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Introduction


The discovery of biologically active substances and, in
particular, drug discovery require finding molecules that
interact selectively with given biological targets. In recent
years, a combinatorial chemistry (CC) approach has been very
actively pursued, fueled especially by the hope to gain quick
access to novel pharmaceuticals through the rapid generation
and screening of vast collections of molecules.


The corresponding combinatorial libraries (CLs) consist in
large, static populations of different, discrete molecules


prepared by means of the methodologies of molecular
chemistry and derived from a set of units connected in
various sequences by the repetitive application of specific
chemical reactions, with the aim of producing as high a
structural diversity as possible.[1±6] This procedure can of
course be extended to other areas, such as the combinatorial
preparation of multicomponent materials and the rapid
screening for their physical properties or the discovery of
novel catalyst for specific reactions.


In the present essay, we wish to outline the conceptual
framework of another approach to this new area of chemistry,
to provide some illustration from our own work and related
studies, and to point to possible extensions and perspectives.


Discussion


Basic conceptsÐfrom static to dynamic, from real to virtual,
and from prefabricated to adaptive : This conceptually differ-
ent approach resides in dynamic combinatorial chemistry
(DCC). It is based on dynamically generated combinatorial
libraries (DCLs), which are virtual in their generality, the
actual constituents present at any moment being just the real
subset of all those that are potentially accessible.[=] Its main
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[=] The use of the term virtual to designate the present combinatorial
libraries made accessible by DCC, deserves some comments. The
designation as dynamic combinatorial libraries is correct but incom-
plete, highlighting only one feature, that is, the ability of their
constituents to reversibly interconvert. However, they contain all the
potentially possible combinations of the components undergoing
dynamic random connection, whether these combinations are or are
not actually present in the conditions used. Thus, the virtuality
expresses both the potential combinatorial space available to the
system and the dynamic accessibility of these combinations. The actual
reification, that is, the generation of a real entity from the virtual set,
occurs in the presence of the target, whose preferential interaction with
a given member of the set leads to its expression (or to its amplification
within an equilibrating mixture of preformed constituents). As pointed
out by a referee the Unabridged Webster Dictionary understands
virtual as being a hypothetical particle, whose existence is inferred
from indirect evidence, while the Oxford Dictionary of New Words,
1997, points out that the meaning of virtual is more and more shifted to
not physically existing, but made to appear so from the point of view of
the user. We prefer to return to the philosophical/literary meaning of
virtual, that is, which is in the state of simple possibility in a real being
or, more commonly, which contains in itself all the essential conditions
to its own realization (Dictionnaire de la langue française, P. Robert).
The latter corresponds to the meaning we wish to convey in designating
the present combinatorial libraries as virtual.
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features are summarized in Fig-
ure 1 and are compared with
those of CLs themselves.


DCC relies on reversible
connection processes for the
spontaneous and continuous
generation of the constituents
of the DCL, that is, of all
possible combinations in na-
ture, number, and arrangement
of a set of basic components.
Since such multicomponent
self-assembly makes virtually
available all structural and in-
teractional features that these
combinations may display, its
amounts in effect to the pre-
sentation of a virtual combina-
torial library (VCL), that is,
dynamic, polymorphic, and
multipotent. This DCC/VCL
approach is target-driven : it rests on the conjecture that in
the presence of the target, that member of the VCL possessing
the features best suited for binding most strongly to the target
site, that is, the constituent presenting highest molecular
recognition, will be selectively expressed by the recruiting of
the correct components from the set of those available. The
VCL will narrow down to the thermodynamically-driven,
preferential expression of a real constituent through recep-
tor ± substrate molecular recognition.


DCC is thus rooted in supramolecular chemistry,[7] being
based on two of its main themes, self-assembly in the
generation of the library constituents and molecular recog-
nition in their interaction with the target entity. Self-assembly


in a multicomponent system is a combinatorial process with a
search procedure directed by the kinetic and thermodynamic
parameters imposed by the nature of the components and
their connections.


1) Reversibility is an essential feature of DCC. It gives access
to VCLs by the continuous recombination of the components
to make available at any instant all possible constituents of the
library. Whereas combinatorial chemistry is static, based on
libraries of stable noninterconverting molecules, the present
approach may be termed dynamic, since it exists in the
reversible combination of components.


2) CLs are molecular and real, and their constituents are
preformed by stepwise synthesis through covalent, nonre-
versible linkages. VCLs are molecular or supramolecular;
they may be termed virtual because their constituents may
not, and need not, exist in significant amounts in absence of
the assembling target.[=] They are generated spontaneously
through a reversible assembly process.[=]


The formation of the constituents of a VCL results from the
combination of its components either by covalent assembly
through a reversible chemical reaction (molecular VCL) or by
self-assembly through reversible noncovalent binding inter-
actions (supramolecular VCL). VCLs thus rely on the
spontaneous generation of dynamic molecular or supramo-
lecular diversity for the efficient and economical exploration
of the structure/energy hypersurface through reversible
recombination of a set of components. They display a sort of
molecular and supramolecular polymorphism.


The degree of completeness of the set of components
depends on the extent to which their possible combinations
cover the geometrical and interactional spaces of the target
site. The number of constituents that may be generated
amounts to [n(n� 1)(n� 2).. .(n� pÿ 1]/p! for the combina-
tion of n components p to p (without order) or to np


arrangements when the combinations are ordered. The
dynamic library of real constituents that actually exist at a


Abstract in French: Alors que la chimie combinatoire est
fondØe sur de vastes biblioth�ques de molØcules prØfabriquØes,
la chimie combinatoire dynamique (CCD) met en oeuvre la
connexion rØversible entre des ensembles d�unitØs de base pour
donner acc�s à des biblioth�ques combinatoires virtuelles
(BCVs) dont les constituants forment l�ensemble de toutes les
combinaisons possibles, potentiellement rØalisables. Le(les)
constituant(s) effectivement exprimØ(s) parmi tous ceux qui
sont accessibles, est(sont) celui(ceux) prØsentant la(les) plus
forte(s) interaction(s) avec la cible, c�est-à-dire la meilleure
reconnaissance molØculaire entre rØcepteur(s) et substrat(s). Le
processus global est donc informØ, combinatoire et dynamique.
Il permet d�Øviter la synth�se effective des constituants d�une
biblioth�que combinatoire en laissant la cible rØaliser elle-
meÃme l�assemblage du partenaire optimal. Il comprend à la fois
des aspects molØculaires et supramolØculaires. Les caractØristi-
ques de base de l�approche CCD/BCV sont dØcrites, de meÃme
que sa mise en oeuvre dans de nombreux domaines et les
perspectives qu�elle offre dans diffØrentes directions, telles que
la dØcouverte de substances biologiquement actives, de nou-
veaux matØriaux, de catalyseurs efficaces, etc. Finalement elle
participe au dØveloppement progressif d�une chimie adaptative.


Figure 1. Static and dynamic combinatorial chemistry; comparative basic features of real and dynamic virtual
combinatorial libraries.
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given moment is a subset of the VCL of all possible
constituents. In a CL there is a 1:1 correspondence between
a member of the library and the target, whilst a VCL is a
multiplexing system that establishes a n :1 adaptive corre-
spondence between a set of components and the target site.


3) The expression of a given member of a VCL results from
the fact that the dynamic process is conducted in the presence
of the target, whereas the members of a CL are fabricated
independently, in absence of the target. The entity expressed
from the virtual set of constituents of a VCL is that forming
the optimal supramolecular entity with the target site. In the
same way that protein folding cannot occur through the
successive exploration of all possible conformations at all
positions of the chain, combinatorial chemistry cannot con-
duct a full exploration of all possible combinations and
arrangements of molecular fragments into library molecules.
DCC makes use of a search procedure that is thermodynami-
cally-driven and bypasses the need to generate and screen all
possible molecules by letting the target direct the evolution of
the system towards the product that presents the strongest
interaction.


4) To this end, it is desirable to achieve an unbiased,
isoenergetic DCL, whose equilibrating constituents be of
similar free energy, so as to generate a Boltzmann distribution
displaying comparable population for its different states/
constituents. With a biased library, where one or a few
constituents would be highly favored, the preferred interac-
tion of a minor constituent with the target may not be strong
enough to overturn the equilibrium situation.


5) Dynamic combinatorial diversity may result in the gen-
eration of a given type of species either by virtue of internal
properties of the product(s) (self-selection)[7b,8] or through
interaction with external entities. The latter process amounts
to the generation of the fittest and presents adaptation and
evolution by spontaneous recombination under the selection
pressure exerted by changes in the partner(s) or in the
environmental conditions. It thus embodies a sort of (supra)-
molecular Darwinism!


Components and processes : DCC presents three basic
requirements: in addition to the selection of a satisfactory
set of components, a major task in the development of VCLs is
the search for suitable reversible processes to connect (or
interconvert) them. Furthermore, it is desirable to devise
procedures for quenching these processes so as to lock-in
irreversibly the constituent(s) expressed. Finally, practical,
but not minor, questions concern the characterization of the
constituent of the VCL that is being expressed.


1) The basic components of DCL constituents may be either
i) interactional, bearing the sites which provide interaction
with the target, ii) organizational, serving as framework on
which to assemble and arrange the first ones, or iii) combine
both features. The choice of these components must take into
consideration two main characteristics: the structural and
interactional features for binding to the target, and the


functional group(s) for reversible connection. Thus, the basic
set comprises a variety of fragments of different shapes, sizes,
and constitutions: aliphatic or aromatic, carbocyclic or
heterocyclic, positively or negatively charged, polar or non-
polar, electron donor or acceptor, hydrophilic or lipophilic, etc.


2) The reversible connections between the components con-
cern two levels.


At the molecular level, various reactions producing cova-
lent combinations between reagents may be considered
(Figure 2). Functional groups involving a carbonyl unit
(imines, esters, amides) are of special interest since they
may undergo disconnection/reconnection cycles (trans-imina-
tion, -esterification, -amidation). In particular, the (amine�
carbonyl) condensation into imine type compounds (such as
imines, oximes, hydrazones) takes place in mild conditions
and its products can be trapped irreversibly by reduction to
amines. Reactions such as thiol exchange in disulfides or
alcohol exchange in borate esters etc. are further candidates,
as well as reversible Diels ± Alder and Michael condensations
or olefin metathesis with catalysts that may be water soluble.
Photoinduced interconversions represent another possibility
leading to photodynamic combinatorial processes.


At the supramolecular level, the connections between the
components may involve organic (H-bonding, donor ± accep-
tor, Van der Waals, . . .) or inorganic (metal-ion binding)
interactions. The latter are particularly attractive in view of
the variety of arrangement geometries, binding energies, and
formation kinetics provided by metal-ion coordination.


In addition, molecular diversity can also be generated
through modifications in shape and spatial disposition pro-
vided by intramolecular dynamic processes, conformational
(internal rotation, ring or site inversion, rotation around
metallic rotules as in sandwich complexes, e.g., ferrocene
derivatives, etc.), and configurational (cis, trans interconver-
sion) changes or internal reversible rearrangements (includ-
ing fluxional changes in metallo-organic species) between
multiple states of not too different energies so as to be
populated to some extent. Tautomerism, in particular in
heterocyclic compounds, gives rise to dynamic diversity,
allowing a shift towards one of the tautomeric states in
response to interaction with the target or to environmental
factors. Protein folding makes in principle a very large variety
of virtual tertiary structures accessible that may be expressed
according to circumstances. An intriguing case of dynamic
presentation of different arrangements of functional groups
would be provided by multiply substituted derivatives of the
fluxional bullvalene molecule.


Higher diversity may be generated through multiple
combinations, by using polyvalent frameworks of various
types and shapes (linear, branched, globular etc., including
polymeric and dendrimeric structures) bearing several func-
tional groups and/or interaction sites for reacting/binding with
and collecting several different components.


In order to achieve an isoenergetic DCL (see above) it may
be desirable to introduce a spacer between the reactive
functional groups and the interaction/recognition subunits so
that all connections between different components have
similar strength.
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Figure 2. A selection of potentially reversible reactions, of interactions, and of intramolecular processes for the dynamic generation of virtual molecular and
supramolecular combinatorial libraries/diversity.
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Thus, the diversity of the VCLs made accessible by DCC
may originate in the structural plasticity resulting from
a) recombination of two or more components in a molecular
or b) in a supramolecular fashion, respectively through
reversible reactions or through organic/inorganic interactions,
and c) intramolecular interconversions in entities subject to
conformational, configurational or fluxional changes, or to
thermal or photoinduced rearrangements.


3) The lock-in of the self-assembled structures may be
achieved by performing a chemical reaction that irreversibly
links together the components of the entity represented by the
optimal combination. This is the case for instance, in the
reduction of imines to amines. On the other hand, a simple
change in conditions, such as temperature or pH, may slow
down the connective process so as to hinder the reversibility
and stabilize the product(s) sufficiently for practical purposes
of retrieval.


4) In addition to their difference in constitution, CLs and
VCLs also differ in the requirements for screening of the
library and retrieval of a given entity. Whereas the complex
mixture represented by a CL requires encoding procedures
(such as nucleotide sequences, chemical barcodes, radio
frequency microchips, etc.)[9] and the development of high
through-put screening (HTS) technologies, a VCL may in
principle be reduced to a few constituents or even to a single
one, thus bypassing the need to screen all constituents and
greatly facilitating detection and identification of the active
substance produced.


5) The characterization of the expressed constituent of a VCL
is greatly facilitated by the availability of efficient analytical
methods such as mass and NMR spectrometries, capillary
electrophoresis, micro HPLC, etc. These can be applied either
to the isolated constituent or even directly to its complex with
the target.[10] It is clear that the development of micro
methods and laboratory-on-a-chip[11] procedures will have a
strong impact on the implemen-
tation of combinatorial chemis-
try approaches.


Complementary morphogene-
sisÐcasting and molding : The
generation of CLs or of VCLs
may be applied either to the
discovery of a substrate for a
given receptor or to the con-
struction of a receptor for a
given substrate.


In the spirit of Emil Fischer�s
Lock and Key metaphor, the
constitution of a CL of sub-
strates amounts to the fabrica-
tion of a large collection of
keys, with the goal (hope?) that
one of them will fit the target
lock/receptor and be retrieva-
ble from the mixture. On the


other hand, a substrate VCL derives from a set of parts that
may spontaneously and reversibly assemble so as to generate
potentially a large set of different keys, one of which could fit
the lock/receptor, the degree of complementarity depending
on the way in which the features of the available parts are able
to cover the space of all possible shapes. The same image can
be applied to CLs and VCLs of receptors for a given substrate.


Thus, in the framework of VCLs two processes may be
considered, depending on whether a receptor or a substrate
acts as target-template for the assembly of the other partner:
casting involves the receptor-induced assembly of a substrate
that fits the receptor; conversely, molding involves the
substrate-induced assembly of a receptor that optimally
binds/fits the substrate (Figure 3). Both processes involve 1)
a set of components, 2) their reversible combination for
spontaneous diversity generation, and 3) the recognition-
directed selection of one partner by the other one (in fact,
both partners could in principle be self-assembled species). In
these processes the role of the target is related to the classical
template effect of coordination chemistry.


Implementation of the dynamic combinatorial approach :
Although its basic concepts have been formulated only
recently, the DCC/VCL approach has already been imple-
mented in inorganic, organic, and bioorganic processes. It may
operate in solution and also in organized phases, on a surface
(onto which one of the components could self-assemble or be
attached), or in molecular layers or membranes (containing
freely diffusing components).


Coordination chemistry offers by essence the possibility to
generate chemical diversity. Mixtures of ligands and metal
ions in exchange define a dynamic combinatorial coordination
chemistry. It is in the context of the reversible connection of
ligand components by means of metal ion coordination that
we were first led to consider such a dynamic combinatorial
process. The concept of the dynamic generation of molecular
and supramolecular diversity from the reversible recombina-
tion of building blocks emerged initially from our studies on


Figure 3. Dynamic generation of virtual combinatorial libraries. Top: casting processÐreceptor-induced self-
assembly of the complementary substrate from a collection of components serving as building blocks; it amounts
to the selection of the optimal substrate from a virtual substrate library. Bottom: molding processÐsubstrate-
induced self-assembly of the complementary receptor from a collection of structural components; it amounts to
the selection of the optimal receptor from a virtual receptor library. The diverse potential constituents of the
libraries (center, top, and bottom) are either covalently linked or noncovalently bound, reversibly generated
species that may or may not exist in significant amount(s) in the free state, in absence of the partner. The
components may either be directly connected or assemble reversibly on polyfunctional-supporting frameworks of
various structural types.
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the self-selection of ligands occuring in the formation of
double helical metal complexes (helicates), in which only the
correctly paired double helicates were produced from a
mixture of ligands and metal ions in dynamic coordination
equilibrium.[8] Indeed, such self-recognition already displays
basic features of DCC and VCLs: i) the self-assembly of a
supramolecular structure ii) by a reversible process with iii)
selection of the correct partner.


The VCL concept was then introduced and exemplified in
the dynamic, multicomponent self-assembly of circular dou-
ble helicates.[12] The coordination of several trisbipyridine
strands with hexacoordinated metal ions may in principle
generate circular helicates of any size, giving thus reversibly
access to a VCL of oligomeric circular helicates; this is
schematically represented in Figure 4. The actual complex
obtained depends on the conditions. Thus, the pentameric
entity 1 is expressed quantitatively in the presence of chloride
anions, owing to the strong binding of a single chloride ion in


the central cavity, a process that amounts to a molding event.
The corresponding hexameric species 2 is formed when the
larger tetrafluoroborate or sulfate anions are used. One may
point out that in analogy to biological processes, the chloride
anion plays here the role of a chaperone species, directing the
assembly towards a given architecture, which would not be
formed in its absence and which is conserved when the anion
is removed in non-equilibrating conditions after the structure
has been formed.


The DCC/VCL concept was presented in detail and
implemented through a casting process involving the recog-
nition-induced assembly of inhibitors of the enzyme carbonic


anhydrase.[13] In this study it was found that the reversible
recombination of structural fragments bearing aldehyde and
amine groups into a library of imines (Figure 5) led to a shift
of the equilibrium population towards that imine product that
was closest in structure to a known strong inhibitor of the
enzyme. A relevant study described the template-directed
imine formation between two trinucleotides in the presence of
the complementary hexamer.[14]


One may note that DCC should be well suited for the
exploration of protein surfaces and the inhibition of protein ±
protein interactions, in particular, towards the discovery of
allosteric effectors binding to locations not put to use in the
natural processes.


A molding process operates in the induced fit selection of a
receptor for dibutyl barbiturate 3 from a dynamic structural
and configurational/conformational library.[15] Other illustra-
tions from work in our laboratory concern the formation of an
equilibrating collection of copper(i) coordination architec-


tures, which narrows down to
the expression of a single con-
stituent in the solid state,[16] the
directed assembly of receptors
based on bipyridine metal com-
plexes by substrate H-bond-
ing,[17] the selective substrate
binding by lectins from a VCL
of saccharides,[18] and the gen-
eration of conformational di-
versity in N-alkylated oligopep-


tides.[19] Numerous other applications may be imagined and a
great variety of extensions may be envisaged, also into
nonbiological areas.


The DCC/VCL approach bears relation to a number of
dynamic processes scattered through the chemical and
biochemical literature (see refs. [6 ± 19] in ref. [13]). Its time-
liness is indicated by recent reports describing, for instance,
the interconversion of macrocyclic structures,[20] the dynamic
screening of a peptide library by binding to a molecular
trap,[21] the generation of peptide recognition sites in mixed
peptide monolayers[22] and of DNA-binding compounds from
an equilibrating mixture of zinc complexes,[23] the assembly of


Figure 4. A virtual dynamic combinatorial library of oligomeric circular helicates generated from a tritopic tris-
bipyridine ligand and metal ions of octahedral coordination. All constituents of the dynamic library are
potentially accessible at any time by reversible interconversion.
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cyclic inorganic architectures depending on substrate bind-
ing,[24] the selection of a bismacrocyclic receptor for a
tripeptide,[25] and the generation of a library of calixarene-
derived hydrogen-bonded assemblies under thermodynami-
cally controlled conditions.[26] A case of fluxional-configura-
tional diversity is represented by the dynamic molecular
recognition of a metal complex bearing carbohydrate residues
by lectins.[27] An olefin library for potential use in receptor-
assisted combinatorial synthesis (RACS) has been produced
by the metathesis reaction.[28] Molecular imprinting and
template processes display analogies through the adaptation
of the matrix to the substrate.[29±31] Of particular interest is the
generation of oligopeptide libraries through reversible pairing
of oligonucleotides bearing peptide units.[32]


Cases in which diversity generation is neither due to
multicomponent assembly nor thermally spontaneous, but is
based on photoinduced changes within a single molecule are
found in the selection of an arginine receptor molecule[33] and
of substituted diazobenzene substrates for a macrocyclic
receptor molecule;[34] in these instances the structural changes
are produced by cis ± trans isomerization around double bonds
that requires light irradiation. They represent examples of
photodynamic combinatorial processes.


Recent reports have already reviewed and commented
upon the early stages of development of this highly promising
DCC approach.[35±38]


Dynamic combinatorial materials : The combinatorial ap-
proach has also been applied to the fabrication of new
materials and the discovery of novel properties.[39] This is the
case for instance in the exploration of the electrical or optical


properties of solids. A significant further step is brought about
by the introduction of reversibility, which confers the dimen-
sion of dynamic diversity to the generation of novel materials.


We define dynamic materials as materials whose constitu-
ents are linked through reversible connections and undergo
spontaneous and continuous assembly/deassembly processes
in a given set of conditions. They are in fact either of
molecular or of supramolecular nature depending on whether
the links between the components are reversible covalent
connections or noncovalent ones.


Because of their intrinsic ability to exchange their constit-
uents, dynamic materials also offer combinatorial capability
thus giving access to dynamic combinatorial materials (DCMs),
whose composition, and therefore also properties, may change
by the reversible incorporation of different components in
response to internal or external factors (Figure 6), such as
structural compatibility, an electric or magnetic field, temper-
ature, pressure, medium, etc. The selection of a given
constitution occurs here on the basis of a given property
rather than of a binding/recognition process. This applies of
course as well to biomaterials based on derivatives of
biomolecules such as amino acids, nucleosides, or saccharides.
There is no doubt that the merging of dynamic with
combinatorial features offered by the extension of the DCC/
VCL concept to materials science, provides a range of novel
perspectives and may be expected to rapidly become an area
of active investigation and of great potential for application.


Supramolecular materials are by nature dynamic; they rely
on the explicit manipulation of the noncovalent forces that
hold the components together and of the recognition proc-
esses that they underlie, for their controlled and reversible


Figure 5. A dynamic combinatorial library of imines generated by reversible combination of a set of aldehydes and of amines. One member of the library
(bottom right corner) has features close to those of a strong inhibitor of carbonic anhydrase.
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Figure 6. Basic features of dynamic combinatorial materials.


build-up from suitable units by self-assembly. Hence, supra-
molecular materials are instructed, dynamic, and combinato-
rial ; they may in principle select their components in response
to external stimuli or environmental factors and thus behave
as adaptive materials (Figure 6).


Supramolecular polymer chemistry and dynamic combinato-
rial polymers : The combination of polymer chemistry with
supramolecular chemistry defines a supramolecular polymer
chemistry.[7a, 40, 41] It involves the designed manipulation of
molecular interactions (hydrogen bonding, donor ± acceptor
effects, etc.) and recognition processes to generate main-chain
(or side-chain) supramolecular polymers by the self-assembly
of complementary monomeric components (or by binding to
lateral groups). In view of the lability of these associations,
such entities present features of living polymers capable of
growing or shortening, of rearranging their interaction
patterns, of exchanging components, and of undergoing
annealing, healing, and adaptation processes (Figure 7).


Figure 7. Formation of main-chain supramolecular polymers by polyasso-
ciation of complementary components. Ri, Rj represent different subunits
fitted with recognition groups; a variety of such groups may be used. Cross-
linking components may also be introduced. The process is instructed,
dynamic, and combinatorial.


Supramolecular polymer chemistry is thus both dynamic and
combinatorial, and supramolecular polymers may be consid-
ered as DCMs. Similar considerations apply to the generation
and behavior of supramolecular liquid crystals,[40] and exten-
sions to other properties, such as optical ones,[42] may be
envisaged.


NanochemistryÐnanomaterials : Nanoscience and nanotech-
nology have become very active areas of investigation, in view
of both their basic interest and their potential applications.
The spontaneous but controlled generation of well-defined,
functional molecular or supramolecular architectures of
nanometric size through the programmed self-assembly from


mixtures of instructed components offers a very powerful
alternative to nanofabrication and to nanomanipulation.[7] It
provides a chemical approach to nanoscience and technology
that does not have to resort to stepwise bottom-up construc-
tion or to top-down prefabrication of specific nanostructures.
Self-assembling nanostructures possess dynamic and combi-
natorial features that confer to them the potential to undergo
healing and adaptation, as required for the development of
smart nanomaterials.


Dynamic combinatorial, what else?: In addition, to the
extension to materials science, one may envisage the imple-
mentation of dynamic combinatorial approaches in other
areas. Of major interest, is the development of combinatorial
methodologies for the discovery of novel catalysts.[43] The
DCC/VCL scheme may be applied towards the same goal by
grafting reactive groups to the basic components so as to
generate DCLs of potentially catalytic constituents. The self-
assembly of an inorganic catalyst represents a case in point.[44]


Transport processes and signal transduction may also take
advantage of DCC. For instance the dynamic assembly of
several different peptide chains in a membrane offers the
possibility to generate combinatorial multisubunit ion chan-
nels.[45±47] Dynamical combinatorial processes may be envis-
aged in and between molecular assemblies such as mono-
layers, membranes and vesicles containing suitably designed
and functionalized lipids. Information and signal transduction
through a membrane may make use of the dynamic combi-
natorial positioning of several components in and out of the
plane of a membrane to provide a very large number of
transmembrane patterns (see Figure 28, p. 126 in ref. [7a]).


Thus, the selection leading to the expression of a specific
constituent of a VCL is, in its generality, function-driven ; it
concerns not only target binding/recognition processes or
physical properties, but also chemical transformation and
catalysis as well as translocation and transduction events. The
DCC/VCL approach bears conceptual or formal analogies to
processes belonging to other areas of science, in particular to
biology. Such is for instance the case for the operation of the
immune system, which leads to the amplification of the active
component of the full antibody library. Combinatorial aggre-
gates of regulatory proteins allow the build-up of a large
number of regulatory circuits in cell function and in devel-
opmental biology. Also, in the scheme of assembly forming
connections of brain functions,[48] individual brain cells rapidly
change the partners with which they synchronize their
responses, so that the same cells are used in different
constellations, in a sort of VCL of neurons.


Conclusion


The DCC/VCL concept provides a unifying framework within
which the various entities and processes considered above can
be brought together in a coherent fashion. It emphasizes that
informed diversity is the goal, not diversity by sheer number. It
opens the way to the development of instructed, target- or
function-directed combinatorial chemistry, that is, of smart
combinatorial chemistry, where the sought-after property
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does the driving! It is clear that we are just at the start of the
exploration of the potential of dynamic combinatorial systems
and of virtual diversity presentation. Rapid and vigorous
development of this field may be expected.


In a quite different vein, combinatorial procedures with
dynamic features have also been implemented in the written
word and the arts, as illustrated for instance in contemporary
literature[49] and music.[50]


Finally, the DCC/VCL approach contributes to the percep-
tion of chemistry as an information science, spanning the
domains from biology to materials, and to its progression
towards complexity.[7] By its adjustability and evolutionary
character, it participates in the emergence of an adaptive
chemistry.[51]
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Introduction


General context : Recent years have witnessed a dramatic
growth of multidisciplinary research activity involving mate-
rials that exhibit nonlinear optical (NLO) behaviour.[1±6] NLO
effects are useful because they allow manipulation of the
fundamental properties of laser light beams, for example in
frequency doubling or tripling [second or third harmonic
generation (SHG/THG), respectively]. Besides being already
of widespread utility for SHG and THG in high-power laser
systems, NLO materials are of great importance for emerging
optoelectronic and photonic technologies relevant to appli-
cations such as optical computing. NLO activity can be found
in semiconductors and inorganic crystals such as LiNbO3,[1, 2]


and also in various molecular organic materials.[3±6] The latter
have attracted great interest owing to their potential advan-
tages over the conventional inorganics for advanced applica-
tions. Furthermore, the inherent tailorability of molecular
compounds renders them ideally suited for the creation of
materials possessing switchable NLO properties.


Origins of NLO behaviour in molecular materials : Although
detailed mathematical explanations of the nature and origins
of NLO effects are well beyond present scope, a brief
discussion from a chemist�s perspective is appropriate. At
the molecular level, NLO phenomena arise from subtle
interactions between polarizable electron density within a
material and the very strong alternating electric field of a laser
light beam. The resultant induced polarization response (P) of
a molecule can be expressed as a power series in the applied
field (E) according to the expression given in Equation (1).


P�aE�bE2�gE3� ... (1)


With normal values of E, the quadratic and cubic terms in
Equation (1) can be neglected, and only linear optical
behaviour is observed. The coefficient a is known as the
linear molecular polarizability and is related to the refractive
index of the material. However, under conditions where E
approaches the magnitude of atomic field strengths, such as in
a laser beam, the bE2 and gE3 terms in Equation (1) become
important and it is these which give rise to quadratic (second-
order) and cubic (third-order) NLO effects, respectively. The
coefficients b and g are termed molecular hyperpolarizabil-
ities.


The equivalent form of Equation (1) at the macroscopic
level is given in Equation (2), where the coefficients c(2) and


P� c(1)E� c(2)E2� c(3)E3� ... (2)


c(3) are the bulk hyperpolarizabilities of a molecular material.
Because quadratic NLO effects arising from c(2) are consid-
erably better understood and are also of greater immediate
practical utility than their cubic counterparts, the latter are
not considered further in this article.


Requirements for NLO activity : The vast majority of
molecular compounds that possess large b values contain
three basic components, namely, i) a powerful s/p-electron
donor group (D), ii) a powerful s/p-electron acceptor group
(A) and iii) a p-conjugated polarizable bridge connecting D to
A. The linear optical properties of such dipolar, polarizable
molecules are characterized by low-energy, intramolecular
charge-transfer (ICT) transitions. Representative examples of
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broadly dipolar molecules that exhibit pronounced quadratic
NLO activities are shown in Figure 1. Of these species, 1,[7] 3[8]


and 4[9] all contain amino D groups, whilst 2 features an
organometallic ferrocenyl D moiety.[10] The A units are an N-
methylpyridinium group (in 1), a coordinatively un-
saturated molybdenum nitrosyl complex centre (in 2), a
nitro group (in 3) and a 1,3-diethyl-2-thiobarbituric acid ring
(in 4).
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Figure 1. Representative examples of broadly dipolar molecules exhibiting
large quadratic NLO responses (TsOÿ� p-toluenesulfonate).


At the macroscopic level, the primary requirement for a
nonzero c(2) value is a noncentrosymmetric material featuring
some degree of alignment of the dipolar molecular constitu-
ents. The extent of potentially useful NLO activity hence
depends not only on molecular structure, but also on crystal-
packing arrangements (or the nature of the ordering within a
thin-film or other material).


Measurement of NLO properties : Although numerous factors
must be considered for device applications (e.g., thermal and
photochemical stability, processability, etc.) the quadratic
NLO properties of molecular materials are adequately
discussed here by reference to b and c(2) coefficients. c(2)


values are obtained from solid-state SHG experiments, whilst
b coefficients are measured in solution, and until recently the
only means for achieving this was the electric-field-induced
SHG (EFISHG) technique.[11] Since SHG cannot be observed


from an isotropic solution, poling with a strong external
electric field is used to create a partially noncentrosymmetric
macroscopic structure, and analysis of the second-harmonic
light affords the component of b along the dipolar axis. Within
the past few years the versatile hyper-Rayleigh scattering
(HRS) technique has also become available.[12] This relies
upon the fact that microscopic anisotropy within a solution
can produce incoherent harmonic scattering; this allows the
determination of different directional components of b. HRS
has certain advantages over EFISHG, for example, it does not
require knowledge of molecular dipole moments and is
applicable to charged and octopolar compounds that are not
ammenable to EFISHG study.


Measurements of b are typically made by the use of a
1064 nm NIR Nd3� :YAG laser fundamental (532 nm second
harmonic), and the resultant b1064 values are increased by
resonance enhancement. By using the two-level model,[13]


which is valid for dipolar molecules in which b is primarily
associated with a single ICT excitation, we can calculate b0


values. b0 is termed the zero-frequency hyperpolarizability and
is an estimate of the intrinsic molecular hyperpolarizability in
the absence of resonance effects. Applications of molecular
NLO materials will generally involve NIR lasers operating in
the region about 1000 ± 1500 nm, and b0 values represent
molecular quadratic NLO responses at such off-resonance
wavelengths.


Strategies for Switching of Quadratic NLO
Responses in Molecular Materials


The intriguing concept of molecular switches has recently
attracted great interest from a variety of perspectives.[14] A
molecular-scale switch is a fundamental component of any
true molecular electronic/photonic device, but the challenges
inherent in the creation and operation of such an entity are
formidable. An equally important, but more immediately
realisable objective is the production of materials which
exhibit useful bulk electronic/photonic properties that can be
switched by stimulating changes at the molecular and/or
macrosopic levels. As the molecular NLO field matures, it can
be anticipated that materials which exhibit switchable NLO
properties will find various novel applications.


For a classical D-p-A molecule, changes in the quadratic
NLO response will occur upon alteration of the electronic
properties of any, or all of, the individual functional units
(Scheme 1). To achieve a pronounced switching effect, the
molecule must be stable in two (or more) states that exhibit
very different NLO properties. Complete reversibility and a
high speed of switching are also highly desirable for practical
applications. Whilst molecular-level changes can be readily
effected by applying various stimuli (e.g., photoexcitation or
redox reactions), the control of macroscopic structures is
generally beyond the scope of current technology. Hence,
almost all of the studies to date on the switching of NLO
properties in molecular materials have involved the modu-
lation of b responses.
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Compounds Possessing Switchable Quadratic NLO
Properties


Bacteriorhodopsin chromophores : The protein bacteriorho-
dopsin (bR) is employed in nature as a photo-activated proton
pump[15] and exhibits a diverse range of optical properties,
which include pronounced NLO activity, that are suitable for
various optoelectronic applications.[16] The bR photocycle
features a series of ground-state intermediates that follow
the simplified sequence bR(570)!K(620)!L(550)!
M(410)!N(520)!(640)!bR(570) (the numbers in paren-
theses are the approximate absorption maxima in nm).[15] The
chromophore in bR and related rhodopsins is a derivative of
the polyene 6-s-trans-retinal, which is covalently attached
through a protonated Schiff base linkage to a lysine residue of
the protein backbone. The formation of the primary photo-
product (the K state) corresponds to a rotation around the
C13ÿC14 bond which occurs in <4 ps, forming the 13-cis
isomer. Subsequent production of the M state coincides with
the proton pumping and involves deprotonation by theÿCO2


ÿ


group of an aspartate residue (Scheme 2).
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Scheme 2. Selected forms of the chromophore in the photocycle of
bacteriorhodopsin.


The NLO properties of bR
and related compounds have
been investigated by using the
HRS technique. An extremely
large b1064 value was deter-
mined for bR (2100�
10ÿ30 esu),[17] and studies with
model compounds derived
from 6-s-cis-retinal (5 and 6)
show that both 13-cis isomer-
ization and N-deprotonation
cause large decreases in b (Ta-
ble 1). Deprotonation reduces
the acceptor strength and iso-


N
nBu


6
N


nBu


5


merization attenuates the D ± A electronic coupling, the
combined effect of these two changes being a reduction in b


of about an order of magnitude.[18]


Song et al. have observed 532 nm SHG from aqueous
suspensions of the purple membrane of the bacterium
Halobacterium halobium, which contains orientated bR
chromophores.[19] Furthermore, they found that formation of
the M state of bR upon 570 nm photoexcitation causes a
decrease in the intensity of the SHG signal within 1 ms, which
reaches a minimum in less than 1 ms and returns to its original
value as the photocycle is completed. A reduction in the SHG
intensity of 60 % was typically observed, but this increased to
as much as 90 % in more dilute samples. Given the HRS
results obtained with bR[17] and model compounds,[18] this
efficient switching effect is clearly a result of the large
decrease in b caused by photoexcitation of the bR chromo-
phores. This corresponds to a hybrid of the type II and III
approaches outlined earlier (Scheme 1).


Azobenzene-containing polymers : Polymeric materials are
particularly attractive for NLO applications owing to their
favourable processability and stability characteristics. Electric


Scheme 1. Schematic representations of strategies for switching of NLO responses in dipolar D-p-A molecules:
type I� redox/proton transfer of D; type II� redox/proton transfer of A; type III� alteration of p-conjugation in
bridge.


Table 1. Electronic absorption and HRS data for retinal derivatives in
methanol.[18]


lmax b1064 b0


[nm] [�1030 esu]


5 365 470 220
5H� 445 3600 900
6 ca. 365 260 ca. 120
6H� ca. 445 2440 ca. 600
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poling can be used to induce chromophore alignment within a
heated polymer that is then cooled to below its glass-
transition temperature (Tg), while the electric field is main-
tained. Long-term stability of the ordering in the absence of
an external field is required for applications. SHG switching
has recently been demonstrated in two types of polymer that
contain prototypical azobenzene-derived NLO chromo-
phores.


Delaire et al. found that 488 nm irradiation of films cast
from solutions of the dye disperse red 1 (DR1, 7) in poly-
(methyl methacrylate) (PMMA) causes an irreversible de-
crease (ca. 30 %), followed by a reversible decrease (ca. 30 %)
in the intensity of 532 nm SHG.[20] These effects, which occur
on a timescale of seconds, are ascribed to partial trans!cis
photoisomerization (Scheme 3) of the DR1 molecules occu-
pying two different types of site within the PMMA matrix.


Scheme 3. Photoisomerization of the azo dye disperse red 1 (7).


The initial decline arises from irreversible disorientation of a
portion of the molecules upon conversion back to their trans
form (free molecules), whilst the reversible component is due
to the fraction of molecules that can only recover their initial
orientation (trapped molecules). By contrast, identical treat-
ment of a DR1-functionalized PMMA copolymer (8) leads
only to an irreversible loss of SHG. This indicates that all of
the pendant DR1 units in films of 8 are free to undergo
orientational changes upon isomerization. The suggestion that
the reversible SHG switching arises from molecular-level
changes is supported by MO calculations, which afford b0


values for 7 and cis-7 of 44.6� 10ÿ30 and 8.4� 10ÿ30 esu,
respectively.[20] The smaller b0 for cis-7 is largely due to a
departure from planarity of the azobenzene bridge.


Polysiloxanes generally possess low Tg values, and are
uninteresting as poled-polymer NLO materials as a result of
ready relaxation of aligned chromophores. However, this fact
has been exploited by Abe et al., who found that the
application of an electric field to a once-annealed solid film
of a side-chain liquid crystalline polysiloxane containing
azobenzene chromophores (9) causes a rapid (timescale of
seconds), approximate fivefold increase in the intensity of
532 nm SHG.[21] This effect reverses upon breaking the
electric field, and the switching can be cycled repeatedly.
The marked SHG enhancement was ascribed to field-induced
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chromophore alignment (Scheme 4, p. 2468), made possible
by the low Tg of the polymer, that is, even at room temper-
ature, the siloxane backbones are sufficiently mobile to allow
facile movement of the azobenzene units.[21] This report hence
represents a rare example in which switching of NLO
responses has been achieved by controlling macroscopic
ordering rather than by modulating molecular hyperpolariz-
abilities.


A bis(3-thienyl)ethene derivative : Thiophene derivatives of
perfluorocyclopentene are photochromic and possess high
thermal and photochemical stabilities.[22] Lehn et al. have
reported that the marked photochromism of compound 10
permits efficient switching of the NLO responses.[23] UV
irradiation at 365 nm for about 30 s causes complete photo-
cyclization of the yellow 10 to the deep blue 10c, and this
process is reversed upon exposure to visible light of wave-
length >600 nm for about 5 min (Scheme 5, p. 2468). Re-
peated cycling causes no significant decomposition. The
colour of 10c arises from a NIR absorption band due to ICT
from the 1,3-benzodithiole-2-ylidenyl D group to the di-
cyanomethylidenyl A group.


Since the extent of D ± A p-conjugation is clearly much
greater in 10c than in 10, the former possesses the larger
quadratic NLO response of the two molecules: 1064 nm
EFISHG studies afford values for mb(mb0) of 260(127)�
10ÿ48 esu for 10 and 1100(620)� 10ÿ48 esu for 10c (m� dipole
moment).[23] The b response is hence reversibly switched by a
factor of approximately fourfold upon photoisomerization.
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N


N


NO2


O=


electric poling thermal relaxation


Scheme 4. Schematic representation of the (proposed) effect of electric
poling on alignment of the dipolar chromophores in the functionalized
polysiloxane 9.


This is an excellent illustration of the modulation of molecular
NLO properties by alteration of the p-bridge structure
(type III, Scheme 1), and extended molecules such as 10 can
be regarded as a basis for photoswitchable molecular wires.[23]


Nitrobenzylpyridines : The colourless compound 2-(2,4-dini-
trobenzyl)pyridine (11) undergoes a two-step, photoinduced
proton transfer reaction to form a deep blue tautomer 11pt


(Scheme 6).[24] Since 11 features a methylene linkage, whilst
11pt contains a fully conjugated D-p-A system, Lehn et al.
have suggested that 11 (or related compounds) may act as
photoswitchable NLO materials.[25] HRS was hence used to
determine the b values of a series of molecules designed to act
as models for the two tautomers 11 and 11pt,[25] 14 and 15
clearly bearing the closest smilarity to 11. The UV-visible
absorption maxima and HRS data for 12 ± 15 are summarised
in Table 2.
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Scheme 5. Photocyclization of the bis(3-thienyl)ethene derivative 10.


The very large b1064 differences between the pairs 12/13 and
14/15 are partly due to extensive resonance enhancements at
532 nm, which arise from the strong visible absorptions of 13
and 15. However, 13 also shows a much larger b0 value than its
less conjugated counterpart 12. Although the corresponding
difference for 15 with respect to 14 is rather smaller, it is likely
that b0 for 15 is underestimated owing to limitations inherent
in the two-level model. These data hence provide evidence
that compounds such as 11 may indeed be amenable towards
optical modulation of quadratic NLO responses.[25]


Scheme 6. Phototautomerization of 2-(2,4-dinitrobenzyl)pyridine (11).
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N-Salicylidene-4-bromoaniline : Delaire et al. chose the pho-
tochromic compound N-salicylidene-4-bromoaniline (16) for
a SHG photoswitching study[26] because it adopts a favourable
noncentrosymmetric crystal structure.[27] Upon 365 nm irra-
diation of 16, the red colour of the tautomeric form 16pt


appears; an equilibrium between the two forms is established
after approximately 30 s.[26] Tautomer 16pt then reverts to 16
either thermally or under visible irradiation (Scheme 7),
within about 30 s. This allows fully reversible SHG switching,
with intensity decreases of approximately 60 % when a
1064 nm probe beam is used, and approximately 10 % with a
1907 nm fundamental. Given that the tautomerization causes
minimal structural change at the macroscopic level, the SHG
switching is likely to be a result of a difference in b between 16
and 16pt. The larger effect observed at 1064 nm may arise from
strong absorption at 532 nm by 16pt ; this more than offsets the
increase in b due to resonance enhancement. In the absence of
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Scheme 7. Phototautomerization of N-salicylidene-4-bromoaniline (16).


experimental data, MO calculations provide b0 values of 2.3�
10ÿ30 esu and 1.3� 10ÿ30 esu for 16 and 16pt, respectively; these
values are in accord with the lower SHG intensity observed
from 16pt.[26] The tautomerization converts an imino into an
amino bridge, so the switching mechanism in this case is
primarily of type III (Scheme 1).


Ruthenium(iiii) tris(2,2''-bipyridine) complexes : The presence
of redox-active metal centres within a conjugated framework
provides extensive opportunities for modulation of molecular
NLO responses, and is hence a primary justification for the
study of NLO-active metal complexes.[28] This was first
addressed by Sakaguchi et al. in demonstrations of SHG
photo switching from a derivative of [RuII(bpy)3]2� (bpy�
2,2'-bipyridine) (17) in Langmuir ± Blodgett (LB) films (Fig-
ure 2).[29] Following 378 nm irradiation the SHG signal from a
590 nm dye laser decreased by 30 % in less than 2 ps and
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Figure 2. Schematic representation of alternating LB films containing the
complex 17. The actual samples featured 30 bilayers on each side of the
support.


Table 2. Electronic absorption and HRS data for 12 ± 15 in acetonitrile.[25]


lmax b1064 b0


[nm] [�1030 esu]


12 254 2 1
13 582 450 62
14 266 7 5
15 567 84 8
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returned to almost its intial value within several hun-
dred ps;[29b] a similar effect was observed with 355 nm
excitation and a 1064 nm probe beam.[29c] A quantitative
correlation between the SHG time profile and the lumines-
cence decay of the metal-to-ligand charge-transfer (MLCT)
excited state indicates that the SHG switching is due to the
change in b upon MLCT excitation.[29]


Although [RuII(bpy)3]2� itself is an octopolar system, the
symmetry is reduced by asymmetric ring substitutions such as
those in 17. b1064 of the LB films used in the photoswitching
studies has been estimated at 70� 10ÿ30 esu,[30] but it is
currently unclear how the b response of 17 will be affected
by MLCT excitation.[29] The electron-withdrawing amide
substituents will encourage MLCT into the p* system of the
substituted bpy ligand (Scheme 8), corresponding to simulta-
neous Ru oxidation and bpy reduction to give a D� ± Aÿ


structure, that is, a combination of the type I and II strategies
(Scheme 1).


Scheme 8. MLCT excitation of complex 17.


Ruthenium(iiii) ammine complexes : By using HRS measure-
ments, Coe et al. have shown that dipolar ruthenium(ii)
ammine complexes of 4,4'-bipyridinium ligands exhibit very
large, tunable b values, which are associated with intense, low-
energy MLCT excitations.[31] For example, the b1064(b0) values
for 18 and 19 are 794(260)� 10ÿ30 esu and 1112(354)�
10ÿ30 esu, respectively.[31c] The d6 RuII centres behave as
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powerful p-donors and are readily oxidized to their electron-
deficient RuIII analogues either electrochemically or chemi-
cally. It has been found that both the visible absorptions and
HRS signals from such complexes featuring {RuII(NH3)5}2�


donors are dramatically attenuated upon oxidation with 1:1
30 % aqueous H2O2/2m HCl, and are restored to their original
magnitudes by re-reduction with 62 % N2H4 ´ H2O solution.[32]


A completely reversible switching (Scheme 9) of the molec-
ular NLO responses is thus achieved, the difference in b


between 19 and 19ox being approximately 10 ± 20-fold. This
constitutes the only documented case in which b switching has
been achieved through the redox reaction of a D group (type
I, Scheme 1), and such an approach has obvious potential for
extension to the switching of bulk NLO effects in electrode-
deposited films.
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Scheme 9. Redox reactions of complex 19.


Summary and Conclusions


The studies discussed herein illustrate a variety of approaches
to the switching of quadratic NLO properties in a diverse
range of materials. For purposes of comparison, selected
details [except for the nitrobenzylpyridines for which an
actual switching has not yet been demonstrated (see section
on nitrobenzylpyridines above)] are summarised in Table 3.


With the exceptions of the studies with 9, 17 and 19, all have
employed photoexcitation to stimulate some form of molec-
ular structural change. If the macroscopic consequences of
such a change are minor, then switching can be achieved in the
solid-state (e.g., 16). In principle, owing to the strong
correlation between optical absorption and NLO properties,
any material that is markedly photochromic (or thermochro-
mic) can be expected to also possess photoswitchable NLO
responses. Flavylium compounds, which can exist in several
different states, are a particularly attractive example.[33] In the
case of 17 photoexcitation was also used, but produced a
transient excited state with an essentially unchanged molec-
ular structure. The study with 9 is unusual in being the only
example to feature manipulation of macroscopic alignment.
The use of redox-switching with 19 is also unique. Transition
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metal complexes are ideally suited towards the latter type of
switching, but large effects can only be expected with strongly
electrochromic materials. A further possibility for controlling
the extent of D ± A p-conjugation, which has not yet been
exploited as a mechanism for b switching, is inter-ring twisting
in polyaryl chromophores. Recent theoretical work has shown
that such conformational effects can cause large changes in
NLO reponses.[34]


In conclusion, several demonstrations of switching of
quadratic NLO responses have recently been reported that
exploit the diverse, tailorable properties of molecular materi-
als. Given the wealth of NLO-active molecules now available,
many exciting developments in this field can be anticipated
and these will further increase the potential of molecular
materials for future applications in NLO technologies.


[1] Nonlinear Optics (Eds.: P. Harper, B. Wherrett), Academic Press, New
York, 1977.


[2] B. E. A. Saleh, M. C. Teich, Fundamentals of Photonics, Wiley, New
York, 1991.


[3] Nonlinear Optical Properties of Organic Molecules and Crystals,
Vols. 1 and 2 (Eds.: D. S. Chemla, J. Zyss), Academic Press, Orlando,
1987.


[4] Materials for Nonlinear Optics: Chemical Perspectives (Eds.: S. R.
Marder, J. S. Sohn, G. D. Stucky), ACS Symp. Ser. 1991, 455.


[5] J. Zyss, Molecular Nonlinear Optics: Materials, Physics and Devices,
Academic Press, Boston, 1994.


[6] T. Verbiest, S. Houbrechts, M. Kauranen, K. Clays, A. Persoons, J.
Mater. Chem. 1997, 7, 2175.


[7] S. R. Marder, J. W. Perry, W. P. Schaefer, Science 1989, 245, 626.
[8] S. M. LeCours, H.-W. Guan, S. G. DiMagno, C. H. Wang, M. J.


Therien, J. Am. Chem. Soc. 1996, 118, 1497.
[9] M. Blanchard-Desce, V. Alain, P. V. Bedworth, S. R. Marder, A. Fort,


C. Runser, M. Barzoukas, S. Lebus, R. Wortmann, Chem. Eur. J. 1997,
3, 1091


[10] B. J. Coe, J.-D. Foulon, T. A. Hamor, C. J. Jones, J. A. McCleverty, D.
Bloor, G. H. Cross, T. L. Axon, J. Chem. Soc. Dalton Trans. 1994, 3427.


[11] a) B. F. Levine, C. G. Bethea, J. Chem. Phys. 1975, 63, 2666; b) G. R.
Meredith, Rev. Sci. Instrum. 1982, 53, 48.


[12] a) K. Clays, A. Persoons, Rev. Sci. Instrum. 1992, 63, 3285; b) E.
Hendrickx, K. Clays, A. Persoons, Acc. Chem. Res. 1998, 31, 675.


[13] a) J. L. Oudar, D. S. Chemla, J. Chem. Phys. 1977, 66, 2664; b) J. Zyss,
J. L. Oudar, Phys. Rev. A 1982, 26, 2016.


[14] a) J.-M. Lehn, Supramolecular ChemistryÐConcepts and Perspec-
tives, VCH, Weinheim, 1995 ; b) M. D. Ward, Chem. Soc. Rev. 1995, 24,
121.


[15] a) R. R. Birge, Annu. Rev. Biophys. Bioeng. 1981, 10, 315; b) R. R.
Birge, Annu. Rev. Phys. Chem. 1990, 41, 683; c) R. A. Mathies, S. W.
Lin, J. B. Ames, W. T. Pollard, Annu. Rev. Biophys. Biophys. Chem.
1991, 20, 491.


[16] R. R. Birge, Computer 1992, 25(11), 56.
[17] K. Clays, E. Hendrickx, M. Triest, T. Verbiest, A. Persoons, C. Dehu,


J.-L. BreÂdas, Science 1993, 262, 1419.
[18] E. Hendrickx, K. Clays, A. Persoons, C. Dehu, J.-L. BreÂdas, J. Am.


Chem. Soc. 1995, 117, 3547.
[19] Q. Song, C. Wan, C. K. Johnson, J. Phys. Chem. 1994, 98, 1999.
[20] R. Loucif-Saïbi, K. Nakatani, J. A. Delaire, M. Dumont, Z. Sekkat,


Chem. Mater. 1993, 5, 229.
[21] J. Abe, M. Hasegawa, H. Matsushima, Y. Shirai, N. Nemoto, Y.


Nagase, N. Takamiya, Macromolecules 1995, 28, 2938.
[22] M. Irie, O. Miyatake, K. Uchida, T. Eriguchi, J. Am. Chem. Soc. 1994,


116, 9894.
[23] S. L. Gilat, S. H. Kawai, J.-M. Lehn, Chem. Eur. J. 1995, 1, 275.
[24] a) H. Takahashi, S. Hirukawa, S. Suzuki, Y. Torii, H. Isaka, J. Mol.


Struct. 1986, 146, 91; b) Y. Eichen, J.-M. Lehn, M. Scherl, D. Haarer, R.
Caselengo, A. Corval, K. Kuldova, H.-P. Trommsdorff, J. Chem. Soc.
Chem. Commun. 1995, 713.


[25] S. Houbrechts, K. Clays, A. Persoons, Z. Pikramenou, J.-M. Lehn,
Chem. Phys. Lett. 1996, 258, 485.


[26] K. Nakatani, J. A. Delaire, Chem. Mater. 1997, 9, 2682.
[27] S. V. Lindeman, V. E. Shklover, Yu. T. Struchkov, S. G. Kravcheny,


V. M. Potapov, Cryst. Struct. Commun. 1982, 11, 49.
[28] a) S. R. Marder, in Inorganic Materials (Eds.: D. W. Bruce, D.


O�Hare), Wiley, Chichester (UK) 1992 ; b) D. R. Kanis, M. A. Ratner,
T. J. Marks, Chem. Rev. 1994, 94, 195; c) N. J. Long, Angew. Chem.
1995, 107, 37; Angew. Chem. Int. Ed. Engl. 1995, 34, 21.


[29] a) T. Nagamura, H. Sakaguchi, T. Matsuo, Thin Solid Films 1992, 210,
160; b) H. Sakaguchi, L. A. Gomez-Jahn, M. Prichard, T. L. Penner,
D. G. Whitten, T. Nagamura, J. Phys. Chem. 1993, 97, 1474; c) H.
Sakaguchi, T. Nagamura, T. L. Penner, D. G. Whitten, Thin Solid
Films 1994, 244, 947.


[30] H. Sakaguchi, H. Nakamura, T. Nagamura, T. Ogawa, T. Matsuo,
Chem. Lett. 1989, 1715.


[31] a) B. J. Coe, M. C. Chamberlain, J. P. Essex-Lopresti, S. Gaines, J. C.
Jeffery, S. Houbrechts, A. Persoons, Inorg. Chem. 1997, 36, 3284;
b) B. J. Coe, J. P. Essex-Lopresti, J. A. Harris, S. Houbrechts, A.
Persoons, Chem. Commun. 1997, 1645; c) B. J. Coe, J. A. Harris, L. J.
Harrington, J. C. Jeffery, L. H. Rees, S. Houbrechts, A. Persoons,
Inorg. Chem. 1998, 37, 3391.


[32] B. J. Coe, S. Houbrechts, I. Asselberghs, A. Persoons, Angew. Chem.
1999, 111, 377; Angew. Chem. Int. Ed. 1999, 38, 366.


[33] F. Pina, M. Maestri, V. Balzani, Chem. Commun. 1999, 107.
[34] I. D. L. Albert, T. J. Marks, M. A. Ratner, J. Am. Chem. Soc. 1998, 120,


11174.


Received: February 9, 1999 [C 1602]


Table 3. Summary of data for switching of quadratic NLO responses in molecular materials.


Material b data[b] Switching stimulus Property switched Extent of Timescale Source of effect Type[e] Ref(s).
(form)[a] (direction)[c] switching (%)[d]


bR (susp) HRS b1064� 2100 570 nm excitation 532 nm SHG (#) 60 ± 90 ms formation of M state II� III [17, 19]
7 (PMMA matrix) MO b0� 44.6 (7) 488 nm excitation 532 nm SHG (#) 30 s trans!cis III [20]


b0� 8.4 (cis-7) isomerization
9 (solid) ± electric poling 532 nm SHG (") 80 s dipole alignment ± [21]
10 (soln) SHG mb0� 127 (10) 365 nm excitation 532 nm EFISHG (") 75 30 s/5 min photocyclization III [23]


mb0� 620 (10c)
16 (crystal) MO b0� 2.3 (16) 365 nm excitation 532 nm SHG (#) 60 30 s tautomerization III [26]


b0� 1.3 (16pt) 953 nm SHG (#) 10
17 (LB film) SHG b1064� 70 378 nm excitation 295 nm SHG (#) 30 ps MLCT excitation I� II [29, 30]


355 nm excitation 532 nm SHG (#)
19 (soln) HRS b0� 354 chemical oxidation 532 nm HRS (#) (b) 90 ± 95 < s oxidation of D I [31, 32]


[a] susp� suspension; soln� solution. [b] All b values� 1030 esu; mb� 1048 esu. [c] " denotes an increased NLO response, # a decrease. [d] Decrease with respect
to maximum response. [e] According to Scheme 1.








Synthesis of the Dibenzofuran-Based Diphosphine Ligand BIFAP and Its
Water-Soluble Derivative BIFAPS and Their Use in Ruthenium-Catalyzed
Asymmetric Hydrogenation.[=]


Arjan E. Sollewijn Gelpke,[a] Huub Kooijman,[b] Anthony L. Spek,[b] and Henk Hiemstra*[a]


Abstract: The syntheses of both enan-
tiomers of the novel diphosphine ligand
2,2'-bis(diphenylphosphanyl)-1,1'-bidi-
benzofuranyl (BIFAP, 1) and the water-
soluble analogue (ÿ)-2,2'-bis(diphenyl-
phosphanyl)-1,1'-bidibenzofuranyl-8,8'-
disulfonic acid dipotassium salt (BI-
FAPS, 2) are reported. Advantage is
taken of the very high regioselectivity in
ring functionalisation of the 1,1'-bidi-


benzofuranyl backbone. These ligands
are used in the ruthenium-catalysed
hydrogenation of methyl acetoacetate
and (Z)-acetamidocinnamic acid in


methanol and water. In methanol both
BIFAP and BIFAPS give the products in
very high enantiomeric excess. With
BIFAPS in water a slight drop in the ee
of the products is observed. When
BIFAPS is used with either water or
methanol as the solvent the addition of a
small amount of acid turns out to be
essential for a fast reaction and high
asymmetric induction.


Keywords: asymmetric synthesis ´
atropisomerism ´ dibenzofuran ´
enantioselectivity ´ hydrogenations
´ P ligands


Introduction


Atropisomeric, C2-symmetric phosphine ligands have played
a crucial role in the development of asymmetric catalysis. The
first and so far most successful of these is the well-known
BINAP ligand, first reported in 1980.[1] BINAP induces very
high ee�s in several transition metal catalysed processes, such
as hydrogenations, hydrosilylations, hydrocyanations, Heck
reactions and enamine isomerisations.[2±4] The discovery of
this ligand was followed by the development of several other
atropisomeric ligands based on the biphenyl, binaphthyl or
other biaryl backbones.[4±20]


The dibenzofuran skeleton has been studied extensively in
heteroaromatic chemistry.[21±24] An important synthetic aspect
of the dibenzofuran moiety is the directing effect of the furan


oxygen on ring functionalisation. This oxygen atom activates
the para positions towards electrophilic substitution. Thus,
Friedel ± Crafts acylation and alkylation, halogenation, and
sulfonation give predominantly the para-substituted products.
In contrast, treatment with nitric acid in a mixed acid system
exclusively yields the meta-nitrated product.[23, 25] Metallation
of dibenzofuran selectively occurs at the ortho-positions, because
of the complexation of the metal with the dibenzofuran oxygen.


As a result of the selectivity in functionalisation, the
dibenzofuran can serve as a skeletal basis in ligand synthesis.
A few examples of dibenzofuran-based ligands for transition
metal catalysis have been reported.[26±30] To the best of our
knowledge, the diphosphine BIBFUP is the only atropiso-
meric biaryl ligand based on dibenzofuran described in
literature.[18] No functionalised analogues of this ligand have
been reported so far.


We recently published on the synthesis and resolution of
1,1'-bidibenzofuranyl-2,2'-diol (BIFOL).[31] This configura-
tionally stable biaryl served as an efficient chiral auxiliary in
the a-alkylation of phenylacetic acid, much like BINOL.
Furthermore it was shown that this compound could be
functionalised with high regioselectivity.


We then envisaged that the 1,1'-bidibenzofuranyl unit could
also serve as a novel backbone for several atropisomeric
diphosphine ligands. These ligands are expected to be
comparable with the 1,1'-binaphthyl ligands regarding geom-
etry and asymmetric induction, but with the additional feature
of high selectivity on introducing functionality by electro-
philic aromatic substitution.
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This paper reports i) the synthesis of enantiopure (R)- and
(S)-2,2'-bis(diphenylphosphanyl)-1,1'-bidibenzofuranyl [(R)-
and (S)-BIFAP], ii) the sulfonation of (R)- and (S)-BIFAP
to yield the water-soluble analogues (R)- and (S)-2,2'-bis(di-
phenylphosphanyl)-1,1'-bidibenzofuranyl-8,8'-disulfonic acid
dipotassium salt [(R)- and (S)-BIFAPS], iii) structural
information on BIFAP derived from crystal structures and
iv) a study on asymmetric ruthenium-catalysed hydrogena-
tions in methanol and water.


Results and Discussion


Synthesis of BIFAP: The synthesis of BIFAP was accom-
plished in a five step procedure starting from racemic
BIFOL[31] (Scheme 1), in the same manner as the original
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Scheme 1. Conversion of BIFOL to racemic BIFAPO.


synthesis of BINAP developed by Noyori and co-workers.[3, 4]


The first aim was the synthesis of racemic diphosphine oxide
BIFAPO (4), which after resolution and reduction should give
both enantiomers of BIFAP (1).


The synthesis started with the transformation of racemic
BIFOL into dibromide 3 (Scheme 1). This reaction turned out
to be difficult, so that careful control of reaction conditions
was pivotal for obtaining the desired product in a reasonable


yield. Best results were obtained when preformed PPh3Br2


was used instead of the adduct formed in situ. In this way the
presence of free bromine could be prevented. Furthermore,
vigorous mixing and a gradual rise of the reaction temper-
ature were important. The final reaction temperature had to
lie between 345 and 360 8C. Lower reaction temperatures
mainly gave the monobrominated product. Reaction temper-
atures exceeding 360 8C gave rise to tarry mixtures from which
no product could be isolated. The dibromide was once
obtained in a yield of 55 %, but a yield of approximately
30 % was more usual. Dibromide 3 was then lithiated by
lithium-halogen exchange with two equivalents of n-butyl-
lithium at ÿ78 8C in THF. The stable 2,2'-dilithio-1,1'-bidi-
benzofuranyl was obtained as a green suspension. Reaction
with 2.1 equivalents of ClPPh2 gave racemic BIFAP (1) as a
pale yellow, slightly oxidation-sensitive solid in high yield.
Purification of the product was not necessary at this stage.
Instead, it was quantitatively converted into the diphosphine
oxide BIFAPO by stirring with an excess of aqueous hydrogen
peroxide in THF. The oxidation was fast and crude BIFAPO
(4) was obtained as a pale yellow solid.


Racemic BIFAPO was resolved[3, 4] with O,O-dibenzoyl
tartaric acid [(�)- or (ÿ)-DBT] in a very easy and efficient
precipitation procedure, as depicted in Scheme 2. A solution


Scheme 2. Resolution of BIFAPO.


of racemic BIFAPO in chloroform and a solution of (ÿ)-DBT
in ethyl acetate were mixed. After a few seconds the solution
became cloudy and precipitation of a 1:1 complex 5 of
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(ÿ)-DBT and (�)-BIFAPO as a white crystalline solid was
observed. This solid was filtered off, suspended in dichloro-
methane and treated with 1n KOH to break up the complex.
Aqueous work up and evaporation of the solvent yielded pure
(R)-(�)-BIFAPO (4) in high yield. The saponified DBT was
washed away during the basic, aqueous work-up.


The solid 6 obtained by concentrating the mother liquor in
vacuo was also treated with 1n KOH to give enantiomerically
enriched (S)-(ÿ)-BIFAPO, as could be concluded from the
optical rotation and 31P NMR spectroscopy (vide infra). This
enantiomerically enriched BIFAPO was treated with one
equivalent of (�)-DBT to give the 1:1 complex 7 of (�)-DBT
and (S)-(ÿ)-BIFAPO as a white solid. A small amount of this
complex was recrystallised from chloroform/ethyl acetate to
give colourless, cube-shaped crystals for X-ray analysis. The
rest of the complex was treated with 1n KOH as before, to
furnish enantiopure (S)-(ÿ)-BIFAPO (4) in 72 % overall
yield.


The enantiopurity of the (R)-(�)- and (S)-(ÿ)-BIFAPO
was determined by 31P NMR spectroscopy. The 31P NMR
spectrum of a 1:1 mixture of (ÿ)-DBT and racemic BIFAPO
in CDCl3 showed two singlets at d� 33.7 and 33.4, which
correspond to the diastereomeric (ÿ)-DBT/(R)-(�)-BIFAPO
and (ÿ)-DBT/(S)-(ÿ)-BIFAPO complexes, respectively. This
feature could in principle make it possible to determine the
enantiopurity, but the solubilities of the precipitated (ÿ)-
DBT/(R)-(�)-BIFAPO and the (�)-DBT/(S)-(ÿ)-BIFAPO
complexes in CDCl3 were too low to obtain spectra with a
sufficient signal to noise ratio. Therefore, small amounts of
free (�)- and (ÿ)-BIFAPO were complexed with (�)-DBT
and (ÿ)-DBT, respectively, to give the readily soluble (�)/(�)
and (ÿ)/(ÿ) complexes. These complexes exhibited single
signals in their 31P NMR spectra; this proved >95 %
enantiomeric purity of both (S)-(ÿ)- and (R)-(�)-BIFAPO.
Furthermore, the specific rotations of (S)-(ÿ)- and (R)-(�)-
BIFAPO were of the same magnitude with opposite sign,
within an error range of 1 %.


The next step in the synthetic route was the reduction of
BIFAPO. This was accomplished by treatment of BIFAPO
with trichlorosilane in refluxing p-xylene.[3, 4] In this way (S)-
(ÿ)-BIFAPO was converted into BIFAP (1) in good yield, as
depicted in Scheme 3. However, the enantiopurity of the
product obtained from this reaction turned out to be only
70 %. This was apparent from the 31P NMR spectrum of a
diastereomeric palladium complex (vide infra). Hence, under
the applied reaction conditions, partial racemisation took
place. This partial racemisation of BIFAP in the reduction
with trichlorosilane was prevented by addition of ethyldiiso-
propylamine to the reaction mixture. This base scavenges the
liberated HCl, which we believe to play a role in the
racemisation. In this way enantiopure (S)-(ÿ)- and (R)-(�)-
BIFAP were obtained in high yield. The >95 % enantiopurity
was proven by 31P NMR of a diastereomeric Pd complex (vide
infra). The optical rotations of these compounds are of the
same magnitude with opposite sign, within an error range of
1 %.


To obtain the water-soluble analogue BIFAPS (2), (S)-(ÿ)-
BIFAP was dissolved in sulfuric acid and stirred at room
temperature for more than two days. After this period


Scheme 3. Reduction and sulfonation.


sulfonation was still incomplete; this was concluded after
isolation of a considerable amount of monosulfonated prod-
uct. Raising the reaction temperature to 50 8C gave BIFAPS
after 4 h in 98 % yield. Surprisingly, a virtually racemic
product was obtained, as determined by 31P NMR spectro-
scopy (vide infra). Running the reaction at lower temper-
atures and with a stronger sulfonating reagent prevented this
racemisation. After 88 h at room temperature with 5 % SO3 in
H2SO4 enantiopure (S)-(ÿ)-BIFAPS was obtained almost
quantitatively as an off-white solid. (R)-(�)-BIFAP was
converted to (R)-(�)-BIFAPS in the same way.


The solubility of BIFAPS in water was determined to be
90 g Lÿ1. In warm water more BIFAPS could be dissolved, but
on cooling the solution solidified to form a gel.


Determination of enantiopurity: The enantiopurity of BIFAP
and BIFAPS was determined by 31P NMR spectroscopy of the
diastereomeric complexes 8 and 9. These palladium com-
plexes were prepared by stirring BIFAP or BIFAPS with
one equivalent of di(m-chloro)bis[(S)-dimethyl(a-methyl-
benzyl)aminato-C2N]dipalladium(ii) in methanol for about
15 min at room temperature.[32] The (S,S) and (R,S) diaster-
eomers of both 8 and 9 showed two separate sets of doublets
in the 31P NMR spectrum. From the integrals the enantiopur-
ity of the diphosphines could be calculated. The appearance of
a single set of doublets confirmed a >95 % enantiopurity of
the diphosphines.
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Racemisation of the 1,1''-bidibenzofuranyl backbone: The
optical activity of biaryl compounds originates from the
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hindered rotation about the central CÿC bond. Sufficient
steric hindrance is essential for optical stability at room
temperature and in practice most 2,2',6,6'-tetrasubstituted
biaryls meet this requirement. However, some reports on loss
of optical activity of these type of compounds are known.[33±36]


As was discussed previously, partial racemisation of the 1,1'-
bidibenzofuranyl skeleton was observed in two different steps
of the synthesis. We believe that strongly acidic conditions
together with elevated temperatures caused this unexpected
and remarkable behaviour.


We expect the rotational barriers of 1,1'-bidibenzofuranyl-
2,2'-substituted compounds to be at least of the same
magnitude as the 1,1'-binaphthyl-2,2'-substituted compounds
and probably larger, because of the larger steric bulk of the
dibenzofuran units. To account for rotation, and hence
racemisation, a much more flexible intermediate has to be
formed in which the rotational barrier is lowered drastically.
Two conceivable ways in which this might be accomplished
are 1) tilting one or both dibenzofuran planes by protonation
at C1 and/or C1' and 2) bending away one or both PPh2 groups
by protonation at C2 and/or C2'. Structures 10 and 11
demonstrate these situations (Scheme 4). The protonated


O


PPh2


O


PPh2H


O


PPh2


O


PPh2
H


10


(S)-BIFAP
 H+


11


or


Scheme 4. Racemisation intermediates.


carbons C1 and C2 are changed from sp2 to sp3 hybridisation,
giving rise to a greater flexibility in the molecule, causing the
observed racemisation.


A shorter route: The described syntheses of BIFAP and
BIFAPS are practical. However, a disadvantage is the difficult
conversion of BIFOL to dibromide 3. Therefore, we tried to
circumvent this reaction by the direct transformation of
ditriflate 12 to BIFAP, similar to a recently reported short
route to BINAP.[17, 37] Unfortunately, the nickel-catalysed
phosphorylation of the ditriflate 12[31] could not be accom-
plished. Even after prolonged reaction times, raised reaction
temperatures, use of stoichiometric amounts of [NiCl2(dppe)]
and use of other catalysts (i.e., NiCl2, Pd(OAc)2/dppp) the
starting material was recovered almost quantitatively. The
oxidative addition of the triflate to the nickel is probably
sterically hindered in 12. In contrast, the more accessible
triflate group in 2-(trifluoromethanesulfonyloxy)dibenzofu-
ran 13[31] is reactive and gives monophosphine 14 in moderate
yield (Scheme 5).


Crystal structures: Structural information about BIFAP, such
as absolute configuration and geometry, was obtained from
crystal structures of the free ligand (S)-(ÿ)-1, of the BIFAPO/
DBT complex 7, and of [(bifap)PdCl2] (15).
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Scheme 5. Direct introduction of diphenylphosphine.


The 1:1 complex 7 of (S)-(ÿ)-BIFAPO and (�)-(2S,3S)-
DBT was crystallised from ethyl acetate/chloroform yielding
colourless crystals, suitable for X-ray analysis. The crystal
structure, depicted in Figure 1, unambiguously proved the
absolute configuration of (ÿ)-BIFAPO to be S with respect to
the known configuration of (�)-DBT. The two dibenzofuran
units in BIFAPO are positioned almost perpendicular to each
other with an angle of 89.6(2)8 between both planes.
Furthermore, it can be seen that the interaction between
neighbouring molecules in the complex originates from
hydrogen bonding between the carboxylic acid and the
phosphine oxide moieties. The BIFAPO molecules are linked
in this way by DBT units to form strands of regularly
alternating BIFAPO and DBT molecules. The distance
between the carboxylic oxygen and the oxygen on the
phosphorus is 2.50 �. A similar polymeric structure has been
reported for a complex of a BINAP derivative and DBT. It is
believed that the low solubility of this type of complex can be
attributed to their linear polymeric structures.[5] Remarkably,
in contrast to BINAPO, derivatives of BINAPO, and other
biaryl phosphine oxides, the stereochemical correlation of
DBT and BIFAPO is opposite. The S enantiomer of BIFAPO
precipitates with (�)-DBT, while the S enantiomer of
BINAPO precipitates with (ÿ)-DBT.[4, 11, 20]


To investigate the geometry of BIFAP, (S)-(ÿ)-BIFAP was
recrystallised from EtOAc and pentane to provide crystals
suitable for X-ray analysis. In the crystal structure, depicted in
Figure 2, an almost perpendicular positioning of the two
dibenzofuran units is observed. The angle between these two
planar moieties is 81.40(6)8. The P(1)ÿP(2) distance is
3.8913(8) �. Furthermore, it is clear that the two phenyl rings
at each phosphorus atom are inequivalent. The two equatorial
phenyls A and B point away from the 1,1'-bidibenzofuranyl
backbone. The two axial phenyl groups C and D are
positioned more or less parallel with the counter dibenzofuran
unit. We believe that the equatorial phenyls A and B dictate
the chiral induction.[42]


Unfortunately, the crystal structure data of free BINAP are
not included in the Cambridge Crystallographic Database.
Therefore, comparison of structural features of BIFAP and
BINAP, based on the crystal structures of the free ligands, was
not readily possible. This problem could be overcome by
determining the crystal structure of the [(bifap)PdCl2] com-
plex. The crystal structure of [(binap)PdCl2] is published,[42]


making possible a comparison of both ligands.
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Figure 2. Chem 3D view of the crystal structure of (S)-(ÿ)-1.


Racemic [(bifap)PdCl2] complex (15) was synthesised by
mixing solutions of racemic BIFAP and PdCl2(MeCN)2 in
benzene at room temperature. An orange precipitate was
formed and this solid was recrystallied by slow diffusion of
pentane into dichloromethane. Racemic 15 was obtained as
orange plates, suitable for X-ray analysis.


As in the crystal structure of the free ligand, two of the
phenyl rings (C and D) have an axial orientation and apparent
arene ± arene interactions with the parallel dibenzofuran
moiety (Figure 3). The other two phenyls (A and B) have an
equatorial orientation, extruded towards the coordination
sites of the chlorine atoms. The steric bulk of these phenyls
causes the chlorine atoms to be situated above and below the
P(1) ± Pd ± P(2) plane, giving rise to a distorted square-planar
coordination of the palladium atom. Most bond lengths,
angles, and other structural features in 15 are comparable with
those found in the [(binap)PdCl2] complex[42] and other
dichloropalladium complexes.[43] However, the central, con-
necting CÿC bond is somewhat longer in 15 (1.499(3) �) than
in [(binap)PdCl2] (1.48(1) �). The P(1) ± Pd ± P(2) bite angle


Figure 3. Chem 3D view of the crystal structure of racemic 15.


of 94.39(2)8 in 15 is also larger than the corresponding
92.69(8)8 angle in (binap)PdCl2.


When the crystal structures of 15 and (S)-BIFAP are
compared (Figures 3 and 2), it becomes clear that the angle
between the two dibenzofuran planes is much smaller in 15
than in the free ligand (76.24(3)8 and 81.40(2)8, respectively).
The P(1)ÿP(2) distance in 15 is 3.2937(10) �, versus
3.8913(8) � in the free BIFAP . It can be concluded that
chelation to the palladium atom causes squeezing of the 1,1'-
bidibenzofuranyl unit. Furthermore, the positioning of the
axial and equatorial phenyl rings in 15 is different from
BIFAP. In the free ligand the lone pairs of the phosphorus
atoms point diagonally in opposite directions and are not
properly positioned for bidentate ligation. To allow chelation
of the lone pairs of both phosphorus atoms to the palladium
atom, the lone pairs have to be in the same plane. Hence,
rotations around the P(1) ± C(1) and P(2) ± C(24) bonds are
necessary. As a result, the axial phenyl rings C and D more
closely overlap the parallel dibenzofuran moieties, while the
equatorial rings A and B are bent backwards.


Figure 1. Chem 3D view of the crystal structure of the 1:1 (S)-(ÿ)-BIFAPO/(�)-(2S,3S)-DBT complex 7. The crystal consists of polymeric chains of
alternating BIFAPO and DBT molecules, connected by hydrogen bonds.
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Asymmetric hydrogenations: Aqueous-phase asymmetric
hydrogenations are the best documented asymmetric, aque-
ous-phase, transition metal catalysed reactions in litera-
ture.[10, 14, 44±53, 55, 56] The aqueous-phase hydrogenations of
olefins, ketones, a-and b-unsaturated acids and imines have
been reported. Generally, sulfonated analogues of successful
chiral ligands are used. The enantioselectivities observed in
aqueous-phase hydrogenations are usually lower than the
enantioselectivities of the same transformations in organic
media, although some exceptions are known. An overview of
the results obtained for aqueous-phase hydrogenations up to
1997 has been published.[56]


Using the diphosphines BIFAP and BIFAPS as ligands, we
investigated the ruthenium-catalysed hydrogenations of (Z)-
acetamidocinnamic acid[48, 57] and methyl acetoacetate[53, 59, 60]


in a stepwise fashion by 1) running the reaction in methanol
with BINAP as the ligand according to the literature, 2)
running the reaction in methanol with BIFAP, 3) running the
reaction in methanol with BIFAPS and 4) running the
reaction in water or a two-phase system with BIFAPS.


Following a known procedure[59] a mixture of complexes
[RuCl2((R)-binap)(dmf)2] and [{RuCl2((R)-binap)(dmf)}n]
(16) was prepared. A mixture of complexes [RuCl2((S)-
bifap)(dmf)2] and [{RuCl2((S)-bifap)(dmf)}n] (17) was pre-
pared in a similar way. The complex [RuCl(benzene)((R)-
bifaps)]Cl (18) was prepared by stirring [{RuCl2(benzene)}2]
and (R)-BIFAPS in methanol at room temperature.[61] After
filtration and removal of the solvent in vacuo, 18 was obtained
as an orange solid. These complexes were used without
further purification.


The hydrogenations of (Z)-acetamidocinnamic acid were
carried out in a constantly shaken pyrex flask at 4 atm H2


pressure and room temperature. The hydrogenations of
methyl acetoacetate were carried out in a stainless steel
autoclave, equipped with a liquid/gas stirring rod, at 100 atm
H2 pressure and 70 8C. As catalyst precursors two equivalents
of the ligand were used with either the preformed ruthenium
complexes 16, 17 or 18 or complexes of [{RuCl2(benzene)}2]
formed in situ. The solvents used were degassed by passing
argon through them for about 15 min. The conversions were
determined by 1H NMR spectroscopy. The enantiomeric
excesses of the products were determined by chiral HPLC or
by measuring optical rotations. The results are given in
Tables 1 and 2.


The hydrogenation of (Z)-acetamidocinnamic acid (Ta-
ble 1) with BINAP resulted in a product with high ee, similar
to the literature value (entry 1).[49] The hydrogenations with
BIFAP showed a somewhat lower enantioselectivity (entry 2).
Use of BIFAPS as the ligand resulted in product with 72 % ee
in methanol as well as in a 1:1 water/ethyl acetate mixture.
(entries 3 and 4). The reaction rate in water/ethyl acetate was
low; this was most likely due to the poor mixing of (Z)-
acetamidocinnamic acid, catalyst and hydrogen gas in this
three-phase system.


The hydrogenation of methyl acetoacetate (Table 2) with
BINAP proceeded as described in the literature[59] (entry 1).
The reaction with BIFAP yielded the product in 100 % ee
(entry 2). When BIFAPS was used as the ligand (entries 3 and
4), an intriguing observation was made. When the reaction


was run under identical conditions (entry 3) as the reactions
with BINAP and BIFAP, incomplete conversion was ob-
served. After prolonged reaction times (68 h) 82 % conver-
sion of the starting material was observed. The ee of the
product was only 11 %. Because the medium in the previously
described hydrogenation of (Z)-acetamidocinnamic acid in
methanol is intrinsically acidic, we decided to add some acid
to the reaction mixture. After addition of 1 % of sulfuric acid,
the results drastically improved (entry 4) and the product was
obtained in 100 % ee.


This spectacular effect from the addition of a small amount
of acid was also observed in the reactions run in water
(entries 5, 6 and 7). Without acid the reactions were slow and
the enantioselectivities low (entry 5), but addition of 1 % of
H2SO4 or HCl resulted in high reaction rates (entries 6 and 7).
The products were obtained with high enantiomeric excess
(86 % and 85 %, respectively). This drop in enantiomeric
excess on going from methanol to water is in line with
literature findings.[46, 47]


In order to test whether the presence of potassium sulfonate
groups negatively affects the reactions, we performed the
reaction with BIFAP in methanol with the addition of
potassium tosylate to the mixture. However, the reaction


Table 1. Hydrogenation of (Z)-acetamidocinnamic acid.


NHAcHO2C NHAcHO2C


1% RuCl2/ligand complex[a,b]


4 atm H2, RT *


ligand solvent time [h] conversion[c] ee[d]


1 (R)-(�)-BINAP MeOH 24 100 % 87 % (R)
2 (S)-(ÿ)-BIFAP MeOH 100 100 % 82 % (S)
3 (R)-(�)-BIFAPS MeOH 48 100 % 72 % (R)
4 (R)-(�)-BIFAPS H2O/EtOAc 48 18% 72 % (R)


[a] The complexes 16, 17 and 18 were used as the catalyst precursor.
[b] Reactions were performed on 1 mmol scale in 0.1m solutions. [c] Con-
versions were determined with 1H NMR. [d] ee�s of the products were
determined with chiral HPLC and absolute configurations are given in
parentheses.


Table 2. Hydrogenation of methyl acetoacetate.


OMe


OO


OMe


OOH
0.1% RuCl2/ligand complex[a,b]


100 atm H2, 70 ˚C
*


ligand solvent additive time [h] conversion[c] ee[d]


1 (R)-(�)-BINAP MeOH ± 2 100 % 99 % (R)
2 (S)-(ÿ)-BIFAP MeOH ± 2 100 % 100 % (S)
3 (R)-(�)-BIFAPS MeOH ± 68 82 % 11 % (R)
4 (R)-(�)-BIFAPS MeOH 1 % H2SO4 2 100 % 100 % (R)
5 (R)-(�)-BIFAPS H2O ± 2 58 % 22 % (R)
6 (R)-(�)-BIFAPS H2O 1 % H2SO4 2 100 % 86 % (R)
7 (R)-(�)-BIFAPS H2O 1 % HCl 2 100 % 85 % (R)
8 (S)-(ÿ)-BIFAP MeOH 0.4 % TsOK 2 100 % 100 % (S)


[a] Both preformed complexes 16, 17, 18 (procedure A, all entries), and complexes
formed in situ (procedure B, entries 1, 2, 4 and 6) were used as the catalyst, with
identical results where both procedures were compared. [b] Reactions were
performed in duplo on 17 mmol scale in 1m solutions. [c] Conversions were
determined by 1H NMR. [d] See ref. [62], absolute configurations are given in
parentheses. [e] See ref. [63].
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was not affected and the product was obtained in the same,
very high enantiomeric excess (entry 8).


Although there are some reports on certain beneficial
effects of the addition of acid in hydrogenations,[67, 68] the
nature of these effects remains unclear. Possibly, the acid is
required for breaking up catalytically inactive, trinuclear
ruthenium-species formed under the reaction conditions.[69]


Studies on the nature of the acid effect are currently
underway.


Conclusion


From the reported results the following conclusions can be
drawn.
1) Both enantiomers of the atropisomeric diphosphine BI-


FAP, based on the novel 1,1'-bidibenzofuranyl backbone,
have been synthesised. The absolute configuration was
determined from the X-ray analysis of a single BIFAPO/
DBT complex. The conformation of BIFAP is similar to
BINAP, as concluded from comparison of the crystal
structure of [(bifap)PdCl2] with the crystal structure of
[(binap)PdCl2], known in the literature.


2) The direct sulfonation of BIFAP to obtain the water-
soluble BIFAPS is completely regioselective and high
yielding. A single disulfonate is obtained without phos-
phine oxide formation. Herewith the value of the diben-
zofuran skeleton as a substitute for the phenyl ring to allow
ready and regioselective sulfonation is established.


3) These ligands allow investigation of transition metal cata-
lysed asymmetric reactions in organic and aqueous media.


4) BIFAP and BIFAPS gave high ee�s in the ruthenium-
catalysed hydrogenations of (Z)-acetamidocinnamic acid
and methyl acetoacetate in methanol, similar to BINAP.
When water is used as the solvent the enantioselectivity is
slightly lower.


5) The rate and asymmetric induction in the hydrogenation of
methyl acetoacetate with BIFAPS in water as well as
methanol is considerably enhanced by the addition of a
small amount of acid to the reaction mixture. Studies on
the nature of this effect are currently underway.


Experimental Section


General information. All reactions were carried out under an inert
atmosphere of dry nitrogen and followed by TLC, except for the sulfonation
reactions. Glassware was flame dried before use. Standard syringe
techniques were applied to transfer dry solvents and reagents. Infrared
(IR) spectra were obtained from CHCl3 solutions or NaCl plates with a
Perkin ± Elmer 1310 spectrophotometer. 1H NMR and 13C NMR (APT)
spectra were determined in CDCl3 (unless stated otherwise) with a Bruker
ARX 400 (400 and 100.6 MHz, respectively) spectrometer. Chemical shifts
(d) are given in ppm downfield from tetramethylsilane. 31P NMR spectra
were recorded on a Bruker 300 AMX NMR (121.5 MHz) spectrometer.
Chemical shifts (d) are given in ppm downfield from 85 % H3PO4. Mass
spectra and accurate mass measurements were carried out with a VG
Micromass ZAB-2HF instrument. Elemental analyses were performed on a
Vario EL. Optical rotations were measured on a Perkin ± Elmer 241 polar-
imeter in a 1 dm cell (2 mL) in the indicated solvent at the indicated
concentration, temperature, and wavelength. Melting points are uncor-
rected. Flash chromatography was performed as described in the literature
by use of Acros silica gel (0.035 ± 0.07 mm, ca. 6 nm pore diameter).[70]


THF was freshly distilled from sodium/benzophenone ketyl under a
nitrogen atmosphere. CH2Cl2 was distilled from CaH2 under a nitrogen
atmosphere and stored over 4 � molecular sieves. Ethyl acetate and
petroleum ether (PE, bp 60 ± 80 8C) were distilled before use. Benzene and
p-xylene were distilled from CaH2 and stored over 4 � molecular sieves
under nitrogen. MeOH and methyl acetoacetate were distilled before use
and stored under nitrogen. DMF was distilled from 4 � molecular sieves
before use and stored under nitrogen. iPr2NEt and Et3N were distilled from
KOH pellets and stored over KOH pellets under nitrogen. ClPPh2 was
vacuum distilled before use and stored under nitrogen at 4 8C. All other
chemicals were used as obtained from Aldrich or Acros. For sulfonations
99.999 % pure sulfuric acid was used. Hydrogenation experiments were
performed with 99.999 % hydrogen gas, purchased from Air Liquide.


2,2''-Dibromo-1,1''-bidibenzofuranyl (3): Racemic BIFOL[31] (8.5 g,
23.2 mmol) and triphenylphosphine dibromide (19.6 g, 46.4 mmol) were
thoroughly mixed in a 100 mL three-neck flask. While mechanically stirred,
the mixture was heated to 240 oC over 20 min. After 10 min at this
temperature, the mixture was further heated to 355 oC over 20 min.
[Careful control of the reaction temperature is essential in this reaction.
When the mixture was stirred at temperatures lower than 355 oC, the
monobrominated product, 2-bromo-2'-hydroxy-1,1'-bidibenzofuranyl,
mainly was isolated. When the temperature was raised too quickly or
when the temperature exceeded 360 oC, the yield dropped dramatically.]
After being stirred for 1 h at 355 oC, the mixture was cooled to about 200 oC
and approximately 5 g of Celite was added. After cooling to room
temperature, the dark brown mass was extracted with CH2Cl2 and filtered
over silica gel. The dark filtrate was stirred with 30% H2O2 for 30 min to
oxidise the triphenylphosphine. The organic layer was washed with water
and evaporated. The resulting dark brown mass was extracted with EtOAc/
PE 1:3 (6� 200 mL). The organic layers were filtered over silica gel,
combined and evaporated. The resulting off-white solid was recrystallised
from EtOAc/PE 1:4, to give 3.5 g of white crystalline solid (31 %). M.p.
233 ± 237 8C; 1H NMR: d� 6.68 (d, J� 7.8 Hz; H9, H9'), 6.96 (dt, J� 7.8,
0.5 Hz; H8, H8'), 7.34 (dt, J� 8.4, 0.8 Hz; H7, H7'), 7.53 (d, J� 8.3 Hz; H6,
H6'), 7.67 (d, J� 8.7 Hz; H3, H3'), 7.90 (d, J� 8.7 Hz; H4, 4'); 13C NMR:
d� 111.5, 113.2, 116.8, 121.4, 122.8, 123.1, 124.4, 127.8, 130.8, 133.0, 155.2,
156.5; IR (NaCl) nÄ � 3070, 1460, 1412, 1219, 1026 cmÿ1; HRMS (FAB� ):
calcd for C24H12O2


81Br2 [M�H]� 493.9163, found 493.9163.


