic design principles of the first dendritic two-component
gelator.[10] This system utilised the interaction between den-
dritic building blocks based on l-lysine repeat units and an
aliphatic diamine (complex 7). Complex 7 forms as a conse-


quence of acid–base hydrogen-bond interactions (with possi-
ble associated proton transfer). It was proposed that this ge-
lator complex is the species that hierarchically self-assem-
bles to form fibrous gel-phase aggregates. Notably, when the
acid was protected as an ester, no gelation occurred. It was
argued that complex 7 assembled into fibres as a conse-
quence of intermolecular dendron–dendron hydrogen-bond
interactions.


Detailed further studies performed by Smith, Hirst and
co-workers included solvent investigations, which supported
the hydrogen-bonding hypothesis.[11] Apolar, non-hydrogen-


bonding solvents were the preferred solvent environment
for gel formation; indeed the thermal properties of the gel
could be correlated with the polar solubility parameter da


and the Kamlet–Taft hydrogen-bonding parameter a.
The aliphatic diamine spacer chain length was shown to


have a marked effect on the supramolecular chiral assem-
bly.[12] Remarkably, as the length of the spacer unit was in-
crementally increased from six to twelve carbon atoms, the


Tgel value increased profoundly
from 4 to 105 8C. This illustrates
the remarkable tunability that
is inherently possible for two-
component gelation systems.
1H NMR spectroscopy of the
self-assembled state indicated
that using longer spacer units
enhanced the formation of the
intermolecular dendron–den-
dron hydrogen bonds responsi-
ble for the self-assembly of
complex 7 into fibres. Scanning
electron microscopy (SEM)
demonstrated that the length of
the spacer unit dictated the ag-
gregate morphology, and that
formation of long, intertwined
fibres with widths of approxi-
mately 20 nm underpins gela-


tion, a situation that was only achieved with the longer ali-
phatic diamines. Intriguingly, circular dichroism (CD) spec-
troscopy indicated that the spacer unit also controlled the
nanoscale chirality of the self-assembled state.


The effect of dendritic generation on self-assembly has
also been reported.[13] Notably, in contrast to some other re-
ports of dendrimer assembly,[14] an optimum size of gelator
unit was identified; second-generation branching gave a
more thermally stable gel-phase material than first- and
third-generation analogues. It was argued that the optimal
gelation conditions are reflected in a balance between the
formation of more enthalpically favourable hydrogen bonds
and the steric and entropic cost of immobilising larger den-
dritic branches. This observation was in contrast to the re-
sults obtained with analogous one-component dendritic sys-
tems based on covalently linked l-lysine building blocks.[15]


This may reflect the fundamental differences in the mode of
hierarchical self-assembly between one- and two-component
gelators.


The effect of the stereochemistry of the lysine groups
during self-assembly was also investigated and shown to
play a key role.[16] Notably, the Tgel value, which reflects the
macroscopic properties of the gel, was dependent on the
stereochemistry, with the gel formed from a racemic mixture
of l,l,l- and d,d,d-lysine possessing lower Tgel values than
its single enantiomer analogues. Interestingly, SEM investi-
gations indicated that the racemic gel possesses a dramati-
cally different nanostructured morphology (Figure 1). CD
spectroscopy confirmed that the presence of even small


Scheme 5. Diagram illustrating three hierarchical levels of organisation present in the phenolic organogels
(strand, fibre, fibre bundle). Each individual strand also has an internal level of hierarchical supramolecular or-
ganisation; that is, the interaction between the phenol and AOT.
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amounts of the “wrong” stereoisomer was able to disrupt
the nanoscale chiral organisation.


Stereoisomeric gels, in which one chiral centre of the den-
dritic peptide was changed, were also investigated. This im-
portant study proved that a subtle stereochemical change to
a single chiral centre had a pronounced effect on the self-as-
sembly process. The Tgel values of these gels decreased and
SAXS data indicated that the mode of molecular packing
was also modulated as was the helicity of the fibres (CD
spectroscopy). This is a clear example of the surprising
impact that subtle changes in chirality can have, indicating
that hydrogen-bond interactions can enable exquisite levels
of control over materials behaviour.


In a key study, Smith, Hirst and co-workers reported the
effect of varying the ratio of the two-components, and illus-
trated that this offers a unique method of achieving morpho-
logical tunability.[17] Increasing the amount of diamine rela-
tive to the dendritic branch changed the propensity of this
system to induce macroscopic gelation, and ultimately gave
rise to a completely new morphology in which micrometer
sized platelets were observed (Figure 2).


It is argued that as the amount of dendron was decreased
relative to the diamine, it became less able to stabilise the
extended fibrous morphology, and instead, microcrystalline
chunks of diamine formed, the surface of which could be
stabilised by the small amounts of dendron present. Recent-
ly, we have shown that changing the spacer chain can also
modify the size of the platelets being formed, with nanoscale
squares (ca. 300 nm diameter) being accessible when using
diaminononane.[17b] These observations illustrate a way in
which two-component gels can
be tuned that is simply not ac-
cessible for single-component
gelators.


Recently, Smith and co-work-
ers replaced the Boc protecting
groups with long alkyl tails to
generate dendrons 8a/b, which
are, in their own right, one-
component gelators.[18] These
dendrons, however, can still
form a complex on the addition
of aliphatic diamines. Interest-
ingly, addition of the diamine
component modified the mate-
rials properties of the gel. Fur-
thermore, these differences


were dendritically controlled (Scheme 6). For the first-gener-
ation dendron, addition of the diamine enhanced gelation,
whereas when using the second-generation dendron, gela-
tion was inhibited by the diamine. This indicates that when
self-assembly is possible by two different mechanisms
(either using one- or two-components) interesting synergis-
tic effects can be observed. This result begins to hint at ways
in which switchable two-component gelation systems may
be developed.


Hanabusa and co-workers have also reported gelators
based on acid–amine interactions between the two compo-
nents.[19] They employed a combinatorial approach by using
small libraries of seven different bile acids and twelve differ-
ent alkylamines. They found that certain combinations gave
rise to effective gelation of organic solvents. This combina-
torial mixing approach is an ideal method for enabling the
discovery of new two-component gelation systems.


Shinkai and co-workers have also recently reported a ge-
lation system that requires an acid–amine type interaction
for the formation of the initial complex.[20] Interestingly, this
system, in addition to being thermally responsive, was also
responsive to light. The two-components were anthracene-9-
carboxylate (photo-responsive unit) and an alkylammonium
group (the structuring unit). This example therefore, clearly
illustrates how a two-component approach can generate gels
from building blocks that have different functions. On irra-
diation (l>300 nm), the anthracene undergoes dimerisation


Figure 1. Effect of chirality on the nanoscale morphology of the two-com-
ponent gelation system. A) l,l,l. B) 50% d,d,d, 50% l,l,l. C) d,d,d.


Figure 2. The nanoscale morphologies observed by using SEM for the
two-component gelation system. A) 2:1 dendron/diamine ratio. B) 1:4.5
dendron/diamine ratio.


Scheme 6. System capable of both one- and two-component gelation with the effect of the second component
being controlled by dendritic generation.
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and the gel was observed to break down. A complex heat–
cool cycle was eventually able to regenerate the gel, al-
though with some loss of absorbance, ascribed to partial
photoinduced decomposition.


Similar systems, reliant on acid–amine interactions have
been reported by Dastidar and co-workers.[21] Interestingly,
they reported that a simple system was able to gelate food
oils, as well as commercial fuels such as kerosene and diesel.
Furthermore, it was capable of the selective gelation of oil
from oil/water mixtures.


Crown ethers are one of the most widely used motifs in
supramolecular chemistry, and have been used by a number
of groups in the development of gel-phase materials. In
1999, Shinkai and co-workers developed a two-component
crown ether based system.[22] The first component was an
azacrown ether appended with cholesterol, whilst the
second component was one of a range of different amines.
The authors demonstrated that, whilst the cholesterol-func-
tionalised crowns acted as gelators in their own right, the
thermal stability of the gels were enhanced by the addition
of amines. It was also noted that a degree of chiral discrimi-
nation between enantiomeric amines could be observed.


More recently, these workers have used larger diben-
zo[24]crown-8 derivatives functionalised with two cholester-
ol derivatives (compounds 9) in order to form two-compo-
nent gels based on pseudo-rotaxane type complexation
(Scheme 7).[23] In this case, the second component was a bis-
secondary ammonium cation (10), which can thread through
the crown ether macrocycle. It was argued that the complex-
ation of the guest additive induced a conformational change
in the crown ether building block, hence promoting gelation
(increasing Tgel by ca. 10 8C). Specifically, in the absence of
the guest, the crown ether was folded over so that the cho-
lesterol units can undergo an intramolecular interaction,
whilst it was proposed that addition of the guest caused the
crown to unfold, with intermolecular interactions between
cholesterol units becoming favoured. Monitoring the ther-
mal properties of the gel, as well as the NMR shifts of key
protons, at different ratios of crown/bis-ammonium cation,
led to the conclusion that the bis-ammonium cation thread-
ed through two crown ether derivatives. This exciting paper
succinctly shows how the spatial distribution of the compo-
nents can control the “degree of interaction” between indi-
vidual complexes in the formation of extended nanostructures.


Smith and co-workers have also incorporated a crown
ether into their two-component gelation system and impor-
tantly illustrated the generality of their two-component ap-
proach to gelation. The acid–amine interaction between the
two-components in complex 7 was replaced with the interac-
tion between dendritic crown ethers and a protonated ali-
phatic diamine.[24] This gave rise to a complex that still sup-
ported the formation of a gel.


In a different approach dependent on hydrogen bonding,
Marcelis and co-workers reported that cholic acid deriva-
tives coupled through an ester linkage to an alkyl chain
formed gels in the presence of specific carbohydrates (iso-
mannide and isosorbide) in hexane or octane.[25] Using trans-
mission electron microscopy (TEM), the authors proposed a
mode of self-assembly analogous to wormlike inverted mi-
celles. They suggested that the carbohydrate units were lo-
cated in the centre of the fibres, with the steroid groups sur-
rounding the carbohydrate core. It was argued that the ste-
roids had their polar face pointing towards the carbohydrate
(forming hydrogen-bond interactions), and their apolar face
and alkyl tail projected into the surrounding apolar solvent.
It was noted that if the amount of isomannide was too low
in comparison with the alkyl cholate, the Tgel value de-
creased. This again indicates that the molar ratio of two
components can control materials properties, in agreement
with SmithNs studies described above.[17] Mattay and co-
workers also reported a two-component system in which the
ratio of components appeared to control the rheological
properties of the gel.[26]


Van Esch and co-workers have made use of their versatile
bis-urea-based gelation system to generate two-component
systems based on cooperative hydrogen-bond interactions.[27]


This is not strictly a two-component gelator, as the second
component did not significantly enhance the gelation ability,
and it is probably better considered as a mixed gelation
system. By using a mixture of gelators, as shown in
Scheme 8, van Esch and co-workers were able to probe
chiral recognition phenomena. Compound 11 was a gelator
in its own right, and the addition of compound 12 was of in-
terest, because the chromophoric groups could be used to
monitor its incorporation into the self-assembled gel-phase
fibres by means of CD methods. This gave rise to useful in-
sights into the chiral preference for recognition within a ge-
lator stack. This experiment illustrates how using mixtures


Scheme 7. Two-component gel based on 2:1 rotaxane-type complexation between compounds 9 and 10.
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of different gelators can give fundamentally important infor-
mation about molecular recognition pathways and gelation.


We believe that in the future, the use of mixed gelation
systems will continue to be a theme of increasing impor-
tance, both for understanding fundamental gelation process-
es, but also for the creation of truly functional gels in which
different components can have intriguing synergistic effects.


Donor–acceptor interactions : In 1999, Maitra and co-work-
ers were the first group to report a two-component gelation
system based on a specific donor–acceptor p–p interac-
tion.[28] Bile acid derivatives functionalised at the 3-position
with an aromatic group (13) formed gels in organic solvents
(particularly alcohols) in the presence of trinitrofluorenone
(14, TNF). Interestingly, the most effective gelation was ach-


ieved using a 1:1 stoichiometry of the two components. By
using variable-temperature UV-visible spectroscopy, it
became clear that the gelation process was associated with a
general increase in the donor–acceptor interaction because
of the substantial increase in the charge-transfer band ob-
served around the Tgel point. Indeed, whilst the two individ-
ual components are colourless or pale yellow, the two-com-
ponent gel is coloured due to the charge-transfer band.


A subsequent paper[29] investigated these (and related) ge-
lators in more detail. In particular, the nature of the linkage
between the bile acid and the pyrene unit was explored. The
linkers chosen included ester (normal and reversed), ur-
ethane, ether, urea and aliphatic CH2 moieties. Interestingly,
building blocks that had no hydrogen-bonding functionality


only formed colourful gels in
the presence of TNF (1 equiv)
as a consequence of charge-
transfer interactions, suggesting
the formation of a supramolec-
ular self-assembled state com-
posed of an alternative stack of
donor and acceptor surfaces. It
was also found that the bile
acid could be replaced by ali-
phatic chains, and in certain
cases, two-component gelation
was still observed. In one case,
a chiral gelator gave rise to a


gel-phase material with nanoscale chiral ordering, as ob-
served by CD methods. Building blocks possessing an amide
linker, however, did not form charge-transfer gels in the
presence of TNF, but instead formed one-component gels in
the absence of TNF. Replacing the pyrene with naphthalene,
however, prevented the formation of a one-component gel.
These observations indicated that both hydrogen-bonding
and p–p interactions were necessary to induce gelation in
the one-component system. This research offers an interest-
ing example of the way in which nanoscale objects can be
underpinned by different molecular recognition pathways.


The concept of donor–acceptor gelators has been further
extended by Reinhoudt, Shinkai and co-workers.[30] They
synthesised two saccharide-based gelators—one containing a
donor moiety (p-aminobenzylidene), the second containing
an acceptor group (p-nitrobenzylidene). Gelation studies
were performed by using different molar ratios of the two
components in water, octanol and diphenyl ether. In the last
two (less polar) solvents a colour change was observed,
from colourless to yellow, when the system was cooled
below the Tgel value. This phenomenon was further investi-
gated by UV-visible spectroscopy, which once again revealed
the presence of charge-transfer interactions in the gel-phase
material. Furthermore, Tgel measurements showed that in di-
phenyl ether, the two-component gel exhibited increased
thermal stability at a 1:1 ratio, independent of the solvent.
Indeed, the two-component system was 30–40 8C more
stable than the single-component analogues.


Furthermore, Shinkai and co-workers used donor–accep-
tor interactions between a porphyrin unit (appended with an
assembling cholesterol group) and a [60]fullerene.[31] It was
noted that the presence of the fullerene could stabilise the
gel-phase materials formed, and this was ascribed to the for-
mation of a stacked superstructure with interactions be-
tween alternating porphyrins and fullerenes enhancing the
assembly process.


Very recently, Shinkai and co-workers have assessed the
gelation ability of complexes formed between dibenzo[24]-
crown-8 derivatives and bipyridinium cations.[32] These com-
plexes are formed primarily as a consequence of charge-
transfer interactions. On the basis of 1H NMR and IR spec-
troscopy, and XRD results, the host–guest interaction stabi-
lised gelation, with the complexes assembling into fibres as


Scheme 8. Mixed gelation system developed by van Esch and co-workers.
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a consequence of hydrogen-bonding, hydrophobic and
charge-transfer interactions.


Metal coordination : Metal coordination can provide strong
interactions between individual components. Although
metal coordination formally relies on the formation of
dative covalent bonds (rather than intermolecular interac-
tions) it is often considered to be “supramolecular” as a
consequence of its reversibility. Metal coordination gives
rise to well-defined geometries as a consequence of ligand-
field stabilisation, and this, in turn, can lead to interesting
novel architectures. Metal ions also introduce functionality
to the materials, as they often have redox, optical, catalytic
or magnetic properties.


In 2000, Hanabusa and co-workers made use of metal
complexation to enhance the stability of gel-phase materi-
als.[33] Their gelator, 15 (Scheme 9), was based on trans-


(1R,2R)-diaminocyclohexane functionalised with two b-di-
ketonate ligands. It was reported that in the presence of
metal ions (CuII, CoII or NiII) and a base (triethylamine), the
mechanical strength of the gels formed by this compound in-
creased. Furthermore, the Tgel values increased on metal ion
addition—indeed solvent loss was observed rather than a
gel-sol transition. Transmission electron microscopy (TEM)
showed a high-contrast fibrillar architecture. The high con-
trast of this image was consistent with the incorporation of
“heavy” metal ions into the fibrillar aggregate.


Ihara and co-workers developed a two-component gela-
tion system that utilised a metal ion as one of the compo-
nents.[34] They synthesised compound 16, incorporating an l-
glutamide moiety (unit of chirality), two long-chain alkyl
groups (lipophilic components) and an isoquinoline head
group (metal-binding unit) (Scheme 10). The ligand did, in
its own right, form gel-phase materials in apolar solvents
(e.g., toluene, cyclohexane) after a heat–cool cycle. Most in-
terestingly, it was reported that the mode of self-assembly
could be controlled by the judicious use of metal chlorides.
Furthermore, the transcription of chirality and the morphol-
ogy of the self-assembled state were controlled by the
choice of metal ion. The presence of CuCl2 enhanced chiral
order and resulted in the formation of a fibrillar network.
With CoCl2 and ZnCl2, however, a decrease in helicity was


observed, rendering the aggregated state effectively achiral.
This exciting work indicated that self-assembly was control-
led by the geometric preference of the metal ion. Copper(ii)
has a strong preference for square-planar coordination.
However, the different preference of CoII and ZnII appears
to disrupt the chiral organisation of gelator building blocks.


Metal coordination has also been exploited as a tool for
directing self-assembly and gelation by KrPl, Drašar and co-
workers.[35] Cholic acid was used as the self-assembling unit,
and it was covalently connected to phenanthroline, which
acted as the metal-binding subunit. This compound formed
a one-component translucent gel in 1:1 methanol/water mix-
tures. SEM revealed that this one-component gelation pro-
cess was underpinned by a fibrous network with fibre diam-
eters ~0.5 mm and lengths of 5–20 mm. The ZnII complex in
the same solvent formed a white translucent gel. Imaging by
means of SEM revealed a morphological change in the self-
assembled state, with a globular structure of 0.5–3 mm diam-
eter being formed. On standing, this gel was transformed to
a transparent, low-viscosity liquid. The presence of ZnII


therefore controls the hierarchical self-assembly process
with the relatively sterically demanding phenanthroline–
metal-ion interaction perturbing the mode of self-assembly,
which is directed by p–p stacking, hydrogen-bonding and
lipophilic interactions of the steroid.


Aida and co-workers have also reported what is effective-
ly a two-component approach to a fibrous (columnar) as-
sembled nanostructure.[36] They synthesised dendritic ligands
with a pyrazole unit at the focal point. The pyrazolate anion
is an exobidentate ligand capable of binding Group 11 uni-
valent metal ions (CuI, AgI and AuI) to form a triangular
complex (17). Appropriately functionalised pyrazoles are
therefore capable of forming metal–pyrazolate coordination
triangles. Heating a paraffin suspension of the dendron–


Scheme 9. Two-component gelator based on coordination interactions be-
tween b-diketonate ligands and divalent metal ions.


Scheme 10. Isoquinoline-based gelator that on the addition of metal ions
forms gels with chiral and morphological modifications.
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metal complexes at 200 8C and then cooling gave rise to a fi-
brous precipitate. In this case, the material did not show gel-
phase properties due to its poor solubility in paraffin. It was
argued that metal–metal interactions were responsible for
holding the assembled superstructure together. The fibres
were intensely luminescent, and the dendritic ligand was ca-
pable of acting as an antenna and transferring energy to the
interior metal-ion cluster. On dissolution in CH2Cl2, the
characteristic luminescence disappeared as the fibre became
dissociated into individual metallacycles.


Aida and co-workers have recently extended this concept
and reported the first phosphorescent organogels formed
through metal–metal interactions, by using a trinuclear AuI–
pyrazolate complex with long C18 alkyl chains at the periph-
ery (these enhance the solubility and begin to favour gela-
tion rather than precipitation).[37] This complex self-assem-
bled in hexane to form a red luminescent organogel (lex=
284 nm, lem=640 nm). Doping the organogel with a small
amount of Ag+ resulted in a blue luminescence (lex=
370 nm, lem=458 nm) without disruption of the gel, whilst
removal of Ag+ with cetyltrimethylammonium chloride re-
sulted in complete recovery of the red luminescent gel. Fur-
thermore, heating the doped organogel above the Tgel value
reduces metal–metal interactions, generating a green solu-
tion (lex=370 nm, lem=501 nm).


Beck and Rowan have reported an excellent system that
exploits the reversibility of metal–ligand interactions.[38]


They synthesised dumbbell-shaped compound 18 with an
ethylene oxide chain connecting two ligating groups
(Scheme 11). CoII or ZnII ions (added in 97%) are bound by
two ligands, and therefore act as “chain-extension” units.
Meanwhile LaIII or EuIII ions (added in 3%) are bound by
three ligands and therefore act as “cross-linking” agents.
Therefore this combination of metals enabled gelation. The
resultant gel exhibited thermal and mechanical responses, as
well as light-emitting properties. Given the wide range of


metal ions, counterions and possible ligand structures, a
wide variety of environmentally responsive metallosupramo-
lecular materials may be envisaged.


In an recent paper,[39] Kimizuka and co-workers reported
a ligand with a triazole head group that formed gel-phase
materials in the presence of cobalt(ii). Most interestingly,
the blue gel was only obtained at temperatures above 25 8C;
below this temperature a pink solution was obtained. This
striking feature is the first example of a supramolecular two-
component gel to exhibit thermally induced gelation; that is,
assembly was triggered by heating not by cooling. It was
argued that below 25 8C, the geometry about the metal ion
changes from tetrahedral to octahedral, and that the gel-
phase material only results if tetrahedral CoII complexes are
present. As such, this result indicates how two-component
gels can access truly new types of materials behaviour.


Reversible chemical reactions : In addition to using intermo-
lecular interactions as described in the preceding sections, it
is also possible to use reversible chemical reactions for the
formation of responsive two-component gel-phase materials.
A good example of this is provided by the rapid uptake of
CO2 by solutions composed of a primary or secondary ali-
phatic amine and an organic liquid; this leads to in situ
chemical transformation to the corresponding alkylammoni-
um alkylcarbamate based gels (Scheme 12).[40] The ionic in-
teractions, initiated as part of the chemical transformation,
are the major driving force to generate thermally stable gels.
Furthermore, in each case, the thermal stability of the gels
was enhanced with longer alkyl chains, indicative that van
der Waals forces are also important in the self-assembly pro-
cess. Chemical reversibility was demonstrated by the remov-
al of CO2 from the gels by using gentle heating in the pres-
ence of nitrogen.


This work was extended[41] to assess the impact of differ-
ent neutral triatomic molecules, i.e., CO2, NO2, SO2 and


CS2, on the gelation properties
(Scheme 12). The gelation
properties of the products were
observed to depend primarily
on the nature of the triatomic
molecule added to the amine
and the length of the alkyl
chain: alkylammonium alkylcar-
bamates were better gelators
than the salts formed from
other triatomic molecules, and
the efficiency within one family
of salts increased with increas-
ing alkyl-chain length. Howev-
er, only CO2 gave rise to truly
reversible gel-phase materials.


Suzuki and co-workers inves-
tigated the in situ formation of
gel-phase materials by using a
two-component “covalent reac-
tion” approach.[42] Interestingly,


Scheme 11. A dumbbell-shaped ligand can form a cross-linked supramolecular polymer on the addition of a
mixture of metal ions with different programmed geometric requirements.
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they illustrated that a mixture of an appropriate isocyanate
and an alkylamine in toluene underwent a reaction at room
temperature to yield a product capable of acting as a one-
component gelator. Hence, in situ organogelation, although
not yielding a truly reversible two-component gel, offers the
advantages that the heating process is omitted and the gela-
tion time is reduced.


Two-component hydrogels : There is intense current interest
in hydrogels as a consequence of their potential applications
in drug delivery and as biocompatible scaffolds for tissue en-
gineering.[43] Xu and co-workers have employed the affinity
of vancomycin antibiotic for d-Ala-d-Ala to yield an intrigu-
ing class of new materials.[44] Hydrogels based on a small li-
brary of Fmoc-protected (Fmoc=N-fluorenylmethoxycar-
bonyl) dipeptides (i.e. , alanine, glycine, serine and threo-
nine) were synthesised and their response to the addition of
vancomycin investigated. Since the dipeptides bind to van-
comycin with different affinities, the materials properties of
the gels were dramatically different. In certain cases, vanco-
mycin had no effect on gelation, whilst in other cases vanco-
mycin acted as a gel–sol “trigger”.


This strategy was taken a step further in order to improve
the mechanical strength of the supramolecular hydrogels.[45]


Xu and co-workers showed that the addition of vancomycin
to an appropriate d-Ala-d-Ala derivative (19) led to a dra-
matic rise in the mechanical strength of the gel (Figure 3).
Using small amplitude oscillating shear measurements, they
estimated that the molecular recognition between the two-
components provided a 105-fold increase in the storage mod-
ulus of the material.


Investigations with SEM suggested that the addition of
vancomycin modulated the microstructure that underpins
gelation, transforming a self-assembled one-dimensional
linear superstructure to a highly cross-linked two-dimension-
al sheet. Again replacing the d-Ala-d-Ala derivative with its
enantiomer or a close structural analogue resulted in only a
small or moderate increase in mechanical strength on the
addition of vancomycin. Overall, this work highlights the
way in which a specific biomolecular recognition event can
be used to control the mode of hydrogel self-assembly and
the resultant materials properties.


Furthermore, Xu and co-workers have illustrated that by
using a combination of two Fmoc-protected amino acids (20
and 21), hydrogels could be formed.[46] Interestingly, neither
component formed a hydrogel independently due to their


limited water solubility. Addition of Na2CO3 (1 equiv) to a
suspension of either component lead to the formation of a
solution. The use of the same procedure with the two-com-
ponent mixture produced a clear gel that underwent a gel–
sol transition at pH>11.4.


By using CD and fluorescence spectroscopy it was shown
that Na2CO3 aided the self-assembly process, promoting a
superhelical arrangement of the fluorenyl groups, which
stacked in an antiparallel fashion. The p–p stacking interac-
tions between fluorenyl groups provide part of the interac-
tion strength required for forming extended chain structures,
complemented by a hydrogen bonded network as shown in
Scheme 13. These gels offer an anti-inflammatory function
and may additionally act as a drug delivery vehicle. Specifi-
cally, an antineoplastic agent was successfully incorporated
into the gel.


A pH-responsive character has also been conferred onto
a supramolecular hydrogel by mixing a hydrogelator with re-
lated small acidic molecules to generate what is effectively a
supramolecular copolymer.[47] The resultant hydrogel dis-
played pH-responsive shrinkage or swelling. Compound 22
induces the structuring of an aqueous environment, whilst
23 confers the pH responsiveness. As such this is effectively
a mixed gelation system (like the example by van Esch and


Scheme 12. Latent gelators formed on chemical reaction between two-
components. The gel formed with CO2 is a truly reversible system and re-
verts to the precursors on heating in the presence of nitrogen gas.


Figure 3. Structural illustration of the complex formed between vancomy-
cin and pyrene functionalised d-Ala-d-Ala (19). Complexation to vanco-
mycin significantly increases the mechanical strength of the gel that is
formed.
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co-workers[27] described above) rather than a true two-com-
ponent gel. The pH–volume change was exploited as a drug
release mechanism, releasing water-soluble B1, B6 and B12


vitamins. Conversely, relatively hydrophobic flavone deriva-
tives, for example, myricetin and quercetin, were less effec-
tively released, in spite of gel shrinkage. Therefore, control-
led release could be performed by using this system.


Conclusions and Prospects


It is clear that the study of supramolecular gel-phase materi-
als has led to a revolution in the ability of chemists to engi-
neer nanoscale structures that have macroscopic soft-materi-
als properties. This article has described the way in which
two-component gels, by inserting an additional level of hier-
archical control into the self-assembly process, offer highly
tunable and controllable forms of materials behaviour.


It is relatively straightforward to vary the structure of one
or both of the two individual components. This enables the
incorporation of functionality and switchability (e.g., pH
triggers, light triggers etc.) into the materials. This also ena-
bles chemists to develop a deeper understanding of the mo-
lecular recognition pathways that underpin gelation, and it
is clear that this level of understanding will be of deep sig-
nificance in the rapidly emerging field of nanochemistry.
Furthermore, it is also possible to vary the ratio of the two
components, and it has been demonstrated that this addi-
tional level of control—impossible with a one-component


gelator—can enable the controlled assembly of completely
new nanostructured morphologies.


It is the opinion of the authors that as the understanding
of gelation and other self-assembly processes becomes in-
creasingly refined, researchers will be able to develop self-
assembling systems that employ increasingly complex mix-
tures of components in order to generate materials with
truly new, synergistic forms of behaviour.
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Introduction


The use of NMR methods for the assignment of the absolute
configuration of organic compounds is particularly useful to
researchers who need a simple, rapid, and economical pro-
cedure that works in solution and only requires access to an
NMR spectrometer. Experimentally, all that is needed is to
derivatize the chiral substrate with the two enantiomers, (or
just one, depending on the methodology used), of the appro-
priate auxiliary reagent, that is, the (R)- and the (S)-enantio-
mers of a-methoxyphenylacetic acid[1a,b] (MPA, 1), 9-an-
thrylmethoxyacetic acid[1b] (9-AMA, 2), or a-methoxy-a-(tri-
fluoromethyl)phenylacetic acid[1c–j] (MTPA, 3) for the study
of chiral secondary alcohols (Figure 1a), and to compare the
NMR spectra of the resulting diasteroisomeric derivatives.
In practice, the location in the space of the substituents L1


and L2 around the asymmetric carbon atom of the alcohol is


decided on the basis of their chemical shifts and expressed
by the signs of their DdRS values.[2] The scheme in Figure 1b
graphically illustrates this procedure as applied to a mono-
functional compound.


This procedure is based on two assumptions: the existence
in the two derivatives of the same conformational prefer-
ence and the presence in the reagent of an anisotropic
group that produces selective shielding or deshielding on L1


and L2. Information about the nature of the different auxili-
ary reagents used and on the limitations and reliability of
the assignment for several families of chiral substrates have
been the object of a recent and extensive review.[3a] Guides
for the selection of the most appropriate reagent[3b] and the
procedure for the assignment of the absolute configuration
of alcohols,[3,4] amines,[3,4] and carboxylic acids,[3,4] for estab-
lishing criteria in order to get a reliable assignment,[3c] and
adaptations to microscale and automatized assignment have
recently been published.[5]


In general, the correlations between the NMR spectra of
the derivatives and the absolute configuration of the sub-
strates have only been established for monofunctional com-
pounds (alcohols, amines, carboxylic acids, etc.) and there-
fore, if this methodology was used for the assignment of the
configuration of a polyhydroxylated compound with several
hydroxylated asymmetric carbon atoms (e.g., a secondary
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diol), the stereochemistry at the two chiral hydroxylated
carbon atoms should be examined and assigned separately.
This means that selective protection/deprotection of the hy-
droxyl groups would be necessary and several steps would
be required to obtain the absolute configuration of one
chiral center at a time.[6]


We previously showed that the absolute configuration of
the two asymmetric carbon atoms of a diol formed by two
secondary alcohol groups can be determined in a single pro-
cess by comparison of the NMR spectra of the correspond-
ing bis-MPA or bis-9-AMA esters if the differences in the
chemical shifts of the derivatives were interpreted as the
result of the combined action of the two reagent units pres-
ent in the molecule.[7]


This approach is much more convenient, because the two
alcohol groups are derivatized and assigned at the same


time in a single operation, but
specific models for configura-
tion assignment (different than
those operatives for monofunc-
tional alcohols) need to be
used. This is because the aro-
matic shielding effect produced
by the reagent unit linked to
each one of the hydroxyl
groups of the diol affects not
only the substituents on that
asymmetric carbon atom, but
also the substituents of the
second asymmetric carbon
atom and therefore the chemi-
cal shifts observed result from
the combined action of those
shielding–deshielding effects.


A particularly interesting
class of diols is that formed by
a chiral secondary alcohol and
a primary alcohol group (a
beta-chiral 1,2-diol). This struc-
tural fragment is present in
many relevant natural products
(for example, sugars, nucleo-
sides, glycerides) and it is pro-
duced in the laboratory by
common important reactions
including the reduction of car-
bonyl compounds (ketoalde-
hydes, ketoacids, ketoalcohols,
hydroxyaldehydes), the dihy-
droxylation of monosubstituted
alkenes, the opening of epox-
ides, and the hydroxylation of
allylic alcohols.


The assignment of their ab-
solute configuration by com-
parison of the NMR spectra of
the corresponding bis-(R) and


bis-(S)-MPA ester derivatives should be possible by consid-
ering the combined action of the shielding–deshielding ef-
fects of the two reagent units, in a way similar to the one
successfully employed with chiral secondary–secondary
diols.[7]


In fact, when the NMR spectra of the bis-(R)- and bis-
(S)-MPA esters of the beta-chiral 1,2-diols of known abso-
lute configuration 4–14 shown in Figure 2a were compared,
we found that the substituent L (Figure 2b) and one of the
methylene protons located on the other substituent of the
asymmetric carbon show a distribution of DdRS signs that
correlate perfectly with the absolute configuration of the
diols for all those compounds.


Thus, all the protons of substituent L have the same DdRS


sign. This should be opposite to the sign obtained for the
other substituent (the methylene group); however, only one


Figure 1. a) Structures of arylmethoxyacetic acids. b) General procedure for the assignment of the absolute
configuration of a chiral substrate.
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of the two methylene protons show the expected DdRS sign,
while the other presented a very small DdRS absolute value,
so close to the experimental error that its sign has no signifi-
cance for stereochemical assignment (4–5, 7, 14), or a sign
opposite to that of the other geminal hydrogen (9–11, 13).
The distribution of the DdRS signs of proton H(2’) is also co-
herent with the absolute configuration of the diols.


This pattern is graphically illustrated in Figure 2b and ap-
parently indicates that there is a correlation between the
NMR data and the absolute configuration of the diols.


In this paper, we present theoretical and experimental
data that fully explain the NMR spectra of the bis-MPA
esters of beta-chiral 1,2-diols, and demonstrate the relation-
ship between the absolute configuration and the spectra,
and its use for configurational assignment purposes.


Results and Discussion


NMR analysis—shielding–de-
shielding contributions of the
MPA units : To evaluate the con-
tribution of each MPA unit of
the bis-MPA ester of a beta-
chiral 1,2-diol, we first compared
the NMR spectra of the MPA
esters of (S)-1-acetoxypropan-2-
ol (16) and of (S)-2-acetoxypro-
pan-1-ol (17) with those of the
bis-acetate of (S)-propane-1,2-
diol (15) (which has the same
skeleton and stereochemistry
but lacks the phenyl group), and
the bis-MPA esters of (S)-pro-
pane-1,2-diol (4) (Figure 3). For
such a comparison, we checked
the changes in the chemical
shifts of the methyl Me(3’) and
the methylene CH2(1’) protons
caused by the controlled intro-
duction of the MPA units.


Thus, examination of the spec-
tra a–d and more precisely, com-
parison of the chemical shifts of
the Me(3’) in the diacetate 15
(spectrum a, Figure 3) with the
same signal in the mono- (16,
17) and bis-(R)-MPA esters (4)
(spectra b–d, Figure 3), indicates
that the methyl group is subject-
ed to the aromatic shielding of
the MPA unit in 16, 17, and 4,
and that this shielding effect is
more intense in the bis-(R)-
MPA ester (4, spectrum d) than
in the two mono-MPA esters
(16, 17, spectra b and c, respec-
tively). These results suggest


that both MPA units in the bis-MPA ester shield those pro-
tons, and their additivity is the cause of the increased shift
to higher field in 4.


Similar comparison of the spectra of the diacetate 15 with
those of the (S)-MPA ester series (spectra e–g, Figure 3)
shows that the Me(3’) of the bis-(S)-MPA ester (4, spectrum
g) presents the same chemical shift as for the monoester 17
(spectrum f), being only slightly more shielded than in the
bis-acetate 15 (spectrum a). These results suggest that
Me(3’) is, in the bis-(S)-MPA ester, subjected only to the ar-
omatic shielding due to the MPA unit linked to the primary
alcohol group, and that the MPA unit linked to the secon-
dary alcohol does not affect this group in an observable way
(spectrum e versus a and g).


We compared the chemical shifts of the methylene pro-
tons at C(1’) in the a–d series of spectra. The comparison


Figure 2. a) Selected DdRS values for bis-MPA esters of beta-chiral–1,2-diols 4–14. b) Empirical model to
assign the absolute configuration of beta-chiral 1,2-diols.
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shows that substitution of the acetate at position C(2’) of 15
(spectrum a) by (R)-MPA produces no changes in the meth-
ylene proton chemical shifts (16, spectrum b) and that small
shifts to lower field are observed when the MPA units are
incorporated either into the primary alcohol group (17,
spectrum c) or into both hydroxyl groups (4, spectrum d).
These results indicate that the two methylene protons are
equally affected by the MPA unit on the primary alcohol
group in the (R)-MPA esters and are not affected by the
MPA unit on the secondary alcohol.


Furthermore, a similar comparison of the bis-acetate 15
with the mono and bis-(S)-MPA esters (16, 17, 4 ; spectra e, f
and g respectively) shows that the two methylene protons
present now display a different behavior. When the acetate
at C(2’) is replaced by (S)-MPA (16, spectrum e), both
methylene proton resonances move to higher field. On the
other hand, when the substitution is carried out on the pri-
mary position, both protons are slightly deshielded (17,
spectrum f). However, in the bis-MPA ester (4, spectrum g),
the methylene proton that resonates at higher field shows
the expected shielding, as in the case of 16 (spectrum e),
while the proton at lower field undergoes a deshielding
effect that must be caused by the (S)-MPA unit linked at
C(1’). As a result, in the bis-(S)-MPA ester the two methyl-
ene protons are clearly more separated than in the bis-ace-
tate 15.


In conclusion, the spectra of the bis-MPA esters (spectra
d and g) shown on Figure 3 clearly demonstrate that the two
MPA units contribute to the chemical shifts associated with
the substituents of the asymmetric carbon at C(2’), that is,


the methylene and methyl protons at C(1’) and C(3’), re-
spectively.


These results lead us to examine the conformational com-
position of the bis-MPA esters and more precisely, to study
the role of the MPA unit linked to the primary alcohol.


Conformational composition of the bis-MPA esters of beta-
chiral 1,2-diols : Bis-MPA esters of (S)-propane-1,2-diol were
selected as model compounds to perform the corresponding
conformational analysis. The main conformational processes
studied and the conformers associated to them are shown in
Figure 4 and comprise: 1) rotation around the C(1’)�C(2’)
bond: conformers gg, gt and tg ; 2) rotation around the Ca�
CO bond: conformers sp and ap ; and 3) rotation around the
O�C(1’) bond: conformers I and II.


The values of the vicinal coupling constants between
H(2’) and H(1’) were employed for the study of the rotation
around the C(1’)�C(2’) bond. The rotation around the Ca�
CO bond was analyzed by CD spectroscopy. For the last
process, that is, the rotation around the O�C(1’) bond, we
resorted to theoretical calculations: semiempirical, ab initio,
and DFT methods (AM1, HF, and B3LYP, respectively). Fi-
nally, experimental evidence about the conformation of the
compounds in solution was obtained from the studies of the
evolution of the NMR spectra with temperature and from
selective deuteration of the methylene protons.


Preference around the C(1’)�C(2’) bond; CD and NMR (3J)
studies : The conformational preference around the C(1’)�
C(2’) bond in the dibenzoate of (S)-propane-1,2-diol has


Figure 3. Partial 1H NMR spectra (250.13 MHz in CDCl3) of a) the bis-acetate of (S)-propane-1,2-diol; b, e) the (R)- and (S)-MPA ester of (S)-1-acetoxy-
propan-2-ol respectively; c, f) the (R)- and (S)-MPA ester of (S)-2-acetoxypropan-1-ol respectively; d, g) the bis-(R)- and bis-(S)-MPA esters of (S)-pro-
pane-1,2-diol, respectively.
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been studied by AM1 calculations, CD, and NMR spectros-
copy.[8] We found that gt is the most abundant conformer in
the equilibrium (Figure 5). Also, the use of deuterated de-
rivatives allowed the identification of the pro-R and pro-S
methylene protons at C(1’) in this conformation,[9] which is
characterized by those protons forming different dihedral
angles with H(2’) (J=6.8 Hz for pro-R and 3.6 Hz for pro-
S), the pro-R being the most shielded proton.


NMR data (d and J values) of the bis-MPA esters of (S)-
propane-1,2-diol[10] show a very close coincidence with the
above results, suggesting that the main rotamer around the
C(1’)�C(2’) bond is in both cases (dibenzoates and bis-MPA


esters) the same (gt). The NMR spectra of the bis-MPA
esters of the (1S) deuterated diol (Figure 6) confirmed that
the pro-R proton has the largest J value and is more shield-
ed than the pro-S proton. In addition, the pro-S proton pro-
duced the smaller DdRS value, often with the opposite sign
to that of the other geminal proton. Similar J values have
been obtained for the bis-MPA esters of diols 5–14.


A comparative NMR study (d and J values) of the MPA
esters of chiral diols 5–14 reinforces the prevalence of a con-
formational preference (gt) in this family of compounds.


The (1S)-deuterated (S)-propane-1,2-diol was prepared by
the following six-step sequence (Scheme 1):


Figure 4. Generation of the main conformers for the bis-(R)-MPA esters
of (S)-propane-1,2-diol by rotation around the highlighted bonds. Figure 5. Structure and NMR characteristics of the gt conformer for


a) the dibenzoate and b) the bis-MPA esters of (S)-propane-1,2-diol.


Figure 6. Partial NMR spectra of the bis-MPA-esters of (S)-propane-1,2-diol and its (1S)-deuterated analogue.
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1) Protection of the primary alcohol with TBSCl (TBSCl=
tert-butyl dimethyl silyl chloride).[11]


2) Esterification of the secondary alcohol with MPA.
3) Selective deprotection of the primary hydroxyl group


with acetyl chloride.[12]


4) Oxidation to the aldehyde with Dess–Martin reagent.[13]


5) Asymmetric reduction to the (1S)-deuterated derivative
with (S)-BINOL and tributyltin deuteride.[14]


6) Esterification of the hydroxyl group at C(1’) with MPA.


The preference around the Ca�CO bond—CD studies :
The conformational preference in the MPA fragment was
studied through the CD spectra of the MPA esters of (S)-
propane-1,2-diol, (S)-1-acetoxypropan-2-ol, and (S)-2-ace-
toxypropan-1-ol.


We know from previous work[5f] that the contribution and
sign of the CD band of an MPA ester is related to the rela-
tive position of the phenyl group with respect to the carbon-
yl group in each conformation. In the case of an (R)-MPA


ester, the CD band is negative for the sp conformer and pos-
itive for ap, and the opposite situation holds for the (S)-
MPA esters (positive band in the sp conformation and nega-
tive in ap).


Experimentally, we found that the (R)-MPA esters of the
above compounds have a negative Cotton effect band, while
the corresponding (S)-MPA esters have a positive band
(Figure 7). This is associated with the predominance of the
sp over the ap conformations in those derivatives.


The intensity of the band is greater for the bis-(R)-MPA
ester of (S)-propane-1,2-diol than for the bis-(S)-MPA ester
(De=�33.78 and 24.62 cm�2mol�1 respectively), indicating
that the conformational preference for the sp conformer is
greater in the bis-(R)- than in the bis-(S)-MPA ester. As ex-
pected, the CD spectra of the bis-MPA esters of (R)-pro-
pane-1,2-diol show the opposite behavior: the more intense
CD band is observed in the bis-(S)-MPA ester (De=29.45
versus �24.95 cm�2mol�1).


The preference around the O�
C(1’) bond—energy calcula-
tions : The energy variations in-
volved in the rotation around
the O�C(1’) (Figure 4) were
obtained by semiempirical
(AM1), ab initio (HF), and
DFT (B3LYP) calculations[15]


with the bis-MPA esters of (S)-
propane-1,2-diol taken as
model compounds (Table 1).


In the case of the bis-(R)-
MPA ester, the three types of
calculations pointed to the ex-
istence of a minimum energy
structure with the two MPA
units in a synperiplanar dispo-
sition of the MeO and carbon-
yl groups (sp ; in full agreement
with the CD results) and with


Scheme 1.


Figure 7. CD spectra of MPA esters of (S)-propane-1,2-diol, (S)-1-acetoxypropan-2-ol, and (S)-2-acetoxypro-
pan-1-ol (c=1O10�5 in MeOH).
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the O�C(1’) bond in conformation I (sp-I; Figure 8a). This
form is characterized by the pro-S- and pro-R-H(1’) protons
forming dihedral angles of +448 and �748, respectively,
with the carbonyl group.


The last representative conformer[16] in order of stability
has the two MPA units in the
ap conformation (MeO and
carbonyl groups in antiperipla-
nar disposition) and the O�
C(1’) bond in conformation I,
with both methylene hydrogen
atoms forming practically 608
angles with the carbonyl group
(ap-I; Figure 8b).


The calculations for the bis-
(S)-MPA esters show that the
minimum energy form has the
MPA fragments in the sp con-
formation, but the most stable
rotamer around the O�C(1’)
bond is now conformation II
(Figure 9a), with the carbonyl
group practically coplanar with
the pro-S-H(1’) hydrogen. The


second relevant conformer has
the MPA units in an ap confor-
mation, while bond O�C(1’)
adopts conformation I (Fig-
ure 9b).


These calculations show
that, in the bis-(R)-MPA esters,
the carbonyl group bisects the
angle formed by the two meth-
ylene hydrogen atoms
(CH2(1’), conformation I), and
that in the bis-(S)-MPA esters,
the carbonyl group is coplanar
with one of them (pro-S-H(1’),
conformation II).


These geometries are espe-
cially relevant to explain the
NMR shifts of the methylene
protons: they are affected by
the anisotropy generated by
the carbonyl groups in the R
and S derivatives in a clearly
different way.


The NMR representative con-
formation in the bis-MPA
esters of beta-chiral 1,2-diols :
All the information presented
below allow us to elucidate the
full conformational characteris-
tics of the bis-MPA esters of
beta-chiral 1,2-diols, and to ex-
plain their NMR spectra.


In the case of the bis-(R)-MPA ester of (S)-propane-1,2-
diol (Figure 8), the main process is the equilibrium between
two conformers (sp-I and ap-I). In both conformers the
C(1’)�C(2’) bond is rotated to adopt the gauche form (gt),
but they are different regarding the other bonds (Figure 8).


Table 1. Relative energies and dihedral angles for representative conformations of the bis-(R) and bis-(S)-
MPA esters of (S)-propane-1,2-diol. The minimum energy conformers are shown in bold.


Derivative Conformer Dihedral angle[a] Energy [kJmol�1]


Ca�CO O�C(1’) pro-S pro-R AM1 B3LYP[b] HF[b]


bis-(R)-MPA ap I +59 �59 3.74 3.71 10.40
sp II �37 �155 1.35 2.37 1.02
sp I +44 �74 0 0 0


bis-(S)-MPA ap I +42 �76 8.67 4.18 2.16
sp II �38 �157 0 0 0.68
sp I[c] 3.90 0 0


[a] Dihedral angle between the carbonyl (C=O) and pro-S- and pro-R-H(1’), respectively. [b] Density function-
al and ab initio methods were conducted with 6-311+G(2d,p) and 6-31G(d) basis sets, respectively. [c] This
structure evolves from a type I to a type II conformation.


Figure 8. Conformational equilibrium between conformers sp-I and ap-I in the bis-(R)-MPA esters of (S)-1,2-
propanediol.


Figure 9. Conformational equilibrium between conformer sp-II and ap-I in the bis-(S)-MPA esters of (S)-pro-
pane-1,2-diol.
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In accordance with that equilibrium, the NMR of the bis-
(R)-MPA esters should be dominated by the shielding/de-
shielding effects produced by the phenyl groups of the two
MPA units on Me(3’), H(1’), and H(2’), because the aniso-
tropy of the carbonyl group will have an identical effect on
the two methylene protons (H(1’)) in both conformers.


Thus, in conformer sp-I the phenyl group of the MPA unit
linked to the primary alcohol projects its shielding cone on
Me(3’) and H(2’), while the MPA unit bonded to the secon-
dary one shields Me(3’); this results in double shielding (Fig-
ure 8a and Figure 4d). In the ap-I conformation the phenyl
group of the MPA unit bonded to the primary alcohol
shields the Me(3’) group and the MPA unit on the secondary
alcohol shields the methylene protons, H(1’), (Figure 8).


In the case of the bis-(S)-MPA ester of (S)-propane-1,2-
diol (Figure 9), the conformational equilibrium is also char-
acterized by two main components sp-II and ap-I, which
share identical disposition around the C(1’)�C(2’) bond (gt
rotamer) but show differences regarding the other bonds.
The most representative conformer is sp-II and has the two
MPA units in the sp disposition and the O�C(1’) bond rotat-
ed to adopt conformation II (carbonyl coplanar to pro-S-
H(1’), Figure 9a). The second representative conformer, ap-
I, has the two MPA units in the ap conformation and the
O�C(1’) bond rotated to adopt conformation I (Figure 9b).
The shielding/deshielding effects on these conformers are il-
lustrated in Figure 9.


Variable-temperature NMR experiments : Lowering the
temperature of the NMR probe should produce an increase
in the relative population of the more stable conformer that
should manifest itself in the NMR spectra. Experimental
evidence to support this and identify the most stable con-
former in equilibrium was obtained from low-temperature
NMR experiments carried out on the bis-MPA esters of (S)-
propane-1,2-diol.


Thus, comparison of the NMR spectra of the bis-(R)-
MPA ester of (S)-propane-1,2-diol taken at different tem-
peratures (from 300–183 K) (Figure 10a) showed no signifi-
cant changes, while a comparison of the spectra of the bis-
(S)-MPA ester showed important shifts (Figure 10b) that are
summarized in the following points:


1) The Me(3’) and H(2’) signals suffer a slight deshielding.
2) The two methylene CH2(1’) proton resonances shift in


opposite directions: pro-S-H(1’) is deshielded at lower
temperature while pro-R-H(1’) is strongly shielded.


3) One of the Ha protons shows a resonance that is shifted
to higher field at lower temperature.


These facts are coherent with the results of the calcula-
tions (Table 1), the CD and the J analysis as shown before:
in the bis-(R)-MPA esters, the equilibrium is heavily shifted
towards the most stable conformer and the decrease of tem-
perature is not enough to produce significant changes in the
population ratio (Figure 10a). For the bis-(S)-MPA ester, the
energies between the main populations are closer. Conse-


quently, the change of temperature is more effective in
changing the relative populations and also the resulting
NMR spectra (Figure 10b).


It is particularly important to point out that the two meth-
ylenic protons (CH2(1’)) are affected in opposite ways: the
pro-R-H(1’) is more affected by the magnetic anisotropy of
the MPA unit linked to the secondary alcohol and moves
upfield, while the pro-S-H(1’) proton is affected by the mag-
netic anisotropy of the carbonyl linked to the primary alco-
hol group and moves downfield.


The correlation between the absolute configuration of beta-
chiral 1,2-diols and the NMR spectra of their bis-MPA
esters—a graphical model for assignment : Above we have
shown that the NMR of the bis-MPA esters of 1,2-diols can
be fully interpreted on the basis of their conformational
composition and that there is a correlation between the
signs of DdRS and the absolute configuration of the diol.
From a practical point of view, the spectra can be more
easily interpreted just by considering the more abundant
conformer in each derivative and neglecting the contribu-
tions of the minor components.


According to this simplification, in the bis-(R)-MPA ester
of (S)-propane-1,2-diol (Figure 11a) the Me(3’) group is
shielded by the two MPA units, while in the bis-(S)-MPA
ester (Figure 11b), Me(3’) is shielded only by the MPA unit
linked to the primary alcohol; therefore Me(3’) should be
more shielded in the bis-(R)-MPA ester than in the bis-(S)-
MPA ester and will produce a negative DdRS value[2] (Fig-
ure 11c).


The signal due to proton H(2’) is not affected in the bis-
(S)-MPA while in the bis-(R)-MPA ester it is shielded by the
MPA unit linked to the primary alcohol, this should produce
a negative DdRS value (Figure 11c).


Figure 10. Evolution with the temperature of the NMR spectra of a) bis-
(R)- and b) bis-(S)-MPA esters of (S)-propane-1,2-diol.
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The two methylenic protons H(1’) are not affected in the
bis-(R)-MPA esters, while in the bis-(S)-MPA ester they are
shielded by the MPA unit linked to the secondary alcohol
and affected by the carbonyl linked to the primary alcohol.
This group deshields the pro-S-H(1’) and shields the pro-R-
H(1’) protons (Figure 11b); therefore pro-R-H(1’) is more
shielded in the bis-(S)- than in the bis-(R)-MPA ester and
will result in a very intense and positive DdRS sign, while the
pro-S-H(1’) proton either be shielded or deshielded (posi-
tive or negative DdRS sign) depending on the exact balance
between the opposite effects of the phenyl of the MPA
bonded to the secondary and the carbonyl of the other MPA
unit. This eliminates the methylene proton with the smaller
DdRS value for stereochemical diagnosis. An illustration of
the distribution of DdRS signs for each configuration is
shown in Figure 11. It is applicable to the series of diols of
known absolute configuration shown in Figure 2 (com-
pounds 4–14) and can therefore be used for the assignment
of absolute configuration of any 1,2-diol.


The procedure for assignment is quite simple and requires
the following steps:


1) The bis-(R)- and the bis-(S)-MPA derivatives should be
prepared, their proton NMR spectra assigned and the
DdRS values and signs measured for the signals of L,
H(2’), and H(1’), and then be compared with those of
Figure 11.


2) If the DdRS signs of both the L substituents and the H(2’)
proton are negative and that of the methylene proton of
diagnostic value (the one with the higher DdRS) is posi-
tive, the absolute configuration at the asymmetric
carbon of the diol is the one shown in Figure 11c.


3) If the signs of both L substituent and the H(2’) proton
are positive and that of the methylene proton of diag-
nostic value (the one with the higher DdRS value) is neg-
ative, then the absolute configuration is the one shown
in Figure 11d.


Figure 11. Shielded/deshielded groups in the bis-(R)- and bis-(S)-MPA esters of (S)-propane-1,2-diol (a,b) and DdRS sign distribution for bis-MPA esters
of beta-chiral 1,2-diols (c,d).
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Experimental Section


General procedures : The esters 4–14, were prepared in CH2Cl2 by treat-
ment of the corresponding diol (1 equiv) with (R)- and (S)-MPA
(2.5 equiv) in the presence of EDC[17] (2.5 equiv) and DMAP (catalytic)
(EDC=1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, DMAP=4-di-
methylaminopyridine). All the reactions were carried out under nitrogen
atmosphere. The mixtures were stirred at room temperature for 2 h. The
organic layers were washed with water, HCl (1m), water, NaHCO3 (sat),
and water, and were then dried (Na2SO4) and concentrated under re-
duced pressure to yield the diesters. The bis-acetate ester (15) of 4 was
prepared following an analogous procedure with acetic acid. The esters
16 and 17 were prepared by selective esterification of the primary hy-
droxyl groups with either acetic acid (16) or MPA (17) followed by the
esterification of the secondary hydroxyl groups with either MPA (16) or
acetic acid (17). Compound 23 was prepared by protection of the primary
hydroxyl group with TBSCl[11] (18) followed by esterification of the sec-
ondary alcohol with MPA (19), a selective deprotection of the primary
hydroxyl group[12] (20), and oxidation[13] to the aldehyde (21). Next, the
aldehyde was reduced to a chiral deuterated primary alcohol[14] (22) fol-
lowed by its esterification with MPA (23).


NMR spectroscopy : 1H and 13C NMR spectra of samples in CDCl3 were
recorded at 500 and 250 MHz. Chemical shifts (ppm) are internally refer-
enced to the TMS signal (0 ppm) in all cases. J values are recorded in
Hz.


1D 1H NMR spectra: size 32 K, pulse length 2.8 ms (308), 16 acquisitions;
1D 13C NMR spectra: size 64 K, pulse length 3.5 ms (308), 1024 acquisi-
tions; 2D COSY spectra: sequence: D1-90-t1-90-t2; relaxation delay
D1=0.5 s; pulse length 8.5 ms (908); 2D NOESY spectra: sequence: D1-
90-t1-90-tmix-90-t2; relaxation delay D1=0.5 s; mixing time (tmix) 0.5 s,
pulse length 8.5 ms (908); TPPI-mode, NS=64.


Computational methods : Ab initio Hartree–Fock (HF) and DFT calcula-
tions were performed to elucidate the conformational preferences of the
bis-MPA esters of (S)-propane-1,2-diol, taken as a model compound. We
used the standard 6-31G(d) and 6-311+G(2d,p) basis set. The geometries
of the most relevant conformations of the MPA ester, selected from our
previous work,[18] were first optimized at the HF/6-31G(d) level. Because
of the size of the system, the calculations were restricted to conforma-
tions with the Ca’�O�C=O skeletal fragment in its most stable orienta-
tion; that is, the Z conformation. For the determination of more accurate
energies, single-point calculations at the HF-optimized geometries were
carried out using the DFT/B3LYP approach. All the calculations were
performed with the Gaussian 98 series of programs.[15]


Bis-(R)-MPA ester of (S)-propane-1,2-diol ((R)-4): [a]D=�37.69 (c=
2.78 in CHCl3);


1H NMR (250.17 MHz, CDCl3): d=1.00 (d, J=6.4 Hz,
3H), 3.38 (s, 3H), 3.39 (s, 3H), 4.10 (dd, J=6.4 Hz, 11.9 Hz, 1H), 4.23
(dd, J=3.6 Hz, 11.9 Hz, 1H), 4.52 (s, 1H), 4.72 (s, 1H), 5.03–5.15 (m,
1H), 7.23–7.43 ppm (m, 10H); 13C NMR (62.83 MHz, CDCl3): d=15.8,
57.3, 60.1, 68.9, 82.2, 82.3, 127.1, 127.2, 128.6, 126.6, 128.7, 128.8, 135.9,
136.0, 169.9, 170.3 ppm; MS (EI): m/z : 372 [M+].


Bis-(S)-MPA ester of (S)-propane-1,2-diol ((S)-4): [a]D=++35.72 (c=2.65
in CHCl3);


1H NMR (250.17 MHz, CDCl3): d=1.15 (d, J=6.5 Hz, 3H),
3.33 (s, 3H), 3.36 (s, 3H), 3.89 (dd, J=6.7 Hz, 11.9 Hz, 1H), 4.21 (dd, J=
3.3 Hz, 11.9 Hz, 1H), 4.51 (s, 1H), 4.72 (s, 1H), 5.11–5.23 (m, 1H), 7.28–
7.46 ppm (m, 10H); 13C NMR (62.83 MHz, CDCl3): d=16.1, 57.2, 57.3,
66.1, 68.9, 81.9, 82.3, 127.0, 128.5, 128.6, 135.9, 136.0, 170.0, 170.1 ppm;
MS (EI): m/z : 372 [M+].


Bis-(R)-MPA ester of (R)-dodecane-1,2-diol ((R)-5): [a]D=�56.10 (c=
1.00 in CHCl3);


1H NMR (250.17 MHz, CDCl3): d=0.88 (t, J=6.3 Hz,
3H), 1.10–1.21 (m, 2H), 1.21–1.35 (m, 2H), 1.42–1.44 (m, 2H), 1.36–1.50
(m, 12H), 1.42–1.44 (m, 2H), 3.34 (s, 3H), 3.36 (s, 1H), 3.89 (dd, J=
6.9 Hz, 11.9 Hz, 1H), 4.23 (dd, J=3.2 Hz, 11.9 Hz, 1H), 4.50 (s, 1H), 4.74
(s, 1H), 5.11 (m, 1H), 7.26–7.49 ppm (m, 10H); 13C NMR (62.83 MHz,
CDCl3): d=14.5, 23.1, 23.2, 29.6, 29.7, 29.7, 29.8, 29.9, 30.7, 32.3, 57.7,
57.8, 65.7, 72.8, 82.5, 83.0, 127.4, 127.5, 128.9, 128.9, 129.1, 136.5, 136.7,
170.7, 170.8 ppm; MS (EI): m/z : 498 [M+].


Bis-(S)-MPA ester of (R)-dodecane-1,2-diol ((S)-5): [a]D=++67.76 (c=
2.00 in CHCl3);


1H NMR (250.17 MHz, CDCl3): d=0.88 (t, J=6.7 Hz,
3H), 0.92–1.06 (m, 14H), 1.04–1.23 (m, 2H), 1,24–1.33 (m, 2H), 3.39 (s,
3H), 3.39 (s, 1H), 4.09 (dd, J=6.1 Hz, 11.8 Hz, 1H), 4.28 (dd, J=3.1 Hz,
11.9 Hz, 1H), 4.62 (s, 1H), 4.70 (s, 1H), 5.01 (m, 1H), 7.31–7.43 ppm (m,
10H); 13C NMR (62.83 MHz, CDCl3): d=14.5, 23.1, 24.8, 29.4, 29.6, 29.7,
29.8, 29.9, 30.6, 32.3, 57.7, 65.6, 72.4, 82.7, 83.7, 127.6, 128.9, 129.0, 129.1,
129.1, 136.5, 136.7, 170.5, 170.7 ppm; MS (EI): m/z : 498 [M+].


Bis-(R)-MPA ester of 3-estearoyl-sn-glycerol ((R)-6): [a]D=�17.67 (c=
6.82 in CHCl3);


1H NMR (250.17 MHz, CDCl3): d=0.89 (t, J=6.59 Hz,
3H), 1.09–1.36 (m, 28H), 1.37–1.42 (m, 2H), 1.42–1.47 (m, 2H), 2.00 (dt,
J=2.3, 7.5 Hz, 2H), 3.38 (s, 3H), 3.40 (s, 3H), 3.85 (dd, J=6.6 Hz,
11.9 Hz, 1H), 4.03 (dd, J=4.1 Hz, 11.9 Hz, 1H), 4.18 (dd, J=5.3 Hz,
12.2 Hz, 1H), 4.42 (dd, J=4.1 Hz, 12.2 Hz, 1H), 4.6 (s, 1H), 4.74 (s, 1H),
5.17–5.25 (m, 1H), 7.30–7.45 ppm (m, 10H); 13C NMR (62.83 MHz,
CDCl3): d=23.9, 24.4, 25.2, 36.1, 37.0, 57.2, 57.8, 58.0, 62.9, 69.1, 80.9,
82.0, 82.7, 105.1, 113.0, 127.5, 127.7, 128.9, 129.0, 129.2, 136.7, 136.9,
169.2, 170.8 ppm; MS (EI): m/z : 654 [M+].


Bis-(S)-MPA ester of 3-estearoyl-sn-glycerol ((S)-6): [a]D=++18.20 (c=
7.84 in CHCl3);


1H NMR (250.17 MHz, CDCl3): d=0.89 (t, J=6,6 Hz,
3H), 1.11–1.33 (m, 28H), 1.51–1.57 (m, 2H), 2.20 (t, J=7.8 Hz, 2H), 3.34
(s, 3H), 3.37 (s, 3H), 3.99 (dd, J=6.9 Hz, 11.9 Hz, 1H), 4.04 (dd, J=
6.6 Hz, 11.9 Hz, 1H), 4.19 (dd, J=4.1 Hz, 11.9 Hz, 1H), 4.30 (dd, J=
4.08 Hz, 11.9 Hz, 1H), 4.55 (s, 1H), 4.74 (s, 1H), 5.22–5.33 (m, 1H), 7.29–
7.44 ppm (m, 10H); 13C NMR (62.83 MHz, CDCl3): d=23.9, 24.3, 25.2,
36.1, 36.9, 57.8, 57.9, 64.6, 69.4, 76.9, 80.9, 82.5, 83.1, 83.5, 105.2, 113.8,
127.3, 127.6, 128.9, 128.9, 129.0, 129.1, 136.4, 136.5, 169.8, 170.5 ppm; MS
(EI): m/z : 654 [M+].


Bis-(R)-MPA ester of 1,2-O-cyclohexiliden-3-O-methyl-a-d-glucofura-
nose ((R)-7): [a]D=�41.88 (c=3.42 in CHCl3);


1H NMR (250.17 MHz,
CDCl3): d=1.14–1.79 (m, 10H), 2.56 (s, 3H), 2.90 (d, J=3.1 Hz, 1H),
3.42 (s, 3H), 3.43 (s, 3H), 4.01 (dd, J=3.1, 9.4 Hz, 1H), 4.12 (dd, J=
3.1 Hz, 12.2 Hz, 1H), 4.33 (d, J=3.7 Hz, 1H), 4.34 (s, 1H), 4.95 (dd, J=
2.5 Hz, 12.2 Hz, 1H), 5.06 (ddd, J=2.5, 3.1, 5.6 Hz, 1H), 5.75 (d, J=
3.7 Hz, 1H), 7.18–7.56 ppm (m, 10H); 13C NMR (62.83 MHz, CDCl3):
d=23.9, 24.3, 25.2, 36.0, 37.0, 57.1, 57.7, 58.0, 62.9, 69.1, 80.9, 82.0, 82.6,
82.7, 105.1, 112.9, 127.5, 127.7, 128.9, 129.0, 129.1, 136.7, 136.9, 169.2,
170.8 ppm; MS (EI): m/z : 570 [M+].


Bis-(S)-MPA ester of 1,2-O-cyclohexiliden-3-O-methyl-a-d-glucofura-
nose ((S)-7): [a]D=++24.64 (c=2.94 in CHCl3);


1H NMR (250.17 MHz,
CDCl3): d=1.39–1.75 (m, 10H), 3.00 (s, 3H), 3.29 (s, 3H), 3.36 (s, 3H),
3.48 (dd, J=3.1 Hz, 12.2 Hz, 1H), 4.07 (dd, J=6.6 Hz, 12.2 Hz, 1H), 4.25
(dd, J=3.14, 8.10 Hz, 1H), 4.46 (d, J=3.7 Hz, 1H), 4.55 (s, 1H), 4.63
(dd, J=2.2 Hz, 12.2 Hz, 1H), 4.74 (s, 1H), 5.38 (ddd, J=1.8, 4.7, 6.3 Hz,
1H), 5.82 (d, J=3.5 Hz, 1H), 7.23–7.53 ppm (m, 10H); 13C NMR
(62.83 MHz, CDCl3): d=23.9, 24.3, 25.2, 36.0, 36.9, 57.8, 57.9, 64.6, 69.4,
80.9, 82.5, 83.1, 83.5, 105.2, 113.1, 127.3, 127.6, 128.9, 128.9, 129.0, 129.1,
136.5, 136.6, 169.8, 170.5 ppm; MS (EI): m/z : 570 [M+].


Bis-(R)-MPA ester of (R)-3-benzyloxipropane-1,2-diol ((R)-8): [a]D=
�60.11 (c=5.19 in CHCl3);


1H NMR (250.17 MHz, CDCl3): d=3.29 (d,
5.6 Hz, 1H), 3.29 (d, 5.0 Hz, 1H), 3.38 (s, 3H), 3.39 (s, 3H), 4.24 (dd, J=
5.9 Hz, 11.9 Hz, 1H), 4.44 (dd, J=3.4 Hz, 11.9 Hz, 1H), 4.63 (s, 1H), 4.69
(s, 1H), 5.14–5.22 (m, 1H), 7.09 (d, J=6.9 Hz, 1H), 7.10 (d, J=7.5 Hz,
1H), 7.24–7.42 ppm (m, 15H); 13C NMR (62.83 MHz, CDCl3): d=57.7,
57.8, 63.3, 68.2, 71.4, 73.6, 82.6, 82.7, 127.7, 128.9, 129.0, 129.1, 129.2,
136.4, 136.5, 137.9, 170.3, 170.6 ppm; MS (EI): m/z : 480 [M+].


Bis-(S)-MPA ester of (R)-3-benzyloxipropane-1,2-diol ((S)-8): [a]D=
+35.07 (c=2.82 in CHCl3);


1H NMR (250.17 MHz, CDCl3): d=3.34 (s,
3H), 3.35 (s, 3H), 3.45 (d, J=5.0 Hz, 1H), 3.46 (d, J=5.0 Hz, 1H), 4.09
(dd, J=6.3 Hz, 11.9 Hz, 1H), 4.34 (dd, J=3.7 Hz, 16.6 Hz, 1H), 4.50 (s,
1H), 4.75 (s, 1H), 5.21–5.29 (m, 1H), 7.21 (d, J=7.8 Hz, 1H), 7.22 (d, J=
7.2 Hz, 1H), 7.25–7.46 ppm (m, 15H); 13C NMR (62.83 MHz, CDCl3):
d=57.7, 57.8, 63.4, 68.3, 71.4, 73.7, 82.5, 82.8, 127.6, 127.6, 127.8, 128.0,
128.2, 128.8, 129.0, 129.0, 129.1, 129.2, 129.2, 130.1, 136.5, 136.5, 137.9,
170.5, 170.6 ppm; MS (EI): m/z : 480 [M+].


Bis-(R)-MPA ester of (R)-1-phenylethane-1,2-diol ((R)-9): [a]D=�83.44
(c=2.46 in CHCl3);


1H NMR (250.17 MHz, CDCl3): d (ppm): 3.30 (s,
3H), 3.33 (s, 3H), 4.08 (dd, J=8.1 Hz, 11.9 Hz, 1H), 4.39 (dd, J=3.7 Hz,
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11.9 Hz, 1H), 4.46 (s, 1H), 4.8 (s, 1H), 6.06 (dd, J=3.8, 8.2 Hz, 1H),
7.20–7.50 ppm (m, 15H); 13C NMR (62.83 MHz, CDCl3): d=57.8, 57.8,
66.6, 74.2, 82.5, 82.9, 127.0, 127.6, 127.6, 127.8, 128.9, 129.1, 129.1, 129.2,
129.2, 135.9, 136.4, 136.6, 170.2, 170.6 ppm; MS (EI): m/z : 434 [M+].


Bis-(S)-MPA ester of (R)-1-phenylethane-1,2-diol ((S)-9): [a]D=++42.67
(c=1.21 in CHCl3);


1H NMR (250.17 MHz CDCl3) d=3.36 (s, 3H), 3.37
(s, 3H), 4.31 (dd, J=4.1 Hz, 11.9 Hz, 1H), 4.36 (dd, J=6.6 Hz, 11.9 Hz,
1H), 4.68 (s, 2H), 5.95 (dd, J=4.6, 6.5 Hz, 1H), 6.89–7.36 ppm (m, 15H);
13C NMR (62.83 MHz, CDCl3): d=57.6, 57.7, 66.6, 74.1, 82.7, 126.6,
127.6, 127.8, 128.8, 128.8, 129.1, 129.2, 129.3, 129.8, 136.3, 136.4, 169.8,
170.6 ppm; MS (EI): m/z : 434 [M+].


Bis-(R)-MPA ester of (R)-1-(9-anthryl)ethane-1,2-diol ((R)-10): [a]D=
�5.71 (c=3.12 in CHCl3);


1H NMR (250.17 MHz, CDCl3): d=3.27 (s,
3H), 3.37 (s, 3H), 4.39 (dd, J=3.7 Hz, 12.2 Hz, 1H), 4.62 (s, 1H), 4.73 (s,
1H), 5.15 (dd, J=10.0 Hz, 12.2 Hz, 1H), 7.48 (dd, J=3.7 Hz, 10.0 Hz,
1H), 7.01–7.42 (m, 13H), 7.91–7.94 (m, 2H), 8.30–8.38 ppm (m, 3H);
13C NMR (62.83 MHz, CDCl3): d=57.7, 57.8, 65.8, 71.6, 82.8, 82.8, 125.2,
125.8, 127.6, 127.8, 128.9, 129.0, 129.4, 129.3, 129.5, 130.1, 130.2, 131.7,
135.9, 136.4, 170.2, 170.9 ppm; MS (EI): m/z : 534 [M+].


Bis-(S)-MPA ester of (R)-1-(9-anthryl)ethane-1,2-diol ((S)-10): [a]D=
+98.78 (c=0.008 in CHCl3);


1H NMR (250.17 MHz, CDCl3): d=3.27 (s,
3H), 3.32 (s, 3H), 4.47 (s, 1H), 4.63 (dd, J=5.0 Hz, 12.2 Hz, 1H), 4.68
(dd, J=8.8 Hz, 12.2 Hz, 1H), 4.78 (s, 1H), 7.65 (dd, J=5.0, 8.8 Hz, 1H),
7.26–7.56 (m, 1H), 7.26–7.56 (m, 13H), 7.98–8.01 (m, 2H), 8.46–8.51 ppm
(m, 3H); 13C NMR (62.83 MHz, CDCl3): d=57.8, 57.9, 65.9, 71.3, 82.4,
82.9, 125.4, 126.0, 127.6, 127.8, 129.0, 129.1, 129.2, 129.8, 130.2, 130.4,
136.4, 136.7, 170.5, 170.9 ppm; MS (EI): m/z : 534 [M+].


Bis-(R)-MPA ester of (R)-3,3-difluoroheptane-1,2-diol ((R)-11): [a]D=
�88.85 (c=1.22 in CHCl3);


1H NMR (250.17 MHz, CDCl3): d=0.73 (t,
J=7.1 Hz, 3H), 0.94–1.08 (m, 2H), 1.10–1.22 (m, 2H), 1.23–1.25 (m,
2H), 3.39 (s, 3H), 3.40 (s, 3H), 4.35 (dd, J=7.3 Hz, 12.4 Hz, 1H), 4.48
(ddd, J=1.2, 3.1 Hz, 12.2 Hz, 1H), 4.68 (s, 1H), 4.70 (s, 1H), 5.25 (dddd,
J=1.6, 4.4, 7.5 Hz, 13.5 Hz, 1H), 7.33–7.42 ppm (m, 10H); 13C NMR
(62.83 MHz, CDCl3): d=14.1, 22.6, 23.5, 33.1, 33.5, 33.8, 57.8, 57.9, 61.8,
70.8, 71.2, 71.6, 82.4, 82.8, 127.4, 127.6, 129.0, 129.1, 129.2, 129.3, 136.1,
136.2, 170.0, 170.5 ppm; MS (EI): m/z : 464 [M+].


Bis-(R)-MPA ester of (R)-3,3-difluoroheptane-1,2-diol ((S)-11): [a]D=
+126.74 (c=1.04 in CHCl3);


1H NMR (250.17 MHz, CDCl3): d=0.84 (t,
J=7.1 Hz, 3H), 1.19–1.28 (m, 2H), 1.30–1.43 (m, 2H), 1.55–1.76 (m,
2H), 3.33 (s, 6H), 3.98 (dd, J=8.2 Hz, 12.1 Hz, 1H), 4.60 (dd, J=2.4 Hz,
11.9 Hz, 1H), 4.42 (s, 1H), 4.63 (ddd, J=0.9, 2.8 Hz, 11.9 Hz, 1H), 4.81
(s, 1H), 5.33–5.46 (m, 1H), 7.24–7.48 ppm (m, 10H); 13C NMR
(62.83 MHz, CDCl3): d=14.0, 22.4, 23.3, 32.6, 32.9, 57.7, 61.7, 70.1, 71.5,
82.4, 82.6, 127.6, 127.7, 129.1, 129.3, 129.5, 135.9, 136.2, 169.6, 170.7 ppm;
MS (EI): m/z : 464 [M+].


Bis-(R)-MPA ester of (S)-3-chloropropane-1,2-diol ((R)-12): [a]D=
+66.55 (c=2.92 in CHCl3);


1H NMR (250.17 MHz, CDCl3): d=3.25 (dd,
J=5.6 Hz, 11.6 Hz, 1H), 3.32 (dd, J=6.0 Hz, 11.5 Hz, 1H), 3.39 (s, 3H),
3.40 (s, 3H), 4.24 (dd, J=5.6 Hz, 11.9 Hz, 1H), 4.48 (dd, J=4.1 Hz,
12.2 Hz, 1H), 4.64 (s, 1H), 4.74 (s, 1H), 5.09–5.18 (m, 1H), 7.31–
7.44 ppm (m, 10H); 13C NMR (62.83 MHz, CDCl3): d=42.1, 57.7, 57.7,
62.9, 71.4, 78.0, 82.4, 82.6, 127.5, 127.6, 127.8, 129.1, 129.1, 129.2, 129.3,
136.2, 136.3, 170.2, 170.4 ppm; MS (EI): m/z : 406 [M+].


Bis-(S)-MPA ester of (S)-3-chloropropane-1,2-diol ((S)-12): [a]D=�73.96
(c=8.24, CHCl3);


1H NMR (250.17 MHz, CDCl3): d=3.33 (s, 3H), 3.36
(s, 3H), 3.44 (dd, J=5.4 Hz, 11.9 Hz, 1H), 3.52 (dd, J=5.4 Hz, 11.9 Hz,
1H), 4.09 (dd, J=6 Hz, 11.9 Hz, 1H), 4.29 (dd, J=4.1 Hz, 12.1 Hz, 1H),
4.55 (s, 1H), 4.78 (s, 1H), 5.17–5.25 ppm (m, 10H); 13C NMR
(62.83 MHz, CDCl3): d=41.6, 57.7, 57.8, 62.7, 71.4, 82.5, 82.6, 127.5,
127.6, 127.8, 129.1, 129.1, 129.2, 129.3, 136.1, 136.3, 170.1, 170.5 ppm; MS
(EI): m/z : 406 [M+].


Bis-(R)-MPA ester of (Z)-3-benzyloxyimine-3-deoxy-1,2-O-isopropyli-
den-a-d-glucofuranose ((R)-13): [a]D=++52.85 (c=0.28 in CHCl3);
1H NMR (250.17 MHz, CDCl3): d=1.21 (s, 3H), 1.27 (s, 3H), 3.34 (s,
3H), 3.36 (s, 3H), 4.08 (dd, J=5.2 Hz, 11.7 Hz, 1H), 4.19 (dd, J=7.0 Hz,
11.7 Hz, 1H), 4.21 (d, J=4.7 Hz, 1H), 4.57 (s, 1H), 4.63 (s, 1H), 4.90 (d,
J=4.1 Hz, 1H), 4.94 (d, J=3.5 Hz, 1H), 5.04 (br s, 2H), 5.47–5.52 (m,


1H), 7.29–7.38 ppm (m, 15H); 13C NMR (62.83 MHz, CDCl3): d=27.5,
27.6, 57.5, 62.7, 73.0, 76.6, 77.7, 78.2, 82.3, 82.5, 104.4, 113.9, 127.5, 127.8,
128.7, 128.9, 129.1, 129.5, 136.0, 136.9, 151.8, 169.5, 170.2 ppm; MS (EI):
m/z : 620 [M+].


Bis-(S)-MPA ester of (Z)-3-benzyloxyimine-3-deoxy-1,2-O-isopropyli-
den-a-d-glucofuranose ((S)-13): [a]D=++245.30 (c=0.075 in CHCl3);
1H NMR (250.17 MHz, CDCl3): d=1.32 (s, 3H), 1.37 (s, 3H), 3.29 (s,
3H), 3.31 (s, 3H), 3.83 (dd, J=8.2 Hz, 11.7 Hz, 1H), 4.21 (dd, J=5.7 Hz,
11.7 Hz, 1H), 4.44 (s, 1H), 4.73 (s, 1H), 4.85 (d, 3.5 Hz, 1H), 5.15 (br s,
2H), 5.15–5.19 (m, 1H), 5.54 (d, J=4.7 Hz, 1H), 5.60–5.65 (m, 1H),
7.28–7.42 ppm (m, 15H); 13C NMR (62.83 MHz, CDCl3): d=27.4, 57.4,
62.7, 71.6, 76.3, 78.1, 82.0, 82.2, 104.5, 113.9, 126.9, 127.1, 128.2, 128.4,
128.5, 128.6, 128.7, 128.8, 135.7, 136.6, 156.6, 157.6, 169.6 ppm; MS (EI):
m/z : 620 [M+].


Bis-(R)-MPA ester of (E)-3-benzyloxyimine-3-deoxy-1,2-O-isopropyli-
den-a-d-glucofuranose [(R)-14]: [a]D=++107.09 (c=0.31 in CHCl3);
1H NMR (250.17 MHz, CDCl3): d=1.28 (s, 3H), 1.31 (s, 3H), 3.35 (s,
3H), 3.38 (s, 3H), 4.17 (dd, J=4.7 Hz, 11.7 Hz, 1H), 4.34 (dd, J=7.0 Hz,
11.7 Hz, 1H), 4.45 (d, J=4.1 Hz, 1H), 4.48 (s, 1H), 4.55 (br s, 1H), 4.68
(s, 1H), 4.77 (d, J=4.6 Hz, 1H), 5.06 (d, J=12 Hz, 1H), 5.12 (d, J=
12 Hz, 1H), 5.30–5.37 (m, 1H), 7.19–7.38 ppm (m, 15H); 13C NMR
(62.83 MHz, CDCl3): d=27.4, 57.5, 62.0, 72.0, 74.2, 76.1, 82.2, 82.3, 82.4,
104.6, 113.4, 127.4, 127.5, 127.7, 127.8, 128.3, 128.6, 128.9, 129.0, 129.1,
136.0, 136.3, 137.7, 155.9, 169.3, 170.2 ppm; MS (EI): m/z : 620 [M+].


Bis-(S)-MPA ester of (E)-3-benzyloxyimine-3-deoxy-1,2-O-isopropyli-
den-a-d-glucofuranose ((S)-14): [a]D=++188.40 (c=0.26 in CHCl3);
1H NMR (250.17 MHz, CDCl3): d=1.36 (s, 3H), 1.42 (s, 3H), 3.29 (s,
3H), 3.33 (s, 3H), 3.97 (dd, J=8.2 Hz, 12.3 Hz, 1H), 4.25 (dd, J=3.5 Hz,
12.3 Hz, 1H), 4.48 (s, 1H), 4.72 (s, 1H), 4.81 (d, J=2.3 Hz, 1H), 5.01 (d,
J=3.5 Hz, 1H), 5.13 (d, J=12.3 Hz, 1H), 5.17 (d, J=12.3 Hz, 1H), 5.38–
5.43 (m, 1H), 5.47 (d, J=4.1 Hz, 1H), 7.23–7.41 ppm (m, 15H);
13C NMR (62.83 MHz, CDCl3): d=27.4, 57.5, 62.2, 72.1, 74.1, 76.1, 82.2,
82.6, 104.7, 104.8, 109.3, 113.7, 127.1, 127.2, 127.3, 127.4, 127.5, 127.8,
128.2, 128.4, 128.6, 128.8, 128.9, 129.0, 129.1, 137.5, 155.9, 169.9,
170.2 ppm; MS (EI): m/z : 620 [M+].


Bis-acetate ester of (S)-propanediol (15): [a]D=�14.7 (c=0.15 in
CH3OH); 1H NMR (250.17 MHz, CDCl3): d=1.25 (d, J=6.6 Hz, 3H),
2.06 (s, 3H), 2.08 (s, 3H), 4.05 (dd, J=6.7 Hz, 11.9 Hz, 1H), 4.17 (dd, J=
3.6 Hz, 11.9 Hz, 1H), 5.07–5.19 ppm (m, 1H); 13C NMR (62.83 MHz,
CDCl3): d=16.4, 20.8, 21.2, 66.1, 68.2, 170.5, 170.8 ppm; MS (EI): m/z :
160 [M+].


(R)-MPA ester of (S)-1-acetoxy-2-propanol ((R)-16): [a]D=�36.92 (c=
0.26 in CH3OH); 1H NMR (250.17 MHz, CDCl3): d=1.33 (d, J=6.7 Hz,
3H), 1.99 (S, 3H), 3.42 (s, 3H), 4.03 (dd, J=7.3 Hz, 11.9 Hz, 1H), 4.18
(dd, J=3.3 Hz, 11.8 Hz, 1H), 4.77 (S, 1H), 5.14–5.25 (m, 1H), 7.33–
7.46 ppm (m, 5H); 13C NMR (62.83 MHz, CDCl3): d=16.0, 20.6, 57.3,
65.8, 66.2, 69.1, 82.6, 127.1, 127.2, 128.5, 128.6, 128.7, 136.1, 170.1,
170.6 ppm; MS (EI): m/z : 266 [M+].


(S)-MPA ester of (S)-1-acetoxy-2-propanol ((S)-16): [a]D=++52 (c=0.32
in CH3OH); 1H NMR (250.17 MHz, CDCl3): d=1.27 (d, J=6.4 Hz, 3H),
1.79 (s, 3H), 3.42 (s, 3H), 3.97 (dd, J=7.3 Hz, 11.9 Hz, 1H), 4.02 (dd, J=
3.9 Hz, 11.9 Hz, 1H), 4.76 (s, 1H), 5.13–5.26 (m, 1H), 7.32–7.46 ppm (m,
5H); 13C NMR (62.83 MHz, CDCl3): d=16.3, 20.3, 57.2, 65.7, 66.4, 67.8,
68.9, 82.3, 82.4, 127.1, 127.2, 128.5, 128.6, 128.7, 136.2, 170.1, 170.5 ppm;
MS (EI): m/z : 266 [M+].


(R)-MPA ester of (S)-2-acetoxypropanol ((R)-17): [a]D=++21.5 (c=1.19
in CH3OH); 1H NMR (250.17 MHz, CDCl3): d=1.13 (d, J=6.6 Hz, 3H),
1.92 (s, 3H), 3.41 (s, 3H), 4.12 (dd, J=6.3 Hz, 11.7 Hz, 1H), 4.20 (dd, J=
3.8 Hz, 11.6 Hz, 1H), 4.78 (s, 1H), 4.97–5.09 (m, 1H), 7.26–7.46 ppm (m,
5H); 13C NMR (62.83 MHz, CDCl3) d 16.2, 20.9, 29.7, 57.3, 66.2, 66.4,
67.8, 67.9, 82.3, 82.4, 127.0, 128.5, 128.6, 135.9, 170.0, 170.1 ppm; MS (EI):
m/z : 266 [M+].


(S)-MPA ester of (S)-2-acetoxypropanol ((S)-17): [a]D=�9.5 (c=0.86 in
CH3OH); 1H NMR (250.17 MHz, CDCl3): d=1.14 (d, J=6.6 Hz, 3H),
1.88 (s, 3H), 3.42 (s, 3H), 4.11 (dd, J=6.6 Hz, 11.6 Hz, 1H), 4.18 (dd, J=
3.8 Hz, 11.9 Hz, 1H), 5.03–5.16 (m, 1H), 7.30–7.46 ppm (m, 5H);
13C NMR (62.83 MHz, CDCl3): d=16.2, 20.9, 29.4, 57.3, 66.2, 66.4, 67.8,
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67.9, 82.3, 82.4, 127.2, 128.6, 128.7, 136.0, 170.2, 170.3 ppm; MS (EI): m/z :
266 [M+].


(2S)-1{[(1,1-dimethylethyl)dimethylsilyl]oxy}-2-propanol (18): [a]D=
+7.1 (c=8.81 in CH3Cl); 1H NMR (250.13 MHz, CDCl3): d=0.02 (s,
6H), 0.86 (s, 9H), 1.04 (d, J=6.4 Hz, 3H), 2.58 (d, J=2.9 Hz, 1H), 3.31
(dd, J=7.6, 9.3 Hz, 1H), 3.53 (dd, J=3.5, 9.9 Hz, 1H), 3.70–3.82 ppm (m,
1H); 13C NMR (62.83 MHz, CDCl3): d=�5.5, 18.2, 25.8, 67.8, 68.5 ppm;
MS (EI): m/z : 190 [M+].


(R)-MPA ester of (2S)-1{[(1,1-dimethylethyl)dimethylsilyl]oxy}-2-propa-
nol ((R)-19): [a]D=�33.4 (c=3.48 in CH3Cl); 1H NMR (250.13 MHz,
CDCl3): d=�0.02 (s, 6H), 0.82 (s, 9H), 1.01 (d, J=6.4 Hz, 3H), 3.35 (s,
3H), 3.53 (dd, J=4.7 Hz, 10.7 Hz, 1H), 3.57 (dd, J=5.2 Hz, 10.6 Hz,
1H), 4.67 (s, 1H), 4.88–5.00 (m, 1H), 7.20–7.40 ppm (m, 5H); 13C NMR
(62.83 MHz, CDCl3) d=�5.5, 15.8, 25.7, 57.3, 65.3, 72.2, 82.5, 127.1,
128.4, 136.2, 170.2 ppm; MS (EI): m/z : 338 [M+].


(S)-MPA ester of (S)-1{[(1,1-dimethylethyl)dimethylsilyl]oxy}-2-propanol
[(S)-19]: [a]D=++24.7 (c=3.88 in CH3Cl); 1H NMR (250.13 MHz,
CDCl3): d=�0.14 (s, 3H), �0.13 (s, 3H), 0.74 (s, 9H), 1.14 (d, J=6.4 Hz,
3H), 3.33 (s, 3H), 3.40 (dd, J=4.7 Hz, 10.5 Hz, 1H), 3.47 (dd, J=5.8 Hz,
10.5 Hz, 1H), 4.66 (s, 1H), 4.86–4.97 (m, 1H), 7.20–7.38 ppm (m, 5H);
13C NMR (62.83 MHz, CDCl3): d=�5.7, 16.1, 25.7, 57.2, 65.1, 72.2, 82.7,
127.1, 128.4, 136.2, 170.2 ppm; MS (EI): m/z : 338 [M+].


2-(R)-MPA ester of (S)-propane-1,2-diol ((R)-20): [a]D=�44.8 (c=2.06
in CH3Cl); 1H NMR (250.13 MHz, CDCl3): d=1.11 (d, J=6.4 Hz, 3H),
3.40 (s, 3H), 3.58–3.68 (m, 2H), 4.79 (s, 1H), 4.97–5.07 (m, 1H), 7.30–
7.45 ppm (m, 5H); 13C NMR (62.83 MHz, CDCl3): d=15.6, 57.2, 65.3,
72.8, 82.5, 127.0, 128.5, 128.6, 136.0, 170.6 ppm; MS (EI): m/z : 224 [M+].


2-(S)-MPA ester of (S)-propane-1,2-diol ((S)-20): [a]D=++56.1 (c=2.08
in CH3Cl); 1H NMR (250.13 MHz, CDCl3): d=1.23 (d, J=6.4 Hz, 3H),
3.41 (s, 3H), 3.46–3.55 (m, 2H), 4.78 (s, 1H), 4.96–5.05 (m, 1H), 7.36–
7.46 ppm (m, 5H); 13C NMR (62.83 MHz, CDCl3): d=15.9, 57.2, 65.3,
72.8, 82.6, 127.0, 128.7, 128.8, 136.3, 170.4 ppm; MS (EI): m/z : 224 [M+].


(R)-MPA ester of (S)-2-hydroxypropanal ((R)-21): [a]D=�28.0 (c=1.49
in CH3Cl); 1H NMR (250.13 MHz, CDCl3): d=1.32 (d, J=7.1 Hz, 3H),
3.45 (s, 3H), 4.85 (s, 1H), 5.10 (q, J=7.1 Hz, 1H), 7.34–7.49 (m, 5H),
9.52 ppm (s, 1H); 13C NMR (62.83 MHz, CDCl3): d=13.8, 57.4, 68.6,
75.1, 82.2, 127.3, 128.7, 128.9, 135.6, 170.0, 197.5 ppm; MS (EI): m/z : 222
[M+].


(S)-MPA ester of (S)-2-hydroxypropanal [(S)-21]: [a]D=++15.0 (c=1.32
in CH3Cl); 1H NMR (250.13 MHz, CDCl3): d=1.40 (d, J=7.1 Hz, 3H),
3.45 (s, 3H), 4.86 (s, 1H), 5.11 (q, J=7.1 Hz, 1H), 7.32–7.50 (m, 5H),
9.35 ppm (s, 1H); 13C NMR (62.83 MHz, CDCl3): d=14.1, 57.4, 68.6,
75.1, 82.3, 127.1, 128.6, 128.9, 135.7, 169.9, 197.8 ppm; MS (EI): m/z : 222
[M+].


2-(R)-MPA ester of (S,S)-1d-propane-1,2-diol ((R)-22): [a]D=�24.6 (c=
1.14 in CH3Cl); 1H NMR (250.13 MHz, CDCl3): d=1.11 (d, J=6.4 Hz,
3H), 3.40 (s, 3H), 3.62 (d, J=6.1 Hz, 1H), 4.79 (s, 1H), 4.97–5.07 (m,
1H), 7.30–7.45 ppm (m, 5H); 13C NMR (62.83 MHz, CDCl3): d=15.6,
57.2, 65.3, 72.8, 82.5, 127.0, 128.5, 128.6, 136.0, 170.6 ppm; MS (EI): m/z :
225 [M+].


2-(S)-MPA ester of (S,S)-1d-propane-1,2-diol ((S)-22): [a]D=++30.1 (c=
1.08 in CH3Cl); 1H NMR (250.13 MHz, CDCl3): d=1.23 (d, J=6.4 Hz,
3H), 3.41 (s, 3H), 3.50 (d, J=7.4 Hz, 1H), 4.78 (s, 1H), 4.96–5.05 (m,
1H), 7.36–7.46 ppm (m, 5H); 13C NMR (62.83 MHz, CDCl3): d=15.9,
57.2, 65.3, 72.8, 82.6, 127.0, 128.7, 128.8, 136.3, 170.4 ppm; MS (EI): m/z :
225 [M+].


Bis-(R)-MPA ester of (S,S)-1d-propane-1,2-diol ((R)-23): [a]D=�171.9
(c=1.6 in CH3Cl); 1H NMR (250.13 MHz, CDCl3): d=1.00 (d, J=5.9 Hz,
3H), 3.37 (s, 3H), 3.38 (s, 3H), 4.09 (d, J=5.9 Hz, 1H), 6.61 (s, 1H), 4.69
(s, 1H), 5.03–5.12 (m, 1H), 7.28–7.40 ppm (m, 10H); MS (EI): m/z : 373
[M+].


Bis-(S)-MPA ester of (S,S)-1d-propane-1,2-diol ((S)-23): [a]D=++168.9
(c=1.4 in CH3Cl); 1H NMR (250.13 MHz, CDCl3): d=1.15 (d, J=6.6 Hz,
3H), 3.33 (s, 3H), 3.35 (s, 3H), 3.88 (d, 7.3 Hz, 1H), 4.51 (s, 1H), 4.71 (s,
1H), 5.11–5.19 (m, 1H), 7.27–7.43 ppm (m, 10H); MS (EI): m/z: 373 [M+].
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Cervimycin A–D: A Polyketide Glycoside Complex from a Cave Bacterium
Can Defeat Vancomycin Resistance
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Introduction


Gram-positive bacteria, such as staphylococci, are the most
common cause of severe nosocomial infections. The resist-
ance of these pathogens to many commonly used antibiotics,
such as penicillins, cephalosporins, methicillins, and tetracy-
clines, has increased dramatically.[1] Until recently, the glyco-
peptide antibiotic vancomycin has been considered as the
last resort against serious infections caused by multi-drug-re-
sistant, Gram-positive bacteria. During the past decade, van-
comycin-resistant enterococci[2–4] and, more recently, staphy-
lococci,[5–7] have spread worldwide with unanticipated rapidi-
ty.[8] The occurrence of life-threatening infections and the
lack of new powerful antibiotics to combat such pathogens
cause serious concerns among the medical community. How-
ever, natural products continue to play a major role in drug
discovery and represent an important source of novel anti-
bacterial therapies.[3,9]


In a program to search for new antiinfective agents, we
studied the biosynthetic capabilities of rare microorganisms
and the inhabitants of unusual environments that displayed


the potential for bioactive metabolite production. The
Grotta dei Cervi, Italy, which is not accessible to the public,
harbors a rich microbial flora that has remained undisturbed
since ancient times.[10] In the course of these studies, we iso-
lated a bacterial strain from a rock wall that was covered
with 5000-year-old neolithical wall paintings in red ochre or
black (Figure 1). Here, we report on the isolation, structural
elucidation, and characterization of a novel antibiotic com-
plex produced by this cave bacterium, which may provide a
new lead in the fight against multi-drug-resistant pathogens.


Abstract: Cervimycins A–D are novel
polyketide glycosides with significant
activity against multi-drug-resistant
staphylococci and vancomycin-resistant
enterococci. They are produced by a
strain of Streptomyces tendae, isolated
from an ancient cave. The structures of
the cervimycins were determined by


performing extensive NMR and chemi-
cal degradation studies. All cervimycins
have a common tetracyclic polyketide


core that is substituted with unusual di-
and tetrasaccharide chains, composed
exclusively of trideoxysugars; however,
they differ in the acetyl and carbamoyl
ring substituent and in the highly un-
usual terminal methylmalonyl and di-
methylmalonyl residues.
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Figure 1. Origin of the cervimycin producer. Neolithic paintings made of
bat dung in the Grotta dei Cervi, Italy, about 3000 years b.c. (lat. cervus=
deer).
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Results and Discussion


The cave isolate, strain HKI 0179, was classified under the
genus Streptomyces, based on morphological and chemo-
taxonomic characteristics, such as the presence of ll-diami-
nopimelic acid (ll-A2pm),[11,12] major menaquinones consist-
ing of MK-9(H6), MK-9(H8), and MK-9(H4),


[13] and the pre-
dominating fatty acids (MIDI-System, Agilent). Comparison
of the 16S rRNA gene sequence revealed that strain
HKI 0179 was most closely related to Streptomyces tendae[14]


(16S rRNA gene sequence similarity 99.5%). Morphological
and physiological characteristics,[15,16] and the comparison of
the fatty acid profiles (Sherlock database of the MIDI-
System) supported this affiliation. According to Locci,[17]


Streptomyces tendae[14] is a subjective synonym of Streptomy-
ces rochei.[18]


The crude extract of the yellow-pigmented culture broth
of the S. tendae strain HKI 0179 showed a very good activity
against Gram-positive pathogens, especially against multi-
drug-resistant Staphylococcus aureus and, most remarkably,
against vancomycin-resistant Enterococcus faecalis strains.
To obtain sufficient material of the active principle for struc-
tural elucidation and the establishment of the bioactivity
profile, strain and fermentation procedures were optimized.
The organic extract (30 g), obtained by a large-scale fermen-
tation (180 L), was subjected to purification on two succes-
sive sephadex LH20 columns of different size. Bioactivity-
guided fractionation by repeated RP-HPLC yielded four
main components of the complex, named cervimycin A (1),
B (2), C (3), and D (4) (Figure 2).


All four compounds showed remarkably strong antimicro-
bial effects against standard test strains in agar diffusion
assays. Most importantly, they proved to be active against
multi-drug-resistant Staphylococcus aureus and even against
vancomycin-resistant Enterococcus faecalis (Table 1).


The structures of cervimycin A–D were fully resolved by
conducting UV/Vis, HRMS, MSn, IR, and extensive 1H and
13C NMR investigations, as well as chemical degradation
studies. The main component 3 was obtained as an orange
powder with a melting point of 167–168 8C and [a]22D =++26.5
(c=0.51 in MeOH). The molecular formula (C61H81NaNO25)
was established from the results of HRESI-MS analysis
(m/z=1250.5002 [M+Na]+) and 13C NMR data (61 carbon
atoms). ESI-MSn experiments revealed pseudodaughter ions


with m/z=1022 [M+N�2M114]+ , m/z=680 [M+Na�5M
114]+ , m/z=593 [5M114+Na]+ , and m/z=452 [M+Na�7M
114]+ , which account for the loss of fragments with M=114,
for example, trideoxyhexosyl units.


The UV spectrum showed absorption maxima at 242 nm,
with an overlaying shoulder at about 280 nm, and 434 nm,
which indicated a conjugated aromatic system. Addition of
1n NaOH resulted in a bathochromic shift from 434 nm to
563 nm with concomitant change of the complementary
color from yellow to violet, a typical property of naphtho-
quinoid systems that form phenolate salts under alkaline
conditions. The IR absorption peaks correspond to valence
oscillation of the aromatic �C=C� (1567/1593/1626 cm�1),
carbonyl groups (1727 cm�1), aliphatic �C�H2� (2854/2922/
2953 cm�1), and hydroxy groups (3351 cm�1). Data obtained
from 13C, DEPT, and HSQC NMR experiments revealed 44
sp3 carbon atoms, represented by 8 methyl, 1 methoxy, 13
methylene, 20 methine, and 2 quaternary carbon residues. In
addition, 3 contains 17 sp2 carbon atoms, comprising 2 me-
thine and 15 quaternary carbon atoms. The 1H NMR data
for [D5]pyridine showed 78 signals with two deep-field shift-
ed singlets at d=10.23 and 10.48 ppm, which proved to be
signals of the carbamoyl NH2 protons. Two additional sig-
nals of chelated protons were detected as a sharp singlet at
d=13.35 ppm (OH-11) and broad singlets at d=17.98 (OH-
3) and 12.71 ppm (COOH) in [D6]DMSO and CDCl3, re-
spectively. The HSQC experiment established all single-
bond 1H–13C connectivities.


Due to the limited number of proximate protons in the ar-
omatic system, only a single spin system appeared in the
COSY spectrum that permitted the analysis of a substruc-
ture. However, COSY data and diagnostic 1H–13C long-
range couplings in the aglycone fully established the frame-
work and substitution pattern of the tetracyclic ring system
(Figure 3), which is reminiscent of, but not identical to, the
structure of tetracyclines. COSY data and diagnostic 1H–13C
long-range couplings, that is, of H-4, H-4a, H-5, H-6, and H-
9 to the adjacent carbon residues (C-4 to C-12a), revealed
the composition of rings B, C, and D. These results were
supported by the HMBC couplings of OH-11 and OCH3-8.
The exact HMBC classification (to 2JCH,


3JCH, or
4JCH) was


successfully deduced from the intensity of the couplings.


Figure 2. Chromatographic profile of the crude extract obtained from cul-
tures of S. tendae strain HKI 0179.


Table 1. MIC values (mgmL�1) for cervimycins A–D compared to tetra-
cycline and vancomycin (in vitro). Test strains: ATCC 6633: Bacillus sub-
tilis ATCC 6633; SG511: Staphylococcus aureus SG511; MRSA: S. aureus
134/93; VRE: vancomycin-resistant Enterococcus faecalis 1528; EfS4:
efflux-resistant S. aureus EfS4.


ATCC 6633 SG511 MRSA EfS4 VRE


cervimycin
A 0.8 3.1 6.3 3.1 3.1
B 1.6 25.0 12.5 6.3 12.5
C 0.4 12.5 25.0 3.1 3.1
D 0.1 3.1 6.3 6.3 1.6
tetracycline 0.2 0.4 25.0 >100 100
vancomycin 0.2 0.8 1.6 1.6 >100
ciprofloxacin <0.05 0.2 12.5 100 0.8
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The elucidation of ring A was more challenging, due to the
lack of protons. 13C NMR shifts d=194.93, 192.03, 101.04,
and 174.74 ppm in [D5]pyridine, and the downfield-shifted
OH-group (d=17.98 ppm in CDCl3) disclosed an enol–keto
architecture at C-1, C-2, C-3, and C-14, as in the tetracy-
clines. Furthermore, 1H-(NH2-14)-


13C long-range couplings
provided the strongest evidence for a carbamoyl substituent
at C-2 in ring A (Figure 3).


The composition and relative configuration of the mono-
saccharide substituents was fully resolved by performing
NMR spectroscopy and chemical degradation studies. The
presence of 6 methine (99–104 ppm), 6 methyl (17–19 ppm),
12 methylene (22–32 ppm), and 12 methine (65–80 ppm)
carbon atoms suggested the presence of six constitutionally
similar trideoxyhexose residues, which supports the results
obtained from the MSn experiments. The anomeric protons
(H-1B, H-1C, H-1D) of monosaccharides B, C, and D ap-
peared as singlets (JB,C,D <1 Hz), which corroborates an a-
configuration. Conversely, monosaccharides A, E, and F are
clearly connected as b-glycosides, because the anomeric pro-
tons (H-1A, H-1E, H-1F) appeared as doublets (JA=9.1 Hz,
JE=8.6 Hz, JF=9.4 Hz). The H-5 of sugar residues B, C, and
D appeared as quartets with a very small coupling constant
between H-4 and H-5 (JB,C,D <1 Hz), indicating an equatori-
al (H-4)–axial (H-5) orientation. The coupling constant be-
tween H-4 and H-5 in sugar E (J=6.1 Hz) indicates an
axial–axial configuration. The coupling constant (J4,5) of A
and F could not be defined, due to the overlying signals of
H-5 and a multiplet (ddd) of H-4. However, such a multiplet
in the 4-position should only be observed in the case of an
axial–axial orientation of H-4, H-5 and H-3, H-4, which indi-
cated the presence of amicetose units. In contrast, the H-4
of sugar residues B, C, and D showed broad singlets in
CDCl3 without any splitting, which indicated the presence of
rhodinose moieties. COSY, HMBC, and ROESY experi-
ments provided further strong evidence that the saccharide
units A, E, and F are identical with b-amicetose, whereas B,
C, and D consist of a-rhodinose (Figure 4).


A full assignment of the absolute configuration was possi-
ble following sequential hydrolysis and comparison with ref-
erence compounds. The total hydrolysis of 3 gave a colorless
syrup of a mixture of monosaccharides, which was subse-


quently derivatized with 2,4-dinitrophenylhydrazine. After
prepurification of the reaction mixture (see Experimental
Section), a single hydrazone fraction was obtained, which
could be separated by semipreparative RP-HPLC, yielding
two fractions with m/z 312. The optical rotation of the deriv-
atives revealed the identities of the 2,4-dinitrophenylhydra-
zones to be d-amicetose ([a]22D =�10.78, c=0.15 in pyri-
dine)[19] and l-rhodinose ([a]22D =�21.48, c=0.14 in pyri-
dine),[20] respectively, in good agreement with published
data. By considering these results together, the absolute
configuration of the monosaccharide units B, C, and D was
established as a-l-rhodinose (a-2,3,6-trideoxy-threo-hexo-
pyranose), and that of units A, E, and F as b-d-amicetose
(b-2,3,6-trideoxy-erythro-hexopyranose). HMBC long-range
couplings unequivocally revealed a 1,4-O-glycosidic linkage
between all monosaccharide moieties, and the connection of
the H-4 to the C-1A carbon of the aglycone and from the
H-1E to the C-12a carbon (Figures 4 and 5). The relative
configuration of the protons H-4 and H-4a was determined


Figure 3. H,H COSY and selected HMBC and ROESY correlations of
the cervimycin C aglycone.


Figure 4. The H,H COSY, HMBC, and ROESY correlations of the ami-
cetose and rhodinose side-chains of cervimycin C (3).


Figure 5. ROESY correlations of cervimycin C (3) between H-1E and H-
4a, and of the aglycone between OH-12a, OH-4, H-4, and H-4a.
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as trans-diaxial, by means of their vicinal coupling constant
of 3J4,4a=11.8 Hz, which is in accordance with related struc-
tures, that is, tetracyclines.[21,22] The absence of any ROESY
contacts between H-4 and H-4a in cervimycin C confirmed
this observation. Furthermore, the ROESY correlation of
H-4a and H-1E of the substituent at C-12a in 3, and the
ROESY couplings between OH-4, H-4a, and OH-12a in the
aglycone of 3, correspond to a syn-position of these moieties
(Figure 5).


Surprisingly, despite its mass being identical to that of the
trideoxysugars, the sixth substituent at the C-4-saccharide
terminus does not represent a saccharide residue. The pres-
ence of two downfield-shifted carbonyl carbon atoms C-1’
and C-3’ in the 13C NMR spectrum, and a 1H–13C long-range
correlation from H-4D to an ester carbonyl carbon, indicat-
ed the connection between the tetrasaccharide side-chain
and an acyl residue. In addition, HMBC connections of two
diastereotopic methyl carbon atoms, CH3-5’ and CH3-4’, to
the quaternary C-2’ established the structure of an unprece-
dented dimethylmalonyl substituent (Figure 6).


The physicochemical and spectroscopic properties of com-
pound 1 (m/z=1226) were strikingly similar to those of 3,
except for a mass difference of one unit. The molecular for-
mula C62H82O25 deduced from HRMS and ESI-MSn experi-
ments, which revealed odd-numbered daughter ions with
m/z=1021 [M+Na�2M114]+ , 679 [M+Na�5M114]+ , 593
[5M114+Na]+ , and 451 [M+Na �7M114]+ , indicated the
loss of nitrogen in the aglycone. Comparison of the NMR
spectroscopic data of 1 and 3 (Table 2) revealed an addition-


al acetyl methyl carbon in 1 (d=29.03 ppm, C-15), in lieu of
the carbamoyl group in 3. In addition, the NMR data of the
aglycone of 1 were very similar to the published data of
polyketomycin (5)[23,24] and dutomycin (6, Figure 6).[25]


Compounds 2 (m/z=1212, C61H80O25) and 4 (m/z=1213,
C60H79NO25) differ from 1 and 3, respectively, by the pres-
ence of a monomethylmalonyl unit in place of the dimethyl-
malonyl unit (Figure 6). 1H and 13C NMR spectra confirmed
the loss of one sp3 methyl carbon and an additional sp3 me-
thine group. This was supported by two-dimensional-NMR
correlations, which showed the connectivity between CH3-4’
and CH-2’, and their protons to carbonyl carbon atoms C-1’
and C-3’.


In summary, cervimycin A–D represent unusual bisglyco-
sylated polyketides that are ring-substituted with either a
carbamoyl or an acetyl moiety, and bear either a dimethyl-
malonyl or a monomethylmalonyl residue attached to the
longer sugar side-chain (Figure 6). Although the structures
of cervimycins A and B are novel, database searches suggest
that the cervimycins C and D may have the same constitu-
tion as compounds A2121–3 and A2121–2, which have been
reported in the Japanese patent literature only.[26] Unfortu-
nately, the data set submitted with the patent is not com-
plete, and one-dimensional-NMR data ([D6]DMSO) were
not assigned with the structures. Furthermore, no studies re-
vealing the stereochemistry of the compounds, in particular
the characterization of the saccharide units, have been re-
ported, and, as the submitted data set of 13C-shifts is incom-
plete, it is not yet possible to establish unequivocally the


nature of the aglycone. Thus,
we were not able to prove if
cervimycin C and D are in fact
identical with A2121–3 and
A2121–2. Furthermore, it is re-
markable that compounds
A2121–3 and A2121–2 have
been reported only in the con-
text of proline hydroxylase in-
hibition and hepatoprotection,
and no antibacterial activity has
been disclosed.


The cervimycins, as well as
the compounds of the A2121
complex, represent members of
a small and yet relatively unex-
plored class of chromoglyco-
sides that share a quinoid
system on ring D of the naph-
thacene core, which is inverted
relative to classical tetracy-
clines. The only known structur-
al relatives are the antibacterial
polyketomycin[23,24] and the an-
titumoral dutomycin,[25] which
are also produced by Strepto-
myces species. To date, the cer-
vimycins are the only known


Figure 6. Structures of cervimycins A–D (1–4), polyketomycin (5), and dutomycin (6). (Relative configuration;
for simplicity, numbering is not in accordance with IUPAC.)
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bis-glycosylated polyketides of this kind. Various secondary
metabolites[27] bear the 2,3,6-trideoxypyranose rhodi-
nose,[28,29] for example, urdamycin,[30] and amicetose;[31,32]


however, no examples of the cumulation of the trideoxysu-
gars in the disaccharide and tetrasaccharide side-chains have
yet been reported.


Besides the oligo-trideoxyhexose residues, one of the
most remarkable structural features of the cervimycins is
the presence of the terminal mono- and dimethylmalonyl
substituents. Although malonate esters are components of a
variety of natural products, such as in the macrolides malo-
nylniphimycin[33] and brasilinolide A,[34] the occurrence of C-
2 monoalkylated malonic acid derivatives, for example,
monobutylmalonyl, is much rarer.[35] A methylmalonic acid
monoester comparable to cervimycins B and D has been de-
scribed only for angucycline BA-12100.[36] The dimethylma-
lonic acid substituent is unique to cervimycins A and C, as
well as to compounds A2121–3 and A2121–6. Labeling stud-
ies in our laboratory revealed that this novel dimethylma-
lonyl unit is derived from valine, and not from a malonate
precursor, as one might assume.[37]


The results of antimicrobial testing showed that all cervi-
mycins A–D proved to be highly active against various
Gram-positive bacteria, such as Bacillus subtilis ATCC 6633,
Staphylococcus aureus SG511, and multi-drug-resistant S.
aureus 134/93 (MRSA), and displayed potencies comparable
to those of tetracycline, vancomycin, and ciprofloxacin
(Table 1). More importantly, they are also highly active
against efflux-resistant S. aureus EfS4 and vancomycin-re-
sistant Enterococcus faecalis 1528 (VRE) within a MIC
range of 1.6–12.5 mgmL�1, in contrast to tetracycline, vanco-
mycin, or ciprofloxacin, which are ineffective against VRE
and EfS4, respectively.


Conclusion


We have isolated a novel Streptomyces tendae strain from an
ancient cave, Grotta dei Cervi, and have purified a remarka-
bly active antibiotic complex, cervimycins A–D, by a scaled-
up fermentation process. The structures of the cervimycins
were fully resolved by conducting extensive one- and two-di-
mensional-NMR studies, as well as by chemical degradation
studies. Cervimycins A–D have a common tetracyclic poly-
ketide core that is substituted with unusual di- and tetrasac-
charide chains composed exclusively of trideoxysugars; how-
ever, they differ in the acetyl and carbamoyl ring substituent
and in the highly unusual terminal methylmalonyl and dime-
thylmalonyl residues. The most important result is that the
cervimycins are highly active against multi-drug-resistant
bacterial pathogens, and also defeat vancomycin resistance.
Further studies are in progress to improve the bioactivity
profile of the cervimycins and to investigate the as yet un-
known biological target of these novel antibiotics.


Table 2. 13C NMR data of the cervimycins 1–4.


d [ppm] for B, C, D
Position 1 2 3 4


1 193.6 193.3 194.9 195.0
2 113.8 113.3 101.0 101.1
3 190.8 190.5 192.0 192.1
4 74.2 73.8 74.1 74.2
4a 42.8 42.4 43.5 43.5
5 28.6 28.2 28.6 28.6
5a 153.2 152.8 153.3 153.3
6 120.2 119.8 120.3 120.3
6a 134.0 133.6 134.0 134.1
7 179.0 178.6 179.1 179.1
8 161.2 160.8 161.3 161.3
9 110.4 110.0 110.5 110.5
10 190.6 190.2 190.7 190.7
10a 113.0 112.6 113.0 113.0
11 163.3 162.9 163.3 163.4
11a 125.3 124.9 125.7 125.7
12 189.4 188.9 189.2 189.2
12a 86.3 85.9 86.2 86.2
13 56.8 56.3 56.8 56.8
14 202.8 202.4 174.7 174.8
15 29.0 28.5 – –
1A 102.6 102.1 102.7 102.7
2A 30.8 30.5 30.9 31.0
3A 29.8 29.5 29.9 29.9
4A 79.0 78.6 79.1 79.1
5A 74.9 74.5 74.9 75.0
6A 18.3 17.9 18.4 18.4
1B 99.3 98.9 99.4 99.4
2B 25.2 24.8 25.3 25.3
3B 24.9 24.5 25.0 25.0
4B 74.9 74.5 74.9 75.0
5B 67.0 66.6 67.1 67.1
6B 17.3 17.0 17.5 17.5
1C 99.6 99.2 99.6 99.7
2C 25.1 24.7 25.2 25.2
3C 24.7 24.4 24.9 24.9
4C 75.0 74.7 75.1 75.2
5C 67.2 66.8 67.3 67.3
6C 17.3 17.0 17.5 17.5
1D 99.2 98.9 99.3 99.4
2D 24.5 24.2 24.7 24.7
3D 23.1 22.8 23.2 23.4
4D 70.5 70.2/70.4[a] 70.5 70.7/70.9[a]


5D 66.0 65.5/65.6[a] 66.1 66.0/66.1[a]


6D 17.2 16.9/16.9[a] 17.3 17.3/17.4[a]


1E 99.9 99.5 100.1 100.1
2E 31.6 31.3 31.8 31.8
3E 30.8 30.5 30.9 31.0
4E 79.6 79.2 79.7 79.7
5E 75.4 75.0 75.5 75.5
6E 18.5 18.2 18.7 18.7
1F 103.3 103.0 103.5 103.5
2F 32.0 31.7 32.2 32.2
3F 31.6 31.3 31.8 31.8
4F 71.1 70.7 71.2 71.2
5F 76.7 76.3 76.8 76.8
6F 18.8 18.4 18.9 18.9
1’ 173.4 170.6/170.7[a] 173.5 171.1/171.2[a]


2’ 50.6 46.7/46.9[a] 50.7 47.2/47.4[a]


3’ 175.5 172.4/172.5[a] 175.5 172.9/173.0[a]


4’ 23.3 13.9/13.9[a] 23.4 14.4/14.4[a]


5’ 23.3 – 23.4 –


[a] Signal doubling possibly due to diastereomeric forms of monomethyl-
malonyl-substituted cervimycins.
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Experimental Section


General : NMR spectra were measured by using Bruker Avance
DRX 500 and DPX 300 instruments. ESI-MS was performed by using a
VG Quattro Fisons Instrument, and HRESI-MS was conducted by using
a Finnigan MAT 95XL sector field mass spectrometer equipped with a
compatible ion source. ESI-CID-MSn was performed by using a Finnigan
LCQ benchtop mass spectrometer equipped with an electrospray ion
source and ion-trap mass analyzer. IR spectra were measured by using an


FTIR spectrometer Satellite FTIR Mattson (Chicago, USA). Melting
points were determined by using a Polytherm A (Wagner & Munz,
Munich, Germany). Optical rotation was measured in MeOH or pyridine
by using a 0.5-dm cuvette in a Propol Polarimeter (Dr. Kernchen, Seelze,
Germany). UV spectra were measured by using a Specord 200 photome-
ter (Analytik Jena AG, Germany).


Strain isolation and taxonomic characterization : Strain HKI 0179 was iso-
lated from a rock wall covered with 5000-year-old (neolithic) red paint-
ings, inside the cave Grotta dei Cervi in southern Italy, near Porto Badis-


Table 3. 1H NMR data of the cervimycins 1–4 ([D5]pyridine); (s) singlet, (br s) broad singlet, (d) doublet, (wd) wide doublet, (t) triplet, (m) multiplet.


d [ppm] (J in Hz)
Position 1 2 3 4


3-OH 18.03 (br s)[c] n.d. 17.98 (br s)[c] 18.03 (br s)[c]


4 4.70 (d, 12.0) 4.72 (d, 11.9) 4.68 (m)[b] 4.67 (m)[b]


4a 3.54 (m)[b] 3.55 (m)[b] 4.31 (d, 11.8)[b] 3.53 (m)[b]


5 3.90 (wd, 18.7) 3.93 (m)[b] 3.93 (wd, 18.3) 3.94 (wd, 18.3)
4.33 (dd, 18.7; 5.3) 4.35 (dd, 18.7; 5.0) 4.33 (dd, 18.3; 5.3) 4.33 (dd, 18.3; 5.1)


6 7.68 (s) 7.72 (s) 7.70 (s) 7.71 (s)
9 6.36 (s) 6.36 (s) 6.34 (s) 6.36 (s)
11-OH 13.39 (s)[c] 13.45 (s)[d] 13.35 (s)[c] n.d.
13 3.76 (s) 3.74 (s) 3.74 (s) 3.74 (s)
14-NH2 – – 10.23 (s); 10.48 (s) 10.44 (s); 10.50 (s)
15 2.71 (s) 2.71 (s) – –
1A 5.03 (m)[b] [4.64 (d, 9.8)][c] 5.01 (m)[b] 5.01 (m)[b] [4.62 (d, 9.1)][c] 5.03 (d, 9.8)
2A 1.75 (m)[b]/2.25 (m)[b] 1.73 (m)[b]/2.24 (m)[b] 1.69 (m)[b]/2.21 (m)[b] 1.75 (m)[b]/2.25 (m)[b]


3A 1.60 (m)[b]/2.22 (m)[b] 1.58 (m)/2.22 (m)[b] 1.54 (m)[b]/2.20 (m)[b] 1.58 (m)[b]/2.22 (m)[b]


4A 3.27 (m)[b] 3.27 (m)[b] 3.24 (m)[b] 3.27 (m)[b]


5A 3.27 (m)[b] 3.27 (m)[b] 3.24 (m)[b] 3.27 (m)[b]


6A 0.97 (d, 5.0) 1.00 (d, 4.9) 0.96 (d, 5.4) 1.00 (d, 5.3)
1B 4.96 (br s) 4.99 (br s) 4.95 (s) 4.98 (br s)
2B 1.52 (m)[b]/2.12 (m)[b] 1.53 (m)[b]/2.15 (m)[b] 1.52 (m)[b]/2.10 (m)[b] 1.51 (m)[b]/2.15 (m)[b]


3B 1.85 (m)[b]/1.96 (m)[b] 1.89 (m)[b]/1.97 (m)[b] 1.86 (m)[b]/2.19 (m)[b] 1.89 (m)[b]/1.99 (m)[b]


4B 3.52 (m)[b] 3.51 (m)[b] 3.47 (m)[b] 3.52 (m)[b]


5B 3.97 (q, 6.5) 4.00 (q, 6.4) 3.99 (q, 6.6) 3.99 (q, 6.6)
6B 1.21 (d, 6.6) 1.21 (d, 6.4) 1.21 (d, 6.6) 1.21 (d, 6.4)
1C 5.00 (br s) 5.05 (br s) 4.98 (s) 5.00 (br s)
2C 1.62 (m)[b]/2.03 (m)[b] 1.65 (m)[b]/2.02 (m)[b] 1.69 (m)[b]/1.95 (m)[b] 1.72 (m)[b]/1.99 (m)[b]


3C 1.82 (m)[b]/2.21 (m)[b] 1.85 (m)[b]/2.23 (m)[b] 1.86 (m)[b]/2.09 (m)[b] 1.84 (m)[b]/2.22 (m)[b]


4C 3.55 (m)[b] 3.51 (m)[b] 3.46 (m)[b] 3.52 (m)[b]


5C 4.05 (q, 6.6) 4.07 (q, 6.4) 4.04 (q, 6.5) 4.06 (q, 6.4)
6C 1.16 (d, 6.6) 1.18 (d, 6.4) 1.16 (d, 6.5) 1.17 (d, 6.2)
1D 4.89 (br s) 4.95 (br s) 4.89 (s) 4.95 (br s)
2D 1.60 (m)[b]/2.02 (m)[b] 1.63 (m)[b]/2.03 (m)[b] 1.59 (m)[b]/2.01 (m)[b] 1.62 (m)[b]/2.03 (m)[b]


3D 1.93 (m)[b]/2.12 (m)[b] 1.93 (m)[b]/2.14 (m)[b] 1.90 (m)[b]/2.09 (m)[b] 1.93 (m)[b]/2.14 (m)[b]


4D 5.02 (m)[b] 5.08 (m)[b] 5.00 (m)[b] 5.07 (m)[b]


5D 4.21 (q, 6.6) 4.24 (q, 6.4)/4.24 (q, 6.4)[a] 4.21 (q, 6.6) 4.23 (q, 6.4)/4.23 (q, 6.4)[a]


6D 1.25 (d, 6.6) 1.26 (d, 6.4)/1.32 (d, 6.4)[a] 1.25 (d, 6.5) 1.25 (d, 6.5)/1.31 (d, 6.6)[a]


1E 5.17 (m) [4.60 (d, 9.4)][c] 5.17 (d, 8.6) 5.15 (d, 8.6) 5.17 (m) (8.7)
2E 1.80 (m)[b]/2.55 (m)[b] 1.83 (m)[b]/2.56 (m)[b] 1.83 (m)[b]/2.49 (m)[b] 1.86 (m)[b]/2.54 (m)[b]


3E 1.69 (m)[b]/2.45 (m)[b] 1.81 (m)[b]/2.48 (m)[b] 1.79 (m)[b]/2.45 (m)[b] 1.84 (m)[b]/2.50 (m)[b]


4E 3.36 (m) 3.36 (m) 3.33 (m) 3.38 (m)
5E 3.62 (qd, 9.1; 6.1) 3.62[b] (m) 3.68 (qd, 9.1; 5.9) 3.69 (qd, 9.0; 6.1)
6E 1.38 (d, 6.2) 1.39 (d, 6.0) 1.41 (d, 6.0) 1.41 (d, 6.1)
1F 4.63 (dd, 8.9; 1.8) 4.64 (dd, 8.7; 1.8) 4.65[b] (m) [4.42 (dd, 9.4; 1.8)][c] 4.65 (m)[b]


2F 1.64 (m)[b]/2.15 (m)[b] 1.68 (m)[b]/2.14 (m)[b] 1.65 (m)[b]/2.10 (m)[b] 1.69 (m)[b]/2.16 (m)[b]


3F 1.85 (m)[b]/2.12 (m)[b] 1.86 (m)[b]/2.13 (m)[b] 1.85 (m)[b]/2.10 (m)[b] 1.89 (m)[b]/2.13 (m)[b]


4F 3.44 (m) 3.44 (m) 3.42 (m) 3.43 (m)
5F 3.52 (m)[b] 3.51 (m)[b] 3.52 (m)[b] 3.52 (m)[b]


6F 1.46 (d, 5.9) 1.47 (d, 5.8) 1.47 (d, 5.9) 1.48 (d, 6.0)
2’ – 3.91 (q, 7.2), 3.92 (q, 7.2)[a] – 3.90 (q, 7.3), 3.89 (q, 7.3)[a]


3’-COOH 12.60 (br s)[d] n.d. 12.71 (br s)[d] n.d.
4’ 1.72 (s) 1.67 (d, 7.3)/1.66 (d, 7.2)[a] 1.74 (s) 1.67 (d, 7.3), 1.65 (d, 7.2)[a]


5’ 1.71 (s) – 1.72 (s) –


[a] Signal doubling possibly due to diastereomeric forms of monomethylmalonyl-substituted cervimycins. [b] Partial overlapping of signals. [c] Signal re-
corded in CDCl3. [d] Signal recorded in [D6]DMSO.
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co. Isolation was achieved by touching the wall between the paintings
with sterile cotton swabs. The adherent bacteria were suspended in sterile
0.15 m sodium phosphate puffer (pH 7) prior to dilution plating on differ-
ent growth media. Strain HKI 0179 was isolated from peptone yeast ex-
tract brain-heart-infusion medium (PY-BHI), following incubation at
28 8C. Laboratory cultivation was conducted by using oatmeal agar plates
(ISP medium 3) or agar slant tubes,[15] or in liquid organic medium 79.[38]


Stock cultures of strain HKI 0179 in liquid organic medium 79 supple-
mented with 5% DMSO were maintained in the vapour phase of liquid
nitrogen.


Fermentation of S. tendae HKI 0179, and purification and characteriza-
tion of the cervimycins : The cervimycin-producing strain S. tendae
HKI 179 was grown on oatmeal agar (ISP3 medium containing 1%
rolled oates, 1% oatmeal, 1% agar) slants. After 14 d incubation at
28 8C, the spores were harvested. Seed medium (60 mL) consisting of
1.5% glucose, 0.2% (NH4)2SO4, 0.1% KH2PO4, 0.5% NaCl, 0.1%
CaCO3, and 1 mLL�1 trace element solution (R2) in a 500 mL Erlenmey-
er flask was inoculated with a spore suspension to yield 2M107 mL�1. The
seed culture was incubated at 28 8C for 48 h on a rotary shaker at
200 rpm.


Inoculum cultures in 2 L Erlenmeyer flasks with 400 mL liquid medium
(2% glucose, 0.05% yeast extract, 0.2% (NH4)2SO4, 0.1% KH2PO4,
0.5% NaCl, 0.1% CaCO3, and 1 mLL�1 trace element solution) were in-
oculated with 5% (v/v) of the seed culture, and incubated at 28 8C for
26–28 h on a rotary shaker at 160 rpm. The large-scale fermentation was
performed in a 300 L stirring vessel fermenter (B. Braun Biotech Interna-
tional, Melsungen, Germany). 180 L fermentation medium (2.5% glu-
cose, 0.75% cornsteep, 0.025% KH2PO4, 0.5% NaCl) was inoculated
with 3 L inoculum cultures and cultivated at 28 8C, 200 mbar pressure,
aeration of 50 Lmin�1, and a stirring rate of 250 rpm. After 48 h, the cul-
ture was harvested. Cells and broth were separated by using a separator.
The filtrate was adjusted to pH 5.0 and exhaustively extracted with ethyl
acetate. The concentrated extract (10 L) was washed with water, dried
with Na2SO4, and concentrated to dryness under reduced pressure. The
residue (30 g) was treated with a small amount of CHCl3, and lipophilic
compounds were separated by means of petrol ether precipitation. Pre-
purification was achieved by performing gel permeation chromatography
with a Sephadex LH20 column (50M5.5 cm) and methanol as eluent. The
bioactive fraction was subjected to a second purification step by using a
Sephadex column (130M6 cm) to yield several active fractions. Final puri-
fication by performing preparative HPLC (Shimadzu) using a Prontosil
120–15-C18AQ column (15 mm, 250M20 mm) and a 0.01m ammonium ace-
tate/acetonitrile gradient (20–99.5% acetonitrile in 25 min) as eluent at a
flow rate of 25 mLmin�1 (UV detection at 247 nm) afforded 1 (375 mg),
2 (33 mg), 3 (1600 mg), and 4 (927 mg).


Cervimycin A (1): Yield: 375 mg. Orange powder; m.p. 156–158 8C;
[a]22D =++35.2 (c=0.96 in MeOH); IR (ATR-method, solid film): ñ=1593,
1626 (aromatic C=C), 1730 (C=O), 2853, 2923, 2954 (aliphatic methins),
3568 cm�1 (OH); UV/Vis (MeOH): lmax (e)=240 (33925), 277 (25830),
434 nm (5683 mol�1m3cm�1); UV/Vis (MeOH+NaOH): lmax (e)=204
(88296), 251 (27504), 277 (25943), 566 nm (7024 mol�1m3cm�1); MS
(ESI�): m/z (%): 1225 (100) [M�H]� ; MSn (ESI+): m/z : 1021
[M+Na�2M114]+ , 679 [M+Na�5M114]+ , 593 [5M114+Na]+ , 451
[M+Na�7M114]+ ; HRMS: m/z : calcd for C62H82NaO25 [M+Na]+ :
1249.5043; found: 1249.5046.


Cervimycin B (2): Yield: 33 mg. Orange powder; m.p. 132–134 8C; [a]22D =


+26.00 (c=0.55 in MeOH); IR (ATR-method, solid film): ñ=1593, 1626
(aromatic C=C), 1730 (C=O), 2871, 2929 cm�1 (aliphatic methins); UV/
Vis (MeOH): lmax (e)=239 (50121), 280 (36559), 434 nm
(5547 mol�1m3cm�1); MS (ESI�): m/z (%): 1211 (100) [M�H]� ; MSn


(ESI+): m/z : 1007 [M+Na�2M114]+ , 679 [M+Na�4M114�100]+ , 579
[4M114+100+Na]+ , 451 [M+Na�6M114�100]+ ; HRMS: m/z : calcd for
C61H80NaO25 [M+Na]+ : 1235.4887; found: 1235.4909.


Cervimycin C (3): Yield: 1600 mg. Orange powder; m.p. 167–168 8C;
[a]22D =++26.5 (c=0.51 in MeOH); IR (ATR-method, solid film): ñ=1593,
1626 (aromatic C=C), 1727 (C=O), 2854, 2922, 2953 (aliphatic methins),
3351 cm�1 (OH); UV/Vis (MeOH): lmax (e)=242 (45551), 434 nm
(6853 mol�1m3cm�1); UV/Vis (MeOH+NaOH): lmax (e)=203 (88158),


249 (36490), 273 (29205), 563 nm (8783 mol�1m3cm�1); MS (ESI�): m/z
(%): 1226 (100) [M�H]� ; MSn (ESI+): m/z : 1022 [M+Na�2M114]+ , 680
[M+Na�5M114]+, 593 [5M114+Na]+, 452 [M+Na�7M114]+; HRMS: m/z:
calcd for C61H81NaNO25 [M+Na]+ : 1250.4995; found: 1250.5002.


Cervimycin D (4): Yield: 927 mg. Orange powder; m.p. 158–160 8C;
[a]22D =++39.9 (c=0.60 in MeOH); IR (ATR-method, solid film): ñ=1593,
1625 (aromatic C=C), 1729 (C=O), 2872, 2932 cm�1 (aliphatic methins);
UV/Vis (MeOH): lmax (e)=242 (28451), 434 nm (4109 mol�1m3cm�1);
MS (ESI�): m/z (%): 1212 (100) [M�H]� ; MSn (ESI+): m/z : 1008
[M+Na�2M114]+ , 680 [M+Na�4M114�100]+ , 579 [4M114+100+Na]+ ,
452 [M+Na�6M114�100]+ ; HRMS: m/z : calcd for C60H79NaNO25


[M+Na]+ : 1236.4839; found: 1236.4857.


For NMR data, see Tables 2 and 3.


Total hydrolysis of 3 and hydrazone precipitation : Compound 3
(0.04 mmol) was added to 2n HCl (10 mL) and the mixture was stirred
at 90 8C for 2 d under an argon atmosphere. The reaction was monitored
by performing TLC (CHCl3/MeOH, 9:1, stained with anisaldehyde/
H2SO4). After filtration and neutralization with concentrated NaOH, the
solution was evaporated to dryness. The residue was extracted with
CHCl3/MeOH (9:1, 100 mL) with stirring for 1 d. The mixture was filtrat-
ed and the insoluble residue was washed with CHCl3/MeOH (9:1). The
filtrate was concentrated under reduced pressure and used for the hydra-
zone precipitation.


The solution of the hydrolysate in EtOH (1 mL, 95%) was added to a
mixture of 2,4-dinitrophenylhydrazine (0.4 mmol), concentrated H2SO4


(0.2 mL), and EtOH (75%, 2 mL), and kept overnight at room tempera-
ture. After addition of water (100 mL), the mixture was exhaustively ex-
tracted with EtOAc. The combined organic fractions were dried over
Na2SO4 and evaporated to dryness. The residue (90 mg) was purified on
silica with a gradient (CHCl3/MeOH, 15:1 to CHCl3/MeOH, 10:1). A
fraction containing substances with m/z=312 was subjected to prepara-
tive TLC (CHCl3/MeOH, 15:1). The mixture (4.9 mg) of the two isomers
obtained was separated by using semipreparative HPLC (Nucleosil
100 C18, 5 mm; 125M4.6 mm eluted with ACN/0.1% TFA gradient rang-
ing from (ACN): 1–10 min 0.5%, to 70 min 99.5%, 70–80 min 99.5%, to
90 min 0.5%, at a flow rate of 5 mLmin�1), yielding the 2,4-dinitrophe-
nylhydrazones of d-amicetose (1.5 mg) [a]22D =�10.78 (c=0.15 in pyri-


Table 4. 1H and 13C NMR data of cervimycin F (aglycone of cervimy-
cin C) in [D6]DMSO.


Position dC [ppm] dH [ppm] (J in Hz)


1 195.5 –
2 97.9 –
3 193.9 –
3-OH – 18. 16 (br s)
4 68.1 3.85 (m)
4-OH – 5.89 (br s)
4a 44.9 2.63 (ddd, 11.9, 5.0, 1.6)
5 27.0 3.34 (wdd, 18.6, 1.6)


3.40 (dd, 18.6, 5.0)
5a 150.4 –
6 118.6 7.46 (s)
6a 133.7 –
7 178.5 –
8 160.9 –
9 110.0 6.36 (s)
10 190.2 –
10a 112.8 –
11 161.7 –
11-OH – 13.35 (s)
11a 124.2 –
12 192.5 –
12a 78.0 –
12a-OH – 6.85 (br s)
13 57.0 3.89 (s)
14 173.1 –
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dine) (literature data: [a]25D =�10.08 (c=0.9 in pyridine))[19] and l-rhodi-
nose (1.4 mg) [a]22D =�21.48 (c=0.14 in pyridine) (literature data: [a]22D =


�17.78 (c=0.6 in pyridine)).[20]


Hydrolysis of 3 and isolation of the aglycone : Compound 3 (0.16 mmol)
was added to 0.1n methanolic HCl (50 mL) and stirred overnight at
room temperature. The precipitate was filtrated and washed twice with
MeOH. The residue afforded 48.3 mg of pure aglycone of 3 (cervimy-
cin F) as an orange solid. M.p. 205–208 8C; [a]22D =++86.88 (c=0.13 in pyri-
dine); IR (ATR-method, solid film): ñ=3370, 3260, 3235, 1669, 1618,
1587 cm�1; MS (ESI�): m/z : 428 [M�H]� ; HRMS: m/z : calcd for
C20H14O10 [M�NH2+H]+ : 414.0571; found: 414.0579.


For NMR data, see Table 4.
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A Multinuclear NMR Relaxometry Study of Ternary Adducts Formed
between Heptadentate GdIII Chelates and l-Lactate
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Bruna Mondino,[a] Fulvio Uggeri,[d] and Silvio Aime*[a]


Introduction


Nowadays, it is well established that relaxometry is the tech-
nique of choice for studying GdIII complexes. In fact,
through the measurement of 1H and 17O relaxation times of
the solvent water nuclei, it is possible to obtain relevant in-
formation on the structure and dynamics of GdIII complexes
in aqueous solutions. These studies are of fundamental im-
portance in the assessment of the potential of a given GdIII


complex as contrast agent for magnetic resonance imaging
(MRI) applications.[1] Actually, the basic property for such
applications is represented by the relaxivity, that is, the re-
laxation enhancement of solvent water protons promoted by
the paramagnetic complex at 1mm concentration. In the last
two decades, an impressive amount of work has been carried
out aimed at elucidating the relationship between the deter-
minants of the water relaxation enhancement and the struc-
tural and dynamic characteristics of the GdIII complex.[2]


Conversely, not much has been done in the field of the re-
laxation enhancement of substrates other than water that
may replace water molecule(s) in the inner coordination
sphere of the GdIII ion. In view of the current applications
of the in vivo magnetic resonance spectroscopy, which gives
information about the distribution of low-molecular-weight
metabolites, we decided it would be of interest to undertake
a detailed relaxometry study of l-lactate, which is a metabo-
lite of high relevance in the diagnosis of important diseas-
es.[3–5]


As the most common coordination number of GdIII ion is
nine and l-lactate acts as a bidentate ligand, the formation
of ternary complexes can be pursued with GdIII chelates and
heptacoordinate ligands.[6–10]


In this paper, we report the results of relaxometry investi-
gations on the ternary adducts formed between l-lactate
(and its fluorinated analogue) and a series of heptacoordi-


Abstract: Dramatic relaxation en-
hancements of l-lactate resonances
have been observed upon formation of
ternary adducts with GdIII complexes
of heptadentate DO3A and DO3A-
like ligands (DO3A=1,4,7,10-tetraaza-
ciclododecane-1,4,7-triacetic acid). De-
tailed 1H and 17O NMR relaxometry in-
vestigations allow us to obtain structur-
al, dynamic and thermodynamic infor-
mation on the ternary complexes in
which l-lactate acts as a bidentate


ligand replacing two water molecules
in the inner coordination sphere of the
GdIII ion. It has been found that the ex-
change rate of the coordinated l-lac-
tate is modulated by the structural and
electronic properties of the parent Gd-
heptacoordinated macrocyclic chelate.


In addition to the characterisation of
the relaxation behaviour of the 1H
methyl resonance of l-lactate, this
study has been extended to its 13C
isomer (fully enriched at the three po-
sitions) and to the trifluoro-l-lactate.
The obtained results may be relevant
to the development of relaxation
agents able to promote the relaxation
enhancement of specific substrates de-
tectable by in vivo magnetic resonance
spectroscopy.


Keywords: gadolinium · lactate ·
macrocyclic ligands · NMR
spectroscopy · relaxometry
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nate macrocyclic GdIII complexes: [Gd(DO3A)], [Gd-
(MBzDO3A)], [Gd(CBzDO3A)]� and [Gd-
(MBzDO3AM)]3+ .


The structure of the metal complexes considered herein
allows the assessment of the role played by the residual
electric charge ([Gd(MBzDO3A)] vs [Gd(MBzDO3AM)]3+)
and by the substitution at the macrocyclic nitrogen site
([Gd(DO3A)] vs [Gd(MBzDO3A)] and [Gd(CBzDO3A)]�)
on the formation and dynamic of the resulting ternary ad-
ducts.


Results and Discussion


1H and 17O water relaxation : In principle, the binding of l-
lactate to GdIII complexes with heptadentate ligands may in-
volve the replacement of the two inner coordination sphere
water molecules as sketched in Scheme 1.


Therefore, relaxometry measurements, which are known
to be sensitive to the number of metal bound water (q), pro-
vide a reliable route to investigate the formation of ternary
complexes between [Gd(DO3A)] (and related derivatives)
and l-lactate.[8,11] The r1 values (10 MHz, pH 6.5 and 298 K)
measured for the GdIII complexes investigated herein are re-
ported in Table 1. In spite of the relatively high number of
parameters that control the r1 value, the relaxivity at
10 MHz of structurally similar GdIII complexes is basically
proportional to q and to the reorientation correlation time
of the complex, tR.


[2]


The relaxivity of [Gd(DO3A)] is significantly lower than
that of other chelates. This result can be mainly ascribed to
a shorter tR value (or eventually to a slightly longer distance
between GdIII and the coordinated water protons), rather
than a decrease of q, because it has been demonstrated that
this complex is present in aqueous solution under the pre-


dominant form of the bis-aquo species.[12,13] Moreover, the
higher r1 values measured for [Gd(MBzDO3A)], [Gd-
(CBzDO3A)]� and [Gd(MBzDO3AM)]3+ may also reflect
an anisotropic effect on the molecular reorientational
motion caused by the introduction of a bulky substituent at
the secondary amine site of the macrocycle.
Figure 1 reports the temperature dependence of the para-


magnetic contribution to the transverse relaxation rate of
17O water in the presence of the four GdIII complexes.


The similar values observed for 17O R2p maxima support
the view that the GdIII ion in the four complexes has an
analogous hydration state. However, the difference in the
shape of the curves suggests that the coordinated water mol-
ecules have different exchange rates, kWex. In fact, the quanti-
tative analysis of these data according to the available
theory,[2] and upon assuming that the two water molecules
display the same exchange rate, provided the 298kWex values
listed in Table 1.
The value obtained for the parent compound [Gd-


(DO3A)] is in excellent agreement with the previously pub-
lished data (11.0(�1.0)H106 s�1).[12] Interestingly, the water
exchange rates for [Gd(MBzDO3A)] and [Gd-
(CBzDO3A)]� are slightly higher, as already observed for
other N-functionalised DO3A derivatives,[8,14,15] whereas the
presence of three neutral coordinating amide groups in [Gd-
(MBzDO3AM)]3+ yields a decrease of the exchange rate.
This last result indicates that the effect of the residual elec-
tric charge on kWex in macrocyclic heptadentate chelates is


Scheme 1.


Table 1. Relaxivities at 10 MHz (for the free and l-lactate-bound com-
plexes), binding constants with l-lactate and water exchange rates of the
heptadentate GdIII complexes investigated in this work obtained from 1H
and 17O water relaxometry (298 K, pH 6.5).


r1
[s�1mm


�1]


298kWex
[H106 s�1]


KA rb1
[s�1mm


�1]


[Gd(DO3A)] 6.95 13.3�1.4 150�10 3.2
[Gd(CBzDO3A)]� 10.5 21.7�2.1 1300�80 4.0
[Gd(MBzDO3A)] 9.50 31.2�1.8 1500�100 3.9
[Gd(MBzDO3AM)]3+ 8.95 10.1�1.4 8500�450 3.7


Figure 1. Plots of the paramagnetic contribution to the 17O water trans-
verse relaxation rate (7 T) versus temperature for 20mm aqueous solu-
tions (pH 6.5) of [Gd(DO3A)] (squares), [Gd(MBzDO3A)] (circles),
[Gd(CBzDO3A)] (diamonds), and [Gd(MBzDO3AM)]3+ (triangles).
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much less marked with respect to the corresponding octa-
dentate DOTA-like complexes, which adopt square-antipris-
matic geometry.[16–18]


Upon titrating a solution of [Gd(DO3A)] (and related de-
rivatives) with l-lactate, the changes in the observed water
proton relaxation rate give information on the formation of
the ternary complexes.[11] In fact, each point in the diagram
reported in Figure 2 represents the weighted average of the
contributions arising from the bis-aquo complex and the l-
lactate adduct.


The affinity towards l-lactate for the GdIII complexes ex-
amined in this work follows the order [Gd-
(MBzDO3AM)]3+> [Gd(MBzDO3A)], [Gd-
(CBzDO3A)]�>
[Gd(DO3A)] (see
Table 1). The higher
affinity displayed by
the amide derivative is likely to be a result of the stronger
electrostatic interactions between the anionic substrate and
the positively charged complex. As far as the other neutral,
on the coordination cage, complexes are concerned, the af-
finity of [Gd(MBzDO3A)] and [Gd(CBzDO3A)]� is signifi-
cantly higher, approximately one order of magnitude, than
the parent [Gd(DO3A)].
The relaxivity values (rb1) of the ternary adducts, listed in


Table 1, fall in the range 3.2–4.0 s�1mm�1, consistent with the
absence of water in the inner coordination sphere of the
metal.


Exchange rate of l-lactate in the ternary adducts : Having
estimated the thermodynamic stability (KA) of the binding
interaction between l-lactate and the heptadentate GdIII


complexes, we went on to investigate the kinetic properties
of the ternary adducts.
Analogously to the exchange process for GdIII-bound


water molecules, the assessment of the residence lifetime of
the anionic substrate at the metal site can be carried out by
measuring the temperature dependence of the paramagnetic


contribution to the longitudinal relaxation rate of a given
nucleus of the substrate molecule (RS1p).
In analogy to the procedure followed in the analysis of


the relaxation rates of water protons,[2] RS1p term is given by
Equation (1), in which the superscript S refers to a given nu-
cleus of the substrate molecule (e.g. the methyl group of l-
lactate), obs is its relaxation rate measured in a solution
containing the GdIII complex, dia is the corresponding relax-
ation rate measured in a solution devoid of the paramagnet-
ic agent, and the terms “is” and “os” refer to the contribu-
tions to the relaxation rate arising from substrate molecules
in the inner and in the outer sphere of the metal ion, respec-
tively.


RS
1p ¼ RS-obs


1 �RS-dia
1 ¼ RS-is


1p þ RS-os
1p ð1Þ


In contrast to the case of water protons, one may safely
assume that the outer sphere contribution of the substrate is
negligible and, consequently, Equation 1 reduces to give
Equation (2) in which [Sub]bound/[Sub]total is the molar frac-
tion of the substrate bound to the GdIII complex, TS1M is the
relaxation rate of the substrate nucleus when the substrate
is bound to the complex and tSM is the residence lifetime of
the substrate at the metal centre.


RS
1p;R


S-is
1p ¼ ½Sub�bound


½Sub�total
1


TS
1M þ tSM


ð2Þ


Of course, the molar fraction of the bound substrate is de-
pendent on the total concentration of the paramagnetic
complex ([Gd(L)]) and on the affinity constant KA [Eq. (3)].


½Sub�bound ¼
KA½GdðLÞ� þKA½Sub�total þ 1�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKA½GdðLÞ� þKA½Sub�total þ 1Þ2�4KA


2½GdðLÞ�½Sub�total
p


2KA


ð3Þ


For relatively fast-tumbling systems (rotational mobility
tR <500 ps) and at the magnetic field strength of 7 T, the
extreme narrowing conditions (w2Ht


2
R!1) are met and,


therefore, TS1M is given by Equation (4) in which KDIP is a
constant accounting for the dipolar interaction between the
unpaired electrons of GdIII ion and the nuclear spins of the
substrate (e.g., 3.887H10�42 m6s�2 for proton), rS is their dis-
tance, and tSR is the rotational correlation time of the ternary
adduct.


ðTS
1MÞ�1 ¼ 1


5
KDIPtSR


r6S
ð4Þ


Since the determination of tSM involves the analysis of the
temperature dependence of RS1p, it is necessary to consider
the temperature dependence of all the involved parameters
[Eq. (5) and (6)].


ðtSj Þ�1
T ¼


ðtSj Þ�1
298T


298:15
exp


�
DHj


R


�
1


298:15
� 1
T


��
ð5Þ


Figure 2. Plots of the longitudinal relaxation rate of 1H water protons
versus concentration of l-lactate for 1mm aqueous solutions of [Gd-
(DO3A)] (squares), [Gd(MBzDO3A)] (circles), [Gd(CBzDO3A)] (dia-
monds), and [Gd(MBzDO3AM)]3+ (triangles) (10 MHz, 298 K, pH 7).
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lnKA ¼ �DHadd


RT
þ DSadd


R
ð6Þ


In Equations (5) and (6) j=M (residence lifetime) or R
(rotational mobility), DHj is the activation enthalpy for the
corresponding process, and DHadd and DSadd represent the
enthalpy and the entropy for the binding equilibrium, re-
spectively.


First of all, the temperature dependence of the binding af-
finity between l-lactate and the heptadentate GdIII com-
plexes has been determined by measuring the proton relaxa-
tion enhancements as function of temperature in the range
280–320 K. The data, fitted to the vanJt Hoff equation
[Eq. (6)], yielded the results reported in Table 2. The ther-
modynamic data indicate that the formation of the ternary
adducts is, as expected, an exothermic, enthalpy-driven pro-
cess.


As the exploitation of the relaxation enhancement of l-
lactate resonance is in the field of spectroscopic MRI, it is
worth assessing the relaxation behaviour of the various
nuclei.
In Figure 3 the temperature dependence of the relaxation


rate of methyl protons, RMe-is1 , obtained for solutions con-
taining 10mm of l-lactate and 1mm of the heptadentate
GdIII complexes, is reported.
First of all, it has to be noted that the RMe-is1 values are


sensibly higher than the typical water proton relaxivities re-
ported for GdIII complexes. This finding relies on the fact
that the inner sphere paramagnetic contribution to R1 is di-
rectly related to the molar fraction of nuclei bound to the


GdIII centre and this value is equal to approximately 3.6H
10�5 in the case of water protons (1mm of a bis-aquo GdIII


complex), but about three orders of magnitude higher in the
case of l-lactate (e.g., it gives a value of 5.8H10�2 for a
1mm solution of [Gd(DO3A)] and 10mm solution of l-lac-
tate at 298 K).
Figure 3 shows that the temperature dependence of RMe-is1


is characterised by a bell-shaped profile. This behaviour re-
flects the opposite temperature dependence of TS1M and tSM;
the former term decreases upon increasing the temperature
(owing to the shortening of tSR), whereas the latter increases.
On this basis, the RMe-is1p enhancement upon increasing tem-
perature indicates that tMeM is larger than TMe1M [see Eq. (2)],
whereas the decrease of RMe-is1p corresponds to the occurrence
of the TMe1M>tMeM condition. Qualitatively, for systems endow-
ed with similar TS1M values as those investigated herein, the
higher the temperature at which the maximum RMe-is1p value
is recorded, the longer the residence lifetime of the sub-
strate. The fitting of the data, according to the set of equa-
tions reported above, confirmed this qualitative conclusion
and yielded the parameters listed in Table 3 (in analogy to
water molecules the residence lifetime of l-lactate is ex-
pressed as exchange rate, kMeex =1/t


Me
M ).


The exchange rate of l-lactate at the GdIII site is signifi-
cantly slower than that of the water molecules, as expected
on the basis of its bidentate interaction with the metal
centre. Actually, the lability of the substrate appears to be
inversely related to the binding affinity. The distances be-
tween the methyl protons of l-lactate and the GdIII centre
obtained from our fitting (4.75–4.78 M) are in good agree-
ment to what is observed in the X-ray structure of a ternary
adduct in which the same substrate is bound to an YbIII


complex of a triamide DO3A derivative (an average of
4.87 M for the three methyl protons).[19] This confirms that
the anionic substrate “bites” the metal centre with the car-
boxylate group at the equatorial position and the OH group
in the capping axial position. In Figure 4 the structure for
the [Gd(DO3A)(l-lactate)] adduct obtained in silico is re-
ported.


Ternary adducts with 13C-enriched l-lactate : We extended
the study to other nuclei of l-lactate substrate. Whereas the
detection of the CH proton is difficult, either as a result of
the multiplicity due to its coupling to methyl protons or be-
cause its resonance frequency is quite close to the resonance
of water protons, the measurement of the relaxation rate of
13C resonances for the fully 13C-enriched l-lactate is straight-


Table 2. Thermodynamic data related to the formation of the ternary ad-
ducts with l-lactate.


DHadd [kJmol
�1] DSadd [Jmol


�1K]


[Gd(DO3A)] �12.9�1.5 �2.2�0.2
[Gd(CBzDO3A)]� �35.9�1.4 �63.0�2.9
[Gd(MBzDO3A)] �36.5�2.5 �62.4�3.2
[Gd(MBzDO3AM)]3+ �45.2�2.9 �76.5�4.1


Figure 3. Plots of the paramagnetic contribution to the 1H-longitudinal
relaxation rate (7 T) of methyl protons of l-lactate (10mm) versus tem-
perature for 1mm aqueous solutions (pH 7) of [Gd(DO3A)] (squares),
[Gd(MBzDO3A)] (circles), [Gd(CBzDO3A)] (triangles), and [Gd-
(MBzDO3AM)]3+ (diamonds).


Table 3. Exchange rates of l-lactate and mean distance between methyl
protons and GdIII ion in the ternary adducts.


298kMeex [s
�1] rMe [M]


[Gd(DO3A)] 1200�70 4.78�0.04
[Gd(CBzDO3A)]� 920�55 4.70�0.04
[Gd(MBzDO3A)] 490�35 4.75�0.04
[Gd(MBzDO3AM)]3+ 90�5 4.75�0.04
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forward. The temperature dependence of the relaxation rate
of three 13C resonances of l-lactate in the presence of [Gd-
(CBzDO3A)]� is shown in Figure 5.


A qualitative inspection into the results reported in
Figure 5 indicates that the 13CRis1p values for the methyl
carbon are significantly smaller than those ones measured
for the protons of the same chemical moiety. Since


13CrMe<
1HrMe, this observation means that the ratio


1HKDIP/
13CKDIP is


larger than (
1HrMe/


13CrMe)6. Actually, the quantitative analysis
of such data yielded a


13CrMe value of 4.0 M versus 4.75 M ob-
tained for


1HrMe (these values have been obtained under the
assumption that the reorientational correlation times for
Gd�H(methyl) and Gd�C(methyl) vectors are equal).
On the other hand, the larger


13CRis1p values measured for
the a-carbon atom and for the carboxylate group are due to
the shorter


13Cr values (3.0 and 2.75 M, respectively).
It is worth noting that the


13Cr values obtained from our
analysis are only slightly shorter (ca. 12%) than the distan-
ces observed in the X-ray structure of a related system,[18]


thus confirming again the good reliability of this approach
for assessing the structural properties of these adducts.
Concerning


13Ckex, the obtained values at 298 K are in a
relatively good agreement to those ones previously deter-
mined from the 1H measurements on the same ternary
adduct: 920 s�1 from the methyl protons, 885 s�1 from the
methyl carbon atom, 1150 s�1 from the a-carbon atom and
1040 s�1 from the carboxylate group.
Interestingly, and in contrast to the case of methyl pro-


tons, the differences in the temperature at which
13CRis1p


maxima occur have now to be associated with different
13CT is1M values rather than different exchange rates.


Ternary adducts with trifluoromethyl-l-lactate : In addition
to 1H and 13C detection, our study has also considered 19F re-
laxation through the use of trifluoromethyl-l-lactate.
Whereas l-lactate and its 13C-enriched form have the same
affinity towards a given GdIII complex, it is expected that
the presence of the trifluoro residue may affect the binding
strength between the two interacting species. For this
reason, we measured the KA values for the adducts formed
by trifluoro-l-lactate with [Gd(DO3A)] and [Gd-
(MBzDO3A)]. Actually, although the relative affinity trend
is maintained, the binding affinity of the trifluoro derivative
is noticeably less than l-lactate (Table 4).


Likely, this is the result of the strong electron-withdrawing
ability of fluorine atoms that weakens the coordinating abili-
ty of the oxygen donor atoms.
The temperature dependence of


19FRCF3-is1p of trifluoro-l-lac-
tate measured for solutions containing [Gd(DO3A)] and
[Gd(MBzDO3A)] is shown in Figure 6.
The highest 19F relaxation rates are reached at lower tem-


peratures (about 300 K) with respect to the 1H (ca. 330 K)
and 13C (315 K for methyl carbon atom) experiments with l-
lactate. This observation can be accounted for in terms of
either a longer


19FTCF31M or a short t
CF3
M . The


19F nucleus has a
magnetogyric ratio 6% lower than 1H and, consequently
19FKDIP is only 12% lower than


1HKDIP. This means that
19FTCF31M


should not be much lower than
1HTMe1M and, therefore, the


data reported in Figure 6 suggest that tCF3M !tMeM . Actually,
the fitting of the experimental data (carried out, in this case,
without considering the temperature dependence of KA)
confirmed this view yielding kCF3ex values (Table 4) much
higher than kMeex .
Interestingly, the direct correlation between KA and kex is


still maintained with a kCF3ex /k
Me
ex ratio almost equal to KMe


A /
KCF3
A for both GdIII complexes.
Though the


19FTCF31M values are rather short and partly
quenched by tCF3M ,


19FRCF3-is1p values are not particularly high if


Figure 4. Structure of [Gd(DO3A)(l-lactate)] adduct obtained in silico.


Figure 5. Plots of the paramagnetic contribution to the 13C longitudinal
relaxation rate (7 T) of l-lactate (10mm) versus temperature for 1mm


aqueous solution of [Gd(CBzDO3A)] (pH 7): �CH3 (squares), �CH (cir-
cles),�COO� (diamonds).


Table 4. Binding constant, exchange rate and mean 19F�GdIII distance de-
termined for ternary adducts with trifluoro-l-lactate.


KA
298kCF3ex [s


�1] rCF3 [M]


[Gd(DO3A)] 9�3 21600�2200 5.21�0.08
[Gd(MBzDO3A)] 90�20 7700�800 5.7�0.09
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compared to the corresponding values measured for methyl
protons. This observation is the result of the lower affinity
shown by the trifluoro derivative that reduces considerably
the molar fraction of substrate molecule bound to the metal
centre.
The distances between GdIII ion and the fluorine atoms of


trifluoro-l-lactate in the ternary adduct are longer than the
corresponding values for methyl protons as a consequence
of their increased atomic size.


Conclusion


l-Lactate is a commonly in vivo detectable substrate in
1H NMR spectroscopy as it may be present at millimolar
concentration in living organisms. Its concentration is taken
as reliable marker of a limited oxygen supply to cellular me-
tabolism. The availability of paramagnetic agents able to
promote a dramatic enhancement of the relaxation rates of
l-lactate nuclei may be very useful to improve the detection
of this metabolite. Moreover, the design of agents endowed
with specific intracellular distribution may provide new im-
portant insights on the underlying pathway of formation and
use of l-lactate at cellular level.


Experimental Section


Chemicals : All the reagents and the inorganic salts were purchased from
Sigma–Aldrich and used without further purification. DO3A ligand
(DO3A=1,4,7,10-tetraazaciclododecane-1,4,7-triacetic acid) was kindly
provided by Bracco Imaging S.p.A. (Milan, Italy). 13C-Enriched l-lactate
was purchased from Isotec Inc.


Synthesis of the ligands : MBzDO3A (MBzDO3A=10-[(3-methoxyphe-
nyl)methyl]-1,4,7,10-tetraazaciclododecane-1,4,7-triacetic acid]) and
MBzDO3AM (MBzDO3AM=10-[(3-methoxyphenyl)methyl]-1,4,7,10-
tetraazaciclododecane-1,4,7-tris-[(aminocarbonyl)methyl]) ligands were
synthesised as reported in the literature.[11]


CBzDO3A (CBzDO3A=10-[(4-carboxyphenyl)methyl]-1,4,7,10-tetraaza-
ciclododecane-1,4,7-triacetic acid]) ligand was synthesised as follows:


Cyclen (1,4,7,10-tetraazacyclododecane, 0.22 mol) was N-alkylated with
4-bromomethyl benzoic acid (0.045 mol, solvent water, room tempera-
ture, overnight). The solution, brought to neutral pH with HCl 5%, was


concentrated and most of the unreacted cyclen was removed as solid by
adding ethanol. Then, the alcoholic solution was evaporated and the
solid residue, still containing some cyclen, was purified by liquid chroma-
tography (solid phase DuoliteR C20MB, eluent: water up to pH 7 and
then ammonia 2m). The monoalkylated cyclen was obtained in 85%
yield (11.8 g).


The monoalkylated cyclen (5 g, 0.016 mol) was dissolved in water, and
bromoacetic acid (0.068 mol) was added dropwise. Then, the pH of the
solution was brought up to 10 by adding NaOH 10n. After heating (50–
60 8C, overnight), the solution was filtered and acidified with HCl 10%
up to pH 2.5. The final product was purified by liquid cromatography. A
first eluition (solid phase: AmberliteR XAD 1600, eluent: water) was car-
ried out in order to separate the product and bromide ions from secon-
dary reaction products. Then, a second eluition (solid phase: DuoliteR


C20MB, eluent: water up to pH 7 and then ammonia 2m) was performed
from separate the halide ions from the product. CBzDO3A was obtained
in 74.3% yield (5.7 g). 1H NMR (D2O, tBuOH as reference): d=7.85 (d,
J=8.1 Hz, 2H), 7.55 (d, J=8.1 Hz, 2H), 3.9 (s, 3H), 2.9–3.7 ppm (m,
24H); MS (MALDI-TOF): m/z calcd for C22H32N4O8: 480.5; found:
479.1.


Synthesis of the GdIII complexes: The GdIII complexes were synthesised
in water at room temperature by adding equimolar amounts of
GdCl3·6H2O and a given heptacoordinating ligand. The pH was moni-
tored during the synthesis in order to keep it in the 6–8 range. The final
concentration of the metal complex was checked by NMR spectroscopy
by means of the EvansJ method.[20]


Water proton relaxivity measurements : The water proton longitudinal re-
laxation times were measured at 298 K and 0.235 T (Proton larmor fre-
quency 10 MHz) by using a Stelar fast field cycling (FFC) relaxometer
(Stelar, Mede, PV, Italy) installed at the “Laboratorio Integrato di Meto-
dologie Avanzate”, Bioindustry Park del Canavese (TO, Italy). The tem-
perature was controlled with a Stelar VTC-91 air-flow heater equipped
with a copper-constantan thermocouple (uncertainty of 0.1� 8C).


Water 17O relaxation measurements : Variable-temperature 17O NMR
measurements were recorded on a Bruker Avance 300 (7 T) spectrome-
ter, equipped with a 5 mm probe. Typical experimental settings were:
spectral width 30000 Hz, pulse width 10 ms (908), acquisition time 10 ms,
512 scans and no sample spinning. Aqueous solutions of the paramagnet-
ic complexes (at pH 6.5) containing 2.6% of water enriched in the 17O
isotope (Yeda, Israel) were used. The observed transverse relaxation
rates (R2) were calculated from the signal width at half height.


T1 measurements on l-lactate and trifluoro-l-lactate : The 1H, 13C (1H de-
coupled) and 19F longitudinal relaxation times of l-lactate and trifluro-l-
lactate were measured on a Bruker Avance 300 (7 T) spectrometer by
means of the usual inversion–recovery pulse sequence.
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Self-Assembling Structures of Long-Chain Sugar-Based Amphiphiles
Influenced by the Introduction of Double Bonds
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Introduction


Currently, there is tremendous interest in high-axial-ratio
nanostructures (HARNs) formed by the hierarchical self-as-
sembly of amphiphilic molecules into helical ribbons and
nanotubes.[1–6] The need for improved miniaturization and
device performance in the microchip and microelectronics
industry has inspired many investigations into supramolec-
ular chemistry. It is conceivable that the “bottom-up”[7,8]


HARN fabrication approach based on supramolecular
chemistry will provide a solution to the anticipated size limi-
tations of the “top-down” approach, such as photolithogra-
phy,[9] thereby providing the means to fabricate ultrasmall
electronic components.


In particular, the formation of organic tubular species
from the aggregation of molecular species is an important
nanoscience research field, since it may find applications in
catalysis, selective separations sensors, and conducting devi-
ces in nano-, opto- or ionic electronics. Examples of tubular
structures can be found with several organic systems, for ex-
ample, lipidic,[10] peptidic,[11] and steroidic[1d,12] systems. With
synthetic diacetylene lipidic systems[4] and steroids in
bile,[1c,h] the average diameters of the tubular structures are


Abstract: Nine phenyl glucoside or gal-
actoside amphiphiles possessing a satu-
rated or unsaturated long alkyl-chain
group as the self-assembling unit of a
highly organized molecular architec-
ture were synthesized. Their self-as-
sembly properties were investigated by
using energy-filtering TEM (EF-TEM),
SEM, CD, XRD, and FT-IR techni-
ques. Compound 2, possessing one cis
double bond in the lipophilic portion,
exhibited twisted helical fibers, which
formed a bilayered structure with a
3.59 nm period, while 3 exhibited heli-
cal ribbons and left-handed nanotubu-
lar structures with 150–200 nm inner di-
ameters and a wall thickness of approx-
imately 20 nm. Very interestingly, 4,


possessing three cis double bonds, ex-
hibited a nanotubular structure with an
inner diameter of approximately 70 nm
and a d spacing value of 4.62 nm. On
the other hand, 7, possessing two trans
double bonds in the lipophilic region,
exhibited crystal- or plate-like struc-
tures, which formed a bilayer structure
with a d spacing value of 3.93 nm.
These results indicate that the self-as-
sembly properties are strongly depen-
dent on the type of double bond. Fur-
thermore, 8 and 9, with the galactopyr-


anose moiety, revealed helical ribbon
and well-defined double helical fiber
structures, respectively. These findings
support the view that the orientation of
the intermolecular hydrogen-bonding
interaction between the sugar moieties
plays a critical role in producing the
nanotubular structures. According to
CD and powder XRD experiments, the
relatively strong intermolecular hydro-
gen-bonding interaction of the gluco-
pyranoside moiety in 3 and 4 provided
a highly ordered chiral packing struc-
ture. Even though these compounds
formed a weak hydrophobic interaction
between lipophilic groups, it led to the
formation of the nanotubular structure.


Keywords: amphiphiles · carbohy-
drates · lipids · nanotubes · self-
assembly
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in the micrometer range, while with peptidic systems,[11] the
internal cylindrical cavities are in the molecular range.


Although the evidence is limited, research has re-
vealed[3,4,9] that tube-forming amphiphiles which mediate
helical ribbons require unsaturation in the lipophilic moiety
to impart a bent structure, thereby inducing supramolecular
chirality. However, to the best of our knowledge, there have
never been systematic studies conducted on the influence of
unsaturation, that is, the number and the position of double-
bond units, on the self-assembly of synthetic amphiphiles
into HARNs based on solid chiral bilayers, even though the
tubular structure of amphiphiles has been reported by sever-
al groups.[1,4,5, 10]


We provide evidence on the self-assembled morphologies
of a series of long-chain phenyl glucopyranoses, 1–7, and
galactopyranoses, 8–9, which vary in the number of cis and
trans double bonds (0–5) in their lipophilic part. The self-as-
sembled morphologies were strongly dependent on the
number of double bonds in the lipophilic regions, the types
of double bonds, and the sugar moiety. The effects on the
molecular packing and orientation are discussed in relation
to the hydroxy group of the sugar moiety and the number of
double bonds in the lipophilic region. In addition, both cir-
cular dichroism (CD) and powder X-ray diffraction (XRD)
analysis provided useful information about the intermolecu-
lar chiral order. Therefore, on the basis of the CD and
powder XRD experiments, we provide evidence for the
chiral packing structures of self-assembling superstructures
of sugar-based amphiphiles.


Results and Discussion


Self-assembly and morphological observations : A series of
simple sugar-based amphiphiles 1–9 was synthesized by
using a similar method to that reported previously.[13b] For
self-assembly, each sugar-based amphiphile (1 mg) was dis-
persed in water (10–30 mL) at temperatures above the cor-
responding melting point, Tm, of the hydrated sample. In
general, heating of the mixture at 95 8C for 30 min was
enough to get a homogeneous transparent solution. The ob-
tained aqueous solutions were allowed to cool to an incuba-
tion temperature. However, 1 was insoluble in water and
only formed a typical nanofiber structure with a diameter of
100–350 nm and a length of several micrometers in a mix-
ture of water and methanol (1:1). To characterize the resul-
tant morphologies and their size dimensions precisely, we
observed individual self-assembled structures by using
energy-filtering transmission electron microscopy (EF-
TEM) and scanning electron microscopy (SEM). Figure 1
displays SEM and EF-TEM images of the self-assembled
structures of 2–9 in aqueous solution. Compound 2 exhibits
a twisted fiber structure with a width of 50–200 nm and a
length of several micrometers (Figure 1a). Compound 3,
however, exhibits less than 5% of a left-handed coiled tube,
with a 150–200 nm inner diameter and a wall thickness of
approximately 20 nm (Figure 1b), and displays a helical


ribbon structure (Figure 1c) as the major morphology; these
results show the influence of the number of double bonds
on the final morphology of the self-assembled structures.


On the other hand, 4, possessing three cis double bonds in
the lipophilic region, displays a helical ribbon morphology
with an outer diameter of 80–100 nm as the intermediate
morphology and a nanotubular structure with an inner di-


Figure 1. SEM and TEM images of self-assembled compounds a) 2, b and
c) 3, d and e) 4, f and g) 5, h and i) 6, and j) 7.
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ameter of approximately 70 nm and a wall thickness of 20–
30 nm as the final morphology (Figure 1d and e). As far as
can be determined, all the chiral structures possess a left-
handed helical motif. These observations further support the
view that the unsaturated units are important for producing
nanotubes through self-assembly. Furthermore, 5 and 6 pro-
duced self-assembled solids when they reached room tem-
perature from boiling temperature. They exhibited helical
ribbons with 50–100 nm width (Figure 1 f and h) and tubular
structures with an inner diameter of 80–100 nm and a wall
thickness of 20–30 nm (Figure 1g and i). These results also
provide evidence that the numbers of cis double bonds in
the lipophilic region play an important role in producing
tubular structures.


To confirm the cis-double-bond effect in the formation of
the nanotubular structure, two trans double bonds were in-
troduced in the lipophilic region of 7, in place of the cis
double bonds of 3. Self-assembled 7 exhibits crystal- and
plate-like structures with a thickness of 160–170 nm (Fig-
ure 1 j). This result further supports the view that the mor-
phology formation of sugar-based amphiphiles depends
strongly on the types of double bonds in the long alkyl-
chain group.


We also confirmed the effect of the intermolecular hydro-
gen-bonding interaction by the introduction of a different
type of sugar moiety. Compounds 8 and 9 were synthesized
with a galactose moiety instead of the glucose moiety of 3
and 4. Compound 8 exhibited the helical ribbon structure
with a width of 40–45 nm and a loose, long helical pitch
(Figure 2a and b). However, 9 forms a double-helical fiber


structure several micrometers in length and with a diameter
of approximately 11 nm (Figure 2c and d), which exhibits a
three-fold increase in the bilayer structure. All the helicity
also possesses a left-handed helical motif. These findings
suggest that the orientation of the intermolecular hydrogen
bond is important in forming the nanostructure in water. In
addition, only a few reports exist explaining the well-re-
solved double-helical strands or ribbons formed from chiral
amphiphiles[12] and they describe only metastable intermedi-


ate molecular assemblies, which slowly convert into highly
ordered structures. To the best of our knowledge, the pres-
ent finding also gives a unique example of a stable nanome-
ter-sized double-helical structure.


Chiral self-assembly involved a helically coiled ribbon
structure as an intermediate. After hot aqueous dispersions
of nanotube-forming amphiphiles are cooled, there are two
routes for nanotube formation. One route proceeds with
shortening of the helical pitch of the ribbon and maintaining
a constant ribbon width, whereas the second involves widen-
ing of the helical width and maintaining a constant helical
pitch. Figure 3 shows the SEM images: self-assembled 4 pos-


sesses the helical ribbon structure with various pitchs (62–
315 nm) and with a constant ribbon width (approximately
80 nm) in the initial stage. Also, as far as can be determined,
all the helicity possesses a left-handed helical motif. The
latter observation is more common in the literature than the
former. These findings strongly suggest that the sugar-based
organic tube formed by self-assembly was produced by a
change of pitch length of the helical ribbon with a constant
ribbon width, as depicted in Figure 4a, rather than by the
mechanism represented in Figure 4b. This mechanism is
quite different from that observed for the crown-appended
cholesterol tube,[14] which formed by the mechanism depict-
ed in Figure 4b. Perhaps the formation mechanisms for tub-
ular structures are related to the formation conditions, cool-
ing times, and deriving forces. However, it is not currently
clear what the main factor is in deciding the mechanism of
tube formation.


CD measurement : As alternative evidence for the nanotube
formation of 3 and 4 in the microscopic structural view, we
carefully observed the CD spectra of the self-assembled
compounds 2–4 and 7–9 (Figure 5). The CD spectra of the
self-assembled compounds 3 and 4 in aqueous solution
showed a strong negative band at 237 (Figure 5bb) and
225 nm (Figure 5c), respectively, on forming the nanotubu-
lar structures with chiral assembly. They showed only a
weak CD signal at temperatures above a phase-transition
temperature (Figure 5d and e) and this was shifted to a
longer wavelength; this signal probably corresponds to a
monomers or small lipid aggregates, such as micelles or vesi-


Figure 2. TEM images of self-assembled compounds a and b) 8 and c) 9.
d) Schematic representation of the left-handed double-helical fiber struc-
ture of self-assembled 9.


Figure 3. SEM images of the self-assembled helical ribbons obtained
from 4.
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cles. The CD signal, however, became strong again when the
lipid self-assembled to form nanotubular structures after
several hours. However, the CD spectrum of self-assembled
2 in aqueous solution showed a much weaker negative band
(Figure 5a) in comparison to that of 3 and 4, thereby sug-
gesting that self-assembled 2 forms disordered chiral pack-
ing structures. These CD spectroscopy results provide direct
evidence for the chiral molecular architecture of nanotubes
and for the fact that the molecular packing of 3 and 4 is
loosely chiral at temperatures above the phase-transition
temperature. Furthermore, the phase-transition tempera-
tures of 3 and 4 are much higher (Table 1) than those of glu-
coside amphiphiles 11–13, which lack the amide group,[10b] a
fact indicating that stabilization of self-assembled tubes of 3


and 4 is enhanced mainly by intermolecular hydrogen-bond-
ing interactions between the amide groups.


Since the gel-to-liquid crystalline phase-transition temper-
ature was near room temperature for self-assembled 5 and
6, we could not obtain enough information on the chiral
packing structures or the number of cis double bonds influ-
encing the formation of the helical ribbon and the tubes by
CD spectrscopy.


The CD spectrum of self-assembled 7, possessing two
trans double bonds, was measured as a reference to confirm
the effect of cis double bonds in the formation of the tubu-
lar structure (Figure 5 f). The CD intensity of self-assembled
7 was much smaller than that of 4. This result indicates that
the sugar moiety of 7 formed loose chiral packing with in-
termolecular hydrogen-bonding interactions between the
glucose moieties, which is due to the relatively strong hydro-
phobic interaction between the linear long alkyl-chain
groups.


The CD spectra of the galactose-based amphiphiles 8 and
9, with two and three cis double bonds, respectively, were
also measured to obtain information regarding chiral molec-
ular packing structures with changed sugar moieties. The
galactose-based amphiphiles 8 and 9 formed helical ribbon
and double-helical fiber structures, which appeared in the
CD spectra as negative bands at 238 nm (Figure 6a and b).
The CD intensities were smaller than those of 3 and 4.
These results continue to support the view that galactose-
based amphiphiles 8 and 9 form disorderly chiral packing
structures with a hydrophobic interaction that is stronger
than those formed by glucose-based amphiphiles 3 and 4.


Powder XRD measurement : Recently, an X-ray crystallo-
graphic method for ascertaining the molecular packing of
self-assemblies has been reported,[1d, f, 10] and this method was


Figure 4. Representation of possible tube-formation mechanisms of 4 :
a) the tube is formed by a change in the pitch length; b) the tube is
formed by growth in the width of the helical ribbon.


Figure 5. CD spectra of self-assembled compounds a) 2, b) 3, c) 4, all at
25.0 8C, d) 3 at 70.0 8C, e) 4 at 70.0 8C, and f) 7 at 25.0 8C.


Table 1. Self-assemblies with different morphologies and their physical
data.


Compound Tgel


[8C][a]
Morphology[b] d spacing


[nm][c]
Molecular
length [nm][d]


1 – fiber structure – –
2 90.0 twisted fiber struc-


ture
3.59 3.03


3 65.2 helical ribbon struc-
ture


4.62 3.15


4 – tubular structure 4.62 3.02
5 50.1 tubular structure – –
6 – tubular structure – –
7 – plate-like structure 3.93 3.20
8 – helical ribbon struc-


ture
3.87 3.03


9 – double-helical fiber
structure


3.81 3.15


10 – twisted fiber struc-
ture


– –


11 47.8 tubular structure – –
12 17.4 – – –
13 �25.4 – – –


[a] From differential scanning calorimetry (DSC) data. [b] From EF-
SEM observations. [c] From XRD data. [d] From molecular modeling.
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used to clarify the self-assembly mechanism. First, the mo-
lecular length of three amphiphiles was calculated by using
Corey–Pauling–Koltun (CPK) modeling based on single-
crystal data for oleic, linoleic, and linolenic acid.[15] The
models showed similar values despite a bending effect.
Second, X-ray diffraction patterns were measured. The d
spacing values of crystalline 2–9 from the self-assembly are
shown in Table 1 and Figure 7. The small-angle diffraction
patterns of helical ribbons of 3 and nanotubes of 4 appeared
at 4.62 nm (Figure 7a and Table 1), which is smaller than
twice the extended molecular length of 3 (3.15 nm by using
the CPK molecular modeling) and 4 (3.02 nm) but larger
than the length of one molecule. These results strongly sug-
gest that self-assembled 3 and 4 form a bilayer structure
with a relatively small region interdigitated by hydrophobic
interaction, as shown in Figure 8b and c. On the other hand,
the diffraction diagram of the microcrystalline solid 2
(length of one molecular according to the CPK molecular
modeling: 3.03 nm) indicated a bilayer structure with a d
value of 3.59 nm (Figure 8a), a result supporting the theory
that 2 maintains a much stronger interdigitated bilayer
structure between the lipophilic regions than those of 3 and
4.


Furthermore, the d value (3.93 nm) for self-assembled 7,
possessing trans double bonds in the long alkyl chain, is
much smaller than that of self-assembled 3 (Table 1). This
finding indicates that the molecular packing of the plate-like
structure obtained from 7 forms a relatively stronger hydro-
phobic interaction with the interdigitated bilayer structure
(Figure 8d) between the lipophilic regions than that of 3 or
4.


The d values of galactose-based amphiphiles 8 and 9 were
also smaller than those of glucose-based amphiphiles 3 and
4, a result indicating again that amphiphiles 8 and 9 form a
relative strong hydrophobic interaction with a large region
of interdigitated bilayer structure in the lipophilic section.
Once again, according to CD spectroscopy and powder X-
ray diffraction results, the relatively strong intermolecular


hydrogen-bonding interactions of the glucopyranoside
moiety of 3 and 4 provide a highly ordered chiral packing
structure, even though these compounds form a weak hydro-
phobic interaction between the lipophilic groups, which led
to the formation of the nanotubular structure.


IR measurement : Compound 2 shows a highly ordered
structure in the aliphatic region, possibly due to hydrocar-
bon crystallization, an observation which is further support-
ed by the Fourier transformation infrared (FT-IR) spectros-
copy studies showing C�H stretching values of 2855 cm�1


for 3/4 and 2851 cm�1 for 2 (Table 2). It is reasonable to


Figure 6. CD spectra of self-assembled compounds a) 9 and b) 8 at
25.0 8C.


Figure 7. Powder XRD pattern values in the small-angle region of the
freeze-dried nanostructures from a) 4 and b) 2.


Figure 8. Possible molecular arrangements of the self-assembled com-
pounds a) 2, b) 3, c) 4, and d) 7.


Table 2. FT-IR results of the self-assembled compounds 1–4.


compound CH2 [cm
�1] C=O [cm�1]


1 2851 1657
2 2851 1656
3 2855 1649
4 2855 1649
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argue that the lipophilic groups of 3 and 4, possessing three
cis double bonds, formed a more disordered structure than
that of 2. Also, the C=O (amide I) stretching patterns of the
three compounds 2–4 are different: the signals for 3 and 4
appeared at 1649 cm�1, whereas that for 2 appeared at
1656 cm�1. This suggests that 3 and 4 maintain a well-or-
dered structure of the glucopyranoside head group by inter-
molecular hydrogen-bonding interactions between the
amide groups.


Conclusion


The present study has demonstrated that long-chain phenyl
glucosides form twisted nanofiber, helical ribbon, and nano-
tubular structures, depending on the double-bond unsatura-
tion. Long-chain phenyl galactosides revealed that their heli-
cal ribbon and double-helical fiber structures depended on
the number of double bonds. cis double bonds in the lipo-
philic region of long-chain phenyl glucosides more efficient-
ly induce the tubular structure, compared to trans double
bonds. To the best of our knowledge, these results are the
first example of a systematic study of the influence of cis
double-bond units in a hydrophobic portion on self-assem-
bled morphologies. Based on the CD results, the self-assem-
bled nanotubular structure showed a relatively stronger in-
tensity than that of the twisted fiber structure, a fact indicat-
ing that the nanotubes formed relatively well-ordered chiral
packing structures compared to the twisted fiber structures.
Furthermore, the XRD experiments indicated that the rela-
tively weak hydrophobic interactions of the glucopyranoside
moiety of 3 and 4 formed bilayer structures between the lip-
ophilic groups, which led to the formation of the nanotubu-
lar structure.


Experimental Section


General : The 1H and 13C NMR spectra were recorded with a JEOL 600
(600 MHz) or a JEOL GSX 270 (270 MHz) NMR spectrometer. Prepara-
tive column chromatography was performed on silica gel. The chromato-
graphic purity of the intermediates was monitored by thin-layer chroma-
tography (Kiesel gel F 254, Merck). The compounds were visualized by
spraying the plates with 5% sulfuric acid in methanol and then charring
them on a hot plate. The molecular lengths were estimated by molecular
mechanics calculations performed with the CONFLEX-MM2 force field
as implemented in the CAChe program, version 4.1.1 (Fujitsu Co. Ltd.,
Japan).


TEM observations : The aqueous dispersions of the nanostructures
(0.1 mgmL�1) were dripped onto an amorphous carbon grid and excess
water was blotted with filter paper. TEM was performed with a Carl-
Zeiss LEO912 instrument operated at 50 keV. Images were recorded on
an imaging plate (Fuji Photo Film Co. Ltd. FDL5000 system) with 20 eV
energy windows at 3000–250000O and were digitally enlarged.


FT-IR measurements : The FT-IR spectra of the self-assembled nano-
structures were measured with a JASCO FT-620 FT-IR spectrometer op-
erated at 4 cm�1 resolution with an unpolarized beam and attenuated
total reflection (ATR) accessory system (Diamond Miracle horizontal
ATR accessory with a diamond crystal prism, PIKE Technologies, USA)
and a mercury cadmium telluride (MCT) detector. Several drops of the


aqueous dispersions of the nanotube (0.1 mgmL�1) were dripped onto
the prism and dried under a nitrogen stream prior to measurement.


XRD measurements : The XRD pattern of a freeze-dried sample was
measured with a Rigaku type 4037 diffractometer by using graded d-
space elliptical side-by-side multilayer optics, monochromated CuKa ra-
diation (40 kV, 30 mA), and an R-Axis IV imaging plate. The typical ex-
posure time was 10 min with a 150 mm camera length. Freeze-dried sam-
ples of 2–9 were vacuum dried to constant weight and then put into capil-
lary tubes, without being powdered.


1-Octadecanecarboxylic chloride : A mixture of 1-octadecanecarboxylic
acid (0.15 g, 0.58 mmol), oxalic chloride (0.50 g, 3.96 mmol), and dime-
thylformamide (DMF; 1–2 drops) was dissolved in dichloromethane
(5.0 mL), and the reaction mixture was then stirred for 10 h at room tem-
perature. The residual oxalic chloride and solvent were removed by
vacuum. The product was directly used for the coupling reaction without
further purification.


Related carboxylic chlorides were synthesized according to a similar
method.


p-Aminophenyl-b-d-glucopyranoside and p-Aminophenyl-b-d-galactopyr-
anoside : p-Nitrophenyl-b-d-glucopyranoside (1.0 g, 2.54 mmol) or p-ni-
trophenyl-b-d-galactopyranoside (1.0 g, 2.54 mmol) was dissolved in
methanol (150 mL). 10% Pd/C (1.0 g) was then added to the solution.
Hydrogen gas was introduced into the mixed solution for 10 h at room
temperature under a nitrogen atmosphere. The reaction mixture was fil-
tered to remove Pd/C, and the filtrate was evaporated in vacuo to dry-
ness. The residue was purified by column chromatography on silica gel
with tetrahydrofuran (THF)/chloroform (1/1): Yields 80–90%; 1H NMR
(600 MHz, [D6]DMSO): d=3.4–4.1 (s, 2H), 5.2–5.3 (m, 3H), 5.6 (s, 1H),
6.7 (d, 2H), 7.37–7.46 ppm (m, 5H); FT-IR (KBr): ñ=3312, 2909, 1635,
1510, 1364, 1217, 1089, 1005, 1035, 999, 806, 706 cm�1; MS (p-nitrobenzoic
acid (NBA)): m/z : 360 [M+H]+ ; elemental analysis calcd (%) for
C19H21NO6: C 63.50, H 5.89, N 3.90; found: C 63.18, H 6.04, N 3.78.


Octadecanoyl-p-aminophenyl-b-d-glucopyranoside (1): A mixture of p-
aminophenyl-b-d-glucopyranoside (0.30 g, 1.10 mmol), dodecanoyl cho-
ride (0.24 g, 1.10 mmol), and triethylamine (0.536 g, 5.50 mmol) in dry
THF (50 mL) was heated to reflux for 3 h under a nitrogen atmosphere.
The solution was filtered after cooling to room temperature, and the fil-
trate was concentrated to dryness by a vacuum evaporator. The residue
was purified by column chromatography on silica gel with methanol/
chloroform (1:6): Yield 40%; 1H NMR (600 MHz, [D6]DMSO): d=0.9 (t,
3H), 1.2–2.0 (m, 24H), 2.3 (m, 2H), 3.2–4.7 (m, 19H), 7.25 (d, 2H), 7.65
(d, 2H), 9.1 ppm (s, 1H); FT-IR (KBr): ñ=3340, 2912, 1630, 1510, 1364,
1217, 1089, 1005, 1035, 999, 806, 706 cm�1; MS (NBA): m/z : 538.27
[M+H]+ ; elemental analysis calcd (%) for C30H51NO7: C 67.01, H 9.56, N
2.60; found: C 67.20, H 9.25, N 2.55.


Related compounds (2–9) were synthesized according to a similar
method. Their analytical data are described below.


n-(11’Z)-Octadecanyl-(p-aminophenyl-b-d-glucopyranoside) (2): Yield
50%; m.p. 127.5 8C; 1H NMR (600 MHz, [D6]DMSO): d=0.9 (t, 3H),
1.2–2.5 (m, 20H), 3.2–4.7 (m, 21H), 4.82 (d, 2H), 7.25 (d, 2H), 7.65 (d,
2H), 9.1 ppm (s, 1H); FT-IR (KBr): ñ=3410, 3340, 2915, 1630, 1513,
1357, 1217, 1090, 1005, 1035, 999, 806, 706 cm�1; MS (NBA): m/z : 536.55
[M+H]+ ; elemental analysis calcd (%) for C30H49NO7: C 67.26, H 9.22, N
2.61; found: C 67.52, H 9.40, N 2.52.


n-(9’Z,12’Z)-Octadecadienyl-(p-aminophenyl-b-d-glucopyranoside) (3):
Yield 50%; m.p. 120.7 8C; 1H NMR (600 MHz, [D6]DMSO): d=0.9 (t,
3H), 1.2–3.0 (m, 18H), 3.2–4.7 (m, 21H), 4.82 (d, 2H), 7.25 (d, 2H), 7.65
(d, 2H), 9.1 ppm (s, 1H); FT-IR (KBr): ñ=3410, 3342, 2912, 1628, 1513,
1364, 1219, 1089, 1005, 1035, 999, 806, 706 cm�1; MS (NBA): m/z : 534.73
[M+H]+ ; elemental analysis calcd (%) for C30H47NO7: C 67.51, H 8.88, N
2.62; found: C 67.31, H 8.50, N 2.57.


n-(6’Z,9’Z,12’Z)-Octadecatrienyl-(p-aminophenyl-b-d-glucopyranoside)
(4): Yield 63%; m.p. 105.5 8C; 1H NMR (600 MHz, [D6]DMSO): d=0.9
(t, 3H), 1.2–2.5 (m, 20H), 3.2–4.7 (m, 21H), 4.82 (d, 2H), 7.25 (d, 2H),
7.65 (d, 2H), 9.1 ppm (s, 1H); FT-IR (KBr): ñ=3410, 3342, 2912, 1630,
1511, 1367, 1217, 1089, 1007, 1035, 999, 806, 706 cm�1; MS (NBA): m/z :
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532.80 [M+H]+ ; elemental analysis calcd (%) for C30H45NO7: C 67.77, H
8.53, N 2.63; found: C 67.25, H 8.55, N 2.50.


n-(5’Z,8’Z,11’Z,14’Z-Dosocatetraenyl-(p-aminophenyl-b-d-glucopyrano-
side) (5): Yield 55%; m.p. 65.7 8C; 1H NMR (600 MHz, [D6]DMSO): d=
0.9 (t, 3H), 1.2–2.5 (m, 20H), 3.2–4.7 (m, 21H), 4.82 (d, 2H), 7.25 (d,
2H), 7.65 (d, 2H), 9.1 ppm (s, 1H); FT-IR (KBr): ñ=3412, 3341, 2912,
1633, 1512, 1365, 1215, 1089, 1003, 1035, 999, 806, 706 cm�1; MS (NBA):
m/z : 558.75 [M+H]+ ; elemental analysis calcd (%) for C32H47NO7: C
68.91, H 8.49, N 2.51; found: C 69.05, H 8.53, N 2.47.


n-(5’Z,8’Z,11’Z,14’Z,17’Z)-Dosocapentaenyl-(p-aminophenyl-b-d-gluco-
pyranoside) (6): Yield 57%; m.p. 52.5 8C; 1H NMR (600 MHz,
[D6]DMSO): d=0.9 (t, 3H), 1.2–2.5 (m, 20H), 3.2–4.7 (m, 21H), 4.82 (d,
2H), 7.25 (d, 2H), 7.65 (d, 2H), 9.1 ppm (s, 1H); FT-IR (KBr): ñ=3412,
3345, 2913, 1630, 1510, 1364, 1217, 1089, 1007, 1035, 999, 806, 707 cm�1;
MS (NBA): m/z : 556.55 [M+H]+ ; elemental analysis calcd (%) for
C32H45NO7: C 69.16, H 8.16, N 2.52; found: C 69.15, H 8.73, N 2.42.


n-(trans,trans-9’,11’)-Octadecadienyl-(p-aminophenyl-b-d-glucopyrano-
side) (7): Yield 50%; m.p. 170.5 8C; 1H NMR (600 MHz, [D6]DMSO):
d=0.9 (t, 3H), 1.2–3.0 (m, 18H), 3.2–4.7 (m, 21H), 4.82 (d, 2H), 7.25 (d,
2H), 7.65 (d, 2H), 9.1 ppm (s, 1H); FT-IR (KBr): ñ=3413, 3341, 2913,
1630, 1512, 1365, 1217, 1089, 1005, 1035, 999, 806, 706 cm�1; MS (NBA):
m/z : 534.73 [M+H]+ ; elemental analysis calcd (%) for C30H47NO7: C
67.51, H 8.88, N 2.62; found: C 67.45, H 8.65, N 2.54.


n-(9’Z,12’Z)-Octadecadienyl-(p-aminophenyl-b-d-galactopyranoside) (8):
Yield 60%; m.p. 150.5 8C; 1H NMR (600 MHz, [D6]DMSO): d=0.9 (t,
3H), 1.2–3.0 (m, 18H), 3.2–4.7 (m, 21H), 4.82 (d, 2H), 7.25 (d, 2H), 7.65
(d, 2H), 9.1 ppm (s, 1H); FT-IR (KBr): ñ=3410, 3340, 2912, 1630, 1510,
1364, 1217, 1089, 1005, 1035, 999, 806, 706 cm�1; MS (NBA): m/z : 534.73
[M+H]+ ; elemental analysis calcd (%) for C30H47NO7: C 67.51, H 8.88, N
2.62; found: C 67.01, H 9.01, N 2.54.


n-(6’Z,9’Z,12’Z)-Octadecatrienyl-(p-aminophenyl-b-d-galactopyranoside)
(9): Yield 55%; m.p. 125.9 8C; 1H NMR (600 MHz, [D6]DMSO): d=0.9
(t, 3H), 1.2–2.5 (m, 20H), 3.2–4.7 (m, 21H), 4.82 (d, 2H), 7.25 (d, 2H),
7.65 (d, 2H), 9.1 ppm (s, 1H); FT-IR (KBr): ñ=3410, 3345, 2917, 1630,
1517, 1364, 1215, 1088, 1007, 1035, 999, 806, 706 cm�1; MS (NBA): m/z :
532.80 [M+H]+ ; elemental analysis calcd (%) for C30H45NO7: C 67.77, H
8.53, N 2.63; found: C 68.25, H 8.55, N 2.50.
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Introduction


The recent developments in mass spectrometric ionization
methods at atmospheric pressure (API),[1] for example, at-
mospheric pressure chemical ionization (APCI)[2,3] and elec-
trospray ionization mass spectrometry (ESI-MS),[4] have en-
abled solutions to be investigated by mass spectrometry.
ESI-MS is a powerful tool that enables ions present in solu-
tion to be transferred into the gas phase and to be analysed
by mass spectrometry. High sensitivity and a large dynamic
range render mass spectrometry an ideal tool for the direct
investigation of chemical reactions in solution[5] and in par-
ticular for the detection of reactive intermediates present in
very low concentrations. Previously, we introduced a novel
method by which transient radical cations in preparatively
important electron-transfer-initiated radical-cation chain re-
actions in solution can be directly investigated by using a
microreactor system coupled on-line to an ESI mass spec-
trometer. In this system a chemical reaction is initiated by
mixing two liquid flows in close proximity to the ionization
source. Transient radical cations were unambiguously detect-
ed and characterized by ESI-MS/MS.[6] Furthermore, we re-


Abstract: Electrospray ionization mass
spectrometry (ESI-MS) is a novel tool
for the investigation of chemical reac-
tions in solution and for the direct de-
tection and identification of reactive in-
termediates. The tributyltin hydride
mediated addition of tert-butyl iodide
to dimethyl 2-cyclohexyl-4-methylene-
glutarate (2) in the presence of Lewis
acids was investigated by ESI-MS using
a microreactor coupled on-line to an
ESI mass spectrometer. For the first
time we have been able to show that
transient radicals in radical chain reac-
tions can be detected unambiguously


under steady-state conditions in the re-
action solution and can be character-
ized by ESI-MS/MS and accurate mass
determination. The detection of differ-
ent heterodimer radical complexes by
ESI-MS/MS has provided new insights
into the mechanism of Lewis acid con-
trolled radical chain reactions. Dimeric
chelate complexes of glutarates, such


as 2 and 3, and Lewis acids, like Sc-
(OTf)3, MgBr2·OEt2 and LiClO4, were
observed as well as higher aggregates
with additional equivalents of Lewis
acid. Evidence for a dynamic equilibri-
um of the complexes in solution was
found by NMR spectroscopy. The ESI-
MS investigation of the chelation of
glutarate 2 with various Lewis acids
has led to the conclusion that the ten-
dency for Lewis acids to form dimeric
chelate complexes and higher aggre-
gates has an important effect on the
stereoselective outcome of the radical
reactions.


Keywords: chelates · Lewis acids ·
mass spectrometry · microreactors ·
radical reactions · reactive
intermediates
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Additional MS/
MS spectra of complex ions [3·Sc(OTf)2]


+ (m/z 654), [32·Sc(OTf)2]
+


(m/z 967), [32·Sc2(OTf)5]
+ (m/z 1459), [2·3·Sc(OTf)2]


+ (m/z 909), and
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ported on the possibility of studying stable radicals in solu-
tion by ESI-MS.[7] In this paper we present our results on
the detection of transient radicals in radical chain reac-
tions.[8]


Many synthetically important radical chain reactions
occur in solution.[9] However, so far no method has been
available that has allowed the direct detection and examina-
tion of transient radicals in these reactions. Free radicals are
neutral species and therefore can normally not be detected
by ESI-MS. However, Bayer,[10] Karst[11] as well as Porter[12]


and their co-workers have shown that nonpolar organic
compounds such as alkenes can be cationized in ESI-MS by
adding transition-metal salts like AgNO3, which form p


complexes.
It is well known that the stereoselectivity of radical reac-


tions can be steered by Lewis acids if the substrate acts as a
Lewis base by chelating the metal atom of a Lewis acid in
solution.[13] Complexation of chiral Lewis acids allows enan-
tioselective radical reactions to take place.[14] Unfortunately,
little is known about the structure and reactivity of these
different complexes.[13b] Recently, we reported on 1,3-stereo-
induction in tin hydride mediated radical additions to di-
alkyl 2-alkyl-4-methyleneglutarates in the presence of Lewis
acids.[15] Lewis acids such as lithium perchlorate (LiClO4),
magnesium bromide–diethyl etherate (MgBr2·OEt2), and
scandium triflate [Sc(OTf)3] were found to give high stereo-
selectivities in appropriate solvents like diethyl ether or di-
chloromethane, but not in tetrahydrofuran, while others
such as indium trichloride (InCl3) and zinc bromide (ZnBr2)
showed only moderate stereoselectivities. A third group
consisting of cerium trichloride (CeCl3) and magnesium eth-
oxide [Mg(OEt)2] rendered the reaction completely unselec-
tive. We assumed that dialkyl glutarates are able to chelate
the Lewis acids, thus controlling the stereochemical outcome
of the reaction. Furthermore, we suggested that dialkyl glu-
tarate–Lewis acid complexes, for example, of Sc(OTf)3,
might dissociate to form a chelate complex cation and a tri-
flate anion, thus allowing the detection of the Lewis acid–
ester complex by ESI-MS.


Quite recently, Schwarz et al. reported on the coordina-
tion of iron(iii) cations to b-ketoesters, as studied by ESI-
MS.[16] However, the ESI mass spectral behavior of com-
plexes of Lewis acids and diesters has not been studied up
to now. Therefore, an ESI-MS investigation of the formation
of complexes of diesters and Lewis acids became another
important aspect of our work so that we might gain an in-
sight into the complexes that exist in solution. Furthermore,
NMR spectroscopic studies of the complexes were carried
out. The intriguing results thus obtained are presented in
this paper.


Results


Formation of complexes of diesters and Lewis acids : To
start our investigations we took separate measurements of
dimethyl 2-cyclohexyl-4-methyleneglutarate (2) and dimeth-


yl 2-cyclohexyl-4-neopentylglutarate (3), the substrate and
product, respectively, of the tin hydride mediated addition
of tert-butyl iodide (1) to 2 (Scheme 1) in the presence of
1.2 equiv of scandium triflate by ESI-MS using a quadrupole
ion trap mass spectrometer.


The ESI mass spectrum (Figure 1a) of the substrate solu-
tion shows the monomeric scandium triflate complex ions
[2·Sc(OTf)2]


+ at m/z 597 and [2·Sc(OTf)2·Et2O]+ at m/z 671
as well as the dimeric complex ions [22·Sc(OTf)2]


+ at m/z


Scheme 1. Tributyltin hydride mediated addition of tert-butyl iodide (1)
to dimethyl 2-cyclohexyl-4-methyleneglutarate (2), stereoselectively
giving dimethyl syn-2-cyclohexyl-4-neopentylglutarate (3) via transient
adduct radical 4 in the presence of Sc(OTf)3.


[15]


Figure 1. a) Positive ESI mass spectrum of a solution of dimethyl 2-cyclo-
hexyl-4-methyleneglutarate (2) in the presence of scandium triflate
(1.2 equiv) in diethyl ether. b) Positive ESI mass spectrum of a solution
of dimethyl 2-cyclohexyl-4-neopentylglutarate (3) in the presence of scan-
dium triflate (1.2 equiv) in diethyl ether.
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851, [22·Sc2(OTf)5]
+ at m/z 1343, and [22·Sc3(OTf)8]


+ at m/z
1835. Also, dimeric cluster ions of the general composition
[22·Sc(OTf)2·{Sc(OTf)3}n]


+ (n=3–6) were detected in low
abundances up to m/z 4000. Mixing a solution of glutarate 2
and of Sc(OTf)3 in a micromixer coupled on-line to an ESI
mass spectrometer showed the complex formation to be a
fast process. After a mixing time of about 1 s the distribu-
tion of the monomeric and the different dimeric complexes
was fully established. The ESI mass spectrum of a solution
of 3 in the presence of Sc(OTf)3 is depicted in Figure 1b.
The monomeric complex ions [3·Sc(OTf)2]


+ (m/z 655) and
[3·Sc(OTf)2·Et2O]+ (m/z 729) and the dimeric complex ions
[32·Sc(OTf)2]


+ (m/z 967), [32·Sc2(OTf)5]
+ (m/z 1459), and


[32·Sc3(OTf)8]
+ (m/z 1951) can be observed. Additional di-


meric cluster ions of the general composition [32·Sc-
(OTf)2·{Sc(OTf)3}n]


+ (n=3–6) were detected up to m/z
4000. Ions complexed with diethyl ether such as [2·Sc-
(OTf)2·Et2O]+ and [3·Sc(OTf)2·Et2O]+ were evidently
formed by ion–molecule reactions in the ion trap as could
be shown by isolation of, for example, [3·Sc(OTf)2]


+ : The
formation of [3·Sc(OTf)2·Et2O]+ was observed and the
abundance of this ion increased with increasing trapping
time.


The monomeric and dimeric complex ions were studied
by tandem mass spectrometry after collision-induced dissoci-
ation (CID).[17] The MS/MS spectrum of the monomeric sub-
strate complex ion [2·Sc(OTf)2]


+ (m/z 597), depicted in Fig-
ure 2a, shows the fragmentation of CF2SO3 (�130 u) giving
the product ion m/z 467 accompanied by adduct ions
formed with water (m/z 485) and diethyl ether (m/z 541).
By isolating the product complex ion [2·Sc(OTf)2�CF2SO3]


+


(m/z 467) formed it could be demonstrated that these
adduct ions were formed by ion–molecule reactions between
the product complex ion and water and diethyl ether, re-
spectively, within the collecting time in the ion trap.[18]


Figure 2b presents the MS/MS spectrum of complex ion
[22·Sc(OTf)2]


+ (m/z 851). It shows the loss of 2 (�254 u), re-
sulting in the formation of monomeric complex ion [2·Sc-
(OTf)2]


+ (m/z 597) and addition of diethyl ether yields
[2·Sc(OTf)2·Et2O]+ at m/z 670 (compare Figure 1a). The
MS/MS spectrum (Figure 2c) of complex ion [22·Sc2(OTf)5]


+


(m/z 1343) shows the loss of neutral Sc(OTf)3 (�492 u) to
give complex ion [22·Sc(OTf)2]


+ at m/z 851 and of 2·Sc-
(OTf)3 (�746 u) to give complex ion [2·Sc(OTf)2]


+ at m/z
597. The MS/MS spectra of the complex ions [3·Sc(OTf)2]


+


(m/z 655), [32·Sc(OTf)2]
+ (m/z 967), and [32·Sc2(OTf)5]


+


(m/z 1459) exhibit characteristic fragmentations correspond-
ing to those of the complex ions of 2. Remarkably, in a mix-
ture of glutarates 2 and 3 in the presence of scandium tri-
flate heterodimeric complex ions [2·3·Sc(OTf)2]


+ and
[2·3·Sc2(OTf)5]


+ were detected in addition to the corre-
sponding homodimeric complex ions.


Dialkyl malonates, succinates,[19] as well as adipates[8] ex-
hibited the corresponding monomeric and dimeric complex
ions in the presence of scandium triflate.


The formation of monomeric and/or dimeric diester–
Lewis acid complexes can be assumed to have an important


impact on the stereochemical outcome of chelation-control-
led radical reactions. However, the detection of such ions in
the ESI mass spectra may not be unambiguous evidence for
the occurrence of all these species in solution as some of
these may be formed during the ESI process. Therefore, we
studied the complexes of the diester and various Lewis acids
and their ESI mass spectra as well as their NMR spectra in
more detail.


Variation of the Lewis acid : Dimethyl 2-cyclohexyl-4-meth-
yleneglutarate (2) and the respective Lewis acid (1.2 equiv)
were dissolved in diethyl ether and the ESI mass spectra
were recorded. In the presence of lithium perchlorate and
magnesium bromide–diethyl etherate the mass spectrum ex-
hibited monomeric and dimeric complex ions, as in the pres-
ence of scandium triflate. The mass spectrum in the pres-


Figure 2. a) ESI-MS/MS spectrum of complex ion [2·Sc(OTf)2]
+ (m/z


597) from a solution of dimethyl 2-cyclohexyl-4-methylene-glutarate (2)
in the presence of scandium triflate in diethyl ether. b) ESI-MS/MS spec-
trum of complex ion [22·Sc(OTf)2]


+ (m/z 851) from the same solution. c)
ESI-MS/MS spectrum of complex ion [22·Sc2(OTf)5]


+ (m/z 1343) from
the same solution.
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ence of lithium perchlorate is presented in Figure 3a. It
shows the monomeric complex ions [2·Li]+ at m/z 261 and
[2·Li·Et2O]+ at m/z 335, and the dimeric complex ions


[22·Li]
+ at m/z 515 and [22·Li2-


(ClO4)]
+ at m/z 621, and higher


dimeric aggregates with compo-
sitions of [22·Li·(LiClO4)n]


+


(n=0–8). Furthermore, an addi-
tional series of low-abundance
cluster ions with compositions
of [23·Li·(LiClO4)n]


+ was identi-
fied (e.g. [23·Li3(ClO4)2]


+ at m/z
981). The ESI mass spectra of
ester 2 in the presence of zinc
bromide and indium trichloride
(see Figure 3b) exhibit only
monomeric complex ions like
[2·InCl2]


+ (m/z 439) and [2·In-
Cl2·Et2O]+ (m/z 512). Remark-
ably, in the presence of alumi-
num triisopropylate, cerium trichloride, and magnesium eth-
oxide no characteristic complex ions were detected with
ester 2.


Effect of the ESI-MS conditions on the ESI mass spectra :
Detailed investigations of the effect of ESI conditions on
the ESI mass spectra of the chelate complexes were per-


formed by using scandium triflate because, in contrast to
lithium and magnesium, scandium is a monoisotopic ele-
ment, thus, giving simpler mass spectra. Also, scandium tri-
flate showed the highest stereochemical outcome of all the
investigated Lewis acids. Dimethyl 2-cyclohexyl-4-methyle-
neglutarate (2) was used as the diester and the relative
abundances of the ions [2·Sc(OTf)2]


+ and [22·Sc(OTf)2·
(Sc(OTf)3)n]


+ were determined. It turned out that the ratio
of the relative abundances of these ions was neither depen-
dent on the spray voltage (3.0–5.0 kV) nor on the concentra-
tion of 2 and of scandium triflate (10�4–10�3


m). Variation of
the molar ratio of 2 and scandium triflate between 1:10.8
and 4.2:1 led to a variation in the ratio of the abundances of
[2·Sc(OTf)2]


+ and �[22·Sc(OTf)2·(Sc(OTf)3)n]
+ from 1:2 to


2.5:1. The temperature of the “heated capillary” used for
the desolvation of the ions also had an important impact on
the mass spectra. Remarkably, the ratio of the abundances
of [2·Sc(OTf)2]


+ and �[22·Sc(OTf)2·(Sc(OTf)3)n]
+ changed


from 1:2 at 200 8C, the temperature normally used for the
measurements, to 1:8 at 50 8C. Thus, the ion [2·Sc(OTf)2]


+


seems to be formed preferentially or exclusively by thermal
fragmentation of the dimeric ions in the ion source.


NMR investigations of the chelate complexes : NMR spec-
troscopic investigations of dimethyl 2-methyl-4-methylene-
glutarate (5) and dimethyl 2-methyl-4-neopentylglutarate
(6) in the presence of scandium triflate, magnesium bro-
mide–diethyl etherate, and lithium perchlorate were carried
out in order to gain a deeper insight into the Lewis acid–di-
ester complexes. Tables 1 and 2 list the 1H and 13C NMR
chemical shifts, respectively, obtained for compound 5 in the


presence of 1.2 equiv of scandium triflate in deuteriated
chloroform, tetrahydrofuran, and diethyl ether. In CDCl3
and [D10]Et2O, large shifts in the 1H and 13C resonances
were observed relative to the signals of uncomplexed gluta-
rate 5, while in [D8]THF no shifts in the characteristic sig-
nals were observed. The largest proton shifts (Dd), in the
range of Dd=0.35–0.48 ppm, were found for the methoxy


Figure 3. a) Positive ESI mass spectrum of a solution of dimethyl 2-cyclo-
hexyl-4-methyleneglutarate (2) in the presence of lithium perchlorate
(1.2 equiv) in diethyl ether. b) Positive ESI mass spectrum of a solution
of dimethyl 2-cyclohexyl-4-methyleneglutarate (2) in the presence of
indium trichloride (1.2 equiv) in diethyl ether.


Table 1. 1H NMR spectroscopic shifts (300 MHz) of dimethyl 2-methyl-4-methyleneglutarate (5) in the pres-
ence of scandium triflate in deuteriated chloroform (CDCl3), diethyl ether ([D10]Et2O), and tetrahydrofuran
([D8]THF).


d [ppm]
Solvent Ratio a c c’/b d e f g


5/Sc(OTf)3


CDCl3 – 1.17 2.41 2.63–2.83 5.59 6.20 3.65 3.76
CDCl3 1:1.2 1.34 2.45 2.81–3.06 6.07 6.60 4.07 4.11
[D10]Et2O – 1.11 2.37 2.58–2.78 5.54 6.12 3.57 3.69
[D10]Et2O 1:1.2 1.28 2.43 2.89–3.05 5.96 6.43 3.85–4.15
[D8]THF – 1.10 2.37 2.64/2.71 5.57 6.12 3.58 3.69
[D8]THF 1:1.2 1.10 2.37 2.64/2.70 5.57 6.12 3.58 3.69
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groups (f/g) and the vinylic protons (d/e) in CDCl3, while in
[D10]Et2O slightly smaller shifts, Dd=0.17–0.26 ppm, were
observed. All other proton resonances were shifted to lower
fields by Dd=0.04–0.23 ppm.


The corresponding 13C NMR spectra (Table 2) exhibited
resonances shifted to lower fields for the methoxy (k/l) and
carbonyl (o/p) carbon atoms as well as for the terminal
carbon atom of the double bond (m). Upfield shifts were
observed for the signals of the methyl carbon (h), the
double-bond carbon (n), as well as for the a-carbon atom
(i). The largest shifts were registered for the carbonyl
carbon atoms (o/p) in CDCl3 (Dd=7.04, 9.39 ppm) and
[D10]Et2O (Dd=3.55, 5.96 ppm). Another large shift to a
lower field was detected for the signal of the terminal
carbon atom of the double bond (m) with Dd=8.46 ppm in
CDCl3 and Dd=4.25 ppm in [D10]Et2O. When deuteriated
THF was used as the solvent, no shifts in the signals of glu-
tarate 5 were observed after the addition of the Lewis acid.
However, in addition to the typical 13C NMR signals of the
pure solvent, further signals, shifted to lower fields, belong-
ing to THF complexed with scandium triflate were detected.


The strongest effects on the chemical shifts were observed
with scandium triflate, followed by magnesium bromide–di-
ethyl etherate, and finally by lithium perchlorate. The syn
and anti diastereomer of the saturated glutarate 6 showed
similar shifts in the presence of scandium triflate as well as
magnesium bromide–diethyl etherate.


The NMR investigations yielded definite line spectra,
which suggested the presence of only one species. However,
the ESI mass spectrometric investigation of glutarate 2 in
the presence of scandium triflate (Figure 1a) showed the
presence of monomeric and dimeric complexes. This contra-
diction led us to assume that a dynamic equilibrium of the
different complexes could be present in solution. Therefore,
low-temperature NMR experiments were carried out. Sur-
prisingly, the width of the signals increased with decreasing
temperature, which prompted us to perform an NMR titra-
tion. The behavior of dimethyl 2-methyl-4-methylenegluta-
rate (5) was studied by varying the molar ratios of 5 and
scandium triflate (10:1, 5:1, 2:1, 1:1, 1:2, and 1:5). The re-
sulting 1H NMR spectra are presented in Figure 4.


At molar ratios of 10:1 and 5:1 the Lewis acid had no
affect on the resonances of ester 5, but starting from a ratio


of 2:1 the signals were shifted downfield. As the concentra-
tion of scandium triflate was increased (1:1, 1:2, and 1:5) the
effect of complexation and thus the shift to lower field as
well as the broadening of the signals became more signifi-
cant. When the glutarate/scandium triflate ratio was 1:2 and
1:5 additional signals from glutarate 5 appeared; this charac-
teristic was most striking at a ratio of 1:5, affecting the sig-
nals in the range of d=2.5–3.5 ppm and d=6–7 ppm. In the
respective NMR spectra the signals arising from the d and e
protons as well as the f and g methyl protons were doubled,
indicating that several complexed diester species must be
present in solution.


Reaction of tert-butyl iodide with dimethyl 2-cyclohexyl-4-
methyleneglutarate (2) mediated by tributyltin hydride—
ESI-MS measurements : We decided to use the tributyltin
hydride mediated addition of tert-butyl iodide (1) to dimeth-
yl 2-cyclohexyl-4-methyleneglutarate (2), initiated by trieth-
ylborane in the presence of Sc(OTf)3, which leads stereo-
selectively and in good yields to the syn-addition product di-


Table 2. 13C NMR spectroscopic shifts (75 MHz) of dimethyl 2-methyl-4-methyleneglutarate (5) in the presence of scandium triflate in deuteriated
chloroform (CDCl3), diethyl ether ([D10]Et2O), and tetrahydrofuran ([D8]THF).


d [ppm]
Solvent Ratio h i j k l m n o p


5/Sc(OTf)3


CDCl3 – 16.86 36.00 38.41 51.37 51.73 126.82 137.79 167.06 176.17
CDCl3 1:1.2 16.55 33.93 40.76 56.78 57.13 135.28 135.42 174.10 185.56
[D10]Et2O – 17.28 37.10 39.20 51.24 51.69 126.42 139.39 166.94 175.72
[D10]Et2O 1:1.2 16.89 36.14 40.39 54.08 54.73 130.67 138.12 170.49 181.68
[D8]THF – 17.21 36.91 39.23 51.44 51.87 126.67 139.38 167.23 176.03
[D8]THF 1:1.2 17.22 36.93 39.29 51.52 51.92 126.75 139.40 167.33 176.06


Figure 4. 1H NMR spectra (500 MHz) of dimethyl 2-methyl-4-methylene-
glutarate (5) in the presence of different amounts of scandium triflate (5/
Sc(OTf)3=1:0, 10:1, 5:1, 2:1, 1:1, 1:2, and 1:5). The signals d=1.07 ppm
and 3.35 ppm arise from the solvent diethyl ether and were not shifted.
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methyl 2-cyclohexyl-4-neopentylglutarate (3), for our ESI-
MS studies (Scheme 1).


The reactions were carried out by mixing a solution of
glutarate 2, 1 and Sc(OTf)3 in diethyl ether saturated with
air and a solution of tributyltin hydride containing triethyl-
borane under argon in a microreactor coupled on-line to the
ESI ion source. Thus, the reacting solution was continuously
fed into the mass spectrometer. The mass spectrum of this
solution after a reaction time of approximately 30 s is de-
picted in Figure 5.


All the monomeric and dimeric complex ions of substrate
2 and product 3 described previously (Figure 1a, b) can be
observed (m/z 597 [2·Sc(OTf)2]


+ , m/z 671 [2·Sc-
(OTf)2·Et2O]+ , m/z 851 [22·Sc(OTf)2]


+ , m/z 1343 [22·Sc2-
(OTf)5]


+ , m/z 655 [3·Sc(OTf)2]
+ , m/z 729 [3·Sc-


(OTf)2·Et2O]+ , m/z 967 [32·Sc(OTf)2]
+ , and m/z 1459 [32·Sc2-


(OTf)5]
+). Furthermore, two new signals at m/z 909 and


1401 are present, which appear in neither the substrate nor
the product mass spectra. These additional species were
identified by MS/MS experiments and high-resolution ESI-
MS measurements as heterodimeric complex ions of the
substrate and product [2·3·Sc(OTf)2]


+ and [2·3·Sc2(OTf)5]
+ .


The relative abundances of the complex ions of the sub-
strate [2·Sc(OTf)2]


+ (m/z 597) and product [3·Sc(OTf)2]
+


(m/z 655) were determined at different reaction times and
are presented in Figure 6. Two conclusions can be drawn: It
is possible to follow the reaction course by ESI-MS and, par-
ticularly important, the radical chain reaction had not finish-
ed at the moment of ionization. This is highly significant be-
cause an ongoing reaction is necessary if transient radicals
are to be successfully detected under steady-state conditions
by ESI-MS.


An intermediate radical complex ion [4·Sc(OTf)2]
+ with


an expected mass of m/z 654 could not be observed unam-
biguously in the mass spectrum (Figure 5). This is due to the
fact that the steady-state concentration of radical 4 in the
radical chain reaction, which is estimated to be approxi-
mately 10�7


m, is four orders of magnitude lower than the
concentration of substrate 2 and of product 3. Thus, the
signal of the radical complex ion [4·Sc(OTf)2]


+ is expected
to disappear into the chemical noise. Indeed, by zooming


into the underground a very weak ion at m/z 654 is revealed
with an intensity in the range of the chemical noise. By
using the MS/MS technique,[4] which allows the separation
of the ions of interest from all other ions, and from their
mass spectrometric characterization by CID, we were able
to detect and characterize the intermediate radical 4 as a
monomeric complex ion [4·Sc(OTf)2]


+ (m/z 654, Figure 7a).
The MS/MS spectrum of this radical complex ion exhibits
the characteristic fragmentation of CF2SO3 (�130 u) giving
the product ion m/z 524 accompanied by adduct ions with


water (m/z 542) and diethyl
ether (m/z 598), which are
formed by ion–molecule reac-
tions in the ion trap.[18]


Owing to the appearance of
heterodimeric complex ions of
substrate 2 and product 3 we
deduced that radical 4 should
also be observed in the reacting
solution as a heterodimeric
complex ion with substrate 2
and product 3, respectively.
Such an ion, for example,
[2·4·Sc2(OTf)5]


+ (m/z 1400)


could not be observed unambiguously in the mass spectrum
(Figure 5, insert). In contrast, the expected ions should be
detectable by MS/MS, thus providing additional, independ-
ent and unambiguous evidence of the intermediate radical.
The MS/MS spectrum of the heterodimeric complex ion of
the substrate and radical [2·4·Sc2(OTf)5]


+ (m/z 1400) is
shown in Figure 7b. Two main and characteristic fragmenta-
tions of this ion are evident: dissociation by loss of the neu-
tral radical complex 4·Sc(OTf)3 (�803 u) gives the substrate
complex ion [2·Sc(OTf)2]


+ (m/z 597) and loss of the neutral
substrate complex 2·Sc(OTf)3 (�746 u) results in the radical


Figure 5. Positive ESI mass spectrum of the reacting solution of the tributyltin hydride-mediated addition of
tert-butyl iodide (1) to dimethyl 2-cyclohexyl-4-methyleneglutarate (2) in the presence of scandium triflate in
diethyl ether resulting in addition product 3 after a reaction time of approximately 30 s.


Figure 6. ESI-MS investigation of the tributyltin hydride mediated addi-
tion of tert-butyl iodide (1) to dimethyl 2-cyclohexyl-4-methylenegluta-
rate (2) in the presence of scandium triflate in diethyl ether. Relative
abundances of the complex ions of substrate [2·Sc(OTf)2]


+ (m/z 597) and
product [3·Sc(OTf)2]


+ (m/z 655) versus reaction time.
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complex ion [4·Sc(OTf)2]
+ (m/z 654). Additionally, fragmen-


tation to complex ion [2·4·Sc(OTf)2]
+ (m/z 908) by loss of


Sc(OTf)3 (�492 u) was observed. Control measurements of
substrate 2 and product 3 in the presence of Sc(OTf)3
showed no signals that could be attributed to the monomeric
and heterodimeric radical complex ions. The elemental com-
position of the ions [4·Sc(OTf)2]


+ , [2·4·Sc2(OTf)5]
+ , and


[3·4·Sc2(OTf)5]
+ could be confirmed by accurate Q-ToF


measurement of their mass.


Discussion


The detection and characterization of transient adduct radi-
cals by mass spectrometric methods is certainly the most im-
portant result arising from this study of the tributyltin hy-
dride mediated radical chain reaction in the presence of a
Lewis acid. A solution of glutarate 2 and tert-butyl iodide
(1) and Sc(OTf)3 in diethyl ether saturated with air and a so-
lution of tributyltin hydride containing triethylborane under
argon were mixed using an effective micromixer coupled
on-line to an ESI mass spectrometer. The radical chain reac-
tion started spontaneously and steady-state conditions were
established by pumping the reacting solution continuously
into the ESI source. The reaction course could be followed
(Figure 6) indicating that a solution containing an ongoing
radical chain reaction was sprayed into the ion source. The


steady-state concentration of the chain-carrying radicals was
high enough (estimated to be approximately 10�7


m) to allow
their detection and characterization by ESI-MS/MS provid-
ed that the reacting solution was continuously fed into the
mass spectrometer and that many spectra could be accumu-
lated. The transient complexed adduct radical 4 was detect-
ed directly and unambiguously and characterized by three
independent ESI-MS/MS measurements as monomeric com-
plex ion [4·Sc(OTf)2]


+ and heterodimeric complex ions
[2·4·Sc2(OTf)5]


+ (Figure 7), and [3·4·Sc2(OTf)5]
+ . In addi-


tion, the accurate masses of these ions were determined.
As an alternative mediator tris(trimethylsilyl)silane was


employed which gave the same results.[8] Comparable results
were also obtained for the radical allylation of 2-iodoadipate
with allyltributyltin.[8] This method can generally be applied
to radicals containing functional groups that are able to che-
late Lewis acids such as Sc(OTf)3, MgBr2, and LiClO4. tert-
Butyl as well as tributylsilyl radicals, which lack Lewis base
functionality, could not be detected. However, it may be
possible to observe even these radicals by operating the ESI
source as an electrolytic cell to ionize neutral species, as has
been shown with, for example, the trityl radical.[7]


It is remarkable that various Lewis acids can form chelate
complexes with diesters; the ionization of the complexed
species in the electrospray process has enabled their investi-
gation by ESI-MS.[10] It was surprising that we observed
monomeric ions formed from 1:1 chelates and dimeric ions
containing two diester molecules with one, two, or more
Lewis acid equivalents. So far mostly monomeric 1:1 com-
plexes have been assumed in discussions of Lewis acid con-
trolled diastereoselective radical reactions,[13,15] and for
Lewis acid controlled enantioselective radical reactions, in
addition to the bidental radical ligand, a second chiral bi-
dental ligand has been discussed.[14]


Our results provide unambiguous evidence for the pres-
ence of dimeric and possibly heterodimeric chelate com-
plexes of Sc(OTf)3, MgBr2, and LiClO4 in solution. The most
convincing evidence is provided by the correlation between
the existence of dimeric complex ions observed by ESI-MS
and the diastereoselectivity of the radical addition reaction
(Table 3). High diastereoselectivities were obtained when di-
meric complex ions containing two diester molecules with
one or more Lewis acid equivalents were observed in the
ESI mass spectrum, which was the case with Sc(OTf)3,
MgBr2·OEt2, and LiClO4. Lewis acids such as InCl3 and
ZnBr2, which exclusively give monomeric complex ions con-
taining one diester molecule, showed very low diastereose-
lectivity, and no selectivity was observed at all with Lewis
acids such as Al(OiPr)3, CeCl3, and Mg(OEt)2, which gave
no signals from characteristic complex ions in the ESI mass
spectra. These results can easily be rationalized. With Al-
(OiPr)3, CeCl3, and Mg(OEt)2, no chelation occurred, result-
ing in an unselective reaction, as was observed in the ab-
sence of a Lewis acid. Lewis acids that only form monomer-
ic complexes can only modestly modify the transition state
of the hydrogen transfer and the diastereoselective outcome
of the reaction. In contrast, Lewis acids that form dimeric


Figure 7. a) ESI-MS/MS spectrum of the radical complex ion [4·Sc-
(OTf)2]


+ (m/z 654) formed by the tributyltin hydride mediated addition
of tert-butyl iodide (1) to dimethyl 2-cyclohexyl-4-methyleneglutarate (2)
in the presence of scandium triflate in diethyl ether. b) ESI-MS/MS spec-
trum of the substrate–radical complex ion [2·4·Sc2(OTf)5]


+ (m/z 1400)
from the same reacting solution.
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chelate complexes are expected to have a much greater
effect on the diastereomeric transition states.


The shifts of NMR resonances are considered to be a
good indicator of the formation of complexes formed be-
tween Lewis acids and substrates.[20] Childs and Guindon
and their co-workers showed through similar NMR studies
that carbonyl resonances were shifted to lower fields by the
complexing influence of Lewis acids, which was interpreted
as monomeric 1:1 complexation.[21] Our NMR experiments
with glutarates 5 and 6 under the complexing influence of
lithium perchlorate and magnesium bromide–diethyl ether-
ate in chloroform and of scandium triflate in chloroform
and diethyl ether showed large shifts of the resonances rela-
tive to those of the uncomplexed ester, thus strongly indicat-
ing chelate formation of the Lewis acids through the carbon-
yl groups. The greatest downfield shift, as well as the highest
diastereoselectivity, was observed with Sc(OTf)3 and the
lowest with LiClO4.


Further NMR experiments comprising the variation of
the ratio of glutarate 5 and Sc(OTf)3 provided evidence for
a dynamic equilibrium of several complexes in solution. As
the concentration of the Lewis acid increased the equilibri-
um shifted to higher Lewis acid aggregates, accompanied by
signal broadening as well as larger shifts of the resonances
to lower fields. With a sufficiently large excess of Lewis acid
additional resonances of the glutarate were registered.
NMR investigations in tetrahydrofuran did not show any
complexing influence of Sc(OTf)3 on the glutarate, a result
that is in very good agreement with our findings in THF
that the Lewis acid does not influence the stereochemical
outcome[15] and that no diester–Lewis acid complex ions
could be detected by ESI-MS. THF acts as a much better
donor towards the Lewis acid than the diester, which was


confirmed by NMR spectroscopy in which the resonances of
THF itself were shifted.


In the ESI spectra of solutions of diesters 2 and 3, respec-
tively, and Sc(OTf)3 monomeric complex ions like [2·Sc-
(OTf)2]


+ and [3·Sc(OTf)2]
+ (Figure 1) were observed and at


first it might seem reasonable to assume that these ions are
formed by dissociation of the monomeric complexes [2·Sc-
(OTf)3] and [3·Sc(OTf)3], respectively, present in solution.
However, our observations that monomeric ions like [2·Sc-
(OTf)2·Et2O]+ and [3·Sc(OTf)2·Et2O]+ are not extracted
from the original diethyl ether solution but are obviously
formed in the ion trap by the gas-phase reaction of diethyl
ether and [2·Sc(OTf)2]


+ and [3·Sc(OTf)2]
+ , respectively,


rather indicate that they might indeed not be present in the
original solution or if so, then only in minor amounts in
equilibrium with dimers, but rather might be formed in the
spray desolvation process by fragmentation of dimeric com-
plex ions like [22·Sc(OTf)2]


+ . In agreement with this, de-
creasing the temperature of the heated capillary used for
the desolvation process gave rise to a dramatic change in
the ratio of the dimeric and monomeric ions from 2:1 at
250 8C to 8:1 at 50 8C.


Another important consequence of a dynamic, rapidly
equilibrating system of different dimeric and possibly mono-
meric complexes is the formation of heterodimeric com-
plexes. Such complexes, for example, [2·3·Sc(OTf)2]


+ and
[2·3·Sc2(OTf)5]


+ were observed in solution mixtures of gluta-
rates 2 and 3 with Sc(OTf)3 as well as in reacting solutions
of the radical addition of tert-butyl iodide to glutarate 2
(Figure 5) and the radical allylation of dimethyl 2-iodoadi-
pate in the presence of Sc(OTf)3.


[8]


The unambiguous detection of heterodimeric complexes
of radical and substrate or product such as [2·4·Sc2(OTf)5]


+


and [3·4·Sc2(OTf)5]
+ in the reacting solution of the radical


chain reaction has to be considered an important finding.
Evidently, the fact that radical 4 is involved in different
complexes causes there to be decisive energetic differences
in the hydrogen transfer to 4, and thus in the stereoselectivi-
ty of the reaction. Moreover, because at the beginning of
the reaction the formation of exclusively heterodimeric
complexes with the substrate is possible, while with the
progress of the reaction increasingly heterodimeric com-
plexes with the product are formed, it can be expected that
the diastereoselectivity will change during the reaction. We
are not aware of this behavior having been discussed previ-
ously in the literature. However, Guindon and co-workers
observed that the diastereoselectivity of MgBr2·OEt2-con-
trolled allylations of a-iodo-b-alkoxy esters varied signifi-
cantly depending on the stereochemistry of the substrate.
The relatively anti-configured iodide precursor showed a
higher stereoselectivity than the syn iodide. Normally, the
configuration of a halide precursor does not have an impact
on the outcome of the radical reaction. Guindon and co-
workers rationalized the observed effect through different
stabilities of the diastereomeric chelate complexes.[21b] In the
light of our results it could be expected that the intermedi-
ate radical in a heterodimeric complex with syn and anti


Table 3. Complex ions of dimethyl 2-cyclohexyl-4-methyleneglutarate (2)
with various Lewis acids observed by ESI-MS and the diastereoselectivity
of the tributyltin hydride mediated addition of tert-butyl iodide.[15]


Lewis acid Complex ions observed
by ESI-MS


13C Chem. shifts
of CO groups


[ppm]


Product
ratio,


anti/syn


– – 167.14, 176.24 52:48
Al(iPrO)3 no characteristic complex


ions


[a] 50:50


CeCl3 no characteristic complex
ions


[a] 52:48


InCl3 exclusively monomeric
complex ions


[a] 44:56


LiClO4 monomeric, dimeric com-
plex ions and higher ag-
gregates


168.46, 178.14 18:82


MgBr2·(Et2O)2 monomeric, dimeric com-
plex ions and higher ag-
gregates


169.36, 179.27 2:98


Mg(OEt)2 no characteristic complex
ions


[a] 52:48


Sc(OTf)3 monomeric, dimeric com-
plex ions and higher ag-
gregates


172.86, 184.30 01:99


ZnBr2 exclusively monomeric
complex ions


[a] 45:55


[a] Not measured.
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iodide, respectively, may possibly be allylated with different
stereoselectivity. Additionally, Guindon and co-workers re-
ported that a three-fold excess of MgBr2·OEt2 was needed
to obtain the highest diastereoselectivities in the allylation
reaction whereas an equimolar amount only produced
modest stereoselectivity.[21b] We also observed ions of higher
aggregates of chelate complexes like [22·{Sc(OTf)3}n] (n=1–
6) by ESI-MS, which suggests that besides the dimer chelate
with only one equivalent of Sc(OTf)3 these may also be
present in solution, thus also affecting the stereochemical
outcome of the reaction and possibly improving the stereo-
selectivity. Similar aggregates were observed with LiClO4


and with MgBr2·OEt2. Clearly, the next step in the ESI-MS
investigation of Lewis acid controlled radical reactions
should be studies to answer the question as to whether all of
the different radical species react with the same or similar
reactivity with the radical trap or whether their reactivities
are so different that only the most reactive radical species
present in the dynamic equilibrium of the complexes that
exist in solution are trapped.


Finally, it is possible that the higher aggregates of chelate
complexes like [22·{Sc(OTf)3}n] (n=1–6) are not present in
solution but may be formed in the ESI spray process. In ac-
cordance with this hypothesis, the highly charged drops
formed during the spray process should contain smaller
amounts of scandium triflate and glutarate as the concentra-
tion of the starting solution is decreased. As a consequence,
lower concentrations should induce an increase in the for-
mation of monomeric complex ions. Such behavior was ob-
served by Kebarle and Peschke[22] for NaCl cluster ions,
which in principle should also apply to our Sc(OTf)3-con-
taining ester solutions. However, we observed approximate-
ly constant relative abundances of the complex ions with dif-
ferent concentrations of starting solutions in our investiga-
tions, which indicates that the formation of dimeric complex
ions like [22·{Sc(OTf)3}n] (n=2–6) in the spray process may
be excluded.


Conclusions


In conclusion, a preparatively important radical chain reac-
tion controlled by Lewis acids was studied with an ESI mass
spectrometer coupled on-line to a microreactor under condi-
tions very similar to the preparative reaction. Dimeric che-
late complexes of diesters and Lewis acids were observed
and evidence was found for a dynamic equilibrium of the
complexes in solution. For the first time we have shown that
transient radicals in radical chain reactions can be detected
unambiguously under steady-state conditions in the reacting
solution and can be characterized by ESI-MS/MS and accu-
rate mass determination. The detection of heterodimeric
chelate complexes of the radical and the substrate as well as
the product in Lewis acid controlled radical reactions by
ESI-MS/MS provides information that cannot be obtained
by other techniques. An investigation of various Lewis acids
led to the conclusion that the tendency for Lewis acids to


form dimeric complexes and higher aggregates has an im-
portant effect on the stereoselective outcome of chelation-
controlled radical reactions.


Our method, a microreactor-coupled API mass spectrom-
eter, proved to be a convenient tool for the investigation of
reactions and of the reactive intermediates formed in solu-
tion. The method can generally be applied to all reactions in
solution, presuming that the species of interest are ionic or
can be ionized.


Experimental Section


The mass spectrometric experiments were performed on a Finnigan LCQ
(Thermo Finnigan San JosQ, CA, USA) quadrupole ion trap mass spec-
trometer equipped with a standard ESI ion source and a stainless steel
metal capillary (110 mm inner diameter, 240 mm outer diameter,
120.5 mm length, Metal Needle Kit, Thermo Finnigan). The volume of
this metal spray capillary (120.5 mm length, 110 mm inner diameter) is
about 1.14 mL. Sample solutions were infused into the capillary using the
dual syringe pump of the LCQ at flow rates in the range of 2.5–
100 mLmin�1. By connecting a microreactor (ALLTECH, PEEK
MIXING TEE) to the ESI spray capillary reaction times from 0.7 to 28 s
can be monitored.[6b] Longer reaction times can easily be realized by
using a fused silica transfer capillary of variable length between micro-
reactor and spray capillary. Mass spectra of the reacting solution can be
acquired by this method in a reaction time range of approximately 1 s up
to several minutes. ESI operation conditions: a spray voltage of +4.5 kV
and a heated capillary temperature of 200 8C (unless otherwise noted).
CID (collision gas helium) was performed in the ion trap region. The ef-
fective isolation width for CID experiments was set at 1.5 u with a collec-
tion time of up to 2000 ms. Data acquisition and analysis were carried
out using the Xcalibur (version 1.2, Thermoquest Finnigan) software
package. Additionally, high-resolution ESI-MS experiments were carried
out on the quadrupole-time of flight Micromass Ultima Q-ToF instru-
ment.


NMR spectra were recorded with a Bruker AM 300 (1H 300 MHz and
13C 76 MHz) or a Bruker AM 500 (1H 500 MHz and 13C 126 MHz) Fouri-
er-transform NMR spectrometer (Bruker, Fallanden, Switzerland) at
20 8C using TMS or solvent signals as the internal standard, respectively.


Cerium trichloride, indium trichloride, magnesium bromide–diethyl
etherate, scandium triflate, triethylborane, and zinc bromide were ob-
tained from Aldrich (Steinheim, Germany), whereas tributyltin hydride
was purchased from Lancaster (Frankfurt, Germany). Aluminum triiso-
propylate, tert-butyl iodide (1), lithium perchlorate, and magnesium eth-
oxide were purchased from Fluka (Deisenhofen, Germany). Deuteriated
chloroform, tetrahydrofuran, and diethyl ether were obtained from Deu-
tero (Kastellaun, Germany). Diethyl ether was freshly distilled after re-
fluxing over sodium/benzophenone. All other chemicals were used with-
out further purification.


Dimethyl 2-cyclohexyl-4-methyleneglutarate (2), dimethyl 2-cyclohexyl-4-
neopentylglutarate (3) as a mixture of diastereomers, [anti-3]/[syn-3]=
1:1, dimethyl 2-methyl-4-methyleneglutarate (5), and dimethyl anti-2-
methyl-4-neopentyl-glutarate (anti-6) as well as syn-6 were synthesized
according to published procedures.[15]


Reaction of tert-butyl iodide with dimethyl 2-cyclohexyl-4-methyleneglu-
tarate in the presence of scandium triflate mediated by tributyltin hy-
dride : Dimethyl 2-cyclohexyl-4-methyleneglutarate (2) (5.1 mg 20 mmol),
scandium triflate (1.2 equiv, 11.8 mg, 24 mmol), and tert-butyl iodide (1)
(14.8 mg, 80 mmol) were dissolved in absolute diethyl ether (20 mL) to
give a solution being 1S10�3


m in 2. The solution was cooled to 0 8C and
saturated with air through a glass syringe. A solution of triethylborane
(2.5 equiv, 50 mmol, 50 mL of a 1m solution in hexane) and tributyltin hy-
dride (2.5 equiv, 14.6 mg, 50 mmol) was prepared in absolute diethyl ether
(20 mL) under argon. The solutions were mixed using a dual syringe
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pump feeding in the low dead volume microreactor that was coupled di-
rectly to the ion source of the mass spectrometer. The reacting solution
was fed continuously into the ESI-MS.


Investigation of the complex formation of dimethyl glutarates 2, 3, 5, and
6 with Lewis acids (aluminum triisopropylate, cerium trichloride, indium
trichloride, lithium perchlorate, magnesium ethoxide, magnesium bro-
mide–diethyl etherate, scandium triflate, and zinc bromide) by ESI-MS :
The respective dimethyl glutarate (20 mmol) and Lewis acid (1.2 equiv,
24 mmol) were dissolved in absolute diethyl ether (20 mL). This 1S10�3


m


stock solution was directly used in the ESI measurements.


Investigation of the complex formation of dimethyl glutarates 2, 5, and 6
with Lewis acids (scandium triflate, magnesium bromide–diethyl ether-
ate, and lithium perchlorate) by NMR spectroscopy: The respective di-
methyl glutarate (0.1–0.2 mmol) and Lewis acid (1.2 equiv) were stirred
in deuteriated solvent (CDCl3, [D10]Et2O, and [D8]THF) (1 mL, 0.1–
0.2m) for 45 min and filtered if necessary. The 0.1–0.2m solutions were fi-
nally measured at room temperature. NMR titration: A stock solution of
substrate 5 (0.1m) in deuteriated diethyl ether was prepared. In total, six
flasks were then prepared by adding increasing amounts of scandium tri-
flate (0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 equiv) to 1 mL of the stock solution.
All solutions were stirred for 1 h, filtered if necessary, and the 1H NMR
spectra were recorded at room temperature.
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Introduction


Transmission UV-visible spectra of Au and Ag island films,
as well as those of structures comprised of metal nanoparti-


cles, exhibit a characteristic absorption band attributed to
excitation of localized surface plasmon (SP) polaritons. The
conditions for SP resonance depend on the metal film mor-
phology, that is, island size, shape, spatial organization, and
the dielectric properties of the contacting medium.[1,2] The
dependence of the SP absorption band (wavelength, intensi-
ty) of metal island films on the dielectric constant of bathing
solvents is well established.[3–7] Recently we[8–10] and others[11]


have demonstrated sensitivity of the SP band of Au and Ag
island films to various adsorbed molecular layers. The
method, termed transmission surface plasmon resonance (T-
SPR) spectroscopy, offers a combination of high sensitivity
and simple experimental requirements. T-SPR spectroscopy
was shown to be applicable to both chemically and physical-
ly adsorbed molecules in liquid or gas phase.[8–10] The T-SPR
approach is particularly promising for biosensing, and the
first examples have been published recently.[12–19]


Abstract: The distance dependence of
the localized surface plasmon (SP) ex-
tinction of discontinuous gold films is a
crucial issue in the application of trans-
mission surface plasmon resonance (T-
SPR) spectroscopy to chemical and
biological sensing. This derives from
the usual sensing configuration, where-
by an analyte binds to a selective re-
ceptor layer on the gold film at a cer-
tain distance from the metal surface. In
the present work the distance sensitivi-
ty of T-SPR spectroscopy of 1.0–5.0 nm
(nominal thickness) gold island films
evaporated on silanized glass substrates
is studied by using coordination-based
self-assembled multilayers, offering
thickness tuning in the range from ~1
to ~15 nm. The morphology, composi-
tion and optical properties of the Au/


multilayer systems were studied at
each step of multilayer construction.
High-resolution scanning electron mi-
croscopy (HRSEM) showed no appar-
ent change in the underlying Au is-
lands, while atomic force microscopy
(AFM) indicated flattening of the sur-
face topography during multilayer con-
struction. A regular growth mode of
the organic layers was substantiated by
X-ray photoelectron spectroscopy
(XPS). Transmission UV-visible spectra
showed an increase of the extinction
and a red shift of the maximum of the
SP band upon addition of organic


layers, establishing the distance de-
pendence of the Au SP absorbance.
The distance sensitivity of T-SPR spec-
troscopy can be varied by using charac-
teristic substrate parameters, that is,
Au nominal thickness and annealing.
In particular, effective sensitivity up to
a distance of at least 15 nm is demon-
strated with 5 nm annealed Au films. It
is shown that intensity measurements,
particularly in the plasmon intensity
change (PIC) presentation, provide an
alternative to the usually measured
plasmon band position, offering good
accuracy and the possibility of measur-
ing at a single wavelength. The present
distance sensitivity results provide the
basis for further development of T-SPR
transducers based on receptor-coated
Au island films.
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Application of T-SPR spectroscopy to actual sensing, and
particularly to biosensing, involves construction of complex
interfaces, promoting selective binding of desired analytes
while preventing nonspecific binding. Systems of this kind
would normally require a multilayer structure including se-
lective receptors as well as blocking layers, all assembled on
the metal island film. The target analyte molecules would
therefore be bound to a receptor layer at a certain distance
from the metal island surface. Consequently, the sensitivity
and distance dependence of T-SPR response to analyte
binding becomes a major issue in the design and optimiza-
tion of sensing elements.


Studies of distance-dependent properties of evanescent
waves in metal island films have been stimulated by the de-
velopment of the electromagnetic theory of surface-en-
hanced Raman spectroscopy (SERS).[20,21] Several experi-
mental approaches have been used to achieve controlled
separation between the metal surface and probe molecules
in SERS studies; that is, deposition of ultrathin polymeric
films[22,23] or silica overcoats,[24–27] Langmuir–Blodgett multi-
layers,[28,29] and self-assembled monolayers (SAMs).[30,31]


These methods provide a separation in the range of ~2–
15 nm. The sensitivity of the localized SP of nanostructured
metal films to changes in the effective dielectric constant of
the contacting medium has been studied using similar ap-
proaches. Van Duyne, Schatz, and co-workers[11,32] studied
the distance dependence of the SP absorbance of relatively
large Ag and Au nanoparticle films (characteristic dimen-
sions are an order-of-magnitude larger than the average
island dimensions (diameter, height) in the Au island films
investigated here.[33]) A silica shell was used by Liz-Marzan,
Mulvaney, and co-workers in a study of the distance depend-
ence of the SP band of Au nanoparticles (NPs) in solution
and in a multilayer film.[34–36] Layer-by-layer assembly of a
polyelectrolyte film on a Au NP monolayer was exploited
by Schmitt et al. in a study of the distance dependence of
the SP band.[37] This last group of authors mentioned that
the local dielectric environment influences not only the posi-
tion of the absorption band, but, even more drastically, the
intensity of the SP absorbance.


Quantitative treatment of the localized SP absorption of
nanostructured metal films is highly complex due to the in-
terplay between interactions of the metal islands packed in
a dense random array, and variations in the island shape.[38]


Using a discrete dipole approximation, Schatz and co-work-
ers qualitatively described the optical response of regular
arrays of large pyramidal Ag islands.[39,40] An approach
based on the mean-field Maxwell–Garnett approximation
gives a semiquantitative agreement between theoretical pre-
diction and experimental data for the shift in the wavelength
of SP maximum, in the simplest case of monodisperse metal
NP layers.[34–37,41]


In the present study the distance sensitivity of the T-SPR
response of evaporated Au island films is evaluated by using
coordination-based self-assembled multilayers, previously
studied by us on continuous, evaporated Au substrates.[42–45]


This approach is extended here to the layer-by-layer con-


struction of similar multilayers on Au island films. The mul-
tilayers are prepared by coordination self-assembly, includ-
ing binding of ZrIV ions to a self-assembled monolayer of di-
sulfide–bishydroxamate anchor molecules on the Au fol-
lowed by alternate binding of layers of bifunctional tetrahy-
droxamate molecules and ZrIV ions (Figure 1). The regular
growth of the multilayer provides a tunable distance in the
range from ~1 to ~15 nm, enabling us to study the distance
dependence of the optical response of Au island films and
affording an excellent simulation of actual T-SPR sens-
ing.[46,47]


The substrates used here were 1.0–5.0 nm (nominal thick-
ness) Au island films evaporated on MPTS-modified glass
(MPTS=mercaptopropyltrimethoxysilane), combining ex-
cellent adhesion of the metal to the substrate and tunable
absorbance.[33] The morphology and optical properties of the
multilayer-coated Au island films were studied by high-reso-
lution scanning electron microscopy (HRSEM), atom force
microscopy (AFM), X-ray photoelectron spectroscopy
(XPS), and transmission UV-visible spectroscopy. A particu-
larly slow decrease of the distance sensitivity is observed for
5.0 nm annealed Au films on silanized glass, up to 11 organic
layers (ca. 15 nm from the Au surface). The superior re-
sponse of these films is suitable for assembly of bulky (e.g.,
biological) receptors on T-SPR substrates without significant
decrease in the transducer sensitivity.


Results and Discussion


Multilayer self-assembly on gold island films : Ultrathin gold
films evaporated on MPTS-modified glass substrates show
excellent adhesion to the substrate, favoring their use as T-


Figure 1. Building blocks and construction scheme of the coordination-
based metal–organic multilayers.
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SPR-based sensors. Adjustment of the morphology and opti-
cal properties of such films can be achieved by variation of
the film nominal thickness, evaporation rate, and post-depo-
sition annealing conditions. In the present case Au island
films of 1.0, 2.5, and 5.0 nm nominal thickness, unannealed
and annealed (2008C for 20 h), served as substrates for the
layer-by-layer assembly of metal–organic multilayers. De-
tails on the Au island film properties are given elsewhere.[33]


Construction of coordination-based self-assembled multi-
layers on the Au island films generally followed our previ-
ously published methodology,[42–44] shown schematically in
Figure 1. The anchor monolayer adsorbed directly on the
Au islands comprised the disul-
fide–bishydroxamate molecule
1, while the repeat unit was the
bifunctional tetrahydroxamate
ligand 2, coordinated through
ZrIV ions. We have recently
modified the multilayer prepa-
ration scheme, replacing ZrCl2
with Zr(acac)4 in the ion-bind-
ing step.[45] Multilayer construc-
tion occurs by alternate binding
of ZrIV and ligand 2, resulting in
the addition of a single organic
layer in each step. Detailed
characterization of such multi-
layers prepared on a continu-
ous, 100-nm-thick gold sub-
strate, by using ellipsometry,
contact-angle measurements,
and XPS, showed linear growth
of a multilayer with nearly ideal
1:1 metal/ligand stoichiometry,
while AFM height measure-
ments of scratched multilayers
gave a thickness increase of
1.4�0.17 nm per step.[45]


Morphology of coordination-
based multilayers constructed
on Au island films : Multilayers
were constructed on Au films
of 1.0, 2.5, and 5.0 nm (nominal
thickness), unannealed and an-
nealed. T-SPR measurements
showed that the 1.0 nm Au
films are not sensitive enough
for monitoring multilayer con-
struction (see below), hence the
morphology study was limited
to the 2.5 and 5.0 nm films. Co-
ordination multilayers on Au
island films were characterized
by using a combination of
HRSEM and AFM. HRSEM
imaging by SE (secondary elec-


trons) provides a surface morphology contrast that is en-
hanced by BSE-induced (BSE=backscattered electrons) SE
at the Au island location below the multilayers. The images
thus appear transparent to the organic layer, enabling com-
parison of the Au island morphology before and after multi-
layer formation, while AFM provides complementary infor-
mation on changes in the surface topography. The number
of layers in each sample was chosen according to the sensi-
tivity of the SP absorption to thickness increase.


HRSEM images of bare and multilayer-covered Au island
films (Figure 2) are visually similar, showing the same sur-
face density and shape of the Au islands. This indicates that


Figure 2. AAC mode AFM and HRSEM images (500K500 nm2) of ultrathin Au island films on silanized glass
before and after multilayer construction. The number of organic layers in the multilayer: 6 (2.5 nm, unan-
nealed); 9 (5.0 nm, unannealed); 11 (2.5, 5.0 nm, annealed). A representative cross-section is shown under
each AFM image.
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the good adhesion of Au islands to the silanized glass pre-
vents noticeable island shifting and reshaping during multi-
layer construction.[48] For example, the number of islands
(counted manually) in a 200K200 nm2 area in the 2.5 nm an-
nealed Au films before and after multilayer construction is
114 and 116, respectively (practically the same). The de-
creased sharpness in the HRSEM images of multilayer-cov-
ered samples is attributed to reduced SE resolution in the
images of these samples. It mainly corresponds to the SE
MFP (mean free path), which is approximately 5.5 nm for
carbon (at the multilayer surface) and 1 nm at bare Au
island regions. The SE induced by BSE spread through the
multilayer; this further contributes to delocalization of the
SE signal at the multilayer surface.


AFM images of bare and multilayer-covered Au island
films are also shown in Figure 2. The AAC AFM mode used
here is sensitive to soft matter on the corrugated surface;
that is, the tip does not penetrate the organic layer and fol-
lows the surface topography. The average AFM-derived lat-
eral dimension of the islands in the 2.5 nm films appears
larger after multilayer construction, while there is a decrease
in the number of islands in the AFM images of 2.5 nm films
(more pronounces in the unannealed sample) upon multilay-
er construction; in the 5.0 nm films the island density re-
mains almost identical. The AFM images are influenced by
the tip diameter (ca. 10 nm), which is similar to, or larger
than, the average separation between islands[33] (~5–6 nm
for 2.5 nm and unannealed 5.0 nm films; ~12 nm for an-
nealed 5.0 nm films). In the case of the “rolling hills” topog-
raphy typical of island films, the upper part of the grains
would be imaged correctly, while the interparticle region is
affected by tip convolution. In the case of the 5.0 nm films,
for which the 2D AFM-imaged morphology is nearly unaf-
fected by the multilayer (Figure 2), the change in topogra-
phy is evident in the 3D images (Figure 3), in which substan-
tial flattening is seen with sharp features disappearing in the
images of the multilayer-covered island films.


The step-by-step process of multilayer construction was
also evaluated by XPS. Figure 4 shows normalized atomic
concentrations of C, N, and Zr versus the number of organic


layers assembled on unannealed and annealed 2.5 nm Au
island films.[49] The linear increase in log [intensity ratio] of
the overlayer elements (Zr, C, N vs. Au) with the number of
organic layers indicates regular growth of the film thickness,
as shown for coordination multilayers grown on a continu-
ous, 100-nm-thick gold substrate.[43–45] It is therefore con-
cluded that the construction of coordination multilayers on
the Au island films proceeds in a regular fashion, such that
the contribution of each additional organic layer to the over-
all film thickness is approximately the same. The thickness
increment per added monolayer is assumed to be approxi-
mately 1.4 nm, as measured on continuous gold substrates
(see above).[45]


Transmission spectra of gold island films : A series of trans-
mission UV-visible spectra were measured during construc-
tion of multilayer film on 1.0, 2.5, and 5.0 nm Au films, un-
annealed and annealed. After each added layer the sample
was rinsed and dried, and a transmission spectrum was
taken in air. The spectra of 1.0 nm Au films were not sensi-
tive enough for effectively monitoring multilayer construc-
tion, therefore the analysis below concentrates on 2.5 and
5.0 nm films. Representative spectra of 2.5 and 5.0 nm Au
films are shown in Figure 5a–d. In all cases a similar devel-


Figure 3. 3D AFM images (200K200 nm2) of 5.0 nm unannealed and an-
nealed Au island films before and after multilayer construction (number
of organic layers as in Figure 2). z scale bar in all images is 10 nm.


Figure 4. Atomic concentration ratios from XPS measurements vs.
number of organic layers assembled on 2.5 nm unannealed (a) and an-
nealed (b) Au island films. The lines are a linear fit to the data points.
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opment is seen in the spectra, that is, an increase of the ex-
tinction and a red shift of the maximum of the SP band
upon addition of organic layers. The system behavior quali-
tatively conforms to the expected response of the SP band
to an increase of the effective dielectric constant near the
surface of Au islands.[1,50, 51] Figure 6 summarizes the changes
in two characteristic parameters of the T-SPR spectra, that
is, wavelength (Figure 6a) and intensity (Figure 6b) of the
SP maximum absorbance, with the number of organic layers
assembled on unannealed and annealed Au island films.


Both parameters vary uniformly with increasing number of
layers, approaching saturation at a certain thickness.


While evolution of the transmission spectra of the differ-
ent films is qualitatively similar, noted differences between
the films are observed upon increasing the number of layer
(Figures 5a–d and 6a,b). In general, thinner Au films reach
saturation of the SP band at a lower overlayer thickness.
The decay in distance sensitivity obtained with the 5.0 nm
annealed film is much slower than that observed with all
other films. The wavelength and intensity of the SP maxi-


Figure 5. a)–d) Sequential transmission UV-visible (T-SPR) spectra of 2.5
and 5.0 nm gold island films (unannealed and annealed) taken after con-
struction of each organic layer. Dashed lines correspond to the bare gold.
e) Difference spectra (spectrum of the bare Au subtracted) for the con-
struction of a coordination multilayer on 5.0 nm annealed Au film (data
from Figure 5d).


Figure 6. a) Wavelength of maximum extinction, b) maximum intensity of
the SP band, and c) plasmon intensity change (PIC), of Au island films
(nominal thickness indicated) during step-by-step assembly of metal–or-
ganic layers (data from Figure 5). d) The change in the PIC in each step,
obtained by subtracting the PIC of each layer n from that of layer n+1.
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mum of the 5.0 nm annealed film change significantly
throughout the entire measured range (11 organic layers, in-
cluding the anchor layer, ca. 15 nm overall thickness; Figur-
es 5d and 6a,b). Saturation of the SP band of this film was
not reached in the present experiment. For all other sub-
strates the change in both parameters decreases fast with in-
creasing number of layers (Figures 5a–c and 6a,b), showing
loss of distance sensitivity and saturation of the signal.


Figure 6a,b indicates that annealed Au island films show
better distance sensitivity of the SP band than their unan-
nealed counterparts. Comparison with morphology data
(Figure 2) suggests that the improved sensitivity is related to
the island height and/or average separation between islands,
increased by annealing.[33]


Figure 5e shows the plasmon intensity change (PIC)[9,10]


(obtained by subtracting the spectrum of the bare Au) for
the 5.0 nm annealed Au substrate. The results, together with
those of the 2.5 nm annealed Au substrate, are shown in Fig-
ure 6c,d, emphasizing the superior distance sensitivity of the
thicker film.


Conclusion


The sensitivity and distance dependence of Au island films
in T-SPR measurements were evaluated through layer-by-
layer construction of coordination-based self-assembled
multilayers. The multilayer system has been shown previous-
ly to afford regular growth on thick, continuous Au films,
with a thickness increment of approximately 1.4 nm per
step. The present study showed that a similar linear growth
mode applies to a multilayer constructed on discontinuous
Au island films. The morphology of bare and multilayer-cov-
ered Au island films evaporated on silanized glass was stud-
ied by combined HRSEM (showing the metal islands) and
AFM (showing the 3D topography) images. The Au islands
appear to be unaffected by the multilayer growth, while the
topography shows significant flattening induced by the or-
ganic overlayer.


The layer-by-layer growth of the metal–organic overlayer
on Au island films (1.0, 2.5 and 5.0 nm nominal thickness,
unannealed or annealed 20 h at 2008C) was monitored at
each step by T-SPR spectroscopy. The distance dependence
of the SP absorbance is strongly dependent on the film
preparation conditions, that is, nominal thickness and an-
nealing. The results do not, however, provide evidence as to
the influence of each structural parameter, as all the charac-
teristic dimensions (island diameter, height, shape, separa-
tion) vary between samples.[33] The present experimental
data on the distance dependence of the SP band, combined
with our previous morphological characterization of the Au
island films,[33] may be useful for evaluation of theoretical
models.


The best distance sensitivity of the SP extinction was ob-
tained with 5.0 nm annealed Au island films. For these films
the sensitivity of the SP intensity to the addition of organic
layers exhibits only slight decrease up to the tested distance


from the Au substrate, corresponding to 11 organic layers
(ca. 15 nm). Clearly the limit of distance sensitivity was not
approached under the present optimal conditions.


The results are promising in terms of application of the
technique to the design of transducers for chemical or bio-
logical sensing, usually involving receptor layers on the
transducer surface. A distance sensitivity of >15 nm from
the Au island surface provides ample room for binding
bulky biological receptors to the island film, while maintain-
ing reasonable sensitivity in the sensing event, that is, bind-
ing of a specific analyte to the receptor layer. We have re-
cently demonstrated the applicability of T-SPR sensing to
specific avidin recognition using a biotinylated Au island
surface.[14]


While in other studies the quantity commonly measured
is changes in the wavelength of the SP band maximum, we
emphasize band intensity measurements as a viable alterna-
tive. Particularly attractive for sensing applications is meas-
urement of the plasmon intensity change (PIC); that is, the
maximum of the difference spectrum after subtracting the
spectrum of the bare substrate (Figures 5e and 6c). As seen
in Figure 5e, the position of the PIC is virtually distance in-
dependent, suggesting that this empirical observation, previ-
ously reported by us,[9,10] is quite general. Hence, PIC meas-
urements can be carried out at a single wavelength with
maximum sensitivity, thus simplifying the instrumentation
and data processing.


Experimental Section


Chemicals : Molecules 1 and 2 (Figure 1) were synthesized as previously
reported.[44,52] Zirconium acetylacetonate (Zr(acac)4, Fluka, purum) was
used without further purification. Chloroform (Biolab, AR) was passed
through a column of activated basic alumina. Ethanol (Merck, AR), iso-
propanol (Frutarom, Analytical), H2O2 (30%, Frutarom), H2SO4 (95–
98%, Palacid), 3-mercaptopropyltrimethoxysilane (MPTS, Aldrich, 97%)
were used as received. Water was triply distilled. The gas used was puri-
fied house nitrogen (from liquid N2).


Gold film preparation : Glass slides (10K18 mm2), No. 2 (Menzel-Glaser,
Germany), were immersed in freshly prepared “piranha” solution (hot
1:3 H2O2 30%/H2SO4 95–98%) for 15 min and rinsed with triply distilled
water. (Caution: Piranha solution reacts violently with organic materials
and should be handled with extreme care.) This procedure was repeated
twice, after which the slides were rinsed with ethanol, dried under a ni-
trogen stream, and held for about 10 min at 100 8C. The slides were im-
mersed for 10 min in a mixture of MPTS (1.9 mL), water (1.4 mL), and
isopropanol (100 mL), which was brought to reflux, then rinsed with iso-
propanol, dried under a nitrogen stream, and cured in an oven at 100–
107 8C for 8 min. The silanization procedure was carried out three
times.[53] The silanized glass slides were mounted in a cryo-HV evaporator
(Key High Vacuum) equipped with a Maxtek TM-100 thickness monitor
for evaporation of the ultrathin Au films. Homogeneous Au deposition
was achieved by moderate rotation of the substrate plate. Gold (99.99%,
Holland-Moran, Israel) was evaporated from a tungsten boat at 2–4K
10�6 Torr at a deposition rate of 0.005–0.01 nms�1. Post-deposition an-
nealing of Au-covered slides was carried out in air at 200 8C for 20 h, by
using a Ney Vulcan 3–550 oven. The heating rate was 5 8Cmin�1; the an-
nealed slides were left to cool in air to room temperature.


Multilayer self-assembly : Prior to self-assembly the Au island substrates
were stabilized in CHCl3/EtOH (1:1), as previously described.[33] Mono-
layers of the anchor molecule 1 (Figure 1) were adsorbed from a solution
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of 1 (3mm) in CHCl3/EtOH (1:1) overnight, followed by rinsing with
chloroform and ethanol and immersion in ethanol for 20 min. ZrIV was
bound to the monolayer of 1 from a solution of Zr(acac)4 (1mm) in etha-
nol for 1 h, followed by rinsing and immersion in ethanol for 10 min.[45]


The repeat unit 2 (Figure 1) was coordinatively bound by exposure of the
surface complex to a solution of the tetrahydroxamate 2 (3mm) in etha-
nol overnight, followed by ethanol rinse. The sample was then treated re-
peatedly with the metal ion and the organic tetrahydroxamate, resulting
in a multilayer structure with a controlled number of layers.


UV-visible spectroscopy : Measurements were carried out ex situ (in air)
by using a Varian CARY 50 UV/VIS/NIR spectrophotometer with a spe-
cially designed holder.[9] The scan rate was 600 nmmin�1, and the band-
width of the light source in the UV-visible region was 1.0 nm. A baseline
correction procedure (the spectrum of air was taken as baseline) was exe-
cuted prior to each measurement session. A transmission UV-visible
spectrum was recorded for each substrate after Au deposition, and sam-
ples that showed substantial deviation from the average spectrum were
discarded (about 15% of the samples). All the samples were stabilized
by dipping in 1:1 CHCl3/EtOH (the solvents used for self-assembly of the
organic layers) and drying under a stream of nitrogen.[33] The indication
for stability of the Au island films was the SP extinction peak measured
in air, which stopped changing after about 10 min in the solution (this
time varied somewhat between samples).


Atomic force microscopy (AFM): AFM images were recorded in air by
using Molecular Imaging PicoScanTM (Pico IC) instrument operated in
the acoustic AC (AAC) mode. The cantilevers used were NSC12 series
of ultrasharp silicon (MikroMasch, Estonia), with a resonant frequency
of 100–200 kHz and an average tip radius of �10 nm.


X-ray photoelectron spectroscopy (XPS): XPS measurements were car-
ried out with a Kratos Axis-HS XPS system, with a monochromatized
AlKa X-ray source (1486.6 eV). Elimination of beam-induced damage ef-
fects[54] was achieved by first studying the evolution of these effects and
then performing the analysis on fresh spots using optimal experimental
conditions.


High-resolution scanning electron microscopy (HRSEM): Images were
obtained using a JSM-6700F high-resolution scanning electron micro-
scope with a cold field emission electron source and an upper built-in SE
detector. Low-energy SE signal suppression was performed to reduce the
charging effect in the SE images, particularly important with the 1.0 and
2.5 nm samples.
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Surface-Grafted Multiporphyrin Arrays as Light-Harvesting Antennae to
Amplify Photocurrent Generation


Mitsuhiko Morisue, Shigeru Yamatsu, Noriko Haruta, and Yoshiaki Kobuke*[a]


Introduction


Spontaneous molecular assembly on solid surfaces is a key
technique in engineering molecular-based devices. Particu-
larly, the field of photoenergy conversion systems is an area
of most intense research. In the development of such molec-
ular systems, well-arranged redox species are prerequisite in
controlling interfacial electron transport.[1] For this purpose,
various surface-fabrication methods have been applied for
alignment, for example, Langmuir–Blodgett (LB) films,[2]


self-assembled monolayers (SAMs),[3] or layer-by-layer
membranes.[4] These systems performed successfully as sim-
plified models for the primary process in photosynthesis.
Molecular systems for efficient artificial “light-harvesting”
photoenergy conversion have been constructed based on the
design by Fujihira and co-workers.[2e] These were accom-
plished by funneling the photoexcitation energy on the an-
tenna molecules into a donor–sensitizer–acceptor triad
by lateral energy transfer within the monolayer assem-


blies.[2e, 3f,3h] To mimick a natural “light-harvesting” function,
it is important to capture solar light over a wide wavelength
range as well as to mediate excitation-energy transport. The
small extinction of the monomolecular layers has been over-
come by employing porous nanocrystalline electrodes in
Gr�tzel�s dye-sensitizing solar cell.[5]


The present paper proposes another type of molecular ar-
chitecture in fabricating multiporphyrin assemblies with in-
creased extinction. Metal–ligand interaction is a powerful
tool to build structurally regular multilayered assemblies on
conductive surfaces.[6] Besides, the fully conjugated metal
complexes may enhance electronic and optical communica-
tions among the individual layer constituents. The porphyrin
macrocycle is the fundamental chromophore framework in
natural photosynthetic systems, in which the special pair col-
lects solar energy from the peripheral light-harvesting anten-
nae with excellent yields.[7] Hence, considerable attention is
now focused on developing photoelectronic devices using
electrodes with porphyrins attached. Axial coordination of
metalloporphyrin has been exploited as a building tool to
immobilize porphyrins at conductive surfaces.[8]


For tailoring extremely long multiporphyrin arrays, we
have focused on a self-organization methodology utilizing
imidazolylporphyrinatozinc(ii) units. Two such units mutual-
ly coordinate through imidazolyl groups attached to the cen-
tral zinc atom to form a cofacial dimeric structure, which
can also serve as a precise motif of the unit structure that


Abstract: Organized multiporphyrin
arrays were developed on the conduc-
tive surface by a novel coordination-di-
rected molecular architecture aiming at
efficient photoelectric conversion. The
basic strategy employs the mutual coor-
dination of two imidazolylporphyrina-
tozinc(ii) units to form a cofacial
dimer. Thus, meso,meso-linked bis(imi-
dazolylporphyrinatozinc) (Zn2(ImP)2)
was organized onto imidazolylporphyri-
natozinc on the gold substrate as a self-


assembled monolayer. The organized
Zn2(ImP)2 bearing allyl side chains was
covalently linked by ring-closing olefin
metathesis catalyzed with Grubbs cata-
lyst. Alternating coordination/metathe-
sis reactions allow the stepwise accu-
mulation of multiporphyrin arrays on


the gold electrode. A successive in-
crease in absorption over a wide wave-
length range occurred after each accu-
mulation step of Zn2(ImP)2 on the gold
electrode, and cathodic photocurrent
generation was enhanced in the aque-
ous electrolyte system, containing viol-
ogen as an electron carrier. The signifi-
cant increase of the photocurrent indi-
cates that the multiporphyrin array
works as a “light-harvesting antenna”
on the gold electrode.


Keywords: interfaces · molecular
devices · porphyrinoids ·
self-assembly · zinc


[a] Dr. M. Morisue, S. Yamatsu, N. Haruta, Prof. Y. Kobuke
Graduate School of Materials Science
Nara Institute of Science and Technology
8916–5 Takayama, Ikoma, Nara 630–0101 (Japan)
Fax: (+81) 743-72-6119
E-mail : kobuke@ms.naist.jp


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Chem. Eur. J. 2005, 11, 5563 – 5574 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 5563


FULL PAPER







constitutes the bacterial light-harvesting antenna system.[9,10]


Bis(imidazolylporphyrinatozinc(ii)) units spontaneously as-
semble into multiporphyrin arrays in isotropic media[11] and
even at the electrode surface modified with imidazolylpor-
phyrinatozinc as a SAM.[12] The cofacial dimer in a van der
Waals contact shows exciton coupling indicative of strong
ground-state electronic interactions and therefore delocaliz-
es photoexcited energy or a photogenerated hole in the co-
ordination dimer. Its continuous link is also an excellent
energy/electron/hole-transferral agent. The porphyrin wires
can be developed noncovalently by successive coordination-
dimer formation. The multiporphyrin array assembled on
the gold electrode was further modified to generate a large
photocurrent.[12a]


Covalent immobilization of the organized porphyrin will
produce advantages in the structural stability and in the mo-
lecular arrangement of the multiporphyrin array. The coor-
dination dimer unit of imidazolylporphyrin with allyl-sub-
stituents can be connected to each other by a ring-closing
olefin metathesis reaction catalyzed with Grubbs catalyst (a
ruthenium–carbene complex).[13,14] The metathesis reaction
quantitatively proceeds under mild conditions. The covalent-
ly linked cofacial dimer structures remain even in pyridine
due to the extremely large stability constant of the comple-
mentary coordination.[14a] We attempted stepwise immobili-
zation of the imidazolylporphyrinatozinc complexes to con-
struct heterogeneous multiporphyrin arrays on the imidazo-
lylporphyrinatozinc–SAM-modified gold electrode (see
Scheme 1). The photocurrent was therefore enhanced by ef-
ficient light excitation through large extinction—the so-
called “light-harvesting antenna” function.


Results and Discussion


Formation of a SAM incorporating imidazolylporphyrin :
The first layer of imidazolylporphyrinatozinc was deposited
on the gold surface as a SAM. The gold substrate was
soaked in a solution of H2ImP(C10SH)2 in CH2Cl2 (0.5 mm)


for 20 h (step i) in Scheme 1). After immersion, the substrate


was rinsed thoroughly with CH2Cl2 and then dried under a
stream of nitrogen. Zinc(ii) was introduced to the free-base
imidazolylporphyrin followed by gentle reflux for 2 h under
a nitrogen atmosphere in chloroform containing a small
amount of saturated zinc acetate in methanol (step ii) in
Scheme 1). The Soret band at 421 nm shifted to 428 nm, and
the Q-band at 516 nm, attributed to free-base porphyrin,
changed to 550 nm, indicating that zinc was introduced as
the central metal ion in the monolayer assemblies
(Figure 1). The characteristic oxidation peak of porphyrina-
tozinc also appeared around 680 mV in the cyclic voltammo-
gram for the SAM on the gold electrode (see Figure 11b
later in the text).


Surface concentration can be determined by means of
electrochemical desorption, a method well-established by
Porter and co-workers.[15] The one-electron reductive de-
sorption under alkaline conditions (pH>11) is a direct
method of observing the Au�S covalent-bond cleavage. The
cyclic voltammogram of the porphyrinatozinc SAM in KOH
(0.5 m) showed irreversible reduction peaks at �1069 mV
versus Ag/AgCl at 100 mV s�1 scan rate (Figure 2). The re-
duction waves were assigned to the reductive cleavage of
the Au�S covalent bond. In agreement with this assignment,
this peak gradually diminished in the course of potential
sweep cycles. The integrated current gives the surface con-
centration of Au�S bonding, GT = (iV)/(ve), in which i, V, v,
and e denote current density, potential, sweep-rate, and ele-
mental charge, respectively. The surface coverage of the imi-
dazolylporphyrinatozinc complex (GT/2) is therefore calcu-
lated as 1.35 � 1013 mol cm�2, corresponding to the molecular
area of 7.4 nm2 molecule�1.


The SAM was also characterized by using [Fe(CN)6]
3� as


a bulk redox probe.[16] The electrode surface covered with
the SAM was completely insulated from the bulk ferricya-
nide species, even after the zinc insertion (Figure 3b). The
imidazolylporphyrinatozinc complexes were thus assumed to
form a stable SAM on the gold surface.


Stepwise accumulation of surface-grafted multiporphyrin
arrays : The SAM-modified gold substrate was immersed for
1 h in Zn2(ImP)2 (1mm) in CH2Cl2 with methanol (20 equiv)
as coordinating solvent to partially dissociate the otherwise
extensively developed coordination. This was followed by
rinsing with CH2Cl2 to organize the imidazolyl-to-zinc coor-
dination by removal of methanol (step iii) in Scheme 1). The
organized Zn2(ImP)2 was covalently immobilized through
metathesis reactions of allyl groups by soaking for 10 min in
a dilute solution of Grubbs catalyst in CH2Cl2 (step iv) in
Scheme 1).[17] The gold substrate was thoroughly washed
successively with a large excess of CH2Cl2, methanol, and
water, and then dried under a stream of nitrogen.


Absorption spectra of species on the gold substrate dem-
onstrate the difference of coordination behavior of Zn2-
(ImP)2 depending on the surface chemical species. Only a
small amount of Zn2(ImP)2 can be adsorbed physically onto
a bare gold substrate or octanethiol-SAM-modified sub-
strate. For the Zn–porphyrin SAM or the H2–porphyrin
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SAM, an apparently large increase of the absorbance was
found around 480 nm, attributable to Zn2(ImP)2 (Figure 4).
This comparison suggests that Zn2(ImP)2 is organized at the
central zinc through complementary coordination with Zn–
SAM or axial ligation to Zn2(ImP)2 on the H2 SAM surface.


Scheme 1. Procedures for accumulation of the multiporphyrin arrays on the gold substrate. i) To form the SAM, the gold substrate was immersed in
H2ImP(C10SH)2 (0.1 mm in CH2Cl2) for 20 h. ii) Zinc was introduced into the porphyrin in the SAM in CHCl3 containing a small amount of saturated Zn-
(OAc)2 in MeOH at 50 8C for 2 h. iii) The SAM-modified gold was soaked with Zn2(ImP)2 (1 mm in CH2Cl2) containing MeOH (20 mm) at room tempera-
ture for 1 h, and then rinsed with CH2Cl2 to organize Zn2(ImP)2 by removal of MeOH. iv) The substrate was soaked in a dilute solution of Grubbs cata-
lyst at room temperature for 10 min. The covalently linked organized porphyrin was obtained after thoroughly rinsing with MeOH and CH2Cl2. The rep-
etition steps iii) and iv) provided the multiporphyrin array. The most plausible structure for intradimer metathesis is illustrated.


Figure 1. Absorption spectra of H2– and Zn–porphyrin SAM on the gold
electrode.


Figure 2. Cyclic voltammograms for the SAM-incorporated imidazolyl-
porphyrinatozinc on the gold electrode. Conditions: KOH (0.5 m) sup-
porting electrolyte in aqueous media under continuous nitrogen stream
at a 100 mV s�1 sweep rate. A Pt-wire electrode and a Ag/AgCl (satu-
rated KCl) electrode were used as the counter and the reference elec-
trode, respectively.
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The substrate that had been immersed in a solution of
Zn2(ImP)2 over 2 h did not show further increase of the ab-
sorption in the subsequent cycles. Prolonged organization
may bridge the imidazolylporphyrinatozinc terminals to pre-
vent further coordination. These findings strongly suggest
that the outer terminal was a critical factor for sequential
deposition of Zn2(ImP)2 on the gold surface.


The organized Zn2(ImP)2 was then treated with Grubbs
catalyst for ring-closing metathesis. Alternating treatment of
the Zn–porphyrin SAM/Au substrate with a solution of Zn2-
(ImP)2 and Grubbs catalyst resulted in a gradual rise in the
absorption at 480 nm up to 0.18 after six cycles in Figure 5a.
The accumulation process requires dissociation and organi-
zation by addition and elimination, respectively, of the coor-
dinating solvent, methanol, in the above treatment. The co-
valently immobilized, organized porphyrin cannot be disso-
ciated by the addition of the coordinating solvent in each or-


ganization step. In contrast, the cumulative layering of Zn2-
(ImP)2 was difficult to control through noncovalent
deposition. Without treatment with Grubbs catalyst, the first
accumulation of Zn2(ImP)2 was observed, but no successive
increase was observed by the repetition (Figure 5b). In a so-
lution system, metathesis reaction of the allyl side chains
shows high specificity of the spacer chain length for the co-
valent linkage of the complementary porphyrin dimer.[14a]


Since the optimum spacer to give a 95 % yield in solution
was utilized in the present system, the dimer connection
must occur efficiently on the gold substrate. In the present
case, however, interarray cross-linking may also occur to a
greater or lesser extent and contribute to the stabilization of
the multiporphyrin arrays. Both the complementary coordi-
nation through imidazolyl-to-zinc and covalent linking of
the allyl side chains are indispensable for the successive ac-
cumulation of multiporphyrin arrays.


The average thickness of the multiporphyrin layer on the
gold was evaluated by the surface plasmon resonance (SPR)
angles in water. The incident angle increased as a function
of the accumulation cycles. Based on the Fresnel�s fittings, a
layer with a thickness of approximately 0.9–1.2 nm grew in a
single accumulation cycle (Figure 6). The porphyrin should
interdigitate with the Zn–porphyrin terminal to be accumu-
lated at the surface. The distance from the terminal imida-
zolyl edge to the neighboring imidazolyl edge was estimated


Figure 3. Cyclic voltammograms of K3Fe(CN)6 (1 mm) in Na2SO4 (0.1 m)
electrolyte solution. a) Redox behavior observed for the bare Au working
electrode at 10, 20, 50, 100, and 200 mV s�1 and the proportional relation
between the peak-current ip versus v1/2 at 2.2� 10�18 cm2 s�2 of the diffu-
sion constant up to 100 mV s�1 of the sweep rate (inset). b) The insulation
of the redox of K3[Fe(CN)6] (1 mm) for the SAM-attached working elec-
trodes.


Figure 4. Absorption spectra of the SAM-modified gold substrate after
soaking for 1 h in a solution of Zn2(ImP)2. The adsorbates forming the
SAM are indicated in the figure.


Figure 5. Effect of the metathesis reaction on the growth of Zn2(ImP)2 on
the imidazolylporphyrinatozinc SAM/Au substrate. a) The substrate
treated with alternate cycles of coordination organization/metathesis re-
actions. The spectrum was recorded after every metathesis reaction.
b) The substrate dipped repetitively in a solution of Zn2(ImP)2 without
metathesis.
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to be around 1.5 nm by the molecular mechanics calculation
assuming complementary coordination (Figure 7). The sur-
face-grafted multiporphyrin arrays are therefore assumed to
be elongated by approximately a single Zn2(ImP)2 accumu-
lation cycle.


The accumulated porphyrins were also observed by AFM.
The topographic images in the present system showed no
significant difference from those of the surface roughness of
the vacuum-deposited gold AFM images (see Figure S2 in
the Supporting Information). In the previous experiment,
the porphyrins were organized by evaporating pyridine from
nitrobenzene/pyridine (1:1 v/v), and were grown to a hetero-
geneous mixture of the multiporphyrin-like stalagmite.[12]


The stepwise coordination/metathesis can thus regulate the
gradual elongation of the porphyrin on the whole area of
the gold substrate.


Photocurrent generation by multiporphyrin antennae : We
measured the photocurrent response in the presence of viol-
ogen as an electron carrier by varying the applied potential
for the sample after several accumulation cycles. Prompt re-
sponse was maintained as stable without detectable change
of the photocurrent over several hours for the experimental
operation. Figure 8 depicts typical photocurrent response
patterns during on–off cycles of white light at a potential


range of 500 to �200 mV versus Ag/AgCl. A steep rise and
fall of the cathodic current was found as soon as the light
was turned on and off, respectively. The photocurrent densi-
ty gradually increased on applying a more negative poten-
tial. We observed only cathodic photocurrent for the violo-
gen–multiporphyrin–Au combination. The photorectifying
effect implies that most of the electrons flow unidirectional-
ly from the photoexcited porphyrin to the bulk viologen.
Furthermore, the cathodic photocurrent was amplified by
the increased accumulation of the porphyrin antennae,
keeping the dark current at the same level (Figure 9). The
multiporphyrin array could increase the magnitude of the
photocurrent depending on the degree of accumulation sub-
duing the effect of distance elongation between two interfa-
cial electron-transport sites.


Figure 6. SPR angles of the multiporphyrin array on the gold substrate in
water. The plot of the thickness as a function of the accumulation cycle
(inset).


Figure 7. Molecular model of Zn2(ImP)2 coordinating with imidazolylpor-
phyrinatozinc drawn by the molecular mechanics calculation software
(Cerius 2 supplied by Accelrys, Ver. 4.6/Force Field UNIVERSAL 1.02).
The view omits the allyl side chains for visual clarity.


Figure 8. Photoresponse patterns during on/off cycles of white light at
various potentials. Conditions: Na2SO4 (0.1 m) supporting electrolyte and
methylviologen (10 mm) electron-carrier in the aqueous system under ni-
trogen streaming. The Zn2(ImP)2 was accumulated over four deposition
cycles.


Figure 9. Current-potential relationship for the dark and the photocurrent
(white light irradiation).
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The photocurrent-action spectra obtained were normal-
ized to the illuminated light intensity at a constant value of
174.6 mW cm�2. Close coincidence of these spectra with the
corresponding absorption spectra (Figure 5a) proves that the
photocurrent is generated by the photoexcitation of Zn–por-


phyrins (Figure 10). In addition, the accumulation of Zn2-
(ImP)2 induced a significant increase of the photocurrent
generation. The increase of the photocurrent was small for
the samples of the first two accumulation cycles, but became
significant for the samples of the last three. This agrees with
the observation that the excited singlet-state of Zn–porphy-
rin moieties is quenched strongly in the vicinity of the gold
surface.[3j, 18] Photoexcitation at metal surfaces generally ac-
companies energy-transfer quenching by surface plasmons.
The imidazolylporphyrinatozinc SAM on the gold surface
hardly fluoresces. Hence, the photoexcitation of the inner
porphyrin contributed less to the photocurrent generation,
whereas the inner porphyrin played a role in spacing the
outer antennae from the gold surface in order to suppress
the deactivation by surface plasmon and to mediate hole mi-
gration along the porphyrin array. The photosensitization
was therefore enhanced by the accumulation of Zn2(ImP)2.
Photocurrent augmentation at 480 nm and the Q-bands was
larger than the increase at 430 nm, while the ratio of accu-
mulated absorbance did not change very much. This was in
line with a greater contribution of the Soret band around
480 nm and the Q-bands to fluorescence in CH2Cl2 (see Fig-
ure S1 in the Supporting Information). Successive accumula-
tion therefore provided improvement in photocurrent gener-
ation particularly sensitized by light excitation at longer
wavelengths.


The photocurrent generation can be composed of the fol-
lowing multi-elementary steps 1–10


Photoexcitation : Pþ hn! P* ð1Þ


Energy migration : P* þ P! Pþ P* ð2Þ


Hole migration : Pþ C þ P! Pþ Pþ C ð3Þ


Charge migration : P� C þ P! Pþ P� C ð4Þ


Redox reaction : Pþ C þ e� ! P ð5Þ


P* þ e� ! P� C ð6Þ


Viologen reduction : P* þMV2þ ! Pþ C þMVþ C ð7Þ


P� C þMV2þ ! PþMVþ C ð8Þ


Deactivation : P* þAu! PþAu* ð9Þ


Pþ C þ P� C ! Pþ P ð10Þ


The primary photoinduced charge separation proceeds be-
tween the excited porphyrin and bulk viologen as the elec-
tron acceptor [Eq. (7)]. The hole generated migrates to-
wards the electrode surface [Eq. (3)] and receives an elec-
tron at negative potential to give the cathodic current
[Eq. (5)]. The redox potentials were determined by cyclic
voltammetry (Figure 11). Zn–porphyrin complexes on the
Au electrode possess a broad oxidation potential due to hy-
drophobicity and electroinactivity within the densely packed
porphyrin assemblies. The oxidation potential around
685 mV did not shift significantly with accumulation of Zn2-
(ImP)2. The redox potential of the Zn(ImP) unit in the
SAM may shift from the monomeric state, because the
Soret band showed a bathochromic shift suggesting J-type


Figure 10. Photocurrent-action spectra of the multiporphyrin on the gold
electrode at �200 mV versus Ag/AgCl. The spectra were normalized to a
constant light intensity at 174.6 mW cm�2.


Figure 11. Cyclic voltammograms. a) H2–porphyrin SAM on the gold
electrode. b) Zn–porphyrin SAM. c) A multiporphyrin array (one-cycle
deposition) on the gold electrode at 50 mV s�1. Conditions: Na2SO4


(0.1 m) supporting electrolyte in the aqueous system under a nitrogen
stream. Further accumulation did not increase the electrochemical re-
sponse under the conditions.
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aggregation in the SAM (Figure 1). We suppose that this is
the reason for no significant shift of the redox potentials on
the accumulation cycles of Zn2(ImP)2. Even though the oxi-
dation potentials have a wide distribution, the overall
charge and hole migration should proceed in a downhill di-
rection as shown in Scheme 2, which depicts the dominant
processes for the cathodic photocurrent generation.


An alternative mechanism may also account for the pres-
ent photocurrent conversion system. If electron injection
from the electrode to the excited porphyrin occurs at an
early stage [Eq. (6)], the multiporphyrin array must mediate
the excess charge [Eq. (4)] to reduce viologen in the bulk
solution [Eq. (8)]. Although it is difficult to choose the most
probable one from these two mechanisms, Equa-
tions (1),(7),(3),(5) and Equations (1),(6),(4),(8), the former
mechanism seems to be more likely for the present system,
because porphyrins generally act as p-type semiconduc-
tors.[19]


Regarding the photocurrent generation on the gold elec-
trode, the energy migration process along the porphyrin
arrays [Eq. (2)] should compete with quenching by surface
plasmon [Eq. (9)] as noted previously. This should reduce
the incident photon-to-current conversion efficiency (IPCE)
value. Nevertheless, the IPCE value shows a sharp rise up to
0.4 % at 480 nm as the light-harvesting efficiency (LHE =


1�10�A, derived from Beer�s law)[5a,20] increases (Figure 12).
This value, observed for the flat electrode, is relatively large
compared with the values (0.037 % at 430 nm for the Zn–
porphyrin SAM in the present system) conventionally ob-
served for SAM systems.[3k]


The IPCE value is determined as Equation (11) fol-
lows:[5a, 20]


IPCE ð%Þ ¼ 100 ði=eÞ=ðWl=hcÞ ð11Þ


in which i, W, and l are photocurrent density (A cm�2),
the incident photon flux (174.6 � 10�6 W cm�2), and wave-
length (nm), respectively. At the same time, the IPCE value
is related to the LHE and the quantum efficiency F after
light absorption by Equation (12).


F ð%Þ ¼ IPCE=LHE ð12Þ


Scheme 2. Potential diagram for photoinduced charge-separation steps. The recombination processes, energy-transfer process, and distributed potentials
without contribution to photocurrent generation are omitted for simplification.


Figure 12. Plots for the IPCE (*) and quantum yield (*) against LHE at
480 nm at �200 mV (versus Ag/AgCl). The numbers in the Figure
denote the deposition cycles.
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The plot of F against LHE at 480 nm also shows a sharp
increase as LHE increases (Figure 12, right-hand axis). This
means that the accumulation of Zn2(ImP)2 is effective not
only for light absorption, but also for generation of the elec-
tric current.


The above evaluation may be extended to all the absorp-
tion wavelengths. The results shown in Figure 10 demon-
strate that efficient light-to-current conversion is due to
light-capture over a wide range of wavelengths. The “light-
harvesting” task should then be evaluated by the integrated
current as a function of the total absorption (Figure 13). We


obtained the total absorption and current values from the
integration of the cross-sectional absorption and current
density over the whole wavenumber range. The result from
the plot for the total photocurrent shows a good agreement
with the photocurrent observed by white light irradiation.
The sharp increase of both the total photocurrent and cur-
rent intensity increases the efficient “light-harvesting” func-
tion of the surface-grafted multiporphyrin arrays.


It is generally accepted that the disordered multichromo-
phoric assemblies dissipate photoexcitation energy at struc-
tural defects.[21] However, well-ordered arrangements of
chromophores can suppress deactivation pathways and con-
serve the photoexcited energy.[22] For instance, natural pho-
tosynthetic systems have developed sophisticated structures
for efficient photoenergy conversion. The multiporphyrin
array system composed of the dimer unit mimics these sys-
tems, since fluorescence is not quenched at all[11a] and effi-
cient long-range hole and/or energy transfer has been con-
firmed already.[23] The molecular axes of the multiporphyrin
array assist hole shift or energy transfer between the outer
terminal and the electrode surface, because the outer por-
phyrin terminal is connected to the electrode through the
surface-grafted chain structure.


The C60-terminated antennae system : The stepwise immobi-
lization technique permits introduction of a wide variety of
substituent-appended imidazolylporphyrins to develop
redox- and energy-cascade systems for versatile applications.
Here, we show a preliminary trial for the C60-terminated
system on the gold, since C60 is an excellent electron accept-
or owing to its extremely small reorganization energy.[3d,h]


Zn(ImP)–C60 showed dramatically efficient quenching
(99.7 %) of the photoexcited porphyrin by C60 compared
with Zn(ImP) (Figure 14), indicating the efficient electron-
transfer quenching from the excited singlet of the porphyrin
(1P*) to C60.


We soaked the gold surface modified with the multipor-
phyrin antennae in Zn(ImP)–C60 (0.1 mm) and pyridine
(2 mm) in CH2Cl2 for 2 h, followed by treatment with
Grubbs catalyst. No significant spectral change in the ab-
sorption was found after the treatment of Zn(ImP)–C60.


[12b]


The photocurrent in the C60-terminated antennae, however,
increased the cathodic photocurrent by approximately three
times, in comparison to the case of the unmodified antennae
(Figure 15). The enhancement by termination with C60


Figure 13. Plots of the photocurrent against the total absorbance at
�200 mV (versus Ag/AgCl). The total absorbance was estimated from
the integration of the absorption (arbitrary unit) from 350 to 750 nm in
wavenumbers (cm�1). The total current density on the left-hand axis (*)
was calculated from the integration of the current density (A cm�2) in
Figure 11 from 380 to 750 nm in wavenumbers (cm�1). The current densi-
ty on the right-hand axis (*) was obtained by white light irradiation as
shown in Figure 10. The numbers in the figure denote the deposition
cycles.


Figure 14. Normalized absorption and emission spectra of Zn(ImP) (thin
lines) and Zn(ImP)–C60 (thick lines) in CH2Cl2. The fluorescence spec-
trum was obtained by excitation at the longer Soret band. The fluores-
cence of Zn(ImP)–C60 is magnified by 100 times.


Figure 15. Effect of termination with C60 at the multiporphyrin array on
the photocurrent response at �200 mV versus Ag/AgCl.
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should be attributed to the efficient photoinduced charge
separation at the array terminal.[3d,i,j] In the antenna system
without a C60 terminal, the electron-transfer reaction to viol-
ogen is assumed to undergo fast intersystem transfer to 3P*
followed by charge separation,[24] which must have been lim-
ited by the counter-complex formation with bulk viologen.
On the other hand, the C60 terminal directly oxidizes 1P*
and efficiently mediates the oxidation of the photoexcited
Zn2(ImP)2 and the electron transfer to bulk viologen. The
hole produced migrated to the electrode surface along the
multiporphyrin array. The heterodeposition of the imidazo-
lylporphyrins allows construction of the “light-harvesting”
system by incorporating a charge-separation unit.


Conclusions


A surface-grafted multiporphyrin array has been successful-
ly constructed by repetitive coordination cycles of imidazo-
lylporphyrinatozinc and its covalent linkage by ring-closing
olefin metathesis of the allyl side chains. The resulting multi-
porphyrin array will provide a new class of molecular mate-
rials. Our results show that this array has dramatically im-
proved light absorption by splitting of absorption bands and
an accumulation effect, and thus brought about a significant
increase in the photocurrent generation by a so-called
“light-harvesting antenna” effect. The photocurrent density
was increased by efficient excitation energy/hole-transfer ca-
pability even without incorporation of any electron-acceptor
or -donor components. Moreover, an electron-acceptor unit
could be introduced at the terminal of the multiporphyrin
for construction of the redox-cascade system. The sequen-
tially arranged redox system led to a higher efficiency of the
electron-transfer reaction, sensitized by the multiporphyrin
array at the electrode surface. Further work is in progress to
improve the multiporphyrin systems by elaborate modifica-
tion. This approach will provide an interesting method to
improve the small extinction of the molecular assemblies
when a flat electrode surface is used.


Experimental Section


Synthesis procedures : Benzylidenebis(tricyclohexylphospine)dichlororu-
thenium, the Grubbs catalyst, was purchased from Fluka and used with-
out further purification. 1-Octanethiol was dissolved in CH2Cl2 for ad-
sorption onto the gold surface as-received from TCI.


Imidazolylporphyrins were synthesized from the corresponding aldehydes
and dipyrromethane (Scheme 3). The preparation of 2-formyl-1-methyl-
imidazole, dipyrromethanes, and Zn(ImP) is described elsewhere.[14a] All
synthesized porphyrins gave satisfactory 1H NMR and MALDI-TOF
mass spectra. 1H NMR spectra were recorded on a JEOL JNMEX 270 or
JEOL ECP 600 by using TMS as an internal standard. For the MALDI-
TOF MS measurement on a PerSeptive Biosystems Voyager DE-STR,
the sample was mixed with dithranol (purchased from Aldrich) as a
matrix dye and was put on the gold target plate. UV-visible absorption
and emission spectra in isotropic media were measured by using a con-
ventional 1 cm quartz cell under aerobic conditions. The fluorescence


spectra were recorded on a HITACHI Fluorescence Spectrometer F-
4500.


5-(1-Methylimidazol-2-yl)-10,20-bis(3-allyloxypropyl)-15-di-3,5-(10-ace-
tylthiodecanoxy)phenylporphyrin (H2ImP(C10SAc)2): The linkage po-
phyrin was prepared by acid-catalyzed cyclization of a mixture of 2-
formyl-1-methylimidazole (45 mg, 1 equiv), di-3,5-(10-acetylthiodecanox-
y)benzaldehyde (see Supporting Information) (230 mg, 1 equiv), and 3-al-
lyloxypropyldipyrromethane (198 mg, 2 equiv) in chloroform (74 mL).
The mixture was stirred with trifluoroacetic acid (TFA) (0.20 mL,
2 equiv) for 5 h and then oxidized with p-chloranil (0.95 g, 3 equiv). The
porphyrin H2ImP(C10SAc)2 was eluted with chloroform/acetone (9:1 v/v)
from a silica-gel column (59.6 mg, 4.1%). 1H NMR (600 MHz) in CDCl3:
d=�2.65 (s, 2H; inner proton), 1.25–1.88 (br, 32H; alkyl), 2.28 (s, 6H;
�SCOCH3), 2.79 (t, J =6.6 Hz, 4 H; �CH2CH2O-allyl), 2.83 (m, 4 H;
�CH2SCOMe), 3.40 (s, 3H; N�CH3), 3.66 (t, J=4.8 Hz, 4 H; �CH2O-
allyl), 4.08 (m, 4H; �OCH2CH=CH2), 4.12 (m, 4 H; Ph-OCH2�), 5.10 (t,
J =7.2 Hz, 4H; porphyrin-CH2(CH2)2O-allyl), 5.23 (dd, J =1.8, 9.6 Hz,
2H; �CH=CHH), 5.42 (dd, J =1.8, 16.2 Hz, 2 H; �CH=CHH), 6.08 (ddt,
J =6.0, 9.6, 16.2 Hz, 2H; �CH=CH2), 6.91 (s, 1 H; Ph), 7.23 (s, 1H; Ph),
7.39 (s, 1H; Ph), 7.48 (s, 1 H; 5-imidazolyl), 7.69 (s, 1H; 4-imidazolyl,
1H), 8.77 (d, J =5.4 Hz, 2H; b-pyrrole), 9.00 (d, J=5.4 Hz, 2 H; b-pyr-
role), 9.47 (d, J=4.8 Hz, 2 H; b-pyrrole), 9.53 ppm (d, J=4.8 Hz, 2H; b-
pyrrole); MALDI-TOF MS: m/z calcd: 1122.61; found: 1123.96 [M+H]+ ;
UV/Vis (CHCl3): lmax =414, 437, 566, 619 nm.


5-(1-Methylimidazol-2-yl)-10,20-bis(3-allyloxypropyl)-15-di-3,5-(10-mer-
captodecanoxy)phenylporphyrin (H2ImP(C10SH)2): Acetyl-protected
thiol groups were deacylated by alkaline hydrolysis. To avoid decomposi-
tion under basic conditions, a central zinc atom was introduced into the
porphyrin ring of H2ImP(C10SAc)2 with zinc acetate (yield 90%). The so-
lution of thioacetyl-terminated porphyrin (27 mg) in chloroform/metha-
nol (10 mL, 4:1 v/v) was treated with potassium hydroxide (0.2 g) in
water/methanol (2:3 v/v) at room temperature for 0.5 h. After washing
with water, the organic layer was treated with hydrochloric acid to
remove the central zinc atom. The mixture was subjected to silica-gel
column chromatography to elute H2ImP(C10SH)2 with chloroform/metha-
nol (10:1 v/v). 1H NMR (600 MHz) in CDCl3: d=�2.77 (s, 2H; inner
proton), 0.77–1.81 (br, 32 H; alkyl), 2.40 (m, 4H;�CH3SH), 2.71 (m, 4H;
�CH2CH2O-allyl), 3.31 (s, 3H; N�CH3), 3.58 (t, J =6.0 Hz, 4 H; �CH2O-
allyl), 4.00 (m, 4H; �OCH2CH=CH2), 4.06 (m, 4 H; Ph-OCH2�), 5.11 (t,
J =7.8 Hz, 4H; porphyrin-CH2(CH2)2O-allyl), 5.18 (dd, J=1.8, 10.2 Hz,
2H; �CH=CHH), 5.34 (dd, J =1.8, 18.0 Hz, 2 H; �CH=CHH), 6.00 (ddt,
J =6.0, 10.2, 18.0 Hz, 2H; �CH=CH2), 6.83 (s, 1H; Ph), 7.22 (s, 1 H; Ph),
7.32 (s, 1H; Ph), 7.39 (s, 1H; 5-imidazolyl), 7.61 (s, 1H; 4-imidazolyl),
8.70 (d, J=4.2 Hz, 2H; b-pyrrole), 8.92 (d, J=4.2 Hz, 2H; b-pyrrole),
9.39 (d, J =4.2 Hz, 2H; b-pyrrole), 9.45 ppm (d, J=4.2 Hz, 2H; b-pyr-
role); no peaks were observed with MALDI-TOF MS because the thiol
groups were strongly bound to the gold plate. UV/Vis (CHCl3): lmax =


419, 516, 554, 590, 648 nm.


5-(1-Methylimidazol-2-yl)-10,20-bis(2-methoxycarbonylethyl)porphyrina-
tozinc (Zn(ImPH)): A mixture of 2-formyl-1-methylimidazole (0.55 g,
1 equiv), paraformaldehyde (0.80 g, 4 equiv), and 2-methoxycarbonyl-
ethyldipyrromethane (2.3 g, 2 equiv) in chloroform (500 mL) were mixed
with trifluoroacetic acid (0.75 mL, 2 equiv). After oxidation with chlor-
anil (3.7 g, 3 equiv), and neutralization with saturated aq NaHCO3, the
desired porphyrin was roughly separated from the byproducts by means
of silica-gel column chromatography, followed by introduction of central
zinc by treatment with zinc acetate. Column chromatography with
chloroform/acetone (5:1 v/v) as eluent, and rinsing with diethyl ether
afforded the precursor porphyrin (yield 3%). 1H NMR (270 MHz) in
CDCl3: d= 1.59 (s, 3H; N�CH3, 3 H), 1.85 (s, 1 H; 5-imidazolyl), 3.87–
3.91 (m, 4H; �CH2COOMe), 3.91 (s, 6H; �COOCH3), 5.42 (s, 2H;
3,7-b-pyrrole), 5.44 (s, 1H; 4-imidazolyl), 5.52 (t, J =8.6 Hz, 4 H;
�CH2CH2COOMe), 8.95 (d, J=4.6 Hz, 2H; 2, 8-b-pyrrole), 9.54, 9.74 (d,
4H; 4.32 Hz, 12,13,17,18-b-pyrrole), 10.29 ppm (s, 1 H; meso-porphyrin);
MALDI-TOF MS: m/zcalcd: 624.15; found: 625.35 [M+H]+ ; UV/Vis
(CHCl3): lmax = 408, 430, 559, 608 nm.


15,15’-Bis{5-(1-methylimidazol-2-yl)-10,20-bis(2-methoxycarbonylethyl)-
porphyrin} (H4ImP2): A solution of the meso-free precursor porphyrin
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Zn(ImPH) (174 mg, 1 equiv) in chloroform (90 mL) was deaerated by ni-
trogen bubbling. The addition of 0.5 equiv of AgPF6 (47 mg, 0.6 equiv)
and I2 (39 mg, 0.5 equiv) promoted a meso,meso-coupling reaction.[25] The
reaction was quenched within 20 min by adding aqueous sodium thiosul-
fate (ca. 100 mL). The mixture was then washed with aqueous sodium hy-
drogencarbonate and brine. The crude product was demetalated with
HCl/methanol (10:1 v/v). Free-base meso,meso-coupled bisporphyrin
(H4ImP2) was purified by silica-gel column chromatography with chloro-
form/acetone as eluent (5:1 ! 1:1 v/v) (yield 49 %). 1H NMR (270 MHz)
in CDCl3: d =�2.17 (s, 4H; NH), 3.53 (m, 14H; N�CH3,�CH2COOMe),
3.70 (d, J= 3.24 Hz, 6 H; �COOCH3), 5.33 (m, 8H; �CH2CH2COOMe),
7.56 (d, J =1.4 Hz, 2H; 5-imidazolyl), 7.76 (d, J=1.4 Hz, 2 H; 4-imidazol-
yl), 7.99, 8.14 (d, J=4.7 Hz, 4H; 13,13’,17,17’-b-pyrrole), 8.94 (d, J=


4.1 Hz, 4H; 4,4’,7,7’-b-pyrrole), 9.14 (dd, J=10.8, 5.1 Hz, 4 H;
12,12’,18,18’-b-pyrrole), 9.59 ppm (dd, J =2.3, 3.0 Hz, 4 H; 3,3’,9,9’-b-pyr-
role); MALDI-TOF MS: m/z calcd: 1122.45; found: 1125.85 [M+H]+ ;
UV/Vis (CHCl3): lmax =423, 453, 526, 596 nm.


15,15’-Bis{5-(1-methylimidazol-2-yl)-10,20-bis(2-allyloxycarbonylethyl)-
porphyrinatozinc} (Zn2(ImP)2): Allyl groups were introduced into the
side chains by transesterification catalyzed with 1,3-dichlorotetrabutyldis-
tannoxane.[26] The free-base bis-imidazolylporphyrin with four methyl
ester side chains was gently refluxed in toluene/allylalcohol (10:1 v/v) in
the presence of ten equivalents of the tin catalyst for 6 h. After removal
of the solvent, the tetraallyl-substituted bis-porphyrin was eluted from a
silica-gel column with chloroform/acetone (1:1 v/v) as eluent (yield
51%). 1H NMR (270 MHz) in CDCl3: d=�2.16 (s, 4H; NH), 3.53 (m,
14H; N�CH3, �CH2COO-allyl), 4.63 (m, 8H; �COOCH2CH=CH2), 5.14
(m, 4H; �CH=CHH), 5.23–5,30 (m, 12 H; �CH=CHH, porphyrin-CH2�),
5.80–5.85 (m, 4 H; �CH=CH2), 7.57 (s, 2 H; 5-imidazolyl), 7.76 (s, 2 H; 4-
imidazolyl), 7.99, 8.14 (d, 4H; J=4.8 Hz, 13,13’,17,17’-b-pyrrole), 8.94 (d,
J =4.1 Hz, 4H; 4,4’,7,7’-b-pyrrole), 9.18 (dd, J =10.8, 5.1 Hz, 4 H;
12,12’,18,18’-b-pyrrole), 9.59 ppm (dd, J =2.3, 3.0 Hz, 4 H; 3,3’,9,9’-b-pyr-
role); MALDI-TOF MS: m/z calcd: 1226.51; found: 1227.58 [M+H]+ ;
UV/Vis (CHCl3): lmax =423, 453, 526, 596 nm.


Scheme 3. Synthesis of the imidazolylporphyrins.
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The central zinc atom was introduced into the free-base bis-porphyrin
with zinc acetate. After washing with aqueous sodium hydrogencarbonate
and brine, Zn2(ImP)2 was eluted with chloroform/methanol (10:1 v/v)
from a silica-gel column. MALDI-TOF MS: m/z calcd: 1350.34; found:
1354.4 [M+H]+ ;UV/Vis (CH2Cl2): lmax =407, 490, 582, 633 nm (see also
Figure S1 in the Supporting Information).


5-(1-Methylimidazol-2-yl)-10,20-bis(3-allyloxypropyl)-15-(p-formylphe-
nyl)porphyrin (H2ImP(CHO)): A catalytic amount of TFA (0.32 mL,
2 equiv) was added to a mixture of 2-formyl-1-methylimidazole (225 mg,
1 equiv), terephthalaldehyde (274 mg, 1 equiv), and 3-allyloxypropyldi-
pyrromethane (1.0 g, 2 equiv) in chloroform (400 mL), followed by stir-
ring for 3 h and further stirring after the addition of chloranil (1.5 g,
3 equiv). Elution over a silica-gel column with chloroform/acetone (1:1
v/v) afforded H2ImP(CHO) (yield 4 %). 1H NMR (600 MHz) in CDCl3:
d=�2.69 (s, 2H; inner proton), 2.78 (m, 4H; porphyrin-CH2CH2CH2O�),
3.31 (s, 3H; N�CH3), 3.66 (t, J=5.4 Hz, 4H; �CH2O-allyl), 4.08 (m, 4H;
�OCH2CH=CH2), 5.01 (t, J=7.2 Hz, 4H; porphyrin-CH2�), 5.26 (dd, J=


1.2, 10.2 Hz, 2H; �OCH2CH=CHH), 5.43 (dd, J=1.2, 17.4 Hz, 2 H;
�OCH2CH=CHH), 6.08 (ddt, J= 6.0, 9.6, 16.2 Hz, 2 H; �OCH2CH=


CH2), 7.49 (s, 1 H; 5-imidazolyl), 7.69 (s, 1H; 4-imidazolyl), 8.28 (d, J =


7.2 Hz, 1H; Ph), 8.31 (t, 3H; Ph), 8.42 (d, J =7.2, 1H; Ph), 8.80 (d, J=


5.4 Hz, 2H; b-pyrrole), 8.81 (d, J =5.4 Hz, 2H; b-pyrrole), 9.51 (d, J=


5.4 Hz, 2H; b-pyrrole), 10.41 ppm (s, 1 H; �CHO); MALDI-TOF MS:
m/z calcd: 690.33; found: 691.34 [M+H]+ ; UV/Vis (CHCl3): lmax =418,
516, 551, 591 nm.


5,15-Bis(allyloxypropyl)-10-[4-phenyl-2-(N-methyl)fulleropyrrolidinyl]-
20-(1-methylimidazol-2-yl)porphyrinatozinc (Zn(ImP)–C60): A mixture of
H2ImP(CHO) (37.5 mg, 1 equiv), fullerene (78.1 mg, 2 equiv), and N-
methylglycine (96.7 mg, 20 equiv) in toluene was gently refluxed under a
nitrogen atmosphere in the dark for 12 h.[27] The reaction mixture was
subjected to silica-gel column chromatographic separation. The desired
porphyrin–fullerene dyad (32 mg, 41%) was eluted with a gradient sol-
vent system from toluene to chloroform/acetone (9:1 v/v). 1H NMR
(600 MHz) in CDCl3: d=�2.66 (s, 2H; inner proton), 2.72 (m, 4 H; por-
phyrin-CH2CH2CH2O�), 3.13 (s, 3 H; pyrrolidine-NCH3), 3.68 (s, 3 H;
imidazolyl-NCH3), 3.68 (t, J=5.4 Hz, 4H; �CH2O-allyl), 4.05 (br, 4H; �
OCH2CH=CH2), 4.43 (d, 1 H; pyrrolidine-NCHH�), 5.01 (t, 4 H; J=


7.2 Hz, porphyrin-CH2�), 5.11, (d, 1 H; pyrrolidine-NCHH�), 5.28 (s,
1H; pyrolidine-CHN�), 5.26 (dd, J=16.2 Hz, 2 H; �OCH2CH=CHH),
5.34 (dd, J =16.2 Hz, 2 H; �OCH2CH=CHH), 6.01 (br, 2H; �OCH2CH=


CH2), 7.41 (s, 1 H; 5-imidazolyl), 7.60 (s, 1H; 4-imidazolyl), 8.20 (s, 4H;
Ph), 8.68 (d, J =13.8 Hz, 4H; b-pyrrole), 9.31 (s, 2 H; b-pyrrole),
9.45 ppm (s, 2H; b-pyrrole); MALDI-TOF MS: m/z calcd: 1437.38;
found: 1439.96 [M+H]+ ; UV/Vis (CHCl3): lmax =419, 516, 551, 592 nm.


We introduced the central zinc atom by treatment with zinc acetate in
chloroform. The organic layer was washed with aqueous sodium hydro-
gencarbonate, a large excess of water, and brine. Zn(ImP)–C60 (yield
90%) was purified over a silica-gel column with chloroform/acetone (9:1
v/v) as eluent. MALDI-TOF MS: m/z calcd: 1499.29; found: 1502.77
[M+H]+ ; UV/Vis (CHCl3): lmax =414, 439, 566, 620 nm. Very weak emis-
sions were observed around 621 and 675 nm (lex =438 nm); 99.7 % of
these emissions were quenched relative to those observed for non-fuller-
ene-substituted imidazolylporphyrinatozinc Zn(ImP) (Figure 14).


Measurements


Absorption spectra : A gold substrate was prepared by a vacuum-deposi-
tion technique at 5 � 10�6 Torr; 50 � thickness of Cr and then 200 � of
Au onto a glass slide (ALVAC, VPC-260). The roughness factor, that is,
the mean area per apparent area, was found to be approximately 1.07 es-
timated from measurements made by non-contact mode atomic force mi-
croscopy (AFM, Seiko Instruments SPA400).


The substrates were placed perpendicular to the optical path for the gen-
eral absorption measurements. The absorption spectra, recorded on a
Shimadzu UV-3100PC spectrophotometer, were shown as the change in
the absorption with respect to the corresponding bare gold.


Surface plasmon resonance : Surface plasmon resonance (SPR) measure-
ments were employed to evaluate the thickness of the porphyrin layers
on the gold substrate.[28] The SPR measurements were performed in pure
water (18 MWcm purified by Milli-Q Labo reagent water system). The


total reflectance angles of the modified gold were estimated by Fresnel�s
fittings using the appropriate dielectric constants, ewater =1.793, eorganic =


2.25. The gold substrate coupled with the prism (eprism =2.292) through
the matching oil was equipped with a goniometer in the Kretshmann con-
figuration (Nihon Laser Denshi Co.). The SPR angle of the gold sub-
strate in water was scanned by varying the incident angle of a 670 nm
laser and the photodetector. During the measurement, the SPR angle in-
creased, implying a swelling behavior. The stationary SPR angle after a
20 min immersion was used to estimate the thickness of the multipor-
phyrin array.


Electrochemical and photocurrent measurements : Electrochemical and
photocurrent measurements were performed in a typical three-electrode
configuration connected to a potentiostat (BAS, CV-50W). The gold elec-
trode, as the working-electrode, was mounted at the cell window (diame-
ter 6 mm) and exposed to the aqueous electrolyte solutions. A platinum-
wire electrode and a Ag/AgCl (saturated KCl) electrode were employed
as the counter and reference electrodes, respectively. Sodium sulfate solu-
tion (0.1 m) was used as the supporting electrolyte, except for the alkali
desorption experiments, where potassium hydroxide (0.5 m) was used. Po-
tassium ferricyanide (purchased from Nacalai Tesque) was used as a bulk
redox probe without further purification. All electrochemical measure-
ments were carried out under deaerated conditions.


The experimental set-up for photocurrent measurements is presented in
Figure 16. The three-electrode equipment was placed in a dark box. The
electron-carrier methylviologen (10 mm) (1,1’-dimethyl-4,4’-dipyridinium


dichloride, purchased from TCI) was added to the electrolyte solution.
The photocurrent response was recorded under potentiostatic conditions
with exposure to the chopped light under a nitrogen stream. The front
side of the gold electrode was irradiated by a 150 W xenon arc lamp (Ha-
mamatsu Photonics, L2274 light source equipped with C7535 power
supply and C4251 starter) filtered with an IR cut-off filter (Sigma Koki,
HAF-50S-50 H) or a monochromator (Shimadzu, SPG-120S). The elec-
trode was placed at a distance of 31 cm from the edge of the lamp hous-
ing. The profile of the white light exhibits properties similar to solar
light.[5a] The light intensity of the monochromatic light at the electrode
surface was monitored with a Si light detector (Advantest, Q8221 equip-
ped with Q82214).
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On the Oxidation of Gallium and Indium: Characterization of the Cyclic and
Linear GaO2 and InO2 Molecules Generated by the Spontaneous and
Photoinduced Reaction of Ga and In Atoms with O2 and Determination of
the Reaction Mechanism
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Introduction


The knowledge and control of metal-catalyzed oxidation
processes is of fundamental as well as industrial interest. In
the course of these processes, the bond of O2, the strength
of which amounts to almost 500 kJmol�1, has to be cleaved.
This is achieved by transfer of electron density from the
metal atoms into the antibonding p* orbitals of the O2. It is


now well known that the oxidation of a metal surface gener-
ally starts at defects as they exhibit an increased reactivity
with respect to the defect-free regions of the surface. These
defects contain atoms with a smaller coordination number
than the ones in defect-free regions. Our studies aim to
answer the question whether, and under what conditions, a
single metal atom (being free of neighboring atoms) is capa-
ble of weakening considerably, or even breaking, the bond
of O2. In this study we concentrate on the oxidation of Ga
and In atoms. Ga and In are widely used for the fabrication
of III/V semiconductor devices, and oxidation processes can
seriously damage the semiconducting properties of these de-
vices. The blackening of the resonator surfaces of laser
diodes represents an impressive example of a highly unde-
sired oxidation reaction that can ultimately lead to the phe-
nomenon of “catastrophic optical mirror damage”.[1]


The reactions of Ga and In atoms with O2 have already
been studied with the aid of the matrix-isolation technique.
As early as 1979 Carlson et al. studied the spontaneous reac-
tion of matrix-isolated Ga and In (M) atoms with O2 by IR


Abstract: In this work, the spontaneous
and photolytically activated reactions
of Ga and In atoms (M) with O2 (in Ar
and solid O2) are studied with the aid
of the matrix-isolation technique and
the use of IR, Raman, and UV/Vis
spectroscopy in combination with de-
tailed quantum-chemical calculations.
Vibrational spectra were recorded for
several different isotopomers (69Ga,
71Ga, 16O2,


18O2,
16O18O). The results


show that the spontaneously formed
cyclic MO2 molecules photoisomerize
to give the linear OMO molecules. The
collected vibrational data were then
used to characterize the bond proper-


ties of the linear OMO molecules in
detail. The results are compared to
those obtained for CO2


+ and neutral
OEO compounds, where E is an ele-
ment of Group 14. Quantum-chemical
calculations were carried out at various
levels of theory for GaO2. These calcu-
lations indicate that linear OMO is
slightly more stable than its cyclic
isomer. These calculations were also


used to obtain information about the
reaction mechanism, and show that the
formation of the cyclic isomer from Ga
atoms and O2 occurs without a signifi-
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dipole moment and the O�O bond
length during the approach of the O2


molecule toward the Ga atom mark
the point on the potential energy sur-
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nied by a significant barrier, which ex-
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spectroscopy.[2] They identified the cyclic, C2v-symmetric
MO2 superoxo complexes as products of these reactions. A
few years later (1982), Serebrennikov et al. confirmed these
results.[3] However, these experiments failed to give clear
evidence for any Ga isotopic splitting, and therefore the
exact composition of the superoxo complex remained uncer-
tain. In addition, the spectra only show miniscule and uncer-
tain signs of the symmetric n(M�O) stretching fundamental.
In both studies the metal atoms were generated from resis-
tively heated evaporators. In 1992, Andrews et al. reported
the reactions of laser-ablated Ga and In atoms with O2.


[4] In
addition to the bands observed previously that were as-
signed to superoxo complexes, an extra band which grew in
intensity upon photolysis was observed for both the Ga and
the In reactions. These bands were assigned to the linear
OGaO and OInO molecules on the basis of the gallium and
oxygen isotopic patterns and hybrid-DFT calculations.[5]


Several quantum-chemical calculations have been report-
ed on the structure and vibrational spectra of the cyclic su-
peroxo complex GaO2.


[6,7] These calculations suggested a
2A2 electronic ground state with C2v symmetry. It turned out,
however, that the correct inclusion of electron correlation is
important. Thus, while the geometries calculated with differ-
ent methods differ only slightly, the IR properties and the
dissociation energies vary to a large extent depending on
the method used.


Quantum-chemical calculations on the linear OGaO spe-
cies are sparse. So far, to the best of our knowledge, only
hybrid-DFT (B3LYP) calculations have been reported in the
literature.[5] In these calculations, the wavenumber calculat-
ed for the antisymmetric stretching fundamental is about
150 cm�1 lower than the experimentally observed wavenum-
ber. Thus, the linear molecule is not fully characterized in
experiments or in calculations. Calculations on the reaction
mechanism leading to cyclic or linear GaO2 have also not
been carried out so far.


Our study aims at a more complete characterization of
the cyclic and linear GaO2 and InO2 molecules. We report
the first Raman spectra of InO2, and the symmetric n(M�O)
fundamentals of both cyclic species are detected with cer-
tainty for the first time. In addition, the high-resolution
spectra measured for the cyclic GaO2 molecule give the first
evidence for an isotopic splitting due to the 69Ga and 71Ga
isotopes, which clearly shows the presence of one Ga atom
in the compound. The linear OGaO and OInO molecules
can be formed from the cyclic GaO2 and InO2 isomers by
photolysis. The bending modes of both molecules, which
provide direct information about the bond properties, are
also detected for the first time. The electronic properties of
these species will be discussed in detail on the basis of the
experimental results and the results of quantum-chemical
calculations. This discussion also includes a comparison with
CO2


+ and other neutral EO2 species, where E is a Group 13
or 14 element. Finally, quantum-chemical calculations are
employed to retrieve information about the reaction mecha-
nism.


Experimental Section


Ga was evaporated from a resistively heated carbon cell placed inside an
alumina tube. The Ga vapor was co-deposited together with O2 or Ar
doped with O2 onto a copper block which was kept at a temperature of
10 K by means of a closed-cycle refrigerator (Leybold LB115). 16O2 was
used as delivered by Messer. 18O2 was purchased from Linde (isotopic
purity 99.0%). 16O18O was prepared by discharge of a 1:1 mixture of 16O2


and 18O2, followed by condensation of O3 in a 77 K cold trap and decom-
position to reform O2. Details of the matrix-isolation technique can be
found elsewhere.[8]


IR spectra were measured on a Bruker 113v spectrometer. An MCT de-
tector was used for measurements in the spectral range 4000–650 cm�1. A
bolometer was used for measurements in the region 700–30 cm�1. Gener-
ally, the spectra were recorded with a resolution of 0.1 cm�1.


Raman spectra were recorded with a Jobin Yvon XY spectrometer
equipped with a CCD camera (Wright Instruments, England). The spec-
trometer contained two grids as pre-monochromator and another one as
spectrograph; the measurements were preformed in the subtractive
mode. The 513.5, 488.0, and 457.9 nm lines of an Ar+ ion laser (Coher-
ent, Innova 90) were used for excitation. All spectra were recorded with
a resolution of 0.5 cm�1.


UV-photolysis was achieved with the aid of a medium-pressure Hg lamp
(Firma Graetzel, Karlsruhe, Germany).


UV/Vis spectra were recorded with a Xe arc lamp (Oriel), an Oriel mul-
tispec spectrograph, and a photodiode array detector, with a resolution
of 0.5 nm.


Details of the quantum-chemical calculations : Calculations were per-
formed with the aid of the program packages TURBOMOLE,[9]


DALTON,[10] and MOLPRO.[11] With TURBOMOLE, hybrid-DFT
(B3LYP)[12] calculations in combination with a TZVPP basis set[13a] were
carried out. The program package DALTON was used for complete
active space self-consistent field (CASSCF) calculations. Finally, the
MOLPRO program package was employed for coupled-cluster and
multi-reference configuration-interaction (MR-CI) calculations. For all
the latter calculations a TZVPP basis set was used for the oxygen atom,
with an extended extTZVPP basis set, as described in reference [14], for
the gallium atom. The effect of diffuse basis functions on oxygen was
tested at the DFT level and found to be unimportant, provided basis sets
of triple-zeta quality are used.


DFT calculations were carried out for both GaO2 and InO2. In the latter
case the relativistic effective core potential (ECP) of the Stuttgart group
was used for In, thereby incorporating scalar relativistic effects into the
calculation. Spin-orbit effects were not included.[13b, c]


The CCSD(T) calculations[15] included, in all cases, the correlation of the
d-electrons of gallium, but the remaining core of gallium and the 1s core
of oxygen were excluded from the correlation treatment (frozen-core ap-
proximation). The calculations were based on restricted open-shell Har-
tree–Fock (ROHF) orbitals, but in the coupled-cluster calculations no
spin-symmetry constraints were imposed on the cluster amplitudes (unre-
stricted coupled-cluster). The spin-contaminations were monitored, but
turned out to be small. Geometries were optimized numerically at this
level and the second derivatives were also obtained numerically.


The active space for CASSCF calculations was chosen to accommodate
all valence orbitals; 15 electrons in 12 orbitals were included in total.
While this choice is optimal for the linear GaO2 compound, we observed
that for the cyclic isomers some of the weakly occupied orbitals assume
diffuse oxygen 3p character instead of the intended Ga 3p character as
dynamical correlation effects dominate in these species. As a conse-
quence, the cyclic isomer is over-stabilized in the CASSCF calculations.
A balanced extension of the active space turned out to be difficult, as lo-
calization artifacts in the linear isomer, which lead to unphysical second
derivatives for the anti-symmetric stretching mode, occur for any tracta-
ble size even of restricted active space SCF (RASSCF) calculations. We
therefore did not construct an active space that is balanced over the
whole potential energy surface discussed. We shall, however, bring the
following issues to the attention of the reader:
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a) Any discussion of the thermal reaction path between the linear and
the cyclic isomer based on CASSCF calculations can only be of qualita-
tive nature. The arguments for a sizeable barrier (vide infra) seem, how-
ever, clear-cut enough for the current purposes.


b) The active space for the cyclic isomer is not consistent with that of
the separated gallium atom and dioxygen molecule as the calculated re-
action energy based on CASSCF turns out to be much too high. We will
not include these numbers in the discussion as more-reliable numbers are
available from CCSD(T) calculations.


c) The reaction path of the O2(
3�g


�)+Ga(2P) reaction was calculated
using the RASSCF approach[16] instead: The active space was extended
to formally include all 3p orbitals of the oxygen atoms, thus ensuring a
smooth hypersurface for all separations of the Ga and O2 fragments con-
sidered. This active space includes 18 orbitals and 15 electrons. To keep
the calculations computationally feasible, the active space was subdivided
into three subspaces: RAS1, which comprises six orbitals of which at
most two electrons may be excited, RAS2 (five orbitals, including all Ga
3p, and the O2 pg* orbitals), without restriction on the number of elec-
trons, and RAS3, which may accommodate two electrons at most.


The MR-CI calculations were based on the CASSCF orbitals and the va-
lence active space described above. The CI was carried out among all
singly and doubly excited configurations out of the reference configura-
tions by keeping the doubly external configurations internally contracted
as implemented in the MOLPRO CI-program.[11e] For some of the MR-
CI calculations, the reference configurations were pre-selected according
to their weight in the CAS wavefunction. A threshold of 0.01 was used
and an estimate of the error arising will be given later in the text. Finally,
to account for the size-extensivity error in CI calculations, both the Da-
vidson correction[17] and the modified CI procedures ACPF[18] and
AQCC[19] were used. Calculations with and without correlation contribu-
tions from the d electrons were carried out; the remaining core electrons
were not included in the correlation treatment.


Finally, we note that all calculations refer to the gas phase; that is, envi-
ronment effects, such as those from the inert gas matrix, were not includ-
ed, which has to be kept in mind when comparing the results with experi-
mental data. Likewise, only harmonic vibrational normal modes and fre-
quencies were calculated, whereas reported experimental numbers are
the anharmonic fundamental frequencies of the molecular vibrations.


Results


In the following sections the experimental results will be re-
ported in turn first for Ga and then for In. The results of the
quantum-chemical calculations will be presented in the dis-
cussion. Their aim is to lend support to the identification of
the reaction products, to further characterize these species,
and to analyze the mechanisms leading to their formation.


Ga+O2


IR : Figure 1 shows the IR spectra recorded for a matrix of
solid Ar at 10 K containing Ga atoms and 1% of 16O2. The
spectrum taken immediately after deposition shows three
sharp absorptions, located at 1089.3, 380.5/378.9, and
283.2 cm�1, which can be assigned to a first, spontaneously
formed product 1a of the reaction between Ga atoms and
16O2. The splitting of the band near 380 cm�1 is caused by
the presence of two isotopomers due to the presence of 69Ga
and 71Ga (natural abundance of 0.601 and 0.399, respective-
ly). The relative intensities of the two bands indicate the
presence of only one Ga atom in 1a. Photolysis of the
matrix with UV radiation (lmax=254 nm) leads to the decay


of the absorptions due to species 1a and the simultaneous
appearance of a sharp doublet feature at 912.6/908.6 cm�1 in
the MIR region and a strong doublet feature at 204.9/
204.0 cm�1 in the FIR region (trace b in Figure 1). The dou-
blet patterns of these bands again most likely arise from
69Ga/71Ga isotopic splitting and display relative intensities
that mirror the natural relative abundance of 69Ga and 71Ga
satisfactorily. The two absorptions belong to a second prod-
uct (2a), and the experiments indicate that 1a is the precur-
sor to 2a. The doublet pattern of the absorption at 912.6/
908.6 cm�1 is due to isotopic splitting (69Ga and 71Ga). This
isotopic splitting has already been reported.[4] In agreement
with this earlier work, we conclude that 2a (like 1a) most
likely contains a single Ga atom. Annealing of the matrix
caused the bands of 2a to decrease in intensity.


The experiment was repeated, but this time in solid 16O2.
Again, bands belonging to a single, spontaneously formed
product of the reaction between Ga atoms and O2 are visi-
ble in the IR spectrum taken directly upon deposition.
These bands are located at 1087.4, 380.2, and 288.8 cm�1 and
are close to the ones observed in the experiments conducted
in an Ar matrix. The obvious inference is that the same
product is formed. Thus, 1a does not react spontaneously
with additional O2 molecules under the conditions of the
matrix-isolation experiments. Upon photolysis with light at
lmax=254 nm, the bands due to 1a again decrease. However,
this time no bands belonging to product 2a were detected.
Instead, a different species—the product of the reaction of
Ga with not one, but two O2 molecules—is formed. This
product, with the overall formula GaO4, is the topic of a
separate paper.[20] These results imply that 2a, once formed,
reacts spontaneously with additional O2 molecules. Bands
due to O3, which is formed by photodecomposition of O2


Figure 1. IR spectra taken for an Ar matrix containing Ga atoms and 1%
16O2: a) upon deposition, b) following 10 min of photolysis at lmax=


254 nm, and c) upon annealing of the matrix to 30 K. Unfortunately, an
overtone of 50 Hz overlaps with the band marked with an asterisk, which
affects its intensity.
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and its subsequent reaction with the O atoms, also appear in
the spectra.


Additional experiments were conducted with different O2


isotopomers, again in Ar matrices. Figure 2 shows the spec-


tra obtained for 16O2 (a),
18O2 (b), a 1:1 mixture of 16O2


and 18O2 (c), and a 1:2:1 mix-
ture of 16O2,


16O18O, and
18O2 (d) in four characteristic
regions. The spectra in the re-
gions 1100–1020 and 400–
270 cm�1 were recorded imme-
diately upon deposition and
contain the absorptions due to
species 1a. The spectra in the
regions 915–870 and 210–190 cm�1 were taken after photoly-
sis of the matrix at lmax=254 nm and contain the absorp-
tions typical for 2a. In the experiments with 18O2, the bands
due to 1a and 2a are red-shifted to 1027.9, 365.9/364.5, and
268.1 cm�1, and 877.6/873.4 and 197.3/196.3 cm�1, respective-
ly. The spectrum measured in the experiment with an almost
equimolar mixture of 16O2 and


18O2 is essentially a superpo-
sition of the spectra obtained for 16O2 and


18O2 alone. Final-
ly, in the experiment with a 1:2:1 mixture of 16O2,


16O18O,
and 18O2, extra bands are observed at 1059.0, 373.6/372.2,
and 275.3 cm�1 (1a) and 897.4/893.4 and 201.1/200.1 cm�1


(2a). From the number of bands it can be directly concluded
that 1a and 2a contain two chemically equivalent O atoms.
In this we agree with earlier reports.[3,4] Thus, both 1a and
2a exhibit the overall formula GaO2. It is worth mentioning
that the band due to the 16O18O isotopomer of 2a at 897.4/
893.4 cm�1 is slightly blue-shifted with respect to the center


of the bands measured for the 16O2 and 18O2 isotopomers
(which is at 895.1/891.0 cm�1). This indicates that the sym-
metric stretching mode lies at lower frequency, as will be
discussed below. Table 1 contains a list of wavenumbers for
all bands assigned to 1a and 2a, together with their behav-
ior upon photolysis and annealing.


Raman : In further experiments, Raman spectra were record-
ed. For low concentrations of O2 in the matrix, the spectra
show no product signal; only for increased O2 concentra-
tions (3% O2 in Ar) did a sharp signal appear at 716.2 cm�1.
However, experiments in which the O2 concentration in the
matrix was systematically varied showed that this signal
does not belong to 1a or 2a, but to a third species, which
will be discussed in a separate paper.[20]


UV/Vis : UV/Vis spectra were recorded in the hope of ob-
serving an electronic absorption of 1a or 2a. A strong and
sharp absorption at l=345 nm belongs to Ga atoms (2S !2P
electronic transition) and a weaker feature around l=


412 nm can be assigned to Ga2.
[21,22] The band at 345 nm un-


dergoes a sharp decrease in intensity upon photolysis. How-
ever, no other band assignable to a product of the reaction
of Ga or Ga2 with O2 is visible.


In+O2


IR : The IR spectra of an Ar matrix containing In and 1%
16O2 are displayed in Figure 3. Figure 3a shows the spectrum
taken immediately after deposition. As in the case of the Ga
reaction, three bands are visible in this spectrum, thus show-
ing that In reacts spontaneously with O2. These bands are
located at 1084.2, 331.7, and 276.5 cm�1 and can all be as-
signed to a single product (1b). Figure 3b shows the spec-
trum obtained after a period of 10 min of photolysis at
lmax=254 nm. The bands due to 1b are observed to decrease
significantly in intensity. At the same time, two new bands
at 754.6 and 159.7 cm�1 grow-in. These two bands can be as-
signed to a second product (2b) of the reaction between In
and O2. The positions of the bands of the two species and
the conditions of their growth and decay indicate that 1b
and 2b are the In analogues of 1a and 2a.


Figure 2. IR spectra taken for the reaction between Ga atoms and 16O2


(a), 18O2 (b), a 1:1 mixture of 16O2 and 18O2 (c), and a 1:2:1 mixture of
16O2,


16O18O, and 18O2 (d) in an Ar matrix. The spectra in the regions
1100–1020 and 400–270 cm�1 were taken after deposition. The spectra in
the regions 915–870 and 210–190 cm�1 were taken after photolysis.


Table 1. Observed wavenumbers [cm�1] for the reaction between Ga atoms and O2 in Ar and in solid O2


matrices.[a]


Ga/O2 in Ar Ga/O2 Dep. Photolysis
(lmax=254 nm)


Anneal. (30 K) Absorber


16O2
16O18O 18O2


16O2
18O2


1089.3 1059.0 1027.9 1087.4 1026.0 › fl fl 1a
912.6/908.5 897.4/893.4 877.6/873.4 – – – › fl 2a
380.5/378.9 373.6/372.2 365.9/364.5 380.2 364.9 › fl fl 1a
283.2 275.3 268.1 288.8 273.1 › fl fl 1a
204.9/204.0 201.1/200.1 197.3/196.3 – – – › fl 2a


[a] ›: increase in intensity; fl: decrease in intensity.
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An additional experiment was carried out for In isolated
in a solid 16O2 matrix. The spectrum taken for this experi-
ment again shows three bands, located at 1082.8, 331.7, and
283.5 cm�1, upon deposition. Their positions are close to
those observed for 1b in an Ar matrix and thus the obvious
inference is that they also belong to a similar product. Pho-
tolysis of the matrix causes the three bands to decrease until
they almost vanish. No bands in regions typical of 2b can be
observed. Instead, other fea-
tures belonging to a third spe-
cies are seen to grow-in. This
species is the product of the re-
action of In with two O2 mole-
cules and will be discussed in a
separate paper together with its
Ga analogue.[20] As in the case
of the Ga reaction, it can be
concluded that 1b does not
react spontaneously with addi-
tional O2 molecules, while 2b,
once formed, does react further.


The results of the experi-
ments with different O2 iso-
topomers in an Ar matrix are contained in Figure 4. Re-
placement of 16O2 by 18O2 leads to a significant red shift of
all the absorptions due to 1b and 2b. Thus, product 1b
shows bands at 1022.9, 317.2, and 261.3 cm�1, and product
2b in its 18O form shows bands at 721.7 and 152.8 cm�1. In
the experiment with a 1:1 mixture of 16O2 and


18O2, no addi-
tional bands are visible, in agreement with the assumption
that 1b and 2b contain two chemically equivalent O atoms.
In these findings we agree with reference [4]. In the case of
experiments with a 1:2:1 mixture of 16O2,


16O18O, and 18O2,
additional absorptions occur at 1054.0, 325.2, and 267.8 cm�1


for 1b and at 741.4 and 156.3 cm�1 for 2b. Again, the band


measured for the 16O18O isotopomer of 2b at 741.4 cm�1 is
slightly blue-shifted from the midpoint between the bands
of the 16O2 and 18O2 isotopomers (located at 738.2 cm�1).
Table 2 contains the wavenumbers of all observed bands due
to 1b and 2b together with their response to photolysis and
annealing.


Raman : Figure 5 displays the Raman spectrum measured for
an Ar matrix containing In and 0.1% 16O2. Three signals are
visible whose positions are similar to those found in the IR
spectra and can therefore be assigned to 1b. As anticipated,
the relative intensities of the three signals differ from those
in the IR spectra. Thus, the signal at 1084.2 cm�1 gains in in-
tensity relative to the one at 331.7 cm�1. Upon photolysis,
the three signals disappear. No signal due to a second prod-
uct with the overall formula InO2 grows-in.


Figure 3. IR spectra taken for an Ar matrix containing In atoms and 1%
16O2: a) upon deposition, b) following 10 min of photolysis at lmax=


254 nm, and c) upon annealing of the matrix to 30 K.


Figure 4. IR spectra taken for the reaction between In atoms and
16O2 (a),


18O2 (b), a 1:1 mixture of 16O2 and
18O2 (c), and a 1:2:1 mixture


of 16O2,
16O18O, and 18O2 (d) in an Ar matrix. The spectra in the regions


1100–1020 and 400–270 cm�1 were taken after deposition. The spectra in
the regions 915–870 and 210–190 cm�1 were taken after photolysis.


Table 2. Observed wavenumbers [cm�1] for the reaction between In atoms and O2 in Ar and in solid O2


matrices.


In/O2 in Ar In/O2 Dep. Photolysis
(lmax=254 nm)


Anneal.
(30 K)


Absorber[a]


16O2
16O18O 18O2


16O2/
18O2


16O2


1084.2 1054.0 1022.9 1.059 1082.8 › fl – 1b
754.6 741.4 721.7 1.046 – – › – 2b
331.7 325.2 317.2 1.046 331.7 › fl – 1b
276.5 267.8 261.3 1.058 283.5 › fl – 1b
159.7 156.3 152.8 1.045 – – › – 2b


[a] ›: increase in intensity; fl: decrease in intensity.
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Discussion


The accumulated experimental data clearly show that 1a/1b
and 2a/2b exhibit the overall formula GaO2 and InO2, re-
spectively. In previous work, bands due to 1a/1b have al-
ready been assigned to the cyclic MO2 molecules[2,3] and one
band due to 2a/2b to linear
OMO molecules.[4] Nevertheless
we start our discussion here
with a theoretical survey of pos-
sible structures of a molecule
with the overall formula MO2.
On the basis of this survey and
the experimental results we can
then characterize products 1a/
1b and 2a/2b. The discussion of
the bond properties will include
the inspection of the force con-
stants obtained from normal
mode analysis and high-level
multireference studies on the
relative energies. Finally, we
present results of quantum-
chemical calculations, which
shed light on the reaction mech-
anisms leading to these species.


Possible structures of MO2


(M=Ga or In)


Four minima were found on the
potential energy surface due to
a cyclic side-on (A) or end-on
(B) coordinated superoxo com-
plex, a side-on coordinated
peroxo complex (C), and a
linear OMO arrangement (D).


In the following, our discussion will mostly concentrate on
the Ga species, since our calculations for In are more quali-
tative in nature, as spin-orbit splitting might also be of sig-
nificance for these open-shell molecules. Table 3 compares
the calculated distances and bond angles, the energies rela-
tive to Ga atoms and O2, and the calculated harmonic wave-
numbers for the four isomers (M=Ga). It turns out that iso-
mers A and D are clearly the most likely candidates for the
most stable isomer as they differ in energy by only 10–
20 kJmol�1. Whereas DFT/B3LYP finds A to be more
stable, CCSD(T) predicts the linear isomer D to be the
global minimum. We will elaborate on this issue in Section 3
of this discussion.


Isomer A exhibits a 2A2 electronic ground state. The un-
paired electron resides in a molecular orbital, which can
roughly be described as a p* orbital at the O2 unit oriented
perpendicularly to the molecular plane. Relative to the neu-
tral fragments, one electron has been transferred from Ga to
the O2 unit. Therefore, we may describe the molecule as a
superoxo compound. The O2 distance is about 15 pm longer
than the distance in uncoordinated O2.


The end-on coordinated superoxo complex GaOO (B)
has a 2A’ electronic ground state and its energy is, according
to CCSD(T) calculations, 72 kJmol�1 higher than that of the
cyclic superoxo compound A. The molecule is not linear,
and has a Ga-O-O angle of 1288 (according to CCSD(T) cal-


Figure 5. Raman spectrum taken upon deposition of In atoms together
with 16O2 in an Ar matrix.


Table 3. Relative energies [kJmol�1], bond lengths [pm], bond angles [8], and wavenumbers (cm�1, with calcu-
lated IR intensities in kmmol�1 and experimental relative intensities given in parentheses) for different iso-
mers of GaO2.