Spectral data of 2-bromo-2'-hydroxy-1,1'-bidibenzofuranyl, isolated from a
product mixture by flash chromatography (silica gel, EtOAc/PE 1:2) after
incomplete reaction. 1H NMR: d� 4.95 (br s, OH), 6.61 (dd, J� 7.8, 0.6 Hz,
1H), 6.66 (dd, J� 7.9, 0.6 Hz, 1H), 6.92 (dt, J� 8.0, 0.8 Hz, 1 H), 6.97 (dt,
J� 8.1, 0.8 Hz, 1 H), 7.27 (d, J� 8.8 Hz, 1 H), 7.30 (dt, J� 8.4, 1.3 Hz, 1H),
7.35 (dt, J� 8.5, 1.3 Hz, 1 H), 7.50 (d, J� 8.0 Hz, 1 H), 7.53 (d, J� 8.1 Hz,
1H), 7.65 (d, J� 8.8 Hz, 1H), 7.68 (d, J� 8.9 Hz, 1 H), 7.90 (d, J� 8.7 Hz,
1H).


2,2''-Bis(diphenylphosphanyl)-1,1''-bidibenzofuranyl (BIFAP, 1): Com-
pound 3 (1.78 g, 3.62 mmol) was azeotropically dried with dry toluene
(2� 10 mL) and dissolved in THF (26 mL). At ÿ78 oC, nBuLi (4.53 mL,
1.6m in hexanes) was slowly added to the solution. A yellow solution was
obtained that slowly turned into a green suspension. After stirring for 2 h at
ÿ78 oC, chlorodiphenylphosphine (1.30 mL, 7.24 mmol) was slowly added.
The mixture was allowed to warm to room temperature overnight. The
resulting light yellow solution was worked up with CH2Cl2/water, washed
with brine and water and dried over MgSO4. After evaporation of the
solvents, a light yellow solid was obtained, which was triturated with
methanol (5 mL). Filtration yielded 2.34 g of light yellow crystalline solid
(92 %). M.p. 257 ± 260 oC; 31P NMR: d�ÿ16.6; 1H NMR: d� 6.02 (d, J�
7.7 Hz; H9, H9'), 6.62 (t, J� 7.5 Hz; H8, H8'), 6.90 (m, 4 H; PhH-meta), 6.99
(m, 6H; PhH-ortho�para), 7.16 (m; 10PhH, H7, H7'), 7.40 (d, J� 8.2 Hz;
H6, H6'), 7.52 (dt, J� 8.4, 1.3 Hz; H3, H3'), 7.68 (d, J� 8.5 Hz; H4, H4');
13C NMR: d� 110.8, 111.8, 122.1, 122.4, 123.2, 123.8 (t, J� 5.5 Hz), 128.0,
128.3, 131.6 (dd, J� 5.6, 3.4 Hz), 132.8 (t, J� 10.0 Hz), 133.6, 134.3 (t, J�
11.2 Hz), 137.1 (dd, J� 7.2, 5.0 Hz), 137.8 (dd, J� 6.6, 4.9 Hz), 140.0 (m),
156.2, 156.5; IR (NaCl): nÄ � 3070, 1584, 14.60, 1418, 1193, 908 cmÿ1; HRMS
(FAB� ): calcd for C48H33O2P2 [M�H]� 703.1956, found 703.1981.


2,2''-Bis(diphenylphosphinoyl)-1,1''-bidibenzofuranyl (BIFAPO, 4): A 30%
aqueous H2O2 solution (2 mL) was added to a solution of BIFAP (2.34 g,
3.33 mmol) in THF (20 mL) at 0 oC. After stirring for 30 min, the reaction
was worked up with CH2Cl2, water and brine. After drying over MgSO4 the
solvents were evaporated and a light yellow solid was obtained (2.44 g,
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100 %). M.p. 203 ± 210 oC; 31P NMR: d� 30.2; 1H NMR: d� 5.86 (d, J�
7.5 Hz; H9, H9', 6.49 (t, J� 7.3 Hz; H8, H8'), 7.03 (dt, J� 7.6, 2.8 Hz;
4PhH), 7.13 (dt, J� 8.4, 1.2 Hz; H7, H7'), 7.13 (m; 2 PhH), 7.25 (m; 4PhH),
7.38 (m; 6PhH, H6, H6'), 7.56 (dd, J� 12.6, 8.8 Hz, H3, H3'), 7.65 (dd, J�
8.6, 1.9 Hz; H4, H4'), 7.73 (m; 4PhH); 13C NMR: d� 110.7, 110.8, 122.0,
122.4, 123.2, 124.0 (d, J� 12.7 Hz), 125.5 (d, J� 105.2 Hz), 126.7, 127.5 (d,
J� 11.8 Hz), 127.9 (d, J� 12.4 Hz), 130.7 (d, J� 2.5 Hz), 131.1 (d, J�
2.5 Hz), 131.8 (d, J� 9.3 Hz), 132.0, 132.5 (d, J� 10.5 Hz), 132.8 (d, J�
102.6 Hz), 134.1 (d, J� 105.2 Hz), 134.2, 138.5 (dd, J� 8.2, 3.8 Hz), 156.1,
157.0 (d, J� 2.8 Hz); IR (NaCl): nÄ � 3053, 1575, 1436, 1193, 1118 cmÿ1;
HRMS (FAB� ): calcd for C48H33O4P2 [M�H]� 735.1854, found 735.1911.


Resolution of BIFAPO (4): A solution of (ÿ)-O,O'-dibenzoyl tartaric acid
(1.06 g, 2.80 mmol) in EtOAc (50 mL) was added to a stirred solution of
(�)-BIFAPO (4) (2.06 g, 2.80 mmol) in CHCl3 (20 mL). After approx-
imately 1 min, a white precipitate was formed. This 1:1 complex 5 of (R)-
(�)-BIFAPO and (ÿ)-DBT was filtered off and dried in vacuo. M.p. 217 ±
222 oC; 31P NMR: d� 33.7; 1H NMR: d 3.0 (br s; 2 COOH), 5.87 (d, J�
7.5 Hz; H9, H9'), 5.90 (s; 2 HÿCOBz), 6.56 (dt, J� 7.3, 0.7 Hz; H8, H8'),
6.88 (m; 4H), 7.08 (dt, J� 7.4, 0.9 Hz, 2H), 7.17 (m, 6H), 7.26 (m, 4 H), 7.36
(m, 8 H), 7.53 (m, 2H), 7.60 (dd, J� 7.4, 1.6 Hz, 4 H), 7.68 (ddd, J� 12.4, 7.1,
1.3 Hz, 4 H), 8.03 (d, J� 7.1 Hz, 4H). The mother liquor was evaporated to
obtain a light-yellow solid 6. 31P NMR: d� 33.4, 33.7 in a �10:1 ratio.


Complex 5 was suspended in CH2Cl2 (30 mL) and stirred with 1n aqueous
KOH (30 mL). After 1 h the white solid was dissolved completely. The
organic layer was separated, washed with brine and water and dried over
MgSO4. After evaporation, (R)-(�)-BIFAPO was obtained as a white solid
(824 mg, 80%). M.p. 189 ± 191 oC; [a]20


D ��215 (c� 1 in CHCl3); Spectral
data were identical to racemic BIFAPO. To check the enantiopurity of the
product by 31P NMR, (R)-(�)-BIFAPO (12.6 mg) and (�)-DBT (6.5 mg)
were mixed in CDCl3. 31P NMR: d� 33.4 (single signal).


The light yellow solid 6 was dissolved in CH2Cl2 (30 mL) and stirred with
aqueous KOH (1n, 30 mL). After 30 min the organic layer was separated,
washed with brine and water and dried over MgSO4. After evaporation
enantioenriched BIFAPO was obtained as a light yellow solid. This solid
was dissolved in CHCl3 (10 mL). A solution of (�)-O,O'-dibenzoyl tartaric
acid (560 mg, 1.48 mmol) in EtOAc (25 mL) was added and a white
precipitate was formed instantly. This 1:1 complex 7 of (S)-(ÿ)-BIFAPO
and (�)-DBTwas filtered off and dried in vacuo. Spectral data are identical
to the complex of (R)-(�)-BIFAPO and (ÿ)-DBT. About 10% of this
complex was recrystallised from CHCl3/EtOAc 1:1 to obtain crystals
suitable for X-ray analysis. The rest of 7 was suspended in CH2Cl2 (30 mL)
and stirred with aqueous KOH (1n, 30 mL). After 1 h, when the white solid
had disappeared, the organic layer was separated, washed with brine and
water and dried over MgSO4. After evaporation, (S)-(ÿ)-BIFAPO was
obtained as a white solid (742 mg, 72%). M.p. 190 ± 193 oC; [a]20


D �ÿ213
(c� 1 in CHCl3); Spectral data were identical to racemic BIFAPO. To
check the enantiopurity of the product by 31P NMR, (S)-(ÿ)-BIFAPO
(12.0 mg) and (ÿ)-DBT (6.3 mg) were mixed in CDCl3. 31P NMR: d� 33.4
(single signal).


(S)-(ÿ)-BIFAP (1): Diisopropylethyl amine (5.3 mL, 30 mmol) and
trichlorosilane (3.06 mL, 30 mmol) were added to a stirred solution of
(S)-(ÿ)-BIFAPO (1.1 g, 1.49 mmol) in p-xylene (20 mL) in a sealed tube.
The tube was closed and heated at 160 oC for 24 h. After cooling the
reaction mixture was worked up with CH2Cl2 and aqueous KOH (1n),
washed with water and brine and evaporated. The solids were dissolved in
CH2Cl2 (10 mL) and EtOH (20 mL) was added. CH2Cl2 was slowly distilled
off and the product precipitated. (S)-(ÿ)-BIFAP was obtained as a white
crystalline solid (900 mg, 86 %). M.p. 120 ± 123 oC; [a]20


D �ÿ224 (c� 0.5 in
C6H6); HRMS (FAB� ): calcd for C48H33O2P2 [M�H]� 703.1956, found
703.1913. Spectral data were identical to (�)-BIFAP.


(R)-(�)-BIFAP (1): (R)-(�)-BIFAPO (980 mg, 1.33 mmol) was treated in
the same manner as described for the synthesis of (S)-(ÿ)-BIFAP. The
product was obtained as a white crystalline solid (862 mg, 92%). M.p. 120 ±
125 oC; [a]20


D ��226 (c� 0.5 in C6H6); HRMS (FAB� ): calcd for
C48H33O2P2 [M�H]� 703.1956, found 703.1967. Spectral data were identical
to (�)-BIFAP.


(S)-(ÿ)-2,2''-Bis(diphenylphosphanyl)-1,1''-bidibenzofuranyl-8,8''-disulfonic
acid dipotassium salt ((S)-(ÿ)-BIFAPS, 2): (S)-(ÿ)-BIFAP (208 mg,
0.296 mmol) was dissolved in sulfuric acid (0.75 mL) at 0 oC to obtain a
brown viscous solution. A 10% solution of SO3 in sulfuric acid (0.75 mL)


was added and the mixture was stirred at room temperature for 80 h. The
reaction was followed by 31P NMR. The mixture was cooled again to 0 oC
and distilled water (3 mL) was added. A white sticky precipitate was
formed. 30% aqueous KOH was added until the pH of the mixture was
between 7.0 and 7.3. The milky mixture was evaporated and the resulting
white solid was extracted with MeOH (3� 5 mL) and filtered. The
combined fractions were evaporated and the off-white solid was extracted
with EtOH (3� 2 mL). After evaporation of the combined fractions, the
optically pure product was obtained as an off-white solid (272 mg, 98%).
M.p.> 365 oC; [a]20


D �ÿ74 (c� 0.5 in MeOH/H2O 1:1); 31P NMR
(CD3OD): d�ÿ14.0; 1H NMR (CD3OD): d� 6.67 (d, J� 1.5 Hz; H9,
H9'), 6.85 (t, J� 7.2 Hz, 2H; Ph-para), 6.96 (t, J� 7.3 Hz, 4 H; Ph-meta),
7.02 (m, 4 H; Ph-ortho), 7.31 (m, 10 H; PhH), 7.35 (d, J� 8.6 Hz; H6, H6'),
7.41 (dt, J� 8.5, 1.4 Hz; H3, H3'), 7.65 (dd, J� 8.5, 1.7 Hz; H7, H7'), 7.67 (d,
J� 8.6 Hz; H4, H4'); 13C NMR (CD3OD): d� 111.7, 113.0, 121.7, 123.7,
125.1 (t, J� 5.4 Hz), 126.5 (m), 133.5 (t, J� 5.3 Hz), 134.4 (t, J� 11.4 Hz),
135.0, 135.5 (t, J� 10.5 Hz), 136.6 (t, J� 5.4 Hz), 139.3 (t, J� 6.5 Hz), 140.1
(m), 140.9, 158.3, 158.6; IR (Kbr): nÄ 3448 (br), 3069, 1624, 1570, 1433, 1228,
1099, 1025 cmÿ1; C48H30O8P2S2K2 ´ 3 H2O (993.08): calcd C 58.06, H 3.66, S
6.45; found C 58.05, H 3.73, S 6.57.


(R)-(�)-2,2''-Bis(diphenylphosphanyl)-1,1''-bidibenzofuranyl-8,8''-disulfon-
ic acid dipotassium salt ((R)-(�)-BIFAPS, 2). (R)-(�)-BIFAP (170 mg,
0.242 mmol) was treated in the same manner as described for the synthesis
of (S)-(ÿ)-BIFAPS. Optically pure (R)-(�)-BIFAPS was obtained as an
off-white solid (220 mg, 97%). M.p. >365 oC; [a]20


D ��72 (c� 0.5 in
MeOH/H2O 1:1); HRMS (FAB� ): calcd for C48H31O8P2S2K2 [M�H]�


939.0210, found 939.0218; Spectral data were identical to (S)-(ÿ)-BIFAPS.


Preparation of 2-(diphenylphosphine)dibenzofuran (14) by nickel catalysis.
Diphenylphosphine (100 mL, 0.57 mmol) was added to a solution of
[NiCl2(dppe)] (53 mg, 0.1 mmol) in DMF (2 mL). The mixture was heated
at 100 8C for 30 min. To this was added a solution of 2-(trifluoromethane-
sulfonyloxy)dibenzofuran (317 mg, 1 mmol) and DABCO (450 mg,
4 mmol) in DMF (1.5 mL). The dark green solution was kept at 100 8C.
After 2, 4, and 6 h extra portions of diphenylphosphine were added (3�
50 mL, 0.28 mmol). After 2 d, the precipitate was filtered off and washed
with 2� 1 mL methanol. This afforded the product in 41 % yield (145 mg).
Spectral data are identical to literature data;[71] 31P NMR: d�ÿ3.70;
1H NMR: d� 7.98 (dd, J� 7.7, 1.1 Hz, 1 H; H9), 7.85 (dd, J� 7.7, 0.5 Hz, 1H;
H1), 7.54 ± 7.58 (m, 2 H; H4, H6), 7.43 ± 7.48 (m, 2H; H7, H8), 7.35 ± 7.39 (m,
10H; PhH), 7.30 (dt, J� 0.7, 7.7 Hz; H3).


[(bifap)PdCl2] (15): A solution of (�)-BIFAP (40 mg, 57 mmol) in benzene
(1 mL) was added to a stirred yellow solution of PdCl2(MeCN)2 (15 mg,
57 mmol) in benzene (1 mL). An orange precipitate formed and after
stirring overnight this precipitate was filtered off and dried in vacuo. The
yield was 49 mg of orange crystals (99 %). The complex was recrystallised
from CH2Cl2/pentane to obtain crystals suitable for X-ray crystallographic
analysis. M.p. 318 ± 320 8C; 31P NMR: d� 27.7; 1H NMR: d� 7.80 ± 7.60 (m,
8H; ArH), 7.50 ± 7.42 (m, 8 H; ArH), 7.36 ± 7.28 (m, 6H; ArH), 6.95 (t, J�
7.3 Hz, 2H; ArH), 6.76 (t, J� 7.5 Hz, 2H; H8, H8'), 6.52 (br s, 4H; ArH),
6.11 (d, J� 7.9 Hz, 2H; H9m, H9'); 13C NMR: d� 157.8, 156.2, 135.3 (m),
134.9 (m), 134.4 (m), 132.8 (m), 131.1 (d, J� 13 Hz), 129.2 (d, J� 62 Hz),
128.3, 127.8 (m), 127.6 (m), 125.3 (m), 123.8 (d, J� 60H), 123.2, 123.1 (dd,
J� 54, 4 Hz), 122.9, 121.5, 111.8 (m), 111.6.


RuCl2/(S)-(ÿ)-bifap complex (17): (S)-(ÿ)-BIFAP (100 mg, 142 mmol) and
[{RuCl2(benzene)}2] (34 mg, 67 mmol) were dissolved in degassed DMF
(2.3 mL). This dark brown mixture was heated at 100 8C for 10 min. The
mixture was cooled to room temperature and concentrated in vacuo. The
air-sensitive mixture of complexes was obtained as a reddish brown solid.


[RuCl(benzene)(R)-(�)-bifaps]Cl (18). (R)-(�)-BIFAPS (100 mg,
106 mmol) and [{RuCl2(benzene)}2] (23 mg, 46 mmol) were dissolved in
degassed MeOH (5 mL). The orange solution was stirred overnight at room
temperature, filtered and concentrated in vacuo. An air-sensitive complex
was obtained as an orange solid. 31P NMR (MeOH): d� 39.7 (d, J�
63.2 Hz), 32.3 (d, J� 64.0 Hz).


Hydrogenation of methyl acetoacetate


Procedure A, with preformed RuCl2/ligand complex. A solution of methyl
acetoacetate (1.85 mL, 17.0 mmol) in solvent (17 mL) was degassed by
bubbling through argon for 10 min (pH 3.5). To this mixture was added
RuCl2/ligand complex 16, 17, or 18 (16.0 mmol), which was quickly weighed
in air. The solution was stirred at room temperature for about 2 min and
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turned yellow. If indicated, sulfuric acid (9 mL, 169 mmol), HCl (1n, 170 mL,
170 mmol) or potassium tosylate (16 mg, 68 mmol) was added. The mixture
was transferred through a cannula into a stainless steel 100 mL autoclave,
which was previously evacuated and filled with nitrogen 3 times. The
mixture was stirred at 600 rpm, pressurised with hydrogen gas, and heated
at 70 8C for 2 h. The autoclave was cooled to room temperature,
depressurised and opened. The resulting orange solution was concentrated
in vacuo when methanol was used as the solvent or extracted with CH2Cl2


and then concentrated in vacuo when water was used as the solvent. The
conversion was checked by 1H NMR. Bulb-to-bulb distillation (100 ±
150 8C, 20 mbar) yielded the pure product as a colourless liquid in 70 ±
95% isolated yield. The optical purity was determined by dividing the
measured rotation by the literature rotation of the R product. [a]20


D �ÿ23.5
(neat);[59] 1H NMR: d� 4.19 (m, 1H; CHOH), 3.70 (s, 3H; OCH3), 3.0 (br s,
1H; OH), 2.49 (dd, J� 16.5, 3.6 Hz, 1H; CHHC�O), 2.42 (dd, J� 16.3,
8.6 Hz, 1 H; CHHC�O), 1.21 (d, J� 6.3 Hz, 3H; CH3CHOH); 13C NMR:
d� 173.0, 64.0, 51.3, 42.8, 22.3.


Procedure B, with in situ formed RuCl2/ligand complex. A solution of
methyl acetoacetate (1.85 mL, 17.0 mmol) in solvent (17 mL) was degassed
by bubbling through argon for 10 min. [{RuCl2(benzene)}2] (4.0 mg,
8.0 mmol) and ligand (17.0 mmol) were added to this mixture. The solution
was stirred for 30 min and the mixture turned yellow. The reaction was
further carried out as described in procedure A.


Hydrogenation of (Z)-acetamidocinnamic acid. In a 100 mL pyrex flask
solvent (10 mL) was degassed by bubbling through argon for 10 min. (Z)-
acetamidocinnamic acid (205 mg, 1.0 mmol) and RuCl2/ligand complex 16,
17 or 18 (0.01 mmol, quickly weighed in air) were added and the yellow
mixture was stirred for 5 min at room temperature. The flask was
pressurised with hydrogen gas (4 atm) and firmly shaken at room temper-
ature. After 24 ± 100 h the flask was depressurised and opened. The
reaction mixture was concentrated in vacuo when methanol was used as the
solvent. When a water/ethyl acetate mixture was used, the organic layer
was separated and concentrated in vacuo. The conversions were deter-
mined by 1H NMR: d� 7.30 ± 7.23 (m, 3 H; ArH), 7.16 (d, J� 6.6 Hz, 2H;
ArH), 6.12 (br s, 1H; NH), 4.88 ± 4.84 (m, 1H; CHNHAc), 3.22 (dd, J�
14.0, 5.5 Hz, 1H; ArCHH), 3.12 (dd, J� 14.0, 6.1 Hz, 1H; ArCHH), 1.98 (s,
3H; CH3C�O).


Part of the crude product was methylated for determination of enantio-
meric excess. About 10 % of the crude product was dissolved in methanol
and treated with an excess of freshly distilled diazomethane solution in
diethylether.[72] The resulting mixture was quenched with acetic acid and
concentrated in vacuo. The methylated product was purified by flash
chromatography (EtOAc/PE 1:1) and the enantiomeric excess was checked
by chiral HPLC (Daicel OD, heptane/iPrOH 9:1, 0.5 mL minÿ1, UV
254 nm: tR 10.0 and 12.3). 1H NMR: d� 7.30 ± 7.22 (m, 3H; ArH), 7.08 (d,
J� 6.6 Hz, 2 H; ArH), 5.99 (br d, J� 6.9 Hz, 1 H; NH), 4.90 ± 4.85 (m, 1H;
CHNHAc), 3.72 (s, 3H; CH3O2C), 3.17 ± 3.06 (m, 2H; ArCH2), 1.97 (s, 3H;
CH3C�O).


X-ray structure determination of 7, (S)-(ÿ)-1 and 15 : Crystals suitable for
X-ray diffraction were glued to the tip of a glass capillary. Complexes 7 and
15 were mounted on an Enraf ± Nonius CAD4-T diffractometer with a
rotating anode. Compound (S)-(ÿ)-1 was measured on a Enraf ± Nonius k-
CCD with a rotating anode. All diffraction experiments were carried out
using graphite monochromated MoKa radiation (l� 0.71073 �). Accurate
unit-cell parameters and an orientation matrix were determined by least-
squares fitting of the setting angles of a limited set of reflections (SET4-
centered[38] on the CAD4). The unit-cell parameters were checked for the
presence of higher lattice symmetry.[39] Crystal data and details on data
collection and refinement are collected in Table 3. Data were corrected for
Lorentz and polarisation effects, but not for absorption. The CAD4 data
were also corrected for the observed linear instability of the reference
reflections. Fc values of (S)-(ÿ)-1 were corrected for secondary extinction
by refinement of an empirical isotropic parameter: F '


c�Fck[1�xF2
cl3/


sin(2q)]ÿ1/4, where x� 11.1(10)10ÿ6 and k is the overall scale factor.


All structures were solved by automated direct methods (SHELXS 97[41] for
7; SHELXS 86[40] for (S)-(ÿ)-1 and 15). The structures were refined on F 2,
using full-matrix least-squares techniques (SHELXL 97-2);[54] no observ-
ance criteria were applied during refinement. Hydrogen atoms were
included in the refinement on calculated positions, riding on their carrier
atoms, except for the hydroxyl hydrogen atoms of complex 7, which were


located on a difference Fourier map and whose coordinates were included
in the refinement as parameters.


The crystal structures of complexes 7 and 15 contain disordered solvent
areas. The BYPASS procedure,[58] as implemented in the program
PLATON,[66] was used to take the corresponding electron density into
account. For complex 7 two separate solvent areas were found in the unit
cell. Each area has a volume of 335 �3 and contains 122 electrons. The unit
cell of complex 15 contains a total solvent area of 567 �3, with a contents of
157 electrons per unit cell.


The non-hydrogen atoms were refined with anisotropic atomic displace-
ment parameters. The hydrogen atoms were refined with a fixed isotropic
displacement parameter related to the value of the equivalent isotropic
displacement parameter of their carrier atoms by a constant factor of 1.5
for the hydroxyl hydrogen atoms and a factor of 1.2 for all other hydrogen
atoms.


The absolute configuration of 7 was assigned in accordance with the known
configuration of (�)-DBT (i.e., S configuration for the chiral carbon
atoms). The Flack parameter (x),[64] derived during the final structure-
factor calculation, amounts to 0.1(3) for this configuration. After refine-
ment of the alternative chirality a value of 0.6(3) was derived. For (S)-(ÿ)-1
the absolute structure was set equal to the one observed in complex 7. The x
parameter was calculated to be 0.05(6). Inversion of the structure gave x�
0.95(7) after refinement. Neutral atom scattering factors and anomalous
dispersion corrections were taken from the International Tables for
Crystallography.[65]


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publications no. CCDC-112 762
(compound 7), CCDC-112 763 (compound (S)-(ÿ)-1) and CCDC-112 764
(compound 15). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, (UK) (fax:
(�44) 1223-336-033; e-mail deposit@ccdc.cam.ac.uk).
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7 (S)-(ÿ)-1 15


Crystal data
formula C48H32O4P2 ´ C18H14O8


[a] C48H32O2P2 C48H32Cl2O2P2Pd[a]


Mw 1093.03 702.73 880.05
crystal system orthorhombic monoclinic triclinic
space group P212121 (No. 19) P21 (No. 4) P1Å (No. 2)
a [�] 12.7075(8) 11.3816(3) 12.1177(14)
b [�] 18.9911(14) 9.4766(2) 13.7260(18)
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crystal size [mm] 0.1� 0.1� 0.1 0.25� 0.25� 0.30 0.1� 0.2� 0.2


Data collection
T [K] 200 295 150
qmin, qmax [8] 0.8, 25.0 1.6, 27.5 1.5, 27.5
Cell determination
(no. refln/q-range) 25/9.9 ± 13.6 450/2.0 ± 20.0 21/11.4 ± 14.0
scan type w ± w
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X-ray exposure time [h] 27 9 60
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total no. reflns 5977 26900 25932
unique reflns 5746 8248 [Rint� 0.0554] 10526 [Rint� 0.0554]


Refinement
parameters 727 470 496
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[a] Without disordered solvent contribution (see text). [b] R�S jjFo j ÿ jFc jj/S jFo j . [c] wR2� {S[w(F 2
o ÿF 2


c )2]/S[w(F 2
o )2]}1/2. [d] P� (Max(F2


o, 0)� 2F2
c)/3.
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Total Synthesis of (ÿ)-Epothilone A


Dieter Schinzer,* Armin Bauer, Oliver M. Böhm, Anja Limberg, and Martin Cordes[a]


Abstract: The total synthesis of (ÿ)-epothilone A by a convergent route is reported.
The synthesis of the required key intermediates has been improved with respect to
stereoselectivity and availability. The access to ethyl ketone 2 has been significantly
improved by employment of chiral acetate equivalents, which provided higher optical
and chemical yields. Key intermediate 3 was obtained by oxazolidinone auxiliary
techniques and stereoselectively coupled with 2 by an aldol reaction. After
esterification with thiazole fragment 4, (ÿ)-epothilone A was finally constructed by
using ring-closing metathesis.


Keywords: cytotoxic agents ´
epothilones ´ macrolides ´ natural
products


Introduction


The fascinating biological activities of the epothilones, a new
class of macrolides isolated from the myxobacterium
Sorangium cellulosum by Höfle, Reichenbach, and co-work-
ers at the Gesellschaft für Biotechnologische Forschung
(GBF), Braunschweig (Germany)[1] have created tremendous
excitement in the scientific community.[2] Following a screen-
ing program aimed at the identification of substances with a
taxol-like mode of action, Daniel M. Bollag and co-workers at
the Merck research laboratories in West Point, PA, found in
1995 that the epothilones are powerful cytotoxic agents which
function through stabilization of cellular microtubules in the
same mode of action like paclitaxel and its analogues. The
biological activity spectrum of the epothilones is very close to
that of paclitaxel. Both compounds supposedly compete for
the same receptor, paclitaxel being displaced from the binding
site by the epothilones. They show similar kinetics in in vitro
tests and provide closely similar pictures of microtubule
structure and cell damage; the major difference in their effect
on cell lines is their efficacy against multiple-drug resistance.
Epothilones are between 2000 and 5000 times more active
than paclitaxel in these experiments.[3] Their important
antitumor activity combined with their relative structural
simplicity compared with paclitaxel, and a much better water
solubility of the epothilones define exciting opportunities for
synthetic chemists, biologists, and clinicians for the develop-


ment of new, powerful anti-cancer drugs. Owing to the
impressive biological profile of those compounds, several
groups engaged in synthetic-organic and natural product
chemistry focused their efforts on developing strategies for
the total synthesis of epothilones and their synthetic ana-
logues. Several total syntheses of epothilone A[4] and epothi-
lone B[5] as well as various partial syntheses have already been
achieved.[6]


In this paper, we report on the details of an improved total
synthesis of (ÿ)-epothilone A based on our previously
communicated olefin metathesis approach,[6a] with a meta-
thesis reaction as the ring-closing step.[4e] The structure of
epothilone A (1) is characterized by a 16-membered macro-
cyclic lactone carrying a cis-epoxide moiety, seven stereo-
centers, and two geometrical elements that have to be built up
during the course of the synthesis. Disconnection gives three
key fragments which can be assembled in a convergent
manner: as shown in Scheme 1, the ester and the b-hydroxy
keto functions in 1 allow the indicated disconnection to the
ethyl ketone fragment 2, aldehyde 3, and thiazole fragment 4
as potential precursors.


Results and Discussion


The synthesis of the ethyl ketone fragment 2 was accom-
plished as depicted in Scheme 2. In contrast to our previously
described asymmetric prenylborane synthesis of fragment 2,
the construction of the stereocenter at C3 in the epothilone
macrocycle is achieved by a diastereoselective aldol reaction
with the chiral acetate equivalent (S)-(ÿ)-HYTRA (1,1,2-
triphenyl-1,2-ethanediol acetate) (9).[7] Aldehyde 8 required
for this aldol reaction was obtained starting from a Refor-
matsky reaction of a-bromo ester 5 and 3-pentanone which
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Scheme 1. Retrosynthetic analysis of epothilone A.
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Scheme 2. Synthesis of the ethyl ketone fragment 2. a) 1.1 equiv Zn dust,
3-pentanone, THF/B(OMe)3 (1:1), reflux, 2 h, then RT, 20 h, 65 %;
b) Sicapent[9] , cyclohexane, reflux, 20 min, 80 %; c) 1. LAH (2 equiv),
THF, reflux, 2 h; 2. Swern oxidation, 63%; d) LDA (2 equiv), THF, 0 8C,
1 h; then 1.2 equiv 8, ÿ78 8C, 1.5 h, 75 %; e) LAH (7 equiv), Et2O, reflux,
2.5 h, 90 %; f) acetone, CuSO4 anhydr. (1.5 equiv), pTsOH ´ H2O
(0.2 equiv), pyridine (0.15 equiv), RT, 24 h, 90 %; g) O3, CH2Cl2, ÿ78 8C;
then PPh3 (1.2 equiv), ÿ78 8C to RT, 4 h, 85%; LDA� lithium diisopro-
pylamide, LAH� lithium aluminium hydride.


furnished b-hydroxyester 6 in 65 % yield.[8] Dehydration with
P4O10 gave ester 7 (80 %, only the E isomer was detected by
1H and 13C NMR spectroscopy), which then was converted to
the aldehyde 8 by LAH reduction and subsequent Swern
oxidation in 63 % yield. Addition of the dianion of 9 to 8 in


THF atÿ78 8C resulted in the formation of crystalline ester 10
in excellent diastereoselectivity (96% de, by HPLC) and good
yield (75 %). LAH reduction allowed the auxiliary to be
removed nearly quantitatively and led to the diol 11 (90 %).
Finally, 11 was protected as the 1,3-dioxolane 12 (90 %) and
ozonolysis gave the desired building block 2 in 85 % yield,
identical with 2 prepared according to the prenyl borane
protocol.[6a]


Aldehyde building block 3 was prepared by employing an
Evans asymmetric-alkylation strategy, starting from Super-
Quat oxazolidinone 13,[10] which was deprotonated with
nBuLi and treated with 6-heptenoyl chloride to afford amide
14 in 65 % yield. Alkylation of the sodium enolate of 14 with
MeI in THF atÿ78 8C provided compound 15 (85 %, only one
isomer was detected by 1H and 13C NMR spectroscopy).
Alcohol 16 was then obtained in 88 % yield after reductive
removal (LAH)[11] of the auxiliary (recovery: 89 %); subse-
quent oxidation with TPAP/NMO[12] gave the desired a-chiral
aldehyde 3 (89 %).
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Scheme 3. Synthesis of aldehyde 3. a) 1.15 equiv nBuLi, THF, ÿ78 8C,
30 min; then 6-heptenoyl chloride, ÿ78 8C to RT, 65%; b) 1.15 equiv
NaHMDS, THF,ÿ78 8C, 30 min; then MeI (5 equiv),ÿ78 8C, 30 min, 85%;
c) LAH (4 equiv), Et2O, 0 8C, 88%; d) NMO (1.5 equiv), TPAP
(0.05 equiv), CH2Cl2, 10 min, 89 %; NaHMDS� sodium hexamethyldisila-
zane, NMO�N-methylmorpholine N-oxide, TPAP� tetra-n-propylam-
monium perruthenate.


Alcohol 17 (80 % ee, provided by the previously described
Sharpless resolution)[6a] was used as the starting material for
the construction of the thiazole fragment 4. Silylation
followed by ozonolysis gave methyl ketone 19 (68 % over
two steps). Deprotonation of phosphonate 20[6a] with nBuLi
and reaction with 19 under Horner ± Emmons conditions[13]


yielded the desired trisubstituted olefin 21 as a single stereo-
isomer in good yield (79 %). Selective desilylation of the
primary hydroxy group from 21 was achieved by the action of
aqueous HF and catalytic amounts of H2SiF6


[14] in MeCN/
Et2O, leading to hydroxy compound 22 (92 %). Dess ± Martin
oxidation[15] then gave aldehyde 23 in 84 % yield, which was
converted to the required thiazole alcohol 4 by the action of
the Wittig reagent Ph3P�CH2 and subsequent desilylation
with TBAF in THF (84% over two steps).
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Scheme 4. Synthesis of the thiazole fragment 4. a) 1.3 equiv TBSCl,
2.6 equiv imidazole, DMF, RT, 10 h, 98 %; b) O3, CH2Cl2, ÿ78 8C; then
PPh3 (3 equiv), ÿ78 8C to RT, 69 %; c) 1.2 equiv nBuLi, THF, ÿ78 8C, 1 h;
then 18 (1.0 equiv), ÿ78 8C to RT, 12 h, 79 %; d) HF aq. (40 %), glass
splinters, MeCN/Et2O (1:1), 0 8C, 3 h, 92%; e) Dess ± Martin periodinane
(1.3 equiv), CH2Cl2, RT, 30 min, 84 %; f) MePPh3Br/NaNH2 (1.85 equiv),
THF, RT, 25 min, 85%; g) TBAF (3 equiv), MS 4 �, THF, 0 8C, 80 min,
99%; TBSCl� tert-butyldimethylchlorosilane, TBAF� tetra-n-butylam-
monium fluoride.


The coupling of building blocks 2, 3, and 4, and the total
synthesis of epothilone A (1) are shown in Schemes 5 and 6.
Ethyl ketone 2 and aldehyde 3 were coupled in an aldol
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Scheme 5. Coupling of building blocks 2 and 3. a) LDA (0.98 equiv), THF,
ÿ78 8C, 1 h; then 3,ÿ78 8C, 45 min, 73 %; b) PPTS (1.3 equiv), MeOH, RT,
36 h, 88 %; c) TBSOTf (6 equiv), 2,6-lutidine (12 equiv), CH2Cl2, ÿ78 8C,
30 min, then 0 8C, 3 h, 99 %; d) CSA (0.2 equiv), MeOH/CH2Cl2 (1:1), 0 8C,
5 h, 83%; e) PDC (11 equiv), DMF, RT, 36 h, 79%; PPTS� pyridinium p-
toluenesulfonate, TBSOTf� tert-butyldimethylsilyl trifluoromethanesulfo-
nate, CSA� camphorsulfonic acid, PDC� pyridinium dichromate.
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Scheme 6. Final steps in the total synthesis of epothilone A. a) DCC
(1.3 equiv), DMAP (0.2 equiv), CH2Cl2, RT, 16 h, 80%;
b) [RuCl2(�CHPh)(PCy3)] (0.06 equiv), CH2Cl2, RT, 16 h, 94 %, (Z/E�
1.7:1); c) HF aq. (40 %), glass splinters, MeCN/Et2O (1:1), RT, 12 h, 65%;
d) dimethyl dioxirane, CH2Cl2, ÿ35 8C, 2 h, 48%; DCC� dicyclohexyl
carbodiimide, DMAP� 4-dimethylaminopyridine.


reaction, which proceeds with remarkable diastereoselectivity
(20:1) in favor of the desired anti Cram (6R,7S) [16] isomer 25
in high yield (73 %). The optimum conditions for this coupling
reaction required generation of the syn-lithium enolate of 2
with 0.98 equivalents of LDA in THF at ÿ78 8C, followed by
the addition of aldehyde 3, resulting almost exclusively in the
formation of 25, which was transformed to acid 29 by a four-
step sequence: Thus, cleavage of the dioxolane protective
group with PPTS in MeOH led to the triol 26 in 88 % yield.[17]


Exposure of 26 to excess of TBSOTf and 2,6-lutidine gave tris-
silyl ether 27 almost quantitatively (99 %). Selective depro-
tection of the primary TBS group of 27 was achieved by the
action of CSA in MeOH/CH2Cl2 (1:1), leading to alcohol 28 in
83 % yield.[18] Finally, acid 29 was obtained from 28 by
oxidation with PDC in DMF in 79 % yield.[19]


Acid 29 was coupled with thiazole building block 4 in
the presence of DCC and DMAP to afford the metathesis
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precursor 30 in 80 % yield. The olefin-metathesis reac-
tion of 30 with 6 mol% of the Grubbs catalyst
[RuCl2(�CHPh)(PCy3)][20] in CH2Cl2 gave a mixture of cyclic
systems 31 a and 31 b in 94 % yield, the desired Z isomer being
slightly favored (Z/E� 1.7:1). As the isomers could not be
separated by flash chromatography, they were subjected to
the following deprotection step with HF in MeCN/Et2O as a
mixture, leading to a mixture of 32 a, whose spectroscopical
data were identical with the naturally occurring epothilone C,
and 32 b in 65 % yield. This mixture was treated with a freshly
prepared solution of dimethyl dioxirane[21] in CH2Cl2 at
ÿ35 8C leading to a mixture of epoxidation products. (ÿ)-
epothilone A (1) with properties (TLC, [a]D, 1H and
13C NMR, MS) identical to an authentic sample could be
chromatographically isolated from this mixture in 48 % yield.


Conclusions


We have presented a very flexible and efficient route to (ÿ)-
epothilone A (1). The asymmetric syntheses of the three key
fragments have been achieved in a straightforward way. The
coupling of the ketone and aldehyde fragment by a kinetically
controlled aldol reaction provided stereochemically homoge-
neous material with outstanding facial selectivity. Finally,
esterification, ring-closing metathesis, and selective epoxida-
tion gave (ÿ)-epothilone A (1) in high optical purity. In
summary, our strategy offers the possibility to synthesize
epothilone analogues in sufficient quantities for in vitro and in
vivo biological studies.


Experimental Section


General : Solvents were dried by standard procedures and redistilled under
N2 atmosphere prior to use. All organometallic reactions were run under
nitrogen. The products were purified by flash chromatography on Merck
silica gel 60 (40 ± 63 mm). Melting points are uncorrected. Mass spectra
were recorded on Finnigan MAT 312, 8430, and SSQ 7000 spectrometers;
high-resolution mass spectra were obtained on the latter spectrometers
(reference PFK, peak matching method, accuracy �2 ppm). IR spectra
were recorded on Perkin ± Elmer 2000, 580, FT 1710, and Nicolet 320 FT-
IR spectrometers. UV spectra were recorded on Hewlett ± Packard 8452 A
and Perkin ± Elmer Lambda 19 spectrometers. NMR spectra were recorded
on Bruker AC 200, AM 400, and DPX 400 spectrometers. Optical rotations
were recorded with a Perkin ± Elmer 241 polarimeter.


Ethyl 3-ethyl-3-hydroxy-2,2-dimethylpentanoate (6): A suspension of zinc
dust (10.79 g, 0.165 mol) in THF (40 mL) and B(OMe)3 (40 mL) was
activated with 1,2-dibromoethane (0.26 mL, 3.0 mmol) and TESOTf
(0.34 mL, 1.5 mmol). A mixture of 3-pentanone (15.9 mL, 0.15 mol) and
ethyl 2-bromo-2-methylpropanoate 5 (23.4 mL, 0.165 mol) was added
slowly to the activated zinc suspension. The reaction mixture was heated
gently in a hot air stream until the reaction started. The addition was
performed at such a rate that the mixture gently refluxed. After addition of
the reactants, the mixture was refluxed for 2 h and stirred at room
temperature for 20 h. The reaction was quenched by addition of 25%
aqueous NH3 solution (45 mL) at 0 8C. Glycerine (45 mL) and Et2O
(40 mL) were added and the organic layer was separated. The aqueous
layer was extracted with Et2O (3� 40 mL). The combined organic layers
were dried over MgSO4 and concentrated in vacuo. Purification of the
residue by vacuum distillation afforded b-hydroxy alcohol 6 (19.72 g, 65%)
as a colorless liquid. B.p. 108 ± 110 8C10 mbarÿ1; IR (film): nÄmax� 3492,
2982, 1699, 1472, 1390, 1271, 1153, 1026, 968, 857, 776 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 4.17 (q, 3J� 7.1 Hz, 2H; CH3CH2OCO), 3.78 (s,


1H; OH), 1.56 (m, 4H; H-4), 1.29 (t, 3J� 7.1 Hz, 3H; CH3CH2OCO), 1.22
(s, 6 H; C2-CH3), 0.93 (t, 3J� 7.5 Hz, 6H; H-5); 13C NMR (100 MHz,
CDCl3): d� 179.2, 76.2, 60.9, 50.3, 28.2, 21.6, 14.1, 8.9; MS (PCI, CH4): m/z
(%): 203.4 (100) [M�H]� , 185.4 (78) [M�HÿH2O]� , 171.1 (11), 155.1 (23),
145.1 (24), 111.1 (16); C11H22O3 (202.3): calcd C 65.31, H 10.96; found C
65.09, H 11.35.


Ethyl (E)-3-ethyl-2,2-dimethyl-3-pentenoate (7): Hydroxy ester 6 (9.74 g,
48.1 mmol) was heated under reflux with Sicapent[9] (11.84 g) in cyclo-
hexane (40 mL) for 20 min. The solvent was removed by distillation.
Vacuum distillation of the residue afforded ester 7 (7.10 g, 80 %) as a
colorless liquid. B.p. 60 ± 63 8C 3 mbarÿ1; IR (film): nÄmax� 2976, 1776, 1730,
1472, 1383, 1255, 1134, 1027, 823, 670 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 5.41 (q, 3J� 6.8 Hz, 1H; H-4), 4.11 (q, 3J� 7.2 Hz, 2H; CH3CH2OCO),
2.06 (q, 3J� 7.6 Hz, 2 H; CH3CH2C�C), 1.65 (d, 3J� 6.8 Hz, 3H; H-5), 1.28
(s, 6H; C2-CH3), 1.23 (t, 3J� 7.1 Hz, 3 H; CH3CH2OCO), 0.97 (t, 3J�
7.5 Hz, 3 H; CH3CH2C�C); 13C NMR (100 MHz, CDCl3): d� 177.2, 144.1,
118.5, 60.3, 48.4, 24.9, 21.7, 14.1, 13.9, 13.5; MS (PCI, CH4): m/z (%): 185.1
(69) [M�H]� , 169.1 (14), 157.1 (100), 153.0 (16), 139.0 (9), 124.9 (15), 111.0
(30), 57.0 (38); HRMS (EI): calcd for C11H20O2 184.1463, found 184.146.


(E)-3-Ethyl-2,2-dimethyl-3-pentenal (8): LAH (2.95 g, 77.6 mmol,
2.0 equiv) was added to a solution of ester 7 (7.15 g, 38.8 mmol) in THF
(40 mL). The mixture was refluxed for 2 h. After cooling to 0 8C, Et2O
(30 mL) was added, and the mixture was quenched by dropwise addition of
water (2.95 mL), 15% aqueous NaOH (2.95 mL), and water (4.50 mL).
Celite (400 mg) was added, and the mixture was stirred for 30 min at room
temperature. The precipitate was filtered off by suction and washed with
Et2O (4� 40 mL). The filtrate and the washings were combined and
concentrated in vacuo to furnish crude (E)-3-ethyl-2,2-dimethyl-3-penten-
1-ol as a colorless liquid, which was used for the preparation of aldehyde 8
without further purification. An analytical sample of the alcohol was
obtained by vacuum distillation: B.p. 105 ± 106 8C 30 mbarÿ1; IR (film):
nÄmax� 3393, 2970, 1702, 1476, 1377, 1046, 960, 822, 643 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 5.43 (q, 3J� 6.7 Hz, 1 H; H-4), 3.35 (s, 2H; H-1),
2.07 (q, 3J� 7.6 Hz, 2 H; CH3CH2C�C), 1.67 (d, 3J� 6.7 Hz, 3H; H-5), 1.34
(br s, 1H; OH), 1.04 (s, 6 H; C2-CH3), 1.00 (t, 3J� 7.5 Hz, 3 H;
CH3CH2C�C); 13C NMR (100 MHz, CDCl3): d� 145.2, 120.5, 69.7, 42.0,
24.0, 20.0, 14.2, 13.6; MS (70 eV, EI): m/z (%): 142.1 (7) [M]� , 125.1 (48),
111.0 (34), 96.2 (14), 83.0 (35), 71.1 (37), 69.1 (100), 57.0 (42), 55.0 (66).


DMSO (6.59 mL, 93.0 mmol, 2.0 equiv) in CH2Cl2 (20 mL) was added
dropwise at ÿ78 8C to a stirred solution of (COCl)2 (3.71 mL, 42.7 mmol,
1.1 equiv) in CH2Cl2 (97 mL) within 5 min. The mixture was stirred for
10 min at ÿ70 8C. The crude (E)-3-ethyl-2,2-dimethyl-3-penten-1-ol dis-
solved in CH2Cl2 (38 mL) was added dropwise within 5 min. The mixture
was then stirred for 1 h at ÿ70 8C. The reaction was quenched by dropwise
addition of NEt3 (27 mL, 194.0 mmol, 5.0 equiv). The mixture was warmed
to room temperature within 45 min. Water (97 mL) was added, and the
mixture was stirred for 10 min. The organic layer was separated and the
aqueous layer was extracted with CH2Cl2 (3� 100 mL). The combined
organic extracts were dried over MgSO4 and concentrated in vacuo.
Purification of the residue by vacuum distillation afforded aldehyde 8
(3.43 g, 63% over two steps) as a colorless liquid. B.p. 85 ± 86 8C28 mbarÿ1;
IR (film): nÄmax� 3403, 2974, 1728, 1472, 1376, 1144, 1086, 975, 825 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 9.27 (s, 1H; H-1), 5.41 (q, 3J� 6.8 Hz, 1H;
H-4), 2.02 (q, 3J� 7.6 Hz, 2H; CH3CH2C�C), 1.69 (d, 3J� 6.9 Hz, 3H; H-5),
1.17 (s, 6 H; C2-CH3), 0.96 (t, 3J� 7.6 Hz, 3H; CH3CH2C�C); 13C NMR
(100 MHz, CDCl3): d� 203.5, 141.4, 122.6, 52.7, 24.2, 20.9, 14.1, 13.8; MS
(PCI, CH4): m/z (%): 141.0 (29) [M�H]� , 127.1 (98), 111.1 (100), 97.1 (2),
83.1 (3); HRMS (EI): calcd for C9H16O 140.1201, found 140.116.


(1S)-2-Hydroxy-1,2,2-triphenylethyl (3S,5E)-5-ethyl-3-hydroxy-4,4-di-
methyl-5-heptenoate (10): nBuLi (3.20 mL, 8.0 mmol, 2.5m solution in
hexanes) was added at ÿ78 8C to a solution of diisopropylamine (1.28 mL,
8.0 mmol) in THF (10 mL) cooled toÿ78 8C. This LDA solution was stirred
for 30 min at 0 8C and added dropwise to a solution of (S)-(ÿ)-2-hydroxy-
1,2,2-triphenyl acetate (9) (1.330 g, 4.0 mmol) in THF (25 mL) at ÿ78 8C.
The mixture was stirred for 1 h at 0 8C. The resulting orange-red solution
was cooled to ÿ78 8C, and a solution of aldehyde 8 (673 mg, 4.8 mmol,
1.2 equiv) in THF (5.0 mL) was added dropwise. The mixture was stirred
for 90 min. The reaction was quenched with saturated aqueous NH4Cl
solution (30 mL). The organic layer was separated and the aqueous layer
was extracted with CH2Cl2 (3� 50 mL). The combined organic extracts
were dried over MgSO4 and concentrated in vacuo. Purification of the
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residue by flash chromatography (pentane/Et2O 3:1) afforded b-hydroxy
ester 10 (1.41 g, 75%, 94% de) as a colorless crystalline solid. M.p. 144 ±
145 8C, [a]20


D �ÿ163.3, [a]20
546�ÿ195.5 (c� 1.0, CHCl3); IR (film): nÄmax�


3548, 3465, 2972, 1724, 1494, 1450, 1290, 1153, 990, 890, 751, 699 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 7.59 ± 7.54 (m, 2H; Harom.), 7.38 ± 7.02 (m,
13H; Harom.), 6.70 (s, 1 H; PhCH), 5.30 (q, 3J� 6.8 Hz, 1H; H-6), 3.78 (ddd,
3J� 10.0 Hz, 3J� 2.7 Hz, 3J� 2.5 Hz, 1 H; H-3), 2.86 (s, 1 H; Ph2COH), 2.31
(dd, 2J� 15.7 Hz, 3J� 2.2 Hz, 1 H; H-2), 2.21 (dd, 2J� 15.7 Hz, 3J� 10.0 Hz,
1H; H-2), 2.03 (d, 3J� 3.1 Hz, 1 H; C3-OH), 1.98 (dq, 4J� 2.2 Hz, 3J�
7.5 Hz, 2H; CH3CH2C�C), 1.60 (d, 3J� 6.8 Hz, 3 H; H-7), 0.98, 0.91 (2s, 2�
3H; C2-CH3), 0.91 (t, 3J� 7.6 Hz, 3H; CH3CH2C�C); 13C NMR (100 MHz,
CDCl3): d� 172.2, 146.0, 144.7, 142.6, 135.6, 128.4, 128.3, 128.0, 127.8, 127.5,
127.3, 127.1, 126.3, 126.2, 120.3, 80.4, 78.9, 72.3, 44.0, 37.4, 22.9, 21.3, 20.2,
14.3, 13.6; MS (70 eV, EI): m/z (%): 472.3 (<0.4) [M]� , 455.2 (0.4), 290.3
(4), 273.1 (70), 256.1 (12), 195.1 (17), 183.1 (100), 167.2 (12), 112.0 (16),
105.0 (26), 69.2 (10); C31H36O4 (472.6): calcd C 78.78, H 7.68; found C 78.87,
H 7.73.


(3S,5E)-5-Ethyl-4,4-dimethyl-5-heptene-1,3-diol (11): LAH (1.325 g,
35.0 mmol, 7.0 equiv) was added portionwise to a refluxing solution of
ester 10 (2.364 g, 5.0 mmol) in Et2O (50 mL) within a period of 2 h.
Refluxing was continued for 30 min. After cooling to 0 8C, the reaction was
quenched by dropwise addition of water (1.35 mL) and 15% aqueous
NaOH (1.35 mL). Et2O (40 mL) and water (1.35 mL) were added. The
mixture was stirred for 1 h at room temperature until a white precipitate
formed which was filtered off by suction through a small plug of celite. The
precipitate was washed with Et2O (4� 40 mL). The filtrate and washings
were combined, and concentrated in vacuo. Purification of the residue by
flash chromatography (pentane/Et2O 2:1) afforded (S)-2,2,1-triphenyl-
ethane-1,2-diol (9) (922 mg, 99%) as a colorless crystalline solid, and
alcohol 11 (836 mg, 90%) as a colorless oil. [a]20


D �ÿ30.7, [a]20
546�ÿ37.5


(c� 1.0, CHCl3); IR (film): nÄmax� 3313, 2969, 1472, 1382, 1312, 1053, 956,
822, 659 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 5.43 (q, 3J� 6.8 Hz, 1H;
H-6), 3.86 ± 3.76 (m, 2 H; H-1), 3.68 (dd, 3J� 10.3 Hz, 3J� 2.1 Hz, 1H; H-3),
3.00 (br s, 1 H; OH), 2.20 (br s, 1H; OH), 2.17 ± 2.02 (m, 2H; CH3CH2C�C),
1.67 (d, 3J� 6.8 Hz, 3H; H-7), 1.71 ± 1.52 (m, 2 H; H-2), 1.03, 1.01 (2s, 2�
3H; C4-CH3), 0.91 (t, 3J� 7.6 Hz, 3H; CH3CH2C�C); 13C NMR (100 MHz,
CDCl3): d� 146.2, 121.1, 75.8, 62.6, 44.4, 32.7, 22.8, 21.1, 20.1, 14.3, 13.6; MS
(70 eV, EI): m/z (%): 186.0 (0.6) [M]� , 177.0 (1), 141.0 (3), 112.0 (100), 96.9
(19), 83.0 (75), 74.9 (13), 68.9 (60), 54.9 (34); HRMS (EI): calcd for
C11H22O2 186.1620, found 186.157.


(4S)-4-[(E)-2-Ethyl-1,1-dimethyl-2-butenyl]-2,2-dimethyl-1,3-dioxane
(12): Anhydrous CuSO4 (478 mg, 3.0 mmol, 1.5 equiv), pTsOH ´ H2O
(76 mg, 0.4 mmol, 0.2 equiv), and pyridine (24 mL, 0.3 mmol, 0.15 equiv)
was added to a solution of diol 11 (372 mg, 2.0 mmol) in acetone (30 mL).
The mixture was stirred for 24 h at room temperature. Saturated aqueous
NaHCO3 solution (40 mL) was added and the aqueous layer was extracted
with Et2O (4� 60 mL). The combined organic extracts were dried over
MgSO4 and carefully concentrated in vacuo. Purification of the residue by
flash chromatography (pentane/Et2O 40:1) gave acetonide 12 (812 mg,
90%) as a colorless oil. [a]20


D ��14.3, [a]20
546��17.0 (c� 1.0, CHCl3); IR


(film): nÄmax� 2970, 1475, 1380, 1271, 1197, 1108, 971, 860, 765 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 5.32 (q, 3J� 6.8 Hz, 1H; H-3'), 3.88 (dt, 2J�
11.8 Hz, 3J� 2.9 Hz, 1H; H-6), 3.80 (ddd, 2J� 11.6 Hz, 3J� 5.5 Hz, 3J�
2.0 Hz, 1H; H-6), 3.70 (dd, 3J� 11.6 Hz, 3J� 2.5 Hz, 1 H; H-4), 2.18 ± 2.00
(m, 2H; CH3CH2C�C), 1.62 (d, 3J� 6.8 Hz, 3H; H-4'), 1.59 ± 1.46 (m, 1H;
H-5), 1.41, 1.35 (2 s, 2� 3H; C2-CH3), 1.18 (ddd, 2J� 13.1 Hz, 3J� 4.7 Hz,
3J� 2.6 Hz, 1H; H-5), 1.03, 1.00 (2 s, 2� 3 H; C1'-CH3), 0.98 (t, 3J� 7.5 Hz,
3H; CH3CH2C�C); 13C NMR (100 MHz, CDCl3): d� 146.1, 119.2, 98.3,
74.2, 60.4, 42.9, 29.9, 26.1, 24.2, 21.2, 20.8, 19.1, 14.4, 13.6; MS (70 eV, EI):
m/z (%): 226.1 (8) [M]� , 211.1 (14), 205.1 (3), 151.0 (14), 114.9 (100), 94.7
(10), 72.9 (32), 58.9 (60); HRMS (EI): calcd for C14H26O2 226.1933, found
226.193.


2-[(4S)-2,2-dimethyl-1,3-dioxan-4-yl]-2-methyl-3-pentanone (2): A stream
of ozone in oxygen was bubbled through a solution of acetonide 12 (226 mg,
1.0 mmol) in CH2Cl2 (40 mL) at ÿ78 8C until the blue color of the solution
persisted. PPh3 (262 mg, 1.2 equiv) was added at ÿ78 8C, the mixture was
allowed to warm to room temperature within 4 h and concentrated in
vacuo. Purification of the residue by flash chromatography (pentane/Et2O
5:1) furnished ethyl ketone 2 (182 mg, 85 %) as colorless crystals, m.p.
37 8C, identical ([a], IR, 1H NMR, 13C NMR) with substance obtained from
the previously described prenyl borane protocol.[6a]


(4S)-4-Benzyl-5,5-dimethyl-3-(6-heptenoyl)-1,3-oxazolidin-2-one (14): Ox-
alyl chloride (822 mL, 9.43 mmol, 2.0 equiv) was added dropwise at room
temperature to a solution of 6-heptenoic acid (604 mg, 4.71 mmol) in
CH2Cl2 (15 mL). The mixture was stirred for 3 h and then refluxed for
another 15 min. Evaporation at 40 mbar yielded the crude 6-heptenoyl
chloride, which was used without further purification for the synthesis of
oxazolidinone 14 : SuperQuat 13 (774 mg, 3.77 mmol) was dissolved in THF
(40 mL) and cooled to ÿ78 8C. nBuLi (1.73 mL, 2.5 m in hexanes,
4.34 mmol, 1.15 equiv) was added and stirring was continued at ÿ78 8C
for 30 min. A solution of the crude 6-heptenoyl chloride in THF (10 mL)
was added dropwise to the reaction mixture. The mixture was allowed to
warm to room temperature, quenched with saturated aqueous NaHCO3


solution (40 mL), and extracted with Et2O. The combined organic layers
were washed with brine, dried over MgSO4, and the solvent was removed
under reduced pressure. The crude product was purified by flash
chromatography (pentane/Et2O 4:1) to yield oxazolidinone 14 (969 mg,
65% over two steps) as a colorless oil. [a]20


D �ÿ31.5 (c� 1.68, CHCl3); IR
(film): nÄmax� 2934, 1779, 1699, 1457, 1357, 1278, 1209, 1160, 100, 914, 734,
700 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.33 ± 7.20 (m, 5 H; Ar-H),
5.86 ± 5.74 (m, 1 H; H-6'), 5.05 ± 4.92 (m, 2 H; H-7), 4.51 (dd, 3J� 9.5 Hz,
3J� 4.0 Hz, 1H; H-4), 3.14 (dd, 2J� 14.3 Hz, 3J� 4.0 Hz, 1H; C4-CH2),
2.98 ± 2.86 (m, 1 H; H-2'), 2.88 (dd, 2J� 14.3 Hz, 3J� 9.5 Hz, 1 H; C4-CH2),
2.12 ± 2.03 (m, 2 H, H-5'), 1.69 ± 1.58 (m, 3 H), 1.49 ± 1.40 (m, 2 H)(H-2', H-3',
H-4'), 1.37, 1.35 (2s, 2� 3H; C5-CH3); 13C NMR (100 MHz, CDCl3): d�
173.4, 152.6, 138.4, 137.0, 129.1, 128.6, 126.8, 114.7, 82.1, 63.5, 35.5, 35.4, 33.4,
28.5, 28.3, 23.8, 22.3; MS (PCI, CH4): m/z (%): 316.1 (100) [M�H]� , 300.1
(7), 272.1 (19), 234.0 (3); HRMS (EI): calcd for C19H25NO3 315.1834, found
315.184.


(4S)-4-Benzyl-5,5-dimethyl-3-[(2S)-2-methyl-6-heptenoyl]-1,3-oxazolidin-
2-one (15): A solution of oxazolidinone 14 (949 mg, 3.01 mmol) in THF
(10 mL) was added slowly to a solution of NaHMDS (3.46 mL, 1.0m in
Et2O, 3.46 mmol) in THF (4 mL) atÿ78 8C. The mixture was stirred for 1 h
at ÿ78 8C. MeI (937 mL, 15.0 mmol, 5.0 equiv) was added and stirring was
continued for 30 min at ÿ78 8C. The reaction was quenched by addition of
saturated NH4Cl solution (30 mL), warmed to room temperature and
extracted with Et2O. The combined organic layers were washed with brine,
dried over MgSO4, and evaporated in vacuo. The crude product was
purified by flash chromatography (pentane/Et2O 6:1) to obtain alkylated
amide 15 (841 mg, 85 %) as a viscous, colorless oil. [a]20


D �ÿ5.7 (c� 1.06,
CHCl3); IR (film): nÄmax� 2976, 2935, 1774, 1698, 1457, 1353, 1277, 1242,
1099, 991, 915, 734, 700 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.33 ± 7.20
(m, 5 H; Ar-H), 5.84 ± 5.72 (m, 1H; H-6'), 5.03 ± 4.91 (m, 2H; H-7), 4.51 (dd,
3J� 9.3 Hz, 3J� 4.1 Hz, 1H; H-4), 3.79 ± 3.68 (m, 1H; H-2'), 3.08 (dd, 2J�
14.3 Hz, 3J� 4.0 Hz, 1H; C4-CH2), 2.88 (dd, 2J� 14.3 Hz, 3J� 9.3 Hz, 1H;
C4-CH2), 2.10 ± 1.97 (m, 2 H; H-5), 1.76 ± 1.64 (m, 1 H), 1.46 ± 1.38 (m,
3H)(H-3', H-4'), 1.38, 1.36 (2s, 2� 3H; C5-CH3), 1.13 (d, 3J� 6.8 Hz, 3H;
C2-CH3); 13C NMR (100 MHz, CDCl3): d� 177.3, 152.3, 138.4, 136.9, 129.1,
128.6, 126.8, 114.7, 81.9, 63.6, 37.6, 35.5, 33.7, 33.0, 28.4, 26.5, 22.2, 17.4; MS
(PCI, CH4): m/z (%): 330.2 (100) [M�H]� , 314.2 (6) [MÿCH3]� , 286.1
(14), 261.0 (1), 234.0 (3); HRMS (EI): calcd for C20H27NO3 329.1991, found
329.199.


(S)-2-Methyl-6-hepten-1-ol (16): A solution of compound 15 (827 mg,
2.51 mmol) in Et2O (12 mL) was titrated at 0 8C with portions of a
suspension of LAH (approx. 250 mg consumed, 4 equiv) in Et2O until TLC
showed complete conversion of the starting material. Water (0.8 mL) was
added dropwise, and stirring was continued until the precipitate appeared
white. The suspension was filtered over celite, and the residue was washed
with Et2O (150 mL). The solvent was removed carefully under reduced
pressure. Flash chromatography (pentane/Et2O 3:1) yielded SuperQuat 13
(459 mg, 89 %) as colorless crystals and alcohol 16 (282 mg, 88 %) as a
colorless liquid. [a]20


D �ÿ12.5 (c� 1.03, CDCl3); IR (film): nÄmax� 3347,
2929, 2874, 1642, 1462, 1379, 1035, 910 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 5.89 ± 5.79 (m, 1H; H-6), 5.06 ± 4.95 (m, 2H; H-7), 3.55 ± 3.42 (m, 2H;
H-1), 2.34 (s; OH), 2.12 ± 2.03 (m, 2 H; H-5), 1.70 ± 1.33 (m, 5H; H-2, H-3,
H-4), 0.94 (d, 3J� 6.8 Hz, 3H; C2-CH3); 13C NMR (100 MHz, CDCl3): d�
138.9, 114.4, 68.2, 35.6, 34.0, 32.6, 26.3, 16.5; MS (70 eV, EI): m/z (%): 130
(1) [M]� , 128 (5), 110 (9), 97 (12), 95 (44), 81 (44), 71 (28), 69 (34), 68 (46),
67 (35), 56 (33), 55 (100), 54 (51), 43 (20); HRMS (EI): calcd for C8H16O
128.1201, found 128.108.


(S)-2-Methyl-6-heptenal (3): Dess ± Martin periodinane[15] (1.27 g,
2.99 mmol, 1.3 equiv) was added to a solution of alcohol 16 (295 mg,
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2.30 mmol) in CH2Cl2 (5 mL). The mixture was stirred for 25 min at room
temperature and quenched with phosphate buffer solution (7 mL, 0.1m,
pH 7.0). The organic layer was separated and the aqueous layer was
extracted with CH2Cl2. The combined extracts were dried over MgSO4 and
concentrated carefully in vacuo. Flash chromatography (pentane/Et2O
10:1) of the residue afforded aldehyde 3 (224 mg, 77%) as a colorless
liquid. Alternative procedure: Freshly activated molecular sieves (500 mg,
4 �) were added to a solution of alcohol 16 (275 mg, 2.15 mmol) and NMO
(377 mg, 3.22 mmol, 1.5 equiv) in CH2Cl2 (10 mL). The mixture was stirred
vigorously for 10 min, and TPAP (38 mg, 0.107 mmol, 0.05 equiv) was
added. After 10 min, the mixture was flash-filtered with CH2Cl2 over a
short silica gel column. The solvent was removed under ambient pressure to
yield aldehyde 3 (239 mg, 89 %) as a colorless liquid. [a]20


D ��25.7 (c� 1.0,
CHCl3); IR (film): nÄmax� 2977, 2935, 2861, 2711, 1728, 1642, 1461, 998,
913 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 9.62 (d, 3J� 1.9 Hz, 1 H; H-1),
5.84 ± 5.74 (m, 1 H; H-6), 5.04 ± 4.95 (m, 2H; H-7), 2.38 ± 2.32 (m, 1H; H-2),
2.10 ± 2.05 (m, 2H; H-5), 1.77 ± 1.33 (m, 4H; H-3, H-4), 1.10 (d, 3J� 7.2 Hz,
3H; C2-CH3); 13C NMR (100 MHz, CDCl3): d� 205.0, 138.1, 114.8, 46.1,
33.6, 29.8, 26.1, 13.3; MS (EI, 70 eV): m/z (%)� 126 (4) [M]� , 125 (18)
[MÿH]� , 111 (24), 97 (39), 95 (18), 82 (21), 74 (42), 71 (26), 69 (100), 67
(20), 55 (90), 43 (31), 41 (50); HRMS (EI): calcd for C8H14O 126.1045,
found 126.100.


(S)-1,3-Di-(tert-butyldimethylsilyloxy)-4-methyl-4-pentene (18): Imidazole
(77 mg, 1.1 mmol, 2.6 equiv) and TBSCl (85 mg, 0.56 mmol, 1.3 equiv) were
added to a solution of alcohol 17 (100 mg, 0.43 mmol) in DMF (1.5 mL).
The mixture was stirred for 10 h at room temperature. Flash chromatog-
raphy (pentane/Et2O 20:1) of the reaction mixture yielded bis-silyl ether 18
(146 mg, 98%) as a colorless oil. [a]20


D �ÿ10.0 (c� 1.0, CHCl3); IR (film):
nÄmax� 2956, 2859, 1472, 1256, 1091, 836, 776 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 4.89 ± 4.84 (m, 1H; H-5), 4.76 ± 4.70 (m, 1H; H-5), 4.21 (dd,
3J� 7.6 Hz, 3J� 5.0 Hz, 1H; H-3), 3.67 ± 3.55 (m, 2 H; H-1), 1.76 ± 1.58 (m,
2H; H-2), 1.68 (s, 3H; C2-CH3), 0.89, 0.88 (2s, 2� 9 H; OSiC(CH3)3), 0.01,
0.00 (4 s, 4� 3H; OSi(CH3)2); 13C NMR (100 MHz, CDCl3): d� 147.8,
110.4, 73.4, 59.8, 39.5, 25.9, 25.8, 18.3, 18.2, 17.1,ÿ4.8,ÿ5.2,ÿ5.3; MS (PCI,
isobutane): m/z (%): 345 (100) [M�H]� , 329 (4) [MÿCH3]� , 287 (28)
[Mÿ tBu]� , 259 (8), 213 (95), 206 (26), 164 (12), 132 (7), 98 (15); HRMS
(EI): calcd for C18H40O2Si2 344.2567, found 344.343.


(S)-3,5-Di-(tert-butyldimethylsilyloxy)-2-pentanone (19): A solution of bis-
silyl ether 18 (146 mg, 0.424 mmol) in CH2Cl2 (70 mL) was cooled to
ÿ78 8C. A stream of ozone in oxygen was bubbled through the solution
until the blue color persisted, then the excess of ozone was removed by
bubbling N2 through the solution. PPh3 (333 mg, 1.27 mmol, 3.0 equiv) was
added, and the mixture was allowed to warm to room temperature. Stirring
was continued until TLC indicated conversion of the intermediate product.
The solvent was removed under reduced pressure, and the residue was
purified by flash chromatography (pentane/Et2O 19:1) to yield methyl
ketone 19 (101 mg, 69%) as a colorless oil. [a]20


D �ÿ8.9 (c� 1.0, CHCl3);
IR (film): nÄmax� 2957, 2859, 1720, 1473, 1361, 1256, 1106, 838, 778 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 4.15 (dd, 3J� 6.8 Hz, 3J� 5.3 Hz, 1H;
H-3), 3.75 ± 3.58 (m, 2H; H-5), 2.16 (s, 3H; H-1), 1.88 ± 1.70 (m, 2H; H-4),
0.92, 0.88 (2s, 2� 9H; OSiC(CH3)3), 0.06, 0.06, 0.04, 0.03 (4s, 4� 3H;
OSi(CH3)2); 13C NMR (100 MHz, CDCl3): d� 212.0, 75.8, 58.4, 37.8, 25.9,
25.7, 25.4, 18.3, 18.1, ÿ5.0, ÿ5.1, ÿ5.4; MS (PCI, NH3): m/z (%): 347 (100)
[M�H]� , 324 (17), 279 (93), 231 (4), 215 (7), 157 (8), 94 (11); HRMS (EI):
calcd for C17H38O3Si2 346.2360, found 346.235.


(3S,4E)-1,3-Di-(tert-butyldimethylsilyloxy)-4-methyl-5-(2-methyl-1,3-thia-
zol-4-yl)-4-pentene (21): nBuLi (23.5 mL, 58.7 mmol, 1.2 equiv of a 2.5m
solution in hexanes) was added dropwise to a stirred solution of
phosphonate 20 (14.64 g, 58.7 mmol, 1.2 equiv) in THF (150 mL) cooled
to ÿ78 8C. After the mixture was stirred at ÿ78 8C for 1 h, a solution of
methyl ketone 19 (16.96 g, 48.9 mmol, 1.0 equiv) in THF (100 mL) was
added dropwise at ÿ78 8C. The mixture was allowed to warm to room
temperature within 12 h. The reaction was quenched with saturated
aqueous NH4Cl solution (100 mL). The organic layer was separated and
the aqueous layer was extracted with Et2O (3� 100 mL). The combined
organic extracts were dried over MgSO4 and concentrated in vacuo. Flash
chromatography (CH2Cl2, then Et2O) yielded unconverted methyl ketone
19 (3.22 g, 22 %) and E olefin 21 (17.07 g, 79%) as colorless oils. [a]20


D �
ÿ0.7 (c� 0.46, CH2Cl2); IR (film): nÄmax� 2956, 2858, 1472, 1256, 1099, 836,
776 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.91 (s, 1 H; H-5'), 6.47 (s, 1H;
H-5), 4.31 (dd, 3J� 8.0 Hz, 3J� 4.6 Hz, 1H; H-3), 3.71 ± 3.58 (m, 2H; H-1),


2.70 (s, 3H; C2'-CH3), 1.99 (d, 4J� 1.1 Hz, 3 H; C4-CH3), 1.83 ± 1.75 (m, 2H;
H-2), 0.89, 0.88 (2s, 2� 9H; OSiC(CH3)3), 0.06, 0.00 (2 s, 2� 3 H;
OSi(CH3)2), 0.03 (s, 6H; OSi(CH3)2); 13C NMR (100 MHz, CDCl3): d�
164.3, 153.2, 142.6, 118.6, 115.0, 75.0, 59.6, 39.8, 25.9, 25.8, 19.2, 18.2, 13.8,
ÿ4.6, ÿ5.1, ÿ5.3, ÿ5.4; MS (70 eV, EI): m/z (%): 441.2 (35) [M]� , 384.1
(89) [Mÿ tBu]� , 356.1 (80), 309.1 (49), 282.1 (65) [C14H24NOSSi]� , 252.0
(70), 178.0 (38), 147.0 (71), 73.1 (100); HRMS (EI): calcd for C22H43NO2SSi2


441.2553, found 441.255.


(3S,4E)-3-(tert-Butyldimethylsilyloxy)-4-methyl-5-(2-methyl-1,3-thiazol-4-
yl)-4-penten-1-ol (22): In a PE bottle, silyl ether 21 (13.255 g, 30.0 mmol)
was dissolved in a mixture of Et2O (120 mL) and MeCN (120 mL).
Aqueous 40% hydrofluoric acid (20 mL) and finely ground splinters of
glass (133 mg) were added at 0 8C to the vigorously stirred mixture. The
mixture was stirred for 2 h at 0 8C. Hydrofluoric acid (20 mL) was added
and stirring was continued for 1 h at 0 8C. The reaction was quenched by
carefully adding solid NaHCO3 (84.0 g, 1.0 mol) within 15 min at 0 8C. After
the mixture was stirred for 30 min at 0 8C, water was added until the solids
dissolved (the pH was adjusted to 6 ± 8 by further addition of NaHCO3, if
necessary). The mixture was extracted with CH2Cl2 (4� 200 mL). The
combined organic extracts were washed with brine (100 mL), dried over
MgSO4, and concentrated in vacuo. Purification of the residue by flash
chromatography (pentane/Et2O 4:1) afforded alcohol 22 (9.041 g, 92 %) as
a viscous, colorless oil. [a]20


D �ÿ5.7 (c� 1.0, CHCl3); IR (film): nÄmax� 3357,
2955, 2857, 1472, 1252, 1074, 837, 777 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 6.92 (s, 1H; H-5'), 6.52 (s, 1 H; H-5), 4.38 (dd, 3J� 7.4 Hz, 3J� 4.5 Hz,
1H; H-3), 3.80 ± 3.67 (m, 2H; H-1), 2.70 (s, 3 H; C2'-CH3), 2.40 (s, 1 H; OH),
2.01 (d, 4J� 1.2 Hz, 3H; C4-CH3), 1.93 ± 1.76 (m, 2 H; H-2), 0.91 (s, 9H;
OSiC(CH3)3), 0.10, 0.03 (2s, 2� 3H; OSi(CH3)2); 13C NMR (100 MHz,
CDCl3): d� 164.5, 153.0, 141.6, 118.8, 115.4, 77.5, 60.4, 38.2, 25.8, 19.2, 18.1,
14.4,ÿ4.6,ÿ5.2; MS (70 eV, EI): m/z (%): 327 (18) [M]� , 282 (39), 270 (94)
[Mÿ tBu]� , 268 (29), 252 (12), 240 (14), 178 (41), 168 (100), 164 (23), 105
(27), 75 (59), 73 (42); HRMS (EI): calcd for C16H29NO2SSi 327.1688, found
327.168.


(3S,4E)-3-(tert-Butyldimethylsilyloxy)-4-methyl-5-(2-methyl-1,3-thiazol-4-
yl)-4-pentenal (23): Dess ± Martin periodinane[15] (478 mg, 2.91 mmol,
1.3 equiv) was added to a solution of alcohol 22 (732 mg, 2.24 mmol) in
CH2Cl2 (10 mL). The mixture was stirred for 30 min at room temperature.
The solvent was removed under reduced pressure. Flash chromatography
(pentane/Et2O 4:1) yielded aldehyde 23 (614 mg, 84 %) as a pale yellow oil.
[a]20


D �ÿ11.9 (c� 1.0, CHCl3); IR (film): nÄmax� 2956, 2857, 1727, 1472, 1389,
1254, 1085, 838, 778 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 9.79 (t, 3J�
2.7 Hz, 1H; H-1), 6.94 (s, 1 H; H-5'), 6.56 (s, 1 H; H-5), 4.69 (dd, 3J� 8.2 Hz,
3J� 4.0 Hz, 1 H; H-3), 2.75 (ddd, 2J� 15.5 Hz, 3J� 7.7 Hz, 3J� 2.9 Hz, 1H;
H-2), 2.70 (s, 3H; C2'-CH3), 2.51 (ddd, 2J� 15.5 Hz, 3J� 4.0 Hz, 3J� 2.1 Hz,
1H; H-2), 2.04 (d, 4J� 1.2 Hz, 3H; C4-CH3), 0.88 (s, 9 H; OSiC(CH3)3),
0.08, 0.03 (2s, 2� 3H; OSi(CH3)2); 13C NMR (100 MHz, CDCl3): d� 201.5,
164.8, 152.6, 140.5, 119.3, 115.9, 73.9, 50.1, 25.7, 19.2, 18.1, 14.1, ÿ4.6, ÿ5.2;
MS (70 eV, EI): m/z (%): 325 (6) [M]� , 282 (24), 268 (98) [Mÿ tBu]� , 250
(17), 194 (13), 176 (100), 164 (19), 135 (15), 101 (20), 75 (32), 73 (31);
HRMS (EI): calcd for C16H27NO2SSi 325.1532, found 325.153.


(1E,3S)-3-(tert-Butyldimethylsilyloxy)-2-methyl-1-(2-methyl-1,3-thiazol-4-
yl)-1,5-hexadiene (24): A mixture of methyl triphenyl phosphonium
bromide (1.197 g, 3.35 mmol, 1.85 equiv), NaNH2 (131 mg, 3.35 mmol,
1.85 equiv), and THF (10 mL) was stirred for 30 min at room temperature.
A solution of aldehyde 23 (589 mg, 1.81 mmol) in THF (5 mL) was added
dropwise over 10 min. The mixture was stirred for 15 min at room
temperature, poured into saturated aqueous NaHCO3 solution (60 mL),
and extracted with Et2O. The combined organic layers were washed with
brine and dried over MgSO4. After removal of the solvents under reduced
pressure, flash chromatography (pentane/Et2O 19:1) of the residue
afforded olefin 24 (498 mg, 85 %) as a pale yellow oil. [a]20


D ��2.3 (c�
1.0, CHCl3); IR (film): nÄmax� 2929, 2857, 1472, 1255, 1076, 914, 836,
776 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.92 (s, 1 H; H-5'), 6.46 (s, 1H;
H-1), 5.83 ± 5.72 (m, 1 H; H-5), 5.08 ± 4.97 (m, 2 H; H-6), 4.15 (t, 3J� 6.4 Hz,
1H; H-3), 2.70 (s, 3H; C2'-CH3), 2.40 ± 2.25 (m, 2 H; H-4), 2.00 (d, 4J�
1.0 Hz, 3 H; C2-CH3), 0.89 (s, 9H; OSiC(CH3)3), 0.06, 0.01 (2s, 2� 3H;
OSi(CH3)2); 13C NMR (100 MHz, CDCl3): d� 164.4, 153.1, 142.0, 135.3,
118.8, 116.5, 115.1, 78.5, 41.4, 25.8, 19.2, 18.2, 13.9, ÿ4.6, ÿ5.0; MS (PCI,
NH3): m/z (%): 324 (100) [M�H]� , 308 (1) [MÿCH3]� , 282 (7), 266 (1)
[Mÿ tBu]� , 192 (4), 94 (3); HRMS (EI): calcd for C17H29NOSSi 323.1739,
found 323.173.
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(1E,3S)-2-Methyl-1-(2-methyl-1,3-thiazol-4-yl)-1,5-hexadien-3-ol (4):
TBAF (4.0 mL, �1.0m in THF, 4 mmol, 3 equiv) was added at 0 8C to
freshly activated molecular sieves 4 � in THF (16 mL). The mixture was
stirred for 45 min at room temperature. A solution of silyl ether 24 (444 mg,
1.37 mmol) in THF (2 mL) was added, and stirring was continued for
80 min at 0 8C. The mixture was poured into saturated aqueous NH4Cl
solution (35 mL) and extracted with Et2O (4� ). The combined organic
layers were washed with brine and dried over MgSO4. Evaporation of the
solvent under reduced pressure, followed by flash filtration with Et2O over
a short silica gel column afforded alcohol 4 (283 mg, 99 %) as a colorless oil.
[a]20


D �ÿ11.4 (c� 1.0, CHCl3); IR (film): nÄmax� 3078, 2931, 1642, 1507, 1473,
1361, 1256, 1076, 914, 836, 777, 728, 670 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 6.91 (s, 1H; H-5'), 6.53 (s, 1H; H-1), 5.86 ± 5.73 (m, 1H; H-5), 5.18 ± 5.06
(m, 2 H; H-6), 4.18 (dd, 3J� 7.4 Hz, 3J� 5.5 Hz, 1 H; H-3), 2.68 (s, 3H; C2'-
CH3), 2.48 (br s, 1H; OH), 2.46 ± 2.30 (m, 2H; H-4), 2.01 (d, 4J� 1.1 Hz,
3H; C2-CH3); 13C NMR (100 MHz, CDCl3): d� 164.6, 152.7, 141.5, 134.6,
119.0, 117.7, 115.4, 76.4, 40.0, 19.1, 14.3; MS (70 eV, EI): m/z (%): 209 (41)
[M]� , 190 (24), 168 (100), 142 (40), 100 (16), 75 (4); HRMS (EI): calcd for
C11H15NOS 209.0874, found 209.087; C17H29NSSiO (323.2): calcd C 63.10, H
9.03, N 4.33, S 9.91; found C 62.91, H 8.95, N 4.73, S 9.65.


(4R,5S,6S,4''S)-2-(2,2-dimethyl-1,3-dioxan-4-yl)-5-hydroxy-2,4,6-tri-meth-
yl-10-undecen-3-one (25): A solution of ethyl ketone 2 (1.17 g, 5.45 mmol)
in THF (1.0 mL) was added to a freshly prepared solution of LDA [nBuLi
(3.34 mL, 1.6m solution in hexanes, 5.35 mmol, 0.98 equiv) was added to a
solution of diisopropylamine (749 mL, 5.35 mmol) in THF (4.0 mL) at 0 8C]
dropwise at ÿ78 8C. The solution was stirred for 1 h at ÿ78 8C. Aldehyde 3
(688 mg, 5.45 mmol, 1.0 equiv) was added dropwise and stirring was
continued for 45 min at ÿ78 8C. The reaction mixture was quenched by
dropwise addition of saturated aqueous NH4Cl solution at ÿ78 8C. The
organic layer was separated and the aqueous layer was extracted with Et2O.
The combined extracts were dried over MgSO4 and concentrated in vacuo.
Flash chromatography (pentane/Et2O 10:1) of the residue afforded anti
Cram aldol product 25 (1.36 g, 73%) and Cram aldol product (57 mg, 3%)
as colorless oils. anti Cram diastereomer: [a]20


D �ÿ25.7 (c� 1.0, CHCl3); IR
(film): nÄmax� 3509, 2970, 2938, 2876, 1685, 1467, 1381, 1372, 1272, 1197, 1107,
971 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 5.83 ± 5.75 (m, 1 H, H-10),
5.00 ± 4.89 (m, 2 H, H-11), 4.02 (dd, 3J� 11.8 Hz, 3J� 2.5 Hz, 1H; H-4'), 3.94
(dt, 3J� 11.9 Hz, 3J� 2.7 Hz, 1H; H-6), 3.84 (ddd, 2J� 11.7 Hz, 3J� 5.4 Hz,
3J� 1.8 Hz, 1 H; H-6'), 3.48 (s, 1H; OH), 3.35 (d, 3J� 9.3 Hz, 1H; H-5), 3.26
(dq, 3J� 7.0 Hz, 3J� 1.4 Hz, 1 H; H-4), 2.11 ± 1.96 (m, 2 H; H-9), 1.80 ± 1.72
(m, 1 H; H-7), 1.66 ± 1.42 (m, 3 H; H-5', H-6, H-8), 1.38, 1.31 (2 s, 2� 3H;
C2'-CH3), 1.35 ± 1.22 (m, 2H; H-5', H-8), 1.18 (s, 3 H; H-1), 1.15 ± 1.05 (m,
1H; H-7), 1.07 (s, 3 H; C2-CH3), 1.00 (d, 3J� 7.0 Hz, 3H; C4-CH3), 0.81 (d,
3J� 6.8 Hz, 3H; C6-CH3); 13C NMR (100 MHz, CDCl3): d� 223.0, 139.1,
114.2, 98.4, 74.8, 74.3, 59.9, 51.6, 41.2, 35.3, 34.2, 32.5, 29.7, 26.1, 25.1, 21.6,
19.0, 18.5, 15.3, 9.3; MS (70 eV, EI): m/z (%): 340 (6) [M]� , 325 (9) [Mÿ
CH3]� , 282 (3), 264 (20), 214 (8), 185 (20), 183 (14) [Mÿ (dioxanyl ´
C(CH3)2)]� , 156 (86), 147 (72), 127 (38), 115 (82), 109 (63), 99 (28), 83
(68), 82 (100), 69 (24), 57 (24); HRMS (EI) calcd for C20H36O4 340.2614,
found 340.261; C20H36O4 (340.5) calcd C 70.55, H 10.66; found C 70.36, H
10.69.


(3S,6R,7S,8S)-1,3,7-Trihydroxy-4,4,6,8-tetramethyl-12-tridecen-5-one (26):
PPTS (250 mg, 0.993 mmol, 1.3 equiv) was added to a solution of the aldol
product 25 (260 mg, 0.764 mmol) in MeOH (22.0 mL). The mixture was
stirred at room temperature for 36 h. Saturated aqueous NaHCO3 solution
was added, and the solvent was removed in vacuo. The residue was
dissolved in Et2O, and the resulting solution was washed with brine and
extracted with Et2O. The combined extracts were dried over MgSO4. After
removal of the solvent in vacuo and flash chromatography (Et2O) of the
residual alcohol, 26 (202 mg, 88%) was obtained as a colorless oil. [a]20


D �
ÿ45.4, [a]20


546�ÿ56.0 (c� 1.0, CHCl3); IR (film): nÄmax� 3419, 2971, 2935,
2882, 1685, 1470, 1383, 1330, 1056, 996, 910 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 5.85 ± 5.61 (m, 1 H; H-12), 5.00 ± 4.90 (m, 2 H; H-13), 4.04 ± 4.01
(m, 1 H; H-3), 3.88 ± 3.80 (m, 2 H; H-1), 3.35 (br d, J� 9.2 Hz, 3H; H-7, C3-
OH, C7-OH), 3.25 (q, 3J� 6.9 Hz, 1H; H-6), 2.69 (br s, 1 H; C1-OH), 2.07 ±
1.98 (m, 2 H; H-11), 1.78 ± 1.70 (m, 1H; H-9), 1.63 ± 1.42 (m, 4H; H-2, H-8,
H-10), 1.35 ± 0.96 (m, 2H; H-9, H-10), 1.19, 1.12 (2s, 2� 3H; C4-CH3), 1.04
(d, 3J� 6.9 Hz, 3 H; C6-CH3), 0.84 (d, 3J� 6.8 Hz, 3 H; C8-CH3); 13C NMR
(100 MHz, CDCl3): d� 223.7, 139.0, 114.3, 76.3, 74.6, 62.1, 52.6, 40.9,
35.5, 34.2, 32.5, 32.2, 26.1, 21.5, 18.5, 15.5, 10.1; MS (70 eV, EI): m/z (%):
300 (<1) [M]� , 267 (1) [MÿH2OÿCH3]� , 201 (13), 183 (19)


[MÿCH2(OH)CH2CH(OH)CH(CH3)2]� , 165 (10), 156 (11), 127 (23),
109 (47), 100 (100), 82 (80), 69 (46), 57 (45), 43 (30); C17H32O4 (300.4): calcd
C 67.96, H 10.74; found C 67.83, H 11.04.