Isomer Exp. B3LYP CASSCF CCSD(T)


energy rel. to Ga+O2 – �207 �232 �215
d(Ga�O) – 208 206 204
d(O�O) – 134 138 136


A (2A2) a(OGaO) – 38 39 39
n1(a1) 1089.3(15) 1172.3(7) 1090.5(1) 1112.2
n2(a1) 380.1(100) 385.8(86) 415.1(104) 369.8
n3(b1) 283.2(14) 287.0(9) 297.0(8) 419.1


energy rel. to Ga+O2 �151 �186 �143
d(Ga�O) 189 189 187
d(O�O) 132 137 134


B (2A’) a(GaOO) 141 124 128
n1(a’) 1162.3(7) 1070.9(101) –
n2(a’) 436.5(97) 491.4(136) –
n3(a’) 102.9(0) 139.5(1) –


energy rel. to Ga+O2 �41 �101 �89
d(Ga-O) 182 182 180


C (2A1) d(O�O) 163 168 167
a(OGaO) 53 55 55
n1(a1) 788.7(3) 754.6(10) –
n2(a1) 578.7(17) 498.3(24) –
n3(b1) 553.5(31) 614.1(14) –


energy rel. to Ga+O2 �200 �185 �225
d(Ga-O) 170 172 170


D (2
Q


g) a(OGaO) 180 180 180
n1(�g) 821[a] 749.7(0) 720.1(0) 738.2
n2(


Q
u) 204.9 188.4(78), e=0.07[b] 182.0(55), e=0.33[b] 175.3, e=0.08[b]


n3(�u) 912.6 647.8(721) 989.6(252) 527.1


[a] Estimated on the basis of the observed isotopic data. [b] Center of Renner–Teller band system, calculated
as n2=


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2ðn22x þ n22yÞ


q
; e : Renner parameter, intensities from sum over both directions.
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culations). Although the coordinating end of O2 is much
closer to the metal nucleus than in the side-on coordinated
complex A, both the lower reaction energy and the shorter
O�O bond length of 134 pm suggest a weaker Ga–O2 inter-
action in B. We note that the calculations indicate that the
2A’’ hypersurface already lies at lower energy at the equilib-
rium geometry of B. This hypersurface leads, without a fur-
ther barrier, directly to isomer A, such that we must con-
clude that B is unstable with respect to internal conversion.


In the case of isomer C, a second electron has been trans-
ferred from Ga to O2 to form a cyclic GaO2 peroxo species.
The compound has a 2A1 electronic ground state, with the
unpaired electron now located in a Ga 4s orbital. In agree-
ment with this description, the O�O distance is significantly
longer (167 pm) and the Ga�O distance shorter (180 pm)
than in A or B. The energy of C works out to be
126 kJmol�1 higher than that of A. Again, there are indica-
tions that this isomer is very unstable. At all levels of
theory, the potential energy curve for the 2A2 state, corre-
sponding to the superoxo complex, and the 2A1 state inter-
sect close to the minimum of the 2A1 curve. This implies
that the barrier for reformation of the superoxo complex
from the peroxo complex is minuscule (lower than the zero-
point vibrational energy) and efficient internal conversion
to the superoxo compound can be expected.


Finally, isomer D features two terminal Ga�O bonds. The
linear molecule has a 2Q


g ground state,[5] and its Ga�O dis-
tance of 170 pm is shorter than in any other isomer. It might
come as a surprise that, as noted above, the energy as calcu-
lated with CCSD(T) is 10 kJmol�1 lower than that of A. It
should be mentioned that OGaO is valence isoelectronic
with the well known [OCO]+ ion (see below).


For M= In (see Table 4), we find roughly the same trends.
The calculations indicate that the cyclic superoxo species A
is now the global minimum. The end-on superoxo com-
pound B is now nearly linear and again unstable with re-
spect to internal conversion to isomer A. The same is the
case for the peroxo compound, which again lies at highest
energy.


Identification of the products formed in the matrix reactions


Cyclic MO2 (1a and 1b): Our experiments show, in agree-
ment with earlier reports, that matrix-isolated Ga and In
atoms react spontaneously with O2. In the case of the In re-
action, all three fundamentals of the product were observed
for the first time both by IR and Raman spectroscopy. In
the case of the Ga reaction, the first detection of an isotopic
pattern for one of the bands of 1a proves that 1a contains a
single Ga atom. Together with the results of the experiments
with different O2 isotopomers, it can be concluded that both
1a and 1b exhibit the overall formula MO2 (M=Ga or In).
Since all three bands of 1a and 1b are visible in the IR ex-
periment, the two molecules cannot be linear. This is also in
agreement with the detection of all three vibrations of 1b in
the Raman spectrum. In addition, the IR spectra show that
the two O atoms in 1a and 1b are chemically equivalent,


and on these grounds 1a and 1b should exhibit C2v symme-
try. On the basis of our calculations 1a and 1b can therefore
be assigned to the cyclic superoxo complexes GaO2 and
InO2 (structural type A) with A2 electronic ground states.
This is also in agreement with previous work for which,
however, the vibrational data set was less complete. The
bands at 1089.3 cm�1 for GaO2 and 1084.2 cm�1 for InO2


can be assigned to the n(O�O) fundamental n1(a1). Their po-
sition is close to those observed for other superoxo com-
plexes (e.g. of the alkali metals).[23] As expected, this mode
gives a strong signal in the Raman spectra and a weak band
in the IR spectra, and it exhibits the largest n(16O)/n(18O)
ratio (1.059) of all bands. This ratio is only slightly smaller
than that of unperturbed O2 (1.061). The band at 380.1/
378.9 cm�1 in the experiments with Ga should belong to the
symmetric Ga�O stretch n2(a1). In contrast to the n(O�O)
mode, this mode is expected to exhibit an isotopic splitting
due to 69GaO2 and


71GaO2, and our experiments indeed give
evidence for this splitting, which amounts to 1.2 cm�1. The
corresponding band for InO2 occurs at 331.7 cm�1. The anti-
symmetric Ga�O stretch, n3(b1), is detected at 283.2 cm�1.


Table 4. Relative energies [kJmol�1], bond lengths [pm], bond angles [8],
and wavenumbers (in cm�1, with calculated intensities in kmmol�1 and
experimental relative intensities given in parentheses) for different iso-
mers of InO2.


Isomer Exp. B3LYP


energy rel. to In+O2 212
d(In�O) 217
d(O�O) 134


A (2A2) a(OInO) 36
n1(a1) 1084.2(13) 1170.3(5)
n2(a1) 331.7(100) 352.3(71)
n3(b1) 276.5(14) 310.6(9)


energy rel. to In+O2 156
d(In�O) 198
d(O�O) 131


B (2A’) a(InOO) 166
n1(�g) 1221.5(3)
n2(


Q
u) 379.0(74)


n3(�u) 250.0(4)


energy rel. to In+O2 49
d(In�O) 192
d(O�O) 161


C (2A1) a(OInO) 49
n1(�g) 756.9(1)
n2(


Q
u) 581.3(12)


n3(�u) 541.4(31)


energy rel. to In+O2 184
d(In�O) 182
a(OInO) 180


D (2
Q


g) n1(�g) 720[a] 705.8(0)
n2(


Q
u) 159.7(20) 177.7(95), e=0.05[b]


n3(�u) 754.6(100) 599.0(657.7)


[a] Estimated on the basis of the observed isotopic data (see text for fur-
ther explanation). [b] Center of Renner–Teller band system, calculated as


n2=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2ðn22x þ n22yÞ


q
; e : Renner parameter, intensities estimated from sum


over both directions.
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This band is weak and therefore our experiments were un-
fortunately not able to detect with certainty any isotopic
splitting. The corresponding mode for InO2 appears at
276.5 cm�1. This assignment is in agreement with the Raman
intensities. Tables 3 and 4 compare the observed wavenum-
bers for cyclic GaO2 and InO2 of structure type A with
those calculated using the B3LYP (for both InO2 and GaO2)
and CASSCF and CCSD(T) (GaO2 only) methods. The
agreement between experiment and calculation is, in gener-
al, pleasing. Among the different methods applied to GaO2,
the B3LYP and CASSCF results are closest to the experi-
mental values (bear in mind that anharmonicity effects were
not included in the calculations). The CCSD(T) result for
the antisymmetric stretching mode comes out too high (as in
the calculations of Archibong et al.[7]), as this mode is affect-
ed by an instability of the underlying ROHF wavefunction.
The B3LYP results for InO2 show similar deviations from
the experimental values as for GaO2. On the other hand,
the wavenumbers calculated for the other structures (B, C,
and D) are clearly in disagreement with the observed ones.
Thus, there can be no doubt that 1a and 1b are the super-
oxo complexes A with a 2A2 electronic state.


Linear OMO (2a and 2b): The experiments indicate that
the bands of 2a at 912.6/908.5 and 204.9/204.0 cm�1 and of
2b at 754.6 and 159.7 cm�1 should also exhibit the overall
formula MO2. The isotopic patterns measured in the experi-
ments using mixtures of 16O2 and 18O2 and of 16O2,


16O18O,
and 18O2 clearly show that the two O atoms are chemically
equivalent, therefore 2a and 2b cannot have structure B.
The isotopic data can be used to discriminate between struc-
tures C and D. The band at 912.6/908.6 cm�1 measured for
2a occurs in a region associated with n(Ga�O) stretching vi-
brations (e.g. FGaO 943 cm�1 [24]). The 69Ga/71Ga isotopic
splitting (4.0 cm�1) is relatively large. At the same time, the
wavenumber shift between the 16O2 and


18O2 isotopomers is
also substantial [n(16O)/n(18O)=1.040]. The corresponding
band of 2b is located at 754.6 cm�1. These absorptions can
be assigned to the antisymmetric n(M�O) stretching funda-
mentals of 2a and 2b. The O�Ga�O angle, which we
denote a, can be estimated on the basis of the wavenumbers
measured for this mode in the case of the 69Ga and 71Ga iso-
topomers. It can be seen from Equation (1) that large iso-
topic shifts imply large values of a.[25]


�
n03
n3


�
2 ¼ mM


mM0


�
mM0 þmoð1�cosaÞ
mM þmoð1�cosaÞ


�
ð1Þ


Upon applying this equation, it turns out that the experi-
mental data are consistent with an O-Ga-O angle of approx-
imately 1808. On this basis, 2a and 2b are most probably
the linear OInO and OGaO molecules (structure D). This
assignment is in agreement with that made in reference [4]
using similar arguments. In addition, the intensity pattern
observed for 2a and 2b is not consistent with C, but only
with D. Finally, support for our assignments comes from the
calculations: not only does C have a much higher energy


than D, but the calculations also suggest that C is highly un-
stable toward internal conversion into A (see above).


The bands in the FIR region at 204.9/204.0 and 159.7 cm�1


can be assigned to the bending modes d(O-Ga-O) and d(O-
In-O), respectively. These modes were detected for the first
time in our work. For linear molecules and an electronic
state of 2Q


g, these modes are candidates for the detection
of the Renner–Teller effect.[26] In the course of the deforma-
tion, the two p orbitals that host the single electron become
no longer degenerate, which leads to a mode splitting. The
Renner–Teller effect has been analyzed in detail, for exam-
ple, in the case of OBO[27] and OCO+ [28] in the gas phase.
However, it has already been shown that in the case of
OBO,[29] and also of the valence isoelectronic NCO,[30] a
splitting due to the Renner–Teller effect can be easily ob-
served in the gas phase but not in an Ar matrix. We were
also unable to identify any other band belonging to the
linear matrix-isolated molecules in the FIR region.


It proved to be very difficult to calculate reliable wave-
numbers for the vibrational modes. Due to near-instabilities
of the Kohn–Sham wavefunction and the ROHF wavefunc-
tion, both B3LYP and CCSD(T) failed to reproduce the or-
dering of the symmetric and antisymmetric stretching modes
in OGaO. Only CASSCF gives a presumably qualitatively
correct result, although the deviations from the experimen-
tal numbers are distinctively larger than observed for the
cyclic superoxo complex. In particular, the predicted sym-
metric stretching mode lies 100 cm�1 below the experimental
value.[5] Further theoretical work will therefore be needed
to obtain a better agreement. Nevertheless, the quantum-
chemical calculations lend additional support to our assign-
ment. The center of the Renner–Teller band system and the
Renner–Teller parameter e may be estimated from the two
nondegenerate bending modes arising from the calculation.


Most stable isomer: Higher level calculations on GaO2 and
OGaO (isomers A and D)


Although only the cyclic isomer is formed spontaneously,
we have evidence from our calculations that the linear
isomer is actually energetically slightly more favorable.
While DFT calculations with the B3LYP functional result in
a slightly more stable cyclic isomer (by 7 kJmol�1),
CCSD(T) finds the linear isomer to be more stable by
10 kJmol�1. The zero-point energy contributions calculated
from the CCSD(T) frequencies favor the linear isomer by
an additional 1.7 kJmol�1, such that the linear isomer is a
total of 12 kJmol�1 more stable than the cyclic isomer. As
the CCSD(T) frequency calculations are seemingly ham-
pered by singlet instabilities of the underlying ROHF wave-
function (see above), one might prefer to calculate the ZPE
contributions from the CASSCF frequencies. In this case the
linear isomer is destabilized by around 1.6 kJmol�1, but is
still a total of 8 kJmol�1 more stable than the cyclic super-
oxo complex.


The accuracy of the CCSD(T) calculations requires some
additional investigations. From Table 5 it is evident that the
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linear isomer has a much higher energy than the cyclic one
at the uncorrelated level (ROHF), and even at the CCSD
level the calculations predict the linear isomer to be
15 kJmol�1 less stable. Only at the CCSD(T) level do we
arrive at the result that the linear isomer is more stable. The
alternative triples correction [T][31] may be used to estimate
the reliability of the CCSD(T) numbers. The result differs
by almost 8 kJmol�1 (see Table 5). This indicates that some
near-degeneracy effects are present—in particular for the
linear isomer—and it appeared therefore interesting to
pursue this case further with the aid of multireference meth-
ods. CASSCF only includes static correlation and the parts
of dynamic correlation covered by excitations within the se-
lected active space. As pointed out above, the active spaces
for the linear and the cyclic isomer are not completely com-
patible, which results in a too strong stabilization of the
cyclic compound (see Table 5). However, we still have a
better starting point for the subsequent correlation treat-
ment than was the case with ROHF.


Excluding the d electrons from the MR-CI correlation
treatment we find that the linear isomer is again more
stable by 11 kJmol�1, which increases to around 15 kJmol�1


when using methods that correct for the size-extensivity
error of MR-CI by approximating the effect of disconnected
quadruple excitations. If we want to include the correlation
of the d-electrons, we have to select the dominant reference
configurations in the CASSCF wavefunction to keep the
problem tractable. The effect of this selection was tested for
ACPF without d-electron correlation and found to be
0.1 kJmol�1, which is sufficiently small. The dispersion inter-
action of the Ga 3d shell with the oxygen atoms stabilizes
the linear isomer further, as both AQCC and ACPF give a
value of 18 kJmol�1, which is close to the CCSD[T] result.
The size-extensivity corrections, however, are larger at this
level (around 8 kJmol�1).


In summary, the calculations indicate that the linear
isomer defines the global energy minimum of all possible
GaO2 isomers, closely followed by the cyclic superoxide. For


a more precise answer we would need to go to the CCSDT
level (or beyond), to use quadruple-zeta, or better, basis
sets, and possibly to include a further core-correlation, which
currently is beyond realization for a system of this size.


Normal coordinate analysis for linear OGaO


The observed wavenumbers can be used to determine the
force constants f(MO), the interaction force constants f-
(MO,MO), which show the amount of coupling between the
two M�O bonds, and the force constant for bending f-
(OMO). The details of the normal coordinate analysis are
included in the Supporting Information. The force constants
f(MO) and f(MO,MO) are included in Table 6, which also
contains the force constants determined for other OMO
molecules (M being B,[27,29,32] Al,[33] Tl,[5] C,[34] Si,[35] Ge,[36]


Sn,[37] and Pb[38]) and for CO2
+ .[34] Once f(MO) and f-


(MO,MO) have beene determined, the wavenumber of the
symmetric stretching mode, n1, can be calculated; we ob-
tained estimates of 821 and 720 cm�1 for n1(GaO) and n1-
(InO), respectively.[5] We want to point out here that anhar-
monicity effects were neglected and therefore this is an esti-
mate, with an uncertainty of a few wavenumbers. Neverthe-
less, our analysis achieves a more or less complete vibration-
al characterization of the molecules. The wavenumbers of
the symmetric n(Ga�O) and n(In�O) stretches are lower
than those of the antisymmetric stretches. We have already
mentioned that the bands observed for the antisymmetric n-
(M�O) stretches of 16OM18O are blue-shifted with respect to
the center of the wavenumbers of the corresponding modes
in the 16OM16O and 18OM18O isotopomers. This blue-shift
can be explained by the coupling with the symmetric stretch
in 16


M
18O, which has a lower wavenumber.


It does not come as a surprise that f(MO) is smaller in
OInO than in OGaO (454 Nm�1 in OInO versus 586 Nm�1


in OGaO). The higher ionic bond character in OInO might
also be the main reason for the reduced interaction force
constant f(MO,MO) (34 Nm�1 in OInO and 50 Nm�1 in
OGaO). Finally, useful information is contained in the force
constant for angle deformation, f(OMO). Again, this force
constant is significantly smaller in OInO than in OGaO (9
versus 14V10�20 J).[39] Since bending leads especially to a
weakening of any possible p-interaction, this trend might
again imply that the p-interaction in OGaO is larger than in
OInO.


CO2
+ , which is formally valence isoelectronic with GaO2


and InO2, has been studied intensively.[28] This species is
linear, like GaO2 and InO2, and exhibits a 2Q


g electronic
ground state. The force constant in CO2


+ is smaller than
that of CO2 by a factor of about 1.5 (1049 versus
1617 Nm�1), but nevertheless somewhat larger than f(BO)
in BO2 (1049 versus 750 Nm�1).[29] The force constants are
higher for OMO compounds of Group 14 than for the corre-
sponding compounds of Group 13 and the same period in
the periodic table. To better visualize these trends, they are
plotted in Figure 6. The force constant decreases dramatical-
ly from CO2 to SiO2 (from 1617 to 920 Nm�1).[35] From


Table 5. Energy difference [kJmol�1] between the cyclic superoxo com-
plex GaO2 (2A2), A, and the linear OGaO (2


Q
g), D, for the geometry


optimized by the CCSD(T) method.


Method DER: GaO2!OGaO


ROHF +104.2
without correlation of the d orbitals


CASSCF +47.1
MRCI �11.3
MRCI+Q �17.2
ACPF �15.3
ACPF (thr=0.01)[a] �15.4


with correlation of the d orbitals
CCSD +14.5
CCSD(T) �9.9
CCSD[T] �17.6
MRCI (thr=0.01)[a] �10.2
MRCI (thr=0.01)[a]+Q �22.6
ACPF (thr=0.01)[a] �18.2
AQCC (thr=0.01)[a] �18.0


[a] Selection threshold, see computational details.
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OBO to OAlO the force constant also decreases, although
less dramatically (from 750 to 626 Nm�1). For both the third
and the fourth main group the decrease is much smaller be-
tween the third and the fourth period in the periodic table
(from OAlO to OGaO and from OSiO to OGeO).[40]


The trends of the interaction force constants are also vi-
sualized in Figure 6. As expected, f(MO,MO) generally de-
creases down the group. From OBO to OAlO, f(MO,MO)
decreases by a factor of about 4.3 (323 versus 75 Nm�1). In
OGaO, f(GaO,GaO) amounts to around 50 Nm�1. Thus, the
decrease is again much smaller from OAlO to OGaO. It has
already been mentioned that the interaction force constant
is very sensitive to the covalent bond contributions. Finally,
Figure 6 shows the trends for the force constant for angle
deformation, f(OMO). Again, in general f(OMO) decreases
down the group. Unfortunately, there are no experimental


values available for OAlO, and the accuracy of the calcula-
tions carried out to date is questionable.


Description of the bond properties in the linear OMO mole-
cules


The bond order, N, of the M�O bond in linear OMO can be
estimated on the basis of the formula introduced by Siebert
(see Equation (2)).[41] In this formula, f1 is the f(MO) force
constant of a reference molecule that is known to contain a
single bond and fN is the f(MO) force constant in our linear
OMO molecules, as determined above by normal coordinate
analysis. As reference molecules, we chose the bent HMOH
radical species, for which vibrational data (measured in Ar
matrices) are well known.[42] Possible p-contributions of the
M�O bond in these MII radicals should be very small.


Table 6. Experimental and calculated wavenumbers [cm�1] and force constants [all in Nm�1 except for F22 (in 10�20J)[39]] for OMO molecules.


OBO OAlO OGaO OInO OTlO OCO+ OCO


reference [27a][a] [27b][a] [29][b] [33][b] this work[b] this work[b] [5][b] [34][a] [34][a]


n1 1070 1068.9 – 862[c] 821[c] 720[c] 696[c] 1280 1345.0
n2 464 449.9 398.2 – 204.9 159.7 – 510 667
n3 1322 1336.6 1299.3 1129.5 912.6 754.6 698.0 1469 2349
F11 1079 1077 – 701[c] 635[c] 488[c] 457[c] 1544 1705
F22 [d(OMO)] 26 24 19 – 14 9 – 33 57
F33 421 431 407 550 536 420 397 555 1561
f(MO) 750 754 – 626[c] 586[c] 454[c] 427[c] 1049 1617
f(MO,MO) 329 323 – 75[c] 50[c] 34[c] 30 495 143


OSiO OGeO OSnO OPbO


reference [35, 36][b] [36][d] [37][e] [38][b]


n1 – 888.3 827[c] 763[c]


n2 272.5 197.6 – –
n3 1416.5 1074.1 863.1 764.8
F11 – 744 644[c] 549[c]


F22[d(OMO)] 16 13 – –
F33 882 759 554 478[c]


f(MO) 920[f] 751 599[c] 514[c]


f(MO,MO) 40[f] –8 45[c] 36[c]


[a] Gas phase. [b] Ar matrix. [c] Estimated from n3 of 16OM16O and 16OM18O. [d] Ar matrix (n2,3), CH4 matrix (n1). [e] Kr matrix. [f] Estimated from
known values for siloxanes and FAlO.


Figure 6. Force constants a) f(MO), b) f(MO,MO), and c) f(OMO) as derived for linear OEO molecules, where E is a Group 13 or 14 element.
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N ¼ 0:57 � fN
f 1


þ 0:43 �
ffiffiffiffiffi
fN
f 1


r
ð2Þ


Table 7 contains the bond order calculated for OAlO,
OGaO, and OInO from Equation (2). For all three mole-
cules the bond order turns out to be between 1 and 2, in
good agreement with the predictions on the basis of the MO
diagram (see below). The bond order increases slightly from


1.4 in OAlO to 1.6 in OGaO. This increase does not come
as a surprise since the bonds in OAlO should be more polar
than those in OGaO. However, the results suggest that the
bond order in OInO is similar to that in OGaO. This is not
in line with the expectations and shows the limitations of
this simple equation. Nevertheless, the estimated bond order
is in line with what we can deduce from simple molecular
orbital and valence bond theory.


An inspection of the frontier orbitals of GaO2 and InO2


shows similarities with CO2
+ , which is formally valence isoe-


lectronic with these species and also exhibits a linear struc-
ture. The unpaired electron resides in a nonbonding orbital.
Formally, two bonding s orbitals and a degenerate pair of
bonding p orbitals are occupied. This would suggest a bond
order of two per bond, but in contrast to [OCO]+ the p-or-
bitals have larger amplitudes on the oxygen atoms, that is,
partial oxygen lone-pair character.


The bond properties may also be rationalized with the
help of Lewis structures. One may consider the following six
structure formulae (a), (a’), (b), (b’), (c), and (c’). The un-


paired electron is always assumed to reside in a lone pair, as
suggested by MO theory. Formulae (a) and (a’) are the most
important structures in the case of [OCO]+—they give an
electron octet at the central atom—but for Ga a negative
partial charge would result. The above-mentioned partial
lone-pair character of the p frontier orbitals and the positive


partial charge on Ga/In arising in the calculations suggest
that mainly structures (b)/(b’) and partially also (c)/(c’) de-
scribe the bonding in linear OMO.


Information about the reaction mechanism


The experiments show that the formation of cyclic GaO2


proceeds spontaneously even at very low temperatures,
which means that the activation
barrier for this process should
be close to zero. The results of
the experiments using mixtures
of 16O2 and 18O2 indicate that
cyclic GaO2 is formed from Ga
and O2 in a concerted reaction
(not in a radical mechanism via
GaO and O) However, isomeri-
zation to linear OGaO is sub-
ject to a substantial barrier. Ad-


ditional quantum-chemical calculations were therefore per-
formed to obtain more information about the mechanism.


The reaction can be divided into two steps: formation of
the cyclic GaO2 species from Ga atoms and O2 and the pho-
toisomerization of cyclic GaO2 into linear OGaO. This path-
way has already been discussed in previous work.[4,5] Howev-
er, we report in the following on quantum-chemical calcula-
tions that lead to a more detailed understanding of the reac-
tion mechanism.


Reaction to cyclic GaO2 : Figure 7 shows the dependence of
the O�O distance, the dipole moment, and the potential
energy for the system Ga+O2 on the reaction coordinate,
which is defined as the distance (d(Ga�O2)) between the
Ga atom and the O2 centroid. It can be seen that, as O2 and
Ga approach each other, the energy and the O�O distance
do not change significantly for d(Ga�O2) values greater
than 300 pm. For values of the reaction coordinate smaller
than 270 pm, the O�O distance is significantly elongated. At
the same time, the energy decreases. This means that there
is an abrupt change in the structure during the approach.
This change in structure is, however, not accompanied by a
significant energy barrier. Figure 7 also shows the behavior
of the dipole moment during the approach. Again, there is
an abrupt change of the dipole moment, which shows that
the electronic properties change. This behavior resembles
that expected for the “harpooning” mechanism, for which
an electron jumps from one group of atoms to another at a
well-defined distance. This distance, d, can be estimated
from Equation (3), in which the ionization energy of Ga,
I(Ga), is 5.999 eV and the electron affinity of O2, EA(O2), is
0.45 eV. This equation leads to d=260 pm, a value that is
only about 7% smaller than that calculated in our quantum-
chemical calculations.


IðGaÞ�EAðO2Þ ¼
e2


4pe0d
ð3Þ


Table 7. Estimated bond orders in the linear OMO molecules (M=Al, Ga or In) according to the formula in-
troduced by Siebert (see text for further explanation).


HAlOH[a] HGaOH[a] HInOH[a] OAlO[b] OGaO[c] OInO[c]


nMO 817.9 646.4 548 1129.5/862 912.6/821 754.6/720
fMO 417 337 262 626 586 454
Bond order 1.00 1.00 1.00 1.4 1.6 1.6


[a] Reference [43]. [b] Reference [33]. [c] This work
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In the course of the approach of the Ga atom toward the
O2 molecule an attractive interaction is established between
the p orbital at the Ga atom, which contains one electron,
and the p* orbitals at the O2 unit, which are both half-filled
in the 3�u


� electronic ground state of O2. If the approach
takes place in the xz plane and z is the reaction coordinate,
the bond is formed between the Ga px orbital and the O2


p*z orbital, while the p*y orbital remains inactive. This at-
tractive interaction, which is active prior to the abrupt elec-
tron transfer, is responsible for the absence of a reaction
barrier. The (px+p*z) bonding orbital already has an occu-
pation number of 1.8 prior to the electron transfer [that is,
at d(Ga�O2)>270 pm], but the character of the bond is still
covalent as both contributing orbitals still have nearly equal
weight. As the fragments further approach each other, the
bonding molecular orbital assumes nearly exclusive O2 p*z
character. This corresponds to the transfer of one electron
from Ga to the O2 moiety, resulting in dominant ionic bond-
ing in cyclic GaO2.


Isomerization to linear OGaO : The main aim of this section
is to explain the reasons for the large barrier for isomeriza-
tion from cyclic GaO2 to linear OGaO. The presence of a
barrier is responsible for the failure to observe the linear
OGaO molecule immediately upon deposition, since the iso-
merization of cyclic GaO2 into the linear isomer is exother-
mic according to our best calculations.


Figure 8 shows a correlation diagram for the isomerization
reaction. Bending the linear molecule reduces its symmetry
to C2v, and the two degenerate


Q
g orbitals of the linear


OGaO molecule split into two orbitals of a2 and b1 symme-
try, respectively. Thus, the degenerate ground state of
OGaO splits into two hypersurfaces of either 2A2 or 2B1


symmetry, with the latter being lower in energy. The su orbi-
tal and the two degenerate pu orbitals transform into b1 and
a1, and b2 respectively. As can be seen from the correlation
diagram, a bonding a1 orbital of cyclic GaO2 correlates with
an unoccupied orbital of linear OGaO; instead, a b1 orbital
becomes occupied. Basically, as Ga inserts into the O�O
bond the bonding s orbital of O2 is emptied and the anti-
bonding s* orbital is filled instead. The configuration of
cyclic GaO2 thus corresponds to an excited state of linear
OGaO; that is, the reaction is symmetry-forbidden in the
sense of Woodward and Hoffman[43] and normally associated
with a significant barrier.


To get more quantitative information about the barrier,
potential energy hypersurfaces were calculated at the
CASSCF level. Figure 9a shows a potential energy map for
GaO2 with the assumption that the system remains in the
2A2 electronic state. We note two features: First, the transi-
tion state (indicated by the circle in Figure 9a) lies at consid-
erably higher energy than the cyclic superoxo compound
(more than 300 kJmol�1 above). Even though CASSCF fails
to reproduce the energy separation between OGaO and
cyclic GaO2 by about 50 kJmol�1, the calculated data allow
us to estimate a barrier height that cannot be overcome
under matrix conditions. Second, the reaction path towards
the transition state includes a significant stretch of the O2


bond, which suggests that vibrationally hot O2 is required
for a reactive collision, whereas a collision with nonexcited
O2 is purely repulsive.


The picture does not significantly change if we consider
an alternative mechanism which includes internal conversion
from the 2A2 energy hypersurface to the 2B1 surface. The
latter is, as mentioned above, the lower sheet of the pair of
energy surfaces leading to the degenerate 2Q


g state of
linear OGaO. The energy hypersurface for the 2B1 state of
linear OGaO and for the 2A2 state of cyclic GaO2 are shown
together in Figure 9b. These two surfaces intersect and only
the parts of the surfaces with the lowest energy are visual-


Figure 7. Dependence of the calculated (RASSCF, see text) d(O�O),
dipole moment, and relative energy on the reaction coordinate d(Ga�O2)
for the reaction between Ga and O2 leading to the cyclic superoxo com-
plex GaO2.


Figure 8. Correlation diagram for the isomerization of cyclic into linear
GaO2. The Ga 4s orbital has been omitted for clarity.
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ized. A circle marks the area where the system might con-
vert from the 2A2 to the 2B1 potential energy hypersurface
with minimal energy. Again, the barrier comes out to be
around 300 kJmol�1. Thus, the possible conversion to anoth-
er electronic state does not lead to a significant decrease of
the activation barrier.


In summary, the calculations show that isomerization of
cyclic GaO2 to linear OGaO, although presumably an exo-
thermic process, cannot proceed thermally, especially not
under matrix conditions, because of an energy barrier that is
apparently higher than the Ga+O2!GaO2 reaction energy.
It is worth mentioning that this energy is close to the energy
required for a radical mechanism leading first to GaO and


O atoms (ca. 300 kJmol�1 both
at the CASSCF and the
CCSD(T) level).


Conclusion


The cyclic superoxo complex
MO2 and the linear OMO (M=


Ga or In) molecules are the
products of the spontaneous
and photolytically activated
matrix reactions between the
metal atoms and O2. IR and
Raman data have been used to
characterize these species,
which were already observed in
previous work.[2–4] The force
constants of the linear OMO
species were calculated by
normal coordinate analysis and
compared to those of other
linear triatomic species. Quan-
tum-chemical calculations using
coupled-cluster and multirefer-
ence methods indicate that the
linear OMO is energetically
slightly favored over its cyclic
isomer. The bond properties of
these species have been dis-
cussed. The Ga�O bond order
is in between one and two.
Quantum-chemical calculations
were carried out which provide
detailed information about the
reaction mechanisms. The cal-
culations agree with the experi-
ments that formation of the
cyclic superoxo complex GaO2


from Ga atoms and O2 occurs
without a significant reaction
barrier. In the course of the ap-
proach of the two reactants, an
abrupt charge-transfer is ob-


served. This marks the point at which one electron jumps
from the Ga atom onto the O2 unit. Accordingly, the bond-
ing in the product is dominated by ionic contributions. Al-
though linear OGaO exhibits a lower energy, photolysis is
needed to isomerize the superoxo complex into the linear
form. The calculations indeed show that isomerization of
the molecule in its electronic ground state is subjected to a
substantial barrier of around 300 kJmol�1.


The results of this work are of relevance to metal-based
oxidation processes as they show the ability of metal atoms
to insert into the strong O�O bond. The evaluation of the
mechanisms for these processes is important to understand
the oxidation of metals.


Figure 9. a) Plot of the calculated (CASSCF, see text) 2A2 energy hypersurface near the transition point for the
isomerization of cyclic to linear GaO2. b) Plot of the calculated 2A2 and 2B1 energy hypersurfaces near the
transition point for the isomerization of cyclic to linear GaO2.
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Synthesis of Water-Soluble, Multiple Functionalizable Dendrons for the
Conversion of Large Dendrimers or Other Molecular Objects into Potential
Drug Carriers


Stephan M,ller and A. Dieter Schl,ter*[a]


Introduction


Dendrimers are versatile, monodisperse synthetic macromo-
lecules with a near-perfect nanoscale structure and are syn-
thesized step-by-step.[1] They can be selectively decorated
with different motifs and the maximum (covalent) loading
capacity towards a particular function is defined by the
number of surface groups.[2] Dendrimers are a perfect exam-
ple for macromolecular engineering.[3] Their solubilities and
glass transition temperatures, for example, can be tailored in
a wide range by simple chemical “surface” modification. It
is thus to be expected that the coverage of a high-generation
dendrimer with water-soluble small dendrons will render the
whole dendrimer water-soluble. Water solubility is an impor-
tant issue whenever biomedical applications like in drug de-
livery come into play.[4] It is normally achieved by the intro-
duction of either charged groups[5] or decoration with polar
oligomers of the ethylene glycol family (OEG).[6] Whereas
especially positively charged compounds tend to be cytotox-
ic,[7,8] OEGs revealed low toxicity in in vivo applications.[9]


Herein, we report on the synthesis of differently sized den-
drons which carry OEG chains for water solubility, biden-


tate N- and O-based ligands for platinum complexation, and
fluorescence tags to study cellular uptake and intracellular
distribution. A selectively addressable functional group at
the focal point allows the dendron5s attachment to larger en-
tities. The goal is to provide building blocks for the conver-
sion of any larger and structurally defined molecular object,
like a commercial high-generation dendrimer, into a water-
soluble and versatile support material for antitumor therapy.
Scheme 1 shows the simplest possible application of this
concept in which three dendrons with branched OEG solu-
bilizers and complexation sites X are attached to a 1,3,5-
tris(aminopropyl)benzene through an hydrolytically stable
amide bond to furnish a small dendrimer. A structure like
this serves as proof of principle only and will not gain, of
course, importance as a drug carrier itself.


Results and Discussion


The synthetic procedures are compiled in Schemes 2–13.
The main reactions used are etherifications, amido-coupling
reactions (e.g., dendrimer assembly), and standard protec-
tion–deprotection protocols. The OEG chains used in this
project are branched and were synthesized according to a
known procedure. Commercially available OEGs were con-
sidered either too short to mediate sufficient water solublity
or are polydisperse which was believed to be disadvanta-
geous in regard to approval matters. The purification of all
compounds was done by standard column chromatography.
First the schemes will be described in general terms and
then addressed in somewhat more detail. Scheme 2 and
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Scheme 3 show the monoalkylation of gallic acid (1) and the
removal of undesired bis-alkylated by-product 4. Scheme 4
and Scheme 5 depict the synthesis of the OEGylated den-
dron 8 a and its selective deprotection at both the amine (to
9) and the focal point acid (to 10 a) for subsequent function-
alization of 9 with an ethylene–diamine moiety to 12 and
the fluorescence tag 14 to 15,
respectively. Scheme 6 illus-
trates the synthesis of the pro-
tected malonic acid derivatives
20 a and 20 b which have an ad-
ditional carboxylic acid for at-
tachment to the dendron.
Scheme 7 and Scheme 8 contain
the synthesis of the allyl-pro-
tected dendrons 21, its modifi-
cation to 22, and the decoration
of the latter with the malonic
acid derivatives 20 a and 20 b to
give dendrons 23 and 25, re-
spectively, as well as their de-
protected counterparts 24 and
26. Scheme 9 summarizes all the reactions leading to den-
drimers 28, 30, 32, 33, and 35 as well as the subsequent de-
protections, all of which serve as model reactions for the an-
ticipated application to larger objects in the future.
Scheme 10 shows the synthesis and selective deprotection of
the orthogonally protected branching unit 40, which is a key
compound for the synthesis of the larger dendrons 49–54


and dendrimers 55–58 whose syntheses are shown in
Scheme 11 and Scheme 12, respectively. Finally, Scheme 13
depicts the divergent synthesis of dendrimer 63 and its de-
protection to 65.


The synthesis of an OEGylated building block with two
orthogonally protected anchor sites, an amine and a carbox-
ylic acid, makes use of a selective alkylation of 1 in its 4-hy-
droxy position.[10] For this alkylation tert-butoxycarbonyl(N-
Boc)- and benzyloxycarbonyl(N-Cbz)-protected 3-bromo-
propylamines 2 a and 2 b, respectively, and O-benzyl(O-Bn)-
protected 3-bromopropanol 2 c were used in equimolar
amounts to 1 (Scheme 2). The best results were obtained in


DMF with excess of NaHCO3 at room temperature, which
gave the mono-alkylated products 3 a–c. Occasionally, some
bis-alkylated by-product, for example, 4 a, was formed. In
such a case, the resulting mixture could not easily be sepa-
rated and was therefore exhaustively benzylated and then
separated by standard column chromatography (Scheme 3).
Catalytic hydrogenation of 5 a yielded pure 3 a.[11]


In the next step 3 a was decorated with the symmetric
OEGylated glycerol derivative 7[12] to afford dendron 8 a,
which has already a number of important features
(Scheme 4). Not only is it fully water-soluble but also it car-
ries a selectively addressable amine group and a focal point
ester function for attachment to a larger object. The reac-
tions of 7 with 3 a–c were carried out in DMF at 80 8C using


Scheme 1. Structure of a small target dendrimer with branched oligoethy-
leneglycol (OEG) chains for water solubility and functional groups X
which serve as ligands for metal complexation and as anchor sites for at-
taching fluorescence tags.


Scheme 2. Synthesis of mono-alkylated gallates. Reagents and conditions:
a) DMF, NaHCO3, KI, four days, room temperature.


Scheme 3. Removal of bis-alkylated by-products. Reagents and conditions: a) K2CO3, DMF, benzyl bromide,
80 8C, one day; b) Pd/C, methanol, H2.
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K2CO3 as a base. The conversions of 3 b and 3 c are not
shown in Scheme 4. Compounds 8 a–c were obtained in
yields of 58–65% indicating coupling efficiencies of 75–80%
per step. By keeping the temperature at 80 8C, base-induced
elimination of toluenesulfonic acid from 7 (not shown) was
kept at a minimum. Mitsunobu protocols were also applied,
but did not prove superior due to tedious removal of triphe-
nylphosphine oxide impurities.


Starting from 8 a a variety of valuable compounds were
synthesized. This first required selective deprotections at
both the urea and the ester which was achieved by treating
8 a with trifluoroacetic acid (TFA) in CH2Cl2 (to give 9) and
KOH in ethanol (to give 10 a), respectively (Scheme 4).
Both deprotections went smoothly and virtually quantita-
tively so that the products could be used as obtained in the


further steps. The racemic N-Boc-protected diaminopropio-
noic acid 11 with its ethylenediamine moiety for Pt2+ com-
plexation was then connected to 9 under standard amide
coupling conditions to give 12 (Scheme 5). Interestingly, this
coupling succeeded with O-(1H-benzotriazole-1-yl)-
N,N,N’,N’-tetramethyluronium tetrafluoroborate (TBTU) as
active ester reagent, but failed with hydroxybenzotriazole
hydrate/N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide
hydrochloride (HOBt/EDC) and Hydroxysuccinimidyl/dicy-
clohexylcarbodiimide (HSu/DCC). The free benzoic acid 13
was generated from 12 in excellent yields with KOH at
room temperature in ethanol.


Because of its high fluorescence intensity the 5-dimethyl-
aminonaphthalene-1-sulfonyl (dansyl) group has often been
used for biochemical applications and was also selected here


Scheme 4. Synthesis of water-soluble dendrons. Reagents and conditions: a) K2CO3, DMF, 80 8C, three days; b) TFA, CH2Cl2, room temperature, 12 h; c)
1m KOH, ethanol, room temperature, 12 h.


Scheme 5. Synthesis of dendrons with an ethylenediamine moiety or a fluorescent label. Reagents and conditions: a) DMF, TEA, TBTU; b) TEA,
CH2Cl2, room temperature, 2 h; c) 1m KOH, ethanol, room temperature, 12 h.
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as fluorescence tag. The attach-
ment went through its chloride
(14) and gave 15 in virtually
quantitative yields (Scheme 5).
Saponification of the focal
point ester of 15 cleanly fur-
nished 16.


Malonic acids are suitable bi-
dentate ligands for structurally
defined platinum(ii) complexes.
They may be superior to ethyle-
nediamines in drug-carrier ap-
plications because platinated malonates can release Pt2+ at
pH 4–5 by hydrolysis. To introduce malonic units to den-
drons of the here described type a few aspects needed to be
considered. First, the two carboxylic acid groups of the ma-
lonic part needed to be protected so that a linker for the at-
tachment to the dendron could be introduced at the acidic
carbon. The protecting groups chosen for this purpose
needed to be removable at a later stage in the sequence
without concomitant decarboxylation, which 1,3-dicarboxylic
acids are prone to undergo. Second, the protecting groups
had to be both stable under coupling conditions and orthog-
onal to the deprotection protocol at the focal point ester.
The best candidates were tert-butyl and benzyl esters and,
thus, compounds 20 a and 20 b were prepared through the
tris-acid esters 19 a and 19 b (Scheme 6). They, in turn, were
generated from the protected malonic acids 17 a and 17 b
and orthogonally protected
acrylic acids 18 a and 18 b under
Michael conditions. This latter
reaction always yielded a mix-
ture of mono- and bis-alkylated
malonates whose separation
was tedious. Therefore, the raw
mixture was directly deprotect-
ed at the linker5s carboxylic
acid and then separated by
column chromatography. In this
way pure 20 a and 20 b could be
obtained in acceptable yields of
65% (for 20 a) and 67% (for
20 b), respectively. For the pro-
tection of the benzoic acid at
the focal point, the propenyl
ester with its known Pd-mediat-
ed deprotection protocol was
chosen to avoid a detrimental
interference with the other esters. Alkylation of the potassi-
um salt of 10 a with an excess of allyl bromide gave the de-
sired propenyl benzoate 21 (Scheme 7).


Removal of the N-Boc group in 21 was performed with
TFA in CH2Cl2 and gave 22. The protected malonic acid
moieties 20 a and 20 b were then hooked on to 22 under
standard amide coupling conditions to give 23 and 25, re-
spectively (Scheme 8). The best results for these couplings
were obtained with TBTU, though the same products were


also accessible with other active ester reagents (HOBt/EDC,
HSu/DCC). The best results for the deprotection of the allyl
benzoates were achieved by adding a solution of p-toluene-
sulfonic acid in methanol to a solution of the ester and [Pd-
(PPh3)4] in CH2Cl2. Column chromatography gave the free
benzoic acids 24 and 26 in high yields (24 : 94%; 26 : 96%).


In the next step, the various small dendrons were attached
to the trifunctional core molecule 27 (Scheme 9). This as-
sembly served as a test for the concept5s feasibility which is


Scheme 6. Synthesis of protected malonic acid moieties. Reagents and conditions: a) K2CO3, Bu4NI, benzene,
reflux, one day; b) for 19a : Pd/C, methanol, H2; c) for 19b : TFA, CH2Cl2, room temperature, 1–12 h.


Scheme 7. Synthesis of a dendron for assembly with protected malonates.
Reagents and conditions: a) allyl bromide, DMF, K2CO3, Bu4NI, 12 days,
room temperature; b) TFA, CH2Cl2, room temperature, 12 h.


Scheme 8. Synthesis of dendrons with a malonic acid moiety. Reagents and conditions: a) DMF, TEA, TBTU;
b) [Pd(PPh3)4], p-toluenesulfonic acid, CH2Cl2, methanol, room temperature, 0.5 h.
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to convert large molecular objects into water-soluble drug-
delivery systems by the attachment of appropriately de-
signed dendrons. In all reactions the dendrons were used in
3.5 molar equivalents to 27. In contrast to the amido-cou-
pling protocol for alkanoic acids with primary alkylamines,
the benzoic acids of 10 a, 10 c, 13, 16, 24, and 26 reacted
much more efficiently with HOBt/EDC than with TBTU.
The active esters of 10 a, 10 c, 13, and 16 were generated in
situ by employing HOBt/EDC in CH2Cl2 at room tempera-
ture and adding them at �40 8C to solutions of 27 and tri-
ethylamine (TEA) in CH2Cl2 and methanol. The reaction
temperature was slowly raised to room temperature and the
mixtures stirred until conversions were complete (TLC).


Column chromatography gave the dendrimers 28, 29, 32,
and 33 in high yields (28 : 95%; 29 : 98%; 32 : 92%; 33 :
80%). The excess of respective active esters was recovered
as the corresponding methyl esters which in turn were quan-
titatively reconverted into the free benzoic acids by saponifi-
cation with aqueous 1m KOH (not shown). The analogous
recycling of the active esters of 24 and 26 did not give satis-
factory results because the corresponding two ester func-
tions (methyl benzoate and malonate) of the products could
not be saponified with sufficiently high selectivity. There-
fore, the amido-coupling procedure was carried out without
methanol as solvent and quenched with aqueous 1m
NaHCO3 which converted the excess active esters directly


Scheme 9. Synthesis of OEGylated dendrimers with different surface motifs. Reagents and conditions: a) HOBt, EDC, TEA, CH2Cl2, methanol; b)
HOBt, EDC, TEA, CH2Cl2; c) TFA, CH2Cl2, room temperature, 1–12 h; d) Pd/C, methanol, H2.
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into the starting benzoic acids (24 and 26). All dendrimers
were characterized by their fully assigned 1H and 13C NMR
and MALDI-TOF mass spectra. The NMR assignment was
achieved with the help of 2D homo- and heteronuclear cor-
related pulse sequences (COSY, HMBC, and HMQC). In
the reflective mode, the MALDI-TOF mass spectra typically
showed the monoisotopic peak of the potassium and sodium
salts and the expected isotopic pattern.


The acid-labile N-Boc-carbamates of 28 and 33 were
quantitatively deprotected with a large excess of TFA in
CH2Cl2 at room temperature and gave the corresponding
free amines 29 and 34 (as hydrotrifluoroacetates), respec-
tively. Completion of the procedure was monitored by
1H NMR spectroscopy. The benzyl ether in 30 was cleaved
by catalytic hydrogenation with Pd/C and gave the free alco-
hol 31. The deprotected dendrimers were again character-
ized by their 1H and 13C NMR (assignment by 2D-correlated
spectroscopy) and MALDI-TOF mass spectra. The tert-
butyl malonates of 35 could be deprotected to 37 either with
a large excess of TFA in CH2Cl2 or by catalytic hydrogena-
tion of 36 with Pd/C in methanol (Scheme 9). Both proce-
dures gave pure 37 directly. Irrespective of the method used
the spectroscopic and spectrometric data of 37 were the
same. Specifically there was no indication of decarboxyla-
tion. The MALDI-TOF mass spectrum of 37, however,
showed decarboxylated by-products. It seems therefore that
this is caused by the MALDI process rather than by chemi-
cally induced undesired decarboxylation.


Another important goal of this work was to synthesize
water-soluble dendrons with two different functional groups,
for example, one for Pt-attachment and one for a fluores-
cence tag. For such an endeavor the (almost) orthogonally
protected branching unit 40 was a key compound. Although
known,[17] improvements of the procedure were necessary
(Scheme 10). The sequence starts from 38 which was easily
prepared on a 100-g scale.[18] Its subjection to Suzuki–
Miyaura cross-coupling with Cbz-protected allylamine gave
39 on the 15-g scale in yields of 67%. Subsequent coupling
with Boc-protected allylamine gave compound 40 in 92%
yield. TFA deprotection of 40 gave 41, whereby, however,
also some of the Cbz was cleaved off. Compound 41 was pu-
rified by column chromatography. The Cbz group of 40 was
removed by catalytic hydrogenation. The best solvents were
ethanol/ethyl acetate mixtures and methanol. Both free
amines, 41 and 42, were stored under nitrogen. Saponifica-


tion of the ester functionality of 40 was achieved cleanly
with aqueous 1m KOH in ethanol at room temperature and
gave 43 virtually quantitatively.


Compound 41 was used to prepare the more complex
dendrons 49, 51, and 53 as well as their deprotected counter-
parts 50, 52, and 54 which all carry different sets of anchor
groups/fluorescence tags (Scheme 11). The reaction condi-
tions resembled those already described and are therefore
not given here. Yields were good to very high throughout
and all compounds were fully characterized (except, of
course, combustion analysis). The attachment of these den-
drons to the trifunctional core molecule 27 (Scheme 12)
gave dendrimers 55, 57, and 58, respectively. The amide-cou-
pling protocols applied were the same as the ones for the
dendrimers assembled in Scheme 9 except that the reactions
required longer times to reach completion. The resulting
dendrimers were purified by column chromatography with
very polar solvent mixtures and the excess of the dendrons
were recycled after saponification. MALDI-TOF mass spec-
trometric measurements in the linear mode afforded the
molecular peaks of the sodium salt. The NMR spectra
showed broad lines and reliable assignments could therefore
not be done. Additionally, the number of signals in the
13C NMR spectra was usually too low because of superimpo-
sitions. Peripheral deprotections were so far only tried for
dendrimer 55. Extended exposure to TFA in CH2Cl2 led to
a complete disappearence of the signal for the tert-butyl
group in the 1H NMR spectrum.


In a final sequence the known dendrimer 59[8] was pre-
pared from 43 and 27 (Scheme 13) to use it as starting mate-
rial for dendrimers with peripheral malonates and fluores-
cence tags. The deprotection of the N-Cbz groups of 59 to
60 by catalytic hydrogenation proceeded cleanly without af-
fecting the Boc groups. The free amines of 60 were then
used to hook the dendron 13, resulting in the formation of
61. Deprotection of 61 and reaction of the corresponding
free amine with both compounds 24 and 26 gave the corre-
sponding dendrimers 63 and 64, respectively, in good to ex-
cellent yields. The separation of these dendrimers from the
excess of 24 and 26 by column chromatography was possible
but too tedious. The excess of the respective active ester
was therefore rather intercepted with methanol to give the
corresponding methyl esters. Finally, dendrimer 65, which
provides free malonic acids with potential for platinum com-
plexation, was obtained via deprotection of 63 with TFA in


Scheme 10. Synthesis and selective deprotection of 40. Reagents and conditions: a) 9-BBN, toluene, 0 8C, 12 h, then 1m KOH, [Pd(PPh3)4], 60 8C; b) 9-
BBN, toluene, 0 8C, 12 h, then 1m KOH, [Pd(PPh3)4], reflux; c) CH2Cl2, TFA, 12 h, room temperature; d) ethyl acetate/ethanol, Pd/C, 1 h, H2; e) 1m
KOH, ethanol, room temperature.
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dichloromethane. The progress of the cleavage of the tert-
butyl esters was conveniently monitored with 1H NMR spec-
troscopy. In initial experiments it was not possible to depro-
tect the benzyl esters of 64 to gain 65. The typical deprotec-
tion protocol with Pd/C in a hydrogen atmosphere failed.


In summary, a concept has been presented that should
allow the conversion of molecular objects (e.g. large den-
drimers) into non-ionic and yet water-soluble and surface
addressable entities. Several dendrons of different sizes and
complexity were prepared which not only carry either two
or four branched OEG chains but also one or two mono-


and bidendate anchor group(s) for complexation with phar-
maceutically relevant metal complexes like Pt complexes.
These anchor groups are either of the malonic (weak bind-
ing) or diaminopropionic acid type (strong binding). Some
of the dendrons carry the dansyl substituent as fluorescence
tag to enable cell distribution studies. All dendrons were at-
tached to a trifunctional core which gave a variety of differ-
ently surface-decorated dendrimers combining several func-
tions at the same time.


Scheme 11. Syntheses of dendrons. a) HOBt, EDC, CH2Cl2, TEA, MeOH; b) TBTU, CH2Cl2, DMF, TEA, MeOH; c) MeOH, Pd/C, 1 h, H2; d) EtOH,
1m KOH, room temperature, 12 h; e) ethyl acetate/MeOH, Pd/C, H2, 1 h.
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Experimental Section


General : All starting materials were purchased from commercial sources
and used without further purification. Solvents were dried under standard
conditions. Compounds 1, 14, 17a,b, and 18a,b were commercially avail-
able. The following compounds were prepared according to literature
procedures: 2a,[13] 2b,[14] 2 c,[15] 7,[12] 11,[16] 27,[8] 38,[18] 59.[8] All dansyl-la-
beled compounds were stored and allowed to react in the dark to avoid
oxidative degradation. Whenever possible, reactions were monitored by
thin-layer chromatography (TLC) using TLC silica gel coated aluminum
plates 60F254 (Merck). Compounds were detected by UV light (254 nm or
366 nm) and/or by treatment with a solution of ninhydrine in ethanol,
anisaldehyde in H2SO4 followed by heating, or with iodine. Column chro-
matography was preformed using Merck silica gel 60, 0.040–0.063 mm
(230–400 mesh).
1H NMR spectra were recorded by using a Bruker AC 500 (500 MHz),
an AM 270 spectrometer (270 MHz), or an AB 250 (250 MHz) instru-
ment, and were referenced to the solvent signal: CDCl3 at d=7.24 ppm,
CD2Cl2 at d=5.32 ppm, CD3OH at d=3.35 or 4.78 ppm. 13C NMR spec-
tra were recorded by using a Bruker AC 500 (125 MHz), an AM 270
spectrometer (67.5 MHz), or an AB 250 (62.5 MHz) instrument, and


were referenced to the solvent signal: CDCl3 at d=77.0 ppm, CD2Cl2 at
d=53.5 ppm, CH3OH at d=49.0 ppm. All spectra were recorded at
25 8C. Mass spectra were recorded on a Varian MAT 711 and CH6 (EI)
or Type CH5DF (FAB), and a Bruker Reflex with delayed extraction
source (MALDI-TOF). Elemental analyses were performed by using a
Perkin-Elmer EA 240. Because of the polarity of the prepared com-
pounds and their ability to complex metal ions, it was generally difficult
to obtain correct data from elemental analysis. Analytical GPC was re-
corded on Waters Styragel HR 1 or HR 3 columns, Waters 2487 UV/VIS
detector at 254 nm to demonstrate the purity of these compounds.


Ethyl 4-(3-tert-butoxycarbonylaminopropoxy)-3,5-dihydroxybenzoate
(3 a): Ethyl 3,4,5-trihydroxybenzoate (1; 7.49 g, 37.8 mmol), tert-butyl (3-
bromopropyl)carbamate (2a; 9.00 g, 37.8 mmol), dry KHCO3 (15.14 g,
151.2 mmol), and KI (0.11 g, 0.6 mmol) were suspended in dry DMF
(40 mL). The mixture was degassed by three freeze–pump–thaw cycles,
flushed with N2, and stirred for four days at room temperature. After fil-
tration, the organic phase was quenched with water (400 mL), neutral-
ized, and extracted seven times with diethyl ether (60 mL). The com-
bined organic phases were extracted three times with 1m NaHCO3


(100 mL), three times with water (100 mL), and once with brine
(100 mL). The organic phase was dried over MgSO4, filtered, and the sol-
vent evaporated. The crude product was purified by column chromatog-


Scheme 12. Synthesis of dendrimers with different surface motifs. Reagents and conditions: a) CH2Cl2, HOBt, EDC, TEA, MeOH; b) CH2Cl2, TFA,
room temperature.
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raphy (silica gel, hexane/ethyl acetate (3:1) as eluent). The colorless oil
was dissolved in dioxane, filtered, and lyophilized. Yield: 8.73 g (65%) of
a colorless solid. Alternatively, the same product was obtained by catalyt-
ic hydrogenation of 5a. Compound 5a (6.5 g, 12.1 mmol) was dissolved
in methanol (10 mL), and Pd/C (0.65 g) was added. The mixture was stir-
red for 1 h in a hydrogen atmosphere. The reaction was monitored with


TLC. After complete deprotection, the mixture was filtered and the sol-
vent removed under reduced pressure. Further purification was not nec-
essary. Yield: 4.28 g (quant) of a colorless solid.


Rf=0.23 (silica gel, hexane/ethyl acetate 3:1); 1H NMR (CDCl3,
[D4]methanol, 270 MHz): d=1.29 (t, 3J(H,H)=7.0 Hz, 3H; -CH2CH3),
1.39 (s, 9H; -C(CH3)3), 1.83 (m, 2H; b-CH2), 3.36 (m, 2H; g-CH2), 4.02
(t, 3J(H,H)=5.2 Hz, 2H; a-CH2), 4.25 (q, 3J(H,H)=7.0 Hz, 2H;
-CH2CH3), 5.17 (br s, 1H; -NH), 7.09 ppm (2H; Ar-H); 13C NMR
(CDCl3, [D4]methanol, 68 MHz): d=13.85, 28.05, 30.29, 36.65, 60.79,
69.38, 79.50, 109.17, 125.45, 138.05, 149.77, 157.08, 166.80 ppm; MS (EI,
80 eV, 160 8C): m/z (%): 354.9 (5) [M]+, 310.0 (3) [M�OEt]+ , 255.9 (4),
254.9 (27) [M�C5H9O2]


+ , 101.9 (100) [C5H9O2]
+ ; elemental analysis


calcd (%) for C17H25NO7 (355.16): C 57.45, H 7.09, N 3.94; found: C
57.21, H 7.07, N 3.83.


Ethyl 4-(3-benzyloxycarbonylaminopropoxy)-3,5-dihydroxybenzoate
(3 b): Ethyl 3,4,5-trihydroxybenzoate (1; 7.49 g, 37.8 mmol), benzyl (3-
bromopropyl)carbamate (2b; 10.28 g, 37.8 mmol), dry KHCO3 (15.14 g,
151.2 mmol), and KI (0.11 g, 0.6 mmol) were suspended in dry DMF
(40 mL). The mixture was degassed by three freeze–pump–thaw cycles,
flushed with N2, and stirred for four days at room temperature. After fil-
tration, the organic phase was quenched with water (400 mL), neutral-
ized, and extracted seven times with diethyl ether (60 mL). The com-
bined organic phases were extracted three times with 1m NaHCO3


(100 mL), three times with water (100 mL), and once with brine
(100 mL). The organic phase was dried over MgSO4, filtered, and the sol-
vent evaporated. The crude product was purified by column chromatog-
raphy (silica gel, hexane/ethyl acetate (3:1)). The colorless oil was dis-
solved in dioxane, filtered, and lyophilized. Yield: 8.54 g (58%) of a col-
orless solid.


Rf=0.20 (silica gel, hexane/ethyl acetate (3:1)); 1H NMR (CDCl3,
[D4]methanol, 270 MHz): d=1.29 (t, 3J(H,H)=7.1 Hz, 3H; -CH2CH3),
1.86 (m, 2H; b-CH2), 3.42 (t, 3J(H,H)=5.8 Hz, 2H; g-CH2), 4.05 (t, 3J-
(H,H)=5.5 Hz, 2H; a-CH2), 4.25 (q, 3J(H,H)=7.1 Hz, 2H; -CH2CH3),
5.06 (s, 2H; -OCH2Ar), 5.66 (br s, 1H; -NH), 7.10 (2H; Ar-H: gallate),
7.26 ppm (m, 5H; -OCH2Ar-H); 13C NMR (CDCl3, [D4]methanol,
68 MHz): d=13.87, 16.81, 29.93, 37.39, 60.86, 66.59, 69.54, 109.20, 125.47,
127.68, 127.81, 128.20, 136.20, 138.08, 149.71, 157.40, 166.80 ppm; MS (EI,
80 eV, 170 8C): m/z (%): 390.1 (1), 389.0 (4) [M]+ , 344.0 (1) [M�OEt]+ ,
281.0 (3) [M�C7H8O]+ , 92.0 (8), 91.1 (100) [C7H7]


+; elemental analysis
calcd (%) for C20H23NO7 (389.15): C 61.69, H 5.95, N 3.60; found: C
61.52, H 5.94, N 3.66.


Ethyl 4-[3-(benzyloxy)propoxy]-3,5-dihydroxybenzoate (3 c): Ethyl 3,4,5-
trihydroxybenzoate (1; 11.01 g, 55.5 mmol), (3-bromopropoxymethyl)ben-
zene (2c ; 13.4 g, 58.5 mmol), dry KHCO3 (22.25 g, 222.2 mmol), and KI
(0.25 g, 1.4 mmol) were suspended in dry DMF (60 mL). The mixture
was degassed by three freeze–pump–thaw cycles, flushed with N2, and
stirred for four days at room temperature. After filtration, the organic
phase was quenched with water (400 mL), neutralized, and extracted
seven times with diethyl ether (60 mL). The combined organic phases
were extracted three times with 1m NaHCO3 (100 mL), three times with
water (100 mL), and once with brine (100 mL). The organic phase was
dried over MgSO4, filtered and the solvent evaporated. The crude prod-
uct was purified by column chromatography. The colorless oil was dis-
solved in dioxane, filtered and lyophilized. Yield: 9.67 g (50%) of a color-
less solid.


Rf=0.30 (silica gel, hexane/ethyl acetate (3:1)); 1H NMR (CDCl3,
250 MHz): d=1.34 (t, 3J(H,H)=7.1 Hz, 3H; -CH2CH3), 1.99 (m, 2H; b-
CH2), 3.76 (t, 3J(H,H)=5.5 Hz, 3H; g-CH2), 4.15 (t, 3J(H,H)=5.5 Hz,
2H; a-CH2), 4.31 (q, 3J(H,H)=7.1 Hz, 2H; -CH2CH3), 4.64 (s, 2H;
-OCH2Ar), 7.07 (br s, 2H; -OH), 7.20 (s, 2H; Ar-H: gallate), 7.25–
7.43 ppm (m, 5H; -OCH2Ar-H); 13C NMR (CDCl3, 63 MHz): d=14.20,
28.83, 60.99, 67.76, 71.64, 73.18, 109.47, 126.73, 128.05, 128.12, 128.49,
136.89, 137.61, 149.61, 166.43 ppm; MS (EI, 80 eV, 60 8C): m/z (%): 346.7
(8), 345.8 (41) [M]+ , 301.3 (11), 300.4 (8) [M�OEt]+ , 237.8 (8) [M�
C7H7O]+ , 209.4 (4) [M�C9H11O]+ , 91.4 (100) [C7H7]


+ ; elemental analysis
calcd (%) for C19H22O6 (346.14): C 65.88, H 6.40; found: C 65.81, H 6.20.


Ethyl 4-(3-tert-butoxycarbonylamino-propoxy)-3,5-bis(benzyloxy)ben-
zoate (5 a): A mixture of 3a and 4 a (5.0 g, <14 mmol), dry K2CO3


Scheme 13. Synthesis of a dendrimer with fluorescence tag and malonic
acid moiety. Reagents and conditions: a) CH2Cl2, HOBt, EDC, TEA,
MeOH; b) ethyl acetate/ethanol, Pd/C. c) CH2Cl2, TFA.
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(7.74 g, 56.0 mmol), and benzyl bromide (5.78 g, 33.7 mmol) were sus-
pended in dry DMF (30 mL) under an N2 atmosphere and stirred for 1 h
at 80 8C. The reaction was quenched by the addition of water (50 mL).
The mixture was extracted with ethyl acetate. The combined organic
phases were washed with brine and dried over MgSO4. After filtration,
the solvent was removed under reduced pressure. The crude product was
purified by column chromatography (silica gel, hexane/ethyl acetate
(10:1)). Yield: 6.5 g of a colorless solid.


Rf=0.27 (silica gel, hexane/ethyl acetate (10:1)); 1H NMR (CDCl3,
270 MHz): d=1.35 (t, 3J(H,H)=6.9 Hz, 3H; -CH2CH3), 1.37 (s, 9H; -C-
(CH3)3), 1.85 (m, 2H; b-CH2), 3.27 (m, 2H; g-CH2), 4.09 (t, 3J(H,H)=
5.8 Hz, 2H; a-CH2), 4.32 (q, 3J(H,H)=6.9 Hz, 2H; -CH2CH3), 5.15 (s,
4H; -OCH2Ar), 5.24 (br. s, 1H; -NH), 7.27–7.47 ppm (12H; Ar-H);
13C NMR (CDCl3, 68 MHz): d=14.28, 28.39, 29.92, 38.16, 61.02, 71.11,
71.77, 78.69, 108.85, 125.50, 127.50, 128.09, 128.58, 136.50, 142.20, 152.23,
156.00, 165.98 ppm; MS (EI, 130 8C): m/z (%): 536.1 (0.07), 535.0 (0.18)
[M]+ , 491.0 (0.10), 490.0 (0.21) [M�OEt]+ , 462.9 (0.24), 462.0 (1.18)
[M�C3H5O2]


+ , 92.2 (14.78), 91.1 (100.00) [C7H7]
+ ; elemental analysis


calcd (%) for C31H37NO7 (535.26): C 69.51, H 6.96, N 2.62; found: C
68.90, H 6.84, N 2.52.


Ethyl 4-(3-tert-butoxycarbonylaminopropoxy)-3,5-bis(1,3-bis{2-[2-(2-me-
thoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoate (8 a): Compound
3a (4.40 g, 12.3 mmol), dry K2CO3 (6.91 g, 50.0 mmol), and tosylate 7
(16.00 g, 29.7 mmol) were suspended in dry DMF (30 mL) under an N2


atmosphere. The mixture was stirred for three days at 80 8C. After filtra-
tion, the solvent was removed under reduced pressure. The crude product
was purified by column chromatography. The slight yellowish oil was dis-
solved in benzene, filtered and lyophilized. Yield: 8.70 g (65%) of a yel-
lowish oil.


Rf=0.22 (silica gel, CH2Cl2/methanol (30:1)); 1H NMR (CDCl3,
500 MHz): d=1.35 (t, 3J(H,H)=7.1 Hz, 3H; -CH2CH3), 1.41 (s, 9H; -C-
(CH3)3), 1.85 (m, 2H; b-CH2), 3.34 (hidden m, 2H; g-CH2), 3.34 (s, 12H;
-OCH3), 3.49–3.53 and 3.58–3.66 (2 m, 48H; -OCH2CH2O), 3.71 (m, 8H;
-OCH(CH2)2), 4.03 (t, 3J(H,H)=5.5 Hz, 2H; a-CH2), 4.31 (q, 3J(H,H)=
7.2 Hz, 2H; -CH2CH3), 4.57 (quint, 3J(H,H)=4.9 Hz, 2H; -OCH(CH2)2),
5.60 (br. s, 1H; -NH), 7.36 ppm (s, 2H; Ar-H: gallate); 13C NMR (CDCl3,
63 MHz): d=14.18, 28.33, 29.75, 37.79, 58.73, 60.74, 70.05, 70.28, 70.36,
70.73, 70.92, 71.69, 77.44, 78.42, 110.54, 125.19, 143.52, 151.66, 155.91,
161.75, 165.69 ppm; MS (positive-ion mode FAB): m/z (%): 1128.0 (4),
1127.0 [M+K]+ , 1113.0 (6), 1112.0 (14), 1111.0 (24) [M+Na]+ , 1089.0 (4)
[M+H]+ , 992.0 (10), 991.0 (12), 990.0 (53), 989.0 (100), 988.0 (15), 987.0
(30) [M+H�C5H9O2]


+ ; elemental analysis calcd (%) for C51H93NO23


(1087.61): C 56.29, H 8.61, N 1.29; found: C 56.62, H 8.18, N 0.71.


Ethyl 4-(3-benzyloxycarbonylaminopropoxy)-3,5-bis(1,3-bis{2-[2-(2-me-
thoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoate (8 b): Compound
3b (2.00 g, 5.6 mmol), dry K2CO3 (3.10 g, 13.5 mmol) and tosylate 7
(7.27 g, 13.5 mmol) were suspended in dry DMF (15 mL) under an N2 at-
mosphere. The mixture was stirred for three days at 80 8C. After filtra-
tion, the solvent was removed under reduced pressure. The crude product
was purified by column chromatography (silica gel, CH2Cl2/methanol
30:1). The slight yellowish oil was dissolved in benzene, filtered and
lyophilized. Yield: 3.64 g (58%) of a yellowish oil.


Rf=0.21 (silica gel, CH2Cl2/methanol (25:1)); 1H NMR (CD2Cl2,
500 MHz): d=1.34 (t, 3J(H,H)=7.1 Hz, 3H; -CH2CH3), 1.89 (m, 2H; b-
CH2), 3.29 (s, 12H; -OCH3), 3.42 (m, 2H; g-CH2), 3.48–3.64 (2 m, 48H;
-OCH2CH2O), 3.66–3.76 (m, 8H; -OCH(CH2)2), 4.06 (t, 3J(H,H)=
5.7 Hz, 2H; a-CH2), 4.30 (q, 3J(H,H)=7.1 Hz, 2H; -CH2CH3), 4.60
(quint, 3J(H,H)=4.9 Hz, 2H; -OCH(CH2)2), 5.04 (s, 2H; -CO2CH2Ar),
6.04 (t, 3J=6.0 Hz, 1H; -NH), 7.25–7.35 (m, 5H; -CH2Ar), 7.38 ppm (s,
2H; Ar-H : gallate); 13C NMR (CD2Cl2, 125 MHz): d=14.1, 29.8, 38.4,
58.5, 60.9, 66.0, 70.2, 70.3, 70.4, 70.5, 70.6, 70.9, 71.9, 77.6, 107.8, 110.4,
125.6, 127.8, 128.0, 128.4, 137.3, 143.5, 151.9, 156.4, 165.7 ppm; MS (posi-
tive-ion mode FAB): m/z (%): 1145.0 (41) [M+Na]+ , 1124.5 (2), 1124.1
(8), 1123.3 (29), 1122.3 (49), 1121.4 (8) [M+H]+ , 1079.4 (76), 1078.0
(100), 1076.2 (27) [M+H-OEt]+ ; elemental analysis calcd (%) for
C54H91NO23 (1121.60): C 57.79, H 8.17, N 1.25; found: C 57.32, H 7.87, N
1.26.


Ethyl 4-[3-(benzyloxy)propoxy]-3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)-
ethoxy]ethoxy}propan-2-yloxy)benzoate (8 c): Compound 3 c (1.50 g,
4.3 mmol), dry K2CO3 (2.21 g, 16.0 mmol), and tosylate 7 (5.60 g,
10.3 mmol) were suspended in dry DMF (15 mL) under an N2 atmos-
phere. The mixture was stirred for three days at 80 8C. After filtration,
the solvent was removed under reduced pressure. The crude product was
purified by column chromatography. The colorless oil was dissolved in
benzene, filtered and lyophilized. Yield: 2.83 g (61%) of a colorless oil.


Rf=0.22 (silica gel, CH2Cl2/methanol (30:1)); 1H NMR (CD2Cl2,
500 MHz): d=1.35 (t, 3J(H,H)=7.1 Hz, 3H; -CH2CH3), 2.02 (m, 2H; b-
CH2), 3.31 (s, 12H; -OCH3), 3.44–3.65 (2 m, 48H; -OCH2CH2O), 3.69
(hidden m, 2H; g-CH2), 3.70 (m, 8H; -OCH(CH2)2), 4.15 (t, 3J(H,H)=
6.3 Hz, 2H; a-CH2), 4.31 (q, 3J(H,H)=7.1 Hz, 2H; -CH2CH3), 4.51 (s,
2H; -CH2OBn), 4.58 (quint, 3J(H,H)=4.9 Hz, 2H; -OCH(CH2)2), 7.32
(m, 1H; Ar-H : Bn), 7.31 (s, 2H; Ar-H : Bn), 7.33 (s, 2H; Ar-H : Bn),
7.39 ppm (s, 2H; Ar-H : gallate); 13C NMR (CD2Cl2, 125 MHz): d=14.19,
30.69, 58.58, 60.89, 67.51, 70.31, 70.37, 70.42, 70.49, 70.57, 70.67, 70.99,
71.90, 72.78, 77.89, 111.03, 125.29, 127.34, 127.48, 128.24, 138.99, 144.13,
151.88, 165.78 ppm; MS (positive-ion mode FAB): m/z (%): 1102.6 (36)
[M+Na]+ , 1082.9 (5), 1081.2 (51), 1079.7 (52) [M+H]+ , 1036.0 (32),
1034.7 (43) [M+H�OEt]+ ; elemental analysis calcd (%) for C53H90O22


(1078.59): C 58.98, H 8.41; found: C 58.64, H 8.05.


Ethyl 4-(trifluoroacetato-3-amoniumpropoxy)-3,5-bis(1,3-bis{2-[2-(2-me-
thoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoate (9): Compound 8 a
(2.96 g, 2.72 mmol) was dissolved in CH2Cl2 (30 mL) and TFA (4 mL)
were added at room temperature. The mixture was stirred for 12 h. The
solvent was removed under reduced pressure. The crude product was pu-
rified by column chromatography (silica gel, CH2Cl2/methanol (10:1)).
The slight yellowish oil was dissolved in benzene, filtered and lyophilized.
Yield: 2.79 g (91%) of a yellowish oil.


Rf=0.13 (silica gel, CH2Cl2/methanol (10:1)); 1H NMR (CD2Cl2,
500 MHz): d=1.34 (t, 3J(H,H)=7.1 Hz, 3H; -CH2CH3), 2.04–2.11 (m,
2H; b-CH2), 3.25 (m, 2H; g-CH2), 3.31 (s, 12H; -OCH3), 3.45–3.68 (2 m,
48H; -OCH2CH2O), 3.76 (m, 8H; -OCH(CH2)2), 4.22 (t, 3J(H,H)=
5.1 Hz, 2H; a-CH2), 4.31 (q, 3J(H,H)=7.1 Hz, 2H; -CH2CH3), 4.67
(quint, 3J(H,H)=4.6 Hz, 2H; -OCH(CH2)2), 7.41 (s, 2H; Ar-H : gallate),
7.52 ppm (s, 3H; -NH3);


13C NMR (CD2Cl2, 125 MHz): d=14.15, 26.91,
40.16, 61.20, 69.89, 70.20, 70.30, 70.34, 70.46, 70.88, 71.83, 73.39, 77.18,
109.69, 126.48, 141.92, 151.31, 165.52 ppm; MS (positive-ion mode FAB):
m/z (%): 991.6 (3), 990.6 (17), 989.5 (53), 988.5 (100), 987.6 (4), 986.5 (7)
[M�TFA]+ , 944.6 (4) [M�TFA�OEt]+ ; elemental analysis calcd (%) for
C48H86F3NO23 (1101.55): C 52.31, H 7.86, N 1.27; found: C 52.27, H 7.63,
N 1.11.


4-(3-tert-Butoxycarbonylaminopropoxy)-3,5-bis(1,3-bis{2-[2-(2-methoxy-
ethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoic acid (10 a): Compound 8 a
(2.60 g, 2.4 mmol) was dissolved in ethanol (80 mL) and 1m aqueous
KOH (10 mL) added at room temperature. The mixture was stirred for
12 h. The reaction was quenched by the addition of 1m aqueous HCl
(pH 5). The solvent was removed under reduced pressure. The crude
product was diluted with CH2Cl2 and filtered. The crude product was pu-
rified by column chromatography (silica gel, CH2Cl2/methanol). The
yellow oil was dissolved in benzene, filtered, and lyophilized. Yield:
2.49 g (98%) of a yellow oil.


Rf=0.19 (silica gel, CH2Cl2/methanol 10:1); 1H NMR (CDCl3, 500 MHz):
d=1.34 (s, 9H; -C(CH3)3), 1.79 (m, 2H; b-CH2), 3.28 (hidden m, 2H; g-
CH2), 3.28 (s, 12H; -OCH3), 3.43–3.60 (2 m, 48H; -OCH2CH2O), 3.65
(m, 8H; -OCH(CH2)2), 3.98 (t, 3J(H,H)=5.6 Hz, 2H; a-CH2), 4.51
(quint, 3J(H,H)=5.0 Hz, 2H; -OCH(CH2)2), 5.60 (t, 3J(H,H)=5.4 Hz,
1H; -NH), 7.38 ppm (s, 2H; Ar-H : gallate); 13C NMR (CDCl3,
125 MHz): d=28.34, 29.69, 37.72, 58.68, 58.69, 70.18, 70.29, 70,38, 70.76,
70.78, 71.01, 71.02, 71.70, 77.56, 78.44, 111.08, 124.80, 143.69, 151.72,
155.98, 168.43 ppm; MS (positive-ion mode FAB): m/z (%): 1100.5 (1.0),
1099.5 (3.2), 1098.5 (6.1) [M+K]+ , 1084.0 (0.1), 1083.0 (0.2) [M+Na]+ ,
1061.0 (0.1) [M+H]+ , 59.0 (100) [C3H7O]+ ; elemental analysis calcd (%)
for C49H89NO23 (1059.58): C 55.51, H 8.46, N 1.32; found: C 55.71, H
8.47, N 1.02.


4-(3-Benzyloxycarbonylaminopropoxy)-3,5-bis(1,3-bis{2-[2-(2-methoxy-
ethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoic acid (10 b): Compound 8 b
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(1.10 g, 1.9 mmol) was dissolved in ethanol (40 mL) and 1m aqueous
KOH (5 mL) added at room temperature. The mixture was stirred for
12 h. The reaction was quenched by the addition of 1m aqueous HCl
(pH 5). The solvent was removed under reduced pressure. The crude
product was diluted with CH2Cl2 and filtered. The crude product was pu-
rified by column chromatography (silica gel, CH2Cl2/methanol (10:1)).
The yellow oil was dissolved in benzene, filtered and lyophilized. Yield:
1.05 g (96%) of a yellow oil.


Rf=0.18 (silica gel, CH2Cl2/methanol 10:1); 1H NMR (CDCl3, 500 MHz):
d=1.88 (m, 2H; b-CH2), 3.35 (s, 12H; -OCH3), 3.43 (m, 2H; g-CH2),
3.47–3.62 (2 m, 48H; -OCH2CH2O), 3.66 (d, 3J(H,H)=4.8 Hz, 8H;
-OCH(CH2)2), 4.05 (t, 3J(H,H)=5.5 Hz, 2H; a-CH2), 4.55 (quint, 3J-
(H,H)=4.8 Hz, 2H; -OCH(CH2)2), 5.04 (s, 2H; CH2OBn), 6.07 (t, 3J-
(H,H)=5.8 Hz, 1H; -NH), 7.22–7.34 (m, 5H; Ar-H : Bn), 7.44 ppm (s,
2H; Ar-H : gallate); 13C NMR (CDCl3, 125 MHz): d=29.28, 30.00, 58.42,
67.87, 69.81, 69.92, 70.02, 70.09, 70.48, 70.69, 71.42, 77.23, 110.66, 124.63,
127.50, 127.73, 127.96, 136.43, 143.32, 151.43, 156.23, 168.09 ppm; MS
(positive-ion mode FAB): m/z (%): 1118.6 (0.8), 1117.6 (2.4), 1116.6 (4.0)
[M+Na]+ , 1051.4 (5.5), 1050.0 (8.8) [M�CO2+H], 1048.1 [M�CO2],
195.2 (1.1), 194.2 (1.0), 193.2 (6.4), 192.2 (46.9), 191.2 (1.2) [C11H14NO2]


+ ,
148.9 (1.3), 147.9 (2.1), 146.9 (15.6) [C7H15O3]


+ , 92.2 (6.5), 91.2 (77.5),
90.2 (2.4) [C7H7]


+ , 59.3 (3.5), 59.1 (100.0) [C3H7O]+ ; elemental analysis
calcd (%) for C52H87NO23 (1093.57): C 57.08, H 8.01, N 1.28; found: C
56.78, H 7.98, N 1.25.


4-[3-(Benzyloxy)propoxy]-3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]-
ethoxy}propan-2-yloxy)benzoic acid (10 c): Compound 8c (2.00 g,
1.85 mmol) was dissolved in ethanol (80 mL) and 1m aqueous KOH
(8 mL) added at room temperature. The mixture was stirred for 12 h.
The reaction was quenched by the addition of 1m aqueous HCl (pH 5).
The solvent was removed under reduced pressure. The crude product was
diluted with CH2Cl2 and filtered. The crude product was purified by
column chromatography (silica gel, CH2Cl2/methanol (10:1)). The color-
less oil was dissolved in benzene, filtered and lyophilized. Yield: 1.93 g
(99%) of a colorless oil.


Rf=0.25 (silica gel, CH2Cl2/methanol (10:1)); 1H NMR (CDCl3,
500 MHz): d=1.98 (m, 2H; b-CH2), 3.34 (s, 12H; -OCH3), 3.49–3.61
(2 m, 48H; -OCH2CH2O), 3.60 (m, 2H; g-CH2), 3.66 (m, 8H; -OCH-
(CH2)2), 4.11 (t, 3J(H,H)=6.3 Hz, 2H; a-CH2), 4.47 (s, 2H; -CH2OBn),
4.51 (quint, 3J(H,H)=5.0 Hz, 2H; -OCH(CH2)2), 7.22 (m, 1H; Ar-H :
Bn), 7.27 (br s, 1H; Ar-H : Bn), 7.28 (br s, 1H; Ar-H : Bn), 7.45 ppm (s,
2H; Ar-H : gallate); 13C NMR (CDCl3, 125 MHz): d=30.18, 58.37, 66.96,
69.88, 69.98, 70.05, 70.07, 70.49, 71.37, 72.38, 77.57, 111.46, 124.23, 126.93,
126.98, 127.79, 138.13, 144.05, 151.34, 168.29 ppm; MS (positive-ion mode
FAB): m/z (%): 1129.2 (12), 1127.4 (34), 1126.4 (14) [M�H+2K]+


,1089.5 (50), 1088.5 (100), 1087.4 (7), 1086.3 (12), 1073.3 (18) [M�H+


2K]+ , 1073.3 (18) [M+Na]+ ; elemental analysis calcd (%) for C51H86O22


(1050.56): C 58.27, H 8.25; found: C 58.00, H 8.28.


Ethyl 4-[3-(2,3-bis-tert-butoxycarbonylaminopropionylamido)propoxy]-
3,5-bis (1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)-
benzoate (12): Acid 11 (0.80 g, 2.62 mmol) was dissolved in dry DMF
(5 mL), dry TEA (0.8 mL) was added, and the mixture was cooled to
�20 8C. A solution of TBTU (0.93 g, 2.88 mmol) in dry DMF (6.5 mL)
was added. The mixture was stirred for 2 h at �20 8C and then allowed to
warm to room temperature. The esterification was monitored with TLC.
After complete conversion, the mixture was cooled to �40 8C, and a solu-
tion of 9 (1.93 g, 1.74 mmol) and dry TEA (0.8 mL) in dry DMF (2 mL)
was added. The reaction mixture was stirred for 1 h at �40 8C and then
allowed to warm to room temperature. The solvents were evaporated.
The crude product was purified by column chromatography (silica gel,
CH2Cl2/methanol 30:1 increasing to 10:1). The yellowish oil was dissolved
in benzene, filtered and lyophilized. Yield: 2.08 g (94%) of a yellowish
oil.


Rf=0.21 (silica gel, CH2Cl2/methanol (20:1)); 1H NMR (CD2Cl2,
500 MHz): d=1.30 and 1.39 (2 s, 18H; -C(CH3)3), 1.35 (t, 3J(H,H)=
7.1 Hz, 3H; -CH2CH3), 1.87 (m, 2H; b-CH2), 3.31 (s, 12H; -OCH3), 3.41
(m, 4H; a- and g-CH2), 3.45–3.49 and 3.53–3.67 (2 m, 48H;
-OCH2CH2O), 3.74 (m, 8H; -OCH(CH2)2), 4.03 (m, 1H; -CH2NHBoc),
4.11 (m, 2H; -CH2NHBoc and -CHNHBoc), 4.31 (q, 3J(H,H)=7.1 Hz,


2H; -CH2CH3), 4.61 (quint, 3J(H,H)=4.9 Hz, 2H; -OCH(CH2)2), 5.44 (br
s, 1H; -CH2NHBoc), 5.93 (br s, 1H; -CHNHBoc), 7.30 (br s, 1H;
-CH2NHCOAr), 7.39 ppm (s, 2H; Ar-H : gallate); 13C NMR (CDCl3,
125 MHz): d=14.13, 27.94, 28.08, 29.20, 37.20, 42.55, 54.55, 58.68, 60.73,
69.88, 70.02, 70.19, 70.20, 70.27, 70.29, 70.58, 70.61, 71.62, 78.90, 79.17,
110.37, 125.24, 143.39, 151.63, 155.55, 156.16, 165.59, 170.09 ppm; MS
(positive-ion mode FAB): m/z (%): 1297.4 (0.5) [M+Na]+ , 1276.4 (0.3),
1275.7 (0.4), 1275.2 (0.6) [M+H]+ , 1176.8 (0.2), 1174.9 (14.3), 1173.2
(0.5), 1172.3 (1.3) [M�C5H9O2]


+ , 1076.4 (0.2), 1076.1 (0.4), 1074.4 (7.8),
1073.0 (1.1), 1072.1 (2.45) [M�2*C5H9O2]


+ , 102.9 (38.2) [C5H11O2]
+ , 57.1


(100) [C4H9]
+ ; elemental analysis calcd (%) for C59H107N3O26 (1273.71):


C 55.60, H 8.46, N 3.30; found: C 55.82, H 8.33, N 3.58.


4-[3-(2,3-Bis-tert-butoxycarbonylaminopropionylamido)propoxy]-3,5-
bis(1,3-bis {2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoic
acid (13): Compound 12 (0.79 g, 0.62 mmol) was dissolved in ethanol
(20 mL) and 1m aqueous KOH (2.5 mL) was added at room temperature.
The mixture was stirred for 12 h and quenched by the addition of 1m
aqueous HCl (pH 5). The solvent was removed under reduced pressure.
The crude product was diluted with CH2Cl2 and filtered. The crude prod-
uct was purified by column chromatography (silica gel, CH2Cl2/methanol
(10:1)). The yellowish oil was dissolved in benzene, filtered and lyophi-
lized. Yield: 0.75 g (97%) of a yellowish oil.


Rf=0.17 (silica gel, CH2Cl2/methanol (10:1)); 1H NMR (CD2Cl2,
500 MHz): d=1.30 and 1.39 (2 s, 18H; -C(CH3)3), 1.89 (m, 2H; b-CH2),
3.33 (s, 12H; -OCH3), 3.43 (m, 2H; a and g-CH2), 3.48–3.52 and 3.54–
3.67 (2 m, 48H; -OCH2CH2O), 3.74 (m, 8H; -OCH(CH2)2), 4.05 (m, 2H;
-CH2NHBoc), 4.14 (m, 3H; -CHNHBoc and -CH2NHBoc), 4.62 (quint,
3J(H,H)=4.9 Hz, 2H; -OCH(CH2)2), 5.46 (br s, 1H; -CH2NHBoc), 5.98
(br s, 1H; -CHNHBoc), 7.37 (br s, 1H; -CH2NH), 7.46 ppm (s, 2H; Ar-
H : gallate); 13C NMR (CDCl3, 125 MHz): d=27.79, 27.94, 29.03, 37.15,
42.33, 54.62, 58.47, 69.77, 69.91, 69.96, 70.03, 70.12, 70.45, 70.49, 71.46,
77.12, 78.76, 78.99, 110.61, 124.96, 143.30, 151.50, 155.34, 156.05, 168.00,
170.25 ppm; MS (positive-ion mode FAB): m/z (%): 1271.7 (5), 1270.7
(12), 1269.7 (20) [M+Na]+ , 1248.4 (7), 1247.3 (11) [M+H]+ , 1147.3 (2),
1146.4 (9), 1145.4 (28), 1144.4 (44), 1143.3 (4), 1142.4 (7) [M�C5H9O2]


+ ,
1046.4 (4), 1045.3 (13), 1044.3 (24), 1043.3 (6), 1042.3 (11)
[M�2*C5H9O2]


+ , 344.3 (100) [C16H30 N3O5]
+ ; elemental analysis calcd


(%) for C57H103N3O26 (1245.68): C 54.93, H 8.33, N 3.37; found: C 55.16,
H 8.20, N 3.54.


Ethyl 4-[3-(5-dimethylamino-naphthalene-1-sulfonylamino)propoxy]-3,5-
bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benz-
oate (15): Compound 9 (0.85 g, 0.77 mmol) and dry triethylamine
(1.4 mL) were dissolved in CH2Cl2 (10 mL) and added dropwise at room
temperature to a stirred solution of dansyl chloride 14 (0.30 g,
1.11 mmol) in dry CH2Cl2 (25 mL). The mixture was stirred for 2 h. The
solvent was removed under reduced pressure. The crude product was pu-
rified by column chromatography (silica gel, CH2Cl2/methanol (10:1)).
The green oil was dissolved in benzene, filtered and lyophilized. Yield:
0.93 g (99.3%) of a green oil.


Rf=0.24 (silica gel, CH2Cl2/methanol (20:1)); 1H NMR (CD2Cl2,
500 MHz): d=1.36 (t, 3J=7.1 Hz, 3H; -CH2CH3), 1.79 (tt, 3J(H,H)=
5.6 Hz, 3J(H,H)=5.8 Hz, 2H; b-CH2), 2.86 (s, 6H; -N(CH3)2), 3.22 (dt, 3J-
(H,H)=5.6 Hz, 3J(H,H)=5.8 Hz, 2H; g-CH2), 3.31 (s, 12H; -OCH3),
3.45–3.59 (2 m, 48H; -OCH2CH2O), 3.67 (d, 3J(H,H)=5.0 Hz, 8H;
-OCH(CH2)2), 3.99 (t, 3J(H,H)=5.6 Hz, 2H; a-CH2), 4.32 (q, 3J=7.1 Hz,
2H; -CH2CH3), 4.56 (quint, 3J(H,H)=5.0 Hz, 2H; -OCH(CH2)2), 6.23 (t,
3J(H,H)=5.6 Hz, 1H; -NH), 7.15 (d, 3J(H,H)=7.5 Hz, 1H; Ar-H : C6-
dansyl), 7.38 (s, 2H; Ar-H : gallate), 7.49 (dd, 3J(H,H)=7.5 Hz, 3J(H,H)=
8.5 Hz, 1H; Ar-H : C7-dansyl), 7.54 (dd, 3J(H,H)=7.3 Hz, 3J(H,H)=
8.5 Hz, 1H; Ar-H : C3-dansyl), 8.22 (d, 3J(H,H)=7.3 Hz, 1H; Ar-H : C4-
dansyl), 8.32 (d, 3J(H,H)=8.5 Hz, 1H; Ar-H : C8-dansyl), 8.52 ppm (d, 3J-
(H,H)=8.5 Hz, 1H; Ar-H : C2-dansyl); 13C NMR (CD2Cl2, 125 MHz):
d=14.49, 30.49, 41.19, 45.50, 58.87, 61.26, 70.27, 70.38, 70.45, 70.50, 70.56,
70.92, 71.08, 71.93, 77.79, 110.61, 115.07, 119.30, 123.23, 125.60, 127.96,
129.01, 129.75, 129.95, 130.00, 136.04, 143.49, 151.83, 151.94, 165.78 ppm;
MS (positive-ion mode FAB): m/z (%): 1224.0 (13), 1223.0 (46), 1221.7
(100), 1220.7 (53), 1219.8 (10) [MH]+ , 1175.4 (4) [MH�OEt]+ , 988.2 (1)
[MH�C12H12NO2S]


+ , 294.3 (7), 293.3 (13), 292.3 (62), 291.3 (10), 290.4
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(5) [C15H19N2O2S+H]+ C ; elemental analysis calcd (%) for C58H96N2O23S
(1220.61): C 57.03, H 7.92, N 2.29; found: C 56.78, H 7.63, N 2.26.


4-[3-(5-Dimethylamino-naphthalene-1-sulfonylamino)propoxy]-3,5-
bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoic
acid (16): Compound 15 (0.74 g, 0.6 mmol) was dissolved in ethanol
(20 mL) and 1m aqueous KOH (2.5 mL) added at room temperature.
The mixture was stirred for 12 h. The reaction was quenched by the addi-
tion of 1m aqueous HCl (pH 5). The solvent was removed under reduced
pressure. The crude product was diluted with CH2Cl2 and filtered. The
crude product was purified by column chromatography (silica gel,
CH2Cl2/methanol (10:1)). The green oil was dissolved in benzene, filtered
and lyophilized. Yield: 0.70 g (96.8%) of a green oil.
1H NMR (CD2Cl2, 500 MHz): d=1.79 (m, 2H; b-CH2), 2.86 (s, 6H; -N-
(CH3)2), 3.22 (m, 2H; g-CH2), 3.33 (s, 12H; -OCH3), 3.49–3.59 (2 m,
48H; -OCH2CH2O), 3.68 (d, 3J(H,C)=5.0 Hz, 8H; -OCH(CH2)2), 4.01 (t,
3J(H,H)=5.0 Hz, 2H; a-CH2), 4.57 (quint, 3J(H,H)=5.0 Hz, 2H; -OCH-
(CH2)2), 6.28 (t, 3J(H,H)=6.0 Hz, 1H; -NH), 7.16 (d, 3J(H,H)=7.6 Hz,
1H; Ar-H : C6-dansyl), 7.45 (s, 2H; Ar-H : gallate), 7.49 (m, 1H; Ar-H :
C7-dansyl), 7.54 (m, 1H; Ar-H : C3-dansyl), 8.22 (d, 3J(H,H)=7.3 Hz,
1H; Ar-H : C4-dansyl), 8.31 (d, 3J(H,H)=8.6 Hz, 1H; Ar-H : C8-dansyl),
8.52 ppm (d, 3J(H,H)=8.5 Hz 1H; Ar-H : C2-dansyl); 13C NMR (CD2Cl2,
125 MHz): d=30.20, 40.93, 45.24, 58.59, 70.28, 70.41, 70.42, 70.50, 70.55,
70.95, 71.92, 71.93, 77.94, 111.17, 115.08, 119.28, 123.23, 125.18, 127.96,
129.01, 129.74, 129.94, 130.01, 135.99, 143.57, 151.86, 151.92, 168.10 ppm;
MS (positive-ion mode FAB): m/z (%): 1196.1 (7), 1194.7 (9), 1193.5 (10)
[M+H]+ ; elemental analysis calcd (%) for C56H92N2O23S (1192.58): C
56.36, H 7.77, N 2.35; found: C 56.06, H 7.20, N 2.23.


4,4-Di(tert-butoxycarbonyl)butanoic acid (20 a): Di-tert-butyl malonate
17a (4.00 g, 18.5 mmol), benzyl acrylate 18 a (3.00 g, 18.5 mmol), dry
K2CO3 (2.56 g, 18.5 mmol), and Bu4NI (0.01 g) were suspended in dry
benzene (10 mL) under N2. The mixture was refluxed for one day. After
filtration, the organic phase was washed with water and brine. The organ-
ic phase was dried over MgSO4, filtered and the solvent evaporated. The
crude product was filtered through silica gel with hexane/ethyl acetate
(5:1) to yield a mixture of mono- and bisalkylated malonate 19a (6.60 g).
The mixture was dissolved in methanol (20 mL), and Pd/C (0.7 g) was
added. The mixture was stirred for 1 h in a hydrogen atmosphere. The re-
action was monitored with TLC. After complete deprotection, the mix-
ture was filtered and the solvent removed under reduced pressure. The
crude product was purified by column chromatography (silica gel,
CH2Cl2/methanol (20:1)). Yield: 3.47 g (65%) of a colorless solid.


Rf=0.24 (silica gel, CH2Cl2/methanol (20:1)); 1H NMR (CDCl3,
270 MHz): d=1.51 (s, 18H; -C(CH3)3), 2.07 (m, 2H; b-CH2), 2.39 (t, 3J-
(H,H)=7.3 Hz, 2H; a-CH2), 3.30 ppm (t, 3J(H,H)=7.6 Hz, 1H; -CH);
13C NMR (CDCl3, 62.9 MHz): d=24.94, 28.17, 32.09, 54.05, 82.82, 170.04,
176.22 ppm; MS (positive-ion mode FAB): m/z (%): 288.9 (13.16) [M]+ ,
57.0 (69.67) [C4H9]


+ ; elemental analysis calcd (%) for C14H24O6 (288.16):
C 58.32, H 8.39; found: C 58.18, H 8.32.


4,4-Di(benzyloxycarbonyl)butanoic acid (20 b): Dibenzyl malonate 17b
(14.20 g, 49.9 mmol), tert-butyl acrylate 18 b (6.39 g, 49.9 mmol), dry
K2CO3 (6.91 g, 49.9 mmol), and Bu4NI (0.03 g) were suspended in dry
benzene (30 mL) under N2. The mixture was refluxed for one day. After
filtration, the organic phase was washed with water and brine. The organ-
ic phase was dried over MgSO4, filtered, and the solvent evaporated. The
crude product was filtered through silica gel with hexane/ethyl acetate
(5:1) to yield a mixture of mono- and bisalkylated malonate 19b (19.2 g).
The mixture was dissolved in CH2Cl2 (100 mL) and TFA (10 mL) was
added. The mixture was stirred at room temperature and was monitored
by TLC. After complete deprotection, the solvent was removed under re-
duced pressure. The crude product was purified by column chromatogra-
phy (silica gel, CH2Cl2/methanol (20:1)). Yield: 11.9 g (67%) of a color-
less solid.


Rf=0.21 (silica gel, CH2Cl2/methanol 20:1); 1H NMR (CDCl3, 250 MHz):
d=2.24 (m, 2H; b-CH2), 2.44 (t, 3J(H,H)=7.4 Hz, 2H; a-CH2), 3.58 (t,
3J(H,H)=7.4 Hz, 1H; -CH), 5.14 (s, 4H; -CH2Ar), 7.30 (m, 10H; Ar-H),
11.04 ppm (br s, 1H; -COOH); 13C NMR (CDCl3, 62.9 MHz): d=23.38,
30.98, 50.63, 67.28, 128.16, 128.37, 128.55, 135.18, 168.52, 178.24 ppm; MS
(EI): m/z (%): 357.9 (0.03), 356.9 (0.13) [M+H]+ , 266.9(0.17), 265.9


(1.11), 264.9 (8.34) [M�C7H7]
+ , 108.0 (15.90), 107.1 (100.00) [C7H7O]+ ;


elemental analysis calcd (%) for C20H20O6 (356.13): C 67.41, H 5.66;
found: C 67.34, H 5.60.


Allyl-4-(3-tert-butoxycarbonylamino-propoxy)-3,5-bis(1,3-bis{2-[2-(2-me-
thoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoate (21): Compound
10a (2.50 g, 2.35 mmol), K2CO3 (0.33 g, 2.35 mmol), and tetrabutylammo-
nium iodide (0.02 g) were suspended in dry DMF (20 mL) and stirred for
1 h at room temperature. 3-Bromopropene (0.86 g, 7 mmol) was added.
The mixture was stirred for 12 h at room temperature. After filtration,
the solvent was removed under reduced pressure. The crude product was
purified by column chromatography (silica gel, CH2Cl2/methanol (20:1)).
The yellow oil was dissolved in benzene, filtered, and lyophilized. Yield:
2.55 g (98.5%) of a yellow oil.


Rf=0.24 (silica gel; CH2Cl2/methanol (25:1)); 1H NMR (CDCl3,
500 MHz): d=1.43 (s, 9H; -C(CH3)3), 1.88 (m, 2H; b-CH2), 3.36 (s, 12H;
-OCH3), 3.36 (m, 2H; g-CH2), 3.51–3.69 (2 m, 48H; -OCH2CH2O), 3.70–
3.80 (m, 8H; -OCH(CH2)2), 4.07 (t, 3J(H,H)=5.6 Hz, 2H; a-CH2), 4.61
(quint, 3J(H,H)=4.9 Hz, 2H; -OCH(CH2)2), 4.79 (ddd, 3J(H,H)=5.7 Hz,
4J(H,H)=1.5 Hz, 4J(H,H)=1.5 Hz, 2H; -CO2CH2CHCH2), 5.29 (ddt,
2J(H,H)=1.5 Hz, Z-3J(H,H)=10.1 Hz, 4J(H,H)=1.5 Hz, 1H;
-CO2CH2CHCH(Z)H), 5.39 (ddt, 2J(H,H)=1.5 Hz, E-3J(H,H)=16.9 Hz,
4J(H,H)=1.5 Hz, 1H; -CO2CH2CHCH(E)H), 5.70 (t, 3J=5.8 Hz, 1H;
-NH), 6.03 (ddt, Z-3J(H,H)=10.1 Hz, E-3J(H,H)=16.9 Hz, 3J(H,H)=
5.7 Hz, 1H; -CO2CH2CHCH(E)H), 7.42 ppm (s, 2H; Ar-H : gallate);
13C NMR (CDCl3, 125 MHz): d=28.3, 29.6, 37.6, 58.7, 65.3, 70.0, 70.2,
70.2, 70.3, 70.3, 70.7, 70.9, 71.6, 77.4, 78.3, 110.5, 117.9, 124.7, 132.0, 143.6,
151.6, 155.8, 165.2 ppm; MS (positive-ion mode FAB, 4 kV): m/z (%):
1123.3 (4), 1122.3 (5) [M+Na]+ , 1099.9 (3) [M+H]+ , 1002.8 (5), 1001.8
(18), 1000.8 (53), 999.8 (100), 998.8 (18), 997.9 (31) [M�C5H10O2]


+ ; ele-
mental analysis calcd (%) for C52H93NO23 (1100.29): C 56.76, H 8.52, N
1.27; found: C 56.68, H 8.31, N 1.16.


Allyl 4-(3-trifluoroacetatoammoniumpropoxy)-3,5-bis(1,3-bis{2-[2-(2-me-
thoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoate (22): Compound 21
(0.59 g, 0.54 mmol) was dissolved in CH2Cl2 (5 mL), and TFA (0.85 mL)
was added at room temperature. The mixture was stirred for 12 h. The
solvent was removed under reduced pressure. The crude product was pu-
rified by column chromatography (silica gel, CH2Cl2/methanol (10:1)).
The slight yellowish oil was dissolved in benzene, filtered, and lyophi-
lized. Yield: 0.60 g (98%) of a yellowish oil.


Rf=0.15 (silica gel, CH2Cl2/methanol (10:1)); 1H NMR (CD2Cl2,
500 MHz): d=2.06 (m, 2H; b-CH2), 3.27 (hidden m, 2H; g-CH2), 3.30 (s,
12H; -OCH3), 3.46–3.48 and 3.53–3.65 (2 m, 48H; -OCH2CH2O), 3.75
(m, 8H; -OCH(CH2)2), 4.22 (t, 3J(H,H)=5.3 Hz, 2H; a-CH2), 4.65
(quint, 3J(H,H)=4.6 Hz, 2H; -OCH(CH2)2), 4.76 (ddd, 3J(H,H)=5.5 Hz,
4J(H,H)=1.5 Hz, 4J(H,H)=1.5 Hz, 2H;-CO2CH2CHCH2), 5.25 (ddt,
2J(H,H)=1.5 Hz, Z-3J(H,H)=10.4 Hz, 4J(H,H)=1.5 Hz, 1H;
-CO2CH2CHCH(Z)H), 5.36 (ddt, 2J(H,H)=1.5 Hz, E-3J(H,H)=17.2 Hz,
4J(H,H)=1.5 Hz, 1H; -CO2CH2CHCH(E)H), 6.01 (ddt, Z-3J(H,H)=
10.4 Hz, E-3J(H,H)=17.2 Hz, 3J(H,H)=5.5 Hz, 1H; -CO2CH2CH-
CH(E)H), 7.44 (s, 2H; Ar-H : gallate), 7.53 ppm (br s, 3H; -NH3);
13C NMR (CD2Cl2, 125 MHz): d=26.92, 39.97, 58.46, 65.61, 69.98, 70.17,
70.27, 70.29, 70.42, 70.85, 71.79, 73.20, 77.34, 109.82, 117.86, 125.95,
132.40, 142.14, 151.39, 165.14 ppm; MS (positive-ion mode FAB): m/z
(%): 1002.7 (23), 1001.5 (56), 1000.5 (100) [M�TFA�]+ , 635.3 (2), 634.3
(7), 633.3 (8) [M�TFA�C17H35O8]


+ .


Allyl 4-{3-[di-tert-butyl 2-(2-carbamoylethyl)malonyl]propoxy}-3,5-
bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benz-
oate (23): Compound 20a (0.551 g, 1.73 mmol) was dissolved in dry DMF
(3 mL). Dry TEA (0.6 mL) was added and the mixture was cooled to
�20 8C. A solution of TBTU (0.640 g, 1.99 mmol) in dry DMF (5 mL)
was added. The mixture was stirred for 2 h at �20 8C and then allowed to
warm to room temperature. The esterification was monitored by TLC.
After complete conversion, the mixture was cooled to �40 8C, and a solu-
tion of 22 (0.97 g, 0.87 mmol) and dry TEA (0.6 mL) in dry DMF (2 mL)
was added. The reaction mixture was stirred for 1 h at �40 8C and then
allowed to warm to room temperature. The solvents were evaporated.
The crude product was purified by column chromatography (silica gel,
CH2Cl2/methanol 30:1 increasing to 10:1). The yellowish oil was dissolved
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in benzene, filtered, and lyophilized. Yield: 0.94 g (85%) of a yellowish
oil.


Rf=0.27 (silica gel, CH2Cl2/methanol (20:1)); 1H NMR (CDCl3,
500 MHz): d=1.26 (s, 18H; -OC(CH3)3), 1.74 (m, 2H; b-CH2), 1.93 (m,
2H; b’-CH2), 2.05 (m, 2H; a’-CH2), 3.03 (t, 3J(H,H)=7.4 Hz, 1H; g’-
CH), 3.19 (s, 12H; -OCH3), 3.32 (m, 2H; g-CH2), 3.34–3.49 (2 m, 48H;
-OCH2CH2O), 3.57 (m, 8H; -OCH(CH2)2), 3.92 (t, 3J(H,H)=5.6 Hz, 2H;
a-CH2), 4.43 (quint, 3J(H,H)=5.0 Hz, 2H; -OCH(CH2)2), 4.62 (br d, 3J-
(H,H)=5.6 Hz, 2H; -CO2CH2CHCH2), 5.11 (br d, Z-3J(H,H)=10.4 Hz,
1H; -CO2CH2CHCH(Z)H), 5.22 (br d, E-3J(H,H)=17.1 Hz, 1H;
-CO2CH2CHCH(E)H), 5.85 (m, 1H; -CO2CH2CHCH(E)H), 6.65 (t, 3J-
(H,H)=5.7 Hz, 1H; -NH), 7.26 ppm (s, 2H; Ar-H : gallate); 13C NMR
(CDCl3, 125 MHz): d=24.05, 27.46, 29.16, 33.08, 36.72, 52.71, 58.52,
65.13, 69.86, 70.05, 70.09, 70.15, 70.16, 70.52, 71.22, 71.48, 77.37, 80.79,
110.61, 117.79, 124.63, 131.88, 143.53, 151.53, 165.06, 168.02, 171.37 ppm;
MS (positive-ion mode FAB; CsI): m/z (%): 1403.8 (0.1), 1402.8 (0.2),
1402.4 (0.3) 1401.9 (0.1) [M+Cs]+ , 1292.9 (0.5), 1292.7 (0.8), 1291.4 (0.1)
[M+Cs]+, 1271.5 (0.5), 1270.6 (0.7), 1270.2 (0.3) [M+H]+ , 57.0 (100)
[C4H9]


+ .


4-{3-[Di-tert-butyl 2-(2-carbamoylethyl)malonyl]propoxy}-3,5-bis(1,3-
bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoic acid
(24): Compound 23 (840 mg, 0.66 mmol) was dissolved in CH2Cl2
(10 mL), and [Pd(PPh3)4] (40 mg, 4 mol%) was added. Then a solution of
p-toluenesulfonic acid hydrate (130 mg, 0.72 mmol) in methanol (1 mL)
was added. The reaction was monitored with TLC and stopped after
35 min. The solvent was removed under reduced pressure. The crude
product was purified by column chromatography (silica gel, CH2Cl2/
methanol (10:1)). The colorless oil was dissolved in benzene, filtered and
lyophilized. Yield: 0.76 g (94%) of a colorless oil.


Rf=0.24 (silica gel, CH2Cl2/methanol (10:1)); 1H NMR (CDCl3,
500 MHz): d=1.40 (s, 18H; -OC(CH3)3), 1.87 (m, 2H; b-CH2), 2.07 (m,
2H; b’-CH2), 2.19 (m, 2H; a’-CH2), 3.17 (t, 3J(H,H)=7.4 Hz, 1H; g’-
CH), 3.36 (s, 12H; -OCH3), 3.46 (m, 2H; g-CH2), 3.50–3.65 (2 m, 48H;
-OCH2CH2O), 3.70 (m, 8H; -OCH(CH2)2), 4.05 (t, 3J=5.6 Hz, 2H; a-
CH2), 4.56 (quint, 3J(H,H)=4.9 Hz, 2H; -OCH(CH2)2), 6.74 (t, 3J(H,H)=
5.8 Hz, 1H; -NH), 7.48 ppm (s, 2H; Ar-H : gallate); 13C NMR (CDCl3,
125 MHz): d=24.42, 27.80, 29.50, 33.48, 37.10, 53.08, 58.81, 70.28, 70.38,
70.41, 70.49, 70.50, 70.90, 71.56, 71.82, 77.77, 81.22, 111.37, 137.08, 143.62,
151.83, 168.40 (2), 171.84 ppm; MS (positive-ion mode FAB): m/z (%):
1269.4 (20.5), 1268.9 (17.1), 1268.2 (44.9), 1267.6 (23.5) [M+K]+ , 1254.0
(17.6), 1253.5 (61.1), 1252.7 (84.5), 1251.9 (100) [M+Na]+ , 1231.8 (7.4),
1231.5 (13.6), 1231.2 (22.6), 1230.8 (62.0), 1229.9 (31.5) [M+H]+ .


Allyl 4-{3-[dibenzyl 2-(2-carbamoylethyl)malonyl]propoxy}-3,5-bis(1,3-
bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoate (25):
Compound 20b (0.619 g, 1.73 mmol) was dissolved in dry DMF (3 mL).
Dry TEA (0.6 mL) was added and the mixture was cooled to �20 8C. A
solution of TBTU (0.640 g, 1.99 mmol) in dry DMF (5 mL) was added.
The mixture was stirred for 2 h at �20 8C and then allowed to warm to
room temperature. The esterification was monitored with TLC. After
complete conversion, the mixture was cooled to �40 8C, and a solution of
22 (0.97 g, 0.87 mmol) and dry TEA (0.6 mL) in dry DMF (2 mL) was
added. The reaction mixture was stirred for 1 h at �40 8C and then al-
lowed to warm to room temperature. The solvents were evaporated. The
crude product was purified by column chromatography (silica gel,
CH2Cl2/methanol 30:1 increasing to 10:1). The yellowish oil was dissolved
in benzene, filtered, and lyophilized. Yield: 1.00 g (86%) of a yellowish
oil.


Rf=0.23 (silica gel, CH2Cl2/methanol (20:1)); 1H NMR (CD2Cl2,
500 MHz): d=1.88 (m, 2H; b-CH2), 2.21 (m, 4H; a’ and b’-CH2), 3.31 (s,
12H; -OCH3), 3.45 (m, 2H; g-CH2), 3.45–3.66 (2 m, 48H; -OCH2CH2O),
3.61 (m, 1H; g’-CH), 3.74 (m, 8H; -OCH(CH2)2), 4.09 (t, 3J(H,H)=
5.6 Hz, 2H; a-CH2), 4.61 (quint, 3J(H,H)=4.9 Hz, 2H; -OCH(CH2)2),
4.78 (ddd, 3J(H,H)=5.6 Hz, 4J(H,H)=1.3 Hz, 4J(H,H)=1.3 Hz, 2H;
-CO2CH2CHCH2), 5.11 (m, 4H; -OCH2Ar), 5.27 (dpq, 2/4J(H,H)=1.3 Hz,
Z-3J(H,H)=10.5 Hz, 1H; -CO2CH2CHCH(Z)H), 5.39 (dpq, 2/4J(H,H)=
1.6 Hz, E-3J(H,H)=17.2 Hz, 1H; -CO2CH2CHCH(E)H), 6.04 (m, 1H;
-CO2CH2CHCH(E)H), 6.67 (t, 3J(H,H)=5.7 Hz, 1H; -NH), 7.25–7.35
(m, 10H; Ar-Bn), 7.44 ppm (s, 2H; Ar-H: gallate); 13C NMR (CD2Cl2,


125 MHz): d=24.50, 29.68, 33.01, 37.03, 51.06, 58.55, 65.48, 66.92, 70.24,
70.34, 70.40, 70.46, 70.53, 70.93, 71.67, 71.87, 77.72, 110.72, 117.74, 125.15,
127.98, 128.20, 128.47, 132.54, 135.63, 143.84, 151.98, 165.38, 168.80,
171.08 ppm; MS (positive-ion mode FAB): m/z (%): 1340.8 (4), 1339.8
(9), 1338.8 (12). 1337.8 (2), 1336.8 (2) [M+H]+ , 400.3 (1), 399.3(5), 398.3
(25), 397.3 (100), 396.3 (1), 395.3 (1) [M�C20H19O5+H]+ ; elemental anal-
ysis calcd (%) for C67H103NO26 (1337.68): C 60.12, H 7.76, N 1.05; found:
C 59.96, H 7.39, N 0.97.


4-{3-[Dibenzyl-2-(2-carbamoylethyl)malonyl]propoxy}-3,5-bis(1,3-bis{2-
[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoic acid (26):
Compound 25 (434 mg, 0.32 mmol) was dissolved in CH2Cl2 (20 mL) and
[Pd(PPh3)4] (19 mg, 5 mol%) was added. Then a solution of p-toluenesul-
fonic acid hydrate (64 mg, 0.35 mmol) in methanol (0.5 mL) was added.
The reaction was monitored with TLC and stopped after 30 min. The sol-
vent was removed under reduced pressure. The crude product was puri-
fied by column chromatography (silica gel, CH2Cl2/methanol 20:1 in-
creasing to 10:1). The colorless oil was dissolved in benzene, filtered and
lyophilized. Yield: 0.40 g (96%) of a colorless oil.


Rf=0.19 (silica gel, CH2Cl2/methanol 10:1); 1H NMR (CDCl3, 500 MHz):
d=1.86 (m, 2H; b-CH2), 2.21 (m, 4H; a’ and b’-CH2), 3.36 (s, 12H;
-OCH3), 3.45 (m, 2H; g-CH2), 3.47–3.64 (2 m, 48H; -OCH2CH2O), 3.57
(m, 1H; g’-CH), 3.69 (m, 8H; -OCH(CH2)2), 4.04 (t, 3J(H,H)=5.7 Hz,
2H; a-CH2), 4.56 (quint, 3J(H,H)=5.0 Hz, 2H; -OCH(CH2)2), 5.08 (m,
4H; -OCH2Ar), 6.77 (t, 3J(H,H)=5.8 Hz, 1H; -NH), 7.21–7.29 (m, 10H;
Ar-Bn), 7.49 ppm (s, 2H; Ar-H: gallate); 13C NMR (CD2Cl2, 125 MHz):
d=24.28, 29.29, 30.92, 36.79, 50.87, 58.55, 66.95, 70.03, 70.05, 70.14, 70.19,
70.22, 70.61, 71.36, 71.56, 77.38, 110.88, 127.83, 128.09, 128.29, 135.03,
143.20, 151.52, 168.70 (2), 171.94 ppm; MS (positive-ion mode FAB): m/z
(%): 1323.8 (10), 1322.7 (30), 1321.7 (65), 1320.6 (100) [M+Na]+ , 1302.6
(1), 1301.6 (5), 1300.6 (17), 1299.6 (43), 1298.7 (64), 1297.8 (6), 1296.8 (8)
[M+H]+ .


1,3,5-Tris-{[4-(3-tert-butoxycarbonylamino)propoxy][3,5-bis(1,3-bis{2-[2-
(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzamidopropyl]}ben-
zene (28): Compound 10a (0.42 g, 0.40 mmol) was dissolved in dry
CH2Cl2 (10 mL). The solution was cooled to �20 8C and HOBt (0.07 g,
0.48 mmol) and EDC (0.10 g, 0.52 mmol) were added. The mixture was
stirred for 1 h at �20 8C and then allowed to warm to room temperature.
The esterification was monitored with TLC. After complete conversion,
the mixture was cooled to �40 8C, and a solution of core molecule 27
(0.04 g, 0.11 mmol) and dry TEA (1 mL) in absolute methanol (2 mL)
was added. The reaction was stirred for 1 h at �40 8C and then allowed
to warm to room temperature. The solvents were evaporated. The crude
product was purified by column chromatography. The yellowish oil was
dissolved in benzene, filtered and lyophilized. Yield: 0.37 g (95%) of a
yellowish oil.


Rf=0.24 (silica gel, CH2Cl2/methanol (10:1)); 1H NMR (CD2Cl2,
500 MHz): d=1.40 (s, 27H; -C(CH3)3), 1.84 (m, 6H; b’-CH2), 1.89 (m,
6H; b-CH2), 2.62 (t, 3J(H,H)=7.6 Hz, 6H; a-CH2), 3.28 (s, 36H;
-OCH3), 3.30 (m, 6H; g’-CH2), 3.37 (m, 6H; g-CH2), 3.40–3.65 (2 m,
144H; -OCH2CH2O), 3.71 (m, 32H; -OCH(CH2)2), 4.01 (t, 3J(H,H)=
5.7 Hz, 6H; a’-CH2), 4.59 (quint, 3J(H,H)=4.9 Hz, 6H; -OCH(CH2)2),
5.60 (t, 3J(H,H)=5.4 Hz, 3H; -NH’), 6.89 (s, 3H; Ar-H: core), 6.95 (t, 3J-
(H,H)=5.6 Hz, 3H; -NH), 7.21 ppm (s, 6H; Ar-H: gallate); 13C NMR
(CD2Cl2, 125 MHz): d=28.26, 30.05, 31.23, 33.15, 37.88, 39.66, 58.53,
70.32, 70.33, 70.40, 70.83, 71.15, 71.85, 77.73, 78.21, 108.68, 126.11, 130.18,
141.87, 142.23, 151.93, 155.85, 166.42 ppm; MS (MALDI-TOF, dithranol):
m/z : 3412.59 [M+K]+ (12C162


1H288
14N6


16O66
39K) calcd monoisotopic peak


3412.90; 3396.65 [M+Na]+ calcd monoisotopic peak
(12C162


1H288
14N6


16O66
23Na) 3396.93.


1,3,5-Tris-{[4-(3-amoniopropoxy)]-[3,5-bis(1,3-bis{2-[2-(2-methoxyethox-
y)ethoxy]ethoxy}propan-2-yloxy)benzamidopropyl]}benzene tris-hydrotri-
fluoroacetate (29): Compound 28 (0.36 g, 0.1 mmol) was dissolved in dry
CH2Cl2 (20 mL) and TFA (5 mL) was added at room temperature. The
deprotection was monitored by 1H NMR spectroscopy. After complete
conversion, the solvents were evaporated and dried in high vacuum. No
further purification was necessary. Yield: 0.36 g (98%) of a yellowish oil.
1H NMR (CDCl3, 500 MHz): d=1.89 (m, 6H; b-CH2), 1.93 (m, 6H; b’-
CH2), 2.48 (t, 3J(H,H)=7.6 Hz, 6H; a-CH2), 3.11 (m, 6H; g’-CH2), 3.22
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(s, 36H; -OCH3), 3.26 (m, 6H; g-CH2), 3.30–3.56 (2 m, 144H;
-OCH2CH2O), 3.63 (m, 32H; -OCH(CH2)2), 4.06 (t, 3J(H,H)=5.4 Hz,
6H; a’-CH2), 4.58 (quint, 3J(H,H)=4.6 Hz, 6H; -OCH(CH2)2), 6.74 (s,
3H; Ar-H: core), 7.17 (s, 6H; Ar-H: gallate), 7.30 (br m, -NH3),
8.04 ppm (t, 3J(H,H)=5.5 Hz, 3H; -NH); 13C NMR (CDCl3, 125 MHz):
d=26.09, 30.55, 32.77, 39.52, 39.64, 58.19, 69.37, 39.66, 69.76, 69.78, 69.80,
70.19, 71.23, 72.95, 76.32, 107.14, 125.55, 130.20, 139.78, 141.31, 150.68,
159.26, 156.56, 166.53 ppm; MS (MALDI-TOF, dithranol): m/z : 3096.72
[M+Na]+ (12C147


1H264
14N6


16O60
23Na) 3396.77, 3074.73 [M+H]+


(12C147
1H265


14N6
16O60) 3074.79.


1,3,5-Tris-{4-[3-(benzyloxy)propoxy][3,5-bis(1,3-bis{2-[2-(2-methoxyeth-
oxy)ethoxy]ethoxy}propan-2-yloxy)benzamidopropyl]}benzene (30):
Compound 10 c (0.73 g, 0.69 mmol) was dissolved in dry CH2Cl2 (15 mL).
The solution was cooled to �20 8C and HOBt (0.12 g, 0.78 mmol) and
EDC (0.16 g, 0.86 mmol) were added. The mixture was stirred for 1 h at
�20 8C and then allowed to warm to room temperature. The esterifica-
tion was monitored with TLC. After complete conversion, the mixture
was cooled to �40 8C, and a solution of core molecule 27 (0.07 g,
0.19 mmol) and dry TEA (1 mL) in absolute methanol (2 mL) was
added. The reaction mixture was stirred for 1 h at �40 8C and then al-
lowed to warm to room temperature. The solvents were evaporated. The
crude product was purified by column chromatography (silica gel,
CH2Cl2/methanol 30:1 increasing to 10:1). The yellowish oil was dissolved
in benzene, filtered and lyophilized. Yield: 0.58 g (92%) of a yellowish
oil.


Rf=0.27 (silica gel, CH2Cl2/methanol 10:1). 1H NMR (CDCl3, 500 MHz):
d=1.81 (m, 6H; b-CH2), 1.93 (m, 6H; b’-CH2), 2.53 (t, 3J(H,H)=7.9 Hz,
6H; a-CH2), 3.23 (s, 36H; -OCH3), 3.32 (m, 6H; g-CH2), 3.35–3.56 (2 m,
144H; -OCH2CH2O), 3.59 (hidden m, 6H; g’-CH2), 3.60 (m, 32H; -OCH-
(CH2)2), 4.02 (t, 3J(H,H)=6.2 Hz, 2H; a’-CH2), 4.42 (s, 6H; -CH2OBn)
4.44 (quint, 3J(H,H)=4.9 Hz, 6H; -OCH(CH2)2), 6.78 (s, 3H; Ar-H:
core), 6.90 (t, 3J(H,H)=5.8 Hz, 3H; -NH), 7.15 (m, 12H; Ar-H: Bn),
7.22 ppm (br s, 9H; Ar-H: Bn and gallate); 13C NMR (CD2Cl2,
125 MHz): d=30.29, 30.87, 32.91, 39.49 (2), 58.51, 67.16, 70.05, 70.07,
70.16, 70.43, 71.49, 72.51, 77.79, 109.44, 125.71, 127.04, 127.10, 127.09,
127.92, 129.29, 138.29, 141.40, 142.66, 151.51, 166.43 ppm; MS (MALDI-
TOF, dithranol): m/z : 3385.69 [M+K]+ (12C168


1H279
14N6


16O66
39K) calcd


monoisotopic peak 3385.84; 3396.79 [M+Na]+ calcd monoisotopic peak
(12C168


1H279
14N6


16O66
23Na) 3396.86; 3347.73 [M+K]+ (12C168


1H280
14N6


16O66)
calcd monoisotopic peak 3347.88.


1,3,5-Tris-{4-(3-hydroxypropoxy)[3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)-
ethoxy]ethoxy}propan-2-yloxy)benzamidopropyl]}benzene (31): Com-
pound 30 (0.34 g, 0.1 mmol) was dissolved in methanol (8 mL) and Pd/C
(40 mg) was added. The reaction mixture was stirred for 24 h under a H2


atmosphere at room temperature. The deprotection was monitored by
1H NMR spectroscopy. After filtration, the solvent was evaporated and
dried under high vacuum. No further purification was carried out. Yield:
0.30 g (97%) of a colorless oil.
1H NMR (CDCl3, 500 MHz): d=1.82 (m, 12H; b/b’-CH2), 2.53 (t, 3J-
(H,H)=7.5 Hz, 6H; a-CH2), 3.20 (m, 3H; -OH), 3.25 (s, 36H; -OCH3),
3.32 (m, 6H; g-CH2), 3.36–3.59 (2 m, 144H; -OCH2CH2O), 3.63 (m, 32H;
-OCH(CH2)2), 3.77 (m, 6H; g’-CH2), 4.04 (t, 3J(H,H)=5.3 Hz, 2H; a’-
CH2), 4.49 (quint, 3J(H,H)=4.7 Hz, 6H; -OCH(CH2)2), 6.78 (s, 3H; Ar-
H: core), 6.87 (t, 3J(H,H)=5.2 Hz, 3H; -NH), 7.14 ppm (s, 6H; Ar-H:
gallate); 13C NMR (CDCl3, 125 MHz): d=30.77, 32.39, 38.82, 39.41,
58.51, 59.45, 69.91, 70.03, 70.13, 70.40, 70.67, 71.46, 77.20, 77.34, 108.63,
125.72, 129.50, 141.34, 142.07, 151.41, 166.39 ppm; MS (MALDI-TOF, a-
cyano-4-hydroxycinnamonic acid (CCA)): m/z : 3115.42 [M+K]+


(12C147
1H261


14N3
16O63


39K) calcd monoisotopic peak 3115.69; 3099.47
[M+Na]+ calcd monoisotopic peak (12C147


1H261
14N3


16O63
23Na) 3099.72;


3077.51 [M+H]+ (12C147
1H262


14N3
16O63) calcd monoisotopic peak 3077.74.


1,3,5-Tris-{[3-(5-dimethylaminonaphthalene-1-sulfonylamino)propoxy]
[3,5-bis (1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)-
benzamidopropyl]}benzene (32): Compound 16 (0.39 g, 0.33 mmol) was
dissolved in dry CH2Cl2 (15 mL). The solution was cooled to �20 8C and
HOBt (0.06 g, 0.42 mmol) and EDC (0.09 g, 0.47 mmol) were added. The
mixture was stirred for 1 h at �20 8C and then the temperature was in-
creased slowly to room temperature. The esterification was monitored


with TLC. After complete conversion, the mixture was cooled to �40 8C,
and a solution of core molecule 27 (0.03 g, 0.09 mmol) and dry TEA
(0.85 mL) in absolute methanol (1 mL) was added. The reaction mixture
was stirred for 1 h at �40 8C and then the temperature was increased
very slowly to room temperature. The solvents were evaporated. The
crude product was purified by column chromatography (silica gel,
CH2Cl2/methanol 30:1 increasing to 10:1). The green oil was dissolved in
benzene, filtered, and lyophilized. Yield: 0.58 g (92%) of a green oil.


Rf=0.31 (silica gel, CH2Cl2/methanol (10:1)); 1H NMR (CDCl3,
250 MHz): d=1.63 (m, 6H; b’-CH2), 1.76 (m, 6H; b-CH2), 2.47 (t, 3J-
(H,H)=6.8 Hz, 6H; a-CH2), 2.68 (s, 18H; -N(CH3)3), 3.07 (m, 6H; g’-
CH2), 3.15 (s, 36H; -OCH3), 3.26 (m, 6H; g-CH2), 3.30–3.45 (2 m, 144H;
-OCH2CH2O), 3.50 (d, 3J(H,H)=4.8 Hz, 32H; -OCH(CH2)2), 4.82 (t, 3J-
(H,H)=5.3 Hz, 6H; a’-CH2), 4.38 (quint, 3J(H,H)=4.8 Hz, 6H; -OCH-
(CH2)2), 6.22 (t, 3J(H,H)=6.0 Hz, 3H;-NH’), 6.72 (s, 3H; Ar-H: Core),
6.96 (d, 3J(H,H)=7.6 Hz, 3H; Ar-H: C6-dansyl), 7.10 (s, 6H; Ar-H: gal-
late), 7.14 (t, 3J(H,H)=5.3 Hz, 3H; -NH), 7.30 (dd, 3J(H,H)=7.6 Hz, 3J-
(H,H)=8.6 Hz, 3H; Ar-H: C7-dansyl), 7.34 (dd, 3J(H,H)=7.2 Hz, 3J-
(H,H)=8.4 Hz, 3H; Ar-H: C3-dansyl), 8.07 (d, 3J(H,H)=7.2 Hz, 3H;
Ar-H: C4-dansyl), 8.19 (d, 3J(H,H)=8.4 Hz, 3H; Ar-H: C8-dansyl),
8.33 ppm (d, 3J(H,H)=8.4 Hz, 3H; Ar-H: C2-dansyl); 13C NMR (CDCl3,
125 MHz): d=29.54, 30.66, 32.73, 39.30, 40.30, 44.84, 58.30, 69.83, 69.85,
69.87, 69.95, 70.17, 70.35, 71.30, 77.19, 77.39, 108.54, 114.52, 118.92,
122.62, 125.57, 127.37, 128.37, 129.21, 129.32, 129.37, 129.39, 135.45,
141.24, 141.64, 151.16, 151.27, 166.19 ppm; MS (MALDI-TOF, dithranol):
m/z : 3811.70 [M+K]+ (12C183


1H297
14N9


16O66
32S3


39K) calcd monoisotopic
peak 3811.90; 3795.83 [M+Na]+ calcd monoisotopic peak
(12C183


1H297
14N9


16O66
32S3


23Na) 3795.92; 3773.78 [M+H]+


(12C183
1H298


14N9
16O66


32S3) calcd monoisotopic peak 3773.94.


1,3,5-Tris-{[3-(2,3-bis-tert-butoxycarbonylamino-propionylamido)pro-
poxy][3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-
yloxy)benzamidopropyl]}benzene (33): Compound 13 (0.25 g, 0.20 mmol)
was dissolved in dry CH2Cl2 (5 mL). The solution was cooled to �20 8C
and HOBt (0.04 g, 0.22 mmol) and EDC (0.06 g, 0.24 mmol) were added.
The mixture was stirred for 1 h at �20 8C and then allowed to warm to
room temperature. The esterification was monitored with TLC. After
complete conversion, the mixture was cooled to �40 8C, and a solution of
core molecule 27 (0.02 g, 0.06 mmol) and dry TEA (0.5 mL) in absolute
methanol (1 mL) was added. The reaction mixture was stirred for 1 h at
�40 8C and then allowed to warm to room temperature. The solvents
were evaporated. The crude product was purified by column chromatog-
raphy (silica gel, CH2Cl2/methanol 20:1 increasing to 10:1). The yellowish
oil was dissolved in benzene, filtered, and lyophilized. Yield: 0.18 g
(80%) of a yellowish oil.


Rf=0.15 (silica gel, CH2Cl2/methanol (10:1)); 1H NMR (CDCl3,
500 MHz): d=1.22 and 1.29 (2 s, 54H; -C(CH3)3), 1.79 (m, 12H; b/b’-
CH2), 2.51 (t, 3J(H,H)=7.4 Hz, 6H; a-CH2), 3.22 (s, 36H; -OCH3), 3.32
(m, 18H; a’-, g- and g’-CH2), 3.37–3.57 (2 m, 144H; -OCH2CH2O), 3.62
(m, 24H; -OCH(CH2)2), 3.91 (m, 3H; -CH2NHBoc), 3.98 (m, 3H;
-CH2NHBoc), 4.09 (m, 3H; -CHNHBoc), 4.48 (m, 6H; -OCH(CH2)2),
5.29 (m, 3H; -CH2NHBoc), 5.78 (d, 3J(H,H)=7.7 Hz, 3H; -CHNHBoc),
6.78 (s, 3H; Ar-H: core), 7.04 (m, 3H; -CH2NHCOAr), 7.15 (s, 6H; Ar-
H: gallate), 7.27 ppm (m, 3H; -CH2NH’); 13C NMR (CDCl3, 125 MHz):
d=27.88, 27.99, 29.17, 30.92, 32.96, 37.09, 39.57, 42.49, 54.45, 58.52, 69.95,
70.04, 70.05, 70.15, 70.35, 70.38, 71.41, 71.50, 77.39, 78.82, 79.08, 108.74,
125.73, 129.61, 141.42, 142.04, 151.55, 155.37, 156.10, 166.37, 169.99 ppm;
MS (MALDI-TOF, dithranol): m/z : 3955.12 [M+Na]+ calcd monoisotop-
ic peak (12C186


1H330
14N12


16O75
23Na) 3955.23.


1,3,5-Tris-{[3-(2,3-diaminopropionylamido)propoxy][3,5-bis(1,3-bis{2-[2-
(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzamidopropyl]}ben-
zene hexakis-trifluoroacetato (34): Compound 33 (0.18 g, 0.045 mmol)
was dissolved in dry CH2Cl2 (5 mL) and TFA (1 mL) was added at room
temperature. The deprotection was monitored by 1H NMR spectroscopy.
The solvent was evaporated and dried in high vacuum. No further purifi-
cation was carried out. Yield: 0.18 g (79%) of a yellowish oil.
1H NMR (CD3OD, 500 MHz): d=1.78 (m, 6H; b-CH2), 1.84 (m, 6H; b’-
CH2), 2.50 (t, 3J(H,H)=7.6 Hz, 6H; a-CH2), 3.17 (s, 36H; -OCH3), 3.24
(t, 3J(H,H)=7.1 Hz, 6H; g-CH2), 3.31–3.54 (2 m, 144H; -OCH2CH2O),
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3.43 and 3.49 (2 m, 12H; a’- and g’-CH2), 3.63 (m, 24H; -OCH(CH2)2),
3.98; 4.04 and 4.17 (3 m, 9H; -CHNH3 and -CH2NH3), 4.58 (quint, 3J-
(H,H)=4.9 Hz, 6H; -OCH(CH2)2), 6.78 (s, 3H; Ar-H: core), 7.16 ppm (s,
6H; Ar-H: gallate); 13C NMR (CD3OD/CDCl3, 125 MHz): d=28.25,
30.14, 32.16, 37.29, 38.80, 38.94, 50.00, 52.62, 57.04, 69.01, 69.04, 69.11,
69.20, 69.55, 69.60, 71.31, 76.31, 107.56, 125.08, 128.94, 140.97, 150.89,
164.24, 166.64 ppm; MS (MALDI-TOF, CCA): m/z : 3370.46 [M+K]+


calcd monoisotopic peak (12C156
1H282


14N12
16O63


39K) 3370.89; 3354.47
[M+Na]+ calcd monoisotopic peak (12C156


1H282
14N12


16O63
23Na) 3354.91;


3332.51 [M+H]+ calcd monoisotopic peak (12C156
1H283


14N12
16O63) 3332.93.


1,3,5-Tris-({3-[di-tert-butyl-2-(2-Carbamoylethyl)malonyl]propoxy}[3,5-
bis(1,3-bis {2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benz-
amidopropyl])benzene (35): Compound 24 (0.20 g, 0.16 mmol) was dis-
solved in dry CH2Cl2 (8 mL). The solution was cooled to �20 8C and
HOBt (0.04 g, 0.22 mmol) and EDC (0.06 g, 0.24 mmol) were added. The
mixture was stirred for 1 h at �20 8C and then allowed to warm to room
temperature. The esterification was monitored with TLC. After complete
conversion, the mixture was cooled to �40 8C, and transferred to a solu-
tion of core molecule 27 (15 mg, 0.04 mmol) and dry TEA (0.5 mL) in
dry CH2Cl2 (5 mL). The reaction mixture was stirred for 1 h at �40 8C
and then allowed to warm to room temperature. The reaction was
quenched by the addition of 1m NaHCO3 (5 mL). The organic phase was
washed once with brine and dried. The solvents were evaporated. The
crude product was purified by column chromatography (silica gel,
CH2Cl2/methanol 20:1 increasing to 10:1). The yellowish oil was dissolved
in benzene, filtered, and lyophilized. Yield: 0.15 g (96%) of a yellowish
oil.


Rf=0.18 (silica gel, CH2Cl2/methanol 10:1); 1H NMR (CDCl3, 500 MHz):
d=1.33 (s, 54H; -C(CH3)3), 1.80 (m, 12H; b/b’-CH2), 1.98 (m, 6H; b’’-
CH2), 2.11 (m, 6H; a’’-CH2), 2.52 (t, 3J(H,H)=7.6 Hz, 6H; a-CH2), 3.10
(t, 3J(H,H)=7.4 Hz, 3H; g’’-CH2), 3.23 (s, 36H; -OCH3), 3.32 (m, 6H; g’-
CH2), 3.37 (m, 6H; g-CH2), 3.39–3.56 (2 m, 144H; -OCH2CH2O), 3.62
(m, 24H; -OCH(CH2)2), 3.95 (t, 3J(H,H)=5.4 Hz, 6H; a’-CH2), 4.49
(quint, 3J(H,H)=4.5 Hz, 6H; -OCH(CH2)2), 6.69 (t, 3J(H,H)=5.8 Hz,
6H; -NH’), 6.77 (s, 3H; Ar-H: core), 7.06 (m, 3H; -NH), 7.16 ppm (s,
6H; Ar-H: gallate); 13C NMR (CDCl3, 125 MHz): d=24.22, 27.63, 29.38,
31.03, 33.09, 33.25, 36.84, 39.71, 52.91, 58.63, 70.12, 70.14, 70.16, 70.17,
70.26, 70.51, 71.28, 71.60, 77.55, 81.02, 108.90, 125.82, 129.69, 141.53,
142.14, 151.61, 166.50, 168.22, 171.60 ppm; MS (MALDI-TOF, dithranol):
m/z : 3923.04 [M+K]+ calcd monoisotopic peak (12C189


1H330
14N6


16O75
39K)


3923.18; 3907.07 [M+Na]+ calcd monoisotopic peak
(12C189


1H330
14N6


16O75
23Na) 3907.21.


1,3,5-Tris-({3-[dibenzyl-2-(2-carbamoylethyl)malonyl]propoxy}[3,5-
bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benz-
amidopropyl])benzene (36): Compound 25 (0.35 g, 0.27 mmol) was dis-
solved in dry CH2Cl2 (15 mL). The solution was cooled to �20 8C and
HOBt (0.05 g, 0.29 mmol) and EDC (0.07 g, 0.29 mmol) were added. The
mixture was stirred for 1 h at �20 8C and then allowed to warm to room
temperature. The esterification was monitored with TLC. After complete
conversion, the mixture was cooled to �40 8C, and transferred to a
cooled solution of core molecule 27 (0.03 g, 0.07 mmol) and dry TEA
(0.7 mL) in dry CH2Cl2 (5 mL). The reaction mixture was stirred for 1 h
at �40 8C and then allowed to warm to room temperature. The reaction
was quenched by the addition of 1m NaHCO3 (5 mL). The organic phase
was washed once with brine and dried. The solvents were evaporated.
The crude product was purified by column chromatography (silica gel,
CH2Cl2/methanol 20:1 increasing to 10:1). The yellowish oil was dissolved
in benzene, filtered, and lyophilized. Yield: 0.28 g (93%) of a yellowish
oil.


Rf=0.13 (silica gel, CH2Cl2/methanol (10:1)); 1H NMR (CDCl3,
500 MHz): d=1.87 (m, 6H; b’-CH2), 1.91 (m, 6H; b-CH2), 1.98 (m, 6H;
b’’-CH2), 2.20 (m, 15H; a’’, b’’, g’’-CH2), 2.64 (t, 3J(H,H)=7.8 Hz, 6H; a -
CH2), 3.30 (s, 36H; -OCH3), 3.40 (m, 6H; g -CH2), 3.44 (m, 6H; g’-CH2),
3.45–3.65 (2 m, 144H; -OCH2CH2O), 3.72 (m, 24H; -OCH(CH2)2), 4.04
(t, 3J(H,H)=5.7 Hz, 6H; a’-CH2), 4.61 (quint, 3J(H,H)=4.7 Hz, 6H;
-OCH(CH2)2), 5.12 (m, 12H; -OCH2Ar), 6.68 (t, 3J(H,H)=5.4 Hz, 6H;
-NH’), 6.91 (s, 3H; Ar-H: core), 7.09 (t, 3J(H,H)=5.6 Hz, 6H; -NH),
7.24–7.39 ppm (m, 36H; Ar-H: gallate and benzyl); 13C NMR (CDCl3,


125 MHz): d=24.55, 29.75, 31.39, 33.07, 33.32, 37.09, 39.87, 51.14, 58.59,
66.99, 70.36, 70.38, 70.42, 70.48, 70.86, 70.88, 71.62, 71.89, 77.78, 108.83,
126.14, 128.04, 128.25, 128.52, 130.23, 135.66, 141.98, 142.30, 151.97,
166.45, 168.87, 171.17 ppm; MS (MALDI-TOF, dithranol): m/z : 4126.95
[M+K]+ calcd monoisotopic peak (12C207


1H318
14N06


16O75
39Na) 4127.09;


4111.01 [M+Na]+ calcd monoisotopic peak (12C207
1H318


14N06
16O75


23Na)
4111.11.


1,3,5-Tris-({3-[2-(2-Carbamoylethyl)malonato]propoxy}[3,5-bis(1,3-bis{2-
[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzamidopropyl])-
benzene (37): Method A: 35 (0.15 g, 0.04 mmol) was dissolved in CH2Cl2
(5 mL). TFA (3 mL) was added. The reaction was monitored with
1H NMR. After complete deprotection, the solvent was removed under
reduced pressure at room temperature. The remaining oil was coevapo-
rated 5 times with CH2Cl2 (5 mL) to remove the remaining TFA. No fur-
ther purification. Yield: 0.13 g (96%) of a colorless oil. Method B: 36
(0.32 g, 0.08 mmol) was dissolved in methanol (10 mL) and Pd/C (0.03 g)
was added. The reaction mixture was stirred for 24 h under a H2 atmos-
phere at room temperature. The deprotection was monitored by
1H NMR spectroscopy. After filtration, the solvent was evaporated at
room temperature. No further purification. Yield: 0.25 g (91%) of a col-
orless oil. Both compounds had the same spectroscopic and spectrometric
parameters.
1H NMR (CD3OD, 500 MHz): d=1.88 (m, 12H; b/b’-CH2), 2.10 (t, 3J-
(H,H)=7.2 Hz, 6H; b’’-CH2), 2.26 (t, 3J(H,H)=7.4 Hz, 6H; a’’-CH2),
2.61 (t, 3J(H,H)=7.1 Hz, 6H; a-CH2), 3.28 (br s, 39H; -OCH3 and g’’-
CH), 3.35 (t, 3J(H,H)=6.9 Hz, 6H; g-CH2), 3.41 (t, 3J(H,H)=6.6 Hz,
6H; g’-CH2), 3.41–3.64 (2 m, 144H; -OCH2CH2O), 3.72 (m, 24H; -OCH-
(CH2)2), 4.05 (t, 3J(H,H)=5.7 Hz, 6H; a’-CH2), 4.60 (quint, 3J(H,H)=
4.8 Hz, 6H; -OCH(CH2)2), 6.89 (s, 3H; Ar-H: core), 7.23 ppm (s, 6H;
Ar-H: gallate); 13C NMR (CD3OD, 125 MHz): d=25.77, 30.71, 32.19,
34.19, 34.35, 38.04, 40.79, 59.11, 71.16, 71.29, 71.35, 71.79, 72.39, 72.76,
78.86, 109.85, 127.13, 130.61, 143.00, 143.52, 153.10, 168.87, 172.17,
174.25 ppm; MS (MALDI-TOF, CCA): m/z : 3572.71 [M+Na]+ calcd mo-
lecular weight peak (C165H282N6O75Na) 3572.99.


Ethyl 3-(3-benzyloxycarbonylamino-propyl)-5-bromobenzoate (39): Com-
pound 2b (0.46 g, 2.37 mmol) and 9-BBN (0.32 g 2.61 mmol) were dis-
solved in dry toluene (10 mL) in a N2 atmosphere at 0 8C. The reaction
mixture was stirred for 12 h. Then 38 (0.84 g, 2.37 mmol), 1m aqueous
KOH (5 mL) and toluene (5 mL) were added. The reaction mixture was
degassed by three freeze-pump-thaw-cycles. [Pd(PPh3)4] (0.11 g,
0.1 mmol) added and another freeze-pump-thaw-cycle was applied. The
reaction mixture was vigorously stirred at 60 8C for two days. The com-
pound was purified by column chromatography through silica gel using
as solvent hexane/ethyl acetate to give 39 (0.95 g) as colorless plates in
95% yield.


Rf=0.19 (hexane/ethyl acetate 3:1); 1H NMR (CDCl3, 250 MHz): d=


1.31 (t, 3J(H,H)=7.0 Hz, 3H; -CH2CH3), 1.75 (m, 2H; b-CH2), 2.57 (t, 3J-
(H,H)=7.7 Hz, 2H; a-CH2), 3.14 (m, 2H; g -CH2), 4.29 (q, 3J(H,H)=
7.0 Hz, 2H; -CH2CH3), 4.91 (br s, 1H; -NH), 5.03 (s, 2H; -OCH2Ar),
7.27 (m, 5H; -OCH2Ar-H), 7.42 (s, 1H; Ar-H), 7.70 (s, 1H; Ar-H),
7.92 ppm (s, 1H; Ar-H); 13C NMR (CDCl3, 63 MHz): d=14.20, 31.27,
32.44, 61.29, 66.62, 122.30, 128.04, 128.43, 130.12, 132.34, 135.54, 136.49,
143.86, 156.36, 165.23 ppm; MS (EI, 80 eV, 140 8C): m/z (%): 421.0 (1.3),
419.0 (1.3) [M]+ , 91.0 (100) [C7H7]


+ ; elemental analysis calcd for
C20H22BrNO4 (419.07): C 57.15, H 5.28, N 3.33; found: C 57.10, H 5.04, N
3.29.


Ethyl 3-(3-benzyloxycarbonylaminopropyl)-5-(3-tert-butoxycarbonylami-
nopropyl)benzoate (40): Compound 2a (0.50 g, 3.20 mmol) and 9-BBN
(0.43 g, 3.50 mmol) were dissolved in dry toluene (10 mL) in a N2 atmos-
phere at 0 8C. The reaction mixture was stirred for 12 h. Then 39 (1.26 g,
3.00 mmol), 1m aqueous KOH (5 mL), and toluene (5 mL) were added.
The reaction mixture was degassed by three freeze-pump-thaw-cycles.
[Pd(PPh3)4] (0.11 g, 0.1 mmol) was added and another cycle was applied.
The reaction mixture was refluxed for two days. The phases were separat-
ed, the organic layer washed three times with brine, and dried. The sol-
vent was removed under reduced pressure. Chromatographic separation
through silica gel with hexane/ethyl acetate and then with dichlorome-
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thane gave 40 (1.38 g; 92%) as a colorless oil. Rf=0.17 (silica gel;
hexane/ethyl acetate (3:1)).


Ethyl 3-[3-(benzyloxycarbonylamino)propyl]-5-(trifluoroacetato-3-ammo-
niumpropyl)benzoate (41): Compound 40 (0.52 g, 1.0 mmol) was dis-
solved in dichloromethane (5 mL) and TFA (3 mL) was added. The mix-
ture was stirred for 12 h at room temperature. The reaction was moni-
tored with TLC. After complete deprotection the solvent removed under
reduced pressure. Chromatographic separation through silica gel with di-
chloromethane/methanol to give 0.47 g of 41 (95%) as a yellowish solid.
Rf=0.11 (silica gel; dichloromethane/methanol 10:1).


Ethyl 3-[3-(tert-butoxycarbonylamino)propyl]-5-(3-aminopropyl)benzoate
(42): Compound 40 (1.28 g, 0.25 mmol) was dissolved in ethyl acetate/eth-
anol (1:1) (10 mL) and then Pd/C (0.012 g) was added. The mixture was
stirred for 1 h in a H2 atmosphere. The reaction was monitored with
TLC. After complete deprotection the mixture was filtered and the sol-
vent removed under reduced pressure. Further purification was not nec-
essary. Yield: 0.9 g (quant.) of a yellowish oil.
1H NMR (CDCl3, 500 MHz): d=1.33 (t, 3J(H,H)=7.2 Hz, 3H; -CH2-
CH3), 1.38 (s, 9H; -C(CH3)3), 1.76 (m, 4H; b/b’-CH2), 2.61 (m, 6H; g/g’-
CH2 and NH2), 2.70 (m, 2H; a-CH2), 3.08 (m, 2H; a’-CH2), 4.30 (q,
3J(H,H)=7.1 Hz, 2H; -CH2CH3), 4.67 (br s, 1H; -NH), 7.14 (s, 1H;
Ar-H), 7.62 (s, 1H; Ar-H), 7.63 ppm (s, 1H; Ar-H); 13C NMR (CDCl3,
125 MHz): d=14.24, 28.32, 31.57, 32.76, 32.79, 34.35, 40.06, 41.23, 60.78,
79.00, 126.95, 127.05, 130.61, 133.01, 141.86, 142.16, 155.91, 166.71 ppm.


Ethyl 3-(3-benzyloxycarbonylamino-propyl)-5-(3-{4-[3-(2,3-bis-tert-but-
oxycarbonylamino-propionylamido)propoxy]-3,5-bis(1,3-bis{2-[2-(2-meth-
oxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoylamino}propyl)benzoate
(44): Compound 13 (1.12 g, 0.89 mmol) was dissolved in dry dichlorome-
thane (10 mL). The solution was cooled to �20 8C and HOBt (0.15 g,
1.00 mmol) and EDC (0.17 g, 1.07 mmol) were added. The mixture was
stirred for 1 h at �20 8C and then allowed to warm to room temperature.
The esterification was monitored with TLC. After complete conversion,
the mixture was cooled to �40 8C, and a solution of 41 (0.55 g,
1.07 mmol) and dry TEA (0.5 mL) in absolute methanol was added. The
reaction was stirred for 1 h at �40 8C and then allowed to warm to room
temperature. The solvents were evaporated. The crude product was puri-
fied by column chromatography (silica gel; dichloromethane/methanol
30:1 increasing to 10:1). The yellowish oil was dissolved in benzene, fil-
tered and lyophilized to give a yellowish oil (1.18 g; 80%).


Rf=0.40 (silica gel; dichloromethane/methanol 10:1); 1H NMR (CD2Cl2,
500 MHz): d=1.32 and 1.40 (2 s, 18H; -C(CH3)3), 1.36 (t, 3J(H,H)=
7.2 Hz, 3H; -CH2CH3), 1.83 (m, 4H; b’-CH2 and b’’-CH2), 1.92 (m, 2H;
b-CH2), 2.66 (t, 3J(H,H)=7.8 Hz, 2H; a’-CH2), 2.71 (t, 3J(H,H)=7.5 Hz,
2H; a-CH2), 3.18 (m, 2H; g’-CH2), 3.30 (s, 12H; -OCH3), 3.41 (m, 4H; g-
CH2 and g’’-CH2), 3.44–3.66 (2 m, 48H; -OCH2CH2O), 3.73 (m, 8H;
-OCH(CH2)2), 4.02 (m, 2H; -CH2NHBoc), 4.12 (m, 3H;-CHNHBoc and
a’’-CH2), 4.32 (q, 3J(H,H)=7.2 Hz, 2H; -CH2CH3), 4.62 (quint, 3J(H,H)=
4.9 Hz, 2H; -OCH(CH2)2), 5.05 (s, 2H; benzyl CH2), 5.30 (br s, 1H;
-NH’), 5.57 (br s, 2H; -NH and -NH’’), 7.02 (t, 3J(H,H)=5.7 Hz, 1H;
-NH), 7.25 (s, 2H; Ar-H gallate), 7.26 (br s, 1H; Ar-H), 7.27–7.35 (br m,
5H; benzyl Ar-H), 7.68 (br s, 1H; Ar-H), 7.71 (br s, 1H; Ar-H);
13C NMR (CD2Cl2, 125 MHz): d=14.18, 28.04, 28.14, 29.15, 29.66, 31.25,
31.51, 32.71, 33.01, 37.49, 39.56, 40.52, 58.58, 60.84, 66.27, 70.35, 70.40,
70.44, 70.45, 70.46, 70.49, 70.78, 70.82, 71.89, 77.67, 79.07, 79.29, 108.70,
127.02, 127.05, 127.84, 127.91, 128.42, 130.24, 130.83, 133.21, 137.16,
142.12, 142.26, 142.32, 152.01, 156.38, 156.41, 166.55, 166.58, 170.25 ppm;
MS (MALDI-TOF, dithranol): m/z : 1664.82 [M+K]+


(12C80
1H131


14N5
16O29


39K) calcdmonoisotopic peak 1664.86; 1648.84
[M+Na]+ (12C80


1H131
14N5


16O29
23Na) calcd monoisotopic peak 1648.88.


Ethyl 3-(3-aminopropyl)-5-(3-{4-[3-(2,3-bis-tert-butoxycarbonylaminopro-
pionylamido)propoxy]-3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]-
ethoxy}propan-2-yloxy)benzoylamino}propyl)benzoate (45): Compound
44 (1.00 g, 0.7 mmol) was dissolved in ethyl acetate/ethanol (1:1) (20 mL)
and Pd/C 0.13 g was added. The mixture was stirred for 1 h in a H2 at-
mosphere. The reaction was monitored with TLC. After complete depro-
tection, the mixture was filtered and the solvent removed under reduced
pressure. The compound was obtained as a yellowish oil (0.67 g, 73%)
and did not need additional purifications (losses during workup).


Rf=0.11 (silica gel; CH2Cl2/methanol (10:1)); 1H NMR (CD3OD,
500 MHz): d=1.38 and 1.45 (2 s, 18H; -C(CH3)3), 1.39 (t, 3J(H,H)=
7.1 Hz, 3H; -CH2CH3), 1.94 (2 m, 2H; b’-CH2), 2.01 (m, 4H; b-CH2),
2.75 (t, 2H; 3J(H,H)=7.4 Hz, a-CH2), 3.00 (m, 2H; g-CH2), 3.34 (s, 12H;
-OCH3), 3.43 (m, 4H; g-CH2 and g’-CH2), 3.50–3.72 (2 m, 48H;
-OCH2CH2O), 3.81 (m, 8H; -OCH(CH2)2), 4.11 (br s, 2H; a’-CH2), 4.17
and 4.21 (2 m, 3H; -CH2NHBoc and -CHNHBoc), 4.36 (q, 3J(H,H)=
7.1 Hz, 2H; -CH2CH3), 4.78 (m, 2H; -OCH(CH2)2), 6.51 (br s, 1H; -NH),
6.55 (s, 1H; -NH), 7.37 (s, 1H; Ar-H), 7.39 (s, 2H; Ar-H gallate), 7.72 (s,
1H; Ar-H), 7.75 (s, 1H; Ar-H), 7.99 (s, 1H; -NH), 8.49 ppm (s, 1H;
-NH); 13C NMR (CD2Cl2, 125 MHz): d=14.70, 28.64, 29.79, 30.60, 31.82,
32.98, 33.77, 38.18, 40.23, 40.43, 42.99, 56.42, 59.01, 61.82, 71.00, 71.09,
71.19, 71.60, 71.66, 72.62, 78.40, 79.96, 80.22, 109.34, 127.78, 128.22,
130.50, 131.72, 134.19, 142.17, 143.09, 143.72, 152.99, 157.06, 157.97,
167.56, 166.36, 172.21 ppm; MS (MALDI-TOF, dithranol): m/z : 1530.86
[M+K]+ (12C72


1H125
14N5


16O27
39K) calcd monoisotopic peak 1530.82;


1514.85 [M+Na]+ calcd monoisotopic peak (12C80
1H131


14N5
16O29


23Na)
1514.85; 1492.88 [M+H]+ calcd monoisotopic peak (12C80


1H132
14N5


16O29)
1492.86.


Ethyl 3-(3-benzyloxycarbonylamino-propyl)-5-(3-{4-(3-tert-butoxycarbo-
nylaminopropoxy)-3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}-
propan-2-yloxy)benzoylamino}propyl)benzoate (46): Compound 10 a
(0.80 g, 0.75 mmol) was dissolved in dry dichloromethane (7 mL). Dry
triethylamine (0.1 mL) was added and the mixture was cooled to �20 8C.
A solution of TBTU (0.27 g, 0.83 mmol) in dry DMF was added. The
mixture was stirred for 2 h at �20 8C and then allowed to warm to room
temperature. The esterification was monitored with TLC. After complete
conversion, the mixture was cooled to �40 8C, and a solution of 41
(0.25 g, 0.57 mmol) and dry triethylamine (0.2 mL) in absolute methanol
was added. The reaction mixture was stirred for 1 h at �40 8C and then
allowed to warm to room temperature. The solvents were evaporated.
The crude product was purified by column chromatography (silica gel; di-
chloromethane/methanol 30:1 increasing to 10:1). The yellowish oil was
dissolved in benzene, filtered and lyophilized to give 46 (0.7 g, 64%) as a
yellowish oil.


Rf=0.27 (silica gel; dichloromethane/methanol (20:1)); 1H NMR
(CD2Cl2, 500 MHz): d=1.35 (t, 3J(H,H)=7.1 Hz, 3H; -CH2CH3), 1.40 (s,
9H; -C(CH3)3), 1.82 (m, 2H; b’-CH2), 1.84 (m, 2H; b’’-CH2), 1.91 (m,
2H; b-CH2), 2.65 (t, 3J(H,H)=7.7 Hz, 2H; a’-CH2), 2.70 (t, 3J(H,H)=
7.7 Hz, 2H; a-CH2), 3.17 (m, 2H; g’’-CH2), 3.28 (s, 12H; -OCH3), 3.28
(hidden m, 2H; g-CH2), 3.38 (m, 2H; g’’-CH2), 3.44–3.65 (2 m, 48H;
-OCH2CH2O), 3.72 (m, 8H; -OCH(CH2)2), 4.02 (t, 3J(H,H)=5.7 Hz, 2H;
a’’-CH2), 4.31 (q, 3J(H,H)=7.1 Hz, 2H; -CH2CH3), 4.60 (quint, 3J(H,H)=
4.9 Hz, 2H; -OCH(CH2)2), 5.03 (s, 2H; benzyl CH2), 5.17 (br s, 1H;
-NH’), 5.57 (br s, 1H; -NH’’), 6.96 (br s, 1H; -NH), 7.22 (s, 2H; Ar-H gal-
late), 7.25 (br s, 1H; Ar-H), 7.30–7.35 (br m, 5H; benzyl Ar-H), 7.67 (br
s, 1H; Ar-H), 7.70 ppm (br s, 1H; Ar-H); 13C NMR (CD2Cl2, 125 MHz):
d=14.21, 28.34, 30.13, 31.27, 31.55, 32.75, 33.05, 38.01, 39.58, 40.57, 58.63,
60.88, 66.33, 70.40, 70.41, 70.47, 70.51, 70.53, 70.93, 71.31, 71.94, 77.88,
78.39, 108.77, 127.05, 127.10, 127.88, 127.94, 128.46, 130.21, 130.88, 133.24,
137.20, 142.14, 142.31, 142.38, 152.06, 156.00, 156.39, 166.60, 166.63 ppm;
MS (positive-ion mode FAB): m/z (%): 1480.1 (3) [M+H+K]+ ; 1479.2
(2) [M+K]+ ; 1464.0 (20), 1463.1 (22) [M+Na]+ ; 1440.9 (4) [M+H]+ ;
1352.2 (2), 1351.1 (4), 1349.8 (4), [M�C7H7+H]+ ; 1336.9 (40), 1335.8
(69), 1334.8 (100), [M�C7H7O+H]+ ; 1333.9 (14), 1333.5 (11), 1332.7 (31)
[M�C7H7O+H]+ ; elemental analysis calcd for C72H117N3O26 (1439.79): C
60.02, H 8.19, N 2.92; found: C 59.95, H 7.79, N 2.78.


Ethyl 3-(3-aminopropyl)-5-(3-{4-(3-tert-butoxycarbonylaminopropoxy)-
3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)ben-
zoylamino}propyl)benzoate (47): Compound 46 (0.50 g, 0.35 mmol) was
dissolved in methanol (10 mL) and then Pd/C (0.05 g) was added. The
mixture was stirred for 1 h in a H2 atmosphere. The reaction was moni-
tored with TLC. After complete deprotection, the mixture was filtered
and the solvent removed under reduced pressure. Further purification
was not necessary. Yield: 0.40 g (89%) of a yellowish oil (losses during
work up).


Rf=0.14 (silica gel; dichloromethane/methanol (10:1)); 1H NMR
(CD2Cl2, 500 MHz): d=1.35 (t, 3J(H,H)=7.2 Hz, 3H; -CH2CH3), 1.41 (s,
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9H; -C(CH3)3), 1.85 (m, 2H; b’’-CH2), 1.90 (m, 2H; b’-CH2), 1.95 (m,
2H; b-CH2), 2.61 (t, 3J(H,H)=7.2 Hz, 2H; a’-CH2), 2.70 (t, 3J(H,H)=
7.2 Hz, 2H; a-CH2), 2.87 (m, 2H; g’-CH2), 3.28 (s, 12H; -OCH3), 3.32
(m, 2H; g’’-CH2), 3.36 (m, 2H; g-CH2), 3.43–3.67 (2 m, 48H;
-OCH2CH2O), 3.74 (m, 8H; -OCH(CH2)2), 4.05 (t, 3J(H,H)=5.4 Hz, 2H;
a’’-CH2), 4.31 (q, 3J(H,H)=7.2 Hz, 2H; -CH2CH3), 4.68 (quint, 3J(H,H)=
4.4 Hz, 2H; -OCH(CH2)2), 5.57 (m, 1H; -NHBoc), 7.04 (br s, 2H; -NH2),
7.20 (br s, 1H; Ar-H), 7.24 (s, 2H; Ar-H gallate), 7.36 (m, 1H; -NH),
7.60 (br s, 1H; Ar-H), 7.70 ppm (br s, 1H; Ar-H); 13C NMR (CD2Cl2,
125 MHz): d=14.15, 28.28, 28.34, 30.22, 30.31, 31.90, 32.70, 37.89, 39.30,
39.81, 58.53, 60.87, 70.18, 70.23, 70.30, 70.33, 70.39, 70.80, 71.36, 71.75,
77.45, 78.47, 108.23, 126.94, 127.56, 129.81, 130.87, 133.03, 140.43, 141.78,
142.66, 151.82, 156.08, 166.43, 166.55 ppm; MS (positive-ion mode FAB):
m/z (%): 1440.7 (5), 1439.8 (15), 1438.7 (23) [M+CsI]+ , 1330.6 (4),
1329.7 (8), 1328.7 (10) [M+Na]+ , 1309.3 (4), 1308.6 (9), 1308.1 (32),
1307.4 (74), 1306.7 (100), 1305.0 (11) [M+H]+ .


3-(3-Benzyloxycarbonylaminopropyl)-5-(3-{4-(3-tert-butoxycarbonylami-
no-propoxy)-3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}pro-
pan-2-yloxy)benzoylamino}propyl)benzoic acid (48): Compound 46
(0.24 g, 0.17 mmol) was dissolved in ethanol (10 mL) and 1m aqueous
KOH (1 mL) added at room temperature. The mixture was stirred for
12 h. The reaction was quenched by the addition of 1m aqueous HCl
(pH 5). The solvent was removed under reduced pressure. The crude
product was diluted with dichloromethane and filtered. No further purifi-
cation was carried out. The yellowish oil was dissolved in benzene, fil-
tered, and lyophilized. Yield: 0.23 g (98%) of a colorless oil.


Rf=0.23 (silica gel; dichloromethane/methanol (15:1)); 1H NMR
(CD2Cl2, 500 MHz): d=1.40 (s, 9H; -C(CH3)3), 1.83 (m, 4H; b- and b’’-
CH2), 1.93 (m, 2H; b’-CH2), 2.56 (m, 2H; a-CH2), 2.67 (m, 2H; a’-CH2),
3.11 (m, 2H; g-CH2), 3.32 (s, 12H; -OCH3), 3.35 (m, 2H; g’’-CH2), 3.40
(m, 2H; g’-CH2), 3.42–3.64 (2 m, 48H; -OCH2CH2O), 3.70 (m, 8H;
-OCH(CH2)2), 4.00 (t, 3J(H,H)=5.3 Hz, 2H; a’’-CH2), 4.57 (br s, 2H;
-OCH(CH2)2), 4.98 (br s, 1H; -NH), 5.04 (s, 2H; benzyl CH2), 5.21 (br s,
1H; -NH), 5.62 (br s, 1H; -NH), 7.22 (s, 2H; Ar-H gallate), 7.25 (br s,
1H; Ar-H), 7.30–7.35 (br m, 5H; benzyl Ar-H), 7.67 (br s, 1H; Ar-H),
7.70 ppm (br s, 1H; Ar-H); 13C NMR (CD3OD, 125 MHz): d=28.71,
30.21, 31.31, 31.62, 32.75, 33.17, 33.43, 38.09, 40.10, 40.68, 59.02, 66.77,
70.24, 70.41, 70.51, 70.56, 70.93, 71.31, 71.94, 77.86, 78.11, 109.08, 127.88,
128.11, 128.29, 128.76, 130.05, 132.66, 137.13, 142.06, 142.61, 142.38,
152.23, 157.04, 157.55, 167.85 ppm; MS (MALDI-TOF, dithranol): m/z :
1434.94 [M+Na]+ (12C70


1H113
14N3


16O26
23Na) calcd monoisotopic peak


1434.75; 1450.89 [M+K]+ (12C70
1H113


14N3
16O26


39K) calcd monoisotopic
peak 1450.72; 1456.90 [M�H+2Na]+ (12C70


1H112
14N3


16O26
23Na2) calcd


monoisotopic peak 1456.73.


Ethyl 3-(3-{4-[3-(2,3-bis-tert-butoxycarbonylamino-propionylamido)-pro-
poxy]-3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-
yloxy)benzoylamino}propyl)-5-[3-(5-dimethylaminonaphthalene-1-sulfo-
nylamino)propoxy][3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]eth-
oxy}propan-2-yloxy)benzoylamino]propyl)]benzoate (49): Compound 13
(0.44 g, 0.37 mmol) was dissolved in dry dichloromethane (5 mL). The so-
lution was cooled to �20 8C and HOBt (0.06 g, 0.41 mmol) and EDC
(0.09 g, 0.45 mmol) were added. The mixture was stirred for 1 h at
�20 8C and then allowed to warm to room temperature. The esterifica-
tion was monitored with TLC. After complete conversion, the mixture
was cooled to �40 8C, and a solution of 45 (0.35 g, 0.23 mmol) and dry
triethylamine (0.2 mL) in absolute methanol (3 mL) was added. The reac-
tion mixture was stirred for 1 h at �40 8C, allowed to warm to room tem-
perature, and monitored with TLC. The solvents were evaporated. The
crude product was purified by column chromatography (silica gel; di-
chloromethane/methanol 20:1 increasing to 10:1). The yellowish oil was
dissolved in benzene, filtered, and lyophilized. Yield: 0.54 g (90%) of a
yellowish oil.


Rf=0.23 (silica gel; dichloromethane/methanol (15:1)); 1H NMR
(CD2Cl2, 500 MHz): d=1.32 and 1.40 (2 s, 18H; -C(CH3)3), 1.36 (t, 3J-
(H,H)=7.2 Hz, 3H; -CH2CH3), 1.78 (m, 4H; b’’-CH2), 1.88 (m, 2H; b’-
CH2), 1.93 (m, 4H; b-CH2), 2.72 (t, 3J(H,H)=7.6 Hz, 4H; a-CH2), 2.88
(s, 6H; -N(CH3)2), 3.22 (m, 2H; g’’-CH2), 3.29 and 3.30 (2 s, 24H;
-OCH3), 3.41 (m, 6H; g-CH2 and g’-CH2), 3.44–3.62 (2 m, 96H;


-OCH2CH2O), 3.63 (m, 2H; a’-CH2), 3.67 (d, 8H; 3J(H,H)=5.0 Hz,
-OCH(CH2)2), 3.72 (d, 3J(H,H)=4.9 Hz, 4H; -OCH(CH2)2), 3.75 (d, 3J-
(H,H)=4.9 Hz, 4H; -OCH(CH2)2), 3.97 (t, 3J(H,H)=5.6 Hz, 2H; a’’-
CH2), 4.02 and 4.09 and 4.12 (m, 3H; -CH2NHBoc and -CHNHBoc),
4.32 (q, 3J(H,H)=7.2 Hz, 2H; -CH2CH3), 4.57 (quint, 3J(H,H)=5.0 Hz,
2H; -OCH(CH2)2), 4.63 (quint, 3J(H,H)=4.9 Hz, 2H; -OCH(CH2)2), 5.45
(br s, 1H; -CH2NHBoc), 5.93 (br s, 1H; -CHNHBoc), 6.26 (t, 3J(H,H)=
6.1 Hz, 2H; -NH’’), 7.12 (m, 2H; -NHAr), 7.18 (d, 3J(H,H)=7.6 Hz, 1H;
Ar-H dansyl), 7.23 and 7.25 (2 s, 4H; Ar-H gallate), 7.29 (t, 4J(H,H)=
1.5 Hz, 1H; Ar-H dendron), 7.32 (br s, 1H; -NH’), 7.50 (dd, 3J(H,H)=
8.7 Hz, 3J(H,H)=7.6 Hz, 1H; Ar-H dansyl), 7.54 (dd, 3J(H,H)=8.5 Hz,
3J(H,H)=7.3 Hz, 1H; Ar-H dansyl), 7.71 (d, 4J(H,H)=1.5 Hz, 2H; Ar-H
dendron), 8.22 (dd, 3J(H,H)=7.3 Hz, 4J(H,H)=1.2 Hz, 1H; Ar-H
dansyl), 8.33 (d, 3J(H,H)=8.7 Hz, 1H; Ar-H dansyl), 8.52 ppm (d, 3J-
(H,H)=8.5 Hz, 1H; Ar-H dansyl); 13C NMR (CD2Cl2, 125 MHz): d=


14.19, 28.02, 28.13, 29.62, 30.16, 31.31, 33.12, 37.47, 39.71, 40.95, 42.73,
45.22, 45.25, 55.08, 58.57, 60.82, 70.33, 70.37, 70.38, 70.40, 70.42, 70.44,
70.45, 70.78, 70.81, 71.02, 71.87, 77.61, 77.87, 79.06, 79.31, 108.62, 108.75,
115.15, 119.49, 123.30, 126.95, 127.91, 129.00, 129.72, 129.84, 129.89,
130.10, 130.15, 130.78, 133.25, 136.03, 142.02, 142.19, 142.37, 151.59,
151.86, 151.97, 155.70, 156.44, 166.50, 166.52, 166.58, 170.28 ppm; MS
(MALDI-TOF, dithranol): m/z : 2689.42 [M+Na]+


(12C128
1H215


14N7
16O49


23Na) calcd monoisotopic peak 2689.42.