(3S,6R,7S,8S)-1,3,7-Tri-(tert-butyldimethylsilyloxy)-4,4,6,8-tetramethyl-1-
2-tridecen-5-one (27): 2,6-Lutidine (1.05 mL, 9.0 mmol, 12.0 equiv) and
TBSOTf (1.03 mL, 4.5 mmol, 6.0 equiv) were slowly added at ÿ78 8C to a
solution of triol 26 (225 mg, 0.75 mmol) in CH2Cl2 (13.0 mL). The mixture
was stirred at ÿ78 8C for 30 min and at 0 8C for 3 h. Saturated aqueous
NaHCO3 solution was added and the mixture was extracted with CH2Cl2.
The combined extracts were dried over MgSO4 and concentrated in vacuo.
Tris-silyl ether 27 (476 mg, 99%) was obtained as a colorless oil after
purification of the residue by flash chromatography (pentane/Et2O 20:1).
[a]20


D �ÿ33.6, [a]20
D �ÿ41.0 (c� 1.0, CHCl3); IR (film): nÄmax� 2957, 2931,


2886, 2858, 1697, 1473, 1256, 1103, 987, 836, 775 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 5.83 ± 5.73 (m, 1 H; H-12), 5.00 ± 4.91 (m, 2H; H-13), 3.88 (dd,
3J� 7.6 Hz, 3J� 2.7 Hz, 1 H; H-3), 3.76 (dd, 3J� 6.7 Hz, 3J� 2.1 Hz, 1H;
H-7), 3.69 ± 3.63 (m, 1 H; H-1), 3.59 ± 3.53 (m, 1H; H-1), 3.15 ± 3.11 (m, 1H;
H-6), 2.05 ± 1.99 (m, 2H; H-11), 1.58 ± 1.32 (m, 5H), 1.19 ± 1.11 (m,
2H)(H-2, H-8, H-9, H-10), 1.21 (s, 3H; C4-CH3), 1.03 (d, 3J� 6.9 Hz, 3H;
C6-CH3), 1.01 (s, 3H; C4-CH3), 0.90 (d, 3 H; C8-CH3), 0.89 (2s, 2� 9H;
OSiC(CH3)3), 0.87 (s, 9H; OSiC(CH3)3), 0.08, 0.05, 0.02, 0.01 (4 s, 4� 3H;
OSi(CH3)2), 0.05 (s, 6H; OSi(CH3)2); 13C NMR (100 MHz, CDCl3): d�
218.3, 138.9, 114.4, 77.4, 74.0, 61.0, 53.7, 45.0, 38.9, 38.1, 34.3, 30.5, 27.1, 26.2,
26.1, 26.0, 24.5, 19.3, 18.5, 18.3, 18.3, 17.5, 15.2,ÿ3.7,ÿ3.7,ÿ3.8,ÿ4.0,ÿ5.2,
ÿ5.3; MS (70 eV, EI): m/z (%): 643 (<1) [M�H]� , 546 (2), 413 (3), 373 (8),
303 (100), 241 (54), 187 (9), 171 (16), 145 (28), 115 (19), 109 (98), 89 (84),
73 (64); C35H74O4Si3 (643.2): calcd C 65.36, H 11.60; found C 65.36,
H 11.85.


(3S,6R,7S,8S)-3,7-Di-(tert-butyldimethylsilyloxy)-1-hydroxy-4,4,6,8-tetra-
methyl-12-tridecen-5-one (28): CSA (11 mg, 48 mmol, 0.2 equiv) was added
at 0 8C to a solution of tris-silyl ether 27 (156 mg, 0.243 mmol) in MeOH
(6.5 mL) and CH2Cl2 (6.5 mL). The reaction mixture was stirred for 5 h at
0 8C and quenched with saturated aqueous NaHCO3 solution. The phases
were separated and the aqueous layer was extracted with CH2Cl2. The
combined organic phases were dried over MgSO4 and concentrated in
vacuo. The residue was purified by flash chromatography (pentane/Et2O
3:1) to give alcohol 28 (106 mg, 83 %) as a colorless oil. [a]20


D �ÿ23.6,
[a]20


546�ÿ27.0 (c� 1.0, CHCl3); IR (film): nÄmax� 3444, 2957, 2931, 2886,
2858, 1693, 1463, 1255, 1094, 987, 836, 775 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 5.83 ± 5.73 (m, 1 H; H-12), 5.01 ± 4.91 (m, 2H; H-13), 4.06 (dd,
3J� 6.3 Hz, 3J� 4.0 Hz, 1 H; H-3), 3.79 (dd, 3J� 7.3 Hz, 3J� 1.8 Hz, 1H;
H-7), 3.64 ± 3.63 (m, 2 H; H-1), 3.14 ± 3.10 (m, 1H; H-6), 2.05 ± 2.00 (m, 2H;
H-11), 1.87 ± 1.85 (m, 1 H; OH), 1.61 ± 1.55 (m, 2 H; H-2), 1.48 ± 1.30 (m,
3H), 1.24 ± 1.09 (m, 2 H)(H-8, H-9, H-10), 1.21, 1.05 (2 s, 2� 3H; C4-
(CH3)2), 1.05 (d, 3J� 6.9 Hz, 3H; C6-CH3), 0.89 (d, 3 H; C8-CH3), 0.89 (s,
18H; C3-OSiC(CH3)3, C7-OSiC(CH3)3), 0.10, 0.06 (2s, 2� 3 H; C7-
OSi(CH3)2), 0.05 (s, 6H; C3-OSi(CH3)2); 13C NMR (100 MHz, CDCl3):
d� 219.6, 138.9, 114.4, 77.6, 73.0, 60.3, 53.8, 45.1, 38.7, 38.4, 34.3, 30.3, 27.1,
26.2, 26.0, 24.9, 18.5, 18.3, 17.7, 17.7, 15.7, ÿ3.6, ÿ3.8, ÿ3.9; MS (EI, 70 eV):
m/z (%)� 472 (3) [M�Hÿ tBu]� , 413 (4), 345 (11), 299 (4), 271 (10), 241
(48), 189 (100), 145 (26), 109 (90), 75 (46), 73 (63); HRMS (EI) calcd for
C29H60O4Si2 528.4030, found 528.402; C29H60O4Si2 (529.0) calcd C 65.85, H
11.43; found C 65.51, H 11.83.


(3S,6R,7S,8S)-3,7-Di-(tert-butyldimethylsilyloxy)-4,4,6,8-tetramethyl-5-
oxo-12-tridecenoic acid (29): A solution of PDC (2.37 g, 6.30 mmol,
11.0 equiv) in DMF (3 mL) was added to a solution of alcohol 28
(303 mg, 0.573 mmol) in DMF (6 mL). The reaction mixture was stirred
for 36 h at room temperature, mixed with brine (50 mL), diluted with
water, and extracted with CH2Cl2. The combined extracts were dried over
MgSO4 and concentrated in vacuo. The residue was purified by flash
chromatography (pentane/Et2O 2:1) to furnish acid 29 (247 mg, 79 %) as a
viscous, colorless oil. [a]20


D �ÿ31.7, [a]20
546�ÿ37.6 (c� 1.0, CHCl3); IR


(film): nÄmax� 2957, 2931, 2858, 1713, 1473, 1389, 1361, 1303, 1254, 1092, 989,
836, 776 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 5.83 ± 5.73 (m, 1 H; H-12),
5.01 ± 4.91 (m, 2H; H-13), 4.37 (dd, 3J� 6.7 Hz, 3J� 3.1 Hz, 1H; H-3), 3.77
(dd, 3J� 7.3 Hz, 3J� 1.9 Hz, 1 H; H-7), 3.14 ± 3.11 (m, 1H; H-6), 2.48 (dd,
2J� 16.5 Hz, 3J� 3.1 Hz, 1H; H-2), 2.29 (d, 2J� 16.5 Hz, 3J� 6.8 Hz, 1H;
H-2), 2.05 ± 1.99 (m, 2H; H-11), 1.48 ± 1.29 (m, 3H), 1.24 ± 1.11 (m,
2H)(H-8, H-9, H-10), 1.22, 1.07 (2 s, 2� 3H; C4-(CH3)2), 1.04 (d, 3J�
6.9 Hz, 3H; C6-CH3), 0.90 (d, 3 H; C8-CH3), 0.89, 0.87 (2 s, 2� 9H;
OSiC(CH3)3), 0.08, 0.04 (2 s, 2� 3H; OSi(CH3)2), 0.04 (s, 6 H; OSi(CH3)2);
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13C NMR (100 MHz, CDCl3): d� 218.2, 178.0, 138.9, 114.4, 77.6, 73.4, 53.5,
45.2, 40.2, 38.7, 34.3, 30.3, 27.1, 26.2, 26.0, 23.7, 19.0, 17.7, 15.7, 18.5, 18.2,
ÿ3.6, ÿ3.8, ÿ4.3, ÿ4.6; MS (70 eV, EI): m/z (%): 528 (<1) [M�Hÿ
CH3]� , 359 (14), 353 (13), 283 (14), 241 (20), 203 (100), 185 (12), 149
(16), 115 (58), 109 (32), 75 (36), 73 (51); C29H58O5Si2 (542.9) calcd C 64.15,
H 10.77; found C 63.96, H 11.12.


(1S)-1-[(E)-1-Methyl-2-(2-methyl-1,3-thiazol-4-yl)-1-ethenyl]-3-butenyl
(3S,6R,7S,8S)-3,7-di-[tert-butyldimethylsilyloxy]-4,4,6,8-tetramethyl-5-
oxo-12-tridecenoate (30): DCC (72 mg, 0.35 mmol, 1.3 equiv) was added at
0 8C to a solution of acid 29 (145 mg, 0.27 mmol), alcohol 4 (56 mg,
0.27 mmol), and DMAP (6.5 mg, 0.054 mmol, 0.2 equiv) in CH2Cl2


(1.5 mL). The mixture was stirred for 10 min at 0 8C and for 16 h at room
temperature. The solvent was removed in vacuo and the product was
purified by flash chromatography (pentane/Et2O 20:1) to afford ester 30
(157 mg, 80%) as a colorless oil. [a]20


D �ÿ45.0, [a]20
546�ÿ53.8 (c� 1.0,


CHCl3) [Lit. :[4b] [a]D�ÿ41.2 (c� 3.1, CHCl3)]; IR (film): nÄmax� 3079, 2931,
1736, 1698, 1473, 1256, 1179, 989, 832, 777 cmÿ1; 1H NMR (400 MHz,
CDCl3); d� 6.94 (s, 1 H; thiazole H-5), 6.49 (s, 1H; H-2''), 5.85 ± 5.66 (m,
2H; H-12, H-3'), 5.30 (t, 3J� 6.7 Hz, 1 H, H-1'), 5.14 ± 4.91 (m, 4 H; H-13,
H-4'), 4.34 (dd, 3J� 6.0 Hz, 3J� 3.6 Hz, 1H; H-3), 3.74 (dd, 3J� 6.8 Hz,
3J� 2.3 Hz, 1H; H-7), 3.15 (dq, 3J� 6.8 Hz, 3J� 6.8 Hz, 1H; H-6), 2.70 (s,
3H; thiazole CH3), 2.57 ± 2.41 (m, 3 H; H-2, H-2'), 2.29 (dd, 2J� 17.0 Hz,
3J� 6.0 Hz, 1 H; H-2'), 2.07 (d, 4J� 1.3 Hz, 3H; C1''-CH3), 2.06 ± 1.97 (m,
2H; H-11), 1.52 ± 1.29 (m, 3H), 1.27 ± 1.06 (m, 2H)(H-8, H-9, H-10), 1.24,
1.04 (2s, 2� 3 H; C4-CH3), 1.04 (d, 3J� 6.8 Hz, 3H; C6-CH3), 0.90 (d, 3J�
6.4 Hz, 3 H; C8-CH3), 0.90, 0.88 (2s, 2� 9 H; OSiC(CH3)3), 0.11, 0.06, 0.04,
0.03 (4s, 4� 3 H; OSi(CH3)2); 13C NMR (100 MHz, CDCl3); d� 217.6,
171.1, 164.5, 152.6, 138.9, 136.8, 133.4, 121.1, 117.7, 116.4, 114.4, 78.7, 77.6,
74.1, 53.4, 45.2, 40.3, 38.9, 37.5, 34.3, 30.5, 27.1, 26.2, 26.0, 23.2, 20.4, 19.2,
18.5, 18.2, 17.6, 15.4, 14.6,ÿ3.7,ÿ3.8,ÿ4.3,ÿ4.7 ; MS (PCI, CH4): m/z (%):
734.5 (15) [M�H]� , 399.2 (10), 241.1 (14), 191.9 (100); C40H71NO5SSi2


(734.2): calcd C 65.43, H 9.75, N 1.91, S 4.37; found C 65.36, H 9.65, N 2.29,
S 4.25.


(4S,7R,8S,9S,16S)-4,8-Di-tert-butyldimethylsilyloxy-5,5,7,9-tetra-methyl-1-
6-[(E)-1-methyl-2-(2-methyl-1,3-thiazol-4-yl)-1-ethenyl]-1-oxa-13-cyclo-
hexadecen-2,6-dione, mixture of the (13 Z) and (13E) isomers, (31 a) and
(31 b): Bis(tricyclohexylphosphine)benzylideneruthenium dichloride
([RuCl2(�CHPh)(PCy3)2][20a] 7.4 mg, 9 mmol, 0.06 equiv) was added to a
solution of diene 30 (110 mg, 0.15 mmol) in CH2Cl2 (75 mL, 0.002m), and
the reaction mixture was stirred for 16 h at room temperature. The solvent
was removed in vacuo and the crude product was purified by flash
chromatography (pentane/Et2O 20:1) to give a mixture of diastereomers
31a and 31 b (Z/E� 1.7:1, 99 mg, 94 %, colorless viscous oil). IR (Z/E
mixture, film): nÄmax� 2929, 2858, 1739, 1695, 1464, 1362, 1251, 828,
673 cmÿ1; 1H NMR (Z isomer 31a, 400 MHz, CDCl3): d� 6.96 (s, 1H;
H-19), 6.57 (br s, 1 H; H-17), 5.53 (dt, 3J� 11.2 Hz, 3J� 3.5 Hz, 1 H; H-12),
5.49 ± 5.31 (m, 1 H; H-13), 5.02 (d, 3J� 10.0 Hz, 1H; H-15), 4.04 (dd, 3J�
10.2 Hz, 3J� 1.3 Hz, 1H; H-3), 3.90 (d, 3J� 8.6 Hz, 1H; H-7), 3.01 (dq, 3J�
8.6 Hz, 3J� 6.9 Hz, 1H; H-6), 2.82 (dd, 2J� 16.4 Hz, 3J� 1.3 Hz, 1 H; H-2),
2.81 ± 2.69 (m, 1H; H-14), 2.71 (s, 3H; H-21), 2.67 (dd, 2J� 16.6 Hz, 3J�
10.3 Hz, 1H; H-2), 2.42 ± 2.32 (m, 1H; H-10), 2.12 (d, 4J� 1.2 Hz, 3H;
H-27), 2.11 ± 2.05 (m, 1 H; H-14), 1.92 ± 1.81 (m, 1 H; H-10), 1.63 ± 1.46 (m,
3H; H-8, H-9, H-11), 1.19 ± 1.00 (m, 2H; H-9, H-11), 1.19, 1.15 (2s, 2� 3H;
H-22, H-23), 1.09 (d, 3J� 6.8 Hz, 3 H; H-24), 0.96 (d, 3J� 6.8 Hz, 3H;
H-25), 0.94, 0.84 (2s, 2� 9H; OSiC(CH3)3), 0.12, 0.10, 0.08, ÿ0.09 (4s, 4�
3H; OSi(CH3)2); 13C NMR (Z isomer 31 a, 100 MHz, CDCl3): d� 215.0,
171.2, 164.6, 152.5, 138.6, 135.0, 122.8, 119.5, 116.0, 79.5, 79.2, 76.4, 53.4,
47.9, 38.9, 37.9, 31.8, 31.4, 29.2, 28.4, 26.4, 26.2, 24.9, 24.2, 19.2, 19.0, 18.7,
18.6, 17.6, 15.2, ÿ3.2, ÿ3.3, ÿ3.7, ÿ5.7; 1H NMR (E isomer 31b, 400 MHz,
CDCl3): d� 6.94 (s, 1 H; H-19), 6.54 (br s, 1H; H-17), 5.49 ± 5.31 (m, 2H;
H-12, H-13), 5.24 (dd, 3J� 7.8 Hz, 3J� 3.1 Hz, 1 H; H-15), 4.42 (dd, 3J�
6.6 Hz, 3J� 4.3 Hz, 1H; H-3), 3.93 (dd, 3J� 6.9 Hz, 3J� 1.5 Hz, 1H; H-7),
3.07 (dq, 3J� 6.9 Hz, 3J� 6.9 Hz, 1 H; H-6), 2.71 (s, 3H; H-21), 2.66 (dd,
2J� 15.7 Hz, 3J� 4.2 Hz, 1 H; H-2), 2.58 ± 2.42 (m, 2 H; H-14); 2.56 (dd,
2J� 15.7 Hz, 3J� 6.6 Hz, 1H; H-2), 2.21 ± 2.11 (m, 1H; H-11), 2.15 (d, 4J�
1.1 Hz, 3 H; H-27), 1.96 ± 1.88 (m, 1 H; H-11), 1.60 ± 1.37 (m, 3H; H-8, H-9,
H-10), 1.18 (s, 3 H; H-22), 1.18 ± 1.14 (m, 1H; H-10), 1.15 (d, 3J� 6.9 Hz,
3H; H-24), 1.09 (s, 3 H; H-23), 1.02 ± 0.99 (m, 1H; H-9), 0.94 (d, 3J� 8.0 Hz,
3H; H-25), 0.90, 0.88 (2 s, 2� 9 H; OSiC(CH3)3), 0.11, 0.08, 0.07, 0.05 (4s,
4� 3H; OSi(CH3)2); 13C NMR (E isomer 31 b, 100 MHz, CDCl3): d�
216.3, 170.5, 164.6, 152.7, 137.8, 134.2, 125.7, 119.6, 116.2, 78.5, 77.0, 73.8,


53.9, 45.3, 41.4, 39.8, 36.4, 32.4, 30.0, 27.1, 26.2, 26.1, 23.5, 21.4, 19.3, 16.9,
18.5, 18.4, 17.1, 15.5, ÿ3.5, ÿ3.8, ÿ4.0, ÿ4.5; MS (Z/E mixture, PCI, CH4):
m/z (%): 706.4 (100) [M�H]� , 690.4 (39), 648.3 (34), 478.2 (14), 404.2 (5),
225.0 (8), 152.9 (15), 75.1 (17); HRMS (EI): calcd for C38H67NO5SSi2


705.4279, found 705.428.


(4S,7R,8S,9S,16S)-4,8-Dihydroxy-5,5,7,9-tetramethyl-16-[(E)-1-methyl-2-
(2-methyl-1,3-thiazol-4-yl)-1-ethenyl]-1-oxa-cyclohexadec-13-en-2,6-dione,
mixture of the (13Z) and (13E) isomers, (32 a) and (32 b): A solution of bis-
silyl ethers 31 a and 31 b (Z :E� 1.7:1, 35.3 mg, 0.05 mmol) in MeCN/Et2O
(1:1, 2.4 mL) at 0 8C was treated with aqueous hydrofluoric acid (0.27 mL,
40%) and some ground glass splinters, and the mixture was stirred for 12 h
at room temperature. The mixture was then poured slowly into saturated
NaHCO3 solution (10 mL) and extracted with Et2O (3� 20 mL). The
combined organic layers were dried over MgSO4 and the solvent was
removed in vacuo. Flash chromatography (Et2O) of the residue gave diols
32a (epothilone C) and 32 b as a mixture of diastereomers (Z/E� 1.7:1,
16.5 mg, 65 %, colorless viscous oil). IR (Z/E mixture, film): nÄmax� 3456,
2927, 1733, 1690, 1471, 1377, 1251, 978, 882, 731 cmÿ1; 1H NMR (Z isomer
32a, 400 MHz, CDCl3): d� 6.96 (s, 1H; H-19), 6.60 (br s, 1H; H-17), 5.56 ±
5.34 (m, 2 H; H-12, H-13), 5.29 (dd, 3J� 9.8 Hz, 3J� 1.7 Hz, 1 H; H-15), 4.23
(dd, 3J� 11.2 Hz, 3J� 2.3 Hz, 1 H; H-3), 3.76 ± 3.71 (m, 1H; H-7), 3.33 (br s,
1H; OH), 3.14 (dq, 3J� 6.8 Hz, 3J� 2.1 Hz, 1 H; H-6), 3.05 (br s, 1 H; OH),
2.74 ± 2.63 (m, 1H; H-14), 2.70 (s, 3H; H-21), 2.48 (dd, 2J� 15.1 Hz, 3J�
11.2 Hz, 1H; H-2), 2.35 (dd, 2J� 15.1 Hz, 3J� 2.6 Hz, 1H; H-2), 2.09 (d,
4J� 1.2 Hz, 3H; H-27), 2.30 ± 2.12 (m, 2 H; H-15, H-11), 2.08 ± 1.97 (m, 1H;
H-11), 1.79 ± 1.60 (m, 2 H; H-9, H-10), 1.36 ± 1.13 (m, 3H; H-8, H-9, H-10),
1.33 (s, 3H; H-22), 1.19 (d, 3J� 6.8 Hz, 3 H; H-24), 1.08 (s, 3H; H-23), 1.00
(d, 3J� 6.8 Hz, 3H; H-25); 13C NMR (Z isomer 32a, 100 MHz, CDCl3): d�
220.5, 170.3, 165.0, 152.0, 138.6, 133.4, 125.0, 119.5, 115.8, 78.4, 74.1, 72.4,
53.3, 41.8, 39.2, 38.5, 32.5, 31.7, 27.6, 27.5, 22.7, 19.0, 18.7, 15.8, 15.5, 13.5;
1H NMR (E isomer 32b, 400 MHz, CDCl3): d� 6.98 (s, 1H; H-19), 6.57
(br s, 1H; H-17), 5.45 ± 5.34 (m, 3H; H-12, H-13, H-15), 4.19 (dd, 3J�
10.2 Hz, 3J� 2.9 Hz, 1H; H-3), 3.76 ± 3.71 (m, 1H; H-7), 3.29 ± 3.20 (m,
2H; H-7, OH), 2.78 (br s, 1H; OH), 2.71 (s, 3 H; H-21), 2.56 (dd, 2J�
15.1 Hz, 3J� 10.1 Hz, 1H; H-2), 2.49 (dd, 2J� 15.1 Hz, 3J� 3.0 Hz, 1H;
H-2), 2.48 ± 2.42 (m, 2H; H-14), 2.21 ± 2.10 (m, 1H; H-11), 2.08 (d, 4J�
1.1 Hz, 3H; H-27), 1.99 ± 1.91 (m, 1H; H-11), 1.72 ± 1.57 (m, 2 H; H-9,
H-10), 1.52 ± 1.40 (m, 1H; H-9), 1.28 (s, 3H; H-22), 1.27 ± 1.15 (m, 2H; H-8,
H-10), 1.18 (d, 3J� 4.8 Hz, 3H; H-24), 1.07 (s, 3 H; H-23), 0.99 (d, 3J�
6.4 Hz, 3 H; H-25); 13C NMR (E isomer 32b, 100 MHz, CDCl3): d� 219.9,
170.5, 164.9, 152.1, 137.1, 134.3, 125.7, 119.8, 116.0, 77.6, 75.8, 72.4, 52.5, 43.6,
38.9, 37.7, 36.2, 32.4, 30.5, 27.2, 21.0, 20.7, 19.1, 16.4, 15.7, 14.8; MS (Z/E
mixture, 70 eV, EI): m/z (%): 477.3 (22) [M]� , 459.3 (7), 405.2 (6), 290.1
(24), 168.0 (100), 151.0 (17), 111.0 (16); HRMS (EI): calcd for C26H39NO5S
477.2549, found 477.255.


Epothilone A (1): A freshly prepared solution of dimethyl dioxirane in
acetone[21] (1.3 equiv) was added dropwise at ÿ35 8C with stirring to a
solution of 32a and 32b (14.3 mg, 0.03 mmol, 1.7:1 ± Z :E mixture) in
CH2Cl2 (2.5 mL). Stirring was continued for 2 h atÿ35 8C. Aqueous iron(ii)
sulfate solution (10 %, 5.0 mL) was added, and the mixture was extracted
with CH2Cl2 (3� 10 mL). The combined extracts were concentrated in
vacuo and the residue was purified by flash chromatography with Et2O to
give epothilone A (1) (7.1 mg, 48%; 76% based on pure Z isomer) as a
colorless foam. [a]20


D �ÿ43.8, [a]20
546�ÿ59.4 (c� 0.17, MeOH) [Lit. :[1a]


[a]20
D �ÿ47.1 (c� 1.0, MeOH)]; 1H NMR (400 MHz, CDCl3): d� 6.98 (s,


1H; H-19), 6.60 (br s, 1H; H-17), 5.44 (dd, 3J� 9.8 Hz, 3J� 1.7 Hz, 1H;
H-15), 4.20 (dd, 3J� 10.8 Hz, 3J� 3.0 Hz, 1H; H-3), 4.04 (br s, 1H; OH),
3.79 (dd, 3J� 4.4 Hz, 3J� 4.3 Hz, 1H; H-7), 3.23 (dq, 3J� 6.9 Hz, 3J�
4.7 Hz, 1 H; H-6), 3.04 (ddd, 3J� 8.1 Hz, 3J� 4.2 Hz, 3J� 4.0 Hz, 1H;
H-13), 2.92 (ddd, 3J� 7.8 Hz, 3J� 4.0 Hz, 3J� 3.7 Hz, 1 H; H-12), 2.70 (s,
3H; H-21), 2.63 (br s, 1 H; OH), 2.54 (dd, 2J� 14.4 Hz, 3J� 10.6 Hz, 1H;
H-2), 2.41 (dd, 2J� 14.4 Hz, 3J� 3.2 Hz, 1 H; H-2), 2.14 (ddd, 2J� 15.1 Hz,
3J� 7.0 Hz, 3J� 2.8 Hz, 1H; H-14), 2.09 (d, 4J� 0.9 Hz, 3 H; H-27), 1.88
(ddd, 2J� 15.1 Hz, 3J� 8.5 Hz, 3J� 8.4 Hz, 1H; H-14), 1.81 ± 1.66 (m, 2H;
H-10, H-11), 1.61 ± 1.19 (m, 5 H; H-8, H-9, H-10, H-11), 1.37 (s, 3 H; H-22),
1.18 (d, 3J� 6.9 Hz, 3H; H-24), 1.10 (s, 3H; H-23), 1.00 (d, 3J� 7.0 Hz,
3H; H-25); 13C NMR (100 MHz, CDCl3): d� 220.2, 170.6, 165.2, 151.8,
137.6, 119.8, 116.2, 76.6, 74.5, 73.3, 57.5, 54.6, 52.9, 43.4, 38.9, 36.2, 31.5, 30.6,
27.2, 23.5, 21.6, 20.6, 19.2, 17.2, 15.7, 14.1; MS (PCI, CH4,): m/z (%): 494.5
(10) [M�H]� , 394.3 (7), 334.2 (6), 324.2 (53), 306.1 (100), 171.0 (12),
153.0 (18).
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Syntheses of (ÿ)-Epothilone B


Dieter Schinzer,* Armin Bauer, and Jennifer Schieber[a]


Abstract: Two efficient routes for the total synthesis of (ÿ)-epothilone B are
reported. One strategy is based on ring-closing metathesis, and a second synthesis on
a macrolactonization. The key fragments are available on large scale to provide
sufficient material for biological tests. Thiazole fragment 4 was obtained by an
improved route starting from (S)-malic acid. The first synthesis is based on our
preceding paper. The critical trisubstituted double bond C12 ± 13 in our second
approach was constructed by a highly efficient Pd-mediated coupling reaction. Ring
closure was achieved by macrolactonization.


Keywords: cytotoxic agents ´
epothilones ´ macrolides ´ natural
products


Introduction


The discovery that the bacterial macrolides epothilone A and
epothilone B[1] act as biological analogues of paclitaxel has
induced intense research activity,[2] resulting in several total
syntheses of epothilone A[3] and B,[4] partial syntheses,[5] and
numerous derivatives.[6] In various biochemical assays, pacli-
taxel and the epothilones were found to be almost identical in
their effect on microtubule stabilization and cytotoxic proper-
ties. However, being tested on multiple-drug resistant (MDR)
human carcinoma cell lines, the epothilones were significantly
more potent than paclitaxel. They may even prove to be more
promising anticancer drugs than paclitaxel with less undesired
side effects.[7] Recent studies with MDR cell lines indicate that
epothilone B is the most potent of the epothilones in vitro,
whereas deoxyepothilone B (epothilone D) exhibited the best
therapeutic results in vivo and is thus regarded as a lead
compound for potential clinical development.[8]


In the preceding paper,[9] we described the synthesis of
epothilone A by an approach based on ring-closing meta-
thesis. Here we report two routes to epothilone B. The first
approach proceeds along a similar path developed for
epothilone A, representing, together with the work of Dan-
ishefsky et al.,[3b] a formal total synthesis of (ÿ)-epothilone B
(1). This olefin metathesis approach, however, suffers from
unsactisfactory stereocontrol in the ring-closure step. In view
of the importance of sufficient quantities of epothilone B and
its analogues for drug development, we have elaborated an


alternative, selective access to this series of compounds based
on highly efficient aldol and transition-metal mediated
coupling reactions leading to a seco acid precursor of
Nicolaou�s macrolactonization route[3g, 4d] to (ÿ)-epothi-
lone B.


Results and Discussion


The metathesis approach to epothilone B : The retrosynthetic
analysis of our olefin metathesis approach to epothilone B is
outlined in Scheme 1. Building blocks 2 and 4 are identical to
the thiazole and ethyl ketone fragments employed in the
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Scheme 1. Retrosynthetic analysis of epothilone BÐthe olefin metathesis
approach.
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preceding epothilone A synthesis.[9] They were assembled
with the aldehyde building block 3 in the same manner to
afford the desired olefin metathesis precursor, which was first
published by Danishefsky et al.,[3b] as outlined below.


Again, an Evans asymmetric alkylation was chosen for the
introduction of the chiral center in the aldehyde building
block 3. 1,4-Addition of a homoallylcuprate derived from
commercially available 3-methyl-3-buten-1-ol[10] to the acrylo-
yl oxazolidinone 5[11] in the presence of TMSCl and LiI[12] gave
6-methylheptenoyl oxazolidinone 6 in 60 % yield (Scheme 2).
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Scheme 2. Synthesis of the aldehyde building block 3.
a) CH2�CH(CH3)CH2CH2MgBr (1.8 equiv), CuBr ´ Me2S (1.1 equiv), LiI
(1.1 equiv), TMSCl (2.07 equiv), THF, ÿ78 8C, 6 h, 60 %; b) NaHMDS
(1.1 equiv), THF, ÿ78 8C, 30 min; then MeI (5 equiv), ÿ78 8C, 11 h, 87%;
c) LAH, Et2O, RT, 24 h, 94 %; d) Dess ± Martin periodinane[13] (1.2 equiv),
CH2Cl2, RT, 5 min, 80%; NaHMDS� sodium hexamethyldisilazane.


Its enolate was generated by the action of NaHMDS in THF
at ÿ78 8C, followed by the reaction with excess methyl iodide
to afford alkylation product 7, which was isolated in 87 % yield
(diastereoselectivity of the alkylation 10:1 by 1H NMR
spectroscopy of the crude product). Reductive removal
(LAH) of the auxiliary furnished alcohol 8, which was
converted to the aldeyde 3 by Dess ± Martin oxidation (78 %
over two steps).


The conditions employed for the assembly of the corre-
sponding fragments in the epothilone A synthesis proved to
be optimal for the coupling of building blocks 2 and 3
(Scheme 3). Again, the anti Cram (6R,7S) isomer 9 was
favored in this crossed aldol reaction, the diastereoselectivity
being somewhat lower (10:1) than for the epothilone A
synthesis. Transformation of the aldol product 9 to the acid 13
needed for the synthesis of the metathesis precursor required
protective group manipulations and C1 oxidation: Thus, acid
cleavage of the dioxolane and persilylation of the resulting
triol 10 yielded tris-silyl ether 11. Selective desilylation gave
alcohol 12, which was converted to acid 13 by PDC oxidation.
DMAP-catalyzed DCC coupling of 13 with the thiazole
building block 4 resulted in the formation of ester 14, whose
spectroscopical data ([a], IR, MS, 1H and 13C NMR) were
consistent with the olefin metathesis precursor described by
Danishefsky et al.[3b] Attempts to cyclize 14 in the presence of
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Scheme 3. Assembly of the building blocks 2 and 3 and completion of the
synthesis. a) Ketone 2, LDA (0.95 equiv), THF, ÿ78 8C, 1 h; then aldehyde
3, ÿ78 8C, 45 min, 68%; b) PPTS (1.0 equiv), MeOH, RT, 24 h, 88%;
c) TBSOTf (1.5 equiv/OH), 2,6-lutidine (2.5 equiv/OH), CH2Cl2,ÿ50 8C to
�10 8C, 4 h, 99%; d) CSA (0.2 equiv), MeOH/CH2Cl2 (1:1), 0 8C, 5 h, 84%;
e) PDC (9 equiv), DMF, RT, 36 h, 91 %; f) DCC (1.1 equiv), DMAP
(0.15 equiv), CH2Cl2, RT, 16 h, 61%; g) 1. [Mo(CHMe2Ph){N(2,6-
iPr2C6H3)}{OCMe(CF3)2}2] (ring-closing olefin metathesis); 2. separation
of E and Z isomers; 3. desilylation; 4. epoxidation, see ref. [3b]; PPTS�
pyridinium p-toluenesulfonate, TBSOTf� tert-butyldimethylsilyl trifluor-
omethanesulfonate, CSA� camphorsulfonic acid, PDC� pyridinium di-
chromate, DCC� dicyclohexyl carbodiimide, DMAP� 4-dimethylamino-
pyridine


the Grubbs catalyst [RuCl2(�CHPh)(PCy3)][14] under various
conditions were unsuccessful. However, Danishefsky et al.[3b]


have shown that 14 can be transformed into epothilone B with
the Schrock catalyst [Mo(CHMe2Ph){N(2,6-iPr2C6H3)}{OC-
Me(CF3)2}2][15] followed by deprotection and epoxidation.[3b]


The macrolactonization approach to epothilone B : Scheme 4
depicts the retrosynthetic analysis that led to the macro-
lactonization-based strategy for the synthesis of epothilone B.
The key step for the formation of a seco acid needed for
cyclization to deoxy-1 by macrolactonization[3g, 4d] would be an
aldol reaction of the ethyl ketone 2 employed in the meta-
thesis approach and the Nicolaou[3g, 4d] aldehyde 15. Further
disconnection of 15 led to the thiazole fragment 17 and a
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Scheme 4. Retrosynthetic analysis of epothilone BÐthe macrolactoniza-
tion approach.


C7 ± C11 building block 16. An efficient palladium-mediated
Negishi-type coupling reaction[16] was envisioned for the
assembly of 16 and 17 to a precursor of aldehyde 15.


An approach to the C7 ± C11 fragment 16 was originally
developed by Evans et al. for a synthesis of the polyether
antibiotic X-206 using diastereoselective alkylation and
hydrozirconation as the key steps.[17a] The phenylalanine-
derived oxazolidinone 18[18] is the starting material for our
synthesis of 16 which furnishes this compound in multigram
quantities. Alkylation of the Na enolate of 18 with 3-iodo-
propene (allyl iodide) gave crystalline amide 19 in 61 % yield
(Scheme 5); only one stereoisomer was detected by 1H and
13C NMR spectroscopy. Action of LAH resulted in the
formation of alcohol 20 which was protected as its TBS ether
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Scheme 5. Synthesis of the C7 ± C11 fragment 16. a) NaHMDS
(1.05 equiv), THF, ÿ78 8C, 1 h; then 3-iodopropene (1.5 equiv), ÿ78 8C,
4 h, 61%; b) LAH (7 equiv), Et2O, RT, 5 h; c) TBSCl (1.3 equiv), imidazole
(2.6 equiv), DMF, RT, 24 h, 80 % over two steps; d) BH3 ´ THF (1.2 equiv),
THF, 0 8C, 1 h; then MeOH, NaOAc (1.0 equiv), ICl (1.0m solution in
CH2Cl2, 1.0 equiv), 0 8C, 30 min, 60 %.


21 under standard conditions (80 % yield for two steps).
Finally, the known alkyl iodide 16[17] was obtained by a one-
pot hydroboration/iodination reaction[19] in 60 % yield.


The thiazole building block 17 was synthesized according to
an improved sequence which was amenable to a multigram
scale-up. In the preceding synthesis,[5a, 9] the stereocenter in
this fragment had been established by a Sharpless resolution,
which gave 25 in 80 % ee. In this sequence, (S)-malic acid was
chosen as the source of chirality. Its cyclohexylidene ketal
22[20] was selectively reduced with BH3 ´ Me2S (Scheme 6). The
reduction product was transformed into the known lactone
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Scheme 6. Synthesis of the thiazole building block 17. a) 1. BH3 ´ Me2S
(2.85 equiv), B(OMe)3 (2.85 equiv), THF, 24 h; 2. pTsOH ´ H2O (0.1 equiv),
CH2Cl2, RT, 24 h, 72% over two steps; b) TBSCl (1.1 equiv), imidazole
(2.2 equiv), DMF, RT, 24 h, 93%; c) 1. MeLi (1.1 equiv), THF, ÿ78 8C, 3 h;
2. TBSCl (1.1 equiv), imidazole (2.2 equiv), DMF, RT, 24 h, 73 % over two
steps; d) 1. nBuLi, THF, ÿ78 8C, then 25 ; 2. HF, MeCN/Et2O, glass, 69%
over two steps, see preceding paper; e) Swern oxidation, 82 %;
f) Ph3P�C(H)I (1.8 equiv), THF, ÿ30 8C, 20 min, 54 %.


23[21] by acid catalysis. Protection of compound 23 afforded
silyl ether 24 in 93 % yield. Addition of MeLi[22] gave a lactol
which opened under standard TBS protection conditions to
the enantiomerically pure ketone 25 (49 % from 22). Alcohol
27 was obtained following the Horner ± Emmons reaction and
desilylation protocol from our synthesis of epothilone A.[9]


Oxidation of 27 to the aldehyde 28 was performed under
Swern conditions (82 %). A Z-selective Wittig reaction of 28
with iodomethyltriphenylphosphorane[23] then led to the
desired vinyl iodide 17 as the only stereoisomer in 54 % yield.


An efficient palladium-mediated coupling[16a] of vinyl
iodide 17 with the organozinc species[24] derived from 16 led
to the bis-silyl ether 29 in 84 % yield (Scheme 7). Selective
deprotection to the alcohol 30 was achieved by CSA in
MeOH/CH2Cl2 (82%). Reaction of 30 with Dess ± Martin
periodinane as the reagent of choice provided aldehyde 15
needed for the aldol reaction with ketone 2 in 97 % yield.


In contrast to our metathesis approach to the epothilones,
the conditions for the aldol reaction of ethyl ketone 2 and the
aldehyde 15 had to be slightly changed (Scheme 8). In order to
ensure complete conversion of the aldehyde to the desired
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Scheme 7. Pd coupling of building blocks 16 and 17 and transformation to
the aldehyde 15. a) Zn (1.5 equiv), benzene/DMAc (7:1), 60 8C, 2.5 h; then
17 (0.67 equiv), [Pd(PPh3)4] (4 mol %), 60 8C, 30 min, 84%; b) CSA
(1.05 equiv), MeOH/CH2Cl2 (1:1), 0 8C, 30 min, RT, 30 h, 82 %; c) Dess ±
Martin periodinane (1.3 equiv), pyridine (1.3 equiv), CH2Cl2, 97 %;
DMAc�N,N-dimethyl acetamide.
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Scheme 8. Final steps of the macrolactonization approach to epothi-
lone BÐsynthesis of a seco acid precursor. a) Ketone 2 (1.0 equiv), LDA
(0.98 equiv), THF, ÿ78 8C, 1 h; then aldehyde 15 (0.5 equiv), ÿ78 8C,
15 min, 85 %; b) PPTS (1.0 equiv), MeOH, RT, 72 h, 86%; c) TBSOTf
(1.5 equiv/OH), 2,6-lutidine (2.5 equiv/OH), CH2Cl2, ÿ50 8C to 0 8C, then
0 8C, 2 h, 95%; d) 1. C1-OH deprotection; 2. C1 oxidation to carboxylic
acid; 3. C15-OH deprotection; 4. Yamaguchi macrolactonization; 5.
desilylation; 6. epoxidation, see ref. [3g].


aldol product 31, two equivalents of the lithium enolate
generated from ketone 2 had to be employed in the reaction.
The product ratio anti Cram (6R,7S) to Cram (6S,7R) was
determined as 9:1 by HPLC. The aldol product 31 was isolated
in 85 % yield from the reaction mixture. Transformation of
intermediate 31 into the known seco acid precursor 33[3g]


required cleavage of the ketal protecting group by the action
of PPTS in MeOH, leading to the triol 32. Finally, silylation of
compound 32 with TBSOTf and 2,6-lutidine led to the known
tetrakis-silyl ether 33 identical ([a], IR, MS, 1H and 13C NMR)
to an intermediate from Nicolaou�s synthesis of epothilone B.
Nicolaou et al.[3g] have shown that this precursor can be
converted to (ÿ)-epothilone B by a seven-step sequence
consisting of selective deprotection steps, C1 oxidation,
Yamaguchi macrolactonization, and epoxidation.[3g]


Conclusions


In summary, we have presented two formal total syntheses of
epothilone B and D. Especially our aldol reaction offers the
best and efficient method to date for the acyclic stereocontrol
of the configurations at C6 and C7, which represents the major
stereochemical issue in the field of epothilones. In addition,
we have presented a straightforward synthesis to construct the
tricyclic double bond at C12ÿC13 by a palladium-mediated
coupling. Finally, our methods allow the synthesis of designed
analogues for in vitro and in vivo testing.


Experimental Section


General techniques : See preceding article.[9]


(4S)-4-Isopropyl-3-(6-methyl-6-heptenoyl)-oxazolidin-2-one (6): 4-Bromo-
2-methyl-1-butene[10] (997 mg, 0.2 equiv) was added to a suspension of Mg
(76.0 mmol, 2.0 equiv) in THF (5 mL). After the reaction had started a
solution of 4-bromo-2-methyl-1-butene (8.973 g, 1.8 equiv) in THF (45 mL)
was added at such a rate that the mixture gently refluxed. Refluxing was
continued for 20 min after the addition of the alkyl bromide was complete.
The mixture was cooled to room temperature and added dropwise to a
solution of CuBr ´ Me2S (7.561 g, 36.8 mmol, 1.1 equiv) and LiI (4.923 g,
36.8 mmol, 1.1 equiv) in THF (60 mL) at ÿ60 8C. The resulting brown
cuprate suspension was stirred for 15 min at ÿ60 8C, and TMSCl (9.6 mL,
76.0 mmol, 2.07 equiv) was added dropwise. Stirring was continued for
10 min atÿ60 8C. A solution of (S)-3-acryloyl-4-isopropyl-1,3-oxazolidin-2-
one (5)[11] (6.126 g, 33.4 mmol) in THF (50 mL) was added atÿ78 8C within
1 h. The reaction mixture was stirred at ÿ78 8C for 5 h. NEt3 (13.9 mL,
100.3 mmol, 3 equiv) was added dropwise and stirring was continued for 3 h
at ÿ78 8C. Saturated aqueous NH4Cl solution (40 mL) was added and the
mixture was warmed to room temperature. The organic phase was
separated and the aqueous layer was extracted with Et2O (4� 200 mL).
The combined organic extracts were dried over MgSO4 and concentrated in
vacuo. Purification of the residue by flash chromatography (pentane/Et2O
5:1) gave oxazolidinone 6 (5.068 g, 60 %) as a colorless oil. [a]20


D ��64.3,
[a]20


546��75.7 (c� 1.15, CHCl3); IR (film): nÄmax� 3543, 3074, 2966, 1782,
1701, 1650, 1464, 1387, 1302, 1206, 1073, 888 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 4.72 ± 4.66 (m, 2 H; H-7'), 4.47 ± 4.41 (m, 1 H; H-4), 4.27 (t, 2J�
8.7 Hz, 1H; H-5), 4.21 (dd, 2J� 9.2 Hz, 3J� 3.1 Hz, 1H; H-5), 3.05 ± 2.82
(m, 2 H; H-2'), 2.42 ± 2.33 (m, 1 H; C4-CH), 2.05 (t, 3J� 7.5 Hz, 2 H; H-5'),
1.71 (s, 3H; C6'-CH3), 1.70 ± 1.61 (m, 2 H), 1.55 ± 1.46 (m, 2 H)(H-3', H-4'),
0.92 (d, 3J� 7.0 Hz, 3 H; C4-CHCH3), 0.87 (d, 3J� 6.9 Hz, 3 H; C4-CHCH3);
13C NMR (100 MHz, CDCl3): d� 173.2, 154.0, 145.5, 109.9, 63.3, 58.3, 37.4,
35.3, 28.3, 26.9, 24.0, 22.3, 17.9, 14.6; MS (70 eV, EI): m/z (%): 253 (14)
[M]� , 198 (4), 184 (21), 171 (74), 130 (100), 125 (26), 99 (36), 97 (29), 85
(42), 83 (63), 69 (38), 68 (39), 55 (88); HRMS (EI): calcd for C14H23NO3


253.1678, found 253.167; C14H23NO3 (253.3) calcd C 66.37, H 9.15, N 5.53;
found C 66.41, H 9.24, N 5.19.


(4S,2''S)-4-Isopropyl-3-(2,6-dimethyl-6-heptenoyl)-oxazolidin-2-one (7): A
solution of NaHMDS (1.0m in THF; 17.6 mL, 17.6 mmol, 1.1 equiv) was
cooled to ÿ78 8C, and a precooled (0 8C) solution of 6 (4.059 g, 16.0 mmol)
in THF (17 mL) was added. The reaction mixture was stirred for 30 min at
ÿ78 8C, and a solution of MeI (5 mL, 80.0 mmol, 5 equiv) in THF (2 mL)
was added. After 11 h of stirring at ÿ78 8C, the mixture was quenched with
saturated NH4Cl solution (20 mL), and extracted with Et2O (4� 200 mL).
The combined organic extracts were dried over MgSO4, and concentrated
in vacuo. Purification of the crude product (10:1 ratio of diastereomers by
1H NMR) by flash chromatography (pentane/Et2O 7:1) furnished 7
(3.739 g, 87%) as a colorless oil. [a]20


D ��88.8, [a]20
546��105.0 (c� 1.04,


CHCl3); IR (film): nÄmax� 2967, 1782, 1700, 1460, 1386, 1301, 1205, 1058,
888 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 4.72 ± 4.66 (m, 2 H; H-7'), 4.48 ±
4.42 (m, 1 H; H-4), 4.27 (t, 2J� 8.7 Hz, 1H; H-5), 4.20 (dd, 2J� 9.1 Hz, 3J�
3.1 Hz, 1H; H-5), 3.80 ± 3.70 (m, 1H; H-2'), 2.41 ± 2.30 (m, 1 H; C4-CH),
2.01 (t, 3J� 7.3 Hz, 2H; H-5'), 1.70 (s, 3H; C6'-CH3), 1.60 ± 1.32 (m, 4H;
H-3', H-4'), 1.21 (d, 3J� 6.9 Hz, 3 H; C2'-CH3), 0.92 (d, 3J� 7.0 Hz, 3H; C4-
CHCH3), 0.87 (d, 3J� 6.9 Hz, 3 H; C4-CHCH3); 13C NMR (100 MHz,
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CDCl3): d� 177.2, 153.7, 145.6, 110.0, 63.2, 58.4, 37.7, 37.6, 32.6, 28.4, 25.2,
22.3, 17.9, 17.8, 14.7; MS (70 eV, EI): m/z (%): 267 (0.6) [M]� , 198 (10), 185
(100), 156 (6), 139 (109, 130 (44), 110 (10), 95 (209, 85 (20), 69 (36), 55 (28),
43 (11); C15H25NO3 (267.4) calcd C 67.38, H 9.42, N 5.24; found C 67.53, H
9.46, N 5.06.


(S)-2,6-Dimethyl-6-hepten-1-ol (8): LAH (850 mg, 22.4 mmol, 3.4 equiv)
was added in small portions to a solution of oxazolidinone 7 (3.517 g,
13.15 mmol) in Et2O (85 mL) within a period of 3 h. The reaction mixture
was stirred for 24 h at room temperature, quenched by dropwise addition of
water (0.85 mL), 15 % aqueous NaOH (0.85 mL), and water (2.25 mL). The
mixture was stirred for 4 h at room temperature until a white precipitate
formed, which was filtered off by suction through a small plug of celite. The
precipitate was washed with Et2O (4� 40 mL). The filtrate and washings
were combined, and concentrated in vacuo. Purification of the residue by
flash chromatography (pentane/Et2O 5:1) afforded alcohol 8 (1.753 g,
94%) as a colorless liquid. [a]20


D �ÿ11.8, [a]20
546�ÿ13.6 (c� 1.0, CHCl3);


IR (film): nÄmax� 3334, 2934, 1650, 1455, 1375, 1042, 886 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 4.73 ± 4.65 (m, 2H; H-7), 3.52 ± 3.38 (m, 2H; H-1),
2.05 ± 1.97 (m, 2H; H-5), 1.71 (s, 3 H; C6-CH3), 1.69 ± 1.35 (m, 5H), 1.16 ±
1.05 (m, 1 H)(H-2, H-3, H-4, OH), 0.93 (d, 3J� 6.7 Hz, 3H; C2-CH3);
13C NMR (100 MHz, CDCl3): d� 146.0, 109.8, 68.3, 38.0, 35.7, 32.7, 24.9,
22.3, 16.5; MS (70 eV, EI): m/z (%): 142 (18) [M]� , 124 (12) [MÿH2O]� ,
109 (60), 95 (40), 82 (71), 69 (97), 68 (100), 56 (92); HRMS (EI): calcd for
C9H18O 142.1358, found 142.135.


(S)-2,6-Dimethyl-6-heptenal (3): Dess ± Martin periodinane[13] (4.581 g,
10.8 mmol, 1.2 equiv) was added to a solution of alcohol 8 (1.280 g,
9.0 mmol) in CH2Cl2 (20 mL). The mixture was stirred for 5 min. Flash
chromatography (pentane/Et2O 10:1) of the reaction mixture provided
aldehyde 3 (1.000 g, 80%) as a colorless liquid. [a]20


D �12.9, [a]20
546��16.2


(c� 1.0, CHCl3); IR (film): nÄmax� 2937, 2815, 1728, 1650, 1458, 1376,
888 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 9.62 (d, 3J� 2.0 Hz, 1 H; H-1),
4.73 ± 4.65 (m, 2H; H-7), 2.40 ± 2.30 (m, 1 H; H-2), 2.03 (t, 3J� 7.4 Hz, 2H;
H-5), 1.71 (s, 3 H; C6-CH3), 1.53 ± 1.18 (m, 4 H; H-3, H-4), 1.10 (d, 3J�
7.0 Hz, 3H; C2-CH3); 13C NMR (100 MHz, CDCl3): d� 205.2, 145.3, 110.2,
46.2, 37.6, 30.0, 24.8, 22.2, 13.3; MS (70 eV, EI): m/z (%): 140 (0.6) [M]� , 122
(4) [MÿH2O]� , 107 (14), 93 (16), 82 (100), 69 (40), 67 (41), 55 (61), 43 (50);
HRMS (EI): calcd for C9H16O 140.1201, found 140.119.


(4R,5S,6S,4''S)-2-(2,2-Dimethyl-1,3-dioxan-4-yl)-5-hydroxy-2,4,6,10-tetra-
methylundec-10-en-3-one (9): A solution of ethyl ketone 2 (1.179 g,
5.5 mmol) in THF (5.0 mL) was added dropwise at ÿ78 8C to a freshly
prepared solution of LDA [nBuLi (3.27 mL, 1.6m solution in hexanes,
5.23 mmol, 0.95 equiv) was added to a solution of diisopropylamine
(741 mL, 5.23 mmol) in THF (5.5 mL) at 0 8C]. The mixture was stirred
for 1 h at ÿ78 8C. Aldehyde 3 (772 mg, 5.5 mmol, 1.0 equiv) was added
dropwise and stirring was continued for 45 min at ÿ78 8C. The reaction
mixture was quenched by dropwise addition of saturated aqueous NH4Cl
solution at ÿ78 8C. The organic layer was separated and the aqueous layer
was extracted with Et2O. The combined extracts were dried over MgSO4


and concentrated in vacuo. Flash chromatography (pentane/Et2O 10:1) of
the residue afforded anti Cram aldol product 9 (1.326 g, 68%) and Cram
aldol product (136 mg, 7 %) as colorless oils. anti Cram diastereomer:
[a]20


D �ÿ23.3, [a]20
546�ÿ28.1 (c� 1.0, CHCl3); IR (film): nÄmax� 3508, 2969,


2361, 1685, 1458, 1373, 1273, 1197, 1107, 971, 882 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 4.72 ± 4.64 (m, 2 H; H-11), 4.06 (dd, 3J� 11.8 Hz, 3J� 2.5 Hz,
1H; H-4'), 3.96 (dt, 2J� 11.9 Hz, 3J� 2.7 Hz, 1 H; H-6'), 3.86 (ddd, 3J�
11.7 Hz, 3J� 5.4 Hz, 3J� 1.6 Hz, 1H; H-6'), 3.50 (s, 1 H; OH), 3.37 (d, 3J�
9.3 Hz, 1H; H-5), 3.29 (dq, 3J� 7.0 Hz, 3J� 1.2 Hz, 1H; H-4), 2.09 ± 1.94 (m,
2H; H-9), 1.82 ± 1.48 (m, 4 H; H-6, H-7, H-8, H-5'), 1.71 (s, 3H; C10-CH3),
1.41 (s, 3H; C2'-CH3), 1.40 ± 1.31 (m, 2 H; H-8, H-5'), 1.33 (s, 3H; C2'-CH3),
1.21 (s, 3H; H-1), 1.16 ± 1.05 (m, 1 H; H-7), 1.09 (s, 3 H; C2-CH3), 1.02
(d, 3J� 7.0 Hz, 3H; C4-CH3), 0.84 (d, 3J� 7.0 Hz, 3 H; C6-CH3);
13C NMR (100 MHz, CDCl3): d� 222.9, 146.2, 109.5, 98.4, 74.7, 74.3,
59.8, 51.5, 41.2, 38.2, 35.3, 32.6, 29.7, 25.1, 24.7, 22.3, 21.5, 19.0, 18.5,
15.3, 9.2; MS (70 eV, EI): m/z (%): 354 (3) [M]� , 339 (6), 296 (9),
278 (5), 214 (6), 197 (10), 185 (26), 156 (84), 141 (28), 127 (26), 123 (65), 115
(78), 82 (100); C21H38O4 (354.5): calcd C 71.15, H 10.80; found C 71.21,
H 10.88.


(3S,6R,7S,8S)-1,3,7-Trihydroxy-4,4,6,8,12-pentamethyl-12-tridecen-5-one
(10): A solution of aldol product 9 (1.102 g, 3.11 mmol) in MeOH (20 mL)
was added to a solution of PPTS (469 mg, 1.87 mmol, 0.6 equiv) in MeOH
(130 mL). The mixture was stirred at room temperature for 14 h. PPTS


(312 mg, 0.4 equiv) was added and stirring was continued for 10 h. Water
(4.5 mL) and saturated aqueous NaHCO3 solution (4.5 mL) were added,
and the mixture was concentrated under reduced pressure. The residue was
dissolved in Et2O (300 mL) and the resulting solution was washed with
brine (20 mL). The organic layer was separated and dried over MgSO4.
After removal of the solvent in vacuo and flash chromatography (Et2O) of
the residue, triol 10 (863 mg, 88%) was obtained as a colorless oil. [a]20


D �
ÿ40.3, [a]20


546�ÿ49.7 (c� 1.0, CHCl3); IR (film): nÄmax� 3402, 2937, 1685,
1649, 1467, 1376, 1329, 1055, 979, 885 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 4.72 ± 4.66 (m, 2 H; H-13), 4.08 ± 4.01 (m, 1 H; H-3), 3.94 ± 3.83 (m, 2H;
H-1), 3.35 (d, 3J� 9.0 Hz, 1H; H-7), 3.34 (s, 1H; C7-OH), 3.27 (dq, 3J�
6.9 Hz, 3J� 1.6 Hz, 1H; H-6), 2.58 (br s, 1H; OH), 2.09 ± 1.93 (m, 2H;
H-11), 1.79 ± 1.48 (m, 5H; H-2, H-8, H-9, H-10), 1.71 (s, 3H; C12-CH3),
1.42 ± 1.30 (m, 1 H; H-10), 1.21, 1.12 (2 s, 2� 3H; C4-CH3), 1.14 ± 1.04 (m,
1H; H-9), 1.07 (d, 3J� 6.9 Hz, 3H; C6-CH3), 0.86 (d, 3J� 6.8 Hz, 3 H; C8-
CH3); 13C NMR (100 MHz, CDCl3): d� 223.8, 146.2, 109.7, 76.4, 74.7, 62.2,
52.6, 40.9, 38.2, 35.5, 32.5, 32.4, 24.8, 22.4, 21.5, 18.5, 15.5, 10.1; MS (70 eV,
EI): m/z (%): 314.0 (1) [M]� , 297.6 (100) [M�HÿH2O]� , 279.1 (35), 239.9
(17), 222.9 (33), 214.9 (21), 197.0 (36), 184.9 (29), 173.9 (24), 156.7 (78),
141.0 (52), 122.6 (44), 99.9 (50), 81.9 (48), 69.0 (43); HRMS (EI) calcd for
C18H34O4 296.2351, found 296.235.


(3S,6R,7S,8S)-1,3,7-Tri-(tert-butyldimethylsilyloxy)-4,4,6,8,12-pentameth-
yl-12-tridecen-5-one (11): 2,6-Lutidine (2.39 mL, 20.6 mmol, 7.5 equiv) and
TBSOTf (2.83 mL, 7.5 mmol, 4.5 equiv) were added dropwise at ÿ50 8C to
a solution of triol 10 (863 mg, 2.74 mmol) in CH2Cl2 (8.2 mL). The mixture
was allowed to warm to 10 8C within 4 h. Flash chromatography (pentane/
Et2O 20:1) of the reaction mixture gave tris-silyl ether 11 (1.783 g, 99 %) as
a colorless oil. [a]20


D �ÿ31, [a]20
546�ÿ38 (c� 1.0, CHCl3); IR (film): nÄmax�


3075, 2955, 1698, 1652, 1473, 1388, 1361, 1255, 1104, 986, 838, 775, 669 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 4.71 ± 4.64 (m, 2 H; H-13), 3.89 (dd, 3J�
7.5 Hz, 3J� 2.8 Hz, 1 H; H-3), 3.77 (dd, 3J� 6.6 Hz, 3J� 2.2 Hz, 1H; H-7),
3.67 (dt, 2J� 9.4 Hz, 3J� 5.0 Hz, 1H; H-1), 3.62 ± 3.54 (m, 1H; H-1), 3.14
(dq, 3J� 9.4 Hz, 3J� 5.0 Hz, 1 H; H-6), 2.05 ± 1.92 (m, 2H; H-11), 1.70 (s,
3H; C12-CH3) 1.64 ± 1.01 (m, 7H; H-2, H-8, H-9, H-10), 1.22 (s, 3 H; C4-
CH3), 1.05 (d, 3J� 6.9 Hz, 3 H; C6-CH3), 1.03 (s, 3 H; C4-CH3), 0.92 (d, 3J�
6.9 Hz, 3H; C8-CH3), 0.91, 0.90, 0.88 (3s, 9 H; OSiC(CH3)3), 0.09, 0.07, 0.06,
0.06, 0.03, 0.02 (6s, 6� 3 H; OSi(CH3)2); 13C NMR (100 MHz, CDCl3): d�
218.2, 145.9, 109.8, 77.4, 74.04, 61.0, 53.7, 45.0, 38.9, 38.4, 38.1, 30.7, 26.2, 26.1,
26.0, 25.7, 24.5, 22.4, 19.4, 18.5, 18.4, 18.3, 17.5, 15.2, ÿ3.7, ÿ3.7, ÿ3.8, ÿ4.0,
ÿ5.2, ÿ5.3 ; MS (PCI, CH4): m/z (%): 657.2 (50) [M�H]� , 641.5 (5) [Mÿ
CH3]� , 545.2 (2), 403.3 (4), 373.3 (13), 311.2 (14), 303.8 (100), 255.1 (52),
123.2 (37); HRMS (EI): calcd for C32H67O4Si3 [Mÿ tBu]� 599.4347, found
599.432.


(3S,6R,7S,8S)-3,7-Di-(tert-butyldimethylsilyloxy)-1-hydroxy-4,4,6,8,12-
penta-methyl-12-tridecen-5-one (12): A solution of CSA (121 mg,
0.52 mmol, 0.2 equiv) in MeOH (20 mL) was added at 0 8C to a solution
of tris-silyl ether 11 (1.696 g, 2.58 mmol) in MeOH (70 mL) and CH2Cl2


(50 mL). The reaction mixture was stirred for 5 h at 0 8C and quenched with
saturated aqueous NaHCO3 solution (20 mL). Precipitated solid NaHCO3


was filtered off. The filtrate was concentrated under reduced pressure,
diluted with Et2O (200 mL) and washed with brine (20 mL). The phases
were separated and the aqueous layer was extracted with Et2O (2� 40 mL).
The combined organic phases were dried over MgSO4 and the solvents
were removed in vacuo. The residue was purified by flash chromatography
(pentane/Et2O 5:1) to give alcohol 12 (1.175 g, 84 %) as a colorless oil.
[a]20


D �ÿ19.4, [a]20
546�ÿ22.8 (c� 1.0, CHCl3); IR (film): nÄmax� 3449, 2931,


1691, 1473, 1388, 1255, 1103, 987, 837, 775, 670 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 4.71 ± 4.64 (m, 2H; H-13), 4.07 (dd, 3J� 6.1 Hz, 3J� 4.1 Hz,
1H; H-3), 3.80 (dd, 3J� 7.3 Hz, 3J� 1.7 Hz, 1H; H-7), 3.66 ± 3.57 (m, 2H;
H-1), 3.13 (dq, 3J� 7.1 Hz, 3J� 7.1 Hz, 1H; H-6), 2.05 ± 1.91 (m, 2H; H-11),
1.87 (t, 3J� 5.4 Hz, 1H; OH), 1.70 (s, 3 H; C12-CH3), 1.66 ± 0.96 (m, 7H;
H-2, H-8, H-9, H-10), 1.22 (s, 3 H; C4-CH3), 1.06 (d, 3J� 6.9 Hz, 3H; C6-
CH3), 1.06 (s, 3 H; C4-CH3), 0.93 (d, 3J� 6.9 Hz, 3H; C8-CH3), 0.90 (2 s, 2�
9H; OSiC(CH3)3), 0.11, 0.07, 0.06, 0.06 (4 s, 4� 6H; OSi(CH3)2); 13C NMR
(100 MHz, CDCl3): d� 219.6, 145.9, 109.9, 77.6, 73.1, 60.3, 53.8, 45.1, 38.7,
38.4, 38.3, 30.4, 26.2, 26.1, 25.7, 24.9, 22.4, 18.5, 18.3, 17.7, 17.6, 15.7, ÿ3.6,
ÿ3.8, ÿ3.9; MS (70 eV, EI): m/z (%): 542.1 (<0.5) [M]� , 525.1 (51)
[M�HÿH2O]� , 485.0 (28) [Mÿ tBu]� , 412.9 (11), 393.0 (5), 373.0 (11),
353.0 (27), 345.0 (100), 311.0 (66), 303.0 (12), 271.0 (87), 255.0 (72), 212.9
(18), 190.1 (74), 172.8 (46), 145.0 (60), 130.9 (92); C30H62O4Si2 (543.0) calcd
C 66.36, H 11.51; found C 66.22, H 11.42.
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(3S,6R,7S,8S)-3,7-Di-(tert-butyldimethylsilyloxy)-4,4,6,8,12-pentamethyl-
5-oxo-12-tridecenoic acid (13): A solution of PDC (5.886 g, 15.65 mmol,
9.0 equiv) in DMF (15 mL) was added to a solution of alcohol 12 (944 mg,
1.74 mmol) in DMF (10 mL). The reaction mixture was stirred for 36 h at
room temperature, mixed with brine (100 mL), diluted with water
(100 mL), and extracted with CH2Cl2 (6� 100 mL). The combined extracts
were dried over MgSO4 and concentrated in vacuo. The residue was
purified by flash chromatography (pentane/Et2O 2:1) to afford acid 13
(885 mg, 91%) as a viscous, colorless oil. [a]20


D �ÿ28.6, [a]20
546�ÿ33.4 (c�


1.0, CHCl3); IR (film): nÄmax� 2936, 2710, 1719, 1460, 1389, 1303, 1255, 1099,
986, 843, 774, 670 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 4.70 ± 4.58 (m,
2H; H-13), 4.38 (dd, 3J� 6.8 Hz, 3J� 3.0 Hz, 1 H; H-3), 3.79 (dd, 3J�
7.2 Hz, 3J� 1.7 Hz, 1H; H-7), 3.14 (dq, 3J� 7.0 Hz, 3J� 7.0 Hz, 1 H; H-6),
2.49 (dd, 2J� 16.4 Hz, 3J� 3.1 Hz, 1 H; H-2), 2.30 (dd, 2J� 16.4 Hz, 3J�
6.8 Hz, 1H; H-2), 2.04 ± 1.91 (m, 2 H; H-11), 1.69 (s, 3H; C12-CH3), 1.57 ±
0.96 (m, 5 H; H-8, H-9, H-10), 1.23, 1.09 (2s, 2� 3 H; C4-CH3), 1.05 (d, 3J�
6.9 Hz, 3 H; C6-CH3), 0.92 (d, 3J� 7.1 Hz, 3H; C8-CH3), 0.90, 0.88 (2s, 2�
9H; OSiC(CH3)3), 0.09, 0.05, 0.05, 0.04 (4s, 4� 3H; OSi(CH3)2); 13C NMR
(100 MHz, CDCl3): d� 218.1, 178.2, 145.9, 109.8, 77.6, 73.5, 53.5, 45.2, 40.2,
38.7, 38.3, 30.4, 26.2, 26.0, 25.7, 23.7, 22.3, 19.1, 18.5, 18.2, 17.7, 15.7, ÿ3.6,
ÿ3.8, ÿ4.3, ÿ4.6; MS (PCI, CH4): m/z (%): 557.5 (46) [M�H]� , 541.5 (89)
[MÿCH3]� , 499.4 (100) [Mÿ tBu]� , 453.4 (7), 445.4 (9), 425.4 (48), 417.4
(68), 409.4 (22), 401.4 (44); C30H60O5Si2 (557.0) calcd C 64.69, H 10.86;
found C 64.89, H 10.96.


(1S)-1-[(E)-1-Methyl-2-(2-methyl-1,3-thiazol-4-yl)-1-ethenyl-3-butenyl
(3S,6R,7S,8S)-3,7-di-[tert-butyldimethylsilyloxy]-4,4,6,8,12-pentamethyl-
5-oxo-12-tridecenoate (14): DCC (91 mg, 0.44 mmol, 1.1 equiv) was added
at 0 8C to a solution of acid 13 (223 mg, 0.40 mmol), thiazole alcohol 4
(84 mg, 0.40 mmol) and DMAP (7.3 mg, 0.06 mmol, 0.15 equiv) in CH2Cl2


(5 mL). The mixture was stirred for 10 min at 0 8C and for 16 h at room
temperature The solvent was removed in vacuo and the residue was
purified by flash chromatography (pentane/Et2O 20:1) to afford ester 14
(183 mg, 61%) as a colorless oil. [a]20


D �ÿ38.8, [a]20
546�ÿ46.9 (c� 0.1,


CHCl3) [Lit. :[3b] [a]D�ÿ55.1 (c� 0.85, CHCl3)]; IR (film): nÄmax� 2930,
1737, 1697, 1472, 1377, 1254, 1179, 1085, 989, 836, 776 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 6.94 (s, 1 H; thiazole H-5), 6.49 (s, 1H; H-2''), 5.78 ±
5.65 (m, 2H; H-3'), 5.30 (t, 3J� 6.7 Hz, 1 H; H-1'), 5.13 ± 5.00 (m, 2H; H-4'),
4.70 ± 4.62 (m, 2H; H-13), 4.34 (dd, 3J� 6.0 Hz, 3J� 3.6 Hz, 1H; H-3), 3.73
(dd, 3J� 6.8 Hz, 3J� 2.0 Hz, 1H; H-7), 3.19 ± 3.11 (m, 1H; H-6), 2.70 (s,
3H; thiazole CH3), 2.53 (dd, 2J� 17.0 Hz, 3J� 3.6 Hz, 1H; H-2), 2.53 ± 2.40
(m, 2 H; H-2'), 2.29 (dd, 2J� 17.0 Hz, 3J� 6.1 Hz, 1 H; H-2), 2.07 (d, 4J�
1.2 Hz, 3H; C1''-CH3), 2.01 ± 1.94 (m, 2 H; H-11), 1.69 (s, 3 H; C12-CH3),
1.61 ±0.94 (m, 5 H; H-8, H-9, H-10), 1.23 (s, 3 H; C4-CH3), 1.04 (d, 3J�
6.8 Hz, 3 H; C6-CH3), 1.03 (s, 3 H; C4-CH3), 0.89 (d, 3J� 7.1 Hz, 3H; C8-
CH3), 0.89, 0.88 (2s, 2� 9 H; OSiC(CH3)3), 0.10, 0.05, 0.03, 0.03 (4 s, 4� 3H;
OSi(CH3)2); 13C NMR (100 MHz, CDCl3): d� 217.7, 171.2, 164.5, 152.6,
146.0, 136.8, 133.4, 121.1, 117.8, 116.4, 109.8, 78.7, 77.6, 74.1, 53.3, 45.2, 40.3,
38.8, 38.3, 37.5, 30.6, 26.2, 26.0, 25.7, 23.2, 22.3, 20.4, 19.2, 18.5, 18.2, 17.6,
15.4, 14.6, ÿ3.6, ÿ3.8, ÿ4.3, ÿ4.7; MS (PCI, NH3): m/z (%): 748 (85)
[M�H]� , 520 (12), 447 (75), 419 (51), 391 (57), 363 (12), 192 (100), 123 (11);
C41H73NO5SSi2 (748.3) calcd C 65.81, H 9.83, N 1.87, S 3.93; found C 66.30,
H 10.06, N 1.92, S 3.91.


(4R)-4-Benzyl-3-[(2S)-2-methyl-4-pentenoyl]-1,3-oxazolidin-2-one (19): A
solution of NaHMDS (1.0m in THF, 47.25 mL, 47.25 mmol, 1.05 equiv) was
added dropwise to a solution of (4R)-4-benzyl-3-propionyl-1,3-oxazolidin-
2-one (18)[18] (10.50 g, 45.0 mmol) in THF (120 mL) atÿ78 8C. The reaction
mixture was stirred for 1 h at ÿ78 8C, and 3-iodopropene (6.20 mL,
67.5 mmol, 1.5 equiv) was added dropwise. The mixture was stirred for 4 h
at ÿ78 8C, allowed to warm to room temperature, and quenched with
saturated NH4Cl solution (45 mL). The organic layer was separated and the
aqueous layer was extracted with Et2O (3� 90 mL). The combined organic
extracts were dried over MgSO4 and concentrated in vacuo. Purification of
the crude product (10:1 ratio of diastereomers by 1H NMR) by flash
chromatography (pentane/Et2O 4:1) gave oxazolidinone 19 (7.56 g, 61%)
as a colorless oil, which crystallized upon standing. M.p. 28 8C; [a]20


D �
ÿ41.7 (c� 1.0, CHCl3); IR (film): nÄmax� 2982, 1782, 1699, 1381, 1243,
1210, 1102, 701 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.37 ± 7.20 (m, 5H;
Ar-H), 5.88 ± 5.77 (m, 1 H; H-4'), 5.15 ± 5.04 (m, 2 H; H-5'), 4.73 ± 4.64 (m,
1H; H-4), 4.20 (dd, 2J� 9.1 Hz, 3J� 0.7 Hz, 1 H; H-5), 4.15 (dd, 2J� 9.1 Hz,
3J� 3.4 Hz, 1H; H-5), 3.91 ± 3.82 (m, 1 H; H-2'), 3.29 (dd, 2J� 13.3 Hz, 3J�
3.3 Hz, 1 H; C4-CH2), 2.70 (dd, 2J� 13.3 Hz, 3J� 9.8 Hz, 1H; C4-CH2),


2.57 ± 2.49 (m, 1 H; H-3'), 2.29 ± 2.20 (m, 1H; H-3'), 1.19 (d, 3J� 6.8 Hz, 3H;
C2'-CH3); 13C NMR (100 MHz, CDCl3): d� 176.5, 153.1, 135.4, 135.3,
129.4, 128.9, 127.3, 117.2, 66.0, 55.4, 38.1, 38.0, 37.1, 16.4; MS (70 eV, EI): m/z
(%): 273.1 (10) [M]� , 244.1 (1), 117.0 (4), 97.0 (12), 91.0 (17), 69.1 (100), 67.0
(36), 53.0 (29); C16H19NO3 (241.3): calcd C 70.31, H 7.01, N 5.12; found C
70.64, H 7.09, N 5.21.


(2S)-2-Methyl-4-penten-1-ol (20): LAH (3.343 g, 88.1 mmol, 7 equiv) was
added in small portions to a solution of oxazolidinone 19 (6.967 g,
25.5 mmol) in Et2O (120 mL) within a period of 4 h. The reaction mixture
was stirred for 1 h at room temperature and quenched by dropwise addition
of water (3.34 mL), 15 % aqueous NaOH (3.34 mL), and water (8.35 mL) at
0 8C. The mixture was stirred for 4 h at room temperature until a white
precipitate formed, which was filtered off by suction through a small plug of
celite. The precipitate was washed with Et2O (200 mL) and CH2Cl2


(200 mL). The filtrate and the washings were combined and concentrated
in vacuo. (4R)-4-benzyl-1,3-oxazolidin-2-one (2.639 g, 58 %) precipitated as
colorless needles. The solid was filtered off by suction and washed with
Et2O (5 mL) and pentane (5 mL). The filtrate and the washings were
combined. After evaporation of the solvent crude alcohol 20[17a] (2.922 g)
was obtained as a colorless liquid, which was used for the preparation of
silyl ether 21 without further purification. An analytical sample was
obtained by flash chromatography (pentane/Et2O 5:1). [a]20


D �ÿ2.1,
[a]20


546�ÿ2.5 (c� 1.0, CHCl3); IR (film): nÄmax� 3337, 2916, 1641, 1457,
1044, 993, 912 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 5.86 ± 5.75 (m, 1H;
H-4), 5.17 ± 4.99 (m, 2 H; H-5), 3.53 ± 3.40 (m, 2H; H-1), 2.22 ± 2.14 (m, 1H;
H-3), 2.04 (br s, 1 H; OH), 1.97 ± 1.89 (m, 1H; H-3), 1.78 ± 1.66 (m, 1 H; H-2),
0.92 (d, 3J� 6.8 Hz, 3 H; C2-CH3); 13C NMR (100 MHz, CDCl3): d� 136.9,
116.0, 67.7, 37.8, 35.5, 16.3; MS (PCI, CH4): m/z (%): 101 (21) [M�H]� , 99
(32), 83 (100) [M�HÿH2O]� , 81 (34), 71 (11), 55 (12).


tert-Butyldimethyl-{[(2S)-2-methyl-4-pentenyl]oxy}silane (21): Imidazole
(4.121 g, 60.5 mmol, 2.6 equiv) and TBSCl (30.3 mmol, 1.3 equiv) were
added to a solution of the crude alcohol 20 (2.669 g � 23.3 mmol) in DMF
(15 mL). The mixture was stirred for 24 h at room temperature. Flash
chromatography of the reaction mixture (pentane/Et2O 20:1) gave silyl
ether[17a] 22 (3.991 g, 80 % over two steps) as a colorless oil. [a]20


D �ÿ1.0,
[a]20


546�ÿ1.2 (c� 1.0, CHCl3); IR (film): nÄmax� 2957, 2858, 1472, 1256, 1095,
911, 838, 775 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 5.85 ± 5.73 (m, 1H,
H-4), 5.04 ± 4.96 (m, 2H; H-5), 3.44 (dd, 2J� 9.8 Hz, 3J� 6.2 Hz, 1H; H-1),
3.40 (dd, 2J� 9.8 Hz, 3J� 6.2 Hz, 1 H; H-1), 2.23 ± 2.15 (m, 1H; H-3), 1.90 ±
1.81 (m, 1H; H-3), 1.73 ± 1.61 (m, 1 H; H-2), 0.90 (s, 9 H, OSiC(CH3)3), 0.87
(d, 3J� 6.7 Hz, 3H; C2-CH3), 0.04 (s, 6H, OSi(CH3)2); 13C NMR (100 MHz,
CDCl3): d� 137.4, 115.6, 67.8, 37.7, 35.7, 26.0, 18.3, 16.4, ÿ5.4; MS (PCI,
CH4): m/z (%): 215.2 (22) [M�H]� , 213.1 (72), 208.9 (100), 199.1 (34) [Mÿ
CH3]� , 157.0 (21) [Mÿ tBu]� , 145.0 (14), 133.0 (38), 82.8 (32).


1-(tert-Butyldimethylsilyl) [(2S)-5-iodo-2-methylpentyl] ether (16): BH3 ´
THF (1.0m solution in THF, 5.94 mL, 1.2 equiv) was added dropwise at 0 8C
to a solution of silyl ether 21 (3.184 g, 14.85 mmol) in THF (5 mL) was
added. The mixture was stirred for 1 h at room temperature. MeOH
(0.5 mL) and NaOAc (1.0m solution in MeOH, 14.85 mL, 1 equiv) were
added at 0 8C, followed by the addition of ICl (1.0m solution in CH2Cl2,
14.85 mL, 1 equiv) within 30 min at 0 8C. The reaction mixture was stirred
for 30 min at room temperature, quenched with Na2S2O3 (1.0m aqueous
solution, 40 mL), and extracted with pentane/Et2O (20:1, 3� 100 mL). The
combined organic extracts were dried over MgSO4 and concentrated in
vacuo. Purification of the crude product by flash chromatography (pentane/
Et2O 20:1) gave known[17a] alkyl iodide 16 (3.067 g, 60%) as a colorless oil.
[a]20


D �ÿ5.8, [a]20
546�ÿ7.2 (c� 1.0, CHCl3); IR (film): nÄmax� 2956, 2857,


1472, 1256, 1095, 837, 775 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 3.42 (dd,
2J� 9.8 Hz, 3J� 6.3 Hz, 1H; H-1), 3.39 (dd, 2J� 9.8 Hz, 3J� 6.2 Hz, 1H;
H-1), 3.23 ± 3.13 (m, 2H; H-5), 1.96 ± 1.76 (m, 2 H), 1.66 ± 1.44 (m, 2H),
1.33 ± 1.12 (m, 1 H)(H-2, H-3, H-4), 0.89 (s, 9H, OSiC(CH3)3), 0.88 (d, 3J�
6.5 Hz, 3 H; C2-CH3), 0.04 (s, 6H, OSi(CH3)2); 13C NMR (100 MHz,
CDCl3): d� 68.1, 35.0, 34.3, 31.3, 25.9, 18.3, 16.7, 7.3,ÿ 5.4; MS (PCI, CH4):
m/z (%): 343.0 (100) [M�H]� , 327.0 (63) [MÿCH3]� , 284.9 (71) [Mÿ
tBu]� , 215.1 (79), 210.9 (33), 83.0 (7).


(3S)-3-Hydroxytetrahydrofuranone (23): A solution of (5S)-(2,2-cyclo-
hexylidene-4-oxo-1,3-dioxolan-5-yl)acetic acid 22[20] (15.04 g, 70.2 mmol) in
THF (70 mL) was added dropwise to a mixture cooled to 0 8C of BH3 ´ Me2S
complex (100 mL, 200.0 mmol, 2.0m) and B(OMe)3 (24.2 mL, 200.0 mmol)
in THF (175 mL). The reaction mixture was stirred for 24 h at room
temperature and cooled to 0 8C. MeOH (70 mL) was added dropwise. The
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mixture was stirred for 1 h at room temperature, and the solvents were
removed under reduced pressure to afford a thick oil. This process was
repeated twice with MeOH (105 mL) to afford a colorless oil. The crude
product (a mixture of lactone 23 and (5S)-(1'-hydroxyethyl)-2,2-cyclo-
hexylidene-1,3-dioxolan-4-one) was dissolved in CH2Cl2 (175 mL). pTsO-
H ´ H2O (1.335 g, 7.02 mmol, 0.1 equiv) was added and the mixture was
stirred for 24 h at room temperature. NEt3 (0.98 mL) was added and the
mixture was concentrated in vacuo. Purification of the residue by flash
chromatography (Et2O) gave lactone[21] 23 (5.160 g, 72%) as a colorless oil.
[a]20


D �ÿ60.1, [a]20
546�ÿ71.3 (c� 0.67, CHCl3); IR (film): nÄmax� 3400, 1773,


1378, 1221, 1185, 1128, 1015, 947, 719 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 4.54 (t, 3J� 9.2 Hz, 1H; H-3), 4.43 (td, 3J� 9.0 Hz, 3J� 2.1 Hz, 1H;
H-5), 4.29 ± 4.22 (m, 1H; H-5), 3.90 (s, 1H, OH), 2.66 ± 2.58 (m, 1H; H-4),
2.35 ± 2.26 (m, 1H; H-4); 13C NMR (100 MHz, CDCl3): d� 178.2, 67.4, 65.2,
30.8; MS (PCI, CH4): m/z (%): 116.9 (6) [M�CH4]� , 102.9 (100) [M]� , 84.9
(3).


(3S)-3-[(tert-Butyldimethylsilyl)oxy]tetrahydrofuranone (24): Imidazole
(241 mg, 3.54 mmol, 2.2 equiv) and TBSCl (267 mg, 1.77 mmol, 1.1 equiv)
were added to a solution of lactone 23 (164 mg, 1.61 mmol) in DMF
(1.5 mL). The mixture was stirred for 24 h at room temperature. Flash
chromatography (pentane/Et2O 10:1) of the reaction mixture afforded silyl
ether 24 (321 mg, 93%) as a colorless oil. [a]20


D �ÿ31.7, [a]20
546�ÿ37.4 (c�


0.86, CHCl3); IR (film): nÄmax� 2931, 2859, 1790, 1473, 1362, 1254, 1154,
1022, 840, 781 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 4.43 ± 4.35 (m, 2H;
H-5, H-3), 4.22 ± 4.15 (m, 1 H; H-5), 2.49 ± 2.41 (m, 1H; H-4), 2.27 ± 2.21 (m,
1H; H-4), 0.91 (s, 9H, OSiC(CH3)3), 0.17, 0.14 (2s, 2� 3H; OSi(CH3)2);
13C NMR (100 MHz, CDCl3): d� 175.8, 68.2, 64.7, 32.3, 25.6, 18.2, ÿ4.8,
ÿ5.3; MS (70 eV, EI): m/z (%): 217.1 (20) [M�H]� , 201.0 (81) [MÿCH3]� ,
189.0 (6), 171.0 (78), 159.2 (79) [Mÿ tBu]� , 146.8 (13), 145.0 (16), 130.9
(100), 114.9 (92), 102.9 (35), 100.9 (37); HRMS (EI): calcd for C6H11O3Si
[Mÿ tBu]� 159.0477, found 159.047.


(3S)-3,5-Di-[(tert-butyldimethylsilyl)oxy]pentan-2-one (25): MeLi
(0.67 mL, 1.11 mmol, 1.1 equiv of a 1.65m solution in Et2O) was added
dropwise to a stirred solution cooled to ÿ78 8C of silyl ether 24 (218 mg,
1.01 mmol) in THF (4 mL). After stirring at ÿ78 8C for 3 h, the reaction
was quenched by the addition of glacial acetic acid (72 mL, 1.26 mmol,
1.25 equiv). Et2O (20 mL) and saturated aqueous NaHCO3 solution
(10 mL) were added. The organic layer was separated after stirring for
5 min, and the aqueous layer was extracted with Et2O (2� 20 mL). The
combined organic extracts were dried (MgSO4) and concentrated in vacuo
to give crude (3S)-3-[(tert-butyldimethylsilyl)oxy]-2-methyl-tetrahydrofur-
an-2-ol (235 mg, 93 %) as a colorless crystalline solid (mixture of
diastereomers), which was used for the synthesis of ketone 25 without
further purification: Imidazole (125 mg, 1.84 mmol, 2.2 equiv) and TBSCl
(139 mg, 0.92 mmol, 1.1 equiv) were added to a solution of (3S)-3-
[(tert-butyldimethylsilyl)oxy]-2-methyl-tetrahydrofuran-2-ol (194 mg,
0.83 mmol) in DMF (0.80 mL). The mixture was stirred for 24 h at room
temperature. Purification of the reaction mixture by flash chromatography
(pentane/Et2O 20:1) afforded ketone 25 (226 mg, 78 %) as a colorless oil.
[a]20


D �ÿ11.8, [a]20
546�ÿ14.1 (c� 1.0, CHCl3), identical (1H and 13C NMR,


IR, EI-MS) with 25 obtained by the Sharpless resolution protocol described
in the preceding paper.[9] Compound 25 was transformed to thiazole
alcohol 27 by Horner ± Emmons reaction and selective desilylation
according to the method applied in the preceding paper.[9]j


(3S,4E)-3-[(tert-Butyldimethylsilyl)oxy]-4-methyl-5-(2-methyl-1,3-thiazol-
4-yl)-4-pentenal (28): A solution of DMSO (2.04 mL, 28.8 mmol, 2.4 equiv)
in CH2Cl2 (6 mL) was added dropwise at ÿ78 8C to a stirred solution of
(COCl)2 (1.14 mL, 13.2 mmol, 1.1 equiv) in CH2Cl2 (30 mL) within 5 min.
The mixture was stirred for 10 min atÿ70 8C. A solution of thiazole alcohol
27 (3.93 g, 12.0 mmol) in CH2Cl2 (5 mL) was added dropwise within 5 min.
The mixture was stirred for 30 min at ÿ70 8C. The reaction was quenched
by dropwise addition of NEt3 (8.4 mL, 60.0 mmol). The mixture was
warmed to room temperature within 45 min. Water (30 mL) was added and
the mixture was stirred for 10 min. The organic layer was separated and the
aqueous layer was extracted with CH2Cl2 (3� 100 mL). The combined
organic extracts were dried over MgSO4 and concentrated in vacuo.
Purification of the residue by flash chromatography (pentane/Et2O 5:2)
afforded aldehyde 28 (3.21 g, 82%) as a pale yellow oil. [a]20


D �ÿ19.2,
[a]20


546�ÿ22.1 (c� 1.0, CHCl3), identical (1H and 13C NMR, IR, EI-MS)
with 28 obtained by the Dess ± Martin oxidation protocol.[9]


tert-Butyldimethylsilyl {(1S,3Z)-4-iodo-1-[(E)-1-methyl-2-(2-methyl-1,3-
thiazol-4-yl)-1-ethenyl]-3-pentenyl} ether (17): nBuLi (5.14 mL,
12.86 mmol, 1.96 equiv of a 2.5m solution in hexanes) was added at 0 8C
to a stirred suspension of ethyl triphenylphosphonium iodide (13.12 mmol,
2.0 equiv) in THF (60 mL). The resulting clear red ylide solution was added
dropwise to a rapidly stirred solution of iodine (3.163 g, 12.46 mmol,
1.90 equiv) in THF (90 mL) cooled to ÿ78 8C. The resulting yellow
suspension was stirred vigorously for 10 min at ÿ78 8C and for 30 min at
ÿ30 to ÿ40 8C. A solution of NaHMDS (1.0m in THF, 11.81 mL,
11.81 mmol, 1.80 equiv) was added dropwise within 10 min at ÿ30 8C.
The mixture was stirred for 15 min at ÿ30 8C. A solution of aldehyde 28
(2.137 g, 6.56 mmol) in THF (30 mL) was added dropwise within 10 min.
The mixture was stirred for 10 min at ÿ30 8C and quenched with saturated
aqueous NH4Cl solution (10 mL). Pentane (150 mL) was added and the
mixture was filtered through a small plug of silica. The column was eluted
with pentane/Et2O (4:1, 400 mL). The filtrate was concentrated in vacuo.
Purification of the residue by flash chromatography (pentane/Et2O 10:1)
gave vinyl iodide 17 (1.640 g, 54%) as a pale yellow oil. [a]20


D ��14.2,
[a]20


546��18.5 (c� 1.0, CHCl3); IR (film): nÄmax� 2955, 2857, 1652, 1507,
1472, 1252, 1184, 1067, 837, 777 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.91
(s, 1 H; H-5''), 6.49 (s, 1H; H-2'), 5.46 (td, 3J� 6.7 Hz, 4J� 1.5 Hz, 1H; H-3),
4.21 (t, 3J� 6.3 Hz, 1 H; H-1), 2.71 (s, 3H; C2''-CH3), 2.48 (d, 4J� 1.4 Hz,
3H; H-5), 2.44 ± 2.29 (m, 2H; H-2), 2.02 (d, 4J� 1.1 Hz, 3H; C1'-CH3), 0.90
(s, 9H, OSiC(CH3)3), 0.06, 0.02 (2 s, 2� 3 H; OSi(CH3)2); 13C NMR
(100 MHz, CDCl3): d� 164.4, 153.1, 141.7, 132.1, 118.9, 115.2, 102.3, 77.3,
43.7, 33.7, 25.8, 19.2, 18.2, 14.1, ÿ4.7, ÿ5.0; MS (PCI, CH4): m/z (%): 464.4
(100) [M�H]� , 448.3 (32) [MÿCH3]� , 423.3 (3), 406.2 (16) [Mÿ tBu]� ,
369.2 (5), 332.0 (50), 282.1 (63), 232.3 (11), 229.1 (23), 205.1 (28);
C18H30INOSSi (463.5): calcd C 46.65, H 6.52, N 3.02, S 6.92; found C
46.67, H 6.77, N 3.12, S 6.57.