3-(3-{4-[3-(2,3-bis-tert-Butoxycarbonylaminopropionylamido)propoxy]-
3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)ben-
zoylamino}propyl)-5-[3-(5-dimethylamino-naphthalene-1-sulfonylamino)-
propoxy][3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-
yloxy)benzoylamino]propyl)]benzoic acid (50): Compound 49 (0.52 g,
0.20 mmol) was dissolved in ethanol (10 mL) and 1m aqueous KOH
(1 mL) added at room temperature. The mixture was stirred for 12 h in
the dark. The reaction was quenched by the addition of 1m aqueous HCl
(pH 5). The solvent was removed under reduced pressure. The crude
product was diluted with dichloromethaneand filtered. No further purifi-
cation was carried out. The yellowish oil was dissolved in benzene, fil-
tered, and lyophilized. Yield: 0.48 g (93%) of a yellowish oil.


Rf=0.14 (silica gel; dichloromethane/methanol (15:1)); 1H NMR (CDCl3,
500 MHz): d=1.28 and 1.37 (2 s, 18H; -C(CH3)3), 1.76 (m, 4H; b’’-CH2),
1.87 (m, 2H; b’-CH2), 1.92 (m, 4H; b-CH2), 2.67 (m, 4H; a-CH2), 2.82 (s,
6H; -N(CH3)2), 3.21 (m, 2H; g’’-CH2), 3.28 and 3.29 (2 s, 24H; -OCH3),
3.40 (m, 6H; g-CH2 and g’-CH2), 3.44–3.62 (2 m, 96H; -OCH2CH2O),
3.61 (m, 2H; a’-CH2), 3.64 (m, 8H; -OCH(CH2)2), 3.68 (m, 4H; -OCH-
(CH2)2), 3.72 (m, 4H; -OCH(CH2)2), 3.95 (t, 3J(H,H)=5.2 Hz, 2H; a’’-
CH2), 4.00, 4.08, and 4.20 (m, 3H; -CH2NHBoc and -CHNHBoc), 4.53
(m, 2H; -OCH(CH2)2), 4.59 (m, 2H; -OCH(CH2)2), 5.56 (br s, 1H;
-CH2NHBoc), 6.00 (br s, 1H; -CHNHBoc), 6.41 (t, 3J(H,H)=6.2 Hz, 2H;
-NH’’), 7.10 (d, 3J(H,H)=7.4 Hz, 1H; Ar-H dansyl), 7.23 (s, 1H; Ar-H
dendron), 7.25 and 7.26 (2 s, 4H; Ar-H gallate), 7.43 (m, 1H; Ar-H
dansyl), 7.48 (m, 1H; Ar-H dansyl), 7.69 (s, 2H; Ar-H dendron), 8.20 (d,
3J(H,H)=7.3 Hz, 1H; Ar-H dansyl), 8.32 (d, 3J(H,H)=8.7 Hz, 1H; Ar-H
dansyl), 8.57 ppm (d, 3J(H,H)=8.5 Hz, 1H; Ar-H dansyl); 13C NMR
(CD2Cl2, 125 MHz): d=27.55, 27.69, 28.82, 29.43, 30.29, 32.42, 36.82,
38.98, 39.05, 40.15, 42.05, 44.70, 54.34, 58.14, 69.65, 69.69, 69.71, 69.79,
70.02, 70.05, 70.20, 71.14, 76.87, 77.13, 78.41, 78.66, 108.14, 108.30, 114.40,
118.78, 122.51, 126.72, 127.25, 128.23, 129.05, 129.12, 129.16, 129.23,
130.09, 132.51, 135.31, 141.41, 141.45, 141.55, 151.02, 151.09, 151.20,
155.06, 155.82, 166.09, 166.15, 167.76, 169.88 ppm; MS (MALDI-TOF, di-
thranol): m/z : 2683.38 [M�H+2Na]+ (12C126


1H210
14N7


16O49
23Na2) calcd


monoisotopic peak 2683.37; 2677.38 [M+K]+ (12C126
1H211


14N7
16O49


39K)
calcd monoisotopic peak 2677.36; 2661.42 [M+Na]+


(12C126
1H211


14N7
16O49


23Na) calcd monoisotopic peak 2661.38.


Ethyl 3-(3-{4-(3-benzyloxycarbonylaminopropoxy)-3,5-bis(1,3-bis{2-[2-(2-
methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoylamino}propyl)-5-
(3-{4-[3-(2,3-bis-tert-butoxycarbonylaminopropionylamido)propoxy]-3,5-
bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benz-
oylamino}propyl)benzoate (51): Compound 10b (0.40 g, 0.36 mmol) was
dissolved in dry dichloromethane (7 mL). The solution was cooled to
�20 8C and HOBt (0.06 g, 0.40 mmol) and EDC (85 mg, 0.44 mmol) were
added. The mixture was stirred for 1 h at �20 8C and then allowed to
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warm to room temperature. The esterification was monitored with TLC.
After complete conversion, the mixture was cooled to �40 8C, and a solu-
tion of 45 (0.35 g, 0.23 mmol) and dry triethylamine (0.2 mL) in absolute
methanol was added. The reaction mixture was stirred for 1 h at �40 8C
and then allowed to warm to room temperature. The solvents were
evaporated. The crude product was purified by column chromatography
(silica gel; dichloromethane/methanol 30:1 increasing to 15:1). The yel-
lowish oil was dissolved in benzene, filtered, and lyophilized. Yield:
0.49 g (77%) of a yellowish oil.


Rf=0.21 (silica gel; dichloromethane/methanol 20:1); 1H NMR (CD2Cl2,
500 MHz): d=1.31 and 1.39 (2 s, 18H; -C(CH3)3), 1.36 (t, 3J(H,H)=
7.1 Hz, 3H; -CH2CH3), 1.89 (m, 4H; b’-CH2), 1.92 (m, 4H; b-CH2), 2.71
(t, 3J(H,H)=7.9 Hz, 4H; a-CH2), 3.28 and 3.29 (2 s, 24H; -OCH3), 3.42
(m, 8H; g-CH2 and g’-CH2), 3.43–3.65 (2 m, 96H; -OCH2CH2O), 3.72 (m,
16H; -OCH(CH2)2), 4.05 (t, 3J(H,H)=5.6 Hz, 4H; a’-CH2), 4.02, 4.09
and 4.12 (m, 3H; -CH2NHBoc and -CHNHBoc), 4.32 (q, 3J(H,H)=
7.1 Hz, 2H; -CH2CH3), 4.61 (m, 4H; -OCH(CH2)2), 5.05 (s, 2H; benzyl
CH2), 5.47 (m, 1H; -NH), 5.93 (m, 1H; -NH), 6.04 (t, 3J(H,H)=5.4 Hz,
2H; -NH), 7.03 (t, 3J(H,H)=5.6 Hz, 2H; -NH), 7.05 (t, 3J(H,H)=5.6 Hz,
2H; -NH), 7.22 (s, 2H; Ar-H), 7.24 (s, 2H; Ar-H gallate), 7.26–7.36 (m,
5H; benzyl Ar-H), 7.71 ppm (s, 1H; Ar-H); 13C NMR (CD2Cl2,
125 MHz): d=14.18, 28.00, 28.12, 29.62, 29.87, 31.27, 33.07, 37.47, 38.49,
39.66, 42.73, 55.06, 58.55, 60.78, 66.07, 70.32, 70.33, 70.37, 70.39, 70.41,
70.42, 70.43, 70.44, 70.75, 70.80, 70.82, 71.86, 77.65, 77.79, 79.01, 79.26,
108.66, 126.94, 127.83, 127.99, 128.37, 130.13, 130.16, 130.78, 133.21,
137.31, 142.17, 142.31, 142.32, 151.96, 151.97, 156.42, 166.52, 166.55,
170.23 ppm; MS (MALDI-TOF, dithranol): m/z : 2606.33 [M+K]+


(12C124
1H210


14N6
16O49


39K) calcd monoisotopic peak 2606.38; 2590.36
[M+Na]+ calcd monoisotopic peak (12C124


1H210
14N6


16O49
23Na) 2590.40.


3-(3-{4-(3-Benzyloxycarbonylaminopropoxy)-3,5-bis(1,3-bis{2-[2-(2-me-
thoxyethoxy) ethoxy]ethoxy}propan-2-yloxy)benzoylamino}propyl)-5-(3-
{4-[3-(2,3-bis-tert-butoxycarbonylaminopropionylamido)propoxy]-3,5-
bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benz-
oylamino}propyl)benzoic acid (52): Compound 51 (0.47 g, 0.18 mmol)
was dissolved in ethanol (10 mL) and 1m aqueous KOH (1 mL) added at
room temperature. The mixture was stirred for 12 h. The reaction was
quenched by the addition of 1m aqueous HCl (pH 5). The solvent was re-
moved under reduced pressure. The crude product was diluted with di-
chloromethaneand filtered. No further purification was carried out. The
yellowish oil was dissolved in benzene, filtered, and lyophilized. Yield:
0.46 g (99%) of a yellowish oil.


Rf=0.17 (silica gel; dichloromethane/methanol (20:1)); 1H NMR (CDCl3,
500 MHz): d=1.20 and 1.28 (2 s, 18H; -C(CH3)3), 1.78 (m, 4H; b’-CH2),
1.84 (m, 4H; b-CH2), 2.59 (t, 3J(H,H)=7.4 Hz, 4H; a-CH2), 3.21 and
3.22 (2 s, 24H; -OCH3), 3.32 (m, 8H; g-CH2 and g’-CH2), 3.37–3.55 (2 m,
96H; -OCH2CH2O), 3.60 (m, 16H; -OCH(CH2)2), 3.93 (t, 3J(H,H)=
5.8 Hz, 4H; a’-CH2), 3.91, 3.98 and 4.10 (m, 3H; -CH2NHBoc and
-CHNHBoc), 4.49 (m, 4H; -OCH(CH2)2), 4.96 (s, 2H; benzyl CH2), 5.33
(m, 1H; -NH), 5.82 (t, 3J(H,H)=7.4 Hz, 1H; -CHNHBoc), 6.05 (t, 3J-
(H,H)=5.6 Hz, 2H; -NH), 7.13 (s, 2H; Ar-H), 7.14 (s, 2H; Ar-H gallate),
7.16 (m, 2H; NH), 7.17–7.24 (m, 5H; benzyl Ar-H), 7.59 ppm (s, 1H; Ar-
H); 13C NMR (CDCl3, 125 MHz): d=27.81, 27.93, 29.08, 29.31, 30.51,
32.66, 37.06, 38.03, 39.27, 42.38, 54.48, 58.43, 58.44, 65.87, 69.96, 69.96,
69.98, 70.07, 70.27, 70.30, 70.32, 70.66, 71.42, 71.45, 77.19, 78.78, 79.02,
108.36, 127.01, 127.51, 127.72, 127.98, 129.46, 130.09, 132.83, 136.48,
141.67, 141.74, 141.82, 151.44, 155.34, 156.08, 156.23, 166.35, 166.42,
167.95, 170.08 ppm; MS (MALDI-TOF, dithranol): m/z : 2578.42 [M+K]+


(12C122
1H206


14N6
16O49


39K) calcd monoisotopic peak 2578.34; 2562.44
[M+Na]+ calcd monoisotopic peak (12C122


1H206
14N6


16O49
23Na) 2562.37.


Ethyl 3-(3-{4-(3-tert-butoxycarbonylamino-propoxy)-3,5-bis(1,3-bis{2-[2-
(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoylamino}prop-
yl){5-[3-(5-dimethylamino-naphthalene-1-sulfonylamino)propoxy][3,5-
bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benz-
oylamino]propyl)}benzoate (53): Compound 13 (0.24 g, 0.20 mmol) was
dissolved in dry dichloromethane (5 mL). The solution was cooled to
�20 8C and HOBt (34 mg, 0.22 mmol) and EDC (46 mg, 0.24 mmol) were
added. The mixture was stirred for 1 h at �20 8C and then allowed to
warm to room temperature. The esterification was monitored with TLC.


After complete conversion, the mixture was cooled to �40 8C, and a solu-
tion of 47 (0.19 g, 0.14 mmol) and dry triethylamine (0.3 mL) in absolute
methanol (1 mL) was added. The reaction mixture was stirred for 1 h at
�40 8C, allowed to warm to room temperature, and monitored with TLC.
The solvents were evaporated. The crude product was purified by column
chromatography (silica gel; dichloromethane/methanol 20:1 increasing to
10:1). The yellowish oil was dissolved in benzene, filtered, and lyophi-
lized. Yield: 0.340 g (95%) of a yellowish oil.


Rf=0.28 (silica gel; dichloromethane/methanol (15:1)); 1H NMR
(CD2Cl2, 500 MHz): d=1.36 (t, 3J(H,H)=7.1 Hz, 3H; -CH2CH3), 1.41 (s,
9H; -C(CH3)3), 1.78 (m, 2H; b’-CH2), 1.86 (m, 2H; b’’-CH2), 1.93 (m,
4H; b-CH2), 2.71 (t, 3J(H,H)=7.6 Hz, 4H; a-CH2), 2.86 (s, 6H; -N-
(CH3)2), 3.22 (m, 2H; g’-CH2), 3.29 (2 s, 24H; -OCH3), 3.33 (m, 2H; g’’-
CH2), 3.40 (m, 4H; g-CH2), 3.43–3.60 (2 m, 96H; -OCH2CH2O), 3.60–
3.76 (3 m, 16H; -OCH(CH2)2), 3.97 (t, 3J(H,H)=5.4 Hz, 2H; a’-CH2),
4.04 (t, 3J(H,H)=5.4 Hz, 2H; a’’-CH2), 4.32 (q, 3J(H,H)=7.1 Hz, 2H;
-CH2CH3), 4.48, 4.56 and 4.62 (3 m, 4H; -OCH(CH2)2), 5.62 (br s, 1H;
-NH’’), 6.25 (t, 3J(H,H)=6.1 Hz, 1H; -NH’), 7.03 (br s, 2H; -NH), 7.16
(m, 1H; Ar-H dansyl), 7.22 and 7.24 (2 s, 4H; Ar-H gallate), 7.29 (s, 1H;
Ar-H dendron), 7.48 (m, 1H; Ar-H dansyl), 7.53 (m, 1H; Ar-H dansyl),
7.71 (m, 1H; Ar-H dendron), 8.22 (d, 3J(H,H)=7.3 Hz, 1H; Ar-H
dansyl), 8.31 (d, 3J(H,H)=8.7 Hz, 1H; Ar-H dansyl), 8.51 ppm (d, 3J-
(H,H)=8.5 Hz, 1H; Ar-H dansyl); 13C NMR (CD2Cl2, 125 MHz): d=


14.17, 28.28, 29.62, 30.15, 31.26, 33.08, 37.91, 39.63, 40.90, 45.18, 58.53,
58.54, 60.77, 70.28, 70.30, 70.33, 70.35, 70.38, 70.39, 70.41, 70.43, 70.44,
70.47, 70.74, 70.84, 71.83, 71.84, 71.86, 77.71, 77.81, 78.26, 108.63, 108.70,
115.02, 119.27, 123.18, 126.94, 127.89, 128.93, 129.70, 129.89, 129.92,
130.07, 130.09, 130.73, 133.23, 136.01, 142.35, 151.82, 151.87, 151.95,
155.91, 166.48, 166.54 ppm; MS (MALDI-TOF, dithranol): m/z : 2519.24
[M+K]+ (12C120


1H201
14N5


16O46
39K) calcd monoisotopic peak 2519.29;


2503.45 [M+Na]+ (12C120
1H201


14N5
16O46


23Na) calcd monoisotopic peak
2503.32.


3-(3-{4-(3-tert-Butoxycarbonylamino-propoxy)-3,5-bis(1,3-bis{2-[2-(2-me-
thoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoylamino}propyl){5-[3-
(5-dimethylaminonaphthalene-1-sulfonylamino)propoxy][3,5-bis(1,3-
bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoylamino]-
propyl)}benzoic acid (54): Compound 53 (0.33 g, 0.13 mmol) was dis-
solved in ethanol (5 mL) and 1m aqueous KOH (1 mL) added at room
temperature. The mixture was stirred for 12 h in the dark. The reaction
was quenched by the addition of 1m aqueous HCl (pH 5). The solvent
was removed under reduced pressure. The crude product was diluted
with dichloromethaneand filtered. No further purification was carried
out. The yellowish oil was dissolved in benzene, filtered, and lyophilized.
Yield: 0.24 g (73%) of a yellowish oil.


Rf=0.24 (silica gel; dichloromethane/methanol (10:1)); 1H NMR
(CD2Cl2, 500 MHz): d=1.41 (s, 9H; -C(CH3)3), 1.78 (m, 2H; b’’-CH2),
1.85 (m, 2H; b’-CH2), 1.94 (m, 4H; b-CH2), 2.70 (t, 3J(H,H)=6.9 Hz,
4H;a-CH2), 2.85 (s, 6H; -N(CH3)2), 3.22 (m, 2H; g’’-CH2), 3.29 (m, 24H;
-OCH3), 3.33 (m, 2H; g’-CH2), 3.40 (m, 4H; g-CH2), 3.43–3.60 (2 m,
96H; -OCH2CH2O), 3.60–3.77 (3 m, 16H; -OCH(CH2)2), 3.97 (t, 3J-
(H,H)=6.1 Hz, 2H; a’’-CH2), 4.04 (t, 3J(H,H)=5.6 Hz, 2H; a’’-CH2),
4.48, 4.57 and 4.63 (3 m, 4H; -OCH(CH2)2), 5.65 (br s, 1H; -NH’), 6.32
(m, 1H; -NH’’), 7.16 (m, 1H; Ar-H dansyl), 7.20 (br s, 2H; -NH), 7.22
and 7.24 (2 s, 4H; Ar-H gallate), 7.26 (s, 1H; Ar-H dendron), 7.48 (m,
1H; Ar-H dansyl), 7.53 (m, 1H; Ar-H dansyl), 7.70 (m, 1H; Ar-H den-
dron), 8.21 (d, 3J(H,H)=7.2 Hz, 1H; Ar-H dansyl), 8.32 (d, 3J(H,H)=
8.7 Hz, 1H; Ar-H dansyl), 8.51 ppm (d, 3J(H,H)=8.7 Hz, 1H; Ar-H
dansyl); 13C NMR (CD2Cl2, 125 MHz): d=28.26, 30.03, 30.14, 30.89,
32.99, 37.91, 39.58, 40.87, 45.18, 58.51, 70.24, 70.26, 70.31, 70.35, 70.37,
70.38, 70.40, 70.41, 70.72, 70.81, 70.95, 71.19, 71.81, 71.82, 77.56, 77.66,
108.09, 108.55, 115.03, 119.30, 123.19, 127.31, 127.89, 128.91, 129.68,
129.86, 129.91, 130.02, 135.98, 142.24, 151.75, 151.88, 155.96, 166.59 ppm;
MS (MALDI-TOF, dithranol): m/z : 2475.28 [M+Na]+


(12C118
1H197


14N5
16O46


23Na) calcd monoisotopic peak 2475.28; 2491.24
[M+K]+ (12C118


1H197
14N5


16O46
39K) calcd monoisotopic peak 2491.26.


1,3,5-Tris-[3-(3-{4-[3-(2,3-bis-tert-butoxycarbonylaminopropionylamido)-
propoxy]-3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-
yloxy)benzoylamino}propyl)-5-[3-(5-dimethylamino-naphthalene-1-sulfo-
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nylamino)propoxy][3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]eth-
oxy}propan-2-yloxy)benzoylamino]propyl)]benzamidopropyl]benzene
(55): Compound 50 (0.44 g, 0.165 mmol) was dissolved in dry dichlorome-
thane (10 mL). The solution was cooled to �20 8C and HOBt (0.03 g,
0.196 mmol) and EDC (0.04 g, 0.21 mmol) were added. The mixture was
stirred for 1 h at �20 8C and then allowed to warm to room temperature.
The esterification was monitored with TLC. After complete conversion,
the mixture was cooled to �40 8C, and a solution of 27 (17 mg,
0.05 mmol) and dry TEA (0.5 mL) in absolute methanol (2 mL) was
added. The reaction mixture was stirred for 1 h at �40 8C and then al-
lowed to warm to room temperature. The solvent was evaporated. The
crude product was extracted twice with 1m aqueous NaHCO3 and once
with brine, and purified by column chromatography. The greenish oil was
dissolved in benzene, filtered, and lyophilized. Yield: 0.334 g (84%) of a
yellowish oil.


Rf=0.10 (silica gel; dichloromethane/methanol (10:1); 1H NMR (CDCl3,
500 MHz): d=1.24 and 1.30 (2 s, 18H; -C(CH3)3), 1.69 (m, 6H; b’-CH2),
1.79 (m, 6H; b’’-CH2), 1.82 (m, 18H; b-CH2), 2.53 (m, 6H; a-CH2), 2.56
(m, 12H; a*-CH2), 2.77 (s, 18H; -N(CH3)2), 3.13 (m, 6H; g’-CH2), 3.21
and 3.23 (2 s, 72H; -OCH3), 3.31 (m, 18H; g-CH2), 3.35 (m, 6H; g-
’’CH2), 3.37–3.55 (2 m, 288H; -OCH2CH2O), 3.57, 3.60 and 3.66 (3 m,
48H; -OCH(CH2)2), 3.89 (t, 3J(H,H)=5.4 Hz, 6H; a’-CH2), 3.97 (t, 3J-
(H,H)=5.6 Hz, 6H; a’’-CH2), 3.93, 3.99 and 4.10 (m, 9H; -CH2NHBoc
and -CHNHBoc), 4.44 and 4.49 (2 m, 12H; -OCH(CH2)2), 5.30 (br s, 3H;
-CH2NHBoc), 5.77 (d, 3J(H,H)=7.2 Hz, 3H; -CHNHBoc), 6.26 (t, 3J-
(H,H)=5.9 Hz, 3H; -NH’’), 6.78 (s, 3H; Ar-H core), 7.04 (d, 3J(H,H)=
7.6 Hz, 1H; Ar-H dansyl), 7.06 (s, 3H; Ar-H dendron), 7.08 (m, 3H;
-NH), 7.16 and 7.18 (2 s, 12H; Ar-H gallate), 7.22 (m, 6H; -NH), 7.27
(m, 1H; -NH’), 7.36 (m, 3H; Ar-H dansyl), 7.39 (s, 6H; Ar-H dendron),
7.41 (m, 3H; Ar-H dansyl), 8.13 (d, 3J(H,H)=7.3 Hz, 1H; Ar-H dansyl),
8.25 (d, 3J(H,H)=8.7 Hz, 1H; Ar-H dansyl), 8.41 ppm (d, 3J(H,H)=
8.5 Hz, 1H; Ar-H dansyl); 13C NMR (CDCl3, 125 MHz): d=27.96, 28.07,
29.27, 30.67, 30.71, 32.75, 32.92, 37.16, 39.29, 39.33, 39.49, 40.54, 42.59,
45.12, 58.59, 70.01, 70.10, 70.21, 70.41, 70.45, 70.54, 70.64, 71.56, 77.20,
77.42, 77.66, 78.93, 79.18, 108.77, 108.84, 114.80, 119.22, 122.90, 124.50,
124.59, 125.93, 127.62, 128.65, 129.47, 129.56, 129.60, 131.15, 131.21,
131.23, 134.71, 135.65, 141.44, 141.65, 141.70, 141.97, 142.11, 151.35,
151.53, 151.62, 155.43, 156.16, 166.48, 166.53, 167.54, 170.06 ppm; MS
(MALDI-TOF, dithranol): m/z : 8137.30 [M+Na]+ (C393H654N24O144S3Na)
calcd molecular weight peak 8138.61.


1,3,5-Tris-[3-(3-{4-[3-(2,3-diaminopropionylamido)propoxy]-3,5-bis(1,3-
bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoylamino}-
propyl)-5-[3-(5-dimethylaminonaphthalene-1-sulfonylamino)propoxy]
[3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)-
benzoylamino]propyl)]benzamidopropyl]benzene hexakis-trifluoroacet-
ato (56): Compound 55 (0.30 g, 0.165 mmol) was dissolved in dichlorome-
thane (10 mL) and TFA (5 mL) was added at room temperature. The de-
protection was monitored with 1H NMR. The solvent was evaporated
and remaining TFA was removed by co-evaporation with methylene chlo-
ride. The sample was dried in high vacuum. No further purification was
carried out. Yield: 0.297 g (98%) of a yellowish oil.
1H NMR (CD3OD, 500 MHz): d=1.72 (m, 12H; b’-CH2), 1.86 (m, 12H;
b-CH2), 1.91 (m, 6H; b-CH2), 2.55 (t, 3J(H,H)=7.1 Hz, 6H; a-CH2), 2.63
(m, 3J(H,H)=7.1 Hz, 12H; a*-CH2), 2.97 (s, 18H; -N(CH3)2), 3.10 (t, 3J-
(H,H)=6.9 Hz, 12H; g’-CH2), 3.21 and 3.24 (2 s, 72H; -OCH3), 3.31 (m,
18H; g-CH2), 3.37–3.50 (2 m, 288H; -OCH2CH2O), 3.51 and 3.56 (2 m,
48H; -OCH(CH2)2), 3.91 (t, 3J(H,H)=5.7 Hz, 12H; a’-CH2), 4.05, 4.13
and 4.21 (m, 9H; -CH2NHBoc and -CHNHBoc), 4.48 and 4.65 (2 m,
12H; -OCH(CH2)2), 6.84 (s, 3H; Ar-H core), 7.17 (s, 6H; Ar-H gallate),
7.19 (s, 3H; Ar-H dendron), 7.23 (s, 6H; Ar-H gallate), 7.40 (d, 3J-
(H,H)=7.8 Hz, 1H; Ar-H dansyl), 7.43 (m, 6H; Ar-H dendron), 7.55 (m,
3H; Ar-H dansyl), 7.60 (m, 3H; Ar-H dansyl), 8.19 (d, 3J(H,H)=7.3 Hz,
3H; Ar-H dansyl), 8.45 ppm (m, 6H; Ar-H dansyl); 13C NMR (CD3OD,
125 MHz): d=30.41, 30.67, 31.58, 32.13, 32.17, 34.09, 34.32, 39.56, 40.68,
40.78, 41.04, 41.82, 46.04, 52.14, 59.05, 59.10, 71.18, 71.26, 71.37, 71.45,
71.71, 71.76, 71.88, 71.97, 72.80, 72.88, 73.62, 78.47, 79.03, 109.61, 109.83,
116.78, 121.29, 124.81, 126.02, 126.11, 127.34, 129.11, 130.22, 130.66,
130.96, 131.10, 132.85, 136.03, 137.44, 153.16, 153.25, 166.38, 168.87,


168.99, 169.99 ppm; MS (MALDI-TOF, CCA): m/z : 7926.26 [M+


3CCA�6H2O]+ (C393H615N27O132S3) calcd molecular weight peak
7926.48.


1,3,5-Tris-[3-(3-{4-(3-Benzyloxycarbonylaminopropoxy)-3,5-bis(1,3-bis{2-
[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoylamino}prop-
yl)-5-(3-{4-[3-(2,3-bis-tert-butoxycarbonylaminopropionylamido)pro-
poxy]-3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-
yloxy)benzoylamino}propyl)]benzamidopropyl]benzene (57): Compound
52 (0.27 g, 0.10 mmol) was dissolved in dry dichloromethane (4 mL). The
solution was cooled to �20 8C and HOBt (0.02 g, 0.14 mmol) and EDC
(0.03 g, 0.144 mmol) were added. The mixture was stirred for 1 h at
�20 8C and then allowed to warm to room temperature. The esterifica-
tion was monitored with TLC. After complete conversion, the mixture
was cooled to �40 8C, and a solution of 27 (0.01 g, 0.03 mmol) and dry
TEA (0.3 mL) in absolute methanol (0.5 mL) was added. The reaction
mixture was stirred for 1 h at �40 8C and then allowed to warm to room
temperature. The solution was extracted twice with 1m aqueous NaHCO3


and once with brine, and purified by column chromatography. The color-
less oil was dissolved in benzene, filtered, and lyophilized. Yield: 0.20 g
(91%) of a colorless oil. Rf=0.12 (silica gel; dichloromethane/methanol
(10:1)); 1H NMR (CDCl3, 500 MHz): d=1.26 and 1.32 (2 s, 54H; -C-
(CH3)3), 1.82 (m, 30H; b-CH2), 2.55 (m, 6H; a-CH2), 2.58 (m, 12H; a*-
CH2), 3.13 (m, 6H; g’-CH2), 3.24 and 3.25 (2 s, 72H; -OCH3), 3.34 (m,
18H; g-CH2), 3.38 (m, 12H; g’-CH2), 3.39–3.59 (2 m, 288H;
-OCH2CH2O), 3.62 and 3.66 (2 m, 48H; -OCH(CH2)2), 3.96 (t, 3J(H,H)=
5.6 Hz, 12H; a’-CH2), 3.94, 4.01 and 4.12 (m, 9H; -CH2NHBoc and
-CHNHBoc), 4.50 (m, 12H; -OCH(CH2)2), 4.99 (s, 6H; benzyl CH2),
5.30 (br s, 3H; -CH2NHBoc), 5.80 (d, 3J(H,H)=7.3 Hz, 3H;
-CHNHBoc), 6.05 (t, 3J(H,H)=5.8 Hz, 3H; -NH’), 6.80 (s, 3H; Ar-H
core), 7.05 (m, 3H; NH), 7.08 (s, 3H; Ar-H dendron), 7.13–7.33 (br m,
33H; Ar-H gallate, benzyl Ar-H, -NH), 7.40 ppm (s, 6H; Ar-H dendron);
13C NMR (CDCl3, 125 MHz): d=28.06, 28.16, 29.38, 29.58, 30.82, 30.92,
32.83, 33.03, 37.26, 38.23, 39.42, 39.45, 39.60, 42.71, 54.57, 58.70, 58.71,
66.10, 70.16, 70.22, 70.23, 70.32, 70.33, 70.52, 70.55, 70.57, 71.67, 77.20,
77.58, 77.63, 79.06, 79.32, 108.82, 108.94, 124.60, 124.66, 126.02, 127.74,
127.96, 128.22, 129.70, 131.25, 134.84, 136.74, 141.52, 141.77, 141.79,
142.18, 142.27, 151.74, 155.52, 156.26, 156.43, 166.60, 166.67, 167.63,
170.16 ppm; MS (MALDI-TOF, dithranol): m/z : 7841.79 [M+Na]+


(C381H639N21O144Na) calcd molecular weight peak 7841.19.


1,3,5-Tris-[3-(3-{4-(3-tert-butoxycarbonylaminopropoxy)-3,5-bis(1,3-bis{2-
[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benzoylamino}prop-
yl){5-[3-(5-dimethylaminonaphthalene-1-sulfonylamino)propoxy][3,5-
bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)benz-
oylamino]propyl)}benzamidopropyl]benzene (58): Compound 54
(0.225 g, 0.095 mmol) was dissolved in dry dichloromethane (6 mL). The
solution was cooled to �20 8C and HOBt (16 mg, 0.10 mmol) and EDC
(22 mg, 0.15 mmol) were added. The mixture was stirred for 1 h at
�20 8C and then allowed to warm to room temperature. The esterifica-
tion was monitored with TLC. After complete conversion, the mixture
was cooled to �40 8C, and a solution of 27 (0.01 g, 0.03 mmol) and dry
TEA (0.5 mL) in absolute methanol (2 mL) was added. The reaction mix-
ture was stirred for 1 h at �40 8C and then allowed to warm to room tem-
perature. The solvent was evaporated. The crude product was redissolved
in dichloromethane, extracted twice with 1m aqueous NaHCO3 and once
with brine, and purified by column chromatography. The greenish oil was
dissolved in benzene, filtered, and lyophilized. Yield: 0.18 g (82%) of a
yellowish oil.


Alternatively, the same compound was synthesized as follows: Com-
pound 10a (0.20 g, 0.19 mmol) was dissolved in dry dichloromethane
(10 mL). The solution was cooled to �20 8C and HOBt (0.03 g,
0.21 mmol) and EDC (44 mg, 0.30 mmol) were added. The mixture was
stirred for 1 h at �20 8C and then allowed to warm to room temperature.
The esterification was monitored with TLC. After complete conversion,
the mixture was cooled to �40 8C, and a solution of 62 (0.25 g,
0.05 mmol) and dry triethylamine (0.5 mL) in absolute methanol (2 mL)
was added. The reaction mixture was stirred for 1 h at �40 8C and then
allowed to warm to room temperature. The crude product was extracted
twice with 1m aqueous NaHCO3, once with brine, and purified by
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column chromatography. The greenish oil was dissolved in benzene, fil-
tered, and lyophilized. Yield: 0.35 g (89%) of a yellowish oil.


Rf=0.19 (silica gel; dichloromethane/methanol (10:1)); 1H NMR (CDCl3,
500 MHz): d=1.36 (s, 27H; -C(CH3)3), 1.72 (m, 6H; b’-CH2), 1.80 (m,
6H; b’’-CH2), 1.86 (m, 18H; b-CH2), 2.56 (m, 6H; a-CH2), 2.60 (m, 12H;
a*-CH2), 2.81 (s, 18H; -N(CH3)2), 3.18 (m, 6H; g’-CH2), 3.25 and 3.26
(2 s, 72H; -OCH3), 3.30 (m, 6H; g’’-CH2), 3.35 (m, 18H; g-CH2), 3.40–
3.58 (2 m, 288H; -OCH2CH2O), 3.61 and 3.66 (2 m, 48H; -OCH(CH2)2),
3.92 (t, 3J(H,H)=5.4 Hz, 6H; a’-CH2), 3.97 (t, 3J(H,H)=5.6 Hz, 6H; a’’-
CH2), 4.39, 4.47, and 4.52 (3 m, 12H; -OCH(CH2)2), 5.60 (br s, 3H;
-NH’), 6.26 (m, 3H; -NH’’), 6.81 (s, 3H; Ar-H core), 7.10 (m, 3H; Ar-H
dansyl), 7.15 (m, 6H; -NH), 7.18 and 7.19 (2 s, 12H; Ar-H gallate), 7.20
(s, 3H; Ar-H dendron), 7.42 (m, 9H; Ar-H dansyl), 8.16 (d, 3J(H,H)=
7.2 Hz, 1H; Ar-H dansyl), 8.29 (d, 3J(H,H)=8.7 Hz, 1H; Ar-H dansyl),
8.45 ppm (d, 3J(H,H)=7.8 Hz, 1H; Ar-H dansyl); 13C NMR (CDCl3,
125 MHz): d=28.40, 29.48, 29.79, 29.90, 30.84, 30.86, 30.95, 32.88, 33.07,
37.73, 39.47, 39.66, 40.67, 40.72, 45.28, 58.75, 70.05, 70.23, 70.24, 70.25,
70.27, 70.29, 70.33, 70.35, 70.38, 70.54, 70.63, 70.68, 70.76, 70.97, 71.70,
71.71, 71.72, 77.20, 77.68, 77.81, 78.45, 108.93, 108.99, 114.96, 119.43,
123.07, 124.68, 126.04, 127.73, 128.79, 129.60, 129.61, 129.67, 129.70,
131.28, 132.08, 134.86, 135.80, 140.28, 141.55, 141.81, 141.83, 141.85,
142.12, 142.32, 142.35, 151.67, 151.80, 151.90, 155.99, 166.66, 166.70,
167.66, 170.66 ppm; MS (MALDI-TOF, dithranol): m/z : 7580.60
[M+Na]+ (C396H612N18O135S3Na) calcd molecular weight peak 7580.03.


1,3,5-Tris-[3-(3-benzyloxycarbonylaminopropyl)-5-(3-tert-butoxycarbon-
ylamidopropyl)benzoylamidopropyl]benzene (59): Compound 43 (2.00 g,
4.25 mmol) was dissolved in dry dichloromethane (20 mL). The solution
was cooled to �20 8C and HOBt (0.72 g, 4.67 mmol) and EDC (0.98 g,
5.14 mmol) were added. The mixture was stirred for one hour at �20 8C
and then allowed to warm to room temperature. The esterification was
monitored with TLC. After complete conversion, the mixture was cooled
to �40 8C, and a solution of 27 (0.425 g, 1.18 mmol) and dry TEA (1 mL)
in absolute methanol (5 mL) was added. The reaction mixture was stirred
for 1 h at �40 8C and then allowed to warm to room temperature. The or-
ganic phase was extracted twice with 1m NaHCO3, once with brine, and
dried. The solvents were evaporated. The crude product was purified by
column chromatography (silica gel; dichloromethane/methanol (30:1)).
Yield: 1.69 g (89%) of a colorless solid.


Rf=0.30 (silica gel; dichloromethane/methanol (30:1)); 1H NMR (CDCl3,
500 MHz): d=1.39 (s, 27H; -C(CH3)3), 1.69 (m, 6H; b’’-CH2), 1.73 (m,
6H; b’-CH2), 1.87 (m, 6H; b-CH2), 2.52 (m, 6H; a’’-CH2), 2.53 (m, 6H;
a’-CH2), 2.56 (m, 6H; a-CH2), 3.01 (m, 6H; g’’-CH2), 3.10 (m, 6H; g’-
CH2), 3.37 (m, 6H; g-CH2), 4.77 (br s, 3H; -NH’’), 5.03 (s, 6H; -CH2Ar),
5.20 (br s, 3H; -NH’), 6.81 (s, 3H; Ar-H core), 7.02 (s, 3H; Ar-H den-
dron), 7.04 (br s, 3H; -NH), 7.22–7.30 (m, 15H; benzyl Ar-H), 7.36 (s,
3H; Ar-H dendron), 7.38 ppm (s, 3H; Ar-H dendron); 13C NMR
(CD3OD, 125 MHz): d=28.18, 30.64, 30.85, 31.03, 32.22, 32.89, 39.43,
39.93, 66.17, 78.75, 124.62, 124.68, 125.89, 127.65, 127.71, 128.16, 131.25,
134.60, 136.42, 141.44, 141.48, 141.56, 155.94, 156.42, 167.63 ppm; MS
(MALDI-TOF, dithranol): m/z : 1645.99 [M+Na]+


(12C93
1H123


14N9
16O15


23Na) calcd monoisotopic peak 1629.99.


1,3,5-Tris-[3-(3-tert-butoxycarbonylamino-propyl)-5-({4-[3-(5-dimethyl-
aminonaphthalene-1-sulfonylamido)propoxy]}[3,5-bis(1,3-bis{2-[2-(2-me-
thoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)]benzoylamidopropyl)ben-
zoylamidopropyl]benzene (61): Compound 13 (0.97 g, 0.81 mmol) was
dissolved in dry dichloromethane (30 mL). The solution was cooled to
�20 8C and HOBt (0.14 g, 0.94 mmol) and EDC (0.19 g, 1.01 mmol) were
added. The mixture was stirred for 1 h at �20 8C and then allowed to
warm to room temperature. The esterification was monitored with TLC.
After complete conversion, the mixture was cooled to �40 8C, and a solu-
tion of 60 (0.25 g, 0.21 mmol) and dry TEA (0.3 mL) in absolute metha-
nol (3 mL) was added. The reaction mixture was stirred for 1 h at �40 8C
and then allowed to warm to room temperature. The solvents were
evaporated. The crude product was purified by column chromatography
(silica gel; dichloromethane/methanol (25:1)). The greenish oil was dis-
solved in benzene, filtered and lyophilized. Yield: 0.950 g (97%) of a yel-
lowish oil.


Rf=0.29 (silica gel; dichloromethane/methanol (25:1)); 1H NMR (CDCl3,
500 MHz): d=1.32 (s, 27H; -C(CH3)3), 1.64 (m, 6H; b’-CH2), 1.70 (m,
6H; b’’-CH2), 1.83 (m, 12H; b-CH2), 2.47 (t, 3J(H,H)=7.4 Hz, 6H; a’-
CH2), 2.54 (m, 12H; a-CH2), 2.77 (s, 18H; -N(CH3)2), 2.96 (m, 6H; g’-
CH2), 3.15 (m, 6H; g’’-CH2), 3.23 (s, 36H; -OCH3), 3.32 (m, 12H; g-
CH2), 3.37–3.52 (2 m, 144H; -OCH2CH2O), 3.58 (d, 3J(H,H)=5.0 Hz,
24H; -OCH(CH2)2), 3.89 (t, 3J(H,H)=5.4 Hz, 6H; a’’-CH2), 4.46 (quint,
3J(H,H)=5.0 Hz, 6H; -OCH(CH2)2), 4.91 (t, 3J(H,H)=5.6 Hz, 3H;
-NH’), 6.28 (t, 3J(H,H)=6.3 Hz, 3H; -NH’’), 6.79 (s, 3H; Ar-H core),
7.01 (s, 3H; Ar-H dendron), 7.04 (d, 3J(H,H)=7.6 Hz, 3H; Ar-H dansyl),
7.09 (t, 3J(H,H)=5.5 Hz, 3H; -NH), 7.17 (s, 6H; Ar-H gallate), 7.23 (t,
3J(H,H)=5.6 Hz, 3H; -NH), 7.32 (s, 3H; Ar-H dendron), 7.36 (m, 3H;
Ar-H dansyl), 7.36 (s, 3H; Ar-H dendron), 7.41 (dd, 3J(H,H)=8.5 Hz, 3J-
(H,H)=7.4 Hz, 3H; Ar-H dansyl), 8.14 (dd, 3J(H,H)=7.3 Hz, 4J(H,H)=
1.1 Hz, 3H; Ar-H dansyl), 8.25 (d, 3J(H,H)=8.7 Hz, 3H; Ar-H dansyl),
8.41 ppm (d, 3J(H,H)=8.4 Hz, 3H; Ar-H dansyl); 13C NMR (CDCl3,
125 MHz): d=27.81, 29.50, 30.25, 30.70, 31.92, 32.30, 32.56, 38.92, 39.02,
39.09, 40.20, 44.71, 58.15, 69.66, 69.70, 69.72, 69.75, 69.82, 70.04, 70.22,
71.17, 77.19, 78.03, 108.43, 114.42, 118.80, 122.52, 124.24, 125.55, 127.26,
128.24, 129.08, 129.19, 129.26, 130.72, 134.22, 135.35, 141.15, 141.23,
141.58, 151.06, 151.16, 155.55, 166.17, 167.11 ppm; MS (MALDI-TOF, di-
thranol): m/z : 4754.01 [M+Na]+ (C237H375N15O75S3Na) calcd molecular
weight peak 4754.01; 4428.57 [M+H]+ (12C222


1H352
14N15


16O69
32S3) calcd


monoisotopic peak 4428.37.


1,3,5-Tris-[3-(3-amino-propyl)-5-({4-[3-(5-dimethylaminonaphthalene-1-
sulfonylamido)propoxy]}[3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]-
ethoxy}propan-2-yloxy)]benzoylamidopropyl)benzoylamidopropyl]benze-
netris-hydrotrifluoro acetate (62): Compound 61 (0.66 g, 0.14 mmol) was
dissolved in dry dichloromethane (10 mL) and TFA (5 mL) was added at
room temperature. The deprotection was monitored by 1H NMR spec-
troscopy. After complete conversion, the solvents were evaporated and
the remainder dried in high vacuum. No further purification was carried
out. Yield: 0.658 g (99%) of a yellowish oil.
1H NMR (CD3OD, 500 MHz): d=1.75 (m, 6H; b’’-CH2), 1.87 (m, 18H;
b-CH2), 2.57 (m, 6H; a-CH2), 2.61 (m, 6H; a’-CH2), 2.65 (t, 3J(H,H)=
7.6 Hz, 6H; a-CH2), 2.85 (m, 6H; g-CH2), 2.88 (s, 18H; -N(CH3)2), 3.12
(t, 3J(H,H)=7.1 Hz, 6H; g’’-CH), 3.24 (s, 36H; -OCH3), 3.26 (sept, 4J-
(H,H)=1.7 Hz, 3H; -NH(CH3)2), 3.33 (t, 3J(H,H)=6.4 Hz, 12H; g-CH2),
3.39–3.52 (2 m, 144H; -OCH2CH2O), 3.59 (m, 24H; -OCH(CH2)2), 3.96
(t, 3J(H,H)=5.7 Hz, 6H; a’’-CH2), 4.52 (quint, 3J(H,H)=4.8 Hz, 6H;
-OCH(CH2)2), 6.86 (s, 3H; Ar-H core), 7.16 (s, 3H; Ar-H dendron), 7.17
(s, 6H; Ar-H gallate), 7.28 (d, 3J(H,H)=7.6 Hz 3H; Ar-H dansyl), 7.43
(m, 6H; Ar-H dendron), 7.53 (dd, 3J(H,H)=8.7 Hz, 3J(H,H)=7.7 Hz,
3H; Ar-H dansyl), 7.57 (dd, 3J(H,H)=8.5 Hz, 3J(H,H)=7.4 Hz, 3H; Ar-
H dansyl), 8.18 (dd, 3J(H,H)=7.3 Hz, 4J(H,H)=1.1 Hz, 3H; Ar-H
dansyl), 8.36 (d, 3J(H,H)=8.7 Hz, 3H; Ar-H dansyl), 8.50 ppm (d, 3J-
(H,H)=8.5 Hz, 3H; Ar-H dansyl); 13C NMR (CD3OD, 125 MHz): d=


29.92, 31.57, 31.89, 31.92, 32.12, 33.20, 33.99, 34.28, 40.29, 40.58, 40.79,
41.79, 46.17, 59.07, 71.19, 71.38, 71.84, 71.99, 72.82, 78.97, 109.68, 117.12,
121.91, 125.05, 126.06, 126.26, 126.28, 127.28, 129.06, 130.22, 130.37,
130.50, 130.65, 130.91, 132.71, 136.18, 137.55, 142.30, 143.18, 143.34,
143.76, 151.08, 153.21, 168.92, 169.88 ppm; MS (MALDI-TOF, CCA): m/
z : 4450.63 [M+Na]+ (12C222


1H351
14N15


16O69
32S3


23Na) calcd monoisotopic
peak 4450.35; 4428.57 [M+H]+ (12C222


1H352
14N15


16O69
32S3) calcd monoiso-


topic peak 4428.37.


1,3,5-Tris-[3-({4-[3-(5-dimethylaminonaphthalene-1-sulfonylamido)pro-
poxy]}[3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-
yloxy)]amidopropyl)-5-{[4-{3-[di-tert-butyl-2-(2-carbamoylethyl)malonyl]-
propoxy}][3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-
yloxy)]benzoylamidopropyl}benzoylamidopropyl]benzene (63): Com-
pound 24 (0.14 g, 0.11 mmol) was dissolved in dry dichloromethane
(7 mL). The solution was cooled to �20 8C and HOBt (19 mg,
0.12 mmol) and EDC (26 mg, 0.14 mmol) were added. The mixture was
stirred for 1 h at �20 8C and then allowed to warm to room temperature.
The esterification was monitored with TLC. After complete conversion,
the mixture was cooled to �40 8C, and a solution of 62 (0.15 g,
0.03 mmol) and dry TEA (1 mL) in absolute methanol (1 mL) was
added. The reaction mixture was stirred for 1 h at �40 8C and then al-
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lowed to warm to room temperature. The solvents were evaporated. The
crude product was purified by column chromatography (silica gel; di-
chloromethane/methanol 30:1 increasing to 10:1). The greenish oil was
dissolved in benzene, filtered, and lyophilized. Yield: 0.24 g (94%) of a
greenish oil.


Rf=0.27 (silica gel; dichloromethane/methanol (15:1)); 1H NMR (CDCl3,
500 MHz): d=1.31 (s, 54H; -C(CH3)3), 1.67 (m, 6H; b’’-CH2), 1.77 (m,
6H; b’-CH2), 1.80 (m, 18H; b-CH2), 1.97 (m, 6H; b’’’-CH2), 2.09 (m, 6H;
a’’’-CH2), 2.52 (m, 18H; a-CH2), 2.74 (s, 18H; -N(CH3)2), 3.08 (t, 3J-
(H,H)=4.9 Hz, 3H; g’’’-CH), 3.11 (m, 6H; g’’-CH2), 3.19 and 3.20 (2 s,
72H; -OCH3), 3.28 (m, 18H; g-CH2), 3.33–3.52 (2 m, 288H;
-OCH2CH2O), 3.36 (m, 6H; g’-CH2), 3.54 and 3.59 (2 m, 48H; -OCH-
(CH2)2), 3.87 (t, 3J(H,H)=5.4 Hz, 6H; a’’-CH2), 3.93 (t, 3J(H,H)=5.6 Hz,
6H; a’-CH2), 4.41 (quint, 3J(H,H)=5.0 Hz, 6H; -OCH(CH2)2), 4.45
(quint, 3J(H,H)=4.9 Hz, 6H; -OCH(CH2)2), 6.22 (t, 3J(H,H)=6.1 Hz,
3H; -NH’’), 6.67 (t, 3J(H,H)=5.7 Hz, 3H; -NH’), 6.76 (s, 3H; Ar-H
core), 7.01 (s, 3J(H,H)=7.4 Hz, 3H; Ar-H dansyl), 7.04 (s, 3H; Ar-H
dendron), 7.08 (m, 3H; -NH), 7.12 (m, 6H; -NH), 7.14 and 7.15 (2 s,
12H; Ar-H gallate), 7.33 (m, 3H; Ar-H dansyl), 7.35 (m, 6H; Ar-H den-
dron), 7.39 (m, 3H; Ar-H dansyl), 8.11 (d, 3J(H,H)=7.4 Hz, 3H; Ar-H
dansyl), 8.23 (d, 3J(H,H)=8.8 Hz, 3H; Ar-H dansyl), 8.38 ppm (d, 3J-
(H,H)=8.5 Hz, 3H; Ar-H dansyl); 13C NMR (CDCl3, 125 MHz): d=


24.10, 27.51, 29.27, 29.69, 30.57, 32.59, 32.78, 33.10, 36.74, 39.18, 39.32,
40.44, 45.01, 52.77, 70.00, 70.02, 70.12, 70.32, 70.38, 70.53, 71.15, 71.46,
77.43, 77.54, 80.87, 108.73, 108.80, 114.69, 119.09, 122.79, 124.42, 124.50,
125.86, 127.52, 128.53, 129.36, 129.46, 129.52, 131.05, 134.60, 135.57,
141.35, 141.54, 141.86, 142.08, 151.30, 151.43, 151.51, 166.42, 167.43,
168.09, 171.44 ppm; MS (MALDI-TOF, CCA): m/z : 8088.55 [M+K]+


(12C395
1H654


14N18
16O144


32S3
39K) calcd monoisotopic peak 8089.32.


1,3,5-Tris-[3-({4-[3-(5-dimethylaminonaphthalene-1-sulfonylamido)pro-
poxy]}[3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-
yloxy)]benzoylamidopropyl)-5-{[4-{3-[dibenzyl-2-(2-carbamoylethyl)mal-
onyl]propoxy}][3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}pro-
pan-2-yloxy)]benzoylamidopropyl}benzoylamidopropyl]benzene (64):
Compound 26 (0.14 g, 0.11 mmol) was dissolved in dry dichloromethane
(7 mL). The solution was cooled to �20 8C and HOBt (0.02 g, 0.12 mmol)
and EDC (26 mg, 0.14 mmol) were added. The mixture was stirred for
1 h at �20 8C and then allowed to warm to room temperature. The esteri-
fication was monitored with TLC. After complete conversion, the mix-
ture was cooled to �40 8C, and a solution of 62 (0.150 g, 0.031 mmol) and
dry TEA (1 mL) in absolute methanol (1 mL) was added. The reaction
mixture was stirred for 1 h at �40 8C and then allowed to warm to room
temperature. The solvents were evaporated. The crude product was puri-
fied by column chromatography (silica gel; dichloromethane/methanol
30:1 increasing to 15:1). The greenish oil was dissolved in benzene, fil-
tered, and lyophilized. Yield: 0.190 g (74%) of a greenish oil.


Rf=0.24 (silica gel; dichloromethane/methanol (15:1)); 1H NMR (CDCl3,
500 MHz): d=1.77 (m, 6H; b’’-CH2), 1.85 (m, 6H; b’-CH2), 1.91 (m,
12H; b-CH2), 2.24 (m, 12H; a’’’-CH2 and b’’’-CH2), 2.61 (m, 6H; a-CH2),
2.65 (m, 6H; a*-CH2), 3.22 (m, 6H; g’’-CH2), 3.30 (s, 90H; -OCH3 and
-N(CH3)2), 3.42 (m, 18H; g-CH2), 3.45–3.61 (2 m, 288H; -OCH2CH2O),
3.62 (m, 3H; g’’’-CH2), 3.66 and 3.69 (2 m, 48H; -OCH(CH2)2), 3.96 (t, 3J-
(H,H)=5.4 Hz, 6H; a’’-CH2), 4.01 (t, 3J(H,H)=5.6 Hz, 6H; a’-CH2),
4.54 (q, 3J(H,H)=4.9 Hz, 6H; -OCH(CH2)2),4.57 (q, 3J(H,H)=5.0 Hz,
6H; -OCH(CH2)2), 5.09 (m, 12H; -OCH2Ar), 6.42 (br s, 3H; -NH’’), 6.82
(t, 3J(H,H)=5.6 Hz, 3H; -NH’), 6.86 (s, 3H; Ar-H core), 7.13 (m, 3H;
-NH), 7.15 (s, 3H; Ar-H dendron), 7.25 (s, 12H; Ar-H gallate), 7.22–7.28
(m, 39H; Ar-H dansyl, benzyl Ar-H, -NH), 7.47 (m, 6H; Ar-H dendron),
7.49 (m, 6H; Ar-H dansyl), 8.22 (d, 3J(H,H)=7.4 Hz, 3H; Ar-H dansyl),
8.38 (m, 3H; Ar-H dansyl), 8.56 ppm (m, 3H; Ar-H dansyl); 13C NMR
(CDCl3, 125 MHz): d=24.18, 29.29, 29.78, 30.66, 30.70, 30.75, 32.69,
32.81, 32.89, 36.86, 39.27, 39.32, 39.46, 40.54, 45.12, 50.76, 58.58, 66.66,
70.09, 70.10, 70.11, 70.12, 70.22, 70.40, 70.45, 70.62, 71.28, 71.56, 77.20,
77.56, 77.69, 108.88, 108.96, 114.82, 119.23, 122.92, 124.49, 124.58, 125.92,
127.59, 127.70, 127.93, 128.19, 128.64, 129.46, 129.56, 129.58, 131.13,
134.73, 135.08, 135.66, 141.42, 141.61, 141.65, 142.02, 142.21, 151.54,
151.61, 166.51, 166.53, 167.48, 168.50, 171.14 ppm; MS (MALDI-TOF,
CCA): m/z : 8305.72 [M+K]+ (12C414


1H642
14N18


16O144
32S3


39K) calcd mono-


isotopic peak 8305.23; 8289.92 [M+Na]+ (12C414
1H642


14N18
16O144


32S3
23Na)


calcd monoisotopic peak 8289.25.


1,3,5-Tris-[3-({4-[3-(5-dimethylaminonaphthalene-1-sulfonylamido)pro-
poxy]}[3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-
yloxy)]benzoylamidopropyl)-5-{[4-{3-[2-(2-carbamoylethyl)malonato]pro-
poxy}][3,5-bis(1,3-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propan-2-
yloxy)]benzoylamidopropyl}benzoylamidopropyl]benzene (65): Com-
pound 63 (0.20 g, 0.025 mmol) was dissolved in dichloromethane (7 mL)
and TFA (4 mL) was added at room temperature. The deprotection was
monitored with 1H NMR. The solvent was evaporated. Remaining TFA
was removed by coevaporation with dichloromethane. The sample was
dried in high vacuum. No further purification was carried out. Yield:
0.19 g (97%) of a colorless oil.
1H NMR (CD3OD, 500 MHz): d=1.61 (m, 6H; b’’-CH2), 1.74 (m, 24H;
b-CH2 and b’-CH2), 1.96 (m, 6H; b’’’-CH2), 2.13 (m, 6H; a’’’-CH2), 2.45
(t, 3J(H,H)=7.2 Hz, 6H; a-CH2), 2.52 (m, 3J(H,H)=6.8 Hz, 12H; a*-
CH2), 3.03 (t, 3J(H,H)=6.9 Hz, 6H; g’’-CH2), 3.11 (s, 18H; -N(CH3)2),
3.12 (2 s, 72H; -OCH3), 3.21 (m, 21H; g’’’-CH and g-CH2), 3.26 (m, 6H;
g’-CH2), 3.27–3.42 (2 m, 288H; -OCH2CH2O), 3.45 and 3.56 (2 m, 48H;
-OCH(CH2)2), 3.80 (t, 3J(H,H)=5.6 Hz, 6H; a’’-CH2), 3.92 (t, 3J(H,H)=
5.6 Hz, 6H; a’-CH2), 4.37 (q, 3J(H,H)=5.0 Hz, 6H; -OCH(CH2)2), 4.45
(q, 3J(H,H)=4.9 Hz, 6H; -OCH(CH2)2), 6.74 (s, 3H; Ar-H core), 7.05 (s,
6H; Ar-H gallate), 7.09 (s, 3H; Ar-H dendron), 7.11 (s, 6H; Ar-H gal-
late), 7.33 (m, 6H; Ar-H dendron), 7.55 (m, 3H; Ar-H dansyl), 7.63 (m,
6H; Ar-H dansyl), 8.18 (d, 3J(H,H)=7.3 Hz, 3H; Ar-H dansyl), 8.32 (d,
3J(H,H)=8.8 Hz, 6H; Ar-H dansyl), 8.87 (d, 3J(H,H)=8.5 Hz, 6H; Ar-H
dansyl); 13C NMR (CD3OD, 125 MHz): d=25.93, 30.83, 31.43, 32.07,
34.04, 34.27, 34.38, 38.19, 40.70, 40.79, 41.86, 47.52, 59.04, 71.19, 71.31,
71.38, 71.41, 71.80, 71.85, 72.49, 72.80, 78.90, 78.94, 109.83, 119.84, 126.04,
127.29, 127.82, 128.75, 130.62, 130.66, 130.98, 132.86, 135.90, 138.68,
143.16, 143.38, 143.56, 143.58, 153.13, 153.28, 160.00, 160.01, 160.30,
169.02, 169.05, 170.01, 172.33, 174.51 ppm; MS (MALDI-TOF, dithranol):
m/z : 7753.58 [M+Na]+ (C372H605N18O144S3Na) calcd molecular weight
peak 7753.00.
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Introduction


Asbestos fibers are mobilized from their natural deposits—
the rocks to which they are associated—mainly following
human activities. Excavation in mines or tunnel construc-
tions through asbestos-containing rocks generates harmful
airborne fibrils, which may be deposited in large soil areas.


No current technology is available for the remediation of
such sites. Serpentine rocks, naturally rich in chrysotile, or
asbestos-contaminated soils are thus a serious environmen-
tal issue, recognized by environmental protection agencies
(for example, the USA Environmental Protection Agency at
the “Asbestos Health Effects Colloquium” (Oakland, CA,
24–27 May 2001) and the “Asbestos mechanism of toxicity
workshop”, (Chicago, IL, 12–13 June 2003)).
Asbestos is a commercial term encompassing two groups


of magnesium silicates which often crystallize in fibrous
form: amphiboles and serpentines. The crystal structure of
the amphiboles can be described in terms of a basic structur-
al unit formed by a double-tetrahedral chain (corner-linked
SiO4 tetrahedra) of composition (Si4O11)n


6n�. These silicate
double chains share oxygen atoms with alternate layers of
edge-sharing MO6 octahedra, where M stands for a variety
of cations: mostly Mg2+ , Ca2+ , Fe2+ , or Fe3+ . In most
common amphiboles—amosite (fibrous grunerite), (Fe2+,Mg)7-


Abstract: In a previous study several
strains of soil fungi were reported to
remove iron in vitro from crocidolite
asbestos, a process that was envisaged
as a possible bioremediation route for
asbestos-polluted soils. Here, we get
some new insight into the chemical
basis of the fiber/fungi interaction by
comparing the action of the most
active fungal strain Fusarium oxyspo-
rum on three kind of asbestos fibers—
chrysotile, amosite, and crocidolite—
and on a surface-modified crocidolite.
None of the fibers examined signifi-
cantly inhibited biomass production.
Even the smallest fibrils were visibly
removed from the supernatant follow-
ing adhesion to fungal hyphae. F. oxy-
sporum, through release of chelators,
extracted iron from all fibers; the


higher the amount of iron at the ex-
posed surface, the larger the amount
removed, that is, crocidolite>amo-
site@chrysotile. When considering the
fraction of total iron extracted, howev-
er, the ranking was chrysotile>croci-
dolite>amosite>heated crocidolite,
because of the different accessibility of
the chelators to the metal ions in the
crystal structure. Chrysotile was the
easiest to deplete of its metal content.
Iron removal fully blunted HOC radical
release from crocidolite and chrysotile
but only partially from amosite. The re-
moval, in a long-term experiment, of
more iron than is expected to be at the


surface suggests a diffusion of ions
from the bulk solid towards the surface
depleted of iron by fungal activity.
Thus, if the fibers could be treated with
a continuous source of chelators, iron
extraction would proceed up to a full
inactivation of free radical release. The
fungal metabolic response of F. oxy-
sporum grown in the presence of chrys-
otile, amosite and crocidolite revealed
that new extracellular proteins are in-
duced—including manganese-superox-
ide dismutase, the typical antioxidant
defense—and others are repressed,
upon direct contact with the fibers. The
protein profile induced by heated cro-
cidolite was different, a result suggest-
ing a key role for the state of the fiber/
hyphae interface in protein induction.
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Si8O22(OH)2, and crocidolite (fibrous riebeckite), Na2(Fe
3+)2-


(Fe2+,Mg)3Si8O22(OH)2—iron is a major stoichiometric com-
ponent. The crystal structure of all the minerals in the ser-
pentine group can be thought of as being formed by a
double layer consisting of a tetrahedral (silicate) sheet of
composition (Si4O11)n


6n�, in which three of the oxygen atoms
in each SiO4 tetrahedron are shared by adjacent tetrahedra,
and an octahedral (brucite) sheet of composition
[Mg3O2(OH)4]n


2+ formed by edge-sharing MgO2(OH)4 octa-
hedra (Fe2+ can substitute for Mg2+ in this layer because of
the similarity in size of the two divalent ions, Table 1). The
two sheets are bonded together forming a double layer in


which the apical oxygen atoms of the (Si2O5)n
2n� sheet are


shared with the brucite layer.
Chrysotile, Mg6Si4O10(OH)8, the most common serpentine,


can contain Fe2+ ions, replacing Mg2+ ions, to a large or
small extent depending on the geological source.[1] Natural
chrysotile may contain up to 5% iron. Such fibers are all
very poorly soluble in water, but previous work[1–3] has
shown that treatments in vitro with various chelators may
extract iron from the fiber, modify surface properties,[4,5]


and even promote, over a long period of time, the disruption
of several subsurface layers.[6] Iron ions are directly involved
in the accepted mechanism of fiber toxicity[7–10] because at
the fiber/lung interface of the inhaled fiber they constitute
active centers where release of free radicals and reactive
oxygen species (ROS) takes place.[5,11, 12] These reactions ini-
tiate or contribute to the overall pathogenicity.[13,14]


Incubation of the fibers with an aqueous solution of some
chelators was reported to inhibit surface reactivity[15] and to
decrease DNA damage and lipid peroxidation in vitro.[16–18]


Synthetic chrysotile with no iron in the structure was recent-
ly reported not to be cytotoxic toward human epithelial cells
in a culture.[19] Iron extraction from asbestos fibers may also
destabilize the lattice if the extraction proceeds for several
layers below the fiber surface. As both the fibrous habit and
the chemical reactivity are involved in asbestos pathogenici-
ty, iron removal may be considered as a possible strategy to
reduce asbestos-associated toxicity and to inactivate the
fibers.
Many microorganisms can modify the chemical status and


solubility of metals in the environment,[20,21] and some of
these microorganisms are widely employed in the bioreme-
diation of heavy-metal-polluted sites.[22] Soil fungi are very


suitable as bioremediation agents since they are ubiquitous
organisms and efficient substrate colonizers, they have ex-
ceptional degrading capabilities, and they show a good toler-
ance to extreme environments and polluted conditions. Like
all organisms, soil fungi require iron for their own metabo-
lism and have developed mechanisms to scavenge this ele-
ment from difficult sources through the release of chelating
molecules (for example, siderophores and some organic
acids).[23] A multidisciplinary approach was therefore set up
to investigate whether soil fungi could mobilize iron ions
from asbestos fibers.
Previous experiments have shown that a variety of fungal


strains were able, at least in vitro, to grow in the presence of
crocidolite asbestos and to extract iron from the fibers with
variable effectiveness.[24,25] Crocidolite, however, is not the
most common type of asbestos, being confined mainly to rel-
atively small deposits in South Africa, China, and Australia.
The greatest percentage of the asbestos mined and manufac-
tured is chrysotile, the most common fibrous serpentine.[26]


We have therefore chosen Fusarium oxysporum, the most
effective iron-extracting fungus,[24] and compared its effect
on various asbestos forms and on thermally modified croci-
dolite, in order to understand the role played by the physi-
co-chemical characteristics of the fibers in their potential to
be degraded by fungi. In order to recover the asbestos fibers
after exposure to the fungal activity, the fibers were separat-
ed from the mycelium in some cases by a dialysis mem-
brane. The potential of the recovered fibers to generate free
radicals was then compared with that of the original sam-
ples. Finally in order to clarify the biological mechanism
whereby fungi modify asbestos, the metabolic activities of
the fungus in the presence of the various types of asbestos
were also investigated, with particular interest in extracellu-
lar proteins and/or proteins involved in an oxidative-stress
response.


Results


Growth and morphological analysis : In the presence of the
fungal mycelium, all asbestos fibers and fibrils were visibly
removed from the suspension and tightly bound to the
fungal hyphae, so that the supernatant was progressively
cleared, in a similar manner to that already reported for cro-
cidolite. Previous ultrastructural studies have shown that the
fibrils are, in this case, in intimate contact with the
fungus.[24,25]


None of the fibers examined significantly inhibited bio-
mass production of F. oxysporum grown in liquid culture
(Figure 1), either in direct contact with the fungus or when
kept in a separate chamber by a dialysis membrane. The
presence of asbestos fibers, however, caused the release of a
dark yellow soluble pigment in the culture medium.


Iron removal : In the absence of fungi, none of the fiber
types released any detectable iron into the medium. Con-
versely, iron was always detected in the supernatant of


Table 1. Specific surface area and total iron content of asbestos fibers.


Specific surface
area


Iron con-
tent


[m2g�1] [w/w%]


chrysotile, Mg3Si2O5(OH)4 21[a] 1.92[b]


amosite, (FeII,Mg)7Si8O22(OH)2 5[a] 28.5[a]


crocidolite, Na2Fe
III
2 (Fe


II,Mg)3Si8O22(OH)2 8[a] 27.3[a]


heated crocidolite, Na2Fe
III
2 -


(FeII,Mg)3Si8O22(OH)2


5[a] 27.3[a]


[a] See references [9, 27,53]. [b] See the Experimental Section.
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fungal cultures grown in the presence of the various kinds of
fibers. The iron concentration in the medium was measured
after 20 days of incubation and was found to be significantly
increased in the presence of the mineral, either in direct
contact with the mycelium or when kept in a separate cham-
ber by a dialysis membrane. In an in vitro treatment with
chelators[1] the amount of iron removed depends on both
the surface area of the fibers and their chemical composi-
tion, namely the amount of surface iron. As expected, the
amount of iron extracted was significantly greater for both
amphiboles, crocidolite and amosite, than for chrysotile
(Table 2). As previously reported, a thermal treatment of


crocidolite at 800 8C in air leads to a 37% reduction of the
surface area of the fibers and modifies the coordination
status of surface iron ions, which saturate their coordination
valencies within the silica framework. The lower number of
poorly coordinated iron ions at the surface of the heated
sample is consistent with a reduced iron availability.[27] As
expected, F. oxysporum is able to remove from heated croci-
dolite only about half the amount of iron removed from the
original fibers.
To investigate whether iron extraction could proceed over


a long period of time of contact between fungus and fibers
and whether the accumulation of soluble iron in the
medium could affect fungal growth, F. oxysporum was culti-


vated with crocidolite (the fiber richest in removable iron)
for 56 days in a larger culture system (500 mL of culture
medium instead of 80 mL). The fungal biomass, measured as
dry weight at the end of the incubation, was similar in the
presence of the fibers and in the control samples, thus indi-
cating that there is no growth inhibition even after pro-
longed exposure. Aliquots of the culture medium were sam-
pled weekly under sterile conditions to monitor the iron
concentration. After 20 days the concentration of iron at-
tained the value already measured in the smaller culture
system, while after 56 days the iron released was twice as
much (Figure 2). The final value attained, 11.45 ionsnm�2, is
considerably more than what would be expected to be locat-
ed at the surface of the fibers.[6]


The activity of F. oxysporum on crocidolite was also com-
pared with that of the strong siderophore desferrioxamine in
order to evaluate the amount of iron available for further
extraction (that is, potentially mobilized in the human body
by endogenous chelators). Crocidolite fibers, incubated
either in the culture medium alone or with F. oxysporum,
were thus further incubated with desferrioxamine (1 mm)
for 37 days. Aliquots of the supernatant were taken at subse-
quent time periods to measure the iron concentration. Com-
parison of the kinetics of iron release (Figure 3) showed that
the iron removed by desferrioxamine is substantially re-
duced following contact with the fungus but is not fully sup-
pressed. The difference between the two curves is an indi-
rect measure of the extent of iron extracted during fungal
growth in the experimental conditions adopted.


HOC radical generation from the fibers : The EPR spectra of
the 5,5’-dimethyl-1-pirroline-N-oxide (DMPO) hydroxyl rad-
ical (DMPO/OHC), obtained from aqueous suspensions of
the fibers incubated in the culture medium alone and of
fibers incubated for 20 days with F. oxysporum, are shown in
Figure 4. All the fibers incubated in the culture medium
alone generated substantial HOC radicals (Figure 4, A)a and
B)a), as previously reported.[5,11] Conversely, treatment with


Figure 1. Fungal growth in direct contact with different kinds of fibers,
expressed as biomass dry weight (mg) after an in vitro culture of 20 days.
The control sample was grown in the absence of any fibers. Data are the
mean of three independent experiments� the standard deviation.


Table 2. Iron extraction from the asbestos fibers, either kept in direct
contact with F. oxysporum (A columns) or physically separated by a dial-
ysis membrane (B columns).[a]


Iron released
[mm]


Iron released per
unit surface
[ionsnm�2]


Iron extracted
from the fibers


[%]
A B A B A B


chrysotile 42.6 37.6 0.55 0.49 5.57 4.62
amosite 127.4 84.5 6.9 4.58 1.12 0.74
crocidolite 151.7 129 5.14 4.35 1.39 1.19
heated crocidolite 68.3 56.6 3.7 3.06 0.63 0.52


[a] The concentration of iron measured in the filtered culture medium
was normalized by considering either the specific surface area or the
total iron content of the fibers.


Figure 2. Variation of iron concentration in the supernatant of F. oxy-
sporum grown in the presence (*) or absence (~) of crocidolite fibers
over a period of 56 days. The concentration in the supernatant with the
fibers alone (M) under the same conditions is also shown. Data are ex-
pressed as mm concentration of iron in filtered culture media and are the
mean of three independent experiments� the standard deviation.
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F. oxysporum always inhibited, either partially or complete-
ly, radical release from crocidolite and chrysotile (Figure 4,
A)b and B)b). The effect of the fungus on amosite and on
heated crocidolite was less clear, as it markedly varied from
one experiment to another. In one case radical generation
from amosite was even enhanced following incubation (data
not shown). Such variability often occurs in the presence of
iron-removal/deposition equilibria because only a small frac-
tion of isolated iron ions, in a well-defined coordinative and
redox state, are catalytic centers for radical generation.
During iron removal the number of such sites is bound to
vary, occasionally increasing and then declining, on a given
patch of fiber surface.


Modification in fungal protein expression : The production
of extracellular proteins, as quantified by using the Bradford
assay, did not show any significant differences in asbestos-
treated and control samples (data not shown). However,
when separated by sodium dodecylsulfate (SDS) PAGE, the
protein profiles revealed substantial differences for fungi
grown in the presence and absence of asbestos fibers, with
new extracellular proteins being induced and others being
repressed following incubation with the fibers (Figure 5).


The protein patterns of samples grown in direct contact with
crocidolite and amosite were very similar, while the sample
grown with heated crocidolite showed peculiar protein
bands (between 10–28 KDa). The sample grown in direct
contact with chrysotile shows a lower intensity of protein
bands than the other samples, probably due to minor pro-
tein precipitation, since the amount of proteins measured by
the Bradford assay in the culture medium before precipita-
tion is comparable to the other samples (data not shown).
Conversely, the extracellular protein patterns observed after
incubation with fibers kept in a dialysis membrane, and thus
not in direct contact with the mycelium, did not show sub-
stantial differences among the different types of asbestos,


Figure 3. Iron extraction by desferrioxamine from untreated crocidolite
fibers (~) and from fibers preincubated with F. oxysporum (&). The dif-
ference between the curves is due to the previous iron extraction by the
fungus. Data are expressed as mm concentration of iron in supernatants
and are the mean of three independent experiments� the standard devia-
tion.


Figure 4. EPR spectra of the [DMPO-OH]C adduct of crocidolite (A) and
of chrysotile (B). The spectra indicate free radical release from aqueous
suspension of fibers incubated in the culture medium alone (A)a and
B)a) or previously incubated with F. oxysporum (A)b and B)b).


Figure 5. Extracellular protein profiles of F. oxysporum grown in Czapek
glucose medium in the absence of fibers (lane 1) or in the presence of
different kinds of asbestos (lane 2: chrysotile; lane 3: amosite; lane 4:
crocidolite; lane 5: heated crocidolite). Mycelia were grown either in
direct contact with the fibers (A) or separated from the fibers by a dialy-
sis membrane (B). After SDS PAGE separation of the culture filtrates,
proteins were visualized by silver staining. M=molecular weight marker.
Arrowheads show proteins inhibited by the presence of the fibers, arrows
show proteins induced in the presence of the fibers, and asterisks show
proteins expressed after growth in direct contact with heated crocidolite.
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either natural or thermally modified. However they did
reveal several induced bands that were not expressed in the
control mycelia.
Isoelectric focusing followed by SDS PAGE and Western


blotting with an antibody raised against manganese-superox-
ide dismutase (Mn-SOD) identified a band at just under
33 KDa in the basic fractions of the culture medium of
F. oxysporum grown in the presence of crocidolite (Fig-
ure 6A). The SOD enzymes are involved in the cellNs re-


sponse to oxidative stress and catalyze the dismutation of
the superoxide O2


�C radical into water and dioxygen. The
presence of SOD activity in the culture medium of F. oxy-
sporum grown with crocidolite was also verified by native
gel electrophoresis (Figure 6B), according to the method re-
ported by Beauchamp and Fridovich.[28]


Discussion


Fungal growth : Several factors are involved in asbestos tox-
icity to humans, including free radical generation and
damage to biomolecules. Such reactions do not appear to
affect F. oxysporum. Its growth was not inhibited by any of
the types of asbestos tested, so the fibers seem not to be
harmful to fungal microorganisms. This may be due to the
physical resistance of the hyphae cell wall or to radical scav-
enging systems, which are already known for some fungal
strains.[29,30]


Fungi driven depletion in iron content of the various asbes-
tos fibers : The different types of asbestos are all poorly solu-
ble minerals, but organic chelators can extract iron ions
from the surface of the fibers and take them into solution.
Such a process is regulated by, besides the chemical nature
of the chelator, several features of the mineral including
fiber micromorphology, surface area, chemical composition,
and coordination and oxidation state of iron.[1,3,6]


The extent of soil-fungi-mediated iron extraction also de-
pends on the type of asbestos tested. Different asbestos min-
erals in fact contain a different amount of iron, have differ-
ent crystalline structures, and consequently have different


surface topology. Table 2 shows the relationship between
these factors and the amount of iron removed by F. oxy-
sporum. Amosite and crocidolite contain a similar amount
of iron, much greater than chrysotile (Table 1). Crocidolite
has a larger surface area than amosite, which accounts for
the larger amount of iron extracted by the fungus under the
same conditions. Heating crocidolite at 800 8C, which does
not obviously modify the amount of iron within the fibers,
lowers the extent to which iron ions are being removed
from the fiber. Heating reduces the extension of the surface
area (Table 1) following sintering and yields to a greater en-
gagement of the iron ions with the silica framework. A re-
duction in the exposed surface as well as in the fraction of
poorly coordinated surface ions, which are the first to be re-
moved,[31] may account for the reduced mobilization of iron
on the heated fibers. As the reduction in iron removal is
larger than that expected as a consequence of the lower
amount of exposed surface, we assume that the thermal
treatment also reduces the accessibility of the chelators to
the iron ions.[27]


Finally, although chrysotile contains iron only as a non-
stoichiometric component, that is, to much lesser extent
than the two amphiboles considered, the extraction from
this fiber was much greater than expected, both because of
the wide surface area exposed and the open serpentine
structure, where the brucite layers [Mg(OH)2], in which iron
replaces magnesium, are largely accessible.[14] If the amount
of solubilized iron is expressed as a ratio between the iron
extracted and the iron contained in the fiber (Table 2), the
ranking is chrysotile>crocidolite>amosite>heated croci-
dolite.
The question arises of which factors, in an open system


such as would occur in nature, would limit the process of
iron extraction. The prolonged incubation of crocidolite
with F. oxysporum, for as long as allowed by the culture-
system volume (Figure 2), reveals that iron release may take
place over a long period of time (56 days) and would have
proceeded further if the fungal growth had not been limited.
The shape of the curve shown in Figure 2 suggests a mecha-
nism of iron removal involving three steps. In fact, iron re-
moval proceeds at an approximately constant rate for the
first 20 days, maybe involving the surface iron ions that are
more readily available to the chelators. Iron concentration
in the supernatant then levels off until the 45th day, when it
starts to rise again. This suggests that progressive iron re-
moval leads, after several weeks, to a collapse of the struc-
ture, observed as a sharp increase in iron concentration. The
removal, in this long-term experiment, of more iron than is
expected to be at the surface is consistent with a diffusion of
ions from the bulk solid towards the surface depleted of
iron by fungal activity, in a similar manner to that previously
observed in the case of prolonged asbestos incubation with
desferrioxamine.[6]


The incubation of fibers in a desferrioxamine solution
showed a remarkable difference between fibers preincubat-
ed in the presence and absence of the fungus. Even when
the fungus had already removed some surface iron, how-


Figure 6. A) Western blot analysis of isoelectric focusing basic fractions
(pH 6.5–9) of the culture media of F. oxysporum grown in the presence
or absence of crocidolite. The Mn-SOD antibody recognized a band at
26–33 KDa only in the sample treated with crocidolite. B) Native gel
electrophoresis showed SOD activity in a filtered culture medium of
F. oxysporum grown in the presence (+), but not in the absence (�), of
crocidolite. Veg: purified vegetal SOD (Sigma) as a positive control.
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ever, desferrioxamine could continue the removal process, a
result confirming that if the fibers could be treated with a
continuous source of chelators the iron extraction would
proceed.
Soil fungi have developed several systems to take into so-


lution and to absorb in the mycelium poorly soluble forms
of iron, which is an essential element. Chelator release is
one of these iron-interaction strategies, which is likely to
mediate iron mobilization from asbestos. Indeed, a previous
paper showed the release of specific (siderophores) and as-
pecific (organic acids) chelators into the culture medium by
soil fungi growing with asbestos.[24] Taken together all these
data suggest that fungal chelators secreted in soils may have
an effect similar to desferrioxamine in vitro and may be con-
tinuously produced by mycelia growing close to asbestos
fibers.


Modification of the surface reactivity of the fibers after con-
tact with fungi in culture : The role played by iron in asbes-
tos reactivity and toxicity is well established.[8,9,19] Iron che-
lators reduce free radical release from asbestos,[5,14] although
no direct correlation may be established between the
amount of iron removal and the reactivity at the fiber sur-
face, which depends not only on the amount of surface iron
but also on its coordination and oxidation state and on the
fiber micromorphology.[15,27,32,33]


The incubation with F. oxysporum, similarly to the treat-
ment with chelators, causes a decrement in HOC release,
with some differences among the different asbestos types ex-
amined. In the case of crocidolite and chrysotile, iron re-
moval by the fungus fully blunted HOC radical activity. With
amosite, iron cycling at the surface gave somewhat inconsis-
tent results; however, it was shown that contact with the
fungus interfered with HOC release. The differences in the
HOC radical activity for the various asbestos types may be
ascribed to variations in the redox and coordination states
of surface iron due to the different bulk composition (FeIII/
FeII in crocidolite, FeII in amosite). In particular, it was re-
ported that amosite has about twice the amount of redox
active iron that crocidolite has.[34] Crocidolite heated at
800 8C looses its potential to generate HOC.[27,35] However,
following incubation with the fungus, similarly to the results
with amosite, this potential was partially restored in some
cases and not in others (data not shown). The variability ob-
served with amosite and heated crocidolite, on the one
hand, confirms the capability of the fungus to modify the
surface status of iron in asbestos and, on the other hand,
suggests that, alongside modification, the potential to gener-
ate HOC may be depressed or enhanced by subtle surface re-
actions progressively taking place during iron removal.[31]


We may however expect that in the long term, when almost
all iron will be removed, no HOC release will take place on
what will remain of the original fibers. Radical scavenging
has been related with reduction of in vitro DNA damage
and lipid peroxidation and, thus, in an overall decrement in
the toxic potential of the fibers.[2,16, 17,36,37]


Biochemical response of fungi to asbestos fibers: Modifica-
tion in protein expression : The modification in protein ex-
pression following interaction with asbestos may be a fungal
response either to physical contact with the fibers or to a
possible oxidative stress caused by the fiber or by mobilized
iron. The SEM analysis of mycelia grown in direct contact
with the fibers showed the physical integrity of hyphae;[25]


thus, the extracellular protein pool changes in the presence
of fibers are likely to be due to active synthesis. Protein in-
duction or inhibition due to stress is reported in several
studies on fungi and other microorganisms,[38–41] particularly
for metal-induced stress, for example, extracellular protein
induction in ericoid fungi grown in the presence of zinc.[42]


The samples grown in the presence of chrysotile, amosite,
and crocidolite, either in direct contact with the mycelium
or kept in a separated chamber, show a similar profile of
protein expression which is different from the control sam-
ples. However, the direct contact of mycelia with heat-modi-
fied crocidolite leads to a peculiar protein profile, not seen
when the same fiber is separated from the mycelium by a
membrane. This indicates that, in the case of a physical in-
teraction between hyphae and fibers, the fungal metabolic
response, here observed as protein expression, depends on
the surface characteristics of the fibers, more than on their
mere bulk chemical composition. Phenomena of surface rec-
ognition by fungi have already been observed.[43–45]


The induction of superoxide dismutase activity, identified
as coming from Mn-SOD by Western blotting with a specific
antibody, was in agreement with that previously obtained
with Geomyces pannorum var. pannorum.[25] Superoxide dis-
mutases are oxidative-stress response enzymes: Mn-SOD
expression is increased in rat lung epithelial cells after as-
bestos-fiber inhalation[46] and in vitro treatment of human
lymphocytes with SOD inhibited cell death due to previous
crocidolite incubation.[47] In this respect, mammals and
fungal cells seem to have developed a homologous reaction
in the presence of asbestos fibers.


Conclusion


Appropriate remediation routes for asbestos fibers dispersed
in soil are still lacking. Soil fungi may provide an “environ-
mental friendly” bioremediation approach, by continuously
releasing chelators into the soil, close to the fibers, which is
one of the strategies they naturally employ to extract metal
ions from their substrate.
The development of environment-decontamination strat-


egies requires a profound knowledge of the complexity of
the interaction between the variety of asbestos fibers and
mycelia. The present study shows, on the one hand, that the
same fungus induces different modifications on various as-
bestos forms and, on the other hand, that the metabolic
fungal response is strongly influenced, not only by the crys-
tallo-chemical structure of the fibers but also by their sur-
face state.
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None of the fiber types inhibit fungal growth. The three
fibers considered are largely depleted in their iron content,
with a remarkable decrease in their potential to release free
radicals. The amount of iron extracted by the fungus and the
consequent variation in fiber reactivity, including the occa-
sional variability of this result, however, depends on the
physico-chemical characteristics of the fibers.
The present study shows that, in the very long term, with


all forms of asbestos, iron depletion would involve modifica-
tions in the crystal and chemical nature of the mineral, with
consequent inactivation of the fibers. The time required,
however, would be different for the various forms, with
chrysotile being more likely to be rapidly modified, due to
the larger accessibility of the metal ions to the chelators.
The chemical and biochemical approach followed gives


some insight into the peculiar interaction between a living
remediation agent and an inorganic contaminant, but many
points have still to be investigated before the application of
this approach in the field. A crucial step will be to find out
whether the fungi are able to modify asbestos fibers dis-
persed in a complex natural matrix, such as real soil. More
knowledge is required on the chemical nature of the chelat-
ing molecules involved in iron removal from the fibers and
on their strength and affinity for iron and for the other
metal ions in the fibers (mainly magnesium). Finally, the
fibers submitted to such treatment with soil fungi should be
tested for their toxic potential (for example, cytotoxicity,
genotoxicity) in cellular systems and validated in vivo, to
verify whether, as is reasonably expected, toxicity correlates
with the chemical modification induced in the fibers by the
fungi.


Experimental Section


Asbestos fibers : Two types of amphibole asbestos fibers, crocidolite and
amosite from Union International Contre le Cancer (UICC), and a ser-
pentine asbestos, chrysotile UICC A (Rhodesian) were used. In all cases
the asbestos fibers were suspended and dispersed in distilled water
(1.84 g per 80 mL), prior to addition to the fungal cultures. The chemical
formulae and the Brunauer–Emmett–Teller (BET) surface areas of these
different asbestos types are reported in Table 1.


Thermal treatment of the fibers : Crocidolite fibers were heated in air at
800 8C for 3 h. The fibers were then cooled, suspended, and dispersed in
distilled water (1.84 g per 80 mL) with the same procedure as that report-
ed above.


Fungal isolate : The soil fungus Fusarium oxysporum[48] was chosen be-
cause of its good growth rate in the presence of crocidolite fibers and its
effectiveness in iron extraction as reported in previous experiments.[24–25]


Culture conditions : Fungi were grown on liquid Czapek mineral medium
supplemented with 2% (w/v) glucose (Carlo Erba, Milano, Italy).
Czapek medium contained NaNO3 (3 gL�1), K2HPO4 (1.31 gL�1),
MgSO4·7H2O (0.5 gL�1), KCl (0.5 gL�1), and FeSO4·7H2O (0.01 gL�1)
and was adjusted to pH 5.5 with 2-[N-morpholino]ethanesulfonic acid
(MES, 20 mm). Asbestos fibers were suspended in distilled water and au-
toclaved. After sterilization, an aliquot of the suspension (8.7 mL),
shaken on a vortex to keep it homogeneous, was added to the culture
medium (80 mL) and inoculated with the fungus. A larger batch culture
system (500 mL of culture medium instead of 80 mL) was also used, but
the ratio between the fibers and the volume of the liquid medium was
maintained by adding 50 mL of suspension. In order to recover the asbes-


tos fibers after exposure to the fungal activity, the suspension was some-
times separated from the mycelium by a dialysis membrane (cut off
12000–14000 Da) when added to the culture medium. A corresponding
area of dialysis membrane was added to all samples, including the control
samples that were run in parallel with the fungal mycelium growing in
the same medium in the absence of the fibers. The fungal cultures were
grown at 25 8C with shaking at 120 rpm for up to 20 days. Cultures were
then filtered in a Buchner funnel and the mycelium was dried at room
temperature and then weighed to obtain the biomass value. For fungal
cultures growing in direct contact with the crocidolite fibers, the amount
of fibers in the fungal biomass was estimated by running parallel samples
containing only the culture medium and the added fibers. These samples
(three replicates) were filtered along with the experimental cultures, and
the weight of the fibers collected after filtration was subtracted from the
biomass obtained for the fungal cultures.


Aliquots of the culture medium were used to measure iron concentration
and for SDS PAGE analysis. At least three replicates were used for each
set of experimental conditions.


Spectrophotometric determination of the iron concentration in the super-
natant : The concentration of iron in the culture supernatant after incuba-
tion of asbestos fibers with the fungal mycelium was determined spectro-
photometrically by measuring the formation of the violet-colored Fe2+–3-
(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-disulfonic acid (ferrozine,
Sigma) complex at 562 nm by using a Uvikon 930 spectrophotometer, ac-
cording to the method proposed by Lund and Aust.[1,24] The sensitivity of
this detection method is around 1–2 mm.


Iron extraction by desferrioxamine : Untreated crocidolite fibers and a
certain amount of crocidolite fibers preincubated with F. oxysporum were
suspended (1 mgmL�1, final volume 200 mL) in 0.15m NaCl solution
(pH 4.5) containing 1 mm desferrioxamine B mesylate at 37 8C, and the
mixture was continuously shaken in the dark. The pH value was readjust-
ed at regular time intervals throughout the incubation period to prevent
alteration in the rates of iron mobilization with NaOH or HCl solutions.
Aliquots of 2.50 mL were taken, at regular time intervals, and centrifuged
at 5000 rpm to separate the supernatant from the fibers. The concentra-
tion was determined by measuring the absorbance of the Fe3+–desfer-
rioxamine complex at 428 nm by using a Uvikon 930 UV/Vis spectropho-
tometer.


Determination of the total iron in chrysotile : Since iron is present in
chrysotile fibers as a magnesium substitute, various chrysotile samples
contain very different amounts of iron. The amount of iron contained in
the chrysotile used was determined by measuring the formation of the
Fe2+–ferrozine and the Fe3+–desferrioxamine complexes at 562 and
428 nm, respectively, (with a Uvikon 930 spectrophotometer) after dis-
solving mineral (100 mg) in 27.5m hydrofluoric acid (10 mL) and distilled
water (50 mL).


Free radical detection by means of the spin-trapping technique : The HOC
radical generation upon incubation of fibers (30 mg) with H2O2 (0.196m)
and phosphate buffer (0.5m) solution was detected by using the spin-trap-
ping technique with 0.15m DMPO as the trapping agent, as described in
previous papers.[5] The radical adducts formed, DMPO/OHC, were moni-
tored by EPR spectroscopy with a PS100.X Adani EPR spectrometer.
The number of radicals released is proportional to the intensity of the
EPR signal measured by double integration. Kinetics of free radical gen-
eration were followed for up to 30 min.


Protein analysis : Aliquots of the culture media (200 mL or 16 mL de-
pending on gel size) were analyzed by SDS PAGE to reveal the pattern
of secreted proteins. Before loading, proteins were precipitated with
100% trichloroacetic acid (TCA)/0.4% deoxycholic acid (DOC) and ace-
tone according to the protocol of Perotto et al.[49] After electrophoresis,
performed according to the method of Laemmli[50] on 10% and 12.5%
acrylamide separating gels, proteins were revealed by silver staining. The
concentration of proteins in the culture media was detected by using the
Bradford assay.[51]


Western blotting : After SDS PAGE, proteins were blotted on nitrocellu-
lose paper (Highbond C-super, Amersham) under an electric field by
using the MINI TRANS-BLOT Electrophoretic Transfer Cell (Bio Rad).
The blot was carried on for 50 min at 100 V. The protein Mn-SOD was
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detected by an anti-Mn-SOD antibody (raised in rabbit, EnVirtue) and
an anti-rabbit secondary antibody conjugated with alkaline phosphatase
(Sigma).


Liquid isoelectric focusing (Rotofor): Culture filtrates were concentrated
about 10-fold by using a rotary evaporator system (Rotavapor) and were
dialyzed for 24 h against water at 4 8C. An aliquot of 50 mL was subject-
ed to liquid-phase preparative isoelectric focusing (IEF) in a BioRad Ro-
tofor system, for 4 h at constant power (12 W), with BioLyte ampholines
(BioRad, pH range 3–10 (4% v/v)). The pH value was measured for
each Rotofor fraction before protein precipitation, separation by SDS
PAGE, and Western blotting.


Superoxide dismutase activity : Proteins from filtered liquid culture were
separated on 10% polyacrylamide gel in native conditions according to
the method of Davis.[52] The loading buffer (tris(hydroxymethyl)amino-
methane (Tris)/saccarose), was added to the samples (1:5 v/v) before
electrophoresis. The running conditions were 15 mA in running buffer
(Tris/glycine at pH 8.3). The superoxide dismutase (SOD) enzyme activi-
ty was revealed directly on the gel, as reported in Beauchamp and Frido-
vich.[28]


Statistical analysis : Statistical analysis of data was performed by using
the program one-way ANOVA with the Tukey test as a post-hoc test.
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Introduction


“Dutch Resolution” is the use of families of resolving agents
in the otherwise classical Pasteur separation of racemates
through their diastereomeric salts.[1,2] As first described an


equimolar mixture of, in general, three resolving agents of
the same family (i.e., with close structural analogy, common
absolute stereochemistry) was used. Non-stoichiometric in-
corporation of resolving agents and often improved diaster-
eomeric excesses of the first salts were observed.
Further investigations revealed that certain family mem-


bers of resolving agents failed to be, or were only slightly,
incorporated into the salts, although they had a positive
effect on the resolution.[3] An example is the ortho/para-
nitro mixture (R)-2b and the classical resolving agent 1-phe-
nylethylamine (R)-2a, as illustrated for the case of the reso-
lution of mandelic acid (1) in Scheme 1. On the basis of tur-
bidity measurements, it was shown that 2b is an effective
nucleation inhibitor. It is not detectably incorporated into
the less soluble salt, which is obtained in significantly higher
diastereomeric excess in the presence of 2b (55% de com-
pared to 14% de without inhibitor under the experimental
conditions used). Inhibitor 2b acts by widening the width of
the metastable zone of supersaturation (the temperature
zone between dissolution and the lower temperature at


Abstract: The resolution of racemates
through their diastereomeric salts can
be positively affected by the addition
of small amounts of suitable nucleation
inhibitors. This discovery is a logical
extension of “Dutch Resolution”, in
which equimolar amounts of resolving
agents that are members of the same
family (i.e., structurally related) are
used. We conducted a systematic
search for nucleation inhibitors of the
resolving agent 1-phenylethylamine. A
wide range of amines that bear possible
family resemblances to 1-phenylethyl-
amine was investigated. It was found


that (R)-1-phenylbutylamine is a good
inhibitor of (R)-1-phenylethylamine.
Results of turbidity measurements
showed that, for the model case of
mandelic acid resolution, the chief
effect of this inhibitor was to widen the
metastable zone for the more soluble
diastereomer. This observation is in ac-
cordance with previous experience.
Further scouting for possible family


members revealed a wide variation in
the effectiveness of inhibitors, depen-
dent on their structure. By far the most
effective inhibitors are bifunctional 1-
phenylethylamine and/or 1-phenylbu-
tylamine analogues. The effect of race-
mic inhibitors was found to approach
that of enantiomerically pure inhibitors
of the same absolute configuration of
the 1-phenylethylamine used for reso-
lution. The most effective inhibitors
were tested for the resolution of a
structural variety of racemates, and
were shown to be broadly applicable.
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which precipitation begins) to a greater extent for the more
soluble diastereomer than for the less soluble diastereomer.
This results in, with correct temperature control, more op-
portunities for selective precipitation of the less soluble dia-
stereomeric salt.[4a–c]


The use of a single resolving agent with a small amount of
additive (nucleation inhibitor) instead of a mixture is tech-
nologically simpler, but how can nucleation inhibitors in the
context of Dutch Resolution be identified? Here, we de-
scribe some guidelines derived from the study of amines,
and indicate how these can be applied.


Results and Discussion


The model system that was used for scanning is that shown
in Scheme 1, and the primary goal was to search as quickly
as possible for nucleation inhibitors among other potential
“family members” related to the parent resolving agent 2a.
We first looked at analogues of resolving agent 2a, in which
the side-chain rather than the aryl ring is modified structur-
ally. In orientational experiments, it was observed that readi-
ly available[5] (in both enantiomeric forms) 1-phenylbutyl-
amine (R)-2c induced significant improvements if used as
an additive with (R)-2a. Notably, no (R)-2c can be detected
in the precipitated salt. Yields and de values are shown in
Table 1.[6] Diastereomerically pure salts cannot be obtained
in more than 50% yield. We prefer the use of Fogassy S-fac-
tors (2MyieldMde) to express the overall efficiencies.[7] Scan-
ning of 2a/2c ratios revealed that the optimal concentration
for nucleation inhibition was 6 mol% of 2c (see Supporting
Information).
Rather unexpectedly, it was observed that racemic 2c is


also nearly as effective as (R)-2c (Table 1, entry 3) and that


the “wrong” enantiomer, (S)-2c, also has some positive
effect (entry 4). Notably, (R)-2c alone is not a resolving
agent for 1 (entry 5). The yield, de and S-factor of the reac-
tion corresponding to entry 2, performed on a 10 g
(65.8 mmol) scale, were within 1% of the results obtained
on the 2 mmol scale reported in Table 1.
Turbidity measurements (see Supporting Information) re-


vealed that, for (R)-2c, analogously to 2b, the metastable
zone width for the more soluble (S)-1/(R)-2a diastereomeric
salt is increased from 7.3 8C without inhibitor to 28.5 8C
(zone width 25.3 8C for racemic 2c and 13.0 8C for (S)-2c),
whereas for the less soluble (R)-1/(R)-2a diastereomeric
salt, the zone width increases from 3.9 8C without inhibitor
to only 7.0 8C (5.9 8C for racemic 2c and 7.0 8C for (S)-2c).
The conclusion is clear: 2c, of the same relative configura-
tion as resolving agent 2a, is an effective nucleation inhibi-
tor that affects chiefly the more soluble diastereomeric salt
by increasing the metastable temperature zone width; the
more soluble diastereomer remains in solution for a longer
period of time.[4c] An analogous effect is observed in slightly
diminished form for racemic 2c, and relatively weakly for
the “wrong” (S) enantiomer of 2c.
Although 2c is clearly an inhibitor, it seems unlikely that


every small change in the structure of a resolving agent will
result in a nucleation inhibitor. Are there predictable struc-
tural considerations and, if so, what are they? To examine
further the effects of substitution in the aryl ring, the com-
pounds 3–25 (all enantiomerically pure (R)) shown in
Figure 1 were investigated as inhibitors for the resolution of
mandelic acid (1) by 1-phenylethylamine (2a), as depicted
in Scheme 1.[8] All experiments were performed in triplicate
and the values of the S-factors are reproducible to within (� )
5%. If a “hit” is arbitrarily defined as S�0.35, relative to
S=0.24 without additive (see farthest right bar in Figure 1,
in which the concentration of resolving agent 2a is identical
to that in the inhibition experiment), then 2c itself, the
3-nitro (26), 2-hydroxy (23), 1-naphthyl (24), 2-fluoro (22),
2-methoxy (21) and 2-naphthyl (20) derivatives are active
inhibitors (7 out of a library of 24). Note that the halo-sub-
stituted derivatives 3–7 as additives lead to significantly
lower S-values. The other compounds have only modest ef-
fects.
By contrast, the effects of structural modification of the


side-chain are more profound (Figure 2). In this case, not
only compounds with the (R) absolute configuration analo-
gous to (R)-2a were examined, but also racemates and
“wrong” (S)-enantiomers. By using the same arbitrary defi-
nition of a “hit”, 17 of the 21 compounds examined show
significant effects. The achiral additives 26, 28, 32 and 36
have virtually no effect. Cyclization of the side-chain (33–
35) produces no dramatic improvements. Branching of the
side-chain can, however, be quite effective, as exemplified
by 41.[9]


However, by far the most potent inhibitors are the di-
amine derivatives (42–45).[10] We included these compounds
in the screen because molecules with repeating functionality
in their structure often have a greater tendency to aggregate,


Scheme 1. Resolution of mandelic acid (1) with (R)-1-phenylethylamine
2a : additives are (R)-2b and (R)-2c.


Table 1. Resolution of (� )-1[a] with (R)-2a in the absence and presence
of 6 mol% 2c.


Entry Resolving Additive Yield de S-factor
agent [%] [%]


1 (R)-2a – 68 14 0.19
2 (R)-2a (R)-2c 60 42 0.50
3 (R)-2a (�)-2c 62 35 0.43
4 (R)-2a (S)-2c 61 30 0.37
5 (R)-2c – no salts precipitate


[a] Concentration=0.40 mmolmL�1 in CH3CH(OH)CH3.
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and might influence nucleation in a different manner
(gemini effect).[11]


The proof of the pudding is in the tasting. Do the better
nucleation inhibitors identified by screening also work in
the resolution of other compounds? Those shown in


Figure 3 are clearly the most potent. Selected results for the
resolution of a-methylphenylacetic acid (46),[12] a-methoxy-
phenylacetic acid (47)[13] and N-acetylleucine (48)[14] with
(R)-2a are summarised in Table 2.[15]


Figure 1. S-Factors of (R)-aryl substituted analogues of (R)-2c as possible nucleation inhibitors.


Figure 2. S-Factors of (R)-side-chain-substituted analogues of (R)-2a as possible nucleation inhibitors.
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In all cases, the de values of the first-isolated salts in-
crease to very acceptable values, as the yields decrease. In
our experience, this often, but not always, happens. We also
emphasise that the experiments described here may not be
optimal with regard to the concentration of inhibitor and
temperature. Nevertheless, we consider these non-optimised
results to be extremely promising.


Summary


We conclude that:


1) Nucleation inhibition is often involved in Dutch Resolu-
tion.


2) The effect of nucleation in-
hibition is greatest on the
more soluble diastereomeric
salt.[4c,16]


3) A search for inhibitors is
best carried out among
“family members” of the re-
solving agent.


4) There are, at least at this
stage, no hard and fast rules
for the identification with
regard to structure, and all
of the suspects must be sub-
jected to screening.


5) Absolute stereochemistry is
not an absolute prerequisite,
and racemates may be used
for screening purposes.


6) Although we are now able
to identify inhibitors by
using screening methods,
our understanding of the in-


hibition phenomenon itself and of the stereochemical as-
pects in particular remains insufficient.


In future work, we intend to develop automated protocols
for the screening of inhibitors, to develop specific inhibitors
for the most commonly used resolving agents for which fam-
ilies exist, to find methodologies based on the discoveries
described in this paper that permit application to large scale
resolutions and to understand better the mechanism of
action of nucleation inhibitors.


Experimental Section


General procedure for the small-scale nucleation inhibition experiments
described in Table 1: In a Kimble reactor tube (dimensions 1 25M
150 mm), provided with a cylindrical, PTFE-coated magnetic stirring bar
(10M6 mm), 0.12 mmol (0.06 mol equiv) of additive 2c and 1.88 mmol
(0.94 mol equiv) of (R)-1-phenylethylamine (2a) were mixed in 3.33 mL
of CH3CH(OH)CH3. Subsequently, 2.0 mmol racemic mandelic acid (1)
(1.0 mol equiv) in 1.67 mL CH3CH(OH)CH3 was added. The mixture was
heated until a clear solution was obtained. After the reactor tube was
sealed with a rubber stopper, it was placed in the Varian thermostatted
bath and mechanically stirred at 78 8C for 30 min. The tubes were gradu-
ally cooled to 20 8C at a ramp rate of �10 8C h�1 and stirred at that tem-
perature for 12 h. The precipitated salts were collected by filtration by
using a VacMasterP-20, then each was washed with 1.5 mL of
CH3CH(OH)CH3 and dried. HPLC analysis was used to determine the
diastereomeric excesses of the salts. To ensure accurate de determination,
the racemic substrate was measured first in each case. The composition
of the salt was determined by conducting mass spectrometry, and 1H and
13C NMR spectroscopy. The resolution experiments described in Tables
S4, S5 and S6 of the Supporting Information were performed analogously
to this general procedure, with either 0.03 or 0.06 mol equivalent of addi-
tive (and, respectively, 0.97 or 0.94 mol equiv of parent resolving agent
2a) with respect to the 1.0 mol equivalent of racemic substrate. The sol-
vent(s) and concentrations used are listed at the bottom of each table.
The conditions used in the HPLC analysis for each substrate are given in


Figure 3. S-Factors of (R)- and racemic diamine inhibitors as possible nucleation inhibitors.


Table 2. Selected results for the resolution of racemates 46–48 with (R)-
2a, obtained by using the most effective nucleation inhibitors shown in
Figure 3.


Entry Racemate Additive (mol%) Yield [%] de [%] S-factor


1 46 – 60 7 0.08
2 46 (�)-42 (3%) 36 59 0.43
3 46 (�)-43 (3%) 54 52 0.56
4 46 (R,R)-44 (6%) 18 97 0.35
5 47 – 65 1 0.02
6 47 (�)-42 (6%) 16[a] 96 0.30
7 48 – 58 13 0.15
8 48 (�)-43 (3%) 35 75 0.53
9 48 (R,R)-44 (3%) 44 48 0.43
10 48 (R,R)-45 (6%) 56 32 0.36


[a] Salt isolated after 6 days.
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Table S7. All experiments were performed in triplicate and the error
margin was �5%.


The additives used in the screening for possible nucleation inhibitors, as
described in Tables S5 and S6 of the Supporting Information, were either
commercially available (additives 28 and 34–36) or were synthesised by
using a simple one-pot Leuckart synthesis (additives 2c, 26, 27, 29, 31–33,
37, 38 and 40–43). The syntheses of enantiopure 2c, 30, 39 and 40 were
as previously reported.[5]


General procedure for the Leuckart synthesis of additives 2c, 26, 27, 29,
31–33, 37, 38 and 40–43 : A mixture of the corresponding aldehyde or
ketone (10 mmol), formamide (20 mL) and formic acid (10 mL) was
heated to reflux and then refluxed for 1 h. After cooling to ambient tem-
perature, 30 mL of water was added and the mixture was extracted with
diethyl ether (3M10 mL). The combined organic layers were washed with
brine, dried over Na2SO4 and concentrated to furnish the intermediate
formamide. Aqueous HCl (20 mL, 30%) was added and the reaction
mixture was refluxed for 1 h. After cooling to ambient temperature,
20 mL of water was added. The reaction mixture was carefully adjusted
to pH 10 with aqueous NaOH (33%) and extracted with diethyl ether
(3M20 mL). The combined organic layers were washed with brine, dried
over Na2SO4 and concentrated to furnish the corresponding primary
amines.


1-Propylbutylamine (26): Colourless liquid, 55% yield after Kugelrohr
distillation; 1H NMR (400 MHz, CDCl3): d=0.75–0.80 (m, 6H), 1.17–1.36
(m, 8H), 2.78 (t, J=5.32 Hz, 1H), 5.02 ppm (br s, 2H); 13C NMR
(50 MHz, CDCl3): d=13.76 (q), 18.50 (t), 37.50 (t), 51.71 ppm (d); MS
(CI): m/z : 116 [M+H]+.


(�)-2,2-Dimethyl-1-phenyl-1-propanamine (27): Pale yellow oil, 95%
yield; 1H NMR (300 MHz, CDCl3): d=0.86 (s, 9H), 1.40 (br s, 2H), 3.65
(s, 1H), 7.17–7.25 ppm (m, 5H); 13C NMR (50 MHz, CDCl3): d=26.43
(q), 34.91 (s), 65.22 (d), 126.62 (d), 127.38 (d), 128.14 (d), 143.68 ppm (s);
MS (EI): m/z : 163 [M]+ .


(�)-Cyclobutyl(phenyl)-methanamine (29): Orange oil, 61% yield;
1H NMR (300 MHz, CDCl3): d=1.39 (br s, 2H), 1.60–1.85 (m, 5H), 2.07–
2.14 (m, 1H), 2.41–2.49 (m, 1H), 3.73 (d, J=9.15 Hz, 1H), 7.15–7.28 ppm
(m, 5H); 13C NMR (50 MHz, CDCl3): d=17.41 (t), 25.33 (t), 26.04 (t),
43.21 (d), 61.64 (d), 126.51 (d), 126.77 (d), 128.17 (d), 144.70 ppm (s); MS
(CI): m/z : 162 [M+H]+.


(�)-1-Phenyl-1-pentanamine (31): Yellow oil, 87% yield; 1H NMR
(300 MHz, CDCl3): d=0.82 (t, J=6.78 Hz, 3H), 1.06–1.27 (m, 4H), 1.41
(br s, 2H), 1.57–1.63 (m, 2H), 3.80 (t, J=6.78 Hz, 1H), 7.13–7.31 ppm (m,
5H); 13C NMR (50 MHz, CDCl3): d=13.79 (q), 22.46 (t), 28.55 (t), 39.21
(t), 56.08 (d), 126.07 (d), 126.54 (d), 128.14 (d), 146.69 ppm (s); MS (EI):
m/z : 163 [M]+ .


(�)-6,7,8,9-Tetrahydro-5H-benzo[a]cyclohepten-5-amine (33): Colourless
liquid, 53% yield after Kugelrohr distillation; 1H NMR (300 MHz,
CDCl3): d=1.52–2.02 (m, br s, 8H), 2.82–2.87 (m, 2H), 4.21–4.25 (m,
1H), 7.10–7.26 (m, 4H), 7.42–7.45 ppm (m, 1H); 13C NMR (50 MHz,
CDCl3): d=27.42 (t), 28.69 (t), 35.67 (t), 37.11 (t), 54.60 (d), 124.00 (d),
126.00 (d), 126.19 (d), 129.28 (d), 141.25 (s), 145.57 ppm (s); MS (EI):
m/z : 161 [M]+ .


(�)-1-Methylbutylamine (37): Colourless oil, 65% yield after Kugelrohr
distillation; 1H NMR (200 MHz, CDCl3): d=0.81–0.88 (m, 3H), 0.98 (d,
J=6.34 Hz, 3H), 1.10–1.39 (m, 4H), 1.63 (br s, 2H), 2.77–2.86 ppm (m,
1H); 13C NMR (50 MHz, CDCl3): d=13.86 (q), 19.29 (t), 23.63 (q), 42.18
(t), 46.37 ppm (d); MS (EI): m/z : 88 [M]+ .


(�)-2-Methyl-1-phenyl-1-propanamine (41): Yellow oil, 83% yield;
1H NMR (200 MHz, CDCl3): d=0.72 (d, J=6.59 Hz, 3H), 0.92 (d, J=
6.59 Hz, 3H), 1.41 (br s, 2H), 1.74–1.85 (m, 1H), 3.54 (d, J=7.32 Hz,
1H), 7.17–7.28 ppm (m, 5H); 13C NMR (50 MHz, CDCl3): d=18.81 (q),
19.70 (q), 35.36 (d), 62.37 (d), 128.03 (d), 126.91 (d), 128.03 (d),
150.91 ppm (s); MS (CI): m/z : 150 [M+H]+ .


Note that in the cases of 42 and 43, two stereocenters are present and a
meso compound is possible. After the Leuckart reductive amination of
the corresponding bis-aldehydes, the reaction mixture contained a rac :-
meso ratio of 85:15 and 80:20, respectively, according to 1H NMR analy-


sis. After bulb-to-bulb distillation, the only products isolated were race-
mic 42 and 43 (rac :meso>99:1).


(�)-1-[3-(1-Aminoethyl)phenyl]-1-ethanamine (42): After workup, the
reaction mixture contained a rac :meso ratio of 85:15, according to
1H NMR analysis. After Kugelrohr distillation, the only product isolated
was racemic 42 (rac :meso>99:1) as a colourless oil, 53% yield after
bulb-to-bulb distillation; 1H NMR (300 MHz, CDCl3): d=1.28 (d, J=
6.59 Hz, 6H), 2.63 (br s, 4H), 3.98 (q, J=6.59 Hz, 2H), 7.07–7.17 ppm (m,
4H); 13C NMR (50 MHz, CDCl3): d=25.07 (q), 49.64 (d), 122.85 (d),
124.10 (d), 128.60 (d), 147.29 ppm (s); MS (CI): m/z : 165 [M+H]+ .


(�)-1-[4-(1-Aminoethyl)phenyl]-1-ethanamine (43): After workup, the
reaction mixture contained a {(R,R)+ (S,S)}:meso ratio of 80:20, accord-
ing to 1H NMR analysis. After Kugelrohr distillation, the only product
isolated was racemic 43 ({(R,R)+ (S,S)}:meso>99:1) as a colourless oil,
47% yield after Kugelrohr distillation; 1H NMR (300 MHz, CDCl3): d=
1.33 (d, J=6.59 Hz, 6H), 1.51 (br s, 4H), 4.05 (q, J=6.59 Hz, 2H),
7.26 ppm (s, 4H); 13C NMR (50 MHz, CDCl3): d=25.50 (q), 50.82 (d),
125.60 (d), 146.16 ppm (s); MS (CI): m/z : 165 [M+H]+ .


Bifunctional additives (R,R)-44 and (R,R)-45 were synthesised as enan-
tiopure compounds by using a three-step procedure reported previous-
ly.[5]


Procedure for the synthesis of (R)-phenylglycine amide (PGA)-diimines :
The disubstituted benzaldehyde (100 mmol) was added to a suspension of
(R)-phenylglycine amide (200 mmol, 30.0 g) in CH2Cl2 (200 mL) at ambi-
ent temperature. The reaction mixture was stirred overnight at room
temperature. After removal of the CH2Cl2, the residual solid was recrys-
tallised once from acetone/hexane (1:20).


(2R)-2-({(E)-[3-({[(1R)-2-Amino-2-oxo-1-phenylethyl]imino}methyl)phe-
nyl]methylidene}amino)-2-phenylethanamide (49): White solid, 96%
yield. M.p. 143.8–144.5 8C; 1H NMR (300 MHz, CDCl3/[D6]DMSO): d=
4.55 (s, 2H), 6.60 (br s, 2H), 6.63 (br s, 2H), 6.82–6.91 (m, 7H), 7.02–7.09
(m, 4H), 7.49 (d, J=7.99 Hz, 2H), 7.79 (s, 1H), 7.94 ppm (s, 2H);
13C NMR (50 MHz, CDCl3/[D6]DMSO): d=76.24 (d), 126.42 (d), 126.85
(d), 127.64 (d), 128.15 (d), 130.16 (d), 135.03 (s), 138.59 (s), 161.37 (d),
172.60 ppm (s); elemental analysis calcd (%) for C24H22N4O2: C 72.34, H
5.57, N 14.06; found: C 72.21, H 5.66, N 14.03; MS (CI): m/z : 399
[M+H]+ .


(2R)-2-({(E)-[4-({[(1R)-2-Amino-2-oxo-1-phenylethyl]imino}methyl)phe-
nyl]ethylidene}amino)-2-phenylethanamide (50): White solid, 98% yield.
M.p. 168.2 8C; 1H NMR (300 MHz, CDCl3/[D6]DMSO): d=4.53 (s, 2H),
6.58 (br s, 4H), 6.82–6.93 (m, 6H), 7.04 (dd, J=8.42, J=1.46 Hz, 4H),
7.45 (s, 4H), 7.93 ppm (s, 2H); 13C NMR (50 MHz, CDCl3/[D6]DMSO):
d=76.39 (d), 126.42 (d), 126.88 (d), 127.67 (d), 127.83 (d), 137.01 (s),
138.61 (s), 161.32 (d), 172.483 ppm (s); elemental analysis calcd (%) for
C24H22N4O2: C 72.34, H 5.57, N 14.06; found: C 71.95, H 5.58, N 13.87;
MS (CI): m/z : 399 [M+H]+ .


Procedure for the allylation of (R)-PGA diimines 49 and 50 : A solution
of allylzinc bromide (3.0 equiv) was prepared by adding allyl bromide
(25.7 mL, 292 mmol) to finely cut zinc wool (19.1 g, 292 mmol) in THF
(150 mL). The solution of allylzinc bromide was cooled to room tempera-
ture and 97.3 mmol of the imine in THF (50 mL) was added at 0 8C. The
reaction mixture was warmed to room temperature and then poured into
water (100 mL). Ethyl acetate (70 mL) was added and the mixture was
stirred vigorously. After filtration through Celite, the organic phase was
separated and the water layer was extracted with ethyl acetate (2M
100 mL). The combined organic phase was dried over sodium sulfate and
the ethyl acetate was evaporated to furnish the PGA allylamines 51 or
52, which in both cases crystallised on standing.


(2R)-2-({(1R)-1-[3-((1R)-1-{[(1R)-2-Amino-2-oxo-1-phenylethyl]ami-
no}-3-butenyl)phenyl]-3-butenyl}amino)-2-phenylethanamide (51):
Yellow needles, 99% yield, >99:1 dr. M.p. 126.6–127.9 8C; 1H NMR
(300 MHz, CDCl3): d=2.22 (br s, 2H), 2.36 (t, J=6.59 Hz, 4H), 3.67 (t,
J=6.59 Hz, 2H), 3.94 (s, 2H), 4.97–5.03 (m, 4H), 5.59–5.72 (m, 2H), 6.58
(br s, 2H), 7.01–7.25 ppm (m, 16H); 13C NMR (50 MHz, CDCl3): d=


42.11 (t), 61.32 (d), 63.88 (d), 117.69 (t), 124.97 (d), 126.41 (d), 127.04
(d), 127.88 (d), 128.60 (d), 134.45 (d), 138.79 (s), 142.64 (s), 150.70 (d),
175.84 ppm (s); elemental analysis calcd (%) for C30H34N4O2: C 74.66, H
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7.10, N 11.61; found: C 74.66, H 7.43, N 11.53; MS (CI): m/z : 483
[M+H]+ .


(2R)-2-({(1R)-1-[4-((1R)-1-{[(1R)-2-Amino-2-oxo-1-phenylethyl]ami-
no}-3-butenyl)phenyl]-3-butenyl}amino)-2-phenylethanamide (52): Pale
yellow brittle solid, 99% yield, >99% dr. M.p. 96.5–98.9 8C; 1H NMR
(300 MHz, CDCl3): d=2.16–2.44 (m, br s, 5H), 3.70 (dt, J=6.2 Hz, 2H),
4.05 (s, 2H), 4.95–5.10 (m, 4H), 5.61–5.69 (m, 2H), 6.26 (br s, 2H), 7.31–
7.09 ppm (m, 16H); 13C NMR (50 MHz, CDCl3): d=42.01 (d), 61.46 (d),
64.08 (d), 118.11 (t), 127.36 (d), 127.49 (d), 128.38 (d), 128.96 (d), 134.46
(d), 138.43 (s), 141.23 (s), 175.90 ppm (s); elemental analysis cald (%) for
C30H34N4O2: C 74.66, H 7.10, N 11.61; found: C 74.70, H 7.06, N 11.62;
MS (CI): m/z : 483 [M+H]+ .


Procedure for the synthesis of diamino additives (R,R)-44 and (R,R)-45
by catalytic hydrogenation of PGA allylamines 51 and 52 : The PGA al-
lylamine (5.0 mmol) was dissolved in CH3CH(OH)CH3 (50 mL). Water
(50 mL), acetic acid (50 mL) and Pd-C (10%) (0.4 g, cat) were added
successively. After application of two vacuum/H2 cycles to remove air
from the reaction flask, the stirred mixture of the substrate was hydro-
genated at an ambient pressure of H2 and room temperature for 5 d.
After filtration, the CH3CH(OH)CH3 was evaporated under reduced
pressure. The residue was diluted with water (50 mL) and the acidic reac-
tion mixture was washed once with diethyl ether to remove any byprod-
ucts. The aqueous phase was adjusted to pH 10 with 10% NaOH and
then extracted with CH2Cl2 (3M40 mL). The combined organic phase was
washed with brine, dried over sodium sulfate and filtered. After evapora-
tion of the CH2Cl2, pentane was added to the residue. After filtration
through a glass funnel, the pentane was removed under reduced pressure.
Bulb-to-bulb distillation yielded primary amines (R,R)-44 and (R,R)-45.


1-{3-[(1R)-1-Aminobutyl]phenyl}-1-butylamine (44): Colourless oil, 80%
yield; 1H NMR (300 MHz, CDCl3): d=0.84 (t, J=7.33 Hz, 6H), 1.11–
1.34 (m, 4H), 1.52–1.61 (m, br s, 8H), 3.82 (t, J=6.96 Hz, 2H), 7.11 (d,
J=7.69 Hz, 2H), 7.18 (s, 1H), 7.21 ppm (t, J=6.96 Hz, 1H); 13C NMR
(50 MHz, CDCl3): d=13.96 (q), 19.70 (t), 41.84 (t), 55.97 (d), 124.22 (d),
124.69 (d), 128.38 (d), 155.35 ppm (s); MS (CI): m/z : 441 [2M+H]+ .


1-{4-[(1R)-1-Aminobutyl]phenyl}-1-butylamine (45): Pale yellow oil,
74% yield; 1H NMR (300 MHz, CDCl3): d=0.75 (t, J=7.33 Hz, 6H),
1.04–1.25 (m, 4H), 1.46–1.51 (m, br s, 8H), 3.70 (t, J=6.78 Hz, 2H),
7.09 ppm (s, 4H); 13C NMR (50 MHz, CDCl3): d=13.64 (q), 19.34 (t),
41.47 (t), 55.83 (d), 125.91 (d), 144.89 ppm (s); MS (CI): m/z : 441
[2M+H]+ .
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Introduction


Dendrimer chemistry nicely illustrates that the development
of a field of research depends much on the availability of
suitable methods. When Buhleier, Wehner, and Vçgtle pub-
lished the first synthesis of what back in 1978 was coined
“cascadanes”,[1] unambiguous characterization of dendrimers


with high masses was difficult. In principle, NMR experi-
ments could help to identify the presence of structural de-
fects, for example, through odd integrations, but the preci-
sion was not very high, especially for higher generations.
Also, the exact nature of the defects was—and often still
is—difficult to identify by NMR methods, because peaks are
often broadened due to the large number of very similar
building blocks located in different microenvironments.
Mass spectrometry would have been the method of choice,
but in 1978 none of the nowadays routinely used soft ioniza-
tion techniques existed, with the exception of fast atom
bombardment (FAB).[2] However, FAB is quite limited in
the availability of a sufficiently large mass range and applic-
ability to substances of low polarity. Consequently, it took
almost a decade[3] for dendrimer chemistry to develop into a
field of intense research.[4] Nowadays, matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry is con-
sidered to be a highly valuable tool for the characterization
of dendrimers due to the large mass range of the mass ana-
lyzers usually coupled to the MALDI ion source.[5] Also,
electrospray ionization (ESI) has been used to ionize den-


Abstract: Mass spectrometry, in partic-
ular MALDI-MS, has often been used
as a valuable means to characterize
dendritic molecules with respect to
their molecular masses. Also, it is a val-
uable tool for analyzing potential de-
fects in their structure which result
from incomplete synthetic steps. This
article presents a comparison of ESI
and MALDI mass spectrometric ex-
periments on dendrimers persulfonylat-
ed at their periphery. While the ESI
mass spectra easily permit impurities
and defects to be identified and thus
provide evidence for sample purity, re-
actions with acidic matrices occur
during the MALDI process. The result-


ing defects are identical to those ex-
pected from incomplete substitution.
Thus, in these cases, MALDI-MS
yields false negative results. With mass-
selected, ESI-generated ions, collision
experiments were performed in an FT-
ICR mass spectrometer cell to provide
detailed insight into the fragmentation
patterns of the various dendrimers. Dif-
ferent fragmentation patterns are ob-
served depending on the exact struc-
ture of the dendrimer. Also, the nature


of the charge is important. The frag-
mentation reactions for protonated
species differ much from those binding
a sodium or potassium ion. These dif-
ferences can be traced back to different
sites for binding H+ versus Na+ or K+ .
Tandem MS experiments on mass-se-
lected dendrimer ions with defects can
be used to distinguish different types of
defects. A concise structural assign-
ment can thus be made on the basis of
these experiments. Even mixtures of
two isobaric defect variants with the
same elemental composition can be
identified.
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drimers and transfer them into the gas phase as intact spe-
cies.[6] A central question for precise mass spectrometric
characterization of dendrimers is whether additional signals
below the molecular mass of the structurally perfect species
are due to fragments formed during ionization or due to de-
fects[7] originating from the synthesis. To distinguish between
them, it is highly desirable to understand the fragmentation
patterns of dendrimer ions in the gas phase, which can be
unraveled by tandem mass spectrometric experiments (MS/
MS).[8] Mass spectrometry may provide even more informa-
tion, for example, on the site of protonation in the gas
phase[9] as compared to solution, on the self-assembly of
dendrimers,[10] and on weak, noncovalently bound host–
guest complexes of dendritic species.[11] These results dem-
onstrate the remarkable power of mass spectrometry for a
detailed characterization of dendrimers, without which the
fast pace of development in this field would not have been
possible.


Here a detailed mass spectrometric study of a novel type
of dendrimers is presented. These dendrimers are based on
tris(2-aminoethyl)amine (TREN) and polypropyleneamino


(POPAM) scaffolds that are persulfonylated at their periph-
ery.[12] While their ESI mass spectra exhibit only a very
small amount of defects and thus ascertain a high degree of
purity, the MALDI mass spectra seemingly suggest the pres-
ence of large amounts of defect variants when acidic matri-
ces are used. These findings are rationalized by reactions of
the dendrimers with the matrix during the MALDI process
which produce exactly those species which would result
from incomplete substitution during synthesis. The possibili-
ty of false negative results from MALDI mass spectrometry
is an important piece of information for the synthetic chem-
ist. On the basis of the MALDI mass spectra, one might
draw wrong conclusions on impurities in the samples that
are actually not present at all. In addition, the fragmentation
patterns of the dendrimers are examined in MS/MS experi-
ments through collision-induced dissociation of the corre-
sponding ions. We provide evidence that tandem MS experi-
ments are capable of distinguishing the structure of defect
variants through differences in their fragmentation patterns.


Results and Discussion


First-generation TREN-based persulfonylated dendrimers:
Comparison of ESI and MALDI mass spectra : Scheme 1
shows generation-1 (G1) dendrimers 1–3 and generation-2
(G2) dendrimers 4 and 5, which are based on the TREN
scaffold. They carry sulfonimide end groups that bear me-
thoxyl, cyano, or alkyl substituents para to the sulfonyl
groups. Since a stepwise synthetic procedure is feasible that
involves formation of sulfonamides in the first step followed
by conversion to sulfonimides in the second step, dendrimer
3 is functionalized with two different methoxy- and cyano-
substituted arylsulfonyl groups, respectively, at each termi-
nal branch. Their synthesis was reported earlier[12] and we
therefore focus on the mass spectrometric characterization
here.


When ionization is achieved by electrospray ionization
(ESI) of 50 mm solutions of these dendrimers in methanol
with 1% acetic acid to facilitate protonation, these dendrim-
ers give rather clean mass spectra (Figure 1a). It is easy to
detect the quasimolecular ions of, for example, 1 at m/z
1167 and their accompanying sodium and potassium adducts
at m/z 1189 and 1205, respectively. The isotope patterns ob-
tained by experiment closely match those calculated on the
basis of natural abundances. Minor additional signals for the
sodium and potassium adducts of 6 are observed, which in-
dicate that the sample contains a small amount of this
defect as impurity. We were able to trace it back to the im-
purity of commercially available TREN. When the highest
quality of TREN was used in the synthesis, this impurity
was not observed. Consequently, the ESI-FT-ICR mass spec-
trum in Figure 1 provides excellent information on the
purity of the dendrimer samples and permits defects to be
identified.


However, the spectrum changes dramatically when
matrix-assisted laser desorption/ionization (MALDI) was


Abstract in German: Massenspektrometrie, insbesondere
MALDI-MS wurde oft als wertvolle Analysenmethode f$r
die Charakterisierung von Dendrimeren hinsichtlich ihrer
Molek$lmasse, aber auch hinsichtlich einer Analyse potentiel-
ler Strukturdefekte eingesetzt, die aus unvollst'ndig verlau-
fenden Synthesestufen resultieren. In diesem Artikel berichten
wir $ber einen Vergleich von ESI- und MALDI-massenspek-
trometrischen Experimenten mit an ihrer Peripherie persulfo-
nylierten Dendrimeren. W'hrend die ESI-Massenspektren
eine einfache Identifizierung von Verunreinigungen und De-
fekten erlauben und damit eine Reinheitskontrolle ermçgli-
chen, laufen w'hrend der Ionisierung mittels MALDI Reak-
tionen mit sauren Matrices ab, die genau solche Defekte er-
zeugen, wie man sie aus einer unvollst'ndigen Synthese er-
warten w$rde. MALDI-MS f$hrt hier also zu einem falsch-
negativen Ergebnis. Mit massenselektierten Ionen aus der
Electrospray-Ionisierung wurden Stoßexperimente in einer
FT-ICR-Zelle durchgef$hrt, um einen detaillierten Einblick
in das Fragmentierungsmuster der verschiedenen Dendrimere
zu erhalten. Man beobachtet unterschiedliche Fragmentier-
ungsmuster in Abh'ngigkeit von der genauen Struktur der
Dendrimere. Auch die Art der Ladung ist wichtig, da die
Fragmentierungswege der protonierten Dendrimere sich deut-
lich von denen ihrer Na+- und K+-Addukte unterscheiden.
Diese Unterschiede kçnnen auf unterschiedliche Bindungs-
stellen f$r H+ gegen$ber Na+ oder K+ zur$ckgef$hrt
werden. Tandem MS-Experimente mit massenselektierten,
strukturdefekten Dendrimer-Ionen erlauben eine genaue Un-
terscheidung verschiedener Typen von Defekten. Sie kçnnen
daher f$r eine detaillierte Strukturaufkl'rung verwendet
werden. Sogar Mischungen zweier isobarer Defektvarianten
mit gleicher Elementarzusammensetzung werden zuverl'ssig
identifiziert.
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used for the generation of ions from the dendrimer samples.
The MALDI-TOF mass spectrum of the same sample of 1
which was used for the ESI mass spectrum discussed above


is shown in Figure 1b. It shows
the same signals that were ob-
served in the ESI mass spec-
trum, but in addition quite in-
tense signals are found at m/z
997 (Dm=170), at 827 (Dm=


340=2Q170), and 796 (Dm=


371). Whereas the first two are
accompanied by sodium and
potassium adducts in roughly
the same intensity ratios as the
parent ion, no such adducts are
found for the signal at m/z 796.
Similar results are obtained for
dendrimers 2 and 3. Dendrim-
er 3 is a special case due to the
two arylsulfonyl groups differ-
ently substituted with either
methoxyl or cyano groups in
the para position. In its
MALDI mass spectrum, peaks


at m/z 967 (Dm=165), 822 (Dm=330=2Q165), and 657
(Dm=495=3Q165) are seen, all of them accompanied by
sodium and potassium adducts. In addition, a signal appears
at m/z 786 (Dm=366) without the corresponding adducts.
Consequently, we observe a regular pattern which can be
correlated with the loss of arylsulfonyl groups, which in the
case of 1 have a mass of 171 Da, and of 166 Da for preferen-
tial loss of the cyano-substituted arylsulfonyl groups from 3
(note that only minor signals for losses of the methoxy-sub-
stituted arylsulfonyl groups from 3 are observed). The differ-
ence of 1 Da between the molecular mass of one of these
terminal branches and the observed mass differences is due
to a proton at the remaining sulfonamide nitrogen atom
which replaces the arylsulfonyl group. The presence of these
protons and the observation of the alkali ion adducts suggest
that the arylsulfonyl groups are lost before the transition of
the ions into the highly diluted gas phase. In contrast, the
signals at m/z 796 (1) and m/z 786 (3) correspond to frag-
mentations occurring in the gas phase after ionization. This
assumption is confirmed by the MS/MS experiments dis-
cussed below. Thus, the ESI mass spectra confirm the ab-
sence of incompletely substituted dendrimers (except for
small contributions of 6–8 when synthesis-grade TREN is
used). In marked contrast, signals are observed in the
MALDI mass spectra which, without the purity information
coming from the ESI mass spectra, could easily be misinter-
preted as incompletely substituted defect variants of the de-
sired dendrimers. Consequently, a more in-depth mass spec-
trometric study employing different ionization techniques is
indicated in cases where the MALDI mass spectra point to
the presence of large amounts of defects, because they may
be formed during laser irradiation.


It is well known that sulfonamides can be used as photo-
cleavable protective groups for amino groups.[13] Usually, the
wavelength of the light required for deprotection is in the
UV range (254 nm),[14] far below the wavelength of the N2


Scheme 1. Persulfonylated dendrimers 1–5 based on a TREN scaffold. Compounds 6–8 are impurities that
were observed in the mass spectra when synthesis-grade TREN was used, which contains some bis(2-aminoe-
thyl)amine.


Figure 1. a) ESI-FT-ICR mass spectrum of a 50 mm methanol solution of
dendrimer 1 containing about 1% acetic acid. Inset: Isotope pattern ob-
tained by experiment (top) and calculated on the basis of natural isotope
abundances (bottom). b) MALDI-TOF mass spectrum of 1 with 2,5-dihy-
droxybenzoic acid (DHB) as matrix. c) MALDI-TOF mass spectrum
(DHB) of 3. Asterisks denote Na+ and K+ adducts of the decomposition
products.
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laser of our MALDI instrument (337 nm). To exclude induc-
tion of such a photochemical reaction by the MALDI laser,
UV spectra of the dendrimers were recorded (Figure 2).
They all show hardly any absorption around 337 nm and


thus should not absorb light energy from the MALDI laser.
Furthermore, 2,5-dihydroxybenzoic acid has a strong absorp-
tion in this region, so that a photochemical cleavage of the
S�N bonds of the dendrimers can be safely ruled out. This
is in line with an attempt to ionize the dendrimers with laser
desorption/ionization (LDI) in the absence of a matrix. No
signals for dendrimer ions were observed, in line with the
fact that the light energy of the laser is not efficiently absor-
bed. This contrasts with an earlier literature report[15] on a
different type of dendrimer, which suggested that bond clea-
vages in the branches of dendrimers are due to photochemi-
cal reactions. For the dendrimers studied here, we conclude
that a thermal reaction with the matrix occurs.


A reasonable mechanism which accounts for these ther-
mal reactions during the MALDI process is shown in
Scheme 2. In the acidic matrix, protonation at a sulfonimide


group occurs to some extent followed by attack of a matrix
molecule acting as a nucleophile. The remaining sulfona-
mide anion is well stabilized by conjugation with the adja-
cent sulfonyl group and finally is protonated. In view of the
rather high temperatures reached in the sample by laser ir-
radiation, this reaction may become fast enough to compete
efficiently with desorption of the analyte from the matrix.
The proposed mechanism is also in line with the observation
of almost exclusive cleavage of the cyano-substituted aryl-
sulfonyl groups in 3. Electron-withdrawing substituents like
the cyano group help to increase the electrophilicity at the
SO2 group and thus favor nucleophilic attack in the rate-de-
termining step, while electron-donating substituents such as
methoxy decrease it and thus hamper the reaction. Other
matrices were tested, and the results are discussed below in
the context of the second-generation dendrimers.


First-generation TREN-based persulfonylated dendrimers:
Tandem-MS experiments :[16] ESI-generated protonated
parent ions of intact dendrimers 1–3 were isolated as their
monoisotopic ions in the cell of the Fourier-transform ion-
cyclotron-resonance (FT-ICR) mass spectrometer. Subse-
quently, collisions with argon as the collision gas induced
fragmentation. The collision-induced decay (CID) spectra
show a series of fragmentation products (Figure 3), which
can be categorized into four classes (A–D), as shown in
Scheme 3 for protonated 1. These four reactions are
common to all three dendrimers irrespective of their substi-
tution with methoxy or cyano groups at the periphery. All
four primary fragments are followed by successive losses of
terminal arylsulfonyl branches (dotted arrows in Figure 3),
generated by S�N bond cleavages (Dm=171 for 1 and 3
and minor contributions of Dm=166 for 3). Note that no
fragment ion is observed at the m/z values for cleaved
branches that were observed in the MALDI mass spectra,
and this confirms that these MALDI-induced processes are
not gas-phase reactions, but occur during ionization in the
matrix.


Fragmentation pathway A corresponds to a favorable 1,2-
elimination reaction at one of the six branches. The fact that
fragmentation channel A leads predominantly to the loss of
the methoxyl-substituted arylsulfonyl group for protonated
3 rather than the cyano-substituted one underlines that the
gas-phase fragmentation pathways significantly differ from
the reaction observed in the matrix, where the cyano-substi-
tuted branches were cleaved with high preference. Path-
way B is only a very minor reaction channel and represents
a 1,2-elimination reaction within the TREN scaffold. The
most intense fragment in the CID spectrum of [1+H]+ is
due to channel C, in which an immonium ion is formed as
the product. It is this fragment which also appears in the
MALDI mass spectra, unaccompanied by any sodium or po-
tassium adduct. Thus, these signals in the MALDI mass
spectrum were assigned to a real gas-phase reaction rather
than a thermal reaction in the matrix. Finally, in pathway D,
the protonated, central tertiary amine acts as a leaving
group. A stable ionic product can easily be formed through


Figure 2. UV spectra of two matrices and dendrimers 1 and 3, each dis-
solved in methanol at a concentration of 0.1 mg/10 mL. Clearly, the ma-
trices show absorption bands at the wavelength of the MALDI laser
(337 nm), which is not the case for the dendrimers. A=absorbance.


Scheme 2. Mechanism which rationalizes the observed fragmentations of
the dendrimers during the MALDI process in terms of a thermal reaction
with the 2,5-dihydroxybenzoic acid (DHB) matrix. RDS= rate-determin-
ing step.
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a Wagner–Meerwein-type 1,2-hydride shift, which generates
a resonance-stabilized cation at m/z 384 (for 1) and m/z 379
(for 3). All fragmentation mechanisms are in agreement
with the assumption of protonation of the dendrimer at the
most basic site, which is certainly the central tertiary amine.


Much cleaner CID spectra are obtained when the sodium
adducts [1+Na]+–[3+Na]+ or their potassium analogues
are subjected to collisional activation. As a representative
example, the spectrum obtained for [1+Na]+ is shown at
the bottom of Figure 3. Besides two minor fragments at m/z
171 (the arylsulfonyl cation) and at m/z 384 (the product of
channel D in Scheme 3), only one major product is observed
at m/z 810, which can be attributed to a reaction analogous
to channel B and is therefore denoted B’ (Scheme 4). It be-
comes clear now why no Na+ and K+ adducts accompany
the ion at m/z 796 observed in the MALDI mass spectrum
of 1. While decomposition of [1+H]+ in the gas phase
yields this ion with high abundance (Figure 3, top), the
alkali metal adducts do not induce the same reaction. The
large difference in the CID spectra of the protonated den-
drimers as compared to the sodium adducts can easily be
understood by assuming different locations for the charge.
While protonation occurs at the central tertiary amine nitro-
gen atom, the alkali metal ions rather bind to the periphery,
as shown in Scheme 4. This assignment is in line with the
finding that impurities such as 6 do not appear in the ESI
mass spectrum as protonated ions, but preferentially bind
Na+ or K+ (Figure 1). These impurities do not bear any
amine nitrogen atom and thus do not have a position where
they can easily be protonated. Instead, the intact dendrimer


Figure 3. Collision-induced decay (CID) spectra of mass-selected proton-
ated dendrimer ions [1+H]+ (top) and [3+H]+ (center). Bottom: For
comparison, the CID spectrum of the mass-selected sodium adduct [1+
Na]+ is shown. Labels A–D and B’ refer to the reaction mechanisms de-
picted in Schemes 3 and 4; dotted arrows represent consecutive losses of
arylsulfonyl branches.


Scheme 3. Fragmentation reactions of [1+H]+ as observed in the CID experiment.
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with its basic amino nitrogen atom generates much more
abundant proton than alkali metal adducts.


Second-generation TREN-based persulfonylated dendrim-
ers : The experience with the first-generation dendrimers
was confirmed with their second-generation analogues.
Figure 4 compares the ESI-FT-ICR mass spectrum (top) and
the MALDI-TOF mass spectrum (bottom) of 4 (Scheme 1).
Differences between the two ionization methods similar to
those of the first-generation dendrimers are observed. How-
ever, one difference is remarkable: no more than three


branches were cleaved from 1–
3 irrespective of the laser
power used for ionization of
these dendrimers. Likely, only
one arylsulfonyl group can
thus be removed from each of
the three sulfonimides. This is
different for both second-gen-
eration dendrimers 4 and 5, for
both of which up to nine miss-
ing branches could be detect-
ed. Due to the rather low
signal-to-noise ratio, we were
unable to detect more than


that, but it seems reasonable to extrapolate that all twelve
peripheral sulfonyl groups could finally be removed. In
marked contrast, no cleavage was observed at the interior
sulfonamide groups. These findings can be rationalized by
considering the stability of the leaving group according to
the mechanism depicted in Scheme 2.


In the case of 1–3, the N-centered anion is stabilized
through conjugation with the second sulfonyl group. Cleav-
age of the second S�N bond would leave an unstabilized N-
centered anion and thus does not occur. For 4 and 5, the sit-
uation is similar as far as the first sulfonyl group is con-
cerned. Breaking the second S�N bond leads to an anion
which can be stabilized by conjugation with the adjacent ar-
omatic ring. Consequently, this reaction is feasible. Cleavage
of the inner sulfonamides again gives rise to an anion that is
not stabilized by conjugation and thus does not occur. Fur-
thermore, these sulfonamides are buried inside the dendrim-
er structure and thus are likely shielded against reactions
with the matrix by steric hindrance of the peripheral branch-
es. One conclusion from these findings is that the MALDI
mass spectra provide some information about the number of
sulfonimide groups for dendrimers in which the third sub-
stituent at the imide nitrogen atom is an alkyl group.


A second series of signals is found for Dm=907+154b,
where b=1–4 (Figure 4). As was found for the G1 dendrim-
ers 1–3, the signals in this series are not accompanied by
sodium and potassium adducts. Consequently, they can be
attributed to a gas-phase reaction of the protonated species
following ionization. Figure 4 shows the fragment corre-
sponding to a loss of 907 Da. According to the categoriza-
tion in Scheme 3, it is formed by fragmentation pathway C.
The mass difference is, of course higher, because of the
larger dendron size. CID experiments with protonated
[4+H]+ reveal the loss of 907 Da to correspond to one of
the major fragmentation products. Dendrimer 5 exhibits an
analogous behavior, so we refrain from an in-depth discus-
sion here.


Other matrices were tested,[17] that is, 2,4,6-trihydroxyace-
tophenone (THAP), 1,8,9-trihydroxyanthracene (dithranol),
3-b-indole acrylic acid (IAA), 9-nitroanthracene (9-NA),
and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylide-
ne]malononitrile (DCTB)[18] (Figure 5). Whereas THAP
yielded only very noisy spectra with hardly visible signals


Scheme 4. Most prominent fragmentation reaction of [1+Na]+ .


Figure 4. a) ESI-FT-ICR mass spectrum of a 50 mm solution of 4 in meth-
anol with 1% acetic acid added. The inset shows the experimental (top)
and the calculated (bottom) isotope patterns. b) MALDI-TOF mass spec-
trum of 4 with DHB as matrix. Signals of angiotensin, which was used for
internal calibration, are visible between 900 and 1000 Da.
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for the dendrimers, the other matrices nicely permitted the
ionization of 1–5 (Figure 5). Depending on the acidity of the
matrix, different abundances of cleavage products are ob-
served. IAA, which is a carboxylic acid like DHB, shows a
reduced, but still significant number of sulfonyl group losses.
Dithranol with its less acidic phenolic OH groups yields
quite a clean spectrum which contains only minor signals for
the decomposition products. In the MALDI mass spectra
obtained with aprotic matrices such as 9-NA and DCTB, sig-
nificant cleavage products are no longer observed. Instead,
the intensity of the gas-phase process corresponding to
Dm=907 (Figure 4) increases. One advantage of DCTB
over 9-NA is the much lower laser power necessary to gen-
erate sufficiently high signal intensities for high-quality mass
spectra. These findings, in particular, the dependence of the
extent of dendrimer–matrix reactions on the acidity of the
matrix, support the mechanism for the thermal reaction of
the dendrimers with matrix molecules as discussed above
(Scheme 2).


POPAM-based persulfonylated dendrimers : A second series
of dendrimers was investigated which are based on a poly-
propyleneamino (POPAM) scaffold. While the synthesis of
structurally perfect persulfonylated G1 POPAM dendrimers
9 is possible, the G2 analogue 16 could not be obtained
(Scheme 5).[12b] In the synthesis of 9, several defect variants
were formed some of which (10–15) could be isolated for a
mass spectrometric investigation. All attempts to prepare 16
yielded only products corresponding to half a POPAM scaf-
fold (17-Cl, 18) or defects thereof (19). Although the unsuc-
cessful synthesis of higher generation persulfonylated den-
drimers is certainly a drawback, these molecules are highly
interesting targets in the context of the present MS study,
because they allow us to differentiate different defects by
mass spectrometric means.


The ESI mass spectrum (Figure 6) of 17-Cl serves as an
example. Although it is not as clean as those obtained for 1–
5, it shows a prominent signal for 17+ , the experimental iso-
tope pattern of which is in excellent agreement with the cal-
culated one. The MALDI-TOF mass spectrum (DHB
matrix) again exhibits the parent ion 17+ and a series of up
to four losses of sulfonyl groups, presumably one from each
sulfonimide group. These signals are not seen in the ESI
mass spectra, except for a small signal for the loss of the
first sulfonyl group. Consequently, the same pattern and the
same differences between ESI and MALDI mass spectrome-
try are found as obtained for 1–5.


More interestingly, the CID mass spectra of POPAM-
based 9–15 (Figure 7) permit the type of defects present in
the molecules to be identified. Structurally perfect 9 under-
goes only one fragmentation reaction and follows a mecha-
nism earlier described by Meijer et al. for unsubstituted
POPAM dendrimers (Scheme 6).[9a] Protonation at one of
the central tertiary amino groups generates a good leaving
group. The second tertiary amine attacks the carbon atom
adjacent to the protonated amine and generates the frag-
ment at m/z 802 by formation of a five-membered ring (Fig-
ure 7a). This reaction is energetically favorable and also
occurs for the defect variants 10–12. If one sulfonyl group is
missing, the dendrimer is no longer symmetrically substitut-
ed and thus fragmentation generates two different products
at m/z 648 and 802 (Figure 7b). For this defect (10), only
one possible isomer can be generated. This is different if
two branches are missing. Two isobaric isomers with the
same elemental composition can be formed, one with one
defect on each of the two dendrimer halves (11) and anoth-
er one which has both defects on the same side (12).
Indeed, the fraction obtained after column chromatography
containing dendrimers with a molecular mass of 1240 Da
contained both isomers. While this cannot be deduced from
the ESI or MALDI mass spectra alone, the CID spectrum
of mass-selected [11+H]+ and [12+H]+ (Figure 7c) exhib-
its three fragments. The ion at m/z 648 cannot be formed
from [12+H]+ and thus must be due to the presence of 11
in the sample. Vice versa, the two ions at m/z 494 and m/z
802 cannot be formed from [11+H]+ and therefore are gen-
erated in the fragmentation of protonated 12.


Figure 5. MALDI mass spectra of 4 in different matrices, obtained under
the same conditions. From top to bottom: IAA, dithranol, 9-NA, DCTB.
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Scheme 5. Persulfonylated G1 POPAM dendrimer 9 and defect variants 10–15, which were isolated during the synthesis (top). Persulfonylated G2
POPAM dendrimer 16, which could not be obtained, and defects 17–19 formed during the synthesis (bottom).
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The situation becomes more complex for the other type
of defect, as realized in 13–15. While the G1 POPAM scaf-
fold is intact in 10–12, one of the four propyleneamine
branches is missing in 13–15. Defect 15 can be expected to
follow the mechanism depicted in Scheme 6. In the CID
spectrum (Figure 7d) of a
sample containing a defect
dendrimer with the corre-
sponding mass of 1184 Da,
only very minor signals appear
for the two expected fragmen-
tation products at m/z 802 and
437. Consequently, 15 can be
ruled out as the major compo-
nent in this sample. The other
two isomers 13 and 14 both
bear a sulfonyl group at the
defect position in the POPAM
scaffold. Consequently, the
fragmentation reaction shown
in Scheme 6 cannot take place
easily, although its products are still observed in the CID
spectra. The higher barrier for this reaction is expressed in
the much more complex CID spectrum in Figure 7d, which
shows that other fragmentation processes can now compete.
The fragmentations can all be analyzed in terms of the reac-
tions discussed so far for 1–9. Nevertheless, a fragment at
m/z 648 is observed which was found already for 10. This
fragment clearly indicates that isomer 13 is the major com-
ponent in the sample. Contributions of 14 would instead
lead to a fragment at m/z 802, which is low in intensity.


The CID mass spectra of 17+ and protonated 18 and 19
are shown in Figure 8. All of them are cleavage products
formed during the attempted synthesis of 16. The cleavage
occurs in the central butylenediamine moiety and has been


discussed before.[12b] Compounds 17-Cl and 18 are the two
fully substituted cleavage products, while 19 bears an addi-
tional defect in the periphery. The charge in 17+ is located
at the central, quaternary ammonium nitrogen atom and
unlike a proton cannot easily move within the dendrimer
structure. This position is blocked in 18 and 19 by a sulfonyl
group, so that these two molecules are likely protonated at
one of the two tertiary amines rather than the central nitro-
gen atom.


These differences in the location of the charge are reflect-
ed in the CID mass spectra (Figure 8). Cation 17+ loses one
complete branch including the five-membered ring with the
ammonium nitrogen atom (Dm=858) to yield a cation that
corresponds to the second branch (m/z 788). This reaction


Figure 6. ESI-FT-ICR mass spectrum of 17+Cl� . The insets on the right
show the experimental and calculated isotope patterns. The left inset
shows the corresponding MALDI mass spectrum with DHB as matrix.


Figure 7. CID spectra of mass-selected (from top to bottom) [9+H]+ ,
[10+H]+ , a mixture of isobaric [11+H]+ and [12+H]+ , and [13+H]+ .


Scheme 6. Fragmentations mechanism of POPAM-based persulfonylated G1 dendrimer 9.
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again is facilitated by the quaternary ammonium cation,
which is a good leaving group. No other intense signals are
observed, because the charge cannot easily move to another
location. In contrast, protonated 18 and 19 both exhibit an
intense loss of Dm=325, which corresponds to a proton
transfer from the tertiary amine to one of the sulfonimide
groups followed by loss of that sulfonimide unit.


Finally, Figure 9 depicts the CID spectra for the mass-se-
lected potassium adducts of 9 and 10. Again, a fragmenta-


tion analogous to channel B’ in Scheme 4 is most prominent
and points to the location of the potassium ion at the sulfon-
amide group, as discussed above. Still, the structure-sensitive
fragmentations at m/z 648 and 802 can be observed, so that
the alkali metal ion adducts also permit the structural fea-
tures of the defect dendrimers to be examined. Consequent-
ly, the fragmentation reactions observed in the CID mass
spectra of protonated or alkali-cationized dendrimer defect
variants are quite sensitive even to subtle changes in the
structure and thus provide much more information on the
nature of defects than the ESI or MALDI mass spectra
alone.


Conclusions


One of the central conclusions of this study is that MALDI
mass spectrometry, which has long-been considered to be a
precise and reliable tool for the characterization of dendrim-
ers, may lead to false negative results. To the best of our
knowledge, we for the first time report examples of den-
drimers which generate fragments in the MALDI process
identical to those expected as defects from an incomplete
substitution reaction during dendrimer synthesis. This result
may be of importance to synthetic chemists working in the
dendrimer field. In those cases in which MALDI gives rise
to spectra that appear to indicate large amount of defects, it
is recommended to double-check the result by ESI mass
spectrometry or the use of a variety of different matrices.


Beyond that, tandem MS experiments provide a means to
distinguish different defect variants. At least for the smaller
dendrimers discussed here, different defects leading to struc-
tures with the same elemental composition can be identified.
With an understanding of the fragmentation mechanisms,
such a differentiation is even possible from raw products by
first mass-selecting one of the defect ions and then subject-
ing it to an MS/MS experiment to analyze its structure and
to identify whether it exists as a mixture of isobaric isomers.
Tandem mass spectrometry thus provides more detailed
structural information than simple mass spectra. The large
differences in the fragmentation patterns of protonated and
alkali-metal-cationized ions indicate that the sites where the
charge is located are likely different.


Experimental Section


Synthesis : All dendrimers were synthesized and characterized according
to recently published procedures.[12]


MALDI mass spectrometry : MALDI mass spectra were recorded on a
Micromass MALDI-TofSpec E mass spectrometer equipped with an N2


laser (337 nm). All matrices were used as purchased and applied in an
800-fold molar excess relative to the analyte. Matrices and samples
(0.5 mg) were dissolved in 400 mL of CHCl3/MeOH (3/1). Then, 1 mL of
the mixture was pipetted onto the stainless steel MALDI target. The
matrix crystallized in a small spot of about 3 mm diameter upon evapora-
tion of the solvent in a stream of air.


Figure 8. CID mass spectra of mass-selected, monoisotopic 17+Cl� (top),
[18+H]+ (center), and [19+H]+ (bottom).


Figure 9. CID mass spectra of mass-selected, monoisotopic [9+K]+ (top)
and [10+K]+ (bottom).
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ESI mass spectrometry : ESI mass spectra and MS/MS spectra were re-
corded on a Bruker APEX IV Fourier transform ion-cyclotron-resonance
(FT-ICR) mass spectrometer with an Apollo electrospray ion source
equipped with an off-axis 708 spray needle. Typically, methanol with 1%
of acetic acid served as the spray solvent, and 50 mm solutions of the ana-
lytes were used. Analyte solutions were introduced into the ion source
with a syringe pump (Cole-Parmers Instruments, Series 74900) at flow
rates of about 3–4 mLmin�1. Ion transfer into the first of three differential
pumping stages occurred through a glass capillary with 0.5 mm inner di-
ameter and nickel coatings at both ends. Ionization parameters were ad-
justed as follows: capillary voltage: �4.7 to �4.9 kV; end plate voltage:
�4.2 to �4.5 kV; cap exit voltage: +200 to +300 V; skimmer voltages:
+8 to +12 V; temperature of drying gas: 100 8C. The flows of the drying
and nebulizer gases were kept in a medium range (ca. 10 psi). The ions
were accumulated in the instruments hexapole for 2–3 s, introduced into
the FT-ICR cell, which was operated at pressures below 10�10 mbar, and
detected by a standard excitation and detection sequence. For each mea-
surement, 16–64 scans were averaged to improve the signal-to-noise ratio.


For MS/MS experiments, the whole isotope pattern of the ion of interest
was isolated by applying correlated sweeps, followed by shots to remove
the higher isotopologues. After isolation, argon was introduced into the
ICR cell as collision gas through a pulsed valve at a pressure of about
10�8 mbar. The ions were accelerated by a standard excitation protocol
and detected after 2 s pumping delay. A sequence of several different
spectra was recorded at different excitation pulse attenuations to get at
least a rough and qualitative idea of the effects of different collision ener-
gies on the fragmentation patterns.
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What Anions Do Inside a Receptor�s Cavity: A Trifurcate Anion Receptor
Providing Both Electrostatic and Hydrogen-Bonding Interactions


Valeria Amendola,[a] Massimo Boiocchi,[b] Luigi Fabbrizzi,*[a] and Arianna Palchetti[a]


Introduction


There is a current interest on the design of selective recep-
tors for anions.[1,2] In general, a receptor is expected to pro-
vide a cavity in which to accommodate the envisaged guest.
Moreover, the cavity should contain groups capable of inter-
acting with the guest. Selectivity depends both on energy
terms (related to the intensity of the receptor–substrate in-
teraction) and on geometrical factors (size and shape match-
ing between receptor and substrate). Anions are prone to
interact through either electrostatic or H-bond interactions,
and thus the receptor must contain either positively charged
groups (ammonium,[3] alkylammonium,[4] guanidinium,[5] pyr-
idinium,[6] imidazolium,[7] coordinatively unsaturated metal
ions)[8] or neutral hydrogen-bond donor groups (amides,[9]


sulfonamides,[10] ureas,[11] pyrroles).[12] A variety of charged
and neutral anion receptors have been synthesized during


the last two decades. Some of them have a closed polycyclic
structure that forms a cage.[13] In others, arms containing the
interacting groups are appended to a defined platform. For
instance, amide derivatives of the tripodal tetramine tren
have been used as trifurcate anion receptors.[14] A more
rigid and preorganized scaffold used in the design of trifur-
cate anion receptors is the 1,3,5-substituted benzene subunit,
the binding moieties of which in the 1,3,5-positions are di-
rected to one face of the ring. For instance, on appending
three aminoimidazoline arms to such a moiety, a receptor
with triple positive electrical charge was obtained which is
capable of recognizing the citrate anion in beverages.[15]


We designed the trifurcate receptor 13+ , in which three


9H-b-carbolin-2-ium fragments are appended to the 1,3,5-
benzene platform through methylene spacers. A recent
study showed that the cationic receptor 2+ containing a
single 9H-b-carbolin-2-ium fragment undergoes rather
strong interaction with most anions and, in particular, it is


Abstract: The trifurcate receptor 13+


forms stable 1:1 complexes with halide
and oxo anions in MeCN solution, as
shown by spectrophotometric and
1H NMR experiments, and selectively
recognizes chloride (lgKass>7) in the
presence of fluoride and bromide. The
high stability reflects the receptor7s
ability to donate up to six hydrogen
bonds (from three pyrrole N�H and
three C�H fragments, polarized by the
proximate positive charge) to the in-


cluded anion. Addition of an excess of
more basic anions (F� and CH3COO�)
induces stepwise deprotonation of the
N�H groups, an event signalled by the
appearance of a bright yellow color.
Crystal and molecular structures are
reported for the complex with NO3


�


and a capsule consisting of two inter-
connected trifurcate subunits, one of
which includes an H-bound Br� ion,
while the other is doubly deprotonated
and includes an H-bound water mole-
cule. Finally, evidence is given for the
formation in solution of an authentic
complex of OH� , in which H-bound
hydroxide is included within the cavity
of 13+ .
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able to transfer the N�H proton to the most basic anions
(fluoride and acetate).[16] Moreover, a tricationic host based
on the 1,3,5-benzene platform, containing three aminopyri-
dinium groups and displaying a special affinity towards chlo-
ride, has been recently reported.[17] The trifurcate system de-
scribed here is expected to exhibit stronger interactions with
anions, in view of the more pronounced H-bond donor ten-
dencies of the pyrrole N�H group with respect to the aniline
N�H group.[18]


The interaction of trifurcate receptor 13+ with anions was
investigated in MeCN solution by UV/Vis and 1H NMR ti-
tration experiments. Parallel studies were carried out on the
single-arm receptor 2+ to verify 1) the effects associated
with the geometrical features of the cavity, and 2) the coop-
erativity, if any, of electrostatic and hydrogen-bonding inter-
actions. In particular, the binding tendencies of 2+ , previous-
ly investigated by us in DMSO, were completely reinvesti-
gated in MeCN. Such an investigation is not a duplicate, as
the polarity of the solvent affects substantially the establish-
ment of hydrogen-bonding interactions and, in particular,
deprotonation of the N�H group. Moreover, the crystal and
molecular structure of the 13+/NO3


� inclusion complex is re-
ported. Then, the serendipitous crystallization of a dimeric
capsule formed by two interconnected receptors, in which
one subunit includes a bromide ion and the other, in its
doubly deprotonated form, incorporates a water molecule,
allowed us to substantiate findings in solution and threw
new light on the nature and mode of anion recognition
based on H-bonding interactions.


Results and Discussion


Single-arm receptor 2+ : The interaction of receptor 2+ with
anions X� was investigated by titrating a solution of 2-PF6 in
MeCN with a standard solution of a tetraalkylammonium
salt of X� . In spectrophotometric titration experiments, the
concentration of 2+ varied over the range 10�4–10�5m.
Figure 1 displays the family of absorption spectra obtained
during titration with chloride. On Cl� addition, the absorp-
tion band centered at 377 nm (e=4.0H103m�1 cm�1), as-
signed to the charge-transfer transition from pyrrole NH to
the N+ group of the adjacent pyridinium ring, is red-shifted,
while definite isosbestic points formed at 282, 313, 328, and
387 nm. A titration profile, obtained by plotting the molar
absorbance at 410 nm versus the number of added equiva-
lents of chloride, is shown in the inset. Titration data are
consistent with the formation of a 1:1 receptor:anion com-
plex. Nonlinear least-squares treatment of the titration data
gave a lgK value of 3.20�0.01 for the equilibrium 2+ +


Cl�Ð[2···Cl]. The inset of Figure 1 also shows how the equi-
librium concentrations 2+ and [2···Cl] vary on chloride addi-
tion. In particular, good superimposition of the profiles for
absorbance and [2···Cl] concentration is observed. Similar
spectral behavior and formation of a 1:1 complex were ob-
served on titration of 2+ with Br� and NO3


� . Pertinent
values of lgK are reported in Table 1. On titration with I� ,


spectral modification was very moderate, even after addition
of a large excess of anions, and a lgK value of less than 2
was estimated for formation of the 1:1 receptor:anion com-
plex.
It was previously observed that, in DMSO solution, Cl� ,


Br� , and NO3
� do not appreciably interact with 2+ , as


judged from spectrophotometric titrations carried out in the
same concentration range (lgK<2).[16] This reflects the
higher solvating effect exerted by the more polar DMSO
molecules (dielectric constant e=47.24 at 20 8C) compared
to MeCN (e=36.64 at 20 8C). In particular, the energy con-
tribution from the hydrogen-bond interaction does not com-
pensate for the unfavorable term related to desolvation of
the anion. Thus, the use of the less polar solvent MeCN in-
stead of DMSO ensures formation and allows characteriza-
tion of complexes of a greater number of anions.
Figure 2 shows selected 1H NMR spectra recorded over


the course of the titration with Cl� of a 10�2m solution of 2-
PF6 in CD3CN. The NH signal could not be observed, even


Figure 1. Spectrophotometric titration of a MeCN solution of 2-PF6 (6.2H
10�4m) with a standard MeCN solution of [Bu3BzN]Cl. Inset: titration
profile (molar absorbance e at 410 nm versus number of equivalents of
Cl�). The distribution diagram (% concentration) is superimposed.
Curve a (solid line) corresponds to the uncomplexed receptor 2+ , where-
as curve b (dashed line) is relative to the chloride complex [2···Cl].


Table 1. Constants of the complex formation equilibrium[a] in MeCN so-
lution at 25 8C.


Anion Receptor 2+, logK Receptor 13+ , logK


Cl� 3.20(1) >7
Br� 2.48(1) 6.65(2)
NO3


� 2.58(1) 5.59(2)
I� <2 4.55(2)
Ac� logK1=4.68(5)


logK2=1.63(9)
logK1=4.37(5)
logK2=3.12(9)
logK3=2.8(1)


F� logK1=6.19(5)
logK2=6.07(9)


logK1=5.04(2)
logK2=2.79(5)
logK3=4.02(6)


OH� 6.42(2) logK1=5.58
(5)


logK2=3.92(9)
logK3=5.7(1)


[a] In parentheses: uncertainty in the last digit.
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prior to addition of chloride. This may be due to fast proton
exchange with water present in solution. Anhydrous CD3CN
was used and care was taken to avoid contamination with
water in preparation of the solution and during titration, but
it appears that trace water concentrations in the solution are
high enough to ensure fast proton exchange and disappear-
ance of the N�H signal. On the other hand, in the case of
the anion complexes of the trifurcate receptor 13+ , a sharp
NH signal can be observed (vide infra), probably due to the
cone arrangement of the receptor, which prevents access of
water to the cavity. The most evident spectral modification
was the downfield shift of H(1) from d=9.15 to 9.50 ppm
(Dd=++0.35) on addition of excess Cl� . The anion–receptor
interaction is expected to generate two distinct effects: 1) an
increase in the electron density on the receptor framework
(in particular, on the phenyl rings) by through-bond propa-
gation, which causes a shielding effect and should promote
an upfield shift of the C�H signals; and 2) polarization of
the C�H bonds, induced by a through-space effect, of elec-
trostatic nature; in particular, the partial positive charge cre-
ated onto the proton induces a deshielding effect and conse-
quent downfield shift. The latter effect is expected to disap-
pear at larger distances and should therefore affect only the


C�H bonds close to the interaction site. In fact, in the case
of the CH(1) proton, the electrostatic effect dominates and
a progressive downfield shift is observed, which stops after
addition of excess Cl� . On the other hand, the CH protons
of the phenyl ring fused to the pyrrole subunit do not feel
the anion-induced electrostatic effect and are affected only
by the through-bond contribution, which induces a slight up-
field shift. Thus, spectroscopic data suggest the establish-
ment of hydrogen-bond interactions between Cl� and 1) the
pyrrole NH group, and 2) the CH(1) fragment.
The more basic anions F� and CH3COO� exhibited differ-


ent behavior. Figure 3 shows the family of UV/Vis spectra


recorded over the course of the titration of a solution of
[2]+ in MeCN (1.1H10�4m) with tetrabutylammonium fluo-
ride. On addition of fluoride, the band at 380 nm decreased,
while a new band formed and developed at 454 nm. Further-
more, addition of the anion induced a change in the color of
the solution from pale to bright yellow. The titration curves
of the two bands (inset) reached a limiting value after the
addition of two equivalents of F� . Nonlinear least-squares
treatment of the titration data indicated the occurrence of
two consecutive equilibria, with lgK1=6.19�0.04 and
lgK2=6.07�0.09. It is suggested that the first equilibrium
leads to the formation of a genuine 1:1 hydrogen-bond com-
plex, whereas the second involves deprotonation of the NH
group with formation of [HF2]


� , as described by Equa-
tions (1) and (2) (where the receptor 2+ is indicated as LH+


and F� as X�).


LHþ þX� Ð ½LH � � �X�� ð1Þ


½LH � � �X� þX� Ð Lþ ½HX2�� ð2Þ


The nature of the two consecutive equilibria (1) and (2)
was substantiated by 1H NMR titration experiments.


Figure 2. 1H NMR titration of a CD3CN solution of 2-PF6 (10
�2
m) with a


standard CD3CN solution of [Bu3BzN]Cl. The spectra were recorded on
a solution of 2-PF6 (top) and after addition of an excess of chloride
(bottom).


Figure 3. Spectrophotometric titration of a MeCN solution of 2-PF6 (1.1H
10�4m) with a standard MeCN solution of [Bu4N]F. Inset: titration profile
relative to the titration of a 10�5m solution of [4]PF6 with fluoride (molar
absorbance e at 380 (filled symbols) and 454 nm (open symbols) versus
the number of equivalents of F�). The distribution diagram of the species
(% concentration) versus number of equivalents of F� is superimposed:
a) LH+ , solid line; b) [LH···F]� , dashed line; c) L, dotted line.
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Figure 4 shows the spectra obtained on titration of a solu-
tion of 2-PF6 in CD3CN with a standard solution of Bu4NF
in CD3CN. During addition of the first equivalent, a down-
field shift of CH(1) is observed (Dd=++0.11), which is ascri-


bed to the polarization effect exerted by the proximate F�


ion, hydrogen-bonded to the pyrrole NH fragment (Fig-
ure 4a–c). On further addition of fluoride, the CH(1) signal
undergoes significant upfield shift and reaches the limiting
value of d=8.90 ppm (Dd=�0.32) after addition of
2.5 equivalents (Figure 4d,e). Such behavior is consistent
with deprotonation of the NH group. In the resulting zwit-
terion, p-delocalization of the negative electrical charge
over the entire molecular framework should take place, as
illustrated by the resonance forms in Scheme 1. Such a
through-bond effect increases nuclear shielding and induces
a general upfield shift of CH signals. Upfield shift of CH
protons has been observed in a sulfonamide-based receptor,
the N�H fragment of which had been deprotonated by an
F� anion.[16]


Fluoride establishes by far the strongest hydrogen-bond-
ing interaction among halide anions, as indicated by the
highest value of lgK1. In spite of this, the [LH···F] complex
is not stable with respect to further fluoride addition. In the
presence of excess F� , the N�H group is deprotonated or,
more precisely, the [LH···F] complex releases an HF mole-
cule, which interacts with fluoride to give the [HF2]


� anion.
This is due to the very high stability of [HF2]


� , the hydro-
gen-bond complex for which the highest hydrogen bond
energy in the gas phase has been calculated
(39 kcalmol�1).[18] Fluoride-induced deprotonation of the
NH group of 3,4-dichloro-2,5-diamidopyrroles has been pre-
viously detected by means of 1H NMR titration experiments
in CH2Cl2 solution.[19] In particular, NH acidity was en-
hanced by electron-withdrawing substituents in the 3- and 4-
positions. In the present case, the acidic properties of the
pyrrole fragment are drastically increased by the presence
of a proximate positively charged group.
Formation of the zwitterion L accounts for the spectro-


photometric behavior. On NH deprotonation, the intensity
of the dipole responsible for the charge-transfer transition is
drastically enhanced and thus induces a large red shift of
the absorption band (from 380 to 454 nm). Therefore, the
appearance of a charge-transfer band at long wavelength
should be taken as a distinctive indication of the occurrence
of NH deprotonation. However, it may be surprising that
such a band pertinent to LH starts to develop on initial ad-
dition of F� , and its absorbance increases up to the addition
of two equivalents. The apparent paradox can be explained
by considering that K2 is especially high and, in particular, it
is equal, within the standard deviation, to K1. For this
reason, the zwitterion L forms almost simultaneously with
the hydrogen-bonded complex [LH···F] (see the distribution
diagram in the inset of Figure 3). Notably, the profiles of the
absorbance of the bands at 380 (filled symbols) and 454 nm
(open symbols) superimpose well on the concentration
curves of LH+ (a) and L (c), respectively (see inset to
Figure 3).
Figure 5 shows the absorption spectra recorded in the


course of the titration of a solution of 2-PF6 in MeCN (2.1H
10�4m) with a standard solution of [Bu4N]CH3COO in
MeCN. The spectra are very similar to those obtained on ti-
tration with fluoride. In particular, on addition of acetate,


Figure 4. 1H NMR titration of a CD3CN solution of 2-PF6 (10
�2
m) with a


standard CD3CN solution of [Bu4N]F. The reported spectra were regis-
tered after the addition of 0 (a), 0.25 (b), 0.75 (c), 1.50 (d), and
2.50 equivalents (e) of fluoride.


Scheme 1. Resonance representation of the zwitterion resulting from de-
protonation of the NH fragment of 2+ . Only some limiting formulas are
shown.
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the charge-transfer band of 2+ at 380 nm disappears, while a
band forms and develops at 454 nm (indicative of NH de-
protonation). The absorbance versus equivalents of
CH3COO� plots (for bands at 380 and 454 nm, see inset)
show a rather steep profile until 1 equiv of titrant has been
added, then become smooth, and reach a plateau for excess
acetate. Best fits of the titration data were obtained on the
basis of two stepwise equilibria with lgK1=4.68�0.04 and
lgK2=1.63�0.09. Also in this case, decisive information on
the nature of the species at equilibrium came from 1H NMR
titration experiments. Pertinent spectra are shown in
Figure 6.
On addition of the first equivalent of acetate, a distinct


downfield shift of the CH(1) proton is observed (Dd=++0.41
after addition of one equivalent of acetate, compared to
Dd=++0.11 after the addition of one equivalent of fluoride).
At the same time, the CH protons of the phenyl ring fused
to the pyrrole subunit undergo substantial upfield shifts. Up-
field shift and development of the absorption band at
454 nm indicate the occurrence of NH deprotonation. On
the other hand, the pronounced downfield shift of the
CH(1) proton provides evidence for hydrogen-bonding in-
teraction. Thus, it is suggested that proton transfer takes
place from NH to CH3COO� to form CH3COOH. On the
other hand, the C=O oxygen atom of acetic acid establishes
an H-bonding interaction with the strongly polarized C�
H(1) fragment. In other words, in the 2+/CH3COO� com-
plex which forms, intracomplex proton transfer takes place.
Then, on addition of further acetate, all protons undergo up-
field shifts, including C�H(1). This is consistent with the full
release of CH3COOH from the receptor to form the
[CH3COOH···CH3COO]� H-bonded self-complex. It has
been pointed out that the most stable H-bonded complex an
anion can form is that with its conjugate acid.[20] However,
the base/conjugate acid complex of acetate
[CH3COOH···CH3COO]� is considerably less stable than


[HF2]
� , and excess equivalents of CH3COO� are required to


achieve significant formation of the zwitterion L (note that
the distribution diagram shown in the inset of Figure 5
refers to the spectrophotometric titration experiment, in
which the analytical concentration of 2+ was 2.1H10�4m ; in
the 1H NMR titration experiment, the analytical concentra-
tion of 2+ was much higher, 1H10�2m, which made the con-
centration of the zwitterion L distinctly higher in presence
of the same excess of acetate). In any case, the complex
[L···CH3COOH] formed in the first stepwise equilibrium
shows the same spectrum as the distinct zwitterion L ob-
tained on titration with fluoride, and this indicates that the
H-bonding interaction with CH3COOH does not affect the
pertinent charge-transfer transition.
Changes in solvent polarity have a dramatic effect on the


interaction of 2+ with the more basic anions F� and
CH3COO� . In DMSO solution, no intermediate formation
of the [LH···X] hydrogen-bonded complex was observed,
but NH deprotonation and release of HX occurred on addi-


Figure 5. Spectrophotometric titration of a MeCN solution of 2-PF6 (2.1H
10�4m) with a standard MeCN solution of [Bu4N]CH3COO. Inset: titra-
tion profile relative to the titration of a 2.1H10�4m solution of 2-PF6 with
acetate (molar absorbance e at 380 nm (filled symbols) and at 454 nm
(open symbols) versus number of equivalents of acetate). The distribu-
tion diagram of the species (% concentration) versus the number of
equivalents of anion is superimposed: a) LH+ , solid line; b) [LH···Ac]� ,
dashed line; c) L, dotted line.


Figure 6. 1H NMR titration of a CD3CN solution of 2-PF6 (10
�2
m) with a


standard CD3CN solution of [Bu4N]CH3COO. The spectra were recorded
after addition of 0 (a), 0.50 (b), 1.0 (c), 2.0 (d), and 5.0 equivalents (e) of
acetate.
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tion of the first equivalent of X� . The lgKN values for the
neutralization equilibrium [LH]+ +X�Ð[L]+HX were
5.10�0.05 for CH3COO� and 4.77�0.02 for F� . One-step
deprotonation of [LH]+ may reflect stabilization of the [L]
zwitterion by DMSO. Such an effect is not observed with
the less polar MeCN, in which deprotonation is associated
with formation of the [HX2]


� self-complex. In this connec-
tion, it is useful to consider the overall neutralization equi-
librium [Eq. (3)].


½LH�þ þ 2X� Ð ½L� þ ½HX2�� ð3Þ


Note that the neutralization equilibrium [Eq. (3)] results
from the sum of Equations (1) and (2), from which the fol-
lowing equation derives: bN=K1HK2=6.3 for acetate and
12.3 for fluoride. The bN value corresponds to the product
of the intrinsic acidity constant of [LH]+ and the formation
constant of the [HX2]


� self-complex: bN=KA(LH)Hb-
(HX2


�), where b(HX2
�)= [HX2


�]/([H+]H [X�]2). Thus, the
highly favored deprotonation of [LH]+ in the presence of
F� in MeCN solution reflects the unique stability of the
[HF2]


� self-complex. In fact, the much less stable
[CH3COOH···CH3COO]� self-complex forms in detectable
amounts only on addition of a large excess of acetate (see
the green concentration profile in the inset to Figure 5).


At this stage, it seemed convenient to look at the interac-
tion of 2+ with the strongest basic anion: OH� . Figure 7


shows the UV/Vis spectra obtained on titration of a solution
of 2-PF6 in MeCN (5.2H10�4m) with a solution of
[Bu4N]OH in MeCN. On addition of hydroxide, the band at
454 nm develops and reaches its limiting value after the ad-
dition of one equivalent; simultaneous development of a
yellow color is observed. 1H NMR titration experiments
showed general upfield shift of all CH protons following ini-
tial addition of titrant, which ceased after the addition of


one equivalent of OH� . This indicates the occurrence of
single-step deprotonation of the pyrrole subunit with forma-
tion of the zwitterion L (lgK=6.42�0.02).
In summary, halides and nitrate form 1:1 H-bonded com-


plexes with the charged receptor 2+ , whose stability decreas-
es along the series: F�>Cl�>NO3


�>Br�> I� , which re-
flects anion basicity in MeCN. Acetate gives a special hydro-
gen-bonded complex in which the NH proton has been in-
tramolecularly transferred to CH3COO� , and the C=O frag-
ment of the anion is hydrogen-bonded to CH(1) and acts as
a pivot. Fluoride and acetate give the most stable 1:1 com-
plexes, but they are not stable with respect to further anion
addition, due to the formation of the [HX2]


� self-complex.
Only the strongly basic OH� anion is able to induce depro-
tonation of 2+ in a single step.


Trifurcate receptor 13+ : Figure 8 shows the family of spectra
recorded in the course of the spectrophotometric titration of


a solution of 1-(PF6)3 in MeCN (5.0H10�6) with [Bu3Bz]Cl.
On chloride addition, moderate, yet distinct modifications of
the spectral pattern were observed. The inset displays the
plot of the molar absorbance at 310 nm versus equivalents
of chloride: such a titration profile indicates the formation
of a 1:1 complex. The titration profile showed a steep curva-
ture (even under dilute conditions, e.g., 5H10�6m), which
should correspond to an especially high equilibrium con-
stant. In particular, the p parameter (p= [concentration of
complex]/[maximum possible concentration of complex])
was in any case higher than 0.8, a condition which does not
allow the determination of a reliable equilibrium constant.
Thus, we can only state that lgK is greater than 7.
Figure 9 shows the 1H NMR spectra obtained during the


titration with chloride of a solution of 1-(PF6)3 in CD3CN
(1.1H10�3m). Interestingly, the N�H signal is now clearly
observed, and this may be due to the fact that, in the trifur-
cate receptor, the pyrrole subunits are not exposed to the
solvent, but stay inside a cavity, access to which is controlled


Figure 7. Spectrophotometric titration of a MeCN solution of 2-PF6 (5.2H
10�4m) with a standard MeCN solution of [Bu4N]OH. Inset: titration pro-
file relative to the titration with [Bu4N]OH of a 5H10�6m solution of 2-
PF6 (for this experiment, a path length of 10 cm was required); molar ab-
sorbance e at 335 nm versus number of equivalents of hydroxide. The dis-
tribution diagram (% concentration) is also reported: a) LH+ , solid line;
b) zwitterion L, dashed line.


Figure 8. Spectrophotometric titration of an MeCN solution of 1-(PF6)3
(5.0H10�6m) with a standard MeCN solution of [Bu3BzN]Cl. Inset: titra-
tion profile (molar absorbance e at 310 nm versus the number of equiva-
lents of Cl�).
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by the aromatic rings fused to the pyrrole moieties. This
may hinder the access of trace water molecules to the cavity
and thus reduce proton exchange with the NH groups.
Moreover, addition of chloride shifts the NH and CH(1) sig-
nals downfield, and this suggests formation of a stable H-
bonded complex in which the anion is bound to all of the
N�H and C�H(1) donors. In the complex, the presence of
the anion in the cavity of the receptor completely prevents
exchange of the NH proton with the solvent; this would ex-
plain the fact that the N�H signal becomes sharper as the
complex forms (Figure 9d). Occurrence of full chloride co-
ordination is also suggested by the very high value of the as-
sociation constant, which is more than four orders of magni-
tude larger than that of the corresponding complex with
single-arm donor 2+ . To our knowledge, this is the largest
association constant observed for an hydrogen-bonded com-
plex of chloride with a synthetic receptor, in whatever
medium.


Similar behavior was observed for bromide, iodide, and
nitrate: moderate modification of the UV/Vis spectra and
downfield shift of NH and CH(1) signals. Corresponding
values of the association constants for the 1:1 hydrogen-
bonded complexes are reported in Table 1; note that they
are at least 103 times higher than those observed for refer-
ence system 2+ and decrease along the “regular series”
Cl�>NO3


�>Br�> I� . Acetate and fluoride display a much
more intricate behavior. Figure 10 shows the UV/Vis spectra
recorded in the course of the titration of 1-(PF6)3 with
CH3COO� .


On anion addition, the band at 380 nm shifts to lower
energy (389 nm), while its intensity decreases. After addition
of 2 equiv, the color turns to yellow, the band at 389 nm
starts to decrease, and a new band develops at 450 nm. Cor-
responding titration profiles (molar absorbance at the given
wavelength vs equiv of CH3COO�) are shown in the inset to
Figure 10. Studies on the single-arm reference system 2+


showed that moderate shift of the band at 380 nm is sugges-
tive of hydrogen-bonding interaction, while appearance of
the band at 450 nm indicates NH deprotonation. On these
bases, the occurrence of the following stepwise equilibria is
tentatively proposed [Eqs. (4)–(6); LH3


3+ =13+ , X�=


CH3COO�].


LH3
3þ þX� Ð ½LH3 � � �X�2þ ð4Þ


½LH3 � � �X�2þ þX� Ð ½LH3 � � � 2X�þ ð5Þ


½LH3 � � � 2X�þ þX� Ð ½L � � � 3HX� ð6Þ


Nonlinear least-squares fitting of the spectrophotometric
titration data gave the following stepwise equilibrium con-
stants: lgK1=4.37�0.05, lgK2=3.12�0.09, lgK3=2.8�0.1.
Distribution curves of the species present at the equilibrium


Figure 9. 1H NMR titration of a CD3CN solution of 1-(PF6)3 (1.1H10
�3
m)


with a standard CD3CN solution of [Bu3BzN]Cl. The spectra were re-
corded after the addition of 0 (a), 0.35 (b), 0.70 (c), 1.00 (d), and
1.90 equivalents (e) of chloride.


Figure 10. Spectrophotometric titration of a MeCN solution of 1-(PF6)3
(1.0H10�4m) with a standard MeCN solution of [Bu4N]CH3COO. Inset:
titration profile (molar absorbance at 403 nm (filled triangles, right verti-
cal axis) and at 450 nm (open triangles, right offset vertical axis) versus
the number of equivalents of acetate); the distribution diagram (% con-
centration) of the species versus the number of equivalents of anion is su-
perimposed: a) LH3


3+ , solid line; b) [LH3···X]
2+ , dashed line;


c) [LH3···2X]
+ , dotted line; d) [L···3HX], X�=CH3COO� , dash-dot line.
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are shown in the inset to Figure 10; each curve fits quite
well the profile of the absorbance of significant UV/Vis
band. The presence of three positive charges in in 13+ seems
to make hydrogen-bonding/electrostatic interactions with
anions more favorable than deprotonation. In fact, the first
two equivalents of CH3COO� enter the receptor7s cavity to
give the species [LH3···X]


2+ and [LH3···2X]
+ . The total ab-


sence of the band at 450 nm in these first two steps demon-
strates that complexation does not involve deprotonation of
the NH groups. Due to its Y-shape, the acetate ion does not
fit well the C3v-symmetric cavity of the host. The distinctly
lower value of lgK2 with respect to lgK1 may reflect the en-
dothermic rearrangement that the receptor must undergo
when accomodating the second guest. After the addition of
the first 2 equiv of acetate, the positive charge on the recep-
tor is strongly reduced; furthermore, in the receptor7s cavity,
there is no room for accommodation of a third CH3COO�


ion. Thus, on addition of the third equivalent and more, de-
protonation occurs, with the development of the charge-
transfer band at 450 nm and appearance of the yellow color.
These hypotheses are supported by the 1H NMR titration


experiment (see Figure 11). On addition of the first two
equivalents of CH3COO� , the CH(1) protons shift slightly
upfield due to moderate shielding (spectra a–c). This sug-
gests that the CH(1) proton is not directly involved in H-
bonding interaction, as observed in the case of single-arm
receptor 2+ . Possibly, in the first step, the CH3COO� ion
bridges two NH groups from two different arms. The N�H
signal disappears after initial addition of the [Bu4N]CH3-
COO solution; this may reflect a steric rearrangement of
the trifurcate receptor, which opens the cavity to trace
water molecules from the bulk and thus favors proton ex-
change. After addition of two equivalents, significant
changes are observed (spectra d and e). In particular, the
CH(1) signal is shifted downfield, whereas all other protons
undergo upfield shifts. Similar behavior was observed in the
interaction of CH3COO� with 2+ and is indicative of the oc-
currence of an intramolecular proton transfer from pyrrole
NH to an oxygen atom of acetate. Thus, it is suggested that
the [L···3HX] complex is formed, in which each CH3COOH
molecule is hydrogen-bonded to one arm of the fully depro-
tonated receptor. The CH3COOH molecule accepts a hydro-
gen bond from CH(1) and donates a hydrogen bond to the
deprotonated nitrogen atom. At this point, one could ask
how the trifurcate receptor could accommodate three acetic
acid molecules inside its cavity. However, one should consid-
er that each arm can rotate around the �CH2� group in the
8-position to expose its pyrrole subunit to the outside. Such
an arrangement would allow easy and uncrowded interac-
tion with the three binding sites. Finally, on addition of a
large excess of anion, all protons undergo upfield shift, in-
cluding CH(1) (spectrum f). This is consistent with full re-
lease of CH3COOH from the receptor to form the
[CH3COOH···CH3COO]� hydrogen-bonded complex. Note
that the three stepwise equilibria eventually leading to the
zwitterion L were not considered in the calculation of the
constants from spectrophotometric titration. They should be


characterized by lgK values less than 2 and are not relevant
at 10�4m concentration.
The behavior of fluoride is similar in part to that of ace-


tate. Figure 12 shows the family of UV/Vis spectra obtained
during the titration. Also in the present case, the band perti-
nent to the deprotonated receptor (lmax=450 nm) begins to
develop on addition of the third equivalent of anion. Spec-
tral data are best fitted on the basis of three stepwise equili-
bria, the lgK values of which are reported in Table 1. The
1H NMR spectra are not as well defined as those observed
on acetate titration. General upfield shift of proton signals
is observed following addition of the third equivalent of
fluoride. This suggests that the third equilibrium should in-
volve the disaggregation of the H-bonded complex
[LH3···2X]


+ , with release of three molecules of HF and for-
mation of the zwitterion [Eq. (7)].


½LH3 � � � 2F�þ þ F� Ð ½L� þ 3HF ð7Þ


Figure 11. 1H NMR titration of a CD3CN solution of 1-(PF6)3 (1.0H
10�3m) with a standard CD3CN solution of [Bu4N]CH3COO. The spectra
were recorded after the addition of 0 (a), 0.80 (b), 2.0 (c), 2.8 (d), 5.0 (e),
12.5 equivalents (f) of acetate.
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Equilibrium (7) is progressively displaced to the right on
addition of excess fluoride and formation of [HF2]


� . Inter-
estingly, the association constant for the 1:1 complex of fluo-
ride with 13+ is much lower than those of the corresponding
complexes of chloride and bromide, that is, the stability se-
quence typically observed for halide complexes with hydro-
gen-bond-donating receptors is inverted. This may be due to
the fact that Cl� and Br� ions are large enough to interact
with the NH and CH(1) fragments of the three arms of the
trifurcate receptor to give a six-coordinate complex. On the
other hand, the F� ion is too small to encompass all the hy-
drogen-bond-donor groups of 13+ and can only profit from
interaction with a single arm. Thus, receptor 13+ is able to
recognize chloride in presence of fluoride, a quite rare cir-
cumstance in anion chemistry.
Finally, titration experiments were carried out with


[Bu4N]OH as a titrant. Figure 13 shows the results of the


spectrophotometric titration. Surprisingly, no significant
modifications were observed in the UV/Vis spectrum during
addition of the first equivalent of OH� . Then, on addition
of the second and third equivalents of hydroxide, the band
at 450 nm developed and reached a limiting value (see the
titration profile in the inset of Figure 13).
In the 1H NMR titration experiment (see spectra in


Figure 14), the CH(1) signal underwent downfield shift from


0 to 1 equivalent of added OH� . After the addition of one
equivalent, the shift was inverted, and upfield displacement
of the CH(1) signal was observed up to three equivalents.
Thus, titration data suggest the existence of three stepwise
equilibria [Eqs. (8)–(10)].


LH3
3þ þOH� Ð ½LH3 � � �OH�2þ ð8Þ


½LH3 � � �OH�2þ þOH� Ð LHþ þ 2H2O ð9Þ


LHþ þOH� Ð LþH2O ð10Þ


Figure 12. Spectrophotometric titration of a MeCN solution of 1-(PF6)3
(1.0H10�4m) with a standard MeCN solution of [Bu4N]F. Inset: titration
profile (molar absorbance e at 310 nm (filled triangles, right vertical axis)
and at 450 nm (open triangles, right offset vertical axis)). The distribution
diagram of the species (% concentration) versus the number of equiva-
lents of anion is superimposed: a) LH3


3+ , solid line; b) [LH3···X]
2+ ,


dashed line; c) [LH3···2X]
+ , dash-dot line; d) L, dotted line.


Figure 13. Spectrophotometric titration of a MeCN solution of 1-(PF6)3
(1.0H10�3m) with a standard MeCN solution of [Bu4N]OH. Inset: titra-
tion profile (molar absorbance at 310 nm (filled triangles, right vertical
axis) and 450 nm (open triangles, right offset vertical axis)). The distribu-
tion diagram of the species (% concentration) versus the number of
equivalents of anion is superimposed: a) LH3


3+ , solid line;
b) [LH3···OH]2+ , dashed line; c) LH+, dotted line; d) L, dash-dot line.


Figure 14. 1H NMR titration of a CD3CN solution of 3-(PF6)3 (1.0H
10�3m) with a standard CD3CN solution of [Bu4N]OH. The spectra were
recorded after the addition of 0 (a), 1.0 (b), 1.5 (c), 2.0 (d), 2.5 (e),
3.0 equivalents (f) of hydroxide.
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Interestingly, in the first step
[Eq. (8)], trifurcate receptor
13+ forms a 1:1 complex with
hydroxide. Hydrogen-bonded
complexes of OH� are unpre-
cedented. The reported spec-
troscopic evidence indicates
1:1 stoichiometry of the com-
plex and, in particular, the
downfield shift of the CH(1)
proton supports the existence
of hydrogen-bonding interac-
tions between OH� and the re-
ceptor. In the second step
[Eq. (9)], the hydrogen-bound
OH� and added OH� ions
take up two protons from the
receptor in an acid/base neu-
tralization process. Then, a
third OH� ion neutralizes the
remaining acidic NH group
with formation of the zwitter-
ion L [Eq. (10)]. Nonlinear
least-squares treatment of the
titration data gave the three
stepwise equilibrium constants
reported in Table 1. The value of lgK1 is smaller than that
observed for Cl� , which indicates that OH� , probably owing
to its small size, does not interact with all three arms of the
receptor. However, the stabilization provided by the triply
positively charged cavity allows the formation of a genuine
hydrogen-bonded complex and prevents the occurrence of
acid/base neutralization (which, on the contrary, was ob-
served with single-arm receptor 2+).


Hydrogen-bonded complexes in the solid state : Attempts
were made to obtain crystals suitable for X-ray diffraction
studies for all the complexes of 13+ (=LH3) investigated in
solution. As a general procedure, diethyl ether vapor was al-
lowed to diffuse into a MeCN solution containing [LH3]-
(PF6)3 plus one equivalent or an excess of the envisaged tet-
rabutylammonium salt. Suitable crystals were obtained only
in the case of nitrate. The colorless crystalline product con-
sisted of the receptor–nitrate complex, two PF6


� counter-
ions, and one molecule of diethyl ether: [LH3···NO3](PF6)2·
(C2H5)2O.
Figure 15 shows the ORTEP plot of the complex salt. Of


the three pyrrole-containing arms, two are nearly coplanar
and point their NH fragments towards the NO3


� ion, which
stays in the middle. The third arm lies in a plane perpendic-
ular to the plane of the other two, but its pyrrole subunit is
turned to the outside to allow an N�H···O interaction with
the oxygen atom of diethyl ether. Two oxygen atoms of
NO3


� form hydrogen bonds with the N�H group of one arm
(O···H 2.19, 2.34 Q), and the third is bound to the N�H
group of another arm (O···H 2.16 Q). The hydrogen-bonding
interaction between NH and the ethereal oxygen atom ap-


pears especially strong, as documented by the rather short
O···H distance of 1.98 Q. Availability of the crystal structure
is nice, but attributing the same structural arrangement to
the [3···NO3]


2+ complex in solution is not straightforward. In
particular, one cannot exclude that in solution the receptor
is bound to nitrate through all three arms and that in the
solid state one arm is diverted from NO3


� binding due to
the presence of diethyl ether as another H-bond acceptor.
No crystals were obtained from a MeCN solution, saturat-


ed with diethyl ether, containing equimolar amounts of 3-
(PF6)3 and [Bu4N]Br. Instead of disposing of the solution, an
excess of [Bu4N]OH was added, in the hope of inducing
crystallization of the fully deprotonated zwitterion L. On
further diffusion of diethyl ether, yellow-orange crystals
were obtained of a product of formula [LH3][LH]-
(PF6)3Br·H2O·2CH3CN.
A structural sketch of the complex salt is shown in


Figure 16. Two receptor subunits are linked together to form
a capsule. The capsule exhibits an overall tetrapositive
charge, which is balanced by Br� and three PF6


� anions.
This indicates that two pyrrole fragments are deprotonated
in the capsule. The receptor subunit L1H3


3+ interacts with a
Br� ion, while the other subunit L2H+ is doubly deprotonat-
ed and includes a water molecule. Deprotonation favors in-
terconnection of the L1H3


3+ and L2H+ subunits through a
hydrogen-bonding interaction of one negatively charged ni-
trogen atom of L2H+ with an N�H group of the L1H3


3+


moiety. Deprotonation also favors face-to-face p-stacking in-
teractions between the other neutral arm of L2H+ (donor)
and a positively charged arm of L1H3


3+ . In fact, the closest
contact (3.36 Q) is observed between C(28) and C(77), the


Figure 15. ORTEP view of the [1···NO3]
2+ ·(C2H5)O complex (non-H atoms are numbered; thermal ellipsoids


are drawn at the 30% probability level; only hydrogen atoms bonded to the N(pyrrole) atoms are shown; the
two PF6


� counterions have been omitted for clarity). Dashed lines indicate hydrogen-bonding interactions. Hy-
drogen-bond lengths [Q] and angles [8]: N(2)···O(1) 2.917(11), H(2N)···O(1) 2.161(8), N(2)�H(2N)···O(1)
146.5(6); N(4)···O(2) 3.059(9), H(4N)···O(2) 2.343(8), N(4)�H(4N)···O(2) 140.9(5); N(4)···O(3) 3.023(9),
H(4N)···O(3) 2.195(7), N(4)�H(4N)···O(3) 161.6(5); N(6)···O(4) 2.821(32), H(6N)···O(4) 1.976(29), N(6)�
H(6N)···O(4) 167.1(12).
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centroid–centroid distance is 3.96 Q, and the dihedral angle
between aromatic best planes is 6.28. These noncovalent in-
teractions between L1H3


3+ and L2H+ are responsible for for-
mation of the capsule.
Figure 17 shows separate ORTEP plots for each moiety of


the capsule, to emphasize the interactions of the receptors
with the included species. In the [L2H···H2O]+ complex
(left), the water molecule is bound to the three arms 1) as


an hydrogen-bond donor to the two negatively charged pyr-
role nitrogen atoms, and 2) as an hydrogen-bond acceptor to
the NH fragment of the remaining arm. The water oxygen
atom is nearly equidistant from the three nitrogen atoms
(N(2)�O 3.10(1), N(4)�O 3.12(1), N(6)�O 3.06(2) Q) and is
located 0.92(1) Q above the plane of the three N atoms in a
slightly distorted trigonal-pyramidal coordination environ-
ment. If the behavior in solution reflects the structural as-
pects of the solid state, the second step of the interaction of
13+ with OH� , which was described by Equation (9), should
be more adequately represented by Equation (11).


½LH3 � � �OH�2þ þOH� Ð ½LH � � �H2O�þ þH2O ð11Þ


The L1H3
3+ moiety (Figure 17, right) hosts the bromide


ion, which apparently interacts with five protons: three from
CH fragments in the ortho position of each arm, and two
from the NH groups of two pyrrole subunits (Br···H
2.66(1)–2.98(1) Q). The proton of the third pyrrole nitrogen
atom stays at a longer distance of 3.21(1) Q, probably be-
cause it is also involved in the N�H···N bridge connecting
the two receptor subunits and contributes to holding togeth-
er the capsule. In any case, binding by all three arms with a
coordination number of (5+1) would account for the fact
that the [LH3···Br]


� complex exhibits an association constant
one order of magnitude higher than that of the [LH3···NO3]


�


complex, for which the solid-state structure indicates coordi-
nation by only two arms. Such a comparison seems correct
since the two anions form complexes of similar stability with
single-arm receptor 2+ .


Figure 16. A simplified sketch of the [LH3]
3+[LH]+Br�·H2O complex


([LH3]
3+ =13+ ; only hydrogen atoms bonded to N atoms and those of the


water molecule are shown; three [PF6]
1� ions and two molecules of aceto-


nitrile solvent have been omitted for clarity). Dashed line indicates the
N�H···N interaction, which, in addition to face-to-face p-stacking interac-
tions between the aromatic subunits, favors formation of a capsule.
Lengths [Q] and angles [8] of the N�H···N interaction: N···N 3.115(14),
H···N 2.284(11), N�H···N 162.5(7).


Figure 17. ORTEP plots of the two moieties that form a capsule (non-H atoms are numbered; thermal ellipsoids are drawn at the 30% probability level;
only hydrogen atoms bonded to the pyrrole N atoms are shown; the three PF6


� counterions and MeCN molecules of crystallization have been omitted
for clarity). Left: the L2H+ moiety, which has two deprotonated pyrrole N�H groups and interacts with an included water molecule through hydrogen
bonds (dashed lines); hydrogen-bond lengths [Q] and angles [8]: O(1)···N(2) 3.102(14), H(1W)···N(2) 2.363(87), O(1)�H(1W)···N(2) 137.6(68);
O(1)···N(4) 3.117(13), H(2W)···N(4) 2.446(89), O(1)�H(2W)···N(4) 131.4(50); N(6)···O(1) 3.059(16), H(6N)···O(1) 2.352(11), N(6)�H(6N)···O(1)
139.8(75). Right: the L1H3


3+ moiety including a hydrogen-bound bromide ion: dashed lines symbolize the hydrogen bonds between Br� and the closest
five protons, whose distances are H(10N) 2.980(13), H(69) 2.757(15), H(12N) 2.778(14), H(80) 2.665(12), H(58) 2.835(14) Q. A sixth proton is more
loosely bound: H(8N) 3.206(15) Q.
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Conclusion


The trifurcate trication 13+ is a versatile receptor for anions.
It gives very stable 1:1 complexes with halides with a distinct
peak selectivity for chloride. Such a high stability must be
ascribed to the presence of the positively charged pyridini-
um groups, which enhance the hydrogen-bond donor ten-
dencies of the CH(1) fragments; as a consequence, the re-
ceptor can establish up to six hydrogen bonds with the in-
cluded anion (three from CH(1) and three from NH frag-
ments). This accounts for the remarkably higher affinity of
13+ towards chloride with respect to fluoride. In fact, F� is
too small to attain the full coordination experienced by the
larger Cl� ion and is forced to interact, albeit strongly, with
a single arm of the trifurcate receptor. Thus, interestingly,
13+ selectively discriminates chloride over fluoride when
anions are present in substoichiometric amount with respect
to the receptor. Moreover, the more basic anions F� and
CH3COO� , when present in excess, induce deprotonation of
the pyrrole NH groups, an event which is signaled by devel-
opment of an intense absorption band in the visible region
and by the upfield shift of receptor protons, including
CH(1). The occurrence of the neutralization process can
hardly be missed, as it is visually perceived through the ap-
pearance of a bright yellow color. However, the most sur-
prising interaction established by 13+ is that with the OH�


ion. In particular, hydroxide forms a novel and authentic 1:1
complex with 13+ . We do not know the structural details of
the [LH3···OH]2+ complex: certainly, the H-bound OH� ion
is included within the cavity, the triply positively charged in-
ternal environment of which must play a determining role.
In fact, in the presence of the
“open” NH site of the refer-
ence receptor 2+ , OH� dis-
plays its normal and expected
behavior as a strong base by
abstracting a proton to give
neutralization. Thus, occasion-
ally, with complicity of the tri-
furcate receptor 13+ , the OH�


ion leaves the classic domain
of Brønsted acid–base reac-
tions and visits, perhaps for the
first time, the enchanted realm
of supramolecular chemistry.


Experimental Section


General procedures and materials :
All reagents for syntheses were pur-
chased from Aldrich/Fluka and used
without further purification. UV/Vis
spectra were recorded on a Varian
CARY 100 spectrophotometer with a
quartz cuvette (path length: 1 or
0.1 cm) and on a Hewlett Packard
8452 A spectrophotometer with a


quartz cuvette (path length: 10 cm). The cell holder was thermostatically
maintained at 25.0 8C by circulating water. 1H NMR spectra were ob-
tained on a Bruker AVANCE 400 spectrometer (400 MHz) operating at
9.37 T. Spectrophotometric titrations were performed on (1–7)H10�4m
solutions of 2+ in MeCN (polarographic grade); for 13+ , a wider range of
concentrations was used, generally from 10�4 to 10�6m in MeCN. Typical-
ly, aliquots of a fresh standard solution of an alkylammonium salt of the
envisaged anion (CH3COO� , C6H5COO� , H2PO4


� , NO2
� , HSO4


� , NO3
� ,


F� , Cl�) were added, and the UV/Vis spectra of the samples recorded.
Tetrabutylammonium salts were used for all anions, but for chloride, for
which the benzyltributylammonium ion was used, which gives a nonhy-
groscopic salt). All spectrophotometric titration curves were fitted with
the HYPERQUAD program.[21] Care was taken that in each titration the
p parameter (p= [concentration of complex]/[maximum possible concen-
tration of complex]) was less than than 0.8, a condition required for the
safe determination of a reliable equilibrium constant.[22] 1H NMR titra-
tions were carried out on CD3CN solutions at a receptor of 10�3–10�2m.
In general, the equilibrium constant could not be calculated from
1H NMR titration experiments, because at the employed concentrations
steep titration profiles were obtained with p values higher than 0.8,
which prevented reliable evaluation of lgK.


Synthesis and characterization : The synthesis of 9H-b-carbolin-2-ium
hexafluorophosphate (4-PF6) has been already described.[16]


1,3,5-tris(9H-b-carbolinium-N-methyl)-2,4,6-trimethylbenzene hexafluor-
ophosphate (3-(PF6)3): b-Carboline (0.26 g, 1.53 mmol) was dissolved in
CHCl3 (80 mL). 1,3,5-Tris(bromomethyl)-2,4,6-trimethylbenzene (0.15 g,
0.38 mmol) in CHCl3 (15 mL) was added and the obtained solution was
refluxed for 24 h, during which a yellow precipitate formed. The solid
was filtered off, dissolved in H2O/MeOH (50 mL, 4/1), and treated with a
saturated aqueous solution of NH4PF6. The white hygroscopic precipitate
of 3-(PF6)3 was recovered by filtration and washed with several portions
of diethyl ether (yield: 0.33 g, 80%). C45H39N6P6F18 (1098.5 gmol�1).
1H NMR (400 MHz, CD3CN, 25 8C, TMS): d=8.9 (s, 1H; CH), 8.6 (d,
1H; CH), 8.4 (d, 1H; CH), 8.4(d, 1H; CH), 7.8 (d, 2H; 2CH), 7.5 (m,
1H; CH), 6.1 (s, 2H; CH2), 2.3 ppm (s, 3H; CH3).


X-ray crystallographic studies : Several attempts to obtain suitable mate-
rials were carried out, but in general single crystal were too small for


Table 2. Crystal data for the complex salts.


[LH3···NO3][PF6]2·(C2H5)2O [LH3][LH](PF6)3Br·H2O·2CH3CN


formula C49H49F12N7O4P2 C94H84BrF18N14OP3


Mr 1089.89 1940.56
color colorless deep yellow
dimensions [mm] 0.20H0.10H0.06 0.13H0.12H0.02
crystal system triclinic triclinic
space group P1̄ (no. 2) P1̄ (no. 2)
a [Q] 11.2743(26) 13.0056(8)
b [Q] 14.7569(33) 14.8514(9)
c [Q] 15.9934 (36) 22.8499(14)
a [8] 104.187(4) 100.043(2)
b [8] 106.520(4) 96.897(2)
g [8] 93.215(4) 93.640(2)
V [Q3] 2450.4(10) 4298.3(5)
Z 2 2
1calcd [g cm


�3] 1.477 1.499
m(MoKa) [mm�1] 0.188 0.633
scan type w scans w scans
q range [8] 2–21 2–22
measured reflections 11621 23674
unique reflections 4876 10524
Rint 0.0504 0.0475
strong data [Io>2s(Io)] 3035 7130
R1, wR2 (strong data) 0.1106, 0.3072 0.1299, 0.3383
R1, wR2 (all data) 0.1529, 0.3423 0.1661, 0.3657
GOF 1.212 1.061
refined parameters 645 1194
max/min residuals [eQ�3] 0.54/�0.42 1.11/�1.28
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crystallographic study. The crystals selected for data collection also
showed a low diffraction power and hence rather high final agreement in-
dexes. However, the crystallographic details are unambiguous and the in-
terpretation of structural features feasible. Diffraction data were collect-
ed at room temperature on a Bruker-Axs Smart-Apex CCD-based dif-
fractometer with graphite-monochromatized MoKa radiation (l=
0.71073 Q). Crystal data for [LH3···NO3][PF6]2·(C2H5)2O and [LH3][LH]-
(PF6)3Br·H2O·2CH3CN are reported in Table 2


Data reductions (including intensity integration, and background, Lorent-
zian, and polarization corrections) were performed with the SAINT soft-
ware (Bruker-Axs, Inc.) Absorption effects were analytically evaluated
by the SADABS software,[23] and absorption correction was applied to
the data (min./max. transmission factors were 0.75/0.98 and 0.85/0.98).
Crystal structures were solved by direct methods (SIR97)[24] and refined
by full-matrix least-square procedures on F2 for all reflections
(SHELXL97).[25] Calculations were performed with the WinGX pack-
age.[26] Anisotropic displacement parameters were refined for all non-hy-
drogen atoms, excluding diethyl ether (refined with isotropic atom-dis-
placement factor). Hydrogen atoms were placed at calculated positions
with the appropriate AFIX instructions and refined by using a riding
model.


CCDC-266162 and CCDC-266163 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.
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Introduction


Boron cluster ligands provide structural and bonding possi-
bilities distinct from conventional organic ligands.[1] The best
known of the boron ligands is the dicarbollide dianion [7,8-
nido-C2B9H11]


2� (Dcb2�), although there are other known
smaller icosahedral ligands, such as the nido-[C2B4H6]


2�.
Much has been written about the analogy between the dicar-


bollide [7,8-nido-C2B9H11]
2� and the isoelectronic cyclopen-


tadienide ions [C5H5]
� (Cp�) and their metal complexes.[1e,2]


The Dcb2� ligand is formally equivalent to the Cp� ligand
and both are able to coordinate in a h5-bonding fashion. The
synthesis and properties of the first Dcb2� sandwich com-
plexes, analogous to metallocenes, were reported in 1965,
and for nido-[C2B4H6]


2� in 1976.[3] Dcb2� sandwich com-
plexes with first-row transition-metals such as FeII,[4]


CoIII,[4,5] NiIII,[4,6] NiIV,[4,6d,7] CuII,[8] CuIII,[8] CrIII[9] and CoII[10]


have been synthesised and fully characterised. In addition,
some nido-[C2B4H6]


2� sandwich metallacarboranes of iron,
cobalt and nickel have been also reported.[11] Molecular or-
bital (MO) calculations confirmed the analogy of metallo-
cenes and the metal–dicarbollide analogues.[12] However,
comparative redox properties of metallocenes and metal–
Dcb2� sandwich compounds have shown that the latter are
oxidised more easily.[13] This is why it is considered that the
Dcb2� ligand stabilises high formal oxidation states.[14] This
stabilisation may be related to the higher charge in Dcb2�


than that of Cp� . The charge difference may be surpassed
by introducing a charge-compensating group in Dcb2�. Al-
though charge-compensated [x-L-7,8-nido-C2B9H10]


� (x=7,


Abstract: Novel sandwich metallacar-
boranes commo-[3,3’-Ni(8-SMe2-1,2-
C2B9H10)2] (1), commo-[3,3’-Co(8-
SMe2-1,2-C2B9H10)2]


+ (2+), commo-
[3,3’-Ru(8-SMe2-1,2-C2B9H10)2] (4) and
commo-[3,3’-Fe(8-SMe2-1,2-C2B9H10)2]
(5) have been prepared by reaction of
[10-SMe2-7,8-nido-C2B9H10]


� with
NiCl2·6H2O, CoCl2, [RuCl2(dmso)4]
and [FeCl2(dppe)], respectively. Reduc-
tion of 2+ with metallic Zn leads to the
neutral and isolable complex commo-
[3,3’-Co(8-SMe2-1,2-C2B9H10)2] (3).
Theoretical calculations using the
ZINDO/1 semiempirical method show
three energy minima for complexes 1–3


and 5 that agree with the presence of
three different rotamers in solution at
low temperature, while four relative
energy minima have been found for 4.
The calculated rotational energy barri-
ers for complexes 1–5 have been found
in the range 5.2�0.2 and 11.5�
0.2 kcalmol�1. These values are in
agreement with the experimental data
calculated for complexes 2+ and 5.
Only one rotamer is found in the X-ray


crystal structure of complexes 1–3,
while two are observed for 4. Neutral
complexes 1, 3 and 4 exhibit a gauche
conformation, whereas a cisoid confor-
mation is found for the 2+ ion. Rotam-
ers evident from X-ray diffraction stud-
ies are in agreement with the global
energy minimum calculated by the
ZINDO/1 method. The electrochemical
studies conducted on 1, 3, 4 and 5 sup-
port the proposal that the charge-com-
pensated ligand [10-SMe2-7,8-nido-
C2B9H10]


� stabilises lower oxidation
states in metals than the dianionic [7,8-
nido-C2B9H11]


2� and even the [C5H5]
�


ligands.
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9, 10; L=pyridine, THF, SR2, PPh3 and so on) monoanionic
ligands have been studied,[15] few transition-metal sandwich
complexes have been reported.[15d,16,17] To compare the prop-
erties of monoanionic derivatives of Dcb2� with metallocene
analogues, we have recently reported the preparation of
half-sandwich ruthenacarborane complexes with [10-SR2-
7,8-nido-C2B9H10]


� (R=Me, Et, (CH2)4, EtPh) similar to
[RuCl(Cp)(PR3)2],


[18] and have used them as catalytic pre-
cursors.[19,20] An electrochemical study of the complexes has
demonstrated a direct relationship between E8 for the RuIII/
RuII couple and their catalytic activity.[20] Modification of
the nature of the charge-compensating group results in E8
tuning in the complex. In addition, and unlike the Cp� ion,
the charge-compensated monoanionic carborane ligands are
capable of stabilizing RhI and RhIII complexes.[21]


Here we report the preparation of NiII, CoII, CoIII, RuII


and FeII sandwich complexes of [10-SMe2-7,8-nido-
C2B9H10]


� , along with their spectroscopic and electrochemi-
cal properties. Comparison between metallocenes and Dcb2�


sandwich complexes is discussed. Additionally, the energy
profile and energy rotation barriers have been theoretically
and experimentally calculated, and compared with data
from X-ray diffraction single-crystal analyses. We also dis-
cuss conformational habits based on 2+ and 5.


Results and Discussion


Syntheses and NMR studies : Reaction of NiCl2·6H2O with a
solution of K[10-SMe2-7,8-nido-C2B9H10] in ethanol[18] at
room temperature yielded a yellow suspension, from which
the paramagnetic complex commo-[3,3’-Ni(8-SMe2-1,2-
C2B9H10)2] (1) was isolated as an analytically pure solid in
66% yield (Scheme 1). In contrast to commo-[3,3’-Ni(1,2-
C2B9H11)2]


2�, which is air sensitive and readily oxidises to a
NiIII complex,[4] 1 is air- and moisture-stable in solution and
in the solid state. The elemental analysis for 1 is in agree-
ment with the proposed stoichiometry. The paramagnetic
nature of 1 is evidenced by the broad 11B{1H} NMR spec-
trum that extends from d=++140 to �120 ppm. Moreover,
no evidence of B�H coupling is observed in the 11B NMR
spectrum. The 1H NMR spectrum shows B�H and C�H
broad resonances from d=++85 to �170 ppm. The IR spec-
trum of 1 shows n(B�H) at 2518 cm�1. The UV-visible spec-


tral data of 1 in acetonitrile are given in Table 1, and consist
of five absorptions at 217, 257, 351, 495 and 745 nm.


The CoIII complex was similarly prepared by mixing K[10-
SMe2-7,8-nido-C2B9H10] and anhydrous CoCl2 in MeOH or
EtOH yielding the orange diamagnetic complex commo-
[3,3’-Co(8-SMe2-1,2-C2B9H10)2]Cl (2-Cl; Scheme 1). The [10-
SMe2-7,8-nido-C2B9H10]


� ligand behaves in a similar manner
to [7,8-nido-C2B9H11]


2�[4,5] in that it stabilizes a CoIII com-
plex. Formation of 2+ was associated with the precipitation
of a black residue of Co0, suggesting the formation of an ini-
tial CoII complex, which disproportionates to CoIII and
cobalt metal.[4] Complex 2-Cl was not isolated, but was char-
acterised in solution by 1H and 11B NMR spectroscopy. The
1H resonances at d=4.96 ppm, assigned to the Ccluster�H pro-
tons, and at d=2.84 ppm due to the SMe2 protons are worth
noting. The 11B{1H} NMR spectrum displays a ratio pattern
2:2:8:4:2 in the range d=++10 to �20 ppm (Table 2), similar
to that exhibited for the parent commo-[3,3’-Co(1,2-


C2B9H11)2]
� ion.[22] The lower field resonance is not split in


the 11B NMR spectrum, and is assigned to the substituted
B8 atom. From low-to-high field, the resonances were as-
signed by means of COSY measurements to B(8,8’), B-
(10,10’), B(4,4’,7,7’,9,9’,12,12’), B(5,5’,11,11’) and B(6,6’)
(Table 2). As expected, the presence of the positively charg-
ed SMe2 group bonded to the B8 atom leads to a shift in all
resonances, except that at d=�5.4 ppm, of approximately
3 ppm to lower field with respect to the corresponding ones
in commo-[3,3’-Co(1,2-C2B9H11)2].


[23] The UV-visible spectral
data for 2-Cl in acetonitrile are displayed in Table 1, and
consist of four absorptions at 215, 250, 300 and 464 nm. To
our knowledge, the only cationic cobaltacarborane sandwich
reported in the literature is the highly sensitive complex
commo-[3,3’-Co{4-(4’’-(C5H4N)CO2CH3)-1,2-C2B9H10}2]


+, syn-
thesised by Hawthorne and co-workers in low yield.[15d]Scheme 1. Formation of commo-[3,3’-M(8-SMe2-1,2-C2B9H10)2].


Table 1. UV-visible spectral data (nm) for complexes 1–5 in CH3CN.


l (e)


1 217[a] (11300), 257[a] (6700), 351 (12000), 495 (85), 745 (54)
2+ 215[a] (5900), 250[a] (6100), 300 (23700), 464 (280)
3 222 (17800), 265 (11400), 339 (9500), 442 (220)
4 198 (54000), 223 (37000), 336[a] (30), 362 (610), 481 (60)
5 221 (32200), 268[a] (8900), 383 (130), 520 (180)


[a] Shoulder.


Table 2. 11B{1H} NMR chemical shifts (ppm) for d6 complexes.


Boron atom [3,3-Co(1,2-C2B9H11)2] 2+ 4 5


B8,B8’ 6.5 9.7 2.0 0.8
B10,B10’ 1.4 4.3 �5.4 �9.6
B4,B7,B4’,B7’ �6.0 �5.4 �9.5 �12.0
B9,B12,B9’,B12’ �6.0 �5.4 �15.0 �14.9
B5,B11,B5’,B11’ �17.2 �13.8 �22.7 �23.1
B6,B6’ �22.7 �19.8 �24.7 �26.2
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With the 2+ available, we thought that we might be able
to produce the first salt fully based on cobaltabis(dicarbol-
lide) salt. With this in mind, complex 2-Cl was mixed with
commo-[3,3’-Co(1,2-C2B9H11)2]


� to give 2-[3,3’-Co(1,2-
C2B9H11)2] in 65% yield. The salt 2-[3,3’-Co(1,2-C2B9H11)2]
was fully characterised by elemental analysis, IR and NMR
spectroscopy. The 11B{1H} NMR spectrum consists of a
2:2:2:2:16:4:4:2:2 pattern from low-to-high field that is the
sum of the spectra of the two individual ions; this indicates
that no interaction between these two C2v symmetry moiet-
ies exists in solution at room temperature. The
1H{11B} NMR spectrum at room temperature can be inter-
preted in a similar way. The IR spectrum shows an intense
broad band centred at 2535 cm�1 assigned to the B�H
stretching vibrations.
The CoII sandwich complex commo-[3,3’-Co(8-SMe2-1,2-


C2B9H10)2] (3), the analogue to 1, was produced in a 92%
yield by reduction of 2-Cl with metallic Zn in MeOH/H2O.
Evidence for the production of 3 was given by the cyclic vol-
tammetry (CV) of 1 (vide infra), which shows that the redox
potential is significantly more positive than in the parent an-
alogue commo-[3,3-Ni(1,2-C2B9H11)2]


2�, with DE8ffi1 V. This
indicates that the reduced form of the redox couple is more
stable in 1 than in the parent analogue. We would expect
the same to be applicable to 2+ , thus generating a stable
complex 3. The paramagnetic nature of 3, a d7 complex, is
evidenced by the 11B NMR spectrum, which shows resonan-
ces in a wide range (d=++62.8 to �34.4 ppm) compared to
the diamagnetic 2+ (d=++9.6 to �22.2 ppm). In contrast to
1, however, some of the B�H couplings for 3 could be ob-
served in the 11B NMR spectrum. The 1H NMR spectrum is
also widened, extending from d=++26 to �60 ppm, and is
similar to the spectrum for commo-[3,3’-Co(1,2-
C2B9H11)2]


2�.[10] The electronic spectral data registered for
complex 3 in acetonitrile are presented in Table 1. Four ab-
sorptions are observed at 222, 265, 339, and 442 nm in a sim-
ilar range to those observed for its precursor 2+ .
The reaction of [RuCl2(dmso)4] with K[10-SMe2-7,8-nido-


C2B9H10] in EtOH under reflux leads to the d6 complex
commo-[3,3’-Ru(8-SMe2-1,2-C2B9H10)2] (4 ; Scheme 1). The
11B{1H} NMR spectrum exhibits six resonances in the region
d=++2.0 to �24.7 ppm, with area ratios 2:2:4:4:4:2. The res-
onance at lower field (d=2.0 ppm), not split in the
11B NMR spectrum, is assigned to the Me2S–B8 moiety. As-
signments were made with a two-dimensional (2D) 11B{1H}–
11B{1H} COSY experiment and correspond to B(8,8’), B-
(10,10’), B(4,4’,7,7’), B(9,9’,12,12’), B(5,5’,11,11’) and B(6,6’),
respectively (Table 2). The 1H{11B} NMR resonances for the
SMe2 and Ccluster�H protons are dependent on the metalTs
nature, and for 4 are observed at 2.47 and 3.59 ppm, respec-
tively. The n(B�H) absorption in the IR spectrum is found
at 2559 cm�1. The UV-visible spectral data for complex 4 are
given in Table 1; the absorptions registered in acetonitrile
are 198, 223, 336, 362, and 481 nm. In this spectrum, the two
bands at 198 and 362 nm were not observed previously in
complexes 1–3.


Even though complex commo-[3,3’-Fe(8-SMe2-1,2-
C2B9H10)2] (5) had been previously prepared from
FeCl2·4H2O by Plešek and co-workers,[24] we report an im-
proved synthesis by using [FeCl2(dppe)] as a source of iron
(Scheme 1). Reaction of K[10-SMe2-7,8-nido-C2B9H10] in
THF with [FeCl2(dppe)] in a 2:1 ratio leads to the formation
of 5 in 63% yield, higher than the 47% reported yield.[24]


Complex 5 exhibits a 11B{1H} NMR pattern 2:2:4:4:4:2 in a
similar range to complex 4, and the assignment of resonan-
ces is also the same (Table 2). In the 1H{11B} NMR spectrum
the Ccluster�H proton resonances that appear at d=3.52 and
2.50 ppm are assigned to the SMe2 protons. The UV-visible
spectrum for 4 in acetonitrile shows four absorptions at 221,
268, 383, and 520 nm (Table 1).


Computational studies and crystal structures
Theoretical studies : The room-temperature 11B NMR pat-
terns of complexes 1–5 may be compatible with rotamers
that have either C2h or C2v symmetry. The main difference
between these two symmetries lies in the disposition of the
cluster carbon atoms. If they are in an averaged cisoid dispo-
sition the molecule is C2v, but if they are in a transoid dispo-
sition the molecule is C2h. The calculation of the rotational
preferences of 1–5 were carried out by using the semiempiri-
cal ZINDO/1 computational method. The energy rotation
barriers and the relative stability of the most stable rotamers
can be determined from the energy profiles. Calculations
were carried out for idealised models of complexes 1–5, in
which the SMe2 group was substituted by SH2. Starting from
the eclipsed conformation (08), one moiety was rotated with
regard to the second at 18 intervals. The position of the SH2


group was allowed to relax by means of molecular mechan-
ics geometry optimisation before calculating the energy in
each conformation. We expect three possible rotamer
energy minima on inspection of the idealised rotamers,
which are indicated as A, B and C in Figure 1. Rotamer A,


Figure 1. Mutual configuration of the zwitterionic ligands in metal com-
plexes 1–5.
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which corresponds to a cisoid conformation, is the one with
the highest steric hindrance and the one that may be sub-
jected to the highest coulombic repulsion. All these forces
may be compensated by the more electronegative atoms
being in close proximity. In rotamer B, the clusters are mu-
tually rotated 1088, adopting a gauche conformation, and
would correspond to a balanced situation between steric
and electronic requirements. Finally, rotamer C, which cor-
responds to a transoid conformation (1808), would have the
minimum steric hindrance, although comparable to B, but
would not be so favourable electronically due to the trans
disposition of the most electronegative elements. Based on
this simple model, configuration B would be the most
stable, and the stability of A or C would provide informa-
tion on the relative importance of steric hindrance versus
electronic effects in these metallacarboranes.
The analysis of the calculated energy profiles for complex


1 (Figure 2), agrees with the discussion above and five dif-
ferent relative minima were found. As expected, the global


minimum corresponds to the gauche configuration repre-
sented by rotamer B (1168 and 2448). The other three rela-
tive minima are observed at 498 and 3118, rotation angles
that correspond to rotamer A, and at 1808, corresponding to
rotamer C. Rotamer A is comparable in energy to rotamer
C and is destabilised with regard to the gauche conforma-
tion. Calculations yield a theoretical rotational barrier be-
tween B and C of 4.5 kcalmol�1 (Table 3). This is low
enough to account for the symmetric appearance of the
11B NMR resonances that would correspond to an averaged
C2h symmetry.


This model is also valid for 2+ ; however for this complex
the electronic and steric effects are reversed. As seen in
Figure 3, five relative energy minima are observed, four are


quasi-degenerate corresponding to rotation angles at 458
(3158) and 1108 (2508), for rotamers A and B, respectively
(Figure 1), whereas rotamer C is less stable. Two rotational
barriers are detected with energy values of 6.8 and
11.5 kcalmol�1 (Table 3). This situation is in contrast to that
for 1, in which rotamer B is definitely more stable than C
and A, and in which the rotational barrier is only
4.5 kcalmol�1.
The analysis of the calculated energy profile for 3 is very


similar to that for 1. Five relative energy minima (at 468
(3148), 1158 (2458) and 1808) are observed, two of them (A,
C) being quasi-degenerate and with a rotation barrier near
5.8 kcalmol�1 (Table 3). The lowest energy minimum for 3
corresponds to a rotation angle near 1158 (2458), which
closely corresponds to the gauche conformation represented
by the rotamer B.
We found a slight variation in the energy profiles for com-


plex 4, with regard to the other neutral 1 or 3 sandwich
complexes. Seven relative energy minima corresponding to
rotation angles of 488 (3128), 938 (2678), 1168 (2448) and
1808 are observed. However, conformations between 938
and 1168 could be interpreted as belonging to a broad con-
formation minimum, with an almost negligible energy barri-
er (Figure 4). The first three minima (corresponding to A, D
and B) are comparable in energy, although B is the most
stable. The rotamer at 1808 corresponds to C (Figure 1). The
rotation barrier between A and B is almost negligible
(2.2 kcalmol�1), while the rotation barrier between B and C
is also small, although slightly higher (5.2 kcalmol�1)
(Table 3). This is the first example in which an energy mini-
mum at 938, corresponding to D in Figure 1, has been ob-
served for this type of sandwich complex.
Energy profiles for complex 5 are similar to those for


complexes 1 and 3 (Figure 2), showing five relative energy
minima. The lowest minima correspond to rotamer B at


Figure 2. Calculated energy profile for compound 1 by the ZINDO/1
method.


Table 3. Energy barriers (kcalmol�1) calculated by theoretical studies.


cisoid!gauche gauche!transoid


1 5.5 4.5
2+ 6.8 11.5
3 5.8 5.8
4 2.2 5.2
5 6.7 8.0


Figure 3. Calculated energy profile for complex 2+ by the ZINDO/1
method.
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1168 and 2448. The calculated rotation barrier between B
and C is 8.0 kcalmol�1 (Table 3).
In general, rotational energy barriers corresponding to


the ring rotation in classical organometallic sandwich com-
plexes are low (1–2 kcalmol�1).[25] Incorporation of substitu-
ents on the ring increases the value; in fact, measurements
carried out in mono- and 1,1’-disubstituted ferrocenes have
shown energy barriers between 0.9 and 5.0 kcalmol�1.[26] The
calculated energy barriers for complexes 1–5 have been
found to be between 2.2 and 11.5 kcalmol�1 (Table 3). These
values are higher than for the metallocenes, which may be
explained by the out-of-plane disposition of substituents in
the C2B3 coordinating face and the different electronegativi-
ty of their constituents, two carbon and three boron atoms,
with regard to the elementTs homogeneity in classical metal-
locenes (Figure 5).
To test the consistency of the above calculations, it has


been possible to experimentally deduce the rotational barri-
ers for complexes 2+ and 5 by dynamic NMR spectroscopy
(DNMR). Coalescence of the corresponding Ccluster�H reso-
nances is observed in the 1H NMR spectra for both com-
plexes. The Ccluster�H resonan-
ces split below the coalescence
temperature (Tc) into two equal
intensity resonances. Complex
2+ exhibits a Tc at 253�2 K, re-
sulting in a rotational barrier of
11.8�0.2 kcalmol�1. A rota-
tional barrier of 8.3�
0.2 kcalmol�1 has been ob-
tained for 5, from the Tc at
183�2 K. The calculated and
experimental data agree very
well: 11.5 versus 11.8�
0.2 kcalmol�1 for complex 2+ ,
and 8.0 versus 8.3�
0.2 kcalmol�1 for complex 5 ;
these results prove the reliabili-
ty of the ZINDO/1 method for
this purpose.


X-ray diffraction studies : Single-crystal X-ray diffraction
analyses of 1, 2-Cl·EtOH, 3 and 4 confirmed the expected
sandwich structures with the SMe2 charge-compensating
moieties connected to both B8 and B8’ atoms. The X-ray
diffraction crystallographic data for these complexes is pre-
sented in Table 4. The structures are presented in Figures 6–
9 and selected bond parameters are listed in Tables 5–7.
The air-stable paramagnetic d8 complex 1 crystallised


from acetonitrile, while complex 3 crystallised from a
CH2Cl2/hexane solvent mixture under N2 atmosphere. Both
complexes were isolated as good crystals suitable for X-ray
diffraction analysis (Figures 6 and 7, respectively). Com-
plexes 1 and 3 are isostructural assuming twofold symmetry
with the metal atoms lying at the symmetry axis. In complex
1, the Ni�C and Ni�B coordination bonds are longer than
the corresponding bonds in 3, therefore the M–C2B3 dis-
tance in 1 (1.6709(19) V) is longer than in 3 (1.5708(9) V)
(Table 5). The coordinating C2B3 belt in 3 is slightly opened
(0.065 V) relative to that of 1. Most of the remaining bond
parameters in 1 and 3 are the same within experimental
error, or differ only slightly. Mutual ring rotation angles are
very similar with values �112.28 and �112.88 for complexes
1 and 3, respectively. These are in good agreement with the
calculated value of 1158 and confirm the gauche conforma-
tion (Figure 1, B). The structure of d8 complex 1 is different
to other d8/d9 metallacarboranes (M=CuII, CuIII, AuIII, PdII,
AuII), which possess a distorted p-allyl structure.[27] The
same is assumed for the paramagnetic commo-[3,3’-Ni(1,2-


Figure 4. Calculated energy profile for compound 4 by the ZINDO/1
method.


Figure 5. Projection of [C5H5]
� and [10-SMe2-7,8-C2B9H9]


� on the plane.


Table 4. Crystallographic data and structural refinement details for compounds 1, 2-Cl·EtOH, 3, and 4.


1 2-Cl·EtOH 3 4


formula C8H32B18NiS2 C10H38B18CoClOS2 C8H32B18CoS2 C8H32B18RuS2
Mr 445.75 527.48 445.97 488.11
crystal system orthorhombic monoclinic orthorhombic orthorhombic
space group P21212 (no. 18) P21/n (no. 14) P21212 (no. 18) Pca21 (no. 29)
a [V] 10.937(4) 10.8062(2) 10.6787(2) 28.3728(3)
b [V] 13.207(3) 17.9282(4) 13.1730(3) 13.7834(2)
c [V] 8.024(2) 14.1982(4) 8.04210(10) 11.5771(2)
b [8] 90 93.8396(10) 90 90
V [V3] 1159.0(6) 2744.52(11) 1131.29(4) 4527.50(11)
Z 2 4 2 8
T [8C] 20 �100 �100 �100
l [V] 0.71073 0.71073 0.71073 0.71073
1 [g cm�3] 1.277 1.277 1.309 1.432
m [cm�1] 10.12 8.81 9.38 8.72
goodness-of-fit 1.064 1.027 1.072 1.027
R1[a] [I>2s(I)] 0.0402 0.0444 0.0292 0.0278
wR2[b] [I>2s(I)] 0.0974 0.0947 0.0672 0.0669
FlackTs parameter �0.01(3) – 0.023(17) 0.29(3)


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= {�[w(F2o�F2c)2]/�[w(F2o)2]}1/2.
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C2B9H11)2]
2� ion, the structure of which was indirectly deter-


mined, showing a “slipped” transoid disposition.[8b] There-
fore, 1 exhibits the first crystal structure of a NiII complex
sandwiched by two dicarbollide ligands; in addition the li-
gands adopt a gauche conformation. This conformation com-
plements others already found in bis(dicarbollide)–nickel
sandwich complexes. Previously the cisoid commo-[3,3’-
Ni(1,2-C2B9H10)2],


[7] transoid commo-[3,3’-Ni(1,2-
C2B9H10)2]


� ,[6c] or “slipped” transoid commo-[3,3’-Ni(1,2-
C2B9H10)2]


2�,[8b] were reported. However, complex 3 repre-
sents one of the few examples of structurally characterised
CoII sandwiches; until now only the d7 CoII complex [Cs2-
(dme)4][Co(1,2-C2B9H11)2], which has transoid geometry, has
been studied by X-ray analysis.[10]


The diamagnetic d6 CoIII complex 2-Cl·EtOH crystallised
from an EtOH/H2O solvent mixture as orange crystals suita-
ble for X-ray diffraction analysis (Figure 8). The structure of


2-Cl·EtOH consists of 2+ , chloride ions and ethanol mole-
cules, which fill the empty space in the lattice forming O�
H···Cl hydrogen bonds (the O···Cl distance is 3.085(3) V).
Complex 2+ is the first crystallographically characterised
cationic cobaltacarborane, which incorporates two dicarbol-
lide ligands. If the CoIII complex 2+ is compared with CoII


complex 3, we observe that the Co�C and Co�B linkages
are significantly shorter in 2+ and, consequently, the metal
atom is closer to the coordinating C2B3 belts in 2+


(1.4852(16) and 1.4823(16) V) than in complex 3. The C2B3
belt in 2+ is slightly opened (0.064 V) compared with that of
3 (see Table 6). The mutual cage configurations of upper
and lower belts in 2+ and 3 are quite different. The disposi-
tion of ligands in 3 is gauche (�112.88), but cisoid (�40.98)
in 2+ (see Figure 1, A). This disposition is also manifested in
the intramolecular S···S distances (5.7025(10) V for 3 and
3.0686(12) V for 2+). The S···S distance in complex 2+ is
0.53 V shorter than the sum of the van der Waals radii indi-


Figure 6. Drawing of compound 1 with 30% thermal displacement ellip-
soids. Superscripted a refers to equivalent position �x, �y, z.


Figure 7. Drawing of 3 with 30% thermal displacement ellipsoids. Super-
scripted a refers to equivalent position �x, �y, z.


Table 5. Selected bond lengths (V), angles (8) and torsion angles (8) for 1
and 3.[a]


1 3


M�C1 2.234(4) 2.1698(18)
M�C2 2.228(4) 2.092(2)
M�B8 2.194(5) 2.166(2)
S�B8 1.902(4) 1.908(2)
S�C13 1.785(4) 1.796(2)
S�C14 1.791(5) 1.795(2)
C1�C2 1.587(6) 1.592(3)


C1[a]-M-C1 176.1(2) 178.63(12)
C2[a]-M-C2 102.3(2) 101.89(11)
B8-M-B8[a] 141.5(2) 137.57(12)
S-B8-M 108.9(2) 112.20(12)


C13-S-B8-B4 25.8(4) 29.1(2)
C14-S-B8-B7 �79.9(4) �78.1(2)
B8-c-c[a]-B8[a] �112.2 �112.8


[a] Equivalent position �x, �y, z ; c refers to centre of pentagon
C1,C2,B4,B7,B8.


Figure 8. Drawing of complex 2+ with 30% thermal displacement ellip-
soids.
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cating a weak intramolecular interaction between the sul-
phur atoms.[28] The mutual rotation angle found in the solid
state for 2+ agrees well with the results of theoretical calcu-
lations and is close to the energy minimum angle at 458. A
cisoid conformation was also found in the analogous unsub-
stituted d6 commo-[3,3’-Co(1,2-C2B9H11)2]


� complex.[5b,29] It
is important to note that the cationic complex commo-[3,3’-
Co{4-(4’’-(C5H4N)CO2CH3)-1,2-C2B9H10}2]


+ has been previ-
ously described; however, no crystal structure was obtained
due to its instability, which was attributed to the net positive
charge.[15d]


The crystal structure of the d6 complex commo-[3,3’-Ru(8-
SMe2-1,2-C2B9H10)2] (4) corresponds to the first dicarbollide
sandwich of RuII. In the asymmetric unit, there are two
quasi-enantiomeric independent entities, 4a and 4b
(Figure 9), although there is no inversion centre or mirror
plane that relates the molecules. As can be seen from
Table 7, most of the corresponding bond parameters in the
two molecules are equal within experimental error, and
minor but significant differences are observed in some bond
and torsion angles. Values of �83.18 and 89.08 for mutual


rotation angles of the carborane ligands of 4a and 4b, re-
spectively, indicate a pseudo-gauche conformation for both
complexes (see D in Figure 1 and Figure 4). As far as we
are aware, this intermediate configuration has never been
observed in a nonbridged (thus, freely rotating) bis(dicar-
bollyl) sandwich complex,[30] for which cisoid, gauche and
transoid conformations have been previously defined and re-
ported.[24,27,29] Interestingly, the experimental value for 4b is
close to the calculated value for rotamer D. For 4a the mis-
match with D is higher, but is within the D/B region in
Figure 4.
The more stable rotamers obtained from the calculated


energy profiles match very well with the crystal structures
obtained by X-ray analysis. This suggests that only intramo-
lecular forces are relevant to determine the most stable con-
former. When two minima are in dispute, as is the case for
2+ , coulombic and ionic forces are probably responsible for
the adoption of the cisoid conformation.


Electrochemical studies : The results shown in the former
sections imply that [10-SMe2-7,8-nido-C2B9H10]


� tends to
produce complexes in which the metal is in a lower oxida-
tion-state than their analogues derived from [7,8-nido-
C2B9H12]


2�. The redox behaviour of the metal complexes of
[10-SMe2-7,8-nido-C2B9H10]


� should corroborate these ob-
servations.
Cyclic voltammetry measurements were conducted on 1,


3, 4 and 5, in acetonitrile by using [NBu4][PF6] as the sup-
porting electrolyte. The inspected range, between �2.5 and


Table 6. Selected bond lengths (V), angles (8) and torsion angles (8) for
2-Cl·EtOH.[a]


Co3�C1 2.050(3) S1�C13 1.785(3)
Co3�C2 2.053(3) S1�C14 1.795(3)
Co3�B8 2.119(4) S2�B8’ 1.916(4)
Co3�C1’ 2.050(3) S2�C15 1.794(3)
Co3�C2’ 2.049(3) S2�C16 1.786(3)
Co3�B8’ 2.118(3) C1�C2 1.612(4)
S1�B8 1.925(3)


C1’�C2’ 1.610(5) B8-Co3-B8’ 99.63(14)
C1-Co3-C1’ 132.02(12) S1-B8-Co3 115.72(18)
C2-Co3-C2’ 95.96(13) S2-B8’-Co3 115.00(18)


C13-S1-B8-B4 70.3(3) C16-S2-B8’-B7’ �35.6(3)
C14-S1-B8-B7 �32.3(3) B8-c-c’-B8’ �40.9
C15-S2-B8’-B4’ 68.9(3)


[a] c refers to centre of pentagon C1,C2,B4,B7,B8; c’ refers to centre of
C1’,C2’,B4’,B7’,B8’.


Figure 9. Drawing of 4a with 30% thermal displacement ellipsoids.


Table 7. Selected bond lengths (V), angles (8) and torsion angles (8) for
4.[a]


4a 4b


Ru3�C1 2.180(5) 2.181(5)
Ru3�C2 2.180(4) 2.171(5)
Ru3�B8 2.218(5) 2.234(5)
Ru3�C1’ 2.170(4) 2.178(4)
Ru3�C2’ 2.172(5) 2.172(4)
Ru3�B8’ 2.233(5) 2.216(5)
S1�B8 1.925(5) 1.915(5)
S1�C13 1.810(5) 1.808(5)
S1�C14 1.802(5) 1.792(4)
S2�B8’ 1.917(5) 1.920(5)
S2�C15 1.800(5) 1.798(5)
S2�C16 1.800(5) 1.799(5)
C1�C2 1.627(6) 1.611(6)
C1’�C2’ 1.641(7) 1.630(6)


C1-Ru3-C1’ 158.96(17) 96.23(19)
C2-Ru3-C2’ 95.04(18) 162.92(16)
B8-Ru3-B8’ 124.75(19) 126.91(19)
S1-B8-Ru3 116.2(3) 116.5(3)
S2-B8’-Ru3 116.4(3) 115.0(3)


C13-S1-B8-B4 109.4(4) �4.0(5)
C14-S1-B8-B7 8.8(4) �104.2(4)
C15-S2-B8’-B4’ 104.5(4) 0.3(4)
C16-S2-B8’-B7’ 3.7(5) �101.6(4)
B8-c-c’-B8’ �83.1 89.0


[a] c refers to centre of C1,C2,B4,B7,B8; c’ refers to centre of
C1’,C2’,B4’,B7’,B8’.
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+2.0 V with reference to the [Cp2Fe]
+/[Cp2Fe] couple, gave


rise to fully reversible diffusion-controlled processes. All CV
traces have shown similar DEp values as for the [Cp2Fe]


+/
[Cp2Fe] couple under the same working conditions. Hence,
each process was assumed to have one-electron stoichiome-
try, as determined indirectly by comparison of their CV
peak heights and DEp values.
The data in Table 8 shows that each electrochemical pro-


cess voltage for 1, 3, 4 and 5 is shifted by around +1 V to
more positive values when compared to the equivalent pro-


cess voltage in the parent bis(dicarbollide) analogues. This
considerable shift accounts for the air stability of the NiII


and FeII complexes, as well as the easy preparation of the
CoII complex. Moreover, the E1/2 values are anodically shift-
ed (+0.12 to +0.79 V) with regard to their metallocene an-
alogues. Consequently it follows that the [10-SMe2-7,8-nido-
C2B9H10]


� ligand is more capable of stabilizing low oxidation
states than the dicarbollide or cyclopentadienyl systems. A
comparable phenomenon has been reported for other mono-
anionic heteroborane ligands, such as [MeC3B7H9]


� and
[CB9H10PMe]


� .[31]


A complementary insight was derived from the analysis of
the linear dependence of the standard potential values (Eo


j )
with the metal ionisation potentials (IPj). The equation


[32]


Eo
j (V versus Cp2Fe)�ai+0.11IPj is valid for sandwich com-


plexes, thus applies for [M(Cp)2] and commo-[3,3’M-(1,2-
C2B9H11)2] complexes, and expectedly for complexes derived
from [10-SMe2-7,8-nido-C2B9H10]


� . In the equation, ai is a
constant that is characteristic of each ligand (�3.18 for
[C5H5]


� and �3.68 for [7,8-nido-C2B9H11]
2�) and j=


1,2,….[4,13,33] The ai constant is related to the electronic stabi-
lizing effect of the p ligand, making it useful for comparison
purposes. As expected, the Eo


j against IPj plot for 1, 3, 4 and
5 revealed that the ligand [10-SMe2-7,8-nido-C2B9H10]


� also
displays a similar linear behaviour with a slope (ai) of �2.70,


hence ai([10-SMe2-7,8-nido-C2B9H10]
�)>ai([C5H5]


�)>ai([7,8-
nido-C2B9H11]


2�).
These results confirm that this charge-compensated ligand


is more capable of stabilising lower oxidation states in
metals, such as NiII, CoII, RuII and FeII, than Dcb2� ligand
and even Cp� ligand. This has been demonstrated with the
preparation of the above complexes.


Conclusion


The first paramagnetic NiII and CoII and diamagnetic RuII


and CoIII sandwich complexes, which contain the charge-
compensated [10-SMe2-7,8-nido-C2B9H10]


� ligand, have been
successfully prepared by the direct reaction of the carborane
anion with the appropriate metal source. The electrochemi-
cal data indicate that the incorporation of the positive SMe2
group into the cluster causes a decrease of the electron-do-
nating capacity of this ligand compared to the Dcb2� and
Cp� ligands, which confirms the relatively easy stabilisation
of low-oxidation-state metal complexes. Semiempirical cal-
culations have revealed that all these sandwich complexes
are compatible with several rotamers in solution, with low
rotational barriers that do not hinder free relative move-
ment of the two ligands at room temperature. Energy rota-
tion barriers have been determined experimentally for two
complexes and are in agreement with the calculations. In ad-
dition, X-ray diffraction studies for complexes 1–4 are coin-
cident with ZINDO/1 calculations concerning the most
stable conformer: only one rotamer is found in the solid
state for 1–3 and two for the RuII complex 4. All neutral
complexes have revealed the unusual gauche or pseudo-
gauche conformation in the solid state, probably due to
steric and electronic factors. In contrast, the cationic com-
plex 2+ shows a cisoid conformation despite the presence of
the two sulfonium groups; this seems to arise from interac-
tions between both SMe2 groups.


Experimental Section


General considerations : We performed elemental analyses using a Carlo
Erba EA1108 microanalyser. IR spectra were recorded with KBr pellets
on a Shimadzu FTIR-8300 spectrophotometer. UV-visible spectroscopy
was carried out with a Cary 5E spectrophotometer using 0.1 cm cuvettes.
The concentration of the complexes was 1Z10�3 molL�1. 1H and
1H{11B} NMR (300.13 MHz), 13C{1H} NMR (75.47 MHz), 11B and
11B{1H} NMR (96.29 MHz) spectra were recorded at room temperature
on a Bruker ARX 300 instrument equipped with the appropriate decou-
pling accessories. All NMR measurements were performed in [D6]ace-
tone at 22 8C. Chemical shift data for 1H, 1H{11B} and 13C{1H} NMR spec-
tra are referenced to SiMe4, those for


11B{1H} and 11B NMR spectra are
referenced to external BF3·OEt2. Chemical shifts are reported in ppm,
followed by a description of the multiplet (for example, d=doublet), its
relative intensity, and observed coupling-constants (in Hz).


Unless otherwise noted, all manipulations were carried out under a dini-
trogen atmosphere by using standard vacuum-line techniques. Solvents
were purified by distillation from appropriate drying agents before use.
Deuterated solvents for NMR (Fluorochem) were freeze-pump-thawed
three times under N2 and were transferred to the NMR tube using stan-


Table 8. Data obtained from cyclic studies in acetonitrile. The [FeCp2]
+/


[FeCp2] couple was taken as the zero reference.


E1/2 [V]
MIV/MIII MIII/MII MII/MI Ref.
(IP4) (IP3) (IP2)


[3,3-Ni(C2B9H11)2] �0.17 �1.01 �2.52 [4,37]
[NiCp2] 0.39[b] �0.41 �2.27 [38]
[3,3-Ni(8-SMe2-C2B9H10)2] (1) 0.87 �0.04 �1.48 this work


[3,3-Co(C2B9H11)2]
� 1.16 �1.83 �2.71 [4,39]


[CoCp2] 2.73[a] �1.32[b] �2.33[b] [38]
[3,3-Co(8-SMe2-C2B9H10)2] (3) �0.77 �1.65 this work


[RuCp2] 0.46[c] [33]
[3,3-Ru(8-SMe2-C2B9H10)2] (4) 0.62 this work


[3,3’-Fe(C2B9H11)2]
2� �0.84 [4,37]


[FeCp2] 0
[3,3-Fe(8-SMe2-C2B9H10)2] (5) 0.12 this work


[a] In liquid SO2. [b] In THF. [c] 0.1m [NBu4][B(C6F5)4] as supporting
electrolyte in THF.
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dard vacuum-line techniques. The carborane 10-SMe2-7,8-nido-C2B9H10


was prepared following the literature procedure[34] and [RuCl2(dmso)4]
was prepared according to the literature.[35] All other chemicals were pur-
chased from Fluka or Aldrich, and were used as-received.


Synthesis of commo-[3,3’-Ni(8-SMe2-1,2-C2B9H10)2] (1): A solution of
NiCl2·6H2O (162 mg, 0.682 mmol) in EtOH (2 mL) was added dropwise
to a Schlenk flask charged with a solution of 10-SMe2-7,8-nido-C2B9H11


(26.6 mg, 0.137 mmol) and K[tBuO] (24 mg, 0.204 mmol) in EtOH
(4 mL). The yellow suspension was stirred for 5 min, concentrated in
vacuo to 1 mL, and cooled to 0 8C. The resultant yellow solid was isolat-
ed by filtration, washed with cold EtOH (2Z2 mL), and dried in vacuo to
afford 20 mg (66%) of complex 1. Yellow crystals suitable for an X-ray
diffraction study were grown by slow evaporation of a solution of 1 in
acetonitrile at room temperature. 1H{11B} NMR: d=84.3, 24.4, 6.9,
�134.4, �156.7, �170.0 ppm; 11B{1H} NMR: d=139.2, 72.6, 71.5, �26.2,
�116.3 ppm; IR: ñ=2560, 2537, 2528 cm�1 (B–H); elemental analysis
calcd (%) for C8H32B18NiS2: C 21.6, H 7.2, S 14.4; found: C 21.7, H 7.3, S
13.6.


Synthesis of commo-[3,3’-Co(8-SMe2-1,2-C2B9H10)2]Cl ([2]-Cl): A solu-
tion of CoCl2 (57.0 mg, 0.439 mmol) in MeOH (4 mL) was added drop-
wise to a solution of 10-SMe2-7,8-nido-C2B9H11 (51.4 mg, 0.265 mmol)
and K[tBuO] (54.4 mg, 0.460 mmol) in MeOH (6 mL). Immediately, a
dark yellow solution was observed, from which a yellow solid precipitat-
ed. The precipitateTs colour changed to green on addition of water
(6.5 mL). The mixture was filtered and washed with MeOH/H2O (60:40,
15 mL). The remaining greenish solid was treated with a mixture of a
NaCl solution (5 mL, 3m), HCl (6 mL, 2.4m), and ethyl acetate (5 mL) to
afford a yellow solid and a red solution. The solid was completely dis-
solved in ethyl acetate (10 mL) and was transferred to a separating
funnel together with the red solution. After shaking and allowing the
layers to separate, the aqueous red layer was discarded and the organic
phase was smoothly heated under moderately reduced pressure for
5 min, causing the precipitation of an orange solid. This was collected
and dissolved in MeOH/H2O (60:40, 10 mL). Orange crystals of 2-Cl suit-
able for an X-ray diffraction study were grown by slow evaporation of
this solution at room temperature. 1H{11B} NMR: d=4.9 (br s, 4H; Cc-H),
2.84 ppm (s, 12H; S-CH3);


11B{1H} NMR: d=9.7 (2B), 4.3 (2B), �5.4
(8B), �13.8 (4B), �19.8 ppm (2B); 11B NMR: d=9.7 (2B), 4.3 (d, J-
(H,B)=135 Hz; 2B), �5.4 (8B), �13.8 (d, J(H,B)=157 Hz; 4B),
�19.8 ppm (2B).


Synthesis of commo-[3,3’-Co(8-SMe2-1,2-C2B9H10)2][3,3’-Co(1,2-
C2B9H11)2], (2-[3,3’-Co(1,2-C2B9H11)2]): A solution of [Cs{3,3’-Co(1,2-
C2B9H11)2}] (90.0 mg, 0.197 mmol) in MeOH/H2O (60:40, 10 mL) was
added to the solution containing complex 2-Cl in MeOH/H2O (60:40,
10 mL), prepared as described above starting from 10-SMe2-7,8-nido-
C2B9H11 (51.4 mg, 0.265 mmol). The resultant orange solid was filtered
and washed with MeOH/H2O (60:40, 10 mL) to afford 66 mg of 2-[3,3’-
Co(1,2-C2B9H11)2] (yield 65%).


1H{11B} NMR: d=4.96 (br s, 4H; Cc-H),
3.96 (br s, 4H; Cc-H), 2.84 ppm (s, 12H; S-CH3);


11B{11H} NMR: d=9.6
(2B), 7.1 (2B), 4.3 (2B), 1.9 (2B), �5.4 (16B), �13.7 (4B), �16.7 (4B),
�19.7 (2B), �22.2 ppm (2B); 11B NMR: d=9.6 (s, 2B), 7.1 (d, J(H,B)=
141 Hz; 2B), 4.3 (d, J(H,B)=142 Hz; 2B), 1.9 (d, J(H,B)=136 Hz; 2B),
�5.4 (16B), �13.7 (d, J(H,B)=167 Hz; 4B), �16.7 (d, J(H,B)=157 Hz;
4B), �19.7 (2B), �22.2 ppm (d, J(H,B)=173 Hz; 2B); IR: ñ=2589,
2557, 2535, 2501 cm�1 (B–H); elemental analysis calcd (%) for
C12H54B36Co2S2: C 18.7, H 7.0, S 8.3; found: C 19.0, H 6.97, S 7.2.


Synthesis of commo-[3,3’-Co(8-SMe2-1,2-C2B9H10)2] (3): The synthesis
procedure was the same as for 2-Cl, but using CoCl2 (418 mg, 3.22 mmol)
in MeOH (8 mL), and 10-SMe2-7,8-nido-C2B9H11 (125 mg, 0.644 mmol)
and K[tBuO] (152 mg, 1.287 mmol) in MeOH (10 mL). The workup was
followed up to get a solution of commo-[3,3’-Co(8-SMe2-1,2-C2B9H10)2]Cl
in MeOH/H2O (60:40; 100 mL). Activated metallic Zn (211 mg,
3.23 mmol) was added to the solution and the mixture was stirred over-
night and the colour of the solution faded. The solid was filtered, partial-
ly dissolved in CH2Cl2 and treated with an excess of hexane. The result-
ing greyish solid was collected by filtration, under N2, to afford 86 mg of
complex 3 (60%). Crystals of complex 3 suitable for X-ray diffraction
analysis were grown from a solution of 3 in CH2Cl2/hexane (1:1), under


an N2 atmosphere.
1H{11B} NMR: d=26.6, 3.43, 2.87, 2.10, 7.50, 7.80,


�37.55, �44.76, �59.43 ppm; 11B{1H} NMR: d=62.8 (4B), 51.2 (2B),
11.8 (2B), �30.6 (4B), �34.4 ppm (6B); 11B NMR: d=62.8 (4B), 51.2
(2B), 11.8 (d, J(H,B)=138 Hz; 2B), �30.6 (d, J(H,B)=143 Hz; 4B),
�34.4 ppm (d, J(H,B)=129 Hz; 6B); IR: ñ=2621, 2578, 2548, 2518 cm�1


(B–H); elemental analysis calcd (%) for C8H32B18CoS2: C 21.6, H 7.2, S
14.4; found: C 21.7, H 7.3, S 13.6.


Synthesis of commo-[3,3’-Ru(8-SMe2-1,2-C2B9H10)2] (4): [RuCl2(dmso)4]
(60 mg, 0.129 mmol) was added to a solution of 10-SMe2-7,8-nido-
C2B9H10 (25 mg, 0.129 mmol) and K[tBuO] (16 mg, 0.135 mmol) in EtOH
(5 mL). The mixture was refluxed overnight to give a brown solid. The
solid was filtered and dissolved in acetone. The resultant yellow solution
was concentrated in volume and treated with an excess of hexane. The
resulting yellow solid was collected by filtration to yield 22 mg of com-
plex 4 (70%). Crystals suitable for an X-ray diffraction study were grown
from a solution of 4 in acetone/CHCl3 2:1.


1H{11B} NMR: d=3.59 (br s,
4H; Cc-H), 2.47 ppm (s, 12H; SCH3);


11B{1H} NMR: d=1.9 (1B), �5.4
(1B), �9.5 (2B), �15.0 (2B), �22.7 (2B), �24.7 ppm (1B); 11B NMR:
d= 1.9 (s, 1B), �5.4 (d, J(H,B)=141 Hz; 1B), �9.5 (d, J(H,B)=145 Hz;
2B), �15.0 (d, J(H,B)=135 Hz; 2B), �22.7 (d, J(H,B)=159 Hz; 2B),
�24.7 ppm (d, J(H,B)=189 Hz; 1B); IR: ñ=2611, 2559, 2522, 2491 cm�1


(B–H); elemental analysis calcd (%) for C8H32B18RuS2: C 19.6, H 6.6, S
13.1; found: C 19.7, H 6.7, S 13.1.


Synthesis of commo-[3,3’-Fe(8-SMe2-1,2-C2B9H10)2] (5): [FeCl2(dppe)]
(80 mg, 0.152 mmol) was added to a solution of 10-SMe2-7,8-nido-
C2B9H10 (48.7 mg, 0.251 mmol) and BuLi (0.15 mL, 0.270 mmol) in THF
(2 mL) to give a violet solution. After refluxing for 30 min, the solvent
was evaporated and EtOH (5 mL) was added. The resultant violet pre-
cipitate was filtered and was washed with EtOH (5 mL). The solid was
dried in vacuo to yield 35 mg of compound 5 (63%).


Calculation details : All calculations were performed using the Hyper-
chem 5.0 package (Version 5.0, Hyperchem Inc.) installed on a PC-Penti-
um III 700 MHz personal computer. Calculations were performed on an
idealised model in which the SMe2 group was approximated by SH2


(S�H 1.42 V). The distances were set up as B�B=1.78 V, B�C=1.70 V,
C�C=1.60 V and B�H=C�H=1.12 V. After introduction of a metal,
the C2B3 coordinating faces were situated in a parallel and centred dispo-
sition. The metal is equidistant from the two carbon atoms and the B8
atom. The difference in ring separation between ferracarborane commo-
[3,3’Fe(8-SMe2-1,2-C2B9H10)2] (2.089 V) and the [Fe(Cp)2] (2.064 V) was
assumed to arise exclusively from the ligand exchange. The above sub-
traction (0.025 V) was added to the corresponding distances for each
metallocene. From the starting position, rotations of 18 were performed
(from a=08 to a=3608). At each point, a single-point calculation was
performed using the ZINDO/1 semiempirical method. Before the
ZINDO/1 calculations, the sulfonium group was allowed to relax by
means of molecular mechanics geometry optimisation. All energy values
correspond to free enthalpy referred to the lowest energy rotamer.


Electrochemical procedure : Cyclic voltammograms were recorded on a
EG & G PAR273 A potentiostat–galvanostat. Electrochemical measure-
ments were performed in a standard double-compartment three-elec-
trode cell. A 4 mm2 platinum plate and a platinum wire were used as
working and counter electrodes, respectively. For standard cyclic voltam-
metric measurements, a silver wire was utilised as a quasi-reference elec-
trode, and potentials were calibrated against the ferrocene from which
the E8([FeCp2]/[FeCp2]


+)=0.424 V versus the SCE. All measurements
were performed on a 1mm solution of complex in acetonitrile with tetra-
butylammonium hexafluorophosphate (0.2m) as supporting electrolyte.
Cyclic voltammograms were recorded with a scan-rate of 50 mVs�1.
E1/2=half potential, calculated as the average value between oxidation-
and reduction-wave potentials.


X-ray crystallography : Single-crystal data collection for complex 1 was
carried out on a CAD4 diffractometer at 20 8C, while data collection for
2-Cl·EtOH, 3 and 4 was performed at �100 8C on an Enraf Nonius
Kappa CCD diffractometer using graphite-monochromatised MoKa radia-
tion. A total of 1555, 4832, 2490, and 5931 unique reflections were col-
lected for 1, 2-Cl·EtOH, 3 and 4, respectively.
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The structures were solved by direct methods and refined on F2 by the
SHELXL97 program.[36] Non-hydrogen atoms were refined with aniso-
tropic thermal displacement parameters, but hydrogen atoms were treat-
ed as riding atoms using the SHELX97 default parameters. Complexes 1,
3 and 4 crystallise in non-centrosymmetric space groups and absolute
configurations were determined by refinement of FlackTs c parameter.


CCDC-234459 (1), CCDC-234460 (2-Cl·EtOH), CCDC-234461 (3) and
CCDC-234462 (4) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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With C-H···X� Interactions


Hiromitsu Maeda* and Yukio Kusunose[a]


Introduction


An important class of naked-eye sensors are synthetic recep-
tors that allow anionic guest species to be observed by
visual means or by changes in the electronic absorption or
fluorescent spectral properties.[1] Among the various artifi-
cial host molecules reported to date, pyrroles incorporated
into macrocycles are particularly attractive because they
behave as essential binding units due to the presence of po-
larized NH sites.[2] Although studied less well, acyclic pyr-
role derivatives often potentially have more advantages.
This is because they can form the complexes with anions by
synthetic attachment of additional recognition units such as
amide NH,[3,4] or simply because they are easily to make
their macrocyclic systems. Among open chain anion sensors
reported to date are dipyrrolylquinoxalines (dpq), fluores-
cent dyes directly connected to pyrrole rings. These recep-
tors undergo quenching of emission in the presence of cer-
tain anions.[3] We conceived that replacing the aromatic fluo-


rophores by a difluoroboron (BF2) moiety, incorporated be-
tween, for example, dipyrrin nitrogens,[5] would provide a
new set of dpq analogues that would not only act as efficient
sensors but also as energy donating units. In this article, we
report a new set of acyclic oligopyrrole receptors, namely
the dipyrrolyldiketone BF2 complexes 2a,b, which can act
as efficient colorimetric and fluorescent anion sensors.
In the context of these studies, we have found that the


supporting interaction between backbone C-H proton and
the bound anions is essential and enhances the affinity rela-
tive to other systems.[6,7] Strapped calix[4]pyrroles have ex-
hibited enhanced binding affinity for anions by using bridg-
ing phenyl CH as well as pyrrole NH.[6b,g] On the other
hand, imidazolium CH sites between charged nitrogen
atoms associate with anions without the supporting NH.[6a,7]


Theoretical studies also support the interaction between CH
units and anions or heteroatoms.[8] To the best of our knowl-
edge, this is the first report of anion recognition assisted by
nonaromatic C-H···anion interactions.


Results and Discussion


Synthesis and initial characterization : 1,3-Dipyrrol-2’-yl-1,3-
propanedione (1a), a-neopentyl-substituted (1b), and N-
methyl-substituted (1c) derivatives of 1a were obtained in
33, 17, and 20% yields, respectively, from pyrrole deriva-
tives by reaction with malonyl chloride in CH2Cl2.


[9] The
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malonyl chloride, form BF2 complexes,
which represent a new class of naked-
eye sensors for halide and oxoanions.
The association mode for the interac-
tions of both the pyrrolyl NH and
bridging CH protons with anions was
confirmed by 1H NMR chemical shifts
in CD2Cl2 and supported by theoretical
studies. The binding constants (Ka)


were estimated as 8.1<104, 2.0<103,
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substituents are introduced in order to increase the solubili-
ty (!1b) and effectively protect the nitrogen site (!1c).
Accordingly, the 1H NMR spectra of these diketones in
CDCl3 show broad signals for 1a and relatively sharp signals
for 1b and 1c. Most likely, this is due to intramolecular ag-
gregation, as well as the low solubility of 1a. On the other
hand, in [D6]DMSO at room temperature, both the keto
and enol forms of 1a were observed in the ratio of 1:0.5, re-
spectively. The enol tautomer can behave as a monoanionic
bidentate ligand for metal cations such as acetylacetone.
Addition of excess BF3·OEt2 in CH2Cl2 for 5 min to dike-
tones 1a–c was found to give rise to the strongly emissive
boron difluoride (BF2) complexes 2a–c in 82, 80, and 75%
yields, respectively (Figure 1). The 1H NMR spectra of 2a
(2b) in CDCl3 revealed resonances at 6.52 (6.38) and 9.50
(9.11) ppm for the methine CH and pyrrolyl NH protons, re-
spectively.


A single crystal X-ray diffraction analysis of 2a was per-
formed. It revealed two independent but almost similar
structures of the proposed BF2 complex in the unit cell (Fig-
ure 2a). Each structure shows an almost flat framework; the
mean plane deviations for the 16 core atoms are 0.022 and
0.056 M, respectively. In the solid state, the pyrrole nitrogen
atoms are twisted to the opposite sides of the molecule due
to intramolecular associations with the BF2-bound oxygen
atoms. These latter N-H···O interactions are in the range of
2.696–2.732 M. Furthermore, two molecules interact to form
a dimer structure through two intermolecular N-H···F hy-
drogen bonds with distances of
2.780 and 2.914 M (a and b in
Figure 2b). A complex 3D net-
work is also observed, because
each dimer has further interac-
tions, such as c (2.794 M) and d
(2.835 M) in Figure 2b, with
other neighboring dimers. By
contrast, the N-alkyl-substituted
BF2 complex 2c shows the
same configuration as the mon-
omer (i.e., absence of assem-
bled structures in the solid
state; Figure 2c).


Anion-binding properties in so-
lution : In order to examine the
anion-binding properties of
these complexes 2 in solution,


the more soluble derivative 2b was subject to titration-
based analysis. Here, UV/Vis absorption spectral changes
seen upon the addition of various anions to CH2Cl2 solutions
were monitored. Upon the addition of F� (as its commer-
cially available tetrabutylammonium salt without further de-
hydration),[10] the absorption maximum at 457 nm was seen
to decrease, while a new shoulder around 480 nm was found
to increase. Isosbestic points at 420 and 470 nm were ob-
served, and the color was seen to change from pale yellow
to dark yellow (Figure 3a). Binding constants (Ka) for F


� ,
Cl� , dihydrogenphosphate (H2PO4


�) in CH2Cl2, determined
by curve fitting, were estimated at 8.1<104, 2.0<103, and
1.3<104m�1, respectively, values that are about 4.5-, 40-, and
220-fold higher than those observed in dipyrrolylquinoxaline
(dpq) (Table 1).[3a] Receptor 2b also binds Br� and HSO4


�


reasonably well (Ka=3.3<10
2 and 80m�1, respectively),


which again stands in contrast to what is seen for dpq. A 1:1
binding stoichiometry was determined for 2b and F� by Job
plots, since this latter substrate was bound more strongly
than the other halide anions. Control experiments with the
unfunctionalized derivative, 2c, revealed no absorption spec-
tral changes in the presence of F� , a finding that supports
the assumption that the pyrrolic NH is required for efficient
binding. Relative binding constant for 2b to dpq for H2PO4


�


is much higher than those for other anions, F� and Cl� ,
which suggests dipyrrolyldiketone derivatives would exhibit
selective binding for nucleotides.
The fluorescent emission spectrum of 2b at 474 nm in


CH2Cl2, excited at 420 nm, was found to be significantly sup-
pressed and shifted to around 480 nm upon the addition of
F� (Figure 3b). The binding constant estimated from such
fluorescence quenching studies was 9.1<104m�1, almost the
same as that derived from the absorption spectral changes.
In the case of Cl� , Br� , H2PO4


� , and HSO4
� , although


quantitative estimations could not be performed due to the
presence of an isosbestic point at 464–466 nm, full quench-
ing was not seen even in the presence of 2000 equiv Cl� ,
Br� , H2PO4


� , and HSO4
� .


Figure 1. Structures of dipyrrolyldiketones 1a–c and BF2 complexes 2a–c.


Figure 2. a) X-ray single crystal structure of BF2 complex 2a (one of the two independent molecules); b) hy-
drogen bonding N-H···F interactions (a–d) of a molecule with neighboring ones; and c) solid-state structure of
2c. Thermal ellipsoids are scaled to the 50% probability level.
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Next, efforts were made to analyze the binding mode be-
tween the BF2 complex and the halide anions. Upon the ad-
dition of F� , the 1H NMR signals of the methine CH and
pyrrole NH protons of 2b (3<10�3m) in CD2Cl2 at room
temperature were shifted downfield from 6.44 and 9.23 ppm,
respectively (Figure 4a, i). At lower anion concentrations,
the signals are broad (Figure 4a, ii), while, upon increasing
the concentration, these signals gradually disappear (Fig-
ure 4a, iii). At �50 8C, two new broad signals are observed
at 6.88 and 14.53 ppm, corresponding to the CH and NH
protons, respectively. From this finding, it is inferred that C-
H···X� as well as N-H···X� interactions are playing an essen-
tial role (Figure 4a, iv). At each temperature, the NMR
peak of the pyrrole CH resonance is slightly shifted upfield.
Upon addition of Cl� (> 2 equiv), the resonances of these


same protons in CD2Cl2 shift to 8.57 and 12.18 ppm, respec-
tively, at room temperature. Overall, the strong downfield
shifts in the NH signals induced by F� and Cl� (Dd : 5.30
and 2.95 ppm, respectively: Dd is the shift between before
and after addition of anions) and CH by these anions (Dd :
0.44 and 2.13 ppm) lead us to suggest that both the NH and
CH donor sites are responsible for the strong associations
seen for the anions treated in this study. A similar trend was
observed in the case of strapped calix[4]pyrrole deriva-
tives.[6b,g] In this latter system, a weak association involving
the NH donor sites was inferred for chloride binding, where-
as the downfield shift of the CH proton seen in the
1H NMR spectrum was considered to reflect a significant C-
H···Cl� interaction. The bridging nonaromatic sp2-CH of 2b,
constrained between the pyrrole moieties, is thus thought to
act as an association site. This observation and the concerted
NH-based binding interactions lead to the proposed binding
modes shown in Figure 4b.
Optimization of the proposed F� and Cl� complexes of


framework 2a by density functional theory (DFT) calcula-
tions at the B3LYP/6-31G** level[11] gives rise to slightly dis-
torted and almost planar structures, respectively, in which
the hydrogen-bonding interactions in N-H···X� (F� : 2.567–
2.569 M; Cl� : 3.255 M) and C-H···X� (F� : 2.835 M; Cl� :
3.460 M) are inferred (c.f., Figure 4c and Supporting Infor-
mation). The geometries of the optimized structures 2a·F�


and 2a·Cl� indicate the presence of “hemi” cavity suitable
for anion binding. Consistent with the experimental results,
the theoretical calculations also imply that the conformation
of 2a seen in Figure 1 is predominant, being 9.08 kcalmol�1


more suitable than one where the two pyrrole NH prorons
point toward the methine CH proton. However, upon com-
plexation of an anion (F� or Cl�), both pyrrole rings rotate
“inward” so as to interact with the anion in a concerted
fashion.


Anion-bridged supramolecular network in the solid state :
The proposed C-H···anion interaction was also studied by
carrying out a single crystal structure analysis of the Cl�


complex of 2a. In the solid state, the CH proton and one of
the two pyrrole NH protons associate with the Cl� anion at
C(N)-H···Cl distances of 3.575 and 3.190 M, respectively
(Figure 5a). These separations are within those expected for
hydrogen-bonding interactions.[12] The other NH turns to the
opposite side and binds to another Cl� anion (N-H···Cl:
3.199 M) to form an anion-bridged 1D chain hydrogen-bond-
ing network (Figure 5b). In this system, the anions are regu-
larly arranged in an almost linear array, wherein the dis-
tance between two Cl� anions and the Cl-Cl-Cl angle are
9.009 M and 173.448, respectively. Presumably, the flexibility
of the acyclic oligopyrrole framework forms such supra-
molecular structures.


Fluorescence sensing of anions : The above findings lead to
the conclusion that BF2 complexes of dipyrrolyldiketones
and related systems could be made to function as efficient
fluoride sensors. This point is emphasized in Figure 6, which


Figure 3. a) UV/Vis absorption and b) fluorescent emission spectral
changes (excited at 420 nm) of 2b (1.5<10�5 and 1.8<10�6m, respective-
ly) upon addition of F� (0–20 and 0–200 equiv each) in CH2Cl2.


Table 1. Binding constants [m�1] for dipyrrolylquinoxaline (dpq)[3a] and
2b for anionic substrates in CH2Cl2 at RT.


[a]


dpq 2b R2b/dpq
[b]


F� 18200 81000 4.5
Cl� 50 2000 40
Br� –[c] 330 –
H2PO4


� 60 13000 220
HSO4


� –[c] 80 –


[a] Anions used in this assay were in the form of their tetrabutylammoni-
um salts. For a detailed description of titration experiments, see Support-
ing Information. [b] Relative values for 2b to dpq. [c] Not measured.
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shows the changes in color and fluorescence induced by the
addition of F� and Cl� to a CH2Cl2 solution of 2b. Under
conditions where nearly complete association of both anions


is assumed, F� quenches the
emission almost completely,
whereas Cl� does not. Addition
of other anions such as Br� ,
H2PO4


� , and HSO4
� also main-


tains the fluorescence. It is es-
sential to point that the fluores-
cence seen after addition of Cl�


(Figure 6b) reflects not only
that of the free 2b but also
emission from the Cl� complex.
In contrast to what must be
true in the case of Cl� binding,
the strong interaction of the F�


anion with the NH protons
than the central CH proton, as
confirmed by the 1H NMR
spectral changes, would induce
a polarization of the pyrrole�
NH bond. This would facilitate
intramolecular electron transfer
and thus suppress the fluores-
cence emission.[3a]


Summary


A new class of anion receptors,
namely BF2 complexes of dipyr-
rolyldiketones, have been
shown to interact with anions
through interactions involving
both pyrrole NH as well as the
CH interactions. These latter
are considered more efficient
for H2PO4


� than F� and Cl� , at
least in the case of the present
nonaromatic moiety. The key
diketone precursor is a poten-
tial cation and anion receptor.
For instance, it should be possi-
ble to modulate its association
behavior allowing it via com-
plexation of various metal cati-
ons to the carbonyl (keto or
enol forms) moieties. Further
studies, targeting such com-
plexes, are in progress.


Experimental Section


General procedures : Starting materials
were purchased from Wako Chemical
Co., Nacalai Chemical Co., and Al-


drich Chemical Co. and used without further purification unless other-
wise stated. UV-Visible spectra were recorded on a Hitachi U-3500 spec-
trometer. Fluorescence emission spectra were recorded on a Hitachi F-


Figure 4. a) 1H NMR spectral changes of 2b (3<10�3m) upon addition of F� : i) 0 equiv, ii) 0.2 equiv, iii) 5 equiv
at RT, and iv) 5 equiv at �50 8C in CD2Cl2; b) schematic representation of anion binding mode of structure
2a, and c) optimized structure of F�-bound 2a at the B3LYP/6-31G** level.


Figure 5. a) X-ray single crystal structure of Cl� complex of 2a (top and side view) and b) anion-bridged self-
assembly (top and side view). Counter cations, Bu4N


+ , and solvents are omitted for clarity. Thermal ellipsoids
are scaled to the 50% probability level.
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4500 fluorescence spectrometer. NMR spectra used in the characteriza-
tion of products were recorded on a JEOL AL-400 400 MHz spectrome-
ter. All NMR spectra were referenced to solvent. Fast atom bombard-
ment mass spectrometric studies (FAB-MS) were made using a JEOL-
HX110 instrument in the positive ion mode with a 3-nitrobenzylalcohol
matrix. TLC analyses were carried out on aluminium sheets coated with
silica gel 60 (Merck 5554). Column chromatography was performed on
Wakogel C-200, C-300, and Merck silica gel 60 and 60H. Neopentylpyr-
role was prepared according to literature procedures.[13, 14]


1,3-Dipyrrol-2’-yl-1,3-propanedione (1a): In analogy to a literature proce-
dure,[9] a solution of pyrrole (1.34 g, 20 mmol) in CH2Cl2 (60 mL) was
treated with malonyl chloride (1.41 g, 10 mmol) at 0 8C and stirred for 3 h
at the same temperature. After confirming the consumption of the start-
ing pyrrole by TLC analysis, the mixture was washed with saturated
Na2CO3 aq. and water, dried over anhydrous Na2SO4, filtered, and evapo-
rated to dryness. The residue was then purified by chromatography over
silica gel (Wakogel C-200, 2–3%MeOH/CH2Cl2) and recrystallized from
CH2Cl2/hexane to afford 1a (655 mg, 33%) as a pale yellow solid. Rf=
0.55 (5% MeOH/CH2Cl2);


1H NMR (400 MHz, [D6]DMSO, 27 8C; dike-
tone 1a was obtained as a mixture of keto and enol tautomers in the
ratio of 1:0.56): keto form d=11.86 (br s, 2H, NH), 7.10 (m, 2H, pyrrole-
H), 7.06 (m, 2H, pyrrole-H), 6.19 (m, 2H, pyrrole-H), 4.22 ppm (s, 2H,
CH2); enol form d=16.75 (br s, 1H, OH), 11.81 (br s, 2H, NH), 7.10 (m,
2H, pyrrole-H), 6.98 (m, 2H, pyrrole-H), 6.65 (s, 1H, CH), 6.24 ppm (m,
2H, pyrrole-H); FABMS: m/z (%): calcd for C11H10N2O2: 202.07; found:
202.1 (65) [M +], 203.2 (100) [M ++H].


1,3-Di-5’-neopentylpyrrol-2’-yl-1,3-propanedione (1b): A solution of neo-
pentylpyrrole (170 mg, 1.24 mmol) in CH2Cl2 (5 mL) was treated with
malonyl chloride (87 mg, 0.62 mmol) in CH2Cl2 (10 mL) and stirred for
2 h at 0 8C. After the similar procedures for 1a, chromatography over
silica gel (Wakogel C-300, 3% MeOH/CH2Cl2) and recrystallization from
CH2Cl2/hexane afforded 1b (36 mg, 17%) as a pale yellow solid. Rf=0.35
(5% MeOH/CH2Cl2);


1H NMR (400 MHz, CDCl3, 27 8C): d=9.06 (br s,
2H, NH), 7.01 (s, 2H, pyrrole-H), 6.02 (s, 2H, pyrrole-H), 4.13 (s, 2H,
CH2), 2.48 (s, 4H, pyrrole-CH2), 0.94 ppm (s, 18H, CH3); FABMS: m/z
(%): calcd for C21H30N2O2: 342.23; found: 342.2 (38) [M


+], 343.2 (100)
[M ++H].


1,3-Di-1’-methylpyrrol-2’-yl-1,3-propanedione (1c): A solution of 1-meth-
ylpyrrole (490 mg, 6.0 mmol) in CH2Cl2 (140 mL) was treated with ma-
lonyl chloride (420 mg, 3.0 mmol) at 0 8C and stirred for 2 h at room tem-
perature. After the similar procedures for 1a, chromatography over silica
gel (Wakogel C-300, 3%MeOH/CH2Cl2) and recrystallization from
CH2Cl2/hexane afforded 1c (139 mg, 20%) as a pale yellow solid. Rf=
0.75 (5% MeOH/CH2Cl2);


1H NMR (400 MHz, CDCl3, 27 8C): d=7.09
(s, 2H, pyrrole-H), 6.83 (t, J=2.0 Hz, 2H, pyrrole-H), 6.15 (dd, J=4.0,
2.4 Hz, 2H, pyrrole-H), 4.11 (s, 2H, CH2), 3.93 ppm (s, 6H, N-CH3);
FABMS: m/z (%): calcd for C13H14N2O2: 230.11; found: 230.2 (60) [M


+],
231.2 (100) [M ++H].


BF2 complex of 1a : BF3·OEt2 (0.6 mL, 3.8 mmol) was added to a solution
of diketone 1a (31.6 mg, 0.156 mmol) in CH2Cl2 (30 mL), and stirred for


5 min at room temperature. After re-
moval of the solvent, silica gel column
chromatography and crystallization
from CH2Cl2/hexane afforded 2a
(32 mg, 82%) as an orange solid. Rf=
0.55 (5% MeOH/CH2Cl2);


1H NMR
(400 MHz, CDCl3, 27 8C): d=9.50 (br,
1H, NH), 7.21 (s, 2H, pyrrole-H), 7.17
(dd, J=2.8, 1.6 Hz, 2H, pyrrole-H),
6.52 (s, 1H, CH) 6.44 ppm (dd, J=2.8,
1.6 Hz, 2H, pyrrole-H); UV/Vis
(CH2Cl2) lmax (e)=432.0 nm
(83000m�1 cm�1); FABMS: m/z (%):
calcd for C11H9BF2N2O2: 250.07;
found: 250.1 (100) [M +], 251.1 (35)
[M ++H].


BF2 complex of 1b : BF3·OEt2
(0.35 mL, 2.8 mmol) was added to a


CH2Cl2 solution (30 mL) of diketone 1b (30.0 mg, 0.088 mmol), and stir-
red for 5 min at room temperature. Similar procedures for 2a afforded
2b (27 mg, 80%) as an orange solid. Rf=0.78 (5%MeOH/CH2Cl2);
1H NMR (400 MHz, CDCl3, 27 8C): d=9.11 (br, 1H, NH), 7.05 (t, J=
2.0 Hz, 2H, pyrrole-H), 6.14 (dd, J=4.0, 2.4 Hz, 2H, pyrrole-H), 6.38 (s,
2H, CH), 2.54 (s, 4H, pyrrole-CH2), 0.97 ppm (s, 18H, CH3); UV/Vis
(CH2Cl2) lmax (e)=457.0 nm (65000m�1 cm�1); FABMS: m/z (%): calcd
for C21H29BF2N2O2: 390.23; found: 390.2 (100) [M


+], 391.2 (100) [M +


+H].


BF2 complex of 1c : BF3·OEt2 (0.55 mL, 3.9 mmol) was added to a solu-
tion of diketone 1c (30.0 mg, 0.13 mmol) in CH2Cl2 (30 mL), and stirred
for 5 min at room temperature. Similar procedures for 2a afforded 2c
(27 mg, 75%) as an orange solid. Rf=0.78 (5%MeOH/CH2Cl2);
1H NMR (400 MHz, CDCl3, 27 8C): d=7.12 (m, 2H, pyrrole-H), 6.96 (m,
2H, pyrrole-H), 6.54 (s, 1H, CH), 6.25 (m, 2H, pyrrole-H), 4.03 ppm (s,
6H, N-CH3); UV/Vis (CH2Cl2) lmax (e)=437.5 nm (70000m�1 cm�1);
FABMS: m/z (%): calcd for C13H13BF2N2O2: 278.10; found: 278.1 (100)
[M +], 279.1 (45) [M ++H].


Ab initio calculations : Ab initio calculations of neutral and protonated
forms of 2a and its anion binding complexes were carried out using
Gaussian 03 program[11] and an HPC-alpha UP264 (HIT) computer. The
structures were optimized, and the total electronic energies were calculat-
ed at the B3LYP level using a 6-31G** basis set.


Single-crystal diffraction analysis : Data was collected on a Rigaku
RAXIS-RAPID imaging plate for 2a and a Bruker SMART CCDC for
2c and 2a·Cl� , refined by full-matrix least-squares procedures with aniso-
tropic thermal parameters for the non-hydrogen atoms. The hydrogen
atoms were calculated in ideal positions. Solutions of the structures were
performed by using the Crystal Structure crystallographic software pack-
age (Molecular Structure Corporation). Crystals of 2a and 2c were ob-
tained by vapor diffusion of hexane into a CHCl3 solution of 2a and 2c,
respectively. Crystals of Cl� complex of 2c were obtained by vapor diffu-
sion of hexane into a CH2ClCH2Cl solution of the mixture of 2c and
1 equiv Bu4NCl. Crystallographic details are summarized in Table 2.


CCDC-270295–270297 (2a, 2c, and 2a·Cl�) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif/.
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Table 2. Summary of crystallographic data for 2a, 2c, and 2a·Cl� .


2a 2c 2a·Bu4NCl·0.5C2H4Cl2


formula C11H9BF2N2O2 C13H13BF2N2O2 C28H47BF2N3O2Cl2
Fw 250.01 278.06 577.40
crystal size
[mm]


0.45<0.20<
0.20


0.40<0.40<
0.05


0.60<0.20<0.10


crystal system orthorhombic monoclinic orthorhombic
space group Pbca (no. 61) P21/c (no. 14) Pca21 (no. 29)
a [M] 9.527(10) 7.3205(15) 18.168(3)
b [M] 18.291(16) 18.715(4) 8.5938(14)
c [M] 24.666(16) 9.501(2) 39.917(7)
a [8] 90 90 90
b [8] 90 106.466(3) 90
g [8] 90 90 90
V [M3] 4298(6) 1248.3(4) 6232.3(18)
1calcd [gcm


�3] 1.545 1.480 1.231
Z 16 4 8
T [K] 123(2) 90(2) 123(2)
no. reflns 38207 7432 41864
no. unique
reflns


36208 2799 7367


variables 326 183 693
l (MoKa) [M] 0.71075 0.71073 0.71073
R1 [I>2s(I)] 0.0484 0.0524 0.0534
wR2 [I>2s(I)] 0.1494 0.1146 0.1332
GOF 1.075 1.174 1.162
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Synthesis and Properties of New Tetrazines Substituted by Heteroatoms:
Towards the World&s Smallest Organic Fluorophores


Pierre Audebert,* Fabien Miomandre, Gilles Clavier, Marie-Claude Verni2res,
Sophie Badr4, and Rachel M4allet-Renault[a]


Introduction


The search for new compounds, which gather optical and
electrochemical properties is still very active, given their
huge potential in sensors building.[1–4] The fluorescence and
reversible electroactivity are particularly interesting proper-
ties in this respect, because fluorescent and/or electroactive
molecules may be quenched within a given time scale and
therefore lead to sensing components according to the
quenching agent. The tetrazine family appears a very prom-
ising and fascinating class of compound for this purpose.
They are highly colored and reversibly electroactive hetero-
cycles, displaying the following special properties:


* They have a very high electron affinity, which make
them reducible at high to very high potentials (actually
they are the electron poorest C�N heterocycles)[5] ;


* they have a low lying p* orbital resulting in an n–p*
transition in the visible light range.[6–10]


We have already published the synthesis and the electro-
chemical properties of several bisaryltetrazines,[11] as well as
their ability to form new conjugated electroactive poly-
mers.[12]


We, and others,[13] found that some tetrazines had fluores-
cence properties. In addition, all these compounds which are
fluorescent in solution are also fluorescent in the crystalline
state; this behavior place them certainly among the smallest
crystalline organic fluorophores in the visible range ever
prepared, and therefore makes them especially attractive for
potential applications as sensors.
In this article we report the synthesis of chloromethoxy-s-


tetrazine (2), dimethoxy-s-tetrazine (3), the novel chloro-
naphthoxy-s-tetrazine (4) and a new bridged tetrazine 1,4-
bis(chloro-s-tetrazinyloxo)butane (5). We also report their
electrochemical and fluorescence properties, including the
lifetimes of the excited states in solution and solid state, and


Abstract: New tetrazines substituted by
heteroatoms have been synthesized
and their electrochemical and photo-
chemical properties investigated. All
compounds are reversibly electroactive
with standard potentials shifting cath-
odically according to the donor charac-
ter of the substituent. The tetrazine de-
rivatives are also fluorescent with max-


imum emission wavelengths in the
range 550–575 nm. Some of them show
very long fluorescence lifetimes (sev-
eral tens of ns) and remain fluorescent
in the solid state without major


changes in the spectral features. The
fluorescence of one of the derivatives
can be efficiently quenched by the
presence of electron-rich compounds
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we compare the same features for the already known di-
chloro-s-tetrazine 1.


Results and Discussion


Electrochemistry : We have already demonstrated that tetra-
zines bearing aromatic substituents are reversibly reducible
into a relatively stable anion radical.[11] The aim of the elec-
trochemical study was twofold: first, to investigate the po-
tential ability of the anion radical of chlorotetrazines to
cleave into a tetrazinyl radical and a chloride ion; and
second, to check the sensitivity of the reduction potential to
chemicals, especially electron-rich compounds. Indeed it had
been suggested in the literature,[9] that tetrazines should be
able to coordinate to fluoride ions, and hence there was a
possibility that the redox potential could be affected by the
addition of halide ions or electron-rich aromatic compounds.
The results of electrochemistry measurements show that


all the tetrazine compounds investigated are reducible,
either in acetonitrile or in dichloromethane, giving well de-
fined, fully reversible cyclic voltammograms (CVs), as de-
picted on Figure 1. CVs are reversible whatever the chlorine
content. Apparently the tetrazine ring is electrodeficient


enough to prevent a chlorine atom to be expelled from the
anion radical. The electronic exchange is quite fast, since at
rather low scan rates, the peak-to-peak separation (ca.
70 mV) remains close to the theoretical value. Actually, CVs
performed at scan rates higher than 1 Vs�1 display a de-
pendence of the peak potentials with logarithm of scan rate
characteristic of a quasi-reversible redox system, corre-
sponding to a standard heterogeneous rate constant of
about 10�2 cms�1.
Figure 1a clearly demonstrates the influence of the sub-


stituent on the position of the redox peak. While changing
an electroattracting group such as -Cl into a donating group
such as -OCH3 a negative shift of the reduction potential of
about 280 mV is induced. The standard potentials are given
in Table 1 and correlate well with the Taft–Hammett s� con-


stants. Concerning the two-tetrazine moiety compound 5
(see Figure 1b), CV displays a one-step reduction process
with a bielectronic exchange (peak current is quite the same
as for 3, while this latter was twice more concentrated), as
expected for a substrate with two non-interacting electroac-
tive moieties.[14] Interestingly, the diffusion coefficients in so-
lution (Table 1) are slightly lower for tetrazine compounds
than for ferrocene although the latter is larger. This demon-
strate that tetrazines are more solvated, which is not unex-
pected given their strong electron-attracting character.
Some attempts were made to investigate the influence of


halides added (all of which have been tested) and electron-
rich substances (phenol, anisole and triphenylamine) on the
redox potential of the tetrazine (compound 1 was chosen as
the model substrate). No potential shift was observed, as it
should have been the case, if the formation of a somewhat
stabilized adduct between the neutral tetrazine and the elec-
tron-rich added compound had occurred. However, in the
case of acidic aromatic compounds such as phenol and espe-
cially 4-nitrophenol, a positive shift of the reduction poten-
tial of the tetrazine, as well as a strong decrease of the reoxi-
dation current has been observed (see Figure 2). These facts
give evidence for an efficient proton transfer between the
basic anion radical of the tetrazine compound and the phe-
nolic moiety.


Theoretical modelling : Geometry optimisation has been
completed for tetrazines 1–3 (see Experimental Section for
details). All of the tetrazines investigated are completely
planar, confirming a good electronic interaction between the
cycle and its substituents. Figure 3 shows the frontier orbi-
tals HOMO, LUMO and the two lying next to them


Figure 1. CV of a) 1 (a), 2 (b), 3 (c); and b) 5 in dichloromethane
(+ TBAP) on glassy carbon electrode at 0.1 Vs�1. CV of compound 4 is
similar to 3 and was not displayed for clarity purpose. Concentrations are
about 10 mm except for 5 (5 mm).


Table 1. Standard potentials, relative diffusion coefficients (vs. ferrocene)
and overall Taft–Hammett coefficients for the tetrazine derivatives re-
duction in dichloromethane on glassy carbon electrode.


Tetrazine/Electrochemical data 1 2 3 4 5


E 0 (V vs Ag+/Ag) �0.48 �0.77 �1.02 �0.75 �0.77
D/DFc 0.55 0.62 0.56 0.55 0.73
�s� �0.46 �0.68 �0.90 �0.63 �0.68
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HOMO�1 and LUMO+1, in the case of compounds 2 and
3. They are antisymmetrical and symmetrical, respectively,
to a plane perpendicular to the tetrazine ring and passing
through the C3 and C6 atoms.
The HOMO and LUMO elec-
tronic densities appear to be lo-
calised solely on the ring nitro-
gens. However, no MO coeffi-
cient is present on the substitu-
ents for the considered mole-
cules in these orbitals, which
seems to indicate that their in-
fluence on the observed electro-
chemical behavior of the tetra-
zine is mainly due to their in-
ductive effect.


On the other hand, the configuration interaction calcula-
tion performed on these molecules were disappointing as no
transition was found in the visible region. This method does
not seem to be appropriate to explain the observed photo-
physical results (see below).


UV/Vis spectroscopy: The UV/visible spectra were recorded
in dichloromethane and are shown in Figure 4. They display
a very strong band in the UV region, corresponding to the
p–p* allowed transition, and a much less intense band in the
visible region, corresponding to the n–p* transition, which is
responsible for the color of the compounds. The UV band
maximum wavelength correlates clearly with the donor–ac-
ceptor balance of the substituent. When the chloro moiety is
substituted by a methoxy group, a red shift of the absorption
band is observed. This shift is stronger for the UV band
than for the visible one. As shown by the molecular orbital
diagrams, the p–p* allowed transition position is much more
sensitive to substituent effects than the n–p* transition, as
was previously observed.[9] The absorption maxima are
listed in Table 2, along with the extinction coefficients and
the fluorescence characteristics of the tetrazine compounds.


Fluorescence in solution : The fluorescence spectra of the
tetrazine compounds have been recorded both in solution
and in the crystalline state, in addition to their decay times
(lex=495 nm). The fluorescence of heteroatom-substituted
tetrazines has been already observed,[13] although much
more data can be found on calculated spectra than on actual
measurements.[15–17] It seems that fluorescence is a property
of some tetrazines substituted by heteroatoms directly on
the ring, because up to now no bisaryltetrazine has been
found to be fluorescent.[11–12] The spectra in solution are
shown in Figure 5 and indicate the spectral shape and posi-
tion of the band. The fluorescence decays (Figure 6) have
also been investigated and show long lifetimes (several tens
of ns) with monoexponential behavior, as expected for small
molecules in solution if only one population of molecules is
encountered. Compound 4 shows a biexponential behavior
with a very short lifetime; this might be due to the contribu-
tion of the naphthalene moiety.
For symmetric molecules 1 and 3, lifetimes are all in the


same range (50 to 60 ns) and quantum yields are close. On
the contrary, the chloromethoxytetrazine 2 shows a three


Figure 2. CVs of compound 1, 5 mm in dichloromethane on glassy carbon
at 1 Vs�1, in presence of 4-nitrophenol: 0 equiv (c), 2 equiv (a),
5 equiv (b), 7 equiv (g).


Figure 3. Plots of HOMO (c), LUMO (b) and the two next ones
HOMO�1 (d) and LUMO+1 (a) for compound 2 (left column) and 3
(right column).The relative positions of these energy levels are indicated
in the insert frame for compounds 1–3.


Table 2. Spectroscopic features of the tetrazine derivatives (recorded in dichloromethane).


Compound Absorption
maximum
wavelengths
[nm]


Emission max-
imum wave-
lengths [nm]


Molar extinction coeffi-
cient of the (n–p*) transi-
tion [cm�1Lmol�1]


Lifetime of the ex-
cited state [ns]
(lex=495 nm)


Fluorescence
quantum
yield


1 307–515 551–567 460 58 0.14
2 269–327–520 567 1900 160 0.38
3 275–345–524 575 663 49 0.11
4 281–523 338[a] 573


567[b] 120; 6[c] 0.004[b]


5 270–328–521 572 1170 144 0.36


[a] Excitation at 281 nm. [b] Excitation at 524 nm. [c] Biexponential decay.
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times higher quantum yield and a very long lifetime. This
very unusual behavior is interesting in view of potential
sensor applications and will be the topic of more detailed in-
vestigations and computational analysis in the future.


Fluorescence in the solid state : Interestingly these mole-
cules show luminescent properties in the solid state
(Table 3). The less promising candidate is naphthoxytetra-
zine 4. The fluorescence is weak both in CH2Cl2 and in the
solid state. Millimeter-size crystals of the “family” of the
three disubstituted tetrazines 1--3 and the bridged com-
pound 5 are actually luminescent under the microscope. The
spectral shift observed in CH2Cl2 for the three disubstituted
tetrazines remains valid in the solid state when going from
the chloro to the methoxy group. The spectral shape is pre-
served, although the band is narrowing. This might be due
to less accessible deactivation processes. Indeed in CH2Cl2
the band broadening can be ascribed to solvent–tetrazine in-
teractions.


Concerning the decay times, one can see that the fluores-
cence lifetime is strongly decreased in the solid state com-
pared with the solvent environment (roughly 4–5 times
lower). Nevertheless, the decay times are generally monoex-
ponential with a lifetime between 10 and 20 ns. Such a mon-
oexponential behavior shows that only one population of
fluorophores can emit light; this indicates very few interac-
tions between molecules in the solid state. The fact that the
spectrum shape is roughly preserved and fluorescent proper-
ties are not completely lost also gives evidence that only a
weak intermolecular coupling occurs in the solid state.
The fluorescence decay of compound 5 shows a different


behavior with a dependence on the position of the excita-
tion relative to the crystal (Figure 7). Indeed, if the center
of a single millimeter-size crystal is irradiated, the decay is
monoexponential with a 12.6 ns lifetime; conversely when
the excitation is focused on the crystal edge, one can ob-
serve a multiexponential decay, with an average lifetime of
8 to 9 ns. This behavior might be due to crystal surface de-
fects, which act as quenchers for the exciton. Nevertheless,
we will carry out a complete study of the solid state lumines-
cent properties, focusing especially on the influence of the
crystal size[18] and solvent evaporation.


Fluorescence quenching : In order to investigate the possible
use of these molecules as sensor agents, we have studied the
fluorescence quenching by electron-rich rings, of either
aprotic compounds such as anisole or tertiary amines or
protic compounds such as phenol or 4-nitrophenol. The tet-
razine 5 was selected as potential “tweezer” for donor sub-


Figure 4. Absorption spectra of compounds 1 (g), 2 (c), 3 (k),
and 5 (b) in dichloromethane.


Figure 5. Fluorescence emission spectra of compounds 1 (g), 2 (c),
3 (k), and 5 (b), in dichloromethane. Excitation wavelength is
495 nm.


Figure 6. Fluorescence decays of compounds 1–3 in dichloromethane (ex-
citation wavelength 495 nm).


Table 3. Maximum emission wavelengths and lifetimes of tetrazine com-
pounds in the powder state (excitation wavelength at 495 nm).


Compound Max. emission wavelength [nm] Lifetime [ns]


1 555 17.8
2 560 19.1
3 569 16.0
4 563 0.7[a]


5 559.5 12.6[b]


8–9[c]


[a] Multiexponential. [b] Monoexponential (excitation at the crystal
centre). [c] Multiexponential (excitation at the crystal edge).
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strates, because it can possibly act as a two-sided acceptor.
In all cases the electron-rich aromatic compounds have been
shown to quench the fluorescence of the tetrazine excited
state, in the visible range, according to the Stern–Volmer
Equation:


I0
I
� 1 ¼ kq � t0 � ½Q�


where I and I0 are the intensities in presence and absence of
quencher, respectively; kq is the quenching constant; t0 is
the tetrazine lifetime; and [Q] is the quencher concentra-
tion. This is shown in Figure 8, which depicts the Stern–


Volmer plots in the case of several quenchers. Table 4 sum-
marizes the Stern–Volmer slopes (KSV = kq·t0) for the vari-
ous quenchers.
The quenching mechanism can be either static or dynam-


ic. Considering a dynamic quenching (diffusion controlled
mechanism), the diffusional rate constant (kq) calculated


from fluorescence lifetimes and Stern–Volmer slopes would
range from 3.108 to 109 Lmol�1 s�1. These values are not in
good agreement with usual diffusional rate constants in liq-
uids, which are about 109–1010 Lmol�1 s�1.[19]


Hence we expect the quenching mechanism to be rather
static, since quenching is observed when quencher concen-
tration is in excess compared to tetrazine 5 (7.5M
10�5 molL�1).[19] This is also in accordance with the “tweez-
er” structure of the tetrazine, which could allow “chelation”
of the donor molecules.
It is clear that the slopes of the Stern–Volmer plots are re-


lated to the electron affinity of the quenchers: The better
electron donors lead to the higher quenching constants. The
Rehm–Weller Equation:


DG 0 ¼ EðD=D þÞ � EðA=A�Þ � E0�0 �
e 2


e � r


where e is the electron charge, e the dielectric constant of
the solvent and r is the distance between the donor and ac-
ceptor. The Equation yields the free energy for the electron
transfer between the two compounds. Usually it is impossi-
ble to get the exact value of r ; thus it is assumed to be equal
to the sum of the donor and acceptor radii. Therefore we
have plotted the logarithm of the Stern–Volmer constant
(logK = �DG 0/RT) versus the standard potential of various
quenchers[20] (see Figure 9). Apart from phenol, a very good
linear correlation is observed, which is indicative of the oc-
currence of an electron transfer between the tetrazine excit-
ed state and the donor, even in the case of protic donors.
Hence electron transfer seems to be the most efficient way
of fluorescence quenching for the tetrazine excited state. We


Figure 7. Fluorescence decays of compound 5 : a) reference decay in
CH2Cl2; b) in the powder state (excitation at the centre of a millimetre-
size crystal); c) in the powder state (excitation at the crystal edge).


Figure 8. Stern–Volmer plots for compound 5 as functions of quencher
concentrations for the various quenchers: * triphenylamine; M tris-p-bro-
mophenylamine; ~ phenol; + 4-nitrophenol; ^ anisole.


Table 4. Stern–Volmer slopes KSV for the fluorescence quenching of com-
pound 5, in presence of the indicated quenchers (from Figure 8).


Quencher Stern–Volmer slope (KSV in mol�1L)


triphenylamine 1400
tri-p-bromophenylamine 1250
phenol 580
4-nitrophenol 80
anisole 40


Figure 9. Correlation between the logarithm of the Stern–Volmer con-
stant and the standard potential (vs. SCE) of the various quenchers (for
symbols, see Figure 8).
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can mention that similar conclusions were drawn in the case
of fluorescence quenching of fluorenone by phenol deriva-
tives, although a contribution of hydrogen-bonding interac-
tion was proposed in the case of high oxidation potential
donors.[21] In fact, further investigations are probably re-
quired in order to clearly quantify the contribution of each
process (electron transfer and/or intermolecular hydrogen
bonding) in the fluorescence quenching of tetrazines.


Conclusion


We have described herein the properties of several new sub-
stituted tetrazines which display a fully reversible electro-
chemical behavior and an intense fluorescence, both in solu-
tion and in the solid state. The fluorescence lifetimes are
long (several tens of ns) and the emission can be efficiently
quenched by electron donors such as aromatic compounds,
which highlights the ability of these new compounds to be
used in sensor devices. Work is now in progress to develop
applications in that direction.


Experimental Section


Synthesis : Dichlorotetrazine 1 was obtained by the method recently de-
scribed by Hiskey.[22, 23] We noticed that, in the last chloration step it was
important first to freshly prepare the bis(hydrazinotetrazine), and second
to ensure an important flux of chlorine with a strong agitation, because
of the side reactions that might occur between the starting compound
and 1. The best way was to insure a large chlorine inlet and a powerful
magnetic stirrer, so that the reaction was over in 7–10 min; longer reac-
tion times led to the formation of by-products. The reaction was finished
when the solution turned clear.


CAUTION : The use of a thiosulfate filled washing funnel to quench
excess chlorine outlet, as well as a ventilated hood are crucial!


The chloromethoxytetrazine 2[24] was obtained by simple stirring of 1 in
methanol at room temperature for 1 h, while dimethoxytetrazine 3[24] was
formed upon refluxing overnight in dry methanol in presence of excess
dry hydrogenocarbonate. Please note that solvent dryness was important
in this reaction; therefore for this latter synthesis it was also necessary to
introduce a small amount of drying agent in the vessel, for example, acti-
vated molecular sieve or anhydrous magnesium sulfate to avoid substitu-
tion by adventitious water. Yield: 70–75% for 2 and 80–85% for 3.


Compound 2 : 1H NMR (300 MHz, 25 8C, CDCl3, TMS): d=4.34 (OCH3);
13C NMR (300 MHz, 25 8C, CDCl3, TMS): d=167.1, 164.1 (C of tetra-
zine), 57.5 (OCH3); HRMS (EI): m/z : calcd for 145.9995; found:
146.0006 [M]+ .


Compound 3 : 1H NMR (300 MHz, 25 8C, CDCl3, TMS): d = 4.23
(OCH3);


13C NMR (300 MHz, 25 8C, CDCl3, TMS): d=166.5 (C of tetra-
zine), 56.7 (OCH3); HRMS (EI): m/z : calcd for 142.0491; found:
142.0489 [M]+ .


Compound 4 was prepared by heating 1 (1 g) in a pressure resistant tube
at 100 8C with a large excess (about 10 times) of 1-naphthol in dichloro-
methane (5 mL) for about two hours. Yield: 54% of deep red needles.
1H NMR (300 MHz, 25 8C, CDCl3, TMS): d=7.96 (dd, J=7.54, 2.02 Hz,
1H; H8), 7.89 (m, 2H), 7.56 (m, 2H), 7.41 (dd, J=7.54, 0.92 Hz, 1H;
H2); 13C NMR (300 MHz, 25 8C, CDCl3, TMS): d=168.3, 165.6 (C of tet-
razine), 147.9 (Cq), 135.2 (Cq), 128.5 (CH), 27.5 (CH), 127.4 (CH), 127.2
(CH), 126.2 (Cq), 125.6 (CH), 120.8 (CH), 117.3 (CH); HRMS (EI): m/z :
calcd for: 258.0308; found: 258.0306 [M]+ .


Compound 5 was prepared by heating for 3 h in a pressure resistant tube,
1 (1.4 g, 9.3 mmol), butane-1,4-diol (Aldrich Chemicals, 0.36 g, 4 mmol)
in CH2Cl2 (2 mL) with magnesium sulphate (0.2 g) and potassium hydro-
genocarbonate (0.2 g). After chromatography (CH2Cl2), 0.2–0.25 g of 5
were recovered (13–15%). 1H NMR (300 MHz, 25 8C, CDCl3, TMS): d=
3.75 (t, J=5.88 Hz, 4H; OCH2), 1.79 (t, J=6.31 Hz, 4H; OCH2CH2);


13C
NMR (300 MHz, 25 8C, CDCl3, TMS): d=166.7, 164.3 (C of tetrazine),
70.9 (OCH2), 28.7 (OCH2CH2); MS (EI): m/z : calcd for: 318.0147; found:
318 [M]+ .


Electrochemistry : The electrochemical studies were performed by using
an EG&G PAR 273 potentiostat, interfaced to a PC computer. Cyclic
voltammetries at scan rates higher than 0.1 Vs�1 were performed by
using a home made potentiostat equipped with a manual ohmic drop
compensation system.[25]


The reference electrode used was an Ag+/Ag electrode filled with 0.01m
AgNO3. This reference electrode was checked vs. ferrocene as recom-
mended by IUPAC. In our case, E o(Fc+/Fc)=0.118 V in dichloromethane
with 0.1m TEAP. A platinum wire and a glassy carbon disk (1 mm diame-
ter) were used respectively as counter and working electrodes.


Tetrabutylammonium perchlorate was purchased from Fluka (puriss.).
Acetonitrile (Aldrich, 99.8%), dichloromethane (SDS, 99.9%) were used
as received. All solutions were deaerated by bubbling argon gas for a few
minutes prior to electrochemical measurements.


Theoretical modelling : All the geometry optimizations were performed
using the hybrid density functional B3LYP potential in conjuration with
a 6-31G* basis set as implemented in GAUSSIAN03W.[26] This level was
adequate for the geometry optimization of aromatic compounds.[27] Har-
monic vibrations were also calculated for all the obtained structures to
establish that a true minimum was observed.


UV/Vis and fluorescence spectroscopy


Steady-state spectroscopy : A UV/Vis Varian CARY 500 spectrophotome-
ter was used. Excitation and emission spectra were measured on a SPEX
Fluorolog-3 (Jobin-Yvon). A right-angle configuration was used. Optical
density of the samples was checked to be less than 0.1 to avoid re-absorp-
tion artifacts.


Time-resolved spectroscopy : The fluorescence decay curves were ob-
tained with a time-correlated single-photon-counting method using a tita-
nium/sapphire laser (82 MHz, repetition rate lowered to 4 MHz by a
pulse-peaker, 1 ps pulse width, a doubling crystals was used to reach
495 nm excitation) pumped by an argon ion laser. The Levenberg–Mar-
quardt algorithm was used for non-linear least squares fits.


The compounds were purified one additional time (obtained in the end
as millimeter-size crystals), and put under a Nikon DIAPHOT 200 micro-
scope. Fluorescence emission spectra of crystalline powders were record-
ed under the microscope, excitation wavelength 495 nm, by using an
Ocean Optics S 2000 miniature fiber optic spectrophotometer.
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Introduction


Molecular recognition lies at the heart of biochemistry. Bio-
chemical processes all inherently require selective molecular
recognition and complexation to be successful. Matching the
degree of exquisite control and efficiency exhibited by natu-
ral systems is a challenging goal for the host-guest chemist
to emulate, and has led to much interest in the design of a
diverse range of synthetic receptors for important biological
substrates.[1] Enantioselective recognition of biologically rel-
evant molecules, however, remains a major challenge.[2] Al-
though numerous receptors have been developed for dicar-
boxylic acids and dicarboxylates,[3] only a few enantioselec-
tive receptors for chiral dicarboxylates have been de-
scribed.[4] In our efforts to develop novel receptors for dicar-
boxylates, we have targeted N-protected amino acid
dicarboxylates (e.g. glutamate and aspartate). We recently
described the chiral bisthiourea macrocycle 1 which was spe-
cifically designed to bind to glutamate through eight hydro-
gen bonds.[5] It incorporates thiourea moieties intended to
provide the primary interaction with the carboxylates and


additional amide hydrogens to
act as hydrogen-bonding donors
for the lone pairs of the guest
carboxylate oxygens (Figure 1).
Pyrido units were expected to
help preorganise the macrocy-
cle,[6] and chirality was provided
by the (S,S)-1,2-diphenylethy-
lene diamine spacer.
Macrocycle 1 formed a


strong 1:1 complex with N-Boc-
l-glutamate dicarboxylate in
polar solvents (DMSO and
CH3CN). However, only a
weak 1:1 complex was formed
with N-Boc-d-glutamate dicar-
boxylate, and a 1:2 (host/guest)
complex was favoured instead. Surprisingly the macrocycle
did not bind carboxylates at all in the less competitive sol-
vent CDCl3. Indeed


1H NMR studies indicated that the mac-
rocycle adopted a wrapped conformation with two-fold C2


symmetry in CDCl3, which was unsuitable for binding car-
boxylates.
In order to gain a better understanding of the unusual


host–guest complexation properties of 1 we have now car-
ried out further binding studies with macrocycle 1, and with
analogous macrocycles 2–4, using 1H NMR and isothermal
calorimetric titrations, as well as computational studies on
macrocycle 1. Here we describe in detail the results of these
studies.


Abstract: A series of chiral bisthiourea
macrocycles 1–4 have been prepared
and their binding properties with vari-
ous dicarboxylate salts have been ex-
amined by using NMR titration and
isothermal calorimetry experiments.
Macrocycle 1, in particular, favours the
1:1 binding of N-protected l-glutamate


and aspartate, but favours 1:2 binding
of the corresponding d-amino acids in
polar solvents (dimethyl sulfoxide and
acetonitrile). The macrocycles, howev-


er, do not bind carboxylates at all in
the less competitive solvent chloro-
form. The binding properties of these
macrocyles are sensitive to small struc-
tural changes as demonstrated by the
altered binding properties of macrocy-
cles 2–4 compared with 1.


Keywords: enantioselectivity ·
receptors · solvent effects


[a] A. Ragusa, S. Rossi, Prof. J. D. Kilburn
School of Chemistry, University of Southampton
Southampton, SO17 1BJ (UK)
Fax: (+44)2380-596-805
E-mail : jdk1@soton.ac.uk


[b] Dr. J. M. Hayes, Dr. M. Stein
Anterio consult and research GmbH
Augustaanlage 26, 68165 Mannheim (Germany)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Figure 1. Schematic of pro-
posed mode of complexation
of N-Boc-l-glutamate by mac-
rocycle 1 via eight hydrogen
bonds.
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Results and Discussion


Synthesis : Macrocycle 1 was synthesised as previously de-
scribed by first coupling (1S,2S)-1,2-diphenylethylene dia-
mine with pyridyl acid 5 to give bisphthalimide 6, which was
deprotected by using hydrazine hydrate. Treatment of the
resulting diamine 7 with CS2 and DCC produced the bis(iso-
thiocyanate) 8. A further equivalent of diamine 7 was added
to bis(isothiocyanate) 8, in the presence of DMAP, by sy-
ringe pump, over three hours to afford macrocyclic bis-
thiourea 1 in 26% yield (Scheme 1).
An analogous, but more conformationally constrained,


macrocycle 2 was readily prepared by an identical sequence,
but starting with (S,S)-1,2-diaminocyclohexane. Pyridyl acid
5 was coupled with the diaminocyclohexane tartrate salt by
using a two-phase (water/dichloromethane) solvent system,
as attempted isolation of the free diamine from the tartrate
salt was frustrated by low yields. The bisphthalimide 9 was
converted to the bis(isothiocyanate) 11 and reaction with a
further equivalent of diamine 10 gave the desired macrocy-
cle 2 in 72% yield. The high yield (relative to the formation
of macrocycle 1) is probably due to the conformational con-
straint of the diamine, which favours the macrocyclisation
over the formation of by-products.
To probe the role of the pyrido unit in preorganising mac-


rocycles 1 and 2, the analogous macrocycles 3 and 4, with
the pyrido units replaced by benzo units, were also pre-
pared. Commercially available 3-cyanobenzoic acid 12 was
coupled with (1S,2S)-(�)-1,2-diphenylethylenediamine or
(1S,2S)-(�)-1,2-diaminocyclohexane to afford bis(cyanoben-
zamide) 13 and 17, respectively. The cyano groups were re-
duced using sodium borohydride/NiCl2 and, to prevent di-
merisation by-products, the diamine was trapped in situ
using di-tert-butyl dicarbonate,[7] to provide the protected di-


amines 14 and 18, respectively. Removal of the Boc protect-
ing groups and treatment of the resulting diamines with thio-
phosgene produced the bis(isothiocyanates) 16 and 20.
Again, a further equivalent of diamine was added to the cor-
responding bis(isothiocyanate), in the presence of triethyl-
amine, by syringe pump, over three hours to afford the mac-
rocycles 3 and 4 in 17 and 29% yield, respectively.


Conformational studies : As described previously macrocycle
1 in [D6]DMSO or in CD3CN gave a simple 1H NMR spec-
trum consistent with the expected four-fold D2 symmetry of
the macrocycle.[5] At room temperature the 1H NMR spec-
trum of 1 in CDCl3 shows very broad signals, but gives a
well-resolved spectrum at �40 8C (Figure 2) indicating two-
fold C2 symmetry, with, for example, two different signals
for the thiourea NH protons (d=9.0 and 8.1 ppm) and for
the amide NH protons (d=10.1 and 7.9 ppm) (Table 1).
Further 1H NMR studies, by using torsion angle dynamics


with NOE and scalar coupling constant constraints,[8] al-
lowed us to determine the conformation of macrocycle 1 in
CDCl3 at �40 8C.
The conformation determined by using this approach


(Figure 3) shows that the macrocycle adopts a twisted and
wrapped conformation stabilised by two sets of three intra-
molecular hydrogen bonds between one of the amide car-
bonyls and three NHHs from a thiourea and the other amide.
This hydrogen-bonding motif has been observed by us previ-
ously in the dimeric crystal structure of the related acyclic
monothiurea 21 (Figure 4).[6b] Further stabilisation of the
wrapped conformation of 1 is achieved by weak hydrogen
bonds between the pyridine nitrogen and adjacent NH
groups.
The more conformationally constrained macrocycle 2 was


only sparingly soluble in CD3CN, but in [D6]DMSO also


Scheme 1. a) SOCl2; (1S,2S)-(�)-1,2- diphenylethylenediamine, DMAP, CH2Cl2 (68% for 6, 48% for 13); b) diphenylchlorophosphate; (1S,2S)-(�)-1,2-di-
aminocyclohexane (tartrate salt), H2O, K2CO3 (52% for 9, 67% for 17); c) N2H4·H2O, EtOH (80–85%); d) CS2, DCC, CH2Cl2; e) simultaneous addition
of 1 equiv of 7 (or 10 or 15 or 19) and 1 equiv of 8 (or 11 or 16 or 20, respectively) by syringe pumps over 3 h to a solution of DMAP or Et3N in CH2Cl2
(26% for 1, 72% for 2, 17% for 3, 29% for 4, over steps d and e or h and e); f) di-tert-butyl dicarbonate, NiCl2, NaBH4 (64% for 14 and 18); g) TFA,
CH2Cl2 (quant.); h) thiophosgene, K2CO3, CH2Cl2, H2O. DMAP=4-dimethylaminopyridine, DCC=N,N’-dicyclohexylcarbodiimide, TFA= trifluoroacetic
acid.
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gave a simple 1H NMR spectrum consistent with the expect-
ed four-fold D2 symmetry of the macrocycle. In CDCl3 2
gave a 1H NMR spectrum at room temperature similar to
that found for 1 and consistent with the wrapped conforma-
tion identified for 1 at �40 8C. Detailed 2D NMR studies
(COSY and NOESY 1H NMR experiments) allowed full as-
signment of all the 1H NMR signals for 2. In particular, the
thiourea NH protons have two different signals at d=8.7
and 8.1 ppm, while the amide NH protons have signals at
d=9.2 and 7.7 ppm (Table 1). However, in the case of 2 the
spectrum in CDCl3 was well-resolved even at room tempera-
ture, indicating that the greater conformational constraints
imposed by the cyclohexyl diamine units encourages the
wrapped conformation.
Macrocycles 3 and 4 in which the pyridyl units in 1 and 2


are replaced by benzo units, were soluble in DMSO and tri-


fluoroethanol, but not in
CH3CN or in CHCl3. Again in
[D6]DMSO 3 and 4 gave a
simple 1H NMR spectrum con-
sistent with the expected D2


symmetry of the macrocycle.
Comparing the 1H NMR spec-
tra of 3 and 4 with the spectra
of 1 and 2 in [D6]DMSO, re-
veals that in the former pair the
signals for the NH protons
(amide and thiourea) are in
each case more upfield than the
corresponding signals for the
latter pair of macrocycles
(Table 1). This is consistent
with the notion that the pyrido
nitrogens are forming weak hy-
drogen bonds with the adjacent
NHHs and therefore help to pre-
organise the macrocycle in
DMSO—even though in this
solvent the macrocycles do not
form the wrapped conformation
identified in CDCl3.


Binding studies : Binding studies
were carried out using 1H NMR


titrations and isothermal calo-
rimetry (Table 2). Data from
the 1H NMR titrations were
fitted to 1:1 or 1:2 (host/guest)
binding isotherms by using the
NMRTit HG software.[9] Where


Figure 2. 1H NMR spectra of macrocycle 1 in: a) [D6]DMSO at room temperature; b) CDCl3 at room tempera-
ture; c) CDCl3 at �40 8C.


Table 1. 1H NMR chemical shifts for NH signals of macrocycles 1–4 in
CDCl3 and [D6]DMSO.


Solvent Macrocycle NH1 NH2 NH3 NH4


CDCl3 1[a] 9.0 8.1 7.9 10.1
2 8.7 8.1 7.7 9.2


[D6]DMSO 1 8.3 9.4
2 8.6 9.0
3 7.9 9.0
4 7.9 8.2


[a] Spectrum recorded at �40 8C. All other spectra recorded at room
temperature.


Figure 3. Conformation of macrocycle 1 in CDCl3 as determined by
1H NMR showing intramolecular H-bond lengths.


Figure 4. Acyclic thiourea 21.
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binding was dominated by either 1:1 or 1:2 complexation,
reliable association constants (Ka) could be determined and
binding stoichiometry was confirmed using Job plots.[10] In
cases where binding was weak it was often not possible to
distinguish between 1:1 and 1:2 complexation, since the data
could be fitted to both binding isotherms. In some cases it
was apparent that there was strong overall binding, and
both 1:1 and 1:2 complexes were formed, but neither was
dominant. In these cases the individual association constants
could not always be reliably determined. Job plots with
these systems also gave ambiguous results as the plots
showed broad maxima at stoichiometries typically of ~1:1.5.
Some of the data obtained gave binding constants at the
upper limit of detectability by using NMR titrations (104–
105m�1) and it was concluded that in these cases Ka >


104m�1, but more precise values could not be reliably ob-
tained from these titrations.[11]


Isothermal calorimetric binding data[12–14] was fitted using
a one- or two-site binding model and, again, where binding
was dominated by either 1:1 or 1:2 complexation, reliable
and reproducible association constants could be determined.


When overall binding was weak, or when 1:1 and 1:2 associ-
ation constants were both significant then, as with the NMR
titrations, the individual association constants could not
always be reliably determined.
In general titration experiments were performed more


than once to obtain reproducible data. Where the associa-
tion constant could be determined for the same complex by
using both isothermal calorimetry and 1H NMR titrations,
agreement between the two methods was generally good.
Isothermal calorimetry has the considerable advantage


that it allows direct determination of the association con-
stants and the enthalpy (DH) of binding. Hence the Gibbs
free energy (DG) and entropic contribution (DS) can be cal-
culated. In general we found that using isothermal calorime-
try with these macrocycles, where binding was predominant-
ly either 1:1 or 1:2 complexation, the association constants
(and hence the Gibbs free energy) could be reproduced to a
high degree of accuracy. The enthalpy–entropy balance in
host–guest binding can be very sensitive to solvent composi-
tion and to the presence of small quantities of water, partic-
ularly when the bulk solvent is relatively apolar,[15] so for all


Table 2. Binding data for macrocycles (MC) 1–3 with various carboxylate salts in CH3CN and DMSO.


NMR titration data [a] ITC titration data[a]


Entry MC Solvent[b] Guest[c] K 1:1
a K 1:2


a DG 1:1 K 1:1
a DH 1:1 TDS 1:1 DG 1:2 K 1:2


a DH 1:2 TDS 1:2


[m�1] [m�1] [kJmol�1] [m�1] [kJmol�1] [kJmol�1] [kJmol�1] [m�1] [kJmol�1] [kJmol�1]


1 1 CH3CN N-Boc-l-Glu >104 – �25.3 2.7M104 �4.5 20.8 – <100 – –
2 1 CH3CN N-Boc-l-Glu – >104 – <100 – – �26.8 4.9M104 �6.7 20.1
3 1 DMSO N-Boc-l-Glu 3700 – �19.2 2300 �10.7 8.5 – <100 – –
4 1 DMSO N-Boc-d-Glu individual binding constants could not be reliably determined by either method
5 1 CH3CN acetate – > 104 �13.2 200 �2.7 10.5 �20.8 5100 �5.8 15.0
6 1 CH3CN N-Ac-l-Glu > 104 5100 �22.4 1.0M104 2.4 24.8 �17.3 1200 2.0 19.3
7 1 CH3CN N-Ac-d-Glu 4500 > 104 �19.6 3100 �5.9 13.8 �23.4 1.6M104 12.5 35.9
8 1 DMSO N-Ac-l-Glu > 104 1000 binding constants could not be reliably determined by calorimetry
9 1 DMSO N-Ac-d-Glu 800 > 104 �15.1 500 3.5 18.6 �24.7 2.5M104 �6.4 18.4
10 1 CH3CN N-Boc-l-Asp > 104 <100 binding constants could not be reliably determined by calorimetry
11 1 CH3CN N-Boc-d-Asp individual binding constants could not be reliably determined by either method
12 1 DMSO N-Boc-l-Asp 1200 at


363 K[d]


13 1 DMSO N-Boc-d-Asp weak binding
at 363 K[d]


14 1 DMSO DiBz-l-tartrate – 211
15 1 DMSO DiBz-d-tartrate – 103
16 2 CH3CN N-Boc-l-Glu -[e] –[e] �18.5 1800 �21.8 �3.3 – <100 – –
17 2 CH3CN N-Boc-d-Glu –[e] –[e] – <100 – – �19.0 2100 �11.7 7.2
18 2 DMSO N-Boc-l-Glu –[f] –[f] �15.0 430 �7.8 7.2 – <100 – –
19 2 DMSO N-Boc-d-Glu individual binding constants could not be reliably determined by either method
20 2 CH3CN N-Boc-l-Asp –[e] –[e] �20.5 3900 �14.7 5.8 – <100 – –
21 2 CH3CN N-Boc-d-Asp –[e] –[e] <100 19.0 2100 �8.4 10.5
22 2 DMSO N-Boc-l-Asp individual binding constants could not be reliably determined by either method
23 2 DMSO N-Boc-d-Asp individual binding constants could not be reliably determined by either method
24 3 DMSO N-Boc-l-Glu –[f] –[f] �25.3 2.7M104 �5.9 19.4 �14.8 390 �8.6 6.2
25 3 DMSO N-Boc-d-Glu –[f] –[f] �13.8 260 �4.4 9.4 �24.5 1.9M104 �8.0 16.5


[a] Association constants are reported to two significant figures with estimated errors of � 20%. The reported value of K 1:2
a refers to the binding constant for


the association of the 1:1 complex with the second equivalent of guest. The overall binding constant is therefore the product of the reported K 1:1
a and K 1:2


a . In
general the errors on thermodynamic data are estimated at � 0.5 kJmol�1, but where 1:1 and 1:2 association constants are both significant (entries 6, 7, 9, 24,
and 25) the errors may be larger. In some cases where both binding stoichiometries are competing the titration data (from one or both of the titration methods)
could not be fitted at all reliably (entries 4, 8, 11, 19, 22 and 23), although strong binding was generally apparent from the data. [b] Deuterated solvents, CD3CN
and [D6]DMSO, were used for NMR titration experiments. [c] All guests were used as the tetrabutylammonium salts. [d] Binding kinetics were slow (on the
NMR timescale) at room temperature and NMR titration experiments were carried out at 90 8C, see text. Calorimetry experiments were not carried out at this
temperature. [e] NMR titration experiments were not carried out in CD3CN because of solubility problems with macrocycle 2 in this solvent. [f] Binding con-
stants could not be reliably determined by NMR titrations.
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titration experiments solvents and the samples of host and
guest were carefully dried prior to use.


Binding studies by using macrocycle 1: Initial investigation
of the binding properties of receptor 1 with N-Boc-gluta-
mate dicarboxylate has been described previously.[5] In sum-
mary, addition of the N-Boc-l-glutamate bis(tetrabutylam-
monium) salt to a solution of 1 in CD3CN led to a strong 1:1
association (K 1:1


a > 104m�1), and significant downfield shifts
of the 1H NMR NH signals, consistent with the formation of
strong hydrogen bonds and the proposed mode of binding
(Figure 1). The binding data obtained from the addition of
N-Boc-d-glutamate could not be fitted to a 1:1 binding iso-
therm, but could be fitted to a 1:2 (host/guest) binding iso-
therm and yielded K 1:2


a > 104m�1. Binding stoichiometry
was confirmed by Job plots[10] and is further evident from
the 1H NMR titrations since saturation is rapidly reached
after addition of ~1 equivalent of the N-Boc-l-glutamate
salt, whereas saturation is reached only after addition of ~2
equivalents of N-Boc-d-glutamate salt (Figure 5). The rela-


tively smooth titration curve obtained with N-Boc-d-gluta-
mate, and lack of an obvious transition after addition of
only one equivalent of the guest, suggests that binding of
the second guest molecule is stronger than binding of the
first (positive co-operativity), such that the receptor tends to
saturate both binding sites simultaneously, that is, the 1:1
complex is only present in very small amounts relative to
uncomplexed receptor or the 2:1 complex.
Isothermal calorimetric binding data obtained with N-


Boc-l-glutamate salt confirmed the strong 1:1 binding (DG
= �25.3 kJmol�1, K 1:1


a = 2.7M104m�1), which is dominated


by the entropic contribution (TDS = 20.8 kJmol�1), indicat-
ing that complexation is promoted by the release of solvent
molecules from the host and guest to bulk solvent. The calo-
rimetric data obtained with the N-Boc-d-glutamate salt indi-
cated a small 1:1 binding constant and strong 1:2 (host/
guest) binding (DG = �26.7 kJmol�1, K 1:2


a = 4.9M104m�1),
again confirming the results of the NMR titrations. Confor-
mational changes in the receptor on binding N-Boc-d-gluta-
mate are clearly evidenced by the large shifts in many of the
CH signals in the 1H NMR spectrum of the receptor on ad-
dition of the guest.
Binding studies with macrocycle 1 and N-Boc-l-glutamate


in [D6]DMSO gave a similar picture, with a simple 1:1 bind-
ing, obtained by either NMR titration (DG =


�20.4 kJmol�1, K 1:1
a = 3.7M103m�1) or isothermal calorime-


try (DG = �19.2 kJmol�1, K 1:1
a = 2.3M103m�1), again with a


large entropic contribution (TDS=8.5 kJmol�1). Binding
data for N-Boc-d-glutamate, however, could not be reliably
fitted to give individual binding constants.
In the less competitive solvent, CDCl3, addition of either


enantiomer of the glutamate
salt did not lead to any discerni-
ble change in the 1H NMR
spectrum of the macrocycle,
which is attributed to the high
energetic cost of breaking the
intramolecular hydrogen bonds
to open the tightly wrapped
conformation adopted by the
receptor in chloroform.
To confirm the above inter-


pretation of 1:2 complexation of
N-Boc-d-glutamate binding
studies have now been carried
out with tetrabutylammonium
acetate. Significant changes in
the 1H NMR spectrum of the
receptor were noted after the
addition of the acetate guest in
CD3CN. Downfield shifts of the
thiourea NH (Ddsat=1.03 ppm),
the amide NH (Ddsat=
0.70 ppm) and the benzylic CH
signals (Ddsat=0.47 ppm) were
recorded. Saturation was
reached after the addition of


two equivalents of acetate and the binding data could be
fitted to the expected 1:2 stoichiometry (DG=


�23.0 kJmol�1, K 1:2
a > 104m�1). As with N-Boc-d-glutamate,


the 1H NMR titration curve obtained with acetate gave no
indication of an intermediate 1:1 complex which is consis-
tent with a small or negligible 1:1 binding constant. Isother-
mal calorimetric data obtained with the acetate salt also in-
dicated a small 1:1 binding constant (DG ~�13 kJmol�1,
K 1:1
a ~200m�1) and strong 1:2 (host/guest) binding (DG =


�20.8 kJmol�1, K 1:2
a = 5100m�1), confirming the results of


the NMR titrations.


Figure 5. Binding titration curves for macrocycle 1, showing the shift of the amide (^: Boc-l-Glu, ~: Boc-d-
Glu) and the thiourea (&: Boc-l-Glu, M : Boc-d-Glu) NH protons on addition of the bis(tetrabutylammonium)
salts of N-Boc-l-glutamate and N-Boc-d-glutamate in CD3CN as solvent, indicating the strong 1:1 binding
with the former, and 2:1 binding with the latter.
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In order to probe the binding properties of macrocycle 1
in more detail binding studies with a series of dicarboxylate
substrates have also now been carried out. Firstly, to assess
the influence of the bulky tert-butyloxycarbonyl protecting
group of the glutamate substrates, binding studies were con-
ducted with both enantiomers of N-Ac-glutamate.
Addition of N-Ac-l-glutamate salt to a solution of 1 in


CD3CN led to significant downfield shifts of the amide NH
and thiourea NH (Ddsat > 1.0 ppm) but in contrast to the ti-
tration with N-Boc-l-glutamate saturation was not reached
after addition of one equivalent of the salt, and the titration
curves showed a significantly sigmasoidal shape, suggesting
that both 1:1 and 1:2 complexes are formed (Figure 6).


Indeed the data could be fitted to give a large K 1:1
a >


104m�1, but also a significant K 1:2
a = 5100m�1. Similar down-


field shifts of the amide NH and thiourea NH were ob-
served on addition of N-Ac-d-glutamate salt to a solution of
1 in CD3CN. The NMR titration data could be fitted to give
a large K 1:1


a = 4500m�1 but a larger K 1:2
a > 104m�1. Similar


results were obtained in [D6]DMSO. The NMR titration
data indicates that for N-Ac-l-glutamate 1:1 complexation is
dominant, whereas for N-Ac-d-glutamate 1:2 binding is the
dominant, but in neither case is the selectivity as pro-
nounced as with the two enantiomers of N-Boc-glutamate.
Isothermal calorimetry data with these guests in both
CH3CN and DMSO confirmed the NMR results and binding
in all cases is dominated by the entropic contribution.
To assess the ability to bind dicarboxylates with shorter


chain lengths, binding studies have been conducted
with both enantiomers of N-Boc-aspartate and dibenzoyl
tartrate.


Addition of either enantiomer of N-Boc-aspartate tetra-
butylammonium salt to a solution of 1 in CD3CN at room
temperature led to dramatic changes in the 1H NMR spec-
trum of the macrocycle with considerable downfield shifts of
the thiourea NH (Ddsat > 1.5 ppm), the amide NH (Ddsat >
1.0 ppm) and the benzylic CH signals (Ddsat > 0.5 ppm).
The titration data for N-Boc-l-aspartate showed that satura-
tion was essentially reached after addition of one equivalent
of the substrate and could be readily fitted to a 1:1 isotherm
(K 1:1


a > 104m�1), but the binding data for N-Boc-d-aspartate
could not be fitted to a simple 1:1 or 1:2 binding stoichiome-
try and indicate that both 1:1 and 1:2 complexes were
formed, but neither was dominant. Similarly isothermal cal-


orimetry data with these guests
could not be fitted reliably.
In [D6]DMSO, addition of N-


Boc-l-aspartate to macrocycle
1 at room temperature caused a
broadening of the signals in the
1H NMR spectrum of the re-
ceptor. During the addition to
the host solution it was possible
to observe one set of peaks for
the unbound macrocycle, which
decreased in intensity, and a
new set of peaks (thiourea NH:
d=9.7 ppm; amide NH: d=


10.3 ppm), which increased in
intensity on addition of the
guest and were attributed to
the bound host–guest complex.
This new set of broad signals
became reasonably well-re-
solved after the addition of four
equivalents of guest. It was con-
cluded that binding of N-Boc-l-
aspartate by macrocycle 1 in
[D6]DMSO at room tempera-
ture was slow on the NMR


time-scale. In order to overcome the slow binding kinetics, a
1H NMR titration was carried out at 90 8C. At this tempera-
ture the 1H NMR spectrum of macrocycle 1 in [D6]DMSO
was well-resolved and the signals of the amide and thiourea
protons were both ~0.9 ppm upfield compared to the spec-
trum in [D6]DMSO at room temperature. Addition of N-
Boc-l-aspartate to macrocycle 1 at 90 8C in [D6]DMSO led
to downfield shifts of the thiourea NH (Ddsat=0.64 ppm)
and the amide NH (Ddsat=0.31 ppm) signals. No significant
shift was noted for the benzylic CH protons. The binding
data could be fitted to a 1:1 binding isotherm (DG=


�17.6 kJmol�1, K 1:1
a = 1.2M103m�1). Addition of N-Boc-d-


aspartate to macrocycle 1 at 90 8C in [D6]DMSO produced
less pronounced downfield shifts of the thiourea NH
(Ddsat=0.42 ppm) and amide NH (Ddsat=0.21 ppm) protons
and the slope of the titration curve indicated very weak
binding and only ~25% of saturation was reached after the
addition of five equivalents of guest. The data could not be


Figure 6. Binding titration curves for macrocycle 1, showing the shift of a) the amide (^: Ac-l-Glu, ~: Ac-d-
Glu) and b) the thiourea (&: Ac-l-Glu, M : Ac-d-Glu) NH protons on addition of the bis(tetrabutylammonium)
salts of N-Ac-l-glutamate and N-Ac-d-glutamate in CD3CN as solvent (1:1 [host]:[guest] is reached when
[guest]=1.5 mm).
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fitted unambiguously to a 1:1 or 1:2 (host/guest) binding iso-
therm. Isothermal calorimetry experiments were not per-
formed at these elevated temperatures.
The addition of the tetrabutylammonium salts of both


enantiomers of dibenzoyl tartrate in [D6]DMSO at room
temperature led to small downfield shifts in the thiourea
NH (Ddsat ~0.3 ppm), suggesting weak binding. The binding
data for both enantiomers could be fitted to a 1:2 (host/
guest) isotherm (K 1:2


a =210m�1 for dibenzoyl-l-tartrate and
100m�1 for dibenzoyl-d-tartrate). Presumably the tartrates
substrates are too bulky to allow 1:1 complexation and even
1:2 binding with the receptor is weak compared to the 1:2
binding of glutamate and aspartate carboxylates. With such
weak binding constants isothermal calorimetry was not at-
tempted with these guests.


Binding studies by using macrocycle 2 : Binding studies with
the chiral bisthiourea macrocycles 2, 3 and 4 were carried
out to probe the effects of the structural modifications on
the receptor on the binding properties. Binding studies with
macrocycle 2 and N-protected glutamate and aspartate, as
their tetrabutylammonium salts, were carried out by using
1H NMR titrations and isothermal calorimetry. 1H NMR
spectra of 1:1 mixtures of both enantiomers of N-Boc-gluta-
mate and N-Boc-aspartate with 2 in CDCl3 were obtained in
chloroform. As expected, addition of either enantiomer of
the guests did not lead to any discernible change in the
1H NMR spectrum of the macrocycle. Thus, as with macro-
cycle 1, macrocycle 2 adopts a conformation unsuitable for
binding in CDCl3 and the energy required to reorganise the
host into a suitable binding conformation, by breaking the
intramolecular hydrogen bonds, is not compensated for by
the host–guest binding interactions that would be established.


1H NMR titration experiments in CD3CN were hampered
by the limited solubility of macrocycle 2 in this solvent. The
problem was addressed by running isothermal calorimetric
titrations, which allowed the use of host solutions at much
lower concentrations. With both N-Boc-glutamate and N-
Boc-aspartate, macrocycle 2 has binding properties very sim-
ilar to those of macrocycle 1. Data for N-Boc-l-glutamate
and N-Boc-l-aspartate indicated formation of strong 1:1
complexes with 2, while both N-Boc-d-glutamate and N-
Boc-d-aspartate form predominantly 1:2 complexes. Nota-
bly, however, the association constants with 2 are at least an
order of magnitude lower than the corresponding associa-
tion constants with 1.
In DMSO, however, binding data for both enantiomers of


N-Boc-glutamate and N-Boc-aspartate could not be reliably
fitted to simple 1:1 or 1:2 binding isotherms using 1H NMR
titrations. In 1H NMR titrations, shifts of the thiourea NH
(Ddsat > 0.2 ppm), the amide NH (Ddsat > 0.16 ppm) and
the benzylic CH signals (Ddsat > 0.17 ppm) were observed
but saturation was not reached even after addition of several
equivalents of the guest, suggesting that binding was weak,
and again probably weaker than the corresponding complex-
ation with macrocycle 1. Using isothermal calorimetry only
with N-Boc-l-glutamate as the guest could the data be


fitted, and indicated relatively weak 1:1 binding (DG =


�15.0 kJmol�1, K 1:1
a =530m�1).


Binding studies by using macrocycles 3 and 4 : Complexation
studies with macrocycles 3 and 4 were restricted, due to
their limited solubility, to titration experiments in DMSO
and used only the enantiomers of N-Boc-glutamate. Addi-
tion of N-Boc-l-glutamate to macrocycle 3 in [D6]DMSO
led to significant downfield shifts of the 1H NMR signals for
the thiourea NH (Ddsat > 0.5 ppm) and the amide NH
(Ddsat > 0.3 ppm), but saturation was not reached after the
addition of the first equivalent of N-Boc-l-glutamate, and
the binding data could not be fitted to a simple 1:1 or 1:2
(host/guest) isotherm. The calorimetric binding data ob-
tained with N-Boc-l-glutamate salt indicated a strong 1:1
binding (K 1:1


a = 2.7M104m�1) and a moderate 1:2 association
(K 1:2


a =390m�1).
Addition of the N-Boc-d-glutamate tetrabutylammonium


salt to 3 also led to significant downfield shifts of the
1H NMR signals for the thiourea NH (Ddsat ~1 ppm), amide
NH (Ddsat ~0.4 ppm) protons of the macrocycle. Saturation
was reached after the addition of two equivalents of guest
but again the binding data could not be fitted to a simple
1:1 or 1:2 (host/guest) binding model. Isothermal calorime-
try data obtained with the N-Boc-d-glutamate salt and 3,
however, indicated a moderate 1:1 binding constant (K 1:1


a =


260m�1) but a much stronger 1:2 association (K 1:2
a =1.9M


104m�1).
Addition of either enantiomers of N-Boc-glutamate to a


solution of receptor 4 in DMSO, on the other hand, did not
lead to any significant shifts in the 1H NMR spectrum of the
neat host, suggesting no or very weak binding.