4-[(1E,3S,5Z,10S)-3,11-Di-(tert-butyldimethylsilyloxy)-2,6,10-trimethyl-
1,5-undecadienyl]-2-methyl-1,3-thiazole (29): 1,2-Dibromoethane (35 mL)
was added to a suspension of powdered Zn/Cu couple[25] (477 mg,
7.27 mmol, 2.3 equiv) in benzene (11 mL). The mixture was heated for a
few seconds under reflux. After cooling to room temperature, TMSCl
(35 mL) was added and the mixture was stirred for 5 min. DMAc (0.75 mL)
and alkyl iodide 16 (1.623 g, 4.74 mmol, 1.5 equiv) in benzene (4 mL) were
added. The mixture was stirred for 2.5 h at 60 8C. TESOTf (20 mL) and
DMAc (0.75 mL) were added and the mixture was heated under reflux for
1 h. After cooling to room temperature, [Pd(PPh3)4] (140 mg, 4 mol %) was
added and the mixture was stirred for 5 min. A solution of vinyl iodide 17
(1.463 g, 3.16 mmol) in benzene (3 mL) was added. The mixture was stirred
for 30 min at 60 8C, cooled to room temperature, and quenched with
saturated aqueous NH4Cl solution (5 mL). The organic layer was separated
and the aqueous layer was extracted with MeOtBu (3� 30 mL). The
combined organic extracts were dried over MgSO4 and concentrated in
vacuo. Purification of the residue by flash chromatography (pentane/Et2O
25:1) afforded coupling product 29 (1.458 g, 84 %) as a colorless oil. [a]20


D �
�12.2, [a]20


546��9.3 (c� 1.25, CHCl3); IR (film): nÄmax� 2930, 2858, 1472,
1361, 1256, 1184, 1092, 940, 837, 776 cmÿ1; 1H NMR (200 MHz, CDCl3): d�
6.92 (s, 1H; H-5'), 6.45 (s, 1 H; H-11), 5.18 ± 5.06 (m, 1 H; H-5), 4.07 ± 4.03
(m, 1H; H-3), 3.44 (dd, 2J� 9.8 Hz, 3J� 5.8 Hz, 1 H; H-11), 3.34 (dd, 2J�
9.7 Hz, 3J� 6.6 Hz, 1 H; H-11), 2.70 (s, 3 H; C2'-CH3), 2.31 ± 2.17 (m, 2H;
H-4), 2.04 ± 1.95 (m, 2 H; H-7), 1.99 (d, 4J� 1.2 Hz, 3H; C2-CH3), 1.58 (s,
3H; C6-CH3), 1.66 ± 1.53 (m, 2 H), 1.46 ± 0.95 (m, 3 H)(H-8, H-9, H-10), 0.89
(s, 18H, OSiC(CH3)3), 0.87 (d, 3J� 7.0 Hz, 3H; C10-CH3), 0.04, 0.03, 0.03,
0.00 (4s, 4� 3 H; OSi(CH3)2); 13C NMR (50 MHz, CDCl3): d� 164.4, 153.3,
142.6, 136.9, 121.4, 118.6, 114.9, 79.0, 68.4, 35.8, 35.3, 33.2, 32.3, 26.0, 25.8,
25.4, 23.5, 19.2, 18.3, 18.2, 16.7, 13.9, ÿ4.7, ÿ4.9, ÿ5.3; MS (70 eV, EI): m/z
(%): 551 (0.5) [M]� , 536 (1.7) [MÿCH3]� , 494 (3.5) [Mÿ tBu]� , 282 (100)
[C14H24NOSSi]� , 173 (2), 91 (22), 73 (21); HRMS (EI): calcd for
C29H54NO2SSi2 [MÿCH3]� 536.3414, found 536.342.


(2S,6Z,9S,10E)-9-(tert-Butyldimethylsilyloxy)-2,6,10-trimethyl-11-(2-
methyl-1,3-thiazol-4-yl)-undeca-6,10-dien-1-ol (30): CSA (366 mg,
1.56 mmol, 1.05 equiv) was added over a 5 min period at 0 8C to a solution
of the coupling product 29 (828 mg, 1.5 mmol) in a mixture of CH2Cl2


(15 mL) and MeOH (15 mL). The mixture was stirred for 30 min at 0 8C
and for 3 h at room temperature, quenched with NEt3 (0.22 mL, 1.56 mmol,
1.05 equiv) and concentrated in vacuo. After flash chromatography
(pentane/Et2O 1:1) of the residue, alcohol 30 (582 mg, 82 %) was obtained
as a colorless oil. [a]20


D ��7.6, [a]20
546��10.5 (c� 1.0, CHCl3); IR (film):
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nÄmax� 3362, 2930, 2857, 1463, 1361, 1253, 1186, 1075, 940, 837, 776 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 6.92 (s, 1 H; H-5'), 6.45 (s, 1H; H-11),
5.18 ± 5.12 (m, 1H; H-7), 4.11 ± 4.06 (m, 1 H; H-9), 3.50 (dd, 2J� 10.5 Hz,
3J� 5.9 Hz, 1 H; H-1), 3.41 (dd, 2J� 10.4 Hz, 3J� 6.4 Hz, 1H; H-1), 2.70 (s,
3H; C2'-CH3), 2.32 ± 2.17 (m, 2 H; H-8), 2.09 ± 1.92 (m, 2H; H-5), 1.98 (d,
4J� 1.2 Hz, 3H; C10-CH3), 1.67 (s, 3H; C6-CH3), 1.65 (br s, 1 H; OH),
1.64 ± 1.52 (m, 2H), 1.48 ± 1.30 (m, 2 H), 1.13 ± 1.03 (m, 1 H)(H-2, H-3, H-4),
0.89 (s, 9 H, OSiC(CH3)3), 0.89 (d, 3J� 6.9 Hz, 3H; C2-CH3), 0.04, 0.00 (2s,
2� 3H; OSi(CH3)2); 13C NMR (100 MHz, CDCl3): d� 164.4, 153.1, 142.7,
136.8, 121.7, 118.7, 114.8, 79.2, 68.2, 35.7, 35.5, 33.1, 32.2, 25.8, 25.3, 23.5, 19.1,
18.2, 16.6, 13.9,ÿ4.7,ÿ4.9; MS (70 eV, EI): m/z (%): 437.4 (0.2) [M]� , 422.2
(0.4) [MÿCH3]� , 380.2 (0.6) [Mÿ tBu]� , 297.1 (2), 282.1 (100)
[C14H24NOSSi]� , 240.0 (3), 165.9 (8), 73.0 (79); HRMS (EI): calcd for
C24H43NO2SSi 437.2784, found 437.275.


(2S,6Z,9S,10E)-9-(tert-Butyldimethylsilyloxy)-2,6,10-trimethyl-11-(2-me-
thyl-1,3-thiazol-4-yl)-undeca-6,10-dienal (15): Pyridine (73 mL, 0.91 mmol)
was added to a stirred solution of Dess ± Martin periodinane[13] (386 mg,
0.91 mmol, 1.3 equiv) in CH2Cl2 (5 mL). The mixture was cooled to 0 8C
and a solution of alcohol 30 (306 mg, 0.7 mmol) in CH2Cl2 (5 mL) was
added dropwise. The mixture was stirred for 30 min at room temperature.
Et2O (30 mL), pyridine (146 mL, 1.82 mmol), and buffered aqueous
Na2S2O3 solution (10 mL, 0.5m, pH 7) were added. The organic layer was
separated and the aqueous layer was extracted with MeOtBu (2� 20 mL).
The combined organic layers were dried (MgSO4) and concentrated in
vacuo. Purification of the residue by flash chromatography (pentane/Et2O
5:1) gave aldehyde[3g] 15 (295 mg, 97 %) as a pale yellow oil. [a]20


D ��19.9,
[a]20


546��25.5 (c� 1.7, CHCl3) [Lit. :[3g] [a]D��14.7 (c� 1.7, CHCl3)]; IR
(film): nÄmax� 2930, 2857, 1727, 1507, 1463, 1389, 1255, 1184, 1076, 940, 837,
777 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 9.60 (d, 3J� 2.0 Hz, 1 H; H-1),
6.91 (s, 1H; H-5'), 6.45 (s, 1 H; H-11), 5.19 ± 5.13 (m, 1 H; H-7), 4.11 ± 4.06
(m, 1 H; H-9), 2.71 (s, 3 H; C2'-CH3), 2.35 ± 2.17 (m, 3H), 2.10 ± 1.95 (m,
2H), 2.00 (d, 4J� 1.1 Hz, 3H; C10-CH3), 1.66 (d, 4J� 1.0 Hz, 3H; C6-CH3),
1.72 ± 1.61 (m, 1H), 1.45 ± 1.22 (m, 3H)(H-2, H-3, H-4, H-8), 1.08 (d, 3J�
7.0 Hz, 3H; C2-CH3), 0.88 (s, 9H, OSiC(CH3)3), 0.04, 0.00 (2 s, 2� 3H;
OSi(CH3)2); 13C NMR (100 MHz, CDCl3): d� 205.1, 164.4, 153.2, 142.5,
136.1, 122.1, 118.7, 115.0, 78.9, 46.3, 35.4, 31.8, 30.4, 25.8, 25.2, 23.4, 19.2,
18.2, 14.0, 13.3, ÿ4.7, ÿ4.9; MS (70 eV, EI): m/z (%): 435 (0.48) [M]� , 420
(0.90) [MÿCH3]� , 378 (0.82) [Mÿ tBu]� , 303 (3), 282 (100)
[C14H24NOSSi]� , 75 (8), 73 (6); HRMS (EI): calcd for C24H41NO2SSi
435.2627, found 435.263.


(4S,5S,6S,7S,10Z,13S,14E)-13-[(tert-Butyldimethylsilyl)oxy]-2-[(4R)-2,2-
dimethyl-1,3-dioxan-4-yl]-5-hydroxy-2,4,6,10,14-pentamethyl-15-(1,3-thia-
zol-4-yl)-10,14-pentadecadien-3-one (31): A solution of ethyl ketone 2
(64 mg, 0.3 mmol, 1 equiv) in THF (0.5 mL) was added dropwise at ÿ78 8C
to a freshly prepared solution of LDA [nBuLi (118 mL, 0.294 mmol,
0.98 equiv of a 2.5m solution in hexanes) was added to a solution of
diisopropylamine (41.6 mL, 0.294 mmol) in THF (0.5 mL) at 0 8C]. The
mixture was stirred for 30 min at 0 8C. The solution was stirred for 1 h at
ÿ78 8C. A solution of aldehyde 15 (65 mg, 0.15 mmol, 0.5 equiv) in THF
(0.6 mL) was added dropwise and stirring was continued for 20 min at
ÿ78 8C. The mixture was quenched by dropwise addition of saturated
NH4Cl solution (2 mL). The organic layer was separated and the aqueous
layer was extracted with Et2O (3� 5 mL). The combined organic extracts
were dried (MgSO4) and concentrated in vacuo. Purification of the residue
by flash chromatography (pentane/Et2O 10:1, then 5:1) afforded anti Cram
(6R,7S) aldol product 31 (83 mg, 85%) and its corresponding Cram (6S,7R)
diastereomer (9 mg, 9.5%) (ratio 9:1 by HPLC) as colorless oils. (6R,7S)
Isomer: [a]20


D �ÿ25, [a]20
546�ÿ27 (c� 0.1, CHCl3); IR (film): nÄmax� 3505,


2931, 2858, 1686, 1472, 1373, 1255, 1197, 1098, 971, 837, 777 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 6.91 (s, 1 H, H-5''), 6.45 (s, 1 H; H-15), 5.17 ± 5.09
(m, 1H; H-11), 4.10 ± 4.06 (m, 1H; H-13), 4.04 (dd, 3J� 11.8 Hz, 3J�
2.5 Hz, 1H; H-4'), 3.96 (dt, 2J� 11.9 Hz, 3J� 2.7 Hz, 1H; H-6'), 3.86 (ddd,
2J� 11.7 Hz, 3J� 5.4 Hz, 3J� 1.7 Hz, 1 H; H-6'), 3.50 (br s, 1H; OH), 3.36
(d, 3J� 9.3 Hz, 1H; H-5), 3.27 (dq, 3J� 7.0 Hz, 3J� 1.4 Hz, 1H; H-4), 2.71
(s, 3H; C2''-CH3), 2.34 ± 2.14 (m, 2H; H-12), 2.06 ± 1.93 (m, 2 H; H-9), 1.99
(d, 4J� 1.2 Hz, 3H; C14-CH3), 1.82 ± 1.71 (m, 1H; H-7), 1.67 (d, 4J� 1.1 Hz,
3H; C10-CH3), 1.66 ± 1.22 (m, 5H; H-6, H-8, H-5'), 1.40 (s, 3 H; C2'-CH3),
1.33 (s, 3H; C2'-CH3), 1.20 (s, 3H; H-1), 1.16 ± 1.05 (m, 1 H; H-7), 1.09 (s,
3H; C2-CH3), 1.02 (d, 3J� 7.0 Hz, 3H; C4-CH3), 0.88 (s, 9H; OSiC(CH3)3),
0.82 (d, 3J� 6.8 Hz, 3H; C6-CH3), 0.04, 0.00 (2s, 2� 3 H; OSi(CH3)2);
13C NMR (100 MHz, CDCl3): d� 222.8, 164.3, 153.3, 142.6, 136.9, 121.4,


118.6, 114.9, 98.5, 79.1, 74.7, 74.4, 59.9, 51.6, 41.3, 35.4, 35.3, 33.0, 32.4, 29.8,
25.8, 25.2, 25.1, 23.5, 21.6, 19.2, 19.0, 18.6, 18.2, 15.4, 13.9, 9.3, ÿ4.7, ÿ4.9;
MS (70 eV, EI): m/z (%): 650 (3) [M]� , 436 (5), 282 (100) [C14H24NOSSi]� ,
167 (10), 149 (21), 115 (12), 73 (25); C36H63NO5SSi (650.0): C 66.46, H 9.69,
N 2.15, S 4.99; found C 66.37, H 9.34, N 2.42, S 4.72.


(3S,6S,7S,8S,12Z,15S,16E)-1,3,7-Trihydroxy-15-[(tert-butyldimethyl-
silyl)oxy]-4,4,6,8,12,16-hexamethyl-17-(2-methyl-1,3-thiazol-4-yl)-12,16-
heptadecadien-5-one (32): PPTS (6.0 mg, 24 mmol, 0.6 equiv) was added to
a solution of aldol product 31 (26 mg, 0.04 mmol) in MeOH (0.5 mL). The
mixture was stirred for 22 h at room temperature. Another portion of PPTS
(4.0 mg, 16 mmol, 0.4 equiv) was added and stirring was continued for 50 h
at room temperature. The solvent was removed in vacuo and the residue
was purified by flash chromatography (Et2O) to give triol 32 (21 mg, 86%)
as a colorless oil. [a]20


D �ÿ7.0, [a]20
546�ÿ8.0 (c� 0.3, CHCl3); IR (film):


nÄmax� 3396, 2930, 2857, 1687, 1470, 1374, 1257, 1060, 973, 836, 776 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 6.92 (s, 1 H, H-5'), 6.44 (s, 1H; H-17),
5.18 ± 5.12 (m, 1 H; H-13), 4.10 ± 4.03 (m, 2 H; H-15, H-3), 3.94 ± 3.91 (m,
2H; H-1), 3.51 (br d, 3J� 3.7 Hz, 1 H; C7-OH), 3.36 (d, 3J� 8.9 Hz, 1H;
H-7), 3.30 (br s, 1 H; OH), 3.28 (dq, 3J� 6.9 Hz, 3J� 1.8 Hz, 1H; H-6), 2.77
(br s, 1 H; OH), 2.72 (s, 3 H; C2'-CH3), 2.26 ± 2.15 (m, 2H; H-14), 2.05 ± 1.93
(m, 2 H; H-11), 1.98 (d, 4J� 1.3 Hz, 3H; C16-CH3), 1.78 ± 1.40 (m, 5 H; H-2,
H-8, H-9, H-10), 1.67 (d, 4J� 1.1 Hz, 3 H; C12-CH3), 1.38 ± 0.91 (m, 2H;
H-9, H-10), 1.22, 1.13 (2s, 2� 3H; C4-CH3), 1.06 (d, 3J� 6.9 Hz, 3H; C6-
CH3), 0.89 (s, 9H; OSiC(CH3)3), 0.86 (d, 3J� 6.8 Hz, 3 H; C8-CH3), 0.05,
0.00 (2 s, 2� 3H; OSi(CH3)2); 13C NMR (100 MHz, CDCl3): d� 223.3,
164.5, 153.1, 142.7, 136.8, 121.6, 118.7, 114.8, 79.2, 76.3, 74.4, 62.1, 52.7, 41.1,
35.6, 35.4, 32.8, 32.5, 32.3, 25.8, 25.1, 23.5, 21.6, 19.1, 18.5, 18.2, 15.5, 13.8,
10.1, ÿ4.0, ÿ4.3; MS (PCI, CH4): m/z (%): 610.7 (0.2) [M]� , 536.5 (1.0)
[Mÿ tBu]� , 464.3 (10), 420.3 (13), 378.2 (11), 304.1 (81), 282.0 (42)
[C14H24NOSSi]� , 175.9 (15), 157.0 (22), 139.0 (17), 100.9 (100), 83.0 (50),
57.0 (70); HRMS (EI): calcd for C32H56NO5SSi [MÿCH3]� 594.3649, found
594.361.


(3S,6S,7S,8S,12Z,15S,16E)-1,3,7,15-Tetra[(tert-butyl-dimethylsilyl)oxy]-
4,4,6,8,12,16-hexamethyl-17-(2-methyl-1,3-thiazol-4-yl)-12,16-heptadeca-
dien-5-one (33): 2,6-Lutidine (29 mL, 247.5 mmol, 2.5 equiv) was added to a
solution of triol 32 (20.0 mg, 33 mmol) in CH2Cl2 (0.2 mL). The mixture was
cooled to ÿ50 8C and TBSOTf (34 mL, 148.5 mmol, 1.5 equiv) was added.
The mixture was allowed to warm to 0 8C and stirring was continued for 2 h
at 0 8C. The solvent was removed in vacuo and the residue was purified by
flash chromatography (pentane/Et2O 20:1). The tetrakis-silyl ether[3g] 33
(30 mg, 95%) was obtained as a colorless oil. [a]20


D �ÿ13.7, [a]20
546�ÿ15.7


(c� 0.1, CHCl3) [Lit. :[3g] [a]D�ÿ10.8 (c� 0.5, CHCl3)]; IR (film): nÄmax�
2929, 2857, 1698, 1473, 1388, 1362, 1256, 1093, 986, 836, 775, 669 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 6.91 (s, 1 H, H-5'), 6.45 (s, 1H; H-17),
5.17 ± 5.10 (m, 1H; H-13), 4.10 ± 4.05 (m, 1H; H-15), 3.88 (dd, 3J� 7.5 Hz,
3J� 2.7 Hz, 1H; H-3), 3.76 (dd, 3J� 6.7 Hz, 3J� 1.9 Hz, 1H; H-7), 3.71 ±
3.64 (m, 1 H), 3.62 ± 3.54 (m, 1 H; H-1), 3.18 ± 3.11 (m, 1 H; H-6), 2.71 (s, 3H;
C2'-CH3), 2.31 ± 2.17 (m, 2 H; H-14), 2.01 ± 1.93 (m, 2H; H-11), 1.99 (d, 4J�
1.1 Hz, 3H; C16-CH3), 1.66 (s, 3 H; C12-CH3), 1.64 ± 1.01 (m, 7 H; H-2, H-8,
H-9, H-10), 1.22 (s, 3 H; C4-CH3), 1.04 (d, 3J� 6.9 Hz, 3 H; C6-CH3), 1.02 (s,
3H; C4-CH3), 0.93 ± 0.86 (m, 39H; C8-CH3, 4�OSiC(CH3)3), 0.09, 0.07,
0.06, 0.04, 0.03, 0.02 (6 s, 6� 3 H; OSi(CH3)3), 0.00 (s, 6H; OSi(CH3)2);
13C NMR (100 MHz, CDCl3): d� 218.3, 164.3, 153.3, 142.5, 136.8, 121.6,
118.7, 114.9, 79.0, 77.5, 74.0, 61.0. 53.7, 45.0, 39.0, 38.1, 35.3, 32.6, 31.0, 29.7,
26.2, 26.1, 26.0, 25.9, 24.5, 23.5, 19.4, 19.2, 18.5, 18.3, 18.2, 18.1, 17.6, 15.2,
13.9, ÿ3.6, ÿ3.7, ÿ3.8, ÿ4.0, ÿ4.6, ÿ4.9, ÿ5.2, ÿ5.3; MS (PCI, CH4): m/z
(%): 952.7 (27) [M�H]� , 936.7 (14) [MÿCH3]� , 894.6 (5) [Mÿ tBu]� ,
820.6 (16), 634.4 (16), 624.4 (9), 550.4 (100), 435.6 (16), 303.1 (67), 282.0
(95) [C14H24NOSSi]� , 231.0 (10), 188.9 (16), 132.9 (22); HRMS (EI): calcd
for C47H92NO5SSi4 894.5773, found 894.577.
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Synthesis and Optical-Limiting Behavior of Hybrid Inorganic ± Organic
Materials from the Sol ± Gel Processing of Organofullerenes
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Abstract: The optical-limiting proper-
ties of a series of novel [60]fullerene
derivatives have been investigated in
toluene solutions and in sol ± gel glasses.
Working at different wavelengths, it is
found that the efficiency of the new
compounds compares well with that of
pristine C60. In particular, better per-
formance of the organofullerenes is
obtained when the pumping wavelength


approaches the triplet ± triplet absorp-
tion maximum of the derivatives at
�700 nm. The main component in the
optical-limiting behavior is, in fact, as-
cribed to a reverse saturable absorption


mechanism. A relevant feature in the
structure of the new organofullerenes is
that a silicon-alkoxide moiety is cova-
lently attached to C60. This guarantees
the grafting of the fullerene spheroid to
the silicon matrix during the sol ± gel
process. Some of the derivatives show
remarkable solubility in THF, a solvent
widely used in sol ± gel processing, in
which C60 is itself insoluble.


Keywords: cycloadditions ´ fuller-
enes ´ molecular devices ´ nonlinear
optics ´ sol ± gel processes


Introduction


The increasing spread of laser equipment and the prospective
potential of laser-driven, all-optical devices have brought up
the common problem of protecting optical sensors or the
human eye from the damaging effects of high-energy laser
light.[1] An attractive solution to this problem is represented
by the optical limiters, that is, passive devices based on some
kind of smart material that exhibits a high linear transmission
at low energy inputs, but strongly and quickly reduces its
transmittance when the intensity of the laser pulse approaches
dangerous levels.[2]


For eye protection against laser pulses in the nanosecond
range or shorter, the relevant physical quantity that an
optical-limiting material should control is the fluence. The


phenomenon of reverse saturable absorption (RSA), exhib-
ited by many classes of compounds, can provide the nonlinear
response to the laser fluence that is required. RSA is active
when an excited state that can be efficiently populated by
optical pumping has an absorption cross-section (sE) larger
than that of the ground state (sG) at the pumping wavelength.
Metallophthalocyanines,[3] metal clusters,[4, 5] and fullerenes[6]


are among the most efficient and most actively studied
materials in this area.


Fullerene C60
[7, 8] can be considered a particularly promising


material for optical-limiting purposes. It is well known that C60


solutions show optical-limiting behavior that derives from a
reverse saturable absorption mechanism, particularly for
moderate input fluences.[6, 9±14] C60, in fact, exhibits a broad
absorption spectrum, characterized by strong absorptions in
the UV region and weaker absorptions extending over most
of the visible region[15] where the first singlet excited state and
the lowest energy triplet state show cross-sections larger than
that of the ground state.[16] Since the efficient intersystem
crossing from the singlet to the lowest triplet state (fST> 0.9)
occurs in about 1 ns,[15] the RSA observed on the picosecond
time-scale is related to the singlet exited state,[11, 14] whereas
that observed on the nanosecond time-scale relates to the
lowest triplet state.[6, 14] At large input fluences (above some
J cmÿ2) it has been shown that other limiting mechanisms,
such as nonlinear scattering, become operative,[10, 17, 18] al-
though RSA is always important.[18] This is particularly true
for the solutions since it seems that such phenomena are less
important for solid matrices containing C60.[19]
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In their original paper, Tutt and Kost emphasized the fact
that, in solution, the optical-limiting properties of C60


compare favorably with those of the existing materials
currently under consideration for practical use.[6] Soon after,
the same group reported the incorporation of C60 in poly-
(methyl methacrylate) (PMMA).[19] The results of their
investigations led to the following conclusions: 1) the
optical-limiting performance of the C60 samples appears
promising with respect to other materials incorporated in
PMMA; 2) the solid samples show a low damage threshold,
which discourages the use of PMMA as a host material for
practical applications.


For practical uses as an optical limiter, C60 should be
incorporated into materials that withstand high-energy laser
pulses. Sol ± gel glasses appear to be the materials of choice for
these purposes. Glass, in fact, would easily survive the
damaging action of lasers up to a reasonably high pulse
energy. On the other hand, sol ± gel processing allows the
preparation of bulk glassy materials or thin films at low
temperatures, under conditions compatible with most organic
molecules.[20±25] The sol ± gel process involves the polymer-
ization of metal alkoxides. A solution (sol) is formed, which
on standing, becomes a xerogel, and on heating densifies and
turns into a glass or a ceramic material. In principle, any
organic host molecule could be trapped in the inorganic
matrix if it is present during the polymerization.


However, C60 is a difficult material to handle as it is
sparingly soluble in aromatic hydrocarbons and not at all
soluble in polar solvents.[26] Moreover, C60 has a high tendency
to aggregate and to form clusters.[27] This results in non-
homogeneous dispersions in the xerogel, and produces
samples of low optical quality. Several attempts have been
reported on methods to solve this problem by using a co-
solvent for C60


[28, 29] or by diffusing C60 into the porous
matrix.[30]


We have recently reported that higher quality and more
concentrated glassy samples can be obtained by embedding in
the sol ± gel matrix C60 monoadducts instead of the pristine
fullerene.[29] The photophysics of fullerene derivatives must
still be fully explored, but the saturation of a double bond in


C60 does not seem to affect significantly the photophysical
properties of the derivatives with respect to C60.[31] In fact,
fullerene derivatives have a wider absorption range than
C60.[31] Moreover, C60 derivatives are usually more easily
handled than C60 itself and, especially, their solubility in
organic solvents can be modulated rather easily.


In this paper we report the design, synthesis, incorporation
into sol ± gel matrices, and optical-limiting properties, meas-
ured at different wavelengths in toluene solutions and in solid
samples, of the derivatives 1 ± 5 that exhibit the common
feature of a silicon-alkoxide end-group covalently linked to
the fullerene.[32, 33] The presence of the silicon-alkoxide group
guarantees the chemical linking of the dopant to the oxide
matrix,[20] which yields concentrated and homogeneous sols.


Results and Discussion


Synthesis of fullerene derivatives : The chemical reactivity of
fullerenes is now well established.[34, 35] The double bonds in
C60 essentially behave as electron-deficient olefins and under-
go addition reactions with a number of nucleophiles.[34]


Electrophiles and radicals also add to C60,[36] but the best
results, in terms of yields and characterization of the products,
are obtained with cycloadditions.[34±36] Pioneering work by


Abstract in Italian: Vengono riportate le proprietà di limita-
zione ottica di nuovi derivati fullerenici in soluzione e in
matrici vetrose, preparate mediante la tecnica sol ± gel. Misure
a diverse lunghezze d�onda indicano che i nuovi composti
hanno proprietà superiori a quelle del fullerene non modificato
quando la lunghezza d�onda della luce laser incidente �
prossima al massimo di assorbimento dello stato eccitato di
tripletto, a circa 700 nm. L�effetto di limitazione ottica �
attribuito al meccanismo di assorbimento saturabile inverso.
Una caratteristica strutturale importante dei nuovi derivati
consiste nella presenza di un gruppo trialcossisilile legato
covalentemente alla sfera fullerenica. Questo permette un
attacco covalente alla matrice silicea durante il processo sol ±
gel. Inoltre, alcuni derivati possiedono un�elevata solubilità in
tetraidrofurano, il solvente usato nel processo sol ± gel, nel
quale il C60 non modificato non � solubile.
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Wudl and co-workers[37, 38] showed that 1,3-dipoles are partic-
ularly well suited for reactions with C60, but it was later shown
by several other groups[39±42] that 1,3-dienes (such as cyclo-
pentadiene)[43, 44] also react very well. The cycloaddition is
reversible,[45] but the addition product can be isolated and
characterized.


A very quick route to silicon-alkoxide-functionalized C60 is
provided by the reaction of cyclopentadiene 6 (obtained by
thermal cycloreversion of the commercially available dimer),
see Scheme 1. The reaction was carried out in toluene at room


Scheme 1.


temperature and the monoaddition product was isolated in
53 % yield (along with 25 % of recovered C60). Due to the
facile [1,5]-hydrogen shift in cyclopentadienes, both the
starting cyclopentadiene and the cycloadduct were formed
in a mixture of two isomers. This could be easily seen from the
1H NMR spectrum, where a ratio of about 1:1 for 1 a/1 b was
observed. Analysis of the mixture by HPLC (polystyrene gel,
toluene) gave a single peak and elemental analysis showed the
mixture to be pure. The isomeric mixture was considered
suitable for the purposes of the present work. In fact, it was
not expected that the position of the side chain in the
bicycloheptene ring would influence significantly the photo-
physics of the fullerene moiety.


However, for efficient control of the structure and of the
solubility of the material, a more versatile approach was
desirable. For this purpose, the addition of azomethine ylides
to C60 was employed. The condensation of an a-amino acid
with an aldehyde produces the reactive 1,3-dipole which then
adds irreversibly to C60 to give C60-fused pyrrolidines (full-
eropyrrolidines).[46±48] In principle, the silicon-alkoxide func-
tionality, needed for grafting the fullerene derivative on to the
silica network, can be located either on the amino acid or on
the aldehyde, or even on both partners. For a reasonably easy
experimental route, we decided to make the aldehyde bear
the alkoxysilane group. Thus, aldehyde 7, (CH3O)3Si(CH2)10-


CHO, was obtained by hydrosilylation of 10-undecenal with
trimethoxysilane in the presence of catalytic hexachloropla-
tinic acid.[49] The somewhat more complex aldehyde 8, whose
triethylene glycol (TEG) chain should readily improve the
solubility of the fullerene derivative, was prepared from TEG
and 4-formyl benzoyl chloride, followed by reaction of the
resulting ester-alcohol with 3-bromopropionyl chloride in
excess triethylamine (Scheme 2). The aldehyde-TEG-func-
tionalized acrylate 9 thus obtained was allowed to react with
cyclopentadiene 6 in 1,2-dichlorobenzene at 180 8C, yielding 8


Scheme 2.


as an analytically pure (from elemental analysis) mixture of
stereoisomers.


Both aldehydes 7 and 8 reacted readily with N-methyl
glycine (sarcosine) 10 and C60 to form the substituted
pyrrolidines 2 and 3 in 32 ± 33 % yield, along with 40 ± 50 %
of recovered C60 (Scheme 3).


Scheme 3.


To improve further the solubility of the fullerene deriva-
tives, N-substituted glycine 11[50, 51] was condensed with
aldehyde 7 in the presence of C60, which afforded full-
eropyrrolidine 4 (Scheme 3).


Alternatively, the thermal ring-opening of aziridines with
electron-attracting substituents in the presence of C60 also
generated fulleropyrrolidines (Scheme 4).[47]


Scheme 4.


The sol ± gel process can be performed preferentially in
ethanol or THF. The latter solvent is much better for
dissolving fullerene derivatives, and so the solubility of
derivatives 1 ± 5 was then checked in THF. The results are
reported in Table 1, along with the solubility of two com-
pounds, 12 and 13, that do not contain a silicon-alkoxide
moiety, but were used previously for optical-limiting (OL)
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purposes.[29] The solubility of compounds 1 ± 5 and 12, 13 in
THF was measured by preparation of a saturated solution
with centrifugation for 5 min at 14 000 rpm to separate the
solid completely and to obtain clear solutions. The concen-
trated solutions were then diluted and their absorbances
determined from a calibration line.


From inspection of Table 1, it is possible to compare the
contribution of the many moieties with the solubility of the
compounds studied. From our sol ± gel benchmark compound
12,[29] the solubility can be improved by two orders of
magnitude, such as with 4, where the solubilizing efficiency
of the trioxadecane chain is synergistically combined with the
long hydrocarbon chain that bears the silicon-alkoxide group.


Optical-limiting properties of compounds 1 ± 5 in toluene :[32]


The linear optical properties of fulleropyrrolidines are
illustrated in Figure 1, where the representative visible and
near-infrared absorption spectrum for compound 2 is shown


Figure 1. UV/Vis spectra of solutions of 2 (ÐÐ) and C60 (- - -) in toluene.


and compared with that of C60. The spectra of the derivatives
are quite similar to those of other 1,2-dihydrofullerenes[31, 52±54]


and bear a general resemblance to that of C60.[15, 55] There are,
however, some differences which may significantly affect the
RSA properties. In particular, after a typical narrow peak
around 430 nm, the absorption of 1 ± 5 decreases slowly in the
visible region and extends through longer wavelengths in the
near-infrared region (with a weak band around 700 nm),
where C60 does not absorb. This behavior favors broader
reverse saturable absorption (RSA) activity of the derivatives,
since it lowers the saturation value of the fluence (vide infra),
which makes it possible to exploit the RSA mechanism
fully.[56, 57]


Other photophysical properties of the derivatives impor-
tant to the RSA behavior are also similar to those of C60. It is,
in fact, known that the intersystem crossing is almost unitary
and that the triplet absorption spectrum has an intense band
in the near-infrared with a maximum at about 700 nm.[31, 52±54]


Different values have been measured for the peak absorption
cross-section of the triplet spectrum (sT) of different 1,2-
dihydrofullerenes. It is commonly reported that the absorp-
tion maximum has a lower value[31, 52±54] than that of C60 at
750 nm,[16] but for one fulleropyrrolidine derivative it was
found to be larger.[53] In all cases, the maximum of the triplet
spectrum is shifted with respect to that of C60. This means that,
on approaching the near-infrared region, a strong RSA should
be observed at shorter wavelength than for C60.


In the present work, the OL properties of the fullerene
derivatives have been investigated by measuring the fluence
dependence of the transmission of their solutions in toluene
with different laser wavelengths for comparison with those of
C60. Figure 2 depicts the measured nonlinear transmittances
for 1 in toluene and its comparison with C60 at 532 and 652 nm.


It should be noted that the reported fluences are nominal
values obtained simply by dividing the incident pulse energy
by the cross-sectional area at the beam waist. Therefore, the
input fluence represents the maximum value that would be
obtained if no absorption of the incident beam by the sample
occurred. The measured linear absorbances (A0) and the ratio


Table 1. Solubilities in THF of fullerene derivatives 1 ± 5 and 12 and 13.


Compund mg mLÿ1


27


27


61


216


43


31


1.0
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Figure 2. Nonlinear transmittance T versus incident fluence at a) 532 nm
and b) 652 nm for 1 (&) and for C60 (*) in toluene. The linear transmittance
was 72 % at 532 nm and 87 % at 632 nm for solutions of both compounds.


of the nonlinear absorbances at 20 J cmÿ2 to the linear ones
(A20/A0) are reported in Table 2 for all the compounds.


From Figure 2 and Table 2 it is possible to see that solutions
of the derivatives give better performance, with respect to C60,
in the red spectral region at 652 nm, whereas the contrary is
true at 532 nm. This is consistent with an RSA mechanism,
considering the photophysical properties of the triplet states
of the derivatives which show an absorption maximum at
700 nm instead of at 750 nm as exhibited by C60.


It can be easily shown that, with nanosecond pulses and
with the photophysical properties of the fullerenes, one can
approximately describe the RSA phenomenon by focusing on
only the ground state and the lowest triplet state, and by
neglecting the population of all the other electronic or
vibronic states. Under these circumstances, one can define a
fluence-dependent effective absorption cross-section seff


[Eq. (1)] which contains, as a parameter, the saturation


seff� sT� (sGÿ sT)exp (ÿF/FS) (1)


fluence FS� hc/(FSTsGl). The value of F�F(z) to be inserted
in the equation for seff is a function of the position z along the
beam path that should take into account the absorption
processes occurring during the propagation. For thick sam-
ples, this would imply integration of appropriate differential
equations.[11] However, to capture the essential ingredients of
the phenomenon, one can use the expression for thin films


with an effective value for the sample thickness. For fluence
values Fo exceeding FS we get Equation (2) where No is the


seff(Fo)� sT� (sGÿ sT)exp
�
ÿFoexp �ÿNosTdeff�FSTsGl


hc


�
(2)


number density of fullerene molecules, and deff the effective
sample thickness. The curves in Figure 3 exemplify the
dependence on the sample concentration of the ratio
seff(20)/seff(0)� seff(20)/sG, where seff(20) is the value of the
absorption cross-section at an input fluence of 20 J cmÿ2.
Figure 3 also shows the wavelength dependence of the
saturation fluence.


Figure 3. Calculated ratio of the effective absorption cross-section (seff) at
20 Jcmÿ2 to that of the ground state (sG) (see text) as a function of
wavelength for different sample concentrations: 1� 10ÿ2 mol dmÿ3 (- - - -),
5� 10ÿ3 mol dmÿ3 (ÐÐ), 4� 10ÿ3 mol dmÿ3 (****). The saturation fluence
(FS) multiplied by 2.5 as a function of wavelength is also reported.


The values of sG and sT and their wavelength dependence
are those for C60 taken from the literature.[16] Note that seff


quickly drops in the red before reaching the peak wavelength
of the triplet absorption spectrum (�750 nm). This results
from the fact that sG practically vanishes for l> 700 nm,
making the saturation fluence prohibitively large. The peak
value of seff(20)/sG is also a function of the thickness and/or
the concentration, and it may be considerably lower than sT/
sG.


From the foregoing discussion, the measured ratio A20/A0


should approach sT/sG if the OL properties are due to RSA
and if the laser fluence is much greater than the saturation
fluence FS at all points along the beam path inside the sample.
A number of factors may be responsible for a value of A20/A0


that is below or even above sT/sG. As the concentration
increases, larger and larger values of the incoming pulse
energy are required to keep F(z)>>FS at each point z in the
sample, and eventually the transfer of population to the triplet
state becomes incomplete and A20/A0 gets smaller than sT/sG.
As already mentioned, nonlinear scattering may lead to an
apparent enhancement of the OL efficiency if the acceptance
angle of the detector is small and most of the scattered light
does not contribute to the measured signal. We have
compared a typical nonlinear transmission curve measured
for C60 in toluene with a curve calculated by integration of the
appropriate master equations based on the RSA model with
account of the beam propagation properties used in our


Table 2. Experimental linear (A0) and relative nonlinear absorbances at
20 Jcmÿ2 (A20/A0) for C60 and for the fullerene derivatives in toluene.


532 [nm] 652 [nm]
A0 A20/A0 A0 A20/A0


C60 0.143 4.2 0.063 5.0
C60 0.265 2.5
1 0.143 3.7 0.060 6.8
2 0.225 3.1 0.083 5.6
3 0.301 2.2 0.064 4.5
4 0.183 3.4
5 0.147 4.3
12 0.155 3.5 0.063 5.3
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experiment.[55, 56] It turns out that at 20 J cmÿ2 nonlinear
scattering, or any other OL mechanism, contributes almost
30 % of the measured decrease in transmittance. Of course,
this implies that A20/A0 appears to be greater than sT/sG. The
data in Table 2 suggest that both effects are present in our
measurements and that their balance depends on the linear
transmittance, that is, the concentration of the samples in
solution. In fact, it can be seen that the measured A20/A0 ratio
at 532 nm is 4.2 and 2.5 for C60 solutions with a linear
transmittance of 72 and 54 %, respectively. By comparison,
the estimated sT/sG ratio is in the range 2.7 ± 3.2.


The important conclusions that can be drawn from the data
of Table 2 are: (1) by comparison with the optical-limiting
properties of C60, the behavior of the fullerene derivatives
presented in this paper is very similar, with an enhanced
efficiency in the red spectral region; (2) in all cases the RSA
mechanism appears to dominate the OL process.[13, 32]


Incorporation of the fullerene derivatives 1 ± 5 in sol ± gel
glasses : Silica sols were prepared from tetraethoxysilane
(TEOS) and methyltriethoxysilane (MTES) as silica precur-
sors. Monoliths were obtained with a sol modified by partial
or total substitution of TEOS with MTES. A solution with
molar ratios for TEOS/MTES of 2:3 and for (TEOS�
MTES)/H2O/HCl/EtOH of 1:3.4:0.006:1 was prehydrolyzed
for 4 h and then mixed with the appropriate derivative
dissolved in THF. Sonication was applied to achieve suitable
dispersion of the fullerenes in the solvent and in the sol ± gel
solutions. The final dilution of the sol, measured by SiO2


concentration, was never less than 60 g Lÿ1 for the most
concentrated solutions of the fullerene derivatives. The
maximum concentration of a C60 derivative obtained in
homogeneous solutions was about 8� 10ÿ3 C60/SiO2 in the
case of compound 5.


Films were deposited from these sols by spinning at
2000 rpm and were dried at 60 8C. Monolithic xerogels were
also produced by leaving the sol in a closed vessel at 60 8C.
Gelation took place in about 3 days. Transparent bulk samples
in the form of disks of 15 mm diameter and 3 mm thickness
were produced. The density of the bulk samples, measured in
ethanol with a picnometer, was 1.412 g cmÿ3 and the fullerene
concentration was 1.66� 10ÿ3 mol lÿ1.


The films and bulks are environmentally stable, and even
after several months, materials exposed to air and light did not
show any change in their optical properties (linear and
nonlinear).


Optical limiting of the fullerene derivatives embedded in sol ±
gel matrices : Optical-limiting measurements of solid samples
containing C60 or other fullerene derivatives have been
reported.[19, 29, 58±62] Usually C60 can be included only at low
concentration and the possible clustering of the molecules
causes optical inhomogeneity in the sample. In one case, in
order to overcome these problems, C60 was functionalized
with silicon-alkoxide groups.[60] However, the functionaliza-
tion was achieved in an uncontrolled manner, such that the C60


derivatives included in the matrix were mixtures of multiple
adducts that were not characterized further.


The linear optical spectrum of 2 and 3 embedded in a bulk
sample is shown in Figure 4. Some features of the linear
spectrum of the solution (see Figure 1) appear to be smoother,
probably due to interactions of the molecules with the


Figure 4. UV/Vis spectra of 2 (- - - -) and 3 (ÐÐ) in a sol ± gel matrix; A�
absorbance in arbitrary units.


disordered sol ± gel matrix, which causes inhomogeneous
broadening. However, to our knowledge, this represents the
first example where solid thin films of C60 derivatives show
fine structure in the visible region with typical peaks at �430
and 700 nm, which might be taken as evidence of lack of
clustering.


Attempts to observe optical-limiting behavior for films
obtained by spinning gave inconclusive results due to the low
optical density that was attainable for a single thin film. We
have thus measured the optical-limiting properties of sol ± gel
monolithic slabs that incorporate the fullerene derivatives 1 ±
5 and C60. The fluence-dependent nonlinear transmittance at
652 nm of the sample containing 2 is reported in Figure 5 as a
typical example.


Figure 5. Nonlinear transmittance versus incident fluence at 652 nm of a
sol ± gel slab of 0.25 cm thickness containing compound 2 with a molar ratio
2 :SiO2 of 1� 10ÿ4. T� transmittance.


The low threshold for the nonlinear behavior observed for
the solutions (see Figure 2b) is retained in the sol ± gel
material. Furthermore, the damage threshold was not reached
before 30 Jcmÿ2. This is a very important feature of the sol ±
gel matrix since, as previously noted, a polymer-like PMMA
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used as a solid host matrix could only withstand less than
2 J cmÿ2.[19] In Table 3 we report a summary of the OL data
that were obtained for our bulk samples.


As in the case of the solutions, the optical-limiting behavior
is larger at 652 than at 532 nm. In general, however, the values
of the absorption ratio (A20/A0) are lower than those
measured for the solutions. This can be partly understood
by considering that, as previously observed,[19] for solid
samples the nonlinear scattering seems to contribute to the
response much less than for solutions. However, taken alone,
this cannot explain the large differences in the measured
values of A20/A0, nor the fact that in the case of derivative 2
the value measured at 652 nm was very close to that of the
solution. Measurements taken from different spots in the
same sample sometimes gave different results. Larger A20/A0


values were always obtained for the spots that gave higher
linear transmittance. Note, in fact, that the linear absorbances
reported in Table 3 are larger than are expected on the basis
of Beer�s law, assuming that the extinction coefficient of the
fullerenes in sol ± gel glasses does not differ markedly from
that of the solutions. This suggests that some linear scattering
is still present in our samples, despite the fact that the covalent
linking of the fullerene derivatives to the silica matrix by their
silicon-alkoxide functionality should prevent the formation of
clusters. The likely origin of the linear scattering observed for
thick sol ± gel slabs is the presence of structural inhomogene-
ities that form during densification and that can hardly be
controlled with the sol ± gel procedures employed in this
work. The decreased OL efficiency of the sol ± gel slabs is then
ascribed to the reduced apparent transmittance (increased A0)
measured by our limited aperture detection, as well as to the
effect of the linear scattering on the intensity distribution and
waist of the laser beam, and hence on the actual value of the
laser fluence. However, we note that the nonlinear induced
optical density (A20ÿA0) of the solid samples at 20 J cmÿ2 is of
the order of 0.4, a figure similar to that observed for the
solutions.


Conclusion


Important advances towards the goal of using fullerenes for
the preparation of smart materials with OL properties of
practical relevance have been made. The low solubility of C60


in polar solvents and its tendency to form clusters in a polar


environment have been overcome by suitable functionaliza-
tion both with solubilizing chains and with silicon-alkoxide
groups. The latter groups enable the fullerenes to link
covalently to the silica matrix. Environmentally stable sol ±
gel glasses containing a high concentration of C60 derivatives
have been prepared as both thin films (obtained by spinning
on glass substrates) and thick monolithic slabs.


The optical-limiting properties of the new fullerene deriv-
atives in toluene at various visible wavelengths are compara-
ble with the corresponding properties of C60. The derivatives
offer somewhat better performances in the red, as can be
expected from the shift to shorter wavelengths of the triplet
absorption peak. However, the actual relative absorbance at
high fluence (A20/A0) depends on several factors such as the
ground and triplet state absorption cross-sections at the given
wavelength, the sample concentration, and the fluence profile
F(z).


With regard to the sol ± gel glasses, the important result is
that the new derivatives provide access to materials with a
wide range of concentrations of fullerenes covalently linked
to the silica matrix. The presence of residual linear scattering
(likely to be due to structural inhomogeneities) affects the
measurements of the OL properties on thick slabs. Nonethe-
less, the induced absorbance (A20ÿA0) is, in most cases,
similar to that obtained for solution samples, and the thresh-
old for laser damage is very high compared, for example, with
polymer matrices. We are currently working to improve the
optical quality of the sol ± gel materials. In principle, it should
be possible to obtain sizeable OL behavior from films
prepared by spinning, provided their thickness can be
increased to the tens-of-microns range. This would open the
way to the preparation of multilayer structures that allow
optimization of the OL properties through the full exploita-
tion of the RSA mechanism in fullerenes.[56, 57]


Experimental Section


Details regarding instrumentation used to characterize the compounds
considered in this paper have been described elsewhere.[48] Silica films were
deposited by spinning (2000 rpm) with an EMHART Dynapert apparatus.
Film thickness was measured with an Alpha Step 200 Tencor profilometer.


Materials : C60 was purchased from Bucky USA (99.5 %). (3-Cyclopenta-
dienyl)propyltriethoxysilane dimer, 3-aminopropyltriethoxysilane, and
trimethoxysilane were purchased from ABCR-Germany. All other re-
agents were used as bought from Aldrich. Tetrahydrofuran, employed for
UV/Vis measurements and sol ± gel film preparation, was distilled prior to
use. N-(3,6,9-Trioxadecyl)glycine (11),[51] N-[3-(triethoxysilyl)propyl]-2-
carbomethoxy-3,4-fulleropyrrolidine (5),[50] N-methyl-2-(3,6,9-trioxadec-
yl)-3,4-fulleropyrrolidine (12),[29] and N-methyl-2-(4-hydroxyphenyl)-3,4-
fulleropyrrolidine[29] (13) were prepared as previously described.


Addition of (3-cyclopentadienyl)propyltriethoxysilane to C60: synthesis of
derivative 1: A solution of C60 (50 mg, 0.069 mmol) and the cyclopenta-
dienyl monomer 6 (20 mg, 0.074 mmol) was stirred at ambient temperature
for 3.5 h, after which the solvent was removed in vacuo. The residue was
purified by flash chromatography (SiO2, eluent: toluene, Rf� 0.5) to afford
1 (36 mg, 53%) as a mixture of isomers (1 a, b, see text) along with
unreacted C60 (12.5 mg, 25 %). 1H NMR (250 MHz, C6D6): d� 0.70 ± 0.80
(m, 4 H), 1.18 (t, J� 6.94 Hz, 9 H), 1.18 (t, J� 6.94 Hz, 9H), 1.80 ± 1.99 (m,
4H), 2.38 ± 2.41 (m, 1 H), 2.67 ± 2.69 (m, 1H), 2.42 (d, J� 9.50 Hz, 1 H), 2.43
(d, J� 9.14 Hz, 1 H), 2.59 (td, J� 1.46 Hz, J� 7.68 Hz, 2H), 3.06 (d, J�
9.50 Hz, 1H), 3.36 (d, J� 9.14 Hz, 1H), 3.76 (q, J� 6.94 Hz, 6 H), 3.77 (q,
J� 6.94 Hz, 6 H), 4.17 (m, 1H), 4.27 (m, 1H), 4.32 (m, 1 H), 6.48 (s, 1H),


Table 3. Experimental linear (A0) and relative nonlinear absorbances at
20 Jcmÿ2 (A20/A0) for fullerene derivatives embedded in sol ± gel slabs[a] of
thickness d.


532 [nm] 652 [nm]
d [cm] A0 A20/A0 A0 A20/A0


1 0.15 0.155 2.3 0.187 1.6
2 0.25 0.522 2.0 0.102 5.4
3 0.20 0.347 1.9 0.276 2.5
12[b] 0.23 0.420 1.5 0.259 2.2


[a] Fullerene derivatives to silica molar ratio is 1.0� 10ÿ4. The estimated
conversion factor to obtain mol dmÿ3 is about 9 ± 10. [b] Molar ratio 1 a/
SiO2� 5.4� 10ÿ5.
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6.75 (d, J� 5.48 Hz, 1 H), 6.87 (m, 1 H); 13C NMR (62.9 MHz, CD2Cl2): d�
19.98, 20.90, 27.70, 27.76, 29.99, 30.26, 43.82, 45.03, 54.47, 56.57, 65.49, 66.16,
67.34, 69.51, 75.05, 84.54, 85.14, 86.35, 87.94, 139.11, 146.03, 146.11, 146.20,
146.35, 146.47, 146.56, 146.69, 146.82, 148.52, 148.58, 148.78, 148.81, 148.87,
149.04, 149.81, 150.77, 150.89, 151.05, 151.10, 151.32, 151.53, 151.58, 151.65,
151.77, 152.07, 153.34, 153.42, 153.48, 153.62, 154.21, 154.26, 154.31, 154.36,
154.46, 154.85, 154.93, 155.01, 155.13, 155.20, 155.24, 155.34, 155.50, 155.64,
156.08, 156.33, 162.19, 163.97, 164.32, 164.73, 164.80, 165.71, 165.75, 166.48,
166.95; IR (KBr): nÄ � 2968, 2922, 2879, 1165, 1102, 1078, 957, 794, 527 cmÿ1;
MALDI-MS (MW� 990): m/z : 828 [Mÿ Si(OEt)3)�H]� , 720 [C60]� ; UV/
Vis (THF): lmax (e)� 256 (94600), 322 (30500), 432 (3300), 632 (400);
C74H26O3Si: calcd C 89.68, H 2.64; found C 89.32, H 2.39.


General procedure for the synthesis of fulleropyrrolidines 2 ± 4 : A solution
of C60, the appropriate aldehyde, and N-substituted glycine in toluene was
refluxed and the solvent was then removed under reduced pressure. The
product was purified by flash chromatography (SiO2) with toluene to
remove the unreacted C60, and then with mixtures of toluene/ethyl acetate.
The compounds were dissolved in the minimum amount of toluene and
precipitated by addition of acetonitrile.


N-Methyl-2-(10-decyltrimethoxysilyl)-3,4-fulleropyrrolidine (2): Starting
materials: C60 (59.7 mg, 0.083 mmol), N-methylglycine (17.3 mg,
0.19 mmol), 11-trimethoxysilyl undecanal 7 (24.1 mg, 0.083 mmol) dis-
solved in toluene (55 mL) (5 h). Eluent: toluene, then toluene/ethyl acetate
9:1, Rf� 0.5; yield� 27 mg (31 %) along with unreacted C60 (29 mg, 48%).
1H NMR (250 MHz, C6D6): d� 0.76 ± 0.82 (m, 2H), 1.33 ± 1.41 (m, 12H),
1.61 ± 1.67 (m, 2H), 1.90 ± 1.94 (m, 2H), 2.36 ± 2.60 (m, 2 H), 2.67 (s, 3H),
3.51 (s, 9H), 3.76 (t, J� 5.55 Hz, 1 H), 3.80 (d, J� 9.82 Hz, 1 H), 4.40 (d, J�
9.82 Hz, 1H); 13C NMR (62.9 MHz, C6D6): d� 9.93, 23.28, 27.60, 29.80,
29.84, 29.93, 29.97, 30.60, 31.27, 33.53, 39.50, 50.30, 70.23, 70.65, 76.80, 78.26,
135.87, 136.25, 136.68, 137.63, 139.99, 140.17, 140.53, 140.59, 142.02, 142.06,
142.19, 142.42, 142.48, 142.56, 142.98, 143.05, 143.45, 143.56, 144.71, 144.77,
144.93, 145.11, 145.53, 145.58, 145.66, 145.75, 145.80, 145.90, 146.13, 146.26,
146.36, 146.40, 146.51, 146.60, 146.71, 146.90, 147.15, 147.48, 147.52, 154.20,
154.94, 155.02, 157.14; IR (KBr): nÄ � 2921, 2849, 2776, 1462, 1086, 805,
527 cmÿ1; MALDI-MS (MW� 1037): m/z : 1036 [MÿH]� ; UV/Vis (THF):
lmax (e)� 254 (104800), 308 (34400), 431 (3800), 630 (340); C76H35NO3Si:
calcd C 87.92, H 3.40, N 1.35; found C 87.60, H 3.30, N 1.45.


Fulleropyrrolidine 3 : Starting materials: C60 (43 mg, 0.060 mmol), N-
methylglycine (10.8 mg, 0.12 mmol), aldehyde 8 (36.3 mg, 0.060 mmol)
dissolved in toluene (40 mL, 3.5 h). Eluent: toluene/ethyl acetate, gradient
from 9:1 to 7:3, Rf� 0.4 ± 0.5; yield� 26.6 mg (33 %) along with unreacted
C60 (16 mg, 37%). 1H NMR (250 MHz, CS2/C6D6 2:1): d� 0.53 ± 0.67 (m),
0.90 ± 1.10 (m), 1.17 (t, J� 6.94 Hz), 1.27 ± 1.39 (m), 1.42 ± 1.60 (m), 1.68 ±
1.77 (m), 1.78 ± 2.15 (m), 2.59 (s), 2.60 ± 3.07 (m), 3.38 ± 3.45 (m), 3.46 ± 3.55
(m), 3.75 (q, J� 6.94 Hz), 3.80 ± 4.06 (m), 4.03 (d, J� 9.50 Hz), 4.24 ± 4.30
(m), 4.72 (d, J� 9.50 Hz), 4.82 (s), 5.48 ± 6.10 (m), 7.70 ± 7.86 (m), 8.11 (d,
J� 8.41 Hz); 13C NMR (62.9 MHz, CS2/C6D6 2:1): d� 8.93, 10.90, 11.01,
12.06, 18.82, 19.03, 21.24, 21.41, 29.35, 30.18, 30.43, 33.64, 33.83, 39.86, 43.20,
45.09, 45.30, 45.49, 46.45, 46.79, 47.80, 49.79, 49.87, 58.23, 58.44, 62.97, 63.15,
63.35, 64.17, 69.26, 69.44, 69.57, 70.06, 70.86, 70.98, 77.18, 83.23, 124.76,
129.46, 130.40, 130.96, 135.99, 136.29, 136.50, 136.81, 137.01, 139.91, 140.28,
140.56, 141.85, 141.99, 142.17, 142.30, 142.45, 142.52, 142.57, 142.86, 142.93,
143.03, 143.37, 143.48, 144.68, 145.01, 145.53, 145.57, 145.63, 145.70, 145.77,
145.93, 145.99, 146.05, 146.23, 146.41, 146.45, 146.50, 146.54, 146.63, 146.81,
147.57, 151.90, 152.99, 153.24, 154.04, 156.27, 165.26; IR (KBr): nÄ � 2924,
2861, 2780, 1720, 1271, 1099, 1019, 527 cmÿ1; MALDI-MS (MW� 1351):
m/z : 1081 [Mÿ (3-cyclopentadienyl)propyltriethoxysilane�H]� ; UV/Vis
(THF): lmax (e)� 254 (115 900), 322 (34 800), 430 (3500), 631 (250);
C93H49NO9Si: calcd C 82.59, H 3.65, N 1.04; found C 81.92, H 3.34, N 1.17.


N-(3,6,9-Trioxadecyl)-2-(10-decyltrimethoxysilyl)-3,4-fulleropyrrolidine
(4): Starting materials: C60 (42.3 mg, 0.059 mmol), N-(3,6,9-trioxadecyl)-
glycine (11) (26 mg, 0.12 mmol), 11-trimethoxysilyl undecanal (7) (17 mg,
0.059 mmol) dissolved in toluene (40 mL) (7 h). Eluent: toluene/ethyl
acetate, 7:3, Rf� 0.7; yield� 33.9 mg (49 %) along with unreacted C60


(13.3 mg, 31%). 1H NMR (250 MHz, C6D6): d� 0.76 ± 0.82 (m, 2H),
1.32 ± 1.48 (m, 12H), 1.61 ± 1.67 (m, 2 H), 1.92 ± 1.98 (m, 2H), 2.36 ± 2.45 (m,
2H), 3.03 ± 3.10 (m, 2H), 3.19 (s, 3H), 3.42 ± 3.46 (m, 2H), 3.51 (s, 9H),
3.59 ± 3.65 (m, 2 H), 3.65 ± 3.70 (m, 4 H), 3.85 ± 3.92 (m, 2 H), 4.15 (d, J�
10.60 Hz, 1 H), 4.20 (t, J� 5.48 Hz, 1 H), 4.95 (d, J� 10.60 Hz, 1H);
13C NMR (62.9 MHz, C6D6): d� 9.93, 23.28, 27.62, 29.81, 29.94, 29.96, 30.04,
30.54, 31.62, 33.55, 50.30, 52.24, 58.74, 67.86, 71.00, 71.13, 71.18, 71.74, 72.45,


76.68, 77.61, 135.80, 136.04, 136.62, 137.50, 140.00, 140.23, 140.50, 140.56,
142.08, 142.16, 142.38, 142.42, 142.47, 142.58, 142.65, 142.96, 143.03, 143.45,
143.56, 144.74, 144.78, 144.89, 145.05, 145.57, 145.67, 145.72, 145.91, 146.07,
146.09, 146.25, 146.31, 146.35, 146.48, 146.57, 146.65, 147.43, 147.46, 154.28,
155.49, 155.61, 157.14; IR (KBr): nÄ � 2919, 2849, 1461, 1427, 1098, 1024, 802,
527; MALDI-MS (MW� 1169): m/z : 1170 [M�H]� , 720 [C60]� ; UV/Vis
(THF): lmax (e)� 255 (90 400), 318 (32 600), 431 (4100), 629 (470);
C82H47NO6Si: calcd C 84.15, H 4.05, N 1.20; found C 82.87, H 3.60, N 0.98.


(3-Cyclopentadienyl)propyltriethoxysilane monomer (6): Thermal cyclo-
reversion was achieved by heating the corresponding (3-cyclopentadie-
nyl)propyltriethoxysilane dimer (which is commercially available as a
mixture of isomers) to 195 8C at 0.5 mmHg. Under these conditions, the
mixture of monomeric isomers distilled at 87 ± 89 8C.


11-Trimethoxysilylundecanal (7): Hexachloroplatinic acid in cyclohexa-
none (10 mL of a solution prepared by dissolving the catalyst (10 mg) in
cyclohexanone(1 mL)) was added to a solution of 10-undecenal (200 mL,
0.96 mmol) and trimethoxysilane (150 mL, 1.18 mmol), and the reaction
mixture was heated to 55 8C for 4 h. The product was purified by flash
chromatography (SiO2, eluent: petroleum ether/ethyl acetate 9:1) afford-
ing 7 (110.8 mg, 39%) as a yellowish oil. 1H NMR (250 MHz, C6D6): d�
0.61 ± 0.67 (m, 2 H), 1.26 ± 1.40 (m, 14 H), 1.59 ± 1.65 (m, 2 H), 2.41 (td, J�
1.8 Hz, J� 7.3 Hz, 2 H), 3.56 (s, 9H), 9.76 (t, J� 1.8 Hz, 1 H); 13C NMR
(62.9 MHz, CDCl3): d� 9.12, 22.07, 22.57, 29.15, 29.20, 29.32, 29.40, 33.10,
43.90, 50.48, 198.39; IR (film): nÄ � 2931, 2849, 1708, 1085, 814 cmÿ1; GC-MS
(MW� 290): m/z (%): 91 (38), 121 (100), 177 (18), 226 (6); C14H30O4Si:
calcd C 57.89, H 10.41; found C 57.65, H 10.15.


4-Formyl-2-[2-(2-hydroxyethoxy)ethoxy]ethyl benzoate : Thionyl chloride
(8 mL) was added to a suspension of 4-formylbenzoic acid (2.0 g,
13.3 mmol) in dry benzene (20 mL), and the reaction mixture was refluxed
for 3 h. The excess SOCl2 and benzene were removed under reduced
pressure and the resulting acid chloride was used without further
purification. Triethylene glycol (10 mL, 75 mmol) and triethylamine
(3.5 mL, 25 mmol) were placed in a flask (100 mL) fitted with an addition
funnel, and cooled with an ice-bath. Freshly prepared 4-formylbenzoic acid
chloride in dry CH2Cl2 (20 mL) was introduced into the funnel and was
added dropwise to the solution. When the addition was complete, the ice-
bath was removed and the reaction mixture stirred at ambient temperature
overnight. The solvent was removed in vacuo and the residue was dissolved
in ethyl acetate (25 mL), and subsequently washed with a saturated
solution of Na2HCO3 and then with brine. The organic layer was dried over
Na2SO4 and was then evaporated under reduced pressure. The residue was
purified by chromatography (SiO2, eluent: toluene/ethyl acetate 1:1, then
ethyl acetate) affording the desired product as a clear oil (1.2 g, 32 %). IR
(film): nÄ � 3448, 2872, 1712, 1276, 1116, 755 cmÿ1; 1H NMR (250 MHz,
CDCl3): d� 3.53 (m, 2H), 3.63 (m, 6 H), 3.78 (m, 2H), 4.44 (m, 2H), 7.86
(m, 2 H), 8.12 (m, 2 H), 10.01 (s, 1 H); 13C NMR (62.9 MHz, CDCl3): d�
61.41, 64.29, 68.81, 70.08, 70.43, 72.34, 129.26, 130.05, 134.74, 138.95, 165.29,
191.50; GC-MS (MW� 282): m/z (%): 45 (64), 77 (19), 89 (12), 105 (20),
133 (100), 177 (54); C14H18O6: calcd C 59.57, H 6.43; found C 59.10, H 6.58.


4-Formyl-2-[2-(2-acryloxyethoxy)ethoxy]ethylbenzoate (9): 3-Bromopro-
pionylchloride (72 mL, 0.72 mmol) was added to a solution of 4-formyl-2-[2-
(2 hydroxyethoxy)ethoxy]ethylbenzoate (200.4 mg, 0.71 mmol) and trie-
thylamine (250 mL, 1.79 mmol) in dry CH2Cl2 (250 mL, 1.79 mmol) at
ambient temperature. After 24 h, the reaction mixture was diluted with
CH2Cl2 (10 mL) and washed with brine. The organic layer was dried over
Na2SO4 and evaporated under reduced pressure. The residue purified by
flash chromatography (SiO2, eluent: toluene/ethyl acetate 1:1) affording 9
(134 mg, 56%) as a yellowish oil. 1H NMR (200 MHz, CDCl3): d� 3.67 ±
3.71 (m, 4 H), 3.74 (t, J� 4.70 Hz), 3.85 (t, J� 4.70 Hz, 2H), 4.30 (t, J�
4.70 Hz, 2H), 4.51 (t, J� 4.70 Hz, 2 H), 5.81 (dd, J� 10.17 Hz, J� 1.96 Hz,
1H), 6.13 (dd, J� 10.17 Hz, J� 17.22 Hz, 1 H), 6.41 (dd, J� 17.22 Hz, J�
1.96 Hz, 1 H), 7.94 (d, J� 8.22 Hz, 2H), 8.20 (d, J� 8.22 Hz, 2H), 10.10 (s,
1H); 13C NMR (62.9 MHz, CDCl3): d� 63.50, 64.52, 69.02, 69.07, 70.54,
70.57, 128.12, 129.39, 130.18, 130.96, 134.95, 139.09, 165.41, 166.01, 191.56;
GC-MS (MW� 336): m/z (%): 55 (92), 77 (28), 99 (82), 133 (100), 149 (6),
177 (90), 207 (6), 264 (4); C17H20O7: calcd C 60.71, H 5.99; found C 60.26, H
6.00.


Cycloaddition of cyclopentadienyl derivative 6 to compound 9: synthesis of
aldehyde 8 : A solution of alkene 9 (32 mg, 0.095 mmol) and excess freshly
distilled (3-cyclopentadienyl)-propyltriethoxysilane 6 (110 mL) in 1,2-
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dichlorobenzene (1.5 mL) was heated to 180 8C for 30 min. The solution
was then loaded into the top of a SiO2 column and the product was purified
by flash chromatography (eluent: toluene/ethyl acetate, gradient from 9:1
to 7:3) affording 8 (53 mg, 92%) as an orange oil. The following analytical
data refer to the isolated product which is a mixture of isomers. 1H NMR
(200 MHz, C6D6): d� 0.55 ± 1.05 (m), 1.23 (t, J� 6.84 Hz), 1.24 ± 3.21 (m),
3.39 ± 3.50 (m), 3.87 (q, J� 6.84 Hz), 4.11 ± 4.19 (m), 4.27 ± 4.34 (m), 5.55 ±
5.96 (m), 7.47 (d, J� 8.30 Hz), 8.08 (d, J� 8.30 Hz), 9.56 (s); 13C NMR
(62.9 MHz, C6D6): d� 10.83, 10.89, 10.96, 12.02, 18.59, 20.24, 21.29, 21.39,
29.20, 29.95, 30.35, 32.87, 33.50, 33.58, 34.65, 35.93, 42.66, 42.94, 43.28, 45.12,
45.28, 46.18, 46.28, 46.69, 46.78, 47.72, 49.54, 49.80, 50.53, 58.47, 58.68, 63.05,
63.24, 63.37, 63.45, 64.64, 69.19, 69.46, 69.48, 70.66, 70.75, 70.85, 124.74,
127.83, 128.13, 128.29, 129.37, 129.74, 130.29, 135.12, 136.53, 136.90, 137.20,
138.92, 139.56, 146.87, 152.30, 152.56, 165.34, 173.93, 174.13, 175.71, 175.89,
176.79, 190.72; C31H46O10Si: calcd C 61.36, H 7.64; found C 60.77, H 7.31.


OL measurements : The fluence-dependent transmission measurements
were performed with 15 ns pulses from an excimer pumped dye laser
(Lambda Physik FL2002) operating with Coumarin 503 and Sulforhodamin
B, with measurements at 532 and 652 nm. The repetition rate of the pulses
was 1 Hz and the laser beam was focused into the sample by a lens with a
200 mm focal length, which yielded an estimated beam waist in free space
of �50 mm. Incident and transmitted laser pulse energies were measured
with photodiodes calibrated with an absorbing calorimeter. The trans-
mitted radiation reached the detector with an acceptance angle of about
1� 10ÿ2 srad. For solution samples, 1 cm cuvettes were used and all the
measurements for the different compounds were done in sequence, at each
wavelength, without changing any optical element or alignment feature
that could have affected the pulse characteristics and beam propagation
properties. The possibility of sample damage was ruled out by verifying that
reproducible data could be obtained from the same sample spot after
cycling the laser fluence up to the maximum reported value.
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Synthesis and Characterization of New Long-Wavelength-Absorbing Oxonol
Dyes from the 2,2-Difluoro-1,3,2-dioxaborine Type


Marcus Halik and Horst Hartmann*[a]


Dedicated to the memory of Professor Rudolf Gompper


Abstract: By starting from methyl- and methylene-substituted 2,2-difluoro-1,3,2-
dioxaborines 5, 20, and 21 and different types of reactive formyl derivatives (14 ± 17)
a series of anionic, cationic, and betainic methine dyes has been prepared. These
dioxaborine dyes 22 ± 28 represent a new type of oxonol dye that exhibits intense
long-wavelength absorptions in the near-infrared region. The positions of these
absorption bands are recorded between 730 and 1050 nm and are strongly influenced
by the length of the conjugated system, by the substitution pattern at their pendant
aryl groups, and by the different bridging groups attached to their chromophoric
systems.


Keywords: betaines ´ boron ´ dyes
´ fluorescence spectroscopy ´ infra-
red spectroscopy


Introduction


As observed with other enolizable 1,3-dicarbonyl compounds,
aroylacetones of the general structure 1 can be condensed
with boronic acid or its derivatives to give 1,3-diketoboron-
ates.[1] For example, with boron trifluoride the 2,2-difluoro-


substituted diketoboronates 5 (2,2-difluoro-1,3,2-dioxabor-
ines[b]) are formed. In contrast to compounds 1, which react
with simple formyl derivatives 3 to yield the condensation
products 4,[2] the dioxaborines 5 react with the same formyl
derivatives 3 to yield compounds of the general structure 7
(Scheme 1).[3] Whereas for the reaction of the formyl com-


pound 3 with the aroylacetones 1 the intermediate carbanions
2 have been assumed,[4] for the reaction of 3 with the 1,3,2-
dioxaborines 5 the anionic species 6 appear to be the
intermediates. Hence, in contrast to the parent carbonyl
compound 1, their boron-containing derivatives 5 possess a
reactive methyl group that is strongly activated (after its
deprotonation) for an electrophilic attack of a suitable
reagent (Scheme 1).


[a] Prof. Dr. H. Hartmann, Dr. M. Halik
Fachbereich Chemie der Fachhochschule Merseburg
Geusaer Strasse, D-06217 Merseburg (Germany)
Fax: (�49) 3461-462192
E-mail : horst.hartmann@cui.fh-merseburg.de


[b] Although the name 2,2-difluoro-1,3,2-dioxaborine was introduced by
Reynolds et al. ,[3] it is not correct in respect to the IUPAC rules. Owing
to the betainic valence formulae given here, the correct name of the
boron-containing heterocycle is 2,2-difluoro-1,3,2-oxaoxoniaboratine.
However, for simplicity the former name is used in this paper.
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Evidently, the reaction of methyl-substituted 1,3,2-dioxa-
borines 5 with the formyl compounds 3 has some parallels to
the reaction of methyl-substituted quaternary heterocyclic
compounds 8 that react, via intermediate methylene bases 9,
with the formyl compounds 3 to yield condensation products
of the general structure 10 (Scheme 2: Y� counterion, Z�
heteroatom).[5]


Scheme 2.


When the moiety X in compounds 10 is a nucleofugal group,
such as halogen, OR, SR, or NR2, the compounds are usually
able to react with a second equivalent of 8 (via 9) to yield
cationic methines of the general structure 11.[6] (Scheme 2)


Owing to the similarity in the reactivity of 5 and 8 towards
the electrophilic reagents 3, reaction of the condensation
products 7 with their precursors 5 (via 6) should also be
possible. The products that are formed in this case are,
however, species which are composed of an anionic chromo-
phore and a cationic counterion. Therefore, these compounds
have to be attributed to the oxonol type of methine dyes.[5, 7]


As a consequence, their isolation strongly depends, inter alia,
on the proper choice of the cationic counterion.


Usually, the protonated forms of the auxiliary base used in
this condensation reaction can act as the counterion. For
example, when 4-methyl-substituted naphtho[1,2-d]- or thio-
naphtho[3,2-d]-1,3,2-dioxaborines were condensed with trial-
kylorthoformates 13 a or ethoxyacroleine diethylacetals 13 b
in presence of triethylamine, anionic methine dyes of the
general structure 12 with X�CH�CH or S and the hydro-
triethylammonium ion as the counterion are formed.[8] The


dyes 12 exhibit long-wavelength absorptions; their maxima
shift by about 100 nm on increasing the number of vinyl
groups. Hence, the 1,3,2-dioxaborines 12 represent an inter-
esting class of long-wavelength-absorbing methine dyes that
attain absorptions in the near-infrared region with a relatively
low number of methine groups. Because the 1,3,2-dioxabor-
ine-based methine dyes do not easily crystallize, only a few
crystalline compounds of this structural type have been
prepared.


Results and Discussion


To overcome this difficulty and to synthesize a series of better
crystallizing, long-wavelength-absorbing methines with pend-
ant 2,2-difluoro-1,3,2-dioxaborine groups, we have developed
three different strategies. The first involves the synthesis of
methine dyes with a more rigid molecular framework,
especially within the methine chains, by starting from bridged
1,3,2-dioxaborine reactants and by using bridged methine
precursors. Whereas bridged methine precursors, for example,
the formyl compounds 14 and 15 or the iminium perchlorate
16, are easily available from cycloalkanones by a Vilsmeier ±
Arnold reaction,[9] bridged 1,3,2-dioxaborines, for example,
compounds 20 and 21, are available by reaction of the BF3/
acetic acid complex with 2-aroyl-cycloalkenols 18 and 19.
These starting materials were prepared from the literature
procedures[10] by acylating 1-morpholinocycloalkenes with
appropriate aroyl chlorides and subsequent hydrolysis of the
aroylated enamines primarily formed (Scheme 3).


Thus, by heating the bridged 1,3,2-dioxaborine derivatives
20 and 21 with triethylorthoformate 13 a or ethoxyacrolein
diethyl acetal 13 b in acetic anhydride in the presence of
triethylamine, deeply colored solutions were formed from


Scheme 3.
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which the corresponding condensation products could be
obtained as crystalline solids in few special cases. For example,
by starting from the 4-nitro-substituted 1,3,2-dioxaborine
derivative 20 d the corresponding nitro-substituted oxonol
dyes 22 (m� 0) and 23 (m� 1) containing the hydrotriethyl-
ammonium ion as cation were obtained in satisfactory yield.


A better result was obtained, however, when the same
bridged 1,3,2-dioxaborine derivatives 20 and 21 were heated
with the bridged formyl compounds 14 or 15. Crystalline
condensation products of the general structure 24 or 25 were
obtained when the chloro- or nitro-substituted 1,3,2-dioxa-
borine derivatives 20 b and 20 d, respectively, and the bridged
formyl compounds 14 and 15 are used. Crystalline condensa-
tion products of the same structural type 24 and 25 were
obtained also when the bridged formyl compounds 14 and 15
were condensed with the unbridged 1,3,2-dioxaborine deriv-
atives 5 b and 5 d (see Table 1).


A more complicated result was obtained if instead of the
formyl derivatives 14 and 15 the bridged iminium salt 16 as
methine precursor was used. Depending on the 1,3,2-dioxa-
borine reactants used and the conditions applied, mono-
condensation products as well as bis-condensation products of
the starting 1,3,2-dioxaborine derivative were obtained. Thus,
by starting from 16 and the methoxy-substituted 1,3,2-
dioxaborines 5 c, 20 c, and 21 c the corresponding mono-
condensation products 28 with R�CH3O could be isolated as
crystalline solids under the same conditions described above.


Although the products 28 are stable under the mentioned
preparation conditions, they can be transformed into their
corresponding symmetrically substituted methine dyes 24 by
applying more drastic conditions, for example, by refluxing
with the corresponding 1,3,2-dioxaborines 20 in acetic anhy-
dride in the presence of triethylamine for five hours. How-


ever, the methines 24 with R1/R2� (CH2)n so formed do not
crystallize from the reaction mixture after cooling. Therefore,
their formation could be detected only spectroscopically. For
example, their solutions exhibit intense long-wavelength
absorptions at about 1000 nm.


By starting from the iminium salt 16 and the chloro- and
nitro-substituted 1,3,2-dioxaborines 5 b and 5 d, respectively,
under the same conditions used as before, instead of mono-


Table 1. Preparative data for the methine dyes 22 ± 29.


R R1 R2 n Reactants Yield [%] M.p. [8C] Formula (Mw) N:calcd N: found


22 NO2 ± ± 2 20d, 13a 56 280 (decomp) C31H33B2F4N3O8 (706.5) 5.95 6.09
23 NO2 ± ± 2 20d, 13b 23 198 (decomp) C33H35B2F4N3O8l (735.5) 5.74 5.33
24a Cl H H 2 5b, 14 7 238 (decomp) C33H25B2F4NO4Cl3 (703.5) 1.99 1.92
24b NO2 H H 2 5d, 14 12 263 (decomp) C33H25B2F4N3O8Cl (724.6) 5.80 5.37
24c Cl (CH2)2 2 20b, 14 62 240 (decomp) C37H29B2F4NO4Cl3 (755.6) 1.85 1.68
24d NO2 (CH2)2 2 20d, 14 81 235 (decomp) C37H29B2F4N3O8Cl (776.7) 5.41 5.74
25a Cl H H 3 5b, 15 10 215 ± 218 C34H27B2F4NO4Cl3 (717.5) 1.95 1.76
25b NO2 H H 3 5d, 15 17 232 (decomp) C34H27B2F4N3O8Cl (738.7) 5.69 5.36
25c Cl (CH2)2 3 20b, 15 46 255 (decomp) C38H31B2F4NO4Cl3 (769.6) 1.82 1.44
25d NO2 (CH2)2 3 20d, 15 75 > 360 C38H31B2F4N3O8Cl (790.7) 5.32 4.83
26a Cl H H 2 5b, 16 26 220 (decomp) C38H36B2F4N2O4Cl4 (824.1) 3.40 3.27
26b NO2 H H 2 5d, 16 81 240 (decomp) C38H36B2F4N4O8Cl2 (845.2) 6.63 6.11
27 N(CH3)3 H H 2 5e, 16 73 215 (decomp) C33H36B2F4N2O8Cl2 (757.2) 3.70 3.26
28a OCH3 H H ± 5c, 16 25 280 (decomp) C20H21BF2ClNO3 (407.6) 3.44 3.37
28b OCH3 (CH2)2 ± 20c, 16 88 > 360 C22H23BF2ClNO3 (433.7) 3.23 3.19
28c OCH3 (CH2)3 ± 21c, 16 56 227 ± 229 C23H25BF2ClNO3 (447.7) 3.13 3.03
29a H H H ± 5a, 17 50 300 (decomp) C34H30B2F4N2O4 (628.3) 4.46 4.32
29b Cl H H ± 5b, 17 65 280 (decomp) C34H28B2F4N2O4Cl2 (697.1) 4.02 3.89
29c OCH3 H H ± 5c, 17 65 330 (decomp) C36H34B2F4N2O6 (688.3) 4.07 4.11
29d NO2 H H ± 5d, 17 45 360 C34H28B2F4N4O8 (718.3) 7.80 7.67
29e H (CH2)2 ± 20a, 17 63 290 (decomp) C38H34B2F4N2O4 (680.3) 4.12 4.01
29 f Cl (CH2)2 ± 20b, 17 55 312 ± 314 C38H32B2F4N2O4Cl2 (749.2) 3.74 3.35
29g OCH3 (CH2)2 ± 20c, 17 78 265 ± 268 C40H38B2F4N2O6 (740.4) 3.78 3.89
29h NO2 (CH2)2 ± 20d, 17 76 > 360 C38H32B2F4N4O8 (770.3) 7.27 7.78
29 i Cl (CH2)3 ± 21b, 17 35 220 (decomp) C40H36B2F4N2O4Cl2 (777.4) 3.60 3.62
29j OCH3 (CH2)3 ± 21c, 17 27 189 (decomp) C42H42B2F4N2O6 (768.4) 3.65 3.34
29k NO2 (CH2)3 ± 21d, 17 25 275 (decomp) C40H36B2F4N4O8 (798.4) 7.02 6.91
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condensation products 28, the corresponding bis-condensa-
tion products were formed. They precipitate from the hot
reaction mixture immediately. However, the products do not
contain, as expected, the hydrotriethylammonium ion as
cationic moiety, but as seen in the structural formula for 26,
the bridged iminium ion generated from the corresponding
starting material 16 acts as the cationic counterion.


Evidence for this statement comes not only from the
elemental analytic data of the products 26 (see Table 1), but
also from their spectroscopic data (see Table 2). For example,
compound 26 b exhibits two absorption maxima at about 480
and 940 nm in its VIS/NIR spectrum. With reference to the
spectral data of compound 16, the maximum in the visible
region can be attributed to its cationic moiety, whereas the


Table 2. Spectral properties of the methine dyes 22 ± 29 prepared; VIS/NIR data measured in DMF, 1H NMR data measured in [D6]DMSO.


R R1 R2 n lmax [nm] (log e) 1H NMR, d-values (assignement), J [Hz]


22 NO2 ± ± 2 734 (4.92) 1.16 (t, 9 H; CH3), 2.88 (m, 4 H; CH2), 2.93 (m, 4H; CH2), 3.09 (q, 6H;
CH2), 7.76 (s, 1H; CH). 7.88 (d, 3J� 8.8 Hz, 4H; CH) , 8.15 (d, 3J� 8.8 Hz,
4H; CH), 8.82 (1 H; NH)


23 NO2 ± ± 2 830 (5.13) 1.16 (t, 9 H; CH3), 2.70 (m, 4 H; CH2), 2.92 (m, 4H; CH2), 3.08 (q, 6H;
CH2), 6.03 (t, 3J� 13.2 Hz, 1H; CH), 7.59 (d, 3J� 13.3 Hz, 2 H; CH),
7.59 (d, 3J� 8.6 Hz, 4 H; CH), 8.21 (d, 3J� 8.6 Hz, 4H; CH), 8.83 (s, 1H; NH)


24a Cl H H 2 892 (5.28) 1.16 (t, 3 H; CH3), 2.76 (m, 4 H; CH2), 3.1 (q, 6H; CH2), 5.88 (d, 3J� 13.7 Hz,
2H; CH), 6.71 (s, 2H; CH), 7.54 (d, 3J� 8.5 Hz, 4 H), 7.91 (d, 3J� 8.5 Hz, 4 H;
CH), 8.10 (d, 3J� 13.4 Hz, 2H; CH), 8.8 (s, 1 H; NH)


24b NO2 H H 2 941 (5.19) 1.16 (t, 9 H; CH3), 2.78 (m, 4 H; CH2), 3.1 (q, 6H; CH2), 5.88 (d, 3J� 13.5 Hz,
2H; CH), 6.92 (s, 2H; CH), 7.71 (d, 3J� 13.5 Hz, 2 H; CH), 8.13 (d, 3J� 8.8 Hz,
4H; CH)), 8.29 (d, 3J� 8.9 Hz, 4H; CH), 8.8 (s, 1 H; NH)


24c Cl (CH2)2 2 981 (5.04) 1.16 (t, 9 H; CH3), 2.63 (m, 4 H; CH2), 2.80 (m, 4H; CH2), 2.83 (m, 4H; CH2),
3.1 (q, 6 H; CH2), 7.25 (d, 3J� 8.9 Hz, 4 H; CH), 7.28 (s, 2 H; CH), 7.49 (d,
3J� 8.5 Hz, 4 H; CH), 8.8 (s, 1 H; NH)


24d NO2 (CH2)2 2 1041 (4.99) 1.16 (t, 9 H; CH3), 2.69 (m, 4 H; CH2), 2.82 (m, 4H; CH2), 2.84 (m, 4H; CH2),
3.1 (q, 6 H; CH2), 7.35 (s, 2 H; CH), 7.57 (d, 3J� 9.0 Hz, 4 H; CH), 7.85 (d,
3J� 9.0 Hz, 4 H; CH), 8.8 (s, 1 H; NH), 8.8 (s, 1H; NH)


25a Cl H H 3 866 (5.22) 1.16 (t, 9 H; CH3), 1.78 (m, 2 H; CH2), 2.53 (m, 4H; CH2), 3.1 (q, 6H; CH2),
5.96 (d, 3J� 13.6 Hz, 2 H; CH), 6.72 (s, 2H; CH), 7.56 (d, 3J� 8.5 Hz,
4H; CH), 7.93 (d, 3J� 8.5 Hz, 4 H; CH), 8.13 (d, 3J� 13.4 Hz, 2 H; CH),
8.8 (s, 1 H; NH)


25b NO2 H H 3 941 (5.19) 1.16 (t, 9 H; CH3), 1.79 (m, 2 H; CH2), 2.57 (m, 4H; CH2), 3.1 (q, 6H; CH2),
6.07 (d, 3J� 13.6 Hz, 2 H; CH), 6.87 (s, 2H; CH), 8,12 (d, 3J� 8.8 Hz, 4H; CH),
8.18 (d, 3J� 13.4 Hz, 2 H; CH), 8.26 (d, 3J� 8.9 Hz, 4H; CH), 8.8 (s, 1H; NH)


25c Cl (CH2)2 3 948 (4.92) 1.16 (t, 9 H; CH3), 1.73 (m, 2 H; CH2), 2.75 (m, 4H; CH2), 2.88 (m, 8H; CH2),
3.1 (q, 6 H; CH2), 7.43 (d, 3J� 6.9 Hz, 4 H; CH), 7.65 (s, 2 H; CH), 7.74 (d,
3J� 7.2 Hz, 4 H; CH), 8.8 (s, 1 H; NH)


25d NO2 (CH2)2 3 1000 (4.98) 1.16 (t, 9 H; CH3), 1.74 (m, 2 H; CH2), 2.77 (m, 4H; CH2), 2.90 (m, 8H;
CH2), 3.1 (q, 6 H; CH2), 7.63 (d, 3J� 8.5 Hz, 4 H; CH), 7.79 (d, 3J� 8.3 Hz,
4H; CH), 7.84(s, 2 H; CH), 8.8 (s, 1 H; NH)


26a Cl H H 2 892, 477[a] 2.76 (m, 4 H; CH2), 3.09 (m, 4 H; CH2), 3.31 (s, 12H; N(CH3)2), 5.88 (d,
3J� 13.7 Hz, 2 H; CH), 6.71 (s, 2 H; CH), 7.54 (d, 3J� 8.5 Hz, 4H; CH),
7.65 (s, 2 H; CH), 7.91 (d, 3J� 8.5 Hz, 4H; CH), 8.10 (d, 3J� 13.4 Hz, 2H; CH)


26b NO2 H H 2 941, 477[a] 2.78 (m, 4 H; CH2), 3.1 (q, 4 H; CH2), 3.31 (s, 12H; N(CH3)2), 5.88 (d,
3J� 13.5 Hz, 2 H; CH), 6.92 (s, 2 H; CH), 7.64 (s, 2 H; CH), 7.71 (d, 3J� 13.5 Hz,
2H; CH), 8.13 (d, 3J� 8.8 Hz, 4 H; CH), 8.29 (d, 3J� 8.9 Hz, 4H; CH),
8.8 (s, 1 H; NH)


27 N(CH3)3 H H 2 894 (5.13) 2.79 (m, 4 H; CH2), 3.64 (s, 18 H; N�(CH3)3), 5.84 (d, 3J� 13.6 Hz, 2 H; CH),
6.87 (s, 2 H; CH), 7.69 (d, 3J� 13.5 Hz, 2H; CH), 8.06 (d, 3J� 9.2 Hz, 4H; CH),
8.13 (d, 3J� 9.2 Hz, 4 H; CH)


28a OCH3 H H ± 674 (5.10) 2.72 (m, 4 H; CH2), 3.26 (s, 6 H; N(CH3)2), 3.86 (s, 3H; OCH3), 5.78 (d,
3J� 13.9 Hz, 1 H; CH), 6.67 (s, 1 H; CH), 7.06 (d, 3J� 8.8 Hz, 2H; CH), 7.31 (s,
1H; CH'), 7.84 (d, 3J� 13.9 Hz, 1H; CH), 7.95 (d, 3J� 8.9 HZ, 2H; CH)


28b OCH3 (CH2)2 ± 708 (5.07) 2.94 (m, 4 H; CH2), 3.08 (m, 4 H; CH2), 3.26 (s, 6H; N(CH3)2), 3.85 (s,
3H; OCH3), 7.16 (d, 3J� 8.9 Hz, 2H; CH), 7.35 (s, 1H; CH'), 7.98 (d,
3J� 8.9 Hz, 2 H; CH), 8.13 (s, 1 H; CH)


28c OCH3 (CH2)3 ± 686 (5.01) 1.61 (m, 2 H; CH2), 2.56 (m, 2 H; CH2), 2.76 (m, 2H; CH2), 3.07 (m, 4H;
CH2), 3.24 (s, 6H; N(CH3)2), 3.83 (s, 3H; OCH3), 7.03 (d, 3J� 8.7 Hz, 2H;
CH), 7.32 (s, 1H; CH'), 7.63 (d, 3J� 8.7 Hz, 2H; CH), 8.04 (s, 1 H; CH)


29a H H H ± 893 (5.28) 2.98 (m, 4 H; CH2), 3.34 (s, 6 H; N(CH3)2), 5.88 (d, 3J� 13.3 Hz, 2H; CH),
6.67 (s, 2 H; CH), 6.96 (d, 3J� 13.3 Hz, 2H; CH), 7.24 (d, 3J� 7.4 Hz, 2H;
Py-H), 7.47 (m, 2H), 7.72 (m, 4 H), 7.90 (d, 3J� 7.6 Hz, 4 H; CH), 8.28 (d, 3J �
7.4 Hz, 2H; Py-H)


29b Cl H H ± 903 (5.19) 2.89 (m, 4 H; CH2), 3.34 (s, 6 H; N(CH3)2), 5.88 (d, 3J� 13.3 Hz, 2H; CH),
6.70 (s, 2 H; CH), 6.97 (d, 3J� 13.3 Hz, 2H; CH), 7.24 (d, 3J� 7.3 Hz, 2H; Py-H)
7.54 (d, 3J� 8.4 Hz, 4 H; CH), 7.91 (d, 3J� 7.9 Hz, 4H; CH), 8.26 (d, 3J �
7.3 Hz, 2H; Py-H)
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second maximum in the near infrared region can be
attributed to the anionic 1,3,2-dioxaborine chromophore
unambiguously.