Computational studies : Force field computational studies
were undertaken in order to shed further light on the con-
formational preferences of macrocycle 1 in the solvents
CHCl3, DMSO and CH3CN and the origin of the binding se-
lectivities experimentally determined for macrocycle 1 with
the enantiomers of N-Boc-glutamate. The computational
method used in the calculations is dependent on the solvent
(see Experimental Section). With CHCl3 as the solvent, the
generalized Born/surface area (GB/SA) continuum solvation
model was used[16] and conformational searches performed
using a mixed mode Monte Carlo (MC) search algorithm.
For DMSO and CH3CN, explicit solvation models were used
in molecular dynamics (MD) simulations. With the excep-
tion of the MD simulations for which Impact 2.7[17] was
used, all computations were performed using Macromodel
8.0 or 8.1.[18]


The global minimum geometry for 1 obtained from the
conformational search with CHCl3 as solvent has a C2 geom-
etry stabilized by strong intramolecular hydrogen bonds
(Figure 7) in agreement with the experimental 1H NMR
data and similar to the conformation previously predicted
by torsion angle dynamics (Figure 3).
From the MD simulations in CH3CN and DMSO, a D2-


type conformation is predominant (also in agreement with
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1H NMR data)—a conformation which is more favourable
for accepting a substrate into the large open cavity
(Figure 8).


Geometries of the 1:1 binding complex of macrocycle 1
with both enantiomers of N-Boc-glutamate were determined
in both CHCl3 and CH3CN. For each enantiomer the same
binding modes were obtained with CHCl3 or CH3CN as sol-
vent. According to these calculations the dicarboxylate
ligand forms eight hydrogen bonds with the macrocycle,
each carboxylate oxygen forming hydrogen bonds with
either two amide or two thioamide hydrogens (Figures 9
and 10), which differs from the model originally proposed in
which each carboxylate oxygen forms hydrogen bonds to
both an amide and a urea hydrogen (Figure 1).
Although geometries for complexation of 1 with N-Boc-


glutamate enantiomers in CHCl3 were located computation-
ally, no binding could be detected experimentally in this sol-
vent. The energy required to reorganise the tightly wrapped
macrocycle 1 (Figure 7) into a conformation favourable for
accepting the N-Boc-glutamate substrates was calculated
based on the lowest energy conformations of the macrocycle
from the conformational searches in the bound (with
N-Boc-glutamate) and the unbound state (Table 3). The


reorganisation energy for binding either enantiomer
(~300 kJmol�1) was found to be much greater than the appar-
ent energy gain from binding (~100 kJmol�1). Of course the
values of energies obtained from force field calculations will
not be quantitatively accurate. However, an energy differ-
ence of ~200 kJmol�1 is substantial and hence, the energeti-
cally unfavourable binding of N-Boc-glutamate enantiomers
to macrocycle 1 in CHCl3 is not experimentally observed.
The computational methods employed were not, however,


able to reproduce the binding selectivity of N-Boc-l-gluta-
mate over N-Boc-d-glutamate for 1:1 binding (computed
DDHL–D ~+7 kJmol�1), reflecting the fact that the force
field parameters used in the MD simulations were insuffi-
cient for accurate calculation of the complexation energies.


Discussion


Macrocycle 1 was previously identified as having rather
unique binding properties.[5] It proved to be highly enantio-
selective forming a 1:1 complex with N-Boc-l-glutamate


with an association constant at
least two orders of magnitude
larger than the corresponding
association constant for the 1:1
complex with N-Boc-d-gluta-
mate. Furthermore, it is a gen-
erally held view that binding in-
teractions between polar func-
tionalities (e.g. hydrogen
bonds) will lead to strong com-
plexation in a non-polar solvent
(typically CHCl3), but weak (or
negligible) complexation in
more polar (competitive) sol-
vents or solvent mixtures, and
numerous examples of this phe-


nomenon exist. For example, N-tolyl-N’-n-butylurea binds
tetrabutylammonium benzoate with Ka = 1300m�1 in CDCl3
and Ka=150m


�1 in [D6]DMSO,
[19] and thiourea 21 binds the


TBA salt of N-Ac-l-Phe with Ka = 4800m�1 in CDCl3 and
Ka=680m


�1 in 10% [D6]DMSO/CDCl3.
[6b] The lack of bind-


ing exhibited by macrocycle 1 in CDCl3, in contrast to the
results observed in CH3CN and DMSO, was thus remarka-
ble. However, NMR studies revealed that in CDCl3 the mac-
rocycle adopts a tightly wrapped conformation that is stabi-
lized by a number of intramolecular hydrogen bonds
(Figure 3). This hydrogen-bonding motif has been previously
observed in the crystal structure of 21 which forms a dimeric
pair in the solid-state.[6b] We postulated that the energy re-
quired to reorganize the macrocycle into a suitable binding
conformation (i.e., to break the intramolecular hydrogen
bonds) was not compensated for by binding interactions that
would thereby be established. The more polar solvents,
CH3CN and DMSO, can solvate the hydrogen bonding func-
tionality of the macrocycle leading to a less rigidly con-
strained molecule, and this is confirmed by the 1H NMR


Figure 7. Conformation of macrocycle 1 in CDCl3 as determined by mo-
lecular modeling showing intramolecular H-bond lengths.


Figure 8. Conformation of macrocycle 1 in DMSO as determined by molecular modeling.
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spectra which reflect the four-fold D2 symmetry of the mole-
cule in these solvents. This hypothesis has now been verified
by the computational studies which identify a similar lowest
energy tightly wrapped conformation for macrocycle 1 in


CHCl3 as previously determined by the NMR studies, and a
more flexible and open cavity in CH3CN and DMSO. The
computational studies also verify that the energy required to
reorganise the wrapped conformation of the macrocycle in
CHCl3 into an open conformation suitable for complexation
of carboxylates far exceeds the binding energy that would
result from such complexation.
Solvation of the macrocycle by the more polar solvents


allows tight binding of the N-Boc-l-glutamate salt—albeit
with some conformational reorganization of the receptor
(and associated energetic cost), as evidenced by the large
shifts of various CH signals in the 1H NMR spectrum on ad-
dition of the guest. Binding of the N-Boc-l-glutamate salt,
in these solvents, is driven to a large extent by entropy. The
same cavity is less willing to accommodate the enantiomeric
guest (N-Boc-D-glutamate) in a simple 1:1 binding mode,
and instead binds two N-Boc-d-glutamate guests with a
small binding constant for the first glutamate and a signifi-
cantly larger binding constant for the second (positive co-
operativity). At first sight this may seem surprising since
binding of the first carboxylate should introduce an electro-
static repulsion which might be expected to disfavour bind-
ing of a second carboxylate. However, the two carboxylate
guests may bind on opposite faces, and at opposite ends of
the macrocycle, in which case the electrostatic repulsion be-
tween the two guests should be small. Furthermore, if bind-
ing of the first N-Boc-d-glutamate requires considerable re-
organization of the receptor, and consequent energetic cost,
then, once the first carboxylate is bound, the receptor may
bind the second carboxylate without significant additional
reorganisation and associated energetic cost. Conformation-
al changes in the receptor, on binding N-Boc-d-glutamate in
acetonitrile, were, again, clearly evidenced by the large
shifts in many of the CH signals of the receptor in the
1H NMR spectrum, particularly the benzylic CHHs (Ddsat >


0.5 ppm), on addition of N-Boc-d-glutamate.
The binding studies now reported with acetate show that


macrocycle 1 forms a relatively weak 1:1 complex with ace-
tate but a strong 1:2 (host/guest) complex. Complexation
with acetate led to significant shifts in the NH signals and
many of the CH signals of the receptor in the 1H NMR spec-
trum, very similar to those observed on complexation with
N-Boc-d-glutamate. These results are entirely consistent
with the hypothesis previously suggested for the complexa-
tion of N-Boc-d-glutamate which cannot be as readily ac-
commodated in the cavity of the macrocyle to form a stable
1:1 complex with both carboxylates bound simultaneously.


Figure 9. Geometry of the 1:1 complex of macrocycle 1 with: a) N-Boc-l-
glutamate; b) N-Boc-d-glutamate, in CH3CN as determined by molecular
modeling showing intermolecular H-bond lengths.


Figure 10. Schematic of mode of complexation of Boc-l-glutamate by
macrocycle 1 via eight hydrogen bonds determined by molecular model-
ing.


Table 3. Reorganisation energy of macrocycle 1 in CHCl3 (Figure 7) into
a conformation suitable for binding of N-Boc-d,l-glutamate (Figure 9)
versus the subsequent energy gain from binding.


DH [kJmol�1]
Energy type[a] l complex d complex


binding energy �100.0 �100.8
reorganisation energy +296.9 +303.7


[a] As calculated using the MMFFs force field.[25] See text for details.
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Not surprisingly macrocyle 1 can also bind N-Ac-gluta-
mate dicarboxylate salts, and binds N-Ac-l-glutamate with a
preference for 1:1 binding stoichiometry, whereas 2:1 bind-
ing of N-Ac-d-glutamate is preferred. However, the selectiv-
ities are not as pronounced as found with the sterically more
demanding N-Boc-glutamate substrates. The 1:1 binding of
N-Boc-l-glutamate appears in fact to be stronger than the
binding of N-Ac-l-glutamate and suggests that the former
substrate fits particularly well in the binding pocket. Al-
though the computational studies were unable to calculate
or differentiate between the binding energies of the two
enantiomers of N-Boc-glutamate, the low energy structures
found for the 1:1 binding complex of macrocycle 1 and N-
Boc-l-glutamate do indicate that the tert-butyl group is in
close contact with one of the phenyl residues of the macro-
cycle, and may thus benefit from a CH–p interaction provid-
ing additional stabilisation.[20] It is also noteworthy that the
1:1 binding of N-Ac-l-glutamate is slightly endothermic
while the 1:1 binding of N-Boc-l-glutamate is slightly exo-
thermic, but this is compensated to a large extent by the re-
duced gain in entropy on binding the latter. This would
appear to be a typical example of enthalpy–entropy com-
pensation as often found in host–guest systems,[21] and
one can speculate that N-Boc-l-glutamate is more rigidly
bound (in comparison with N-Ac-l-glutamate), with a
stronger enthalpic contribution from hydrogen bonding and
possibly CH–p interactions, but with an entropic penalty as-
sociated with the greater restriction of the motion of the
guest.
Binding studies with N-Boc-l-aspartate (with a shorter


separation of the two carboxylates) reveal that macrocycle 1
can also comfortably accommodate this guest to form a
strong 1:1 complex in both CH3CN and DMSO, although
the binding kinetics are surprisingly slow in DMSO. Howev-
er, again the macrocycle is not able to discriminate so readi-
ly the other enantiomer and titration experiments in both
solvents suggest that with N-Boc-d-aspartate both 1:1 and
1:2 complexes are readily formed. Macrocycle 1 is, however,
sensitive to the overall steric bulk of the guest molecule and
did not form a strong 1:1 complex with either enantiomer of
dibenzoyl tartrate.
We have also now studied the binding properties of sever-


al analogous macrocycles 2–4. Macrocycle 2 exhibits some
similarities to the binding properties of macrocycle 1, with a
preference for formation of 1:1 complexes with the l-enan-
tiomers of N-Boc-glutamate and N-Boc-aspartate, and 1:2
complexes with the d-enantiomers. However, binding is gen-
erally weaker with this macrocycle than with 1 and competi-
tion between 1:1 and 1:2 binding stoichiometries is apparent.
Furthermore, whereas binding with macrocycle 1 is general-
ly dominated by the entropic contribution, this is less signifi-
cant for the binding with macrocycle 2. Thus the greater
conformational constraints imparted by the cyclohexyl unit
(in comparison to the diphenylethylene unit in 1) disfavour
binding of carboxylates, and also appear to favour the wrap-
ped conformation observed in CDCl3, as evidenced by the
well-resolved spectrum obtained in this solvent at room tem-


perature (which is only obtained at �40 8C for macrocycle
1).
Macrocycles 3 and 4 are both insoluble in CHCl3 and


CH3CN, but macrocycle 3 does form strong complexes with
both enantiomers of N-Boc-glutamate in DMSO. The bind-
ing selectivities for the two enantiomers of N-Boc-glutamate
are similar to those with macrocycle 1, but binding is in fact
stronger with macrocycle 3. Macrocycle 4 on the other hand
appeared not to bind N-Boc-glutamate at all. Thus replace-
ment of the pyrido units in macrocycles 1 and 2 with benzo
units in 3 and 4 significantly alters the binding properties.
Analogous changes have been investigated in a number of
related receptor systems and based on this previous work
the pyrido unit was expected to help in preorganising the re-
ceptor for carboxylate recognition (Figure 1) with weak hy-
drogen bonds from adjacent amide and thiourea protons
and the pyrido nitrogen.[6] Conversely, however, the pres-
ence of the pyrido nitrogen can reduce the anion complexa-
tion ability of such systems (relative to the benzo analogue)
due to electrostatic repulsion.[22] The 1H NMR signals for
the NH protons (amide and thiourea) of 1 and 2 are in each
case significantly more downfield than the corresponding
signals for macrocycles 3 and 4, confirming the anticipated
interaction of the pyrido nitrogen and adjacent amide and
thiourea protons in the former pair of macrocycles. The po-
tential electrostatic repulsion between the pyrido nitrogen
and carboxylate oxygens does not, however, appear to
hamper the ability of 1 and 2 to complex carboxylates, and
the computational studies do suggest an alternative mode of
binding to that originally anticipated with each carboxylate
oxygen forming hydrogen bonds with either two amide or
two thiourea hydrogens (Figures 9 and 10) as opposed to
each carboxylate oxygen forming hydrogen bonds to both
an amide and a thiourea hydrogen adjacent to a pyridine
(Figure 1). This alternative mode would appear to minimise
repulsive interactions between carboxylate oxygens and
pyrido lone-pairs.


Conclusion


Overall macrocycle 1 is a potent receptor for the N-protect-
ed amino acids glutamate and aspartate, with novel enantio-
selective and solvent-dependent binding properties. Studies
on related macrocycles 2–4 indicate that if the binding prop-
erties of 1 are not entirely unique, they are sensitive to
small structural changes, and it is largely fortuitous that 1
was the first of the series of such macrocycles that we pre-
pared and led to the discovery of the unusual binding prop-
erties. The detailed study described herein gives some in-
sight into the various energetic contributions to the total
binding free energy of even such simple substrates. More
specifically the study has also suggested an alternative mode
of binding of carboxylate anion by the amidopyridyl thiour-
ea motif to that originally conceived, which minimises the
repulsive interaction between the bound anion and the pyri-
dine lone pair (Figures 1 and 10).
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Further studies in our laboratory are aimed at developing
related macrocycles that can bind glutamate and aspartate
derivatives in even more competitive solvents, that is water.


Experimental Section


General methods : Reactions were carried out in solvents of commercial
grade and, where necessary, distilled prior to use. THF was distilled
under nitrogen from benzophenone and sodium. CH2Cl2 was distilled
from calcium hydride, as was petroleum ether where the fraction boiling
between 40 and 60 8C was used. TLC was conducted on foil backed
sheets coated with silica gel (0.25 mm) which contained the fluorescent
indicator UV254. Column chromatography was performed on Sorbsil C60,
40–60 mesh silica.
1H NMR spectra were obtained at 300 MHz on Bruker AC300 and
Bruker AM 300 spectrometers and at 400 MHz on a Bruker DPX400
spectrometer. 13C NMR spectra were obtained at 75 MHz on Bruker
AC300 and Bruker AM 300 spectrometers and at 100 MHz on a Bruker
DPX400 spectrometer. Spectra were referenced with respect to the resid-
ual solvent peak for the deuterated solvent. Infrared spectra were ob-
tained on BIORAD Golden Gate FTS 135. All melting points were mea-
sured in open capillary tubes using a Gallenkamp Electrothermal Melting
Point Apparatus and are uncorrected. Optical rotations were measured
on a PolAr2001 polarimeter using the solvent stated, the concentration
given is in g per 100 mL. Electrospray mass spectra were obtained on a
Micromass platform with a quadrupole mass analyser. FAB spectra were
obtained on a VG Analytical 70–250-SE normal geometry double focus-
ing mass spectrometer. High-resolution accurate mass measurements
were carried out at 10,000 resolution using mixtures of polyethylene gly-
cols and/or polyethylene glycol methyl ethers as mass calibrants for FAB.
Semi-preparative reverse-phase HPLC was carried out using a Hewlett
Packard HP1100 Chemstation with an automated fractions collector and
a Phenomenex C18 prodigy 5 mm (250 mmM10 mm) column. Water
(0.1% TFA) and acetonitrile (0.04% TFA) gradient was employed using
elution conditions: time 0 min: 10% CH3CN/H2O; 25 min: 90% CH3CN/
H2O; 40 min: 10% CH3CN/H2O. Calorimetric experiments were per-
formed on an Isothermal Titration Calorimeter from Microcal Inc.,
Northampton, Massachusetts, USA.


Synthetic details


Diamide 6 : Pyridyl acid 5 (1.84 g, 6.5 mmol) was suspended in CH2Cl2
(15 mL) and cooled to 0 8C. Triethylamine (1.0 mL, 7.15 mmol) was
slowly added and a clear solution obtained. Diphenylchlorophosphate
(1.35 mL, 6.5 mmol) was added and the solution stirred for 1 h at 0 8C.
(1S,2S)-1,2-Diphenyl-1,2-ethylenediamine-l-tartrate salt (1.18 mg,
3.25 mmol) was suspended in water (7 mL) and K2CO3 (2.0 g, 10.7 mmol)
added. After 30 min, the solution of diamine was added to the mixed an-
hydride solution at 0 8C. The resulting mixture was stirred for 2 h at 0 8C,
and then at room temperature for 14 h. The organic phase was extracted,
washed with 2m HCl (10 mL) and saturated aqueous NaHCO3 (10 mL).
The organic layer was dried over magnesium sulphate and the solvent
evaporated in vacuo. The crude material was purified by column chroma-
tography (30% ethyl acetate/petrol ether up to 50% ethyl acetate/petrol
ether) to give diamide 6 as a white solid (1.1 g, 46%). Rf=0.3 (ethyl ace-
tate); m.p. 106–107 8C; [a]21D = 15.0 (c=1, CH2Cl2);


1H NMR (300 MHz,
CDCl3): d=8.75 (br s, 2H, CHNHPh), 7.97–7.77 (m, 10H, ArH), 7.73 (t,
2H, J=8 Hz, PyrH), 7.32 (d, 2H, J=8 Hz, PyrH), 7.22–7.02 (m, 10H,
ArH), 5.36 (br s, 2H, CHNHPh), 5.07 (d, 2H, J=16 Hz, PhthNCHAHB),
5.01 (d, 2H, J=16 Hz, PhthNCHAHB);


13C NMR (75 MHz, CDCl3): d=
168.1 (0), 164.1 (0), 154.2 (0), 149.5 (0), 145.8 (0), 138.7 (0), 138.2 (1),
134.2 (1), 132.4 (1), 128.5 (1), 127.7 (1), 123.7 (1), 123.6 (1), 121.2 (1),
59.2 (1), 42.6 (2); IR (neat): nmax=3230 (m), 1770 (w), 1710 (s), 1670 (m),
1510 (m), 1385 (s), 945 cm�1 (s); MS ES+ : m/z : 741 [M+H]+ , 763
[M+Na]+ ; HRMS (FAB): m/z : calcd for C44H32N6O6Na: 763.2281, found
763.2281 [M+Na]+ .


Diamine 7: Hydrazine monohydrate (80 mL, 1.64 mmol) was added to a
solution of diamide 6 (600 mg, 0.82 mmol) in ethanol (5 mL) and the mix-


ture heated at reflux for 8 h. The solvent was removed in vacuo to afford
a white solid which was redissolved in 2m HCl (5 mL). The solution was
refluxed for 30 minutes, after which the insoluble material was removed
by filtration. The aqueous solution was basified to pH 9 with 1m NaOH
and the precipitated diamine was extracted with CH2Cl2 (5M10 mL). The
organic layer was dried over MgSO4 and the solvent evaporated in vacuo
to afford diamine 7 as a white solid (330 mg, 84%). M.p. 73–75 8C; [a]21D
= 29.4 (c=1, 10% methanol/CH2Cl2);


1H NMR (400 MHz, CDCl3): d =


9.13 (br s, 2H, NHCO), 7.91 (d, 2H, J=7 Hz, PyrH), 7.64 (t, 2H, J=
7 Hz, PyrH), 7.24 (d, 2H, J=7 Hz, PyrH), 7.19–7.12 (m, 10H, ArH), 5.63
(br s, 2H, CHNH), 3.98 (br s, 4H, CH2NH2), 1.78 (s, 4H, NH2);


13C NMR
(100 MHz, CDCl3): d = 165.0 (0), 149.1 (0), 138.9 (0), 137.9 (0), 128.9
(1), 128.7 (1), 127.9 (1), 127.8 (1), 124.1 (1), 120.4 (1), 59.7 (1), 47.5 (2);
IR (neat): nmax=3362 (w), 1659 (m), 1590 cm


�1 (w); MS ES+ : m/z : 481
[M+H]+ ; HRMS (ES+): m/z : calcd for C28H29N6O2: 481.2346, found
481.2359 [M+H]+ .


Macrocycle 1: Carbon disulfide (414 mL, 6.86 mmol) was added to a mix-
ture of diamine 7 (165 mg, 0.50 mmol) in dry CH2Cl2 (10 mL) at �10 8C
and the mixture stirred for 1 hour. N,N’-Dicyclohexylcarbodiimide
(200 mg, 0.49 mmol) was added and the mixture stirred for 45 min at
�10 8C, then 30 min at room temperature. The excess carbon disulfide
and solvent were removed in vacuo yielding the crude bis(isothiocyanate)
8 as a pale yellow solid. Bis(isothiocyanate) 8 in dry CH2Cl2 (10 mL) and
a further one equivalent of diamine 7 (165 mg, 0.20 mmol) in dry CH2Cl2
(10 mL) were simultaneously added over 3 h via syringe pump addition
to a solution of DMAP (20 mg, 10% by weight) in CH2Cl2 (50 mL)
under a slow stream of nitrogen. After stirring at room temperature for
16 h, the excess solvent was removed in vacuo. The resultant yellow resi-
due was purified by column chromatography (30% ethyl acetate/petrol
ether up to neat ethyl acetate) yielding macrocycle 1 as a white solid
(20.4 mg, 20%) Rf=0.48 (ethyl acetate); [a]


21
D = 146.0 (c=1, CH2Cl2);


m.p. 153–154 8C; 1H NMR (400 MHz, [D6]DMSO, 90 8C): d = 9.38 (d,
4H, J=6 Hz, NHCO), 8.27 (t, 4H, J=5 Hz, NHCS), 7.93 (t, 4H, J=
7 Hz, PyrH), 7.84 (d, 4H, J=7 Hz, PyrH), 7.59 (d, 4H, J=7 Hz, PyrH),
7.48–7.26 (m, 20H, Ph), 5.82–5.77 (m, 2H, CHNHCO), 5.03 (dd, 4H, J=
16, 5 Hz, CHAHB(Ar)NHCS), 4.95 (dd, 4H, J=16, 5 Hz, CHAHB(Ar)-
NHCS); 13C NMR (100 MHz, [D6]DMSO): d = 165.1 (0), 157.3 (0),
149.4 (0), 139.8 (0), 138.7 (0), 128.5 (1), 128.0 (1), 127.6 (1), 127.4 (1),
124.8 (1), 120.8 (1), 58.1 (1), 49.2 (2); IR (neat): nmax=3310 (br), 1670 (s),
1525 (m), 1455 cm�1 (w); MS ES+ : m/z : 1045 [M+H]+ , 1067 [M+Na]+ ;
HRMS (ES+): m/z : calcd for C58H52S2N12O4: 1045.3754, found 1045.3748
[M+H]+ .


Diamide 9 : Pyridyl acid 5 (1.23 g, 4.3 mmol) was suspended in CH2Cl2
(10 mL) and cooled to 0 8C. Triethylamine (0.66 mL, 4.73 mmol) was
slowly added and a clear solution obtained. Diphenylchlorophosphate
(0.89 mL, 4.3 mmol) was added and the solution stirred for 1 hour at
0 8C. (1S,2S)-1,2-Diaminocyclohexane-l-tartrate salt (564 mg, 2.15 mmol)
was suspended in water (3.3 mL) and K2CO3 (980 mg) added. After
30 min, the solution of diamine was added to the mixed anhydride solu-
tion at 0 8C and the resulting mixture stirred at 0 8C for 2 h, then at room
temperature for 14 h. The organic phase was extracted, washed with 2m
HCl (5 mL) and saturated aqueous NaHCO3 (5 mL). The organic layer
was dried over magnesium sulphate and the solvent evaporated in vacuo.
The crude material was purified by column chromatography (80% ethyl
acetate/petrol ether) to afford diamide 9 as a white solid (706 mg, 52%).
Rf=0.49 (ethyl acetate); m.p. 122–124 8C; [a]


21
D =150.7 (c=1.1, CHCl3);


1H NMR (400 MHz, CDCl3): d = 8.09 (d, 2H, J=8 Hz, NH), 7.95–7.89
(m, 10H, ArH), 7.76 (dd, 4H, J=7, 3 Hz, PhthH), 7.29 (d, 2H, J=8 Hz,
PyrH), 5.04 (s, 4H, NCH2), 3.81 (m, 2H, NHCH), 2.06 (m, 2H), 1.75 (m,
2H), 1.50 (m, 2H), 1.39 (m, 2H); 13C NMR (100 MHz, CDCl3): d =


168.0 (0), 163.9 (0), 157.2 (0), 149.5 (0), 138.0 (0), 134.1 (1), 132.2 (1),
123.6 (1), 123.3 (1), 121.0 (1), 53.1 (1), 42.6 (2), 31.9 (2), 24.5 (2); IR
(neat): nmax=3260 (m), 1730 (s), 1653 (m), 1535 cm


�1 (s); MS ES+ : m/z :
643 [M+H]+ , 665 [M+Na]+ ; HRMS (ES+): m/z : calcd for
C36H30N6NaO6: 665.2125, found 665.2122 [M+Na]+ .


Diamine 10 : Hydrazine monohydrate (59.2 mL, 1.22 mmol) was added to
a solution of diamide 9 (392 mg, 0.61 mmol) in ethanol (3 mL) and the
mixture heated at reflux for 8 h. The solvent was removed in vacuo to
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afford a white solid which was redissolved in 2m HCl (3 mL). The solu-
tion was refluxed for 30 min, after which the insoluble material was re-
moved by filtration. The filtrate was basified to pH 9 with 1m NaOH and
washed with CH2Cl2 (5M10 mL). The combined organic extracts were
dried over MgSO4 and the solvent evaporated in vacuo to afford diamine
10 as a white foam (193 mg, 83%). 1H NMR (400 MHz, CDCl3): d =


8.54 (br s, 2H, NHCO), 7.96 (d, 2H, J=8 Hz, PyrH), 7.70 (t, 2H, J=
8 Hz, PyrH), 7.29 (d, 2H, J=8 Hz, PyrH), 4.10–3.90 (m, 6H, CH2NH2


and CHNH), 2.27 (m, 2H), 2.13 (m, 6H, CH2 and NH2), 1.85 (m, 2H),
1.48 (m, 2H); 13C NMR (100 MHz, CDCl3): d = 163.8 (0), 148.2 (0),
136.8 (0), 126.5 (1), 122.8 (1), 119.3 (1), 52.9 (1), 45.9 (2), 31.3 (2), 23.8
(2); IR (neat): nmax=3430 (m), 1703 (s), 1547 cm


�1 (m); MS ES+: m/z :
383 [M+H]+ ; HRMS (ES+): m/z : calcd for C20H27N6O2: 383.2195, found
383.2188 [M+H]+ .


Macrocycle 2 : Carbon disulfide (207 mL, 3.7 mmol) was added to a mix-
ture of diamine 10 (100 mg, 0.26 mmol) in dry CH2Cl2 (5 mL) at �10 8C
and the mixture stirred for 1 h. N,N’-Dicyclohexylcarbodiimide (107 mg,
0.50 mmol) was added and the mixture stirred for a further 45 min at
�10 8C then 30 min at room temperature. The excess carbon disulfide
and solvent were removed in vacuo yielding the crude bis(isothiocyanate)
11 as a white solid. Bis(isothiocyanate) 11 in dry CH2Cl2 (5 mL) and a
further one equivalent of diamine 10 (100 mg, 0.26 mmol) in dry CH2Cl2
(5 mL) were simultaneously added over 3 h via syringe pump addition to
a solution of DMAP (10 mg, 10% by weight) in CH2Cl2 (25 mL) under a
slow stream of nitrogen. After stirring at room temperature for 16 h, the
excess solvent was removed in vacuo and the resultant yellow residue pu-
rified by column chromatography (ethyl acetate) to yield macrocycle 2 as
a white solid (156 mg, 72%). Rf=0.54 (ethyl acetate); m.p. 240 8C
(decomp); [a]21D =165.5 (c=1.1, CHCl3);


1H NMR (400 MHz, CDCl3): d
= 9.24 (br s, 2H, NHCO), 8.73 (br s, 2H, NHCS), 8.15 (d, 2H, J=8 Hz,
NHCO), 8.00 (d, 2H, J=7 Hz, PyrH), 7.79 (t, 2H, J=7 Hz, PyrH), 7.72
(brd, 2H, J=7 Hz, NHCS), 7.36 (d, 2H, J=7 Hz, PyrH), 7.23 (br s, 4H,
PyrH), 6.85 (br s, 2H, PyrH), 5.42 (m, 2H, CHNH), 5.14 (brd, 2H, J=
17 Hz, CHAHBNH), 4.88 (brd, 2H, J=17 Hz, CHAHBNH), 4.34 (d, 2H,
J=12 Hz, CHCHDNH), 4.12 (m, 2H, CHCHDNH), 3.69 (m, 2H, CHNH),
2.57 (m, 2H), 2.12 (m, 2H), 1.82 (m, 4H), 1.56 (m, 2H), 1.53 (m, 2H),
1.31 (m, 4H); 13C NMR (100 MHz, [D6]DMSO): d = 182.0 (0), 164.1 (0),
154.2 (0), 148.6 (0), 138.5 (1), 120.0 (1), 117.9 (1), 54.5 (2), 49.0 (1), 30.8
(2), 24.0 (2); MS ES+ : m/z : 850 [M+H]+ ; IR (neat): nmax=3310 (br),
2360 (w), 2330 (w), 1670 (m), 1525 (m), 1450 (w), 1360 (w), 1255 cm�1


(w); HRMS (ES+): m/z : calcd for C42H49N12O4S2: 849.3444, found
849.3448 [M+H]+ .


Bisnitrile 13 : 3-Cyanobenzoic acid (867 mg, 5.9 mmol) was refluxed in
neat thionyl chloride (12 mL) for 4 h. The solvent was removed in vacuo
and the residue dissolved in dry CH2Cl2 (5 mL). (1S,2S)-(�)-1,2-Dipheny-
lethylenediamine (400 mg, 1.8 mmol) and DMAP (1.15 g, 9.40 mmol)
were added and the mixture stirred at room temperature for 2 d. The sol-
vent was removed in vacuo and the residue purified by column chroma-
tography (50% ethyl acetate/petrol ether) to give bisnitrile 13 as a white
solid (420 mg, 48%). Rf=0.33 (50% ethyl acetate/petrol ether); m.p.
243–244 8C; [a]23D = �102.7 (c=0.8, DMSO); 1H NMR (400 MHz,
[D6]DMSO): d = 8.06 (s, 2H, ArH), 7.98 (d, 2H, J=8 Hz, NH), 7.81 (d,
2H, J=8 Hz, ArH), 7.56 (t, 2H, J=8 Hz, ArH), 7.32 (d, 2H, J=8 Hz,
ArH), 7.20–7.10 (m, 10H, Ph), 5.58 (d, 2H, J=8 Hz, NHCH); 13C NMR
(100 MHz, [D6]DMSO): d = 171.6 (0), 166.5 (0), 140.3 (0), 136.4 (0),
135.9 (1), 132.6 (1), 132.2 (1), 130.6 (1), 129.3 (1), 128.9 (1), 128.6 (1),
119.0 (0), 58.4 (1); IR (neat): nmax=3287 (b), 2981 (w), 2927 (w), 1696 (s),
1631 cm�1 (s); MS ES+: m/z : 471 [M+H]+, 963 [2M+Na]+; HRMS (ES+):
m/z : calcd for C60H44N8NaO4: 963.3377, found 963.3369 [2M+Na]+ .


Dicarbamate 14 : Di-tert-butyl dicarbonate (1.25 g, 5.72 mmol) and NiCl2
(371 mg, 2.86 mmol) were added to a solution of 13 (673 mg, 1.43 mmol)
in THF (15 mL) and MeOH (10 mL). Sodium borohydride (757 mg,
20.0 mmol) was carefully added to the mixture at 0 8C and the mixture
stirred at room temperature for 16 h. The solvent was removed in vacuo
and the residue was dissolved in ethyl acetate (20 mL) and saturated
aqueous NaHCO3 (10 mL). The insoluble precipitate was removed by fil-
tration and washed with ethyl acetate (2M15 mL). The combined organic
layers were dried over MgSO4 and evaporated in vacuo and triturated


with CHCl3 to afford dicarbamate 14 as a white solid (618 mg, 64%).
Rf=0.83 (5% MeOH in CH2Cl2); m.p. 187–188 8C; [a]


23
D=�40.5 (c=1.0,


DMSO); 1H NMR (400 MHz, [D6]DMSO): d = 8.97 (d, 2H, J=8 Hz,
NHCH), 7.59–7.54 (m, 4H, ArH), 7.46–7.32 (m, 10H, ArH), 7.31–7.25
(m, 4H, ArH), 7.15 (t, 2H, J=7 Hz, NHCO), 5.67 (d, 2H, J=8 Hz,
CHNH), 4.14 (d, 4H, J=8 Hz, CH2NH), 1.37 (s, 18H, CH3);


13C NMR
(100 MHz, [D6]DMSO): d = 166.5 (0), 155.7 (0), 140.6 (0), 140.4 (0),
134.8 (0), 129.6 (1), 128.1 (1), 127.8 (1), 127.2 (1), 126.7 (1), 125.9 (1),
125.3 (1), 77.8 (0), 57.2 (1), 43.1 (2), 28.2 (3); IR (neat): nmax=3295 (m),
2973 (w), 1689 (s), 1630 (s), 1528 (s), 1361 (m), 1243 cm�1 (m); MS ES+ :
m/z (%): 679 [M+H]+ , 701 [M+Na]+ (100), 1379 (15) [2M+Na]+ ;
HRMS (ES+): m/z : calcd for C40H46N4NaO6: 701.3315, found 701.3320
[M+Na]+ .


Diamine 15 : Dicarbamate 11 (312 mg, 0.46 mmol) was dissolved in TFA/
CH2Cl2 1:1 (10 mL) and the solution stirred at room temperature for 2 h.
Toluene (10 mL) was added and the solvent evaporated in vacuo to give
the bis-TFA salt as a clear oil (294 mg, quantitative). The salt was dis-
solved in CH2Cl2 (10 mL), washed with 10% aqueous K2CO3 (10 mL),
dried with MgSO4 and evaporated in vacuo to give the diamine 15 as a
white foam (206 mg, 70%). M.p. 283 8C; [a]23D = �89.1 (c=0.7, DMSO);
1H NMR (400 MHz, [D6]DMSO): d = 9.29 (br s, 2H, NHCH), 7.77–7.53
(m, 4H, ArH), 7.43 (d, 2H, J=8 Hz, ArH), 7.35–7.10 (m, 12H, ArH),
5.69 (d, 2H, J=8 Hz, CHNH), 4.02 (br s, 4H, CH2NH2), 1.77 (s, 4H,
NH2);


13C NMR (100 MHz, [D6]DMSO): d = 166.7 (0), 141.4 (0), 140.6
(0), 134.7 (0), 127.7 (1), 127.5 (1), 127.4 (1), 126.7 (1), 126.5 (1), 126.0 (1),
125.2 (1), 57.4 (1), 45.6 (2); IR (neat): nmax=3298 (w), 1633 cm


�1 (s); MS
ES+ : m/z : 479 [M+H]+ , 501 [M+Na]+ , 979 [2M+Na]+ ; HRMS (ES+):
m/z : calcd for C30H31N4O2: 479.2448, found 479.2442 [M+H]+ .


Macrocycle 3 : Diamine 15 (200 mg, 0.42 mmol) was dissolved in CH2Cl2
(5 mL) and 0.5m aqueous K2CO3 added (5 mL). After stirring for 20 min,
thiophosgene (127 mL, 1.67 mmol) was added directly to the organic layer
and the solution stirred for 16 h. The organic layer was washed with 2m
aqueous HCl (10 mL), dried over MgSO4 and the solvent evaporated in
vacuo to give crude bis(isothiocyanate) 16 as a pale yellow foam. The bi-
sisocyanate in dry CH2Cl2 (5 mL) and a further one equivalent of dia-
mine 15 (200 mg, 0.42 mL) in dry CH2Cl2 (5 mL) were simultaneously
added over 3 h via syringe pump addition to a solution of triethylamine
(116 mL, 0.84 mmol) in dry CH2Cl2 (50 mL) under a slow stream of nitro-
gen. The mixture was stirred at room temperature for 16 h. Macrocycle 3
precipitated out of solution as a yellow solid. The compound was re-
moved by filtration and recrystallised (DMF/diethyl ether) to give macro-
cycle 3 as a pale yellow solid (68 mg, 17%). M.p. 240 8C (decomp);
1H NMR (400 MHz, [D6]DMSO): d = 9.00 (br s, 4H, NHCO), 7.95 (br s,
4H, NHCS), 7.61–7.57 (m, 8H, ArH), 7.36 (m, 16H, ArH), 7.22–7.20 (m,
8H, ArH), 7.14–7.12 (m, 4H, ArH), 5.66 (4d, H, J=5 Hz, CHNH), 4.68
(br s, 8H, CH2NH);


13C NMR (100 MHz, [D6]DMSO): d = 168.5 (0),
164.4 (0), 142.7 (0), 136.8 (0), 131.9 (1), 130.2 (1), 129.6 (1), 129.4 (1),
128.9 (1), 128.4 (1), 127.9 (1), 59.4 (1), 50.6 (2); IR (neat): nmax=3271 (b),
1637 (s), 1529 cm�1 (s); MALDI MS: m/z : 1041 [M+H]+, 1063 [M+Na]+;
elemental analysis calcd (%) for C62H56N8O4S2: C 71.54, H 5.42; N 10.76,
S 6.16; found C 71.11, H 5.28, N 10.36, S 5.66.


Bisnitrile 17: Diphenylchlorophosphate (4.15 mL, 0.02 mol) was added to
a solution of 3-cyanobenzoic acid (3 g, 0.02 mol) and triethylamine
(3.1 mL, 0.022 mol) in CH2Cl2 (15 mL) and the solution stirred for 1 h at
0 8C. (1S,2S)-1,2-Diaminocyclohexane-l-tartrate salt (2.62 g, 0.01 mol)
was suspended in water (15 mL) and K2CO3 (4.5 g, 0.03 mol) added.
After 30 min, the diamine solution was added to the mixed anhydride so-
lution at 0 8C. The resulting mixture was stirred at 0 8C for 2 h and then
at room temperature for 14 h. The organic phase was washed with 2m
HCl (50 mL), saturated aqueous NaHCO3 (50 mL), and then dried over
MgSO4. The solvent was evaporated in vacuo and the residue purified by
flash column chromatography (ethyl acetate) to give bisnitrile 17 as a
white solid (3.61 g, 97%). Rf=0.60 (ethyl acetate); m.p. 236–237 8C; [a]


22
D


= 191 (c=1.0, DMSO); 1H NMR (400 MHz, [D6]DMSO): d = 8.50 (d,
2H, J=8 Hz, NH), 8.05 (s, 2H, ArH), 7.95 (d, 2H, J=8 Hz, ArH), 7.88
(d, 2H, J=8 Hz, ArH), 7.57 (t, 2H, J=8 Hz, ArH), 3.91 (m, 2H,
CHNH), 1.72 (m, 2H), 1.50 (m, 4H), 1.26 (m, 2H); 13C NMR (100 MHz,
[D6]DMSO): d = 164.5 (0), 135.9 (0), 134.4 (0), 131.9 (1), 130.7 (1), 129.6
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(1), 118.3 (0), 111.3 (1), 53.1 (1), 31.4 (2), 24.7 (2); IR (neat): nmax=3273
(m), 1630 (s), 1541 cm�1 (s); MS ES+ : m/z : 373 [M+H]+ , 410 [M+Na]+ ;
HRMS (ES+): m/z : calcd for C44H40N8NaO4: 767.3065, found 767.3065;
elemental analysis calcd (%) for C22H20N4O2: C 70.95, H 5.41, N 15.04;
found C 70.77, H 5.41, N 14.93.


Dicarbamate 18 : Di-tert-butyl dicarbonate (2.34 g, 10.7 mmol) and NiCl2
(695 mg, 5.36 mmol) were added to a solution of bisnitrile 17 (1.0 g,
2.68 mmol) in THF (10 mL) and MeOH (15 mL). Sodium borohydride
(1.42 g, 38.0 mmol) was carefully added at 0 8C and the mixture was stir-
red at room temperature for 16 h. The solvent was removed in vacuo and
the precipitate dissolved in ethyl acetate (20 mL) and saturated aqueous
NaHCO3 (10 mL). The insoluble precipitate was filtered off and washed
with ethyl acetate (2M10 mL). The combined organic layers were dried
over MgSO4 and evaporated in vacuo to afford a white solid. The crude
material was purified by column chromatography (2% MeOH/CHCl3) to
yield dicarbamate 18 as a white solid (925 mg, 91%). Rf=0.58 (ethyl ace-
tate); m.p. 101–102 8C; [a]D


22=58.1 (c=0.5, CHCl3);
1H NMR (400 MHz,


CDCl3): d = 7.64 (s, 2H, ArH), 7.58 (d, 2H, J=8 Hz, ArH), 7.41–7.30
(m, 4H, ArH), 6.75 (br s, 2H, NH), 5.00 (br s, 2H, NH), 4.28 (d, 4H, J=
6 Hz, CH2N), 3.99 (m, 2H, CHNH), 2.21 (m, 2H), 1.83 (m, 2H), 1.43 (m,
22H); 13C NMR (100 MHz, CDCl3): d = 168.1 (0), 167.9 (0), 139.7 (0),
134.6 (0), 130.6 (1), 128.9 (1), 126.1 (1), 125.8 (1), 79.8 (0), 54.7 (1), 44.5
(2), 32.5 (2), 28.5 (2), 24.9 (3); IR (neat): nmax=3303 (b), 2981 (w), 2927
(w), 2852 (w), 1696 (s), 1631 cm�1 (s); MS ES+ : m/z : 581 [M+H]+ , 603
[M+Na]+ ; HRMS (ES+): m/z : calcd for C32H4N4NaO6: 603.3153, found
603.3148 [M+Na]+ .


Diamine 19 : Dicarbamate 18 (500 mg, 0.86 mmol) was dissolved in 1:1
solution of TFA and CH2Cl2 (10 mL). The solution was stirred at room
temperature for 2 h. Toluene (10 mL) was added and the solvent evapo-
rated in vacuo to give a clear oil. Trituration of the oil with diethyl ether
provided the trifluoroacetate salt of diamine 19 as a white solid (450 mg,
86%). M.p. 170 8C (decomp); [a]22D = 61 (c=1.0, DMSO); 1H NMR
(400 MHz, [D6]DMSO): d = 8.26 (br s, 2H, NHCO), 7.86 (s, 2H, ArH),
7.71 (d, 2H, J=8 Hz, ArH), 7.54 (d, 2H, J=8 Hz, ArH), 7.45 (m, 2H,
ArH), 4.47 (br s, 6H, NH3


+), 4.03 (br s, 4H, CH2NH3
+), 3.95 (m, 2H,


CHNH), 1.90 (m, 2H), 1.70 (m, 2H), 1.52 (m, 2H), 1.30 (m, 2H);
13C NMR (100 MHz, [D6]DMSO): d = 165.6 (0), 134.8 (0), 133.7 (0),
130.9 (1), 128.1 (1), 127.7 (1), 126.4 (1), 52.6 (1), 41.7 (2), 31.2 (2), 24.2
(2); IR (neat): nmax=3290 (m), 2935 (b), 1667 (m), 1635 (s), 1533 (s),
1179 (s), 1120 cm�1 (s).


Macrocycle 4 : Diamine 19 (200 mg, 0.53 mmol) was dissolved in CH2Cl2
(10 mL) and 0.5m aqueous K2CO3 added (5 mL). Thiophosgene (160 mL,
2.1 mmol) was added directly to the organic layer and the solution stirred
for 16 h. The organic phase was extracted and washed with 2m HCl
(10 mL), dried over MgSO4 and the solvent evaporated in vacuo to give
bis(isothiocyanate) 20 as a pale yellow foam. The bisisocyanate in dry
CH2Cl2 (5 mL) and a further one equivalent of diamine 15 (200 mg,
0.53 mmol) in dry CH2Cl2 (5 mL) were simultaneously added over 3 h via
syringe pump addition to a solution of triethylamine (183 mL, 1.3 mmol)
in dry CH2Cl2 (50 mL) under a slow stream of nitrogen. The mixture was
stirred at room temperature for 16 h. Macrocycle 4 precipitated out of so-
lution as a pale yellow solid and purified by semi-preparative RP-HPLC
(127 mg, 29%). M.p. 228–229 8C; [a]22D = 104 (c=0.5, DMSO); 1H NMR
(400 MHz, [D6]DMSO): d = 8.20 (d, 4H, J=7 Hz NHCO), 7.92 (br s,
4H, NHCS), 7.66 (m, 4H, ArH), 7.33 (br s, 8H, ArH), 4.63 (s, 8H,
CH2NH), 3.94 (m, 4H), 1.91 (m, 4H), 1.75 (m, 4H), 1.53 (m, 4H), 1.31
(m, 4H); 13C NMR (100 MHz, [D6]DMSO): d = 167.0 (0), 162.8 (0),
137.5 (0), 134.8 (0), 128.0 (1), 126.5 (1), 125.4 (1), 120.8 (1), 52.9 (1), 35.7
(2), 30.7 (2), 24.6 (2); IR (neat): nmax=3276 (b), 3056 (w), 2983 (w), 2862
(w), 1636 (s), 1534 cm�1 (s); MS MALDI in DMSO: m/z : 867 [M+Na]+ ;
elemental analysis calcd (%) for C46H52N8O4S2: C 65.38, H 6.20, N 13.25,
S 7.59; found C 65.07, H 5.87, N 13.02, S 7.15.


Computational details


Macrocycle solvent dependent conformational preferences : For macrocy-
cle 1 in CHCl3, to locate the lowest energy conformations, 5000 steps of
the mixed mode MCMM/LMCS conformational search algorithm were
performed. Within the MCMM/LMCS algorithm, a mixture of Monte
Carlo Multiple Mimima (MCMM) steps[23] or low mode conformational


steps (LMCS) is used.[24] For MCMM steps, 2 to 23 (N�1) of the defined
macrocyclic torsions (where N is the number of defined torsions) were
randomly adjusted; for LMCS steps, the low frequency eigenvectors
(“soft” vibrational modes) in the system were used to direct the search.
The definition of ring opening/closures allowed for the torsional varia-
tions within the macrocycle. A 1:1 ratio of Monte Carlo torsional moves
to low mode moves was used. The Monte Carlo Structure Selection
(MCSS) option used was a “random walk” search where the most recent
structure within a 75 kJmol�1 energy window of the current “global”
minimum was used as the starting structure for the subsequent MC step.
Finally, the MMFFs force field[25] was used in combination with the GB/
SA solvation model for CHCl3.


[16] Computations were performed using
MacroModel 8.0.[18]


Since there is no GB/SA parametrization available within MacroModel
for the solvents DMSO and CH3CN, for studies of macrocycle 1 in these
solvents explicit solvation models were used. The macrocycle was there-
fore imbedded in previously equilibrated cubic boxes containing either
512 DMSO or CH3CN solvent molecules with experimental densities. For
CH3CN, fully flexible six-site all-atom OPLS-AA(2001)[26] CH3CN
models were equilibrated in a 35.42M35.42M35.42 R3 dimensional box
over a series of simulations and temperatures first in the isothermal–iso-
choric (NVT) ensemble (T=50, 150, 225 and 298.15 K) and then the iso-
thermal-isobaric (NPT) ensemble (T=298.15 K) so that the experimental
density[27] of acetonitrile at 298.15 K and 1 atm pressure (0.7857 gcm�3)
was close to reproduced. In the case of DMSO, a 39.28M39.28M39.28 R3


box was used corresponding to an experimental density of 1.096 gcm�3.[27]


Final boxes for each solvent were within 2% of the experimental densi-
ties. Two starting conformations for macrocycle 1 were used for the simu-
lations: the C2 conformation found as the most stable comformation in
CHCl3; and a more planar open type conformation where the intramolec-
ular hydrogen bonds for the C2 conformation did not have to be broken.
Overlapping solvent molecules and those giving rise to repulsive interac-
tions with macrocycle were removed and short minimizations (1000 steps,
steepest descent algorithm) performed to remove bad contacts. MD sim-
ulations by using periodic boundary conditions (PBC) and the Verlet al-
gorithm in the isothermal-isobaric ensemble (NPT) were subsequently
performed (298.15 K, 1 atm). A 30 ps equilibration period was followed
by a 60 ps data collection phase using a timestep of 1 fs. The OPLS-AA-
(2001) force field[26] was used due to the unavailability of MMFFs for use
with Impact 2.7.[17] Conformational preferences of the macrocycle were
analyzed from the resulting MD trajectories for the data collection
phase. For both solvents a D2 type conformation located starting from
the open “unwrapped” conformation was found to be energetically more
stable. The C2 conformation remained close to its wrapped conformation
over the time period of the simulations—which in DMSO and CH3CN is
unfavorable compared to having D2 symmetry. Finally, as stated MD sim-
ulations were performed using Impact 2.7.[17]


Solvent dependent binding preferences : For macrocycle 1 and 1:1 binding
of N-Boc-d,l-glutamate, binding in the two solvents CHCl3 and CH3CN
was computed as follows. Again for CHCl3, the GB/SA model was used
in a mixed mode MCMM/LMCS search. There were a number of differ-
ent conditions used to those for macrocycle 1 alone. Importantly, global
ligand translations and rotations were also included and were seen as cru-
cial to success of the conformational search. In total, 2 to 5 torsions were
adjusted each MCMM step, with a 1:1 ratio of MC torsional moves and/
or ligand translation to the low mode moves. A MCSS usage-directed
structure selection option was used so that the least investigated structure
was used as the starting point for the next MC step. 10000 MCMM/
LMCS steps by using the MMFFs force field were performed with an
energy window of 25 kJmol�1 above the global minimum used for saving
conformations. Computations were performed using MacroModel 8.1.


For binding in CH3CN, MD simulations using the Verlet algorithm were
performed in explicit solvent. Macrocycle 1 with bound enantiomer (l or
d N-Boc-glutamate) were introduced into the previously equilibrated (as
described above) cubic box containing 512 CH3CN molecules. Overlap-
ping solvent molecules and those giving rise to repulsive van der Waals
(vdW) interactions with the complex were then removed and short mini-
mizations (1000 steps, steepest descent algorithm) performed to remove
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any bad contacts. Minimizations were followed by NPT simulations (tem-
perature 298.15 K; pressure 1 atm) using PBC: 200 ps equilibration pre-
ceded 400 ps data collection phases using a timestep of 1 fs for both l


and d bound complexes. The OPLS-AA(2001) force field was used, with
a non-bond cutoff of 10 R for van der Waals interactions and an Ewald
treatment for electrostatics.[28] For the binding enthalpies in CH3CN, DHL


can be calculated as follows:


DHL ¼ HR�L �HR �HL ð1Þ


where HR–L corresponds to the average enthalpy of the complex of the
macrocyclic receptor with the l enantiomer from the MD simulations,
and HR and HL correspond to the enthalpies for the isolated macrocycle
and l enantiomer conformations, respectively. An analogous expression
exists for DHD. However, as the isolated enantiomeric energies are the
same (HL = HD), MD simulations of the receptor bound l and d com-
plexes in CH3CN were sufficient to compute DDHL–D (298.15 K):


DDHL�D ¼ HR�L �HR-D ð2Þ


Individual HR–L (and HR–D) values were summed from the following en-
thalpic components:


HR�L ¼ ½H intra þ Hnon-b þ Hsolv�L�complex ð3Þ


where Hintra and Hnon-b are the intramolecular and non-bond interaction
energies within the l (or d) complexes and Hsolv is the solvation energy
of the complex. Simulations were performed by using Impact 2.7.


Finally, to extract the most representative and predominant type of con-
formations from the MD trajectories, conformations were superimposed
and clustered into groups of similar conformations according to root
mean square (RMS) distances between heavy atoms. A representative
conformation was obtained for each cluster. The representative confor-
mation from the largest cluster is the most important, and is reported
and discussed in the results. Clustering calculations were performed using
NMRclust 1.2.[29]
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Introduction


The application of optically active a-heterosubstituted car-
bonyl compounds in chemistry, pharmacology, and biology
has led to an increased focus on simple and efficient proce-
dures for the formation of enantiomerically enriched a-het-
eroatom-substituted carbonyl compounds. The presence of
enolizable carbon–hydrogen bonds in aldehydes, ketones,
and a-acidic hydrogen(s) in b-keto esters allows the possibil-
ity for reactions with different classes of electrophiles lead-
ing to the formation of carbon–heteroatom bonds. There-
fore, the enantioselective conversion of carbon–hydrogen
bonds to carbon–heteroatom bonds for these classes of com-
pounds is a simple method for the synthesis of optically
active compounds having these functionalities and, conse-
quently, is attractive to chemists.[1] In recent years, a great
deal of attention have been paid to the enantioselective a-
functionalization of carbonyl compounds using chiral organ-
ic compounds rather than chiral metal complexes as cata-
lysts.[2] Along this line, several examples of organocatalytic


a-functionalization of carbonyl compounds such as a-amina-
tion, a-hydroxylation, and a-halogenation have been pre-
sented.[3–5] For example, enantioselective a-amination of al-
dehydes, ketones, and b-keto esters can be achieved with
azodicarboxylates by chiral organocatalysts.[3] a-Oxidation
of aldehydes and ketones have been reported by using
mainly l-proline as the catalyst and nitrosobenzene or sin-
glet oxygen as the oxidant.[4] Cinchona alkaloid derivatives
can act as catalysts for the a-hydroxylation of b-keto esters
using organic peroxide as the oxidant.[4d] Chiral amines have
been used for the enantioselective chlorination and fluorina-
tion of aldehydes,[5a–f] and the chlorination of ketones in the
presence of different chlorinating agents.[5g]


In spite of the usefulness of optically active a-sulfenylated
carbonyl compounds as versatile synthetic intermediates, the
procedures for their preparation are rare.[6] To the best of
our knowledge, there are no reports on the direct enantiose-
lective a-sulfenylation of activated C�H bonds in lactones,
lactams, and b-dicarbonyl compounds. Recently, we intro-
duced 1-benzylsulfanyl[1,2,4]triazole as an electrophilic
sulfur source for the catalytic enantioselective a-sulfenyla-
tion of aldehydes.[7] We envisioned that this kind of electro-
philic sulfur reagent could be applied for the enantioselec-
tive synthesis of optically active a-sulfenylated lactones, lac-
tams, and b-dicarbonyl compounds by the reaction of the ac-
tivated C�H bonds in these compounds catalyzed by cincho-
na alkaloid derivatives [Eq. (1)].


Keywords: asymmetric organoca-
talysis · cinchona alkaloids ·
electrophilic sulfur reagents ·
lactams · lactones · sulfenylation
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Results and Discussion


First, we examined the feasibility of the reaction between
ethyl 2-oxocyclopentanecarboxylate (1a) and the sulfur elec-
trophile reagent 1-benzylsulfanyl[1,2,4]triazole (2a), apply-
ing catalytic amounts of quinine (4a) as a starting point for
further optimization [Eq. (2)]. The results are summarized
in Table 1.


Several solvents were investi-
gated and toluene was found to
be the best as shown in Table 1,
entries 1–4. It appears also from
entries 4–6 that the reaction
rate and enantioselectivities
were influenced by the amount
of the quinine (4a).


To study if the size of the
ester group can influence the
enantioselectivity, the organo-
catalytic a-sulfenylation of the
b-keto esters 1a–c catalyzed by
quinine (4a) (10 mol%) was in-
vestigated [Eq. (3)].


The results of this study re-
vealed a strong effect of the
size of the ester group in the b-
keto esters on the enantioselec-
tivity of the product. Whereas
the reaction of the tert-butyl
ester (1c) with the sulfenylation
reagent (2a) produced the de-
sired product 3c with 70% ee,
the a-sulfenylation reactions of


the corresponding ethyl (1a) and isopropyl esters (1b), re-
spectively, under the same reaction conditions were faster,
however, the products 3a and 3b were formed with 44 and
45% ee, respectively.


The key step in the optimization of the conditions of the
a-sulfenylation was to evaluate the catalytic properties of
different cinchona alkaloid derivatives. Based on the screen-
ing results presented above, we chose the tert-butyl ester
(1c) and the sulfenylating reagent (2a) as the standard
system for the catalyst screening using different cinchona al-
kaloid derivatives 4a–i (Table 2).


Among the cinchona alkaloid derivatives tested, 4d,
(DHQ)2PHAL (4h), and (DHQD)2PYR (4 i) turned out to
be the most effective organocatalysts leading to 3c in up to
73% yield and 77%ee at room temperature (Table 2, en-
tries 4, 9, 11). It was found that the enantioselectivity was
dependent on the reaction temperature. Performing the re-
action at, for example, �30 8C gave 3c in good yields and
with 89%, 81% and 89% ee using 4d, 4h, or 4 i as catalysts,
respectively (Table 2, entries 5, 10, 13). A further reduction
of the temperature to �40 8C lowered the yield of 3a to


Table 1. Screening of solvents and catalyst loading (4a) for the direct
enantioselective a-sulfenylation of ethyl 2-oxocyclopentanecarboxylate
(1a) [Eq. (2)].[a]


Entry Solvent Quinine Time Yield[b] ee[c]


[mol%] [h] [%] [%]


1 CH2Cl2 10 1 98 36
2 CH2Br2 10 1 93 32
3 hexane 10 1 65 8
4 toluene 10 0.5 85 44
5 toluene 40 4 82 43
6 toluene 2.5 4 77 33


[a] Reaction conditions: 0.1 mmol of 2a was added to a mixture of 1a
(0.1 mmol) and 4a in the solvent (1 mL) at room temperature. [b] Yield
of isolated product. [c] ee was measured by HPLC (see Experimental
Section for details).
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only 23%, however, the enan-
tioselectivity was improved to
91% ee (Table 2, entry 14).


With the optimized reaction
conditions in hand, we decided
to investigate the organocata-
lytic enantioselective a-sulfe-
nylation of a series of lactones,
lactams, and a b-dicarbonyl
compound, all having an acti-
vated C�H bond, with different electrophilic sulfur reagents
(2a–c) using (DHQD)2PYR (4 i) as the catalyst [Eq. (4)].
The results of these studies are presented in Table 3.


The catalytic enantioselective a-sulfenylation of the stan-
dard substrate 1c proceeds well with the different sulfe-
nylating reagents. 1-Benzylsulfanyl[1,2,4]triazole (2a), 1-
isobutylsulfanyl[1,2,4]triazole (2b), and 1-(2,4-
dinitrophenylsulfanyl)[1,2,4]triazole (2c) reacted with 1c to
produce the corresponding optically active a-sulfenylated b-
keto esters with enantioselectivities in the range of 83–
89% ee (Table 3, entries 3–5). These results demonstrate
that both the yield and enantioselectivity of the optically
active a-sulfenylated products are relatively independent of
the sulfur-protecting group in the sulfenylating reagents 2a–
c. Methyl 5-chloro-1-oxo-2-indan carboxylate (1d), benzyl-1-
oxo-2-indan carboxylate (1e), and methyl 2-oxo-1-indane


carboxylate (1 f) also undergo the enantioselective a-sulfe-
nylation reaction with 2a to give the corresponding a-sulfe-
nyl-b-keto esters 3d–f in 84–95% yields and with moderate
asymmetric induction (Table 3, entries 6–8). The a-sulfenyla-
tion reaction of N-tosyl-2-pyrolidone-3-carboxylate esters
using ethyl (1g) and tert-butyl (1h) esters with 2a gave the
products 3g and 3h with 59 and 85% ee, respectively
(Table 3, entries 9 and 10). Furthermore, it should be noted
that the sulfenylation reaction of the b-diketone 1 i with 2a
catalyzed by (DHQD)2PYR (4h) occurred at room temper-
ature with 70% ee (Table 3, entry 11). We have also reacted
acyclic b-keto esters with the sulfenylating reagents 2a–c
under various reaction conditions with different cinchona al-
kaloid catalysts, however, the results were not as positive as
those presented above.


The absolute configuration of the stereogenic carbon
center in the a-sulfenylated product 6 was determined to be
(R) by X-ray crystal-structure analysis of the optically active
product 6 obtained in Equation (5).[8]


This absolute configuration is in agreement with the Re-
face attack of the sulfur-centered electrophile on the inter-
mediate which is formed by deprotonation of 1c with 4a. A
proposal for the intermediate is outlined in Figure 1. The
protonated catalyst interacts with the two oxygen atoms of
the b-keto ester (the keto-form exists probably as the eno-
late). The Si-face is shielded as outlined in Figure 1 leaving
the Re-face available for attack by the sulfur electrophile.


To show the synthetic versatility of optically active a-sul-
fenylated b-keto esters in the preparation of chiral sulfur


Table 2. a-Sulfenylation of tert-butyl 2-oxocyclopentanecarboxylate (1c)
with 1-benzylsulfanyl[1,2,4]triazole (2a) catalyzed by different cinchona
alkaloid derivatives (10 mol%) (4a–i).[a]


Entry Catalyst Reaction temp Time Yield[b] ee[c]


[8C] [%] [%]


1 4a RT 1 day 70 70
2 4b RT 2 h 73 60
3 4c RT 3 days 52 27
4 4d RT 3 h 73 72
5 4d �30 3 days 76 89
6 4e RT 2 h 63 43
7 4 f RT 5 days 10 33
8 4g RT 2 h 80 48
9 4h RT 5 h 70 70
10 4h �30 3 days 78 81
11 4 i RT 5 h 73 77
12 4 i �24 3 days 54 87
13 4 i �30 1 day 55 89
14 4 i �40 3 days 23 91


[a]Reaction conditions: 0.1 mmol of 2a was added to a mixture of 1c
(0.1 mmol) and 4 (10 mol%) in toluene (1 mL). [b] Yield of isolated
product. [c] ee was measured by HPLC.


Figure 1. Postulated intermediate which is formed by deprotonation of 1c
with 4a Re-face attack of the sulfur electrophile.


Chem. Eur. J. 2005, 11, 5689 – 5694 C 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5691


FULL PAPEROrganocatalytic Asymmetric a-Sulfenylation of Activated C�H Bonds



www.chemeurj.org





compounds, reduction of the b-keto functionality in 3c, 5
and 6 was investigated (Scheme 1).


In the presence of BH3·DMS, reduction of the b-keto
group in 3c and 5 proceeded in a highly diastereoselective


manner to give the a-sulfenylat-
ed b-hydroxy esters 7 and 8
with d.r. values of 95:5 and
98:2, respectively. A lower dia-
stereoselectivity in the reduc-
tion of 6 with the same reduc-
ing agent was observed (d.r.=
70:30).


In conclusion, we have intro-
duced the first enantioselective
catalytic asymmetric a-sulfenyl-
ation of lactones, lactams, and a
b-dicarbonyl compound, all
having an activated C�H bond,
which afford optically active a-
sulfenylated functionalized
compounds. The reactions pro-
ceed in moderate to high yields
(up to 95%) and enantioselec-
tivities (up to 91% ee) using 1-
benzylsulfanyl[1,2,4]triazole as
the electrophilic sulfur reagent
and commercially available cin-
chona alkaloid derivatives as
organocatalysts. We have ex-
tended the application of 1-
benzylsulfanyl[1,2,4]triazole as
the electrophilic sulfur reagent
for the preparation of optically
active a-sulfenylated products
and have also shown that
1-(2,4-dinitrophenylsulfanyl)-
[1,2,4]triazole and isopropylsul-
fanyl[1,2,4]triazole are efficient
electrophilic sulfur reagents for
this reaction. Furthermore, the
diastereoselective reduction of
the a-sulfenylated b-keto esters
gives optically active a-sulfe-
nylated b-hydroxy esters.


Experimental Section


General methods : The 1H and 13C NMR spectra were recorded at
400 MHz and 100 MHz, respectively. The chemical shifts are reported in
ppm downfield to CDCl3 (d=7.26 ppm) for 1H NMR spectra and relative
to the central CDCl3 resonance (d=77 ppm) for 13C NMR spectra. Cou-
pling constants in 1H NMR measurements are in Hz. The enantiomeric
excess (ee) of the products was determined by HPLC using Chiralpack
AD or AS or Chiralcel OD with iPrOH/hexane as eluent.


Materials : b-Keto esters 1a, 1 f, b-dicarbonyl compound 1 i, and cinchona
alkaloids 4a–i were purchased from Aldrich and used as received. b-Keto
esters 1b–e and sulfur reagents 2a–c were prepared according to referen-
ces [7,9]. Compounds 1g and 1h were prepared according to the stan-
dard literature procedures (deprotonation of corresponding N-Ts and re-
action with ethyl chloroformate or (Boc)2O, respectively, in THF).


Table 3. Enantioselective a-sulfenylation of cyclic b-keto esters and lactams 1a–h and b-diketone 1 i with the
electrophilic sulfur reagents 2a–c (Lg= traizole) catalyzed by (DHQD)2PYR (4 i) (10 mol%) in toluene.


Entry Substrate Sulfur reagent Reaction temp. Time Product Yield[a] ee[b]


[8C] [days] [%] [%]


1 �30 4 3a 91 63


2 �30 5 3b 78 71


3 �30 5 3c 88 89


4 RT 2 5a 80 79


5 RT 2 6a 83 83


6 �30 3 3d 95 51


7 �40 3 3e 84 60


8 �30 3 3 f 94 53


9 �30 1 3g 89 59


10 �40 1 3h 87 85


11 RT 1 3I 66 70


[a] Yield of isolated product. [b] ee was measured by HPLC.


Scheme 1. Reduction of a-sulfenylated b-keto esters.
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General procedure for the organocatalytic a-sulfenylation of b-keto
esters : The catalyst (0.05 mmol) was dried in a Schlenk tube by evacuat-
ing for 15 min. Toluene (5 mL) was added under an N2 atmosphere. Then
the b-keto ester (0.5 mmol) was added to the solution at appropriate tem-
perature (Table 3), followed by the addition of the electrophilic sulfur re-
agent (0.6 mmol). The reaction mixture was stirred for the appropriate
time (Table 3) and then quenched with 1m aqueous KHSO4 (3 mL).
After standard aqueous workup, the product was purified by flash chro-
matography.


Ethyl 1-benzylsulfanyl-2-oxocyclopentanecarboxylate (3a): The enantio-
meric excess was determined by HPLC using a Daicel Chiralpack AD
column (hexane/iPrOH) (90:10); flow rate 1.0 mLmin�1; tmajor=6.0;
tminor=6.5; 1H NMR: d=1.22 (t, J=6.8 Hz, 3H; CH2CH3), 1.88–2.12 (m,
3H; CH2), 2.27–2.39 (m, 1H; CH2), 2.48–2.61 (m, 2H; CH2), 3.70 (d, J=
12 Hz, 1H; CH2C6H5), 4.00 (d, J=12 Hz, 1H; CH2C6H5), 4.14 (q, J=
6.8 Hz, 2H; CH2CH3), 7.15–7.23 ppm (m, 5H; ArH); 13C NMR: d=14.5,
19.6, 35.2, 35.7, 36.7, 62.5, 69.3, 127.6, 129.1, 129.7, 131.7, 169.7,
206.8 ppm; HRMS: m/z calcd for C15H18O3S: 301.0874; found: 301.0862
[M+Na]+ ; [a]D=�76.9 (c=10 mgmL�1, 63% ee).


Isopropyl 1-benzylsulfanyl-2-oxocyclopentanecarboxylate (3b): The enan-
tiomeric excess was determined by HPLC using a Daicel Chiralpack AD
column (hexane/iPrOH) (98:2); flow rate 1.0 mLmin�1; tmajor=7.3;
tminor=8.3; 1H NMR: d=1.28 (d, J=5.6 Hz, 6H; CH3), 1.93–2.17 (m, 3H;
CH2), 2.32–2.43 (m, 1H; CH2), 2.53–2.67 (m, 2H; CH2), 3.79 (d, J=
11.6 Hz, 1H; CH2C6H5), 4.07 (d, J=11.6 Hz, 1H; CH2C6H5), 5.08 (hep,
J=6.4 Hz, 1H; CHCH3), 7.19–7.33 ppm (m, 5H; ArH); 13C NMR: d=


19.7, 22.1, 35.2, 35.4, 36.8, 60.9, 70.4, 127.7, 129.0, 129.8, 136.9, 169.4,
207.0 ppm; HRMS: m/z calcd for C16H20O3S: 315.1031; found: 315.1024
[M+Na]+ ; [a]D=�102.9 (c=10 mgmL�1, 71% ee).


tert-Butyl 1-benzylsulfanyl-2-oxocyclopentanecarboxylate (3c): The enan-
tiomeric excess was determined by HPLC using a Daicel Chiralpack AD
column (hexane/iPrOH) (98:2); flow rate 1.0 mLmin�1; tmajor=6.3;
tminor=7.5; 1H NMR: d=1.42 (s, 9H; C4H9), 1.84–2.07 (m, 3H; CH2),
2.13–2.34 (m, 1H; CH2), 2.43–2.57 (m, 2H; CH2), 3.73 (d, J=11.6 Hz,
1H; CH2C6H5), 4.00 (d, J=11.6 Hz, 1H; CH2C6H5), 7.13–7.28 ppm (m,
5H; ArH); 13C NMR: d=19.7, 28.3, 35.2, 35.9, 36.9, 61.4, 83.3, 127.7,
129.8, 129.8, 136.9, 168.8, 207.4 ppm; HRMS: m/z calcd for C17H22O3S:
329.1187; found: 329.1179 [M+Na]+ ; [a]D=�106.0 (c=10 mgmL�1,
89% ee).


tert-Butyl 1-isopropylsulfanyl-2-oxocyclopentanecarboxylate (5): The en-
antiomeric excess was determined by HPLC using a Daicel Chiralpack
AD column (hexane/iPrOH) (98:2); flow rate 1.0 mLmin�1; tmajor=4.3;
tminor=4.7; 1H NMR: d=1.12 (d, J=6.4 Hz, 3H; CH3), 1.25 (d, J=
6.4 Hz, 3H; CH3), 1.40 (s, 9H; C4H9), 1.83–1.96 (m, 2H; CH2), 1.99–2.11
(m, 1H; CH2), 2.20–2.29 (m, 1H; CH2), 2.39–2.52 (m, 2H; CH2),
3.15 ppm (hep, J=6.8 Hz, 1H; CHCH3);


13C NMR: d=19.3, 25.1, 28.2,
35.5, 36.3, 36.9, 60.9, 82.8, 169.5, 207.7 ppm; HRMS: m/z calcd for
C13H22O3S: 281.1187; found: 281.1194 [M+Na]+ ; [a]D=�83.2 (c=
10 mgmL�1, 79% ee).


tert-Butyl 1-(2,4-dinitrophenylsulfanyl)-2-oxocyclopentanecarboxylate
(6): The enantiomeric excess was determined by HPLC using a Daicel
Chiralpack AD column (hexane/iPrOH) (90:10); flow rate 1.0 mLmin�1;
tmajor=10.0; tminor=12.8; 1H NMR: d=1.36 (s, 9H; C4H9), 2.04–2.12 (m,
2H; CH2), 2.28–2.35 (m, 1H; CH2), 2,41–2,50 (m, 1H; CH2), 2.51–2.67
(m, 2H; CH2), 8.05 (d, J=9.2 Hz, 1H; ArH), 8.24 (d, J=9.2 Hz, 1H;
ArH), 8.90 ppm (s, 1H; ArH); 13C NMR: d=19.9, 28.2, 37.6, 37.7, 64.4,
85.1, 121.5, 126.8, 131.9, 142.8, 145.5, 167.8, 208.0 ppm; HRMS: m/z calcd
for C16H18N2O7S: 405.0732 found: 405.0740 [M+Na]+ ; [a]D=++363 (c=
5 mgmL�1, 83% ee).


Methyl 2-benzylsulfanyl-5-chloro-1-oxoindan-2-carboxylate (3d): The en-
antiomeric excess was determined by HPLC using a Daicel Chiralpack
AD column (hexane/iPrOH) (90:10); flow rate 1.0 mLmin�1; tmajor=11.4;
tminor=12.2; 1H NMR: d=2.99 (d, J=18 Hz, 1H; CH2), 3.63 (s, 3H;
CH3), 3.74 (d, J=18 Hz, 1H; CH2), 3.95 (d, J=12 Hz, 1H; CH2C6H5),
4.09 (d, J=12 Hz, 1H; CH2C6H5), 7.11–7.23 (m, 6H; ArH), 7.29 (d, J=
7.6 Hz, 1H; ArH), 7.66 ppm (d, J=8.8 Hz, 1H; ArH); 13C NMR: d=


35.3, 39.9, 53.8, 59.3, 126.5–129.7, 136.5, 142.4, 152.2, 169.7, 195.4 ppm;


HRMS: m/z calcd for C18H15ClO3S: 369.0328; found: 369.0318 [M+Na]+ ;
[a]D=++33.8 (c=10 mgmL�1, 51% ee).


Benzyl 2-benzylsulfanyl-1-oxoindan-2-carboxylate (3e): The enantiomeric
excess was determined by HPLC using a Daicel Chiralpack AD column
(hexane/iPrOH) (90:10); flow rate 1.0 mLmin�1; tmajor=14.9; tminor=16.1;
1H NMR: d=3.02 (d, J=18 Hz, 1H; CH2), 3.78 (d, J=18 Hz, 1H; CH2),
3.98 (d, J=12 Hz, 1H; CH2C6H5), 4.07 (d, J=12 Hz, 1H; CH2C6H5), 5,10
(d, J=12.4 Hz, 1H; CH2C6H5), 5.16 (d, J=12.4 Hz, 1H; CH2C6H5), 7.08–
7.40 (m, 12H; ArH), 7.50–7.54 (m, 1H; ArH), 7.77 ppm (d, J=7.6 Hz,
1H; ArH); 13C NMR: d=35.3, 40.2, 59.3, 68.3, 126.0, 126.6, 127.7–129.9,
135.9, 150.7, 169.6, 196.8 ppm; HRMS: m/z calcd for C24H20O3S:
411.1031; found: 411.1096 [M+Na]+ ; [a]D=++15.2 (c=10 mgmL�1,
60% ee).


Methyl 1-benzylsulfanyl-2-oxoindan-1-carboxylate (3 f): The enantiomeric
excess was determined by HPLC using a Daicel Chiralpack AS column
(hexane/iPrOH) (99:1); flow rate 1.0 mLmin�1; tmajor=14.7; tminor=11.3;
1H NMR: d=3.68 (s, 3H; CH3), 3.71 (d, J=8.8 Hz, 2H; CH2), 3.89 (d,
J=12 Hz, 1H; CH2C6H5), 3.99 (d, J=12 Hz, 1H; CH2C6H5), 7.20–7.38
(m, 8H; ArH), 7.44–7.46 ppm (m, 1H; ArH); 13C NMR: d=35.9, 42.0,
53.8, 64.6, 125.6, 127.6–130.0, 136.4, 138.2, 168.3, 205.7 ppm; HRMS: m/z
calcd for C18H16O3S: 335.0718; found: 335.0709 [M+Na]+ ; [a]D=++18.7
(c=10 mgmL�1, 53% ee).


Ethyl 3-benzylsulfanyl-2-oxo-1-(toluene-4-sulfonyl)pyrolidine-3-carboxyl-
ate (3g): The enantiomeric excess was determined by HPLC using a
Daicel Chiralpack AS column (hexane/iPrOH) (95:5); flow rate
1.0 mLmin�1; tmajor=33.8; tminor=30.1; 1H NMR: d=1.15 (t, J=7.2 Hz,
3H; CH2CH3),1.89–1.95 (m, 1H; CH2), 2.38 (s, 3H; CH3), 2.62–2.70 (m,
1H; CH2), 3.38 (d, J=11.2 Hz, 1H; CH2C6H5), 3.71–3.77 (m, 1H; CH2),
3.86 (d, J=11.2 Hz, 1H; CH2C6H5), 3.90–3.92 (m, 1H; CH2), 4.10 (q, J=
7.2 Hz, 2H; CH2CH3) 6.91–6.93 (m, 2H; ArH), 7.13–7.18 (m, 3H; ArH),
7.29 (d, J=8.4 Hz, 2H; ArH), 7.88 ppm (d, J=8.4 Hz, 2H; ArH);
13C NMR: d=14.4, 22.1, 30.5, 35.3, 44.6, 57.6, 63.2, 127.8, 129.0, 129.6,
130.1, 134.3, 135.7, 146.0, 166.9, 167.8 ppm; HRMS: m/z calcd for
C21H23NO5S2: 456.0915; found: 456.0920 [M+Na]+ ; [a]D=�14.4 (c=
10 mgmL�1, 59% ee).


tert-Butyl 3-benzylsulanyl-2-oxo-1-(toluene-4-sulfonyl)pyrolidine-3-car-
boxylate (3h): The enantiomeric excess was determined by HPLC using
a Daicel Chiralcel OD column (hexane/iPrOH) (98:2); flow rate
1.0 mLmin�1; tmajor=22.5; tminor=20.3; 1H NMR: d=1.37 (s, 9H; C4H9),
1.85–1.91 (m, 1H; CH2), 2.38 (s, 3H; CH3), 2.60–2.68 (m, 1H; CH2), 3.37
(d, J=11.2 Hz, 1H; CH2C6H5), 3.69–3.75 (m, 1H; CH2), 3.87 (d, J=
12 Hz, 1H; CH2C6H5), 3.91–3.94 (m, 1H; CH2), 6.90–6.95 (m, 2H; ArH),
7.10–7.28 (m, 5H; ArH), 7.87–7.89 ppm (m, 2H; ArH); 13C NMR: d=


22.1, 28.2, 30.6, 35.3, 44.7, 58.5, 84.4, 127.8, 128.8, 130.0, 134.5, 135.9,
145.9, 166.6, 167.2 ppm; HRMS: m/z calcd for C21H23NO5S2: 484.1228;
found: 484.1294 [M+Na]+ ; [a]D=�42.8 (c=5 mgmL�1, 85% ee).


2-Benzylsulfanyl-2-(3,3-dimethyl-butyryl)cyclopentanone (3 i): The enan-
tiomeric excess was determined by HPLC using a Daicel Chiralpack AD
column (hexane/iPrOH) (90:10); flow rate 1.0 mLmin�1; tmajor=4.8;
tminor=5.4; 1H NMR: d=0.92 (s, 9H; C4H9), 1.76–2.04 (m, 3H; CH2),
2.22–2.34 (m, 2H; CH2), 2.40–2.56 (m, 3H; CH2), 3.59 (d, J=12 Hz, 1H;
CH2C6H5), 3.66 (d, J=12, 1H; CH2C6H5), 7.14–7.25 ppm (m, 5H; ArH);
13C NMR: d=19.4, 29.8, 30.3, 34.0, 38.1, 50.1, 67.5, 127.7, 128.9, 129.5,
136.6, 198.7, 209.4 ppm; HRMS: m/z calcd for C18H24O2S: 327.1395;
found: 327.1393 [M+Na]+ ; [a]D=�33.7 (c=10 mgmL�1, 70% ee).


General procedure for the diastereoselective reduction of optically active
a-sulfanyl b-keto esters : To a solution of a-sulfanyl b-keto ester
(0.5 mmol) in THF (5 mL) was added one equivalent of BH3·DMS. After
the reaction mixture had been stirred at room temperature for 1–2 days,
the reaction was quenched with H2O (5 mL) and the mixture was extract-
ed with Et2O (3O5 mL). The organic layer was then dried over anhy-
drous Na2SO4, filtered, and evaporated. The crude reaction mixture was
purified by flash chromatography to give the optically active a-sulfanyl
b-hydroxy esters.


tert-Butyl 1-benzylsulfanyl-2-hydroxycyclopentanecarboxylate (7):
1H NMR: d=1.45 (s, 9H; C4H9), 1.50–1.55 (m, 1H; CH2), 1.70–1.84 (m,
4H; CH2), 2.15–2.22 (m, 1H; CH2), 3.70 (d, J=12.4 Hz, 1H; CH2C6H5),
3.79 (d, J=12.4 Hz, 1H; CH2C6H5), 4.25 (t, J=4 Hz, 1H; CH), 7.16–
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7.26 ppm (m, 5H; ArH); 13C NMR: d=20.3, 28.4, 31.0, 32.6, 35.1, 64.8,
75.0, 82.3, 127.8, 129.2, 129.4, 138.0, 172.0 ppm; HRMS: m/z calcd for
C17H24O3S: 331.1344; found: 331.1315 [M+Na]+ .


tert-Butyl 2-hydroxy-1-isopropylsulfanylcyclopentanecarboxylate (8):
1H NMR: d=1.25 (d, J=6.8 Hz, 3H; CH3), 1.34 (d, J=6.8 Hz, 3H;
CH3), 1.48 (s, 9H; C4H9), 1.57–1.63 (m, 1H; CH2), 1.73–1.93 (m, 4H;
CH2), 2.24–2.29 (m, 1H; CH2), 3.06 (hep, J=6.8 Hz, 1H; CH), 4.33–
4.35 ppm (m, 1H); 13C NMR: d=20.4, 24.9, 26.0, 28.4, 31.2, 33.3, 35.4,
65.0, 74.8, 82.2, 172.3 ppm; HRMS: m/z calcd for C13H24O3S: 283.1314;
found: 283.13552 [M+Na]+ .


tert-Butyl 1-(2,4-dnitrophenylsulfanyl)-2-hydroxycyclopentanecarboxylate
(9): 1H NMR: d=1.51 (s, 9H; C4H9), 1.89–2.07 (m, 2H; CH2), 2.16–2.34
(m, 2H; CH2), 2.57–2.67 (m, 2H; CH2), 4.80–4.83 (m, 1H; CH), 7.92 (d,
J=8.8 Hz, 1H; ArH), 8.34 (d, J=6.4 Hz, 1H; ArH), 9.03 ppm (s, 1H;
ArH); 13C NMR: d=28.2, 33.1, 33.6, 35.6, 37.7, 66.9, 80.0, 83.9, 121.7,
126.9, 130.3, 131.3, 144.4, 172.0 ppm; HRMS: m/z calcd for C16H20N2O7S:
407.0889; found: 407.0896 [M+Na]+ .
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Modified Expanded Corrole–Ferrocene Conjugates: Syntheses, Structure
and Properties
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Introduction


Porphyrins and corroles occur in many natural systems per-
forming diverse functions.[1] Even though both have 18p
electrons in conjugation, they are structurally different. In
porphyrins the four pyrrole rings are linked through four
meso-carbon bridges, whereas in the corrole the four pyrrole
rings are linked with only three meso carbons with one
direct pyrrole–pyrrole link. This structural differentiation
leads to difference in electronic structure and hence varia-
tions in the spectral and electrochemical properties. Por-
phyrins can be expanded by increasing the number of pyr-


role rings in conjugation and a range of expanded porphyr-
ins[2,3] such as sapphyrins, rubyrins, hexaphyrin, heptaphyrins
and octaphyrins have been reported in the literature. In a
similar fashion the corrole macrocycle can also be expanded
by introducing a larger number of heterocyclic rings and in-
creasing the number of direct pyrrole–pyrrole links leading
to the formation of expanded corroles. Studies on expanded
corroles are limited in the literature[4a] and recently we have
reported the syntheses and characterization of expanded
corroles[4b,c] 1; its properties resemble that of a corrole
rather than a porphyrin.
The linkage of a redox active group/luminescent group to


a molecular p system results in the formation of discrete
molecular conjugates.[5] Such conjugates exhibit electronic
interactions between the redox active group/luminescent
group and the molecular p system.[6] Recently we have re-
ported the synthesis of such a conjugate 2 in which the
redox active ferrocene group is covalently linked to the ex-
panded corrole system at the meso-carbon position.[7a] In
continuation of our project on molecular conjugates for ap-
plication in molecular devices,[8] we report herein the syn-


Abstract: Syntheses, characterization
and properties of expanded corrole–
ferrocene conjugates are reported. Fer-
rocenyl group are covalently linked to
the corrole macrocycle through three
different spacers groups. The synthetic
strategy involved prior insertion of fer-
rocene with spacers to the dipyrrome-
thane unit followed by a “3+2” acid-
catalyzed oxidative coupling methodol-
ogy. The optical and emission data of
the expanded corrole–ferrocene conju-
gates depend on the nature and length
of the spacer groups and the maximum
effects are seen where ferrocene is di-
rectly linked to the meso carbon of
macrocycle. The single crystal X-ray


structure of two expanded corrole–fer-
rocene conjugates; [22]pentaphyrin
(1.1.0.1.0) with different meso substitu-
ents, clearly reveal shortening of the
C�C bond length linking the meso
carbon and the aryl substituent con-
taining the ferrocene moiety relative to
meso aryl substituents without ferro-
cene. The results suggest that an elec-
tronic interaction between the two p


systems. Electrochemical data reveal
harder oxidation for the ferrocene unit
in the conjugates relative to free ferro-


cene; this suggests the electron donat-
ing nature of the ferrocene. The first
corrole ring oxidation shows easier oxi-
dation relative to 1 and the magnitude
of shifts in potential is inversely pro-
portional to the length of spacer. The
molecular first hyperpolarizabilities (b)
measured at 1064 nm by HRS method
vary in the range 20–32910�30 esu and
imply that the b values can be in-
creased by enhancing the number of
mobile electrons in the conjugation.
The conjugates form 1:1 metal complex
with the RhI where rhodium is coordi-
nated to one amino and one imino ni-
trogen of the dipyrromethane unit.
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theses, characterization and
properties of expanded corrole–
ferrocene conjugates in which
an expanded corrole is linked to
a ferrocene group via different
spacer groups. These expanded
corrole–ferrocene conjugates
are not only important from the
synthetic point of view but are
also expected to show different
electronic properties. Specifical-
ly in this paper we wish to
report the syntheses and charac-
terization of expanded corrole–
ferrocene conjugates linked
through three different spacer
groups: a simple phenyl spacer,
a phenyl spacer linked to an
acetylene moiety and two
phenyl spacers sandwiched by
an acetylene moiety to under-
stand the effect of spacer groups
on the electronic interaction of
the ferrocene p system and the expanded corrole p system.
Spectroscopic and electrochemical studies reveal a moderate
interaction between the ferrocene group and the corrole p


system. The molecular first hyperpolarizabilities (b) mea-
sured for these conjugates are moderate (20–32910�30 esu).
These data are discussed in terms of orientation of the ferro-
cene and the corrole moiety with respect to the spacer
group.


Results and Discussion


Syntheses : The expanded corrole–ferrocene conjugates were
synthesized by a two-step procedure. Our strategy was to in-
corporate the ferrocene moiety with the appropriate spacer
into one of the precursors that is, the dipyrromethane unit.
This was achieved by reaction of ferrocene containing alde-
hyde with excess pyrrole in presence of 0.1 equiv of tri-
fluoroacetic acid (TFA) as catalyst to give dipyrromethane
ferrocene moieties 3–5 as depicted in Scheme 1. The dipyr-
romethanes are found to be stable at room temperature
without any noticeable decomposition. Furthermore dipyr-


romethane 3 was characterized by single crystal X-ray crys-
tallographic analysis and the structure is shown in Figure 1.
It is seen in Figure 1 that the meso phenyl ring is almost per-
pendicular to dipyrromethane unit (dihedral angle; 73.98)
and the ferrocene ring which is attached to C13 carbon
atom of phenyl ring is almost planar (dihedral angle; 14.28).
There are no significant changes in the bond lengths of the
ferrocene groups upon linking to dipyrromethane unit. The
C�C bonds C16�C13, which connect the ferrocene group to
the phenyl ring is 1.474 I long and the length of the C�C


bond C10�C5, is 1.528 I. The dihedral angle between the
phenyl ring and the Cp ring of ferrocene is 14.228.
In the second step, the standard acid catalyzed “3+2” oxi-


dative coupling methodology using the required oxa-tripyr-
rane and dipyrromethane was used to construct the required
expanded corrole–ferrocene conjugates, where two direct


Scheme 1. Syntheses of dipyrromethanes 3–5.


Figure 1. Single crystal X-ray structure of 3.
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pyrrole–pyrrole bonds were generated in a single step.[4b,c]


The oxa-tripyrranes 6a–d were synthesized by our previous
method.[9] Thus acid catalyzed coupling reactions between
dipyrromethanes 3–5 with various para-substituted 5,10-di-
phenyl-16-oxa-tripyrranes 6a–d gave ferrocenyl expanded
corroles 7a–9c as the major products in �25% yield
(Table 1). Trace amounts of the monooxa porphyrin[10] and


rubyrin[11] were also formed as side products. The desired
product was separated by silica gel column chromatography.
These conjugates were found to be stable as freebase in the
solid and solution phases. The rhodium complexes 10–14
were synthesized by the reaction of freebase with di-m-chloro-
bis[dicarbonylrhodium(i)] in the presence of sodium acetate.
The purification was performed with silica gel column chro-
matography. The complexes 10–14 were also to be found
stable at room temperature (Scheme 2).


Spectral characterization : All the compounds reported here
were characterized by FAB-MS, UV/Vis, 1H and 2D NMR
spectroscopy. For example the FAB mass spectrum of 7d
displays a molecular ion peak m/z (%) at 861 (100) confirm-
ing the proposed composition. The corresponding rhodium
complex 12 exhibits peak at m/z 1018 (65). Furthermore the
presence of the carbonyl groups in the rhodium complex


were confirmed by infrared
spectroscopy, which displayed
peaks at 2072 and 2007 cm�1


for 12. These frequencies com-
pare well with rhodium carbon-
yl complexes reported in the lit-
erature.[12] These metal com-
plexes are highly sensitive to
acid and common mineral acids
were found to demetallate the
complexes giving the corre-
sponding freebase derivatives.


1H NMR spectroscopy: A de-
tailed analysis of 1H and 2D
NMR spectra of 7a–9c con-
firms the proposed solution
structures. The 1H NMR spectra
of 7a–9c were well resolved in
freebase form and all the as-
signments were based on the
correlations observed in the 1H/
1H COSY spectrum. For exam-
ple the 1H/1H COSY spectrum


in the aromatic region observed for 7d is shown in Figure 2
and the correlations observed are marked. Briefly, the pyr-
rolic protons (b, b’; c, c’; d, d’; e, e’) resonate as four well-re-
solved doublets in the region 8–10 ppm with coupling con-
stants 4–4.4 Hz. The outer pyrrolic protons (b, b’; e, e’) are
more shielded as compared to the inner pyrrolic protons (c,
c’; d, d’) because of the upfield ring current contribution of
the meso-aryl ring. The b-CH protons of the furan ring (a,
a’) appear as a sharp singlet at 8.67 ppm. There are two sets
of aromatic protons in the phenyl ring containing the isopro-
pyl groups, the protons present next to carbon atom con-
nected to meso position (n) resonate as doublet at d 8.03
and the other two protons (m) resonate as doublet at d 7.57.
Similarly in the 4-ferrocenylphenyl ring, protons present
next to carbon atom connected to meso position (f, f’) reso-
nate as doublet at d 7.87 and the other two protons (g, g’)
resonate as doublet at d 8.24. There are three sets of protons
in the ferrocenyl group, the protons present next to carbon,
which is connected to phenyl ring (h), resonate at d 4.86 and
other two protons (i) resonate at d 4.42 and the other cyclo-
pentadienyl ring protons resonate as singlet at d 4.19. The
equivalence of these pyrrolic protons (b, b’; c, c’; d, d’; e, e’)
in the 1H NMR spectrum suggest that the molecule adopts a
symmetric conformation in solution with respect to the
mirror plane passing through the methine bridge connecting
4-ferrocenylphenyl and the furan oxygen atom. This is possi-


Table 1. Syntheses of expanded corrole–ferrocene conjugates.


Spacer in dipyrromethane Tripyrrane Conjugates


6a 7a
6b 7b
6c 7c
6d 7d


6a 8a
6b 8b
6c 8c


6a 9a
6b 9b
6c 9c


Scheme 2. Syntheses of rhodium complexes of expanded corrole–ferro-
cene conjugates.
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ble only if there is a rapid tautomerism between the inner
NH protons indicating the three NH protons exchange sites
between four bipyrrole nitrogen centers. Upon lowering the
temperature to 240 K, no NH signals were observed, which
indicates tautomerism even at 240 K. Introduction of RhI to
expanded corrole–ferrocene conjugates gives the corre-
sponding rhodium complexes where rhodium is bound in an
h2 fashion to two of the four core nitrogens with other two
coordination sites on rhodium is taken by the ancillary car-
bonyl ligands. A typical 1H NMR spectrum observed for 13
is shown in Figure 3. The metallation with rhodium arrest
the NH tautomerism and the NH protons, which are not co-
ordinating to rhodium metal, now appear as a singlet at d


�1.77 (Figure 3, inset), support-
ing the presence of NH tauto-
merism in the freebase. The
metallation leads to interesting
changes in the NMR spectrum.
Specifically, i) the pyrrolic pro-
tons (d, d’; e, e’) which are in
the dipyrromethane unit, expe-
rience an upfield shift
(0.11 ppm), ii) the pyrrolic pro-
tons (b, b’; c, c’), which are in
the tripyrrane unit, experience
a downfield shift (0.13 and
0.17 ppm), iii) the pyrrolic pro-
tons (b, b’; c, c’) appear as quar-
tets (4JH,H=2.2 Hz), while the
pyrrolic protons (d, d’; e, e’)
appear as doublets (JAB=


4.2 Hz), iv) the furan protons
also experience a downfield
shift and appear as a singlet at
9.19 ppm. These observations
further confirms our earlier
findings that the RhI binds to
the dipyrromethane unit with
one amino and one imino nitro-
gen.[12a]


Electronic absorption spectra :
Typical electronic absorption
spectra observed for expanded
corrole–ferrocene conjugates;
7a, 8a and 9a are shown in
Figure 4. A strong Soret-type
band in the region 440–455 nm
and four Q-bands in the region
500–750 nm confirm the por-
phyrinic nature.[2] The UV/Vis
data are tabulated in Table 2.
The following observations are
made from the data in the
table: i) the introduction of
spacers between ferrocene and
the macrocycle results in a


bathochromic shift of both Soret and Q-bands relative to 1.
The magnitude of the Q-band shifts is higher (500–
3900 cm�1) than those for the Soret band (150–400 cm�1)
and is similar to that observed for the porphyrins.[2] There is
a linear correlation between decrease in energy of Soret
band and increment in number of spacers which is shown in
Figure 5. ii) The e values of the expanded corrole–ferrocene
conjugates are more than 30–50% lower than those of 1 and
more than 2 suggesting the presence of electronic interac-
tion between the ferrocene and macrocyclic p system. iii)
Protonation leads to a red shift of the Soret band and a de-
crease in the number of the Q-bands which is typical of
meso-aryl porphyrins.[13] iv) Metallation of free base with


Figure 2. 1H/1H COSY spectrum of 7d in CDCl3 at room temperature. The observed correlations and the as-
signment are marked.
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RhI metal ion leads to a red shift and splitting of the Soret
band. The splitting of the Soret band upon metallation sug-
gests a lowering of the symmetry of the complexes as a
result of a perturbation of the energy levels. v) The e values
of the metallated derivative are about 50% smaller than
those of corresponding free base derivatives suggesting a de-
creased p-electron conjugation upon metal insertion consis-
tent with the lowering of the symmetry.
The emission spectra for compounds 7a–10 were recorded


in CH2Cl2. Inset Figure 4 shows the emission spectra for
compounds 7a, 8a and 9a. The emission parameters are
tabulated in Table 3. The quantum yields were calculated
using tetraphenyl porphyrin as the reference compound (f=
0.11) and the lifetime data was fitted satisfactorily to a biex-
ponential curve with good c2 values (1.01–1.10), in most


cases. Since it is difficult to compare the two components of
the life times, we determined an average emission lifetime,
hti, for conjugates emission by using an expression de-
scribed by James and co-workers.[14a] The radiative (kf) and
non-radiative (knr) decay were obtained by following expres-
sion.


kf ¼ �f


t
ð1Þ


Figure 3. 1H NMR spectrum of 13 at room temperature in CDCl3 (inset
shows pyrrole NH signal).


Figure 4. Electronic absorption and emission spectra of 7a (c) (2.429
10�6m), 8a (g) (1.94910�6m), 9a (a) (2.45910�6m) and 1 (d) in
CH2Cl2 (inset shows emission spectra of 7a (c), 8a (g) and 9a
(a) in CH2Cl2).


Figure 5. Plot of number of spacers versus energy of the Soret band.
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knr ¼ ð1��fÞ
t


ð2Þ


Inspection of Table 3 reveals the following; i) The quan-
tum yield for these expanded corrole–ferrocene conjugates
are 3–45-fold lower than 1 and increase in quantum yield is
observed upon increase in length of spacers between ferro-
cene and the macrocycle. This observation clearly suggests
that the substitution of ferrocenyl group quenches the fluo-


rescence of the expanded corroles and the magnitude of
quenching depends upon the nature of the spacers, ii) regu-
lar emission band shift to lower energies upon increasing
the spacer length, iii) the singlet lifetimes for 7a–9c are
lower relative to that of 1 and it decreases as the length of
the spacer increases. In the present study, it has been ob-
served that the knr values are about 1.5–3 times larger for
the conjugates than 1. The larger quantum yield for 9a–c is
consistent with the larger radiative kf decay values at the ex-
pense of nonradiative knr decay values.


[14b,c] A small decrease
observed in the life time for 7a–9c relative to 1 suggests
that the rates of intersystem crossing and internal conver-
sion are predominant in expanded corrole–ferrocene conju-
gates, relative to 1.[4b]


Crystallographic characterization : The proposed structures
of the expanded corrole–ferrocene conjugates were further
confirmed by solving single crystal X-ray structure for 7a
and 7d and are shown in Figures 7 and 8, respectively. In
7a, one molecule of methanol is trapped inside the cavity.
The important crystallographic parameters are listed in
Table 4. The structure indicates small deviations from pla-
narity (Figures 7b, 8b). The deviation of the heterocyclic
rings in 7a with respect to the mean expanded corrole plane
(defined by three meso carbons C1, C6 and C15 which form
the plane) are: for the furan, 5.078 ; for the pyrrole N1 ring,
4.878 ; for the pyrrole N2 ring, 10.018 ; for the pyrrole N3
ring, 3.188 ; for the pyrrole N4 ring, 2.498 ; these deviations
are similar to that observed for 1 and 2, suggesting that
there is not much structural deviation upon introduction of
spacer. The dihedral angle between the expanded corrole
plane and the phenyl ring containing the ferrocene group is


568 while the corresponding di-
hedral angle for the other
phenyl rings are 89.38 and 85.28
respectively. This decrease in
dihedral angle for the phenyl
ring containing ferrocene group
clearly suggests the presence of
a moderate p interaction be-
tween the p system of cyclopen-
tadienyl ring and corrole ring.
This is further reflected in the
C�C bond distances observed
(Table 5). For example the C�C
bond (C15�C42) connecting the
4-ferrocenylphenyl ring to the
meso-carbon atom is 1.484 I
while corresponding bond


length (C5�C10) in the dipyrromethane 3 is 1.528 I. Fur-
thermore the C�C bond distance of the remaining two meso
phenyl substituents (C1�C24; C6�C33) are 1.507 I. Thus,
the significant reduction in the bond distance of C15�C42
for 7a is a reflection of presence of electronic coupling be-
tween the p systems. This C�C bond length 1.484 I falls in
the range of the distance observed for other ferrocene–por-
phyrin[7e] and meso-ferrocenyl–smaragdyrin conjugate[7a] sys-


Table 2. UV/Vis absorption data for expanded corrole–ferrocene conju-
gates in Soret and Q-bands region in dichloromethane (�10�6m).


Compound lmax Soret [nm] lmax Q-bands [nm]
[e 910�4 (M�1 cm�1)] [e 910�4 (M�1 cm�1)]


1 443 456 552 591 633
[33.1] [16.2] [2.1] [1.4] [1.54]


7a 447 554 594 637 700
[17.34] [1.29] [1.05] [0.90] [1.21]


7b 446 555 594 637 700
[18.95] [1.41] [1.08] [0.88] [1.34]


7c 446 554 594 637 700
[18.27] [1.50] [1.06] [0.93] [1.39]


7d 446 554 594 637 700
[18.25] [1.49] [1.08] [0.90] [1.31]


8a 450 557 597 639 703
[22.39] [1.98] [1.63] [1.36] [1.96]


8b 448 555 595 640 703
[21.68] [1.51] [1.20] [0.92] [1.47]


8c 448 556 595 639 703
[19.58] [1.61] [1.32] [1.06] [1.51]


9a 451 557 596 640 704
[23.21] [1.63] [1.31] [1.06] [1.55]


9b 450 556 595 640 704
[24.82] [1.72] [1.43] [1.04] [1.73]


9c 450 556 594 640 704
[24.62] [1.31] [1.11] [0.94] [1.62]


10 459 479 574 616 637
[14.65] [1.21] [1.58] [1.32] [1.52]


11 459 479 573 616 637
[14.66] [0.93] [1.77] [1.52] [1.40]


12 459 479 572 616 638
[12.98] [0.78] [1.48] [1.25] [1.14]


13 460 479 575 617 639
[18.68] [1.54] [1.13] [0.87] [1.21]


14 461 480 576 619 640
[19.95] [1.63] [1.35] [0.95] [1.38]


Table 3. Photophysical data of expanded corrole–ferrocene conjugates in CH2Cl2 at 300 K.


Compound labs lem Stokes shift ff (10
�4) t [ns] kf x10


�6 knr 910
�8


[nm] [nm] [cm�1] [s�1] [s�1]


7a 447 713 8346 5.78 4.78 0.12 2.09
7b 446 714 8415 8.52 4.40 0.19 2.27
7c 446 714 8415 10.47 4.62 0.23 2.16
7d 446 714 8415 8.47 4.53 0.18 2.20
8a 450 716 8255 21.1 1.97 1.07 5.06
8b 448 719 8413 19.5 2.95 0.66 3.33
8c 448 719 8413 20.3 2.42 0.83 4.12
9a 451 717 8225 79.7 1.66 4.80 5.97
9b 450 719 8314 84.17 2.16 3.89 4.59
9c 450 720 8333 84.6 1.93 4.38 5.13
12 459 715 7800 4.56 3.79 0.11 2.63
1 443 706 8409 240 5.27 4.55 1.85
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tems [1.47–1.49 I], where strong p-electronic communica-
tions are observed. A comparison of the important bond dis-
tances and dihedral angles of 3, 7a and 7d is listed in
Table 5. The aromatic nature of the 22 p expanded corrole


is confirmed by the Cb–Cb distances of heterocyclic rings.
For example Cb–Cb distance in furan ring is 1.353 I, where-
as Ca–Cb distance is 1.406 I. This agrees well with data for
expanded porphyrins reported in the literature.[2]


Figure 6. Cyclic voltammograms (c) and differential pulse voltammograms (a) of a) 1, b) 2, c) 7a, and d) 8a, e) 9b and f) 13 in CH2Cl2 containing
0.1m TBAPF6, recorded at 100 mVs�1 scan speed.


Chem. Eur. J. 2005, 11, 5695 – 5707 B 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5701


FULL PAPERCorrole–Ferrocene Conjugates



www.chemeurj.org





Another important observation on the crystal structure of
7a is that one methanol solvent molecule is trapped inside
the cavity of the macrocycle. The solvent methanol is held
by two hydrogen-bonding interactions between the metha-
nol oxygen and the hydrogen atoms attached to the pyrrole
N1 and N2 rings (O2···H101, 2.617 I, 138.18 ; O2···H201,
2.317 I, 136.38).


Electrochemical studies : The redox behavior of various ex-
panded corrole–ferrocene conjugates was monitored by
cyclic voltammetric studies. Electrochemical data of expand-
ed corrole–ferrocene conjugates, rhodium complexes along
with free ferrocene, dipyrromethanes and the conjugates,
are listed in Table 6. Some typical cyclic voltammograms
overlayed with differential pulse voltammograms of expand-
ed corroles in the positive potential region are shown in
Figure 6. In general one would expect to see three couples;
one for ferrocene and two for ring oxidations of expanded


corroles. From the table, the
following important observa-
tions are apparent; i) the poten-
tial for the ferrocene couple is
more positive in conjugates rel-
ative to free ferrocene, which
suggests a harder oxidation of
ferrocene in the conjugates; ii)
the magnitude of the positive
shift for the ferrocene couple
depends on the nature of the
spacers; the maximum shifts
(117–127 mV) are observed for
the spacer having -C�C�Ph
group; iii) the positive shift of
the ferrocene couple clearly
suggests that the ferrocene
group is acting as an electron
donor, pumping electron densi-
ty to the corrole p system; iv)
the expanded corrole ring
shows two quasi-reversible oxi-
dations and the first ring oxida-
tion is easier than 1, which indi-
cates the electron acceptor
nature of the expanded corrole
p system. The maximum effect
is seen (102 mV) for 2 since the
ferrocene is directly attached to
the corrole p skeleton. The
second oxidation potential de-
pends on the nature of the sub-
stituents. For mesityl substitu-
ents, the shifts are positive (12–
27 mV) and for tolyl and tert-
Bu substituents shifts are nega-
tive (12–36 mV); v) metallation
of the corrole ring results in
positive shift for the oxidation


in contrast to freebase. This is probably due to lowering of
the symmetry of the macrocycle upon metallation. Thus
taken together the electrochemical data clearly supports the
electronic interaction between the ferrocene group and the
expanded corrole ring.


Nonlinear optical studies : The electron donating behavior of
the ferrocene group in expanded corrole conjugates prompt-
ed us to perform preliminary non linear optical studies for
the suitability as second order non linear optical materials.
We have measured the molecular first hyperpolarizabilities
(b) by hyper-Rayleigh scattering (HRS) method for com-
pounds 7a–9c and the b values are listed in Table 7. For the
sake of comparison, b values are also measured for com-
pound 1 and 2 by HRS method at 1064 nm. A typical linear
dependence of HRS intensity on chromophore number den-
sity for 9b is shown in Figure 9. From the slope of plot, we
extracted hyperpolarizability values after comparison with


Figure 7. Single crystal X-ray structure of 7a with one trapped methanol molecule a) top view; b) side view
(meso-phenyl rings are omitted for clarity).
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p-nitroaniline (pNA) as an external reference. It is clearly
seen from the Table that the b values for compounds 7a–9c
are roughly 4–5 times larger compared to corresponding,
structurally similar tetraphenylporphyrin derivatives,[21]


which have donor–acceptor group present on meso phenyl
substituents. This observation clearly suggests that the
second order nonlinear optical response can be enhanced by
enhancing the availability of mobile electrons in the p skele-
ton, which in turn can play a key role in enhancing the po-
larization of molecular system (tetraphenyl porphyrin has 18
p electrons where the expanded corrole conjugates have 22
p electrons). However it should be mentioned here that the
b values observed in the present study are only moderate
considering the fact that these macrocycles have large no of
p electrons. This is due to the nonplanar orientation of the
corrole p system, ferrocene and the spacer. It has been
shown that the b values can be increased substantially when
the donor–acceptor groups, the p system and the linker are
in the same plane, where the effective charge transfer polar-
ization can be increased.[22] In the present case the X-ray


crystal structure clearly shows
that the ferrocene group, the
phenyl linker and the corrole
skeleton are not oriented in the
same plane thus reducing the b


values.


Conclusion


Syntheses of stable expanded
corrole–ferrocene conjugates,
with different spacers between
ferrocene and corrole, have
been achieved in moderately
good yields by employing
“[3+2]” acid-catalyzed oxida-
tive coupling of appropriate
precursors. The molecular first
hyperpolarizabilities (b) mea-
sured show larger values for the
22 p systems relative to struc-
turally similar 18 p porphyrin
revealing the fact that nonlinear
response can be enhanced by
increasing the number of p


electrons in conjugation. The
covalent linking of ferrocene to
macrocycle leads to moderate
electronic communication be-
tween the ferrocenyl moiety
and macrocycle p system as ob-
served from spectroscopy and
electrochemical measurements.
The single-crystal X-ray struc-
ture of 7a and 7d confirms the
proposed structure. It is antici-


pated that this research effort in the field of expanded cor-
roles, which has long stood in the shadow of expanded por-
phyrins, will now receive renewed impetus as a result of
easy syntheses of stable meso-aryl expanded corroles. De-
tailed studies in this direction are under way in our labora-
tory.


Experimental Section


Instrumentation : Electronic spectra were recorded on a Perkin–Elmer
Lambda 20 UV/Vis spectrophotometer. Proton NMR spectra were ob-
tained on a 400 MHz Jeol spectrometer in CDCl3. FAB-MS spectra were
obtained on a Jeol-SX-120/DA6000 spectrometer. The Fluorescence spec-
tra were recorded on a SPEX-Fluorolog F112X spectrofluorimeter. Fluo-
rescence lifetime was measured on a IBH picosecond single photon
counting system using a 440 nm IBH NanoLED source and Hamamatsu
C4878–02 MCP detector. The fluorescence decay profiles were deconvo-
luted using IBH data station software V2.1, fitted with mono or biexpo-
nential decay.


Figure 8. Single crystal X-ray structure of 7d a) top view; b) side view (meso-phenyl rings are omitted for clari-
ty).
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X-ray crystallographic studies : The crystals were immersed in hydrocar-
bon oil (Paraton N), a single crystal selected, mounted on a glass fiber
and placed in the low-temperature N2 stream.[15] Intensity data were col-
lected at 210 K with a Stoe IPDS2 system utilizing MoKa radiation (l=
0.71073 I). The intensities were corrected for Lorentz and polarization
effects. The structure was solved with Direct Methods using the
SHELXTL PLUS program system[16a] and refined against jF 2 j with the
program XL-97 by using all data.[16b] Hydrogen atoms were placed geo-
metrically and refined by using a riding model, including free rotation
about C�C bonds for methyl groups with Uiso constrained at 1.2 for non-


methyl groups, and 1.5 for methyl groups times Ueq of the carrier carbon
atom. All non hydrogen atoms were refined anisotropically.


CCDC-261725 (3), -261726 (7a) and -261727 (7d) contain the supple-
mentary crystallographic data for this
paper. These data can be obtained
free of charge from The Cambridge
Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif/.


Hyper-Rayleigh scattering (HRS)
measurements : First hyperpolarizabili-
ty of all the molecules was determined
by HRS technique using external ref-
erence method. Experiments were car-
ried out in dichloromethane employ-
ing a fundamental wavelength
(1064 nm) of a Q-switched Nd/YAG
laser (Lab 170, Spectra Physics, 10 Hz,
8 ns). All the data were collected at
laser powers 17–20 mJ per pulse. The
experimental setup used for the HRS
measurements was similar to previous
description.[17] In brief, the exciting
beam was focused by a biconvex lens
(f.l. 8 cm) to a spot 5 cm away after
passing through the cylindrical glass
cell containing the sample. A visible
photomultiplier tube (PMT) collects


scattered light in the perpendicular direction. A high through-put mono-
chromator (Jobin Yvon, TRIAX 550) was used for wavelength dispersion
and no other collection optics was employed. The monochromator was
scanned and at each wavelength, the signal output from the PMT was
averaged over 256 laser shots. The input power was monitored using a
power meter. The intensity of the second harmonic scattered light, I2w
(taken from peak of Lorentzian fit) for a two component mixture of sol-
vent and solute is given by Equation (3):


I2w ¼ GfNsolvent � b 2
solvent þ Nsolute � b 2


soluteg � I 2
w


ð3Þ


Table 4. Crystallographic data for 4-ferrocenylphenyl dipyrromethane
and expanded corrole–ferrocene conjugates.


3 7a 7d


solvent for crystalliza-
tion


CH2Cl2/
hexane


CH2Cl2/
MeOH


CH2Cl2/
MeOH


empirical formula C38H36Fe2N4 C57H48FeN4O C57H48FeN4O
T [K] 210(2) 210 210
crystal system orthorhombic monoclinic orthorhombic
space group Pbca P21/c Pna21
V [I3] 3793.4(6) 4421.1(4) 4277(3)
a [I] 14.5304(14) 15.9431(7) 17.796(5)
b [I] 10.3167(10) 12.5532(8) 24.892(5)
c [I] 25.305(2) 22.1151(10) 9.655(5)
a [8] 90.00 90.00 90.00
b [8] 90.00 92.716(4) 90.00
g [8] 90.00 90.00 90.00
Z 8 4 4
1calcd [Mgm�3] 1.423 1.341 1.337
refl. measured/ 23104 33413 26660
unique 4603 7562 9929
R (in) 0.0830 0.0517 0.0777
F(000) 1696 1880 1808
limiting �19�h�12 �18�h�18 �22�h�22
indices �13�k�13 �14�k�14 �18�k�33


�33� l�27 �26� l�26 �13� l�12
GoF (F 2) 1.071 0.883 1.121
final R indices [I>2sI]
R1 0.0632 0.0387 0.0973
wR2 0.1185 0.0880 0.187
R indices all data
R1 0.0990 0.0652 0.133
wR2 0.1311 0.0940 0.2022


Table 5. Important bond lengths and dihedral angles for 3, 7a and 7d.[a]


3 7a 7d


bond length [I] C5�C10 1.528(4) C15�C42 1.484(3) C9�C26 1.481(8)
C13�C16 1.474(4) C45�C48 1.478(4) C34�C41 1.499(8)


C6�C33 1.507(3) C8�C28 1.507(7)
C1�C24 1.507(3) C7�C10 1.514(8)


dihedral angle [8] A 14.22(9) B 56.71(8) B1 45.80(8)
C 89.98(6) C1 67.66(7)
D 85.21(5) D1 87.81(9)
E 22.59(9) E1 22.40(6)
F 37.15(9) F1 23.48(6)


[a] A is the dihedral angle between phenyl ring and Cp ring of ferrocene; B is the dihedral angle between
phenyl ring attached to C15 carbon and expanded corrole plane formed by three meso carbons; C is the dihe-
dral angle between mesityl ring attached to C1 carbon and expanded corrole plane formed by three meso car-
bons; D is the dihedral angle between mesityl ring attached to C6 carbon and expanded corrole plane formed
by three meso carbons; E is the dihedral angle between Cp ring of ferrocene and expanded corrole plane
formed by three meso carbons; F is the dihedral angle between phenyl ring attached to C15 carbon and Cp
ring of ferrocene. Similarly B1, C1, D1, E1, and F1 are the corresponding dihedral angles for compound 7d.


Table 6. Electrochemical data for expanded corrole–ferrocene conjugates
along with free ferrocene and dipyrromethanes using 0.1m TBAPF6


(tetra-n-butylammonium hexafluorophosphate) as the supporting electro-
lyte in CH2Cl2, potential range scanned from �1–1.5 V versus Ag/Ag+


recorded at 100 mVs�1 scan speed.


Compound Expanded ring Ferrocenyl ring
E ox


1=2
(1) [V] E ox


1=2
(2) [V] E ox


1=2
[V]


Fc – – 0.202
3 – – 0.215
4 – – 0.293
5 – – 0.208
1 0.140 0.468 –
2 0.038 0.606 0.296
7a 0.115 0.495 0.258
7b 0.129 0.444 0.260
7c 0.110 0.440 0.248
7d 0.114 0.433 0.250
8a 0.129 0.490 0.329
8b 0.128 0.448 0.319
8c 0.096 0.430 0.324
9a 0.141 0.479 0.245
9b 0.135 0.432 0.240
9c 0.136 0.433 0.245
10 0.209 0.532 0.262
11 0.182 0.538 0.252
12 0.196 0.520 0.248
13 0.181 0.535 0.324
14 0.218 0.527 0.240
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The quadratic coefficient Iw/I
2
w varies linearly with number density, Nsolute


of the solute, if b and N for the solvent were fixed. HRS measurements
were carried for all compounds in the concentration range varying from
10�5–10�6m. Since low concentrations of solute were used, we assume
that the presence of the solute molecules does not change the number
density of the solvent molecules, Nsolvent significantly. First the b value of
p-nitroaniline (pNA) was studied as 18.7910�30esu in chloroform by ex-
ternal reference method[18] using pNA in dioxane as the reference.


Chemicals : All NMR solvents were used as received. Solvents like di-
chloromethane, tetrahydrofuran and n-hexane were purified and distilled
by standard procedures. Tetra-n-butyl ammonium hexafluorophosphate
from Fluka was used as the supporting electrolyte for cyclic volatammet-
ric studies. 2.5-Bis(phenyl hydroxy methyl)furan and 16-oxatripyrrane
(6a–d) were prepared according to the published procedure[9] and stored
under inert atmosphere at �10 8C.
Syntheses


4-Ferrocenylbenzaldehyde : 4-Ferrocenylbenzaldehyde was prepared via
suitable modifications of literature procedures.[19] Thionyl chloride
(1.09 mL, 15 mmol) dropwise over 10 min was added under ice-cooling to
a stirred solution of 4-aminobenzoic acid (1.38 g, 10 mmol) in methanol


(15 mL). After stirring the reaction mixture for 3 h, methanol was distil-
led out and water (25 mL) was added. The separated ester was extracted
with ethyl acetate and washed with saturated sodium bicarbonate solu-
tion. Drying (Na2SO4) and evaporation of ethyl acetate gave the ester in
pure form (1.30 g, 95%).


The above ester was dissolved in (5 mL H2SO4 + 10 mL water) in ice
bath and to this solution NaNO2 (0.7 g, 10 mmol in 5 mL water) was
added dropwise at 0–5 8C. The solution was poured immediately to ferro-
cene (1.67 g, 9 mmol in 100 mL acetic acid) and was stirred over night.
Et2O (200 mL) was added and the workup was done by Et2O (39
200 mL) and organic layer was washed with sat. NaHCO3 and dried over
MgSO4. It was then purified by column chromatography over silica gel
eluting first with petroleum ether (to remove unreacted ferrocene) and
then with ethyl acetate/petroleum ether 5:95; yield: 1.80 g, 60%.


A solution of methyl 4-ferrocenylbenzoate (1.10 g, 3.4 mmol) in THF
(10 mL) was added dropwise to a suspension of LiAlH4 (105 mg,
2.7 mmol) in THF (10 mL) the mixture was stirred at room temperature
for 2 h under N2.Then it was quenched by ice and aq. NaOH. Et2O
(40 mL) was added. The ether layer was washed with water and brine,
dried (MgSO4), and concentrated affording a yellow solid (900 mg,
90%). A sample of the alcohol (630 mg, 2.16 mmol) was added to a sus-
pension of 2-iodoxybenzoic acid (IBX) in acetone (20 mL). The mixture
was stirred under N2 at room temperature for 2 h. it was filtered and
dried (MgSO4). The filtrate was concentrated and chromatographed
(silica gel, ethyl acetate/hexane 4:96) affording the title compound
(540 mg, 88%). FAB-MS: m/z (%): 290 (100) [M +]; 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=9.90 (s, 1H), 7.72 (d, J=8 Hz, 2H), 7.52 (d, J=
8 Hz, 2H), 4.67 (A2B2, J=1.6 Hz, 2H), 4.36 (A2B2, J=1.6 Hz, 2H), 3.98
(s, 5H); elemental analysis calcd (%) for C17H14FeO: C 70.37, H 4.86;
found: C 70.42, H 4.80.


The respective aldehydes for dipyrromethane 4 and 5 were synthesized
by following the general procedure[19,20] in the literature.


5-(4-Ferrocenylphenyl) dipyrromethane (3): A mixture of pyrrole (3 mL,
43 mmol) and 4-ferrocenylphenyl benzaldehyde (0.5 g, 1.7 mmol) was de-
gassed by bubbling argon for 10 min. Trifluoroacetic acid (0.01 mL,
0.17 mmol) was added, the mixture was stirred at room temperature for
20 min. It was diluted with CH2Cl2 (50 mL) and then washed with 0.1m
NaOH. The organic layer was dried over anhydrous sodium sulfate. The
solvent was removed under reduced pressure and the unreacted pyrrole
was removed by vacuum distillation at room temperature. The resulting
viscous liquid was purified by column chromatography (silica gel (100–
200 mesh), ethyl acetate/petroleum ether 5:95), evaporation gave 3 as a
pale yellow solid (0.60 g, 75%); FAB-MS: m/z (%): 406 (100) [M +];
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=7.9 (br s, 2H), 7.35 (d, J=
8.3 Hz, 2H), 7.06 (d, J=8.3 Hz, 2H), 6.65 (m, 2H), 6.1 (m, 2H), 5.87 (d,
2H), 5.39 (s, 1H), 4.53 (t, 2H), 4.23 (t, 2H), 3.97 (s, 5H); elemental anal-
ysis calcd (%) for C25H22N2Fe: C 73.87, H 5.45, N 6.89; found: C 73.61, H
5.59, N 6.31.


The above procedure was followed using respective aldehydes to get
other dipyrromethanes.


Compound 4 : FAB-MS: m/z (%): 430 (100) [M +]; 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=7.92 (br s, 2H), 7.42 (d, J=8.1 Hz, 2H), 7.16 (d,
J=8.1 Hz, 2H), 6.70 (d, 2H), 6.16 (m, 2H), 5.91 (d, 2H), 5.46 (s, 1H),
4.49 (t, 2H), 4.23 (m, 7H); elemental analysis calcd (%) for C27H22N2Fe:
C 75.32, H 5.15, N 6.51; found: C 75.21, H 5.59, N 6.42.


Compound 5 : FAB-MS: m/z (%): 506 (100) [M +]; 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=7.95 (br s, 2H), 7.47 (m, 6H), 7.20 (d, 2H), 6.72
(d, 2H), 6.17 (m, 2H), 5.90 (d, 2H), 5.49 (s, 1H), 4.66 (d, J=1.6 Hz, 2H),
4.35 (d, J=1.6 Hz, 2H), 4.03 (s, 5H); elemental analysis calcd (%) for
C33H26N2Fe: C 78.23, H 5.17, N 5.53; found: C 78.01, H 5.39, N 5.31.


5,10-Mesityl-19-(4-ferrocenylphenyl)-25-oxa smaragdyrin (7a): Oxatripyr-
rane 6a (0.406 g, 0.869 mmol) and 5-(4-ferrocenylphenyl)dipyrromethane
3 (0.350 g, 0.869 mmol) were dissolved in dry dichloromethane (250 mL)
and stirred under nitrogen atmosphere for 5 min. TFA (0.006 mL,
0.089 mmol) was added and the stirring was continued for further 90 min.
Chloranil (0.640 g, 2.6 mmol) was added and the reaction mixture was ex-
posed to air and heated under reflux for a further 90 min. The solvent


Table 7. HRS hyperpolarizabilities (b) measured at 1064 nm for 7a–11.


Compound b (10�30 esu)


1 33.3
2 32.8
7a 16.6
7b 27.2
7c 28.5
7d 26.8
8a 20.4
8b 19.9
8c 20.2
9a 30.2
9b 32.9
9c 29.5
10 19.8
11 31.8


Figure 9. I2w/I
2
w versus number density of 9b in CH2Cl2. The solid line is


best linear fit; b1064 nm = 32.9910�30 esu, solvent: CH2Cl2.
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was evaporated in vacuum. The residue was purified by chromatography
on a basic alumina column, second green band which eluted with di-
chloromethane gave 7a (0.18 g, 25%), which decomposed above 320 8C.
FAB-MS: m/z (%): 862 (100) [(M+2)+]; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=9.34 (d, J=4.2 Hz, 2H), 9.26 (d, J=4.2 Hz, 2H), 8.92 (d,
J=4.2 Hz, 2H), 8.47 (s, 2H), 8.25 (d, J=4.2 Hz, 2H), 8.24 (d, J=7.8 Hz,
2H), 7.86 (d, J=7.8 Hz, 2H), 7.25 (s, 1H), 4.87 (s, 2H), 4.42 (s, 2H), 4.42
(s, 2H), 4.2 (s, 5H), 2.57 (s, 6H), 1.86 (s, 12H); UV/Vis (CH2Cl2): lmax


(e910�4m�1 cm�1): 447 (17.34), 555 (1.29), 594 (1.05), 636 (0.9), 700 nm
(1.21); (CH2Cl2/TFA): lmax (e910�4m�1 cm�1): 452 (11.7), 485 (sh, 5.7),
610 (0.6), 662 (0.8), 730 nm (2.4); elemental analysis calcd (%) for
C57H48N4OFe: C 79.51, H 5.61, N 6.51; found: C 79.01, H 5.59, N 6.31.


The above procedure was followed using respective oxatripyrranes 7b–9c
to get other expanded corrole–ferrocene conjugates.


Compound 7b : FAB-MS: m/z (%): 805 (100) [M+H+]; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=9.37 (d, 2H), 9.29 (d, 2H), 8.94 (d,
2H), 8.66 (s, 2H), 8.34 (d, 2H), 8.24 (d, 2H), 8.00 (d, 4H), 7.88 (d, 2H),
7.52 (d, 4H), 4.86 (s, 2H), 4.41 (t, 2H), 4.20 (s, 5H), 2.65 (s, 6H); UV/Vis
(CH2Cl2): lmax (e910�4m�1 cm�1): 446 (18.9), 555 (1.4), 594 (1.0), 637
(0.8), 700 nm (1.3); (CH2Cl2/TFA): lmax (e910


�4
m


�1 cm�1): 452 (15.6), 484
(sh, 6.2), 610 (1.2), 668 (1.5), 736 nm (3.2); elemental analysis calcd (%)
for C53H40N4OFe: C 79.07, H 5.01, N 6.96; found: C 78.81, H 4.89, N
7.11.


Compound 7c : FAB-MS: m/z (%): 890 (100) [(M+2)+]; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=9.46 (d, J=4 Hz, 2H), 9.38 (d, J=
3.6 Hz, 2H), 9.03 (d, J=3.6 Hz, 2H), 8.75 (s, 2H), 8.47 (d, J=4 Hz, 2H),
8.32 (d, J=7.6 Hz, 2H), 8.13 (d, J=8 Hz, 4H), 7.96 (d, J=7.6 Hz, 2H),
7.81 (d, J=8 Hz, 4H), 4.94 (s, 2H), 4.50 (d, 2H), 4.29 (s, 5H), 1.65 (d,
18H); UV/Vis (CH2Cl2): lmax (e910


�4
m


�1 cm�1): 446 (18.2), 554 (1.5), 594
(1), 637 (0.9), 700 nm (1.3); (CH2Cl2/TFA): lmax (e910�4m�1 cm�1): 452
(15.3), 486 (sh, 5.3), 607 (0.5), 664 (0.4), 733 nm (2.5); elemental analysis
calcd (%) for C59H52N4OFe: C 79.67, H 5.89, N 6.33; found: C 79.61, H
5.69, N 6.39.


Compound 7d : FAB-MS: m/z (%): 861 (100) [M+H+]; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=9.37 (d, 2H), 9.29 (d, 2H), 8.94 (d,
2H), 8.67 (s, 2H), 8.36 (d, 2H), 8.24 (d, J=7.6 Hz, 2H), 8.03 (d, J=
7.3 Hz, 4H), 7.87 (d, J=7.6 Hz, 2H), 7.57 (d, J=7.3 Hz, 4H), 4.86 (t,
2H), 4.42 (t, 2H), 4.19 (s, 5H), 3.21 (t, 2H), 1.49 (d, 12H); UV/Vis
(CH2Cl2): lmax (e910�4m�1 cm�1): 446 (18.2), 554 (1.5), 594 (1.0), 637
(0.9), 700 nm (1.4); (CH2Cl2/TFA): lmax (e910


�4
m


�1 cm�1): 452 (14.3), 485
(sh,), 608 (5.9), 665 (1.2), 734 nm (2.6); elemental analysis calcd (%) for
C57H48N4OFe: C 79.51, H 5.61, N 6.51; found: C 78.91, H 5.59, N 6.31.


Compound 8a : FAB-MS: m/z (%): 886 (100) [(M+2)+]; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=9.46 (d, J=4.4 Hz, 2H), 9.37 (d, J=
4 Hz, 2H), 8.95 (d, J=4 Hz, 2H), 8.59 (s, 2H), 8.37 (d, J=4.4 Hz, 2H),
8.35 (d, J=8.4 Hz, 2H), 7.97 (d, J=8.4 Hz, 2H), 7.33 (s, 4H), 4.67 (t,
2H), 4.38 (d, 7H), 2.65 (s, 6H), 1.92 (s, 12H); UV/Vis (CH2Cl2): lmax (e9
10�4m�1 cm�1): 450 (22.5), 557 (1.9), 597 (1.6), 639 (1.4), 703 nm (1.9);
(CH2Cl2/TFA): lmax (e910


�4
m


�1 cm�1): 454 (18.6), 485 (sh, 6.8), 610 (1.1),
662 (1.3), 730 nm (3.2); elemental analysis calcd (%) for C59H48N4OFe: C
80.06, H 5.47, N 6.33; found: C 80.01, H 5.59, N 6.41.


Compound 8b : FAB-MS: m/z (%): 852 (100) [(M+2)+]; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=9.51 (d, J=4.2 Hz, 2H), 9.41 (d, J=
4.1 Hz, 2H), 8.99 (d, J=4.1 Hz, 2H), 8.78 (s, 2H), 8.48 (d, J=4.2 Hz,
2H), 8.37 (d, J=8.0 Hz, 2H), 8.09 (d, J=7.8 Hz, 4H), 7.97 (d, J=8.0 Hz,
2H), 7.62 (d, J=7.8 Hz, 4H), 4.67 (s, 2H), 4.35 (m, 7H), 2.73 (s, 6H);
UV/Vis (CH2Cl2): lmax (e910


�4
m


�1 cm�1): 448 (21.6), 555 (1.5), 595 (1.2),
640 (0.9), 703 nm (1.5); (CH2Cl2/TFA): lmax (e910


�4
m


�1 cm�1): 453 (19.5),
485 (sh, 6.8), 609 (1.3), 664 1.5), 733 nm (3.4); elemental analysis calcd
(%) for C57H40N4OFe: C 80.25, H 4.73, N 6.57; found: C 80.01, H 4.59, N
6.41.


Compound 8c : FAB-MS: m/z (%): 914 (100) [(M+2)+]; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=9.51 (d, 2H), 9.42 (d, 2H), 9.00 (d,
2H), 8.78 (s, 2H), 8.50 (d, 2H), 8.36 (d, 2H), 8.13 (d, 2H), 7.98 (d, 2H),
7.82 (d, 4H), 4.62 (s, 2H), 4.37 (d, 7H), 1.67 (s, 18H); UV/Vis (CH2Cl2):
lmax (e910�4m�1 cm�1): 449 (19.5), 556 (1.6), 595 (1.3), 639 (1), 703 nm
(1.5); (CH2Cl2/TFA): lmax (e910


�4
m


�1 cm�1): 454 (14.5), 485 (sh, 4.6), 612


(1.1), 665 (1.2), 733 nm (3.2); elemental analysis calcd (%) for
C61H52N4OFe: C 80.23, H 5.74, N 6.13; found: C 80.01, H 5.80, N 6.21.


Compound 9a : FAB-MS: m/z (%): 962 (50) [(M+2)+]; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=9.46 (d, J=4.2 Hz, 2H), 9.37 (d, J=
4.3 Hz, 2H), 8.97 (d, J=4.3 Hz, 2H), 8.59 (s, 2H), 8.39 (d, J=4.2 Hz,
2H), 8.37 (d, 2H), 8.02 (d, 2H), 7.62 (d, J=8.1 Hz, 2H), 7.50 (d, J=
8.1 Hz, 2H), 7.34 (m, 4H), 4.73 (d, 2H), 4.39 (s, 2H), 4.09 (s, 5H), 2.65
(s, 6H), 1.92 (s, 12H); UV/Vis (CH2Cl2): lmax (e910�4m�1 cm�1): 451
(23.2), 557 (1.6), 596 (1.3), 640 (1.1), 704 nm (1.6); (CH2Cl2/TFA): lmax


(e910�4m�1 cm�1): 455 (19.5), 485 (sh, 6.7), 612 (1.5), 662 (1.7), 730 (4.6);
elemental analysis calcd (%) for C65H52N4OFe: C 81.22, H 5.45, N 5.83;
found: C 81.28, H 5.59, N 5.90.


Compound 9b : FAB-MS: m/z (%): 906 (100) [(M+2)+]; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=9.51 (d, 2H), 9.42 (d, 2H), 8.99 (d,
2H), 8.78 (s, 2H), 8.49 (d, 2H), 8.40 (d, 2H), 8.09 (m, 8H), 7.61 (m, 4H),
7.55 (d, 2H), 4.73 (s, 2H), 4.39 (s, 2H), 4.10 (s, 5H), 2.73 (s, 6H); UV/Vis
(CH2Cl2): lmax (e910


�4
m


�1 cm�1): 450 (24.8), 556 (1.7), 595 (1.4), 640 (1),
704 nm (1.7); (CH2Cl2/TFA); lmax (e910


�4
m


�1 cm�1): 455 (21.3), 485 (sh,
7.2), 610 (1.6), 664 (1.8), 733 nm (4.3); elemental analysis calcd (%) for
C61H44N4OFe: C 80.94, H 4.91, N 6.19; found: C 80.81, H 4.99, N 6.31.


Compound 9c : FAB-MS: m/z (%): 990 (100) [(M+2)+]; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=9.52 (d, 2H), 9.43 (d, 2H), 9.00 (d,
2H), 8.80 (s, 2H), 8.51 (d, 2H), 8.40 (d, J=7.8 Hz, 2H), 8.14 (d, J=
7.8 Hz, 4H), 8.04 (d, J=8.3 Hz, 2H), 7.81 (d, J=7.8 Hz, 4H), 7.62 (d, J=
7.8 Hz, 2H), 7.55 (d, J=8.3 Hz, 2H), 4.73 (d, 2H), 4.34 (d, 2H), 4.10 (s,
5H), 1.63 (s, 18H); UV/Vis (CH2Cl2): lmax (e910


�4
m


�1 cm�1): 450 (24.6),
556 (1.3), 594 (1.1), 640 (0.9), 704 nm (1.6); (CH2Cl2/TFA): lmax (e9
10�4m�1 cm�1): 455 (20.7), 486 (sh, 5.2), 610 (1.3), 664 (1.4), 734 nm (3.9);
elemental analysis calcd (%) for C67H56N4OFe: C 81.34, H 5.71, N 5.66;
found: C 81.11, H 5.59, N 5.53.


(5,10-(p-Methyl-diphenyl)-19-(4-ferrocenylphenyl)-25-oxasmaragdyrina-
to) dicarbonyl rhodium-(I) (10): Compound 7b (0.030 g, 0.037 mmol) was
dissolved in alcohol-free dichloromethane (40 mL). Anhydrous sodium
acetate (0.030 g, 0.37 mmol) was added to the solution followed by di-m-
chlorobis[dicarbonylrhodium(i)] (0.020 g, 0.05 mmol), and the mixture
was stirred under reflux for 2 h. The solvent was evaporated and was
chromatographed by using a silica gel column with dichloromethane solu-
tion. Removal of the solvent gave a purple solid (0.032 g, 95%), which
was recrystallized from a dichloromethane/n-hexane mixture. FAB-MS:
m/z (%): 961 (70) [M+H+]; 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d=9.44 (dd, 2H), 9.12 (d, J=4.4 Hz, 2H), 8.77 (d, J=4.4 Hz, 2H), 8.76
(s, 2H), 8.45 (dd, 2H), 8.13 (m, 4H), 7.97 (d, 2H), 7.84 (d, 2H), 7.55 (m,
4H), 4.47 (s, 2H), 4.42 (s, 2H), 4.20 (s, 5H), 2.66 (s, 6H), �1.77 (s, 2H);
IR (KBr): ñ=2007, 2072 cm�1; UV/Vis (CH2Cl2): lmax (e910


�4
m


�1 cm�1):
459 (14.6), 573 (1.5), 616 (1.3), 637 (1.5), 700 nm (2.4); elemental analysis
calcd (%) for C55H38N4O3FeRh:C 68.66, H 3.98, N 5.83; found: C 68.51,
H 5.89, N 5.91.


The above procedure was followed using expanded corrole–ferrocene
conjugates 7c, 7d, 8c and 9c to get other rhodium-expanded corrole
complexes.


Compound 11: FAB-MS: m/z (%): 1047 (50) [(M+2)+]; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=9.50 (dd, 2H), 9.19 (d, 2H), 8.84 (s,
2H), 8.83 (d, 2H), 8.54 (dd, 2H), 8.24 (m, 4H), 8.09 (d, 2H), 7.91 (d,
2H), 7.82 (m, 4H), 4.94 (d, 2H), 4.50 (s, 2H), 4.27 (s, 5H), 1.64 (s, 18H),
�1.69 (s, 2H); IR (KBr): ñ=2006, 2071 cm�1; UV/Vis (CH2Cl2): lmax (e9
10�4m�1 cm�1): 459 (14.6), 479 (0.9), 573 (1.7), 616 (1.5), 638 nm (1.4); ele-
mental analysis calcd (%) for C61H50N4O3FeRh: C 70.03, H 4.82, N 5.35;
found: C 70.11, H 4.73, N 5.39.


Compound 12 : FAB-MS: m/z (%): 1018 (65) [M+H+]; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=9.50 (dd, 2H), 9.19 (d, 2H), 8.84 (d,
2H), 8.82 (s, 2H), 8.54 (dd, 2H), 8.23 (m, 4H), 8.07 (d, 2H), 7.92 (d,
2H), 7.66 (m, 4H), 4.94 (s, 2H), 4.49 (s, 2H), 4.28 (s, 5H), 3.24 (m, 2H),
1.56 (d, 12H), �1.70 (s, 2H); IR (KBr): ñ=2007, 2072 cm�1; UV/Vis
(CH2Cl2): lmax (e910�4m�1 cm�1): 459 (12.9), 479 (0.7), 572 (1.5), 616
(1.2), 638 nm (1.2); elemental analysis calcd (%) for C59H46N4O3FeRh: C
69.60, H 4.55, N 5.50; found: C 69.51, H 4.50, N 5.53.
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Compound 13 : FAB-MS: m/z (%): 1071 (40) [(M+2)+]; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=9.54 (dd, 2H), 9.22 (d, J=4.2 Hz,
2H), 8.88 (s, 2H), 8.78 (d, J=4.2 Hz, 2H), 8.57 (dd, 2H), 8.25 (m, 4H),
8.09 (d, 2H), 7.93 (d, 2H), 7.80 (m, 4H), 4.66 (s, 2H), 4.34 (s, 7H), 1.62
(s, 18H), �1.77 (s, 2H); IR (KBr): ñ=2008, 2072 cm�1; UV/Vis (CH2Cl2):
lmax (e910


�4
m


�1 cm�1): 460 (18.6), 479 (1.5), 575 (1.1), 617 (0.8), 639 nm
(1.2); elemental analysis calcd (%) for C63H50N4O3FeRh: C 70.70, H 4.71,
N 5.23; found: C 70.61, H 4.60, N 5.31.


Compound 14 : FAB-MS: m/z (%): 1147 (35) [(M+2)+]; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=9.55 (dd, 2H), 9.23 (d, J=4.2 Hz,
2H), 8.89 (s, 2H), 8.80 (d, J=4.2 Hz, 2H), 8.59 (dd, 2H), 8.26 (d, 2H),
8.11 (d, 2H), 8.07 (d, 2H), 7.82 (m, 2H), 7.63 (d, 2H), 7.53 (m, 4H), 4.73
(s, 2H), 4.40 (s, 2H), 4.10 (s, 5H), 1.64 (s, 18H), �1.89 (s, 2H); IR
(KBr): ñ = 2008, 2072 cm�1; UV/Vis (CH2Cl2): lmax (e910�4m�1 cm�1):
461 (19.9), 480 (1.6), 576 (1.4), 619 (0.9), 639 nm (1.4); elemental analysis
calcd (%) for C69H54N4O3FeRh: C 72.27, H 4.75, N 4.89; found: C 72.11,
H 4.64, N 4.71.
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Introduction


The evolution of organic synthesis relies on the design and
discovery of new reactions that generate structural complex-
ity and value with step economy.[1] Towards this end, transi-
tion-metal-catalyzed processes have become a powerful tool
for the construction of sensitive functionalized molecules
under very mild conditions.[2] Allenes are versatile building
blocks in metal-catalyzed processes but are still under utiliz-
ed in organic synthesis. In the context of heterocyclic syn-
thesis, allenes offer expeditious routes to a wide range of
oxygen and nitrogen heterocycles.[3] A further feature of in-
corporation of allenes into heterocyclic synthesis is their
ability to provide unusual substituents and substitution pat-


terns. Metal-catalyzed domino heterocyclization–functionali-
zation reaction of allenes are relatively unknown; only Trost
and Lu have independently reported the tandem cycliza-
tion–Michael addition reaction of unsubstituted at the
allene carbon atom, where the cyclization occurs, d- and g-
allenols,[4] d- and g-allenamines,[5] a-allene carbamates,[6] or
a-allenoic acids.[7] We are currently involved in a project
aimed at the synthesis of nitrogen heterocycles.[8] We report
here a novel one-pot catalyzed heterocyclization of substi-
tuted at the allene carbon a-allenols-coupling (Heck, Sono-
gashira, and Suzuki) reactions, leading to potentially bioac-
tive spirolactams.[9]


Results and Discussion


Precursors for the tandem spirocyclization–coupling reac-
tion, a-allenols 2a–d were obtained starting from a-oxolac-
tams 1a–c via indium-mediated Barbier-type carbonyl-alle-
nylation reaction in aqueous media by using our previously
described methodologies (Scheme 1).[10]


The final goal of this study was to intercept the halovinyl
moiety of a proposed dihydrofuran intermediate with a con-
venient coupling partner using a multitasking catalytic
system.[11] After considerable experimentation, it was found
that reaction of a-allenol 2a with methyl acrylate at room
temperature in acetonitrile in the presence of 9 mol% Pd-
(OAc)2, 0.2 equiv PPh3, 5 equiv LiBr, 2 equiv Cu(OAc)2 and
7 equiv K2CO3 under an atmospheric pressure of oxygen af-


Keywords: allenes · domino
reactions · lactams · palladium ·
spiro compounds


Abstract: A novel regioselective metal-catalyzed spirocyclization of a-allenols–
cross coupling (Heck, Sonogashira, and Suzuki) reaction sequence, leading to po-
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for the tandem spirocyclization–coupling reaction, a-allenols 2a–d were obtained
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forded the allene cyclization Heck trapping product 3a in a
reasonable 53% isolated yield. The use of lithium iodide in-
stead of lithium bromide in the domino sequence gave es-
sentially the same yield of 3a. Compound 3a can be consid-
ered as a hybrid scaffold as combination at the spiro junc-
tion of the oxindole and the dihydrofuran moieties.[12] When
phenylacetylene, (trimethylsilyl)acetylene, or thiophene-2-
boronic acid were used as the cross-coupling reagent under
our optimized conditions, the corresponding domino Sono-
gashira or Suzuki–Miyaura adducts 3b–d were obtained
(Scheme 2). Thus, the same catalytic system is able to pro-
mote two different, but sequential catalytic cycles, allowing
different transformations in a single reaction flask.
Having demonstrated that oxindole-tethered allenols


were viable substrates for the domino spirocyclization–cou-
pling process, we investigated the achievement of this
single-pot catalytic sequence for the synthesis of spiranic b-
lactams. Treatment of enantiopure a-allenols 2b–d with the
appropriate coupling partner under similar above conditions
for allene 2a, led to formation of the desired products 4 as
single isomers (Scheme 3).
The domino cyclization reaction is highly regioselective,[13]


giving five-membered heterocycles. Besides, the stereochem-
ical integrity of the stereogenic centers at the lactam sub-
stituents, when applicable, remained unaltered.
The formation of spirolactams 3 and 4 could be rational-


ized in terms of a novel sequence domino cyclization of a-
allenols-cross coupling reactions. A palladium(ii)-catalyzed
mechanism for the domino sequence leading to spiranic ad-
ducts 3 and 4 is proposed in Scheme 4.[14] It can be assumed
that the initially formed allenepalladium complex 5 under-


goes an intramolecular attack by the hydroxyl group (oxy-
palladation), giving rise to the spirocyclic vinylic palladium
species 6. Next, palladadihydrofuran intermediate 6 is trap-
ped by the cross-coupling reagents leading to compounds 3
and 4. For example, the palladium species 6 can then form
the intermediate 7 in a subsequent Heck reaction with acry-
late, which leads to the final spirocycles 3a, 4a, and 4b and
Pd0 in a b-hydride elimination. It is necessary for the catalyt-


Abstract in Spanish: Se ha descubierto un nuevo proceso de
espirociclaci n de a-alenoles-reacci n de acoplamiento cru-
zado (Heck, Sonogashira, y Suzuki), catalizado por un siste-
ma bimet)lico Pd–Cu, que proporciona de forma totalmente
regioselectiva lactamas espiroc�clicas potencialmente bioacti-
vas.


Scheme 1. Regioselective preparation of a-allenic alcohols 2 in aqueous
media. PMP = 4-MeOC6H4.


Scheme 2. One-pot synthesis of spirocyclic oxindoles 3 through metal-cat-
alyzed domino cyclization of a-allenols-cross coupling (Heck, Sonoga-
shira, and Suzuki) reactions. TMS = trimethylsilyl.


Scheme 3. One-pot synthesis of enantiopure spirocyclic 2-azetidinones 4
through metal-catalyzed domino cyclization of a-allenols-cross coupling
(Heck, Sonogashira, and Suzuki) reactions.
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ic cycle that Pd0 is reoxidized to PdII; this is achieved by the
addition of Cu(OAc)2, which does not interfere with the
course of the reaction.
To gain an insight into the mechanism, additional experi-


ments were carried out (Schemes 5, 6, Table 1). When the
sequence was conducted step by step, it was possible to iso-
late the bromodihydrofuran 8, which after addition of
methyl acrylate and PPh3 to the catalytic medium did not af-
forded spirolactam 3a (Scheme 5).[15] In the absence of lithi-


um bromide, the spirocyclization tandem reaction occurred
as well, but led to a significantly decreased yield of 3a
(24%) (Table 1, entry 1). The use of lithium fluoride instead
of lithium bromide in the domino sequence under the same


conditions resulted in a considerable lower yield (Table 1,
entry 2). Replacing Pd(OAc)2 with PdCl2 in the domino se-
quence gave rise to a complex mixture; bromodihydrofuran
8 was obtained as the major component (Table 1, entry 3).
The absence of Cu(OAc)2 and oxygen (Table 1, entry 4), or
the absence of LiBr, Cu(OAc)2 and oxygen (Table 1,
entry 5) on the standard reaction conditions afforded mix-
tures of the domino adduct 3a and the dihydrofuran 9 albeit
in modest yields.


Although the exact mechanism of this tandem allene het-
erocyclization reaction has yet to be elucidated, it is obvious
that the presence of the bromide ion is not essential. How-
ever, it plays an important role on increasing the yield of
the final domino adduct.[16] The bromodihydrofuran deriva-
tive 8 was not an intermediate in the formation of the


domino adduct 3a, since it was
not converted into 3a under the
reaction conditions. This result
rules out the possibility that
oxybromination occurs first, fol-
lowed by the cross-coupling re-
action. At the present time,
based on the experimental evi-
dences of Schemes 5, 6, and
Table 1, we propose the mecha-
nism outlined in Scheme 4.[14]


Conclusion


In summary, using a single catalytic system we have success-
fully accomplished an unprecedented domino cyclization of
a-allenols-cross coupling reaction strategy for the synthesis
of potentially bioactive spirolactams.


Experimental Section


General methods : Melting points were obtained with a Gallenkamp ap-
paratus and are uncorrected. IR spectra were recorded on a Perkin–
Elmer 781 spectrophotometer. 1H NMR and 13C NMR spectra were re-
corded on a Bruker Avance-300, Varian VRX-300S or Bruker AC-200.
NMR spectra were recorded in CDCl3 solutions, except otherwise stated.
Chemical shifts are given in ppm relative to TMS (1H, 0.0 ppm), or
CDCl3 (


13C, 76.9 ppm). Low and high resolution mass spectra were taken


Scheme 4. Rationalization for the metal-catalyzed domino allene cycliza-
tion–coupling sequence.


Scheme 5. Metal-catalyzed oxybromination of the a-allenol 2a followed by the addition of the cross-coupling
reagent.


Table 1. Reaction of a-allenol 2a under modified domino cyclization
conditions.[a]


Reagents[a] Product [yield (%)][b]


1 Pd(OAc)2, PPh3, Cu(OAc)2, K2CO3, O2 3a [24]
2 Pd(OAc)2, LiF, PPh3, Cu(OAc)2, K2CO3, O2 3a [18]
3 PdCl2, LiBr, PPh3, Cu(OAc)2, K2CO3, O2 8 [8]
4 Pd(OAc)2, LiBr, PPh3, K2CO3 3a [16], 9 [8]
5 Pd(OAc)2, PPh3, K2CO3 3a [10], 9 [11]


[a] All reactions were conducted in dry acetonitrile at room temperature.
[b] Yield of pure, isolated product with correct analytical and spectral
data. Disappearance of starting 2a was observed in all cases. Unidentified
decomposition products were also detected.


Scheme 6. Reaction of a-allenol 2a under modified domino cyclization
conditions.
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on a HP5989A spectrometer using the electronic impact (EI) or electro-
spray modes (ES) unless otherwise stated. Optical rotations were mea-
sured with a Perkin–Elmer 241 polarimeter. Specific rotation [a]D is
given in degcm2g�1 at 25 8C, and the concentration (c) is expressed in g
per 100 mL. All commercially available compounds were used without
further purification. THF was distilled from Na/benzophenone. Benzene,
dichloromethane and triethylamine were distilled from CaH2. Flame-
dried glassware and standard Schlenk techniques were used for moisture
sensitive reactions. Flash chromatography was performed using Merck
silica gel 60 (230–400 mesh).


Metal-catalyzed domino cyclization of a-allenols–cross coupling reac-
tions—General procedure for the synthesis of spirolactams 3a–d and
4a–d : Palladium(ii) acetate (0.009 mmol), triphenylphosphine (0.02 mmol),
lithium bromide (0.49 mmol), potassium carbonate (0.70 mmol), copper-
(ii) acetate (0.21 mmol), and the appropriate coupling reagent
(0.12 mmol) were sequentially added to a stirred solution of the corre-
sponding a-allenic alcohol 2 (0.10 mmol) in acetonitrile (5 mL). The re-
sulting suspension was stirred at room temperature under an oxygen at-
mosphere until disappearance (TLC) of the starting material. The organic
phase was diluted with brine (2 mL), extracted with ethyl acetate (5O
5 mL), washed with brine (2 mL), dried (MgSO4) and concentrated under
reduced pressure. Chromatography of the residue eluting with hexanes/
ethyl acetate mixtures gave analytically pure spirolactams 3 and 4. Spec-
troscopic and analytical data for some representative pure forms
follow.[17]


Spirolactam 3a : From a-allenol 2a (36 mg, 0.167 mmol), compound 3a
was obtained as a colorless solid (27 mg, 53%). M.p. 128–129 8C;
1H NMR (300 MHz, CDCl3, 25 8C): d=7.54 (d, J=15.9 Hz, 1H), 7.36 (td,
J=7.6, 1.6 Hz, 1H), 7.17 (ddd, J=7.3, 1.7, 0.5 Hz, 1H), 7.08 (td, J=7.3,
1.0 Hz, 1H), 6.85 (d, J=7.8 Hz, 1H), 5.79 (d, J=15.9 Hz, 1H), 5.19, 5.07
(ddd, J=11.1, 1.7, 0.7 Hz, 1H each), 3.80 (s, 3H), 3.21 (s, 3H), 1.58 (t,
J=1.7 Hz, 3H); 13C NMR (75 MHz, CDCl3, 25 8C): d=174.8, 167.0,
144.0, 141.2, 133.8, 133.0, 130.5, 127.7, 124.6, 123.4, 120.1, 108.5, 94.3,
75.8, 51.7, 26.4, 9.8; IR (CHCl3): ñ=1720, 1716 cm


�1; MS (EI): m/z (%):
299 (100) [M]+ , 284 (90) [M�CH3]+ ; elemental analysis calcd (%) for
C17H17NO4 (299.3): C 68.21, H 5.72, N 4.68; found C 68.33, H 5.75, N
4.65.


Spirolactam 3b : From a-allenol 2a (45 mg, 0.209 mmol), compound 3b
was obtained as a colorless oil (30 mg, 46%). 1H NMR (300 MHz,
CDCl3, 25 8C): d=7.60 (m, 1H), 7.31 (m, 6H), 7.12 (dd, J=7.3, 1.0 Hz,
1H), 6.85 (d, J=7.8 Hz, 1H), 5.60 (t, J=1.0 Hz, 2H), 3.23 (s, 3H), 1.49
(t, J=2.0 Hz, 3H); 13C NMR (75 MHz, CDCl3, 25 8C): d=175.4, 144.0,
140.8, 137.2, 133.6, 130.3, 128.9, 128.4, 127.7, 124.7, 123.3, 122.2, 108.4,
94.0, 77.1, 76.7, 75.8, 26.4, 10.2; IR (CHCl3): ñ = 1714 cm�1; MS (ES):
m/z (%): 316 (100) [M+H]+ , 315 (61) [M]+ ; elemental analysis calcd
(%) for C21H17NO2 (315.4): C 79.98, H 5.43, N 4.44; found C 79.84, H
5.40, N 4.46.


Spirolactam 3c : From a-allenol 2a (36 mg, 0.167 mmol), compound 3c
was obtained as a colorless oil (22 mg, 43%). 1H NMR (300 MHz,
CDCl3, 25 8C): d=7.31 (m, 2H), 7.08 (m, 1H), 6.84 (d, J=7.8 Hz, 1H),
5.54 (d, J=1.5 Hz, 2H), 3.21 (s, 3H), 1.43 (t, J=1.8 Hz, 3H), 0.30 (s,
9H); 13C NMR (75 MHz, CDCl3, 25 8C): d=171.9, 144.0, 134.3, 132.6,
130.3, 128.3, 124.7, 123.3, 108.4, 93.5, 77.2, 75.8, 74.7, 26.4, 10.1, �1.9; IR
(CHCl3): ñ=1710 cm


�1; MS (ES): m/z (%): 312 (100) [M+H]+ , 311 (10)
[M]+ ; elemental analysis calcd (%) for C18H21NO2Si (311.5): C 69.41, H
6.80, N 4.50; found C 69.55, H 6.76, N 4.53.


Spirolactam 3d : From a-allenol 2a (27 mg, 0.126 mmol), compound 3d
was obtained as a colorless oil (14 mg, 40%). 1H NMR (300 MHz,
CDCl3, 25 8C): d=7.30 (m, 3H), 7.09 (m, 2H), 7.03 (td, J=3.7, 1.0 Hz,
1H), 6.86 (d, J=7.6 Hz, 1H), 5.40, 5.28 (dq, J=11.0, 2.0 Hz, 1H each),
3.23 (s, 3H), 1.67 (t, J=1.8 Hz, 3H); 13C NMR (75 MHz, CDCl3, 25 8C):
d=172.7, 146.8, 144.2, 134.9, 130.3, 129.6, 128.3, 127.0, 125.7, 124.8, 123.3,
108.4, 87.4, 78.1, 26.4, 10.9; IR (CHCl3): ñ = 1711 cm�1; MS (ES): m/z
(%): 298 (100) [M+H]+ , 297 (16) [M]+ ; elemental analysis calcd (%) for
C17H15NO2S (297.4): C 68.66, H 5.08, N 4.71; found C 68.80, H 5.11, N
4.68.


Spirolactam (�)-4a : From a-allenol (�)-2b (32 mg, 0.098 mmol), and
after chromatography of the residue using hexanes/ethyl acetate 3:1 gave


compound (�)-4a (23 mg, 58%) as a colorless oil. [a]D=�79.7 (c=0.8 in
CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C): d=7.40 (d, J=16.1 Hz, 1H),
7.35 (m, 5H), 5.65 (d, J=16.1 Hz, 1H), 4.91 (d, J=14.4 Hz, 1H), 4.40 (m,
1H), 4.21 (d, J=14.4 Hz, 1H), 4.11 (dd, J=10.4, 6.9 Hz, 1H), 3.77 (s,
3H), 3.75 (m, 1H), 3.44 (t, J=8.9 Hz, 1H), 3.39 (dd, J=8.7, 5.5 Hz, 1H),
1.70 (t, 3H, J=1.8 Hz), 1.40, 1.35 (s, 3H each); 13C NMR (75 MHz,
CDCl3, 25 8C): d=167.5, 167.2, 135.9, 133.4, 132.6, 129.5, 129.1, 128.4,
120.9, 110.3, 102.3, 77.6, 76.1, 66.8, 64.2, 52.3, 45.8, 27.1, 25.3, 9.8; IR
(CHCl3): ñ = 1748, 1718 cm�1; MS (ES): m/z (%): 414 (100) [M+H]+ ,
413 (25) [M]+ ; elemental analysis calcd (%) for C23H27NO6 (413.5): C
66.81, H 6.58, N 3.39; found C 66.93, H 6.55, N 3.37.


Spirolactam (�)-4b : From a-allenol (�)-2c (50 mg, 0.128 mmol), com-
pound (�)-4b was obtained as a colorless oil (56%, 34 mg). [a]D=�4.6
(c=0.9 in CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C): d=7.25 (m, 9H),
6.82 (dd, J=7.7, 1.4 Hz, 1H), 5.75 (d, J=16.1 Hz, 1H), 5.10 and 4.88 (d,
J=12.0 Hz, 1H), 4.79 (d, J=14.4 Hz, 1H), 4.41 (ddd, J=8.9, 6.7, 5.9 Hz,
1H), 4.13 (m, 1H), 4.12 (d, J=14.6 Hz, 1H), 3.72 (s, 3H), 3.43 (dd, J=
8.4, 5.5 Hz, 1H), 3.28 (d, J=8.8 Hz, 1H), 1.30 and 1.19 (s, each 3H);
13C NMR (75 MHz, CDCl3, 25 8C): d=167.1, 166.5, 142.1, 135.0, 134.6,
133.9, 130.0, 129.2, 129.1, 129.0, 128.4, 128.3, 127.3, 122.1, 109.9, 102.2,
76.8, 75.7, 66.5, 64.1, 51.8, 45.1, 26.4, 24.8. ; IR (CHCl3): ñ = 1750,
1716 cm�1; MS (ES): m/z (%): 476 (100) [M+H]+ , 475 (30) [M]+ ; ele-
mental analysis calcd (%) for C28H29NO6 (475.5): C 70.72, H 6.15, N 2.95;
found C 70.58, H 6.20, N 2.98.


Spirolactam (+)-4c : From a-allenol (+)-2d (34 mg, 0.10 mmol), com-
pound (+)-4c was obtained as a colorless oil (19 mg, 43%). [a]D=++5.8
(c=0.6 in CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C): d=7.73, 6.89 (d,
J=9.0 Hz, 2H each), 5.36, 5.20 (dqd, J=12.5, 2.0, 1.0 Hz, 1H), 4.48 (m,
1H), 4.29 (dd, J=8.5, 7.1 Hz, 1H), 4.10 (d, J=8.5 Hz, 1H), 3.81 (s, 3H),
3.58 (dd, J=8.7, 6.2 Hz, 1H), 1.75 (t, 3H, J=2.1 Hz), 1.63, 1.35 (s, 3H
each), 0.08 (s, 9H); 13C NMR (75 MHz, CDCl3, 25 8C): d=167.6, 156.7,
133.2, 130.9, 129.3, 119.8, 114.1, 109.9, 103.3, 77.4, 77.2, 75.6, 74.5, 68.9,
66.7, 55.5, 26.7, 24.7, 9.8, 1.0; IR (CHCl3): ñ = 1746 cm�1; MS (ES): m/z
(%): 442 (100) [M+H]+ , 441 (15) [M]+ ; elemental analysis calcd (%) for
C24H31NO5Si (441.6): C 65.28, H 7.08, N 3.17; found C 65.39, H 7.05, N
3.15.


Spirolactam (�)-4d : From a-allenol (�)-2b (33 mg, 0.10 mmol), com-
pound (�)-4d was obtained as a colorless oil (20 mg, 47%). [a]D=�92.5
(c=0.9 in CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C): d=7.34 (m, 5H),
7.15 (m, 4H), 5.09 (dq, J=12.2, 2.0 Hz, 1H), 4.94 (d, J=14.2 Hz, 1H),
4.83 (dq, J=12.2, 2.0 Hz, 1H), 4.44 (ddd, J=8.9, 6.8, 5.4 Hz, 1H), 4.23
(d, J=14.2 Hz, 1H), 4.15 (dd, J=8.7, 7.0 Hz, 1H), 3.50 (dd, J=8.5,
5.6 Hz, 1H), 3.49 (d, J=9.0 Hz, 1H), 2.35 (s, 3H), 1.66 (t, 3H, J=
2.0 Hz), 1.41, 1.36 (s, 3H each); 13C NMR (75 MHz, CDCl3, 25 8C): d=
168.2, 138.0, 135.8, 135.1, 129.5, 129.3, 129.1, 128.5, 127.8, 127.4, 125.8,
109.8, 102.9, 78.3, 77.5, 66.5, 64.2, 45.3, 26.7, 24.9, 21.2, 9.9; IR (CHCl3): ñ
= 1751 cm�1; MS (ES): m/z (%): 420 (100) [M+H]+ , 419 (22) [M]+ ; ele-
mental analysis calcd (%) for C26H29NO4 (419.5): C 74.44, H 6.97, N 3.34;
found C 74.58, H 6.94, N 3.32.
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Laser Flash Photolysis Generation and Kinetic Studies of Corrole–
Manganese(v)-Oxo Intermediates


Rui Zhang, Dilusha N. Harischandra, and Martin Newcomb*[a]


Introduction


Organic ligand-complexed transition metal-oxo intermedi-
ates are active oxidants in a variety of metal-catalyzed reac-
tions that employ sacrificial oxidants such as hydrogen per-
oxide, peroxy acids, and iodosobenzene. Much research has
focused on 20-membered ring macrocyclic porphyrin–metal
complexes, which are mimics of heme-containing enzymes
found in nature.[1] Metal complexes with corrole ligands, tet-
rapyrrole 19-membered macrocycles that are unsaturated
analogues of the corrin ligand in cobalt-containing coen-
zymes, are relatively little studied.[2] Corrole–metal-oxo spe-
cies are inherently more stable than the corresponding por-


phyrin–metal-oxo species because corroles are tri-anionic li-
gands, whereas porphyrins are di-anionic ligands.


Progress in methods for corrole syntheses[3] resulted in in-
creased interest in corrole–metal complexes in recent
years.[4] Catalytic oxidations with the manganese(iii) com-
plex of tris(pentafluorophenyl)corrole (H3TPFC) using iodo-
sobenzene as the sacrificial oxidant were reported in 2000,[5]


and a biomimetic oxidation with an albumin-conjugated
manganese corrole was recently reported.[6] Perhalogenation
of the corrole macrocycle with bromine or fluorine results in
increased reactivity as judged by turnover numbers and bulk
oxidation velocities for the corrole–manganese complexes
under catalytic conditions with PhIO as the sacrificial oxi-
dant.[7,8] No kinetic information has been reported for cor-
role–manganese-oxo reactions, however, and the mecha-
nisms are not well understood. For example, oxidation of
the (TPFC)MnIII complex with ozone gives the
(TPFC)MnV(O) species, which does not react with styrene
at room temperature,[5] an observation that led Gross and
co-workers to the conclusion that the active oxidant in the
catalytic process has the metal ion in a higher oxidation
state than manganese(v).[5] Moreover, a high-electron
demand triazacorrolazine ligand, which one might expect to
give a quite reactive oxo species, in fact gives a mangane-
se(v)-oxo complex that is stable enough to isolate.[9]


Abstract: Corrole–manganese(v)-oxo
intermediates were produced by laser
flash photolysis of the corresponding
corrole-manganese(iv) chlorate com-
plexes, and the kinetics of their decay
reactions in CH2Cl2 and their reactions
with organic reductants were studied.
The corrole ligands studied were
5,10,15-tris(pentafluorophenyl)corrole
(H3TPFC), 5,10,15-triphenylcorrole
(H3TPC), and 5,15-bis(pentafluoro-
phenyl)-10-(p-methoxyphenyl)corrole
(H3BPFMC). In self-decay reactions
and in reactions with substrates, the


order of reactivity of (Cor)MnV(O) was
TPC > BPFMC > TPFC, which is in-
verted from that expected based on the
electron-demand of the ligands. The
rates of reactions of (Cor)MnV(O)
were dependent on the concentration
of the oxidant and other manganese
species, with increasing concentrations
of various manganese species resulting
in decreasing rates of reactions, and


the apparent rate constant for reaction
of (TPFC)MnV(O) with triphenylamine
was found to display fractional order
with respect to the manganese-oxo spe-
cies. The kinetic results are consistent
in part with a reaction model involving
disproportionation of (Cor)MnV(O) to
give (Cor)MnIV and (Cor)MnVI(O) spe-
cies, the latter of which is the active ox-
idant. Alternatively, the results are
consistent with oxidation by
(Cor)MnV(O) which is reversibly se-
questered in non-reactive complexes by
various manganese species.
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We recently introduced the use of laser flash photolysis
(LFP) methods for formation and kinetic studies of porphy-
rin–manganese-oxo derivatives[10,11] and for photo-oxidations
that give compound I and analogues, iron(iv)-oxo porphyrin
radical cations.[12] With photochemical production of reac-
tive metal-oxo transients, one has access to time scales that
are much shorter than the fastest mixing experiments, and
kinetics of oxidation reactions of the transients of interest
are not convoluted with the kinetics of reactions that form
the transients. In the present work, we report photolysis re-
actions of triarylcorrole–manganese(iv) chlorate complexes
that result in homolytic cleavage of the O�Cl bond in the
chlorate to give triarylcorrole–manganese(v)-oxo species
and kinetic studies of (Cor)MnV(O) species formed under
various conditions. The kinetic results demonstrate that re-
actions of (Cor)MnV(O) are mechanistically complex, and,
in part, they are consistent with the premise that the pre-
dominant oxidants in these systems are corrole–manga-
nese(vi)-oxo species formed at concentrations too small for
detection.[5] We also observed corrole–manganese concen-
tration-dependent inhibition of the oxidation reactions and
fractional kinetic order with respect to (Cor)MnV(O), how-
ever, which suggests an alternative mechanistic Scheme
where the corrole–manganese(v)-oxo species are the active
oxidants but can be sequestered
in unreactive complexes.


Results


We studied the three triarylcor-
role–manganese systems shown
in Scheme 1. Using abbrevia-
tions that follow those estab-
lished by Gross, the 5,10,15-
tris(pentafluorophenyl)corrole
system, labeled “a” in this
work, is (H3TPFC), and the
5,10,15-triphenylcorrole system
labeled “c” is (H3TPC). The 5,15-bis(pentafluorophenyl)-10-
(p-methoxyphenyl)corrole system (b) is abbreviated
(H3BPFMC). Each of the corrole ligands was known,[3,13,14]


as were the manganese(iii) complexes 1a[5] and 1c,[15] but
the manganese derivative 1b is new.


Oxidation of the neutral triarylcorrole–manganese(iii)
species 1 with tris(4-bromophenyl)aminium hexachloroan-
timonate gave the corrole–manganese(iv) chloride salts 2,
2a[7] and 2c[15] were known. The by-product of the oxidation
reaction, Ar3N, would interfere with kinetic studies, and
complexes 2 were purified by crystallization followed by re-
peated silica gel chromatographies until no amine could be
detected in the UV-visible spectrum. We note that silica gel
chromatography of corrole–manganese(iv) chlorides has not
been reported previously, but UV-visible spectra and thin
layer chromatography showed that the method does not
result in exchange of the tightly bound chloride anion; it is
well known that porphyrin–metal(iii) chloride complexes


can be successfully purified by silica gel chromatography.[16]


Exchange of the counterion in 2 with Ag(ClO3) gave the
corresponding chlorate salts 3 that were the desired photo-
chemical precursors. Chlorate salts 3 were prepared in situ
and used in LFP studies immediately after preparation; they
were identified only by their UV-visible spectra. The UV-
visible spectra of the various corrole species 1, 2, and 3 are
listed in Table 1. The neutral corrole complexes 1 and chlo-
ride salts 2 displayed split Soret bands, but the chlorate salts
3 did not, as illustrated in Figure 1 for the (TPFC) salts.


Irradiation of chlorate complexes 3 with 355 nm light
from a Nd/YAG laser gave results shown in Figures 2 and 3.
In Figure 2, we show the spectrum produced by LFP of pre-


Scheme 1.


Table 1. UV-visible absorbances for corrole manganese complexes.[a]


Complex Soret bands (log e) Q bands (log e)


(TPFC)MnIII (1a) 399 (4.59), 416 (4.62) 484 (4.30), 596 (4.04)
(BPFMC)MnIII (1b) 399 (4.29), 419 (4.26) 488 (4.10), 583 (3.72), 631 (3.76)
(TPC)MnIII (1c) 403 (4.42), 438 (4.30) 500 (3.86), 651 (3.55)
(TPFC)MnIV(Cl) (2a) 363 (4.42), 415 (4.67) 589 (3.63)
(BPFMC)MnIV(Cl) (2b) 360 (4.15), 411 (4.32) 600 (4.17)
(TPC)MnIV(Cl) (2c) 358 (4.49), 433 (4.66) 603 (3.61)
(TPFC)MnIV(ClO3) (3a) 429 (4.70) 595 (3.79)
(BPFMC)MnIV(ClO3) (3b) 421 (4.36) 592 (3.57)
(TPC)MnIV(ClO3) (3c) 439 (4.67) 611 (3.45)


[a] Spectra in CH2Cl2 solutions.


Figure 1. UV/Vis spectra of (TPFC)MnIVCl (2a) (dashed line) and
(TPFPC)MnIV(ClO3) (3a) (solid line).
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cursor 3a ; the Soret band from 3a was bleached, and new
signals were produced that were blue-shifted. Addition of a
scaled spectrum of the bleached precursor to the LFP spec-
trum gave the product spectrum of (TPFC)MnV(O) (4a),
which is the same as the spectrum of 4a formed by chemical
oxidation of the neutral corrole–manganese(iii) species 1a
(Figure 2b). The spectrum of photogenerated 4a also match-


ed that reported previously from ozone oxidation of the spe-
cies 1a.[5] In Figure 3, we show spectra of 4b and 4c formed
by LFP of the corresponding chlorate salts, which match the
UV/vis spectra obtained by chemical oxidation of the re-
spective (Cor)MnIII species 1b and 1c (Supporting Informa-
tion).


The UV/Vis spectra of oxo species 4 have split Soret
bands that are distinct and considerably blue-shifted from
the Soret band of the chlorate complexes 3 (Table 2). Thus,
the photolysis reactions of the chlorate complexes 3 pro-
duced neutral oxo-species 4 by homolytic cleavage of the
O�Cl bond in the chlorate counterion. The photo-induced
fragmentation reactions of chlorates 3 are directly analogous
to the photochemical cleavages of porphyrin–manganese(iii)
chlorates, which give neutral porphyrin-manganese(iv)-oxo
derivatives by homolytic cleavage of the O�Cl bonds in the
chlorates.[11]


The photochemical reaction giving 4a in CH2Cl2 was
shown to be a one-photon process in variable power experi-
ments. Specifically, the slope of a plot of the logarithm for
formation of 4a, as determined by signal intensity at
350 nm, versus the logarithm of laser power from 24 to
85 mJ was 1.14 � 0.24 (error at 2s) (Supporting Informa-
tion). The quantum yields for formation of oxo complexes 4
are given in Table 2. These values were determined with
benzophenone as the actinometric standard, where the
quantum efficiency for formation of the benzophenone trip-


let with 355 nm light is taken to be 100%.[17] The photo-in-
duced cleavages of the chlorate salts 3 are reasonably effi-
cient processes, and they would result in about 10% conver-
sion if 40 mJ of 355 nm light was used. The quantum yields
for reactions of 3 are similar to those found for photo-in-
duced homolytic cleavages of the O�Cl bonds in porphyrin–
manganese(iii) chlorate complexes.[11]


The photochemically-generated corrole–manganese(v)-
oxo species 4 in CH2Cl2 solutions decayed, initially giving
corrole–manganese(iv) species. In the example in Figure 4,
one of the split Soret bands of 4a overlaps with the major
Soret band of chloride salt 2a and the single Soret band of
chlorate salt 3a, with the result that the decrease in absorb-
ance at 400 nm over the course of the decay reaction is
somewhat less than the decay observed at 350 nm. The for-
mation of manganese(iv) species in these reactions does not
implicate one-electron reactions because the decay reactions
are relatively slow. Reaction of oxo species 4 in two-electron
reactions to give 1 followed by comproportionation of 1
with another molecule of 4 is possible, and the reaction of
1a with 4a was demonstrated (Supporting Information).


The decay reactions of species 4 were complex. The half-
lives of 4 when they were produced at about 5O10�7


m con-


Figure 2. a) LFP spectrum observed upon irradiation of (TPFC)MnIV-
(ClO3) in CH2Cl2 (3a) (dashed line), spectrum of chlorate salt 3a scaled
to give zero absorbance at 450 nm (dotted line), and spectrum of 4a from
addition of the two spectra (solid line). b) Spectrum of (TPFC)MnV(O)
(4a) formed by reaction of the neutral complex 1a with PhIO.


Figure 3. a) Spectrum of (BPFMC)MnV(O) (4b). b) Spectrum of
(TPC)MnV(O) (4c). The dashed lines are the LFP results, the dotted
lines are scaled spectra of the precursors 3, and the solid lines are spectra
of derivatives 4 obtained by addition of the other two spectra.


Table 2. Spectra of corrole–manganese(v)-oxo derivatives 4 formed by
LFP.[a]


(Cor)MnV(O) Absorption bands[b] (log e)[c] Quantum
yield[d]


(TPFC)MnV(O) (4a) 350 (4.62), 410 (4.65), 525 (4.01) 1.6O10�2


(BPFMC)MnV(O)
(4b)


354 (4.34), 410 (4.36), 535 (3.76) 1.7O10�2


(TPC)MnV(O) (4c) 356 (4.34), 415 (4.47), 550 (3.77) 3.2O10�2


[a] In CH2Cl2 solutions. [b] Absorption bands in nm. [c] The molar extinc-
tion coefficients were determined with samples of 4 prepared by oxida-
tion of 1 with PhIO. [d] From photolysis of precursors 3, in units of mol/
einstein of 355 nm light.
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centration at ambient temperature in CH2Cl2 were in the
range of 1–10 seconds, but the rates of decay were depen-
dent on the concentrations of manganese species. Table 3


lists apparent pseudo-first-order rate constants for decay of
4. We note that we solved the kinetic data for first-order
decay in order to illustrate concentration effects, but the re-
actions are not cleanly first-order in oxidant. When the con-
centrations of species 4a increased, the apparent rate of
decay decreased. From the LFP studies, one cannot deter-
mine if the kinetic inhibition was due to oxo species 4a or
its precursor 3a (or both) because the concentrations of 4a
and precursor 3a changed linearly, but stopped-flow studies
with 4a formed by stoichiometric oxidation of precursor 1a
by m-chloroperoxybenzoic acid (MCPBA) showed that any
manganese species tested had a suppressing effect on the
rates of decay. Thus, an increase in concentration of 4a in
the absence of other manganese species resulted in a de-
crease in the rate of decay. Addition of manganese(iv) salts
2a and 3a also reduced the rate of decay of 4a ; the differ-
ence in effects of the two manganese(iv) salts likely reflects
differences in the strengths of the axial ligand bonds. We
note that, in the extreme examples in Table 3, the apparent
rate constants for decay of oxo species 4a differed by nearly


four orders of magnitude, and extrapolation of the results to
high concentrations of manganese species would lead to the
conclusion that concentrated 4a should appear to be rela-
tively stable. As discussed later, this concentration-depen-
dent kinetic suppression effect likely was an important
factor in the paradoxical reactivity behavior previously re-
ported for (TPFC)MnV(O).[5,7,8, 18]


Reactions of oxo species 4 in CH2Cl2 with alkenes, Ph3P,
and Ph3N were studied. The amounts of transients 4 pro-
duced in LFP studies were in the range of 10–50 pmol;
therefore, products could be characterized spectroscopically
but not isolated. Previous studies led to conflicting reports
that (TPFC)MnV(O) (4a) either does[8] or does not[5] react
with alkenes, but we observed reactions of transients 4 with
alkenes. Corrole–manganese complex 1a is known to cata-
lyze oxidation of alkenes to the expected epoxide products
under turnover conditions with PhIO as the sacrificial oxi-
dant,[5,8] and we confirmed these results in studies with cis-
cyclooctene and cis-stilbene (see below). Triphenylphos-
phine is known to be oxidized to Ph3P(O) by 4a produced
under any conditions.[5] We also studied reactions of species
4 with Ph3N, which typically reacts with metal-oxo species
by one-electron transfer; the triphenylamminium radical
cation was observed spectroscopically (lmax �650 nm) in
our studies, confirming that one-electron reduction of 4 oc-
curred at least in part.


As expected from the decay reactions in the absence of
substrates, reactions of 4 with substrates displayed complex
kinetics. Nonetheless, apparent pseudo-first-order decay rate
constants for 4 increased linearly as a function of substrate
concentration (Figure 5), thus permitting calculation of ap-


parent second-order rate constants for reactions with the re-
ductants via Equation (1) where kobs is the observed pseudo-
first-order rate constant, k0 is a background decay rate con-
stant, kox is the apparent second-order rate constant for re-
action with substrate, and [Sub] is the concentration of sub-
strate. Apparent second-order rate constants for reactions
with the various substrates are listed in Table 4, where we


Figure 5. Kinetic decay traces at 350 nm for reaction of 5O10�7
m 4a in


the presence of (from the top) 0.044, 0.088, 0.18, and 0.35 mm Ph3P. The
inset shows observed pseudo-first-order decay rate constants as a func-
tion of substrate concentration.


Figure 4. Decay spectrum for species 4a reacting in CH2Cl2 solution over
10 s. In this representation, decaying signals show as positive absorbances,
and growing signals show as negative absorbances.


Table 3. Manganese species concentration effects on decay of corrole–
manganese(v)-oxo species 4.[a]


Oxo species[b] (m conc) Additive (m conc) kobs [s�1][b]


4c (6O10�7) 3c (2O10�5) 1.5
4b (5O10�7) 3b (2O10�5) 0.14
4a (0.6O10�7) 3a (0.25O10�5) 0.26
4a (1.2O10�7) 3a (0.5O10�5) 0.23
4a (2.5O10�7) 3a (1O10�5) 0.16
4a (5O10�7) 3a (2O10�5) 0.10
4a[c] (1.6O10�5) none 1.6O10�3


4a[c] (2.9O10�5) none 5.4O10�4


4a[c] (1.6O10�5) 3a (1.8O10�5) 5.2O10�5


4a[c] (1.6O10�5) 2a (1.8O10�5) 8.1O10�4


[a] Observed first-order decay rate constants in CH2Cl2 at 20 � 2 8C.
[b] Oxo species 4 produced in LFP experiments unless noted. [c] Oxo
species produced by MCPBA oxidation of 1a.
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used the same initial concentration of each oxo species 4 for
all reactions.


kobs ¼ k0 þ kox½Sub� ð1Þ


Manganese concentration effects for reactions of 4 with
substrates mirrored those found for decay in the absence of
reactive substrate. In a series of LFP experiments, we pro-
duced varying concentrations of 4a by changing the concen-
trations of precursor 3a, and measured apparent pseudo-
first-order rate constants for reaction of 4a in the presence
of 0.8 mm Ph3N. The observed rate constants decreased as
the concentration of 4a increased (Figure 6). When the data
was plotted in log–log format (inset in Figure 6), the slope


was about �0.4, where a slope of �0.5 would be found for a
reaction that is one-half order in 4a. The experimental data
cannot be fit precisely for half-order reactions of 4a, but the
results indicate that the kinetic order for 4a is less than one.
This behavior implicates one or more kinetically important
aggregation phenomena.


A dramatic suppression of the rate of reaction of oxo spe-
cies 4a with cis-cyclooctene as a function of increased 4a
concentration was demonstrated. In a series of stopped-flow


mixing studies, 4a at a concentration of 2O10�5
m was pro-


duced by MCPBA oxidation of 1a and allowed to react with
cis-cyclooctene at concentrations ranging from 0.1 to 1.4m
(Supporting Information). The complexity of the reactions
was indicated in the time-resolved spectra that did not con-
tain isosbestic points, but it is noteworthy that the only de-
tectable manganese product was (TPFC)MnIII (see Figure
S2 in Supporting Information). Analysis of the data via
Equation (1) gave an apparent second-order rate constant of
kox=0.12 � 0.02m�1 s�1, which can be compared with the
value obtained for more dilute 4a given in Table 4. Thus, a
about 40-fold increase in concentration of 4a resulted in a
33-fold decrease in the apparent second-order rate constant.


Despite the complications of concentration effects, two
trends appear to be important in Table 4, where the initial
concentrations of species 4 were constant in all studies. For
any given reductant, the reactivities of oxo species 4 are in-
verted with the more electron-demanding ligand (TPFC)
giving the least reactive oxo species 4a and the least elec-
tron-demanding ligand (TPC) giving the most reactive oxo
species 4c. The second feature is subtle. In the two-electron
oxo-transfer reactions, oxidations of the alkenes and reac-
tions with Ph3P, the difference in the apparent second-order
rate constants for species 4a and 4c are effectively constant
even through the absolute reactivities of Ph3P with oxo spe-
cies 4 are 4–5 orders of magnitude greater than the reactivi-
ties of the alkenes. Mechanistic models with different reac-
tive oxidants are possible, as discussed later, but these re-
sults suggest that only one active oxidant was involved in
the LFP reactions.


Collman and co-workers reported evidence that corrole–
manganese species 1a can effect oxidations via a complex of
the sacrificial oxidant PhIO with manganese as well as by
reaction of the metal-oxo species 4a.[18] We briefly evaluated
that model by conducting competitive oxidation reactions
with cis-cyclooctene and cis-stilbene. Thus, mixtures of the
two alkenes and a catalytic amount of 1a or 1c in CH2Cl2
were treated with a limited amount of PhIO, the reactions
were allowed to proceed essentially to complete consump-
tion of the PhIO, and the amounts of epoxides formed in
the reactions were determined by GC and 1H NMR meas-
urements. The relative rates of oxidation of the substrates
under catalytic turnover conditions differed considerably
from the ratios of rate constants found in the LFP studies.
The ratio of LFP rate constants for reactions of 4a with cy-
clooctene and with stilbene was 0.4, but cyclooctene was
oxidized 1.4 times faster than stilbene in the catalytic turn-
over reactions. Similarly, the LFP rate constant ratio for re-
action of 4c with cyclooctene and stilbene was 0.5, whereas
the product ratio from the two alkenes under catalytic turn-
over conditions was 1.5. The complex concentration effects
on kinetics preclude a simple explanation, but the active ox-
idants under catalytic turnover conditions with PhIO appear
not to be the same as those produced by photochemical gen-
eration of (Cor)MnV(O).


Table 4. Rate constants for reactions of corrole–manganese(v)-oxo spe-
cies 4.[a]


Oxo species Substrate kox [m�1 s�1]


4a Ph3N (1.35 � 0.1)O104


Ph3P (4.9 � 0.2)O105


cyclohexene 16 � 2
cyclooctene[b] 4 � 1
cis-stilbene 9 � 2


4b Ph3N (3.0 � 0.6)O104


Ph3P (7.2 � 0.4)O105


4c Ph3N (5.2 � 0.4)O104


Ph3P (8.0 � 0.4)O105


cyclohexene 33 � 5
cyclooctene[b] 11 � 2
cis-stilbene 20 � 2


styrene < 1


[a] Apparent second-order rate constants for reactions of 5O10�7
m 4 at


20 � 2 8C in CH2Cl2 solutions. [b] cis-cyclooctene.


Figure 6. Observed apparent pseudo-first-order rate constants for reac-
tion of 4a in CH2Cl2 in the presence of 0.8 mm Ph3N. The concentrations
of precursor 3a are listed; under the LFP conditions used, the conver-
sions of 3a to 4a were ca. 2.5% efficient. The inset shows the data in
log-log format.
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Discussion


Photochemical activation of transition metal complexes to
produce reactive oxidants has been known for years,[19] but
the use of laser flash photolysis (LFP) methods to produce
and study reactions of manganese-oxo transients in real
time was introduced only recently.[10,11] From a mechanistic
perspective, direct kinetic studies of transition metal-oxo de-
rivatives offer some advantages over product and turnover
studies. The kinetics of oxidation reactions by the metal-oxo
species can be determined under pseudo-first-order reaction
conditions with respect to the reductant, thus providing pre-
cise rate constants, and the kinetics of oxidations by photo-
generated metal-oxo species are not convoluted with the
rate constants for formation of the reactive transients by re-
action of the sacrificial oxidant with the low-valent metal
species.


Despite the precision of the LFP method, the rate con-
stants for reactions of transients 4 obtained in this work are
not true second-order rate constants for reactions of 4. The
concentration-dependent behavior of the rate constants indi-
cates that equilibration reactions were important in the ki-
netics, and one cannot determine with certainty what species
are the active oxidants. For example, oxo-species 4a pro-
duced by ozone oxidation of 1a appeared to be a relatively
stable compound in CH2Cl2 that did not react with styrene,[5]


but 4a appears to be highly reactive with alkenes in CH2Cl2
when formed photochemically in this work, and alkene ep-
oxidation reactions with catalytic 1a and PhIO as the sacrifi-
cial oxidant are facile.[5,7,8,18]


The stability of 4a produced by ozone oxidation of 1a led
Gross and co-workers to conclude that 4a was not the
active oxidant for styrene and that a higher valence manga-
nese species was active under catalytic turnover conditions.[5]


A model for production and reaction of such species is
shown in Figure 7. Two-electron oxidation of neutral cor-
role–manganese(iii) species 1 by PhIO will give the corrole–
manganese(v)-oxo derivative 4, and two molecules of 4
could react in a disproportionation reaction to give (Cor)Mn
VI(O)(X) and (Cor)MnIV(X). It also is possible that 4 will
react with 1 in a comproportionation process that gives two
manganese(iv) species, and we observed that a mixture of
4a and 1a reacted slowly to give manganese(iv) species.
(Cor)MnIV species are cations that might be viewed as ana-
logues of cationic (porphyrin)MnIII species, which are oxi-


dized by sacrificial two-electron oxidants to cationic (por-
phyrin)MnV(O) species.[10,11, 20–22] Therefore, PhIO oxidation
of cationic (Cor)MnIV to cationic (Cor)MnVI(O) might be
expected, and the manganese(vi)-oxo species could be the
active oxidant. Importantly, the recent report of characteri-
zation of a corrole–manganese(vi)-nitrido species shows that
such high oxidation state manganese species are accessi-
ble.[23] In the model in Figure 7, the oxidizing system could
shuttle between (Cor)MnIV and (Cor)MnVI(O) cations after
the initial oxidation of the (Cor)MnIII complex. In the LFP
studies, where sacrificial oxidants are not present, the veloci-
ties of reactions would reflect the populations of (Cor)Mn
VI(O) cations that are determined by the disproportionation
equilibrium constant. In either case, the concentration of the
active oxidant could be too small to permit detection, and
the major species observed spectroscopically might be
(Cor)MnV(O).


The mechanistic model in Figure 7 is similar to that pro-
posed for reactions of neutral porphyrin–manganese(iv)-oxo
species, where the actual oxidants in the systems apparently
are cationic porphyrin–manganese(v)-oxo species formed in
disproportionation equilibria.[11] Much of the experimental
results in the present work can be accommodated by this
model. Perhaps the most compelling results in its support
are the inverted reactivity patterns found for the corrole sys-
tems studied. In porphyrin–metal-oxo chemistry, one typical-
ly observes that more electron-withdrawing ligands give
more reactive metal-oxo derivatives,[24–26] and this was spe-
cifically demonstrated for a series of porphyrin–mangane-
se(v)-oxo complexes in reactions with a variety of sub-
strates.[10,11] For the corrole systems studied here, the reactiv-
ity order is inverted with the system with least electron
demand, the triphenylcorrole complex 4c, apparently react-
ing fastest with any given substrate. If (Cor)MnVI(O) cations
are the actual oxidants, then the equilibrium reactions for
formation of these species should be most favorable for the
ligand that has the least electron demand. Accordingly, the
observed kinetics could reflect the populations of the
(Cor)MnVI(O) cations, which should be largest for the TPC
ligand. Our finding that added (Cor)MnIV salts suppress the
rates of reactions of (Cor)MnV(O) also is consistent with the
reaction model in Figure 7 because the added salts would
drive the equilibrium shown in the Figure to the left.


The mechanistic model in Figure 7 does not, however,
provide a good explanation for the apparent fractional ki-
netic order of 4. The disproportionation equilibrium as
shown would reduce the concentration of active oxidant, but
reactions would still be first-order in species 4. The mecha-
nism also does not readily explain why 4a produced at high
concentration in the ozone oxidation of 1a was relatively
stable.[5] Another aspect of the present results does not fit
this model well. If (TPFC)MnV(O) (4a) is produced by stoi-
chiometric reaction of 1a with MCPBA and then allowed to
react with an alkene, the manganese product predicted by
this Scheme is an unreactive (TPFC)MnIV cation. In prac-
tice, the reaction of 4a with cis-cyclooctene returned neutral
1a, and there was no evidence for accumulation of any


Figure 7. Model for oxidations by corrole–manganese(vi)-oxo species.
The parallelograms represent corrole ligands.
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(TPFC)MnIV species during the reaction (Figure S2 in Sup-
porting Information). Similar behavior was previously re-
ported by Chang and co-workers.[8]


The findings that species 4 has fractional kinetic order
and that increasing concentrations of various manganese
species reduce the velocities of reactions indicate that the
reactive oxo species are sequestered in inactive forms. It ap-
pears possible that the active oxidant can be bound in weak
complexes that are produced without redox reactions
(Figure 8). Fractional kinetic order for 4 is predicted for
such complexation, and this model would predict the forma-
tion of (Cor)MnIII species as the manganese products in re-
actions with substrates. The observed[5] stability of 4a when
produced by ozone oxidation of 1a might reflect a concen-


tration effect on reactivity similar to those we found in this
work but more dramatic due to higher concentrations of 4a.
The inverted reactivity pattern for the corrole systems stud-
ied here also can be rationalized in the context of this
model. As the electron demand is increased in the corrole
ligand, the manganese ions would bear more positive
charge, resulting in more tightly bound complexes and
smaller concentrations of active oxidant.


The scheme for reactions of corrole–manganese-oxo spe-
cies presented by Collman and co-workers also should be
considered.[18] In their model, oxidations are effected by
(Cor)MnV(O) species and also by complexes of the (Cor)-
MnIII species with the sacrificial oxidants ArIO. Goldberg and
co-workers proposed a related model where catalyzed oxi-
dations were effected by PhIO complexes with (corrolazi-
ne)MnV(O).[27] Our limited studies of competitive oxidations
gave results consistent with the formation of a different or
additional oxidant when PhIO was used as a sacrificial oxi-
dant, but the model does not provide a rationalization for
the kinetic results we found when no sacrificial oxidant was
present. The changes in rates as a function of concentrations
of various manganese species require some type of equili-
bria involving these species.


It is interesting to note that the effects found by Collman
and co-workers, different product ratios in competitive oxi-
dations with different ArIO sacrificial oxidants,[18] as well as
those we found, product ratios in catalytic reactions with
PhIO that did not match the ratios of rate constants from
the LFP results, might be explained in the context of oxida-
tions via the mechanism in Figure 7 if both (Cor)MnVI-
(O)(X) and (Cor)MnV(O) are active oxidants. However, a
“two active oxidants” model is not suggested by the obser-
vation that the reactivity ratios for 4a and 4c with alkenes
and with Ph3P were essentially constant.


A considerable amount of kinetic information was accu-
mulated in this work, but the details of corrole–manganese-
oxo oxidations remain elusive. Two mechanistic models, oxi-
dations by (Cor)MnVI(O)(X) produced at low concentra-
tions by disproportionation of (Cor)MnV(O) and oxidations
by “free” (Cor)MnV(O) that equilibrates with inactive “se-
questered” forms, appear to accommodate most of the re-
sults. Both models predict that an increase in the electron
withdrawing effects of the corrole ligand could give manga-
nese-oxo species that are apparently less reactive because
the populations of active oxidants are smaller, thus provid-
ing a rationalization for the inverted reactivity patterns for 4
we found as well as the stability of the high-electron-
demand triazacorrolazine–manganese-oxo species observed
by Goldberg and co-workers.[9] In addition, multiple oxidant
forms might be involved under catalytic turnover conditions,
although a single oxidant form appears to be involved when
the oxo species are formed photochemically, as deduced
from the reactivity patterns in Table 4.


Experimental Section


Materials : Methylene chloride was obtained from Fisher Scientific and
distilled over CaH2 prior to use. Pyrrole (98%) was purchased from
Sigma-Aldrich Chemical Company and distilled before use. Pentafluoro-
benzaldehyde and trifluoroacetic acid (TFA) (99%) were purchased
from Aldrich Chemical Company and used as received. Benzaldehyde
was purchased from Aldrich Chemical Company and distilled under
vacuum prior to use. 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
was obtained from Aldrich Chemical Company and used as received. Io-
dosobenzene was purchased from TCI America Company. m-Chloroper-
oxybenzoic acid (MCPBA) (77%) from Aldrich Chemical Company was
purified by crystallization from methylene chloride and dried in vacuum.
All reactive substrates for LFP kinetic studies and catalytic competitive
oxidations were the best available purity (Aldrich) and were passed
through a dry column of active alumina (Grade I) before use. Corrole li-
gands employed in this study, H3TPFC,[3] H3TPC,[13] and H3BPMFC,[14]


were prepared according to the literature procedures, and their character-
ization data (1H NMR, UV/Vis and HRMS-ESI) were consistent with re-
ported values.


Corrole–manganese(iii) complexes (1): The complexes were prepared as
previously described.[5] In a typical procedure, a solution of H3TPFC
(50 mg, 68 mmol) and manganese(ii) acetate tetrahydrate (167 mg,
680 mmol) in DMF was heated at reflux for 30 min. Evaporation of sol-
vent followed by column chromatography on silica gel (hexane/ethyl ace-
tate 5:1), resulted in isolation of the desired corrole–manganese(iii) com-
plex in 90% yield. The UV/Vis spectra of compounds 1 are listed in
Table 1.


(TPFC)MnIII (1a):[5] FAB-MS: m/z : 848.2 [M]+ , 849.2 [M+H]+ .


(BPMFC)MnIII (1b):[5] FAB-MS: m/z : 788.2 [M]+ , 789.2 [M+H]+ .


(TPC)MnIII (1c):[5] FAB-MS: m/z : 578.5 [M]+ , 579.5 [M+H]+ .


Corrole–manganese(iv) chlorides (2): The compounds were prepared by
a previously reported procedure.[7] In a typical preparation, a hexane so-
lution of MnIIITPFC (2.5 mg, 3.2 mmol) was treated with a dichlorome-
thane solution of tris(4-bromophenyl)aminium hexachloroantimonate
(2.6 mg, 3.2 mmol), which resulted in quantitative precipitation of
MnIVTPFC(Cl). Recrystallization from CH2Cl2/hexane was followed by
two column chromatographies on silica gel to remove traces of the amine
by-product. In the purified products (90–95% yield), no amine was de-
tected by UV/Vis at its lmax value of 312 nm. The UV/Vis spectra of com-
pounds 2 are listed in Table 1.


(TPFC)MnIVCl (2a):[7] LRMS (ESI): m/z : 848.4 [M�Cl]+ .


Figure 8. Oxidant sequestering model for oxidations by corrole–mangane-
se(v)-oxo species.
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(BPMFC)MnIVCl (2b): LRMS (ESI): m/z : 788.2 [M�Cl]+ .


(TPC)MnIVCl (2c):[15] LRMS (ESI): m/z : 578.5 [M�Cl]+ .


Corrole–manganese(iv) chlorates (3): The compounds were prepared in
situ by stirring (Cor)MnIVCl with excess amounts of silver chlorate
(AgClO3) in CH2Cl2 followed by filtration. The formation of chlorate
products 3 was indicated by the change of UV/Vis absorption (Table 1).
The resulting solutions were used for LPF studies immediately after
preparation.


Instrumentation : UV/Vis spectra were recorded on an Agilent 8453 spec-
trophotometer. Laser flash photolysis studies were conducted on an LK-
60 kinetic spectrometer (Applied Photophysics) at ambient temperature
(20 � 2 8C). Solutions of (Cor)MnIV(ClO3) with concentrations of ca. 2O
10�5


m (after mixing) in methylene chloride were irradiated with 355 nm
light from a Nd/YAG laser (ca. 7 ns pulse). Data was acquired and ana-
lyzed with the Applied Photophysics software. Oversampling (64:1) was
employed in some cases to improve the signal to noise ratios. For kinetic
studies, an SC-18 mV stopped-flow mixing unit affixed to the kinetic
spectrometer was employed. For generation of (Cor)MnV(O) species in
mixing studies, an RX2000 rapid kinetics spectrometer accessory (Ap-
plied Photophysics) coupled with the above UV spectrometer was em-
ployed with 400 ms to seconds time scales; solutions of (Cor)MnIII com-
plexes were treated with equivalent amounts of MCPBA or PhIO.


Quantum yields : The values were determined relative to the yield of a
standard by the general method of Hoshino.[17] A solution of the
(Cor)MnIV(ClO3) complex 3 with an absorbance of 0.5 at 355 nm was ir-
radiated with the third harmonic of the Nd/YAG laser (355 nm) at 30 mJ
of power per pulse, and the absorption at lmax for the ca. 350 nm band of
(Cor)MnV(O) product 4 was measured. The molar yield of 4 was deter-
mined from the extinction coefficients found in the mixing studies
(Table 2). The yield of 4 was compared with the yield of benzophenone
triplet formed by 355 nm irradiation of a solution with an absorbance of
0.5 at 355 nm. In this method, the quantum yield for excitation of benzo-
phenone is taken to be 1.0.[17] The quantum yield was calculated from the
ratio of molar yields and ratio of molar extinction coefficients for the
product of interest and the benzophenone triplet.


Kinetics : In LFP studies, solutions of precursor 3 were irradiated by the
laser, and decay of 4 at lmax was monitored. For reactions with substrates,
solutions of 3 were mixed with solutions of substrate at varying concen-
trations, the resulting mixtures were irradiated by the laser after a delay
of < 1 s, and decay of (Cor)MnV(O) (4) was followed at lmax. For stop-
ped-flow mixing studies, 1a in CH2Cl2 solution was oxidized with 1.0
equivalent of MCPBA, and the resulting solution containing 4a was
mixed with CH2Cl2 solutions of cis-cyclooctene. The kinetic results were
complex but could be fit reasonably well for single exponential processes.
For each reaction with substrate, four or five concentrations of substrate
were studied. All kinetic runs are the average of three independent deter-
minations. Apparent second-order rate constants for reactions of 4 with
substrates were determined from the observed decay rate constants with
Equation (1). All errors listed are 2s.


Competitive oxidations : Solutions containing cis-stilbene (0.25 mmol),
cis-cyclooctene (0.25 mmol) and (Cor)MnIII (5 mmol) in CH2Cl2 were pre-
pared. PhIO (0.125 mmol) was added, and the mixture was stirred under
a nitrogen atmosphere at ca. 22 8C until the PhIO was consumed. The re-
action mixture was passed through a short silica gel column and analyzed
by GC after addition of an internal standard or, after concentration, by
1H NMR spectroscopy of a CDCl3 solution. The products were identified
by comparison to authentic samples. The products from cis-stilbene were
cis- and trans-stilbene oxide (cis/trans 5:1), quantitated using their charac-
teristic singlets at d 4.3 and 3.8, respectively, and a trace of benzaldehyde
(<5%). For cis-cyclooctene, the only product detected was cis-cyclooc-
tene oxide. Total yields based on PhIO were ca. 60% as determined by
quantitative GC. The product ratios listed in the text (determined by GC
and/or NMR integration) are the averages of three determinations.
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Introduction


In recent years, considerable effort has been focused on the
synthesis of molecular materials exhibiting physical proper-
ties that may be switched in a controlled manner because
they are potentially good candidates for signal generation
and processing. This is particularly true within the realm of
spin crossover (SCO) and related cooperative phenomena,
where interesting examples of thermal, pressure, light and
magnetic-field switching between two states have been pro-
vided.[1] In addition, it was realized long ago that the possi-
ble coexistence of SCO and magnetic coupling in polynuc-
lear compounds could be exploited to modulate a magnetic
signal.[2] It was foreseen that the nature of intramolecular
ferromagnetic or antiferromagnetic coupling in such systems
could be modified to switch the spin state of the SCO units.
Nowadays, only a few examples can be found showing this
phenomenology in which magnetic exchange and SCO coex-
ist in the same material.[3] The interplay between intramo-
lecular antiferromagnetic interactions and SCO has been ex-


Abstract: The mononuclear diamagnet-
ic compound {Fe(bztpen)[N(CN)2]}-
(PF6)CH3OH (1) (bztpen = N-benzyl-
N,N’,N’-tris(2-pyridylmethyl)ethylene-
diamine) has been synthesized and its
crystal structure studied. Complex 1
can be considered to be the formal pre-
cursor of two new dinuclear, dicyana-
mide-bridged iron(ii) complexes with
the generic formula {[(Fe(bztpen)]2[m-
N(CN)2]}(PF6)3·nH2O (n = 1 (2) or 0
(3)), which have been characterized in
the solid state and in solution. In all
three complexes, the iron atoms have a
distorted [FeN6] octahedral coordina-
tion defined by a bztpen ligand and a
terminal (1) or a bridging dicyanamide
ligand (2 and 3). In the solid state, 2
and 3 can be considered to be molecu-


lar isomers that differ by the relative
position of the phenyl ring of the two
{Fe(bztpen)[N(CN)2]}


+ halves (cis and
trans, respectively). Depending on the
texture of the sample, 2 exhibits para-
magnetic behavior or displays a very
incomplete spin transition at atmos-
pheric pressure. Complex 3 undergoes
a gradual two-step spin transition with
no observed hysteresis in the solid
state. Both steps are approximately
100 K wide, centered at �200 K and
�350 K, with a plateau of approxi-
mately 80 K separating the transitions.


The crystal structure of 3 has been de-
termined in steps of approximately
50 K between 400 K and 90 K, which
provides a fascinating insight into the
structural behavior of the complex and
the nature of the spin transition.
Order–disorder transitions occur in the
dicyanamide bridge and the PF6


� ions
simultaneously, with the spin-crossover
behavior suggesting that these transi-
tions may trigger the two-step charac-
ter. In solution, 2 and 3 display very
similar continuous spin conversions.
Electrochemical studies of 2 and 3
show that the voltammograms are typi-
cal of dimeric systems with electronic
coupling of the metals through the di-
cyanamide ligand.
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hibited in some {[Fe(L)(NCX)2]2(m-bpym)} compounds, no-
tably those with L = bpm, X = S or Se ([bpm, S] and
[bpm, Se]) and L = 2,2’-bithiazoline (bt), X = S ([bt, S]).
Studies have been carried out by perturbing the system by
changing the temperature and/or pressure and with light ir-
radiation (LIESST effect). These experiments have made it
possible to identify the occurrence of different kinds of spin-
pair states in these compounds, namely LS–LS, LS–HS, and
HS–HS in which, for instance, LS–HS indicates that, in a di-
nuclear unit, one iron(ii) atom is low-spin (LS), while the
other is high-spin (HS). A singular feature in these com-
pounds is the occurrence of a plateau between two separate
spin transitions that each involve �50% of the iron ions.
This plateau has been associated with the existence of the
mixed spin state LS–HS. Unfortunately, standard single-crys-
tal X-ray studies carried out on compound [bt, S] in the
middle of the plateau have not enabled the observation of
the predicted symmetry change in crystals that involve the
transformations HS–HSQLS–HS and LS–LSQLS–HS.[3h, i]


However, this hypothesis has found new support in the
novel dinuclear compound {[Fe(phdia)(NCS)2]2(m-phdia)}.


[4]


Recent contributions from Brooker, Murray, and Kaizaki
and co-workers have reported new iron(ii) dinuclear SCO
compounds that have added new interesting results in this
field,[5–7] further details of which are given later. It is also
worth mentioning that two-step transitions are not a singu-
larity associated exclusively with the dinuclear nature of the
system as there are a few well-characterized mononuclear
and polymeric compounds exhibiting two-step SCO. In this
respect, long-range ordering interactions inducing spontane-
ous symmetry breaking and formation of an intermediate
phase in which HS and LS molecules coexist at a 1:1 ratio
has been observed for {[Fe(pic)3]Cl2·EtOH}[8] (where pic =


2-picolylamine). Furthermore, this behavior is also observed
in [Fe(btzb)3](PF6)2, where btzb = tris(1,4-bis(tetrazol-1-yl)-
butane-N4, N4’).[8b] Similarly, the occurrence of infinite
chains of alternate ···LS–HS-LS··· states has been observed
in the plateau displayed by the three-dimensional polymer
{Fe(pmd)[Ag(CN)2][Ag2(CN)3]},


[9a] and the presence of in-
terlayer elastic interactions in the 2D polymer [Fe(H3L


Me)]-
[Fe(LMe)]X (where LMe = tris[2-{[(2-methylimidazol-4-yl)-
methylidene]amino}ethyl]amine and X = ClO4


� , BF4
� ,


PF6
� , and AsF6


�) has been shown to produce a HS-LS state
in the plateau.[9b]


Currently, the study of new dinuclear SCO compounds
represents a challenge, not only with regard to the funda-
mental and synthetic aspects, but also because they repre-
sent the first step in the search for new functional polynuc-
lear nanomaterials, an almost unexplored area of research in
molecular chemistry. In this regard, the synthesis and char-
acterization of the first tetranuclear iron(ii) SCO compound
has recently been reported.[10] In our pursuit of new poly-
nuclear SCO compounds, we have explored an alternative
synthetic approach based on the use of [FeII(L)(X)]n+ moi-
eties, where L is a pentadentate ligand and X is a labile sol-
vent molecule or an anionic ligand susceptible to being sub-
stituted by a suitable bridge—which is dicyanamide in the


complexes discussed in this paper. Toftlund, McKenzie, and
co-workers adopted this strategy in similar pentadentate
compounds from a bioinorganic perspective (see ref. [19]).
Herein we report the synthesis, crystal structure, and mag-
netic characterization in the solid state of the LS precursor
{Fe(bztpen)[N(CN)2]}(PF6)·CH3OH (1) (bztpen = N-
benzyl-N,N’,N’-tris(2-pyridylmethyl)ethylenediamine) and
the related dinuclear system {[Fe(bztpen)]2[N(CN)2]}-
(PF6)3·nS (S = solvent), which represents the first example
of a m-bridged dicyanamide dinuclear SCO complex. This


compound undergoes a two-step spin transition whereas the
occurrence and nature of the SCO in the corresponding
monohydrate (2, which can be considered to be a coordina-
tion isomer of 3), depends on the texture and history of the
sample. Electrochemical, UV/Vis, and NMR (Evans
method) studies have been also carried out in solution. The
SCO behaviors have been analyzed within the framework of
regular solution theory.[11]


Results


Solid-state magnetic properties : Compound 1 was found to
be diamagnetic in the 400–4.2 K temperature region, indicat-
ing that the iron atom is in the LS ground state. Figure 1
shows the thermal dependence of the cMT product for 2 and
3 as a function of temperature, where cM is the molar mag-
netic susceptibility and T is the temperature. At 350 K, cMT
is �6.7 cm3Kmol�1 for a sample of 2 (see Figure 1a,
curve (1)) consisting of small single crystals (10.88 mg). This
value is within the range of expected values for a complex
consisting of two iron(ii) ions in the HS state with a signifi-
cant orbital contribution. cMT initially remains constant as
the temperature is lowered, and below 50 K, it starts to de-
crease steeply to 3.17 cm3Kmol�1 at 4.2 K. This behavior
may be attributed to the occurrence of zero-field splitting of
the S = 2 ground state and/or a very weak intramolecular
antiferromagnetic interaction mediated by the [N(CN)2]


�


bridge between the iron atoms. Precipitated microcrystalline
samples behave similarly to the single crystals; however, in
general, the former undergoes a very incomplete and rela-
tively steep spin transition at Tc�170 K involving less than
20% of the iron atoms on warming from 4 K. The extent of
the transition depends on the history of the sample. For ex-
ample, after two cooling–warming cycles, the conversion de-
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creases from �20% to 10% or even vanishes (Figure 1a,
curves (4), (3), and (2), respectively), which is probably at-
tributable to damage to the crystals. Interestingly, when
freshly prepared single crystals (5.46 mg) are measured in a
high-pressure cell at 1 bar, they display a cooperative transi-
tion, without hysteresis, involving 50% of the iron atoms at
Tc = 165 K (Figure 1a, curve (5)). This could be the result
of two combined effects: 1) a very small hydrostatic pressure
generated by the silicone oil used for transmitting pressure
in the cell, and 2) the fact that the sample is wetted by the
oil. As the pressure is increased, Tc increases and the
amount of HS species present at 300 K decreases (Figure 1a,


curves (5)–(7)). At 6.4 kbar, compound 2 has essentially
50% of the iron(ii) atoms in the LS state, at 300 K.


For compound 3 (Figure 1b, white circles), cMT =


7.0 cm3Kmol�1 at 400 K, indicating that this complex is es-
sentially in the HS state. However, as the temperature is
lowered, cMT decreases continuously reaching a plateau in
the temperature region �285–208 K. The average value of
the plateau is cMT �3.65 cm3Kmol�1 at 250 K. Below
210 K, cMT decreases again in a second step, and cMT =


0.21 cm3Kmol�1 at 50 K. This behavior indicates the occur-
rence of an almost complete two-step S = 2 Q S = 0 spin
conversion in the dinuclear species involving �50% of
iron(ii) atoms in each step (HS molar fraction gHS = 0.5).
The characteristic temperature, at which the HS molar frac-
tion of each step is gHSi = 0.5 (i = 1, 2), is Tc1 = 342.4 K,
and Tc2 = 156.8 K for the first and second steps, respective-
ly. Owing to the lack of cooperativity, these conversions can
be considered as two consecutive spin equilibriums suppos-
edly taking place between the species HS–HS, LS–HS, and
LS–LS according to Equation (1), where nHH, nHL, and nLL


are the number of moles of the species HS–HS, HS-LS, and
LS–LS, respectively.


HS
nHH


HSG
K1


HLSnHL
HSG


K2


HLS nLL
LS ð1Þ


The equilibrium constants are K1 = nHL/nHH and K2 =


nLL/nHL. The cMT product can be expressed by Equation (2),
where nT = nHH + nHL + nLL and (cMT)HH and (cMT)LH cor-
respond to the cMT value associated to 100% of HS–HS and
LS–HS species, respectively.


cMT ¼ nHH


nT
ðcMTÞHH þ nLH


nT
ðcMTÞLH ð2Þ


The introduction of the equilibrium constants into Equa-
tion (2) gives Equation (3).


cMT ¼ K1K2ðcMTÞHH þ K2ðcMTÞLH
1 þ K1K2 þ K2


ð3Þ


Inclusion of the thermal dependence of the equilibrium
constants gives Equation (4).


KiðTÞ ¼ exp
�
�DHi


RT
þ DSi


R


�
¼ exp


�
DSi


R


�
1�Tci


T


��


ð4Þ


Consequently, Equation (3) can be rewritten as a function
of the characteristic Tci temperature and DSi to give Equa-
tion (5), where the term (cMT)R has been added to account
for residual paramagnetism at low temperature and (cMT)HL


is considered to be equal to (cMT)HH/2.


cMT ¼
ðcMTÞHH � exp


�
DS2
R


�
1� Tc2


T


��
� exp


�
DS1
R


�
1� Tc1


T


��
þ ðcMTÞLH � exp


�
DS2
R


�
1� Tc2


T


��


1 þ exp
�


DS2
R


�
1� Tc2


T


��
� exp


�
DS1
R


�
1� Tc1


T


��
þ exp


�
DS2
R


�
1� Tc2


T


�� þ ðcMTÞR ð5Þ


Figure 1. Magnetic properties in the solid state. a) cMT versus T plots for
compound 2 : (1) single crystals; (2–4) precipitated sample after anneal-
ing; (5–7) measurements of the single crystals in the high-pressure cell at
1 bar, 3.2 kbar, and 6.4 kbar, respectively (see text). b) cMT versus T plots
for compound 3, the solid line represents the best fits between calculated
and experimental data.
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The best least-squares fit of Equation (5) is in excellent
agreement with the experimental measurements (see Fig-
ure 1b, solid line). The parameters obtained from the fit are
DS1 = 114 JK�1 mol�1, DS2 = 63.4 JK�1 mol�1, (cMT)HH =


7.26 cm3Kmol�1, and (cMT)R = 0.21 cm3Kmol�1. For Tci =


DHi/DSi, the values for the enthalpy variations are DH1 =


39 kJmol�1 and DH2 = 9.9 kJmol�1. However, the thermo-
dynamic parameters deduced for the first step actually cor-
respond to the total transformation of the HS–HS species to
the LS–LS species. Consequently, the correct parameters for
the HS–HS!LS–HS transformation are in fact DS1’ = DS1/2
= 57 JK�1 mol�1 and DH1’ = DH1/2 = 19.5 kJmol�1. These
thermodynamic parameters agree quite well with what is ex-
pected for an almost complete S = 2 Q S = 0 spin conver-
sion.


Crystal and molecular structure of 1: The molecular struc-
ture of 1 is displayed in Figure 2 together with the atom
numbering scheme. Complex 1 crystallizes in the triclinic
space group P1̄. The iron atom is in a distorted octahedral
[FeN6] environment, whereby five of the nitrogen atoms
belong to the pentadentate bztpen ligand and the remaining
position is occupied by the dicyanamide anion, which acts as
a monodentate ligand. A disordered PF6


� group balances
the charge of the {Fe(bztpen)[N(CN)2]}


+ species and there
is one additional methanol solvent molecule in the asym-
metric unit. The bztpen ligand is wrapped around the iron
atom defining a distorted square pyramid with the nitrogen
atom N(5) lying on the axial apex. The N(5) atom is in the
center of a tripod whose arms are defined by two picolyla-
mine-like moieties (N(5)-C(16)-C(15)-N(1) and N(5)-C(26)-
C(25)-N(2)) and one ethylenediamine-like moiety (N(5)-
C(51)-C(52)-N(4)). These arms are anchored to the iron
atom by the N(1), N(2), and N(4) atoms. The Fe�N bond
lengths average 2.0 W (Fe(1)�N(1) = 1.975(3), Fe(1)�N(2)
= 1.963(3), and Fe(1)�N(4) = 2.086(3) W), with a similar
bond length to N(5).
(2.002(3) W) The fifth nitrogen
atom of the square pyramid,
N(3), belongs to a picolyla-
mine-like fragment attached to
the N(4) atom of the ethylene
diamine-like moiety and the
Fe(1)�N(3) bond length is
1.995(3) W. The octahedron is
completed by the N(6) atom
belonging to the dicyanamide
ligand (Fe(1)�N(6) =


1.955(4) W), which is in a trans
conformation with respect to
N(5). These structural data in-
dicate that the Fe atom is in the
low-spin state at room tempera-
ture, in accordance with the
magnetic measurements. The
arrangement of the angles
around the iron atom clearly


shows distortion from the expected 908 and 1808 for a regu-
lar octahedron. This is imposed by the geometrical con-
straints created by the structure of the ligand. In addition,
the dicyanamide [N(CN)2]


� ion is bent (as would be expect-
ed, C(61)-N(7)-C(71) = 120.6(4)8) and while each N-C-N
half has a different angle, they are almost linear (N(6)-
C(61)-N(7) = 174.8(5) and N(8)-C(71)-N(7) = 172.9(6)8).


No significant hydrogen bonding and/or p stacking is ob-
served in the crystal, and cohesion appears to arise from the
electrostatic interaction between {Fe(bztpen)[N(CN)2]}


+


ions and PF6
� ions. Relevant crystal data for 1 are presented


in Table 1, selected bond lengths and angles are presented in
Table 2.


Figure 2. Molecular structure of compound 1 (displacement ellipsoids are
shown at the 25% probability level for clarity).


Table 1. Crystallographic data for 1, 2, and 3.


1 2 3


formula C30H33F6Fe1N8O1P1 C28H30F9Fe1N6.5O0.5P1.5 C56H58F18Fe2N13P3


Mw 722.46 738.89 1459.76
space group P1̄ (2) C2/c (15) P1̄ (2)
a [W] 9.4229(3) 19.0640(4) 9.4161(7)
b [W] 11.4330(4) 19.4420(6) 16.4923(13)
c [W] 16.5440(8) 18.5770(4) 20.6515(15)
a [8] 81.312(2) 90 104.691(2)
b [8] 81.908(2) 104.0320(19) 90.747(2)
g [8] 66.604(2) 90 97.624(2)
V [W3] 1610.43(11) 6680.0(3) 3071.1(4)
Z 2 8 2
T [K] 293(2) 293(2) 290(2)
l [W] 0.71073 0.71073 0.71073
m [mm�1] 0.592 0.605 0.656
1calcd [gcm�3] 1.490 1.469 1.579
R1[a] 0.0715 0.0699 0.0694
wR2 0.1436 0.1876 0.1181


[a] R1 = � j jFo j� jFc j j /� jFo j ; wR2 = [�[w(F2
o�F2


c)
2]/� [w(F2


o)
2]]1/2 ; w = 1/[s2(F2


o) + (mP)2 + nP] where P
= (F2


o + 2F2
c)/3 (m = 0.0806 (1), 0.1470 (2), and 0.0526 (3); n = 0.0000 (1), 1.1304 (2), and 0.0000 (3)).
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Crystal and molecular structure of 2 : Figure 3 shows the
crystal structure of 2 together with the atom numbering
scheme. Complex 2 crystallizes in the monoclinic space
group C2/c. The compound is made up of a dinuclear cation-


ic species {[(Fe(bztpen)]2[N(CN)2]}
3+ and three hexafluoro-


phosphate (PF6
�) anions together with one water molecule


per formula unit. The cationic unit is made up of two identi-
cal {Fe(bztpen)}2+ fragments, bridged by one [N(CN)2]


� ion.
A twofold axis passing through the central nitrogen atom of
the dicyanamide bridge N(7) relates the two halves of the
dinuclear complex. The bztpen ligand surrounds the iron
atom with Fe�N bond lengths Fe(1)�N(1-to-5) = 2.188(4),
2.148(4), 2.271(4), 2.224(4), and 2.241(4) W, respectively,
which are much longer than the Fe�N bond length to the di-
cyanamide unit Fe(1)�N(6) = 2.065(4) W. The iron atom is
in a severely distorted octahedral [FeN6] environment. The
bond lengths and angles of the [FeN6] core differ considera-
bly with respect to those of 1. The bond lengths, much
longer in 2, are consistent with the HS state observed from
the magnetic data. As in 1, the geometrical constraints cre-
ated by the structure of the bztpen ligand impose a depar-
ture from the octahedral arrangement of the Fe atom and
the expected 908 and 1808 for a regular octahedral system.
In this respect, it is worthwhile noting that the absolute
average difference of the bond angles from the regular octa-
hedron is much bigger for 2 (9.968) than for 1 (4.308). In par-
ticular, the angles N(2)-Fe(1)-N(1), N(5)-Fe(1)-N(6), N(1)-
Fe(1)-N(5), N(3)-Fe(1)-N(5), N(6)-Fe(1)-N(4), N(2)-Fe(1)-
N(4), and N(3)-Fe(1)-N(4) differ by 10.78, 12.088, 13.578,
10.418, 15.268, 34.688, and 15.48, respectively, (compared to
1.468, 2.198, 5.108, 4.008, 2.958, 12.998, and 7.068 for the same
angles in 1), from what is expected for a regular octahedron.
The average trigonal distortion angle, F,[12] is 3.98 and 11.18
for 1 and 2, respectively. These results are consistent with
the different spin states observed for the two compounds be-
cause the low-spin complexes are generally more regular
than their high-spin counterparts. As in 1, the [N(CN)2]


�


group is angular and nonlinear (C(61)-N(7)-C(61)’ =


130.9(7)8 and N(6)-C(61)-N(7) = 168.3(5)8). Relevant crys-
tal data and selected bond lengths and angles for 2 are pre-
sented in Table 1, and Table 2, respectively.


Crystal and molecular structure of 3 : The crystal structure
of 3 has been studied at seven selected temperatures with
intervals of approximately 50 K (400 K, 350 K, 290 K, 250 K,
200 K, 150 K, and 90 K). The crystal structure of 3 remains
in the triclinic space group P1̄ throughout the temperature
range studied. There are two half molecules in the asymmet-
ric unit, both of which occupy a position such that an inver-
sion center in the middle of the dicyanamide bridge gener-
ates the other half of the molecule. Figure 4 displays the mo-
lecular structure of one of the dinuclear units together with
the atom numbering scheme, which is consistent for both di-
nuclear species. Viewed down the c axis, the molecules sit at
approximately 908 to each other and can be seen to cross at
the dicyanamide bridges, which are disordered (Figure 5).
Directly between the center of the disordered bridges lies
one of the three crystallographically inequivalent PF6


� ions,
namely that which is defined by P(3). The other two PF6


�


groups, defined by P(1) and P(2), lie in the cavities formed
by the criss-crossing of the two bulky molecules.


Table 2. Selected bond lengths [W] and angles [8] for 1 and 2.


1 2


Fe�N(1) 1.975(3) 2.188(4)
Fe�N(2) 1.963(3) 2.148(4)
Fe�N(3) 1.995(3) 2.271(4)
Fe�N(4) 2.086(3) 2.224(4)
Fe�N(5) 2.002(3) 2.241(4)
Fe�N(6) 1.955(4) 2.065(4)
N(6)�C(61) 1.143(5) 1.130(7)
C(61)�N(7) 1.318(6) 1.292(7)
N(7)�C(71) 1.313(6)
C(71)�N(8) 1.118(5)
N(1)-Fe-N(2) 88.54(13) 100.06(15)
N(1)-Fe-N(3) 177.40(13) 172.63(15)
N(1)-Fe-N(4) 94.62(13) 98.24(15)
N(1)-Fe-N(5) 84.90(14) 76.28(15)
N(1)-Fe-N(6) 93.35(14) 92.33(18)
N(2)-Fe-N(3) 93.64(13) 85.33(14)
N(2)-Fe-N(4) 167.01(13) 145.44(14)
N(2)-Fe-N(5) 81.85(13) 75.07(15)
N(2)-Fe-N(6) 99.45(14) 102.96(17)
N(3)-Fe-N(4) 82.94(13) 74.61(14)
N(3)-Fe-N(5) 94.00(14) 100.49(14)
N(3)-Fe-N(6) 87.69(14) 91.34(17)
N(4)-Fe-N(5) 85.87(12) 81.18(14)
N(4)-Fe-N(6) 92.95(13) 105.31(16)
N(5)-Fe-N(6) 177.81(14) 167.74(16)
C(61)-N(6)-Fe 166.0(3) 166.3(5)
N(6)-C(61)-N(7) 174.8(5) 168.7(6)
C(71)-N(7)-C(61) 120.6(4)
N(8)-C(71)-N(7) 172.9(6)


Figure 3. Molecular structure of compound 2 (displacement ellipsoids are
shown at 25% probability level for clarity).
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The molecular structure of 3 may be described in the
same way as 2. The iron atoms are in a distorted octahedral
environment and the Fe�N bond lengths to the bztpen
ligand are much longer than those to the dicyanamide
bridges (Fe(1)�N(16), Fe(2)�N(26), see Table 3). The mean


Fe�N bond lengths and the octahedral volumes (calculated
with IVTON[13] and included in Table 3), clearly indicate
that both iron centers are essentially in the high-spin state
at 400 K. A comparison of the coordination core [FeN6] for
1–3 demonstrates that the average Fe�N bond lengths for 3
are smaller than those seen in 2. The average trigonal distor-
tion angle, F[12] is 5.58 and 5.88 at 400 K for Fe(1) and Fe(2),
respectively; values that are also between those observed
for 1 and 2, indicating an intermediate distortion of the oc-
tahedra in 3. The same conclusion can be drawn, for in-
stance, from the angles N(12)-Fe(1)-N(11), N(15)-Fe(1)-
N(16), N(11)-Fe(1)-N(15), N(13)-Fe(1)-N(15), N(16)-Fe(1)-
N(14), N(12)-Fe(1)-N(14), N(13)-Fe(1)-N(14), which differ
by 1.198, 5.598, 9.78, 0.888, 6.018, 23.598, and 118 respectively,
from what would be expected for a regular octahedron.
These differences are smaller than those observed in 2.


On cooling to 350 K and 290 K, there is clearly a contrac-
tion of the FeN6 octahedra that is typical of the type usually
seen in SCO compounds. In addition, the color of the crystal
has changed from pale yellow to red. The average Fe�N
bond lengths and octahedral volumes at 250 K, are slightly
smaller than half way between those expected for high- and
low-spin iron(ii) centers (D[Fe�Nav] = 0.070 W and DV-
[FeN6]av = 1.09 W3). On cooling to 90 K, the contraction of


the coordination polyhedra con-
tinues (D[Fe�Nav] = 0.071 W,
and DV[FeN6]av = 1.09 W3) and
the crystal becomes still darker
in color. The total [Fe�Nav]
change between 400 K and
90 K is equal to 0.142 W and
0.139 W for Fe(1) and Fe(2), re-
spectively, and is �0.06 W
smaller than that usually ob-
served for a complete iron(ii)
SCO;[14] a fact that may be re-
lated to the more rigid nature
of the pentadentate bztpen
ligand. However, the partial
[Fe�Nav] variations observed
for each transition, step 1 (400–
250 K) and step 2 (250–90 K),
are very similar, which suggests
a similar extent of spin conver-
sion in each step. Particularly
sensitive to the spin state and
to the occurrence of two steps
is the angle N(12)-Fe(1)-N(14)
and the homologous N(22)-
Fe(2)-N(24) (Table 4), which in-
crease by 10.518 for site 1 and
11.528 for site 2, in accordance


with the increased regularity on changing from the HS state
(400 K) to the LS state (90 K). The average trigonal distor-
tion angle is very similar for Fe(1) and Fe(2). It has a value
between those observed for 1 and 2. This angle is also sensi-
tive to the spin conversion and decreases as the LS state is


Figure 4. Molecular structure of compound 3 at 290 K (displacement el-
lipsoids are shown at 25% probability level for clarity). The second crys-
tallographically inequivalent half molecule is numbered so that the first
numerical digit of the atom label changes from 1 to 2 (thus N(11) be-
comes N(21) and C(111) becomes C(211)).


Figure 5. a) Side and b) top perspectives of the molecular packing of 3 at 400 K.
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populated (Table 4). It is important to note that all these
structural modifications upon spin conversion are compara-
ble (within error) for the two independent iron(ii) centers,
indicating that both independent dinuclear units undergo
spin crossover simultaneously.


In addition to the changes in the iron octahedra, there are
also changes in the disorder of the PF6


� counterions (de-
fined with reference to the central phosphorus atom) and in
the behavior of the dicyanamide bridging ligand. While the
thermal motion of all atoms is large at high temperatures,
P(1) was considered to be ordered throughout, whereas P(2)
and P(3) are both disordered. The disorder in P(2) was mod-
eled with two orientations of equal occupancy at 400 K, de-
creasing fairly linearly to the occupancy ratio 0.85:0.15 at
90 K. In contrast, in P(3), the disordered components
remain equally occupied in the temperature interval 400–
290 K, with the occupancy of one component decreasing ap-
proximately linearly to 0.75:0.25 between 250 K and 90 K.
This suggests that the change in the disorder is related to
the second step of the transition.


The changes in the dicyanamide bridge seem less appar-
ent at first. At 400 K, only the central nitrogen atom is mod-
eled as disordered. On cooling to 290 K, this disorder ap-
pears to spread to the adjacent carbon atoms. This could,
however, merely be an effect caused by the reduction of
thermal motion leading to data with a higher resolution. A
comparison of the thermal motion of the terminal nitrogen
atoms of the dicyanamide bridge, that is, those ligating the
iron centers, shows that there is a change on cooling
(Figure 6). In general, thermal motion should decrease line-


arly with cooling.[15] Given the
similar atom conditions, the
thermal motion should be com-
parable. In 3, the thermal
motion of the ligating nitrogen
atoms of the bztpen ligand de-
crease approximately linearly,
and all within error. However,
the thermal parameters for
N(16) and N(26) (both part of
the dicyanamide bridging li-
gands) do not follow this trend.
It is difficult to be certain what
is happening at high tempera-
tures owing to considerable


errors. While it is clear that the atomic displacement for
N(16) and N(26) is comparable to that of the bztpen nitro-
gen atoms at low temperatures, this is not the case at high
temperatures. Indeed, Ueq for N(16) and N(26) do not
behave in the predicted linear fashion, suggesting that the
disorder in the bridge also affects the terminal nitrogen
atoms. This indicates that at 90 K, when the compound is
entirely low spin, the terminal nitrogen atoms in the bridge
are static. At 400 K, it is not certain whether the disorder in
the terminal nitrogen atoms is still present because the
errors are large, but it is safe to assume that any disorder
present includes a large dynamic component because the
energy barrier between such close positions would be small
and the thermal energy present at high temperatures would
be large enough to enable movement between the two. At
400 K, the thermal parameters for the central nitrogen in
the dicyanamide bridge are also extremely large, suggesting
that the potential energy barrier between the two positions
of the bridge is small enough to allow movement between
the two positions. Cooling would reduce the thermal energy
in the system and the disorder would begin to become static
in nature. Therefore, it is probable that this change between


Table 3. Fe�N bond lengths [W] and octahedral volumes [W3] for 3.


400 K 350 K 290 K 250 K 200 K 150 K 90 K


Fe(1)�N(11) 2.143(6) 2.127(5) 2.073(4) 2.058(5) 2.052(5) 2.008(5) 1.985(4)
Fe(1)�N(12) 2.104(6) 2.112(5) 2.062(5) 2.047(5) 2.033(5) 1.992(5) 1.966(4)
Fe(1)�N(13) 2.173(6) 2.153(5) 2.092(4) 2.085(5) 2.074(5) 2.028(4) 1.966(4)
Fe(1)�N(14) 2.263(10) 2.203(5) 2.156(4) 2.143(5) 2.140(5) 2.105(5) 2.082(4)
Fe(1)�N(15) 2.152(10) 2.169(5) 2.124(4) 2.116(4) 2.102(4) 2.049(4) 2.014(4)
Fe(1)�N(16) 2.071(14) 2.067(6) 2.032(6) 2.017(7) 2.007(7) 1.992(6) 1.986(4)
average 2.146(28) 2.134(13) 2.086(12) 2.073(10) 2.064(12) 2.027(13) 2.004(15)
Oh volume 12.84(6) 12.67(5) 11.89(5) 11.69(4) 11.63(4) 10.97(4) 10.61(4)
Fe(2)�N(11) 2.141(7) 2.120(5) 2.060(5) 2.049(5) 2.048(5) 1.996(4) 1.978(4)
Fe(2)�N(12) 2.101(7) 2.088(5) 2.053(4) 2.043(5) 2.034(5) 1.998(4) 1.958(4)
Fe(2)�N(13) 2.167(7) 2.154(5) 2.097(4) 2.086(5) 2.072(5) 2.019(4) 1.999(4)
Fe(2)�N(14) 2.222(10) 2.212(5) 2.162(4) 2.153(5) 2.149(4) 2.097(4) 2.078(4)
Fe(2)�N(15) 2.183(9) 2.184(5) 2.134(4) 2.123(4) 2.111(4) 2.039(4) 2.021(4)
Fe(2)�N(16) 2.076(12) 2.090(7) 2.046(7) 2.026(8) 2.023(7) 2.010(5) 1.997(5)
average 2.143(9) 2.137(4) 2.088(11) 2.076(12) 2.069(12) 2.024(15) 2.004(13)
Oh volume 12.76(6) 12.71(5) 11.92(5) 11.73(4) 11.55(4) 10.92(4) 10.63(4)


Table 4. Selected structural parameters for 3.


N(12)-Fe1-N(14) [8] N(22)-Fe2-N(24) [8] Trigonal distortion
Fe(1) Fe(1)


400 K 156.4(3) 155.7(3) 5.50 5.85
350 K 157.54(18) 157.80(19) 5.26 5.20
290 K 160.31(15) 160.19(16) 4.65 4.75
250 K 160.99(16) 161.09(17) 4.47 4.59
200 K 161.77(16) 161.72(17) 4.31 4.44
150 K 164.22(16) 165.26(17) 4.11 3.95
90 K 166.95(14) 167.23(15) 3.78 3.73


Figure 6. Ueq vs. temperature for the ligating nitrogen atoms in 3. Those
ligating Fe(1) are shown in black with a broken line and those ligating
Fe(2) in grey with a solid line (to guide the eye). The behavior of the di-
cyanamide atoms N(16) and N(26) isolates them from the remaining ni-
trogen atoms. The largest esds are shown.
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dynamic and static disorder in the center of the bridge is as-
sociated with the first step of the spin-crossover transition
and on cooling through the second step of the transition, the
disorder in the ends of the dicyanamide bridge is reduced
leading to static disorder corresponding to the low-spin
state.


The connection between the bridge and the transition is
further confirmed by a comparison of the Fe···Fe distances
across the dicyanamide bridge. In a hypothetical isolated
molecule in which the dicyanamide bridge is linear and re-
tains its orientation and geometry during the transition,
there should be a difference of approximately 0.4 W between
the Fe···Fe distances seen at 400 K and 90 K (arising from a
contraction of �0.2 W for the irons at each end of the dicya-
namide ligand). In the case of 3, the change in the Fe�N
bond lengths arising from the spin transition are considera-
bly less than 0.2 W (0.085 W for Fe(1)�N(16) and 0.079 W
for Fe(2)�N(26)), but they should still lead to an average
contraction of the Fe···Fe distances of 0.164 W. However, the
Fe···Fe distance changes very little during the transition
(�0.037 W for Fe(1) and +0.020 W for Fe(2)), which is
caused by a gradual increase in the N(16)···N(16) and
N(26)···N(26) distances of approximately 0.15 W between
400 K and 90 K owing to a decrease in the N···N···N angle
(from an average of 150(1) to 143(2)8).


Finally, it is interesting to point out the different relative
orientation of each of the {Fe(bztpen)}2+ halves with respect
to the dicyanamide bridge for 2 and 3. As shown in
Figure 3, the pendent phenyl rings in 2 are on the same side
of the molecule to give a cis-like conformation, while in 3
they point in opposite directions to give a trans-like confor-
mation.


Studies in solution : The cyclic voltammograms recorded for
complexes 1–3 in acetonitrile are displayed in Figure 7. The
potentials of 2 and 3 versus Fc/Fc+ were virtually the same
with two quasireversible oxidations E1


1=2
= 0.353 and 0.350 V


and E2
1=2


= 0.577 and 0.576 V (for 2 and 3, respectively),
while only one reversible oxidation was observed for 1 at
E1=2


= 0.344 V. These results in conjunction with the UV/Vis
behavior (see below) confirm that the coordination sphere
of each Fe in all the complexes remains intact in solution.
They also confirm that the dinuclear nature of 2 and 3 is re-
tained in solution because the two redox potentials corre-
sponding to the FeIII/FeII and FeIII/FeIII species are observed.
The difference between the two potentials DEp = E1


1=2
�E2


1=2


= 0.224 V and 0.226 V. This corresponds to a value of the
equilibrium constant Kc = 6.26X103 and 6.77X103 for 2 and
3 respectively, where Kc is defined according to Equa-
tion (6):


Kc ¼ ½FeIII�FeII�2
½FeIII�FeIII�½FeII�FeII� ð6Þ


for the equilibrium [Eq. (7)]:


FeIII�FeIII þ FeII�FeIIG
Kc


H2 FeII�FeIII ð7Þ


Analysis of the behavior of the voltamperometric function
of 2 and 3 shows an important depletion of the intensity in
the second process, which is probably caused by the influ-
ence of the first redox process on the second.


The magnetic properties of 2 and 3 were measured in
[D6]acetone by the Evans method in the temperature range
180–330 K.[16] The results are shown in Figure 8a and b. As
the temperature decreases, the cMT product changes from
5.23 cm3Kmol�1 and 5.84 cm3Kmol�1 to 0.92 cm3Kmol�1


and 1.52 cm3Kmol�1 for 2 and 3, respectively. This continu-
ous decrease in cMT is consistent with a spin conversion
taking place in solution. Experimental and calculated data
have been fitted as described previously. The lack of two
steps in solution makes it possible to consider the occur-
rence of only the global transformation HS–HSQLS–LS,
characterized by the constant K2. The cMT product can be
obtained from Equation (8), where (cMT)HH has been con-
sidered as an adjustable parameter.


cMT ¼ K2ðcMTÞHH


1 þ K2
ð8Þ


To obtain a good fit, the parameter fHS has been included,
which accounts for the HS molar fraction of species that


Figure 7. Cyclic voltammograms, recorded in CH3CN, of 1 (top), 2
(middle), 3 (bottom).
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does not undergo spin conversion. Satisfactory simulations
are obtained for Tc = 258 K, DS = 70 JK�1 mol�1 (DH
�18.1 kJmol�1), (cMT)HH = 6.7 cm3Kmol�1 and fHS = 0.20
for 2, and Tc = 252 K, DS = 50 JK�1 mol�1 (DH =


12.6 kJmol�1), (cMT)HH = 6.5 cm3Kmol�1 and fHS = 0.046
for 3.


The electronic spectra of 1–3, dissolved in acetonitrile
(see the Supporting Information), show that 2 and 3 exhibit
virtually identical UV/Vis spectra with a strong absorption
at l = 391 nm with e = 11537 Lcm�1 mol�1 and
12294 Lcm�1 mol�1 for 2 and 3 respectively, and a weaker
absorption at l = 536 nm with e = 185 Lcm�1 mol�1 for
both. On the other hand, 1 shows both absorption bands
centered at l = 393 and 529 nm with e = 2491 and
60.2 Lcm�1 mol�1, respectively. The d–d absorption bands of
these three complexes are centered at 863 nm
(11587.5 cm�1) for 2 and 3 with e = 25 Lcm�1 mol�1 and
22 Lcm�1 mol�1 for 2 and 3 respectively, while in 1, the d-d
absorption band is at 860 nm (11628 cm�1 with e =


15.6 Lcm�1 mol�1).


Discussion


Synthetic approach : The synthesis and characterization of
the system [Fe(tpen)](ClO4)2·nH2O, where tpen is the hexa-
dentate ligand N,N,N’,N’-tetrakis(2-pyridylmethyl)-1,2-ethyl-
enediamine, was first reported more than ten years ago.[17]


The anhydrous and hydrate (n = 2=3) derivatives are essen-
tially LS at 300 K, but show the onset of a spin equilibrium
at higher temperatures that is much more marked for the
hydrated compound (Tc�365 K). This derivative shows the
singularity of undergoing a fast spin-crossover transition
with respect to the 57Fe Mçssbauer timescale (107–108 s�1).
From a synthetic viewpoint, it is clear that the use of hexa-
dentate ligands, such as tpen, are not conducive to the inves-
tigation of new polynuclear SCO complexes because, on one
hand, they form strong ligand field LS iron(ii) complexes,
and on the other hand, labilization of at least one coordina-
tion site in the precursor complex to insert a potential bridg-
ing ligand is difficult. Interestingly, the search for new syn-
thetic analogues of the active intermediate in the reaction
cycle of bleomycin[18] has led to the synthesis of new ligands
derived from tpen. These include N-methyl-, N-ethyl-, or N-
benzyl-N,N’,N’-tetrakis(2-pyridylmethyl)-1,2-ethylenedia-
mine, generically referred to as Rtpen.[19] The use of such
pentadentate aminopyridyl ligands based on ethylenedia-
mine has allowed the formation of hexacoordinated iron(ii)
complexes whose spin state depends on the nature of the
monodentate ligand in the sixth coordination site (i.e. sol-
vent, halide, or pseudohalide groups). Therefore, in this con-
text, we decided to investigate the interaction between the
complex [Fe(bztpen)S]2+ (S = H2O or MeOH) and the
bridging dicyanamide anion.


The mononuclear compound 1 precipitates as red prismat-
ic diamagnetic single crystals from appropriate stoichiomet-
ric amounts of reactants. The crystal structure and the solid
state magnetic behavior of 1 indicate the presence of LS
iron(ii). This suggests that, in this case, the formal replace-
ment of one pyridyl group by one dicyanamide ligand does
not trigger the weakening of the ligand field at the iron(ii)
site that is necessary in order to observe SCO phenomena.
In this respect, it is worth mentioning that only one example
of an iron(ii) SCO compound containing the dicyanamide
anion as a ligand has been reported to date, namely [Fe-
(abpt)2(dca)2] (abpt = 4-amino-3,5-bis(pyridin-2-yl)-1,2,4-
triazole).[20] From a comparison of this derivative with the
related [Fe(abpt)2(NCX)2] (X = S or Se), it is clear that the
ligand field strength of dicyanamide is markedly weaker
than that of the pseudohalides NCS� and NCSe� .[21]


The formation of 2 or 3 takes place from a dca� :[Fe(bztp-
en)S]2+ ratio close to 1:2, in the presence of an excess of
PF6


� . Complex 2 precipitates as a pale yellow, microcrystal-
line powder, while 3 needs at least 36 h to grow as brown
prismatic single crystals. The most remarkable structural dif-
ference between both dimers is the orientation of the
phenyl rings with respect to one another. While the phenyl
groups appear to be in a cis conformation in 2, the trans
conformation is retained in 3. Most probably, the formation


Figure 8. Magnetic properties in liquid solution state. cMT versus T plots
for compounds 2 (top) and 3 (bottom). The solid lines represent the best
fit between calculated and experimental data.
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of 2 is controlled kinetically, whereby 3 is the thermodynam-
ically stable species. The coordination core of 2 (at 300 K) is
considerably more distorted than that of 3 (at 400 K, where
it is essentially HS). These structural differences are reflect-
ed in the differences in magnetic behavior observed for 2
and 3 in the solid state. Compound 2 displays HS–HS be-
havior in the whole range of temperatures. Similarly, recent
work aimed at synthesizing dca-bridged dinuclear FeII SCO
compounds led to double dca bridges and HS–HS behav-
ior.[22]


Two-step SCO behavior: Two-step SCO transitions are
scarce and only a few well-documented examples have been
reported. The mononuclear complex [Fe(2-pic)3]Cl2·EtOH
(2-pic = 2-picolylamine) was the first example of a two-step
SCO and is generally considered prototypical.[23] This com-
pound contains only one crystallographically unique iron
center in both the HS state and the LS state;[24] however,
the nature of the plateau has been subject of study for more
than 20 years.[25] From a theoretical viewpoint it was be-
lieved that the plateau reflected the existence of short-range
interactions responsible for the occurrence of clusters de-
fined by LS–HS pairs. However, BZrgi and co-workers used
synchrotron radiation to reveal the existence of an inter-
mediate phase that defines the plateau.[26] Furthermore, in
contrast to previous studies, it clearly establishes that long-
range order occurs in the plateau defined by infinite -[LS–
HS-LS]- chains of [Fe(2-pic)3]


2+ molecules.[8] Within each
chain, the complex molecules strongly interact with each
other through hydrogen bonds between the Cl� ions and the
EtOH molecules. This is in contrast to the situation in the
two-step spin transition exhibited by the monomeric com-
pound {Fe[5-NO2-sal-N(1,4,7,10)]}, where 5-NO2-sal-N-
(1,4,7,10) is a hexadentate ligand synthesized from the con-
densation of 5-NO2-salicylaldehyde with 1,4,7,10-tetraazade-
cane). In this complex, the transition is associated with the
existence of two different iron sites, which allows the identi-
fication of two equally distributed sets of molecules in the
crystal.[27]


A similar phenomenology may be observed for dinuclear
compounds. As mentioned in the introduction, step-wise
transitions have been observed for the {[Fe(L)(NCX)2]2(m-
bpym)} family[3] and the compound {[Fe(phdia)(NCS)2]2(m-
phdia)}.[4] The {[Fe(bpym)(NCX)2]2(m-bpym)} (X = S or Se)
derivative is HS and displays intramolecular antiferromag-
netic coupling. However, this coupling can be suppressed by
the appropriate choice of the peripheral ligands owing to
the occurrence of thermal SCO in one or even both iron
centers. Magnetic studies performed on these compounds
under pressure have nicely demonstrated that the ligand
field strength can be tuned in a much more efficient
manner. Thus, {[Fe(bpym)(NCX)2]2(m-bpym)} has been ob-
served to a undergo thermal spin transition in only one of
the two centers under hydrostatic pressure.[3d] This is unusu-
al given that, according to an X-ray structure determination,
both centers have entirely equivalent surroundings,[3b] as is
the case in 3. The appearance of the spin transition in only


one center of the bridged pair, concluding in a plateau with
all pairs present in LS–HS pair formation, supports the sug-
gestion that LS–HS pair formation is a preferred process
arising from a synergetic effect between intramolecular and
cooperative intermolecular interactions.[3c] Similar behavior
has been observed for {[Fe(bpym)(NCSe)2]2bpym} at atmos-
pheric pressure.[3d] A method has recently been developed
for direct monitoring of the spin state and the magnetic cou-
pling in dinuclear iron(ii) compounds.[3f] This method in-
volves Mçssbauer measurements carried out in an external
magnetic field (5 T). The species HS–HS, LS–HS, and LS–
LS have been identified in {[Fe(bpym)(NCS)2]2bpym}, {Fe-
(bpym)(NCSe)2]2bpym}, {[Fe(bt)(NCS)2]2bpym}, and {[Fe-
(phdia)(NCS)2]2(m-phdia)} at 4.2 K. Moreover, the applica-
tion of applied-field Mçssbauer spectroscopy to study the
LIESST effect on dinuclear compounds demonstrates the ef-
fectiveness of this approach. The crystal structure of
{[Fe(bt)(NCS)2]2bpym} in the plateau indicates that standard
X-ray diffraction experiments cannot distinguish between
the two iron(ii) sites belonging to the LS–HS species,[3i] as
occurred in the standard X-ray studies of [Fe(2-pic)3]Cl2·
EtOH. In contrast to mononuclear compounds, the plateau in
dinuclear compounds may also arise from the occurrence of
a 50:50 distribution of HS–HS and LS–LS dinuclear species
instead of 100% of LS–HS species. This was the case recent-
ly observed by Kaizaki and co-workers for the compound
{[Fe(4-phpy)(NCBH3)2]2(m-bpypz)} (4-phpy is 4-phenyl-pyri-
dine, bipypz is 3,5-bis(2-pyridyl)pyrazolate), where the pla-
teau is defined by an ordered distribution of HS–HS and
LS–LS molecules.[6] In contrast to this, the results by Brook-
er, Murray, and co-workers report the first structural charac-
terization of the LS–HS spin pair in a new dinuclear iron(ii)
compound, which displays a 50% conversion.[7]


As far as compound 3 is concerned, we have observed the
occurrence of two crystallographically distinct dinuclear
molecules in the solid state. As a consequence, the step-wise
nature of the SCO could be assumed to be associated with
this fact. However, our multitemperature X-ray study dem-
onstrates that the two molecules undergo SCO simultane-
ously (Figure 9). We believe that a more sophisticated struc-
tural analysis, similar to that performed on [Fe(2-pic)3]Cl2·
EtOH, might provide evidence of the occurrence of an inter-
mediate phase in which the LS–HS molecules exist.


Cooperative nature of the SCO : As already discussed, the
two-step SCO is not an exclusive feature of dinuclear com-
plexes. Current research in this field has afforded four new
dinuclear complexes: {[Fe(dpa)(NCS)2]2(m-bpym)},[28] {[Fe-
(pypzH)(NCSe)]2(m-pypz)} (where dpa stands for 2,2’-dipyri-
dylamine, and pypzH and pypz� are 2-pyrazolylpyridine and
its deprotonated form, respectively),[3a] and {[Fe-
(NCX)(py)]2(m-bpypz)2} (where X = S or BH3).


[5b,c] The m-
pypz and m-bpypz dimers undergo relatively cooperative
one-step SCO, which indicates that two-step SCO is not a
property intrinsic to dinuclear species. Interestingly, the dpa-
(m-bpym) dimer seems to be the first member of the bpym-
bridged dimers that apparently display only one-step behav-
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ior. Indeed, the dpa-m-bpym derivative undergoes a very
poorly cooperative SCO transition characterized by an un-
usually shaped cMT vs T curve. In our opinion, this fact
could indicate the occurrence of two unresolved spin transi-
tions that spread over a range of more than 300 K. In the
light of this phenomenon, it is difficult to assess the factors
that control the SCO regime in dinuclear complexes because
it seems to depend on a delicate balance between intra- and
intermolecular elastic, and perhaps electronic, interactions.


The cooperativity that leads to the propagation of the
spin-crossover transition through a crystal is dependent on
the transmission of elastic interactions through the crystal
lattice mediated by intermolecular interactions. In this re-
spect, the geometrical intramolecular changes associated
with the SCO demonstrate that 3 has a very flexible struc-
ture. For instance, the [FeN6] core experiences noticeable
angular changes in addition to the Fe�N bond length
changes. Furthermore, by bending, the flexible dicyanamide
bridge absorbs some of the effects of the spin change be-
cause no significant shortening of the Fe···Fe intra-dimer dis-
tance is observed upon SCO. In addition, the crystal packing
clearly shows that the dinuclear species are relatively well
isolated because no strong intermolecular contacts between
complex molecules (coupled directly or through PF6


�


groups) are observed. These facts explain why the transition
is poorly cooperative; however, it is difficult to ascertain
why this system displays a step-wise transition and whether
electronic communication may play a role in it. These re-
sults suggest that the lack of cooperativity does not play any
substantial role in the observation of two-step SCO in 3.


Disorder and SCO : The interplay between order–disorder
and SCO phenomena has been discussed for many years.
For instance, disorder was suggested to be related to the
nature of the SCO in [Fe(2-pic)3]Cl2·EtOH.[24b] As noted
above, the complex cations [Fe(2-pic)3]


2+ strongly interact
with each other through hydrogen bonds between Cl�


anions and EtOH solvent molecules. Thermal ordering of
the ethanol molecules was considered to be a trigger of the
spin change. Similarly, order–disorder transitions in solvent
molecules have been associated with the SCO in [Fe-
(dppen)2Cl2]·2S (where dppen is cis-1,2-bis(diphenylphos-
phino)ethylene, from Mçssbauer studies[29a] for S =


(CH3)2CO, and from X-ray studies[29b] for S = CHCl3).
Order–disorder transitions in uncoordinated anions have
also received much attention.[30] The complex [Fe(dapp)-
(abpt)](ClO4)2 (dapp = bis(3-aminopropyl)(2-pyridylme-
thyl)amine) is a recent example which not only exhibits a
concomitance between the order–disorder transition of the
perchlorate ions and the SCO, but also represents the first
observation of such a transition involving the ligand directly
coordinated to the iron(ii) atom.[30e] Similarly, in the case of
3 we have also observed the occurrence of different kinds of
disorder, which change during the spin conversion and in-
volve both the PF6


� counterions and the dicyanamide bridg-
ing ligand. While the thermal disorder of the P(2) PF6


�


changes linearly from an occupation ratio 0.5:0.5 at 400 K to
0.85:0.15 at 90 K, the P(3) PF6


� changes from the occupation
ratio 0.5:0.5 at 250 K to 0.75:0.25 at 90 K, and coincides
with the second spin change. These observations may sug-
gest that the two-step character of the SCO could be trig-
gered by order–disorder transitions in 3. While order–disor-
der transitions exhibited by counterions are not uncommon,
similar structural changes in ligands are considerably more
unusual.[30e] In the case of 3, the changes in the counterions
appear to be coupled with changes to the bridging dicyana-
mide. Given the quality of the data at high temperature, it is
difficult to be certain of exactly what is happening. Howev-
er, it seems clear that there is dynamic disorder at 400 K
which could involve rotation of the [N(CN)2]


� ligand. This is
reduced at the plateau and becomes static on cooling to
90 K. The location of the P(3) PF6


� between the crossing di-
cyanamide ligands (Figure 5) suggests that there may be a
connection between the counterion disorder and the disor-
der in the bridge; however, this is difficult to confirm.


Solution studies : Most dinuclear systems synthesized so far
are insoluble or unstable in solution, but this is not the case
for 2 and 3 and electrochemical studies have demonstrated
the stability of these dinuclear complexes in solution. These
studies along with the UV/Vis study, confirm that the coor-
dination sphere of each iron atom in all the complexes re-
mains intact in solution. The observed influence of the first
redox process on the second, can be attributed to the with-
drawal of electronic density from the iron that is oxidized
first by the second. This phenomenon is commonly observed
in systems referred to as molecular wires. All this and the
magnitude of the splitting observed in the couples indicates
a large degree of electronic coupling between the iron
atoms through the dicyanamide bridge in the spin-crossover
units, which is comparable with that observed in biferro-
cenes with steric hindrance between substituents, that is,
2,2’-dimethyl-biferrocene (DEp = 0.26 V in CH3CN) and in
a,w-diferrocenyl cumulenes.[31]


Figure 9. Correlation between the thermal dependence of the magnetic
behavior and the average Fe(1)�N and Fe(2)�N bond lengths in 3.
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On cooling, both compounds undergo a very similar spin
change that appears to be characterized by a single step
taking place at similar characteristic temperatures (Tc). This
confirms that the crystal structure is responsible for the dif-
ferences between the SCO transitions in 2 and 3 in the solid
state. Another interesting result is that the two transitions
observed in the solid state for 3 present similar shapes com-
pared to those observed for 2 and 3 in solution. This con-
firms our previous hypothesis concerning the very weak in-
termolecular interactions operative in 3. A similar behavior
has been observed in [Fe(tpen)](ClO4)2·


2=3 H2O for which a
rapid SCO conversion in the solid state was observed.[17]


Conclusion


Herein we have reported a novel synthetic strategy to
obtain dinuclear spin crossover complexes. Starting from the
monomeric precursor {[(Fe(bztpen)]N(CN)2}


+ , two isomeric
forms of the first dicyanamide-bridged iron(ii) dinuclear
spin-crossover system {[(Fe(bztpen)]2N(CN)2}


3+ have been
synthesized and characterized for the first time. One form
(3) displays a gradual two-step spin conversion. For the
second form (2), this conversion depends on the texture
(crystalline or precipitate) and the history of the sample. Al-
though there are two crystallographically different iron(ii)
atoms in 3, the two-step conversion is not associated with
this fact. Probably, the occurrence of an intermediate phase
defined by 100% LS–HS molecules or by 50% HS–HS and
50% LS–LS pairs should be the origin of this observation.
The stabilization of the LS–HS state seems to depend on a
delicate balance between intra- and intermolecular interac-
tions in the solid state. The electronic coupling between the
iron(ii) atoms through the dicyanamide bridge, observed
from electrochemical measurements in solution, should
favor the stabilization of the intermediate spin state.[3b]


However, this state seems to succumb in acetonitrile solu-
tion, in which both forms display a similar continuous spin
transition.


Experimental Section


Manipulations were performed under an atmosphere of argon by means
of standard Schlenk techniques. Commercially available chemicals were
used without prior purification. The bztpen ligand was synthesized ac-
cording to a literature procedure.[32]


Preparation of {Fe(bztpen)[N(CN)2]}PF6·CH3OH (1): A solution of
bztpen (0.24 mmol) in methanol (10 mL) was added dropwise to a solu-
tion of Fe(BF4)2·6H2O (0.24 mmol) in the same solvent (5 mL). To the
resulting yellow solution was slowly added a freshly prepared solution of
NaN(CN)2 (0.71 mmol) in methanol (10 mL). The mixture was stirred for
20 min, then a solution of NH4PF6 (0.71 mmol) in methanol (20 mL) was
added very slowly. The resulting transparent brown solution was evapo-
rated slowly under Ar. Brown needles of 1 were collected after �36 h.
Yield: 0.087 g (51%); FAB MS: m/z : 498 [M�PF6�CH3OH-
N(CN)2+H2O]+ , 545 [M�PF6


��CH3OH]+ ; elemental analysis calcd (%)
for C30H33N8F6OPFe: C 49.9, H 4.57, N 15.5; found: C 49.3, H 4.15, N
14.7; IR (KBr): ñ = 2160, 2220, 2259 (C�N) cm�1.


Preparation of {[(Fe(bztpen)]2[N(CN)2]}(PF6)3·H2O (2) and [(Fe-
(bztpen)]2[N(CN)2]}(PF6)3 (3): A solution of bztpen (0.24 mmol) in meth-
anol (10 mL) was added dropwise to a solution of Fe(BF4)2·6H2O
(0.24 mmol) in the same solvent (5 mL). To this yellow solution was
added very slowly a freshly prepared solution of NaN(CN)2 (0.12 mmol)
in methanol (10 mL). The mixture was stirred for 20 min, after which a
solution of NH4PF6 (0.71 mmol) in methanol (20 mL) was added very
slowly while stirring. A yellow microcrystalline powder of 2 precipitated
immediately from this dark yellow mixture. Yellow crystals of 2 had
formed 24 h later. Yield of powder and crystals: 0.09 g (52%); FAB MS:
m/z : 479 [Fe(Bztpen)+e�]+ , 545 [M�Fe(bztpen)�3PF6


��H2O]+ , 1188
[M�2PF6


�+e�]+ , 1314 [M�PF6
��H2O]+ ; elemental analysis calcd (%)


for Fe2C56H60F18N13OP3 : C 45.5, H 4.06, N 12.3; found: C 45.8, H 4.13, N
12.3; IR (KBr): ñ = 2203, 2253, 2364 (C�N) cm�1. The filtered brown so-
lution was left under Ar for 36 h. The dark brown prismatic crystals of 3
that had formed were collected over the following week. Yield: 0.04 g
(23%); FAB MS: m/z : 479 [M�Fe(Bztpen)�N(CN)2�3PF6


�+e�]+ , 545
[M�Fe(bztpen)�3PF6


�]+ , 1188 [M�2PF6
�+H2O


�+e�]+ , 1314 [M�PF6]
+


; elemental analysis calcd (%) for Fe2C56H58F18N13P3: C 46.1, H 3.97, N
12.5; found: C 45.7, H 3.85, N 12.1; IR (KBr): ñ = 2172, 2318
(C�N) cm�1.


Physical measurements : Variable-temperature magnetic susceptibility
measurements of samples consisting of small single crystals (20–30 mg)
were recorded with a Quantum Design MPMS2SQUID susceptometer
equipped with a 5.5 T magnet, operating at 1 T and at temperatures from
1.8–300 K. Magnetic measurements under pressure were performed in a
cylindrical hydrostatic pressure cell made of hardened beryllium bronze
(1 mm in diameter and 5–7 mm in length) that was specially designed for
this SQUID set up.[33] Silicone oil was used as the pressure-transmitting
medium operating in the pressure range 1 bar to 12 kbar. The pressure
was measured with respect to the pressure dependence of the supercon-
ducting transition temperature of a built-in pressure sensor made of high
purity tin. The susceptometer was calibrated with (NH4)2Mn-
(SO4)2·12H2O. The variable-temperature magnetic susceptibility in solu-
tion was measured with the Evans method, in the range 183–323 K in
(CD6)2CO at a concentration of 0.01m. Chemical shifts are referenced to
tetramethylsilane (TMS). All spectra were recorded in a Varian Unity
Inova300 instrument at 300 MHz. Experimental susceptibilities were cor-
rected for diamagnetism of the constituent atoms by the use of Pascal\s
constants. UV/Vis absorption spectra in solution were measured on a
HP8493 diode array spectrophotometer in CH3CN. All lmax and the cor-
responding molar absorptivity coefficients e [Lcm3mol�1] were obtained
with a statistic treatment of the absorption spectra at several concentra-
tions. Electrochemical measurements were carried out in a potentiostat
galvanostate autolab model Pgstat30, with a three-electrode system in a
0.1m Bu4N(PF6) acetonitrile solution as the supporting electrolyte. A
carbon glass disc (0.071 cm2) was used as the working electrode, a Pt wire
as the auxiliary electrode, and 0.1m (Bu4N)Br/AgBr(s)/Ag was used as
the reference electrode. The working electrode (C) was polished with
alumina to ensure the absence of residues on the surface. All voltammo-
grams were initiated from the null current potential (Ei = 0) and the
scan was initiated in both positive and negative potential directions. In
order to report the potentials used according to the IUPAC convention,
voltammograms were obtained for approximately 10�3


m solutions of fer-
rocene (Fc) in a supporting electrolyte. For the working conditions, the
electroactive domain was between �1.726 and 0.274 V Fc+/Fc. The half-
wave potentials were estimated from E1=2 = (Epa + Epc)/2, where Epa and
Epc are the anodic and cathodic peak potentials, respectively.


Single-crystal X-ray diffraction : Diffraction data of prismatic crystals of 1
and 2 were collected at 293 K with an Enraf-Nonius CAD4 diffractome-
ter and graphite-monochromated MoKa radiation (l = 0.71073 W). The
structures were solved by direct methods with SHELXS-97 and refined
by full-matrix least-squares on F2 with SHELXL-97.[34] The hydrogen
atoms of the solvent molecules were located in the difference map; how-
ever, refinement was unstable so that the hydrogen atoms of CH3OH
were refined with a riding model.


Single-crystal X-ray diffraction experiments for 3 were carried out with
graphite-monochromated MoKa radiation (l = 0.71073 W) on a Bruker
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ProteumM diffractometer with an Apex area detector and a Bede Micro-
source. In general, three series of narrow w scans (0.38) were performed
at different settings in such a way as to cover a sphere of reciprocal space
to a maximum resolution of 0.75 W. The temperature control was carried
out with an Oxford Cryostream700 series N2 open-flow cooling device,[35]


and data were collected at 400, 350, 290, 250, 200, 150, and 90 K.


In each case, the unit cell parameters were determined and refined with
the SMART software[36] and the raw frame data were integrated with the
SAINT program.[37] The structures were solved by direct methods and re-
fined by full-matrix least-squares on F2 with SHELXTL software.[38] Re-
flection intensities were corrected for absorption effects by numerical in-
tegration based on measurements and indexing of the crystal faces
(SHELXTL software).[38]


Non-hydrogen atoms were refined anisotropically, except if there was dis-
order present. The two halves of the dinuclear cations are related by an
inversion center; however, the central nitrogen of the dicyanamide bridg-
ing ligand occupies a position away from the symmetry position, and is
therefore disordered over two positions. The distance between these two
positions is sufficient to enable anisotropic refinement at all tempera-
tures; however, at 290 K and below, the carbon atoms in the bridge were
also modeled as disordered. These two positions are much closer together
with a considerable amount of overlap, making anisotropic refinement
impossible. Thus, at 290, 250, 200, and 150 K, the carbon atom displace-
ments were modeled as isotropic. At 90 K, the disorder is still present,
but the thermal motion is sufficiently reduced to allow refinement of ani-
sotropic displacement parameters. In addition, there is disorder present
in the PF6


� counterions (hereafter referred to by the phosphorous atom
label). In the case of the P(1), although the PF6


� ion is clearly librating at
higher temperatures, no disorder is modeled because the large displace-
ment parameters appear to be caused only by thermal effects. This is not
the case for P(2) and P(3) however. At 400 K, P(2) was modeled with
two equally occupied components, rotationally offset, with the central
phosphorous atom coincident. The disorder is clearly dynamic in nature,
because the occupancy changes on cooling (modeled linearly) until the
minor component is only 15% occupied at 90 K. The disorder in P(3) is
also rotational in nature, but is more structured as the rotation axis is co-
incident with the F(35)�P(3)/P(3)�F(36) bonds, so that at 400 K, a total
of eight equatorial fluorine atoms were modeled with two equally occu-
pied components. Similar to P(2), there is clearly a dynamic aspect to the
disorder, but in contrast, the disordered P(3) components were modeled
as equally occupied from 400 K to 250 K, after which the occupancy was
also modeled as reducing linearly. At low occupancies, anisotropic refine-
ment of the thermal motion leads to infeasible displacement parameters
for the fluorine atoms. Therefore, for P(2), the minor component was
modeled as isotropic at 250 K and below, while for P(3) this is the case
only at 150 K and 90 K. In many cases, restraints were necessary to main-
tain sensible octahedral geometries, and in general, these were used to
restrain similar distances to a consistent value. Hydrogen atoms were
positioned geometrically and refined with a riding model. Selected crys-
tallographic data are presented in Table 1.


CCDC 263310–CCDC-263318 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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[W(CO)5]-Catalyzed endo- or exo-Cycloisomerization Reactions of 1,1-
Disubstituted 4-Pentyn-1-ols: Experimental and Theoretical Studies
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Introduction


Metal-catalyzed cycloisomerization reactions of w-alkynols
(4-pentyn-1-ol derivatives) provide rapid and efficient access
to a variety of cyclic compounds for a great range of syn-
thetic applications.[1] In general, these reactions may proceed
through two different reaction pathways formally leading to
endo- or exo-cycloisomerization products (Scheme 1). The
formation of the endo-product proceeds through the forma-
tion of a vinylidene intermediate which further evolves to
the formation of the final products.[1b, 2] This catalytic endo-
process has been achieved by the use of ruthenium,[3] rhodi-
um,[4] and tungsten complexes.[5] Formation of the exo-prod-


uct implies a simple 5-exo addition of the oxygen to the
alkyne. Several metal complexes (mercury,[6] silver,[7] palladi-
um,[8] and alkyllithium compounds[9]) have been reported to
catalyze this transformation. Also, it has been observed that
those ruthenium and tungsten complexes which catalyzed
the endo-cycloisomerization reaction may, under some reac-
tion conditions, or depending on the structure of the starting
material, direct the reaction to the formation of the exo-pro-
duct.[3,5a,c,i]


Recently, as part of a program directed to the synthesis of
eight-membered carbocycles from Fischer carbene com-
plexes,[10] we became interested in the [W(CO)5]-catalyzed
cycloisomerization reaction of 4-pentyn-1-ols.[11] In order to
get some insight into the mechanism of this reaction, we
have also carried out a theoretical study about the
[W(CO)5]-promoted cycloisomerization reactions of 4-
pentyn-1-ol.[12] Thus, we have found new mechanisms for
both the endo- and exo-pathways and we have shown that
although the endo-route is more favorable, the difference
between the rate-determining barriers for both mechanisms
is only 1.1 kcal mol�1. In a wider investigation on this cata-


Abstract: The [W(CO)5]-catalyzed cy-
cloisomerization reaction of 1,1-disub-
stituted 4-pentyn-1-ol derivatives has
been studied from both, an experimen-
tal and theoretical point of view. Three
different catalytic systems have been
evaluated {preformed [(thf)W(CO)5],
[W(CO)6]/excess Et3N, and [W(CO)6]/


2 mol % Et3N]. We have found that the
reaction proceeds to give the formal
endo- or exo-cycloisomerization prod-


ucts depending on the amount of Et3N
used and on the substitution along the
alkyl chain of the starting alkynol. The
theoretical study allowed us to find the
mechanisms of the reactions which ex-
plain the formation of the formal endo-
or exo-cycloisomerization products.
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Scheme 1. endo- or exo-cyclization products from the cycloisomerization
reaction of w-alkynols.
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lytic reaction we have found new interesting results related
to the high dependence of the reaction on the catalytic
system used and the structure of the starting 4-pentyn-1-ol
derivative. These findings together with new theoretical
studies about the mechanisms of the reactions are reported
in deep within this paper.


Results and Discussion


Conceptual background and preliminary studies : Our ap-
proach to a catalytic synthesis of eight-membered carbocy-
cles was guided by the perception that tricyclic compounds
4, which are known to be precursors of eight-membered car-
bocycles,[10] could be easily available from alkynols 1.[11]


Thus, we argued that these alkynol derivatives 1, which con-
tain an allyl moiety in their structure, could react with pen-
tacarbonyltungsten complex species, through a cycloisomeri-
zation reaction, to give the vinylidene intermediate 2, which
further could evolve to the cyclic carbene complex 3. A sub-
sequent intramolecular cyclopropanation reaction of com-
plexes 3 should give the tricyclic compounds 4. This cyclo-
propanation reaction should regenerate the pentacarbonyl-
tungsten species and so, a catalytic process could be feasible
(Scheme 2, cycle a). However, we were aware about the pos-
sibility of a competitive 5-exo-dig mechanism (Scheme 2,


cycle b). As shown, this mechanism implies that after an ini-
tial coordination of the pentacarbonyltungsten to the
alkyne, the hydroxy group adds to the internal position of
the triple bond to give a zwitterionic intermediate 5 which,
after migration of the hydrogen atom and elimination of the
metal fragment, produces the final furan derivative 6 regen-
erating the pentacarbonyltungsten species.


In our preliminary experiments we used the model com-
pound 1a and we evaluated different reaction conditions
(Scheme 3). Thus, we observed that the treatment of this
compound 1a with 25 mol% preformed [(thf)W(CO)5] in
THF at room temperature for 24 h led to the formation of
the tricyclic compound 4a in 74 % yield. Although this
result was a significant achievement, a minor drawback of
the method is the fact that the catalyst [(thf)W(CO)5]
should be generated in a separated vessel, irradiating a THF
solution of [W(CO)6], and then added to the solution of the
alkynol 1a. Experimentally easier are those conditions de-
veloped by McDonald and co-workers which suppose the in
situ generation of the catalytic [W(CO)5] species by continu-
ous irradiation of a THF solution of the alkynol in the pres-
ence of a catalytic amount of [W(CO)6] (5 mol %) and an
excess (200 mol %) of an amine (Et3N or DABCO).[5i] Sur-
prisingly, when we carried out the reaction of 1a under
these catalytic conditions, we did not observe the formation
of the expected tricyclic compound 4a ; instead, we observed
the exclusive formation of the furan derivative 6a (94 %
yield). At this point it seemed clear that the presence of an
amine in the reaction media was playing an important role
directing the reaction to the formation of the tricyclic com-
pound 4a or the furan derivative 6a.[13] In fact, we observed
different 4a/6a ratios depending on the amount of triethyl-
amine used. Thus, as shown in Scheme 3, treatment of alky-
nol 1a with 5 mol % [W(CO)6] and 20 mol % triethylamine
under constant irradiation at 350 nm led to the formation of
a 43:57 mixture of 4a and 6a as determined by 1H NMR
analysis of the crude of the reaction. When the amount of
triethylamine was reduced to 5 mol %, the ratio 4a/6a in-
creased to 61:39. Finally, by the use of only 2 mol % triethyl-
amine, the ratio was increased to 86:14, allowing the isola-
tion of tricyclic compound 4a in a pleasant 80 % yield.
Lower amounts of triethylamine led to the formation of ap-
preciable quantities of decomposition products.


These preliminary studies let us to identify three different
catalytic systems: i) first, the catalyst [(thf)W(CO)5] which
leads to the formation of tricyclic compound 4a (method
A); ii) the second catalytic system consists in the use of
5 mol % [W(CO)6] and 2 mol % Et3N under constant irradi-
ation (method B). Also, under these conditions the reaction
mainly leads to the formation of tricyclic compound 4a ; iii)
finally, by the use of 5 mol % [W(CO)6] and an excess of
amine (200 mol %), the reaction leads to the exclusive for-
mation of furan derivative 6a (method C).


Scope of the reaction : In order to check the generality of
the catalytic reactions above referred we performed a set of
experiments starting from different 1,1-disubstituted alky-


Abstract in Spanish: La reacci�n de cicloisomerizaci�n de
derivados 1,1-disustituidos del 4-pentin-1-ol catalizada por
[W(CO)5] ha sido estudiada tanto desde el punto de vista ex-
perimental como desde el te�rico. Se han evaluado tres siste-
mas catal&ticos {[(thf)W(CO)5] preformado, [W(CO)6]/exceso
de Et3N, y [W(CO)6]/2 mol% Et3N}. Se ha observado que la
reacci�n da lugar al producto formal de cicloisomerizacion
endo o al exo dependiendo de la cantidad de amina usada y
de la sustituci�n en la cadena carbonada del alquinol inicial.
El estudio te�rico que hemos realizado nos ha permitido en-
contrar los mecanismos que explican la formaci�n de los pro-
ductos formales de cicloisomerizaci�n endo o exo.


Scheme 2. Proposed catalytic cycles for the cycloisomerization reaction of
w-alkynols.
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nols 1b–g containing an allyl moiety (Table 1). In general,
by the use of 25 mol % preformed [(thf)W(CO)5] (method
A) or 10 mol % [W(CO)6] and 2 mol % Et3N under constant
irradiation (method B), we were able to isolate the tricyclic
compounds 4b–g in very high yield (entries 1–12). On the
other hand, reaction of the allyl substituted alkynols 1c,e–g
with 10 mol % [W(CO)6] and excess of Et3N under constant
irradiation (method C) led to the formation of furan deriva-
tives 6b–e (entries 13–16).


Influence of the substitution in the aliphatic chain : In an at-
tempt to further extend the catalytic reactions above de-


scribed to other 1,1-disubstituted 4-pentyn-1-ols, we at-
tempted the reactions with alkynols 1h–r. Note that these
alkynols are also substituted at C2 position (Table 2). In an
initial experiment we treated alkynol 1h with 10 mol %
[W(CO)6], excess of Et3N and constant irradiation (method
C), and as expected, the reaction led to the furan derivatives
6 f. Surprisingly, when we treated the same alkynol 1h with
10 mol % preformed [(thf)W(CO)5] under standard condi-
tions (method A) or by the using of 10 mol % [W(CO)6],
2 mol % Et3N, and constant irradiation (method B), the re-
action also produced the furan derivative 6 f and the expect-
ed tricyclic compound analogous to 4, was not observed
(Table 2, entry 1). The same behavior was observed for
other C2-substituted alkynols such as 1 i–r (Table 2). Thus,
the corresponding furan derivatives 6 were isolated in very
high yield independently on the catalytic system used. In
some cases, the final product was isolated as the correspond-
ing isomerized furan derivative 6’.


In a similar way, o-ethynylbenzyl alcohols 1s, t were trans-
formed into the corresponding isobenzofuran derivatives 6q,
r independently on the catalytic conditions used (Scheme 4).
These products are easily hydrolyzed and they have been
characterized as the corresponding hemiacetal 7a, b.


Some interesting disparities were observed when we per-
formed the catalytic reactions starting from alkynols diast-
1m and diast-1n (Scheme 5). Thus, the reaction of diast-1m
with both catalytic systems {[(thf)W(CO)5] or [W(CO)6]/
Et3N} led to the tricyclic compound 4h. The furan derivative
analogous to 6 which was expected by the use of [W(CO)6]/
excess Et3N was not observed. On the other hand, alkynol
diast-1n did not react in any of the catalytic reaction condi-


Scheme 3. Different reaction conditions for the cycloisomerization reac-
tion of the alkynol derivative 1a. a) 25 mol % [(thf)W(CO)5], THF, RT;
b) 5 mol % [W(CO)6], 200 mol % Et3N, THF, 50 8C, hn ; c) 5 mol %
[W(CO)6], x mol % Et3N, THF, 50 8C, hn. d) Isolated yield of 4a when
x = 2.


Table 1. Cycloisomerization reactions of the alkynol derivatives 1b–g.


Entry Alkynol R Method[a] Product Yield [%][b]


1 1b Me A 4b 69
2 1b Me B 4b 70
3 1c Bu A 4c 85
4 1c Bu B 4c 87
5 1d c-C3H5 A 4d 60
6 1d c-C3H5 B 4d 61
7 1e Ph A 4e 82
8 1e Ph B 4e 83
9 1 f 4-MeOC6H4 A 4 f 84
10 1 f 4-MeOC6H4 B 4 f 84
11 1g (E)-PhCH=CH A 4g 80
12 1g (E)-PhCH=CH B 4g 82
13 1c Bu C 6b + 6’b 93
14 1e Ph C 6c 97
15 1 f 4-MeOC6H4 C 6d 94
16 1g (E)-PhCH=CH C 6e 96


[a] Method A: 25 mol % preformed [(thf)W(CO)5], THF, RT; method B:
10 mol % [W(CO)6], 2 mol % Et3N, THF, 50 8C, hn (350 nm); method C:
10 mol % [W(CO)6], 200 mol % Et3N, THF, 50 8C, hn (350 nm). [b] Isolat-
ed yield based on starting alkynol 1.


Table 2. Cycloisomerization reactions of the C2-substituted alkynol deriv-
atives 1h–r.


Alkynol R1 R2 R3 R4 Product Yield [%][a]


1h allyl allyl Me Me 6 f 97
1 i allyl allyl Ph H 6g 94
1j allyl allyl -(CH2)5- 6’h 98
1k Me Me Me Me 6 i 93
1 l allyl -(CH2)5- H 6’j 95
1m allyl -(CH2)4- H 6k 96
1n allyl -(CH2)3- H 6’l 93
1o vinyl -(CH2)5- H 6’m 96
1p vinyl -(CH2)4- H 6n 96
1q Me -(CH2)5- H 6’o 95
1r Me -(CH2)4- H 6p 93


[a] Isolated yield based on starting alkynol 1. The yield refers to reaction
performed following method C. However, similar yields (always >90%)
were obtained following methods A or B. Method A: 25 mol % pre-
formed [(thf)W(CO)5], THF, RT; method B: 10 mol % [W(CO)6],
2 mol % Et3N, THF, 50 8C, hn (350 nm); method C: 10 mol % [W(CO)6],
200 mol % Et3N, THF, 50 8C, hn (350 nm).
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tions attempted and starting material was recovered in all
attempts.


Mechanisms and theoretical studies : Experimental results
previously reported elsewhere[1c,5c] as well as some of the ex-
perimental findings presented above show clearly that the
endo/exo ratio for the cycloisomerization of w-alkynols is
very sensitive to the substituents on the carbon backbone. It
is also evident from the experimental observations reported
above that the amine plays an important role in the mecha-
nism of the process.[13]


Trying to get a deeper understanding of the mechanism of
these reactions that helped us rationalize the experimental
results we undertook a theoretical investigation of the mech-
anisms of the [W(CO)5]-promoted endo- and exo-cycloiso-
merizations of 1,1-disubstituted 4-pentyn-1-ols in THF using
2-methyl-5-hexyn-2-ol as a model. We studied both a THF-
assisted mechanism, analogous to that recently proposed[12]


for the cycloisomerization of the C1-unsubstituted 4-pentyn-
1-ol, and a Me3N-assisted mechanism trying to understand
the role played by an amine molecule in this process. We
also investigated the influence on the process of a double
substitution at C2 position.


Full geometry optimizations were performed with the
B3LYP density functional method, by using the relativistic
effective core pseudopotential LANL2DZ for tungsten and
the 6-31G* basis set for the remaining atoms. To take into
account condensed-phase effects we used a PCM-UAHF
model with a relative permittivity of 7.58 to simulate THF
as the solvent used in the experimental work (for details see
Experimental Section and Supporting Information).


We will discuss in the text the evolution of the relative
Gibbs energy in solution along the above mentioned mecha-
nisms.


THF-Assisted mechanism : To investigate this mechanism
we employed, as in our previous theoretical study,[12] a
mixed model in which one THF molecule is coordinated to
the hydroxyl hydrogen atom while bulk solvent effects are
evaluated by the PCM-UAHF method.


The critical structures located along the THF assisted exo-
cycloisomerization of 2-methyl-5-hexyn-2-ol are similar to
those previously obtained for 4-pentyn-1-ol.[12] This is a two-
step process in which the rate-determining step is the
second one (see Figure 1). Initially the alkyne–[W(CO)5]


complex, M1, evolves into the cyclic intermediate M2exo


(5.4 kcal mol�1) after surmounting an energy barrier of
13.9 kcal mol�1 corresponding to the transition state (TS)
TS12exo. M2exo yields the corresponding enol ether Pexo


(�33.4 kcal mol�1) through the TS TS2Pexo (18.7 kcal mol�1)
for the migration of the hydrogen atom from the oxygen to
the Ca atom.


The critical structures along the endo-cycloisomerization
of 2-methyl-5-hexyn-2-ol also resemble those previously re-
ported for 4-pentyn-1-ol.[12] The process follows a three-
stage mechanism (see Figure 2) in which the first and the
third TSs display similar energy barriers. M1 transforms into
the vinylidene complex M2endo (2.2 kcal mol�1) after sur-
mounting a barrier of 17.6 kcal mol�1 corresponding to
TS12endo, and in turn M2endo evolves into the cyclic structure
M3endo (1.4 kcal mol�1) through the TS TS23endo (5.4 kcal
mol�1). Finally M3endo yields the carbene complex Pendo


(�24.0 kcal mol�1) through the TS TS3Pendo (17.5 kcal mol�1)
for the H transfer from the oxygen atom to the Cb atom.


By comparing the above results with those previously re-
ported for 4-pentyn-1-ol[12] we see that the two methyl
groups at C1 position favor both processes kinetically by
practically 1 kcal mol�1. Therefore, as in the case of 4-
pentyn-1-ol, the present theoretical results for 2-methyl-5-


Scheme 4. Cycloisomerization reactions of the o-ethynylbenzyl alcohols
1s, t. Method A: 25 mol % preformed [(thf)W(CO)5], THF, RT; method
B: 10 mol % [W(CO)6], 2 mol % Et3N, THF, 50 8C, hn ; method C:
10 mol % [W(CO)6], 200 mol % Et3N, THF, 50 8C, hn.


Scheme 5. Cycloisomerization reactions of alkynols diast-1m and diast-
1n. Method A: 25 mol % preformed [(thf)W(CO)5], THF, RT; method
B: 10 mol % [W(CO)6], 2 mol % Et3N, THF, 50 8C, hn ; method C:
10 mol % [W(CO)6], 200 mol % Et3N, THF, 50 8C, hn.


Figure 1. Gibbs energy profile in solution for the THF assisted exo-cyclo-
isomerization of 2-methyl-5-hexyn-2-ol. For a more detailed drawing of
all structures, see Supporting Information.
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hexyn-2-ol render the endo-route more favorable than the
exo one by only 1.2 kcal mol�1 and, consequently, the cyclic
carbene complex Pendo as the major product in agreement
with experiment.


Effect of two methyl substituents at C2 position : To study
the effect of two methyl substituents at C2 position on the
nature of the product obtained in the THF-assisted cycloiso-
merization of tertiary 1-alkyn-5-ols we investigated the
structure and corresponding energy barrier of the rate-deter-
mining TSs for the endo- and exo-cycloisomerizations of
2,3,3-trimethyl-5-hexyn-2-ol (see Figure S3 of the Supporting
Information and Table 3).


The presence of two methyl substituents at C2 position
provokes a diminution of the C1-C2-C3 angle with respect to
the unsubstituted system all along the reaction coordinate.[14]


This distortion due to steric repulsions is larger in the initial
complex M1’ thus explaining the decrease of all the energy
barriers theoretically obtained for the rate-determining TSs
for both mechanisms (see Table 3). For the exo-cycloisome-
rization the rate-determining TS is TS2P’exo (14.0 kcal mol�1)


which presents a geometrical structure quite similar to that
of TS2Pexo. For the endo-cycloisomerization the rate-deter-
mining energy barrier (16.2 kcal mol�1) corresponds to
TS3P’endo for the migration of the H atom from the oxygen
atom to the Cb atom. The geometrical structure of this TS
shows clearly that the trajectory of the migrating H atom is
appreciably modified by one of the methyl substituents at
C2 position (see Supporting Information and compare the
geometrical structures of TS3Pendo and TS3P’endo) giving rise
to an endo route less favorable than the exo one by
2.2 kcal mol�1. Therefore, these theoretical results rationalize
the experimental findings as the products obtained in the cy-
cloisomerization of C2-substituted alkynols are the exo ones
(see Table 2).[15]


Me3N-Assisted mechanism : To take into account the effect
of an amine in the [W(CO)5]-catalyzed cycloisomerization
of tertiary 4-pentyn-1-ols we included a Me3N molecule co-
ordinated to the hydroxyl hydrogen atom of 2-methyl-5-
hexyn-2-ol instead of a THF molecule.


Along the Me3N-assisted exo-route (see Figure 3) the
alkyne–[W(CO)5] complex, M1’’, evolves through the TS
TS12’’exo (16.0 kcal mol�1) to form the cyclic intermediate


M2’’exo (�4.5 kcal mol�1). It is interesting to note that this
cyclization takes place simultaneously with the transfer of
the hydroxyl hydrogen atom to the amine in contrast with
the THF assisted mechanism. M2’’exo yields the final exo-
product P’’exo through the TS TS2P’’exo (�2.2 kcal mol�1).
Therefore, the rate-determining step is now the first one
which corresponds to the intramolecular cyclization of the
alkyne moiety.


The endo-cycloisomerization (see Figure 4) proceeds
through TS12’’endo (17.3 kcal mol�1) to yield the vinylidene
intermediate M2’’endo (1.8 kcal mol�1), which transforms into
the cyclic structure M3’’endo (�3.8 kcal mol�1) through


Figure 2. Gibbs energy profile in solution for the THF assisted endo-cy-
cloisomerization of 2-methyl-5-hexyn-2-ol. For a more detailed drawing
of all structures, see Supporting Information.


Table 3. Relative electronic energies and relative Gibbs energies in THF
solution [kcal mol�1] corresponding to the rate-determining TSs for the
THF-assisted endo- and exo-cycloisomerization of 2,3,3-trimethyl-5-
hexyn-2-ol.


Structures DEelec DGsol


endo-pathway
M1’ 0.0 0.0
TS12’endo 17.1 13.6
TS3P’endo 15.7 16.2
exo-pathway
M1’ 0.0 0.0
TS2P’exo 14.2 14.0


Figure 3. Gibbs energy profile in solution for the Me3N assisted exo-cy-
cloisomerization of 2-methyl-5-hexyn-2-ol. For a more detailed drawing
of all structures, see Supporting Information.
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TS23’’endo (8.4 kcal mol�1). As in the exo-mechanism, this cyc-
lization takes place with the concerted transfer of the hy-
droxyl hydrogen atom to the amine. M3’’endo evolves to the
intermediate M4’’endo (�6.4 kcal mol�1) through the TS
TS34’’endo (�2.4 kcal mol�1) for the shift of the H-NMe3


moiety close to the Ca atom. The final enol ether, P’’endo
(�28.3 kcal mol�1), is obtained from M4’’endo by the transfer
of the hydrogen atom of the H-NMe3 moiety to the Ca atom
through the TS TS4P’’endo (1.2 kcal mol�1). Thus the rate-de-
termining step is the first one corresponding to the alkyne–
vinylidene rearrangement.


It is interesting to note that in contrast with the THF as-
sisted mechanisms both in M2’’exo and M3’’endo the hydroxyl
hydrogen atom is completely transferred to the amine thus
facilitating its migration. Therefore, an important effect of
the assistance by the amine molecule consists in considera-
bly stabilizing the last part of the energy profiles thus reduc-
ing the implied energy barriers so that the rate-determining
step for both processes is the first one. Also the presence of
the Me3N molecule modifies the endo-mechanism so that
the system does not evolves through the carbene complex
anymore the final product being the enol ether P’’endo.


According to the present theoretical results the Me3N-as-
sisted exo-mechanism is now favored over the endo one by
1.3 kcal mol�1 and, consequently, the major product predict-
ed is the enol ether P’’exo in agreement with experiment.


Conclusion


We have studied in deep the [W(CO)5]-catalyzed cycloiso-
merization of 1,1-disubstituted 4-pentyn-1-ol derivatives
from both the experimental and theoretical point of view.
Experimentally, we observed that the reaction is highly de-
pendent on the amount of amine used in the catalytic
system. Thus, by the use of an excess of amine, the reaction
proceeds through an exo-cyclization reaction furnishing
furan derivatives. On the other hand, when only 2 mol %
amine is used, the reaction proceeds through a formal endo-
cyclization reaction. Following this later catalytic strategy
we were able to easily access to tricyclic derivatives which
are precursors of eight-membered carbocycles. Moreover,
the substitution along the alkyl chain of the alkynol may
also play a fundamental role on the reaction pathway. Spe-
cifically, we observed that exo-products are exclusively
formed when the starting alkynol is substituted at the C2 po-
sition.


Theoretically, we have found the endo- and exo-mecha-
nisms of the reactions in the absence and in the presence of
amine and also we have studied the effect of the substitution
at C2 position. All the theoretical results are in agreement
with the experiments and clearly show that the rate deter-
mining barriers found for both the endo- and exo-mecha-
nisms are energetically close thus explaining that small
changes in the reaction conditions or the structure of the
starting alkynol may affect the distribution of the products.


Although the compounds obtained following the catalytic
reactions here described are of undoubted interest from a
synthetic point of view, probably the most interesting aspect
of the present study is that it provides an important advance
in the understanding of the mechanisms of the [W(CO)5]-
catalyzed reactions. This will help to predict, in many cases,
the result of a proposed reaction and/or to choose the right
conditions to obtain the desired product.


Experimental Section


General methods : 1H NMR spectra were recorded on a Bruker AMX-
400 (400 MHz) or Bruker DPX-300 (300 MHz). Chemical shifts are re-
ported in ppm from tetramethylsilane with the residual solvent resonance
as the internal standard (CHCl3: d 7.26). Data are reported as follows:
chemical shift, multiplicity (s: singlet, d: doublet, dd: double doublet, td:
triplet of doublets, t: triplet, q: quartet, br: broad, m: multiplet), coupling
constants (J in Hz), integration and assignment. 13C NMR spectra were
recorded on a Bruker AMX-400 (100 MHz) or Bruker DPX-300 (75
MHz) with complete proton decoupling. Chemical shifts are reported in
ppm from tetramethylsilane with the solvent resonance as internal stan-
dard (CDCl3: d 76.95). Two-dimensional NMR experiments (COSY,
HMQC, HMBC and NOESY) were recorded on a Bruker AMX-400
(400 MHz). High-resolution mass spectrometry was carried out on a Fin-
nigan-Mat 95 spectrometer. All reactions were conducted in flame-dried
glassware under an inert atmosphere of argon. Tetrahydrofuran was dis-
tilled from sodium/benzophenone and triethylamine was distilled from
calcium hydride and stored under nitrogen. Photochemical reactions
were performed with a medium-pressure mercury lamp (350 nm, 400 W)
using a Pyrex reactor.


Figure 4. Gibbs energy profile in solution for the Me3N assisted endo-cy-
cloisomerization of 2-methyl-5-hexyn-2-ol. For a more detailed drawing
of all structures, see Supporting Information.
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General procedure for the domino tungsten-catalyzed cycloisomeriza-
tion–cyclopropanation of w-alkynols 1


Method A : The corresponding w-alkynol 1 (1 mmol) was added to a
THF solution of [W(CO)5]·THF complex (10 mL, 0.025m), previously
prepared according to the literature procedure.[1] The solution was con-
centrated under vacuum to approx. 2 mL volume and carefully degassed
following a standard freeze-pump-thaw method (three cycles). The result-
ing mixture was stirred at room temperature, in the absence of light,
during one or two days until complete conversion (monitored by TLC).
After removing of the solvent, the crude was purified by flash column
chromatography on silica gel or activated aluminum oxide neutral (com-
pound 2h). Hexane/ethyl acetate or pentane/diethyl ether were used as
eluents.


Method B : [W(CO)6] (36 mg, 0.1 mmol), w-alkynol (1 mmol), dry tri-
ethylamine (2.8 mL, 0.02 mmol), and freshly distilled THF (2 mL), were
placed in a sealed tube (Pyrex) under argon. The resulting slurry was
carefully degassed following a standard freeze-pump-thaw (three cycles).
The mixture was placed under an inert atmosphere of argon and irradiat-
ed with a medium-pressure mercury lamp (350 nm, 400 W) during 12 h
without refrigeration. Solvent was removed and residue was worked up
as described in method A.


General procedure for the tungsten-catalyzed 5-exo-cycloisomerization of
w-alkynols 1


Method C : [W(CO)6] (36 mg, 0.1 mmol), w-alkynol (1 mmol), dry tri-
ethylamine (0.18 mL, 2 mmol), and freshly distilled THF (2 mL), were
placed in a sealed tube (Pyrex) under argon. The resulting slurry was
carefully degassed following a standard freeze-pump-thaw (three cycles).
The mixture was placed under an inert atmosphere of argon and irradiat-
ed with a medium-pressure mercury lamp (350 nm, 400 W) during 12 h
without refrigeration. Solvents were removed and residue was filtered
over a short plug of dry Celite with hexane and the resulting solution was
concentrated in vacuo. The crude product was usually chromatographi-
cally pure. a-Methylene enol ethers thus obtained were very sensitive to
moisture and, in general, purification by flash-chromatography in silica
gel or alumina affords the corresponding hemiacetal or hydrolysis deriva-
tive.
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5,5’-Diamino-2,2’-bipyridine: A Versatile Building Block for the Synthesis of
Bipyridine/Catechol Ligands That Form Homo- and Heteronuclear Helicates


Markus Albrecht,*[a] Ingo Janser,[a] Arne L1tzen,*[b] Marko Hapke,[b]


Roland Frçhlich,[c] and Patrick Weis[d]


Introduction


During the last 15 years, helicates were investigated with the
aim to understand the mechanisms of their formation as
well as their structural features.[1] Helicates can be consid-
ered to be the “drosophila” of metallosupramolecular
chemistry: important mechanistic aspects can very easily be
studied and much knowledge can be gained by using them
as simple model systems for more complex multinuclear
supramolecular coordination compounds.[2] Although func-
tionality is an important aspect in supramolecular chemis-
try,[3] only a few attempts have been made to study helicates
owing to special reactivities or properties.[4]


Many publications on the formation of helicates have ap-
peared during the last two decades, but only a few of them
describe the formation of heteronuclear metal complexes.
The chief problem is the incorporation of different metal
binding units that are specific for different metal ions. Ele-
gant approaches were described by Piguet and Lehn and
their co-workers, in which binding sites with ligand units dif-
fering in their denticity were used.[5] We introduced a cate-
chol/aminophenol ligand that can bind different metals
owing to the different electronic properties of the binding
sites.[6]


The present project developed as we first started to inves-
tigate bis(catecholimines) as ligands for helicate formation.[7]


5,5’-Diamino-2,2’-bipyridine (1) seemed to be the ideal
building block to obtain bipyridine-bridged di(catechol-
imine) ligands L1-H4L


2-H4 and their corresponding metal
complexes.


Results and Discussion


An improved synthesis of 5,5’-diamino-2,2’-bipyridine (1):
The preparation of 5,5’-diamino-2,2’-bipyridine (1) was pre-
viously described by Zhang and Breslow[8] and Janiak and
co-workers;[9] both groups used nickel-mediated/catalyzed
coupling reactions for the synthesis. However, when we ap-
plied the described conditions, they only worked in a few ex-
periments and we were not able to reproduce the results on
a regular basis. In a new approach, we have now prepared
the diamine 1 using a dimethyl-substituted pyrrole as the
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protected aminopyridine 4. By stan-
dard reactions 1 can easily be trans-
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protecting group for the amine.[10] This procedure provided
the desired bipyridine 1 reproducibly in good yields and
high purity.


Compound 1 was synthesized starting from 2-chloro-5-
aminopyridine (2). The amine group in 2 was protected as a
pyrrole by reaction with 2,5-hexadione (3 ; Scheme 1). The
resulting compound 4 could be homocoupled with zinc as
reducing agent either in the presence of palladium(ii) ace-
tate and 2-biphenylbis(tert-butyl)phosphane ((2-biph)PtBu2)
or with [Ni(PPh3)2Br2] and tetraethylammonium iodide. The
latter procedure is superior to the palladium-catalyzed cou-
pling due to the much lower costs and the higher yield in
the reaction. The resulting coupling product 5 was obtained
in 85% yield. The amine groups of 5 were deprotected by
reaction with hydroxylamine in the presence of triethyl-
amine. For a complete transformation, additional hydroxyl-
amine had to be added after the reaction mixture had been
refluxed for 20 h; the mixture was then heated for another
24 h. This procedure gave 5,5’-diamino-2,2’-bipyridine (1) as
the bis-HCl adduct in 77% yield (Scheme 1).


Synthesis of dicatechol/2,2’-bipyridine ligands L1-H4 and L2-
H4 : The preparation of the ligands L1-H4 and L2-H4 is
straightforward. Condensation of 2,3-dimethoxybenzalde-
hyde (6) and 5,5’-diamino-2,2’-bipyridine (1) in methanol af-
forded the bisimine ligand L1-H4 in 69%. The corresponding
amide-connected ligand L2-H4 was also obtained in 69%
yield by initially generating an active ester of 2,3-dimethoxy-
benzoic acid 7 with hydroxybenztriazoluronium hexafluoro-
phosphate (HBTU)[11] followed by addition of 1. Finally, the
methyl ethers were cleaved by reaction with BBr3 to obtain
the ligand L2-H4 in quantitative yield.


Formation of helicates of the imine-bridged ligand L1-H4 :
[12]


Stirring of L1-H4 (3 equiv), [TiO(acac)2] (2 equiv), and
M2CO3 (M=Li, Na, K; 2 equiv) in DMF overnight led to


red solutions which, after evaporation of the solvent, yielded
M4[(L


1)3Ti2] as red-orange solids. Analysis of the NMR spec-
troscopic data of these complexes revealed significant but
expected differences to that of the free ligand L1-H4 (d=
9.05 (s), 8.72 (s), 8.46 (d, J=8.2 Hz), 8.00 (d, J=8.6 Hz),
7.14 (d, J=7.4 Hz), 6.97 (d, J=7.4 Hz), 6.80 ppm (t, J=
7.4 Hz)), but also indicated the high degree of symmetry of
dinuclear metal coordination compounds, since for example,
the 1H NMR spectrum of Na4[(L


1)3Ti2] in [D6]DMSO shows
only half a set of signals for the bipyridine unit at d=8.46
(d, J=2.4 Hz), 8.25 (d, J=8.3 Hz), and 7.67 ppm (dd, J=8.3,
2.4 Hz), and for the catecholates at d=7.08 (d, J=7.7 Hz,
6H), 6.41 (pseudo t, J=7.7 Hz, 6H), and 6.22 ppm (d, J=
7.7 Hz, 6H). The imine protons are shifted to d=8.82 ppm
(s, 6H).


In addition, we were also able to obtain crystals of
Na4[(L


1)3Ti2] from DMF/diethyl ether which showed that its
solid-state structure is similar to the one which was observed
for the corresponding helicate having biphenyl as spacer in-
stead of the bipyridine.[13] Three ligands L1 and two titan-
ium(iv) ions form a cylinder of approximately 2.1 nm length
with the linear rigid ligands slightly twisting around the
metal–metal axis (Figure 1a,b). Surprisingly one of the bi-
pyridine units of the spacers possesses the nitrogen atoms
orientated s-trans to each other, while the others are s-cis
configured. The reason for this is presumably the packing of
the crystal and its symmetry in the solid. The distance be-
tween the two Ti centers is 16.980 P.


Two sodium cations are encapsulated in the interior of the
helicate and are separated by 10.603 P. Clearly, the alkali
metal cations do not interact with the bipyridine nitrogen or
imine nitrogen atoms but rather solely bind to the internal
oxygen atoms of the catecholates (shown for one of the cat-
ions in Figure 1c). Three molecules of DMF coordinate to
each of the sodium cations and lead to a sixfold coordina-
tion. Two further sodium cations bind to the termini of the


Scheme 1. Preparation of 5,5’-diamino-2,2’-bipyridine (1) and of bipyridine-bridged dicatechol ligands L1-H4 and L2-H4.
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helicate and through DMF-bridging lead to an infinite poly-
mer in the solid state (Figure 1d) with alternating helicity of
the helices in the polymer strand.


The bipyridine/catechol ligand L1-H4 was developed to
form heteronuclear coordination compounds. As is schemat-
ically depicted in Figure 2, dinuclear complexes of the
imine-bridged ligand L1 possess a conformation that pro-
vides a cavity, which is too large to bind a single metal ion
in the interior by coordination to more than one bipyridine
unit. Repulsion of the lone pair at the imines and the
“charge” at the catecholate oxygen atoms force the spacer
in an “outward” orientation.


Based on this assumption we attempted to bind three
metal complex units to the “outside” of the triple-stranded
helicate [(L1)3Ti2]


4�. Three equivalents of K2PdCl4 were al-
lowed to react with [(L1)3Ti2]


4�.
However, the clean reaction
(which was monitored by
NMR spectroscopy in wet
[D6]DMSO) that was observed,
unfortunately only resulted in
the hydrolysis products 1-PdCl2
and [(3-formylcatecholate)3-
Ti]2� (8 ; Scheme 2). Evidently,
binding of dichloropalladium
to the bipyridine moiety labiliz-


es the imines, which leads to hydrolysis by reaction with re-
sidual water in the solvent. Similar imine hydrolysis is ob-
served by direct reaction of K2PdCl4 with L1-H4.


Formation of helicates of the amide-bridged ligand L2-H4 :
Following the concept shown in Figure 2, the complexes of
the amide-bridged ligand L2 should provide a cavity that is
better preorganized for the incorporation of a single metal
ion that can interact with all bipyridine moieties. Hydrogen
bonding of the amides forces the bipyridine units to be ori-
entated to the inside of the cavity. However, owing to the ri-
gidity of the ligands and their linear orientation, the incor-
porated metal ions have to adopt a coordination geometry
that is closer to trigonal prismatic than to octahedral. In ad-
dition, amides are more stable than the corresponding
imines and less prone to hydrolysis.


Therefore, we tested ligand L2-H4 in a series of coordina-
tion studies (Scheme 3). In the reaction of L2-H4 with
K2PdCl4 we obtained the desired mononuclear complex
[(L2-H4)PdCl2] without hydrolysis of the spacer.[14] [(L2-
H4)PdCl2] was characterized by its 1H NMR spectrum,
which showed, for example, a low-field shift of the protons
in the 6- and 6’-position of the bipyridine unit to d=


9.55 ppm compared to the free ligand. Mass spectrometry
revealed the molecular peak at m/z 638. Unfortunately, we
were not able to use the complex [(L2-H4)PdCl2] as a ligand
for the formation of triple-stranded helicates.


Figure 1. The structure of [(L1)3Ti2]
4� in the solid state; a) side view, b)


top view, c) coordination geometry of encapsulated sodium cations, and
d) formation of a polymeric strand in the solid state.


Figure 2. Preferred conformations at complexes of the ligands L1 and L2


and representation of the obtained internal space.


Scheme 2.
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Instead of the PdCl2 fragment, other metals can be bound
to the bipyridine unit to give tris(bipyridine) complexes.
Thus, coordination studies were performed with three equiv-
alents of L2-H4 and zinc(ii) chloride to obtain the complex
[(L2-H4)3Zn]


2+ (Scheme 3). The peak of the dication can be
observed by positive-ion ESI MS in methanol at m/z 719
(correct isotopic pattern). In the 1H NMR spectrum of [(L2-
H4)3Zn]Cl2 in [D6]DMSO the catechol resonances are not
shifted significantly. However, the signals of the bipyridine
are now observed at d=9.03 (s), 8.42 (d, J=8.7 Hz), and
8.35 ppm (dd, J=8.7, 2.4 Hz) (see Figure 3, c). Owing to the
high polarity of the solvent, the NMR resonances could be
averaged signals over different complexes of zinc with L2-H4


and the free ligand, which exchange in a fast equilibrium.
In addition to the bipyridine units, the catecholates can


also be selectively addressed. Ligand L2 forms dinuclear
triple-stranded helicates M4[(L


2)3Ti2] with titanium(iv) ions
in the presence of lithium, sodium, or potassium carbonate
(Scheme 3).[15] As is shown in Figure 3b for K4[(L


2)3Ti2], the
1H NMR signal of the amide proton is shifted to low field
(d=12.44 (Li), 12.50 (Na), 12.54 ppm (K)). This is due to
the formation of a hydrogen bond from the amide to the
catecholate oxygen atom upon metal coordination (see
Figure 2). ESI MS showed the peaks of the dinuclear com-


plexes, for example, at m/z 1473
[Li2H(L2)3Ti2]


� , 1572
[Na3(L


2)3Ti2]
� , and 1575


[K3(L
2)3Ti2]


� , respectively.
In [(L2)3Ti2]


4� a cavity is
formed that provides a close to
trigonal prismatic coordination
site for cations. Metals with d0


or d10 configuration do not pos-
sess an electronic preference
for octahedral or trigonal-pris-
matic geometry.[16] Therefore,
zinc(ii) was used as a d10 metal
ion. A complexation study of
L2-H4 (3 equiv) was performed
with [TiO(acac)2] (2 equiv) and
ZnCl2 (1 equiv) in the presence
of potassium carbonate.
Hereby, K2[(L


2)3Ti2Zn] was ob-
tained as a red solid in quanti-
tative yield. FT-ICR ESI MS
showed the presence of the het-
erotrinuclear complex by a
strong signal at m/z 761 corre-
sponding to the dianion
[(L2)3Ti2Zn]


2�. As shown in Fig-
ure 3d, the 1H NMR spectrum
shows the signals of the amide
NH group at d=11.48 ppm (s),
the resonances of the bipyridine
at d=8.81 (d, J=8.6 Hz), 8.75
(d, J=8.6 Hz), and 7.99 ppm
(s), and the ones of the catechol


unit at d=7.00 (d, J=7.7 Hz), 6.49 (t, J=7.7 Hz), and
6.37 ppm (d, J=7.7 Hz), respectively. Especially remarkable
is the shift of the protons in the 6- and 6’-position of the bi-
pyridine to d=7.99 ppm, which is due to the fixation of this
proton in the interior of the cavity close to the metal center.


Conclusion


Herein we presented a facile synthesis of 5,5’-diamino-2,2’-
bipyridine (1), which is an important building block for the
synthesis of multitopic ligands for the self-assembly of met-
allosupramolecular aggregates. For example, the dicatechol
imine ligand L1-H4 forms triple-stranded dinuclear helicates
with titanium(iv) ions; however, due to the lability of the
imine bonds it cannot bind additional metal ions at the bi-
pyridine moieties. Therefore, the corresponding amide-con-
nected ligand L2-H4 was prepared and also tested in coordi-
nation studies to show the higher stability of the connecting
units. During the course of this study we were able to
obtain, for example, mononuclear [(L2)3Zn]


2+ and dinuclear
[(L2)3Ti2]


4� in which the metal ions are bound either to the
bipyridine or to the catecholate binding site, and we were
also able to establish heterotrinuclear complexes


Scheme 3. Preparation of different complexes from ligand L2-H4.
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[(L2)3ZnTi2]
2� in which both metal binding sites are involved


in the coordination of the different metal ions. Further stud-
ies focussed on the formation of heterometallic coordination
networks and the incorporation of metals into the cavity of
the helicate are currently going on in our laboratories.


Experimental Section


NMR spectra were recorded on a Bruker DRX 500, WM 400, a Varian
Inova 400, or a Unity 500 spectrometer. FT-IR spectra were recorded by
diffuse reflection (KBr) on a Bruker IFS spectrometer. Mass spectra (EI,
70 eV; FAB with 3-nitrobenzoic acid (3-NBA) as matrix) were taken on
a Finnigan MAT 90, 95, or 212 mass spectrometer. FT-ICR ESI mass
spectra were measured on a Bruker Bioapex II FTMS equipped with a
7 Tesla magnet. Elemental analyses were obtained with a Heraeus CHN-
O-Rapid analyzer. Melting points: B?chi B-540 (uncorrected).


1-(2-Chloropyridine)-5-yl-2,5-dimethyl-1H-pyrrole (4):[10] 5-Amino-2-
chloropyridine (2 ; 1.0 g, 7.8 mmol), 2,5-hexanedione (3 ; 1.1 mL,
9.4 mmol), and p-TsOH (15 mg, 0.08 mmol) were dissolved in toluene
(15 mL) and heated in a Dean–Stark apparatus for 2 h. After the dark
brown reaction mixture had been cooled, it was washed with saturated
aqueous NaHCO3 solution, five times with water, and with brine. After
solution was dried over MgSO4, the solvent was removed in vacuo. The
dark residue was dried under high vacuum and was used for the coupling


reaction without further purification (1.47 mg, 91%). An analytically
pure sample was obtained after column chromatography on silica gel
with hexane/ethyl acetate/triethylamine (10/1/0.05 v/v) as eluent. m.p. 67–
68 8C; 1H NMR (CDCl3, 500.1 MHz): d=8.29 (d, J=2.7 Hz, 1H), 7.53
(dd, J=8.3, 2.7 Hz, 1H), 7.45 (d, J=8.3 Hz, 1H), 5.93 (s, 2H), 2.04 ppm
(s, 6H); 13C NMR (CDCl3, 125.8 MHz): d=150.3, 148.9, 138.1, 134.6,
128.8, 124.5, 107.0, 12.9 ppm; MS (CI, isobutane): m/z (%): 207.3 (100)
[MH+]; elemental analysis calcd (%) for C11H11N2Cl (206.67): C 63.93, H
5.36, N 13.55; found: C 64.07, H 5.41, N 13.56.


5,5’-Bis(2,5-dimethyl-1H-pyrrole)-2,2’-bipyridine (5): Bis(triphenylphos-
phane)nickel(ii) bromide (0.74 g, 1 mmol), zinc powder (556 mg,
8.5 mmol), and tetraethylammonium iodide (1.28 g, 5 mmol) were sus-
pended in absolute THF (20 mL). 1-(2-Chloropyridine)-5-yl-2,5-dimethyl-
1H-pyrrole (4 ; 1.04 g, 5 mmol) dissolved in absolute THF (10 mL) was
slowly added to this mixture by syringe. The resulting mixture was stirred
for 3 h at 60 8C until TLC monitoring revealed complete consumption of
the starting material. After that time concentrated ammonia (25%,
20 mL), water (15 mL), and dichloromethane (60 mL) were added. After
the mixture had been stirred for 15 min, the precipitate was filtered off
and the organic layer was separated. The aqueous phase was further ex-
tracted with small portions of dichloromethane several times. The com-
bined organic phases were washed with water and brine. After the organ-
ic phases had been dried over MgSO4, the solvent was removed in vacuo.
The residue was subjected to column chromatography on silica gel 60
using petroleum ether 40/60/ethyl acetate (9:1) containing 1% of triethyl-
amine as eluent to give the desired product (724 mg, 85%). If necessary
the product can be crystallized from 2-propanol. m.p. 215–216 8C;
1H NMR (CDCl3, 500.1 MHz): d=8.59 (d, J=2.4 Hz, 2H), 8.58 (d, J=
8.2, 2H), 7.71 (dd, J=8.2, 2.4 Hz, 2H), 5.97 (s, 4H), 2.10 ppm (s, 12H);
13C NMR (CDCl3, 125.8 MHz): d=154.3, 148.5, 136.4, 135.8, 128.9, 121.3,
106.9, 13.0 ppm; MS (CI, i-butane): m/z (%): 342.2 (100) [MH+]; elemen-
tal analysis calcd (%) for C22H22N4 (342.22): C 77.16, H 6.48, N 16.36;
found: C 77.56, H 6.57, N 16.32.


5,5’-Diamino-2,2’-bipyridine dihydrochloride (1):[8] 5,5’-Bis(2,5-dimethyl-
1H-pyrrole)-2,2’-bipyridine (5 ; 1.19 g, 3.48 mmol), hydroxylamine hydro-
chloride (7.3 g, 105 mmol), triethylamine (4 mL), ethanol (25 mL), and
water (10 mL) were heated under reflux for 20 h. After that time another
portion of hydroxylamine hydrochloride (7.30 g, 105 mmol) and triethyla-
mine (2 mL) was added. The solution was further heated under reflux for
24 h until TLC monitoring revealed complete consumption of the starting
material. The reaction mixture was allowed to cool to room temperature
before it was quenched by pouring it into ice-cold 1n HCl (30 mL). Etha-
nol (50 mL) was added to the resulting suspension of a golden-yellow
precipitate and the mixture was cooled to 0 8C and stirred at this temper-
ature for 1 h. After that time the product was collected as a golden-
yellow precipitate, washed with cold ethanol, and dried in high vacuum
(690 mg, 77%). 1H NMR (D2O, 500.1 MHz): d=8.59 (m, 2H), 8.02 (d,
J=8.8, 2H), 7.75 ppm (d, J=8.8 Hz, 2H); 13C NMR (D2O, 125.8 MHz):
d=143.5, 137.8, 132.8, 129.6, 124.0 ppm; MS (ESI, DMSO/MeOH): m/z
(%): 187.3 (100) [MH+].


N,N’-Bis[(2,3-dihydroxyphenyl)methylen]-2,2’-bipyridine-5,5-diamine
(L1-H4): 5,5’-Diamino-2,2’-bipyridine dihydrochloride (1; 0.69 g,
2.68 mmol) was suspended in ethanol (50 mL), and triethylamine (ap-
proximately 5 mL) was added to form a clear solution. After addition of
2,3-dihydroxybenzaldehyde 6 (0.74 g, 5.36 mmol), the mixture was stirred
for 72 h at room temperature. The precipitate was filtered off and was
dried in vacuum (0.79 g, 69%). M. p. 269 8C (decomp); 1H NMR
([D6]DMSO, 500.1 MHz): d=9.05 (s, 2H), 8.72 (s, 2H), 8.46 (d, J=
8.2 Hz, 2H), 8.00 (d, J=8.6 Hz, 2H), 7.14 (d, J=7.4 Hz, 2H), 6.97 (d, J=
7.4 Hz, 2H), 6.80 ppm (t, J=7.4 Hz, 2H); 13C NMR ([D6]DMSO,
125.8 MHz): d=165.9, 153.4, 149.8, 146.2, 144.9, 144.0, 129.3, 123.2, 121.3,
120.1, 119.4 ppm (one signal cannot be observed); MS (EI, 70 eV): m/z
(%): 426 (100) [M+]; elemental analysis calcd (%) for C24H18N4O4·1/
4H2O: C 66.89, H 4.33, N 13.00; found: C 66.80, H 4.58, N 12.70.


N,N’-Bis(2,3-dimethoxybenzoate)-2,2’-bipyridine-5,5-diamine (L2-Me4):
2,3-Dimethoxybenzoic acid 7 (118 mg, 0.65 mmol) was dissolved in aceto-
nitrile (25 mL), and HBTU (295 mg, 0.78 mmol) and diisopropylethyl-
amine (244.6 mL=184 mg, 1.43 mmol) were added. After 30 min at room


Figure 3. 1H NMR spectra of a) L2-H4 , b) K4[(L
2)3Ti2], c) [(L2-


H4)3Zn]Cl2, and d) K2[(L
2)3Ti2Zn] in [D6]DMSO (*=DMF).
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temperature, a slightly yellow solution was formed. Then, bipyridine 1
(84 mg, 0.33 mmol) dissolved in acetonitrile (20 mL) and diisopropyl-
ethylamine (222.3 mL, 167 mg, 1.30 mmol, 2 equiv) were added. The sol-
vent was removed after stirring overnight, to leave a yellow solid, which
was dissolved in ethyl acetate and washed with aqueous NH4Cl,
NaHCO3, H2O, and brine. The protected ligand L2-Me4 was obtained
after removal of the solvent (117 mg, 69%). M. p. 247 8C (decomp);
1H NMR ([D6]DMSO, 400.0 MHz): d=10.61 (s, 2H), 8.95 (t, J=1.6 Hz,
2H), 8.34 (d, J=1.6 Hz, 4H), 7.24 (dd, J=7.7, 1.9 Hz, 2H), 7.20 (t, J=
7.7 Hz, 2H), 7.16 (dd, J=7.7, 1.9 Hz, 2H), 3.88 (s, 6H), 3.83 ppm (s, 6H);
13C NMR (CDCl3, 125.8 MHz): d=163.2, 152.4, 151.2, 147.1, 140.4, 134.9,
127.7, 125.9, 124.7, 122.8, 120.8, 116.0, 61.7, 56.1 ppm; MS (EI, 70 eV):
m/z (%): 514 (100) [M+]; elemental analysis calcd (%) for C28H26N4O6:
C 65.36, H 5.09, N 10.89; found: C 64.89, H 4.88, N 10.53.


N,N’-Bis(2,3-dihydroxybenzoate)-2,2’-bipyridine-5,5-diamine (L2-H4): L2-
Me4 (71 mg, 0.14 mmol) was dissolved in dichloromethane (20 mL) and
cooled to 0 8C. At this temperature BBr3 (0.13 mL, 285.6 mg, 1.40 mmol)
was added. The yellow mixture was stirred overnight at room tempera-
ture and then methanol was added. The solvent was removed in vacuo
and the residue was dissolved in ethyl acetate and washed with water.
Removal of the solvent afforded L2-H4 (64 mg, quantitative). M.p. 261 8C
(decomp); 1H NMR ([D6]DMSO, 400.0 MHz): d=10.86 (s, 2H), 9.20 (d,
J=2.0 Hz, 2H), 8.55 (m, 4H), 7.40 (dd, J=8.0, 1.4 Hz, 2H), 7.04 (dd,
J=8.0, 1.4 Hz, 2H), 6.82 ppm (t, J=8.0 Hz, 2H); 13C NMR ([D6]DMSO,
125.8 MHz): d=167.5, 147.1, 145.9, 144.7, 138.8, 136.4, 130.8, 121.9, 118.9,
118.5, 117.6 ppm (one signal cannot be observed); MS (EI, 70 eV): m/z
(%): 458 (100) [M+]; elemental analysis calcd (%) C24H18N4O6: C 62.88,
H 3.96, N 12.22; found: C 62.57, H 4.27, N 11.79.


General procedure for the preparation of dinuclear complexes
M4[(L)3Ti2] (M=Li, Na, K): Ligand L1-H4 (3 equiv), [TiO(acac)2]
(2 equiv), and the alkali metal carbonate (2 equiv) were mixed in DMF
and stirred overnight. The solvent was removed in vacuo to obtain the
complexes as red-orange solids which were purified by filtration over Se-
phadex LH 20.


Li4[(L
1)3Ti2]: Yield: 69.5 mg (quantitative); 1H NMR ([D6]DMSO,


500.1 MHz): d=8.72 (s, 6H), 8.38 (d, J=2.4 Hz, 6H), 8.24 (d, J=8.4 Hz,
6H), 7.65 (dd, J=8.4, 2.4 Hz, 6H), 7.03 (d, J=7.7 Hz, 6H), 6.40 (pseudo
t, J=7.7 Hz, 6H), 6.19 ppm (d, J=7.7 Hz, 6H); 13C NMR ([D6]DMSO,
125.7 MHz): d=165.3, 162.8, 161.6, 152.1, 149.6, 143.2, 128.8, 121.1, 120.9,
119.6, 118.5, 116.8 ppm; ESI-MS (methanol): m/z : 688 [M�2Li]2�, 685
[M�3Li+H]2�, 456 [M�3Li]3�, 454 [M�4Li+H]3� ; elemental analysis
calcd (%) for C72H42N12Li4O12Ti2·9H2O·2DMF: C 55.14, H 4.39, N 11.54;
found: C 55.08, H 5.02, N 11.85.


Na4[(L
1)3Ti2]: Yield: 72.7 mg (quantitative); 1H NMR ([D6]DMSO,


500.1 MHz): d=8.82 (s, 6H), 8.46 (d, J=2.4 Hz, 6H), 8.25 (d, J=8.3 Hz,
6H), 7.67 (dd, J=8.3, 2.4 Hz, 6H), 7.08 (d, J=7.7 Hz, 6H), 6.41 (pseudo
t, J=7.7 Hz, 6H), 6.22 ppm (d, J=7.7 Hz, 6H); 13C NMR ([D6]DMSO,
125.7 MHz): d=165.2, 162.8, 161.2, 152.1, 149.5, 143.2, 129.1, 121.1, 120.7,
119.6, 118.8, 116.8 ppm; ESI-MS (methanol): m/z : 1431 [M�Na]� , 704
[M�2Na]2�, 693 [M�3Na+H]2�, 462 [M�3Na]3�, 455 [M�4Na+H]3� ;
elemental analysis calcd (%) for C72H42N12Na4O12Ti2·4H2O·4DMF: C
55.45, H 4.32, N 12.32; found: C 55.46, H 4.67, N 11.89.


X-ray crystal structure analysis for Na4[(L
1)3Ti2]: formula C72H42N12O12Ti2-


Na4·12C3H7NO·H2O, Mr=2350.10, red crystal 0.30U0.20U0.10 mm, a=
15.586(1), b=20.796(1), c=38.513(1) P, b=100.72(1)8, V=


12265.2(10) P3, 1calcd=1.273 gcm�3, m=2.21 cm�1, empirical absorption
correction (0.937�T�0.978), Z=4, monoclinic, space group C2/c (no.
15), l=0.71073 P, T=198 K, w and f scans, 18878 reflections collected
(�h, �k, � l), [(sinq)/l]=0.59 P�1, 10751 independent (Rint=0.042) and
6630 observed reflections [I�2s(I)], 710 refined parameters, R=0.103,
wR2=0.295, max. residual electron density 1.83(�0.55) eP�3, some of the
DMF molecules show severe disorder, refinement with split positions did
not improve the model, hydrogen atoms as part of water molecules could
not be located, others calculated and refined riding.


The data set was collected with a Nonius KappaCCD diffractometer,
equipped with a rotating-anode generator. Programs used: data collection
COLLECT (Nonius B.V., 1998), data reduction Denzo-SMN,[17] absorp-
tion correction SORTAV,[18] structure solution SHELXS-97,[19] structure


refinement SHELXL-97 (G. M. Sheldrick, UniversitGt Gçttingen, 1997),
graphics SCHAKAL (E. Keller, UniversitGt Freiburg, 1997).


CCDC-241101 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


K4[(L
1)3Ti2]: Yield: 76.0 mg (quantitative); 1H NMR ([D6]DMSO,


500.1 MHz): d=8.83 (s, 6H), 8.49 (d, J=2.0 Hz, 6H), 8.29 (d, J=8.4 Hz,
6H), 7.74 (dd, J=8.4, 2.0 Hz, 6H), 7.10 (d, J=7.7 Hz, 6H), 6.41 (pseudo
t, J=7.7 Hz, 6H), 6.22 ppm (d, J=7.7 Hz, 6H); ESI-MS (methanol):
m/z : 1479 [M�K]� , 720 [M�2K]2�, 701 [M�3K+H]2�, 467 [M�3K]3� ;
elemental analysis calcd (%) for C72H42N12K4O12Ti2·2H2O·4DMF:
C 54.60, H 4.04, N 12.13; found: C 54.47, H 4.39, N 11.84.


Li4[(L
2)3Ti2]: Yield: 16.2 mg (quantitative); 1H NMR ([D6]DMSO,


400 MHz): d=12.44 (s, 6H), 8.93 (s, 6H), 7.64 (br, 6H), 7.21–7.17 (m,
12H), 6.58 (t, J=7.6 Hz, 6H), 6.42 ppm (d, J=7.6 Hz, 6H); negative-ion
mode ESI MS : m/z : 1473 [M�2Li+H]� ; IR (drift, KBr): ñ=3409, 1661,
1590, 1535, 1467, 1441, 1389, 1246, 1210, 1059, 844, 748, 679, 524 cm�1;
elemental analysis calcd (%) for C72H42Li4N12O18Ti2·DMF·4H2O: C 55.20,
H 3.52, N 11.16; found: C 55.21, H 3.28, N 11.04.


Na4[(L
2)3Ti2]: Yield: 16.9 mg (quantitative); 1H NMR ([D6]DMSO,


400 MHz): d=12.50 (s, 6H), 8.90 (s, 6H), 7.77 (d, J=7.3 Hz, 6H), 7.32–
7.21 (m, 12H), 6.59 (t, J=7.6 Hz, 6H), 6.44 ppm (d, J=7.6 Hz, 6H); neg-
ative-ion mode ESI MS: m/z : 1527 [M�Na]� , 741 [M�3Na+H]2� ; IR
(drift, KBr): ñ=3408, 1659, 1588, 1532, 1465, 1439, 1386, 1285, 1245,
1208, 1056, 842, 745, 677, 522 cm�1; elemental analysis calcd (%) for
C72H42N12Na4O18Ti2·DMF·12H2O: C 48.95, H 4.00, N 9.89; found: C
49.12, H 4.04, N 8.87.


K4[(L
2)3Ti2]: Yield: 17.6 mg (quantitative); 1H NMR ([D6]DMSO,


400 MHz): d=12.54 (s, 6H), 8.86 (s, 6H), 7.83 (br, 6H), 7.33–7.26 (m,
6H), 7.21 (d, J=7.6 Hz, 6H), 6.58 (t, J=7.6 Hz, 6H), 6.44 ppm (d, J=
7.6 Hz, 6H); negative-ion mode ESI MS: m/z : 1575 [M�K]� , 1537
[M�2K+H]� , 768 [M�2K]2� ; IR (drift, KBr): ñ=3427, 1660, 1587,
1531, 1464, 1439, 1386, 1283, 1244, 1208, 1055, 842, 744, 678, 522 cm�1; el-
emental analysis calcd (%) for C72H42N12K4O18Ti2·2DMF·6H2O: C 50.11,
H 3.67, N 10.49; found: C 49.98, H 3.89, N 10.01.


(L2-H4)PdCl2 : L2-H4 (15 mg, 0.033 mmol) and K2PdCl4 (10.7 mg,
0.033 mmol) were heated in DMF for 5 h to 70 8C. The solvent was re-
moved in vacuo and the residue was washed with water and then dried to
obtain 21 mg of a yellow solid in quantitative yield. 1H NMR
([D6]DMSO, 300 MHz): d=11.05 (s, 2H), 9.55 (d, J=2.5 Hz, 2H), 8.64
(dd, J=8.9, 2.5 Hz, 2H), 8.46 (d, J=8.9 Hz, 2H), 7.38 (dd, J=7.9, 1.4 Hz,
2H), 7.04 (dd, J=7.9, 1.4 Hz, 2H), 6.80 ppm (t, J=7.9 Hz, 2H); MS (EI,
70 eV): m/z (%): 638 (100) [M]+ ; IR (drift, KBr): ñ=3434, 2921, 1657,
1582, 1540, 1497, 1471, 1384, 1323, 1273, 1222, 840, 801, 741 cm�1; ele-
mental analysis calcd (%) for C24H18N4O6PdCl2: C 45.34, H 2.85, N 8.81;
found: C 44.89, H 3.10, N 9.28.


[(L2-H4)3Zn]Cl2 : The ligand L2-H4 (15 mg, 0.033 mmol) and ZnCl2
(1.5 mg, 0.011 mmol) were stirred overnight in DMF. Removal of the sol-
vent afforded a yellow solid in quantitative yield (16.5 mg); 1H NMR
([D6]DMSO, 300 MHz): d=11.28 (br, 6H), 10.68 (s, 6H), 9.56 (br, 6H),
9.03 (s, 6H), 8.42 (d, J=8.7 Hz, 6H), 8.35 (dd, J=8.7, 2.4 Hz, 6H), 7.43
(dd, J=7.9, 1.5 Hz, 6H), 7.02 (dd, J=7.9 Hz, 1.5 Hz, 6H), 6.81 ppm (t,
J=7.9 Hz, 6H); IR (drift, KBr): ñ=3424, 1656, 1532, 1477, 1388, 1261,
1219, 1058, 840, 739 cm�1; positive-ion mode ESI MS (methanol): m/z :
719 [M�2Cl]2+ ; elemental analysis calcd (%) for
C72H54N12O18Cl2Zn·3DMF·2H2O: C 55.06, H 4.51, N 11.89; found: C
54.96, H 4.78, N 12.59.


K2[(L
2)3Zn]Ti2 : L2-H4 (15 mg, 0.033 mmol), [TiO(acac)2] (5.7 mg,


0.022 mmol), K2CO3 (3 mg, 0.022 mmol), and ZnCl2 (1.5 mg, 0.011 mmol)
were mixed in DMF and stirred overnight. The solvent was removed and
the residue washed with water and dried in vacuo to obtain a red solid in
quantitative yield (17.6 mg). 1H NMR ([D6]DMSO, 400 MHz): d=11.48
(s, 6H), 8.81 (d, J=8.6 Hz, 6H), 8.75 (d, J=8.6 Hz, 6H), 7.99 (s, 6H),
7.00 (d, J=7.7 Hz, 6H), 6.49 (t, J=7.7 Hz, 6H), 6.37 ppm (d, J=7.7 Hz,
6H); negative-ion mode ESI MS (methanol): m/z : 761 [M�2K]2� ; IR
(drift, KBr): ñ=3440, 1664, 1590, 1538, 1480, 1440, 1385, 1308, 1247,
1207, 1056, 848, 742, 679, 522 cm�1; elemental analysis calcd (%) for
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C72H42K2N12O18Ti2Zn·3DMF·5H2O: C 50.89, H 3.85, N 10.99; found: C
50.76, H 4.01, N 11.02.
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Introduction


Our research interest focuses on preparation of main-group
metal complexes, which may emulate specific reactivity of
coordination and organometallic compounds of transition
metals. We have found that complex [Mg(dpp-bian)(thf)3]
(1),[1] which contains dianionic chelating ligand 1,2-bis[(2,6-
diisopropylphenyl)imino]acenaphthene (dpp-bian), is highly
reactive towards some organic compounds.[2]


In contrast to transition metals,[3] in complexes of
Group 1, 2, 13, and 14 metals dpp-bian may act as radical
anionic or dianionic ligand,[1,4] and can be chemically re-
duced or oxidized while still coordinated to the metal. This
feature of dpp-bian ligand is correlated to ability of transi-


tion metals to change their oxidation state. Several reaction
pathways may be expected for metal complexes of dpp-bian
dianion (Scheme 1).


Thus, the reaction routes a, c, and d (Scheme 1) took
place when 1 was treated with diphenylketone,[2a] R�X[2e,f]


(R=Me3Si, X=Cl; R=Et, X=Cl, Br, I), and TEMPO,[2g]


respectively. The solvent-induced alkyl radical elimination
process, which is opposite to route d, has been observed
under treatment of complex [Mg(dpp-bian)�(iPr)(Et2O)]
with THF.[5]


Recently we have found that complex 1 easily adds acidic
substances, for example, H2O


[2c] phenylacetylene,[2b] and eno-
lisable ketones.[2d] These reactions become possible due to
the high proton affinity of basic nitrogen atoms in dianionic
dpp-bian ligand.


Abstract: Compounds [Sr(dpp-bian)-
(thf)4] (2), [Ba(dpp-bian)(dme)2.5] (3)
and [Mg(dtb-bian)(thf)2] (4) (dpp-
bian=1,2-bis[(2,6-diisopropylphenyl)-
imino]acenaphthene; dtb-bian=1,2-
bis[(2,5-di-tert-butylphenyl)imino]ace-
naphthene) were prepared by reduc-
tion of dpp-bian and dtb-bian with an
excess of metallic Mg, Sr, or Ba in
THF or DME. Reactions of [Mg(dpp-
bian)(thf)3], 3, and 4 with diphenylace-
tonitrile gave keteniminates [Mg(dpp-
bianH)(NCCPh2)(thf)2] (5), [Mg(dtb-
bianH)(NCCPh2)(thf)2] (6), and
[Ba(dpp-bianH)(NCCPh2)(dme)2] (7),


respectively. The reaction of 2 with
CH3C�N in THF gave [{Sr(dpp-
bianH)[N(H)C(CH3)C(H)CN](thf)}2]
(8). The compounds 2, 3, 5–8 were
characterized by elemental analysis,
and IR and NMR spectroscopy. Molec-
ular structures of 2, 3, 7, and 8 were de-
termined by single-crystal X-ray dif-
fraction. In contrast to reactions of
alkali-metal reagents, magnesium
amides, or yttriumalkyls with a-H


acidic nitriles, which are accompanied
by an amine or an alkane elimination,
the reactions of [Mg(dpp-bian)(thf)3]
(1), 2, 3, and 4 with such nitriles pro-
ceeded with formation of Mg, Sr, and
Ba keteniminates and simultaneous
protonation of one nitrogen atom of
the bian ligand. The NMR spectroscop-
ic data obtained for complex 5 indicat-
ed that in solution the amino hydrogen
atom underwent the fast (on the NMR
timescale) shuttle transfer between
both nitrogen atoms of the dpp-bianH
ligand.
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Complex 1 is related to magnesium amides, for example,
[Mg(iPr2N)Br] (Hauser base), [Mg(iPr2N)2], and [Mg-
{(Me3Si)2N}2], which were found to be excellent deprotonat-
ing reagents for ketones[6] and phenylacetylene.[7] In 1950
Hauser and co-workers reported deprotonation of acetoni-
trile using [Mg(iPr2N)Br].[8] In all the reactions of these
amides with acidic substances an amine elimination takes
place. Since both N atoms of the dpp-bian ligand in 1 are
part of a rigid chelating system, the amine elimination be-
comes impossible for reactions of 1 with acidic substances.
In this paper we report the synthesis and characterization of
the strontium and barium analogues of 1 as well as their re-
actions with nitriles.


Results and Discussion


Synthesis of [Sr(dpp-bian)(thf)4] (2) and [Ba(dpp-bian)-
(dme)2.5] (3): Compounds 2 and 3 were prepared by reduc-
tion of dpp-bian with an excess of metallic strontium and
barium in THF and DME, respectively. Reactions proceed-
ed within few minutes at heating to 60 8C and resulted in the
formation of dark red-brown solutions. Separation of these
solutions from an excess of metal and evaporation of solvent
afforded compounds 2 and 3 as deep red crystalline solids in
nearly quantitative yield. In solution and in the solid state 2
and 3 are very sensitive to moisture and air. In the sealed
under vacuum capillaries they decompose above 200 8C.
Complexes 2 and 3 were characterized by elemental analysis
and IR spectroscopy. The molecular structure of 2 was de-


termined by single-crystal X-ray analysis. For 3 the X-ray
analysis was also attempted, but due to the poor crystal
quality only atom connectivity in the molecule of 3 was es-
tablished.


Reactions of 1, 2, 3, and [Mg(dtb-bian)(thf)2] (4) with ni-
triles : Complexes 1, 2, and 3, prepared by reacting the corre-
sponding metals with dpp-bian in THF or DME, were used
in situ for the reactions with acetonitrile and diphenylaceto-
nitrile. Addition of one or more equivalents of acetonitrile
to a solution of 1 in THF causes an immediate color change
from deep green to deep blue. In this case we did not suc-
ceed in isolating of product formed. Thus, evaporation of
THF afforded deep blue oil, which did not solidify over a
period of several days. This oil readily dissolves in toluene,
but only an oily residue forms again under evaporation of
the solvent in vacuum. Treatment of the oily residue, left
after removal of solvent from mother liquor, with Et2O or
hexane caused the color to change from blue to violet,
hence indicating the formation of the diamine dpp-
bian(H)2.


[2c]


The color change from green to blue was also observed
when 1 was treated with one equivalent of diphenylacetoni-
trile in THF. The replacement of solvent from THF to ben-
zene gave in this case crystalline [Mg(dpp-bianH)(NCCPh2)-
(thf)2] (5) in 43% yield. The compound 5 was characterized
by elemental analysis, and IR and 1H NMR spectroscopy.
Unfortunately, the thin plate-like crystals of 5 obtained from
toluene were not suitable for an X-ray crystal structure de-
termination. We decided to use the complex [Mg(dtb-bian)-
(thf)2] (4) (dtb-bian=1,2-bis[(2,5-di-tert-butylphenyl)imi-
no]acenaphthene), which is closely related to 1, in the reac-
tion with diphenylacetonitrile, thus hoping to get X-ray
quality crystals. The reaction of 4 with Ph2CHC�N proceed-
ed similarly to that of complex 1. The product of this reac-
tion [Mg(dtb-bianH)(NCCPh2)(thf)2] (6) crystallizes from
toluene in a form of well-shaped cubic crystals, which re-
vealed still insufficient diffraction under X-ray conditions
when a single-crystal structure analysis was attempted. How-
ever, compound 6 was well characterized by 1H NMR spec-
troscopy. The NMR data for 6 are discussed below together
with those for 5. Although the crystal structures of 5 and 6
were not established by X-ray crystallography, one can
sketch the structures of 5 and 6 on the basis of 1H NMR
spectroscopy data for 5 and 6 and the crystallographic re-
sults obtained for related Ba complex.


Scheme 1. L= ligand with variable “oxidation state”, for example, dpp-
bian. M=metal with single oxidation state.
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The barium complex 3 reacts with Ph2CHC�N according
to the Scheme 2. The reaction product [Ba(dpp-bianH)(N=
C=CPh2)(dme)2] (7) was isolated in 53% yield as deep blue
crystals after crystallization of the crude product from ben-
zene.


The reaction of strontium complex 2 with two equivalents
of acetonitrile in THF followed by crystallization from ben-
zene gave [{Sr(dpp-bianH)[N(H)C(CH3)C(H)CN](thf)}2] (8)
as deep blue crystals in 52% (Scheme 3). As shown by X-


ray crystal structure determination dimeric complex 8 con-
sists of crotonitrileamido ligand, which formed through the
coupling of acetonitrile molecules. Hydrolysis of 8 in an
NMR tube indicated the formation of diamine dpp-
bian(H)2


[2c] and 3-aminocrotonitrile (Scheme 3). Based on
the crystal structure data obtained for 7 one can suggest that
the reaction of 2 with CH3C�N proceeds via formation of
the strontium complex containing ketenimino ligand, which
further reacts with second acetonitrile molecule (Scheme 3).