A second strategy for preparing crystalline 1,3,2-dioxabor-
ine methines involves the use of 1,3,2-dioxaborine reactants
containing suitable cationic groups, for example, at their
pendant aryl groups. The cationic 1,3,2-dioxaborine derivative
5 e is an example of such a compound. This salt can be
prepared, as recorded elsewhere,[11] by reaction of 4-acetyl-
phenyltrimethylammonium perchlorate with acetic anhydride
in presence of boron trifluoride. It condenses with compound
16 under the same conditions mentioned above to give a
deeply colored crystalline methine dye 27. This dye is
composed of a cationic 1,3,2-dioxaborine moiety and a
perchlorate anion and could be obtained, as seen from
Table 1, in satisfactory yield.


Finally, a third route to prepare crystalline methine dyes
from the 1,3,2-dioxaborine precursors 5 or 20 and 21 has been
developed. It involves the use of methine precursors with
suitable cationic moieties attached to their molecular frame-
work. The dicationic compound 17 was used as methine
precursor for this strategy. This diperchlorate 17, which has
been applied as methine precursor by other authors, can be
easily prepared by reaction of the iminium salt 16 with
4-dimethylaminopyridine.[12]


By heating of compound 17 with one of the neutral 1,3,2-
dioxaborine reactants 5, 20, or 21 in acetic anhydride in


presence of triethylamine, deeply colored methines 29 were
formed. As a result of their zwitterionic nature, these salts 29
exhibit a high tendency to crystallize and can, therefore, easily
be isolated in most satisfactory yields (see Table 1) from the
reaction mixture.


The structures of all the crystalline methine dyes described
here were confirmed by their analytical and spectroscopic
data unambiguously. Some of the spectroscopic data are
depicted in the Table 2. Thus, in the 1H NMR spectra of the
methine compounds 22 ± 29 characteristic proton signals were
detected. They could be attributed, according to their
intensities and coupling parameters, unambiguously to the
corresponding CHn fragments (n� 1, 2, or 3) in these
compounds.


All the 1,3,2-dioxaborine methine dyes prepared are deeply
colored compounds that exhibit intense long-wavelength
absorption bands. Their positions depend, in a characteristic
manner, on the length of their methine chain, on their


Table 2. (Continued)


R R1 R2 n lmax [nm] (log e) 1H NMR, d-values (assignement), J [Hz]


29c OCH3 H H ± 898 (5.28) 2.86 (m, 4 H; CH2), 3.33 (s, 6 H; N(CH3)2), 4.04 (s, 6H; OCH3), 5.80 (d,
3J� 13.2 Hz, 2 H; CH), 6.54 (s, 2 H; CH), 6.89 (d, 3J� 13.2 Hz, 2H; CH),
7.02 (d, 3J� 8.7 Hz, 4 H; CH), 7.22 (d, 3J� 7.3 Hz, 2H; Py-H), 7.86 (d, 4H; J �
8.6), 8.26 (d, 3J� 7.3 Hz, 2 H; Py-H)


29d NO2 H H ± 961 (5.16) 2.93 (m, 4 H; CH2), 3.33 (s, 6 H; N(CH3)2), 6.02 (d, 3J� 14.0 Hz, 2H; CH),
6.81 (s, 2 H; CH), 7.05 (d, 3J� 14.0 Hz, 2H; CH), 7.26 (d, 3J� 7.5 Hz, 2H; Py-H)
8.31 (d, 3J� 8.4 Hz, 4 H; CH), 8.30 (d, 3J� 8.5 Hz, 4H; CH), 8.34 (d, 3J� 7.5
Hz, 2H; Py-H)


29e H (CH2)2 ± 986 2.96 (m, 4 H; CH2), 3.05 (m, 8 H; CH2), 3.35 (s, 6H; N(CH3)2), 6.52 (s, 2 H; CH),
7.24 (d, 3J� 7.4 Hz, 2 H; Py-H), 7.49 (m, 6H; CH), 7.81 (d, 3J� 7.9 Hz, 4 H; CH)
8.23 (d, 3J� 7.4 Hz, 2 H; Py-H)


29 f Cl (CH2)2 ± 998 2.94 (m, 4 H; CH2), 3.10 (m, 8 H; CH2), 3.35 (s, 6H; N(CH3)2), 6.53 (s, 2 H; CH),
7.25 (d, 3J� 7.5 Hz, 2 H; Py-H), 7.54 (d, 3J� 8.6 Hz, 4H; CH), 7.81 (d, 3J� 8.6
Hz, 4H; CH), 8.23 (d, 3J� 7.5 Hz, 2 H; Py-H)


29g OCH3 (CH2)2 ± 992 2.90 (m, 4 H; CH2), 2.95 (m, 8 H; CH2), 3.33 (s, 6H; N(CH3)2), 3.83 (s, �
6H; OCH3), 6.45 (s, 2H; CH), 7.04 (d, 3J� 9.0 Hz, 4H; CH), 7.22 (d, 3J� 7.3
Hz, 2H; Py-H), 7.79 (d, 3J� 8.4 Hz, 4 H; CH), 8.19 (d, 3J� 7.3 Hz, 2H; Py-H)


29h NO2 (CH2)2 ± 1052 2.85 (m, 8 H; CH2), 2.92 (m, 4 H; CH2), 3.34 (s, 6H; N(CH3)2), 6.49 (s, 2 H; CH),
7.23 (d, 3J� 8.0 Hz, 2 H; Py-H), 8.03 (d, 3J� 9.0 Hz, 4H; CH), 8.17 (d, 3J� 8.8
Hz, 4H; CH), 8.30 (d, 3J� 8.0 Hz, 2 H; Py-H)


29 i Cl (CH2)3 ± 928 (4.92) 1.58 (m, 4 H; CH2), 2.45 (m, 4 H; CH2), 2.76 (m, 4H; CH2), 3.17 (m, 4H;
CH2), 3.32 (s, 6H; N(CH3)2), 6.99 (s, 2H; CH), 7.25 (d, 3J� 8.0 Hz, 2 H; Py-H),
7.49 (d, 3J� 8.7 Hz, 4 H; CH), 7.57 (d, 3J� 8.7 Hz, 4H; CH), 8.26 (d, 3J� 8.0
Hz, 2H; Py-H)


29j OCH3 (CH2)3 ± 929 (4.98) 1.57 (m, 4 H; CH2), 2.45 (m, 4 H; CH2), 2.77 (m, 4H; CH2), 3.18 (m, 4H;
CH2), 3.33 (s, 6H; N(CH3)2), 3.81 (s, 6H; OCH3), 7.0 (s, 2H; CH), 7.01
(d, 3J� 8.8 Hz, 4H; CH), 7.25 (d, 3J� 8.1 Hz, 2H; Py-H), 7.56 (d, 3J� 8.4 Hz,
4H; CH), 8.28(d, 3J� 8.1 Hz, 2 H; Py-H)


29k NO2 (CH2)3 ± 965 (4.82) 1.62 (m, 4 H; CH2), 2.47 (m, 4 H; CH2), 2.80 (m, 4H; CH2), 3.21 (m, 4H; CH2),
3.34 (s, 6 H; N(CH3)2), 7.06 (s, 2H; CH), 7.29 (d, 3J� 7.8 Hz, 2 H; Py-H), 7.83
(d, 3J� 8.7 Hz, 4H; CH), 8.27 (d, 3J� 9.0 Hz, 4H; CH), 8.31 (d, 3J� 7.8 Hz,
2H; Py-H)


[a] Owing to the insolubility of the compound, its absorption data were estimated qualitatively only.
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substitution pattern, and on the size of their bridging groups
(see Table 2).


Thus, the trimethine dye 22 (m� 0) absorbs at about
730 nm and the pentamethine dye 23 (m� 1) at 830 nm. For
the heptamethine dyes 24 b, 25 b, and 29 d, bearing the same
nitrophenyl substituent as in 22 and 23 and no bridging group
at their 1,3,2-dioxaborine moieties, longest wavelength ab-
sorption maxima at about 940 nm were recorded. Hence, a
vinylene shift of about 100 nm is observed on going from a
trimethine to a pentamethine to a heptamethine system
indicating a pronounced polymethinic character of these
novel boron-containing oxonol dyes.


Concerning the aryl substituents, a significant influence on
the position of the long-wavelength absorptions is also
observed. Thus, extremely long-wavelength absorp-
tion maxima were found for all nitro-substituted dyes.
They absorb, as exemplified in the series 29, at wavelengths
nearly 70 nm longer than their H-substituted parent com-
pounds.


A significant influence on the position of the longest
wavelength absorptions of the boron-containing methine dyes
is also observed for the bridging groups attached at the central
methine chains. Whereas trimethylene bridged dyes absorb
nearly at the same wavelength than their unbridged analogues
(compare, for example, the absorption data of the dyes 28 a,
29 c, or 29 d with the one of their trimethylene bridged
analogues 28 c, 29 j, or 29 k, respectively), dimethylene
bridged dyes, for example, the compounds 28 b, 29 g, or 29 h,
absorb at considerably longer wavelength than their unbridg-
ed analogues 28 a, 29 c, or 29 d, respectively (see Figure 1).
Both electronic and steric effects should be taken into
consideration when accounting for these observations.


Figure 1. Absorption spectra of some betainic methine dyes 29 ; wave-
length given in nm.


Most of the methine dyes prepared exhibit a pronounced
fluorescence in the NIR region. The wavelengths and
intensities of this fluorescence are also influenced by the
structural pattern of the corresponding methine dyes. Details
on this subject will be recorded and discussed in a subsequent
paper more in detail.


Experimental Section


Melting points were determined by means of a Boetius heating-table
microscope and are uncorrected. The visible and near-infrared spectra were
recorded with a Carl ± Zeiss Spectrometer M40 and a Shimadzu spectrom-
eter UV 3101, respectively, and the NMR spectra with a Varian 300 MHz
spectrometer Gemini 300. The elemental analytical data were estimated by
means of a LECO analyzer CHNS 932. (Owing to the formation of boron
carbide during the combustion of the compounds the estimated C and H
values are incorrect to some extent and, therefore, were not documented).


Preparation of the alkylene-bridged 2,2-difluoro-1,3,2-dioxaborines 20 and
21 (general procedure): A solution of an aroyl chloride (1.0 mol) in
benzene (100 mL) was added over a period of 1 h at 45 8C under stirring to
a mixture of a N-(cyloalkenyl)morpholine (1.1 mol), triethylamine (111 g,
1.0 mol), and benzene (400 mL). After stirring overnight the mixture was
neutralized by addition of aqueous hydrochloric acid and was subsequently
refluxed for 15 min. After cooling the organic layer was separated, washed
with water (3� 100 mL), dried with Na2SO4, and evaporated under
reduced pressure after filtration. The oily residue was mixed with a
equivalent of BF3/acetic acid adduct and refluxed for 1 h. After cooling the
solid formed was isolated by filtration and recrystallized. The following
alkylene-bridged 2,2-difluoro-1,3,2-dioxaborines 20 and 21 were prepared.


2,2-Difluoro-4-phenyl-5,6,7-trihydrocyclopenta[1,2-b]-1,3,2-dioxaborine
(20 a): Compound 20 a was prepared from benzoyl chloride (1 mol, 14.1 g)
and N-(1-cyclopentenyl)morpholine (1.1 mol, 168.3 g). Yield: 141.6 g
(60 %); m.p. 165 ± 168 8C (acetic acid); 1H NMR (CDCl3): d� 2.13 (m,
2H; CH2), 2.79 (t, 2H; CH2), 3.03 (t, 2H; CH2), 7.50 (t, 3J� 7.3, 7.6 Hz, 2H;
CH), 7.62 (t, 3J� 7.3 Hz, 1H; CH), 8.00 (d, 3J� 7.6 Hz, 2H; CH);
C12H11BF2O2 (236.0): calcd C 61.06, H, 4.70; found C 61.82, H, 4.58.


2,2-Difluoro-4-(4-chlorophenyl)-5,6,7-trihydrocyclopenta[1,2-b]-1,3,2-di-
oxaborine (20 b): Compound 20b was prepared from 4-chlorobenzoyl
chloride (1 mol, 17.5 g) and N-(1-cyclopentenyl)morpholine (1.1 mol,
168.3 g). Yield: 170.4 g (270.5 %); m.p. 195 ± 197 8C (acetic acid); 1H NMR
(CDCl3): d� 2.15 (m, 2H; CH2), 2.82 (t, 2H; CH2), 3.02 (t, 2 H; CH2), 7.48
(d, 3J� 8.6 Hz, 2H; CH), 7.93 (d, 3J� 8.6 Hz, 2 H; CH); C12H10BF2O2Cl
(270.5): calcd C 53.29, H 3.73, Cl 13.11; found: C 53.89, H 3.80, Cl 13.25.


2,2-Difluoro-4-(4-methoxyphenyl)-5,6,7-trihydrocyclopenta[1,2-b]-1,3,2-
dioxaborine (20 c): Compound 20 c was prepared from 4-methoxybenzoyl
chloride (1 mol, 17.1 g) and N-(1-cyclopentenyl)morpholine (1.1 mol,
168.3 g). Yield: 207.5 g (78 %); m.p. 212 ± 214 8C (acetic acid); 1H NMR
(CDCl3): d� 2.12 (m, 2H; CH2), 2.77 (t, 2H; CH2), 3.02 (t, 2 H; CH2), 3.88
(s, 3 H; OCH3), 6.97 (d, 3J� 9.0 Hz, 2 H; CH), 8.05 (d, 3J� 9.0 Hz, 2H;
CH); C13H13BF2O3 (266.0): calcd C 58.69, H 4.92; found C 59.28, H 4.78.


2,2-Difluoro-4-(4-nitrophenyl)-5,6,7-trihydrocyclopenta[1,2-b]-1,3,2-dioxa-
borine (20 d): Compound 20d was prepared from 4-nitrobenzoyl chloride
(1 mol, 18.5 g) and N-(1-cyclopentenyl)morpholine (1.1 mol, 168.3 g).
Yield: 233.2 g (83 %); m.p. 157 ± 158 8C (acetic acid); 1H NMR (CD3NO2):
d� 2.20 (m, 2 H; CH2), 2.91 (t, 2H; CH2), 3.10 (t, 2 H; CH2), 8.22 (d, 3J�
8.8 Hz, 2H; CH), 8.36 (d, 3J� 8.8 Hz, 2H; CH); C12H10BF2NO4 (281.0):
calcd C 51.28, H 3.56, NO2 4.99; found C 51.17, H 3.42, NO2 4.90.


2,2-Difluoro-4-phenyl-5,6,7,8-tetrahydrocyclohexa-[1,2-b]-1,3,2-dioxabor-
ine (21 a): Compound 21a was prepared from benzoyl chloride (1 mol,
14.1 g) and N-(1-cyclohexenyl)morpholine (1.1 mol, 183.7 g): Yield: 112.5 g
(45 %); m.p. 113 ± 115 8C (ethyl acetate); 1H NMR (CDCl3): d� 1.67 (m,
2H; CH2) 1.82 (m, 2 H; CH2), 2.58 (t, 2 H; CH2), 2.65 (t, 2H; CH2), 7.46 (t,
3J� 7.2, 7.4 Hz, 2 H; CH), 7.56 (t, 3J� 7.2 Hz, 1H; CH), 7.72 (d, 3J� 7.4 Hz,
2H; CH); C13H13BF2O2 (250.0): calcd C 62.44, H 5.24; found C 62.72, H,
5.11.


2,2-Difluoro-4-(4-chloro-phenyl)-5,6,7,8-tetrahydrocyclohexa-[1,2-b]-1,3,2-
dioxaborine (21 b): Compound 21b was prepared from 4-chlorobenzoyl
chloride (1 mol, 17.5 g) and N-(1-cyclohexenyl)morpholine (1.1 mol,
183.7 g). Yield: 122.3 g (43 %); m.p. 165 ± 169 8C (ethyl acetate); 1H NMR
([D6]DMSO): d� 1.61 (m, 2H; CH2) 1.76 (m, 2 H; CH2), 2.51 (t, 2H; CH2),
2.74 (t, 2H; CH2), 7.63 (t, 3J� 8.6 Hz, 2H; CH), 7.81 (d, 3J� 8.6 Hz, 2H;
CH); C13H12BF2O2Cl (284.5): calcd C 54.88, H 4.25, Cl 12.46; found C 55.21,
H 4.11, Cl 12.65.


2,2-Difluoro-4-(4-methoxyphenyl)-5,6,7,8-tetrahydrocyclohexa-[1,2-b]-1,3,2-
dioxaborine (21 c): Compound 21 c was prepared from 4-methoxybenzoyl
chloride (1 mol, 17.1 g) and N-(1-cyclohexenyl)morpholine (1.1 mol,
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183.7 g). Yield: 207.2 g (74 %); m.p. 190 ± 193 8C (acetic acid); 1H NMR
(CDCl3): d� 1.68 (m, 2 H; CH2) 1.82 (m, 2H; CH2), 2.62 (t, 2H; CH2), 2.65
(t, 2H; CH2), 3.87 (s, 3 H; OCH3), 6.95 (t, 3J� 9.0 Hz, 2 H; CH), 7.82 (d,
3J� 9.0 Hz, 2H; CH); C14H15BF2O3 (280.1): calcd C 60.03, H 5.41; found C
60.45, H 5.40.


2,2-Difluoro-4-(4-nitrophenyl)-5,6,7,8-tetrahydrocyclohexa-[1,2-b]-1,3,2-
dioxaborine (21 d): Compound 21 d was prepared from 4-nitrobenzoyl
chloride (1 mol, 18.5 g) and N-(1-cyclohexenyl)morpholine (1.1 mol,
183.7 g). Yield: 128.9 g (44 %); m.p. 136 ± 138 (ethyl acetate); 1H NMR
(CDCl3): d� 1.73 (m, 2 H; CH2) 1.85 (m, 2H; CH2), 2.52 (t, 2H; CH2), 2.73
(t, 2 H; CH2), 7.87 (d, 3J� 8.8 Hz, 2 H; CH), 8.30 (t, 3J� 8.8 Hz, 2 H; CH);
C13H12BF2NO4 (293.1): calcd C 52.92, H 4.10, NO2 4.75; found C 53.13, H
4.45, NO2 4.70.


Preparation of the dimethylene-bridged methine dyes 22 and 23 (general
procedure): A mixture of 20 d (2.93 g, 10 mmol), triethylorthoformate (13a,
2.13 g, 10 mmol) or 3-ethoxyacrolein diethylacetal (13 b, 1.80 g, 10 mmol),
and triethylamine (2.00 g, 20 mmol) in acetic anhydride (5 mL) and
acetonitrile (50 mL) was heated at 60 8C for 30 min. After standing
overnight the product had precipitated and was isolated by filtration. The
preparative data of the compounds 22 and 23 so prepared are depicted in
Table 1.


Preparation of the alkylene-bridged heptamethines 24 and 25 (general
procedure): A mixture of compounds 5 or 20 (20 mmol), a bridged formyl
compound 14 or 15 (10 mmol), and acetic anhydride (5 mL) in acetonitrile
(80 mL) was heated at 60 8C for 10 min. After addition of triethylamine
(40 mmol, 4 g) the resulting mixture was refluxed for 10 min and then
cooled at room temperature. After standing overnight, the crystalline solid
formed was isolated by filtration, washed with cooled acetonitrile, and
recrystallized from acetonitrile. The preparative data of the compounds
prepared by this procedure are depicted in Table 1.


Preparation of the alkylene-bridged heptamethines 26, 27, and 28 (general
procedure): Compounds 5 or 20 (10 mmol) and the bridged iminium
perchlorate 16 (10 mmol for preparing the dyes 26 and 28 and 5 mmol for
preparing the dyes 27) was added to a mixture of acetic anhydride (5 mL)
and acetonitrile (80 mL). After heating the mixture at 60 8C for
10 min, triethylamine (20 mmol, 2 g) was added, and the resulting
mixture was refluxed for further 10 min, cooled at room tempera-
ture, and kept overnight. The crystalline solid formed was isolated by
filtration, washed with cooled acetonitrile, and recrystallized from aceto-
nitrile. The preparative data of the compounds so prepared are depicted in
Table 1.


Preparation of the betainic 2,2-difluoro-1,3,2-dioxaborine dyes 29 (general
procedure): Compounds 5 or 20 (20 mmol) and the iminium diperchlorate
17 (10 mmol, 5 g) was added to a mixture of acetic anhydride (5 mL),
acetonitrile (100 mL), and triethylamine (20 mmol, 2.0 g). After refluxing
for 10 min, this mixture was cooled to room temperature. The solid formed
was isolated by filtration and washed, subsequently, with water, acetic
anhydride, ethyl acetate, and ether. For purification the products were
recrystallized from dimethylformamide (compound 19a and 19c) or


nitromethane. The preparative data of the compounds so prepared are
depicted in Table 1.
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A New Class of Giant Tetrads for Studying Aspects of
Long-Range Intramolecular Electron Transfer Processes:
Synthesis and Computational Studies**


Katrina A. Jolliffe, Steven J. Langford, Anna M. Oliver, Michael J. Shephard, and
Michael N. Paddon-Row*[a]


Abstract: A modular approach for syn-
thesising the giant multichromophoric
systems 19, 20 and 5 ´ 2 PF6 is presented
which involves the sequential Diels ±
Alder reactions of tetraene 7 with the
chromophore-based dienophiles 6, 8 and
23. The p-facial stereoselectivity of the
Diels ± Alder reactions between such
building blocks enables the isolation of
two major stereoisomers, namely syn,-
syn-5 ´ 2 PF6 and anti,syn-5 ´ 2 PF6, which
differ substantially in their shape. This
geometrical difference offers a unique
opportunity for the delineation of two
mechanisms of photoinduced electron


transfer (ET): solvent-mediated ET and
through-bridge-mediated ET. The ster-
eochemical assignments of syn,syn-5 ´
2 PF6 and anti,syn-5 ´ 2 PF6 were secured
on the basis of 1H NMR and photo-
physical studies, namely the observation
of NOE effects and strong upfield
chemical shifts of the bipyridine proton
resonances in syn,syn-19, and the obser-


vation of photoinduced ET in syn,syn-
5 ´ 2 PF6, but not in anti,syn-5 ´ 2 PF6. The
results of gas-phase semi-empirical
(AM1) and ab initio (HF/3-21G) MO
calculations also lend support to the
interpretation of the NMR studies and
to the stereochemical assignments for
the two isolated stereoisomers of 5 ´
2 PF6. Importantly, 19 and 52� are not
as rigid as might be expected and give
rise to the existence of two conformers
for syn,syn-19, and the formation of a
closed form for syn,syn-52� in which the
terminal chromophores are separated by
a distance of only�4 � in the gas phase.


Keywords: computational chemistry
´ cycloadditions ´ electron transfer
´ multichromophores ´ stereochem-
istry


Introduction


Molecular systems constructed from the covalent attachment
of donor and acceptor chromophores to rigid saturated
hydrocarbon bridges continue to provide important and
fundamental insights into the characteristics of long-range
intramolecular electron transfer (ET) processes. Experimen-
tal studies on these systems have revealed that the bridges not
only serve as a scaffolding that fixes the chromophores at
well-defined separations and orientations with respect to each
other, but they also play a crucial role in the mediation of the
ET process by a superexchange, or through-bond (TB)
coupling, mechanism.[1]


Many different hydrocarbon bridges have been employed[2]


in ET studies, including steroid-based systems,[1a, 3] cyclo-
hexane and decalin,[4] oligobicyclo[2.2.2]octanes,[5] tripty-


cenes,[6] polyspirocyclobutanes,[7] and norbornylogous bridge
systems comprising linearly fused norbornane and bicy-
clo[2.2.0]hexane units,[8] such as 1 and 2. Our studies over
the past decade on norbornylogous bichromophoric systems
have provided unprecedented insight into the dependence of
ET dynamics on such factors as interchromophore distance
and orientation, bridge configuration, orbital symmetry and
solvent, particularly in solvent-mediated ET processes.[1b, 8]


The norbornylogous bridge has two important advantages
over most of the other types of hydrocarbon bridges that have
been used for ET studies. Firstly, TB coupling is quite good in
our systems, although not optimal.[9] This coupling enables ET
processes to occur over very large interchromophore separa-
tions (>12 �) on a nanosecond time-scale. The second
advantage is synthetic versatility. A wide range of different
chromophores may be easily attached to the termini of the
norbornylogous bridge, for example naphthalene[10] and
anthracene rings,[11] pyridazines,[12] pyridines,[13] quinones,[14]


tetracyanonaphthoquinones,[15] porphyrins,[14, 16] diones,[17] di-
pyridyls,[18] and even the C60 cage.[19]


Our work on ET has recently been extended to the
synthesis of the trichromophoric systems, such as 3 and
homologues that possess longer bridges (Scheme 1).[20] These
systems exist in two supposedly rigid, non-interconverting
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diastereomeric syn and anti forms. Interestingly, the charge
recombination dynamics for the giant charge-separated states
of these triads, generated by photoinduced ET, are noticeably
different for the syn and anti stereoisomers; charge recombi-
nation in the former system occurs much faster than in the
latter system.[21] This behaviour might be the consequence of
the fact that the syn diastereomer possesses a U-shaped
geometry with the terminal chromophores facing each other.
This orientation of terminal chromophores in the syn
diastereomer might be conducive to a facile solvent-mediated
charge recombination process, that is not available to the anti
diastereomer.


In order to extend our studies on ET dynamics in systems
possessing U-shaped cavities, we[22] and others[23] are currently
designing and synthesising rigid systems that possess U-shap-
ed cavities of various sizes. Tetrads of the type 4 are
illustrative of one class of systems that we wish to study.
Herein, we describe in detail the synthesis of the first member
of this class of tetrads, namely 5 ´ 2 PF6. The chromophores in
these systems are tetraarylporphyrin, dimethoxynaphthalene,
naphthoquinone and methyl viologen (MV2�). This system
can exist in four diastereomeric forms that are distinguished
by the relative disposition of the methano groups of the
norbornane rings fused to the naphthalene and naphthoqui-
none groups (see Figure 1). If the pair of methano groups lie
on the same side of the aromatic ring they are said to be syn
related, and if they are on opposite sides of the aromatic ring,
they are said to be anti related.


The AM 1-optimised shapes
of the four diastereomers of 27,
a less substituted relative of 52�,
are shown in Figure 1. Al-
though these structures are dis-
cussed in detail in the computa-
tional section below, it is appa-
rent from Figure 1 that the
syn,syn stereoisomer possess a
remarkable U-shaped geome-
try in which the terminal por-
phyrin and bipyridyl chromo-
phores are facing each other
and are separated by a relative-
ly short distance. We have man-
aged to synthesise and isolate
two of the four stereoisomers of
52�, namely syn,syn-5 ´ PF6 and


anti,syn-5 ´ PF6. In particular, the geometry of syn,syn-5 ´
2 PF6, the major stereoisomer formed, is discussed in light of
NMR spectral data and molecular orbital calculations. The
tetrad syn,syn-5 ´ 2 PF6 is endowed with several features which
make it suitable for the investigation of ET processes.[22a] Such
features include:
1) The porphyrin donor and methyl viologen acceptor groups


serve as acceptable mimics of redox chromophores that
participate in biological ET processes.


2) The internal naphthalene ring units serve not only to
sculpture the U-shaped cavity, but they also might
participate in superexchange-mediated ET between the
photoexcited porphyrin donor and the MV2� acceptor.


3) The AM 1-optimised structure for syn,syn-5 ´ 2 PF6 reveals
that the porphyrin and MV2� chromophores face each
other and are separated by a distance of �5 �. The near
cofacial alignment of the two chromophores provides an
excellent opportunity to explore the role (if any) of
solvent-mediated ET processes.


Results and Discussion


Synthetic strategy : The most reasonable retrosynthetic strat-
egy for 5 ´ 2 PF6 is depicted in Scheme 2. It involves discon-
nections through the central naphthalene moieties to produce
three subunits, 6, 7 and 8. These subunits may be united by
sequential Diels ± Alder reactions to form the two naphtha-
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Figure 1. AM 1-optimised structures of the four diastereoisomers of 27.
(a): A view of the spatial relationship between the porphyrin (P) and bpy
rings in the syn,syn diastereoisomer showing the positions of the H1, H2
and H3 bpy protons relative to the porphyrin ring.


lene rings in the centre of 5 ´ 2 PF6. The synthesis of the
tetraene 7 have been described previously.[24] The preparation
of the porphyrin-containing bridge unit 6 relies upon well-
developed procedures[14, 16a] (see Scheme 4), and the quinone
8 should be easily prepared from 9 (see Scheme 5)Ðthe
synthesis of which has been recently reported.[18]


There is, of course, a stereochemical ambiguity in the
Diels ± Alder reactions between the tetraene 7, and either of
the benzoquinones 6 and 8, which ultimately gives rise to the
syn,syn and anti,syn stereoisomers of 5 ´ 2 PF6 (see Sche-
me 6).[20b, 25±29] The ambiguity arises because both the benzo
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Scheme 2. Retrosynthetic analysis for the tetrad syn,syn-5 ´ 2 PF6.


quinone and diene fragments contain two diastereotopic p


faces, which are differentiated by the neighbouring methano
bridges (Scheme 6) of the norbornane skeleton.[20b, 22b] The
nature of the p-facial diastereoselectivity of cycloaddition
reactions of the type discussed here has been investigated
both computationally and experimentally.[25±29] In brief, nor-
bornane-fused p-benzoquinones and exocyclic 1,3-dienes
exhibit fairly strong exo- and endo-facial selectivities, respec-
tively.[25, 29] In light of these earlier studies, it would be
reasonable to expect, after aromatisation, a preponderance of
the syn stereoisomer for the cycloaddition between 7 and 6 as
well as between 7 and 8 (Scheme 3).[20b]
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Scheme 3. The two possible stereochemical consequences of a Diels ±
Alder reaction which involves a norbornylogous diene and dienophile
units.


The tetraene 7 is ideal for the synthesis of 5 ´ 2 PF6 by means
of sequential Diels ± Alder reactions, since the rate of the first
Diels ± Alder reaction of 7 has been found to be much faster
than the rate of the second Diels ± Alder reaction.[24a, 30] Thus,
it should be possible to sequentially react 7 with the
dieneophiles 6 and 8 to produce the backbone of 5 ´ 2 PF6 in
good yield (Scheme 2).
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Synthesis : The synthesis of 6 (Scheme 4) was achieved by
using the procedures reported by Antolovich et al:[14] con-
densation of the diamine 10,[14] prepared from 12 in 10 steps,
with the porphyrin-dione 11[31] in CH2Cl2 resulted in the
formation of the porphyrin 13 as a red solid in excellent yield.
Treatment of 13 with BBr3 gave the hydroquinone in 85 %
yield. Oxidation of the hydroquinone (DDQ, CH2Cl2) gave
the porphyrin{bridge}quinone 14 which was readily converted
to 6 with zinc(ii) acetate.
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Scheme 4. Synthesis of the porphyrin-quinone 6. a) Ref. [14], 10 steps;
b) CH2Cl2, dark, 2 h, 75 %; c) BBr3, CH2Cl2, dark, Ar, 85%; d) DDQ,
CH2Cl2, 95%; e) Zn(OAc)2 ´ 2 H2O, MeOH, CH2Cl2, 96 %.


The bipyridyl-quinone derivative 8 was synthesised from
the known dimethoxybenzene derivative 9[18] in two steps
(Scheme 5). Treatment of 9 with BBr3 led to the formation of
the corresponding hydroquinone 15 which was oxidised to
quinone 8 with a mixture of AgO and Ag2O.[32] The addition of
small amounts of the stronger oxidant AgO to the oxidation
reaction resulted in higher yields of the quinone 8.


The final stages of the synthesis (Schemes 6 and 7) involved
sequential Diels ± Alder reactions between the bridge units 6,
7 and 8. The first of these reactions was carried out with the
quinone 6 and the tetraene 7 to yield a stereomeric mixture of
adduct 16 (Scheme 6). This mixture was not separated; it was
directly converted into the mixture of dimethoxynaphthalene
stereoisomers 17 by treatment with K2CO3 and MeI, followed
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Ag2O, MgSO4 ´ 3H2O, CH2Cl2, 85%.
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by oxidation with DDQ. 1H NMR analysis of the crude
mixture of 17 showed it to comprise a 70:30 mixture of two
diastereomeric dimethoxynaphthalene derivatives, presumed
to be syn-17 and anti-17, respectively. The mixture was
separated by preparative thin-layer chromatography; the
major stereoisomer had the higher Rf value. The MALDI
mass spectra of both compounds gave molecular ion peaks at
m/z 1690 [M�2]� and 1689 [M�1]� for the higher and lower Rf


fractions, respectively. These values suggest that the two
fractions are indeed the diastereomers syn-17 and anti-17. The
1H and 13C spectra of the two fractions are very similar,
although several proton signals of the stereoisomer with the
lower Rf exhibit small downfield shifts. Previous investiga-
tions, based on model studies of the Diels ± Alder reaction of
the diene 21 with the quinone 22 (Scheme 1)[20b] strongly
suggest that the major stereoisomer obtained from this series
of reactions should be syn-17. Further support for this


assertion is provided by the facial selectivity observed in the
reaction between 21 and 22 (syn :anti� 72:28) which is
virtually identical to that observed in the reaction between 6
and 7 (syn :anti� 70:30).


The model trichromophore 20, which was required for
photophysical studies, was prepared in 60 % yield by the
treatment of syn-17 with excess quinone 23 in toluene. Excess
23 was used in order to oxidise the cycloadduct directly to the
corresponding naphthoquinone. No attempt was made to
separate the two diastereoisomers in this case, since the
orientation of the methano bridges that flank the naphtho-
quinone group of 20 will have no bearing on its use as a model
trichromophore for electron transfer studies.


Following the successful preparation of 20, a second series
of Diels ± Alder reactions were performed with the diene syn-
17 and the quinone 8 (Scheme 7). This set of reactions
illustrates how a building block approach to the preparation
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Scheme 7. Synthesis of tetrad syn,syn-5 ´ 2PF6. a) 8 (7 equiv), 40 h, reflux, CH3C6H5; b) HCl (2m), CH2Cl2, 60% (2 steps), separate isomers; c) Zn(OAc)2 ´
2H2O, MeOH, CHCl3; d) MeI, MeCN, reflux; e) NH4PF6, H2O, Me2CO, 72 % (3 steps).
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of a range of multichromophor-
ic systems might be accomplish-
ed. A large excess of quinone 8
was employed in this reaction,
leading directly to the forma-
tion of the diastereomeric qui-
nones syn,syn-18 and anti,syn-
18. Again, the excess quinone
was used to oxidise the initially
formed cycloadduct to the
naphthoquinone 18. The hydro-
quinone by-product 15 was
readily separated from the de-
sired products by chromatogra-
phy. Separation of the diastereoisomers of 18 was unsuccess-
ful; however, demetallation (2m HCl) allowed the easy
separation of the diastereomers of the free-base analogue
19. MALDI mass spectra of both fractions obtained from
column chromatography gave molecular ion peaks at m/z
2097 [M�2]� , suggesting that the two fractions were the
diastereomers syn,syn-19 and anti,syn-19. On the basis of
previous studies,[20] the major stereoisomer (which has the
higher Rf value) should be syn,syn-19. Attempts to grow single
crystals of X-ray quality from various solvent mixtures by
vapour diffusion methods have been unsuccessful to date.
Unfortunately, the minor fraction containing the putative
anti,syn-19 diastereomer could not be purified completely by
either preparative thin-layer chromatography or recrystalli-
sation. Observations supporting the proposed assignment of
syn,syn stereochemistry to the major stereoisomer 19 are
discussed below.


Metallation of the free-base porphyrin syn,syn-19 with
Zn(OAc)2 ´ 2 H2O followed by methylation of the ring-fused
bipyridyl unit (MeI/MeCN/heat) and counterion exchange
(NH4PF6, aq. Me2CO) gave the desired tetrad syn,syn-5 ´ 2 PF6


in 72 % yield after recrystallisation from CH2Cl2/CH3OH
(Scheme 7). A MALDI mass spectrum of syn,syn-5 ´ 2 PF6


showed a parent ion at m/z 2188, which corresponds to the
molecular mass of [5 ´ 2 PF6]� . In a similar reaction sequence
(Scheme 7), anti-17 was converted to anti,syn-5 ´ 2 PF6 in
slightly lower yields. As in the previous case, the minor
stereoisomer anti,anti-5 ´ 2 PF6 was obtained in small amounts
and could not be fully purified from small amounts of anti,syn-
5 ´ 2 PF6 for subsequent characterisation.


Stereochemistry : To confirm the stereochemistry of the
putative syn,syn-5 ´ 2 PF6, a number of NMR experiments
were performed on this material and its progenitor, syn,syn-
19. The results of these studies, taken in conjunction with MO
calculations (next Section) confirm the stereochemistry of
these molecules. The 1H NMR spectrum of syn,syn-19 in
CDCl3 was well resolved and indicated the presence of a
single diastereomer (Figure 2). Interestingly, the resonances
of the protons of the bipyridyl (bpy) unit in the model
compound 24[18] (at d� 8.48, 8.42 and 7.58, respectively,
Table 1) were not present in the 1H NMR spectrum of
syn,syn-19. Instead, the 1H NMR spectrum of syn,syn-19
exhibits a pair of AX doublets at d� 3.31 and 6.01 (Table 1),
each with a coupling constant of 5.1 Hz. A combination of 2 D


NMR techniques (COSY, TOCSY and NOESY experiments)
revealed that these signals, together with a singlet at d� 7.67
are caused by the aromatic protons of the bpy unit. In
particular, the NOESY experiments (mixing time of 200 ms)
indicate that a range of NOE interactions exist between the
protons of the bpy group, which give signals at d� 6.01 and
3.31, and the inner peripheral porphyrin protons, several of
the b-pyrrolic protons and several of the protons of the meso
substituents. These observations clearly reveal that the bpy
and porphyrin rings lie in close proximity to each other and
that the large upfield shifts of the bpy proton signals are the
result of the porphyrin ring current. The spatial relationship
between the bpy and porphyrin rings in the syn,syn stereo-
isomer is shown in Figure 1, from which it can be seen that the
protons H2 and H3 of the bpy group lie over the centre of the
porphyrin ring, whereas H1 lies outside the porphyrin
perimeter. Thus, the resonances of both H2 and H3, but not
H1, should experience strong upfield shifts, and this is in
agreement with the experimental results. Similar upfield shifts
have been observed for systems containing both MV2� and
porphyrin units in which the interchromophore distance is
between 3.25 and 3.84 �,[32] although, in these cases the
affected protons are associated with the MV2� group, rather
than with the bpy unit.


While the origin of the proximity between the bpy and
porphyrin rings in syn,syn-19 is best explained in terms of the
syn,syn stereochemistry (Figure 1), it is necessary to eliminate
the possibility that the upfield chemical shifts of the bpy
protons and the NOE data are caused by intermolecular
association. Such an association would be observed for all


Figure 2. 1H NMR spectrum of syn,syn-19 (in CDCl3) showing the relative positions of the dipyridyl protons H1,
H2 and H3 as defined in Table 1.


Table 1. Chemical shifts (d) of selected protons from 24, 19, syn,syn-5 ´
2PF6 and 25.


X


X


H1 H2


H3


Compound H1 (d) H2 (d) H3 (d)


24 (X�N)[a] 8.48 8.42 7.58
syn,syn-19[a] 7.67 6.01 3.31
anti, syn-19[a] 8.25 8.25 7.48
syn,syn-5 ´ 2 PF6


[b] 8.90 8.10 7.60
25 (X��NMe, BF4


ÿ)[c] 8.79 8.58 8.49


[a] CDCl3. [b] CD3COCD3. [c] CD3CN.
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stereoisomers of 19, not just the syn,syn system. However, the
chemical shifts of the bpy protons in the anti,syn stereoisomer
of 19 (Table 1) are similar to those of the model compound 24
(to within 0.2 ppm) and show no evidence of any shielding by
the porphyrin ring current. In addition, 1H NMR and UV/Vis
dilution studies were also carried out on the syn,syn stereo-
isomer of 19, together with 1H NMR titration studies of the
model compounds 24 and 26.[14] Dilution experiments (10ÿ2 to
10ÿ5m, CDCl3) resulted in no observable changes in the
1H NMR spectrum of syn,syn-19, nor did its electronic
spectrum (in CHCl3) show any deviation from the Beer ±
Lambert law. Mixtures of the model systems 24 and 26 in
ratios varying from 1:10 to 10:1 resulted in no observable
upfield shifts of the bpy protons of 24. The results of these
experiments indicate that both the observed upfield chemical
shifts of the bpy protons of syn,syn-19 and the NOE
interactions must be intramolecular in origin. Therefore, the
assigned syn,syn stereochemistry of this isomer is correct,
since only this stereochemistry
is able to bring the bpy and
porphyrin groups close to-
gether.


Interestingly, the 1H NMR
spectrum of syn,syn-5 ´ 2 PF6


([D6]acetone, Table 1) showed
only moderate shielding of the
MV2� protons which occur at
d� 8.90, 8.10, 7.60, compared to
d� 8.79, 8.58, 8.49 for the mod-
el viologen 252� (Table 1).
Therefore, the shielding of the
MV2� protons H2 and H3 in
syn,syn-5 ´ 2 PF6 amounts to 0.5
and 0.9 ppm, respectively. The
fairly small effect of the por-
phyrin ring current on the
MV2� proton resonances in


syn,syn-5 ´ 2 PF6 contrasts with the strong shielding observed
for the bpy protons in syn,syn-19. This puzzling observation
may be the consequence of subtle solvent-induced changes in
the molecular geometry upon changing the solvent from
CDCl3 (used for syn,syn-19) to acetone (used for syn,syn-5 ´
2 PF6). Unfortunately, this proposal could not be verified
because syn,syn-5 ´ 2 PF6 is not soluble in CDCl3 and attempts
to obtain 1H NMR spectra of syn,syn-19 in [D6]acetone gave
only very broad peaks attributable to porphyrin aggregation.
The connection between molecular geometry and chemical
shifts in the syn,syn stereoisomers of 5 ´ 2 PF6 and 19 will be
discussed in detail in the computational section below.


Computational studies : In the absence of X-ray structural
data and in light of the unusual upfield chemical shifts of the
bpy protons observed in syn,syn-19, the structural features of
52� and 19 were investigated with the AM 1[33] and HF/3-
21G[34] theoretical models as incorporated in the
SPARTAN[35a] and GAUSSIAN[35b] programs, respectively.
Both theoretical models are known to reproduce reliable
experimental geometries for multichromophoric systems
based on the polynorbornane bridge.[19c, 22b, 36]


Because of the large sizes of 19 and 52�, calculations were
performed on the less substituted analogues, 27 and 282�,
respectively. The AM 1 geometry optimisations were carried
out with no symmetry constraints (i.e. C1 symmetry). The
structures were also optimised under a Cs symmetry con-
straint; however, this only led to minor geometrical changes
relative to the respective C1 forms of lower energy. For
reasons of limited computing resources, the HF/3-21G
geometry optimisations were performed with a Cs symmetry
constraint. Profiles of the AM 1-optimised structures for the
syn,anti, anti,syn, anti,anti and syn,syn bpy systems 27, and the
syn,syn viologen system 282� are given in Figures 1 and 3,
respectively. Selected energies and structural details are given
in Table 2. Full structural and energetic details of all
optimised systems are available on request.[37]


As to be expected, only one optimised structure was located
for each of the three anti diastereomers of the tetrad 27. Their
structures are unexceptional; the centre-to-centre separation


Figure 3. Profiles of the AM 1-optimised geometries for the syn,syn diastereomers of 27 and 282�.
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Rc between the two terminal chromophores ranges from 24 �
to 35 �. Of greater interest is the discovery of two energeti-
cally stable conformations for the syn,syn diastereomer,
syn,syn-27-1 and syn,syn-27-2. The main distinguishing fea-
ture between the two conformations is the inter-terminal
chromophore separation Rc. For syn,syn-27-1, Rc is 13.8 � and
12.9 � at the AM 1 and HF/3-21G levels, respectively. In
marked contrast, Rc for syn,syn-27-2 is only 6.2 � at the AM 1
level and 4.4 � at the HF/3-21G level.


The syn,syn-27-1 structure comprises an unstrained bridge
and non-interacting terminal porphyrin and bpy chromo-
phores. Thus, the geometries of the naphthalene, naphtho-
quinone and saturated hydrocarbon bridge segments in
syn,syn-27-1 are identical to those of the corresponding units
in the anti isomers.


In contrast, the naphthoquinone and naphthalene groups in
syn,syn-27-2 are slightly bowed. The HF/3-21G out-of-plane
bending angles associated with the naphthoquinone and
naphthalene rings are about 68 and 128, respectively. This
effect may be seen in the superposition of the profiles of
syn,syn-27-1 and syn,syn-27-2 shown in Figure 3. From the
results of HF/3-21G calculations on model naphthalene and
naphthoquinone systems, it is estimated that the bending of
the naphthalene and naphthoquinone units by the amounts
found in syn,syn-27-2 incurs an energy penalty of only
�1.5 kcal molÿ1. This slightly unfavourable situation is appa-
rently compensated by electrostatic stabilisation[38] between
the proximal porphyrin and bpy groups.


It is noteworthy that only a moderate amount of combined
bending of the aromatic rings (totalling 188) in syn,syn-27
results in a massive change in the porphyrin-to-bpy separa-
tion, namely, as much as 7.7 �! Although this is largely caused
by the long arms of the hydrocarbon bridges, it is important to
note that aromatic rings do have fairly soft bending potentials
and that extended systems based on aromatic rings fused to
rigid saturated bridges may not be as rigid as is generally
thought. At the AM 1 level, the open structure, syn,syn-27-1 is
1.1 kcal molÿ1 more stable than the closed structure syn,syn-
27-2, whereas at the HF/3-21G level it is less stable than
syn,syn-27-2 by 0.4 kcal molÿ1.


It is important to ascertain the effect of solvent on the
geometries and relative energies of syn,syn-27-1 and syn,syn-
27-2 since it is expected that the presence of the solvent will
lead to an increase in the value of Rc for the closed structure
syn,syn-27-2, and that the magnitude of this increment should
increase with increasing solvent polarity. Unfortunately,
solvation continuum calculations on syn,syn-27-1 and syn,-


syn-27-2 have so far resulted in convergence failures. Assum-
ing that the geometry of the tetrad syn,syn-19 in chloroform (a
low polarity solvent[39]) resembles the HF/3-21G closed
structure syn,syn-27-2, then the NOE results and the observed
upfield chemical shifts of the bpy protons in syn,syn-19 are
readily explained.


As found for the bpy system syn,syn-27, the viologen tetrad
syn,syn-282� was also predicted to exist in open and closed
conformations at the AM 1 level. The Rc value is 10.0 � for
the open structure syn,syn-[28-1]2� and 5.3 � for the closed
structure syn,syn-[28-2]2�. The closed structure is
11.9 kcal molÿ1 more stable than the open structure. From
the comparison of the results given in Table 2 for the bpy
tetrad syn,syn-27 with those for the viologen tetrad syn,syn-
282�, we note that the replacement of the bpy group by the
viologen unit leads to a significant increase in the stabilisation
of the closed structure over the open structure, and to a
decrease in the Rc value in the closed structure. These effects
are explained in terms of increased electrostatic stabilising
interactions involving the viologen dication compared to its
bpy precursor.


At the HF/3-21G level, only the closed structure syn,syn-
[28-2]2� could be located, in which Rc is found to be only 4.1 �.
As for syn,syn-27-2, the solvent is expected to modify the
geometry of syn,syn-[28-2]2� primarily through an increase of
the Rc value. So far solvent continuum calculations on syn,syn-
[28-2]2� have been unsuccessful. Interestingly, only moderate
upfield shifts of the viologen proton resonances were ob-
served in the 1H NMR spectrum of syn,syn-5 ´ 2 PF6 in
[D6]acetone (vide supra and Table 1). It would appear,
therefore, that acetone is sufficiently polar to cause Rc to
increase beyond 5 �, at which distance the ring current effects
of the porphyrin unit on the viologen proton resonances
would be small. Chloroform is much less polar than acetone[39]


and so the observation of anomalous upfield shifts of the bpy
proton resonances in syn,syn-19 in this solvent is reason-
able.[40]


The close proximity of the porphyrin to the bpy and MV2�


groups in syn,syn-27-2 and syn,syn-[28-2]2�, respectively, is
perhaps surprising. However, the four bulky 3,5-di-tert-
butylphenyl meso substituents on the porphyrin ring in 19
and 52� might sterically hinder close approach of the bpy or
MV2� group to the porphyrin ring in these molecules. This
point was tested by model HF/3-21G calculations on the
complex between a norbornane-viologen molecule and a
tetrakis(3,5-di-tert-butylphenyl)porphyrin molecule, which
possesses the same geometry as that calculated between the


Table 2. AM1 Heats of formation, DHf [kcal molÿ1], HF/3 ± 21G energies [Hartrees], and terminal chromophore centre-to-centre separations Rc [�]
calculated for the stereoisomers of the tetrads 27 and 282�.[a]


Method syn,syn-
27-1


syn,syn-
27-2


anti,syn-
27


syn,anti-
27


anti,anti-
27


syn,syn-
[28-1]2�


syn,syn-
[28-2]2�


anti,syn-
282�


syn,anti-
282�


anti,anti-
282�


AM 1
DHf 587.14 588.21 587.12 587.16 587.14 943.16 931.23 945.55 945.52 945.45


(0.02) (1.09) (0.0) (0.04) (0.02) (11.9) (0.0) (14.3) (14.3) (14.2)
Rc 13.83 6.15 32.19 24.42 34.86 9.98 5.26 32.87 23.68 35.00


energy ÿ 3817.544 ÿ 3817.545 ÿ 3895.914
HF[b] (0.42) (0.0)


Rc 12.86 4.41 4.08


[a] Relative energies (in kcal molÿ1) are in parentheses. [b] HF refers to H/3 ± 21G.
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MV2� and porphyrin groups within syn,syn-[28-2]2�. This
complex is calculated to be �35 kcal molÿ1 more stable than
the isolated components, thereby demonstrating that the aryl
substituents pose no steric impediment to the close approach
of the viologen moiety[41] (the closest distance between the
aryl substituents and the MV2� group in the complex is 3.3 �).


Comments on photophysical studies of 5 ´ 2 PF6 : Recently, we
reported that flash photolysis of the putative syn,syn stereo-
isomer of 5 ´ 2 PF6 in acetonitrile resulted in a rapid and
efficient electron transfer (ET) from the locally excited
porphyrin (P) to the viologen group to yield the giant
charge-separated species .�P-DMN-NQ-MV. .� .[22a] It has
subsequently been determined that photoinduced ET does
not occur in the alleged anti,syn stereoisomer of 5 ´ 2 PF6.[42]


These observations immediately lead to two important
conclusions:
1) The stereochemical assignment of syn,syn-5 ´ 2 PF6 is


correct since it is extremely unlikely that photoinduced
ET should occur in anti,syn-5 ´ 2 PF6 and not in syn,syn-5 ´
2 PF6.


2) Photoinduced ET in syn,syn-5 ´ 2 PF6 occurs directly from
the locally excited porphyrin to the viologen chromophore,
either through space or through intervening solvent
molecule(s), and does not occur through the bridge, by a
through-bond or superexchange mechanism. If photoin-
duced ET in syn,syn-5 ´ 2 PF6 were to occur by a through-
bridge mechanism, then it is difficult to explain why it does
not also occur in anti,syn-5 ´ 2 PF6 which has the same
bridge composition as syn,syn-5 ´ 2 PF6.


The second conclusion immediately implies that the
terminal porphyrin and viologen chromophores in syn,syn-
5 ´ 2 PF6 are proximate to each other, almost certainly less than
10 � apart.[43] Our calculated HF/3-21G gas-phase geometry
for syn,syn-28-22� is consistent with the photophysical data for
syn,syn-5 ´ 2 PF6, although we expect Rc for this system in
polar solvents (such as acetonitrile) to be larger than the gas-
phase value of 4 �.


Conclusions


1) We have demonstrated a modular approach for synthesis-
ing giant multichromophoric systems, such as 19, 20 and
52�, which involves the sequential Diels ± Alder reactions
of a tetraene, such as 7, with a range of chromophore-based
dienophiles, such as 6, 8 and 23. The p-facial stereo-
selectivity of the Diels ± Alder reactions enabled the
isolation of two stereoisomers, syn,syn-5 ´ 2 PF6 and anti,-
syn-5 ´ 2 PF6.


2) The stereoisomers syn,syn-5 ´ 2 PF6 and anti,syn-5 ´ 2 PF6


offer a unique opportunity for delineating two mechanisms
of photoinduced ET: solvent-mediated ET and through-
bridge-mediated ET. The syn,syn stereoisomer, possessing
a U-shaped geometry with proximal terminal chromo-
phores, might be able to support through-solvent-mediated
ET, whereas the anti,syn stereoisomer, possessing an
extended geometry, is unable to do so.


3) The stereochemical assignments of syn,syn-5 ´ 2 PF6 and
anti,syn-5 ´ 2 PF6 were secured on the basis of 1H NMR and
photophysical studies, namely the observation of NOE
effects and strong upfield chemical shifts of the bpy proton
resonances in syn,syn-19, and the observation of photo-
induced ET in syn,syn-5 ´ 2 PF6, which did not occur in
anti,syn-5 ´ 2 PF6.


4) The results of gas-phase semi-empirical (AM1) and ab
initio (HF/3-21G) MO calculations also lend support to the
interpretation of the NMR studies and to the stereo-
chemical assignments given to the two isolated stereo-
isomers of 5 ´ 2 PF6. Importantly, 19 and 5 are not as rigid as
might have been expected; bending of the dimethoxy-
naphthalene and naphthoquinone rings allows the exis-
tence of two conformers of syn,syn-19 and the formation of
a closed form for syn,syn-5 in which the terminal chromo-
phores are separated by only 4 ± 5 � (in the gas phase).


5) We have partly achieved our major objective in this work,
namely we have successfully synthesised the U-shaped
tetrad syn,syn-5 ´ 2 PF6 and we have shown that solvent-
mediated ET appears to take place in this molecule (in
acetonitrile).[22a] We say partly because we would also like
to determine the magnitude of the electronic coupling
term for ET from the rate data for syn,syn-5 ´ 2 PF6 and to
investigate how the strength of the coupling depends on
solvent properties (such as electron affinity and polar-
isability). Unfortunately, an evaluation of the coupling by
means of the ET rate data, in conjunction with semi-
classical ET theory,[44] will be quite difficult because of the
variability of the interchromophore separation in syn,syn-
5 ´ 2 PF6. This variability gives rise to two problems: i) The
interchromophore separation will be associated with one
or more low frequency skeletal breathing modes which
should be incorporated into the semi-classical treatment,
either explicitly, by using a multi-quantised mode model,
or through adjustment of the low-frequency solvent
reorganisation energy term. ii) Both solvent reorganisa-
tion energy and driving force terms are strongly dependent
on the interchromophore separation, and knowledge of
these two quantities is necessary for the evaluation of the
electronic coupling.[23c] In principle, it is possible to over-
come these problems by ab initio MO calculation of how
the interchromophore separation changes with the solvent.
The calculations would need to include both specific
solvent effects and solvent continuum methods. This
approach is currently underway.


6) A significant outcome of our studies, that has general
implications for several areas, is that aromatic rings appear
to have fairly soft bending potentials and that, conse-
quently, extended systems based on aromatic rings fused to
rigid saturated bridges may not be as rigid as is generally
thought.


Experimental Section


General : Chemicals were purchased from Aldrich and used as received.
Solvents were dried and reagents were purified where necessary by the use
of literature methods.[45] Thin-layer chromatography (TLC) was performed
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on aluminium sheets precoated with Merck 5735 Kieselgel 60F. Column
chromatography was carried out with Kieselgel 60 (0.040 ± 0.063 mm mesh,
Merck 9385). Melting points are uncorrected. Low-resolution mass spectra
(MS) were obtained by either electron impact (EI-MS) or matrix-assisted
laser desorption ionization (MALDI) mass spectrometry in conjunction
with a 3,5-dihydrobenzoic acid matrix and were recorded in the negative
ion mode with relatively low laser power. NMR spectra were recorded at
300 MHz (1H) and 75 MHz (13C) with the DEPT pulse sequence.


Quinone 8 : A solution of BBr3 (1.0m, 17 mL) was added dropwise to a
solution of 9[18] (1.4 g, 2.8 mmol) in anhydrous CH2Cl2 (100 mL) at 0 8C
under an argon atmosphere. The solution was then warmed to room
temperature and stirring was continued for a further 18 h. A saturated
solution of sodium bicarbonate (150 mL) was added dropwise to the
solution until the mixture reached pH 8. The mixture was then heated at
reflux for 10 min and the CH2Cl2 was removed under reduced pressure. The
resulting aqueous solution was cooled to 0 8C and the beige precipitate
which formed was collected by filtration and washed well with ice-cold H2O
to yield the hydroquinone 15 (1.1 g), which was used without further
purification. 1H NMR (300 MHz, [D6]DMSO): d� 0.82 (s, 6 H, CH3), 1.35
(m, 2H, CH2), 1.56 (m, 2H, CH2), 1.92 (s, 2H, CH), 2.34 (s, 2H, CH), 2.47 (s,
2H, CH), 3.36 (s, 2H, CH), 3.40 (s, 2 H, CH), 3.81 (br s, 2 H, OH), 6.33 (s,
2H, phenyl-H), 8.43 (d, J� 5.6 Hz, 2 H, phenyl-H), 8.71 (d, J� 5.6 Hz, 2H,
phenyl-H), 8.86 (s, 2H, phenyl-H). To a suspension of the hydroquinone 15
(0.6 g, 1.3 mmol) in CH2Cl2 (20 mL) was added Ag2O (1.5 g, 6.5 mmol),
AgO (0.5 g, 4.0 mmol) and MgSO4 ´ 3 H2O (1.5 g, 8.6 mmol). The resulting
mixture was stirred vigorously for 2 h under an argon atmosphere in the
dark and then filtered through a pad of silica and the silica was then
extracted with ethyl acetate/triethylamine (99:1, 300 mL). The organic
solutions were combined and the solvent was removed under reduced
pressure to yield quinone 8 as a yellow solid which slowly decomposed on
standing at room temperature. Yield: 0.51 g (85 %); 1H NMR (300 MHz,
CDCl3): d� 0.85 (s, 6H, CH3), 1.41 (d, J� 10.8 Hz, 1H, CH2), 1.46 (d, J�
9.8 Hz, 1 H, CH2), 1.50 (d, J� 10.8 Hz, 1H, CH2), 1.60 (d, J� 9.8 Hz, 1H,
CH2), 2.07 (s, 2H, CH), 2.34 (s, 2H, CH), 2.46 (s, 2H, CH), 3.18 (s, 2 H, CH),
3.46 (s, 2H, CH), 6.60 (s, 2 H, quinone-H), 7.62 (d, J� 5.1 Hz, 2 H, phenyl-
H), 8.47 (d, J� 5.1 Hz, 2H, phenyl-H), 8.52 (s, 2 H, phenyl-H); 13C NMR
(75.5 MHz, CDCl3): d� 9.3, 30.0, 41.0, 41.5, 43.8, 48.5, 49.5, 52.7, 108.1,
116.1, 132.5, 136.2, 147.9, 151.4, 152.4, 184.0 (C�O); MS (EI): m/z (%): 472
[M�, (5)], 326 (30), 181 (100).


Porphyrin 13 : To a solution of 10[14] (0.8 g, 1.86 mmol) in CH2Cl2 (80 mL)
was added a solution of 11[31] (2.03 g, 1.86 mmol) in CH2Cl2 (100 mL) and
the resulting solution was stirred in the dark for 2 h. The solvent was
removed under reduced pressure to give a purple solid which was purified
by column chromatography (CH2Cl2/light petroleum, 1:1) to give 13 as a
purple solid. Yield: 2.07 g (75 %); m.p.> 300 8C; 1H NMR (300 MHz,
CDCl3): d�ÿ2.51 (br s, 2H, NH), 1.11 (s, 6H, CH3), 1.48 (s, 18H, tBu-H),
1.51 (s, 18H, tBu-H), 1.54 (s, 36 H, tBu-H), 1.62 (m, 1 H, CH2), 1.84 (m, 2H,
CH2), 1.96 (s, 2H, CH), 2.04 (s, 2 H, CH), 2.06 (m, 1H, CH2), 3.50 (s, 2H,
CH2), 3.56 (s, 2H, CH2), 3.78 (s, 6H, OCH3), 6.55 (s, 2 H, phenyl-H), 7.42 (s,
2H, phenyl-H), 7.80 (t, J� 1.8 Hz, 2 H, phenyl-H), 7.92 (m, 2H, phenyl-H),
7.95 (s, 2H, phenyl-H), 7.99 (s, 2 H, phenyl-H), 8.11 (s, 4H, phenyl-H), 8.79
(s, 2 H, b-pyrrolic-H), 9.01 (ABq, J� 4.6 Hz, 4 H, b-pyrrolic-H); 13C NMR
(75.5 MHz, CDCl3): d� 9.5, 31.7, 31.9, 35.0, 35.0, 40.3, 43.0, 43.6, 43.8, 49.7,
50.5, 56.0, 108.9, 118.0, 120.5, 120.6, 121.0, 122.5, 127.8, 128.1, 128.4, 129.6,
134.0, 136.5, 137.9, 139.6, 140.6, 141.0, 141.2, 146.5, 147.7, 148.7, 150.3, 151.8,
154.6; MALDI MS: m/z : 1486 [M�].


Porphyrin 14 : A solution of BBr3 (1.7 mL, 1.86 mmol, 2m) was added
dropwise to a solution of 13 (1.0 g, 0.67 mmol) in anhydrous CH2Cl2


(150 mL) under an argon atmosphere at ÿ5 8C in the dark. The mixture
was then slowly warmed to room temperature and stirring was continued
for a further 18 h. The solvent was removed under reduced pressure and the
residue was dissolved in the minimum amount of anhydrous CH2Cl2 and
loaded onto a silica column. The column was eluted with CH2Cl2/CH3OH
(99:1) and the bright red fraction was collected. The solvent was removed
under reduced pressure to give the corresponding hydroquinone as a
purple solid. Yield: 0.83 g (85 %); m.p.> 300 8C; 1H NMR (300 MHz,
CDCl3): d�ÿ2.37 (br s, 2H, NH), 1.09 (s, 6H, CH3), 1.61 (s, 18H, tBu-H),
1.64 (s, 18H, tBu-H), 1.66 (s, 36 H, tBu-H), 1.76 (m, 1 H, CH2), 1.88 (m, 2H,
CH2), 2.00 (s, 2 H, CH), 2.07 (s, 2 H, CH), 2.08 (m, 1H, CH2), 3.48 (s, 2H,
CH), 3.50 (s, 2 H, CH), 4.33 (br s, 2H, OH), 6.31 (s, 2 H, phenyl-H), 7.57 (s,
2H, phenyl-H), 7.93 (t, J� 1.5 Hz, 2 H, phenyl-H), 8.05 (t, J� 1.5 Hz, 2H,


phenyl-H), 8.09 (s, 2 H, phenyl-H), 8.14 (s, 2H, phenyl-H), 8.24 (d, J�
2.0 Hz, 4 H, phenyl-H), 8.94 (s, 2H, b-pyrrolic-H), 9.15 (ABq, J� 5.1 Hz,
4H, b-pyrrolic-H); 13C NMR (75.5 MHz, CDCl3): d� 9.4, 31.8, 31.9, 35.0,
35.1, 39.9, 42.9, 43.4, 43.8, 49.6, 50.5, 13.7, 118.1, 120.6, 120.7, 121.1, 122.5,
127.9, 128.2, 128.6, 129.6, 133.9, 135.1, 137.9, 139.7, 140.6, 141.0, 141.2, 142.9,
146.4, 148.8, 150.3, 151.8, 154.7. To a solution of the hydroquinone (0.85 g,
0.58 mmol) in CH2Cl2 (100 cm3) was added DDQ (0.15 g, 0.66 mmol) and
the resulting mixture was stirred in the dark for 1 h. The solvent was
removed under reduced pressure to give a purple solid which was purified
by column chromatography (CH2Cl2/light petroleum, 1:1) to yield the
quinone 14 as a purple solid. Yield: 0.81 g (95 %); m.p.> 300 8C; 1H NMR
(300 MHz, CDCl3): d�ÿ2.52 (br s, 2H, NH), 1.07 (s, 6H, CH3), 1.47 (s,
18H, tBu-H), 1.50 (s, 18 H, tBu-H), 1.53 (s, 36H, tBu-H), 1.72 (m, 1H, CH2),
1.78 (m, 1H, CH2), 1.87 (m, 1 H, CH2), 1.94 (s, 2H, CH), 2.02 (m, 1H, CH2),
2.04 (s, 2 H, CH), 3.48 (s, 2 H, CH), 3.53 (s, 2H, CH), 6.53 (s, 2H, quinone-
H), 7.44 (s, 2 H, phenyl-H), 7.79 (t, J� 1.8 Hz, 2H, phenyl-H), 7.92 (m, 4H,
phenyl-H), 7.98 (s, 2H, phenyl-H), 8.09 (d, J� 2.0 Hz, 4H, phenyl-H), 8.87
(s, 2 H, b-pyrrolic-H), 9.01 (ABq, J� 4.6 Hz, 4 H, b-pyrrolic-H); 13C NMR
(75.5 MHz, CDCl3): d� 9.3, 31.7, 31.9, 35.0, 35.0, 41.1, 41.6, 42.8, 43.0, 43.8,
48.5, 50.6, 118.0, 120.7, 120.7, 121.0, 122.5, 127.8, 128.1, 128.4, 128.5, 129.5,
134.0, 136.1, 137.9, 139.6, 140.6, 140.9, 141.1, 146.3, 148.7, 149.8, 151.5, 151.8,
154.6, 184.1 (C�O); MALDI MS: m/z : 1457 [M�H)�.


Zinc(iiii) porphyrin 6 : To a solution of 14 (0.64 g, 0.44 mmol) in CH2Cl2


(65 mL) was added a solution of Zn(OAc)2 ´ 2H2O (0.29 g, 1.32 mmol) in
CH3OH (20 mL) and the resulting solution was stirred in the dark for 1 h.
The solvent was removed under reduced pressure to give a purple solid
which was purified by column chromatography (CH2Cl2/light petroleum,
1:1) to give 6 as a deep purple solid. Yield: 0.64 g (96 %); m.p.> 300 8C;
1H NMR (300 MHz, CDCl3): d� 1.08 (s, 6H, CH3), 1.48 (s, 18H, tBu-H),
1.49 (s, 18H, tBu-H), 1.52 (s, 36 H, tBu-H), 1.74 (m, 2H, CH2), 1.90 (d, J�
8.7 Hz, 1 H, CH2), 1.94 (s, 2H, CH), 2.05 (s, 2H, CH), 2.06 (m, 1 H, CH2),
3.48 (s, 2 H, CH), 3.56 (s, 2 H, CH), 6.52 (s, 2H, quinone-H), 7.50 (s, 2H,
phenyl-H), 7.79 (t, J� 1.8 Hz, 2H, phenyl-H), 7.79 (s, 4H, phenyl-H), 7.96 (s,
2H, phenyl-H), 8.09 (d, J� 1.6 Hz, 4H, phenyl-H), 8.90 (s, 2 H, b-pyrrolic-
H), 9.01 (ABq, J� 4.62 Hz, 4H, b-pyrrolic-H); 13C NMR (75.5 MHz,
CDCl3): d� 9.4, 31.7, 31.9, 34.9, 35.0, 41.1, 41.6, 42.8, 43.1, 43.8, 48.5, 50.7,
118.8, 120.4, 120.6, 120.8, 124.5, 128.2, 128.2, 129.3, 131.5, 131.5, 132.2, 136.1,
140.9, 141.5, 141.7, 142.2, 148.6, 148.6, 149.0, 149.6, 149.8, 150.0, 151.5, 152.5,
184.1 (C�O); MALDI MS: m/z : 1520 [M�].


syn-17 and anti-17: A mixture of 7 (0.20 g, 1.4 mmol) and 6 (0.48 g,
0.3 mmol) was placed in a Schlenk tube and the tube was then flushed with
argon and evacuated. This procedure was repeated three times. Deoxy-
genated toluene (1 mL) was added and the mixture was deoxygenated
further by freeze-thaw techniques. The deoxygenated solution was warmed
to 80 8C for 24 h under an argon atmosphere in the dark, then cooled to
room temperature. The solvent was removed under reduced pressure to
give 16 as a purple solid which was used without further purification. Yield:
0.51 g; m.p.> 300 8C; 1H NMR (300 MHz, CDCl3): d� 1.19 (s, 6 H, CH3),
1.51 (s, 18H, tBu-H), 1.54 (s, 18H, tBu-H), 1.56 (s, 36H, tBu-H), 1.65 ± 2.35
(m, 12 H), 2.65 (m, 2H, CH2), 2.94 (m, 2 H, CH2), 3.09 (s, 2H, CH), 3.43
(2H, s, CH), 3.59 (s, 2H, CH), 3.74 (s, 2 H, CH), 4.89 (s, 2H, CH), 5.10 (s,
2H, CH), 7.54 (s, 2H, phenyl-H), 7.82 (t, J� 1.5 Hz, 2 H, phenyl-H), 7.96 (d,
J� 1.5 Hz, 4 H, phenyl-H), 8.02 (t, J� 1.5 Hz, 2 H, phenyl-H), 8.13 (d, J�
1.5 Hz, 4 H, phenyl-H), 8.93 (s, 2H, b-pyrrolic-H), 9.05 (ABq, J� 4.6 Hz,
4H, b-pyrrolic-H). To a solution of 16 (0.51 g, 0.31 mmol) in anhydrous
acetone (6.0 mL) was added anhydrous potassium carbonate (0.33 g,
2.4 mmol) and the resulting mixture was deoxygenated by freeze ± thaw
techniques. The deoxygenated mixture was heated at reflux for 30 min
under an argon atmosphere in the dark and then cooled to room
temperature. Deoxygenated MeI (0.5 g, 8.0 mmol) was added and the
mixture was then heated at reflux for 18 h. After cooling to room
temperature, the mixture was poured onto ice (40 g) and the resulting
mixture was extracted with CH2Cl2 (3� 40 mL). The combined organic
extracts were washed with an aqueous saturated solution of ammonium
chloride (3� 30 mL) and dried (MgSO4). The solvent was removed under
reduced pressure to yield a purple solid (0.45 g) which was used without
further purification. M.p.> 300 8C; 1H NMR (300 MHz, CDCl3): d 1.13 (s,
6H, CH3), 1.47 (s, 18H, tBu-H), 1.52 (s, 18 H, tBu-H), 1.55 (s, 36H, tBu-H),
1.87 (m, 2 H, CH2), 2.00 ± 2.13 (m, 4H), 2.15 (s, 4H, CH), 3.17 (br s, 2H,
CH), 3.39 (t, J� 1.5 Hz, 4 H, CH), 3.53 (s, 2 H, CH), 3.56 (s, 2H, CH), 3.81
(s, 6H, OCH3), 4.86 (s, 2H, CH), 4.97 (s, 2H, CH), 7.48 (s, 2 H, phenyl-H),
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7.78 (t, J� 2.0 Hz, 2 H, phenyl-H), 7.90 (m, 4 H, phenyl-H), 7.97 (t, J�
2.0 Hz, 2 H, phenyl-H), 8.08 (s, 2H, b-pyrrolic-H), 8.09 (s, 2H, b-pyrrolic-
H). To a solution of this purple solid (400 mg, 0.24 mmol) in CH2Cl2


(10 mL) was added DDQ (65 mg, 0.29 mmol) and the resulting solution
was stirred for 20 min at room temperature in the dark. The mixture was
passed through a silica pad which was then eluted with CH2Cl2 (20 mL).
The organic solutions were combined and the solvent was removed under
reduced pressure to yield a purple solid. The products were separated by
preparative thin-layer chromatography (silica, light petroleum/CH2Cl2,
70:30) (5 developments) to yield syn-17 and anti-17.


syn-17: Yield: 0.23 g (58 %); m.p.> 300 8C; 1H NMR (300 MHz, CDCl3):
d� 1.15 (s, 6 H, CH3), 1.45 (s, 18H, tBu-H), 1.50 (s, 18 H, tBu-H), 1.52 (s,
18H, tBu-H), 1.53 (s, 18 H, tBu-H), 1.72 (m, 1 H, CH2), 1.87 (m, 1 H, CH2),
1.96 (m, 2H, CH2), 2.02 (s, 2 H, CH), 2.03 (s, 2H, CH), 2.09 (m, 2H, CH2),
3.54 (s, 2H, CH), 3.64 (s, 2H, CH), 3.90 (s, 6H, OCH3), 3.91 (s, 2 H, CH),
5.00 (s, 2H, CH), 5.08 (s, 2 H, CH), 7.49 (s, 2 H, phenyl-H), 7.77 (s, 2H,
phenyl-H), 7.79 (t, J� 1.5 Hz, 2H, phenyl-H), 7.90 (s, 2H, phenyl-H), 7.91 (s,
2H, Ar-H), 7.97 (t, J� 1.5 Hz, 2 H, phenyl-H), 8.09 (br s, 4 H, phenyl-H),
8.90 (s, 2 H, b-pyrrolic-H), 8.99 (ABq, J� 5.0 Hz, 4H, b-pyrrolic-H);
13C NMR (75.5 MHz, CDCl3): d� 9.6, 31.7, 31.8, 31.9, 34.9, 35.0, 40.6, 42.9,
43.5, 43.8, 50.6, 52.3, 61.9, 102.2, 113.2, 118.7, 120.3, 120.5, 120.8, 124.4,
126.9, 128.2, 128.4, 129.4, 131.4, 132.2, 134.5, 141.0, 141.6, 141.8, 142.2, 144.0,
144.6, 148.5, 148.6, 148.9, 149.6, 149.7, 150.3, 152.5; MALDI MS: m/z : 1690
[M�2H]� .


anti-17: Yield: 0.10 g (25 %); m.p.> 300 8C; 1H NMR (300 MHz, CDCl3): d


1.16 (s, 6 H, CH3), 1.45 (s, 18H, tBu-H), 1.50 (s, 8 H, tBu-H), 1.52 (s, 36H,
tBu-H), 1.73 (m, 1H, CH2), 1.83 (m, 1 H, CH2), 1.99 (m, 2H, CH2), 2.05 (s,
2H, CH), 2.09 (m, 2 H, CH2), 2.13 (s, 2H, CH), 3.55 (s, 2 H, CH), 3.70 (s, 2H,
CH), 3.92 (s, 2H, CH), 3.96 (s, 6H, OCH3), 5.07 (s, 2H, CH), 5.18 (s, 2H,
CH), 7.49 (s, 2H, phenyl-H), 7.78 (t, J� 1.5 Hz, 2 H, phenyl-H), 7.83 (s, 2H,
Ar-H), 7.90 (br s, 4 H, phenyl-H), 7.97 (t, J� 1.5 Hz, 2H, phenyl-H), 8.08 (s,
2H, phenyl-H), 8.09 (s, 2H, phenyl-H), 8.89 (s, 2H, b-pyrrolic-H), 8.99
(ABq, J� 5.0 Hz, 4 H, b-pyrrolic-H); 13C NMR (75.5 MHz, CDCl3): d 9.6,
31.7, 31.9, 34.9, 35.0, 40.6, 43.0, 43.6, 43.8, 50.7, 52.4, 62.0, 102.3, 113.3, 118.7,
120.3, 120.5, 120.8, 124.4, 127.0, 128.3, 129.3, 131.4, 132.2, 134.7, 141.0, 141.6,
141.7, 142.2, 144.0, 144.6, 148.5, 148.9, 149.7, 150.3, 152.5; MALDI MS: m/z :
1689 [M�H]� .


syn,syn-19 : A solution of syn-17 (0.19 g, 0.11 mmol) and 8 (0.37 g,
0.77 mmol) in toluene (1 mL) was deoxygenated by freeze ± thaw techni-
ques, then heated at reflux under an argon atmosphere in the dark for 40 h.
The resulting mixture was cooled to room temperature and the solvent was
removed under reduced pressure to give a green solid which was
redissolved in CH2Cl2 (50 mL). This green solution was washed with
hydrochloric acid (2m, 3� 20 mL) then shaken with a saturated aqueous
solution of sodium bicarbonate for 5 min. The resulting red solution was
dried (MgSO4) and the solvent was removed under reduced pressure to
give a purple solid which was purified by column chromatography (CH2Cl2/
CH3OH, 97:3). Recrystallisation of this solid from CH2Cl2/CH3OH gave
syn,syn-19 as a purple solid. Yield: 0.34 g (60 %); m.p.> 300 8C; 1H NMR
(600 MHz, CDCl3): d�ÿ2.64 (br s, 2H, NH), 0.45 (m, 1H, CH2), 0.52 (s,
6H, CH3), 0.92 (m, 1H, CH2), 1.11 (s, 6H, CH3), 1.34 (m, 1H, CH2), 1.41 (s,
18H, tBu-H), 1.46 (s, 18 H, tBu-H), 1.54 (s, 36 H, tBu-H), 1.60 (s, 2H, CH),
1.63 (m, 1H, CH2), 1.70 (s, 2H, CH), 1.75 (m, 1H, CH2), 1.79 (m, 1H, CH2),
1.83 (s, 2 H, CH), 1.90 (s, 4 H, CH), 1.97 (m, 1 H, CH2), 2.03 (m, 1H, CH2),
2.28 (s, 2H, CH), 2.66 (ABq, J� 10.8 Hz, 2 H, CH2), 3.30 (d, J� 5.1 Hz, 2H,
phenyl-H), 3.34 (s, 2H, CH), 3.46 (s, 2H, CH), 3.67 (s, 2 H, CH), 3.94 (s, 6H,
OCH3), 4.56 (s, 2H, CH), 6.01 (d, J� 5.1 Hz, 2H, phenyl-H), 7.32 (s, 2H,
phenyl-H), 7.36 (t, J� 1.5 Hz, 2H, phenyl-H), 7.67 (s, 2H, phenyl-H), 7.82 (t,
J� 1.5 Hz, 2H, phenyl-H), 7.83 (t, J� 1.8 Hz, 2H, phenyl-H), 7.86 (m, 2H,
phenyl-H), 7.89 (s, 2 H, Ar-H), 7.91 (s, 2H, Ar-H), 8.12 (t, J� 1.8 Hz, 2H,
phenyl-H), 8.18 (t, J� 1.8 Hz, 2H, phenyl-H), 8.86 (s, 2H, b-pyrrolic-H),
9.03 (ABq, J� 4.8 Hz, 4H, b-pyrrolic-H); 13C NMR (75.5 MHz, CDCl3) d


8.8, 9.5, 31.8, 31.9, 34.9, 35.1, 40.0, 40.7, 40.8, 41.0, 42.8, 43.0, 43.5, 43.8, 48.4,
48.6, 50.5, 50.6, 51.0, 52.6, 62.0, 63.2, 113.4, 115.0, 118.1, 119.2, 120.6, 121.2,
122.4, 126.4, 126.8, 128.0, 128.1, 128.6, 129.4, 129.5, 130.5, 131.7, 133.8, 134.1,
135.4, 137.6, 139.6, 140.3, 140.6, 141.2 144.7, 144.8, 145.7, 146.0, 148.4, 148.6,
148.8, 150.0, 150.7, 151.6, 152.6, 154.7, 155.8, 181.8 (C�O); MS (MALDI):
m/z : 2097 [M�2]� . Column chromatography of the mixture of products
obtained gave a lower Rf fraction, presumed to be syn,anti-19 (0.05 g, 21%)
which could not be purified: MS (MALDI): m/z : 2097 [M�2]� .


syn,syn-5 ´ 2 PF6 : To a solution of syn,syn-19 (63 mg, 0.03 mmol) in chloro-
form (2 mL) was added a solution of zinc(ii) acetate dihydrate (11 mg,
0.05 mmol) in CH3OH (2 mL). The resulting solution was stirred at 25 8C
for 2 h, then passed through a silica pad. The filtrate was collected and the
solvent was removed under reduced pressure to give syn,syn-18 as a purple
solid which was dissolved in CH2Cl2 (1 mL). Acetonitrile (1 mL) and
methyl iodide (1.0 mL, 16 mmol) were added and the mixture was heated at
reflux for 18 h. The solvent was removed under reduced pressure to give a
dark purple solid which was redissolved in acetone (20 mL). An aqueous
solution of ammonium hexafluorophosphate (0.5 g in 3 mL) was added to
this solution and the acetone was removed under reduced pressure. The
resulting green precipitate was filtered and dried over phosphorus
pentoxide. Recrystallisation of this solid from CH2Cl2/CH3OH gave
syn,syn-5 ´ 2 PF6 as dark purple needles. Yield: 45 mg (72 %); m.p.>
300 8C; 1H NMR (500 MHz, [D6]Me2CO): d� 0.68 (s, 6H, CH3), 0.92 (m,
1H, CH2), 1.09 (m, 1H, CH2), 1.17 (s, 6 H, CH3), 1.40 (s, 18 H, tBu-H), 1.48
(s, 18H, tBu-H), 1.54 (s, 36 H, tBu-H), 1.70 (m, 2H, CH2), 1.92 (m, 3 H, CH2,
CH), 2.19 (m, 3 H, CH2, CH), 2.30 (s, 2 H, CH), 2.58 (ABq, J� 10.8 Hz, 2H,
CH2), 3.09 (s, 2H, CH), 3.32 (s, 2H, CH), 3.60 (s, 2H, CH), 3.75 (s, 2 H, CH),
3.92 (s, 6 H, OCH3), 4.15 (s, 6H, NCH3), 4.69 (s, 2 H, CH), 7.55 (m, 4H,
phenyl-H), 7.73 (m, 2 H, phenyl-H), 7.89 (s, 2 H, ArH), 7.90 (m, 2H, phenyl-
H), 7.93 (m, 2 H, phenyl-H), 7.96 (s, 2 H, Ar-H), 7.97 (m, 2H, phenyl-H), 8.07
(m, 6H), 8.86 (ABq, J� 4.6 Hz, 4 H, b-pyrrolic-H), 8.90 (br s, 2H, phenyl-
H); 13C NMR (75.5 MHz, [D6]Me2CO): d� 8.4, 8.8, 31.1, 31.3, 34.6, 34.7,
34.8, 40.7, 40.8, 40.9, 41.0, 42.8, 43.0, 43.6, 43.8, 47.9, 48.3, 49.6, 50.8, 50.9,
52.4, 61.1, 114.8, 118.0, 118.6, 120.3, 120.5, 121.1, 122.0, 123.7, 126.3, 127.7,
128.4, 128.9, 129.3, 131.1, 131.2, 131.5, 131.7, 135.0, 138.7, 139.6, 140.5, 141.5,
142.1, 142.3, 142.5, 144.6, 145.2, 147.9, 148.4, 148.6, 148.7, 148.8, 149.7, 149.8,
150.9, 152.1, 152.9, 156.3, 181.1 (C�O); MS (MALDI): m/z : 2188 [Mÿ
2PF6]� .


syn,syn-20 and anti,syn-20 : A solution of syn-17 (50.1 mg, 0.03 mmol) and
23 (26.0 mg, 0.12 mmol) in toluene (1 mL) was deoxygenated by freeze-
thaw techniques. The mixture was heated at reflux under an argon
atmosphere in the dark for 40 h. The resulting mixture was cooled to room
temperature and the solvent was removed under reduced pressure to give a
green solid which was purified by column chromatography (CH2Cl2) to give
the inseparable mixture of stereoisomers syn,syn-20 and anti,syn-20 as a
purple solid. Yield: 33 mg (60 %); m.p.> 300 8C; 1H NMR (300 MHz,
CDCl3): d� 0.92 (m, 2 H, CH2), 1.12 (s, 6H, CH3), 1.31 (m, 2H, CH2), 1.42
(s, 18H, tBu-H), 1.46 (s, 18H, tBu-H), 1.53 (s, 36 H, tBu-H), 1.67 (2 H, m,
CH2), 1.80 (m, 3 H, CH2, CH), 1.95 (s, 4H, CH), 1.96 (s, 2H, CH), 2.06 (m,
1H, CH2), 2.57 (s, 2H, CH), 3.11 (s, 2H, CH), 3.51 (s, 2H, CH), 3.61 (s, 2H,
CH), 3.86 (s, 6H, OCH3), 4.47 (2H, s, CH), 7.46 (s, 2H, phenyl-H), 7.78 (t,
J� 1.5 Hz, 2 H, phenyl-H), 7.81, (s, 2 H, phenyl-H), 7.82 (s, 2H, Ar-H), 7.87
(t, J� 1.5 Hz, 2H, phenyl-H), 7.88 (t, J� 1.5 Hz, 2 H, phenyl-H), 7.95 (t, J�
1.5 Hz, 2H, phenyl-H), 8.08 (m, 4H, phenyl-H), 8.88 (s, 2H, b-pyrrolic-H),
8.97 (ABq, J� 4.5 Hz, 4H, b-pyrrolic-H); 13C NMR (75.5 MHz, CDCl3):
d� 9.6, 23.9, 31.8, 31.9, 32.0, 34.9, 35.0, 35.1, 39.3, 40.6, 40.7, 40.8, 42.9, 43.5,
43.9, 45.3, 46.6, 50.7, 51.0, 61.9, 64.0, 114.9, 118.8, 119.0, 120.4, 120.5, 120.9,
124.5, 126.2, 128.3, 128.4, 129.4, 129.5, 131.3, 131.4, 131.5, 132.2, 135.3, 141.0,
141.6, 141.8, 142.2, 144.6, 144.7, 148.6, 148.7, 149.0, 149.6, 149.8, 150.3, 152.6,
155.7, 158.7, 181.9 (C�O); MS (MALDI-TOF): m/z : 1928 [M�H]� .


anti,syn-19 : This compound was prepared from anti-17 (90.4 mg,
0.05 mmol) and 8 (200 mg, 0.41 mmol) in an identical manner to that
described for syn,syn-19. Yield: 58 mg (52 %); m.p.> 300 8C; 1H NMR
(500 MHz, CDCl3): d�ÿ2.51 (s, 2 H, NH), 0.70 (m, 1 H, CH2), 0.79 (s, 6H,
CH3), 1.13 (m, 8H, CH2, CH3), 1.33 (m, 1H, CH2), 1.46 (s, 18H, tBu-H), 1.50
(s, 18H, tBu-H), 1.52 (s, 36 H, tBu-H), 1.85 (m, 1H, CH2), 1.79 (s, 2 H, CH),
2.05 (s, 2 H, CH), 2.11 (s, 2H, CH), 2.17 (m, 1H, CH2), 2.32 (s, 2 H, CH), 2.60
(ABq, J� 8.1 Hz, 2 H, CH2), 3.49 (s, 2H, CH), 3.52 (s, 2H, CH), 3.67 (s, 2H,
CH), 3.94 (s, 6 H, OCH3), 3.98 (s, 2 H, CH), 4.53 (s, 2H, CH), 7.43 (s, 2H,
phenyl-H), 7.48 (br m, 2 H, phenyl-H), 7.79 (t, J� 1.5 Hz, 2 H, phenyl-H),
7.92 (m, 6 H, phenyl-H), 7.96 (s, 2H, Ar-H), 7.98 (t, J� 1.5 Hz, 2H, phenyl-
H), 8.09 (d, J� 1.5 Hz, 2 H, phenyl-H), 8.25 (br m, 4 H, phenyl-H), 8.77 (s,
2H, b-pyrrolic-H), 9.00 (ABq, J� 4.6 Hz, 4 H, b-pyrrolic-H); 13C NMR
(75.5 MHz, CDCl3) d� 9.28, 9.63, 29.7, 29.9, 31.7, 31.8, 31.9, 35.0, 35.1, 40.7,
41.3, 41.6, 41.7, 43.6, 43.9, 43.9, 48.5, 49.4, 50.6, 50.7, 51.1, 52.7, 61.9, 62.0,
114.9, 116.0, 118.1, 119.3, 120.6, 120.7, 121.0, 122.5, 126.3, 127.9, 128.1, 128.5,
128.6, 129.6, 131.6, 132.5, 134.0, 135.5, 136.2, 137.9, 139.7, 140.6, 141.0, 141.2,
144.7, 146.4, 148.7, 148.8, 150.1, 150.2, 151.8, 151.9, 153.4, 153.5, 154.7, 155.9,
181.9 (C�O); MS (MALDI-TOF): m/z : 1928 [M�H]� . Column chroma-
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tography of the mixture of products obtained gave a lower Rf fraction,
presumed to be anti,anti-19 (20 mg) which could not be purified.


Anti,syn-5 ´ 2 PF6 : This compound was prepared from anti,syn-19 (42 mg,
0.02 mmol) in an identical manner to that described for syn,syn-5 ´ 2PF6.
Yield: 28 mg (61 %); m.p.> 300 8C; 1H NMR (300 MHz, [D6]Me2CO): d�
0.85 (m, 7H, CH2, CH3), 1.18 (m, 7H, CH2, CH3), 1.49 (s, 18H, tBu-H), 1.51
(s, 18 H, tBu-H), 1.54 (s, 36H, tBu-H), 1.91 (m, 3H, CH2, CH3), 2.04 (s, 2H,
CH), 2.12 (s, 2 H, CH), 2.30 (m, 1H, CH2), 2.43 (m, 1 H, CH2), 3.59 (m, 4H,
CH), 3.65 (s, 2H, CH), 3.74 (s, 2H, CH), 3.86 (s, 6H, OCH3), 3.91 (s, 2H,
CH), 4.56 (s, 2H, CH), 4.57 (s, 6 H, OCH3), 7.60 (s, 2H, phenyl-H), 7.81 (m,
2H, phenyl-H), 7.86 ± 7.99 (m, 12 H, phenyl-H), 8.08 (d, J� 1.5 Hz, 4H,
phenyl-H), 8.76 (s, 2H, b-pyrrolic-H), 8.85 (br s, 4 H, b-pyrrolic-H), 8.99
(br m, 2 H, phenyl-H), 9.26 (br m, 2 H, phenyl-H); 13C NMR (75.5 MHz,
[D6]Me2CO): d� 8.4, 8.7, 30.9, 31.0, 31.3, 31.6, 34.5, 34.6, 40.5, 40.7, 41.4,
43.2, 43.3, 43.6, 43.7, 48.3, 49.7, 50.6, 50.8, 52.5, 54.4, 60.9, 117.9, 118.5, 120.2,
120.7, 123.0, 123.5, 126.1, 128.0, 128.1, 128.2, 128.3, 129.0, 129.1, 130.8, 131.3,
131.5, 139.2, 140.5, 140.7, 141.2, 142.1, 142.2, 142.3, 143.5, 144.4, 144.9, 148.3,
148.4, 148.8, 149.5, 149.8, 150.4, 152.1, 152.7, 155.9, 180.8; MS (MALDI):
m/z : 2188 [Mÿ 2PF6]� .
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Ligand Exchange between Arylcopper Compounds and Bis(hypersilyl)tin or
Bis(hypersilyl)lead: Synthesis and Characterization of Hypersilylcopper and a
Stannanediyl Complex with a CuÿSn Bond
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Abstract: Bis(hypersilyl)tin (1) and
bis(hypersilyl)lead (2) [hypersilyl�
Hyp� tris(trimethylsilyl)silyl] undergo
ligand exchange reactions with other
carbene homologues to yield heterolep-
tic distannenes or diplumbenes. Here we
report the extension of this reaction
principle to coordinatively unsaturated
arylcopper(i) compounds. The primary
reaction products are probably adducts
with the carbene homologues as Lewis
base and the arylcopper compounds as
Lewis acids. This is followed by re-
arrangement to the adducts HypCu ± E-
(Hyp)Ar* (E� Sn (6) and Pb (7); Ar*�
C6H3Mes2-2,6) of hypersilylcopper (9)


and the heteroleptic stannanediyl or
plumbanediyl. The complex may be the
final product or may dissociate into its
component parts, free hypersilylcopper
(9) and the appropriate heteroleptic
carbene homologue. The colorless hy-
persilylcopper forms a trimer (9)3 in the
solid state with short Cu ´´ ´ Cu contacts
(238.4 ± 241.5 pm). All observed CuÿSi
bonds are relatively long. However,
shorter distances (234.9 ± 237.4 pm) al-


ternate with longer ones (246.5 ±
249.2 pm), such that quasi-monomeric
hypersilylcopper units can be identified.
The dark green complex 6 exhibits a
shorter CuÿSi bond (227.3 pm). The
SnÿCu bond length was determined to
be 249.9 pm. The turquoise plumbane-
diyl Pb(Hyp)Ar* (8) is the first strictly
monomeric mixed aryl silyl derivative,
even in the solid state. The steric repul-
sions are obviously less than in the
parent homoleptic compounds because
the PbÿC bond in 8 is shorter (229.0 pm)
and the C-Pb-Si angle (109.28) is mark-
edly smaller.


Keywords: copper ´ lead ´ low-val-
ent compounds ´ rearrangements ´
tin


Introduction


Triorganylsilylcopper compounds are important reagents in
organic synthesis. They are usually prepared in situ and can be
used, for example, for the functionalization of alkenes under
mild conditions.[1] We are currently investigating the synthesis,
molecular structure, and reactivity of compounds with CuÿSi
bonds. Generally, information on the structure of silylcopper
compounds is very limited.[2, 3] This is surprising since such
species could have some significance in the important
Müller ± Rochow industrial process.


The reaction of alkali metal silanides with copper halides
often does not yield the desired metathesis products cleanly.
Apparently, the great reduction potential of the silanide
anions gives rise to different side reactions.[3] In 1988 however,
Cowley et al. reported the preparation of the first neutral
silylcopper compound from lithium triphenylsilanide and


copper chloride in the presence of trimethylphosphane. The
complex Ph3SiCu(PMe3)3 was isolated in 60 % yield and
characterized by X-ray crystallography.[2] Some years later,
the reaction of the tris(tetrahydrofuran) solvate of hyper-
silyllithium with copper halides was examined by Stalke and
co-workers.[3] They obtained the metastable, light-sensitive,
and thermally labile halogenohypersilylcuprates [Li(thf)4]-
[Cu5Cl4Hyp2][3a] and [Cu2Hyp2BrLi(thf)3][3b] in low yields. The
identity of these highly reactive compounds was confirmed
unambiguously by X-ray crystallography. However, not all the
main products of the observed redox reactions were identi-
fied. It is not yet known if the isolated cuprates are
intermediates of these redox processes or lie on secondary
reaction paths.


Results and Discussion


Herein, we report a novel method for the synthesis of
silylcopper compounds which is related to the recently
published ligand exchange reactions of stannanediyls and
plumbanediyls.[4] It was shown that bis(hypersilyl)tin (1) and
bis(hypersilyl)lead (2) react quantitatively with homoleptic
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diaryl derivatives Ar2E (Ar� aryl; E� Sn, Pb) to yield the
heteroleptic compounds Ar(Hyp)E [Eq. (1)].[5]


The carbene-homologous diaryl compounds Ar2E are
replaced by the recently described arylcopper compound
CuAr* (3)[6] (Ar*�C6H3Mes2-2,6, Mes�C6H2Me3-2,4,6)
which is allowed to react with 1 or 2 in benzene solution.
The solutions change color immediately from brown to green
or blue to blue-green, respectively. Crystallization from n-
pentane affords the dark green complex 6 in 65 % yield or the
turquoise compound 8 in 73 % yield. According to spectro-
scopic results and a single-crystal X-ray study, compound 6
can be described as the donor ± acceptor complex Ar-
(Hyp)Sn ± CuHyp of heteroleptic aryl(hypersilyl)stannanedi-
yl and hypersilylcopper 9. In contrast, an X-ray structure
revealed 8 to be the heteroleptic aryl(hypersilyl)plumbane-
diyl. Thus, ligand exchange reactions as described in Equa-
tions (2) and (3) must have been taken place.


The first step of the exchange is probably the formation of
the primary adducts 4 and 5, in which the bis(hypersilyl) metal
compounds 1 and 2 are bonded to the arylcopper compound
CuAr* (Scheme 1). Apparently, subsequent multistep re-


Scheme 1. Proposed pathways for the reaction of arylcopper compounds
with 1 and 2. E� Sn, Pb. Ar�C6H2Me3-2,4,6; Ar*�C6H3Mes2-2,6.


arrangement reactions with aryl- or hypersilyl-bridged inter-
mediates lead to the adducts of the heteroleptic carbene-
homologues to hypersilylcopper Ar(Hyp)Sn ± CuHyp (6) and
Ar(Hyp)Pb ± CuHyp (7). Only 6 seems to be stable, whereas 7
decomposes into the fragments hypersilylcopper (9) and
plumbanediyl 8.


Unfortunately, it was not possible to isolate pure 9 from the
greenish colored n-pentane mother liquor of compound 8.
The impure 9 obtained was always contaminated with 3 and
arene Ar*H. Attempts to sublime the crude material at about


10ÿ4 mbar were not successful, because 9 rapidly decomposed
to a black tar above about 60 8C. However, it was possible to
isolate a few colorless rods of 9 after storing the oily mother
liquor of 8 in a freezer at 6 8C for several weeks. The crystals
were suitable for X-ray crystallography and Raman spectro-
scopy. NMR spectroscopic data for hypersilylcopper were
obtained readily from freshly prepared reaction mixtures of 2
and 3. The stannanediyl adduct 6 is slightly more thermally
stable than 9, although complete decomposition was observed
after heating a [D6]benzene solution for several days at 50 8C.
According to the NMR spectroscopic data, the remaining
solution contained 3, free arene Ar*H, and what was assumed
to be the heteroleptic stannanediyl Ar*(Hyp)Sn. In contrast,
the heteroleptic plumbanediyl 8 is much more thermally
stable. It can be heated in solution at 50 8C for several days
without decomposition.


The introduction of less bulkier substituents on copper
dramatically changes the course of the reaction. When the
carbene-homologues 1 and 2 were allowed to react with
mesitylcopper, for example, the formation of complicated
mixtures of hypersilyl-containing compounds was indicated
by NMR spectroscopy. The only products which could be
identified unambiguously were the heteroleptic alkene ho-
mologues Mes(Hyp)E�E(Hyp)Mes (E� Sn, Pb) which pre-
cipitated in small quantities as crystalline material from
solutions of the crude dark oily products in n-pentane. Free
hypersilylcopper, however, could not be detected. Evidently,
ligand exchange again took place, but in the present case, the
dimerization of the heteroleptic carbene homologues is an
important side reaction to the formation of, presumably,
copper(i) complexes, indicated by the absence of free hyper-
silylcopper (Scheme 1). The structure analysis of the hetero-
leptic alkene homologues, which will be discussed in detail
elsewhere,[7] reveals the shortest SnÿSn and PbÿPb double
bonds (E� Sn: 270.2 pm; E�Pb: 290.3 pm) observed so far.
This is attributed to the electronic influence of the hypersilyl
group and the relatively small mesityl substituent.


Solid-state structures : The X-ray crystal structure analysis
shows that 6 may be interpreted as a donor ± acceptor complex
with the heteroleptic stannanediyl Ar*HypSn as donor and
hypersilylcopper as acceptor (Figure 1). As expected for a
complex of this kind, a trigonal planar tin atom and a linearly
coordinated copper atom with an Si-Cu-Sn angle of 179.37(4)8
are observed. The tin atom is displaced by 11.9 pm with
respect to the h1-coordinated aryl ring plane. The most
striking structural feature of 6, however, is the presence of a
CuÿSn bond. The CuÿSn distance of 249.92(5) pm is slightly
shorter than the sum of the covalent radii (257 pm).[8] To our
knowledge, 6 is the first structurally characterized compound
with a CuÿSn bond.[9, 10] However, a related AgI ± SnII species,
[N�C�S ± Ag(thf) ± Sn{CH(SiMe3)2}2]2 , was reported very
recently by Lappert et al;[11] the AgÿSn bond in this dimeric
complex is 259.8 pm in length. Notably, the first structurally
authenticated complexes with CuÿGe bonds were obtained
only very recently by Bochkarev and co-workers.[12] The
germylcuprate [Yb(thf)6][Cu(GePh3)2][12a] and the germylcop-
per compound (C6F5)3GeCu(PPh3)2


[12b] have CuÿGe distances
of 233.7 pm (av) and 234.8 ± 238.2 pm, respectively. These
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Figure 1. Molecular structure of 6 with 30 % thermal ellipsoids. Hydrogen
atoms have been omitted for clarity. Selected intramolecular distances [pm]
and angles [8]: Cu1ÿSi1 227.27(11), Cu1ÿSn1 249.92(5), Sn1ÿC1 216.6(3),
Sn1ÿSi2 259.66(11), Si1ÿSi11 233.8(2), Si1ÿSi12 233.8(2), Si1ÿSi13
234.1(2), Si2ÿSi21 233.8(2), Si2ÿSi22 235.22(14), Si2ÿSi23 236.0(2), av
Si1nÿC1nm 187.9, av Si2nÿC2nm 186.8; Si1-Cu1-Sn1 179.37(4), C1-Sn1-
Cu1 128.57(9), C1-Sn1-Si2 114.53(9), Cu1-Sn1-Si2 116.90(3), Cu1-Si1-Si11
107.79(5), Cu1-Si1-Si12 109.37(5), Cu1-Si1-Si13 115.32(6), Sn1-Si2-Si21
123.80(5), Sn1-Si2-Si22 100.08(5), Sn1-Si2-Si23 102.74(5), Sn1-C1-C2
117.3(2), Sn1-C1-C6 122.3(3), C2-C1-C6 120.4(3).


values are consistent with the smaller covalent radius of Ge
(122 pm compared to 140 pm for Sn[8]).


With a value of 227.3(1) pm, the CuÿSi bond length in 6 is
shorter than the sum of the covalent radii (234 pm[8]). A
similar distance of 226.6(2) pm was observed in the terminally
bonded hypersilyl group of the A-shaped contact ion pair
[Cu2Hyp2BrLi(thf)3][3b] and some tert-butanolato(hypersilyl)-
cuprates MI[tBuOCuHyp] ´ toluene (MI�Na, K, Cs)[7] which
also feature two-coordinate copper and four-coordinate
silicon (Table 1). Longer CuÿSi bonds are found in the
phosphane adduct Ph3SiCu(PMe3)3 (234.0(2) pm, coordina-
tion number (CN) Cu/Si� 4/4),[2] the cluster anion [Cu5Cl4-


Hyp2] (av 234.1 pm, CN� 3/5),[3a] the bridging hypersilyl
group of [Cu2Hyp2BrLi(thf)3] (240.6(2) pm, CN� 2/5),[3b] and
the bis(hypersilyl)cuprate K[HypCuHyp] (av 229.9 pm, CN�
2/4).[7] Thus, the length of the CuÿSi bond depends on the
coordination number at both atoms and the nature of the
other ligands on copper (Table 1). In accordance with a four-
electron three-center bond within the Si-Cu-X fragment, a
longer bond is observed if a softer X ligand is present. NBO
population analyses on suitable model systems such as [H3Si-
Cu-OH]ÿ , [H3Si-Cu-OMe]ÿ , [H3Si-Cu-Cl]ÿ , or [H3Si-Cu-


SiH3]ÿ also clearly favor this point of view over the alternative
model of two two-electron two-center bonds.[13] The energy
that results from the interaction of the donor orbitals (lone
pairs) on oxygen with the s*(CuÿSi) orbital is estimated to be
nearly one order of magnitude larger than the interaction with
the empty 4p orbitals on copper.


In 6, the arrangement of the substituents on the tin atom
reflects interligand repulsion. Therefore, the central plane of
the aryl ligand is almost orthogonal (91.48) to the plane which
is defined by C1, Sn1, Cu1, Si1, and Si2. As a consequence, the
ortho-mesityl groups point into the free space above and
below of this plane. Furthermore, the hypersilyl substituent of
the stannanediyl fragment is tilted with respect to the Si2 ±
Sn1 vector, and the Sn1-Si2-Si21 angle in the trimethylsilyl
group, which is almost ecliptic to C1 (Si21-Si2-Sn1-C1 18.18),
is widened to 123.88. The different Cu1-Sn1-C1 and Cu1-Sn1-
Si2 angles of 128.57(9)8 and 116.90(3)8 are the result of the
greater steric demand of the Ar* ligand.[14] The relatively wide
C1-Sn1-Si2 angle of 114.53(9)8is identical with the related
angle on tin in the recently reported SnAr*2 (114.7(2)8).[15] The
observed Sn1ÿSi2 distance of 259.7(1) pm is significantly
shorter than the mean distance of 267.2 pm in SnHyp2


[5] or
262.4(1) pm in Sn(Hyp){C6H2-(CF3)3-2,4,6},[4a] and is probably
a result of changes in hybridization at tin. A similar trend is
found for the Sn1ÿC1 bond length of 216.6(3) pm which is
about 5 ± 11 pm shorter than the corresponding distances in
other reported arylstannanediyl species.[16] The SiÿSi bonds lie
in the normal range observed for other hypersilyl compounds
(233 ± 238 pm). Notably the Si1ÿSi1n distances (av. 233.9 pm)
are slightly shorter than the Si2ÿSi2n bond lengths
(235.0 pm). This is in agreement with a more crowded
environment in the stannanediyl fragment compared to the
hypersilylcopper part.


The X-ray structure analysis shows 8 to be monomeric in
the solid state (Figure 2). This is also the case for the related
homoleptic compounds PbHyp2


[5] and PbAr*2 ,[15] whereas
the known heteroleptic aryl(hypersilyl)plumbanediyls Pb-


Figure 2. Molecular structure of 8 with 30 % thermal ellipsoids. Hydrogen
atoms have been omitted for clarity. Selected intramolecular distances [pm]
and angles [8]: Pb(1)ÿC(1) 229.0(4), Pb1ÿSi1 271.20(12), Si1ÿSi12 234.0(2),
Si1ÿSi13 234.0(2), Si1ÿSi11 234.8(2), av SiÿC 187.4; C1-Pb1-Si1 109.17(11),
Si12-Si1-Si13 111.39(7), Si11-Si1-Si12 109.19(6), Si11-Si1-Si13 104.67(7),
Pb1-Si1-Si12 127.84(6), Pb1-Si1-Si13 104.44(5), Pb1-Si1-Si11 96.43(6), Pb1-
C1-C2 121.8(3), Pb1-C1-C6 117.1(3), C2-C1-C6 120.0(4).


Table 1. CuÿSi distances [pm] in structurally characterized silylcopper
compounds.


Compound d(CuÿSi) CN(Cu) CN(Si) Ref.


[HypCu]3 (9) av 235.0/av 249.2 2 5
Ph3SiCu(PMe3)3 234.0 4 4 [2]


[Li(thf)4][Cu5Cl4Hyp2] av 233.4/av 234.8 3 5 [3a]


[Cu2Hyp2BrLi(thf)3] 226.6/240.6 2 4/5 [3b]


Ar*HypSn-CuHyp (6) 227.3 2 4
Na[tBuO-Cu-Hyp] ´ C7H8 223.5 2 4 [7]


K[tBuO-Cu-Hyp] ´ C7H8 222.6 2 4 [7]


Cs[tBuO-Cu-Hyp] ´ C7H8 223.0 2 4 [7]


[Li7(OtBu)6][Cu2Hyp3] av 231.4/av 238.7 2 4/5 [7]


K[Hyp-Cu-Hyp] av 229.9 2 4 [7]
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(Hyp)Ar (Table 2) exist as dimers in the solid state. The angle
of 109.2(1)8 at the two-coordinate lead atom is about 58
smaller than in the homoleptic compounds (av. 114.78 for
PbHyp2,[5] 114.5(6)8 for PbAr*2


[15]). It is remarkable that the


PbÿC bond of 229.0(4) pm is considerably shorter than the
values found in most of the other structurally characterized
aryl-substituted plumbylenes and diplumbenes (Table 2).
However, an even shorter PbÿC bond of 222.8(9) pm was
recently observed in the mixed aryl(arylthio)plumbylene
Pb(Tbt)(STbt) (Tbt� 2,4,6-{(Me3Si)2CH}3C6H2).[26] In con-
trast, the PbÿSi distance in 8 (271.2(1) pm) and other hyper-
silyl-substituted plumbanediyls (270� 2 pm)[4, 5] remains rath-
er constant.


The arrangement of the substituents is very similar to that
in the related complex 6 of the homologous tin compound.
Therefore, the ring plane of the coordinated aryl substituent is
almost perpendicular (85.28) to the plane defined by C1, Pb1,
and Si1. Furthermore, one trimethylsilyl group exhibits an
ecliptic conformation to the aryl ligand, with respect to the
Pb1ÿSi1 bond (Si12-Si1-Pb1-C1 19.68). As a consequence, the
Pb-Si1-Si12 angle is considerably widened to 127.84(6)8.


A cyclic trimer with a nearly planar Cu3Si3 unit is observed
in the solid-state structure of hypersilylcopper 9 (Figure 3).[27]


The Si12Cu3 core shows approximately C3h symmetry. The Si-
Cu-Si bridges are almost linear (174.36(4) ± 175.94(4)8), and
the copper atoms are slightly displaced towards each other, an
observation which is typical for multinuclear copper(i) com-
pounds.[28] The resulting Cu ´´ ´ Cu distances of 238.45(7) ±
241.50(6) pm are a sign of weak attractive d10 ± d10 interactions
between the copper centers.[29] The central silicon atoms of the
hypersilyl groups are not located symmetrically over the
edges of the Cu3 ring, but are shifted significantly towards one
copper atom. Therefore, shorter CuÿSi distances of 234.9(1) ±
237.4(1) pm (Figure 3, solid bonds)Ðwhich are, however,
longer than in most other known silyl copper derivatives
(Table 1) thus reflecting the multicenter nature of the present


Figure 3. Molecular structure of 9 with 30 % thermal ellipsoids. Hydrogen
atoms have been omitted for clarity. Selected intramolecular distances [pm]
and angles [8]: Cu1ÿSi1 235.86(10), Cu1ÿSi3 247.74(10), Cu2ÿSi2
234.93(11), Cu2ÿSi1 246.49(10), Cu3ÿSi3 237.37(10), Cu3ÿSi2 249.20(10),
Cu1 ´´´ Cu3 238.45(7), Cu1 ´´´ Cu2 241.50(6), Cu2 ´´´ Cu3 240.79(6), Si1ÿSi11
237.2(2), Si1ÿSi12 235.84(14), Si1ÿSi13 236.8(2), Si2ÿSi21 238.11(14),
Si2ÿSi22 238.9(2), Si2ÿSi23 235.7(2), Si3ÿSi31 237.66(14), Si3ÿSi32
235.69(14), Si3ÿSi33 236.35(13), av SiÿC 187.3; Si1-Cu1-Si3 175.94(4),
Si1-Cu2-Si2 174.99(4), Si2-Cu3-Si3 174.36(4), Cu1-Si1-Cu2 60.04(3), Cu2-
Si2-Cu3 59.57(3), Cu1-Si3-Cu3 58.84(3), Cu1-Si1-Si11 106.51(5), Cu1-Si1-
Si12 115.79(5), Cu1-Si1-Si13 116.75(5), Cu2-Si1-Si11 163.48(5), Cu2-Si1-
Si12 91.01(5), Cu2-Si1-Si13 79.40(4), Cu2-Si2-Si21 109.56(5), Cu2-Si2-Si22
116.64(5), Cu2-Si2-Si23 112.09(5), Cu3-Si2-Si21 164.47(6), Cu3-Si2-Si22
77.12(4), Cu3-Si2-Si23 91.69(4), Cu3-Si3-Si31 102.96(5), Cu3-Si3-Si32
116.80(5), Cu3-Si3-Si33 121.35(5), Cu1-Si3-Si31 157.54(5), Cu1-Si3-Si32
95.06(4), Cu1-Si3-Si33 80.38(4).


CuÿSi bondsÐalternate with longer CuÿSi bonds of
246.5(1) ± 249.2(1) pm (Figure 3, open bonds), leading to
quasi-monomeric hypersilylcopper units with short CuÿSi
bonds. Within these moieties, the central silicon atom is
almost tetrahedrally coordinated. One Si2Cu face of the
tetrahedron is capped by the copper atom of a neighboring
unit, which leads to an only slightly bent Si-Si-Cu fragment
(157.5 ± 164.58). A similar situation is found for the coordina-
tion of the central carbon atom in the related alkylcopper
compound [CuCH2SiMe3]4


[30] and the central silicon atoms in
base-free hypersilyllithium.[31] In the copper compound,
shorter (av 199 pm) and longer (204 pm) CuÿC bonds again
alternate and the Si-C-Cu angle to the capping copper atom is
extremely wide (154.3 and 168.28). In hypersilyllithium, the
Cu� ion is replaced by the smaller and harder Li� ion which
forms additional intra- and intermolecular interactions to the
methyl groups.[31] However, no extraordinarily short Cu ´´´
(CH3)3Si contacts are found in (9)3 or in the above-mentioned
alkylcopper compound. The shortest CuÿC distance in (9)3


(CuÿC222 279.6 pm) is about 80 pm longer than a covalent
copper ± carbon bond. Therefore, it is unclear if the different
CuÿSi distances can be attributed to particular electronic
properties of the multicenter bonds or to different steric
interactions of the copper atoms with one or two trimethylsilyl
substituents.


Spectroscopy : NMR spectroscopic experiments clearly show
that complex 6 remains intact in solution. The magnetic


Table 2. Characteristic structural parameters and 207Pb NMR chemical shifts in
known plumbanediyls with organyl and silyl substituents.


Compound[a] PbÿC/PbÿSi R-Pb-R' d(207Pb) Ref.


PbAr*2 233/ ± 114.5 3870 [15]


Pb(Arf)2 av 236.6/ ± 94.5 4878 [20]


Pb(Tmbp)2 av 236.7/ ± 103.0 6927 [4b]


Pb(Tmbp)(iTmbp) 234.4 (aryl), 247.6 (alkyl)/ ± 94.8 5067 [4b]


Pb(Siam)2 240.4 117.1 10050 [21]


Pb[CH(SiMe3)2]2 231.5/ ± 93.4 9112 [22]


Pb(Trip)Tbt ± ± 8888 [23]


Pb(Tbm)Tbt ± ± 8873 [23]


[PbTrip2]2 av 230.0 97.8, 102.3 ± [24]


Pb(Hyp)2 ±/268.2 ± 270.8 113.6 ± 115.7 ± [5]


Pb(Ar*)Hyp 229.0/271.2 109.2 10510
[Pb(Arf)Hyp]2 236.9/270.5 96.7 ± [4a]


[Pb(Mes)Hyp]2 231.4/268.1 102.5 ± [7]


[Pb(Trip)Hyp]2 229.6/271.7 108.8 ± [4c]


[Pb(Tmbp)Hyp]2 237/270.9 106.0 7545 [4b]


PbSil2 ±/277.6 105.8 ± [25]


[a] Abbreviations: Arf�C6H2(CF3)3-2,4,6; Tmbp�C6HtBu-2-Me3 ± 4,5,6;
iTmbp�CH2(C6HtBu-3-Me2-5,6); Siam� {(Me3Si)2CSiMe2CH2-}; Trip�
C6H2iPr3-2,4,6; Tbt�C6H2[CH(SiMe3)2]3-2,4,6; Tbm�C6H2(CH2SiMe3)3-
2,4,6; Mes�C6H2Me3-2,4,6; Sil� Si{[N(neo-C5H11)]2(2,3-C6H4)]}[N(SiMe3)2].
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inequivalence of the ortho/ortho' and meta/meta' positions in
the mesityl groups, as seen in the 13C and 1H NMR spectra, is
in agreement with a rigid arrangement of the substituents.
Unfortunately, it was not possible to obtain a 119Sn NMR
signal for 6 in [D6]benzene owing to the poor solubility and
limited thermal stability. The lack of a third substituent leads
to a more flexible skeleton in compound 8. Therefore, it was
possible to determine the rotational barrier for the Ar*
substituent by 1H NMR spectroscopy (62 kJ molÿ1). The 207Pb
NMR shift of d��10 510 is observed at very low field. It is
close to the value of d��10 050 ppm observed for the dialkyl
plumbanediyl Pb{(Me3Si)2(CSiMe2CH2)}2.[21] 207Pb NMR res-
onances for diorganyl plumbylenes cover a wide range of
several thousand ppm (Table 2). There seems to be no obvious
correlation between the 207Pb NMR shift and structural
parameters such as the size of the ligand or the angle at the
lead center. In contrast to the central silicon atoms (M-
SiSiMe3) of other hypersilyl metal derivatives which normally
exhibit resonances in the high-field region (<0 ppm), the 29Si
NMR resonance for the central silicon atom in 8 shows an
unusually large low field shift of d��156.5. This is only
exceeded by bis(hypersilyl)lead 2 for which we have now been
able to determine an even larger shift of d��198.6.


The NMR spectra of compound 9 show no unusual features.
Because we were not able to obtain a larger amount of pure 9,
it is not clear at present if the complex is also trimeric in
benzene or dissociates into smaller units. However, there is no
sign of hindered rotation of the hypersilyl groups at room
temperature, as could be expected for such a sterically
crowded molecule. In addition, the relatively long CuÿSi
distances in the trimer and observations from crowded
arylcopper compounds[6] are in accordance with a dissociation
in solution.


Conclusions


We have shown that ligand transfer from the carbene-
homologous hypersilyl derivatives 1 and 2, which appeared
to be restricted to other carbene-homologues, also occurs with
coordinatively unsaturated metal derivatives such as the
arylcopper compound 3, to yield novel types of compounds
such as the base-free hypersilylcopper 9 and the copper(i)
stannylene complex 6. At present, we are investigating
analogous reactions with copper derivatives of less sterically
demanding groups whichÐaccording to the reported results
for mesitylcopperÐseem to be more complicated. In addition,
we wish to extend the ligand transfer reaction to derivatives of
the heavier homologues of copper. Hypersilylgold, in partic-
ular, which is unknown in its base-free form, appears to be a
very promising candidate for strong Au ´´´ Au interactions,
which according to ab initio calculations,[29] should be favored
by soft and electropositive substituents such as hypersilyl.


Experimental Section


General procedures : All reactions were performed with standard Schlenk
techniques under an inert atmosphere of purified argon. Solvents were
freshly distilled under argon from Na wire or LiAlH4. The compounds 1,[5]


2,[5] and 3[6] were synthesized by known literature procedures. UV spectra
were obtained with a Bruins Omega 10 spectrometer. NMR spectra were
recorded on Bruker AM 200 and AC 250 instruments and referenced to
solvent resonances. IR spectra (Nujol mull, CsBr plates) were obtained in
the range 4000 ± 200 cmÿ1 with a Perkin-Elmer Paragon 1000 PC spectrom-
eter, the Raman spectra were recorded in the range between 800 ± 50 cmÿ1


with a Dilor XY1024 Raman spectrometer. Mass spectra were obtained
with a Varian MAT711. Melting points were determined under Ar
atmosphere in sealed glass tubes.


Ar*HypSnCuHyp (6): Compound 3 (0.62 g, 1.64 mmol) in benzene
(25 mL) was added with stirring at ambient temperature to 1 (1.01 g,
1.64 mmol) in benzene (15 mL). The solution immediately turned deep
green and stirring was continued for 30 min. The solvent was removed
under reduced pressure and the partly crystalline residue was treated with
n-pentane (15 mL). Storage in a freezer at ÿ60 8C afforded a dark green
solid which was redissolved in a mixture of toluene and n-pentane (ca.
1:10). The solution was filtered over a glass filter frit and cooled to ÿ25 8C
for 12 h to give green plates of 6, suitable for X-ray crystallographic studies.
Yield: 1.06 g (65 %). M.p.: crystals turn black at about 105 8C and
decompose to a black liquid at 147 ± 149 8C. 1H NMR (250 MHz [D6]ben-
zene): d� 0.12, 0.54 (Si(SiMe3)3), 2.08, 2.17, 2.67 (o�p-CH3), 6.73, 6.94
(m-Mes), 6.91 (d, m-C6H3), 7.27 (t, p-C6H3). 13C NMR ([D6]benzene): d�
4.3, 5.5 (Si(SiMe3)3), 21.1, 21.8, 23.0 (o� p-CH3), 129.5 (m-C6H3), 129.6
(p-C6H3), 130.2, 130.3 (m-Mes), 135.3 (p-Mes), 136.1, 136.5 (o-Mes), 138.9
(i-Mes), 145.9 (o-C6H3), 162.5 (i-C6H3). EI-MS (70 eV): m/z (%): 680.1 (16)
[Ar*HypSn�], 433.1 (100) [HypSn�], no Cu-containing fragments detected.
UV/Vis (pentane): lmax (emax)� 674 (130), sh 480 (140), sh 400 nm
(820 Lcmÿ1 molÿ1); anal. calcd for C42H79CuSi8Sn: C 50.90, H 8.03, Cu
6.41, Si 22.67, Sn 11.98; found: C 50.62, H 8.07.


PbAr*Hyp (8) and CuHyp (9): A solution of 3 (0.43 g, 1.14 mmol) in
benzene (20 mL) was added at ambient temperature to a solution of 2
(0.80 g, 1.14 mmol) in benzene (15 mL). The dark green solution was stirred
for 30 min, and then the solvent was removed under reduced pressure. n-
Pentane was added to the remaining solid and the resulting suspension was
stored for 12 h at ÿ60 8C to yield 8 as a blue-green crystalline powder
(yield: 0.64 g, 73%). Evaporation of the light-green mother liquor afforded
crude 9. Turquoise prismatic crystals (8) or colorless rods (9) suitable for
X-ray crystal structure determination were either grown from hot
[D6]benzene or a saturated n-pentane solution at ÿ60 8C. 8: M.p.: crystals
turn dark above 160 8C and decompose to a black liquid at 224 ± 228 8C.
1H NMR ([D8]toluene): d� 0.28 (Si(SiMe3)3), 2.08 (p-CH3), 2.31 (o-CH3),
6.78 (m-Mes), 7.38 (t, p-C6H3), 7.52 (d, m-C6H3). 13C NMR ([D6]benzene):
d� 7.1 (Si(SiMe3)3, 1J(C,Si)� 44.0 Hz), 21.1 (p-CH3), 21.8 (o-CH3), 136.8
(m-C6H3), 129.8 (p-C6H3), 128.3 (m-Mes), 136.6 (p-Mes), 137.1 (o-Mes),
148.5 (o-C6H3), 264.9 (i-C6H3). 29Si NMR ([D6]benzene): d� 3.5 (Si(-
SiMe3)3), 156.5 (Si(SiMe3)3, 1J(Si,Si)� 42.9 Hz). 207Pb NMR ([D6]benzene,
50 8C): d� 10 510. IR (Nujol): nÄ � 1608 w, 1557 vw, 1252 w, 1239 s, 1171 vw,
1084 w, 1041 w, 855 sh, 833 vs, 798 s, 749 w, 732 ms, 683 m, 621 m, 585 vw, 570
w, 545 vw, 460 vw, 437 vw, 378 cmÿ1 vw. EI-MS (70 eV): m/z (%): 768.3 (7)
[M�], 521.1 (100) [Ar*Pb�/Ar*PbH�]. UV/Vis (pentane): lmax (emax)� 720
(230), sh 399 nm (243 Lcmÿ1 molÿ1); anal. calcd for C33H52PbSi4: C 51.59, H
6.82, Pb 26.97, Si 14.62; found: C 50.48, H 6.69. 9: 1H NMR ([D6]benzene):
d� 0.52. 13C NMR ([D6]benzene): d� 7.0 (1J(Si, C)� 44.3 Hz). 29Si NMR
([D6]benzene): d�ÿ9.5 (Si(SiMe3)3), ÿ129.6 (Si(SiMe3)3). Raman (single
crystal, <800 cmÿ1, l(excit.)� 647.1 nm): 744 ms, 734 sh, 681 s (nas(SiC3)),
628 vs (ns(SiC3)), 427 m (nas(SiSi3)), 419 m (ns(SiSi3)), 386 ms, 293 mw, 240
mw (n(CuSi)), 225 sh, 176 vs, 154 sh, 75 sh, 64 vs.


X-ray crystallography : X-ray quality crystals were obtained as described
above. Crystals were removed from Schlenk tubes and immediately
covered with a layer of viscous hydrocarbon oil (Paratone N, Exxon). A
suitable crystal was selected, attached to a glass fiber, and immediately
placed in a low-temperature stream of N2.[32a] All data were collected at
173 K with either a Syntex P21 (3) or a Siemens P4 (4, 5) diffractometer.
Selected data collection parameters and other crystallographic data are
summarized in Table 3. Calculations were carried out with the SHELXTL
PC 5.03[32b] and SHELXL-97[32c] program system installed on a local PC.
The phase problem was solved by direct methods and the structures were
refined on F 2


o by full-matrix least-squares refinement. Absorption correc-
tions were applied by the use of semiempirical y scans. Anisotropic thermal
parameters were included for all non-hydrogen atoms. Hydrogen atoms
were placed geometrically and refined with a riding model, including free
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rotation of methyl groups. Their isotropic thermal parameters were either
allowed to refine or were constrained to 1.2 (aryl-H) or 1.5 (methyl groups)
times the Ueq of the bonded carbon. Final R values are listed in Table 3.
Important bond lengths and angles are given in the captions to Figures 1 ± 3.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-114179 ±
114181. Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:(�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).
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Table 3. Selected crystallographic data for compounds 6, 8, and 9.[a]


6 8 9


formula C42H79CuSi8Sn C33H52PbSi4 C27H81Cu3Si12


fw 991.0 768.3 933.6
color, habit green, plate turquoise, block colorless, block
cryst. size [mm] 0.40� 0.35� 0.05 0.40� 0.40� 0.25 0.80� 0.70� 0.20
cryst syst monoclinic monoclinic monoclinic
space group P21/c P21/n P21/n
a [�] 16.238(2) 11.5674(8) 13.237(2)
b [�] 18.862(2) 19.468(1) 18.069(2)
c [�] 17.985(2) 16.311(1) 21.530(3)
b [8] 91.852(8) 91.498(6) 92.47(1)
V [�3] 5506(1) 3671.9(5) 5145(1)
Z 4 4 4
1calc [gcmÿ3] 1.196 1.390 1.205
m [cmÿ1] 10.39 47.44 15.25
2q range [8] 4 ± 54 4 ± 52 4 ± 52
collected data 12456 14780 10449
unique data (Rint) 12019 (0.034) 7206 (0.048) 10005 (0.039)
data with I> 2s(I) (No) 8373 5214 6680
no. of params (Np) 563 409 483
R1(I> 2s(I))[b] 0.0485 0.0340 0.0411
wR2 (all data)[c] 0.1021 0.0681 0.1085
GOF[d] 1.148 1.006 0.898
resd dens (e �ÿ3) 0.50/ÿ 0.39 0.78/ÿ 0.60 1.41/ÿ 0.48


[a] All data were collected at 173 K using MoKa (l�0.71073 �) radiation.
[b] R1�S(j jFo j ÿ jFc j j )/S(jFo j . [c] wR2� {S[w(F 2


o ÿF 2
c )2]/S[w(F 2


o )2]}1/2. [d] GOF
� {S[w(F 2


o ÿF 2
c )2]/(NoÿNp)}.








Self-Assembly of 1,3,5-Benzenetricarboxylic (Trimesic) Acid
and Its Analogues


Sergei V. Kolotuchin, Paul A. Thiessen, Edward E. Fenlon, Scott R. Wilson,
Colin J. Loweth, and Steven C. Zimmerman*[a]


Abstract: A crystalline inclusion complex between 1,3,5-benzenetricarboxylic acid
(trimesic acid, 1) and pyrene was grown from diethyl ether/ethanol and its structure
was determined by X-ray analysis. Trialkyltrimesic acids 4 b ± 4 e were synthesized in
seven steps from 1,3,5-trichlorobenzene (5). Trimethyltrimesic acid (4 a) was
synthesized in four steps from mesitylene. All five substituted trimesic acids were
crystallized to determine their potential as clathrate hosts and to compare their solid-
state structures with the parent trimesic acid. The X-ray structures of 4 a ± 4 d were
resolved and are reported. A covalent analogue of a trimesic acid dimer (13) was
synthesized in seven steps from 2-butylisophthalic acid and its solid-state structure
determined.


Keywords: crystal engineering ´
hydrogen bonds ´ self-assembly ´
solid-state structures ´ trimesic acid


Introduction


Considerable effort over the last several decades has been
devoted to the understanding of relationships between
molecular structure and crystal structure, such as crystal
engineering.[1±6] Despite many successful attempts towards
crystal engineering, it remains difficult at best to predict how a
particular molecule will pack in the solid-state. For this reason
a significant portion of research on crystal engineering has
concentrated on the design of hydrogen-bonded or coordina-
tion networks.[7±10] This type of supramolecular synthesis relies
primarily on the directional and often predictive nature of
these intermolecular cohesive (sticky) interactions to control
short- and long-range packing. Of particular relevance to the
work described here are the efforts to create new clathrates or
nanoporous solids,[7±11] in which the target network is porous,
contrary to Kitaigorodski�s principle of close crystal pack-
ing.[12] In this regard the 1,3,5-benzenetricarboxylic (trimesic)
acid system is particularly illustrative.


The crystal structure of the a-polymorph of trimesic acid
was reported by Duchamp and Marsh in 1969.[13] It contains
the infinite chicken-wire motif of Figure 1. The approximately


Figure 1. Extensively hydrogen-bonded chicken-wire network formed by
R2


2(8) dimerization of carboxylic acid groups in trimesic acid (TMA).
Concatenation of independent networks leads to extensive interpenetra-
tion which fills the holes.


14 � diameter holes in this structure present an obvious
obstacle to close packing. Nonetheless, each carboxylic acid
group forms a centrosymmetric carboxylic acid dimer (graph
set R2


2(8)[4] Scheme 1, A). The packing density problem is
solved by triple concatenation of each hole, which leads to
infinite interpenetration of independent networks. Interpene-
tration of networks is a common way for open networks to
increase packing density and prevent clathrate formation.[14]


In 1987, after a 17 year effort, Herbstein et al. reported[15]


the first noncatenated trimesic acid structures, again contain-
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Scheme 1. Different graph sets for carboxylic acids.


ing carboxylic acid dimers of the R2
2(8) graph set.[4] These


structures featured stacked chicken-wire networksÐeither
two, three, or five layers in the stacking-axis periodÐand
channels containing disordered alkane guests. Herbstein�s
investigations revealed numerous structures of trimesic acid
and its inclusion complexes, some of which contain non-R2


2(8)
dimers.[15] Because the 14 � channel in trimesic acid is
significantly larger than that found in other, more commonly
formed channel clathrates, one might speculate that this
greater porosity increases the likelihood that alternative
structures will form.


In a recent communication we described[16a] three strategies
to generate clathrates from trimesic acid and its analogues:
a) crystallization of trimesic acid and organic guests, by direct
analogy to Herbstein�s work,[15] b) synthesis and crystalliza-
tion of substituted analogues of trimesic acid, and
c) replacement of a putative carboxylic acid dimer with a
covalent linkage of similar geometry. Herein we present a full
account of these efforts and describe the synthesis and solid-
state structures of three new trialkyltrimesic acids. What is
remarkable in the new results is the lack of any pattern in the
structures of the trialkyltrimesic acids, as a result of a striking
variation in the carboxylic acid packing motifs. The findings
bear directly on the reliability of the R2


2(8) carboxylic acid
dimer under the condition of programmed voids.


Results and Discussion


Expanded carboxylic acid dimersÐa trimesic acid pyrene
structure : In an effort to obtain stacked chicken-wire net-
works of trimesic acid with ordered guests in the channels, the
steric fit of various aromatic compounds was examined by
Corey-Pauling-Koltun (CPK) models. Nonvolatile aromatic
compounds were chosen because of their rigidity and
tendency to stack into columns in the solid-state. Although
coronene showed a nearly perfect steric match with the 14 �
channel diameter when tilted along the channel axis, it was
poorly soluble in solvents useful for crystallizing trimesic acid.
Of the several smaller aromatic systems examined, only
pyrene readily formed a cocrystal with trimesic acid.


The crystal was grown by slow evaporation of solution of
the compound in diethyl ether. Unexpectedly, the X-ray
analysis revealed the incorporation of molecules of ethanol,


suggesting that the diethyl ether was contaminated with a
small amount of ethanol, a fact subsequently confirmed by
NMR analysis. The stoichiometry of the crystal is (1)2 ´ pyre-
ne ´ (EtOH)2, with eight such units in a large monoclinic unit
cell (ca. 28� 17� 15 �). Although the structure (Figure 2)
contains stacks of noninterpenetrated hydrogen-bonded net-
works that superficially resemble the chicken-wire network of
Figure 1, closer examination reveals few of the desired crystal
packing features. Most significantly, the pyrene molecules are
not stacked into channels, rather they alternate in stacks with
trimesic acid molecules (Figure 2B).


Figure 2. A) Structure of pyrene ´ 1 inclusion complex viewed down c axis
showing one layer: two carboxylic acid groups on each TMA are linked by
R2


2(8) dimers forming ribbons, which form sheets by inclusion of ethanol
molecules in expanded carboxylic acid dimers, with the R4


4(12) graph set. B)
Side view of stacking of layers shown in A: block arrows indicate two
pyrene molecules and standard arrows show two TMA molecules.


The hydrogen-bonding networks comprise R2
2(8) carboxylic


acid dimers and what we have termed expanded carboxylic
acid dimers, [16a] which have the R4


4(12) graph set[4] (Scheme 1,
B). The R2


2(8) dimers formed by two acid groups of each
trimesic acid molecule produce an infinite zigzag ribbon along
the b axis (Figure 2A), a motif similar to that found in the
structure of isophthalic acid.[17] The third carboxylic acid
groups link the ribbons together through 12-membered
hydrogen-bonded rings that contain two ethanol molecules.
The resulting expanded holes are large enough to contain a
pyrene molecule and the ethyl groups of two ethanol
molecules from an adjacent layer.


Trialkyltrimesic acids


General considerations : The second approach to break the
interpenetration found in the trimesic acid lattice follows







Self-Assembly of Trimesic Acid Analogues 2537 ± 2547


Chem. Eur. J. 1999, 5, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0509-2539 $ 17.50+.50/0 2539


Ermer�s pioneering work on adamantane-1,3,5,7-tetracarbox-
ylic acid (2).[14a, 18] As with trimesic acid, R2


2(8) carboxylic acid
pairing of the four acid groups in 2 leads to a highly porous
lattice. However, the tetrahedral arrangement of the acid
groups in 2 means that the resulting hydrogen-bonded
network will have a diamondoid architecture. Ermer showed
that 2 does indeed crystallize with the formation of R2


2(8)
carboxylic acid dimers.[14a] The porous diamondoid network is
fivefold interpenetrated with a measured density
(1.365 g cmÿ1) in the range commonly found for close-packed
structures. By substituting two of the methylene groups in 2
(see 3), the degree of interpenetration was reduced to twofold
with concomitant formation of inclusion complexes.[18]


A maximum of three sites are available for substitution in
trimesic acid. Because their high symmetry suggested an
easier synthesis, trialkyltrimesic acids were chosen as targets.
Most appealing was the opportunity to vary the length of the
alkyl substituents, and thus adjust the diameter of the holes in
the putative chicken-wire network. It was anticipated that by
studying a series of closely related molecules, a relationship
between molecular structure and crystal structure might
become apparent. Moreover, the durability of the chicken-
wire network and the durability and reliability of the R2


2(8)
carboxylic acid dimer as a cohesive unit for crystal engineer-
ing would be more rigorously tested.


Synthesis : The synthesis of the desired trialkyltrimesic acids is
outlined in Schemes 2 and 3. The synthesis of 4 b ± e started
with 1,3,5-trichlorobenzene (5) which reacted with the


Scheme 2. Synthesis of building blocks 4b ± e.


corresponding alkylmagnesium bromide in diethyl ether
under Kumada coupling conditions.[19] The resulting sym-
metrical trialkylbenzenes 6 b ± e were exhaustively brominat-
ed in neat bromine in the presence of iron filings.[20] Cyanation
of the tribromides 7 b ± e with an excess of cuprous cyanide in
N,N-dimethylformamide (DMF) or N-methylpyrrolidone af-
forded pure trinitriles 8 b ± e in moderate yields.[21]


Hydrolysis of the very hindered nitriles in 8 b ± e proved
difficult, but could be achieved with a one-pot, two-step
procedure wherein the trinitriles were first converted to the
corresponding triamides with 80 % w/w sulfuric acid at about
150 ± 160 8C. Although the triamides can be isolated and
characterized, they were treated directly with sodium nitrite
in the same pot to afford the crude acids.[22] Hydrolysis of the
less soluble 8 e gave higher yields in a mixture of sulfuric and
methanesulfonic acids with the addition of nitrosyl tetrafluor-
oborate. The acids were purified as the trimethyl esters 9 b ± e,
which were prepared by treating the crude acids with an
ethereal solution of diazomethane and isolated by chroma-
tography. Treatment of 9 b ± e with hydrobromic acid in acetic
acid converted the esters back to the target acids 4 b ± e in pure
form.


Trimethyltrimesic acid (4 a) could not be prepared by the
route outlined in Scheme 2, because the cyanation of 1,3,5-
tribromo-2,4,6-trimethylbenzene proceeded in very poor
yield under typical conditions for cyanation in DMF. An
alternative route to 4 a is outlined in Scheme 3. Mesitylene


Scheme 3. Synthesis of compound 4 a.


was tribromomethylated to afford 10 in good yield.[23]


Acetolysis of 10 was achieved with a mixture of acetic acid
and sodium acetate, and the resulting triacetate 11 was
hydrolyzed to triol 12 in 92 % yield. Jones oxidation of 12
afforded trimesic acid 4 a in 46 % yield. All compounds in the
alternative route outlined in Scheme 3 could be conveniently
purified by recrystallization.


X-ray analysis (see Table 1): Examination of CPK models
suggested that the butyl or pentyl groups in 4 d and 4 e, if
extended, would largely fill the 14 � holes in the trimesic acid
chicken-wire motif, although a hole as large as 2 � might be
formed in 4 d. Thus, in contrast to 4 a ± 4 c, these compounds
have the potential to fill their own voids. Although small
crystals of tripentyltrimesic acid 4 e grown from acetonitrile
afforded some usable diffraction data, the poor quality of the
data and apparent large unit cell prevented its detailed
structural refinement.


An X-ray quality crystal of tributyltrimesic acid 4 d was
grown from aqueous ethanol and its structure was solved
(Figure 3). As a result of the 2,4,6-trisubstitution, the carbox-
ylic acids in 4 d are markedly twisted out of the plane of the
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benzene ring with the mean deviation from perpendicularity
of about 208. Despite their very hindered environment, each
carboxylic acid groups in 4 d forms an R2


2(8) dimer, which
leads to the sheet-like chicken-wire motif of Figure 1 (Fig-
ure 3A). A normal from the hydrogen-bonded sheets forms
an angle of about 438 with the a axis and the layer separations
alternate between about 4 � and about 5 �. This latter
feature, and the fact that alternating layers are offset, can be
explained by partial penetration of pairs of layers (vide infra).


Figure 3. A) Single layer showing chicken-wire network in 4 d viewed as
down a axis, with butyl groups removed for clarity. B), C) Side and top
views of layer stacking in 4 d showing two butyl methyl groups (balls) filling
holes in adjacent layers left by butyl groups.


Four methyl and adjacent methylene groups of the six butyl
groups attached to the two crystallographically independent
acid molecules in the asymmetric unit cell are disordered and
found in a gauche conformation. The two ordered butyl
groups are entirely in an anti conformation (Figure 3B). The
butyl groups within a layer do not entirely fill the holes within
that layer. Instead, the methyl groups of the ordered butyl
chains from adjacent, closely spaced layers fill each other�s
holes (Figure 3B, C). This partial penetration explains both
the offset arrangement of adjacent layers and the alternating


interlayer separation. Although these subtle aspects were not
anticipated, the resulting network and the gross structure was
the desired one and represents the first noninterpenetrated,
self-filled trimesic acid chicken-wire structure.


Tripropyltrimesic acid 4 c formed X-ray quality crystals by
slow evaporation of solutions of the compound in both
acetone and aqueous ethanol. The corresponding X-ray
structure of crystals from both samples gave identical
diffraction patterns as illustrated in Figure 4. The carboxylic
acid groups in 4 c are rotated even further from the plane of
the benzene ring than those in 4 d. Each acid group is 38 or less
from perpendicularity, yet two acid groups from each
molecule form standard dimers. These contacts produce an
infinite ribbon similar to that found in isophthalic acid and the


Figure 4. Three views of packing of 4 c, with propyl groups removed for
clarity in A and B. A) View of the hydrogen-bonded, zigzag ribbons [R2


2(8)
graph set] of 4 c running along b axis with catemer motif [C(4) graph set]
linking the ribbons along a. B) View emphasizing catemer hydrogen
bonding. C) View of unit cell of 4c showing packing arrangement of propyl
groups.
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trimesic acid inclusion complex described above. Here the
structure diverges rather dramatically from that of 4 d, as a
result of the third carboxylic acid groups forming hydrogen-
bonded chains (D in Scheme 1, C(4) graph set) rather than the
R2


2(8) dimers that would give the chicken-wire motif (Fig-
ures 1 and 3). This hydrogen-bonding motif, known as the
catemer, was described as rare in an extensive survey of
carboxylic acid packing motifs published by Leiserowitz in
1976.[24] More recently, Etter and Frankenbach noted that
sterically encumbered 2,6-disubstituted benzoic acids have a
tendency to form this type of carboxylic acid dimer.[25]


Whereas the R2
2(8) pairing of the third carboxylic acid groups


without interpenetration would produce a porous structure,
the C(4) motif allows close packing, and linear hydrogen
bonds between all carboxylic acid groups.


Triethyltrimesic acid (4 b) was crystallized by slow evapo-
ration of an aqueous methanol solution to give a monohy-
drate. Its structure, which bears little resemblance to either
that of 4 c or 4 d, can be described as stacked corrugated sheets
(Figure 5B). Along the b axis, polar and apolar regions are
observed, resulting from segregation of the apolar alkylar-
omatic and polar carboxylic acid functionalities (Fig-
ure 5A).[26] Not surprisingly, the water molecule is found in


Figure 5. Views of packing of 4 b showing A) segregation of polar and
apolar functionalities as viewed along b axis, B) stacking of corrugated
sheets along b axis, and C) hydrogen-bonded column containing water
molecules which runs along b axis


the polar region, and contributes to a hydrogen-bonded
column that runs along the b axis. The hydrogen-bonding
features a monoexpanded R2


2(8) carboxylic acid dimer (R3
3(10)


graph set,[4] B in Scheme 1) and an expanded catemer (C2
2(6)


graph set,[4] E in Scheme 1). No R2
2(8) carboxylic acid dimers


are present. The water molecule is tetrahedrally coordinated
and contributes both hydroxy groups and both lone pairs to
hydrogen bonds (Figure 5C). Hydrate formation in the solid-
state was previously studied by Desiraju; he concluded that
ªtheir proportion ..increases.. with an increase in the number
of hydrogen-bond acceptor groups with respect to the donor
groupsº.[27] In this particular crystal structure the water
molecule uses its full hydrogen-bonding potential, and serves
to tie the converging carboxylic acid groups together in polar
columns that extend through the crystal.


A single crystal of trimethyltrimesic acid 4 a was grown
from aqueous ethanol. Its X-ray analysis revealed a structure
without significant voids or cavities (Figure 6). As in the case
of 4 b, it forms corrugated sheets that pack one atop the other


Figure 6. Views of packing of 4a showing A) segregation of polar and
apolar functionalities as viewed along b axis, B) stacking of corrugated
sheets along b axis, and C) hydrogen-bonded chain [C(4) graph set] which
runs along b axis.
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(Figure 6B) and is distinguished by the fact that no R2
2(8)


carboxylic acid dimers are present. Instead, it forms what can
best be described as a looping catemer of carboxylic acid
groups (graph set C(4),[4] Figure 6C). All the hydrogen-
bonding contacts are strong and the H ´´´ O distances are
about 1.7 and 2.0 �. p ± p interactions do not seem to
contribute to the stabilization of the packing arrangements
in 4 a, 4 b, or 4 c, perhaps because the aromatic rings are too
hindered by the alkyl groups to stack.


Replacement of a putative carboxylic acid dimer with an
acetylene linker : In the structure of 4 c and the pyrene� 1
inclusion complex, two of the three carboxylic acids form
R2


2(8) dimers resulting in the formation of zigzag ribbons (vide
supra). The third carboxylic acid group engages in non-R2


2(8)
hydrogen-bonding motifs (Figure 7) that thwarted efforts to
engineer the chicken-wire motif of Figure 1. This observation
suggested the replacement of this putative third carboxylic
acid dimer by a covalent linkage with linear geometry
(Figure 7). Thus, tetraacid 13 was chosen as the target.


Figure 7. Schematic representation of packing seen in pyrene ´ 1 inclusion
complex and 4 c, and covalent linkage between third acid groups.


The synthesis of 13 started from the known 2-butylisoph-
thalic acid (14)[28] which was brominated in nitric acid to
afford 15 in 80 % yield (Scheme 4). The acid groups in 15 were
protected as tert-butyl esters by reaction of the corresponding
acid chloride 15 a with lithium tert-butoxide, giving 16 in 71 %
yield for two steps. The aryl bromide was coupled to 2-methyl-
3-butyn-2-ol to afford 17 in 69 % yield, which was subse-
quently deprotected to 18 with base. Palladium-mediated
coupling of 18 and bromide 16 followed by deprotection
afforded the target tetraacid 13. Modest yields of the coupling
product were obtained, partly due to the extensive chroma-
tography needed to remove a small amount of the 18 dimer
(diyne from oxidative coupling) with an almost identical
Rf value.


Crystals of tetraacid 13 were obtained by slow evaporation
of a solution of the compund in THF. Gratifyingly, its
structure contains the desired sheet-like hydrogen-bonded
network (Figure 8). Two adjacent layers stack with a slight
offset along the axis of the acetylene spacer. This generates a
large elliptical hole with approximate dimensions 12� 17 �.
The four extended butyl groups fill much of this void and


Scheme 4. Synthesis of compound 13.


Figure 8. A) Packing view of 13 ´ 2 THF along c axis showing one layer of
hydrogen-bonded network with butyl groups removed for clarity. B) Unit
cell of 13 ´ 2THF.


serve to divide the chamber into two halves, each of which
contains a THF molecule. Each pair of stacked layers is
significantly offset relative to each other so that the THF
molecules reside in cavities, not channels. Two of the eight
butyl groups in the unit cell of 13 are disordered, and both are
disordered exclusively at the methyl group position. An
additional feature of this crystal structure is a short (2.422 �)
CÿH contact between a benzene ring hydrogen atom and the
oxygen atom of the THF molecule.[29]
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Conclusion


Of the six solid-state structures described in this report (i.e.,
1� pyrene, 4 a ± d, 13), only two (4 d, 13) contained the desired
sheetlike hydrogen-bonded networks analogous to that in
Figure 1. In the case of 4 d, the butyl chains filled the voids of
the putative, approximately 14 � holes, while in 13 two layers
stack in close alignment to create cavities filled with THF
molecules. In both cases the packing of layers was left to
chance. Partial interpenetration of pairs of layers occurred
only in 4 d.


Neglecting the hydrate of 4 b, only two of the six structures
examined produced a clathrate. The others formed close-
packed structures by adopting non-R2


2(8) carboxylic acid
packing motifs. Arguably, the crystal packing motifs of
carboxylic acids are among the most extensively studied of
all hydrogen-bonding functional groups in small molecules.
Moreover, there is a strong measure of statistical significance
because of the large database of carboxylic acid structures.
How reliable is the R2


2(8) carboxylic acid dimer as a supra-
molecular organizing element in crystal engineering?


In this work, we did not grow all crystals under the same
conditions, nor did we broadly examine different conditions.
Thus, the structures may represent local minima in crystallo-
graphic space. Notwithstanding this possibility, the frequency
of the R2


2(8) motif in the 1� pyrene, 4 a ± d, and 13 structures is
well below that found for carboxylic acid groups in a brief


survey of the Cambridge Structural Database (CSD). Earlier
we hypothesized that the likelihood of uncommon carboxylic
acid packing motifs increases when R2


2(8) dimer formation
would lead to a porous network. The new results described
herein support this idea, although the sample size is com-
paratively small, and it is also true that sterically encumbered
(i.e., 2,6-disubstituted) aromatic carboxylic acids favor such
nonstandard motifs as suggested by Etter and Frankenbach.[25]


For compounds in the CSD that adopt nonstandard packing
motifs, it would be informative to see if their calculated
packing coefficient are unusually low when the acids are
constrained to form normal dimers. Such a finding would
support our notion that so-called nanoporous crystals (i.e.,
clathrates) are the most difficult to engineer.[16a]


Experimental Section


General : All solvents and reagents were of reagent quality, purchased
commercially, and used without further purification, except as noted below.
For the synthesis of 6 b, 2,4,6-triethylbromobenzene was obtained from the
Marvel chemical storeroom at the University of Illinois and used instead of
commercially available 1,3,5-triethylbenzene. Diazomethane was freshly
generated from Diazald� (N-methyl-N-nitroso-p-toluenesulfonamide) and
potassium hydroxide in a Diazald� diazomethane generator (Aldrich) as a
solution in dry diethyl ether and used immediately (Caution : diazomethane
is explosive and toxic!). Dichloromethane (CH2Cl2), pyridine, triethyl-
amine, and toluene were freshly distilled from calcium hydride prior to use.
Tetrahydrofuran (THF), diethyl ether, and 1,4-dioxane were freshly


Table 1. Crystal data, data collection, and refinement parameters for 1 ´ pyrene, 4 a ± d, 13.[a]


Compound 1 ´ pyrene 4 a 4b 4 c 4d 13


chemical formula (C9H6O6)2(C16H10)
´ 2(C2H6O)


C12H12O6 C12H18O6 ´ H2O C18H24O6 C21H30O6 C26H26O8 ´ C4H8O


formula weight 714.68 252.22 312.31 336.37 378.45 538.6
crystal system monoclinic orthorhombic orthorhombic orthorhombic triclinic triclinic
space group C2/c Pbca Pca21 Pnma P1Å P1Å


a [�] 28.128(5) 15.495(3) 17.897(2) 7.082(2) 10.077(3) 13.937(5)
b [�] 16.550(3) 9.393(2) 5.6062(2) 16.381(4) 15.574(4) 13.971(5)
c [�] 14.725(4) 15.390(7) 16.047(2) 15.853(3) 15.789(4) 14.967(6)
a[8] 90 90 90 90 64.11(2) 86.47(3)
b[8] 95.13(2) 90 90 90 75.65(2) 79.94(3)
g[8] 90 90 90 90 77.41(2) 76.32(3)
V [�] 6827(11) 2239.9(12) 1610.1(3) 1839.1(8) 2142.5(10) 2787(2)
Z 8 8 4 4 4 4
1calcd [gcmÿ3] 1.391 1.496 1.288 1.215 1.173 1.283
crystal size [mm] 0.20� 0.80� 0.80 0.48� 0.46� 0.20 0.22� 0.12� 0.10 0.65� 0.55� 0.52 0.70� 0.46� 0.28 0.45� 0.24� 0.16
m [mmÿ1] 0.100 0.122 0.102 0.091 0.085 0.088
temperature [K] 198 198 293 198 198 198
measured reflns 9455 2533 5703 2160 6342 8631
indep. reflns 3425 2413 2247 2050 5940 8238
q max [8] 2.00< 2q< 50.00 2.65< q< 26.96 2.28<q< 23.29 3.58< q< 26.96 1.46<q< 22.97 1.52< q< 23.47
refinement on F F2 F 2 F2 F 2 F2


final R ind (I> 2s(I)) R� 0.053,
Rw� 0.063


R1� 0.0453,
wR2� 0.1136


R1� 0.0633,
wR2� 0.1096


R1� 0.0468,
wR2� 0.1168


R1� 0.0520,
wR2� 0.1332


R1� 0.0883,
wR2� 0.1844


R indices (all data) R1� 0.1000,
wR2� 0.1789


R1� 0.0864,
wR2� 0.12000


R1� 0.0700,
wR2� 0.1313


R1� 0.0725,
wR2� 0.1499


R1� 0.2733,
wR2� 0.2759


data/restraints/parameters 3425/0/497 2411/6/222 2247/1/218 2050/0/ 175 5940/82/576 8238/226/721
absorption corr. integration none none integration integration none
residual electron density [e �ÿ3] 0.56/ÿ 0.44 0.29/ÿ 0.227 0.141/ÿ 0.139 0.259/ÿ 0.204 0.414/ÿ 0.279 0.478/ÿ 0.359
GoF 2.35 1.002 1.174 1.017 1.072 1.023


[a] The crystal structures for 4a ± d and 13 were solved by direct methods (SHELXS-86) and refined on F 2 (SHELXL-93); the crystal structure for 1 ´ pyrene
was solved by direct methods (SHELXS-86) and refined on F (I> 2.58s(I)) (SHELX-76). Radiation (�) Mo Ka (l� 0.71073), data coll. method w/q.
Crystallographic data (excluding structure factors) for the structures reported in this paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-123664±123666, 133548±133550. Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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distilled from sodium and benzophenone. Dry methanol (CH3OH) was
distilled from magnesium methoxide. All reactions except conversions of
8a ± e to 9a ± e were run under a nitrogen atmosphere. All reactions were
stirred magnetically unless otherwise noted.


Flash chromatography was carried out with 40 ± 63 mm silica gel unless
otherwise noted. Thin-layer chromatography was performed on 0.2 mm
silica gel coated plastic sheets (Merck) with F254 indicator. Preparative thin-
layer chromatography was performed on silica gel coated circular plates
(silica gel 60 PF254 containing gypsum, EM Science) with a Chromatotron
(Harrison Research). Melting points were determined on a Thomas
Hoover melting point apparatus and are uncorrected. Kugelrohr distilla-
tion was performed under high vacuum. NMR spectra were recorded on a
General Electric QE-300 (300 MHz) instrument in deuterated chloroform
unless otherwise stated. When CDCl3 was used as a solvent chemical shifts
were measured relative to the residual chloroform peak (d� 7.26 for
1H NMR) and the center of CDCl3 multiplet (d� 77 for 13C NMR); for
[D6]dimethyl sulfoxide ([D6]DMSO), chemical shifts were measured
relative to the center of residual [D6]DMSO multiplet (d� 2.49 for
1H NMR) and the center of [D6]DMSO multiplet (d� 39.7 for 13C NMR);
for [D6]acetone, chemical shifts were measured relative to the center of
residual [D6]acetone multiplet (d� 2.04 for 1H NMR) and the center of
[D6]acetone multiplet (d� 29.8 for 13C NMR). Coupling constants are
reported in Hertz (Hz).


2,4,6-Trimethylbenzene-1,3,5-tricarboxylic acid (4 a): A suspension of triol
12 (0.9 g, 4.3 mmol) in reagent grade acetone (50 mL) was treated dropwise
with Jones reagent (14 mL, 38.5 mmol CrO3) at 4 8C. The mixture was
stirred for 20 min at 4 8C, 20 min at room temperature, and 5 min at 30 8C.
The resulting green heterogeneous mixture was poured into cold water
(150 mL) and extracted with diethyl ether (3� 50 mL). The combined
organic fractions were extracted with water (50 mL), separated, dried with
anhydrous sodium sulfate, and the solvent was evaporated under reduced
pressure. The resulting gray solid was recrystallized from acetonitrile to
afford 4 a (0.5 g, 46%) as short white needles: m.p.> 300 8C; 1H NMR
([D6]DMSO): d� 13.5 (br, 1 H, CO2H), 2.19 (s, 3 H, CH3); 13C NMR
([D4]methanol): d� 172.5, 135.9, 131.6, 17.3; anal. calcd C12H12O6: C 57.14,
H 4.79; found C 56.77, H 4.88.


2,4,6-Triethyl-1,3,5-benzenetricarboxylic acid (4 b): A solution trimethyl
ester 9b (0.5 g, 1.5 mmol) in a mixture of glacial acetic acid (5 mL) and
hydrobromic acid in glacial acetic acid (3.5 mL, 30% w/w) was heated in a
sealed tube at 100 8C for 24 h. The resulting homogeneous solution was
cooled to room temperature, poured into cold water (100 mL), and
extracted twice with diethyl ether (50 mL). The combined organic layers
were washed with water (50 mL), and dried over magnesium sulfate. The
solvent was removed under reduced pressure. The resulting solid was
heated in a Kugelrohr apparatus at 100 8C (to remove traces of acetic acid)
and recrystallized from water to afford 4b (0.22 g, 50%) as short, colorless
needles: m.p. 253 ± 256 8C (decomp); 1H NMR ([D6]acetone): d� 11.5 (br s,
1H, CO2H), 2.70 (q, J� 7.5 Hz; 2H, CH2), 1.22 (t, J� 7.5 Hz; 2 H, CH3);
13C NMR ([D6]acetone): d� 170.3, 137.9, 134.6, 25.9, 16.2; anal. calcd
C15H18O6: C 61.22, H 6.16; found C 61.22, H 6.17.


2,4,6-Tripropylbenzene-1,3,5-tricarboxylic acid (4c): A solution of 9 c
(1.57 g, 4.1 mmol) in a mixture of glacial acetic acid (5 mL) and HBr in
glacial acetic acid (5 mL, 30% w/w) was heated overnight in a sealed tube
at 100 8C. The resulting heterogeneous mixture was cooled to room
temperature and poured into cold water (20 mL). A white precipitate
formed, which was collected by filtration and recrystallized from 20 % v/v
aqueous ethanol to afford 4c (0.88 g, 64 %) as short, colorless needles:
m.p.> 300 8C; 1H NMR ([D6]acetone): d� 10.2 (br s, 1H, CO2H), 2.64 (m,
2H, CH2-1'), 1.66 (m, 2H, CH2-2'), 0.91 (t, J� 7.3 Hz, 3H, CH3); 13C NMR
([D6]acetone): d� 170.4, 136.5, 134.9, 34.9, 25.5, 14.8; anal. calcd C18H24O6:
C 64.27, H 7.20; found C 64.08, H 7.37.


2,4,6-Tributylbenzene-1,3,5-tricarboxylic acid (4d): With a procedure
analogous that for 4 c, 9 d (0.54 g) was converted into 4d (0.3 g, 62%;
short, colorless needles): m.p.> 300 8C; 1H NMR ([D6]acetone): d� 11.3
(br s, 1 H, CO2H), 2.68 (m, 2H, CH2-1'), 1.61 (m, 2 H, CH2-2'), 1.34 (m, 2H,
CH2-3'), 0.88 (t, J� 7.3 Hz, 3H, CH3); 13C NMR ([D6]acetone): d� 170.4,
136.7, 134.7, 34.3, 32.4, 23.7, 13.9; anal. calcd C21H30O6: C 66.64, H 8.00;
found C 66.40, H 8.02.


2,4,6-Tripentylbenzene-1,3,5-tricarboxylic acid (4e): A solution of 9e
(1.7 g, 3.7 mmol) in a mixture of glacial acetic acid (10 mL) and HBr in


glacial acetic acid (20 mL, 30% w/w) was heated over 48 h in a sealed tube
at 130 8C. The resulting homogeneous solution was cooled to room
temperature and poured into cold water (100 mL) to give a white
precipitate. The solid was collected by filtration and recrystallized from
20% v/v aqueous ethanol, followed by recrystallization from acetonitrile to
afford 4e (0.45 g, 29%) as small, colorless crystals: m.p. 275 ± 278 8C;
1H NMR ([D6]acetone): d� 11.4 (br, 1H, CO2H), 2.64 (m, 2H, CH2-1'),
1.66 (m, 2H, CH2-2'), 1.31 (m, 4 H, CH2-3', CH2-4'), 0.86 (t, J� 7.0 Hz, 3H,
CH3); 13C NMR ([D6]acetone): d� 170.4, 136.8, 134.8, 32.9, 32.7, 31.8, 22.8,
14.1; anal. calcd C24H36O6: C 68.54, H 8.63; found C 68.45, H 8.71.


1,3,5-Tripropylbenzene (6c): A solution of propylmagnesium bromide
prepared from magnesium turnings (36 g, 1.5 mol) and propyl bromide
(123 g, 1 mol) in diethyl ether (500 mL) was added at 4 8C with a cannula to
a mechanically stirred solution of 1,3,5-trichlorobenzene (5) (40 g,
220 mmol) and NiCl2(dppe) (0.44 mmol, 234 mg) in diethyl ether
(500 mL). The resulting green reaction mixture was stirred for 2 h at 4 8C
and allowed to warm to room temperature over 3 h (Caution : exother-
mic!). The green solution was refluxed overnight during which time a white
precipitate formed. The heterogeneous mixture was stirred for five days at
room temperature, poured into water (1 L) (Caution : exothermic!),
acidified with a aqueous HCl (10 % w/w) to pH 1, and extracted twice
with diethyl ether (200 mL). The combined organic layers were dried over
magnesium sulfate, filtered, and the solvent removed under reduced
pressure. The resulting orange liquid was dissolved in petroleum ether and
passed through a plug of silica gel. The solvent was removed under reduced
pressure and the resulting yellow oil was fractionally distilled at 1 mm Hg
to afford 6c (15 g) as a colorless liquid which was 90% pure as judged by
1H NMR spectroscopy. Fractions containing more than 10% of 3,5-
dipropylchlorobenzene (about 20 mL) were dissolved in a solution of KOH
(10 g) in ethanol (100 mL). The resulting heterogeneous mixture was
hydrogenated at atmospheric pressure and room temperature over
palladium on calcium carbonate (5 %, 0.3 g) for 5 h, during which time it
changed color from brown to black. The solvent was removed under
reduced pressure. The resulting oil was acidified with aqueous HCl
(100 mL, 10% w/w) and extracted twice with CH2Cl2 (250 mL). The
combined organic layers were dried over anhydrous magnesium sulfate,
filtered through a plug of celite and the solvent was removed under reduced
pressure. The resulting colorless liquid was subjected to fractional
distillation to afford an additional 14 g of 6b as a colorless odorless liquid
which was 95 % pure as judged by 1H NMR (total yield: 29 g, 64%): b.p.
80 ± 85 8C 1 mmÿ1 Hg; 1H NMR: d� 6.82 (s, 1 H, H-1), 2.53 (m, 2H, CH2-1'),
1.62 (m, 2H, CH2-2'), 0.94 (t, J� 7.4 Hz, 3H, CH3); 13C NMR: d� 142.4,
126.0, 38.1, 24.7, 14.0.


1,3,5-Tributylbenzene (6d): With a procedure analogous to that used for 6c,
except that the reaction was worked up after the overnight reflux, 5 (36 g,
198 mmol) was converted to the crude product which was fractionally
distilled (1 mm Hg) to afford 6d (24 g, 50%) as a colorless liquid: 1H NMR:
d� 6.88 (s, 1H, H-1), 2.66 (t, J� 8.0 Hz, 2H, CH2-1'), 1.68 (m, 2 H, CH2-2'),
1.47 (m, 2H, CH2-3'), 1.04 (t, J� 6.7 Hz, 3 H, CH3); 13C NMR: d� 142.7,
125.8, 35.7, 33.8, 22.6, 14.0.


1,3,5-Tripentylbenzene (6e): With a procedure analogous to that used for
6c, 5 (26 g) was converted into a colorless oil which was fractionally
distilled to afford 6e (22 g, 53%) as a colorless oil: b.p. 140 ± 150 8C 1 mmÿ1


Hg; 1H NMR: d� 6.88 (s, 1 H, H-2), 2.61 (m, 2 H, CH2-1'), 1.66 (m, 2H,
CH2-2'), 1.39 (m, 4 H, CH2-3', CH2-4'), 0.97 (t, J� 6.8 Hz, 3H, CH3);
13C NMR: d� 142.7, 125.8, 36.0, 31.7, 31.3, 22.6, 14.1.


1,3,5-Tribromo-2,4,6-triethylbenzene (7b): 2,4,6-Triethylbromobenzene
(10 g, 41.5 mmol) was added dropwise over 15 min to a mixture of bromine
(50 mL, 1 mol) and iron powder (1 g) cooled to 0 8C. The reaction mixture
was allowed to warm to room temperature overnight. The excess bromine
was removed by distillation. The resulting dark brown residue was
dissolved in CH2Cl2 (150 mL) and washed successively with aqueous
sodium sulfite (200 mL, 10 % w/w), water (200 mL), and brine (200 mL).
The organic layer was separated, dried over anhydrous sodium sulfate, and
the solvent was removed under reduced pressure to afford an off-white
solid, which was recrystallized from 95 % ethanol to afford 6 a (15.85 g,
95%) as long white needles: m.p. 102 ± 103 8C (lit. m.p.[30] 104.6 ± 104.8 8C);
1H NMR: d� 3.13 (q, J� 7.7 Hz, 2H, CH2), 1.19 (t, J� 7.7 Hz, 3H, CH3);
13C NMR: d� 142.4, 124.2, 32.7, 12.2.
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1,3,5-Tribromo-2,4,6-tripropylbenzene (7c): With a procedure analogous to
that used for 7 b, 6 c (15 g, 90% pure by 1H NMR) was converted into 7 c
(22 g, 62%) as colorless needles: m.p. 111 ± 113 8C (lit. m.p.[31] 112 ± 113 8C);
1H NMR: d� 3.03 (m, 2 H, CH2-1'), 1.58 (m, 2H, CH2-2'), 1.04 (t, J� 7.3 Hz,
3H, CH3); 13C NMR: d� 141.3, 124.7, 41.1, 21.3, 14.2; anal. calcd C15H21Br3:
C 40.85, H 4.80, Br 54.35; found C 40.61, H 4.86, Br 54.53.


1,3,5-Tribromo-2,4,6-tributylbenzene (7d): With a procedure analogous to
that used for 7 b, except that the 6 d was added by syringe pump over 1 h, 6d
(10 g) was converted into a yellow solid which was subjected to a short-path
Kugelrohr distillation to afford 7d (17 g, 86%) as a white solid. The product
was recrystallized from 2-propanol to afford long white needles: m.p. 56 ±
58 8C; 1H NMR: d� 3.07 (t, J� 8.6 Hz, 2H, CH2-1'), 1.50 (m, 4 H, CH2-2'),
1.39 (m, 2H, CH2-3'), 0.99 (t, J� 6.9 Hz, 3H, CH3); 13C d� 141.4, 124.6,
39.0, 30.0, 22.9, 13.9; anal. calcd C18H27Br3: C 44.74, H 5.63, Br 49.62; found
C 44.71, H 5.66, Br 49.58.


1,3,5-Tribromo-2,4,6-tripentylbenzene (7e): With a procedure analogous to
that used for 7 b, 6e (10 g) was converted into a dark oil which was distilled
with a Kugelrohr apparatus. The resulting brownish oil was dissolved in a
mixture of light petroleum ether (50 mL) and CH2Cl2 (50 mL) and passed
through a short plug of silica gel. The solvent was evaporated and the
resulting colorless oil was heated in a Kugelrohr apparatus to 120 ± 130 8C
to remove any volatiles to afford 7 e (11.3 g, 61%) as a white waxy solid:
m.p. 40 ± 42 8C; 1H NMR: d� 3.06 (m, 2 H, CH2-1'), 1.55 (m, 2H, CH2-2'),
1.43 (m 4 H, CH2-3', CH2-4'), 0.94 (t, J� 6.9 Hz, 3H, CH3); 13C NMR: d�
141.5, 124.6, 39.2, 32.0, 27.5, 22.3, 14.1.


1,3,5-Tricyano-2,4,6-triethylbenzene (8b): A mixture of 7b (14 g, 35 mmol)
and cuprous cyanide (19 g, 210 mmol) in reagent grade DMF (140 mL) was
refluxed for 50 h. The reaction mixture was cooled to room temperature,
poured into a solution of ferric chloride hydrate (50 g) in aqueous HCl
(400 mL, 10 % w/w) and stirred at 80 8C for 30 min. The resulting dark
green mixture was extracted twice with CH2Cl2 (200 mL) and once with
benzene (200 mL). The combined organic fractions were dried over
magnesium sulfate and the solvent was removed under reduced pressure
to afford a dark green solid. Kugelrohr distillation followed by flash
chromatography (30 % v/v petroleum ether/CH2Cl2) and recrystallization
from petroleum ether afforded 8b (1.8 g, 21 %) as long white needles: m.p.
164 ± 165 8C (lit. m.p.[32] 165 ± 166 8C); 1H NMR: d� 3.13 (q, J� 7.6 Hz, 2H,
CH2), 1.36 (t, J� 7.6 Hz, 3H, CH3); 13C NMR: d� 156.6, 113.8, 112.7, 28.4,
14.4.


1,3,5-Tricyano-2,4,6-tripropylbenzene (8c): With a procedure analogous to
that used for 8b, 7c (9.66 g) was converted into a yellow solid which was
recrystallized from petroleum ether to afford 8 c (2.8 g) as long white
needles. The solvent from the mother liquor was removed under reduced
pressure and the resulting yellowish solid was chromatographed (petro-
leum ether/CH2Cl2 1:1). The product thus obtained was recrystallized from
petroleum ether to afford 8 c (0.9 g) as long white needles. The solvent from
the mother liquor was removed under reduced pressure and the resulting
white solid was further purified by radial chromatography over 4 mm silica
gel coated plates (9 % CH2Cl2/petroleum ether) to afford an additional
1.2 g of 8 c as white needles (total yield: 4.9 g, 80 %): m.p. 55 ± 57 8C;
1H NMR: d� 3.08 (m, 2 H, CH2-1'), 1.76 (m, 2H, CH2-2'), 1.07 (t, J� 7.3 Hz,
3H, CH3); 13C NMR: d� 154.9, 114.2, 113.5, 36.6, 23.9, 13.9; anal. calcd
C18H21N3: C 77.38, H 7.58, N 15.04; found C 77.22, H 7.55, N 15.05.


2,4,6-Tributyl-1,3,5-tricyanobenzene (8 d): With a procedure analogous to
that used for 8b, 7 d (7.2 g) was converted into a crude product which was
purified by flash chromatography (4% ethyl acetate/petroleum ether).
Mixed fractions were further purified by radial chromatography on a 4 mm
silica gel coated plates (petroleum ether). The combined product was
recrystallized from pentane to afford 8 d (2.8 g, 58 %) as long white needles:
m.p. 64 ± 66 8C; 1H NMR: d� 3.09 (t, J� 7.8 Hz, 2H, CH2-1'), 1.68 (m, 2H,
CH2-2'), 1.50 (m, 2 H, CH2-3'), 0.98 (t, J� 7.2 Hz, 3 H, CH3); 13C NMR: d�
155.3, 114.2, 113.3, 34.7, 32.5, 22.6, 13.5; anal. calcd C21H27N3: C 78.46, H
8.47, N 13.07; found C 78.42, H 8.45, N 13.09.


1,3,5-Tricyano-2,4,6-tripentylbenzene (8 e): With a procedure analogous to
that used for 8b, 7e (10 g) was converted into a dark oil which was
chromatographed over silica gel (20 % v/v CH2Cl2/light petroleum ether) to
afford, after Kugelrohr distillation and recrystallization from light petro-
leum ether (freezer), 8 e (5.1 g, 74 %) as long white needles: m.p. 41 ± 43 8C;
1H NMR: d� 3.09 (m, 2 H, CH2-1'), 1.71 (m, 2H, CH2-2'), 1.41 (m, 4H,
CH2-3', CH2-4'), 0.91 (t, J� 7.3 Hz, 3 H, CH3); 13C NMR: d� 155.3, 114.2,


113.2, 34.9, 31.5, 30.2, 22.1, 13.7; anal. calcd C24H33N3: C 79.29, H 9.15, N
11.56; found C 79.45, H 9.04, N 11.65.


Trimethyl 2,4,6-triethylbenzene-1,3,5-tricarboxylate (9b): A mixture of 8b
(1 g, 4.2 mmol) and aqueous sulfuric acid (19 g, 80% w/w, water (4.5 mL),
and concentrated sulfuric acid (8 mL)) was heated at 150 ± 160 8C for 5 h.
The resulting brown homogeneous reaction mixture was cooled to 80 ±
90 8C and finely ground sodium nitrite (2 g, 29 mmol) was added in portions
of about 0.2 g over 2 h with vigorous stirring during which time a tan
precipitate formed (Caution : foaming and gas evolution!). The heteroge-
neous mixture was allowed to stir for an additional hour, cooled to room
temperature, and poured into cold water (100 mL). The resulting brownish
solution was extracted with diethyl ether (150 mL). The organic layer was
separated, dried over magnesium sulfate, and concentrated at reduced
pressure to afford a tan solid (0.8 g). A solution of crude acid 4 b (0.8 g,
ca. 2.7 mmol) in reagent grade THF (50 mL) was treated with an ethereal
solution of diazomethane (60 mL) at 0 8C: diazomethane was generated
from Diazald� (4.28 g, 20 mmol) and KOH (0.8 g, 14 mmol) as a solution in
diethyl ether (60 mL). Excess of diazomethane was quenched with glacial
acetic acid (5 mL) and the solvent was removed under reduced pressure.
The resulting brown oil was dissolved in CH2Cl2 (160 mL) and washed with
a saturated aqueous solution of sodium bicarbonate until the pH of the
aqueous layer was basic and no further gas evolution occurred. The organic
layer was dried with anhydrous magnesium sulfate and the solvent was
removed under reduced pressure. Flash chromatography over silica gel
(petroleum ether/CH2Cl2 1:3) followed by Kugelrohr distillation afforded
9b (0.5 g; 35 % from 8b) as a thick colorless oil: 1H NMR: d� 3.82 (s, 3H,
CO2CH3), 2.45 (q, J� 7.5 Hz, 2H, CH2), 1.09 (t, J� 7.5 Hz, 2H, CH3);
13C NMR: d� 169.2, 138.6, 132.6, 51.8, 25.2, 15.3; anal. calcd C18H24O6: C
64.27, H 7.19; found C 64.36, H 7.31.


Trimethyl 2,4,6-tripropylbenzene-1,3,5-tricarboxylate (9 c): With a proce-
dure analogous to that used for 9b, 8 c (2.79 g, 10 mmol) was converted into
a crude product which was dissolved in 1:1 petroleum ether/CH2Cl2 and
passed through a short pad of silica gel, followed by a short-path Kugelrohr
distillation to afford 9c (1.57 g; 41 % from 8c) as an oil, which later
crystallized as colorless thick needles: m.p. 37 ± 40 8C; 1H NMR: d� 3.88 (s,
3H, OCH3), 2.43 (m, 2 H, CH2-1'), 1.54 (m, 2H, CH2-2'), 0.90 (t, J� 7.3 Hz,
3H, CH3); 13C NMR: d� 169.5, 137.6, 133.0, 52.0, 34.7, 24.6, 14.6; anal. calcd
C21H30O6: C 66.64, H 8.00; found C 66.68, H 8.04.


Trimethyl 2,4,6-tributylbenzene-1,3,5-tricarboxylate (9d): With a proce-
dure analogous to that used for 9 b, 8d (4.7 g) was converted into a crude
product which was purified by radial chromatography on 2 mm silica gel
coated plates (15 % v/v petroleum ether/CH2Cl2), followed by a short-path
Kugelrohr distillation to afford 9d (0.62 g; 49% from 8 d) as a colorless
viscous oil: b.p. 140 ± 150 8C (Kugelrohr); 1H NMR: d� 3.83 (s, 3H,
CO2CH3), 2.43 (t, J� 5.7 Hz, 2 H, CH2-1'), 1.46 (m, 2H, CH2-2'), 1.26 (m,
2H, CH2-3'), 0.83 (t, J� 7.3 Hz, 3H, CH3); 13C NMR: d� 169.3, 137.6, 132.7,
51.8, 33.2, 31.7, 22.9, 13.5; anal. calcd C24H36O6: C 68.54, H 8.63; found C
68.52, H 8.63. (Note: In scale-up experiments filtration of the ester as a
solution in 1:1 petroleum ether/CH2Cl2 through a pad of silica gel was
successfully used instead of radial chromatography.)


Trimethyl 2,4,6-tripentylbenzene-1,3,5-tricarboxylate (9e): A mixture of 8e
(1.5 g, 4 mmol) and aqueous sulfuric acid (30 mL, 80 % w/w) was heated at
160 ± 170 8C for 8 h (with reflux condensor attached!). Every 30 min water
(2 mL) was added through the condensor. (Caution!) The resulting brown
homogeneous reaction mixture was cooled to 80 ± 90 8C and methanesul-
fonic acid (5 mL) was added followed by nitrosyl tetrafluoroborate (2.1 g,
18 mmol) in portions of about 0.3 g with vigorous stirring. The addition was
complete, the reaction mixture was stirred for 30 min, cooled to room
temperature and poured into cold water (100 mL). The resulting creamy
solid was filtered, washed with water (200 mL), and air dried. A solution of
the crude acid in reagent grade THF (100 mL) was treated with diazo-
methane as described for 9b. Flash chromatography of the resulting brown
residue over silica gel (30 % v/v CH2Cl2/petroleum ether to 50 % CH2Cl2/
petroleum ether), followed by a short-path Kugelrohr distillation afforded
9e (0.79 g; 42 % from 8e) as a colorless oil: b.p. 190 ± 200 8C 1 mmÿ1 Hg
(Kugelrohr), 1H NMR: d� 3.88 (s, 3 H, OCH3), 2.45 (m, 2 H, CH2-1'), 1.51
(m, 2H, CH2-2'), 1.27 (m 4H, CH2-3', CH2-4'), 0.87 (t, J� 6.7 Hz, 3 H, CH3);
13C NMR: d� 169.3, 137.6, 132.7, 51.8, 32.0, 32.0, 30.8, 22.0, 13.7.