The dimerization of acetonitrile to form crotonitrileamido
ligand was first achieved 55 years ago by Hauser and co-
workers by using [Mg(iPr2N)Br] as a deprotonating agent.[8]


The alkali-metal-catalyzed coupling of CH3C�N has been


also reported.[9] Later on, Teuben and co-workers used the
mono-alkyl yttrium derivative for deprotonation of CH3C�N.
The product of this reaction, [Y{Me2Si(NCMe3)OCMe3)}2-
{N(H)C(CH3)C(H)CN}(thf)]2 is a dimer that consists of two
crotonitrileamido ligands bridging two yttrium atoms, as
shown by single-crystal X-ray diffraction.[10] The reaction of
[Re(CO)3(bpy)(NCCH3)]OTf with sodium hydride in THF
proceeds with nucleophilic attack at the nitrile group coordi-
nated to the rhenium(i) center and produces a dinuclear
complex in which one bridging crotonitrileamido ligand con-
nects the Re atoms.[11] The keteniminate [Ir(Cp*)(Me3P)Ph-
(N=C=CPh2)]


[12] was prepared by treatment of [Ir(Cp*)-
(Me3P)Ph(OH)] with diphenylacetonitrile and catalytic
amount of [Ir(Cp*)(Me3P)Ph(OTf)]. Molecular structure of
[Ir(Cp*)(Me3P)Ph(N=C=CPh2)] has not been established,
but the strong IR band at 2105 cm�1 confirmed the presence
of ketenimido ligand. In complex 7 the corresponding ab-
sorption is shifted to the low wavenumbers and appeared at
2075 cm�1. Deprotonation of Ph2HC�C�N with nBuLi or
Me3M (M=Ga, In) afforded the crystallographically charac-
terized dinuclear complexes [{Li(m-Ph2C=C=N)(Et2O)2}2]
and [{MMe2(m-Ph2C=C=N)(thf)n}2] (M=Ga, n=0; M= In,


n=1), respectively.[13] In the
lithium complex [{Li(m-Ph2C=
C=N)(Et2O)2}2] the n(C=C=N)
band is shifted down to
2023 cm�1, whereas in
[{MMe2(m-Ph2C=C=N)(thf)n}2]
(M=Ga, n=0; M= In, n=1)
these bands appeared at 2188
(In) and 2167 cm�1 (Ga).


1H NMR spectra of the crys-
tallographically characterized
complexes 7 and 8 are uninfor-
mative due to the broadening
of the signals. Useful 1H NMR
spectra were obtained for 5
(Figure 1) and 6 in [D8]THF.
The solution behavior of 5 is
very much alike with those of
Mg–enolates[2d] formed from
the reactions of 1 with enolisa-
ble ketones and the phenyl-
ethynyl derivative [{Mg(dpp-


bianH)}(C�CPh)(thf)2],[2b] obtained in the reaction of 1 and
PhC�CH. As indicated by X-ray crystal structure analysis,
the molecules of magnesium enolates[2d] and [{Mg(dpp-
bianH)}(C�CPh)(thf)2][2b] posses an unsymmetrical amido/
amino structure in the solid state. The same amido/amino
pattern of the dpp-bian ligand is found in 7 and 8. Proceed-
ing on the assumption, that in the solid state complex 5 has
molecular structure similar to 7 and this structure will be
maintained in solution, the 1H NMR spectrum of 5 should
reveal non-equivalence for all aromatic ring protons, as well
as for the four methine protons and the eight CH3 groups of
the iso-propyl substituents of the phenyl moieties of the
dpp-bian ligand. However, we expected, that, in analogy to


Scheme 2.


Scheme 3.
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the 1H NMR spectroscopic results obtained for the related
Mg–enolates[2d] and for [{Mg(dpp-bianH)}(C�CPh)(thf)2][2b]
molecules 5 in solution will adopt a more symmetrical struc-
ture with the amino hydrogen being not fixed at one dpp-
bian nitrogen atom, but being delocalized between both ni-
trogen atoms of the ligand. The fast (on the NMR time-
scale) shuttle proton transfer between the two N atoms
should result in a structure which has a plane of symmetry
that bisects the N-Mg-N angle and, thus divides the dpp-
bian ligand into two equal parts. This hypothesis is con-
firmed by the 1H NMR spectrum of 5 in [D8]THF
(Figure 1).


According to our expectation, the 1H NMR spectrum of 5
in [D8]THF reveals two septets for the methine protons cen-
tered at d=3.73 and 3.44 ppm. The doublets at d=1.18
(6H), 1.16 (6H), and 0.89 ppm (12H) correspond to four
pairs of nonequivalent CH3 groups of iPr substituents. The
signal of the delocalized N�H proton appears as a singlet at
d=6.06 ppm and is shifted to high field relative to those of
[{Mg(dpp-bianH)}(C�CPh)(thf)2] (d=6.81 ppm)[2b] and the
magnesium enolates (d=6.42–6.10 ppm).[2d]


Even assuming that in the case of 6 the proton delocaliza-
tion also takes place one can expect at least two different
spectral pictures due to the different orientations of the 2,5-
disubstituted phenyl rings (Figure 2). Both, the syn and anti
orientations in the dtb-bian ligand were found in the metal
complexes. For instance, in the crystalline state the magnesi-
um complex [Mg(dtb-bian)(thf)2]


[4c] revealed an anti orienta-
tion, whereas the germylene [Ge(dtb-bian)] has a syn orien-
tation of the 2,5-disubstituted phenyl rings.[4e] The NMR


spectroscopic data for [Mg(dtb-bian)(thf)2]
[4c] and [Ge(dtb-


bian)][4e] indicate that in solution interconversion of syn and
anti isomers takes place.


Before we discuss of the solution behavior of 6 it is worth
noting that in all the magnesium complexes which contain
the protonated amido/amino dpp-bian ligand, the anionic li-
gands formed upon deprotonation (e.g. phenylethynyl or
enolate) are placed in the pocket formed between two iPr
groups of two phenyl rings. Furthermore, these anionic li-
gands and the hydrogen attached to N atom are always posi-
tioned on the same side of the metallocycle. Besides, the iPr
substituents are orientated in such a way that the four me-
thine protons of iPr groups are directed towards metallocy-
cle, whereas the methyl groups are directed away from the
metal. Apparently, this minimizes the overcrowding of the
metal coordination sphere. A placement of the ketenimine
ligand between two ortho-tert-butyl substituents in the mole-
cule of 6 with syn orientation seemed impossible due to the
steric reasons. However, if a molecule of 6 with syn orienta-
tion the keteniminate ligand is positioned between meta-
tert-butyl substituents and the amino proton is delocalized
between two nitrogen atoms, only two 1H signals of the tBu


Figure 1. 1H NMR spectrum of 5 in [D8]THF (200 MHz).


Figure 2. Interconversion of syn and anti isomers in Mg–dtb-bian com-
plexes.
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groups should be expected. The 1H NMR spectrum of 6 in
[D8]THF reveals four signals of tBu substituents centered at
d=1.49 (9H), 1.34 (9H), 1.11 (9H) and 1.06 (9H) ppm cor-
respondingly. Based on these data one may conclude that in
solution the molecules of 6 have an anti orientation of the
phenyl rings with the proton being attached to one nitrogen
atom. The signal of the amino proton is shifted high field
relative to that in 5 and appears at d=5.74 ppm. Very simi-
lar chemical shifts have been observed for the amino proton
in (dtb-bian)H2 in [D8]THF (5.77 ppm).[2c]


Molecular structures of 2, 3, 7, and 8 : The molecular struc-
tures of 2, 3, 7 and 8 are depicted in Figures 3–6 respectively.
The crystallographic data obtained for 3 are of insufficient
quality for the thorough discussion. Therefore, Figure 4 de-
picts only the atom connectivity in 3. The crystal data collec-
tion and structure refinement data for 2, 7 and 8 are listed
in Table 1, selected bond lengths and angles in Tables 2 and
3, respectively.


The molecular structure of 2 can be compared with that
of closely related calcium complex [Ca(dpp-bian)(thf)4].


[1]


The strontium atom in 2 is six-coordinate and has a distort-
ed octahedral environment (Figure 3). Due to the larger
ionic radius of Sr2+ relative to Ca2+ , all the metal–ligand
distances in 2 are elongated by approximately 0.13 O. As in
the calcium complex one of the four metal–oxygen bonds in


2 is significantly longer (Sr�O(1) 2.673 O) than the other
three, which are in a range of 2.537–2.578 O. The shortest


Sr�O(3) distance is observed
for the THF molecule that fits
into the pocket formed by two
isopropyl groups. The angle be-
tween the plane formed with
N(1)-N(2)-Sr and the donor
atom O(3) is 101.48. In contrast
to the Mg�N bonds in 1 (2.105
and 2.045 O), the two Sr�N
bonds (2.505 and 2.497 O) are
almost of the same length, and,
as expected, they are approxi-
mately 0.1 O longer than those
found in the calcium complex
(Ca�N, 2.396 and 2.382 O).[1]


Owing the longer Sr�N distan-
ces, the bite angle N(1)-Sr-N(2)
(72.48) in 2 is somewhat smaller
than the angle N(1)-Ca-N(2)
(75.88) in [Ca(dpp-bian)-
(thf)4].


[1]


In the solid state, the mole-
cule of 3 is a dimer formed
from two DME-bridged {Ba-
(dpp-bian)(dme)2} fragments
(Figure 4). The barium atoms
in 3 are seven-coordinate.


The barium atom in the mol-
ecule of 7 is seven-coordinate
(Figure 5). The significant dif-
ferences in the length of the


Table 2. Selected bond lengths [O] for 2, 7 and 8.


2 7 8


M�N(1) 2.505(2) 2.6989(16) 2.501(2)
M�N(2) 2.497(2) 3.0062(17) 2.677(2)
M�N(3) 2.7385(18) 2.559(3)
M�N(4) 2.822(2)
M�N(4A) 2.608(2)
M�O(1) 2.6731(19) 2.8308(14) 2.493(2)
M�O(2) 2.5599(19) 2.7619(14)
M�O(3) 2.5368(18) 2.7465(14)
M�O(4) 2.5776(18) 2.8337(14)
N(1)�C(1) 1.397(3) 1.339(2) 1.348(3)
N(1)�C(13) 1.416(3) 1.414(2) 1.422(3)
N(2)�H(2) 0.7933 0.95(2)
N(2)�C(2) 1.387(3) 1.442(3) 1.419(3)
N(2)�C(25) 1.409(3) 1.414(2) 1.433(3)
N(3)�C(37) 1.170(3)
N(3)�C(41) 1.306(4)
C(1)�C(2) 1.394(4) 1.398(3) 1.395(4)
C(37)�C(38) 1.386(3)
C(38)�C(39) 1.452(3)
C(38)�C(45) 1.478(3)
C(41)�C(44) 1.505(4)
C(41)�C(42) 1.403(4)
C(42)�C(43) 1.381(5)
C(43)�N(4) 1.160(4)


Table 1. Crystal data and structure refinement details for 2, 7 and 8.


2 7 8


formula C54H76SrN2O4.50 C70H83BaN3O4 C100H120Sr2N8O2


Mr 912.79 1167.73 1641.28
T [K] 100(2) 100(2) 120(2)
l [O] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic
space group P21/n P21/c P21/n
a [O] 13.4224(8) 15.7865(8) 12.7225(6)
b [O] 18.6715(11) 22.9528(11) 19.4015(9)
c [O] 19.5886(12) 17.3644(8) 18.3391(8)
b [8] 98.7690(10) 104.9960(10) 94.2980(10)
V [O3] 4851.8(5) 6077.6(5) 4514.0(4)
Z 4 4 2
1calcd [gcm


�3] 1.250 1.276 1.208
m [mm�1] 1.159 0.704 1.234
F(000) 1952 2448 1736
crystal size [mm3] 0.10P0.08P0.03 0.24P0.20P0.19 0.50P0.31P0.23
qmin/qmax 1.52/23.00 1.77/25.00 1.53/25.00
index ranges �14�h�14 �18�h�18 �15�h�11


�20�k�20 �27�k�17 �23�k�23
�21� l�19 �20� l�20 �21� l�19


reflections collected 21840 34472 24775
independent reflections 6755 10705 7944
Rint 0.0452 0.0255 0.0379
completeness to qmax [%] 99.9 99.9 99.9
max/min transmission 0.9661/0.8929 0.8779/0.8492 0.7645/0.5774
data/restraints/parameters 6755/2/847 10705/0/1035 7944/0/541
GOF on F2 1.009 1.032 1.056
final R indices [I>2s(I)] R1=0.0340 R1=0.0263 R1=0.0436


wR2=0.0750 wR2=0.0634 wR2=0.1066
R indices (all data) R1=0.0548 R1=0.0343 R1=0.0680


wR2=0.0802 wR2=0.0658 wR2=0.1135
largest diff. peak/hole [e O�3] 0.521/�0.275 0.674/�0.231 0.926/�0.446
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Ba�N(dpp-bian) bonds (Ba�N(1) 2.699 O; Ba�N(2)
3.006 O) reflect the different strength of the metal coordina-
tion of the amido (N(1)) and the amino (N(2)) functions.
This difference (ca. 0.31 O) corresponds well with that
found for the product obtained by addition of phenylacety-
lene to 1 [Mg(dpp-bianH)(C�CPh)(thf)2] (2.355 and
2.045 O)[2b] as well as with those in the magnesium enolates
[Mg(dpp-bianH){OC(=CHPh)CH2Ph}(thf)2] (Mg�N: 2.066
and 2.369 O), [Mg(dpp-bianH){OC(=CPh2)CH3}(thf)2] (Mg�


N: 2.051 and 2.410 O), but is less than that in [Mg(dpp-
bianH)(camphor)(py)2] (Mg�N: 2.055 and 2.436 O), which
formed under addition of enolisable ketones to 1.[2d] In 7
each of two bidentate DME molecules has one short and
one long Ba�O distance (Ba�O(1) 2.830, Ba�O(2) 2.762
and Ba�O(3) 2.746, Ba�O(4) 2.834 O). The shortening of
Ba�O(3) distance can be explained by the short intermolec-
ular C(57)···N(3) interatction (3.134(3) O, which is less of
sum of Van-der-Waals radii, 3.20 O) between neighboring
molecules. This difference in the Ba�O(1) and Ba�O(2) dis-
tances is not truly understood, but apparently may be ex-
plained so by an influence of the steric factors. In 7 the kete-
niminate ligand and the amine hydrogen H(2) are placed on
the same side of the plane formed by the metallocycle Ba-
N(1)-C(1)-C(2)-N(2). The torsion angle H(2)-N(2)-Ba-N(3)


Table 3. Selected bond angles [8] for 2, 7, and 8.


2 7 8


N(1)-M-N(2) 72.36(7) 62.13(5) 68.20(7)
N(1)-M-O(1) 162.55(6) 130.48(5) 95.74(7)
N(1)-M-O(2) 92.95(7) 92.03(5)
N(1)-M-O(3) 90.17(7) 114.97(5)
N(1)-M-O(4) 117.22(7) 143.15(5)
N(2)-M-O(1) 114.31(7) 157.57(5) 154.93(7)
N(2)-M-O(2) 156.41(7) 143.94(5)
N(2)-M-O(3) 110.25(6) 90.69(4)
N(2)-M-O(4) 90.89(6) 81.08(5)
O(1)-M-O(2) 85.21(6) 58.49(4)
O(1)-M-O(3) 72.43(6) 97.51(4)
O(1)-M-O(4) 79.55(6) 84.97(4)
O(2)-M-O(3) 87.57(6) 77.40(4)
O(2)-M-O(4) 79.34(6) 119.37(4)
O(3)-M-O(4) 149.94(6) 60.16(4)
C(1)-N(1)-M 108.68(16) 119.26(12) 116.03(16)
C(13)-N(1)-M 132.17(16) 120.46(16) 124.61(15)
C(2)-N(2)-M 109.12(16) 107.69(11) 108.64(15)
C(25)-N(2)-M 132.76(16) 122.09(12) 122.49(17)
N(3)-C(37)-C(38) 177.4(2)
C(37)-C(38)-C(39) 119.32(19)
C(37)-N(3)-M 147.56(16)
N(3)-M-N(4) 77.47(8)
N(4A)-M-N(4) 74.79(9)
M(A)-N(4)-M 105.21(9)
N(3)-C(41)-C(44) 121.7(3)
C(42)-C(41)-C(44) 117.8(3)
C(43)-C(42)-C(41) 118.5(3)


Figure 3. ORTEP drawing of complex 2 with thermal ellipsoids drawn at
30% probability level. Hydrogen atoms are omitted for clarity.


Figure 4. Atom connectivity in 3 determined by single-crystal X-ray dif-
fraction.


Figure 5. ORTEP drawing of complex 7 with thermal ellipsoids drawn at
30% probability level. Hydrogen atoms with exception of H(2) are omit-
ted for clarity.
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(17.78) is somewhat larger than those in the three above-
mentioned enolates (7.08, 17.28, and 8.18, respectively).


To date there are only few examples of crystallographical-
ly characterized metal–keteniminate complexes.[13] The lithi-
um and indium derivatives, [{Li(m-Ph2CCN)(Et2O)2}2]


[13a]


and [{In(m-Ph2CCN)Me2(thf)}2]
[13a] have the same ketenimi-


nate ligand as in 7. Whereas the keteniminate group in the
Li and In complexes acts as m2-bridging ligand the Ph2C=C=
N group in 7 is a terminal one. It is worth noting that in the
phenylethynyl derivative [{Mg(dpp-bianH)}(C�CPh)-
(thf)2]


[2b] and in enolates [Mg(dpp-bianH){OC(=CHPh)-
CH2Ph}(thf)2], [Mg(dpp-bianH){OC(=CPh2)CH3}(thf)2], and
[Mg(dpp-bianH)(camphor)(py)2]


[2d] the PhC�C- and R2C=
C(R)O groups are terminal as well. Evidently, this general
feature is caused by the rigidity and bulkiness of dpp-bian
ligand, which prevents the formation of dimers through
bridging ligands. The Ba�N(3) bond is 2.738 O, which is pre-
dictably much longer than the M�N distances in [{Li(m-
Ph2C=C=N)(Et2O)2}2] (2.25 and 2.46 O) and [{In(m-Ph2C=
C=N)Me2(thf)}2] (2.03 and 2.06 O).[13a] The heteroallen type
of the keteniminate ligand in 7 is demonstrated by the short-
ening of the C(37)�C(38) bond (1.386 O) and elongation of
the C(37)�N(3) bond (1.170 O) relative to those bonds in
free Ph2HC-C�N (1.470 and 1.147 O, respectively).[13a] Simi-
lar bond allocation is observed in Li and In complexes cited
above. The core C(38)-C(37)-N(3) in 7 is almost linear
(177.48).


The dimeric structure of 8 has a crystallographically im-
posed inversion center with two {Sr(dpp-bianH)(thf)} moiet-
ies connected by two crotonitrileamido ligands (Figure 6).
Each strontium atom in 8 displays distorted octahedral ge-
ometry formed by the chelating amido/amino dpp-bian
ligand, one THF molecule, and the tridentate crotonitrile-
amido ligand.


As in 7 the amido and amino functions of the dpp-bian
ligand in 8 are clearly visible from the difference in Sr�N-


(dpp-bian) distances (Sr�N(1) 2.501, Sr�N(2) 2.677 O). Ac-
cording to the hypothesis that the addition of the first equiv-
alent of CH3C�N to complex 2 proceeds via formation of
the intermediate ketenimido complex the proton H(2) turns
to be with N(3) at the same plane of the chealting system.
The amido N(3) atom originates from the transitional kete-
nimido ligand, which after insertion of second equivalent of
CH3C�N rearranges through a 1,3-H shift to crotonitrileami-
do ligand. The geometry of the crotonitrileamido ligands in
8 can be compared with that in rhenium, lithium, and yttri-
um complexes, [{Re(bpy)(CO)3}2{N(H)C(CH3)C(H)CN}],[11]


[{LiPy2[N(H)C(CH3)C(H)CN]}2]
[9]


[{Y[Me2Si(NCMe3)OCMe3)]2[N(H)C(CH3)C(H)CN]-
(thf)}2].


[10] These three complexes are the only examples of
crystallographically characterized compounds that consist of
bridging crotonitrileamido ligand. As for the lithium and yt-
trium complexes, in compound 8 two crotonitrileamido li-
gands connect two metal atoms. In lithium and yttrium com-
plexes this results in the formation of the 12-membered met-
allocycle. In contrast, in the molecule of 8 the crotonitrilea-
mido ligands are arranged in such a way that nitrile atoms
N(4) and N(4A) bound to both Sr atoms, thus dividing the
12-membered metallocycle into three cycles. The difference
in the arrangement of crotonitrileamido ligands in Li and Y
complexes with respect to complex 8 is that in case of 8 the
metal atom bound to N(3) is in the trans position to the
CH3 group of the ligand, whereas in the Li and Y complexes
the metals are in the cis position. In complex [{Re-
(bpy)(CO)3}2{N(H)C(CH3)C(H)CN}][11] one Re atom is con-
nected to the amido function in the way similar to that in 8.


Conclusion


We could demonstrate that the alkaline earth metal com-
plexes of the rigid dianionic acenaphthenediimine ligands


can deprotonate nitriles to give
keteniminate species. In con-
trast to the reactions of alkali-
metal reagents, magnesium
amides or yttriumalkyls with ni-
triles, which run with amine or
alkane elimination the above
reactions proceed by addition
of the nitriles with formation of
Mg, Sr, and Ba keteniminates
and simultaneous protonation
of one nitrogen atom of the
bian ligand.


Experimental Section


General remarks : All manipulations
were carried out under vacuum using
Schlenk ampoules. The solvents THF,
DME, benzene, and toluene were


Figure 6. ORTEP drawing of complex 8 with thermal ellipsoids drawn at 30% probability level. Hydrogen
atoms with exception of H(2) and the THF carbon atoms are omitted for clarity.
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dried by distillation from sodium benzophenone. The deuterated solvents
[D8]THF and C6D6 used for the NMR measurements were dried with
sodium benzophenone at ambient temperature, and just prior to use, con-
densed under vacuum into the NMR tubes already containing the respec-
tive compounds. Melting points were measured in sealed capillaries. The
IR spectra were recorded on a Specord M80 spectrometer, the 1H NMR
spectra were obtained on a Bruker DPX-200 NMR spectrometer.


[Sr(dpp-bian)(thf)4] (2): Strontium pieces (4.4 g, 50 mmol) and I2 (0.4 g,
1.6 mmol) were placed in a Schlenk-like ampoule (ca. 100 mL volume)
equipped with a Teflon stopcock. After evacuation of the ampoule (at
10�1 Torr for ca. 1 min), THF (40 mL) was added by condensation and
the mixture was stirred for 2 h. After the mixture decolorized the formed
[SrI2(thf)n] was decanted together with the solvent and the residual metal
was washed three times with THF (40 mL). A suspension of dpp-bian
(0.5 g, 1.0 mmol) in THF (40 mL) was then added to the activated stron-
tium metal and the mixture was refluxed for 30 min. In the course of the
reaction, the mixture turned first deep red and then deep brown. The so-
lution was then cooled to ambient temperature and decanted from the
excess of strontium. Evaporation of solvent from mother liquor gave
0.88 g (97%) of compound 2 as a deep red crystalline solid. Crystalliza-
tion of the crude product from THF (10 mL) yielded 0.48 g of 2·0.5-
(C4H8O) as large block-like crystals suitable for X-ray crystal structure
analysis. M.p. >220 8C (decomp); elemental analysis calcd (%) for
C52H72SrN2O4·0.5(C4H8O) (912.79): C 71.05, H 8.39; found: C 70.91, H
8.29; 1H NMR (200 MHz, [D8]THF, 20 8C): d=7.6–6.1 (m, 12H; C-Harom),
4.06 (sept, 4H; CHMe2), 3.54 (s, 16H; a-CH2-THF), 1.73 (s, 16H; b-CH2-
THF), 1.52 (d, J=6.8 Hz, 12H; CH(CH3)2), 1.43 ppm (d, J=6.8 Hz,
12H; CH(CH3)2); IR (Nujol): ñ=1575 (s), 1405 (m), 1395 (w), 1375 (m),
1340 (w), 1300 (s), 1230 (m), 1200 (w), 1165 (s), 1090 (w), 1075 (s), 1020
(vs), 995 (w), 955 (w), 925 (w), 905 (vs), 895 (s), 870 (s), 840 (s), 785 (m),
745 (s), 715 (m), 665 (m), 610 (m), 595 (m), 530 (m), 500 cm�1 (m).


[Ba(dpp-bian)(dme)2.5] (3): Barium pieces (3.5 g, 25.5 mmol) and I2
(0.3 g, 1.2 mmol) were placed in a Schlenk-like ampoule (ca. 100 mL
volume) equipped with a Teflon stopcock. After evacuation of the am-
poule (at 10�1 Torr for ca. 1 min), DME (30 mL) was added by condensa-
tion and the mixture was stirred for 4 h. After the mixture decolorized
the formed [BaI2(thf)n] was decanted together with the solvent and the
residual metal was washed two times with DME (30 mL). A suspension
of dpp-bian (0.5 g, 1.0 mmol) in DME (30 mL) was then added to the ac-
tivated barium metal and the mixture was heated for 60 min at 80 8C. In
the course of the reaction, the mixture turned first deep red and then
deep brown. The solution was then cooled to ambient temperature and
filtered off. Evaporation of the solvent from mother liquor afforded
0.84 g (98%) of compound 3 as deep red crystalline solid. M.p. >200 8C
(decomp); elemental analysis calcd (%) for C92H130Ba2N4O10 (1726.73): C
63.99, H 7.59; found: C 63.70, H 7.37. The signals in 1H NMR spectra of
3 in [D8]THF and C6D6 were very broad. In the 1H NMR spectrum in
[D8]THF the signals associated with CH3 groups of the iPr substituents
appear as broad singlet at d=1.12 ppm (24H). An accurate assignment
of other signals was difficult. IR (Nujol): ñ=1590 (s), 1405 (m), 1345 (m),
1285 (m), 1240 (m), 1195 (w), 1150 (m), 1100 (m), 1050 (s), 980 (w), 945
(w), 900 (m), 875 (w), 830 (s), 800 (w), 790 (m), 755 (vs), 725 (w), 700
(w), 665 (w), 600 (m), 585 cm�1 (w).


[Mg(dpp-bianH)(NCCPh2)(thf)2] (5): Ph2HCCN (0.19 g, 1 mmol) was
added to a solution of 1 (in situ from 0.5 g (1 mmol) of dpp-bian) in THF
(40 mL) diphenylacetonitrile. The reaction mixture turned blue-green.
The solvent was removed in vacuum and the residue dissolved in benzene
(40 mL). The deep blue solution formed was then concentrated to 20 mL
by evaporation of the solvent in vacuum. After two days plate-like crys-
tals of 5 were collected by decantation of solution and drying of the solid
in vacuum. Yield 0.37 g (43%); m.p. 172 8C (decomp); elemental analysis
calcd (%) for C58H67MgN3O2 (862.48): C 80.77, H 7.83; found: C 80.63, H
7.47; 1H NMR (200 MHz, [D8]THF, 20 8C): d=7.32 (d, J=8.0 Hz, 1H; C-
Harom), 7.17–7.07 (m, 10H; C-Harom), 6.90–6.70 (m, 7H; C-Harom), 6.47 (t,
J=7.3 Hz, 2H; C-Harom), 6.06 (s, 1H; N-H), 5.98 (d, J=7.0 Hz, 1H; C-
Harom), 5.81 (d, J=6.5 Hz, 1H; C-Harom), 3.73 (sept, J=6.8 Hz, 2H;
CHMe2), 3.57 (m, 8H; a-CH2-THF), 3.44 (sept, J=6.8 Hz, 2H; CHMe2),
1.73 (m, 8H; b-CH2-THF), 1.18 (d, J=6.8 Hz, 6H; CH(CH3)2), 1.16 (d,


J=6.8 Hz, 6H; CH(CH3)2), 0.89 ppm (d, J=6.8 Hz, 12H; CH(CH3)2); IR
(Nujol): ñ=3296 (w), 2086 (vs), 1590 (s), 1515 (s), 1300 (m), 1285 (m),
1150 (m), 1000 (w), 865 (m), 790 (s), 755 (vs), 700 (vs), 665 (w), 600 (w),
505 (s), 470 (m), 455 (m), 430 cm�1 (s).


[Mg(dtb-bianH)(NCCPh2)(thf)2] (6): Ph2HCCN (0.19 g, 1 mmol) was
added to a solution of 4 (in situ from 0.56 g (1 mmol) of dtb-bian) in
THF (40 mL). The solvent was removed in vacuum and the residue dis-
solved in toluene (40 mL). Toluene was evaporated and the remaining
solid was dissolved in Et2O (200 mL). On concentration of this solution
in vacuum to a volume of about 15 mL, the product 6·Et2O precipitated
as deep blue crystals. Yield 0.62 g (63%); m.p. 105 8C (decomp); elemen-
tal analysis calcd (%) for C66H85MgN3O3·Et2O (992.70): C 79.85, H 8.63;
found: C 79.10, H 8.21; 1H NMR (200 MHz, [D8]THF, 20 8C): d=7.46 (d,
J=8.3 Hz, 1H; C-Harom), 7.22–6.46 (m, 20H; C-Harom), 5.83 (br s, 1H; C-
Harom), 5.74 (s, 1H; N-H), 3.58 (m, 8H; a-CH2-THF), 3.35 (quart, J=
7.0 Hz, 4H; Et2O), 1.73 (m, 8H; b-CH2-THF), 1.49 (s, 9H; C(CH3)3),
1.34 (s, 9H; C(CH3)3), 1.11 (s, 9H; C(CH3)3), 1.08 (t, 6H; J=7.0 Hz,
Et2O), 1.06 ppm (s, 9H; C(CH3)3); IR (Nujol): ñ=3346 (w), 2088 (vs),
1590 (s), 1515 (s), 1450 (s), 1380 (s), 1265 (m), 1200 (w), 1110 (m), 1075
(m), 1020 (s), 1000 (w), 970 (w), 920 (m), 865 (s), 810 (m), 750 (s), 690
(s), 530 (w), 500 (s), 470 cm�1 (s).


[Ba(dpp-bianH)(NCCPh2)(dme)2] (7): A solution of Ph2HCCN (0.19 g,
1 mmol) in DME (10 mL) was added to a cooled (�15 8C) solution of 3
in DME (40 mL), prepared as described above. The reaction mixture was
warmed up and stored at ambient temperature for 30 min. After heating
of the dark mixture for 5 min at 50 8C with partial evaporation of the sol-
vent under vacuum, the solution turned deep blue. The solvent was re-
moved in vacuum and the residue dissolved in benzene (40 mL). The
deep blue solution was then concentrated to 20 mL by evaporation of the
solvent in vacuum. After 3 days deep blue prismatic crystals of 7·2C6H6


were isolated in 53% (0.61 g) yield. M.p. 146 8C (decomp); elemental
analysis calcd (%) for C58H71BaN3O4·2C6H6 (1167.75): C 72.00, H 7.16;
found: C 72.01, H 7.12; 1H NMR (200 MHz, [D8]THF, 20 8C): d=7.32 (d,
J=8.0 Hz, 8H; C-Harom), 7.17–7.07 (m, 10H; C-Harom), 6.90–6.70 (m, 7H;
C-Harom), 6.47 (t, J=7.3 Hz, 2H; C-Harom), 6.06 (t, 1H; N-H), 5.98 (d, J=
7.0 Hz, 1H; C-Harom), 5.81 (d, J=6.5 Hz, 1H; C-Harom), 3.73 (sept, J=
6.8 Hz, 2H; CHMe2), 3.57 (m, 8H; a-CH2-THF), 3.44 (sept, J=6.8 Hz,
2H; CHMe2), 1.73 (m, 8H; b-CH2-THF), 1.18 (d, J=6.8 Hz, 6H; CH-
(CH3)2), 1.16 (d, J=6.8 Hz, 6H; CH(CH3)2), 0.89 ppm (d, J=6.8 Hz,
12H; CH(CH3)2); IR (Nujol): ñ=2075 (vs), 1570 (vs), 1500 (w), 1300
(w), 1285 (w), 1230 (s), 1170 (s), 1100 (s), 1040 (s), 1015 (w), 970 (m), 905
(m), 835 (m), 795 (m), 740 (vs), 685 (s), 505 cm�1 (m).


[{Sr(dpp-bianH)[N(H)C(CH3)C(H)CN](thf)}2] (8): Acetonitrile (82 mg,
2 mmol) was added by condensation in vacuum at �30 8C to solution of 2
in THF (40 mL), prepared as described above. Warming the reaction
mixture up to ambient temperature caused color change from brown to
deep blue. The solvent was removed in vacuum and the residue dissolved
in benzene (40 mL). The deep blue solution was then concentrated to
20 mL by evaporation of the solvent in vacuum. After two days block-
like deep blue crystals of 8 were collected by decantation of the solution
and drying of the solid in vacuum at ambient temperature. Yield 0.43 g
(52%); mp. >180 8C (decomp); elemental analysis calcd (%) for
C88H108SrN8O2·2C6H6 (1641.28): C 73.18, H 7.37; found: C 73.23, H 7.42.
The 1H NMR spectra of 8 in [D8]THF, C6D6 and [D5]pyridine were unin-
formative due to the extreme broadening of all signals. For example, the
1H NMR spectrum in [D5]pyridine revealed no separated resonances in
the aromatic region, except for the signal of the residual protons of
[D5]pyridine and benzene, which is present in the lattice of compound 8.
The CH and CH3 signals of the iPr substituents of the phenyl rings ap-
peared as broad singlets at d=3.83 ppm (4H) and 1.12 (24H), respective-
ly. The methyl signal of the crotonitrileamido ligand was positioned at
d=1.66 ppm (3H). IR (Nujol): ñ=3295 (w), 2080 (vs), 1575 (s), 1515 (s),
1495 (s), 1465 (s), 1410 (s), 1370 (vs), 1340 (w), 1300 (w), 1275 (m), 1235
(m), 1210 (w), 1180 (s), 1140 (m), 1090 (m), 1060 (w), 1015 (s), 1000 (w),
975 (m), 910 (s), 870 (s), 820 (m), 795 (s), 765 (vs), 700 (w), 665 (s), 600
(m), 520 cm�1 (m).


Single-crystal X-ray structure determinations of 2, 7, and 8 : The crystal
data and details of data collection are given in Table 1. The data were
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collected on a Bruker SMART APEX diffractometer (graphite-mono-
chromated MoKa radiation, w- and f-scan technique, l=0.71073 O) at
100 K. The structures were solved by direct methods by using SHELXS-
97[14] and were refined on F2 by using SHELXL-97.[15] All non-hydrogen
atoms were refined anisotropically. The hydrogen atoms in 2 (except the
H atoms in solvate C4H8O molecule) and 7 were found from the Fourier
synthesis and refined isotropically. The hydrogen atoms of lattice ben-
zene molecule as well as H(2), H(3), and H(42) were found from Fourier
synthesis and refined isotropically, whereas all other H atoms in 8 were
placed in calculated positions and refined in the “riding-model”.
SADABS[16] was used to perform area-detector scaling and absorption
corrections. The geometrical aspects of the structures were analyzed by
using the PLATON program.[17] CCDC-265971 (2), CCDC-265972 (7),
CCDC-265973 (8) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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Introduction


In the past few years, the interest in transition-metal com-
plexes with ligands containing dissimilar donor atoms has in-
creased, primarily for their application in important homo-
geneous catalytic processes.[1–8] Recent reports on unusually
stable C,N-,[9] C,P-,[10] N,S-,[11] N,P-,[12] and S,S’-[13]chelating o-
carboranyl metal complexes seem to imply that the rigid
chelate conformation and the ortho-carboranyl ligand back-
bone might be ideal for the stabilization of possible metal
intermediates in organometallic reactions. Therefore, the
design of such a ligand system containing one functional
group strongly bound to a transition metal center and anoth-
er one coordinatively labile has been of considerable inter-
est.[14–18]


During the course of our previous work, we found that
nickel complexes containing C,N-chelate ligands show cata-
lytic activity in the polymerization of norbornene in the
presence of methylaluminoxane (MAO).[19,20] Mononuclear
M(Cp*) (Cp*=h5-C5Me5) half-sandwich complexes are
useful model complexes, in which one hemisphere of the co-
ordination shell is blocked by a six-electron-donor-substitut-
ed cyclopentadienyl ring. The functionalized o-carborane li-
gands can be accommodated in the remaining coordination
hemisphere to form a variety of complexes. It was therefore
of interest to investigate the use of such intramolecularly co-
ordinated complexes containing the o-carboranyl C,N- and
N,S-chelating ligand systems as catalysts for olefin polymeri-
zation.
To investigate the influence of these dissimilar chelating


donor ligands on the catalytic behavior of the complexes in
olefin polymerization, we synthesized and characterized
half-sandwich iridium, ruthenium, and rhodium complexes
containing picolyl-functionalized carboranes. Complex 2 was
successfully applied as a homogeneous catalyst for the poly-
merization of ethylene and its catalytic activity will be dis-
cussed below.


Abstract: The synthesis of half-sand-
wich transition-metal complexes con-
taining the CabN and CabN,S chelate li-
gands (HCabN=HC2B10H10CH2C5H4N
(1), LiCabN,S=LiSC2B10H10CH2C5H4N
(4)) is described. Compounds 1 and 4
were treated with chloride-bridged
dimers [{Ir(Cp*)Cl2}2] (Cp*=h5-
C5Me5), [{Ru(p-cymene)Cl2}2] and
[{Rh(Cp*)Cl2}2] to give half-sandwich
complexes [Ir(Cp*)Cl(CabN)] (2), [Ru-
(p-cymene)Cl(CabN)] (3), and [Rh-
(Cp*)Cl(CabN,S)] (5), respectively. Ad-
dition reaction of LiCabS (CabS=


SC2(H)B10H10) to the rhodium complex
5 yields [Rh(Cp*)(CabS)(CabN,S)] (6).
All the complexes were characterized
by IR and NMR spectroscopy, and by
elemental analysis. In addition, X-ray
structure analyses were performed on
complexes 2, 3, 5, and 6, in which the
potential C,N- and N,S-chelate ligands


were found to coordinate in a biden-
tate mode. The carborane complex 2
shows catalytic activities up to 3.7<
105 gPEmol�1 Irh�1 for the polymeri-
zation of ethylene in the presence of
methylaluminoxane (MAO) as cocata-
lyst. The polymer obtained from this
homogeneous catalytic reaction has a
spherical morphology. Catalytic activi-
ties and the molecular weight of poly-
ethylene have been investigated for
various reaction conditions.


Keywords: carboranes · half-sand-
wich complexes · homogeneous
catalysis · polyethylene ·
polymerization
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Results and Discussion


Synthesis of half-sandwich complexes containing the C,N-
ligand : 1-(2’-Picolyl)-ortho-carborane (1) was obtained by
treating monolithium carborane with picolyl chloride
(Scheme 1) at low temperature. IR and 1H NMR spectro-
scopic data are consistent with the expected picolyl-o-car-
borane structure.


The C,N-chelated metal complexes [Ir(Cp*)Cl(CabN)] (2)
and [Ru(p-cymene)Cl(CabN)] (3) were prepared by reaction
of the dimeric metal complexes [{Ir(Cp*)Cl2}2] and [{Ru(p-
cymene)Cl2}2], respectively, with two equivalents of the cor-
responding lithium compound LiCabN (Scheme 1). Com-
plexes 2 and 3 were isolated as air-stable, orange, transpar-
ent crystals. The stability of complexes 2 and 3 is due to the
formation of six-membered chelate ring. A detailed analysis
of the spectroscopic data (1H NMR, 11B NMR, 13C NMR,
and IR spectra) showed that ligand 1 is coordinated to the
metal center through the carbon and nitrogen atoms. The
half-sandwich complexes 2 and 3 are soluble in THF and
CH2Cl2, but only slightly soluble in hexane.
The ORTEP diagram of [Cp*IrCl(CabN)] (2) is presented


in Figure 1. Selected bond lengths and angles are given in
Table 1. The molecular structure shows that this complex
possesses a Cp*�IrIII half-sandwich tripod structure, in
which two of the “legs” are the C and N atoms from the pi-
colyl-functionalized o-carborane, and the third “leg” is chlo-
ride ion. The C(2)-C(1)-Ir(1) angle of 115.4(6)8 within the
six-membered ring is smaller than the expected 1208. The


Ir�N distance in 2 (2.130(8) N) is longer than those found in
the pyridine-containing system [Ir(Buppy)2(S^S)] (S^S=
Et2NCS2) (2.050(3) N)


[21] and in a terdentate pyridine–di-
imine iridium complex (1.891(5) N).[22] The six-membered
Ir-C-C-C-C-N ring is folded with a dihedral angle of 51.88
between the two planes formed by Ir(1)-C(1)-C(2)-C(3) and
Ir(1)-N(1)-C(4)-C(3). The bond lengths and angles associat-
ed with picolyl and o-carboranyl are normal with respect to
the other o-carboranyl-substituted compounds.[12,23,24]


The ORTEP diagram in Figure 2 shows that the molecular
structure of [(p-cymene)RuCl(CabN)] (3) has a strong re-
semblance to that of complex 2. The Ru�N distance in 3 is
as expected (2.106(6) N).[25] Both, the Ru�N and Ru�C
bond lengths of 2.106(6) and 2.139(5) N are similar to the
Ir�N and Ir�C distances of complex 2. The C(2)-C(1)-Ru(1)
angle of 116.4(4)8 within the six-membered ring is also
smaller than the expected 1208. In complex 3 the six-mem-
bered Ru-C-C-C-C-N ring is folded with a dihedral angle of
52.68 between the two planes formed by Ru(1)-C(1)-C(2)-
C(3) and Ru(1)-N(1)-C(4)-C(3), which is slightly larger than
that in the corresponding iridium complex 2 (51.88).


Synthesis of half-sandwich complexes containing the N,S-
ligand : The reaction of the compound 1 with one equivalent
of nBuLi, followed by addition of one equivalent of sulfur
in THF (Scheme 2), resulted in the formation of the lithium
picolylthiolate carborane LiCabN,S (4 ; CabN,S=1-(2’-picolyl)-
2-lithiumthiolato-o-carborane). The N,S-chelated metal com-
plex [Rh(Cp*)Cl(CabN,S)] (5) was prepared by reaction be-
tween the dimeric metal complex [{Rh(Cp*)Cl2}2] and two
equivalents of compound 4, prepared in situ (Scheme 2).
Complex 5 was isolated in form of air-stable, red, transpar-
ent crystals. Starting from this steric constraint, we were in-
terested in whether high yields of a monochelate could be
obtained when 5 was treated with LiCabS (LiCabS=
LiSC2(H)B10H10). Thus, Cab


S easily replaces the chloride
ligand in complex 5 to give the red rhodium complex 6 in
good yield. The stability of complexes 5 and 6 is due to the


Scheme 1. Synthesis of complexes 2 and 3.


Figure 1. Molecular structure of complex 2 (hydrogen atoms omitted for
clarity).
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formation of a seven-membered chelate ring. A detailed
analysis of the spectroscopic data (1H NMR, 11B NMR,
13C NMR, and IR spectra) showed that the 1-(2’-picolyl)-2-
lithiumthiolato-o-carborane is coordinated to the metal
center through the sulfur and nitrogen atoms.
The ORTEP diagram of compound 5 is presented in


Figure 3. Selected bond lengths and angles are given in
Table 2. The molecular structure reveals that the geometry
at the rhodium(III) center is a three-legged piano-stool with
the rhodium atom coordinated by the h5-Cp*, h2-CabN,S and
chloride ligands. The coordination of the bidentate ligand
CabN,S results in a seven-membered RhNC4S ring, in which
Rh(1), N(1) and C(4) lie above the plane formed by the C3S
fragment C(3)-C(2)-C(1)-S(1) (Rh(1) 0.2875 N, N(1)
0.4391 N, C(4) 0.2948 N). The Rh�S distance (2.3889(17) N)


Table 1. Selected bond lengths (N) and angles (8) for complexes 2 and 3.


Complex 2
Ir(1)�C(1) 2.100(10) Ir(1)�N(1) 2.130(8)
Ir(1)�C(9) 2.162(10) Ir(1)�C(12) 2.269(9)
Ir(1)�C(10) 2.150(9) Ir(1)�C(13) 2.163(9)
Ir(1)�C(11) 2.286(9) Ir(1)�Cl(1) 2.416(3)
C(1)�C(2) 1.752(13)


C(1)-Ir(1)-N(1) 88.6(4) C(1)-Ir(1)-C(10) 112.9(4)
N(1)-Ir(1)-C(10) 105.9(3) C(10)-Ir(1)-C(9) 38.7(3)
N(1)-Ir(1)-C(9) 143.5(4) C(1)-Ir(1)-C(9) 98.0(4)
N(1)-Ir(1)-C(12) 115.8(3) C(1)-Ir(1)-C(12) 155.5(4)
C(1)-Ir(1)-C(11) 150.3(4) C(13)-Ir(1)-C(12) 38.5(4)
C(10)-Ir(1)-C(13) 64.2(4) C(9)-Ir(1)-C(13) 37.7(4)
C(1)-Ir(1)-C(13) 117.0(4) N(1)-Ir(1)-C(13) 154.3(3)
C(10)-Ir(1)-C(12) 62.8(3) C(9)-Ir(1)-C(12) 63.0(4)
N(1)-Ir(1)-C(11) 95.1(3) C(10)-Ir(1)-C(11) 37.9(3)
C(1)-Ir(1)-Cl(1) 88.7(3) C(10)-Ir(1)-Cl(1) 155.8(3)
C(9)-Ir(1)-C(11) 62.5(3) C(13)-Ir(1)-C(11) 62.1(3)
C(12)-Ir(1)-C(11) 35.4(3) N(1)-Ir(1)-Cl(1) 84.6(2)
C(9)-Ir(1)-Cl(1) 131.2(3) C(13)-Ir(1)-Cl(1) 96.9(3)
C(12)-Ir(1)-Cl(1) 93.0(3) C(2)-C(1)-Ir(1) 115.4(6)
C(11)-Ir(1)-Cl(1) 120.9(2)


Complex 3
Ru(1)�C(1) 2.106(6) Ru(1)�N(1) 2.139(5)
Ru(1)�C(14) 2.153(6) Ru(1)�C(12) 2.187(5)
Ru(1)�C(13) 2.168(6) Ru(1)�C(9) 2.202(6)
Ru(1)�C(11) 2.298(6) Ru(1)�C(10) 2.300(6)
C(1)�C(2) 1.764(8) Ru(1)�Cl(1) 2.4118(15)


C(1)-Ru(1)-C(13) 95.2(2) C(14)-Ru(1)-C(13) 38.4(2)
C(1)-Ru(1)-N(1) 88.2(2) C(1)-Ru(1)-C(14) 88.9(2)
N(1)-Ru(1)-C(14) 149.6(2) N(1)-Ru(1)-C(13) 111.9(2)
C(13)-Ru(1)-C(12) 37.4(2) N(1)-Ru(1)-C(9) 160.8(2)
C(1)-Ru(1)-C(12) 125.4(2) N(1)-Ru(1)-C(12) 89.4(2)
C(14)-Ru(1)-C(12) 68.0(2) C(1)-Ru(1)-C(9) 111.0(3)
C(12)-Ru(1)-C(9) 80.2(2) C(13)-Ru(1)-C(11) 65.4(2)
C(12)-Ru(1)-C(11) 36.3(2) N(1)-Ru(1)-C(11) 97.1(2)
C(14)-Ru(1)-C(11) 77.0(2) C(1)-Ru(1)-C(10) 147.7(3)
C(9)-Ru(1)-C(11) 65.2(2) N(1)-Ru(1)-C(10) 124.0(2)
C(14)-Ru(1)-C(10) 65.3(2) C(13)-Ru(1)-C(10) 77.0(2)
C(12)-Ru(1)-C(10) 64.4(2) C(11)-Ru(1)-C(10) 34.1(2)
C(9)-Ru(1)-C(10) 36.8(2) C(1)-Ru(1)-Cl(1) 87.64(17)
N(1)-Ru(1)-Cl(1) 84.79(13) C(14)-Ru(1)-Cl(1) 125.31(18)
C(13)-Ru(1)-Cl(1) 163.16(17) C(9)-Ru(1)-Cl(1) 94.91(16)
C(12)-Ru(1)-Cl(1) 146.30(17) C(11)-Ru(1)-Cl(1) 111.59(16)
C(10)-Ru(1)-Cl(1) 91.77(15)


Figure 2. Molecular structure of complex 3 (hydrogen atoms omitted for
clarity).


Scheme 2. Synthesis of complexes 5 and 6.


Figure 3. Molecular structure of complex 5 (hydrogen atoms omitted for
clarity).
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is within the range of known values for Rh�S bonds in anal-
ogous complexes.[26] The rhodium complex 5 has a Rh�N
bond length (2.151(5) N) similar to the M�N distances in
the iridium complex 2 and the ruthenium complex 3.
The structure of 6 was unambiguously established by


single-crystal X-ray analysis and is shown in Figure 4. Select-
ed bond lengths and angles are given in Table 2. Complex 6
has a similar structure to complex 5, except that the chloride
ligand is replaced by the sterically more demanding ligand
CabS. The S(2)-Rh(1)-S(1) angle in 6 (97.53(6)8) is larger
than the S(1)-Rh(1)-Cl(1) angle in the precursor 5
(91.29(4)8) and, consequently, the N(1)-Rh(1)-S(1) angle in
6 (85.08(14)8) is smaller than the N(1)-Rh(1)-Cl(1) angle in
5 (88.58(7)8); this is probably the result of the space require-
ment of the bulky CabS ligand. The chelate ligand CabN,S


and the monodentate ligand CabS have similar Rh�S bond
lengths (2.3889(17) N in 5, 2.4030(15) N in 6).


Ethylene polymerization : Preliminary experiments indicated
that the iridium complex 2 can be activated by treatment
with MAO to polymerize ethylene. The ethylene polymeri-
zation results are collected in Table 3, the catalytic activities


for which lie in the range of 105 gPEmol�1 Irh�1. The poly-
ethylene (PE) obtained was of very high molecular weight
(Mw=10


6 gmol�1). We found that complex 2 showed its
highest activity at 30 8C (3.7<105 gPEmol�1 Irh�1). Under
the same conditions, neither the complex itself nor MAO
produced any polymer (runs 6 and 7). The activity of 2 in-
creased with the polymerization temperature rising from
0 8C to 30 8C; this is due to the increasing concentration of
metal centers activated by MAO. However, the activated
complex becomes more unstable at higher temperature, so
that the highest activity found at 30 8C is the result of a com-
promise between these two factors. At 40 8C the activity al-
ready decreases because of the further increasing decompo-
sition rate of the active centers. Initial attempts to measure
the molecular weight of the obtained PE failed due to its


Table 2. Selected bond lengths (N) and angles (8) for complexes 5 and 6.


Complex 5
Rh(1)�N(1) 2.151(2) Rh(1)�C(13) 2.151(3)
Rh(1)�C(12) 2.153(3) Rh(1)�C(9) 2.164(3)
Rh(1)�C(10) 2.172(3) Rh(1)�C(11) 2.179(3)
Rh(1)�S(1) 2.3925(9) Rh(1)�Cl(1) 2.4036(9)
C(1)�C(2) 1.695(4)


N(1)-Rh(1)-C(13) 116.72(11) N(1)-Rh(1)-C(12) 154.34(10)
C(13)-Rh(1)-C(12) 38.95(12) N(1)-Rh(1)-C(9) 90.53(10)
C(13)-Rh(1)-C(9) 38.44(12) C(12)-Rh(1)-C(9) 64.58(12)
C(9)-Rh(1)-C(10) 38.25(13) N(1)-Rh(1)-C(11) 137.04(12)
C(13)-Rh(1)-C(11) 63.93(11) C(12)-Rh(1)-C(11) 37.86(12)
C(9)-Rh(1)-C(11) 63.74(13) C(10)-Rh(1)-C(11) 38.06(13)
N(1)-Rh(1)-C(10) 100.64(11) C(13)-Rh(1)-C(10) 64.26(11)
C(12)-Rh(1)-C(10) 64.17(12) N(1)-Rh(1)-S(1) 101.46(6)
C(13)-Rh(1)-S(1) 91.88(8) C(12)-Rh(1)-S(1) 89.50(9)
N(1)-Rh(1)-Cl(1) 88.58(7) C(11)-Rh(1)-S(1) 121.46(10)
C(10)-Rh(1)-S(1) 153.02(9) C(9)-Rh(1)-Cl(1) 141.66(10)
C(12)-Rh(1)-Cl(1) 114.56(9) C(13)-Rh(1)-Cl(1) 153.25(9)
S(1)-Rh(1)-Cl(1) 91.29(4) C(11)-Rh(1)-Cl(1) 91.99(9)
C(10)-Rh(1)-Cl(1) 104.55(9) C(9)-Rh(1)-S(1) 126.31(9)


Complex 6
Rh(1)�N(1) 2.167(5) Rh(1)�C(13) 2.173(6)
Rh(1)�C(14) 2.193(6) Rh(1)�C(15) 2.188(6)
Rh(1)�C(11) 2.195(6) Rh(1)�C(12) 2.213(6)
Rh(1)�S(1) 2.3889(17) Rh(1)�S(2) 2.4030(15)
C(1)�C(2) 1.695(8)


N(1)-Rh(1)-C(13) 102.4(2) N(1)-Rh(1)-C(15) 147.6(2)
N(1)-Rh(1)-C(14) 139.9(2) C(13)-Rh(1)-C(15) 63.5(2)
C(13)-Rh(1)-C(14) 37.7(2) C(15)-Rh(1)-C(14) 37.7(2)
N(1)-Rh(1)-C(11) 109.8(2) C(13)-Rh(1)-C(11) 63.8(2)
C(14)-Rh(1)-C(11) 63.3(2) C(13)-Rh(1)-C(12) 37.5(2)
C(15)-Rh(1)-C(11) 38.1(2) N(1)-Rh(1)-C(12) 87.9(2)
C(15)-Rh(1)-C(12) 63.0(2) C(14)-Rh(1)-C(12) 62.4(2)
N(1)-Rh(1)-S(1) 85.08(14) C(15)-Rh(1)-S(1) 123.82(18)
C(11)-Rh(1)-C(12) 38.0(2) C(13)-Rh(1)-S(1) 96.37(17)
C(14)-Rh(1)-S(1) 93.87(18) C(11)-Rh(1)-S(1) 156.89(17)
N(1)-Rh(1)-S(2) 101.89(13) C(15)-Rh(1)-S(2) 89.38(17)
C(12)-Rh(1)-S(1) 129.88(18) C(13)-Rh(1)-S(2) 152.88(16)
C(11)-Rh(1)-S(2) 96.44(17) C(14)-Rh(1)-S(2) 117.89(18)
C(12)-Rh(1)-S(2) 132.41(18) S(1)-Rh(1)-S(2) 97.53(6)


Figure 4. Molecular structure of complex 6 (hydrogen atoms omitted for
clarity).


Table 3. Polymerization of ethylene with the iridium complex 2 activated
by methylaluminoxane (MAO).[a]


Run Complex Al/Ir T [8C] Activity[b] Mw
[c]


1 2 2000 0 0.6 1.54
2 2 2000 20 2.6 2.17
3 2 2000 30 3.7 2.53
4 2 2000 40 2.5 2.37
5 2 2000 50 1.2 1.9
6[d] 2 – 30 0 0
7[e] – – 30 0 0


[a] Polymerization conditions: solvent, toluene; total volume, 50 mL; iri-
dium complex 2, 4 mmol; ethylene; reaction time, 30 min. [b] <105 gPE-
mol�1 Irh�1. [c]Mw (<10�6 gmol�1) measured by the calibrated Ubbe-
lohde viscosimeter technique and extrapolation to the intrinsic viscosity.
[d] Without cocatalyst MAO. [e] Without iridium complex but with MAO
present.
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poor solubility in trichlorobenzene caused by the high mo-
lecular weight. Therefore, we measured the molecular
weight by the calibrated Ubbelohde viscosimeter technique.
Clearly the molecular weight is lower at higher temperature;
a molecular weight of 2.53<106 gmol�1 was obtained at a re-
action temperature of 30 8C.
The spherical morphology of polyethylene obtained from


the reaction catalyzed by the homogeneous catalyst [Ir-
(Cp*)Cl(CabN)] (2) (see Figure 5) is different from the
sponge-like morphology catalyzed in which other homoge-
neous catalysts are used.[27]


Conclusion


This report presents the first intramolecularly coordinated
half-sandwich complexes containing an o-carboranyl C,N- or
N,S-chelating ligand system. A combination of X-ray crystal-
lographic and spectroscopic studies confirmed the structure
of these half-sandwich complexes. A preliminary study
showed that the new half-sandwich iridium complex 2 is the
precursor for a catalyst moderately active in ethylene poly-
merization. To the best of our knowledge, this is the first
report on N-functionalized o-carboranyl half-sandwich
metal complexes exhibiting activity toward polymerization
of ethylene.


Experimental Section


General data : All manipulations were performed under an atmosphere
of argon using standard Schlenk techniques. CH2Cl2 was dried over
CaH2, THF, diethyl ether, hexane, and toluene were dried over Na, and
then distilled under nitrogen atmosphere immediately prior to use. Meth-
ylaluminoxane (MAO) and 2-picolyl chloride hydrochloride were pur-
chased from Witco and Acros, respectively. Other chemicals were of
technical grade and were used as received. [{Ir(Cp*)Cl2}2],


[28] [{Rh-
(Cp*)Cl2}2],


[28] and [{Ru(p-cymene)Cl2}2]2
[29] were prepared according to


literature procedures. 1H, 13C, and 11B NMR spectra were recorded in
CDCl3 on a VAVCE-DMX 500 Spectrometer. Elemental analyses were
performed on an Elementar vario EL III Analyzer. The molecular
weight (Mw) of PE was measured by the calibrated Ubbelohde viscosime-


ter technique and extrapolation to the intrinsic viscosity. IR spectra
(KBr) were recorded on the Nicolet FT-IR spectrophotometer.


Synthesis of 1-(2’-picolyl)-ortho-carborane (1): nBuLi in hexane (2.5m,
0.8 mL, 2 mmol) was added to a solution of ortho-carborane (288 mg,
2 mmol) in Et2O (20 mL) at �78 8C, and the reaction mixture was stirred
for 1 h at �78 8C. Then 2-picolyl chloride (255 mg, 2 mmol, prepared by
neutralizing picolyl chloride hydrochloride) was added at �78 8C and the
stirred reaction mixture was allowed to warm to room temperature for
1 h. Addition of water (30 mL) dissolved the nascent LiCl; the Et2O
layer was separated and further washed with water (2<30 mL) before
drying over Na2SO4. Filtration followed by removal of the solvent under
vacuum yielded a white solid. Unreacted ortho-carborane was removed
by slow vacuum sublimation (40 8C, 0.01 mmHg) to give analytically pure
1 (250 mg, 57% yield). 1H NMR (500 MHz, CDCl3): d=8.56 (d, 1H; pyr-
idyl), 7.70 (m, 1H; pyridyl), 7.26 (m, 1H; pyridyl), 7.18 (d, 1H; pyridyl),
4.08 (s, 1H; C(1)H), 3.66 (m, 1H; CH2), 3.55 ppm (m, 1H; CH2); IR
(KBr): ñ=3069, 3020 (brm; carborane CH), 2916 (w), 2848 (w; pyridyl/
CH2), 2596 (vs), 2575 cm


�1 (s; BH).


Synthesis of [Ir(Cp*)Cl(CabN)] (2): nBuLi (2.5m, 0.4 mL, 1 mmol) was
added through a syringe to a stirred solution of 1 (120 mg, 1 mmol) in
THF (20 mL) cooled to �78 8C. The resulting pale-yellow solution was
stirred at room temperature for 1 h and then transferred by means of a
cannula to a suspension of [{Ir(Cp*)Cl2}2] (400 mg, 0.5 mmol) in THF
(20 mL). After stirring for 16 h, the solvent was removed under vacuum;
the resulting residue was redissolved in a minimum of CH2Cl2 and then
recrystallized by slow diffusion of hexane into this solution. Yield:
370 mg (62%); 1H NMR (500 MHz, CDCl3): d=9.18 (m, 1H; pyridyl),
7.72 (m, 1H; pyridyl), 7.15 (m, 2H; pyridyl), 3.67 (m, 1H; CH2), 3.40 (m,
1H; CH2), 1.68 ppm (s, 15H; C5(CH3)5);


13C NMR (125 MHz, CDCl3):
d=159.6 (pyridyl, C2), 158.2 (pyridyl, C6), 138.4 (pyridyl, C4), 125.8 (pyr-
idyl, C5), 125.3 (pyridyl, C3), 89.9 (C5(CH3)5), 52.1 (C2B10), 49.2 (NCH2),
9.17 ppm (C5(CH3)5);


11B NMR (160 MHz, CDCl3): d=�4.54 (1B),
�6.55 (1B), �7.99 (2B), �10.79 (2B), �11.56 (2B), �13.85 ppm (2B);
IR (KBr): ñ=3057 (brm; carborane CH), 2924 (w), 2850 (w; pyridyl/
CH2), 2561 cm�1 (vs; BH); elemental analysis calcd (%) for
C18H31B10ClIrN: C 36.20, H 5.20, N 2.35; found: C 36.18, H 5.29, N 2.34.


Synthesis of [Ru(p-cymene)Cl(CabN)] (3): nBuLi (2.5m, 0.4 mL, 1 mmol)
was added through a syringe to a stirred solution of 1 (235 mg, 1 mmol)
in THF (20 mL) cooled to �78 8C. The resulting pale-yellow solution was
stirred at room temperature for 1 h and then transferred by means of a
cannula to a suspension of [{Ru(p-cymene)Cl2}2] (306 mg, 0.5 mmol) in
THF (20 mL). After stirring for 16 h, the solvent was removed under
vacuum; the resulting residue redissolved in a minimum of CH2Cl2 and
then recrystallized by slow diffusion of hexane into this solution. Yield:
222 mg (44%); 1H NMR (500 MHz, CDCl3): d=9.18 (m, 1H; pyridyl),
7.72 (m, 1H; pyridyl), 7.22 (m, 2H; pyridyl), 5.63 (m, 4H; C6H4), 3.55
(m, 2H; CH2), 2.76 (m, 1H; CH), 2.04 (m, 3H; CH3), 1.13 ppm (m, 6H;
CH(CH3)2);


11B NMR (160 MHz, CDCl3): d=�2.61 (2B), �9.46 (2B),
�13.91 (4B), �15.06 ppm (2B); IR (KBr): ñ=3003 (brm; carborane
CH), 2954 (w), 2908 (w; pyridyl/CH2), 2576 cm


�1 (vs; BH); elemental
analysis calcd (%) for C18H30B10ClNRu: C 42.81, H 5.94, N 2.77; found:
C 42.35, H 5.62, N 2.44.


Synthesis of [Rh(Cp*)Cl(CabN,S)] (5): nBuLi (2.5m, 0.4 mL, 1 mmol) was
added through a syringe to a stirred solution of 1 (235 mg, 1 mmol) in
hexane (20 mL) at �10 8C. The resulting mixture was stirred for 4 h at
room temperature, before the formed white precipitate was separated
from the solution by decantation. The obtained solid LiCabN,S was
washed with hexane (2<20 mL), dried under vacuum, dissolved in THF
(20 mL), and slowly added to a suspension of sublimed sulfur (32 mg,
1 mmol) in THF (15 mL). The mixture was stirred for 4 h and transferred
by means of a cannula to a suspension of [{Rh(Cp*)Cl2}2] (309 mg,
0.5 mmol) in THF (20 mL). After stirring for 16 h, the solvent was re-
moved under vacuum, the resulting residue redissolved in a minimum of
CH2Cl2, and then recrystallized by slow diffusion of hexane into this solu-
tion. Yield: 394 mg (73%); 1H NMR (500 MHz, CDCl3): d=9.34 (m,
1H; pyridyl), 7.89 (m, 1H; pyridyl), 7.41 (m, 1H; pyridyl), 7.26 (m, 1H;
pyridyl), 4.37 (m, 1H; CH2), 3.79 (m, 1H; CH2), 1.46 ppm (s, 15H; C5-
(CH3)5);


13C NMR (500 MHz, CDCl3): d=159.8 (pyridyl, C2), 155.9 (pyr-


Figure 5. SEM image of polyethylene obtained with [Ir(Cp*)Cl(CabN)] as
catalyst.
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idyl, C6), 138.8 (pyridyl, C4), 126.9 (pyridyl, C5), 124.7 (pyridyl, C3), 95.6
(C5(CH3)5), 53.5 (C2B10), 43.68 (NCH2), 8.47 ppm (C5(CH3)5);


11B NMR
(160 MHz, CDCl3): d=�4.62 (1B), �7.99 (4B), �11.31 (4B),
�13.29 ppm (1B); IR (KBr): ñ=3029 (brm; carborane CH), 2944 (w),
2915 (w; pyridyl/CH2), 2567 cm


�1 (vs; BH); elemental analysis calcd (%)
for C18H31B10ClNRhS·2CH2Cl2: C 33.83, H 4.93, N 1.98; found: C 33.68,
H 4.77, N 1.66.


Synthesis of [Cp*Rh(CabN,S)(CabS)] (6): nBuLi (2.5m, 0.2 mL, 0.5 mmol)
was added through a syringe to a stirred solution of ortho-carborane
(72 mg, 0.5 mmol) in Et2O (20 mL) at �10 8C. The resulting mixture was
stirred for 1 h at room temperature and then slowly added to suspension
of sublimed sulfur (16 mg, 0.5 mmol) in THF (10 mL). The solution was
stirred for 2 h and transferred by means of a cannula to a solution of 5
(270 mg, 0.5 mmol) in THF (20 mL). After stirring for 16 h, the solvent
was removed under vacuum; the resulting residue redissolved in a mini-
mum of CH2Cl2 and then recrystallized by slow diffusion of hexane into
this solution. Yield: 282 mg (83%); 1H NMR (500 MHz, CDCl3): d=9.32
(m, 1H; pyridyl), 7.76 (m, 1H; pyridyl), 7.33 (m, 1H; pyridyl), 7.21 (m,
1H; pyridyl), 4.33 (m, 1H; CH2), 3.65 (m, 1H; CH2), 1.63 ppm (s, 15H;
C5(CH3)5);


11B NMR (160 MHz, CDCl3): d=�5.67 (2B), �7.41 (2B),
�8.80 (4B), �9.35 (4B), �10.95 (4B), �12.11 (2B), �13.84 ppm (2B);
IR (KBr): ñ=3022 (brm; carborane CH), 2964 (w), 2915 (w; pyridyl/
CH2); 2576 cm�1 (vs, BH); elemental analysis calcd (%) for
C20H42B20NRhS2·1.5CH2Cl2: C 31.90, H 5.58, N 1.73; found: C 31.70, H
5.54, N 1.67.


X-ray crystallography : Crystals suitable for single-crystal X-ray analysis
of 2, 3, 5, and 6 were obtained by slow diffusion of hexane into a solution
of the corresponding compound in CH2Cl2. Diffraction data of 2, 3, 5,
and 6 were collected at 293 K on a Bruker Smart APEX CCD diffrac-
tometer (MoKa radiation). None of the crystals showed signs of decompo-
sition during the X-ray data collection carried out at room temperature
(l=0.71073 N). Details of the data collection and refinement are sum-
marized in Table 4. Selected bond lengths and angles are given in


Tables 1 and 2. The structures were solved by direct methods by using
SHELXS-97[30] and refined by full-matrix least-square calculations on F2


by using SHELXTL-97.[30]


CCDC-262025 (2), CCDC-262026 (3), CCDC-262027 (5), and CCDC-
262028 (6) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Ethylene polymerization : Ethylene polymerization with the iridium cata-
lyst was performed at 1 atm of ethylene pressure in a 200 mL Schlenk-
type glass reactor fitted with a mechanical stirrer. After being flame-
dried three times, the flask was back-filled with ethylene. Then the reac-
tor was charged with toluene (45 mL) and MAO (10%) by means of a
syringe under an atmosphere of nitrogen. The reaction flask was im-
mersed in a water bath at a specific temperature for 15 min prior to injec-
tion of the catalyst. The catalyst dissolved in toluene (5 mL) was intro-
duced into the polymerization bottle by means of a syringe, stirring was
started, and the polymerization was kept at the desired temperature.
After 30 minutes, the polymerization was quenched with ethanol/HCl,
the polymer was isolated by filtration and dried under vacuum at 40 8C
for 10 h.
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Introduction


Solar energy conversion based on organic materials is be-
coming an important research field with substantial future
perspectives.[1–3] One of the goals of the research is the de-
velopment of low-cost, large-area solar cells with good effi-


ciency and stability in the next few years.[4] Currently, sever-
al concepts and device technologies are under intense inves-
tigation.[5] They include conjugated polymer solar cells[6] and
hybrid systems, such as polymer nanocrystals[7–9] or polymer
metal oxide devices.[6,10] The understanding of photoinduced
processes in organic and hybrid materials coupled to the op-
timization of device processing has led to a substantial im-
provement of cell performance. In the last decade, prototype
polymer solar cells, exploiting a dual molecule approach[11–13]


and the bulk heterojunction principle,[14] showed solar power
conversion efficiencies that triggered a renewed interest in
the field. The dual molecule approach takes advantage of a
second component (an electron acceptor, A) to overcome
the limitation of the poor ability of conjugated polymers
(acting as electron donors, D) to generate charge from light
absorption. On the other hand, the bulk heterojunction prin-
ciple overcomes the limitation of charge generation at a
two-dimensional interface through the generation of a
three-dimensional network of D–A interfaces by promoting
a homogeneous distribution of the A component into the D
polymer matrix. Currently, the best conjugated polymer-
based solar cells reported in the literature are obtained by
mixing poly(3-hexyl)thiophene and a soluble functionalized


Abstract: The synthesis and photophys-
ical characterization of a series of full-
erene-based, donor–acceptor dyads is
presented, along with a description of
their behavior as single molecular com-
ponents in photovoltaic cells. The spec-
troscopic and photophysical properties
of the dyads, investigated by steady-
state fluorescence spectroscopy, pico-
and nanosecond transient optical spec-
troscopy and time-resolved electron
paramagnetic resonance (EPR) spec-


troscopy, revealed that the dyads un-
dergo multiple-step energy transfer
from the donor singlet excited state to
the fullerene triplet excited state,
which in turn decays to the donor trip-
let state. The inefficient formation of a
charge-separated state, both in solution


and in the solid state, translates into a
poor photovoltaic performance of
dyads 2b–4b if compared to that of
dyad 1b, in which photoinduced elec-
tron transfer is operative in the solid
state. In addition, the results of the
photophysical investigation suggested
that the performance of the solar cells
was also limited by the low-lying donor
triplet excited state that acts as a pho-
toexcitation energy sink.
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fullerene; these cells give a 3.5% power conversion efficien-
cy under white light illumination and an external quantum
efficiency of 70% at the absorption maximum.[15,16] It has
been predicted that further improvements in the efficiencies
can be achieved with conjugated polymer-based cells by op-
timizing the cell architecture to promote efficient exciton
dissociation[17] and charge-carrier transport, and by enhanc-
ing the absorption of a larger fraction of the solar spectrum
by reducing the band gap of the polymer or by using suita-
ble chromophoric units in the blend.[2,6]


Parallel to the blend approach, the development of fuller-
ene and conjugated polymer organic functionalization has
enabled several groups to pursue alternative directions to
enforce the spatial distribution of the D–A components in
the solid state, thus minimizing the detrimental fullerene–
polymer phase segregation frequently present in the
blends.[18] Experiments to date have examined a number of
so-called “double-cable” structures,[19,20] in which a function-
alized fullerene is appended to a p-conjugated polymer.
However, we have yet to see a fully optimized version of
the double-cable device with ef-
ficiencies comparable to that
reported for the blends. Other
promising approaches include
the use of molecular dyads and
triads made of a functionalized
fullerene covalently linked to
oligomeric, conjugated architec-
tures.[21–25] Such cells gave
power conversion efficiencies
ranging from approximately
0.02% to our recently reported
0.37%, under 80 mWcm�2


white light illumination, for the
fullerene–azothiophene dyad[26]


1b. The significant absorption
of the dyad in the visible spec-
tral region (lmax=567 nm), cou-
pled to the optimization of the
active layer thickness, contrib-
uted to the photovoltaic perfor-
mance of cells made of dyad
1b.


Here we report the synthesis,
photoexcited state dynamics,
and photovoltaic performance
of three new fullerene-based
azoaromatic dyads 2b–4b, as an
extension of our ongoing re-
search on donor-linked fuller-
enes for photovoltaic applica-
tions. The photophysical behav-
ior of the dyads, investigated by
steady-state fluorescence spec-
troscopy, pico- and nanosecond
transient optical spectroscopy,
and time-resolved EPR spec-


troscopy, revealed that the dyads undergo multiple-step
energy transfer from the dye singlet excited state to the full-
erene triplet excited state, which in turn decays to the dye
triplet state. The inefficient formation of a charge-separated
state, both in solution and in the solid state, translates into a
poor photovoltaic performance of dyads 2b–4b if compared
to that of dyad 1b, in which photoinduced charge transfer is
followed by charge-hopping to neighboring molecules in the
solid state.


Results and Discussion


Synthesis of the fullerene–chromophore conjugates : Dyads
1b,[26] 1d,[27] and 2b–4b are fulleropyrrolidines that were
prepared through the 1,3-dipolar cycloaddition of the azo-
methine ylide[28] that forms when each of the (E)-azoaro-
matic aldehydes 2a–3a and 6 is treated with N-(3,6,9-trioxa-
decyl)glycine[29] (or N-methylglycine in the case of dyad 1d)
in the presence of C60 in refluxing chlorobenzene. Dyads 2b


www.chemeurj.org E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 5765 – 57765766



www.chemeurj.org





and 3b were prepared in a single step from the correspond-
ing azoaromatic aldehydes 2a and 3a in 40–45% isolated
yields (Scheme 1).


Dyad 4b was prepared from aldehyde 5, which in turn
was obtained in 32% yield upon esterification of 4-carboxy-
benzaldehyde with the alcohol 4c in the presence of 1-(3-di-
methylaminopropyl)-3-ethylcarbodiimide (EDC). Reduction
of the azoaromatic ester 4a with LiAlH4 gave alcohol 4c in
59% yield (Scheme 2).


We used 4-carboxybenzaldehyde after several unsuccess-
ful attempts of direct oxidation of alcohol 4c to the corre-
sponding aldehyde. It should be noted that aldehyde 5 was
thermally unstable which caused its substantial degradation
during azomethine ylide formation, and resulted in a low
yield of dyad 4b. Model alcohols 2c and 3c were prepared
by reduction of aldehydes 2a and 3a with NaBH4.


Photophysical measurements : The photophysical behavior
of dyad 1d, which differs from dyad 1b only in the oxyethy-
lene chain at the pyrrolidine nitrogen atom, was studied ear-
lier by some of us.[27] We found that both intramolecular
energy and electron transfer from the dye moiety to the full-
erene core are thermodynamically feasible processes.
Steady-state luminescence of 1d in polar solvents showed a
quenching of the dye singlet excited state and evidence of
the fullerene singlet excited state emission. Flash-photolytic
experiments, on the other hand, exhibited characteristic dif-
ferential absorption changes attributed to the C60C�–dyeC+


charge-separated state.


Absorption characterization : All the starting dyes 1a–4a, as
well as model alcohols 1c–4c, strongly absorb visible light in
the 500–600 nm range. A comparison of the UV-visible ab-
sorption spectra of dyads 1b–4b with that of N-methylfuller-
opyrrolidine[30] lacking the dye moiety (not shown) and
those of model dye alcohols 1c–4c (Figure 1) revealed that


they are mostly the superimpo-
sitions of the spectra of the
components.[31]


Fluorescence characterization :
Fluorescence experiments re-
vealed information on the excit-
ed state of the individual build-
ing blocks and on the excited-
state interactions between the
photo- and electro-active com-
ponents.


We first investigated the
model dyes and the correspond-
ing dyads in steady-state fluo-
rescence experiments. At room
temperature, the spectra of the
dyes consist of a series of rather
weak features, with quantum


Scheme 1. Preparation of dyads 2b and 3b through azomethine ylide cy-
cloaddition to C60.


Scheme 2. Preparation of dyad 4b.


Figure 1. UV-visible absorption spectra of the dyes 1c–4c and of the
dyads 1b–4b in CH2Cl2.
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yields of less than 10�4. In the dyads, the same features are
reproduced quite reasonably, but due to the overall weak-
ness of the emissive response, a meaningful analysis was not
pursued. It should be noted that the room-temperature fluo-
rescence spectra shows the signature of the fullerene fluo-
rescence, with a maximum at 720 nm (see Figure S1 in the
Supporting Information), in a region where the dye refer-
ence does not fluoresce at all. Considering that the 500–
600 nm excitation light is absorbed nearly quantitatively by
the dye component, the origin of the fullerene fluorescence
must be the consequence of an exothermic energy transfer
between the dye and the fullerene. To confirm this assign-
ment, we ran an independent excitation experiment moni-
toring the 720 nm emission as a function of excitation wave-
length (see Figure S2 in the Supporting Information). This
excitation survey resulted in a spectrum that closely resem-
bles the ground-state transition of the dye component. As
far as the dyeNs singlet excited state is concerned, the high
efficiencies do not support a competitive electron-transfer
scenario.


The picture changed dramatically when conducting the
fluorescence experiments in a frozen matrix, such as lower-
ing the temperature to 77 K (Figure 2).


In the dyads, the same fluorescence was quenched by fac-
tors ranging between 12 (4b) and 64 (3b). Similarly to the
room-temperature studies, the fullerene reference fluoresces
at around 720 nm. In the dyads, however, strong overlap
with the dye fluorescence, intensities of which are compara-
ble with those of the fullerenes, prevented any quantitative
comparison (that is, quantum yield determination). Our
fluorescence studies suggest that initial light irradiation in
the low-energy transition of the dye (500–600 nm) is fol-
lowed by a rapid singlet–singlet energy transfer. We demon-
strate in the following section that the fraction of excited-
state energy that is directed to the fullerene component re-
sides there and undergoes an intersystem crossing process
which is virtually identical to that found in other fullerene
derivatives.


Transient absorption characterization : To shed light on the
nature of the product evolving from the observed intramo-
lecular deactivation, complementary transient absorption
measurements were necessary (with picosecond-through-
millisecond time resolution), following the time-evolution of
the characteristic singlet excited state features of the dye
component.


The differential absorption changes following photoexcita-
tion of the dyes are markedly different from those recorded
for the fullerene. The photophysics of the fullerene is well
known:[32] the singlet excited state of the fullerene, display-
ing a distinctive singlet–singlet transition around 880 nm, un-
dergoes a quantitative intersystem crossing (ISC) with a rate
of 5O108 s�1. The ISC process yields the long-lived triplet
manifold, for which maxima are noted at 360 and 700 nm,
followed by a low-energy shoulder at 800 nm.


In the differential absorption spectra of the dyes 2c–4c
recorded at room temperature, strong bleaching is noted in


the region of the ground state absorption, namely, 450–
600 nm. The bleaching, which indicates conversion of the
ground state to an excited state, is flanked by a transient
peak, which is located in the red region relative to the
bleaching. For example, in the case of 4c the peak maximiz-
es at 590 nm (Figure 3).


This transient peak, which we assigned to the metastable
singlet excited state (4c : 1.8O108 s�1), intersystem crosses to
the long-lived triplet manifold. The latter lacks the 590 nm
peak, but reveals a fairly strong transition, now blue-shifted
relative to the bleaching (for example, for 4c at 500 nm), as
reported in Figure 3.


As far as the long-lived nature is concerned, we observed
no clear decay over a timescale of about 200 ms for 4c in the


Figure 2. Low-temperature (77 K) fluorescence spectra of dyes (solid
line) and dyads (dashed line) in nitrogen-saturated THF. A) 4a and 4b
with matching absorption at 495 nm excitation wavelength; B) 3a and 3b
with matching absorption at 537 nm excitation wavelength; C) 2a and 2b
with matching absorption at 537 nm excitation wavelength.
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absence of oxygen. However, when oxygen was present, we
found a nearly diffusion-controlled deactivation (see Fig-
ure S3, Supporting Information). Similar reactivities were
also found for the 2c and 3c dyes.


Detecting the instantaneous “grow-in” of the 580 nm ab-
sorption affirms the successful dye excitation, as shown in
Figure 4 for dyad 4b.


Regarding the picosecond transient absorption measure-
ments, immediately after the 18 ps laser excitation of the
dyads 2b and 3b, the strong singlet–singlet absorption of the
dyes was found at 650 (2b) and 640 nm (3b), similar to what
is shown in Figure 4. Again this confirms, despite the pres-
ence of the fullerene, the successful formation of the dye
singlet excited state. Instead of observing the slow ISC dy-
namics, the singlet–singlet absorption decays in the presence
of the fullerene with accelerated dynamics. The dynamics
reveal an interesting trend in rates: 3.7O109 (4b)<4.3O109


(3b)<7.6O109 s�1 (2b). In other words, the stronger absorp-
tions and emissions in the red region result in faster rates.
This implies a better spectral overlap between the singlet ex-
cited state of the dye and the fullerene ground state. Parallel


with decay of the dyeNs visible singlet–singlet transition, the
formation of the fullerene singlet–singlet is discernable in
the near-infrared region. For dyad 4b we derive a formation
rate of 4.0O109 s�1, which is in reasonable agreement with
the decay rate, considering that the fullerene singlet excited
state is not stable (vide infra). It is crucial to confirm the
product of the dye decay as the fullerene singlet excited
state, since this supports the conclusion of the fluorescence
experiments, which suggested a rapid transduction of sin-
glet-excited-state energy.


The fullerene singlet decays with conventional ISC dy-
namics despite the presence of the dye components. The sin-
glet-excited-state lifetimes were determined from an average
of first-order fits of the time-absorption profiles at various
wavelengths (850–950 nm). For example, dyad 4b reveals a
singlet lifetime of 1.5 ns, which corresponds to an ISC rate
of 6.6O108 s�1. Similar values emerged for 3b and 2b. Spec-
troscopically, the transient absorption changes, taken after
the completion of the singlet decay, exactly resemble those
with the fullerene triplet excited state. In particular, the new
transients reveal strong maxima at 700 nm (Figure 4).


Figure 3. Differential absorption spectra obtained upon picosecond
(upper panel) and nanosecond (lower panel) flash photolysis (532 nm) of
nitrogen-saturated THF solutions (~1.0O10�5


m) of 4c (upper panel: time
delay of 50 ps) indicating the singlet–singlet features of the dye, and of
2c–4c (lower panel: 4c solid line, 3c dashed line, 2c dotted line: time
delay of 50 ns) indicating the triplet–triplet features of the dyes. Lines
were obtained by fitting the experimental data points with a cubic spline
option.


Figure 4. Upper panel: differential absorption spectra obtained upon pi-
cosecond flash photolysis (532 nm) of nitrogen-saturated THF solutions
of dyad 4b (~1.0O10�5


m) with a time delay of 50 ps (filled circles and
solid line) and 4000 ps (open circles and dashed line) indicating the sin-
glet–singlet features of the dye and the triplet–triplet features of the full-
erene respectively. Lower panel: differential absorption spectra obtained
upon nanosecond flash photolysis of 4b (same conditions as above) with
a time delay of 50 ns, indicating the triplet–triplet features of the fuller-
ene.


Chem. Eur. J. 2005, 11, 5765 – 5776 E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5769


FULL PAPERFullerene-Based Azoaromatic Dyads



www.chemeurj.org





To examine the triplet dynamics, the dyad solutions were
excited with a 6 ns laser pulse. Both maxima (360 and
700 nm) experience a similar decay, which gives rise to ki-
netics that obey a clean unimolecular rate-law. Surprisingly,
the fullerene triplet is extremely short-lived. The longest
lifetime was noted for dyad 4b, with a value of 36 ns, as il-
lustrated in Figure 5, which is several orders of magnitude
faster than the fullerene triplet lifetime (which was 20 ms
under our experimental conditions).[35]


Instead of involving the recovery of the ground state, the
product of the fullerene triplet decay is the dye triplet. The
shorter distance in 2b and 3b dyads gives rise to triplet
decay dynamics faster than our instrumental response,
namely, about 10 ns. This observation is in line with a trip-
let–triplet energy-transfer mechanism, which implies a
double-electron exchange mechanism that should be dis-
tance dependent. Also in these cases, the product of the full-
erene triplet decay is the dye triplet.


Interestingly, the short-lived nanosecond spectrum of the
4b dyad reveals, in addition to the fullerene triplet, the sig-
nature of the fullerene p-radical anion, that is, a near-infra-
red maximum at 1000 nm. Any characteristics of the oxi-
dized dye component are, however, masked by the strong
triplet absorption. With respect to the triplet formation, we
determined the contribution of the electron-transfer product
as ~20%.[33] Attempts to cause higher electron-transfer
yields by probing, for example, solvents of higher polarity,
such as benzonitrile or DMF, were only partially successful :
the major product was still the fullerene triplet. In benzoni-
trile the energy-to-electron-transfer ratio changed from
80:20 in THF to 70:30. Considering the fast and quantitative
singlet energy transfer between the dye and the fullerene,
we postulate that charge separation evolves in competition
to the fullerene ISC process.


The complete photophysics of the dyads can be summar-
ized in terms of the scheme shown in Figure 6. Light pulses
photoexcite the dye unit into its excited singlet state (C60–
1dye*).


A singlet–singlet energy transfer (EnT) to C60 is followed
by ISC yielding the fullerene triplet excited state (3C60*–
dye), which in turn decays by a second EnT step to the dye
triplet excited state (C60–


3dye*). The pathway, suggested by
the transient optical absorption, is confirmed by the EPR re-
sults described below.


EPR characterization : Time-resolved EPR (TR-EPR) spec-
tra of frozen toluene solutions of dyes 2a–4a and dyads 2b–
4b were recorded to further investigate the dynamics of
photoexcited paramagnetic states, in particular the long-
lived ones. Also TR-EPR spectra of thin films of the dyads,
obtained from solutions of the samples in toluene or chloro-
form by evaporation of the solvent, were recorded to study
their solid-state photophysical properties. TR-EPR charac-
terization of dyad 1b both in frozen toluene and in solid
film has been reported in a preliminary communication.[26]


The EPR spectra of 1b are reported here, together with
those of 2b–4b, for comparison. Because of the short relaxa-
tion time of triplets in liquids, EPR investigation was con-
ducted only in frozen matrices.


Even if TR-EPR characterization is limited to long-lived
states (lifetimes in the ms time range), because of the low
time resolution, nevertheless the EPR spectral intensity pat-
tern (see below) is indicative of the paramagnetic speciesN
generation pathway, giving insight on the shorter-lived pre-
cursors and intermediates.


TR-EPR spectra of the dyes : TR-EPR spectra, extending
over about 120 mT, were recorded for 1a–4a at 120 K in a
toluene glass-like matrix, as shown in Figure 7.


The spectra shown in Figure 7 are very similar and, as fre-
quently occurs for photoexcited states, are spin-polarized
corresponding to microwave emission at low fields and en-
hanced absorption at high fields. The spectra are attributed
to the excited triplet states of 1a–4a.


The EPR transitions of triplet state molecules are charac-
terized by the electron–spin dipolar interaction (the zero
field splitting (ZFS) interaction) between unpaired electrons
and can be analyzed using the following spin Hamiltonian
[Eq. (1)] in which S, Sx, Sy, Sz are the electron–spin opera-
tors; g is the electron g factor; b is the Bohr magneton; B0 is


Figure 5. Time-absorption profiles at 700 nm monitoring the fullerene
triplet decay dynamics of dyad 4b in nitrogen-saturated THF.


Figure 6. Schematic diagram showing the photophysics of the dyads (indi-
cated as C60–dye) after light excitation. ISC= intersystem crossing, EnT=


energy transfer, ET=electron transfer. hn=visible light photon. The en-
ergies are not drawn to scale.
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the magnetic field intensity; D and E are parameters related
to the eigenvalues X, Y, and Z of the ZFS interaction tensor
[D=3Z/2 and E=1/2(Y�X)], which characterize the
strength and the asymmetry of the electron dipolar coupling,
respectively; and x, y, and z are the tensor principal axes.


H ¼ gbB0S þDS2
z þ EðS2


x þ S2
yÞ ð1Þ


The dye molecules in a frozen solution are randomly ori-
ented with respect to the magnetic field direction, and the
spectrum is a superposition of the signals due to all orienta-
tions. The shape of the spectrum depends critically on the
relative triplet sublevel populations, determined by the se-
lectivity of the ISC process which populates the triplet spin
sublevels from the excited singlet state in a non-Boltzmann
population ratio.


All spectra have been simulated using ZFS parameters
(D, E) and population ratios reported in Table 1. The signs
of D and E, which are not obtained from the analysis of the
spectra, were assumed on the basis of simple molecular orbi-
tal calculations, which reproduce the experimental values
quite well. A planar structure was assumed for the dyes, ac-
cording to the geometry optimization performed at the
AM1 level, and a single excited configuration HOMO–


LUMO was considered for the triplet state, the frontier mo-
lecular orbitals being those calculated at the Hartree–Fock
(HF) 6–31G level on the optimized geometry. The electron
dipolar coupling was calculated by the point dipole approxi-
mation. It should be noted that a good fitting of the experi-
mental spectra could be achieved even with a positive D
value. In this case, contrary to that reported in Table 1, only
one level should be populated, instead of two. In any case,
we stress that, whatever the sign of the ZFS parameters, the
EPR polarization pattern of the dye triplet state, generated
by ISC from the dye excited singlet, is emission at low field
and absorption at high field.


TR-EPR spectra of the dyads : The TR-EPR spectra of the
dyads 1b–4b, recorded in frozen toluene, are markedly dif-
ferent from the spectra of the dyes, as shown in Figure 8.


The spectral width corresponds to that of the dyes (150 mT),
but the polarization pattern is inverted: absorption at low
field and emission at high field. This pattern is the same as
that obtained with N-methylfulleropyrrolidine and several
other C60 monoadducts in the photoexcited triplet state.[34]


Moreover, the features in the center of the spectrum are
much more pronounced.


The absorption/emission pattern can be understood if we
consider that in the dyads the spin selectivity is governed by
the fullerene properties, since ISC takes place in the 1C60*–
dye state (see Figure 6). The dye triplet in this case is
formed by a spin-conserving triplet–triplet (T–T) energy
transfer[35] from the fullerene unit to the dye moiety. The
population of the zero-field eigenstates of the energy ac-
ceptor (PEA


j ) can be calculated from the zero-field triplet
population of the energy-donor (PED


i ) by projecting the prin-
cipal directions of the donor onto the principal directions of


Figure 7. TR-EPR experimental spectra (solid line) and calculated spec-
tra (dotted line) of the dyes 1a–4a in frozen toluene at 120 K. The spec-
tra are recorded 0.5 ms after the laser pulse. Abs=absorption, Em=emis-
sion.


Table 1. Zero-field splitting parameters (D, E) and initial population
ratios for the triplet states of dyes 1a–4a obtained from simulation of
TR-EPR spectra recorded 0.5 ms after the laser pulse at T=120 K in
frozen toluene.


D [O10�4 cm�1] E [O10�4 cm�1] Px :Py :Pz


1a �603 �187 0.0:1.0:1.0
2a �582 �180 0.0:0.8:1.0
3a �561 �173 0.0:1.0:1.0
4a �645 �185 0.0:0.9:1.0


Figure 8. TR-EPR experimental spectra of the dyads 1b–4b in frozen tol-
uene at 120 K. The spectra are recorded 0.5 ms after the laser pulse.
Abs=absorption, Em=emission.
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the acceptor, once the mutual orientation is known.[36,37]


Using the optimized geometries of the dyes, the calculated
principal directions for each dye triplet, and the principal di-
rections of the fulleropyrrolidine,[38] we obtained population
ratios for the dyes that reasonably reproduce those deter-
mined experimentally.


For dyads 1b–3b, the T–T energy transfer occurs in a
shorter time than the TR-EPR timescale. As a consequence,
the TR-EPR spectrum recorded after photoexcitation of the
dyads is that of the azo-dye triplet, but reminiscent of the
population pattern generated by the ISC on C60. Conversely,
the T–T energy transfer in 4b is slower, with a rate constant
of about 0.9 ms. This result agrees with the transient absorp-
tion measurements, which evidenced slower kinetics of the
triplet–triplet energy transfer in the 4b dyad, caused by the
longer distance between the triplet donor (the fullerene)
and the triplet acceptor (the dye unit).


TR-EPR spectra on films : All the previous photophysical in-
vestigations on dyads 1b–4b were performed in dilute solu-
tions. On the other hand, the solar cells described in the
next section are solid-state devices in which the active com-
ponent is an aggregated thin film. For this reason, we also
examined TR-EPR spectra of dyad films produced by evap-
oration of solutions of the dyad in toluene or chloroform.
The spectra are quite different from those taken in frozen
toluene; instead of a broad lineshape with alternate polari-
zation attributed to localized triplet states, only relatively
narrow lines in emission are obtained for films of dyads 1b–
4b (Figure 9).


For dyad 1b, a narrower line in absorption, superimposed
onto a wider line in emission, is also visible. The narrow line
g factor (g=2.0005�0.0005) could be reasonably attributed
to the fullerene radical anion.[39] This demonstrates that an
electron transfer takes place after light excitation, and that


the charge-separated state is sufficiently long-lived (about
1 ms) to be detected. On the other hand, for dyads 2b–4b
the line in absorption is missing (or extremely weak), indi-
cating the absence of a long-lived charge-separated state. In
contrast, the emissive line intensity increases, being very
strong for dyad 4b (Figure 9).


In the dyads 2b–4b, photoinduced electron transfer from
the dye to the fullerene is not revealed by TR-EPR spec-
troscopy. This fact does not exclude the formation of charge
carriers. These might not be spin-polarized and therefore
undetectable by TR-EPR spectroscopy, or may be too short-
lived due to back-electron transfer faster than the TR-EPR
instrumental time resolution (about 150 ns).


Photovoltaic devices: Photocells were prepared with compa-
rable thickness (80–90 nm) of the active layer. The photo-
voltaic cells, prepared under ambient conditions apart from
the cathode deposition, were tested in vacuum (10�3 mbar)
under white light irradiation of about 80 mWcm�2. The cur-
rent–voltage characteristics of cells made from films of
dyads 1b–4b are shown in Figure 10, whereas the related
photovoltaic parameters are shown in Table 2. It should be
noted that the photovoltaic parameters of photocells with
dyad 1b, listed in Table 2 for a better comparison, have al-
ready been reported.[26]


The different values of the open-circuit voltage (Voc)
could be justified either by different energetics of the mate-
rials, as it occurs in the case of polymer–fullerene-blended
devices,[40] or by different shunt effects. Rather low values


Figure 9. TR-EPR spectra of film of dyads 1b–4b, recorded 0.5 ms after
the laser pulse, at 140 K. Abs=absorption, Em=emission.


Figure 10. Current–voltage curves of cells made from dyads 1b–4b.
White light irradiation power: 80 mWcm�2. Active layer thickness: 80–
90 nm. Room temperature.


Table 2. Solar cell photovoltaic parameters under 80 mWcm�2 white
light irradiation. Active-layer thickness: 80–90 nm. Room temperature.


jSC [Acm�2][a] VOC [V][b] FF[c] h [%][d]


1b 1.0O10�3 0.60 0.28 2.1O10�1


2b 4.5O10�4 0.70 0.20 7.9O10�2


3b 1.7O10�4 0.61 0.22 2.9O10�2


4b 4.6O10�5 0.39 0.11 2.4O10�3


[a] jsc : short-circuit current density. [b] Voc: open-circuit voltage. [c] FF:
fill factor. [d] h : power conversion efficiency.
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for the fill factor (FF), ranging between 0.28 and 0.11, were
calculated for the investigated cells. It is worth noting that
the FF reported so far for fullerene-based double-cable or
D–A dyad solar cells[22,24,41,42] are quite low, if compared
with those usually published for blended cells.[15] In general,
an increasing series resistance and a decreasing shunt resis-
tance tend to reduce the fill factor, although other factors
related to the diode properties and/or the material transport
properties, cannot be ruled out.


The best photovoltaic performance was achieved with
cells made of dyad 1b, with a short-circuit current (jsc) of
1.0 mAcm�2 and a power conversion efficiency (h) of
0.21%. The cells based on the other dyads exhibited de-
creased efficiencies, showing a reduction of h of two orders
of magnitude for 4b-based devices (2.4O10�3%).


In this last case, the reduced VOC (0.39 V) and FF (0.11)
values, with respect to VOC and FF of cells made of the
other dyads, contributed to the poor conversion efficiency.
However, the variation of the short-circuit current of more
than one order of magnitude (from 1.0O10�3 to 4.6O
10�5 Acm�2), leading to the remarkable variation of h, is
hardly justifiable on the basis of differences of the active-
layer optical density. Active layers 1b and 2b did not dis-
play different capability of light absorption, whereas a loss
of only 40 or 50% was observed for the absorbance of 3b
and 4b films, respectively (Figure 11). Therefore different
transport properties and/or carrier photogeneration capabili-
ties of the three active layers could be hypothesized.


The charge-carrier generation and mobility in the active
layer depend on the structure and supramolecular organiza-
tion in the solid state of the specific dyad under investiga-
tion. Recently, it has been shown that both hole and elec-
tron mobility of a series of fullerene–oligophenyleneethyny-
lene compounds are strongly dependent on the oligomer
chain length.[43] Given the molecular structures of the three
dyads investigated here, meaningful differences in the trans-
port properties are not expected on the basis of their chemi-
cal structure.


To analyze the active-layer morphology, scanning force
microscopy (SFM) imaging in the noncontact mode was per-
formed on films made from the four different dyads. The in-
vestigated thin films, with a thickness of about 90 nm, were
spin-coated onto ITO-covered glass substrates previously
covered by an 80 nm layer of PEDOT/PSS (PEDOT/PSS
poly(3,4-ethylenedioxythiophene) doped with polystyrene
sulfonic acid; from Bayer AG). No meaningful differences
were observed in the morphology of the four active layers.
A representative SFM image is shown in Figure 12, in which
the film-forming properties of dyad 2b are displayed.


The image reveals a fairly smooth surface which exhibits


some taller grains with a diameter up to some hundreds of
nanometers and height of 10–50 nm. Since the investigated
active layers lack of any supramolecular order, under the
deposition conditions and in the investigated scale, it is rea-
sonable to assume them to be amorphous, in agreement
with the results of a study reported earlier on films of dyad
1b.[44]


Different carrier photogeneration capabilities of dyads
1b–4b could account for the different photovoltaic perfor-
mance. It is interesting to note that the intensity of the TR-
EPR anion line (Figure 9) correlates with photovoltaic effi-
ciency: the highest performance is achieved with 1b, which
has the stronger anion signal. In contrast, solar cells made of
dyads 2b–4b display a very poor efficiency, with 4b being
the most inefficient.


Conclusion


We have shown that a series of structurally similar donor-
linked fullerenes (1b–4b) give rise to very different photo-
voltaic performance when used as active components in
solar cells. A first justification for this behavior came from a
photophysical study in solution, which revealed multiple-
step energy-transfer processes for all investigated com-


Figure 11. Absorption spectra of films of dyads 1b–4b. The films, 80–
90 nm thick, were spin-coated from chloroform onto glass–ITO sub-
strates.


Figure 12. Topographical SFM image, recorded in non-contact mode, of a
dyad 2b film. The film, approximately 90 nm thick, was deposited onto
an ITO substrate previously coated with a 80 nm thick layer of PE-
DOT:PSS. Z-scale: 20 nm.
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pounds. Only electron transfer for dyads 1b and 4b, neces-
sary for photovoltaic solar cell operation,[14] evolves in com-
petition with energy transfer. However, a TR-EPR study
carried out on films of dyads 1b–4b obtained from solutions
of the dyads in toluene, revealed that only dyad 1b showed
transient spectra with a narrow absorption line, the g factor
and linewidth of which were typical of radical anions of full-
erene derivatives. On the other hand, dyads 2b–4b showed
transient EPR spectra with no lines in absorption but
showed an emissive line, of increasing intensity from 2b
through 4b, that has been attributed to local defects in the
material acting as energy or charge traps. This is illustrated
in Figure 6 by the lowest energy levels of the charge-sepa-
rated state (C60


�–dye+). The increased intensity of the emis-
sive line from 2b through 4b correlates well with decreased
efficiencies exhibited by solar cells based on dyad 2b (7.9O
10�2%), 3b (2.9O10�2%), and 4b (2.4O10�3%). In particu-
lar, the higher conformational freedom between the fuller-
ene and dye units in 4b, if compared to that of dyads 2b
and 3b, probably favors the formation of more efficient
traps in the film that are detrimental for charge transport
and collection at the electrodes in a solar cell. Although a
comprehensive understanding of the relation amongst mo-
lecular structure, morphology, and device performance[45] is
still lacking for solar cells based on a single D–A compo-
nent, we have shown that TR-EPR spectroscopy emerged as
a valuable tool for a rapid screening of the electron-transfer
characteristics of functionalized fullerenes in the solid state
for photovoltaic conversion. In addition, the results of the
photophysical investigation reported above suggest that the
performance of solar cells made of donor-linked fullerenes
could be enhanced if the triplet excited state of the donor
structure is not placed too low in energy, if compared to the
fullerene triplet, to act as a photoexcitation energy sink.


Experimental Section


Photophysics : Absorption spectra were recorded with a Perkin–Elmer
Lambda 5 spectrophotometer. Emission spectra were recorded on a SLM
8100 Spectrofluorimeter. Fluorescence spectra were measured at liquid
nitrogen or room temperature. A 500 nm long-pass filter was used in the
emission path in order to eliminate the interference from the solvent and
stray light. Long integration times (20 s) and low increments (0.1 nm)
were applied. The slits were 2 and 8 nm wide. Each spectrum was an
average of at least five individual scans. Time-resolved EPR measure-
ments were carried out with a Bruker ER200D spectrometer equipped
with a broadband preamplifier (6.5 MHz) in direct detection mode, that
is, without magnetic-field modulation and lock-in amplification. The tran-
sient signal was recorded with a LeCroy LT344 digital oscilloscope. The
optical excitation was obtained with a frequency-doubled Nd–YAG laser
(Quantel Brilliant, l=532 nm, pulse-length 5 ns, repetition rate 20 Hz,
pulse energy 5 mJ). The sample temperature was controlled in the 100–
300 K range by a variable-temperature nitrogen flow system (Bruker
ER4112 VT). EPR samples in toluene solutions (~10�4


m) were degassed
by repeated freeze-pump-thaw cycles and sealed under vacuum in 4 mm
(outer diameter) quartz tubes. Dyad films were obtained by evaporation
of solutions of the dyads in toluene or chloroform inside the EPR tubes
under vacuum.


Photovoltaic devices : The device photoactive layers were spin-coated
(2000–3000 rpm) from solutions of the samples in chloroform (15 gL�1)
onto indium-tin-oxide (ITO) glass substrates previously coated with a
layer of PEDOT/PSS. The film thicknesses were routinely determined by
using a profilometer Alpha Step 200 (Tencor Instruments). The absorp-
tion spectra of the active layers were taken with a Perkin–Elmer l9 spec-
trophotometer. Photovoltaic devices were prepared by subliming an alu-
minum top electrode in vacuum. The active area of the devices was
3.14 mm2. Except for the cathode deposition, each step of the device fab-
rication was performed in ambient conditions. The electrical characteriza-
tion of the devices was done with a Keithley 2400 source-measure unit,
under a pressure of 10�3 mbar and at room temperature. The junctions
were illuminated through the ITO side with a 300 W Xe arc lamp. The in-
tensity of the incident light, measured with an Oriel thermopile, was
about 80 mWcm�2. The optical bench was equipped with a water filter to
cut off IR radiation. No correction was made for light reflection.


Microscopy : Noncontact scanning force microscopy[46] was employed for
recording both the height signal (output of the feedback signal) and the
phase signal (phase lag of the oscillation relative to the driver). While
the first type of image provides a topographical map of the surface, the
latter is extremely sensitive to structural heterogeneities on the sample
surface, and therefore ideal to identify different components in a hybrid
film. The SFM Autoprobe CP Research thermomicroscope was operated
in air at room temperature with scan rates of 1 Hz per line. Images with
scan lengths ranging from 30 mm down to 5 mm were recorded with a res-
olution of 512O512 pixels using the 100 mm scanner and noncontact Si ul-
tralevers with a spring constant of k=2.1 Nm�1.


General remarks and materials : Details regarding the instrumentation
used in this work to characterize all new compounds have been described
elsewhere.[47] The mass spectra were recorded on a Mariner ESI-TOF
mass spectrometer (Perspectives Biosystems). C60 was purchased from
Bucky (USA)(99.5% purity). N-(3,6,9-Trioxadecyl)glycine,[29] dyad 1b,[26]


alcohol 1c,[27] dye aldehydes 2a and 3a, and ester 4a were prepared as
previously reported.[48] All other reagents were used as purchased from
Aldrich. The solvents for UV-visible, steady-state luminescence, pico-
and nanosecond flash photolysis and EPR measurements were commer-
cial spectrophotometric-grade solvents that were carefully deoxygenated
prior to use.


General experimental procedure for the synthesis of dyads 2b–4b : C60


(1 equiv), N-(3,6,9-trioxadecyl)glycine (2 equiv), and the appropriate dye
aldehyde (1 equiv) were dissolved in chlorobenzene (50 mL per 100 mg
of C60) and brought to reflux temperature. The reaction was monitored
by TLC (SiO2, see below for further details) and was stopped just after
the formation of traces of multiple adducts to C60; these adducts were de-
tectable by TLC and had a lower retention factor than the dyad monoad-
duct. The crude mixture, loaded onto a SiO2 flash column for chromatog-
raphy, was first eluted with toluene to remove unreacted C60 and then
with toluene/ethyl acetate mixtures (vide infra). The fractions containing
the product were concentrated to a small volume under reduced pressure
and were transferred into a centrifuge tube. The product was precipitated
from acetonitrile, washed twice with the same solvent and was dried
under reduced pressure.


Dyad 2b : Reagents: C60 (80 mg, 0.1 mmol), N-(3,6,9-trioxadecyl)glycine
(40 mg, 0.2 mmol), aldehyde 2a (52 mg, 0.1 mmol) in chlorobenzene
(100 mL). Reaction time: 40 min. TLC: toluene/ethyl acetate 9:1, Rf


(2b)=0.27). Flash column chromatography: toluene/ethyl acetate 9:1;
66 mg (44% yield). 1H NMR (250 MHz, CDCl3): d=7.82 (s, 1H), 6.36 (s,
1H), 5.79 (s, 1H), 5.20 (d, 1H), 4.39 (d, 1H), 3.75 (m, 8H), 3.56 (m, 4H),
3.36 (s, 3H), 3.05 (m, 1H), 2.83 (m, 1H), 2.61 (s, 3H), 1.58 (m, 4H), 1.38
(m, 15H), 1.25 (d, 4H), 0.93 ppm (3H); 13C NMR (62.9 MHz, CDCl3):
d=169.17, 155.92, 153.66, 152.98, 150.85, 147.31, 146.25, 146.21, 146.18,
146.13, 146.01, 145.64, 144.60, 144.40, 144.33, 143.05, 14.98, 142.11, 140.76,
140.16, 139.95, 137.60, 136.49, 135.59, 135.53 , 132.96, 129.01, 128.20,
127.50, 125.28, 113.19, 112.52, 72.00, 70.74, 70.69, 70.17, 69.17, 67.63,
56.23, 56.18, 52.59, 45.59, 31.41, 29.49, 26.80, 22.60, 26.77, 19.75, 18.29,
13.99 ppm; IR (KBr): ñ=3432, 2923, 2221, 1601, 1526, 1504, 1461, 1308,
1281, 1239, 1186, 1221, 1121, 1054, 1016, 901, 727, 703, 573, 525 cm�1;
UV/Vis (CH2Cl2): lmax(e)=200.8 (45860), 228.8 (91535), 256.0 (109360),
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310.4 (38640), 431.2 (5155), 580.8 nm (51475 mol�1dm3cm�1); MS (ESI-
TOF): m/z 1352 [M+]; elemental analysis calcd (%) for C93H48ClN5O3S
(1350.93): C 82.68, H 3.58, N 5.18, S 2.37; found: C 82.11, H 3.23, N 5.00,
S 2.38.


Dyad 3b : Reagents: C60 (80 mg, 0.1 mmol), N-(3,6,9-trioxadecyl)glycine
(40 mg, 0.2 mmol), aldehyde 3a (56 mg, 0.1 mmol) in chlorobenzene
(100 mL). Reaction time: 2 h. TLC: toluene/ethyl acetate 7:3, Rf (3b)=
0.39. Flash column chromatography: toluene/ethyl acetate 9:1, 21 mg
(43% yield). 1H NMR (250 MHz, CDCl3): d=7,60 (s, 1H), 7.35 (s, 1H),
5.75 (s, 1H), 5.15 (d, 1H), 4.34 (d, 1H), 4.20 (m, 4H), 4.70–3.40 (complex
system of resonances due to aliphatic protons, 18H), 3.29 (s, 4H), 2.57 (s,
3H), 1.95 ppm (s, 6H); 13C NMR (62.9 MHz, CDCl3): d=170.85, 155.79,
152.74, 149.97, 147.38, 146.25, 145.55, 145.37, 145.22, 144.82, 144.79,
144.69, 144.12, 143.31, 142.57, 142.50, 142.17, 142.14, 142.09, 141.70,
141.66, 141.56, 141.47, 141.39, 141.16, 139.41, 137.16, 137.00, 135.88,
135.31, 135.09, 129.33, 129.27, 128.96, 127.32, 127.15, 126.76, 125.40,
117.93, 113.46, 99.60, 74.86, 74.60, 71.49, 70.22, 70.17, 69.57, 68.63, 67.13,
61.69, 58.57, 55.17, 52.13, 51.47, 50.98, 50.00, 29.17, 21.01, 20.34, 16.73,
10.30 ppm; IR (KBr): ñ=3434, 2918, 2850, 2224, 1739, 1592, 1505, 1461,
1372, 1320, 1222, 1185, 1138, 1102, 1043, 765, 696, 596, 573, 561, 552,
525 cm�1; UV/Vis (CH2Cl2): lmax(e)=201.6 (43825), 228.8 (87345), 256.0
(101375), 321.6 (33825), 431.2 (7760), 551.2 nm (33985 mol�1dm3cm�1);
MS (ESI-TOF): m/z : 1387 [M+]; elemental analysis calcd (%) for
C90H40ClN5O8S (1386.83): C 77.95, H 2.91, N 5.05, S 2.31; found: C 76.90,
H 3.09, N 4.63, S 2.15.


Dyad 4b : Reagents: C60 (80 mg, 0.1 mmol), N-(3,6,9-trioxadecyl)glycine
(40 mg, 0.2 mmol), aldehyde 5 (50 mg, 0.1 mmol) in chlorobenzene
(80 mL). Reaction time: 2.5 h. TLC: toluene/ethyl acetate 9:1, Rf (4b)=
0.35. Flash column chromatography: toluene to recover unreacted C60


(66 mg, 83%) then toluene/ethyl acetate 9:1; 11 mg (8% yield). 1H NMR
(250 MHz, CDCl3): d=8.10 (d, 2H), 7.94 (d, 2H), 6.54 (m, 3H), 5.45 (s,
2H), 5.23 (d, 2H), 4.32 (d, 1H), 3.75 (m, 6H), 3.47 (m, 11H), 3.03 (m,
2H), 2.55 (s, 3H), 1.24 ppm (m, 11H); 13C NMR (62.9 MHz, CDCl3): d=
165.98, 156.24, 154.15, 152.99, 152.72, 152.10, 151.85, 149.90, 147.30,
146.50, 146.37, 146.30, 146.24, 146.19, 146.13, 146.08, 145.91, 145.78,
145.69, 145.54, 145.49, 145.30, 145.24, 145.18, 144.69, 144.5, 144.39, 144.34,
143.12, 142.66, 142.24, 142.07,141.97, 141.83, 141.65, 141.52, 140.15,
139.89, 136.96, 136.44, 135.93, 135.58, 130.13, 129.84, 129.56, 125.01,
124.57, 119.21, 110.45, 110.26, 81.88, 72.02, 70.76, 70.69, 70.65, 70.30,
69.27, 67.63, 59.09, 58.79, 52.10, 44.84, 32.19, 30.92, 29.68, 26.38, 25.54,
23.42, 16.85, 15.44, 12.79 ppm; IR (KBr): ñ=3440, 2964, 2922, 1719, 1595,
1543, 1509, 1455, 1350, 1243, 1178, 1107, 1074, 1018, 849, 806, 764, 703,
527 cm�1; UV/Vis (CH2Cl2): lmax(e)=202.4 (40745), 228.8 (82615), 256.0
(96385), 512.0 nm (31140 mol�1dm3cm�1); MS (ESI-TOF): m/z : 1345
[M+].


Alcohol 2c : NaBH4 (13 mg, 0.35 mmol) in ethanol (15 mL) was added
dropwise to a solution of dye aldehyde 2a (150 mg, 0.3 mmol) in ethanol
(100 mL) at room temperature. When the addition was complete, the
mixture was heated to reflux for 3 h. TLC: toluene/ethyl acetate 7:3, Rf


(2c)=0.8. The solvent was evaporated under reduced pressure and the
crude product purified by flash column chromatography (SiO2). Elution
with toluene/ethyl acetate 9:1 gave 2c (85 mg, 58% yield). M.p.=152–
153 8C; 1H NMR (250 MHz, CDCl3): d=7.81 (s, 1H), 6.35 (s, 1H), 4.78
(s, 2H), 3.36 (m, 2H), 2.54 (s, 3H), 2.85 (m, 1H), 2.09 (s, 1H), 1.74 (m,
4H), 1.55 (d, 13H), 1.26 (s, 3H), 0.94 ppm (s, 3H); 13C NMR (62.9 MHz,
CDCl3): d=167.76, 150.66, 142.7, 140.39, 134.63, 127.45, 121.74, 115.69,
113.15, 112.40, 105.23, 58.24, 56.12, 45.92, 45.57, 31.42, 29.50, 28.76, 26.80,
25.82, 22.63, 19.77, 17.89, 13.98 ppm; IR (KBr): ñ=3458, 2960, 2928,
2224, 1602, 1530, 1506, 1462, 1367, 1325, 1311, 1283, 1241, 1221, 1193,
1149, 1123, 1054, 903, 837, 704, 541 cm�1; UV/Vis (CH2Cl2): lmax(e)=
206.4 (5615), 216.0 (5380), 226.4 (8380), 228.8 (8080), 301.6 (6910),
564.8 nm (48305 mol�1dm3cm�1); elemental analysis calcd (%) for
C25H33ClN4OS (473.07): C 63.47, H 7.03, N 11,84; found: C 63.42, H 7.19,
N 11.45.


Alcohol 3c : NaBH4 (4 mg, 0.01 mmol) in ethanol (5 mL) was added to a
solution of dye aldehyde 3a (50 mg, 0.01 mmol) in ethanol (50 mL) over
a dry ice/acetone cooling bath under an inert atmosphere. When the ad-
dition was complete, the mixture was left at that temperature for 2 h


TLC: toluene/ethyl acetate 7:3, Rf (3c)=0.46. The solvent was evaporat-
ed under reduced pressure and the crude product purified by flash
column chromatography (SiO2). Elution with toluene/ethyl acetate 9:1
gave 3c (27 mg, 53% yield). M.p.=160–165 8C; 1H NMR (250 MHz,
CDCl3): d=7.39 (m, 2H), 6.75 (s, 1H), 4.81 (d, 2H), 4.26 (t, 4H), 3.86 (s,
3H), 3.69 (t, 4H), 2.55 (d, 3H), 2.05 ppm (s, 6H); 13C NMR (62.9 MHz,
CDCl3): d=170.89, 165.88, 150.05, 145.10, 143.22, 137.45, 137.05, 118.68,
112.55, 99.44, 62.24, 58.34, 55.69, 51.45, 20.85, 16.87, 16.83 ppm; IR
(KBr): ñ=3450, 2959, 2923, 2225, 1735, 1705, 1592, 1532, 1509, 1480,
1374, 1321, 1280, 1242, 1221, 1193, 1151, 1103, 1047, 916, 865 cm�1; UV/
Vis (CH2Cl2): lmax(e)=212.0 (14450); 273.6 (6775); 522.4 nm
(38845 mol�1dm3cm�1); elemental analysis calcd (%) for C25H25ClN4O6S
(545.01): C 51.92, H 4.95, N 11.01; found: C 53.07, H 5.01, N 10.20.


Alcohol 4c : LiAlH4 (1.5 mL, 1m solution in THF) in THF (5 mL) was
added dropwise to a solution of dye ester 4a (500 mg, 1.34 mmol) in
THF (40 mL) over a dry ice/acetone cooling bath under an inert atmos-
phere. When the addition was complete, the mixture was left at that tem-
perature for 1.5 h. TLC: toluene/ethyl acetate 8:2, Rf (4c)=0.18. Excess
LiAlH4 was quenched with ethyl acetate (50 mL). The solvents were
evaporated under reduced pressure and the crude product purified by
flash column chromatography (SiO2). Elution with toluene/ethyl acetate
95:5 gave 4c (263 mg, 59% yield). M.p.=106–107 8C; 1H NMR
(250 MHz, CDCl3): d=7.89 (d, 1H), 6.49 (m, 2H), 4.78 (s, 2H), 3.42
(quart, 4H), 2.99 (quart, 2H), 2.38 (s, 3H), 1.22 ppm (m, 9H); 13C NMR
(62.9 MHz, CDCl3): d=176.92, 151.81, 149.59, 148.50, 139.61, 131.43,
118.82, 110.39, 110.13, 57.05, 44.71, 25.57, 16.83, 15.11, 12.69 ppm; IR
(KBr): ñ=3418, 2970, 2926, 1597, 1547, 1510, 1450, 1350, 1246, 1180,
1110, 1074, 1016, 893, 841, 805, 739 cm�1; UV/Vis (CH2Cl2): lmax(e)=
216.0 (9650), 225.6 (11350), 228.0 (11290), 230.4 (11065), 290.4 (11740),
508.0 nm (57900 mol�1dm3cm�1).


Aldehyde 5 : N-Hydroxybenzotriazole hydrate (HOBt) (89 mg,
0.7 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC,
127 mg, 0.7 mmol), and N,N-dimethylaminopyridine (DMAP, 59 mg,
0.5 mmol) were added to a solution of 4-carboxybenzaldehyde (90 mg,
0.6 mmol) in CH2Cl2 (40 mL), and the flask was immersed in an ice bath.
Dye alcohol 4c (200 mg, 0.6 mmol) was added, the ice-bath was removed
and the mixture was stirred overnight at room temperature, TLC: tolu-
ene/ethyl acetate 8:2, Rf (5)=0.38. The solvent was evaporated under re-
duced pressure and the crude product, purified by flash column chroma-
tography (SiO2, eluent: toluene/ethyl acetate 95:5) and crystallized from
hexanes giving aldehyde 5 (90 mg, 32% yield) M.p.=136–137 8C;
1H NMR (250 MHz, CDCl3): d=10.09 (s, 1H), 8.22 (d, 2H), 7.96 (m,
3H), 6.52 (m, 2H), 5.50 (s, 2H), 3.47 (quart, 4H), 3.02 (quart, 2H), 2.56
(s, 3H), 1.27 ppm (m, 9H); 13C NMR (62.9 MHz, CDCl3): d=191.57,
178.22, 165.22, 152.18, 152.05, 149.97, 139.80, 139.27, 134.71, 130.37,
129.52, 124.12, 119.21, 110.45, 110.27, 59.30, 44.84, 25.55, 16.85, 15.45,
12.78 ppm; IR (KBr): ñ=3427, 2970, 1727, 1703, 1597, 1545, 1516, 1457,
1353, 1245, 1195, 1170, 1111, 1073, 1013, 932, 847, 759, 698 cm�1; UV/Vis
(CH2Cl2): lmax(e)=224.0 (11400), 254.4 (19090), 513.6 nm
(28850 mol�1dm3cm�1); elemental analysis calcd (%) for C25H28N4O3S
(464.58): C 64.63, H 6.07, N 12.06, S 6.90; found: C 64.79, H 5.98, N
11.51, S 6.96.
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Introduction


Reactions of double bonds with electrophilic reagents play
an important role in many transformations in organic syn-
thesis. Electrophile-promoted cyclizations of unsaturated
substrates are an important transformation in heterocyclic
chemistry, and much effort has been devoted to the control
of such cyclizations and the development of enantioselective
versions. Stereocontrol can be achieved by using substrate-
controlled reactions, albeit with the disadvantage of having
to remove the chiral auxiliary after the reaction. Most of the
reactions described to date are limited to this variant. Enan-
tiomerically pure electrophilic reagents can, however, gener-
ate new stereogenic centers under reagent-controlled condi-
tions.


We have already investigated selenium[1] and hypervalent
iodine reagents[2] for this purpose, and now report the use of
chiral iodine electrophiles for reagent-controlled stereoselec-
tive iodocyclizations. Iodocyclizations have been studied ex-
tensively, and this transformation serves as an important key
reaction in many syntheses.[3] Iodine monochloride (ICl) is
about 400 times more reactive than elemental iodine and,


therefore, we focused our attention on complexes of ICl and
various donor molecules. Although it is known that oxygen-
containing compounds like carbonyl compounds,[4] ethers,[5]


and nitrogen-containing molecules[6] can form 1:1 complexes
with ICl, we found that complexes of enantiomerically pure
primary amines are suitable reactive and selective electro-
philic species for iodolactonizations. Recently, we reported
preliminary results on stereoselective iodolactonizations of
4-phenyl-4-pentenoic acid 1 and other substrates by employ-
ing mixtures of enantiomerically pure amines with ICl as re-
agents[7] (Scheme 1). (R)-1,2,3,4-Tetrahydro-1-naphthyl-
amine 3 and other amines with similar structure, such as
(R)-1-phenyl-1-ethylamine 4, were found to be efficient
amines for the iodolactonization, yielding lactones 2 with up
to 45% ee. Chiral halonium ion complexes with dihydroqui-
nidine[8] or 2-menthyl-pyridine[9] have been reported for ster-
eoselective iodo- and bromolactonizations, although only


Abstract: Lactonizations are important
steps in many synthetic sequences. Sub-
strate-controlled reactions that use
chiral auxiliaries or chiral alkenes have
already been studied in depth. This
study focuses on stereoselective re-
agent-controlled iodolactonizations, by
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low enantiomeric ratios (up to 57:43) were obtained. Re-
cently, the first example of a catalytic enantioselective iodo-
cyclization of unsaturated alcohols was reported,[10] and re-
sults with chiral phase-transfer catalysts in iodolactoniza-
tions were also described.[11]


Results and Discussion


To understand the nature of the stereoselective induction in
this iodolactonization, and to be able to further optimize the
chiral reagent, we investigated and analyzed the amine–ICl
mixtures in a number of ways. Elemental analysis of the
yellow powder, which precipitated from mixing 3 and ICl in
dichloromethane, indicated a 1:1 composition.[12] Unfortu-
nately, it was impossible to obtain further information from
powder diffraction analysis. A titration of amine 4 with ICl
was monitored by performing NMR spectroscopy, in which
the resonance of the benzylic proton at 4.15 ppm showed a
shift to a higher field, which reverted after the addition of
more than one equivalent of ICl (Figure 1, left). This behav-
ior indicates a more complex reaction than a simple 1:1
adduct formation. By contrast, the chemical shift of the
methyl protons (1.42 ppm) does not show this behavior
(Figure 1, right).


A 1:1 mixture of amine 3 and ICl was then observed by
performing UV/Vis spectroscopy over a period of time. The
spectra displayed significant changes during the first 30 min
after mixing, but thereafter, remained almost unchanged.
Two isosbestic points at 237 and 262 nm indicate that at
least two species are in equilibrium (Figure 2).[13]


The stability and dynamics of the amine–ICl complexes
under different conditions were investigated by conducting a
series of crossover experiments with the unsaturated acid 1
as a substrate. Amine 3 yielded (R)-2 with 45% ee, whereas
amine 4 gave the opposite enantiomer, (S)-2, in 26% ee.
One equivalent of 4 was added (at RT) to a preformed 1:1
complex of amine 3 and ICl, and the subsequent iodolacto-
nization of 1, performed at �78 8C, generated (R)-2 with


7% ee. Reversing the order of the amines (first 4, then 3)
resulted in (R)-2 with 6% ee. These values are very close to
the expected 10% ee for (R)-2, in which an equal participa-
tion of amines 3 and 4 in the reaction is assumed. However,
the addition of 4 to a preformed complex of 3 and ICl at
�78 8C, instead of at room temperature, resulted in (R)-2
with 10% ee, and reversing the order of the amines yielded
1% ee (R)-2.[14] This shows that, even at �78 8C, the ex-
change of the amine ligands on the iodine cation is rapid, al-
though an equilibrium with equal contributions of both
amines was not reached and slightly different results were
obtained.


To gain further insight into the reaction between primary
amine 3 and ICl, quantum chemical studies were performed
by using the Gaussian 98 programme package.[15] Molecules
containing heavy elements pose a great problem in ab initio
calculations, because these elements contain a large number
of core electrons, which, although unimportant in a chemical
sense, must be characterized by using a large number of
basis functions to properly describe the valence orbitals.
This difficulty can be overcome by the use of effective core
potentials (ECP). These functions model the core electrons
and prevent the valance electrons from collapsing into the
core.[16] The valence electrons are then treated explicitly,
yielding results comparable in quality to all-electron calcula-
tions at a fraction of the computational cost. To design an
ECP, a good quality all-electron wave function must be gen-
erated first. This is usually achieved by using a numerical
Hartree–Fock or a relativistic Dirac–Hartree–Fock calcula-
tion. The valance orbitals are then replaced by pseudo orbi-
tals, which are designed to behave correctly on the outer
part, but lack the nodal structure in the core region that is
observed in regular orbitals. Finally, the core electrons are
replaced by a potential that is designed so that the solutions
of the Schrçdinger equation produce valence orbitals,
matching the pseudo orbitals. These potentials effectively in-
clude relativistic effects, which effect mainly core electrons.
In the SDD basis set used for iodine in our calculations, the
46 electron (krypton) core of iodine is described by using an
ECP.[17] The two s-electrons are described at a double zeta
level, and the five p-electrons at a triple zeta level. To im-
prove results in the following calculations, a set of d-orbitals
optimized in the ICl–ethene complex was added. The expo-


Figure 1. Titration of phenylethylamine 4 with ICl (ratio of 4 :ICl is indi-
cated) monitored by conducting NMR spectroscopy (300 MHz, CDCl3,
RT).


Figure 2. UV/Vis spectra of a 1:1 mixture of amine 3 and ICl (1L10�5
m


in CH2Cl2 at RT).
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nent of the d-type Gaussian function was varied in a series
of single point MP2 calculations on ICl with simultaneous
geometry optimization. A cubic fit to the data resulted in an
optimum value for the exponent (see below). A further shell
of sp diffuse functions was added for a better description of
long-range effects important for complexations (e.g., polar-
izability). The exponent for these was estimated by extrapo-
lating beyond the values for the 6–311+G diffuse functions
in halogens up to bromine[18] (Table 1).


A cubic fit of energy plotted against exponent leads to
the function described in Equation (1):


f ðxÞ ¼ �1:09 x3 þ 1:08779 x2 � 0:331693 x � 471:542 ð1Þ


Differentiation shows that an exponent of a=0.237 leads
to a minimum in energy (Figure 3).


For higher accuracy, all other elements were treated at a
higher level of theory. The 6–31G basis set was used with
polarized and diffuse functions for the same reasons as
those mentioned above.


A set of preliminary calculations was conducted to com-
pare the results obtained from calculations performed by
using the modified basis set in B3LYP, B3PW91, and MP2
with experimental results. Experimental data were obtained
from a study carried out by Legon on a series of interactions
between iodine monochloride and simple Lewis bases.[19]


Comparison of results was restricted to interactions between
ICl and nitrogen, and ICl and unsaturated carbon atoms,
and both of these interactions are relevant to this study. Ni-
trogen–iodine interactions are important for the formation
of the reactive species, in which both complexation and


transfer must be investigated. Interactions between iodine
and double bonds are of interest in investigating the addi-
tion to the double bond in lactonization reactions. Results
obtained by using the LANL2DZ basis set in combination
with B3LYP are also included (Table 2).


Results of statistical analysis showed that the B3LYP cal-
culations with the modified basis set perform best among
the DFT methods tested. Although MP2 performs best stat-
istically, there is no constant trend in error (some bond
lengths are overestimated, whereas others are underestimat-
ed). MP2 calculations, even on the small molecules, were
found to be significantly more time-consuming than those
carried out by using B3LYP. Therefore, MP2 methods were
rejected in favor of B3LYP calculations with the modified
basis set for iodine.


Ab initio calculations at different levels of theory (MP2/
SDD, B3LYP/SDD, B3LYP/LANL2DZ, B3LYP/6–31G-
(d,p) with SDD+pd for iodine) were used to investigate
species that could be involved in the formation of the chiral
amine–ICl complexes. The formation of 5 is a straightfor-
ward donor–acceptor reaction between amine 3 and ICl.
Species 6 involves a proton–iodine exchange on the nitro-
gen, which is likely to be facilitated by the formation of an
HCl complex with another molecule amine. This explains
the need for a second equivalent of amine, and is supported
by the calculated energy of the amine–HCl complex. Experi-
mentally, we found that the second equivalent of amine can
be replaced by another base.[7] The second molecule of ICl
that is necessary to form 7 or 8 must originate from 5, as all
of the ICl is assumed to be used initially in the formation of
5. This means that the reactions leading to 7 and 8 are side
reactions. The formation of 7 can take place only if it is
either assisted by the formation of an amine–HCl complex,
or if the complexation energy of 7 is much higher than that
of 5. Transition states A–D connecting the different com-
plexes have also been considered (Scheme 2).


Initial calculations were carried out by using methyl-
amine–ICl complexes at various levels of theory. The geo-
metries and energies at the MP2/SDD level and MP2/6–
31G(d,p) levels (with SDD for iodine) are almost identical,
and all subsequent calculations with the tetrahydronaphthyl


Table 1. Data for optimization of the exponent a.


Exponent a I–C distance [N] Energy [a.u.]


0.15 2.386 �471.57067
0.2 2.371 �471.57327
0.25 2.365 �471.57367
0.3 2.364 �471.57276
0.35 2.368 �471.57129


Figure 3. Plot of energy versus a with cubic fit.


Table 2. Comparison of experimental and calculated X�ICl bond lengths
[N].


Exptl B3LYP/
SDD+pd


B3PW91/
SDD+pd


MP2/
SDD+pd


B3LYP/
LANL2DZ


N2·ICl 3.180 3.144 3.120 3.096 3.242
CO·ICl 3.011 2.820 2.712 3.063 2.918
C2H2·ICl 3.115 3.098 3.011 3.217 3.163
C2H4·ICl 3.032 2.989 2.878 3.094 3.044
HCN·ICl 2.850 2.780 2.727 2.822 3.951
NH3·ICl 2.711 2.601 2.567 2.613 2.602
sum of
squares
error


0.057 0.163 0.034 0.091


variance (r2) 0.70 0.42 0.77 0.65
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moiety were performed at the lower MP2/SDD level. The
length of the N�I bond ranges from 2.14 to 2.52 N. A slight-
ly higher NBO[20] charge was found on the iodine in 6 (0.3 e,
direct N�I bond) compared to 5 (0.2 e, R*�NH2·ICl). A ro-
tational analysis around the carbon–nitrogen bond for com-
plexes 5 and 6 was performed. Because the nitrogen atom in
6 is a chiral center, both diastereomers were investigated.
The structures shown in Figure 4 represent the energetic


minima of all conformations calculated. Details can be
found in the Supporting Information. At all levels of theory,
the barrier to overcome C was too high to be achieved at
room temperature, and D could not be located at all. The
relative energies of complexes and transition states are
given in Table 3.


Because the stereoselectivity of the iodolactonization can
be influenced drastically by changing the solvent used in the
reaction, the conductor polarizable continuum model


(CPCM) was applied to the calculations of complexes 5 and
6.[21] The results obtained by using the CPCM model allow
similar conclusions as the results obtained from the previous
calculations. The energies of the complexes are lower, indi-
cating a stabilization by the solvent. Solvents with a relative-
ly high dielectric constant e seem to stabilize the complexes
most efficiently, as shown in Table 4.


The solvent plays an important role in the formation of
the complexes and also in the subsequent addition to the
alkene. The strong influence of the solvent on both reactivi-
ty and selectivity was already apparent from our preliminary
experiments. Selectivity in the iodolactonization of 1 is
thought to arise from complex 5 when the reaction mixture
of ICl and 3 is cooled to �78 8C and the reaction is com-
menced immediately. When the mixture of ICl and 3 was
stirred at room temperature for 30 min before the addition
of 1 at �78 8C, which gave higher selectivities, 6 alone, or as
a mixture together with 5, may be the dominant source of
selectivity. This hypothesis is supported by the isolation of
a-tetralone after longer reaction times (>30 min) for ICl
and 3. The a-tetralone might originate from 6 after elimina-
tion of an HI moiety to the imine and hydrolysis in the sub-
sequent aqueous workup.


Based on the most successful 1,2,3,4-tetrahydro-1-naph-
thylamine scaffold, various compounds with similar structure
(the enantiomerically pure amines 9–14, Figure 5) were pre-
pared and investigated in the iodolactonization reaction. Al-
though secondary or tertiary amines led to racemic iodolac-


Scheme 2. Different amine–ICl complexes.


Figure 4. Calculated structures of 5 and 6.


Table 3. Total energies (relative to free amine 3) of complexes and tran-
sition states.


Total energies
[kJmol�1]


5 A 6 B 7 C 8


B3LYP/LANL2DZ �88.6 29.5 �33.0 �0.2 �12.4 100.1 55.1
B3LYP/SDD �92.0 29.5 �28.6 4.5 �2.7 105.9 63.5
MP2/SDD �87.2 49.6 �46.3 �13.0 �44.9 –[a] 6.9
B3LYP/SDD+pd[b] �72.5 79.1 �14.6[c] –[a] �31.7 134.5 61.8


[a] Not available. [b] 6–31G(d,p) basis set used for all atoms apart from I.
[c] Relative energy of the amine·HCl complex is �60.8 kJmol�1.


Table 4. Total energies [kJmol�1] obtained (relative to free amine 3) by
using the CPCM solvent model.


Benzene Diethyl
ether


Dichloromethane Acetonitrile


e [pFm�1] 2.25 4.36 8.93 36.64
5 total energy
B3LYP/SDD


�107.1 �119.9 �119.6 �123.1


5 total energy
B3LYP/SDD+pd


�87.8 �103.3 �106.0 –[a]


6 total energy
B3LYP/SDD


�41.3 �52.1 �51.3 �54.1


6 total energy
B3LYP/SDD+pd


�23.3 �33.9 �36.5 –[a]


[a] Not available.


Figure 5. Enantiomerically pure amines 3 and 9–14.


www.chemeurj.org F 2005 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 5777 – 57855780


T. Wirth et al.



www.chemeurj.org





tone 2 in previous experiments, a series of N-monosubstitut-
ed and N,N-disubstitued derivatives 9 were investigated sys-
tematically.


Some selectivity was observed with the alkyl-substituted
compounds 9a and 9b, but substituents on the nitrogen
atom obviously strongly influence its ability to coordinate to
iodine monochloride. Only racemic lactone was observed
with amines 9c and 9d (Table 5). Amines 10 and 11[22] were


investigated as electronically modified derivatives of 3.
Amine 10 did show slightly reduced selectivities, whereas 11
interestingly led to almost racemic iodolactone. An interac-
tion of the iodine atom with the ring-nitrogen atom might
be the reason for an almost racemic product 2.


To gain a better insight into the face-selectivity of the ini-
tial step, iodiranium moieties of type 15 were calculated and
optimized at a B3LYP/SDD level of theory. The more with-
drawing (higher Hammett value) a substituent in the 4-posi-
tion of the aromatic moiety of 1, the shorter the bond be-
tween the iodine atom and the benzylic carbon atom (C1�I)
in the iodiranium intermediates 15 (Figure 6). Interestingly,


this also correlates with higher selectivities observed in the
iodolactonization of differently substituted, unsaturated car-
boxylic acids 1. This iodolactonization appears, therefore, to
be one of the rare examples in stereoselective synthesis in
which only electronic factors of a substrate can remarkably
influence selectivities. In most enantioselective reactions,
steric factors play the major role, and electronic effects are
only rarely studied.[23]


All optimized geometries showed an unsymmetric iodira-
nium ion 15 irrespective of the substituent R. The distance
of C2 to I remains constant at 2.24 N, whereas the C1�I
bond lengths are significantly longer and vary from 2.97 to
3.04 N, depending on the substituent R. Hammett correla-
tions have been applied frequently to not only reaction
rates, but also to NMR shifts, enantioselectivities, and vari-


ous thermodynamic properties.[23c,d,24] The correlation of
Hammett sþ


p constants with the calculated NBO charges at
C1 of iodiranium ions 15 has an r2 value of 0.86, which is
much better than that obtained by using Hammett sp con-
stants (r2=0.53),[25] and confirms a positive charge stabilized
in the benzylic position (see Supporting Information for
data). The correlation of the enantiomeric excess of iodolac-
tonizations of unsaturated acids of type 16, displaying differ-
ent substituted aromatic moieties (Scheme 3), with the
Hammett sþ


p values also shows a good correlation (r2=
0.88), as depicted in Figure 7.


Because interactions between 1 and the amine–ICl com-
plex might influence the selectivity, the cyclization of corre-
sponding esters and amides was investigated. tert-Butyl ester
18 (Figure 8) could be cyclized only with ICl, but the expect-
ed lactone 2 was not formed by using the amine–ICl com-
plex of the stereoselective protocol described above.[7] The
reactivity of the 2:1 amine–ICl complex is too low for the
conversion of 18 into lactone 2, but by changing to an ami-
ne:ICl ratio of 1:1.5, 2 was obtained in 66% yield with 34%
ee. Only amide 19a (Figure 8) was reactive when the stereo-
selective lactonization protocol was used (amine:ICl ratio of
2:1) to give 2 in 37% ee, albeit in a low yield (43%), which
might be due to the low solubility of 19a in dichlorome-
thane. All other amide derivatives 19b–d remained unreact-


Table 5. Iodolactonizations of 1 obtained by using enantiomerically pure
amines 9–14.


Amine 2 (ee) Amine 2 (ee)


3 45% (R) 10 41% (R)
4 26% (S) 11 3% (R)
9a (R1=H, R2=Me) 20% (R) 12 30% (R)
9b (R1=R2=Me) 13% (R) 13 19% (R)
9c (R1=H, R2=Boc) 0% 14a R=O-menthyl 0%
9d (R1=H, R2=Ts) 0% 14b R=3,5-dinitrobenzoyl 0%


Figure 6. Differently substituted iodiranium ions 15.


Scheme 3. Iodolactonization of electronically modified acids 16.


Figure 7. Correlation of Hammett sþ
p values with enantioselectivities in


the iodolactonization of unsaturated acids 16.


Figure 8. Ester 18 and amides 19 used in iodocyclizations.
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ed when the stereoselective lactonization protocol was used,
and only an iodine solution in aqueous THF could affect the
lactonization.


The fact that ester 18 and amide 19 can be cyclized with
selectivities comparable to the cyclization of the acid 1 (R=


Ph) implies that the stereoselecting step is the face-selective
attack of the double bond by the amine–ICl complex, rather
than a precomplexation in an acid–base reaction prior to
lactonization. A reaction of the solid amine–ICl complex
and the carboxylic acid 1 in a solid-state reaction also led to
lactone 2. Grinding the two solids in a mortar produced lac-
tone 2 with 14% ee, and the selectivity could be increased
to 34% ee by cooling with liquid nitrogen.


The synthesis of the unsaturated acid 20 with a tetrasub-
stituted double bond was performed by using a Claisen rear-
rangement. The subsequent iodolactonization proceeded at
a similar reaction rate and identical selectivites (45% ee) in
the lactone 21 were obtained (Scheme 4).


Conclusion


The formation of chiral electrophilic complexes between pri-
mary amines and ICl was investigated, and the existence of
two possible chiral complexes was hypothesized and sup-
ported by the results of ab initio and DFT calculations. By
combining all the data obtained from NMR titrations, UV/
Vis studies, crossover experiments, and ester as well as
amide lactonizations, we conclude that the stereoselecting
step is most likely to be the attack of the double bond with-
out previous reagent–substrate interaction via the carboxylic
acid moiety. The formation and the charge distribution of
unsymmetric iodiranium ions were successfully related to
the Hammett substituent constants. This study should now
lead to the development of new and more efficient chiral
ICl complexes for a broad range of reagent-controlled ster-
eoselective iodocyclizations.


Experimental Section


All reactions were performed under an argon atmosphere with anhy-
drous solvents. The 1H and 13C NMR spectra were recorded in CDCl3 by
using TMS as an internal standard. Melting points are uncorrected. The
enantiomerically pure amines 3, 4, and 12 are commercially available.


NMR titration of 1-phenyl-1-ethylamine 4 with ICl : A solution of 4
(585 mL, 0.057m in CDCl3) was placed in an NMR tube. A solution of ICl
(0.85m in CDCl3) was added in amounts of 10 mL and an NMR spectrum
(300 MHz) was recorded after each addition.


General procedure for iodocyclizations : The enantiomerically pure
amine (0.46 mmol) was dissolved in CH2Cl2 (3 mL) and stirred with ICl
(0.23 mmol, 0.23 mL of a 1m solution in CH2Cl2) for 35 min at 33 8C.
After cooling to �78 8C, the unsaturated carboxylic acid 1 (0.115 mmol),
dissolved in CH2Cl2 (1 mL), was added. After 10 min, aqueous Na2S2O3


(10%) was added and the reaction mixture was allowed to warm up to
room temperature. The reaction mixture was extracted with CH2Cl2 (2L
6 mL) and the combined organic layers were dried with MgSO4. The
product 2[26] was purified by performing preparative TLC (tert-butylmeth-
yl ether/pentane 1:2).


General procedure for the synthesis of 4-aryl-4-pentenoic acid esters :
The boronic acid (4 mmol), KF (12 mmol, 936 mg), and [Pd2(dba)3]
(0.06 mmol, 55 mg) were dissolved in THF (3 mL), then 4-bromo-4-pen-
tenoic acid tert-butyl ester[27] (4.4 mmol, 1.03 g) or 4-bromo-4-pentenoic
acid ethyl ester[28] (4.4 mmol, 911 mg), and tris-(o-tolyl)phosphine
(0.16 mmol, 49 mg) were added. After 4–10 h, the reaction was filtered
over celite. The celite pad was washed with diethyl ether (250 mL). After
evaporation of the solvent, the crude product was purified by performing
flash chromatography (silica gel, tert-butylmethyl ether/pentane 1:10). All
products obtained were clear, colorless oils.


4-Phenyl-4-pentenoic acid (1): For spectral data, see reference [29].


5-Iodomethyl-5-phenyl-dihydrofuran-
2-one (2): For spectral data, see Sup-
porting Information of reference [7].


(R)-N-Methyl-1,2,3,4-tetrahydro-1-
naphthylamine (9a): For preparation
and spectral data, see reference [30].


(R)-N,N-Dimethyl-1,2,3,4-tetrahydro-
1-naphthylamine (9b): For preparation
and spectral data, see reference [31].


(R)-1,2,3,4-Tetrahydronaphthyl car-
bamic acid tert-butyl ester (9c): (R)-
1,2,3,4-tetrahydro-1-naphthylamine
(7 mmol, 1 g) and Et3N (1.5 mL) were


dissolved in CH2Cl2 (10 mL), cooled to 0 8C, and di-tert-butyldicarbonate
(9 mmol, 1.96 g) was added and allowed to warm to RT. After stirring for
10 h, the reaction was diluted with H2O (50 mL) and extracted with
CH2Cl2 (3L30 mL). After evaporation of the solvent and the perfor-
mance of flash chromatography (silica gel, tert-butylmethyl ether/pentane
1:2), 9c was obtained quantitatively (1.75 g, 100% yield). M.p. 76–78 8C;
1H NMR (CDCl3, 400 MHz): d=1.95–1.86 (m, 1H), 1.95–1.86 (m, 1H),
2.73–2.57 (m, 2H), 4.75 (m, 2H), 6.96–6.92 (m, 1H), 7.09–7.02 (m, 2H),
7.26–7.21 ppm (m, 1H); IR: ñ=3328, 3054, 3013, 1694, 1494, 1454, 1391,
1174 cm�1; MS (EI): m/z (%): 248 (25) [M+H+], 218 (45), 158 (50), 148
(100), 130 (55), 100 (78); HRMS: calcd for C15H22O2N [M+]: 248.1644;
found: 248.1644.


(R)-4-Methyl-N-(1,2,3,4-tetrahydronaphth-1-yl)benzenesulfonamide (9d):
For preparation and spectral data, see reference [32].


(R)-1-Azido-7-methoxy-1,2,3,4-tetrahydronaphthalene : (S)-1-Hydroxy-7-
methoxy-1,2,3,4-tetrahydronaphthalene[33] (110 mg, 0.62 mmol) was dis-
solved in toluene (2.3 mL) and diphenylphosphorylazide (166 mg,
0.68 mmol) was added. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU)
(160 mg, 1 mmol) was then added and the reaction was stirred overnight
at room temperature. The reaction mixture was then partitioned between
CH2C12 and saturated NH4C1, washed with brine, dried over MgSO4, and
concentrated under reduced pressure. The resulting clear yellow oil was
purified by performing flash chromatography (silica gel, tert-butylmethyl
ether/pentane 1:9) to yield (R)-1-azido-7-methoxy-1,2,3,4-tetrahydro-
naphthalene (86 mg, 68% yield); 1H NMR (CDCl3, 250 MHz): d=1.62–
1.93 (m, 4H), 2.49–2.73 (m, 2H), 3.72 (s, 3H), 4.66 (t, J=6.3 Hz, 1H),
6.58–6.74 (m, 2H), 6.89–7.02 ppm (m, 1H); 13C NMR (CDCl3,
62.5 MHz): d=19.4, 28.0, 29.2, 55.4, 59.7, 113.3, 114.8, 129.4, 130.4, 134.7,
157.8 ppm; IR (neat): ñ=2932, 2835, 2361, 2341, 2096, 1614, 1505, 1456,
1254, 1149, 1039, 808, 668 cm� ; MS (EI): m/z (%): 203 (10) [M+], 174
(9), 161 (100), 146 (12), 128 (8), 115 (15), 89 (9), 74 (7), 51 (16); HRMS:
calcd for C11H14N3 [M++H]: 204.2511; found: 204.2513.


Scheme 4. Synthesis and lactonization of acid 20 with a tetrasubstituted double bond.
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(R)-7-Methoxy-1,2,3,4-tetrahydronaphthylamine (10):[34] 1-Azido-7-me-
thoxy-1,2,3,4-tetrahydronaphthalene (86 mg, 0.39 mmol) was dissolved in
anhydrous methanol, and 10% palladium on charcoal (2 mg) was added.
The solvent was then thoroughly degassed and saturated with H2. The re-
action mixture was stirred for 30 min. Purification by performing prepa-
rative TLC (ethyl acetate/MeOH 4:1) yielded 20 mg (38%) 10 ; 1H NMR
(CDCl3 250 MHz): d=1.78–2.01 (m, 4H), 2.68–2.78 (m, 2H), 3.90 (s,
3H), 3.95 (t, J=6 Hz, 1H), 6.76 (m, 1H), 7.00 ppm (m, 2H); 13C NMR:
d=19.5, 28.4, 29.7, 31.8, 49.7, 55.4, 112.3, 114.2, 129.0, 130.1, 157.9 ppm.


(R)-8-Amino-5,6,7,8-tetrahydroquinoline (11): rac-8-Hydroxy-5,6,7,8-tet-
rahydroquinoline[22] was separated into the enantiomers by performing
HPLC (Daicel Chiracel OD, 21 mmL250 mm), at 6 mLmin�1 with 2-
propanol/hexane 1:4 as eluent. Rf (S)=18 min, Rf (R)=24 min. The (S)-
enantiomer was converted into amine 11 by following the procedure in
reference [22].


1,2,3,4-Tetrahydrophenanthren-4-ol : NaBH4 (62 mg, 1.68 mmol) was
added to a solution of 2,3-dihydrophenanthren-4(1H)-one[35] (300 mg,
1.53 mmol) in MeOH at 0 8C. The reaction mixture was warmed to room
temperature and stirred for 6 h. The solvent was evaporated and the resi-
due was treated with saturated aqueous NH4Cl (3 mL) and then extract-
ed with CH2Cl2 (4L3 mL). The combined organic layers were dried over
MgSO4 and the solvent was removed under reduced pressure to yield
298 mg (98%) of 1,2,3,4-tetrahydrophenanthren-4-ol; 1H NMR (CDCl3,
400 MHz): d=1.68–2.04 (m, 3H), 2.11–2.20 (m, 1H), 2.71–2.89 (m, 2H),
5.31 (t, J=3.3 Hz, 1H), 7.14 (d, J=8.5 Hz, 1H), 7.34 (dt, J=7.4, 0.7 Hz,
1H), 7.46 (dt, J=7.0, 1.4 Hz, 1H), 7.59 (d, J=8.4 Hz, 1H), 7.68 (d, J=
8.1 Hz, 1H), 8.13 ppm (d, J=8.5 Hz, 1H); 13C NMR (CDCl3, 100 MHz):
d=17.2, 30.3, 31.7, 63.5, 123.4, 125.1, 126.6, 128.0, 128.2, 128.6, 132.0,
132.4, 132.6, 135.3 ppm; MS (EI): m/z (%): 198 (83) [M+], 180 (100), 164
(62), 152 (27), 140 (77), 115 (38) 90 (26), 76 (21), 63 (25); HRMS: calcd
for C14H18ON [M++NH4]: 216.1383; found: 216.1385.


4-Azido-1,2,3,4-tetrahydrophenanthrene : Mesyl chloride (50 ml,
0.404 mmol) was added to a solution of 1,2,3,4-tetrahydrophenanthren-4-
ol (20 mg, 0.101 mmol), 4-dimethylaminopyridine (DMAP) (74 mg,
0.606 mmol), and NaN3 (328 mg, 5.05 mmol) in CH2Cl2 (3 mL) at 0 8C.
After 30 min, the reaction mixture was allowed to warm to room temper-
ature and DMSO (1.5 mL) was added. The mixture was stirred for 3 d
and then quenched with water. The aqueous phase was extracted with
CH2Cl2 (3L3 mL) and the combined organic layers were washed with sa-
turated aqueous NaCl (4L5 mL) and dried over MgSO4. The solvent was
removed under reduced pressure and the crude product was purified by
performing flash chromatography (silica gel, diethyl ether/petroleum
ether 2:1) to yield 17 mg (75%) of product. The racemate was separated
by subjecting it to preparative HPLC (Daicel Chiracel OD, 21 mmL
250 mm, 5 mLmin�1, 15 8C), Rf (R)=10.1 min, [a]20


D =++278 (c=0.35,
CHCl3); Rf (S)=18.8 min, [a]20


D =�276 (c=0.35, CHCl3);
1H NMR


(CDCl3, 400 MHz): d=1.82–2.05 (m, 3H), 2.22–2.38 (m, 1H), 2.77–2.98
(m, 2H), 5.04 (s, 1H), 7.14 (d, J=8.1 Hz, 1H), 7.39 (dt, J=5.6, 1.3 Hz,
1H), 7.48 (dt, J=7.1, 0.6 Hz, 1H), 7.66 (d, J=8.5 Hz, 1H), 7.73 (d, J=
7.5 Hz, 1H), 8.0 ppm (d, J=8.9 Hz, 1H); 13C NMR (CDCl3, 100 MHz):
d=16.9, 28.6, 28.8, 53.9, 121.7, 124.3, 125.8, 126.1, 126.7, 127.6, 127.8,
131.1, 131.4, 135.1 ppm; IR (thin film): ñ=3051, 2938, 2094, 1626, 1602,
1510, 1430, 1292, 1263, 1233, 1190, 1058, 901, 848, 814, 743 cm�1; HMRS:
calcd for C14H13N3 [M+]: 223.1104; found: 223.1101.


(R)-1,2,3,4-Tetrahydrophenanthrene-4-amine (13): (R)-4-Azido-1,2,3,4-
tetrahydrophenanthrene (86 mg, 0.39 mmol) was dissolved in anhydrous
methanol, and 10% palladium on charcoal (2 mg) was added. The sol-
vent was then thoroughly degassed and saturated with H2. The reaction
mixture was stirred for 30 min. The solution was filtered through celite
and the solvent was removed under reduced pressure. Purification by
using preparative TLC with ethyl acetate/MeOH 4:1 yielded 20 mg
(26%) 13 ; [a]20


D =22 (c=1, CHCl3);
1H NMR (CDCl3, 400 MHz): d=1.7–


2.05 (m, 4H), 2.76–2.90 (m, 2H), 4.64 (s, 1H), 7.10 (d, J=8.4 Hz, 1H),
7.34 (dt, J=7.1, 0.9 Hz, 1H), 7.44 (dt, J=7.0, 1.3 Hz, 1H), 7.56 (d, J=
8.4 Hz, 1H), 7.71 (d, J=8.1 Hz, 1H), 8.08 ppm (d, J=8.5 Hz, 1H);
13C NMR (CDCl3, 100 MHz): d=17.1, 30.3, 31.9, 44.5, 123.3, 124.8, 126.4,
127.1, 128.2, 128.8, 132.0, 132.7, 133.9, 134.8 ppm; IR (thin film): ñ=2926,
2360, 1508, 1442, 1262, 806, 742, 668 cm�1; MS: m/z (%): 198 (13) [M+],


181 (25), 180 (100), 168 (33), 154 (31), 84 (16), 69 (15), 57 (16), 43 (21),
40 (25); HRMS: calcd for C14H16N [M++H]: 198.1277; found: 198.1280.


(3R,4R)-trans-4-(3,5-Dinitrobenzamido)-3-propyl-1,2,3,4-tetrahydrophen-
anathrene (14b): (3R,4R)-trans-4-(3,5-Dinitrobenzamido)-3-propenyl-
1,2,3,4-tetrahydrophenanathrene (500 mg, 1.15 mmol) was dissolved in a
1:1 mixture of dry THF/2-propanol (5 mL). Wilkinsons catalyst (0.5
mol%) was added and the mixture was stirred under hydrogen for 48 h.
The solvent was removed under reduced pressure and the product was
purified by performing flash chromatography (silica gel, petroleum ether/
Et2O 4:1); 1H NMR (CDCl3, 400 MHz): d=0.89 (t, J=7.6 Hz, 3H), 1.14–
1.31 (m, 1H), 1.41–1.72 (m, 4H), 1.92–2.04 (m, 2H), 2.94–3.10 (m, 2H),
5.98 (dd, J=9.5, 3.4 Hz, 1H), 6.26 (d, J=9.5 Hz, 1H), 7.10 (d, J=8.5 Hz,
1H) 7.33 (t, J=7.3 Hz, 1H), 7.43 (dt, J=7.8, 1.1 Hz, 1H), 7.42 (d, J=
8.5 Hz, 1H), 7.52 (d, J=8.5 Hz, 1H), 8.00 (d, J=8.5 Hz, 1H), 8.73 (d, J=
2.0 Hz, 2H), 8.95 ppm (t, J=2.1 Hz, 1H); 13C NMR (CDCl3, 100 MHz):
d=14.8, 20.9, 24.0, 30.8, 34.9, 39.8, 48.1, 121.4, 132.0, 125.9, 127.5, 127.7,
128.1, 129.1, 130.9, 132.3, 132.8, 135.8, 138.2, 148.8, 162.2 ppm; IR (KBr):
ñ=3339, 7632, 1541, 1526, 1345, 1083, 913, 804, 729 cm�1; MS: m/z (%):
433.3 (37) [M]+ , 432.3 (100), 210.1 (20), 166.8 (24), 62.0 (8); HRMS:
calcd for C24H24N3O5 [M++H]: 434.1710; found: 434.1715.


4-p-Tolyl-4-pentenoic acid ethyl ester : Yield: 34%, colorless oil;
1H NMR (CDCl3, 400 MHz): d=1.27 (t, J=7.2 Hz, 3H), 2.38 (s, 3H),
2.50 (t, J=7.8 Hz, 2H), 2.86 (t, J=7.8 Hz, 2H), 4.15 (q, J=7.2 Hz, 2H),
5.08 (s, 1H), 5.31 (s, 1H), 7.17 (d, J=8.0 Hz, 2H), 7.34 ppm (d, J=
8.0 Hz, 2H); 13C NMR (CDCl3, 100 MHz): d=14.6, 21.9, 30.9, 33.8, 60.8,
112.4, 126.4, 129.5, 133.8, 139.4, 147.1, 173.6 ppm; IR (neat): ñ=3104,
3041, 2979, 1735, 1628, 1492, 1370 cm�1; MS: m/z (%): 218 (42) [M+],
145 (100), 129 (50), 115 (92), 91 (13), 77 (7), 55 (9); HRMS: calcd for
C14H19O2 [M++H]: 219.1385; found: 219.1386.


4-p-Tolyl-4-pentenoic acid (16b): 4-p-Tolyl-4-pentenoic acid ethyl ester
(1.28 mmol, 280 mg) was stirred in a 1m LiOH solution in aqueous EtOH
(60%) for 10 h. After evaporation, dilution with water, and extraction
with CH2Cl2, the organic extracts were dried over MgSO4. After evapora-
tion of the solvent and recrystallization (petroleum ether), 90 mg (55%
yield) of 13b was obtained. For spectral data, see Supporting Information
of reference [7].


4-(4-Chlorophenyl)-4-pentenoic acid tert-butyl ester : Yield: 60%, color-
less oil; 1H NMR (CDCl3, 400 MHz): d=1.36 (s, 9H), 2.30 (t, J=7.7 Hz,
2H), 2.69 (t, J=7.6 Hz, 2H), 5.02 (s, 1H), 5.20 (s, 1H), 7.40–7.28 ppm
(m, 4H); 13C NMR (CDCl3, 100 MHz): d=28.1, 30.5, 34.2, 80.4, 113.2,
128.4, 129.0, 133.3, 139.2, 146.0, 178.4 ppm; IR (neat): ñ=3083, 2978,
1729, 1628, 1492, 1455, 1148 cm�1; MS: m/z (%): 284 (40) [M++NH4],
228 (100), 194 (18), 165 (8), 108 (18), 91 (13); HRMS: calcd for
C15H23ClO2N [M++NH4]: 284.1417; found: 284.1426.


4-(4-Chlorophenyl)-4-pentenoic acid (16c): 4-(4-Chlorophenyl)-4-pente-
noic acid tert-butyl ester (2 mmol, 500 mg) and silica (10 g) were refluxed
in toluene (5 mL) for 2 h.[36] After filtration over celite, a basic extraction
with 1n NaOH and extraction with CH2Cl2 after acidification with 1n
HCl yielded 250 mg (60%). For spectral data, see Supporting Informa-
tion of reference [7].


4-(4-Trifluoromethylphenyl)-4-pentenoic acid tert-butyl ester : Yield:
64%, colorless oil; 1H NMR (CDCl3, 400 MHz): d=1.36 (s, 9H), 2.32 (t,
J=7.7 Hz, 2H), 2.75 (t, J=7.5 Hz, 2H), 5.12 (s, 1H), 5.30 (s, 1H), 7.40
(d, J=8.2 Hz, 2H), 7.49 ppm (d, J=8.9 Hz, 2H); 13C NMR (CDCl3,
100 MHz): d=28.1, 30.5, 34.2, 80.4, 113.2, 124.5 (1JCF=260 Hz), 125.7,
126.9, 130.0 (2JCF=30 Hz), 144.8, 146.5, 172.6 ppm; IR (neat): ñ=3086,
3005, 2980, 1730, 1616, 1573, 1455, 1368, 1325, 1150 cm�1; MS: m/z (%):
318 (100) [M++NH4], 262 (67), 228 (5), 199 (18), 115 (11), 77 (6.5);
HRMS: calcd for C16H23F3O2N [M++NH4]: 318.1681; found: 318.1676.


4-(4-Trifluoromethylphenyl)-4-pentenoic acid (16d): 4-(4-Trifluorome-
thylphenyl)-4-pentenoic acid tert-butyl ester (1.1 mmol, 270 mg) and
silica (10 g) were refluxed in toluene (5 mL) for 2 h.[36] After filtration
over celite, a basic extraction with 1n NaOH and 1n HCl yielded 280 mg
(93%). For spectral data, see Supporting Information of reference [7].


Iodolactones (17): For spectral data, see Supporting Information of refer-
ence [7].


Chem. Eur. J. 2005, 11, 5777 – 5785 F 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5783


FULL PAPERIodine Monochloride–Amine Complexes



www.chemeurj.org





4-Phenyl-4-pentenoic acid tert-butyl ester (18): 1H NMR (CDCl3,
400 MHz): d=1.38 (s, 9H), 2.42 (t, J=7.8 Hz, 2H), 2.63 (t, J=7.8 Hz,
2H), 5.38 (s, 1H), 5.58 (s, 1H), 7.18–7.38 ppm (m, 5H).


Procedure for the synthesis of 19a and 19b : 4-Phenyl-4-pentenoic acid 2
(400 mg, 2.27 mmol) was dissolved in THF (5 mL). Carbonyldiimidazole
(368 mg, 2.27 mmol) was added dropwise in THF (5 mL). The reaction
was stirred for 30 min, then heated to reflux for 30 min, and cooled to
room temperature. p-Toluenesulfonamide (428 mg, 2.5 mmol) [methane-
sulfonamide 260 mg, 2.5 mmol] was added in one portion, and 1,8-
diazabicyclo[5.4.0]undec-7-ene (339 ml, 2.27 mmol) dissolved in THF
(2 mL) was added. The product was poured onto 1m HCl and extracted
with tert-butylmethyl ether (3L20 mL). The combined organic phases
were dried over MgSO4 and concentrated under reduced pressure. Flash
chromatography with ethylacetate/pentane (1:2) and then CH2Cl2/metha-
nol (100:1) yielded 19a (367 mg, 50%) [19b : 430 mg, 75%].


N-(4-Phenyl-4-pentenoyl)-4-toluenesulfonamide (19a): M.p. 74–76 8C;
1H NMR (CDCl3, 300 MHz): d=2.39 (m, 5H), 2.71 (t, J=8.4 Hz, 2H),
4.96 (s, 1H), 5.20 (s, 1H), 7.30–7.23 (m, 7H), 7.92 ppm (d, J=8.4 Hz,
2H); 13C NMR (CDCl3, 75 MHz): 21.5, 29.5, 34.9, 113.1, 125.9, 127.6,
128.3, 128.8, 129.5, 135.4, 139.9, 145.0, 145.9, 170.7 ppm; IR: ñ=3346,
1826, 1712, 1496, 1428, 1440, 1340, 1477, 1086, 103, 91, 850, 815, 779, 704,
666 cm�1; MS: m/z (%): 330 (100) [M+], 174 (38), 155 (25), 131 (28), 117
(12), 103 (10), 91 (58), 77 (20), 55 (26), 43 (18); HRMS: calcd for
C18H20NO3S [M++H]: 330.1119; found: 330.1161.


N-(4-Phenyl-4-pentenoyl)-methylsulfonamide (19b): M.p. 121–124 8C;
1H NMR (CDCl3, 300 MHz): d=2.46 (t, J=7.8 Hz, 2H), 2.88 (t, J=
7.8 Hz, 2H), 3.21 (s, 3H), 5.12 (s 1H), 5.34 (s, 1H), 7.41–7.26 ppm (m,
5H); 13C NMR (CDCl3, 75 MHz): 29.9, 35.3, 41.5, 113.9, 129.1, 727.9,
128.6, 139.8, 146.1, 171.3 ppm; IR: ñ=3246, 3082, 3052, 3031, 2983, 2932,
2883, 1811, 1718, 1700, 1626, 1466, 1332, 1182, 1126, 980, 901, 894, 869,
779, 518, 509 cm�1; MS: m/z (%): 254 (100) [M+], 174 (9), 159 (27),
131.(34), 117 (14), 91 (17), 89 (10); HRMS: calcd for C12H16NO3S [M+


+H]: 254.0851; found: 254.0851.


Procedure for the synthesis of 19c and 19d : DMAP (28 mg, 0.227 mmol)
was dissolved in CH2Cl2 (2 mL), and N-(3-dimethylaminopropyl)-N’-
ethyl-carbodiimide hydrochloride (EDCI) (436 mg, 2.27 mmol) dissolved
in CH2Cl2 (5 mL) was added at 0 8C. 4-Phenyl-4-pentenoic acid (400 mg,
2.27 mmol) dissolved in CH2Cl2 (5 mL) was added dropwise. Propylamide
(205 mL, 2.27 mmol) [benzylamide 273 mL, 2.27 mmol] was added slowly
to the reaction. The mixture was warmed to room temperature over 2 h,
poured onto water, and extracted with CH2Cl2 (3L20 mL). The combined
organic phases were washed with brine, dried over MgSO4, and concen-
trated under reduced pressure. Flash chromatography with tert-butyl-
methyl ether/pentane (1:1) yielded 19c (346 mg, 70%) [19d : 400 mg,
66%].


N-Propyl-4-phenyl-4-pentenamide (19c): M.p. 54–56 8C; 1H NMR
(CDCl3, 300 MHz): d=0.89 (t, J=8.1 Hz, 3H), 1.50–1.43 (m, 2H), 2.29
(t, J=8.1 Hz, 2H), 2.85 (t, J=8.1 Hz, 2H), 3.15 (q, J=6.6 Hz, 2H), 5.09
(s, 1H), 5.29 (s, 1H), 5.74 (s, 1H), 7.41–7.23 ppm (m, 5H); 13C NMR
(CDCl3, 100 MHz): d=11.3, 22.7, 31.1, 35.3, 41.1, 112.9, 126.0, 127.5,
128.3, 140.4, 147.1, 172.2 ppm; IR: ñ=3303, 3079, 2958, 2872, 1956, 1894,
1798, 1638, 1542, 1492, 1444, 1372, 1339, 1263, 1232, 1169, 1025, 895, 777,
704 cm�1; MS: m/z (%): 218 (100) [M+], 132 (16), 117 (7), 60 (13), 55
(12), 43 (34); HRMS: calcd for C14H20NO [M++H]: 218.1500; found:
218.1548.


N-Benzyl-4-phenyl-4-pentenamide (19d): M.p. 88–90 8C; 1H NMR
(CDCl3, 300 MHz): d=2.30 (t, J=7.5 Hz, 2H), 2.83 (t, J=7.5 Hz, 2H),
4.32 (d, J=5.4 Hz, 2H), 5.06 (s, 1H), 5.26 (s, 1H), 6.04 (s, 1H), 7.36–
7.18 ppm (m, 10H); 13C NMR (CDCl3, 75 MHz): d=31.0, 35.2, 43.4,
113.0, 126.0, 127.3, 127.5, 127.6, 128.3, 128.5, 138.2, 140.3 ppm; IR: ñ=
3298, 3050, 2947, 1952, 1881, 1805, 1786, 1752, 1632, 1551, 1493, 1454,
1381, 1223, 1160, 1075, 1029, 996, 890, 778, 747, 695 cm�1; MS: m/z (%):
266 (80) [M++H], 147 (5), 131 (10), 117 (7), 106 (11), 91 (9); HRMS:
calcd for C18H20NO [M++H]: 265.1467; found: 265.1543.


Methyl 5-methyl-4-phenylhex-4-enoate : 2-Methyl-3-phenylbut-3-en-2-
ol[37] (799 mg, 4.9 mmol), trimethyl orthoformate (5.88 g, 49 mmol), and
acetic acid (30 mg, 0.5 mmol) were heated to 125 8C for 2 h. The tempera-
ture was increased to 1408 for a further 6 h and the reaction mixture was


then concentrated under reduced pressure. After recrystallization, methyl
5-methyl-4-phenylhex-4-enoate was obtained (431 mg, 40% yield);
1H NMR (CDCl3, 400 MHz): d=1.45 (s, 3H), 1.72 (s, 3H), 2.18 (t, J=
7.8 Hz, 2H), 2.61 (t, J=7.8 Hz, 2H), 3.53 (s, 3H), 6.98 (m, 2H), 7.12 (m,
1H), 7.20 ppm (m, 2H); 13C NMR (CDCl3, 62.5 MHz): d=20.5, 22.6,
30.0, 33.2, 51.8, 126.5, 128.3, 128.4, 129.0, 129.4, 129.5, 133.6, 143.2,
174.2 ppm.


5-Methyl-4-phenylhex-4-enoic acid (20): Methyl 5-methyl-4-phenylhex-4-
enoate (280 mg, 1.28 mmol) was dissolved in a 5:1 mixture of THF and
water. LiOH (118 mg, 2.82 mmol) was added and the mixture was heated
to reflux for 16 h. The reaction mixture was neutralized with 5n HCl and
extracted with CH2Cl2 (3L10 mL). The combined organic layers were
dried over MgSO4, the solvent removed under reduced pressure, and the
product purified by performing column chromatography (petroleum
ether/Et2O 4:1) to obtain 20 in 97% yield (257 mg); 1H NMR (CDCl3,
400 MHz): d=1.43 (s, 3H), 1.72 (s, 3H), 2.15 (t, J=7.8 Hz, 2H), 2.61 (t,
J=7.8 Hz, 2H), 6.98 (m, 2H), 7.12 (m, 1H), 7.20 ppm (m, 2H); 13C NMR
(CDCl3, 62.5 MHz): d=20.1, 22.3, 29.4, 32.8, 126.2, 128.1, 129.1, 129.2,
132.9, 142.7, 180.1 ppm; IR (thin film): ñ=3074, 2909, 2360, 1709, 1490,
1441, 1295, 1214, 1122, 1072, 1026, 929, 768, 702 cm�1; MS: m/z (%): 204
(92) [M+], 143 (68), 128 (100), 115 (71), 91 (45), 73 (32), 65 (28), 51 (37);
HRMS: calcd for C13H16O2 [M+]: 204.2682; found: 204.2687.


5-(2’-Iodo-2’methylethyl)-5-phenyldihydrofuran-2-one (21): This was syn-
thesized from 20 by using the standard iodolactonization procedure;
1H NMR (CDCl3, 400 MHz): d=1.8 (s, 3H), 2.03 (s, 3H), 2.36–2.52 (m,
2H), 2.67–2.79 (m, 2H), 7.28–7.39 ppm (m, 5H); 13C NMR (CDCl3,
62.5 MHz): d=20.3, 20.8, 28.3, 32.5, 41.6, 83.2, 123.8, 127.3, 129.3, 139.7,
173.6 ppm.
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