1,3,5-Tris(acetoxymethyl)-2,4,6-trimethylbenzene (11): A mixture of 10
(1.7 g, 4.3 mmol), anhydrous sodium acetate (2 g, 24 mmol), and glacial
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acetic acid (40 mL) was heated in a sealed tube at 130 ± 140 8C overnight.
The resulting heterogeneous mixture was cooled to room temperature,
transferred to a flask, and the solvent was evaporated to dryness under
reduced pressure. The resulting white solid was partitioned between water
(100 mL) and CH2Cl2 (100 mL). The separated organic layer was succes-
sively washed with a saturated aqueous sodium bicarbonate (100 mL) and
water (50 mL). The collected organic layer was dried with anhydrous
sodium sulfate and the solvent was evaporated to dryness. The resulting
white solid was recrystallized from methanol to give 11 (1.33 g, 92%) as
long white needles: m.p. 157 ± 159 8C (lit. m.p.[33] 158 ± 159 8C); 1H NMR:
d� 5.23 (s, 2H, CH2), 2.41 (s, 3 H, CH3), 2.06 (s, 3 H, COCH3); 13C NMR:
d� 170.8, 139.5, 130.8, 61.2, 20.7, 15.8; anal. calcd C18H24O6: C 64.27, H 7.20;
found C 64.29, H 7.23.


1,3,5-Tris(hydroxymethyl)-2,4,6-trimethylbenzene (12): A mixture of 11
(1.33 g, 4 mmol), and lithium hydroxide hydrate (0.67 g, 16 mmol) in
reagent grade ethanol (50 mL) was heated at reflux overnight. The
resulting heterogeneous reaction mixture was cooled to room temperature
and evaporated to dryness. The resulting white solid was suspended in cold
water (100 mL), filtered, and washed with water (40 mL), dried under
heating to 150 8C in vacuo to provide 12 (780 mg, 92 %) as a white solid:
m.p. 271 ± 273 8C (lit. m.p.[33] 277 ± 279 8C); 1H NMR ([D6]DMSO): d� 4.66
(t, J� 4.6 Hz, 3H, OH), 2.41 (d, J� 4.6 Hz, 6 H, CH2), 2.37 (s, 3 H, CH3);
13C NMR ([D6]DMSO): d� 135.6, 135.5, 57.9, 15.2; anal. calcd C12H18O3: C
68.54, H 8.63; found C 68.75, H 8.74.


Bis(4-butyl-3,5-dicarboxyphenyl)acetylene (13): Trifluoroacetic acid
(2 mL) was added to a solution bis(4-butyl-3,5-di(tert-butoxycarbonyl)phe-
nyl)acetylene (13a) (100 mg) in 98 % formic acid (8 mL). The reaction
mixture was stirred overnight at room temperature during which time a
white precipitate formed. The solid was filtered and washed with water
(30 mL) to afford 13 (65 mg, 95%) as a white solid after drying at 150 ±
160 8C under high vacuum: m.p.> 300 8C; 1H NMR ([D6]DMSO): d� 10
(br s, 4H, CO2H), 8.07 (s, 4 H, Ar-H), 3.29 (m, 4H, CH2-1'), 1.58 (m, 4H,
CH2-2'), 1.39 (m, 2 H, CH2-3'), 0.91 (t, J� 7.3 Hz, 6H, CH3); 13C NMR
([D8]THF): d� 168.5, 142.2, 134.4, 134.1, 119.6, 88.5, 33.6, 29.4, 22.5,
13.7; an analytically pure sample was obtained by recrystallization from
aqueous ethanol: anal. calcd C26H28O8: C 66.94, H 5.62; found C 67.01, H
5.56.


Bis(4-butyl-3,5-di(tert-butoxycarbonyl)phenyl)acetylene (13 a): A deoxy-
genated heterogeneous mixture of 16 (3.7 g, 9 mmol), 18 (3.1 g, 8.6 mmol),
CuI (100 mg, 0.5 mmol), Pd2(dba)3 (20 mg, 0.02 mmol), triphenylphosphine
(210 mg, 0.8 mmol), dry triethylamine (25 mL), and dry benzene (25 mL)
was heated in a sealed tube at 80 8C for 48 h. The resulting brown
heterogeneous mixture was cooled to room temperature and the solvent
was removed under reduced pressure. The residue was extracted by stirring
with diethyl ether (300 mL). The solution was filtered and the solvent was
evaporated under reduced pressure. The resulting brown residue was
chromatographed (30 % v/v petroleum ether/CH2Cl2). The product was
further chromatographed with radial chromatography (40 % v/v CH2Cl2/
petroleum ether) to afford after recrystallization from ethanol 13a (1.8 g,
30%) as a white fluffy solid: m.p. 143 ± 145 8C; 1H NMR: d� 7.71 (s, 4H,
Ph-H), 3.07 (m, 4 H, CH2-1'), 1.60 (s, 36H, tert-Bu), 1.59 (m, 4H, CH2-2'),
1.39 (m, 4H, CH2-3'), 0.93 (t, J� 7.2 Hz, 6H, CH3); 13C NMR: d� 167.1,
141.7, 135.0, 134.0, 120.2, 88.6, 82.1, 34.1, 30.1, 28.1, 23.3, 14.0; anal. calcd
C42H58O8: C 73.01, H 8.46; found C 72.84, H 8.62.


5-Bromo-2-butylbenzene-1,3-dicarboxylic acid (15): A heterogeneous
mixture of 14 (12 g, 27 mmol), bromine (5 mL, 97 mmol), and aqueous
nitric acid (50 mL, 70% w/w) was heated in a sealed tube for 18 h at 80 ±
90 8C. The course of the reaction was monitored by 1H NMR spectroscopy.
The reaction mixture was cooled to room temperature and poured into cold
water (200 mL). The resulting brownish solid was filtered, washed with cold
water (200 mL) and dissolved in aqueous potassium carbonate (0.5 L, 10%
w/w). The traces of bromine were quenched by addition of aqueous sodium
hydrosulfite (10 % w/w) until the solution changed color from slightly
orange to colorless. The resulting solution was acidified with concentrated
aqueous hydrochloric acid to pH 1. The white creamy precipitate formed
was filtered and recrystallized from aqueous ethanol (20 % v/v) to afford
acid 15 (6.5 g, 80%) after drying in vacuo as a white solid: m.p. 245 ± 248 8C;
1H NMR ([D6]DMSO): d� 13.35 (br s, 2H, CO2H), 7.89 (s, 2 H, H-4, H-6),
3.03 (m, 2H, CH2-1'), 1.45 (m, 2 H, CH2-2'), 1.27 (m, 2 H, CH2-3'), 0.84 (t,
J� 7.2 Hz, 3 H, CH3); 13C NMR ([D6]DMSO): d� 167.9, 140.9, 135.7, 134.0,


118.3, 33.6, 29.1, 22.6, 13.7; anal. calcd C12H13BrO4: C 47.86, H 4.35, Br
26.54; found C 47.87, H 4.39, Br 26.46.
5-Bromo-2-butylbenzene-1,3-dicarbonylchloride (15 a): A heterogeneous
mixture of 15 (6.5 g, 21 mmol), thionyl chloride (25 mL), and reagent grade
DMF (two drops) was heated at reflux for 1 h to obtain a homogeneous
solution. Excess thionyl chloride was removed by distillation at atmos-
pheric pressure. Traces of thionyl chloride were removed by distillation as
an azeotrope with benzene (50 mL). The resulting brownish oil was
distilled at 1 mm Hg in a Kugelrohr apparatus to afford 15a (7 g, 98%) as a
colorless thick oil: 1H NMR: d� 8.27 (s, 2 H, H-4, H-6), 2.94 (m, 2 H, CH2-
1'), 1.50 (m, 4 H, CH2-2', CH2-3'), 0.93 (t, J� 7.0 Hz, 3 H, CH3); 13C NMR:
d� 166.1, 142.3, 138.0, 137.6, 119.5, 33.4, 29.6, 22.8, 13.6; anal. calcd
C12H11BrCl2O4: C 42.64, H 3.28, Br 23.64, Cl 20.98; found C 42.66, H 3.30,
Br 23.60, Cl 20.97.
Di(tert-butyl) 5-bromo-2-butylbenzene-1,3-dicarboxylate (16): tert-Butyl-
lithium (25 mL, 50 mmol, 1.5 mol Lÿ1 solution in pentane) was added
dropwise at ÿ78 8C to a solution of tert-butyl alcohol (5 mL, 52 mmol) in
dry THF (80 mL). The addition was complete, the resulting colorless
solution was removed from the cooling bath, and warmed to room
temperature over 1 h. The clear solution was cooled to ÿ78 8C and a
solution of 15a (4.1 g, 12 mmol) in dry THF (6 mL) was added dropwise.
The reaction mixture was removed from the cooling bath and allowed to
warm to room temperature overnight. The solvent was removed under
reduced pressure. The yellow slurry was diluted with water (200 mL) and
extracted with diethyl ether (3� 100 mL). The combined ethereal fractions
were washed successively with water (160 mL), and brine (160 mL), and
dried over magnesium sulfate. The resulting yellow oil was dissolved in
CH2Cl2 (200 mL), and passed through a short plug of silica gel. The solvent
was evaporated under reduced pressure and the pale yellow oil obtained
was heated in vacuo at 120 8C in a Kugelrohr apparatus to remove the
volatiles to afford 16 (3.6 g, 72%) as a colorless viscous oil: 1H NMR: d�
7.73 (s, 2H, H-4, H-6), 3.03 (m, 2H, CH2-1'), 1.58 (s, 18 H, tert-Bu), 1.52 (m,
2H, CH2-2'), 1.40 (m, 2H, CH2-3'), 0.91 (t, J� 7.1 Hz, 3H, CH3); 13C NMR:
d� 166.3, 140.3, 136.2, 133.9, 118.6, 82.3, 34.0, 29.7, 28.0, 23.2, 13.9; anal.
calcd C20H24BrO4: C 58.11, H 7.07, Br 19.33; found C 57.98, H 7.11, Br 19.25.
(Note: heating 16 and all other di(tert-butyl)esters above 130 8C may result
in decomposition.)
Di(tert-butyl) 5-(3-methyl-3-hydroxy-1-butynyl)-2-butylbenzene-1,3-dicar-
boxylate (17): A deoxygenated heterogeneous mixture of 16 (2.35 g,
5.7 mmol), 2-methyl-3-butyn-2-ol (4.5 mL, 46 mmol), cuprous iodide (CuI,
11 mg, 0.06 mmol), tris(dibenzylidene acetone)dipalladium ([Pd2(dba)3],
10 mg, 0.01 mmol), triphenylphosphine (44 mg, 0.17 mmol), and dry
triethylamine (10 mL) was heated in a sealed tube at 100 8C for 24 h. The
resulting brown heterogeneous mixture was cooled to room temperature,
diluted with ethyl acetate (100 mL), and the solvent was evaporated under
reduced pressure. The resulting brown residue was chromatographed
(CH2Cl2) to afford 17 (1.65 g, 69%) as a light brown oil: 1H NMR: d� 7.64
(s, 2 H, H-4, H-6), 3.03 (m, 2H, CH2-1'), 2.20 (s, 1H, OH), 1.60 (s, 6H, CH3),
1.58 (s, 18H, tert-Bu), 1.53 (m, 2 H, CH2-2'), 1.49 (m, 2H, CH2-3'), 0.90 (t,
J� 7.1 Hz, 3 H, CH3); 13C NMR: d� 167.1, 141.3, 134.8, 134.0, 120.0, 94.5,
82.0, 80.6, 65.5, 34.1, 31.4, 30.1, 28.1, 23.2, 13.9.
Di(tert-butyl)-5-ethynyl-2-butylbenzene-1,3-dicarboxylate (18): A hetero-
geneous mixture of 17 (1.65 g, 4 mmol) and powdered potassium hydroxide
(2 g) in toluene (80 mL) was heated at reflux for 10 min. The resulting
brown heterogeneous mixture was cooled to room temperature, poured
into water (200 mL), and extracted twice with benzene (50 mL). The
combined organic extracts were washed with water (100 mL), brine
(100 mL), dried over magnesium sulfate, and the solvent was removed
under reduced pressure. The brownish residue was flash chromatographed
(CH2Cl2/petroleum ether 1:3) and heated in vacuo in a Kugelrohr
apparatus at 80 ± 90 8C to afford 18 (1.05 g, 73%) as a yellowish oil:
1H NMR: d� 7.73 (s, 2 H, H-4, H-6), 3.09 (s, 1H, C�CH), 3.05 (m, 2H, CH2-
1'), 1.57 (s, 18 H, tert-Bu), 1.55 (m, 2 H, CH2-2'), 1.42 (m, 2 H, CH2-3'), 0.91
(t, J� 7.2 Hz, 3H, CH3); 13C NMR: d� 166.9, 142.0, 134.8, 134.5, 119.4,
82.0(7), 82.0(1), 78.0, 34.0, 30.0, 28.0, 23.2, 13.9; anal. calcd C22H30O4: C
73.71, H 8.43; found C 73.62, H 8.50.
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High-Temperature High-Pressure Synthesis of the Highly Condensed
Nitridophosphates NaP4N7, KP4N7, RbP4N7, and CsP4N7 and Their
Crystal-Structure Determinations by X-ray Powder Diffraction
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Abstract: The nitridophosphates
NaP4N7, KP4N7, RbP4N7, and CsP4N7


were synthesized by the reaction of the
respective alkali metal azides with P3N5


in a belt apparatus at 40 kbar and 1800 ±
2000 8C. The products were obtained as
colorless crystalline powders. As com-
pared to all other nitridophosphates
obtained so far the temperature of syn-
thesis could be raised by 1000 8C. Thus a
convenient crystallization of the novel
highly condensed nitridophosphates was


achieved. The crystal structures were
solved by direct methods on the basis of
X-ray powder diffraction data and re-
fined by the Rietveld method (NaP4N7 :
C2/c, Z� 4, a� 1233.45(4), b� 852.30(3),
c� 513.97(1) pm, b� 102.572(2)8; KP4N7:


Pnma, Z� 4, a� 1223.87(2), b�
984.85(2), c� 466.51(1) pm; RbP4N7:
a� 1231.07(2), b� 989.46(1), c�
468.44(1) pm; CsP4N7: a� 1242.05(6),
b� 997.82(5), c� 471.62(3) pm). NaP4N7


is isotypic with the oxides M(M')4O7


(M�Ca, Sr; M'� Al, Ga). The crystal
structure of KP4N7, RbP4N7, and CsP4N7


is the aristotype of the mineral barylite,
BaBe2Si2O7.


Keywords: alkali metals ´ high-
pressure chemistry ´ nitridophos-
phates ´ phosphorus ´ solid-state
structures


Introduction


Phosphorus ± nitrogen compounds have been discussed in the
literature for more than 150 years.[1] However a detailed
structural investigation of alkaline and alkaline earth nitrido-
phosphates(v)[2, 3] and transition metal nitridophosphate so-
dalites[2, 4] was achieved only in the last few years. The
binary nitride P3N5 represents the parent compound of
the nitridophosphate class of compounds, and its crystal
structure has only recently been determined after long-lasting
efforts.[5]


With respect to their structures the nitridophosphates
exhibit analogies to the nitridosilicates.[2, 6] However both
classes of compounds significantly differ concerning their
chemistry and stability. Nearly all nitridosilicates have been
synthesized under high-temperature conditions and they are
stable up to 1600 8C. Usually they are obtained as coarsely
crystalline materials. In contrast, the thermal stability of P3N5


and the nitridophosphates seems to be limited to a maximum
temperature of around 900 8C.[2, 5] For these reasons predom-
inantly lower condensed PN compounds (molar ratio


P:N� 1:2) have been investigated, which usually are acces-
sible at 600 ± 800 8C.[2] However the synthesis of highly
condensed PN compounds (molar ratio P:N> 1:2) is specif-
ically challenging because improved materials properties are
anticipated for these compounds.[2]


The synthesis of highly condensed single-phase nitrido-
phosphates is rather difficult and the crucial point seems to be
the formation of amorphous and polymeric phosphorus ± ni-
trogen network structures during the condensation reactions.
Because of the high kinetic stability of the P ± N bonds the
crystallization of these networks is prevented. Raising the
temperature above 900 8C does not activate the desired
reconstructive transformation to a long-range ordered and
crystalline structure, but it causes an irreversible thermal
dissociation under evolution of N2.


The synthesis and investigation of highly condensed
phosphorus nitrides has so far only been achieved for some
rare examples. In order to avoid the described preparative
problems, ammonothermal high-pressure conditions (e.g.
K3P6N11


[3]) or the pyrolysis of suitable precursor compounds
(e.g. P3N5


[5] and HP4N7
[7]) were applied. However, both


concepts do not allow a broad synthetic approach to highly
condensed nitridophosphates.


Thermally labile oxides have been synthesized in the past
by oxygen high-pressure techniques using autoclaves.[8] The
application of this procedure to the synthesis of nitrides seems
to be technically difficult, because the evolution of N2 by
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dissociation of the nitrides is not reversible below 900 8C for
kinetic reasons. Recently Weller et al. obtained the nitrides
Ca2AuN and Li3ÿxCuxN under a pressure of 200 bar using
autoclaves.[9] However the functional range of currently
available autoclave systems seems to be limited to a maximum
temperature of around 1100 8C.


Using a high-pressure belt apparatus we have now suc-
ceeded in synthesizing the novel highly condensed nitrido-
phosphates NaP4N7, KP4N7, RbP4N7, and CsP4N7 at 40 kbar by
a straightforward synthetic procedure which easily seems to
be applicable to other nitrido compounds. Under these high-
pressure conditions the temperature of synthesis for the
nitridophosphate was raised up to 2000 8C.


Experimental Section


P3N5 : Phosphorus(v) nitride (P3N5) was synthesized[10] from hexachlorocy-
clotriphosphazene ((PNCl2)3, p. a., Fluka) by reaction with dried gaseous
ammonia (99.8 %, Linde) in a quartz flow-through tube placed in a furnace.
In the first reaction step (PNCl2)3 was heated to 100 8C for 10 h under
flowing ammonia, then cooled down to room temperature and powderized.
The procedure then was repeated at 115, 175, and 265 8C. The crude
product then was heated to 600 8C under evacuation (102 Pa) and finally it
was heated to 950 8C for 2 h under flowing ammonia.


MN3 (M�K, Rb, Cs): An anion exchange resin (30 g, Ionenaustauscher
III(OH-), Merck) was loaded with N3


ÿ ions using the column technique and
an 0.1n aqueous solution of NaN3 (extra pure, Merck). The respective
metal chloride (2 g, p. a., Merck) was dissolved in H2O (150 mL) and the
solution was transferred onto the ion-exchange resin. After the solution
had passed through the column, the solvent was evaporated in vacuum and
pure MN3 (checked by X-ray powder diffraction) was obtained.


MP4N7 (M�Na, K, Rb, Cs): A mixture of the respective azide MN3 and
P3N5 was mixed thoroughly in the molar ratio M:P� 0.25 under argon in a
glove box and placed in a hexagonal BN (hBN) capsule. The sealed capsule
was subjected to the conditions of 40 kbar and 1800 to 2000 8C using a belt
apparatus.[11] After the desired high-temperature and high-pressure con-
ditions had been maintained for 15 min, the sample was quenched to room


temperature before the applied pressure was released. This process led to
the formation of MP4N7 as a crystalline air-stable white powder [Eq. (1)].


4P3N5� 3MN3
1800ÿ2000 �C; 15 min


belt apparatus; 40 kbar
! 3MP4N7� 4N2 (1)


X-ray diffraction investigations : The X-ray diffraction measurements of
NaP4N7, KP4N7, and RbP4N7 were carried out with a conventional
transmission powder diffractometer in Debye ± Scherrer geometry with
CuKa1 radiation. Because of the higher absorption coefficient of cesium,
CsP4N7 was investigated with MoKa radiation. From the diffraction patterns
(Figure 1 and 2) it was obvious that KP4N7, RbP4N7, and CsP4N7 are
isotypic, while NaP4N7 has a different structure. Indexing of the diffraction


Figure 1. Observed (crosses) and calculated (line) X-ray powder diffrac-
tion pattern as well as difference profile of the Rietveld refinement of
NaP4N7. The lower row of vertical lines indicates possible peak positions of
NaP4N7 (upper row: BN). The powder pattern was obtained with a STOE
Stadi P powder diffractometer (CuKa1, l� 154.05 pm).


Figure 2. Observed (crosses) and calculated (line) X-ray powder diffrac-
tion pattern as well as difference profile of the Rietveld refinement of
RbP4N7. The lower row of vertical lines indicates possible peak positions of
RbP4N7 (upper row: BN). The powder pattern was obtained with a STOE
Stadi P powder diffractometer (CuKa1, l� 154.05 pm).


patterns was achieved with the program ITO.[12] From the systematic
absences the space groups Cc or C2/c for NaP4N7 and Pn21a or Pnma for the
three other compounds were considered. The integrated intensities of
NaP4N7 and RbP4N7 were extracted by using the program EXTRA.[13]


These intensities were used for an ab initio crystal structure determination
with the program SIRPOW.92.[14] By assuming the respective centrosym-
metric space groups the positions of all atoms were determined by direct
methods. The Rietveld refinement of the crystal structures of the four title
compounds was performed with the program GSAS.[15] For the crystal
structure refinement of KP4N7 and CsP4N7 the atomic coordinates of
RbP4N7 were used as starting values. Analysis of the diffraction patterns of
KP4N7 and CsP4N7 revealed an amount of approximately 5% wt of cubic


Abstract in German: Die Nitridophosphate(v) NaP4N7,
KP4N7, RbP4N7 und CsP4N7 wurden durch Umsetzung der
jeweiligen Metallazide mit P3N5 in einer Belt-Apparatur bei
40 kbar und 1800 - 2000 8C als feinkristalline, farblose Pulver
erhalten. Im Vergleich zu allen bislang bekannten Nitrido-
phosphaten konnte die Synthesetemperatur um etwa 1000 8C
erhöht werden, was zu sehr günstigen Kristallisationsbedin-
gungen der sonst nur schwierig zu erhaltenen hochkondensier-
ten Nitridophosphate(v) führt. Die Kristallstrukturen wurden
mittels Direkter Methoden auf der Grundlage von Pulver-
Röntgenbeugungsdaten aufgeklärt und nach dem Rietveld-
Verfahren verfeinert (NaP4N7 : C2/c, Z� 4, a� 1233.45(4), b�
852.30(3), c� 513.97(1) pm, b� 102.572(2)8 ; KP4N7: Pnma,
Z� 4, a� 1223.87(2), b� 984.85(2), c� 466.51(1) pm;
RbP4N7: a� 1231.07(2), b� 989.46(1), c� 468.44(1) pm;
CsP4N7: a� 1242.05(6), b� 997.82(5), c� 471.62(3) pm).
NaP4N7 ist isotyp mit den Oxiden M(M')4O7 (M�Ca, Sr;
M'� Al, Ga). Die Kristallstrukturen von KP4N7, RbP4N7


und CsP4N7 können als Aristotyp des Minerals Barylith,
BaBe2Si2O7, beschrieben werden.
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K3P6N11
[3] and the hitherto unknown isotypic compound Cs3P6N11, respec-


tively, as by-products. The lattice constant of Cs3P6N11 was refined to a
value of a� 1064.70(7) pm. Very small amounts of hexagonal boron nitride
resulting from the hBN capsules were detected in the diffraction patterns of
NaP4N7 and RbP4N7.


During the crystal structure refinement of NaP4N7 the distance P1ÿN4 had
to be restrained with a starting value of 170 pm corresponding to the
distance PÿN[3] found in HP4N7.[7] For all refinements the thermal displace-
ment factors of N were constrained to be equal. Detailed crystallographic
data are summarized in Table 1, the refined parameters are listed in Table 2
and 3. Table 4 and 5 give selected interatomic distances and angles.[16]


Results and Discussion


NaP4N7, KP4N7, RbP4N7, and CsP4N7 are the first highly
condensed nitridophosphates that have been synthesized
under high-temperature high-pressure conditions. Since all
nitridophosphates obtained so far have been prepared below
1000 8C these results demonstrate the high synthetic potential
that might be achieved through an extraordinary increase of
the reaction temperature by more than 1000 8C. This thermal
activation seems to be crucial for a convenient crystallization
of the highly condensed products. Simultaneously the high-
pressure conditions in the belt apparatus suppress the
formation of gaseous products and they support crystalliza-
tion by favoring close-packed crystalline phases versus less


dense amorphous ones. Moreover the azides act as the
nitriding agent and by their thermal dissociation a high N2


partial pressure is maintained above the reaction partners.
Presumably this nitrogen atmosphere shows oxidizing proper-
ties under these high-temperature conditions and therefore
phosphorus in the oxidation state �v is stabilized. Accord-
ingly the formation of elemental phosphorus or alkali metal
phosphides, which normally occurs by thermal dissociation of
nitridophosphates,[2] has not been observed in these high-
temperature high-pressure reactions.


In the solid state NaP4N7, KP4N7, RbP4N7, and CsP4N7


contain three-dimensional P ± N network structures with
channels containing the alkali metal ions. NaP4N7 is isotypic


Table 1. Crystallographic data for MP4N7 (M�Na, K, Rb, Cs).


formula NaP4N7 KP4N7 RbP4N7 CsP4N7


Mr [gmolÿ1] 244.88 261.04 307.42 354.79
crystal system monoclinic orthorhombic orthorhombic orthorhombic
space group C2/c (no. 15) Pnma (no. 62) Pnma (no. 62) Pnma (no. 62)
diffractometer Stoe STADI P Stoe STADI P Stoe STADI P Siemens D5000
l [pm] 154.050 154.050 154.050 70.926
T [8C] 25(2) 25(2) 25(2) 25(2)
a [pm] 1233.45(4) 1223.87(2) 1231.07(2) 1242.05(6)
b [pm] 852.30(3) 984.85(2) 989.46(1) 997.82(5)
c [pm] 513.97(1) 466.51(1) 468.44(1) 471.62(3)
b [8] 102.572(2)
cell volume [106 pm3] 527.37(3) 562.31(2) 570.60(1) 584.50(2)
Z 4 4 4 4
profile range 108 �2q� 1208 58� 2q� 1208 58� 2q� 1208 48� 2q� 708
no. data points 11000 11500 11500 3300
observed reflections 389 443 452 1340
positional parameters 17 19 19 19
profile parameters 7 7 7 7
background parameters 5 3 3 4
Rp 0.0772 0.0508 0.0350 0.0910
wRp 0.1077 0.0667 0.0462 0.1197
RF 0.0718 0.0749 0.0589 0.0867


Table 2. Atomic coordinates and isotropic displacement factors [pm2] of
NaP4N7.


Atom Wyckoff x y z Uiso
[a]


position


Na 4e 0 0.2112(7) 1=4 435(23)
P1 8f 0.3301(2) 0.4261(4) 0.1972(6) 83(10)
P2 8f 0.3759(2) 0.0781(4) 0.2048(6) 59(9)
N1 4e 0 0.5218(2) 1=4 64(13)
N2 8f 0.1351(5) 0.0503(8) 0.073(2) 64(13)
N3 8f 0.3600(5) 0.247(1) 0.329(2) 64(13)
N4 8f 0.1852(4) 0.4485(8) 0.116(2) 64(13)


[a] Uiso is defined as exp(ÿ8p2Uisosin2q/l), the displacement factors of N
were constrained to be equal.


Table 3. Atomic coordinates and isotropic displacement factors [pm2] of
KP4N7, RbP4N7, and CsP4N7 (first, second, and third line, respectively).


Atom Wyckoff x y z Uiso
[a]


position


M 4c 0.3507(3) 1=4 0.7590(8) 156(7)
0.3598(2) 1=4 0.7707(4) 88(3)
0.3562(3) 1=4 0.7735(10) 110(9)


P1 8d 0.0890(3) 0.1315(2) 0.2877(6) 122(6)
0.0887(2) 0.1300(2) 0.2858(5) 56(5)
0.0897(10) 0.1286(5) 0.2870(27) 63(23)


P2 8d 0.3467(3) 0.0010(2) 0.2755(6) 120(6)
0.3442(2) 0.0005(2) 0.2769(6) 110(5)
0.3449(10) ÿ 0.0008(7) 0.2819(26) 56(22)


N1 4c 0.1300(8) 1=4 0.2322(26) 162(10)
0.1289(2) 1=4 0.2111(2) 70(8)
0.1208(37) 1=4 0.213(9) 100(40)


N2 8d 0.1122(7) 0.1081(4) 0.6268(11) 162(10)
0.1120(5) 0.1096(5) 0.6203(2) 70(8)
0.1102(27) 0.1098(17) 0.617(4) 100(40)


N3 8d 0.4382(6) 0.1057(4) 0.3218(14) 162(10)
0.4361(5) 0.1048(5) 0.3124(2) 70(8)
0.4393(24) 0.0976(17) 0.311(6) 100(40)


N4 8d 0.2000(6) 0.0489(4) 0.1228(13) 162(10)
0.2021(5) 0.0465(5) 0.1223(9) 70(8)
0.2062(24) 0.0488(22) 0.105(5) 100(40)


[a] Uiso is defined as exp(ÿ8p2Uisosin2q/l), the displacement factors of N
were constrained to be equal.







Highly Condensed Nitridophosphates 2548 ± 2553


Chem. Eur. J. 1999, 5, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0509-2551 $ 17.50+.50/0 2551


with the oxides M(M')4O7 (M�Ca, Sr; M'� Al, Ga),[17±20]


while KP4N7, RbP4N7, and CsP4N7 are isotypic with the
mineral barylite, BaBe2Si2O7.[21±23]


As a consequence of the molar ratio P:N� 4:7 two sorts of
nitrido bridges (denoted as N[2] and N[3]) occur in the molar
ratio 5:2. According to 31[(P�4�4 N�2�5 N�3�2 )ÿ] these nitrogen atoms


are connected to two and three neighboring phosphorus
atoms, respectively. Nitrido bridges N[3] have rarely been
identified in phosphorus nitrides and the only representatives
known are P3N5,[5] HP4N7,[7] P4N6O,[24] Na3P6N11,[25] and
K3P6N11.[3] In contrast analogous N[3] connections between
three Si tetrahedral centers have frequently been found in
nitridosilicates and in dimorphic Si3N4 they occur exclusive-
ly.[2, 6]


In the four title compounds MP4N7 (M�Na, K, Rb, Cs) the
PN4 tetrahedra are linked exclusively through common
vertices. Within the group of highly condensed nitridophos-
phates (molar ratio P:N> 1:2) this situation has only been
found in the compounds M3P6N11 (M�Na, K, Cs). In contrast,
in HP4N7,[7] which formally represents the corresponding acid
to the salts MP4N7 and in formally isosteric P4N6O[24] as well as
in P3N5


[5] the PN4 tetrahedra are connected by both corners
and edges.


The P ± N network structure of NaP4N7 can be separated
into layers perpendicular to [100] of condensed P6N6 sechser
rings built up by chains of PN4 tetrahedra running along [001].
The tips of the PN4 tetrahedra of alternating chains point
along [100] and [1Å00], respectively (Figure 3). Two of these


Figure 3. Layer of P6N6 sechser rings in NaP4N7. View along [100]. P(1)N4


tetrahedra (light) and P(2)N4 tetrahedra (dark) are linked to form chains
along [001] by N(2) and N(4), respectively. The chains are bridged through
N(3)[2] . Linkage of the layers is accomplished by N(4)[3] and N(1)[2] .


layers are connected to each other through N(4)[3] bridges
thus forming double layers perpendicular to [100] with
characteristic P4N4 vierer rings (Figure 4). Furthermore, these
double layers are connected by N(1)[2] forming the P ± N
network structure which exhibits large achter ring channels
running along [001]. The Na� ions are positioned in these
large channels (Figure 4).


The crystal structure of isotypic KP4N7, RbP4N7, and CsP4N7


can be described as the aristotype of the structure of barylite,
BaBe2Si2O7. The P ± N network structure may be separated
into layers vertical to [010] consisting of condensed P3N3


dreier and P4N4 vierer rings (Figure 5). Crosslinking of these
layers is accomplished by P(1)N4 tetrahedra. Thus pairs of
P(1)N4 tetrahedra result, that correspond to the Si2O7 units in
barylite. The alkali ions (K�, Rb�, and Cs�) are positioned in


Table 4. Interatomic distances [pm] and angles [8] in NaP4N7.


P1ÿN2[2] 157.4(6) N2[2]-P1-N2[2] 120.0(3)
P1ÿN2[2] 155.3(7) N2[2]-P1-N3[2] 107.9(3)
P1ÿN3[2] 167.8(8) N2[2]-P1-N4[3] 101.7(4)
P1ÿN4[3] 175.6(4) N2[2]-P1-N3[2] 113.7(3)


N2[2]-P1-N4[3] 103.8(4)
N3[2]-P1-N4[3] 108.5(3)


P2ÿN1[2] 157.3(4) N1[2]-P2-N3[2] 114.5(4)
P2ÿN3[2] 160.6(9) N1[2]-P2-N4[3] 104.5(4)
P2ÿN4[3] 171.4(6) N1[2]-P2-N4[3] 108.6(3)
P2ÿN4[3] 167.3(7) N3[2]-P2-N4[3] 104.9(4)


N3[2]-P2-N4[3] 116.6(4)
N4[3]-P2-N4[3] 106.6(3)


NaÿN1[2] 264.7(13) P2-N1[2]-P2 144.4(7)
NaÿN2[2] 247.9(8) 2� P1-N2[2]-P1 132.4(5)
NaÿN2[2] 304.9(7) 2� P1-N3[2]-P2 133.5(4)
NaÿN3[2] 248.1(6) 2� P1-N4[3]-P2 119.1(4)


P1-N4[3]-P2 115.8(4)
P2-N4[3]-P2 117.4(3)


Table 5. Interatomic distances [pm] and angles [8] in MP4N7 (M�K, Rb,
Cs).


Compound KP4N7 RbP4N7 CsP4N7


MÿN1[2] 309.9(2) 302.9(8) 313(4)
MÿN3[2] 327.7(7) 2� 291.6(6) 2� 300(3) 2�
MÿN3[2] 283.1(7) 2� 321.1(2) 2� 327(3) 2�
MÿN2[3] 298.7(7) 2� 302.8(5) 2� 310(3) 2�
MÿN2[3] 314.8(7) 2� 313.3(5) 2� 312(3) 2�
MÿN4[3] 335.5(6) 2� 334.9(5) 2� 331(3) 2�
MÿN1[2] 329(1) 343.3(5) 347(4)
MÿN1[2] 359(1) 354.2(5) 351(4)
MÿN1[2] 365(1) 365.3(5) 355(4)
MÿN4[3] 376.8(6) 2� 375.5(5) 2� 380(3) 2�
P1ÿN1[2] 153.2(4) 156.9(1) 157(2)
P1ÿN2[2] 162.2(5) 160.3(4) 159(3)
P1ÿN3[2] 160.0(6) 160.8(5) 162(3)
P1ÿN4[3] 167.2(6) 170.4(5) 175(3)
P2ÿN2[2] 155.9(5) 160.1(4) 162(3)
P2ÿN3[2] 158.1(5) 158.2(5) 155(2)
P2ÿN4[3] 179.5(6) 177.9(6) 173(3)
P2ÿN4[3] 171.5(6) 168.0(5) 171(3)
N1[2]-P1-N2[2] 106.9(6) 109.2(4) 109(2)
N1[2]-P1-N3[2] 112.0(4) 110.8(4) 110(2)
N1[2]-P1-N4[3] 108.6(5) 107.5(3) 107(2)
N2[2]-P1-N4[2] 104.7(4) 104.5(3) 108(2)
N2[2]-P1-N3[2] 114.0(4) 112.6(3) 111(2)
N3[2]-P1-N4[3] 110.2(4) 111.9(3) 110(2)
N3[2]-P2-N2[2] 127.5(4) 125.4(3) 122(2)
N4[3]-P2-N2[2] 109.2(3) 108.4(3) 106(2)
N4[3]-P2-N2[2] 100.1(3) 102.2(3) 102(6)
N4[3]-P2-N3[2] 107.5(4) 108.5(4) 112(2)
N4[3]-P2-N3[2] 104.9(3) 104.6(3) 104(2)
N4[3]-P2-N4[3] 105.9(3) 106.6(2) 108(9)
P1-N1[2]-P1 143.5(8) 140.5(6) 145(3)
P1-N2[2]-P2 128.1(3) 128.3(3) 129(2)
P1-N3[2]-P2 129.8(4) 131.8(4) 137(2)
P1-N4[3]-P2 116.8(4) 115.8(3) 116(2)
P1-N4[3]-P2 124.6(4) 124.1(4) 120(2)
P2-N4[3]-P2 118.3(4) 119.9(4) 123(2)
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Figure 4. Crystal structure of NaP4N7. View along [001]. Characteristic
vierer and achter ring channels run along [001]. All Na� ions are positioned
in the achter ring channels.


Figure 5. Crystal structure of (K, Rb, Cs)P4N7. View along [010]. Chains of
P(2)N4 tetrahedra (dark) are linked by P(1)N4 tetrahedra (light) to form
sheets of highly condensed dreier and vierer rings. These sheets alternate
with layers of alkali metal ions (white circles) and are linked by N(1)[2]


bridges.


the resulting sechser ring channels running along [100] and
[001]. Perpendicular to [100] the sechser rings are connected
by dreier rings, while the sechser rings perpendicular to [001]
are bridged by vierer rings (Figures 6 and 7).


The space group of the barylite type of structure has not
unequivocally been confirmed in the literature.[21±23] Non-
linear optical behavior proven by the second harmonic
generation (SHG) test on barylite single crystals supports
the noncentrosymmetric space group Pn21a. However the
single-crystal structure refinement in both space groups Pnma
and Pn21a yielded no significant difference of the crystallo-
graphic parameters within standard deviations.[23] Analogous-
ly for MP4N7 (K, Rb, Cs) no clear distinction between Pn21a
and Pnma was possible. A final decision will be anticipated by
the SHG test.


The topological differences between the network structures
in the formally isosteric nitridophosphates HP4N7,[7] NaP4N7,


Figure 6. Crystal structure of (K,Rb,Cs)P4N7. View along [001]. Vierer and
sechser ring channels run along [100]. The alkali metal ions (white circles)
are positioned in the large sechser ring channels.


Figure 7. Crystal structure of (K,Rb,Cs)P4N7. View along [100]. Pairs of
P(1)N4 tetrahedra (light) link the chains of P(2)N4 tetrahedra to give a
three-dimensional P ± N network. Channels of sechser rings run along
[100].


KP4N7, RbP4N7, CsP4N7, and P4N6O[24] can be quantitatively
represented by the cycle class sequences.[26, 27] These give the
relative frequencies of the TnXn rings per unit cell (T�P; X�
N, O; n� 1, 2, 3,. .): HP4N7: {-, 4, 0, 4, 16, 60, 72, 252,..}, NaP4N7:
{-, 0, 4, 4, 8, 28, 48, 148,. .}, (K,Rb,Cs)P4N7: {-, 0, 8, 8, 16, 44, 72,
272,..}, P4N6O: {-, 2, 0, 2, 8, 16, 40, 132,..}. It is remarkable that
in contrast to HP4N7, dreier rings (n� 3) exist in NaP4N7 and
(K,Rb,Cs)P4N7, while edge-sharing tetrahedra (n� 2, zweier
rings) do not occur. As a consequence topologically very
different network structures occur in these nitridophosphates.
In contrast NaP4N7 and (K,Rb,Cs)P4N7 show structural







Highly Condensed Nitridophosphates 2548 ± 2553


Chem. Eur. J. 1999, 5, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0509-2553 $ 17.50+.50/0 2553


similarities which is documented by the same frequency of
dreier, vierer, and fuenfer rings in the cycle class sequences.


The PÿN bond lengths in MP4N7 (M�Na, K, Rb, Cs) are in
the typical range for PÿN[2] (NaP4N7: 155 pm<PÿN[2]


<168 pm; (K,Rb,Cs)P4N7: 153 pm <PÿN[2]< 162 pm) and
PÿN[3] (NaP4N7: 167 pm<PÿN[3]< 175 pm; (K,Rb,Cs)P4N7:
167 pm<PÿN[3]< 179 pm). As expected[5, 7] the average val-
ues for PÿN[2] are significantly smaller than those for PÿN[3].
The bond angles N-P-N vary between 102 and 1208 in NaP4N7


(1008 and 1288 for (K,Rb,Cs)P4N7). The bond angles P-N[2]-P
range from 132 ± 1448 in NaP4N7 (1308 ± 1458 in
(K,Rb,Cs)P4N7) being typical for phosphorus(v) nitrides.[2]


The sum of angles at the N[3] bridges amounts to nearly 3608
for (K,Rb,Cs)P4N7, therefore these N atoms may be consid-
ered as sp2-hybridized. For NaP4N7 a considerable deviation
from the ideal value is observed (3528).


The alkali metal ions of MP4N7 (M�K, Rb, Cs) are each
coordinated by 16 N atoms (NaP4N7: seven). According to
MAPLE calculations[28, 29] in NaP4N7 only N[2] atoms signifi-
cantly contribute towards coordination of the cations. In
contrast, in MP4N7 (M�K, Rb, Cs) a small coordinative
contribution of N[3] atoms has to be included in the
coordination sphere of the cations.


Conclusion


In the past several nitridophosphates have been synthesized
by the reaction of P3N5 with the respective metal nitrides (e.g.
Li7PN4, Li12P3N9, Li10P4N10, LiPN2, Mg2PN3, Ca2PN3).[2]


However the binary nitrides M3N (M�Na ± Cs) of the
heavier alkali metals are not available.[2] Furthermore highly
condensed nitridophosphates with a molar ratio P:N> 1:2 are
not easily obtained by this procedure due to kinetic problems
during the crystallization of the network structures. The high-
temperature high-pressure reaction of alkali metal azides with
P3N5 performed in a belt apparatus now makes available a
broad synthetic approach to novel highly condensed nitrido-
phosphates of all alkali metals and it should easily be
extended to other metals. Under normal pressure the
nitridophosphates do not congruently melt but decompose
above 900 8C. However these reactions have been performed
between 1500 and 2000 8C. As a consequence partial melting
of the products is likely to occur enhancing crystallization of
the products. According to our systematic investigations the
molar ratio of P:N (e.g. NaPN2, Na3P6N11, NaP4N7) in the
desired product is easily controlled by the stoichiometric
amount of the starting compounds in the reaction mixtures.


Furthermore we have also been able to extend this novel
synthetic procedure to the synthesis of alkali metal nitrido-
silicates. Due to the low boiling point of the alkali metals,
these nitridosilicates have so far not been accessible by the
reaction of the respective metals with silicon diimide using a
high-frequency furnace.[6]
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The Molecular and Electronic Structure of Octahedral Tris(phenolato)iron(iii)
Complexes and Their Phenoxyl Radical Analogues: A Mössbauer and
Resonance Raman Spectroscopic Study


Michael D. Snodin, Lynda Ould-Moussa, Ursula Wallmann, Sophie Lecomte, Vinzenz
Bachler, Eckhard Bill,* Helga Hummel, Thomas Weyhermüller, Peter Hildebrandt,* and
Karl Wieghardt*[a]


Abstract: Hexadentate macrocyclic li-
gands containing a 1,4,7-triazacyclono-
nane backbone and three N-bound
pendent-arm phenolates form extremely
stable neutral complexes with FeIIICl3.
The octahedral complexes [FeIIIL] un-
dergo three reversible one-electron ox-
idation processes to yield the mono- and
dications, [FeL]� and [FeL]2�, which are
stable in solution for hours, whereas the
trications, [FeL]3�, are only stable in
solution on the time scale of a cyclic
voltammetric experiment. These oxida-
tions are shown to be ligand- rather than
metal-centered. Three coordinated phe-
noxyl radicals are formed successively as
shown conclusively by Mössbauer spec-


troscopy. The neutral, mono-, di-, and
tricationic species each contain an octa-
hedral, high-spin ferric ion (SFe� 5�2),
which is intramolecularly, antiferromag-
netically coupled to the spin (S� 1�2) of
the bound phenoxyl ligands to yield an
St� 2 ground state for the monocation,
and an St� 3�2 ground state for the
dications as shown by EPR spectrosco-
py. The vibrations of the coordinated
phenolate are observed by resonance


Raman (RR) spectroscopy by excitation
in resonance with the phenolate-to-iron
charge-transfer (CT) transition above
500 nm or, alternatively, of the coordi-
nated phenoxyl by excitation in reso-
nance with the intraligand p!p* tran-
sition at about 410 nm. Use of 18O
isotopomers selectively labeled at the
phenolic oxygen allowed the identifica-
tion of the CÿO stretching and FeÿO
stretching and bending modes. It is
shown that the substitution pattern of
phenolates and phenoxyls in their re-
spective ortho and para positions and
the charge of the complexes have a
pronounced influence on the vibrational
modes observed.


Keywords: iron ´ magnetic proper-
ties ´ Moessbauer spectroscopy ´
phenoxyl radicals ´ resonance Ram-
an spectroscopy


Introduction


In a recent series of publications we have shown that phenoxyl
radical transition metal complexes can be generated chemi-
cally, as well as photo- and electrochemically, by one-electron
oxidation of the corresponding phenolato complexes
[Eq. (1)].[1±8]


Mn�ÿOÿÿR ÿ!ÿe
Mn�ÿO.ÿR (1)


It was established that the stability of such phenoxyl radical
complexes critically depends on the nature of the substitution
pattern at the ortho and para positions of the phenolates in


order to prevent bimolecular decomposition reactions. tert-
Butyl and methoxy groups proved to be ideally suited for this
purpose[3] because they decrease the oxidation potential of the
phenolates and provide enough steric bulk to suppress
bimolecular decay reactions. To date, only three complexes
containing a coordinated phenoxyl have been isolated as
crystalline solids, namely [GaIIILp-met](ClO4),[3] [FeIIILp-met]-
(ClO4),[3] and [CrIIILp-met](ClO4) ´ 3 CH3CN,[2] where H3Lp-met


represents the pendent-arm macrocycle 1,4,7-tris(3-tert-bu-
tyl-5-methoxy-2-hydroxybenzyl)-1,4,7- triazacyclononane.[3]


The crystal structure of [CrIIILp-met] ´ (ClO4) clearly revealed
that one coordinated phenoxyl radical and two phenolate
pendent arms of the macrocycle are bound to a chromium(iii)
center, thus rendering it distorted octahedral.[2] These radical
complexes are of considerable interest as such species have
been identified in the active sites of at least two copper-
containing enzymes, namely, galactose oxidase[9] and glyoxal
oxidase.[10]


The electronic structure of such species presents an
intellectually interesting, fundamental problem since one-
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electron oxidation of a phenolato transition metal complex
can be either ligand- or metal-ion-centered. Therefore,
chemists and spectroscopists must develop criteria by which
one can unambiguously distinguish between these two
possibilities. As it turns out, coordinated phenoxyl radicals
display characteristic vibrational features that can be ob-
served elegantly and selectively by resonance Raman (RR)
spectroscopy.[4±8] Conversely, changes in the dn electron
configuration can be detected most readily by (i) X-ray
absorption near-edge spectroscopy (XANES) by interrogat-
ing the transition metal K-edge energy of the reduced and
oxidized forms,[9d] and, in the case of iron complexes, by (ii)
Mössbauer spectroscopy, which is a very sensitive probe for
oxidation state changes (or the lack thereof)[1, 3] at the iron
center. In some cases EPR spectroscopy can reveal the spin
ground state and the nature of the local spins involved and,
hence, distinguish between metal-centered oxidations and
ligand radical formation.


When we investigated the RR spectra of phenoxyl radical
complexes[4±8] it became clear that the assignment of some
vibrational modes (in particular, the n7a which is predom-
inantly a n(CÿO.) stretching mode) was often difficult
because of the lack of data on complexes with phenolates
(and, upon oxidation, phenoxyls) that are 18O labeled at the
phenolic oxygen. In this paper we report the synthesis and
characterization of some tris(phenolato)iron(iii) complexes
and their phenoxyl radical analogues. The series under
investigation is shown in Scheme 1. We have been able to


Scheme 1. Structures of the pendent-arm phenolate ligands.


prepare the selectively 18O-labeled ligand H3Ldimet, the com-
plex [FeIIILdimet], and its monocation [FeIIILdimet]� which
contains a coordinated phenoxyl and two phenolato pendent
arms. With zero- and applied-field Mössbauer and EPR
spectroscopy we will show that the complexes contain
exclusively high-spin ferric ions (d5, S� 5�2).


Results


Syntheses : Preparation of the ligands H3Lbut and H3Lp-met has
been described previously.[3] The new ligands H3Ldimet and
H3Lo-met have been synthesized accordingly by reaction of
1,4,7-triazacyclononane with three equivalents of the respec-
tive phenol (2,4-dimethoxyphenol, 2-methoxy-4-tert-butyl-
phenol) and three equivalents of paraformaldehyde in
methanol (Mannich reaction). The pendent-arm macro-
cycles have been isolated as sticky brown gums that were
used for complex formation without further purification. Both
ligands react quantitatively with one equivalent of FeCl3


in methanol to afford red microcrystals of [FeIIILdimet] and
[FeIIILo-met], respectively. The complexes [FeIIILbut] and
[FeIIILp-met] have been prepared and characterized previous-
ly.[3]


A ligand H3Ldimet, selectively 18O-labeled at the phenolic
oxygen, and the complex [FeIIILdimet] were prepared as
described above from 18O-labeled 2,4-dimethoxy phenol as
the starting material. This precursor was synthesized by 18O2


oxidation of the Grignard reagent obtained from a 1:1 mixture
of 1-bromo-2,4-dimethoxybenzene and isopropyl bromide in
dry tetrahydrofuran.


Crystal structure of [FeIIILdimet] ´ 2 CH3CN : Slow recrystalliza-
tion of [FeIIILdimet] from a solution of the complex in
acetonitrile produced red-purple single crystals of [FeIII-
Ldimet] ´ 2 CH3CN that were suitable for X-ray crystallography.
Table 1 summarizes selected bond lengths and angles. The


structure consists of well-separated, neutral [FeIIILdimet] (Fig-
ure 1) and acetonitrile molecules of crystallization. The
central iron(iii) ion is in a distorted octahedral cis N3O3 donor
environment. The FeÿO and FeÿN distances are much like
those reported previously for similar complexes.[11] The FeÿO
bonds are short and indicate significant double-bond charac-
ter, whereas the FeÿN bonds are long. The average O-Fe-O
bond angle of 98.98 is significantly larger than the ideal
octahedral angle of 908, which also indicates oxygen-to-iron p


bonding. The average CphenylÿOphenolate bond length of
1.333(4) � is characteristic of coordinated phenolates. In
coordinated phenoxyls this bond is shorter (1.290(4) �), as
has been determined crystallographically for [CrIIILp-met]-
(ClO4),[2] which contains one phenoxyl and two phenolate
ligands.


Table 1. Selected bond lengths [�] and angles [8] of [FeLdimet] ´ 2CH3CN.


FeÿO1 1.914(2) FeÿO4 1.923(2) FeÿO7 1.926(2)
FeÿN1 2.230(3) FeÿN2 2.239(3) FeÿN3 2.203(3)
O1ÿC9 1.330(4) O4ÿC18 1.337(4) O7ÿC27 1.331(4)
O3ÿC12 1.385(4) O6ÿC21 1.387(4) O9ÿC30 1.382(4)
O3ÿC15 1.421(4) O6ÿC24 1.418(5) O9ÿC33 1.423(4)
O1-Fe-O4 97.4(1) O1-Fe-O7 98.6(1) O7-Fe-N2 164.6(1)
O4-Fe-O7 98.2(1) O1-Fe-N3 166.5(1) N3-Fe-N2 78.2(1)
O4-Fe-N3 93.5(1) O7-Fe-N3 87.7(1) N1-Fe-N2 77.8(1)
O1-Fe-N1 88.3(1) O4-Fe-N1 166.0(1) C9-O1-Fe 132.7(2)
O7-Fe-N1 93.5(1) N3-Fe-N1 79.4(1) C18-O4-Fe 131.7(2)
O1-Fe-N2 93.9(1) O4-Fe-N2 89.0(1) C27-O7-Fe 133.5(2)
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Figure 1. Crystal structure of [FeLdimet] .


Electrochemistry : The electrochemistry of the neutral tris-
(phenolato)iron(iii) complexes has been studied by cyclic
voltammetry in CH3CN and/or CH2Cl2 solutions with tetra-n-
butylammonium hexafluorophosphate (0.10m) as the sup-
porting electrolyte; ferrocene was added as the internal
standard. Table 2 summarizes the results; all redox potentials
are referenced against the ferrocenium/ferrocene (Fc�/Fc)
couple.


All of the neutral complexes display very similar behavior.
Three reversible one-electron oxidative waves and a single
reversible one-electron reduction are observed in the poten-


tial range �1.2 to ÿ2.0 V versus Fc�/Fc. The oxidations are
assigned to three successive ligand-centered, phenolate-to-
phenoxyl oxidations [Eq. (2)], whereas the reduction wave
corresponds to a metal-centered reduction FeIII!FeII,
[Eq. (3)].


[FeIIIL]0 ) *
ÿe�E3 �


� e
[FeIIIL]� . ) *


ÿe�E2 �


� e
[FeIIIL]2� . . ) *


ÿe�E1�


� e
[FeIIIL]3� . . . (2)


[FeIIIL]0 ) *
� e�E4�


ÿe
[FeIIL]ÿ (3)


The mono- and dications are readily prepared electro-
chemically in solution by coulometry at an appropriately fixed
potential; they are stable in solution at room temperature for
a few hours and can therefore be characterized spectroscopi-
cally (UV/Vis, Mössbauer, EPR). The trications are unstable
on this time scale and they decompose within minutes. The
differences between the redox potentials E1 and E2, and E2


and E3 of a given species are nearly identical. This has been
explained previously[3] by a simple electrostatic model that
takes into account the difference in solvation energy of
species carrying an n� and an (n� 1)� charge. Two aspects of
the results in Table 2 are remarkable.
1) The redox potentials for the ligand oxidations are clearly


dependent on the substitution pattern of the coordinated
phenolate. Thus [FeLdimet] is the most easily oxidized
complex followed by [FeLp-met] , [FeLo-met] , and [FeLbut] .
Obviously, the presence of a p-methoxyphenolate feature
facilitates the oxidation to a greater extent than an o-
methoxyphenolate.


2) In contrast, the metal-centered reduction FeIII/FeII is
virtually independent of the nature of the coordinated
phenolates.


Electronic structure : All neutral tris(phenolato)iron(iii) com-
plexes contain an octahedral high-spin ferric ion (d5), which
gives rise to a temperature-independent magnetic moment of
5.9 �� 0.1 mB (Table 3). Their electronic spectra are domi-
nated by an intense (e> 103) phenolato-to-iron charge trans-
fer (CT) band in the visible (500 ± 525 nm) and by two
phenolate p!p* and n!p* transitions at <300 nm. In some
cases a shoulder at �330 nm is detected, which may come
from an amine-to-iron(iii) CT band. The spectra of the
electrochemically generated monocations [FeLbut]� ,


Table 2. Redox potentials[a] of complexes.


Complex E1
1=2


[b] E2
1=2 E3


1=2 E4
1=2 Solvent Ref.


[FeLbut] 0.96(irr.) 0.65 0.38 ÿ 1.78 CH3CN [3]
[FeLdimet] 0.46 0.28 0.11 ÿ 1.77 CH2Cl2 this work
[FeLo-met] 0.71 0.50 0.30 ÿ 1.79 CH2Cl2 this work
[FeLp-met] 0.63 0.38 0.14 ÿ 1.81 CH3CN [3]


[a] Conditions: [complex]� 10ÿ3m in CH3CN or CH2Cl2 (0.10m
[nBu4N]PF6, Ar atmosphere, T� 298 K, glassy carbon working electrode;
reference electrode Ag/AgCl (saturated LiCl in ethanol); ferrocene
internal standard; scan rate 200 mV sÿ1. [b] The potentials are referenced
versus the ferrocenium/ferrocene (Fc�/Fc) couple: E1/2� (Ep


ox�Ep
red)/2


for reversible one-electron transfer processes; the oxidation peak poten-
tial, Ep


ox, is given for the irreversible process.


Table 3. Electronic spectra (CH3CN) and magnetic properties of complexes.


Complex lmax [nm] (e[Lmolÿ1 cmÿ1]) meff (295 K)[mB] Ref.


[FeLbut] 244 (2.5� 104), 287 (1.8� 104), 330sh (1.0� 104), 500 (8.4� 103) 5.9 [3]


[FeLbut]� [a] 248sh (1.5� 104), 298 (1.4� 104), 344 (7.5� 103), 406 (4.6� 103), 564 (4.8� 103) this work
[FeLdimet] 245 (2.3� 104), 299 (1.7� 104), 523 (8.1� 103) 5.9 this work
[FeLdimet]� [a] 244 (2.0� 104), 304 1.9� 104), 420 (9.9� 103), 612 (7.0� 103) this work
[FeLo-met] 245 (2.7� 104), 290 (1.8� 104), 316sh, 512(9.5� 103) 5.9 this work
[FeLo-met]� [a] 244 (2.3� 104), 290(1.9� 104), 396 (8.0� 103), 582 (7.0� 103) this work
[FeLo-met]2� 244sh, 288 (2.1� 104), 404 (1.2� 104), 656 (6.0� 103) this work
[FeLp-met] 245 (2.2� 104), 303 (2.1� 104), 513 (8.9� 103) 5.9 [3]


[FeLp-met]� [a] 241 (2.0� 104), 302 (2.2� 104), 332sh (1.2� 104), 402sh (7.8� 103) [3]


421 (1.0� 104), 562 (6.7� 103)
[FeLp-met]2� [a] 244 (2.0� 104), 300 (2.2� 104), 332 (1.4� 104), 431 (1.8� 104), 610 (6.5� 103), [3]


750sh (5.0� 103)


[a] CH2Cl2; electrochemically generated (0.10m [nBu4N]PF6).
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[FeLdimet]� , [FeLo-met]� , and [FeLp-met]� are also very similar.
Most importantly, the new intense band at �400� 20 nm is
indicative of phenoxyl radical formation.[3] In the correspond-
ing dications the intensity of this absorption is twice as large as
in the monocations. Note that the neutral complexes show no
absorption at 400 nm. The phenolate-to-iron(iii) CT band in
the visible region is also affected by the successive oxidation
of one and two coordinated phenolates to phenoxyls: the
intensity decreases somewhat and the maximum is succes-
sively shifted to lower energies, as is shown for the mono- and
dication of [FeIIILdimet] in Figure 2.


Figure 2. Absorption spectra of [FeLdimet] (solid), [FeLdimet]� . (dotted), and
[FeLdimet]2� : (broken) in CH2Cl2/ tBu4NPF6.


Zero-field Mössbauer spectra : The fact that oxidation of
neutral complexes involves the coordinated phenolates, and
not the metal ion (no FeIV!), is proven by Mössbauer
spectroscopy. We measured spectra at 80 K of the solid
[FeIIIL] complexes and their 57Fe-enriched (35 %) mono- and
dications in frozen acetonitrile solution. The results are
summarized in Table 4.


The spectra of the neutral complexes consist of broadened
quadrupole doublets that were approximately fitted with
Lorentzian lines. The fits yielded isomer shifts in the narrow
range of 0.47 ± 0.53 mm sÿ1 and small quadrupole splittings of


0.50 ± 0.83 mmsÿ1. These values are typical of octahedral,
high-spin ferric complexes. Similarly, for the monocations
[FeL]� isomer shifts of 0.51 ± 0.54 mm sÿ1 and quadrupole
splittings in the range of 0.95 ± 1.08 mmsÿ1 are again indicative
of the presence of high-spin iron(iii). In contrast, the isomer
shifts of octahedral FeIV complexes (characterized by the 3d4


configuration; S� 1 or 2) are found in the range 0.09 ±
0.23 mm sÿ1.[12±23] The Mössbauer parameters for the dication
[FeLp-met]2� of d� 0.54 mm sÿ1 and DEQ� 1.09 mm sÿ1 indicate
that even a two-electron oxidation of neutral [FeLp-met] cannot
be metal-centered. The dication [FeLp-met]2� also contains a
high-spin ferric ion.


Both the neutral complexes and the dications show very
broad Mössbauer absorptions with non-Lorentzian line
shapes when measured in zero or weak field at T� 2 ±
200 K; in frozen solution the spectra of the neutral complexes
are completely smeared out. In contrast, the monocations
exhibit well-resolved quadrupole spectra with narrow Lor-
entzian lines. This effect originates from the fundamental
difference between Kramers and non-Kramers systems (odd
number of electrons and half-integer spin versus even number
of electrons and integer spin, respectively). Kramers systems
have sizeable spin expectation values hSi and internal
magnetic fields even in the absence of external fields. The
observed broad lines of [FeIIIL] and [FeIIIL]2� indicate the
presence of such internal fields, which in our case are
nonstationary because of intermediate spin relaxation.[24]


For non-Kramers systems like the monocations the spin
expectation values are zero without applied fields, and
consequently, the Mössbauer spectra show quadrupole dou-
blets at any temperature.[25] The collapse of the magnetic
hyperfine splittings and the appearance of resolved quadru-
pole doublets for the neutral complexes in the solid at
elevated temperatures (80 ± 200 K) owe their origin to en-
hanced (intermolecular) spin-spin interactions in the crystals.


EPR and magnetic Mössbauer spectra : The electronic
structures of the neutral and oxidized complexes were
investigated further by studying the paramagnetic properties
of [FeLp-met]0/�1/�2. X-band EPR spectra were recorded at 3 and
10 K and magnetic Mössbauer spectra were measured with
applied fields of 0 ± 7 T. For both techniques aliquots of the
same 57Fe-enriched sample (35 %) in acetonitrile (1.5 mm)
were used. The results of the spin Hamiltonian simulations are
given in Table 5.


The neutral complex [FeIIILp-met] displays rather broad EPR
signals at g� 4.3 and g� 9 with additional weak features at
higher field. The pattern is typical of S� 5�2 with rhombic
symmetry (E/D� 0.33) and a small D parameter, being in the


Table 4. Zero-field Mössbauer spectra of complexes at 80 K.


Complex d [a] [mm sÿ1] DEQ [mm sÿ1] Ref.


[FeLbut] 0.49 0.83 [3]


[FeLbut]� [b] 0.53 1.08 this work
[FeLdimet] 0.53 0.61 this work
[FeLdimet]� [b] 0.52 0.95 this work
[FeLo-met] 0.47 0.50 this work
[FeLo-met]� [b] 0.51 0.97 this work
[FeLp-met] 0.52 0.63 [3]


[FeLp-met](ClO4) [b] 0.54 0.95 [3]


[FeLp-met]2� 0.54 1.09 this work


[a] Referenced vs. a-Fe at ambient temperature. [b] Electrochemically
generated, measured in frozen CH2Cl2 solution containing 57Fe-enriched
samples.


Table 5. Spin Hamiltonian and Mössbauer parameters of [FeLp-met]n�.


Complex St Dt D [a] E/Dt (�E/D [a]) At/gNmN T AFe
[a] DEQ


[b] h d [b]


[cmÿ1] [mm sÿ1] [mm sÿ1]


[FeIIILp-met]0 5/2 ± 0.09[c] 0.33 ± ÿ 21.4 � 0.59 0 0.54
[FeIIILp-met]1� 2 0.46 0.35 0.28 ÿ 24.5 ÿ 21.0 ÿ 0.99[d] 0.7 0.53
[FeIIILp-met]2� 3/2 0.51 0.27 0.07 ÿ 29.1 ÿ 20.8 ÿ 1.20 0.1 0.56


[a] Intrinsic value of ferric iron. [b] Determined at 2 K. [c] Sign without physical meaning because of E/D� 1/3. [d] The efg is rotated by 908 around the z
axis with respect to the principal axes system of the zero-field interaction.
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order of hn (�0.3 cmÿ1). We refrained from simulations of the
spectra because signal distortions indicate perturbations from
intermolecular spin ± spin interactions even in dilute solu-
tions.[26]


For the monocation [FeLp-met]� a perpendicular-mode EPR
spectrum was obtained which exhibits weak integer-spin
resonances over a wide field range of 30 ± 800 mT. The
spectrum was partly obscured by superimposed prominent
signals at g� 4.3 from unoxidized ferric starting material and
a free-radical signal at g� 2. However in measurements with
parallel-mode detection (B1 kB0) the contaminant spectra
were completely attenuated and the integer-spin spectra were
significantly enhanced. Resonances are predominantly ob-
served at weak fields with a dominant trough at 90 mT and an
extremely broad, shallow absorption line at 200 ± 400 mT.
Spin Hamiltonian simulations for St� 2 approximate to these
features when the zero-field splitting (ZFS) parameters for
the total molecular spin are 0.4 cmÿ1<Dt< 0.6 cmÿ1 and
E/Dt� 0.28, where E/Dt was fixed to the value found from the
Mössbauer simulations given below.


The dication [FeLp-met]2� clearly showed a system spin
ground state of St� 3�2 with an EPR derivative-signal at g� 4
and a broad trough close to g� 2, which is typical of
resonances from a j 3�2,� 1�2i in axial symmetry (E/Dt� 0).
From simulations we estimate a ZFS parameter Dt� 0.5 cmÿ1.
The Mössbauer sample of the monocation in solution
contained 13 % of the unoxidized neutral compound, and
that of the dication contained 18 % of the monocation. In both
cases the contaminants were removed from the experimental
data by subtracting the corresponding spectra measured
under the same conditions. The magnetic spectra in Figure 3
show the corrected experimental data together with spin


Figure 3. Magnetic Mössbauer spectra of [FeLp-met]n in different oxidation
states (n� 0, �1, �2) measured at 2 K with a field of 1 T applied
perpendicular to the g-beam.


Hamiltonian simulations [see Eqs. (4),(5)] with effective spins
according to the respective ground states. The solid lines are
the result of a least-squares optimization with a downhill
simplex procedure performed simultaneously for at least
three spectra recorded at different fields. The results are given
in Table 5.


The Mössbauer spectra of neutral [FeIIILp-met] in acetonitrile
at 2 K with applied fields of 1,3,5, and 7 T show large splittings
of about 16 mmsÿ1 that correspond to a strong internal field of
about 53 T, which is as expected for ferric high-spin ions[27] .
The spectra were simulated (S� 5�2) with an isotropic hyper-
fine coupling constant of AFe/gNmN�ÿ21.4 T as shown in
Figure 3 (top). Since the EPR spectra showed rhombic signals
the rhombicity parameter was kept constant at E/D� 0.33 and
the g value was fixed at 2. From the simulations we obtained
an isomer shift for the compound in solution of d�
0.54 mm sÿ1 at 2 K and a quadrupole splitting of �0.59 mm sÿ1


with an asymmetry parameter of zero. The ZFS, which is
mainly determined from the field dependence of the internal
field, was found to be D� 0.09 cmÿ1, in accordance with
previous magnetic susceptibility measurements[3] on the solid,
which yielded an upper limit of D< 0.5 cmÿ1. Because of this
small ZFS it was necessary to evaluate the spectra not only in
strong but also in moderate and weak fields. The minimum
field used in this study was 1 T. Below this field strength
the spectra were obscured by relaxation effects, even in
solution.


For solid [FeLp-met]�[ClO4]ÿ it has been shown by temper-
ature-dependent magnetic susceptibility measurements that
the monocation possesses an S� 2 ground state[3] as a result of
strong intramolecular antiferromagnetic coupling between
the ferric ion (S� 5�2) and the coordinated phenoxyl radical
(S� 1/2). A coupling constant J of ÿ80 cmÿ1 (H�ÿ2JS1 ´ S2 ;
S1� 1�2 ; S2� 5�2) has been determined. The magnetic Möss-
bauer spectra, as well as the EPR spectra, which were
obtained at liquid helium temperatures for solutions of the
monocation, confirm the spin quintet ground state. Figure 3
(middle) shows the spectrum at 1 T field. The spin Hamil-
tonian simulations at 1,3, and 7 T yielded ZFS parameters for
the ground state of Dt��0.46 cmÿ1 and E/Dt� 0.28.


The effective quadrupole shifts in the magnetic six-line
pattern of the monocation are apparently very small
(�0.1 mm sÿ1) by comparison with the quadrupole splitting
of the zero-field spectrum of about 1 mm sÿ1. Consistency of
the simulations for the magnetic spectra with the zero-field
result was achieved by adopting a large asymmetry parameter
h and a rotation of the electric field gradient (efg) tensor with
respect to the principal axes system of the ZFS. Then a very
small component of the efg could be aligned along the
direction of the internal field which, in first order, is
exclusively effective for the magnetic pattern. Finite values
of the asymmetry parameter reduce the efg component Vxx


with respect to Vyy and Vzz by up to h� 1 when Vxx reaches
zero. The internal field, however, is predominantly oriented in
the y direction for the lowest, mainly populated Kramers
doublet. We therefore introduced an Euler rotation of the efg
around the z axis by an angle g of 908 in order to orient Vx'x'


also in the y direction[28] . With this assumption simulations
were possible with DEQ�ÿ0.99 mm sÿ1 in accord with the
80 K zero-field spectra. The fits yielded an asymmetry
parameter of h� 0.7.[29] We are aware that this is not
necessarily a unique fit as additional, more complicated Euler
rotations of the efg might prevail. However, the essential
features of the quadrupole interaction for the 57Fe site in the
monocation are correctly described.
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The magnetic 57Fe hyperfine splittings for the monocation
were reproduced with an isotropic effective hyperfine cou-
pling constant for the ground state St� 2. The obtained value
At/gNmN�ÿ24.5 T is in accord with that found for the neutral
complex if it is converted to the intrinsic representation AFe/
gNmN�ÿ21.0 T for AFe� 6�7At . This equation is derived from
spin projection for a coupled system of ferric iron (S� 5�2) and
a radical (S'� 1�2). In the same coupling model, the ZFS
parameter can be converted to a local iron value with D� 3�4Dt


to yield D� 0.35 cmÿ1 and E/D� 0.28.
The Mössbauer spectra of the electrochemically generated


diradical [FeLp-met]2� in acetonitrile showed about 18 %
contamination by the monoradical precursor. Its contribution
was again subtracted from the experimental data as descibed
above. The magnetically perturbed spectra recorded at 2 K
with fields of 1,3,5, and 7 T were readily simulated with the
effective spin Hamiltonian [see Eq. (4)] for an energetically
well isolated St� 3�2 ground state. The 1 T spectrum is shown
as an example in Figure 3 (bottom). The fits gave the ZFS
parameters Dt� 0.51 cmÿ1 and E/Dt� 0.07 in accordance with
EPR measurements (intrinsic value D� 0.27 cmÿ1 when
dipolar contributions to Dt are negligible). The quadrupole
splitting DEQ at 2 K was found to be ÿ1.20 mmsÿ1 and the
asymmetry of the efg practically vanishes (0.25 error limit for
h). Again an isotropic effective hyperfine coupling constant
was determined At/gNmN�ÿ29.1 T, which yields AFe/gNmN�
ÿ20.8 T, when converted to the intrinsic value with AFe� 5�7At


for the jS*Sti�j 1,3�2i ground state.


Interpretation of the spin Hamiltonian and Mössbauer
parameters : The Mössbauer isomer shifts of the compounds
under investigation prove that the iron is in a ferric high-spin
state and, hence, that the complex oxidations are ligand-
centered. Furthermore, the isomer shift d is virtually inde-
pendent of oxidation state for complexes [FeL]n� with the
same ligand L. Since d depends on the occupation of iron s
and d orbitals[24, 30] we conclude that the overall covalency of
the iron ± ligand bonds is independent of ligand oxidation.
This is in contrast to what one might expect, if back bonding,
for instance, were enhanced upon removal of a ligand
electron. For comparison, the variation in isomer shift of
octahedral ferric high-spin complexes with different covalen-
cies, like FeCl3 (d� 0.49 mm sÿ1) and Fe2(SO4)3 (d�
0.39 mm sÿ1), is of the order ÿ0.1 mmsÿ1.[27] In our case, if
there is a trend in isomer shifts for the complexes [FeIIIL]n�, it
is perhaps a slight increase in the numerical values on
oxidation by about �0.02 mm sÿ1 rather than a decrease (see
Tables 4 and 5).


A similar conclusion can be drawn from the small variation
in the magnetic hyperfine coupling constant A of [FeIIILp-met]n�


summarized in Table 5. The A values depend on the density of
unpaired spin in the iron s and d orbitals. In general, A tends
to decrease with increasing covalency,[31] as does the isomer
shift. Whether the small (3 %) decrease in A in the series
[FeIIILp-met]0 to [FeIIILp-met]2� really reflects increased cova-
lency can not be decided at this point. An interesting
alternative explanation would be a direct exchange polar-
ization of iron s electrons by the minority spin in the
covalently bound ligand orbitals. Such a mechanism has been


discussed for delocalized minority spin density in nonradical
complexes.[32]


On the basis of structural considerations we explain the
oxidation invariance of the overall covalency by a compensa-
tion effect of the weakening of the FeÿOphenoxyl bond upon
formation of the radical and the concomitant strengthening of
the remaining FeÿOphenolate bonds. Such behavior was recog-
nized previously in the molecular structures of similar CrIII


complexes.[2] The RR studies discussed below confirm that the
same structural variations in FeÿO bonds prevail for the
complexes presented here.


Covalency is the major source of the electric field gradient
(efg) at the iron nucleus of ferric compounds, as the valence
contribution to the efg from a spherical, half-filled 3d5 shell of
a hypothetical ionic compound would vanish.[24, 30] Large
electric quadrupole splittings of more than 1 mm sÿ1 are
known to occur for FeIII


2 (m-oxo) dimers.[16, 17, 33, 34] It is the
asymmetry in 3d occupation due to the short covalent Fe ± oxo
bond which gives rise to the large efg.


The relatively small quadrupole splitting of the neutral
complexes in this study corresponds to the high symmetry of
ferric iron in a trigonal moiety with small axial distortion. The
positive sign of the efg main component Vzz implies excess
electronic charge in the equatorial plane and, interestingly,
correlates with a slight axial compression of the coordination
polyhedron of the iron, as determined by X-ray diffraction.


The significant elongation of one FeÿO bond upon one-
electron oxidation that can be anticipated from our previous
results,[2] perturbs significantly the trigonal iron coordination
symmetry. The asymmetry is further enhanced by the
supposed shortening of the remaining FeÿOphenolate bonds.[2]


The resulting difference in covalent delocalization of the
different 3d orbitals gives rise to a large efg as is observed for
the monoradicals. The large asymmetry parameter h reflects
the local Cs symmetry.


The dication [FeLp-met]2� supposedly has two weak Fe-
ÿOphenoxyl bonds and one strong FeÿOphenolate bond, and the
small asymmetry parameter suggests that this arrangement
takes essentially octahedral coordination symmetry with only
weak tetragonal distortion. The large Vzz component would be
consistent with a covalent FeÿO bond in the z direction, and
with two FeÿO and two FeÿN bonds with rather weak
covalency in the equatorial plane.


Resonance Raman spectroscopy


Tris(phenolato)iron(iiiiii) complexes : Figures 4 and 5 display
the RR spectra of the parent complexes [FeLbut], [FeLp-met] ,
[FeLo-met], and [FeLdimet] excited in resonance with the
phenolate-to-iron charge-transfer transition. These species
differ in the substitution pattern of the phenolate rings, that is,
tert-butyl and methoxy substituents in the ortho and para
positions. In the high frequency region (Figure 4), all of the
spectra display a prominent band at about 1600 cmÿ1 that is
readily assigned to the n8a mode according to Wilson�s
notation adapted to substituted benzenes.[35] This mode
includes predominantly the C�C stretching coordinates
(Cortho�Cmeta), as suggested from previous normal mode
analyses.[35±37] This assignment is in line with the fact that
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Figure 4. RR spectra of (A) [FeLbut], (B) [FeLp-met] , (C) [FeLo-met] , (D)
[FeLdimet] , and (E) the 18O-labeled [FeLdimet] . The excitation wavelengths
were 571 (A, B) and 514 nm (C, D, and E). The Raman bands of the solvent
(A, B : CH3CN/LiClO4; C, D, and E : CH2Cl2/ tBu4NPF6) are subtracted.


18O labeling of the phenolate oxygen does not produce a
frequency shift of this band, thus ruling out any contribution
from the CÿO stretching coordinate. Below 1500 cmÿ1 we
note substantial differences between the species carrying a
tert-butyl and a methoxy group at the ortho positions of the
phenolates. Evidently, the internal vibrations of the ortho
substituents mix to a considerable extent with the phenolate
ring vibrations. On the other hand, the para substituent has a
less pronounced effect on the vibrational band pattern, since
the RR spectra of [FeLbut] and [FeLp-met] are similar to those of
[FeLo-met] and [FeLdimet] .


Figure 5. RR spectra of (A) [FeLbut], (B) [FeLp-met] , (C) [FeLo-met] , (D)
[FeLdimet] , and (E) the 18O-labeled [FeLdimet] . The excitation wavelengths
were 571 (A, B) and 514 nm (C, D, and E). The Raman bands of the solvent
(A, B : CH3CN/LiClO4; C, D, and E : CH2Cl2/TBAPF6) are subtracted.


Comparison of the RR spectrum of [FeLdimet] with that of
the 18O-labeled derivative identifies modes that include
contributions from the CÿO stretching coordinate. The main
shifts are observed for the closely spaced bands at 1291 and
1285 cmÿ1, which both shift down by about 14 cmÿ1. These
shifts suggest that both modes have predominantly CÿO
stretching character. Their frequencies are close to that of the
n7a mode of uncoordinated phenolates,[35±37] which implies that
in tris(phenolato)iron(iii) complexes this mode splits into two
components. In fact, because of the C3v symmetry of [FeLdimet]
one would expect two n7a-like modes (A1 and E). A smaller
shift to lower energy by 3 cmÿ1 is observed for the band at
1489 cmÿ1, which is therefore assigned to the mode n19a for
which normal mode analyses predict some CÿO stretching
character.[35±37] Minor frequency shifts (<3 cmÿ1) for the
bands at 1240 and 1332 cmÿ1 imply that the underlying modes
also include some contributions from the CÿO stretch. The
frequency shifts observed for the modes n7a and n19a are
in qualitative agreement with a recent study on uncoor-
dinated phenolate by Mukherjee et al.[35] These authors used
an empirical force field, fitted to the experimental data for
phenolate as well as their deuterated and 13C-labeled iso-
topomers. Based on this force field they calculated the
normal modes for the 17O-labeled phenolate yielding shifts
of ÿ5 and ÿ3 cmÿ1 for the modes n7a and n19a, respectively.
On the other hand, quantum chemical force field calcula-
tions carried out in this work predict essentially the same 18O/
16O shifts for these modes (Table 6), indicating an over-
estimation of the CÿO stretching contribution to the n19a.
This discrepancy is due to the failure of the quantum
chemical methods to describe the excess electron density
adequately.[8, 37, 38]


Based on the present unambiguous identification of the
band at 1489 cmÿ1 of [FeLdimet] as the mode n19a, the respective
bands at 1478 and 1475 cmÿ1 of [FeLbut] and [FeLp-met] are now
reassigned to this mode, thereby revising any previous
suggestions.[8] For this mode in the various complexes, we
note that the frequencies are lower for those complexes with a
tert-butyl group at the ortho position compared with the
methoxy-substituted complexes.


In the low-frequency region (Figure 5), strong Raman
bands of the solvent (CH2Cl2) obscur the RR bands of the
complexes between 680 and 760 cmÿ1. Below 680 cmÿ1,
comparison of the RR spectra of the 16O- and 18O-labeled
[FeLdimet] reveals isotopic shifts of four bands, namely, 615
(ÿ5), 573 (ÿ7), 539 (ÿ4), and 458 (ÿ9) cmÿ1. Normal mode
analyses of uncoordinated phenolates predict two 18O/16O-
sensitive bands at 511 (ÿ9) and 430 (ÿ11) cmÿ1, which
originate from a ring deformation (n6a) and the CO bending
vibration (Table 6). Hence, these two modes are assigned to
the bands observed at 539 and 458 cmÿ1, respectively. In
addition, one expects an FeÿO stretching vibration which in
related compounds has been identified at ca. 600 cmÿ1.[39, 40]


As the spectra of [FeLdimet] reveal two 18O/16O-sensitive bands
in this region, we conclude that both modes include a
substantial contribution from the FeÿO stretching coordinate.
In fact, the isotopic shift of each band is smaller than that
expected for a pure FeÿO stretch. Conversely, this conclusion
implies that the FeÿO stretching coordinate is coupled with
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ligand vibrations as has also been found for Fe ± catecholate
complexes.[38]


By comparing the low-frequency RR spectra of [FeLdimet]
with those of the other Fe ± phenolate species, we note that the
vibrational band pattern appears to depend on both the ortho
and the para substituent, since there are no strong spectral
similarities, for instance, between [FeLbut] and [FeLp-met] .
Thus, unambiguous identification of the CÿO bending vibra-
tions of these complexes is not possible without 18O/16O
labeling. The effect of the substitution pattern on the other
18O/16O-sensitive bands seems to be more systematic. Whereas
the 615 cmÿ1 band remains largely unchanged in all com-
plexes, the counterparts of the other FeÿO stretching mode of
[FeLdimet] at 573 cmÿ1 can be attributed to the bands at 572 and
563 cmÿ1 in the para- and ortho-methoxy substituted com-
plexes, respectively. Similarily, one may relate n6a of [FeLdimet]
at 539 cmÿ1 to the bands at 536 and 529 cmÿ1 of [FeLo-met] and
[FeLp-met], respectively. However, for these two complexes
additional bands in this region (apparently due to the more
asymmetric substitution pattern) make these correlations less
unambiguous. In contrast, the RR spectrum of the di-tert-
butyl substituted phenolate complex displays only one
prominent peak at 546 cmÿ1, which, however, has an asym-
metric bandshape. Thus, it may be that in this case the band at
573 cmÿ1 is shifted down so that it nearly coincides with the n6a


band. These findings imply that the separation of those modes,
which in [FeLdimet] include the FeÿO stretch, depends on the
substitution pattern of the phenolates. Hence, the relative
contribution of this coordinate to these modes may vary
substantially among the various complexes. In particular, it
may be that the band at 614 cmÿ1 in [FeLbut] is a largely pure
FeÿO stretching as suggested previously.[8]


Phenoxyl radical complexes of iron(iiiiii): Figure 6 shows the
RR spectra of the radical complex [FeLdimet]� . upon excitation
in resonance with the p!p* transition at �410 nm. The most
pronounced 18O/16O-isotopic shift is expected for the band at
1517 cmÿ1, which in related complexes has been assigned to


Figure 6. RR spectra of (A) [FeLp-met]� . , (B) [FeLo-met]� . , (C) [FeLdimet]� . ,
and (D) the 18O-labeled [FeLdimet]� . . The excitation wavelengths were 418
(A) and 413 nm (B, C, and D). The Raman bands of the solvent (A :
CH3CN/LiClO4; B, C, and D : CH2Cl2/tBu4NPF6) are subtracted. S denotes
a subtraction artifact.


the mode n7a with predominantly CÿO stretching character.[8]


The 4 cmÿ1 shift to lower energy, however, is smaller than that
of the adjacent band at 1499 cmÿ1, which is found at 1482 cmÿ1


in the 18O-labeled compound. This latter band is attributed to
the mode n19a, which, according to normal mode analyses,
should also exhibit a contribution from the CÿO stretch.[35, 37]


However, the distribution of the CÿO stretching coordinate is
simply reversed compared with the uncoordinated phenoxyl
radicals where 17O labeling yields shifts of ÿ13 and ÿ8 cmÿ1


for the modes n7a and n19a, respectively. Coordination to the
iron center leads to a redistribution of the CÿO stretching
coordinate mainly among the modes n7a and n19a, although, to
a minor extent, adjacent modes may also include some CÿO


Table 6. Frequencies of selected phenolate and phenoxyl modes.[a]


Mode n19a n7a nFeÿO(1) nFeÿO(2) n6a dCO


Phenolate
PheOÿ (exp. )[b] 1534 1264 ± ± ± ±
PheOÿ (calc.)[c] 1501(ÿ12) 1355(ÿ10) ± ± 511(ÿ9) 430(ÿ11)
[FeLdimet] 1489(ÿ3) 1291(ÿ14)


1285(ÿ14)
615(ÿ5) 573(ÿ7) 539(ÿ4) 458(ÿ9)


[FeLp-met] 1475 1289
1275


614 563 529 ±


[FeLo-met] 1490 1295 613 572 536 455
[FeLbut] 1478 1286 614 ± 546 418
[FeLdimet]� . 1484(ÿ1) 1274(ÿ9) 616(ÿ4) 578(ÿ7) 542(ÿ3) 462(ÿ8)
[FeLp-met]� . 1468 1278 614 570 538 ±
[FeLbut]� . 1470 1280 615 ± 551 451


Phenoxyl
p-CH3OPheO. (exp. ) 1406 1518 ± ± ± ±
p-CH3OPheO. (calc.)[c] 1409(ÿ10) 1492(ÿ6) ± ± 514(ÿ3) 436(ÿ8)
[FeLdimet]� . 1499(ÿ17) 1517(ÿ4) ± ± ± ±
[FeLo-met]� . ± 1519 ± ± ± ±
[FeLp-met]� . 1488 1501 586 ± 527 419


[a] Frequencies are given in cmÿ1; the 18O/16O shifts are given in parenthesis. [b] Taken from ref. [19]. [c] Calculated frequencies as obtained by
DFT(B3LYP) were multiplied by 0.9744.[8]
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stretching contributions as reflected by the small isotopic
shifts of the bands at 1448 and 1338 cmÿ1. In view of these
findings, it may well be that the composition of the modes n7a


and n19a also depends on the kind of the coordinated metal ion.
Nevertheless, it is possible to extend these assignments to
related radical complexes.[8] Thus, the mode n19a is then
reassigned to the bands observed between 1480 and
1495 cmÿ1, for example, to that at 1488 cmÿ1 in [FeLp-met]� .


(Figure 6).
In addition, comparison of the RR spectra in Figure 6 shows


that the substitution pattern has a pronounced effect on the
modes n8a, n7a, and n19a. The frequencies of the last two are
higher when the ortho substituent is a methoxy group
([FeLdimet]� . , [FeLo-met]� .) compared with tert-butyl-substitut-
ed phenoxyl (3Lp-met]� .) (see Table 6). This tendency may be
due to an increase in the C�O double bond character in the
ortho-methoxy substituted species. The CÿO bond length
calculated for the free ortho-methoxy phenoxyl radical (o-
CH3O-PhO.) is 1.250 �, which is shorter by �0.007 � than
the corresponding bond lengths of the para-substituted or
unsubstituted phenoxyl radicals. Consequently, a substantial
increase in the calculated frequencies is observed for the
modes n7a and n19a.


Furthermore, a methoxy substituent in the ortho position
leads to an elongation of the adjacent CorthoÿCmeta bond
(1.393 �) compared with the para-methoxy phenoxyl radical
(p-CH3O-PhO. ; 1.379 �). Hence, the frequency of the corre-
sponding stretching mode n8a is calculated at 1575 cmÿ1, which
is 20 cmÿ1 lower than for p-CH3O-PhO. .[8] This tendency is
also observed for the coordinated radicals inasmuch as the
mode n8a of [FeLo-met]� . is �20 cmÿ1 lower than in complexes
that include a para-methoxy-substituted phenoxyl radical.
The frequency shift of n8a reduces the energy separation with
respect to the mode n7a, particularly since the latter mode
undergoes a slight increase in energy. These frequency
changes are paralleled by an increase in the relative RR
intensity of n7a with respect to n8a, which has also been
observed for di-tert-butylphenoxyl complexes[8] and can be
rationalized in terms of the normal composition of the mode
n7a. An increase in frequency indicates a larger contribution of
the C�C stretching coordinate, which is expected to exhibit
the most pronounced changes upon p!p* excitation and,
therefore, provides the strongest contribution to the RR
intensity. Conversely, an increase in the C�C stretching
character of mode n7a leads to an increase in the CÿO
stretching contribution to the adjacent n19a mode. Hence, the
observed frequency shifts and intensity changes of mode n7a


merely reflect a redistribution of the normal mode composi-
tion. This conclusion has significant impact for extracting
structural information from the RR spectra of phenoxyl-
radical complexes inasmuch as mode n7a does not constitute a
sensitive marker for the CÿO bond strength, and, indirectly,
for the strength of the metal ± radical interactions.


One might have expected that the metal ± oxygen stretch is
a more appropriate marker. However, attempts to identify
this mode in the low-frequency region based on 18O/16O shifts
failed. Presumably, the resonance enhancement for this mode
is relatively low at excitation in resonance with the p!p*
transition. In addition, in previous studies on [MLp-met] radical


complexes with different metal ions we found that the bands
between 650 and 500 cmÿ1 reveal only minor variations with
the nature of the metal ion.[8] Thus, it may be that for the
coordinated phenoxyl ligand the metal ± oxygen stretching
coordinate is distributed among several modes so that the
expected metal-sensitivity (and the 18O/16O substitution) is
reflected only by small changes in the frequencies of several
modes.


For [FeLdimet]� . the visible absorption band is broadened
and the maximum shifts from �520 to 610 nm compared with
the reduced complex (Figure 2). This finding indicates that
the Fe ± phenoxyl CT transition contributes to this absorption
band and/or the Fe ± phenolate CT transitions are affected
upon formation of a coordinated phenoxyl radical. Excitation
lines between 510 and 600 nm yield RR spectra that display
exclusively bands of the two phenolate rings, whereas no
bands attributable to the coordinated phenoxyl can be
identified (Figure 7). The resonance enhancement for the


Figure 7. RR spectra of (A) [FeLdimet]� . and (B) the 18O-labeled
[FeLdimet]� . , (C) [FeLdimet] , and (D) the 18O-labeled [FeLdimet] . The
excitation wavelengths were 598 (A, B) and 514 nm (C, D). The Raman
bands of the solvent (CH2Cl2/tBu4NPF6) are subtracted.


phenoxyl modes is relatively weak upon excitation in
resonance with the CT transition.[8] This observation is in
line with results obtained for a mono(phenolato)iron radical
complex that does not include additional coordinated pheno-
lates. RR spectra of this species excited in resonance with the
CT transition show only a few bands of extraordinarily weak
intensity.[41] Thus, it is not surprising that the RR spectra of
[FeLdimet]� . and [FeLdimet] obtained by excitation with visible
light are very similar and that the subtle spectral differences
reflect the effect of oxidation of one aromatic ring on the
ground-state structure of the two remaining phenolates. In
particular, we note shifts of the modes that include the CÿO
stretching coordinate. The mode n19a shifts down from
1489 cmÿ1 by 5 cmÿ1, whereas an even larger decrease
(ÿ11 cmÿ1) is observed for the n7a modes, which in [FeLdimet]� .


overlap to give a broad peak centered at about 1275 cmÿ1.
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There appears to be a qualitative correlation between the
magnitude of these shifts and the contribution of the CÿO
stretching coordinate involved in these modes as indicated by
the 18O/16O-isotopic shifts. Thus, it is concluded that radical
formation is associated with a weakening of the CÿO bond of
the coordinated phenolates obviously due to a net electron-
density transfer from the phenolates to the electron-deficient
phenoxyl. Such a charge redistribution should lead to a
strengthening of the FeÿOphenolate bond, which, in turn, should
be reflected by an increase in the frequency of the FeÿO
stretching modes. In fact, the bands of [FeLdimet] at 615 and
573 cmÿ1 attributable to modes including the FeÿO stretching
are shifted up by 1 and 5 cmÿ1, respectively, in the RR
spectrum of the radical complex [FeLdimet]� . .


Figure 8. RR spectra of (A) [FeLdimet]� . and (B) the 18O-labeled
[FeLdimet]� . , (C) [FeLdimet] , and (D) the 18O-labeled [FeLdimet] . The
excitation wavelengths were 598 (A, B) and 514 nm (C, D). The Raman
bands of the solvent (CH2Cl2/tBu4NPF6) are subtracted.


Experimental Section


Synthesis : Preparations of the ligands H3Lbut, H3Lp-met, and complexes
[FeLbut], [FeLp-met] were carried out as described previously.[3]


2,4-Dimethoxyphenol was selectively labeled with 18O at the phenol
oxygen by the following procedure. An argon-flushed solution of 1-bromo-
2,4-dimethoxybenzene (1.0 g, 4.6 mmol) and isopropyl bromide (0.85 g,
6.9 mmol) in dry tetrahydrofuran (THF) was added to magnesium turnings
(0.28 g, 11.52 mmol) in a Schlenk flask under an argon atmosphere. The
solution was stirred rapidly at 20 8C until formation of the Grignard reagent
began, after which point the vessel was cooled in a cold-water bath. After
2 h of stirring at 20 8C the Grignard reagents were transferred to a Schlenk
flask (500 mL) containing degassed dry pentane (100 mL). The cooled
mixture (ÿ126 8C) was allowed to react with 18O2 whilst it was slowly
warmed to 20 8C. This mixture was then stirred for 20 h and the resulting
precipitate was collected by filtration. The cream-gray residue was added to
dilute aqueous HCl (50 mL) and extracted with CH2Cl2 (2� 50 mL). The
combined organic phases were dried over Na2SO4 and the solvent removed
on a rotary evaporator. Column chromatography of the resulting oil
(CH2Cl2, G60 SiO2 gel) gave two products: 1,3-dimethoxybenzene and 2,4-
dimethoxy phenol. The phenol moved down the column as a pale yellow
band. Combination of the fractions containing pure phenol and removal of
the solvent gave a total yield of 0.27 g of phenol. GC-MS (product mixture):


m/z (%): 156 ([M]� , 100), 154 (21), 155 (3), 157 (7). This implies about 83%
incorporation of 18O at the phenolic oxygen position.


1,4,7-Tris(3,5-dimethoxy-2-hydroxybenzyl)-1,4,7-triazacyclononane (H3


Ldimet): A mixture of paraformaldehyde (22.5 mg, 0.75 mmol) in methanol
(3 mL) was added to a solution of 1,4,7-triazacyclononane (32.3 mg,
0.25 mmol) in dry methanol (2 mL). The mixture was refluxed under a flow
of argon for 2 h before 2,4-dimethoxyphenol (127 mg, 0.82 mmol) dissolved
in CH3OH (4 mL) was added. The resulting solution was refluxed for 4 h
and stirred at 20 8C for 5 days. After removal of the solvent by a rotary
evaporation a sticky, brown gum of H3Ldimet was obtained and used for
synthesis of the complexes without further purification or characterization.


[FeIIILdimet]: The above ligand mixture was redissolved in CH3OH (5 mL),
and FeCl3 (40.5 mg, 0.25 mmol) in CH3OH (5 mL) was then added with
stirring. Addition of triethylamine (1.5 mL) caused a dramatic color change
from deep blue to deep purple. After stirring for 3 h at 20 8C, the solution
was filtered and the precipitate washed with CH3OH (1 mL) and recrystal-
lized from acetonitrile. Red-purple crystals of [FeIIILdimet] ´ 2CH3CN were
obtained in 42% yield. C37H48N5O9Fe: calcd C 58.27, H 6.34, N 9.16; found
C 58.2, H 6.22, N 9.0. ESI MS: m/z (%): 681 ([M�H]� , 100). The 18O-
labeled complex was prepared analogously (ESI MS: m/z (%): 687 ([M�
H]� , 100)). From the isotopic pattern and comparison with unlabeled
material it followed that species containing 3, 2, and 1 18O labels are present
in approximately 57, 33, and 7%, respectively.


1,4,7-Tris(3-methoxy-5-tert-butyl-2-hydroxybenzyl)-1,4,7-triazacyclono-
nane (H3Lo-met): This ligand was prepared as described above for H3Ldimet


from 2-methoxy-4-tert-butylphenol[3] as starting material. The crude ligand
was not isolated or characterized but used directly for complex formation.


[FeLo-met]: The complex was prepared as described above for [FeLdimet] . The
crude product was recrystallized from a CH2Cl2/CH3CN mixture (1:1).
Deep purple-red microcrystals of [FeIIILo-met] were obtained.
C42H60N3O6Fe: calcd C 66.48, H 7.97, N 5.54; found C 66.34, H 8.02, N
5.46. ESI MS: m/z (%): 759 ([M�H]� , 20), 781 ([M�Na]� , 100), 797
([M�K]� , 15).


EPR and Mössbauer spectroscopy: For the EPR measurements a Bruker
ESP 300E continuous wave X-band spectrometer with a Bruker dual-mode
cavity and a helium-flow cryostat (Oxford Instruments ESR 910) was used.
The field was calibrated with a Bruker NMR gaussmeter and the frequency
was measured with a HP frequency counter. Mössbauer data were recorded
on alternating constant-acceleration spectrometers with minimum exper-
imental line-width 0.24 mm sÿ1 (full-width at half-height). The sample
temperature was maintained in either an Oxford Instruments Variox or an
Oxford Instruments Mössbauer-Spectromag cryostat. The latter is a split-
pair, superconducting magnet system for applied fields of up to 8 T where
the temperature of the sample can be varied over the range 1.5 ± 250 K. The
field at the sample is oriented perpendicular to the g-beam. The 57Co/Rh
source (1.8 GBq) was positioned at room temperature inside the gap of the
magnet system at a zero-field position. Isomer shifts are quoted relative to
iron metal at 300 K.
Magnetic Mössbauer spectra were analyzed on the basis of a spin
Hamiltonian description of the electronic ground state spin multiplet
[Eq. (4)], where St� 5�2, 2, or 3�2 is the spin of the corresponding system (see


He�D[S2
t;zÿSt(St�1)/3� (E/D)t(S2


t;xÿS2
t;y)]�mBB ´ g ´ St (4)


text), and Dt and E/Dt are the axial and rhombic zero-field parameters with
respect to St . For the simulation of the hyperfine interaction we have taken
into account the Hamiltonian [Eq. (5)], where hSti is the electronic spin
expectation value, At is the hyperfine coupling tensor, I is the nuclear spin,
and HQ is the usual nuclear quadrupole Hamiltonian.[42]


Hhf�hStiAtIÿ gNmNBI�HQ (5)


Resonance Raman spectroscopy: RR spectra were recorded with a U1000
spectrograph (2400/ mm holographic gratings) equipped with a liquid-
nitrogen-cooled CCD detector (Instruments SA). The output of a dye laser
(Coherent 899-01), an argon ion laser (Coherent Innova 400), and a
krypton ion laser (Coherent Innova 302) served as excitation sources. The
laser power at the sample was about 50 mW. In order to avoid photo-
induced degradation, the sample, which exhibits an optical density of about







FULL PAPER E. Bill, P. Hildebrandt, K. Wieghardt et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0509-2564 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 92564


1.5 at the excitation wavelength, was deposited in a rotating cell. The
Raman scattered light was detected in 908 with a scrambler placed in front
of the entrance slit of the spectrometer to account for the polarization
sensitivity of the gratings. The spectral slit width was 2.8 cmÿ1. The spectra,
measured with an acquisition time of 50 s, were linearized in wavenumbers
yielding an increment between 0.1 and 0.25 cmÿ1 and a total spectral range
of 500 cmÿ1. The contributions of the solvent and the supporting electrolyte
were subtracted.


Quantum chemical calculations : All quantum chemical computations were
performed by means of the Gaussian 92/DFT suite of ab initio programs
working under OpenVMS and were carried out on a DEC station 2000 as
described in detail elsewhere.[8] For density functional theory (DFT)
computations we employed the Becke3LYP (B3LYP) combination of
hybrid exchange and correlation functions.[43] For all neutral phenoxyl
radicals, the 6-31G* basis sets were applied.[44] These basis sets are of
double zeta type for the valence electrons and they are augmented by
d-polarization functions for the carbon and oxygen atoms. For the
phenolate the 9s5p/4s2p basis set augmented with polarization functions
was employed. Moreover, for oxygen and carbon additional diffuse s- and
p-functions are provided with exponents of 0.059 and 0.034, respectively.[45]


The frequencies were scaled by a factor of 0.9744 as discussed previously.[8]


X-ray crystallography : A suitable single crystal (0.45� 0.11� 0.11 mm) of
[FeIIILdimet] ´ 2CH3CN was mounted on a glass fiber on a Siemens SMART
diffractometer. Measurements were performed with graphite-monochro-
mated MoKa radiation (l� 0.71073 �). Intensities were corrected for
absorption effects with the SADABS program (G. M. Sheldrick, 1994). The
structure was solved by direct methods with SHELXTL. Non-hydrogen
atoms were refined with anisotropic thermal parameters; hydrogen atoms
were included with isotropic thermal parameters. One acetonitrile solvent
molecule was disordered. The disorder was satisfactorily modeled by two
positions with occupancy factors of 0.5 for two terminal atoms treated as
carbon (C(41), C(41X)). Crystallographic data are given in Table 7.


Crystallographic data (excluding structure factors) have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-102115. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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The Coordination Chemistry of the CF Group of Fluorocarbons: Thermo-
dynamic Data and Ab Initio Calculations on CF ± Metal Ion Interactions


Hans-Jürgen Buschmann,[b] Jörg Hermann,[a] Martin Kaupp,[c] and Herbert Plenio*[a]


Abstract: Metal complexes (M�Li�,
Na�, K�, Rb�, Cs�, Ca2�, Sr2�, Ba2�,
Ag�) of the two closely related pairs of
macrocycles FN2O4 and HN2O4 (26-
fluoro-4,7,13,16-tetraoxa-1,10-diaza-tri-
cyclo[8.8.7.1,20,24]hexacosa-20,22,24(26)-
triene and 4,7,13,16-tetraoxa-1,10-diaza-
tricyclo[8.8.7.1,20,24]hexacosa-20,22,24-
(26)-triene, respectively) and FN2O3 and
HN2O3 (23-fluoro-4,7,20-trioxa-1,10-di-
azatricyclo[8.7.5.1,12,16]tricosa-12,14,16-
(23)-triene and 4,7,20-trioxa-1,10-diaza-
tricyclo[8.7.5.1,12,16]tricosa-12,14,16(23)-
triene, respectively) [optimized synthe-
sis yields for FN2O3 of 73 % and for
FN2O4 of 70 %] were investigated by
potentiometry and calorimetric titra-
tions. A comparison of the complexes
of the fluoro cryptands FN2O4 and
FN2O3 with those of the closely related


macrocycles HN2O3 and HN2O4 pro-
vides information on the stabilizing
effect of CF ± M interactions, since the
two types of ligand differ only in the
substitution of the fluorine atom by
hydrogen in the latter compounds. In
most cases the fluoro cryptands form
more stable complexes (up to 3.5 logK
units) with the metal ions. This phenom-
enon is most pronounced when the
radius of the metal ion and the size of
the macrocyclic cavity are complemen-
tary. Mismatched metal complexes of,
for example, Cs� with FN2O4 or HN2O4


are of equal stability, since the metal ion


is too large to be coordinated by the CF
group within the macrocyclic cavity. The
X-ray crystal structure of the most stable
complex FN2O4-Ba(ClO4)2 was deter-
mined, and its short FÿBa2� distance of
284.2(2) pm indicates significant stabili-
zation due to FÿBa2� interactions. Ab
initio calculations on the model reactions
Li�(OMe2)3(C6H5F)!Li�(OMe2)3�C6-


H5F and Li�(C6H5F)!C6H5F gave
Li�ÿF interaction energies of 43.7 and
78.7 kJ molÿ1, respectively (counter-
poise-corrected MP2 energies on
DFT(BP86)-optimized structures).
These values amount to about 64 and
51 %, respectively, of the corresponding
calculated Li�(OMe2)3 ± OMe2 and Li� ±
OMe2 binding energies.


Keywords: ab initio calculations ´
calorimetry ´ coordination chemis-
try ´ cryptands ´ fluorocarbons


Introduction


The coordination chemistry of fluorocarbons is now well
established.[1] The first systematic investigations of fluorocar-
bon ± metal coordination were performed in the early 1980s
by Glusker, Murray-Rust et al., who found unusually short
CF ± metal ion contacts in some X-ray crystal structures.[2] In


the following years further complexes displaying these
features, mainly with the hard metal ions of Groups 1 and 2,
were structurally characterized,[3, 4] but as late as the early
1990s evidence for such interactions in solution remained
scarce.[5] This changed when Plenio et al. synthesized partially
fluorinated crown ethers and cryptands, which allowed the
first systematic studies of CF ± metal ion coordination.[6]


Apart from X-ray crystal structure determinations, NMR
spectroscopy and picrate extraction were used to investigate
the nature of CF ± metal ion interactions.[7] Erker et al.,[8]


Marks et al.,[9] and others[10] discovered that the CF groups
of fluorinated phenylborate ligands can allow hemilabile
coordination of cationic zirconocenes. Erker et al. suggested
that such weak contacts might be used to reversibly control
the catalysis of Ziegler ± Natta-type olefin transformations.


While numerous X-ray crystal structures and NMR-spec-
troscopic studies have produced a fairly clear picture of the
coordination behavior of fluorocarbons towards hard metal
ions in the solid state and in solution, quantitative data on the
coordinating ability of the CF group have remained scarce.
Apart from two dynamic NMR studies by Siedle et al.[11] and
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Erker et al.,[12] little is known about the energetics of CF ±
metal interactions.


To close this gap, we determined the stability constants and
enthalphic/entropic effects in complexes of two fluoro crypt-
ands FN2O4 and FN2O3 andÐto gauge the effect of the CF
groupÐtheir fluorine-free counterparts HN2O4 and HN2O3 by
potentiometry and calorimetric titrations. Ab initio calcula-
tions were carried out on the simplified systems Li-
�(OMe2)3(C6H5F) and Li�(OMe2)4 to obtain information on
the bonding energetics in the gas phase.


Results and Discussion


Synthesis of the fluoro cryptands : Recently we described the
preparation of the fluoro cryptands FN2O3 and FN2O4 by
simply mixing the starting materials in acetonitrile and
heating the reaction mixture to reflux in the presence of a
templating base. This resulted in acceptable yields of 51 and
35 %, respectively (Scheme 1). However, especially in the
synthesis of the larger cryptand, most of the starting material
is converted to the undesired [2�2] addition product. Since we
we required larger amounts of these compounds for this study,
we optimized our synthesis. This was done by carrying out the
reaction at high dilution by simultaneously pumping solutions
of the reactants in acetonitrile into a suspension of the
templating base in the same solvent. This modified procedure
increases the yields to 73 (FN2O3) and 70 % (FN2O4) and
simplifies workup.


Scheme 1. Synthesis of the fluoro cryptands and the structural diagrams of
fluorine-free cryptands.


Crystal structure of FN2O4-Ba(ClO4)2 : The crystal structure of
this complex was of special interest since FN2O4-Ba(ClO4)2


has the highest stability constant of all complexes described
here (see Tables 1 and 2). Furthermore the Ba2� complex of
the FN2O4 ligand is significantly stabilized (�1.7 logK units)
with respect to the Ba2� complex of HN2O4.


In the solid state, the barium cation has a coordination
number of eleven with short contacts to eight oxygen atoms
(274.9(2) ± 295.2(2) pm; four O atoms of the macrocycle


and two bidendate perchlorate anions), two nitrogen atoms
(305.2(2) ± 308.3(2) pm) and one fluorine atom 284.16(17) pm
(Figure 1). The fairly short FÿBa2� distance is noteworthy and
comparable to those of other Ba2� complexes with related
fluoro crown ethers (FÿBa2� 279.9 pm,[6c] 299.0 pm[6e])[1] and
provides clear evidence that fluorine is an important donor in
the coordination sphere of Ba2�. The remaining Ba2�ÿO
distances are in the normal range; the Ba2�ÿN contacts are
fairly long but not unusually so.


Figure 1. Crystal structure of FN2O4-Ba(ClO4)2 (hydrogen atoms omitted
for clarity). Selected bond lengths [pm] and angles [8]: BaÿO2 274.9(2),
BaÿO3 282.7(2), BaÿO1 283.5(2), BaÿF1 284.16(17), BaÿO6 286.3(2),
BaÿO5 287.7(2), BaÿO9 288.92, BaÿO4 292.5(2), BaÿO10 295.9(2), BaÿN1
305.2(2), BaÿN2 308.3(2); Ba-C1-F1 96.87(13).


Thermodynamics of the complexation reactions : To evaluate
more precisely the role of the CF group in the binding of
metal ions in the fluoro cryptands, we determined thermody-
namic parameters such as the stability constants and DH and
TDS values of complexation reactions of FN2O3 and FN2O4


with metal ions from Groups 1 and 2 by means of potentio-
metric and calorimetric titrations. Since the values derived
from such measurements have little meaning on their own,[13]


the same techniques were also applied to complexation
reactions of the fluorine-free macrocycles HN2O3 and
HN2O4 with the same metal ions. These two sets of ligands
only differ in that the fluorine atoms of one group are
replaced by hydrogen atoms in the other (see Scheme 1).
Consequently, to a first approximation any difference in
behavior towards metal ions should be due to the presence or
absence of CF groups.


It is instructive to follow the stability trends within the
series of metal complexes with FN2O4 and HN2O4 (Table 1),
which regarding the size of their cavity should be comparable
to [2.2.1]cryptand, even though complexes with the latter
ligand are more stable (e.g., logK ([2.2.1]-Na�)� 9.3, logK
([2.2.1]-K�)� 8.5)[14, 15] than those of FN2O4. The most
significant result of the titration experiments (see Tables 1
and 2) is that in most cases the complexes of the fluoro
cryptands are much more stable than those of the fluorine-
free macrocycles HN2O3 and HN2O4.[16] The most impressive
examples are the Li� complexes of FN2O3 (logK� 4.34) and
HN2O3 (logK� 0.81), which can be understood by examining
the X-ray crystal structures of the two Li� complexes.[7] The
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fluoro cryptand offers a stable tetrahedral FO3 coordination
environment for the metal ion, in contrast to HN2O3-
Li�(H2O), in which the metal ion is coordinated at the
periphery of the cavity in an unusual trigonal-pyramidal O4


environment with an apical water molecule.
In general, FN2O4 forms more stable complexes with metal


ions of Groups 1 and 2 than the fluorine-free macrocycle; the
only exception is Cs�. The largest D(logK) is observed for the
smaller ions Na�, Ca2�, and Sr2�, and with increasing size of
the metal cation, this difference decreases and finally
disappears in the Cs� complexes. From these data we
conclude that only the smaller cations can be located within
the cavity and hence profit from being coordinated to the CF
group. In other words, the larger the cation, the less closely
can it approach the CF group located in the cavity. Con-
sequently, the absence of complementarity between metal ion
and ligand cavity leads to a complete loss of relative
stabilization, as is the case for FN2O4 with Cs�.[17]


The structural rigidity of HN2O4, which may be better
viewed as an m-xylenediyl-bridged derivative of diaza-
[18]crown-6, increases the stability constants for Na� and K�


complexation by roughly three to four orders of magnitude
with respect to the monocyclic ligand.[14]


Roughly the same trends as for the larger macrocycles,
although less pronounced, are discernible in the complexes of
HN2O3 and FN2O3 (Table 2), which in general are less stable
due to the smaller number of donor atoms in the ligand. Again
the smaller ions Li� and Na�, whose size better suits the
macrocyclic cavity, form more stable complexes with the
fluoro cryptand, while all other metal complexes are relatively
weakly bound and appear to lack significant stabilization by
the CF group.


Examining the DH and TDS values with respect to CF ±
metal coordination yields roughly the same conclusions as the
analysis of the logK values: metal ions which are small enough


(equal to or smaller than K�/Ba2� for FN2O4 and equal to or
smaller than Na� for FN2O3) to contact the CF donor inside
the macrocyclic cavity typically display more negative values
of DH and TDS than complexes of their fluorine-free
relatives. Consequently, all metal ions which are too large
have the same logK and almost equal DH and TDS values.


The alkali and alkaline earth metal ions behave quite
differently with respect to DH and TDS. Complexes of
Group 1 metal ions are primarily stabilized by high negative
reaction enthalpies, while the main stabilizing force for
complexes of Group 2 metal ions are entropy effects. Two
significant exceptions are FN2O3-Li� and FN2O4-Na�, in
which a combination of strong enthalphic and entropic terms
occurs. These complexes, however, are special cases since the
two metal ion radii appear to match perfectly with the cavities
of their respective hosts, as judged from the respective crystal
structures.[6c, 7] By disregarding entropy losses within the
ligands, the enthalpy/entropy phenomenon can be attributed
to the higher number of solvent molecules in the first
coordination shell of the doubly charged metal ions (this
applies to a lesser extent also to Li� and Na�) and is thus
typical for cryptand complexes of metal ion.[18]


So far we have evaluated the effect of the CF group by
comparing the respective fluorine-containing and fluorine-
free macrocycles. This approach appears reasonable, but we
also wish to discuss possible limitations. The two sets of
ligands FN2O3/FN2O4 and HN2O3/HN2O4 are very similar but
not identical. First, the cavities of the fluorinated cryptands
should be somewhat smaller than those of their fluorine-free
counterparts, since the fluorine atom is larger than the
hydrogen atom. This subtle difference should have some
influence on the respective stability constants; nonetheless,
we do not expect this to be a significant problem for the
evaluation of the data. However, another more important
aspect must be considered here: the absence of one donor


Table 1. Stability constants K and thermodynamic values DH and TDS for the complexation of metal ions of Groups 1 and 2 with HN2O4 and FN2O4 in
methanol at 298.15 K. D(logK) is the difference between logKF and logKH.


Ion logKH (HN2O4) logKF(FN2O4) D(logK) ÿDH(HN2O4) [kJ molÿ1] ÿDH(FN2O4) [kJ molÿ1] TDS(HN2O4) [kJ molÿ1] TDS(FN2O4) [kJ molÿ1]


Na� 4.90 7.02 � 2.1 26.7 36.2 1.1 3.7
K� 5.56 6.71 � 1.1 41.5 39.6 ÿ 9.9 ÿ 1.5
Rb� 4.68[a] 4.99[a] � 0.3 44.3 45.1 ÿ 17.7 ÿ 16.8
Cs� 4.76[a] 4.70[a] 0 44.2 43.7 ÿ 17.2 ÿ 17.0
Ca2� 2.15 4.36 � 2.2 ÿ 3.7 2.2 15.9 22.6
Sr2� 4.44 6.55 � 2.1 4.6 8.2 20.6 29.0
Ba2� 5.94 7.63 � 1.7 28.6 25.3 5.2 18.1
Ag� 10.39 10.69 � 0.3 62.5 54.8 ÿ 3.5 5.9


[a] Calorimetric data.


Table 2. Stability constants K and thermodynamic values DH and TDS for the complexation of metal ions of Groups 1 and 2 with HN2O3 and FN2O3 in
methanol at 298.15 K. D(logK) is the difference between logKF and logKH.


Ion logKH (HN2O3) logKF(FN2O3) D(logK) ÿDH(HN2O3) [kJ molÿ1] ÿDH(FN2O3) [kJ molÿ1] TDS(HN2O3) [kJ molÿ1] TDS(FN2O3) [kJ molÿ1]


Li� 0.81 4.34 � 3.6 2.1 5.5 2.5 19.2
Na� 2.86 4.70 � 1.8 23.6 24.8 ÿ 7.4 1.9
K� 2.50[a] 2.52[a] 0 24.5 3.3 ÿ 10.3 11.0
Ca2� 2.21 0.4 12.2
Sr2� 2.30 1.6 11.5
Ba2� 2.55[a] 1.0 13.5
Ag� 5.82 6.39 � 0.6 37.7 38.5 ÿ 4.6 ÿ 2.2


[a] Calorimetric data.
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atom in the fluorine-free macrocycles could result in different
coordination environments for the fluorinated and fluorine-
free metal complexes, and this must influence the differences
in the stability constants. This problem appears to be more
serious, as the stabilizing effect of a CF group is certainly
weaker than that of an oxygen atom. Hence the replacement
of a CF donor unit by a solvent molecule might partially
compensate for the stabilizing effect of the CF group, which is
difficult to quantify. However, for the qualitative interpreta-
tion of the data, none of the above effects leads to an
overestimation of the CF donor properties, and a relative
stabilization of metal complexes with the fluoro cryptands can
still be observed and rationalized.


These considerations suggest that it is not straightforward
to experimentally determine the contribution of a CF group to
the stability of metal complexes. It would be advantageous to
exclude the solvation of metal ions, and it seemed that FT ion
cyclotron resonance mass spectrometry (FT-ICR MS) could
be useful in this respect. However, preliminary experiments
showed that the volatility of the fluoro cryptands was too low
for quantitative FT-ICR MS measurements.[19]


Ab initio calculations : Computational techniques are a
valuable tool for understanding the nature of metal ± ligand
interactions and for designing highly selective ligands for
particular metal ions, which could find applications in the
purification of nuclear waste[20] or the construction of sensors
for metal ions.[21]


We were interested in calculating the energetic contribution
of the CF ± metal ion interactions in complexes of the fluoro
cryptands. The fluoro cryptands were simplified by modeling
the oxygen donor centers with dimethyl ether, and the CF
moiety with fluorobenzene. We examined the smallest alkali
metal ion, Li�. The energetics of the four dissociation
reactions listed in Table 3 were calculated. Closely related
computational experiments were recently performed by More
et al. , who investigated the binding energy of Li�(OMe2)n


complexes by a combined approach of experimental (colli-
sion-induced dissociation) and computational techniques,[22]


and more recently by Hill et al., who presented detailed
studies on Li� ± dimethyl ether[23] and Li� ± dimethoxy-
ethane[24] complexes of various compositions. The calculations
by Hill et al. used similar methods and gave similar results to
our calculations. Therefore, for a more detailed discussion of
the Li�(OMe2)n complexes, see ref. [23].


Several theoretical[25, 26] and experimental studies[27] de-
scribe related complexes M�(H2O)n (M� alkali metal). De-
spite its smaller dipole moment, OMe2 binds more strongly to
Li� than water, a fact that was attributed to the much higher
polarizability of the ether oxygen atom.


To give a preliminary indication of the energetics involved,
the coordination energies of FC6H5 and OMe2 to bare Li� ions
were compared. The DFT-optimized structures of these two
model complexes have Li�ÿF and Li�ÿO distances of 178.6
and 186.9 pm, respectively (the Li�ÿO distance is slightly
larger than the HF and MP2 values given in reference [23],
but the C-O-C angle of 111.48 compares well with the MP2
data). The calculated CÿF distance of 143.8 pm in Li�(FC6H5)
is 7.2 pm longer than that of free C6H5F, and the F-C-C angle
of 116.98 is 2.18 smaller. These structural changes in the ligand
upon coordination are somewhat more pronounced than
those calculated for Li�(OMe2).[22]


The calculated counterpoise-corrected binding energies are
listed in Table 3. The HF result for Li�(FC6H5) appears to be
somewhat high, whereas the DFT value is somewhat lower
than the MP2 value. Taking the counterpoise-corrected MP2
results to give the best, most conservative estimate, the
binding energy in Li�(FC6H5) is roughly half (51 %) of that in
Li�(OMe2). This may be taken as an intrinsic value for a bare
Li� ion, against which we may judge the more realistic model
calculations below. Our result for Li�(OMe2) is about
8 kJ molÿ1 below that calculated at the MP2/6-31�G*//HF/
6-31�G* level by More et al.[22] (and ca. 5 kJ molÿ1 below
their value on extrapolation to the basis set limit). This is due
to our slightly larger DFT-optimized bond lengths (see
above).


A more realistic model of the bonding of the metal ions in
their cryptand complexes, however, would have to take
account of the complete coordination sphere of the metal
ion. This was done by coordinating three additional molecules
of dimethyl ether. The optimized structure of the resulting
complex Li�(FC6H5)(OMe2)3 is shown in Figure 2. The
optimization did not employ symmetry, but the converged
structure is close to Cs symmetry, and the phenyl ring bisects
the O2-Li-O3 and the C-O1-C angles. The two nonequivalent
sets of OMe2 ligands (O1/O2, O3) differ slightly in their
dimensions, likely due to the electronic (p bonding) and steric
requirements of the FC6H5 ligand. The average LiÿO distance
is slightly shorter than those calculated at the same level for
Li�(OMe2)4 (199.7 pm, optimized in S4 symmetry), consistent
with fluorobenzene being a weaker ligand than OMe2. The
lengthening of the Li�ÿF distance on inclusion of the three
additional OMe2 ligands is almost 20 pm relative to
Li�(FC6H5).


The calculated dissociation energies of the Li�(L)(OMe2)3


complexes (Table 3) are lower than those of the Li�(L)
minimal models. The dependence on electron correlation and
on the computational method employed is also larger. The
DFT values are lower than the HF results, which in turn lie
below the MP2 binding energies. The MP2 results for


Table 3. Calculated[a] binding energies [kJ molÿ1].


Reaction BP86 HF MP2


Li�(Me2O)!Li� Me2O 150.2 (151.5) 162.5 (164.0) 155.9 (159.0)
Li�(C6H5F)!Li� C6H5F 80.1 (108.7) 101.6 (119.4) 78.7 (112.2)
Li�(Me2O)4!Li�(Me2O)3�Me2O 44.9 (54.3) 54.8 (63.8) 68.8 (91.2)
Li�(Me2O)3(C6H5F)!Li�(Me2O)3�C6H5F 28.0 (32.5) 34.7 (40.0) 43.7 (60.3)


[a] On DFT(BP86)-optimized structures. Results with counterpoise correction for BSSE (uncorrected results in parentheses).
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Figure 2. DFT(BP86)-optimized structure of Li�(Me2O)3(C6H5F). Select-
ed bond angles [8]: Li�-F-C 175.5, F-Li�-O1 110.6, F-Li�-O2, F-Li�-O3
104.6.


Li�(OMe2)4 are within about 1 kJ molÿ1 of the MP2/6-31�
G*//HF/6-31�G* calculations of More et al.[22] It seems
possible that the DFT calculations ignore some dispersion
contributions related to ligand ± ligand repulsion, and the
MP2 calculations may overestimate the binding energies.
Nevertheless, we regard the larger MP2 values as being more
reliable in the present case. The dissociation energy of
(OMe2)3Li�(FC6H5) is about 62 ± 64 % of that of the (OMe2)3-


Li�OMe2 and is almost independent of the level of theory.
This is a larger fraction than for the simpler models discussed
above and suggests that the steric requirement of the
fluorobenzene ligand may be less than that of dimethyl ether,
as one would expect from the structures of these two ligands.
The steric requirements in crown ether or cryptand complexes
will depend on the binding mode. Hence, the present
calculations give only an order-of-magnitude estimate for
the actual binding abilities of CF groups. Nevertheless, they
show that fluorobenzene should be viewed as a normal type of
ligand for metal cations.


In crown ether and cryptand complexes containing a CF
group, the binding of the metal cation is usually not along the
CÿF axis but at C-F-Li angles smaller than 1808, typically
around 1008. We have investigated the loss in binding energy
due to bending by reducing the C-F-Li angle in the
Li�(FC6H5) model complex from 1808 to 1008 in steps of
208. Figure 3 shows the energy curves obtained when all other
degrees of freedom were reoptimized for each C-F-Li angle
with bending in or out of the phenyl plane. While the energy
loss becomes significant for small angles of in-plane bending,
the curve for out-of-plane bending is relatively shallow. Even
at 1008, the energy loss is only about 10 kJ molÿ1. Of course the
energy dependence in the real systems is also influenced by
steric requirements of the ligands, which in the case of the
fluoro cryptands favors a C-F-M angle close to 1008.[1]


However, the shortest FÿM distances are observed when this
angle is close to 1808. An instructive example are the different
FÿCs� distances in the X-ray crystal structure of a cesium
cation embedded in a soccer-ball-like fluoro ligand.[6b]


Figure 3. Dependence of the DFT (BP86) energy of Li�(FC6H5) on the
C-F-Li angle. For each C-F-Li angle, all other degrees of freedom were
optimized.


Summary and Conclusions


A potentiometric and calorimetric study of the coordination
behavior of the two fluoro cryptands FN2O4 and FN2O3 and
their fluorine-free analogues HN2O4 and HN2O3 towards
metal ions of Groups 1 and 2 was carried out. The exper-
imental values of logK, DH, and TDS of the complexation
reactions provide unequivocal evidence for the stabilizing
effect of CF coordination in such complexes, which is most
pronounced when the metal ion is complementary in size to
the macrocyclic cavity. The crystal structure of the most stable
complex FN2O4-Ba(ClO4)2 was determined and is also
indicative of strong FÿBa2� interactions. Since complicated
solvation effects make the thermodynamic data unsuitable for
deriving quantitative data on the energy of interaction
between a CF group and a metal ion, ab initio calculations
were performed on simple Li� complexes. The MP2 FÿLi�


interaction energy for the model system Li�(FC6H5)(OMe2)3


was calculated to be about 64 % of the corresponding OÿLi�


interaction in Li�(OMe2)4.
The data presented here leave no doubt about the ability of


fluorine atoms in fluorocarbons to act as efficient donor atoms
in complexes with alkali and alkaline earth metal ions. For the
first time quantitative data on such complexation reactions
have been described. Both the experimentally derived logK
values and the ab initio calculated binding energies provide
strong support that fluorine in fluorocarbons should be
viewed as a normal donor towards hard metal cations.


Experimental Section


General : The salts of the highest purity commercially available were used
and dried prior to use: LiClO4 (Ventron), NaNO3 (Merck), KI (Merck),
RbNO3 (Merck), CsF (Ventron), Ca(NO3)2 (BDH), SrBr2 (Ventron),
Ba(ClO4)2 (Merck), AgNO3 (Merck) and tetraethylammonium perchlorate
(TEAP, Fluka). The fluorine-free cryptands HN2O3 and HN2O4 were
synthesized according to the literature procedure.[7] The heptafluorobuty-
rates of the alkaline earth cations were prepared by the addition of solid
alkaline earth metal hydroxides to a concentrated aqueous solution of
heptafluorobutyric acid (Aldrich) until no more dissolution of the
hydroxide could be observed. The reaction mixture was filtered, and the
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volatile substances evaporated. The residue was washed with CH2Cl2 and
dried in vacuo.


Potentiometry : For the potentiometric titrations, dry methanol (max.
0.01 % H2O, Merck) was used as solvent. The ionic strength was kept
constant at I� 0.05 mol Lÿ1 by using TEAP as an inert electrolyte. The
experimental setup is described in detail elsewhere.[28] A silver electrode
(Methrom EA 282) was used to determine the activity of the uncomplexed
cation according to the Nernst equation. For the determination of the Ag�


stability constant, a solution of the ligand (0.01 mol Lÿ1) was added to a
solution of AgNO3 (1� 10ÿ3 mol Lÿ1). The stability constant of the complex
formed was calculated from the potential measured at ligand concentra-
tions higher than the salt concentration. Competitive potentiometric
titrations were performed to measure the stability constants of other
cations. A solution of the ligand (0.01 mol Lÿ1) and of the salt (0.02 mol Lÿ1)
was titrated into a solution containing AgNO3 (1� 10ÿ3 mol Lÿ1). Con-
sequently, the ratio of the stability constants of the silver complex and the
complexes of the metal ions Mn� of Group 1 or 2 determines the position of
the following equilibrium and hence the concentration of free silver
cations: LMn��Ag�>LAg��Mn�. The measured potential was used to
calculate the activity of the uncomplexed silver ion, which leads to the ratio
of the competing equilibrium constants. By using the previously deter-
mined silver complexation constant, the stability constant of Mn� can be
calculated.


Calorimetric titrations : All calorimetric titrations were performed with a
Tronac Model 458 calorimeter. A solution of the ligand (0.06 ±
0.08 mol Lÿ1) was added continuously to a solution of the salt ((3 ± 5)�
10ÿ3 mol Lÿ1). After corrections for all chemical heat effects (e.g., stirring of
the solution), the measured heat Q is related to the number of moles Dn of
the complex formed at any time during the titration and the reaction
enthalpy DH : Q�Dn�DH.
The number of moles of complex formed depends on the stability constant.
By least-squares analysis, the unknown stability constant and reaction
enthalpy can be fitted to the experimental data.[29, 30] Since the ionic
strength changes during titration the activities of the ions were calculated
with the Debye ± Hückel equation. When only the reaction enthalpy was
measured, the ligand solution (0.06 ± 0.08 mol Lÿ1) was added to the salt
solution (0.01 mol Lÿ1). Under these conditions only 1:1 complexes
between ligands and cations are formed.[31] The accuracy of the exper-
imental methods was demonstrated elsewhere.[32]


Methods of calculation : Structure optimizations for the model systems
Li�(OMe2), Li�(OMe2)3, Li�(OMe2)4, Li�(C6H5F), and Li�-
(OMe2)3(C6H5F), and for the free ligands, were carried out at the DFT
level with the Gaussian 94 program package[33] and with Becke�s exchange
functional [34] and Perdew�s correlation functional[35] (a combination
frequently denoted as BP86). For consistency with related calculations on
systems incorporating heavier atoms, effective-core potentials (ECPs) and
(4s4p1d)/[2s2p1d] valence basis sets were used for C, O, and F.[36] An ECP
was also used for Li, with a (4s4p)/[2s2p] valence basis.[37] A (5s)/[2s] basis
set was used for hydrogen.[38] All six cartesian components of the d
functions were retained. No symmetry was used in the calculations on
Li�(OMe2)3(C6H5F). Calculations on OMe2, Li�(OMe2), C6H5F, and
Li�(C6H5F) were performed in C2v symmetry, that on Li�(OMe2)3 in D3 ,
and that on Li�(OMe2)4 in S4.[23] Subsequent binding energy calculations on
the optimized structures were performed at the DFT(BP86), HF, and MP2
levels of theory. In these calculations, a diffuse sp set was added to the O
and F basis sets (with exponents of 0.068 and 0.090, respectively) to reduce
basis-set superposition errors (BSSE). The energies were then corrected for
BSSE by using the counterpoise procedure.[39]


Improved synthesis of the fluoro cryptands FN2O3 and FN2O4 : The content
of two syringes filled with solutions of the respective diazacrown ether
(diaza-[15]crown-5 or diaza-[18]crown-6, 5 mmol in 50 mL solvent) and 1,3-
bisbromomethyl-2-fluorobenzene (1.41 g, 5 mmol in 50 mL solvent) in
acetonitrile was pumped over about 12 h into acetonitrile (300 mL)
containing M2CO3 (2 g, M�Na� for FN2O3, M�K� for FN2O4) held at
reflux. After complete mixing of the starting materials, refluxing was
continued for another 6 h. Finally the cold reaction mixture was filtered
and evaporated to dryness. Water (10 mL) was added to the residue, and
the product extracted with CHCl3 (3� 50 mL). The combined organic
solutions were dried over MgSO4, filtered, and evaporated to dryness. The
products were purified by flash chromatography (cyclohexane/diethyl-
amine 5/1). FN2O3 yield� 73 %. Only minute quantities of the [2�2]


addition product are formed (yield <5 %). FN2O4 yield� 70%. The [2�2]
addition product is formed in small amounts (yield ca. 10 %) and can be
separated by chromatography. Physical properties as described previous-
ly.[7]


Crystal structure determination. Single crystals of FN2O4-Ba(ClO4)2 were
prepared by allowing diethyl ether to slowly diffuse into a solution of the
complex in acetonitrile. Suitable crystals were mounted on a glass fiber.
X-ray data of FN2O4-Ba(ClO4)2 were collected on an Enraf-Nonius CAD4
diffractometer with MoKa radiation (l� 71.069 pm) and a graphite mono-
chromator. All structure calculations were performed with SHELX-97[40]


and refined against F 2. All non-hydrogen atoms were refined with
anisotropic temperature coefficients. Hydrogen atoms were refined with
fixed isotropic temperature coefficients and fixed site occupation factors,
but the coordinates were free to refine. An empirical absorption correction
based on y-scans was applied.[41]


Crystal data : C20H31BaCl2FN2O12, Mr� 718.71; T� 213(2) K; l�
0.71069 �; monoclinic, P21/c ; a� 10.051(2), b� 16.305(3), c�
16.929(3) �, b� 106.25(3); V� 2663.5(9) �3; Z� 4 ; 1calcd� 1.792 gcmÿ3 ;
m� 1.762 mmÿ1; F(000)� 1440; crystal dimensions 0.3� 0.3� 0.2 mm; q


range 2.9 ± 26.08 ; index ranges: h 0 ± 12, k 0 ± 20, l ÿ20 ± 20; reflections
collected/unique reflections: 5518/5213; R(int)� 0.0198; completeness to
2q(26.0): 96.1; refinement method: full-matrix least-squares on F 2 ; data/
parameters: 5213/436; GOF on F2: 1.065; final R indices [I> 2 s(I)]:
R1(2 sI)� 2.60, wR2� 6.63; R indices (all data): R1� 3.15, wR2� 6.80;
largest difference peak and hole: �1.01/ÿ 1.15 e �3 around Ba2�.
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Trends in Molecular Geometries and Bond Strengths
of the Homoleptic d10 Metal Carbonyl Cations [M(CO)n]x�


(Mx��Cu�, Ag�, Au�, Zn2�, Cd2�, Hg2� ; n� 1 ± 6): A Theoretical Study**


Anthony J. Lupinetti,[a] Volker Jonas,[c] Walter Thiel,[c] Steven H. Strauss,*[b] and
Gernot Frenking*[a, b]


Abstract: Quantum chemical investiga-
tions at the MP2 and CCSD(T) level
with relativistic effective core potentials
for the metals are reported for homo-
leptic carbonyl complexes of the Group
11 and Group 12 d10 metal cations with
up to six carbonyl ligands. Additional
calculations for some compounds were
carried out using density functional
theory (DFT) methods (BP86 and
B3LYP). There is good agreement be-
tween theoretical CCSD(T) and exper-
imental bond dissociation energies
(BDEs), which are known for eight of
the 36 complexes studied. The bond
energies predicted by DFT are too high.
The complexes [Cu(CO)n]� and
[Au(CO)n]� are predicted to be bound
species for n� 1 ± 5 only, whereas
[Ag(CO)n]� and the Group 12 carbonyls
[M(CO)n]2� are bound species for n�
1 ± 6. The metal ± CO bonding has been


analyzed with the help of the natural
bond orbital (NBO) method and the
charge decomposition analysis (CDA)
partitioning scheme. The Group 11 spe-
cies exhibit more covalent metal ± CO
bonds than those of Group 12, but
coulombic interactions are dominant
even for the Group 11 species. The
dicarbonyls of Cu�, Ag�, and Au� have
shorter M ± CO bonds than the mono-
carbonyls, and the bond dissociation
energies are higher for [M(CO)2]� than
for [M(CO)]� . This is explained by the
polarization (s ± ds hybridization) of the
metal valence electrons in [M(CO)]� .
The metal ± CO bond energies of the


tricarbonyls are significantly lower than
those of the dicarbonyls, because the
favorable charge polarization at the
metal is not effective. The drop in the
bond energy is particularly great for
[Au(CO)3]� , because the Au� ± CO
bonds in [Au(CO)]� and [Au(CO)2]�


are enhanced by covalent contributions.
[Au(CO)]� and [Au(CO)2]� have stron-
ger metal ± CO bonds than the copper
and silver analogues, but the tri- and
tetracarbonyls of Au� have weaker
bonds than those of Cu� and Ag�. The
M2� ± CO bond energies of the Group 12
carbonyls are significantly higher than
those of the respective Group 11 car-
bonyls. Since many of the complexes
studied in this paper, particularly those
of the Group 12 dications, have not been
synthesized yet, the results should prove
useful to experimentalists.
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Introduction


The chemistry of homoleptic metal carbonyls is an
area of intensive research activity.[1, 2] Cationic
complexes [M(CO)n]x� that were unknown or
thought to be too unstable to exist in condensed
phases have been isolated as salts of weakly
coordinating anions in the last few years.[1±3]


Examples are Oh [Fe(CO)6]2�, D4h [Pd(CO)4]2�,
D1h and C2v [Cu(CO)2]� , D3h [Cu(CO)3]� ,
Td [Cu(CO)4]� , and D1h [Ag(CO)2]� , [Au(CO)2]� ,
[Hg(CO)2]2�.[1±3] The isolation of [Ir(CO)6][Sb2F11]3


demonstrates that even triply charged homoleptic
metal carbonyl complexes can be stable with
respect to CO dissociation if the counterion is only
weakly coordinating.[2a] It has been suggested that
the many cationic homoleptic metal carbonyl
complexes that have unusually high n(CO) values
should be referred to as nonclassical, because their
M ± CO bonds clearly differ in nature from the
M ± CO bonds in the majority of metal carbonyls.[1]


The cationic homoleptic Group 11 carbonyl complexes
[M(CO)n]� (M��Cu�, Ag�, Au� ; n� 2) have been the focus
of numerous recent experimental studies.[1±5] Although cop-
per(i) monocarbonyls have been known for a very long time,[6]


evidence for the formation of copper(i) polycarbonyls as
discrete, isolable compounds has only recently been reporte-
d.[4, 5a,b] A series of seminal studies by Souma and co-workers
demonstrated that Cu� ions dissolved in very strong acids such
as BF3 ´ H2O or HSO3F can bind up to four CO ligands at
certain temperatures and pressures.[7] Armentrout and co-
workers later confirmed the existence of the [Cu(CO)4]�


cation in the gas phase,[8] and Strauss and co-workers recently
determined the structure of a salt containing the Td


[Cu(CO)4]� complex.[4] Salts of the D1h complexes
[Ag(CO)2]� and [Au(CO)2]� have been isolated,[5c,e] and the
structure of the silver(i) salt has been reported.[5c] The pressure
of CO required for the solid-state transformation
[M(CO)2]�![M(CO)3]� varies dramatically from Cu� (ap-
proximately 1 atm, [AsF6]ÿ salt)[5b] to Ag� (13 atm,
[Nb(OTeF5)6]ÿ salt)[5d] to Au� (approximately 100 atm,
[Sb2F11]ÿ salt).[5f] It is very interesting that such high pressure
is needed to form [Au(CO)3]� in the solid state, since the
dicarbonyl complex [Au(CO)2]� does not lose CO under
vacuum whereas both [Cu(CO)2]� and [Ag(CO)2]� do.
Apparently, [Au(CO)3]� is the least stable of the three Group
11 tricarbonyl cations with respect to loss of a CO ligand even
though [Au(CO)2]� is the most stable of the three Group 11
dicarbonyl cations, in agreement with Veldkamp and Frenk-
ing�s previous theoretical study on the silver and gold
carbonyls [M(CO)n]� (n� 1 ± 3).[9]


The only Group 12 carbonyl which has yet been isolated
and well characterized is [Hg(CO)2]2�,[10] although there are
reports of Zn2� carbonyl species formed under CO pressure in
zinc-substituted zeolites or on the surface of ZnO.[11] The D1h


species [Hg(CO)2]2� has the highest reported average n(CO),
2280 cmÿ1, among the metal carbonyls. Table 1 lists the Group
11 and 12 metal carbonyls for which experimental CO
stretching frequencies are known. The increase in the wave-


numbers upon coordination of CO to a late d-block metal
cation has been shown to be due to the effect of the positive
charge on the orbitals of CO, which become less polarized
towards oxygen. This results in stronger C ± O bonding in the
cationic complexes than in free CO.[12, 13] The average n(CO)
of most transition metal carbonyls is below 2143 cmÿ1, the
value for free CO,[14] because M!CO p backdonation, which
is significant for classical metal carbonyls and which involves
the transfer of electronic charge from the metal dp orbitals to
the degenerate CO *p orbital, leads to a weaker C ± O bond.
Theoretical analyses of neutral transition metal carbonyls
have shown that M!CO p backdonation is more important
for the overall M ± CO bond than M CO s donation.[15]


Positively charged metal ions should be weaker p donors than
the corresponding neutral metal atoms since any given cation
M� has a higher ionization potential than the neutral atom M.
It is therefore understandable that M!CO p backdonation in
[M(CO)n]x� complexes may be much less significant than
M CO s donation and that n(CO) values of [M(CO)n]x�


complexes may be considerably higher than in related neutral
metal carbonyls. A high CO stretching frequency, indicating
that the electrostatic effects on the C ± O bond are stronger
than p backdonation, is the hallmark of a nonclassical metal
carbonyl.[1]


The lack of p backdonation in nonclassical metal carbonyls
might be assumed to lead to relatively weak M ± CO bonds for
these s-only or s-mostly species. One might even postulate
that the small number of isolable nonclassical metal carbonyls
is related to the presumably weak M ± CO bonds. However,
theoretical calculations have shown clearly that the first bond
dissociation energy (BDE) of a CO ligand from [Ir(CO)6]3� is
higher than the BDE of W(CO)6.[16] Hence, M ± CO s


donation and the coulombic attraction between the metal
cation and CO in nonclassical metal carbonyls can result in
very strong M ± CO bonds. Therefore the problem with
isolating new cationic nonclassical metal carbonyls is not
intrinsically weak M ± CO bonding due to the lack of M!CO
p backdonation, but the stabilization of the charged species by


Table 1. Experimental data for relevant [M(CO)n]x� complexes.[a]


Complex Idealized n(CO)[c] [cmÿ1] R(M ± CO)[d] Do(M ± CO)[e] Refs.
symmetry[b] IR Raman [�] [kcal molÿ1]


[Cu(CO)]� C1v 2178 36(2) 5b,8
[Cu(CO)2]� D1h 2164 2177 41(1) 5b,8
[Cu(CO)2]� C2v 2182, 2162 1.901(6) 5f
[Cu(CO)3]� D3h 2183 2179, 2206 18(1) 5b,8
[Cu(CO)4]� Td 2184 1.965(3) 13(1) 5f,8
[Ag(CO)]� C1v 2208 2206 2.10(1) 21(1) 5c,8
[Ag(CO)2]� D1h 2196 2220 2.14(5) 26(1) 5c,8
[Ag(CO)3]� 2191 13(4) 5d,5f,8
[Ag(CO)4]� 11(�4/ÿ 1) 5d,5f,8
[Au(CO)2]� D1h 2217 2254 5e
[Au(CO)3]� 2212 5f
[Hg(CO)2]2� D1h 2278 2281 2.08(1) 10


[a] Only data for salts of highly-fluorinated anions are given. [b] Symmetry determined
by X-ray crystallography or by vibrational spectroscopy. [c] From spectra of solid
samples; n(CO) for gaseous CO is 2143 cmÿ1. [d] Average metal ± carbon bond length;
the stated error is the largest esd for the values averaged. [e] Energy of gas-phase
dissociation of a single CO ligand from the complex; from ref. [8]; the stated errors are
one esd.
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one or more weakly coordinating anions. It is likely that many
new nonclassical metal carbonyls will be discovered and
isolated as newer and less basic weakly coordinating counter-
anions come into widespread use.[3]


It would be very helpful for future experimental studies if
M ± CO bond energies of proposed metal carbonyl species
could be predicted from reliable ab initio calculations. In
previous studies we showed that calculated BDEs of
transition metal carbonyls at the CCSD(T) level of theory
using relativistic effective core potentials are accurate to
within � 3 kcal molÿ1 of experimental values.[17, 18] In this
work, we present theoretically predicted equilibrium geo-
metries, sequential M ± CO bond energies, and an analysis of
the M ± CO bonding for 36 Group 11 and Group 12 metal
carbonyls [M(CO)n]x� (Mx��Cu�, Ag�, Au�, Zn2�, Cd2�,
Hg2� ; n� 1 ± 6). The information from these results that Zn2�,
Cd2�, and more highly coordinated Hg2� carbonyl complexes
can be made will be important to experimental chemists. The
results are also used to analyze and to understand the bonding
in nonclassical metal carbonyl species as well as to show what
level of theory is necessary to achieve a good correspondence
with experimental gas-phase M ± CO bond energies.


Methods


All calculations were carried out with the quasi-relativistic small-core
pseudopotentials for the metals developed by the Stuttgart Group.[19] The
basis sets for the valence electrons have at least triple-zeta quality, and have
been augmented by an f-type polarization function in some of the
calculations.[20] Standard 6-31G(d)[21] or TZ2P[22] basis sets were employed
for carbon and oxygen. Some of the basis set combinations I ± V (Table 2)
have been used in previous studies.[23]


The geometries of all the metal carbonyls were optimized at the MP2 level
of theory[24] using basis set I, which is the standard method for geometry
optimization in this work. Additional geometry optimizations were carried
out for selected compounds at CCSD(T)[25] and using density functional
theory (DFT). The DFT optimizations employed the gradient-corrected
functionals BP86[26] and the three-parameter fit B3LYP.[27] Sequential M ±
CO bond energies were calculated at CCSD(T)/I//MP2/I for all the
complexes studied. The effect of the different basis sets on the calculated
CCSD(T) bond energies was investigated. Bond lengths and bond energies
were also determined at BP86/I and B3LYP/I for selected complexes.
Vibrational frequencies were calculated at MP2/I. The nature of the M ± C
and C ± O bonds was examined by using the natural bond orbital (NBO)[28]


partitioning scheme, charge decomposition analysis (CDA),[29] and topo-
logical analysis of the electron density distribution.[30] Unless otherwise
noted, the structures discussed in this paper are energy minima. The
program packages Gaussian 94,[31] Molpro,[32] and ACES II[33] were
employed.


Inspection of the M ± CO donor ± acceptor interactions was performed by
using CDA,[29] in which the (canonical, natural or Kohn ± Sham) molecular


orbitals of the complex are expressed in terms of the MOs of appropriately
chosen fragments. In the present case, the natural orbitals (NOs) of the
MP2/I wavefunctions of [M(CO)n]x� are formed as a linear combination of
the orbitals of Mx� with a d10 electronic configuration as one fragment, and
(CO)n in the geometry of the complex as the second fragment. The orbital
contributions are divided into four parts: 1) mixing of the occupied orbitals
of (CO)n and the unoccupied orbitals of Mx� (s donation Mx� (CO)n); 2)
mixing of the unoccupied orbitals of (CO)n and the occupied orbitals of Mx�


(p backdonation Mx�!(CO)n); 3) mixing of the occupied orbitals of both
fragments (repulsive polarization Mx�$ (CO)n); and 4) mixing of the
vacant orbitals of the two fragments (residual term D). The latter term
should be approximately zero for true closed-shell interactions. A more
detailed presentation is given in reference [29]. For the CDA calculations
the program CDA 2.1 was used.[34] The electron density distribution d(r),
the gradient vector fieldrr(r), and the associated Laplacianr2r(r) were
computed using the programs PROAIM, SADDLE, GRID, and GRID-
VEC.[35]


Results and Discussion


Performance of the methods


We have studied carefully the accuracy of the theoretical
methods used in this work, to provide guidelines for future
investigations in the field. This part of the work was
necessarily rather detailed, but we summarize the most
important results in this paper. It is important to recognize
that without sufficient experience it is not easy to choose the
right theoretical level for theoretical calculations of transition
metal compounds.


Three experimental parameters can be used to assess the
performance of each theoretical level: the C ± O stretching
frequencies n(CO), the M ± CO bond distances, and the M ±
CO bond energies. The experimental n(CO) values and M ±
CO bond lengths in Table 1 are solid-state data for salts of
[M(CO)n]x� complexes with weakly coordinating anions,
whereas our theoretical results are for isolated, gas-phase
species. The wavenumbers of the C ± O stretching mode and
the metal ± CO distances in nonclassical metal carbonyl
cations can vary significantly for different anions.[1, 2] How-
ever, the experimental M ± CO bond dissociation energies for
[Cu(CO)n]� and [Ag(CO)n]� (n� 1 ± 4 ) in Table 1 are gas-
phase data obtained by Armentrout and co-workers, who
measured the bond energies by collision-induced dissociation
of CO ligands in a guided ion beam tandem mass spectrom-
eter,[8] and a comparison with our theoretical results is
warranted. The most economical level of theory that gave
an excellent correlation with the experimental Do values was
CCSD(T)/I//MP2/I. From the correlation (Figure 1) it is clear
that the calculated bond energies at CCSD(T)/I//MP2/I are
very close to the experimental values for the BDEs except for
the two most strongly bound species, [Cu(CO)]� and
[Cu(CO)2]� . The theoretically predicted BDEs for
[Cu(CO)]� (Do� 30.9 kcal molÿ1) and [Cu(CO)2]� (Do�
34.3 kcal molÿ1) are lower than the experimental values
(36(2) and 41(1) kcal molÿ1).[8]


To investigate the reason for these differences between
theory and experiment, we calculated the Cu� ± CO bond
energies of [Cu(CO)n]� for n� 1 ± 4 at CCSD(T) using larger
basis sets and different bond lengths predicted at various
levels of theory. From the results when basis sets I ± V were


Table 2. Basis sets used in this study.


Basis Metal valence basis set C,O


I[a] (311111/22111/411) 6 ± 31G(d)
II[b] (311111/22111/411/1) 6 ± 31G(d)
III (311111/22111/411) TZ2P
IV (311111/22111/411/1) TZ2P
V (311111/22111/3111/1) TZ2P


[a] ECP1 in reference [23]. [b] ECP2 in reference [23].
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Figure 1. Experimental sequential M ± CO bond energies Do(M ± CO)exp


[kcal molÿ1] versus theoretical CCSD(T)/I//MP2/I sequential M ± CO bond
energies Do(M ± CO)theo [kcal molÿ1] for [Cu(CO)n]� (triangles) and
[Ag(CO)n]� (squares).


used for the CCSD(T) calculations at geometries obtained at
MP2/I, CCSD(T)/I, or CCSD(T)/III (see Table S1 in the
Supporting Information) there is hardly any change in the
calculated BDEs for the copper carbonyl complexes. At the
highest level of theory employed in this study, CCSD(T)/V//
CCSD(T)/III using ZPE corrections at MP2/I, the calculated
bond energies for [Cu(CO)]� (Do� 31.2 kcal molÿ1) and
[Cu(CO)2]� (Do� 34.7 kcal molÿ1) are still 4.3 and
6.3 kcal molÿ1 lower than the experimental ones. The reason
for the discrepancy is the subject of ongoing work in our
group.


The theoretically predicted bond lengths of [M(CO)n]�


(M�Cu, Ag, Au; n� 1 ± 4) at MP2, CCSD(T), BP86, and
B3LYP calculated with different basis sets (see Table S2 in the
Supporting Information) demonstrate that MP2/I reproduces
faithfully the trend in the M ± CO distances predicted at
CCSD(T); this is clearly evident in Figure 2, which shows that


Figure 2. Calculated MP2/I (solid symbols) and CCSD(T)/I (open sym-
bols) M� ± CO bond lengths of [M(CO)n]� [�] versus number of carbonyl
ligands n.


the bond lengths obtained at MP2/I are all shorter than the
corresponding CCSD(T)/I values by nearly the same amount.
In particular, the shortening of the M ± CO bonds from
[Cu(CO)]� to [Cu(CO)2]� and from [Ag(CO)]� to


[Ag(CO)2]� is predicted correctly. The DFT methods BP86
and B3LYP predict longer Cu ± CO bonds in [Cu(CO)2]� than
in [Cu(CO)]� . The good correlation shown in Figure 2
justifies the use of MP2/I-optimized geometries for calcula-
tions of bond energies at higher levels of theory. CCSD(T)/I
gives very similar BDEs when either MP2/I or CCSD(T)/I-
optimized geometry is employed (Table 3). The BDEs


predicted at MP2/I are only slightly higher than the
CCSD(T)/I values, whereas BP86/I and B3LYP/I overesti-
mate the BDEs of the mono- and dicarbonyls. Both DFT
methods predict incorrectly that [Cu(CO)2]� has a lower BDE
than [Cu(CO)]� . There is excellent correlation between
CCSD(T)/I//CCSD(T)/I and CCSD(T)/I//MP2/I bond ener-
gies of [M(CO)n]� (see Figure S1 in Supporting Information).
The average difference in De is only 0.5 kcal molÿ1, and the
largest difference is only 1.5 kcal molÿ1.


In summary, the results of the calibration study support our
use of CCSD(T)/I//MP2/I as the standard level of theory for
calculating transition metal carbonyl complexes. Unless
otherwise specified, the following discussion is based on the
data obtained at this level of theory.


Bond lengths and bond energies


Table 4 shows the calculated bond lengths at MP2/I and the
theoretically predicted BDEs De and ZPE-corrected Do


values at CCSD(T)/I for all the metal carbonyl complexes
investigated. Figure 3 is a graphical representation of the
trend in the Do values. To our knowledge, these are the first
published theoretical treatments for any of the six d10 metal
ions for n> 3. All 36 combinations examined are predicted to
be bound species except for the hexacarbonyls of Cu� and
Au�. There are four major features (Figure 3): 1) the Group
12 complexes all have larger BDEs than the corresponding
Group 11 complexes; 2) the Group 11 complexes show an
increase in Do from n� 1 to 2, contrary to the Group 12
complexes; 3) for all complexes, there is a large decrease in Do


from n� 2 to n� 3; 4) for the heaviest elements Au� and
Hg2�, the decrease in Do from n� 2 to 3 is much more
pronounced than for the other elements. These issues will be
discussed in detail below.


Table 3. Calculated M ± CO bond energies (De, kcal molÿ1) for [M(CO)n]�


complexes (M��Cu, Ag, Au; n� 1 ± 4) at five different levels of theory.


MP2/I// CCSD(T)/I// CCSD(T)/I// BP86/I// B3LYP/I//
MP2/I MP2/I CCSD(T)/I BP86/I B3LYP/I


[Cu(CO)]� 38.1 32.3 32.9 51.7 43.3
[Cu(CO)2]� 43.1 36.2 36.7 47.1 42.6
[Cu(CO)3]� 23.4 18.6 19.6 25.0 20.5
[Cu(CO)4]� 22.8 16.5 18.0 21.7 17.3


[Ag(CO)]� 23.3 21.8 22.0 35.2 29.5
[Ag(CO)2]� 28.6 26.4 26.6 38.4 33.1
[Ag(CO)3]� 13.9 12.6 12.8 16.4 13.8
[Ag(CO)4]� 12.3 11.1 11.3 13.0 11.2


[Au(CO)]� 40.8 38.3 38.5 61.3 49.9
[Au(CO)2]� 51 47.0 47.3 57.2 51.9
[Au(CO)3]� 9.2 6.4 6.9 11.5 7.2
[Au(CO)4]� 9.3 6.7 7.3 10.1 7.1
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All the mono-, di-, tri-, and tetracarbonyl species are energy
minima at their C1v, D1h, D3h, and Td conformations,
respectively. The recent isolation of a salt of the [Cu(CO)4]�


cation, with a predicted gas-phase first BDE of nearly
15 kcal molÿ1, suggests that the Group 12 mono-, di-, tri-,
and tetracarbonyls may be isolable species because all 12
complexes have Do values greater than 20 kcal molÿ1. How-
ever, isolation of Group 12 [M(CO)n]2� complexes will be an
experimental challenge: the large positive charge will prob-
ably require the weakest possible counterions, since each
successive addition of CO to an M2� cation in the solid state is
a replacement, not just a ligand addition. Details of
the thermodynamic aspects have been discussed else-
where for [Ag(CO)n][B(OTeF5)4] (n� 0 ± 2).[1c] The salt
[Hg(CO)2][Sb2F11]2 has been isolated and characterized by
single-crystal X-ray diffraction,[10] and [Zn(CO)n]2� species
(n� 1, 2) have been generated in zeolites and on metal oxide
surfaces.[11]


All the pentacarbonyl species, except [Cu(CO)5]� and
[Ag(CO)5]� , are energy minima in D3h symmetry. For
[Au(CO)5]� , the axial Au ± CO bonds are 50 % longer than
the equatorial bond, which indicates that the former bonds are
rather weak. The axial and equatorial M ± CO bonds of the
Group 12 pentacarbonyls differ much less from each other
(Table 4). Calculation of the Hessian matrices showed that the
D3h forms of [Cu(CO)5]� and [Ag(CO)5]� are transition states
with one imaginary frequency of A2 symmetry. Further
geometry optimizations led to energy minima with C3v


symmetry with one very long axial Cu ± CO or Ag ± CO
distance (Figure 4). The C3v structures of [Cu(CO)5]� and
[Ag(CO)5]� can be considered to be weakly bonded adducts
of the respective tetracarbonyl with an additional CO ligand.
The tetracarbonyl moieties with one short M ± CO bond in the
C3v conformations of [Cu(CO)5]� and [Ag(CO)5]� are only
slightly distorted from the Td equilibrium geometries of the
respective [M(CO)4]� complexes (Figure 4, Table 4). Consis-


Table 4. Predicted M ± CO and C ± O bond lengths (MP2/I) and M ± CO bond energies (CCSD(T)/I//MP2/I). Experimental bond energies are given in
parentheses.[a]


Complex Symmetry r(M ± CO) [�] [b] r(C ± O) [�] [b] De(M ± CO) [c] Do(M-CO) [c,d]


[kcal molÿ1] [kcal molÿ1]


[Cu(CO)]� C1v 1.891 1.142 32.3 30.9(36)
[Cu(CO)2]� D1h 1.884 1.142 36.2 34.3(41)
[Cu(CO)3]� D3h 1.920 1.144 18.6 17.3(18)
[Cu(CO)4]� Td 1.932 1.146 16.5 14.7(13)
[Cu(CO)5]� C3v 1.928, 1.934, 3.687 1.146, 1.146, 1.148 4.7 4.2
[Cu(CO)5]� D3h


[e] 1.908, 2.673 1.146, 1.147
[Cu(CO)6]� Oh


[e] 2.290 1.148


[Ag(CO)]� C1v 2.249 1.142 21.8 20.8(21)
[Ag(CO)2]� D1h 2.160 1.142 26.4 24.9(26)
[Ag(CO)3]� D3h 2.238 1.144 12.6 12.0(13)
[Ag(CO)4]� Td 2.302 1.145 11.1 10.4(11)
[Ag(CO)5]� C3v 2.293, 2.346, 3.641 1.145, 1.145, 1.148 4.9 4.5
[Ag(CO)5]� D3h


[e] 2.275, 2.851 1.145, 1.147
[Ag(CO)6]� Oh 2.597 1.147 3.5 3.8


[Au(CO)]� C1v 1.976 1.142 38.3 36.9
[Au(CO)2]� D1h 2.007 1.142 47.0 45.0
[Au(CO)3]� D3h 2.078 1.145 6.4 5.7
[Au(CO)4]� Td 2.137 1.146 6.7 5.9
[Au(CO)5]� D3h 2.072, 3.124 1.146, 1.148 6.1 6.0
[Au(CO)6]� Oh


[d] 2.578 1.147


[Zn(CO)]2� C1v 2.017 1.140 74.8 73.3
[Zn(CO)2]2� D1h 2.011 1.139 65.6 64.0
[Zn(CO)3]2� D3h 2.069 1.141 42.5 41.2
[Zn(CO)4]2� Td 2.108 1.141 33.6 32.3
[Zn(CO)5]2� D3h 2.136, 2.372 1.142, 1.144 12.8 12.1
[Zn(CO)6]2� Oh 2.299 1.144 14.9 14.1


[Cd(CO)]2� C1v 2.255 1.140 55.6 54.4
[Cd(CO)2]2� D1h 2.228 1.140 52.2 50.7
[Cd(CO)3]2� D3h 2.301 1.141 33.9 32.9
[Cd(CO)4]2� Td 2.349 1.142 28.9 27.8
[Cd(CO)5]2� D3h 2.398, 2.504 1.143, 1.144 15.7 14.9
[Cd(CO)6]2� Oh 2.500 1.144 16.1 15.3


[Hg(CO)]2� C1v 2.164 1.139 70.0 68.7
[Hg(CO)2]2� D1h 2.126 1.139 67.0 65.2
[Hg(CO)3]2� D3h 2.246 1.141 27.9 27.2
[Hg(CO)4]2� Td 2.313 1.142 25.3 24.4
[Hg(CO)5]2� D3h 2.318, 2.644 1.142, 1.144 11.2 10.7
[Hg(CO)6]2� Oh 2.530 1.144 10.9 10.5


[a] Reference 8. [b] For five-coordinate complexes, the first value given is for equatorial CO ligands and the other values are for axial CO ligands. [c]
Dissociation of a single CO ligand from the complex. [d] ZPE corrections from MP2/I. [e] Not a minimum on the potential energy surface.
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Figure 3. Theoretical sequential M ± CO bond energies Do [kcal molÿ1]
versus number of carbonyl ligands n for the 34 bound species in this study:
[M(CO)n]� , solid symbols; [M(CO)n]2�, hollow symbols.


Figure 4. Optimized geometries of [Cu(CO)5]� and [Ag(CO)5]� .


tently with the very long distance between the fifth CO ligand
and the Cu� or Ag� ion, the predicted Do values for
[Cu(CO)5]� and [Ag(CO)5]� are both less than 5 kcal molÿ1.
It is doubtful whether these two species will ever be generated
in a condensed phase, unless very low temperatures and very
high pressures of CO gas are used.


Oh symmetry was assumed for geometry optimizations of
the hexacarbonyls. Calculation of the Hessian matrices at
MP2/I showed that the Oh conformations of [Cu(CO)6]� and
[Au(CO)6]� are higher order saddle points on the potential
energy surface (each complex had five imaginary frequen-
cies). The octahedral conformations of the other four
hexacarbonyl cations, however, are true energy minima on
their respective potential energy surfaces. The possibility that
very weakly bonded [Cu(CO)6]� and [Au(CO)6]� species with
a symmetry lower than Oh may exist was not pursued.


The Do values for the Group 12 carbonyl complexes are
significantly higher than those for the corresponding Group
11 complexesÐin most cases nearly twice as high. For
example, for [Zn(CO)2]2� and [Cu(CO)2]� Do� 64.0 and
34.3 kcal molÿ1, respectively. As discussed below, there is a
large electrostatic contribution to the metal ± carbon bonds in
these complexes, and it is therefore logical that doubly
charged Group 12 metal ions attract CO ligands much more
strongly than singly charged Group 11 metal ions. The
dicarbonyl complexes of the metal ions, except [Au(CO)2]� ,
have shorter M ± CO bonds than the corresponding mono-
carbonyl complexes. For each of the Group 11 metal ions, Do


is higher for the dicarbonyl than for the monocarbonyl
complex. Significantly, the opposite is true for the Group 12
complexes. As a general trend, Do for [M(CO)n]x� decreases
as n increases from 2 to 6, but there are several interesting
exceptions. The sixth CO ligand is more strongly bound than
the fifth CO ligand for Zn2� and Cd2�, and Do increases
slightly from n� 3 to n� 5 for Au�.


The interesting pattern of the Group 11 M ± CO bond
energies will be discussed below. [Au(CO)]� and [Au(CO)2]�


have much higher Do values than the Cu� or Ag� analogues,
but [Au(CO)3]� and [Au(CO)4]� are much more weakly
bonded than the Cu� and Ag� analogues. This is consistent
with the experimental observation that [Au(CO)3][Sb2F11] is
only formed when [Au(CO)2][Sb2F11] is treated with more
than 100 atm CO whereas [Cu(CO)3][AsF6] and [Ag(-
CO)3][Nb(OTeF5)6] can be synthesized from their respective
dicarbonyl precursors at much lower pressure.[5a,b,d]


Analysis of the bonding situation


What is the nature of the metal ± CO bonds in the Group 11
and Group 12 metal carbonyl cations? Can the observed
patterns in bond lengths and bond energies be understood in
terms of simple chemical principles, derived from an analysis
of the calculated data? Information about the bonding
interactions between M� and M2� and the carbonyl ligands
were obtained from the calculated charge distribution and
metal-ion valence configurations given by the NBO method[28]


and from the analysis of the electron density distribution[30]


(Tables 5 and 6).
The Group 11 complexes will be considered first. In the


[M(CO)]� monocarbonyls, the metal-ion charge is reduced by
only 0.07, 0.05, and 0.15 e relative to the bare metal ions Cu�,
Ag�, and Au�, respectively. Since there is very little M�!CO
backdonation (see below), this indicates that the bonding
between a single CO ligand and all three M� metal ions is
largely electrostatic in nature. Nevertheless covalency must
also be important, at least for [Au(CO)]� . Purely electrostatic
interactions would lead to the incorrect prediction that
[Cu(CO)]� has a greater BDE than [Au(CO)]� , since the
metal charge is higher and the M ± CO bond is shorter for the
copper species. The donation of electron density from the CO
ligands to the metal ions is significantly greater in the Group
11 dicarbonyl complexes than in the monocarbonyls: 0.33 e
for [Cu(CO)2]� , 0.27 e for [Ag(CO)2]� , and 0.46 e for
[Au(CO)2]� . These results are consistent with the Do values
being larger for the dicarbonyls than for the monocarbonyls.
The lower metal-ion charges should result in weaker coulom-
bic contributions to the total bond energy, even after
accounting for the shorter M ± CO distances in the dicarbon-
yls. Therefore, the greater Do values are the result of
significant covalent contributions to the M ± CO bonds in all
three Group 11 dicarbonyl species. The OC!M� charge
donation for the mono- and dicarbonyls calculated by the
NBO method shows the same trend as the calculated bond
energies (Table 4).


The foregoing conclusion is supported by the calculated
energy densities at the bond critical points, Hb (Table 6). It has
been shown that the value of Hb is a sensitive probe of the type
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of bonding between two atoms: strong covalent bonds have
negative values between ÿ1 and ÿ4 Hartree �ÿ3 and closed-
shell interactions (ionic bonds or van der Waals complexes)
have Hb� 0 Hartree �ÿ3.[36] For the [Cu(CO)n]� complexes,
the monocarbonyl has a small degree of covalent character
(ÿ0.219 Hartree �ÿ3), which increases toÿ0.239 Hartree �ÿ3


upon formation of the dicarbonyl. The silver complexes follow
the same trend, that is, an increase from ÿ0.079 to
ÿ0.135 Hartree �ÿ3. The gold complexes do not show the
same trend, which can be related to the fact that [Au(CO)2]�


has a longer bond than [Au(CO)]� . The Au ± C bond in
[Au(CO)]� has the greatest covalent character among all the
Group 11 and Group 12 complexes studied (ÿ0.430 Hartree
�ÿ3�). The degree of covalency for all silver complexes is
lower than for the homologous copper and gold species.


A possible explanation for the peculiar trend from the
metal cation monocarbonyls to the dicarbonyls is based on a
model suggested previously by Bauschlicher et al., who found
a similar trend in the sequential bond energies of [Cu(H2O)n]�


(n� 1 ± 4).[37] They attributed the rather high bond energy of
[Cu(H2O)2]� to favorable 4s ± 3ds hybridization, which re-
moves metal-ion electron density from the bonding axis and
thereby enhances charge donation from s-donor ligands along


this axis (Figure 5). The same effect can be described as a
polarization by a Lewis base of the isotropic charge distribu-
tion of the valence shell of a spherical d10 metal ion into a disk-
shaped valence-electron distribution that lies in the plane


Figure 5. Schematic representation of the s ± ds hybridization leading to
charge polarization at the d10 metal which favors the approach of CO along
the x axis.


perpendicular to the bonding axis. This in turn facilitates the
approach of a second Lewis base trans to the first. Since a
majority of the energy cost for the hybridization is paid during
the formation of the first M� ± ligand bond, the second Do


value is higher than the first. Consequently, the large decrease
in Do from n� 2 to n� 3 can be attributed to the loss of this
very favorable 4s ± 3ds hybridization.[37] Armentrout and co-


Table 6. Results of the topological analysis of the wave function calculated
at MP2/I for [M(CO)n]x� complexes (n� 1 ± 4).[a]


1b r21b Hb


M n M ± C C ± O M ± C C ± O M ± C C ± O


Cu� 1 0.745 3.113 11.299 33.684 ÿ 0.219 ÿ 5.180
2 0.761 3.116 11.204 33.325 ÿ 0.239 ÿ 5.187
3 0.692 3.098 11.129 32.563 ÿ 0.181 ÿ 5.149
4 0.672 3.089 11.005 31.964 ÿ 0.167 ÿ 5.132


Ag� 1 0.453 3.107 6.167 34.571 ÿ 0.079 ÿ 5.144
2 0.557 3.109 7.214 34.296 ÿ 0.135 ÿ 5.154
3 0.461 3.097 6.453 33.753 ÿ 0.083 ÿ 5.123
4 0.402 3.089 5.650 33.333 ÿ 0.060 ÿ 5.103


Au� 1 0.943 3.104 8.990 34.236 ÿ 0.430 ÿ 5.166
2 0.883 3.110 8.853 33.895 ÿ 0.383 ÿ 5.177
3 0.749 3.090 8.421 33.158 ÿ 0.275 ÿ 5.129
4 0.658 3.084 7.741 32.864 ÿ 0.211 ÿ 5.112


Zn2� 1 0.527 3.465 5.416 36.408 ÿ 0.126 ÿ 5.747
2 0.610 3.123 7.017 36.838 ÿ 0.162 ÿ 5.201
3 0.531 3.118 6.507 35.911 ÿ 0.122 ÿ 5.189
4 0.481 3.115 6.067 35.316 ÿ 0.100 ÿ 5.177


Cd2� 1 0.468 3.116 5.333 37.131 ÿ 0.089 ÿ 5.179
2 0.500 3.120 5.572 36.556 ÿ 0.110 ÿ 5.189
3 0.416 3.114 5.099 35.765 ÿ 0.066 ÿ 5.171
4 0.373 3.110 4.693 35.252 ÿ 0.050 ÿ 5.160


Hg2� 1 0.645 3.111 5.929 38.520 ÿ 0.194 ÿ 5.169
2 0.705 3.121 6.271 37.289 ÿ 0.242 ÿ 5.197
3 0.537 3.113 5.836 36.349 ÿ 0.130 ÿ 5.170
4 0.464 3.106 5.335 35.626 ÿ 0.092 ÿ 5.154


[a] Electron density 1b (e �ÿ3), Laplacian concentration r21b (e �ÿ5),
energy density Hb (Hartree �ÿ3) at the bond critical point.


Table 5. NBO Results at the MP2/I level. Calculated partial charges at the
metal, q(M), total OC!metal charge donation Dq; metal valence orbital
population, d(M) and s(M), for the transition metal compounds [M(CO)n]�


and [M(CO)n]2�.


M n q(M) Dq d(M) s(M)


Cu� 1 0.93 0.07 9.77 0.18
2 0.67 0.33 9.65 0.55
3 0.75 0.25 9.61 0.49
4 0.78 0.22 9.55 0.51
5 0.78 0.22 9.55 0.51


Ag� 1 0.95 0.05 9.91 0.09
2 0.73 0.27 9.80 0.41
3 0.75 0.25 9.81 0.36
4 0.73 0.27 9.82 0.38
5 0.72 0.28 9.82 0.38
6 0.61 0.39 9.89 0.42


Au� 1 0.85 0.15 9.72 0.38
2 0.54 0.46 9.57 0.84
3 0.74 0.26 9.57 0.61
4 0.81 0.19 9.57 0.52
5 0.75 0.25 9.56 0.60


Zn2� 1 1.82 0.18 9.91 0.19
2 1.56 0.44 9.88 0.46
3 1.49 0.51 9.89 0.51
4 1.43 0.57 9.89 0.55
5 1.42 0.58 9.89 0.56
6 1.37 0.63 9.90 0.60


Cd2� 1 1.86 0.14 9.96 0.14
2 1.63 0.37 9.93 0.40
3 1.57 0.43 9.94 0.43
4 1.50 0.50 9.94 0.49
5 1.46 0.54 9.94 0.52
6 1.41 0.59 9.95 0.57


Hg2� 1 1.75 0.25 9.92 0.29
2 1.42 0.58 9.83 0.71
3 1.44 0.56 9.88 0.61
4 1.41 0.59 9.89 0.61
5 1.37 0.63 9.90 0.63
6 1.31 0.69 9.93 0.68
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Figure 6. Schematic representation of sequential bond dissociation ener-
gies ÿDe, reorganization energies, and carbonyl bonding energies ÿDe' for
[M(CO)n]2�. The energies [kcal molÿ1] are calculated at the MP2/I//MP2/I
level of theory.


workers explained the bond energy sequences for the series of
gas-phase complexes [Cu(CO)n]� and [Ag(CO)n]� by a
similar, albeit qualitative, analysis.[8] This explanation is
essentially the basis for understanding the prevalence of
two-coordination in the chemistry of Ag�, Au�, and Hg2� and
has been an enduring paradigm in inorganic chemistry for
many years.[38]


The calculated metal-ion electron populations in Table 5
support the s ± ds hybridization model. The d10 valence
configurations of the M� cations clearly become distorted in
the [M(CO)]� monocarbonyls by s ± ds hybridization: the
electronic charges in the metal-ion valence s orbitals are
larger than the charge donated to the metal ion by the CO
ligand. For example, the CO ligand in [Au(CO)]� transfers
0.15 e to the gold ion, but the Au 6s orbital in the complex
contains 0.38 e. The excess metal-ion s orbital charge is equal
to the decrease in metal-ion d orbital occupation. The increase
in the OC!M� charge donation on going from [M(CO)]� to
[M(CO)2]� is clearly greater than the decrease in the metal d


orbital population, confirming that 4s ± 3ds hybridization
makes M(CO)� a better acceptor (a better Lewis acid) than
M�. Therefore, it appears that the decrease in electron ±
electron repulsion between the metal-ion ds and CO 5s


orbitals along the bonding axis in [Au(CO)2]� more than
compensates for the weaker coulombic attraction and the loss
of covalency relative to the monocarbonyl complex of Au�.
The valence s orbital population in [Au(CO)2]� is 0.84 e,
whereas it is only 0.55 e in [Cu(CO)2]� and 0.41 e in
[Ag(CO)]� .


To understand the particularly large decrease in BDEs from
[Au(CO)2]� to [Au(CO)3]� compared with the other Group 11
di- and tricarbonyls, which is parallel to the decrease from
[Hg(CO)2]� to [Hg(CO)3]� relative to the other Group 12
homologues, we calculated the energy necessary to bend the
dicarbonyls from a linear arrangement to C-M-C� 120o: for
the Group 11 dicarbonyls it is 8.5 kcal molÿ1 for [Cu(CO)2]� ,
6.7 kcal molÿ1 for [Ag(CO)2]� , and 21.1 kcal molÿ1 for
[Au(CO)2]� ; and for the Group 12 carbonyls, 7.8 kcal molÿ1


for [Zn(CO)2]2�, 6.4 kcal molÿ1 for [Cd(CO)2]2�, and
16.5 kcal molÿ1 for [Hg(CO)2]2�. The significantly larger
energies which are necessary to bend [Au(CO)2]� and
[Hg(CO)2]2� reflect the higher degree of covalency in the
linear dicarbonyls of Au� and Hg2�. It is the high energy cost
of bending the dicarbonyl moieties which yields significantly
lower BDEs for [Au(CO)3]� and [Hg(CO)3]� than for the
lighter-element homologues.


An interesting, if not unexpected, phenomenon is revealed
by the charge distributions and electronic configurations of
the Group 12 metal ions in the complexes in Table 5: the d
valence-shell populations are closer to 10 than those of the
Group 11 complexes, and the Dq and s(M) values for a given
[M(CO)n]2� complex are virtually the same. This indicates
that the CO ligands are donating electron density to the
empty metal s orbital with little or no d orbital participation,
which suggests that there is hardly any s ± d hybridization at
the metal in the metal ± CO bonds. Only in the case of
[Hg(CO)2]2� is there a clearly larger s(Hg) population than
charge donation Dq. Accordingly, the Hb value of
[Hg(CO)2]2� shows an appreciable amount of covalency
(Table 6). The differences and trends in the s ± d hybridization
between Group 11 and Group 12 metal ions can be explained
using the d9s1 d10 promotion energies. The excitation
energies are much lower for the Group 11 species Cu�


(2.72 eV), Ag� (4.86 eV), and Au� (1.86 eV) than for the
Group 12 metal ions Zn2� (9.68 eV), Cd2� (9.97 eV), and Hg2�


(5.31 eV).[39] The heaviest element in each triad has the lowest
excitation energy; this is caused by relativistic effects.[40]


Curiously, the Do values for the Group 12 dicarbonyl
complexes are all smaller than for the respective monocar-
bonyl species, even though the M ± CO distances in the
dicarbonyls are shorter than in the monocarbonyls. This could
be due to the lower positive charge at the metal ions in the
dicarbonyl complexes (Table 5), which leads to weaker charge
attraction to CO in spite of the shorter bonds.


Two factors determine the pattern of BDEs for the Group
11 and Group 12 metal carbonyl complexes: the degree of
covalent bonding in the M ± CO bonds, and coulombic
interactions. The latter are clearly dominant in the Group 12
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carbonyl complexes [M(CO)n]2�, and the trend in BDEs is
consistent with the largely ionic character of the bonds. For
each of the Group 12 metal ions Zn2�, Cd2�, and Hg2�, the Do


values are similar for n� 1 and 2, for n� 3 and 4, and for n� 5
and 6 (Figure 3). Figure 6 displays the calculated energies at
MP2/I which are necessary to distort the [M(CO)n]2� species
from the equilibrium structure to the geometry in the
[M(CO)n�1]2� complexes. It also shows the BDEs of the
[M(CO)n�1]2� complexes yielding [M(CO)n]2� with frozen
geometries and with optimized geometries. It is clear that the
deformation energies, except for [Hg(CO)2]2�, are quite
similar. Thus, the pattern of BDEs is dominated by the charge
attraction between [M(CO)n]2� in the distorted geometry and
CO. This can be explained as follows. The first CO ligand
interacts only with M2�. Since the second CO approaches
[M(CO)]2� without significant interaction with the first CO
and finds only a slightly reduced positive charge at the metal
ion, the first two BDEs are very similar. The next CO ligand
that approaches the vacant coordination site of the distorted
[M(CO)2]2� or [M(CO)3]2� experiences steric and electronic
repulsions from an array of bound CO ligands at either 120o


(two CO ligands) or 109.5o (three CO ligands), respectively.
This leads to similar BDEs with respect to the frozen
geometries of [M(CO)n]2�, with an intermediate magnitude.
The fifth and sixth CO ligands approach the distorted tetra-
and pentacarbonyls with bond angles of 90o (four CO ligands
in both cases). This leads to BDEs for [M(CO)5]2� and
[M(CO)6]2� which are very similar and considerably lower
than the previous ones. Essentially the same trend in BDEs is
found for the Group 11 carbonyl complexes, although the
higher covalent contributions yield a slightly different pattern,
particularly for the gold complexes (Table 4).


Theoretical studies have shown that the most important
factor affecting the covalent bonding in neutral transition
metal carbonyls is the OC M p backdonation.[40] The results
of our investigation of the effect of Mx�!CO p backdonation
in the metal carbonyl cations [M(CO)n]x� (n� 1 ± 4) using the
CDA method [29] are listed in Table 7. The CDA partitioning
scheme results in absolute values for the OC!Mx� donation
and Mx�!CO backdonation that are less meaningful than the
ratio of the two values, backdonation/donation (b/d), which
expresses the relative amounts of the two contributions to the
covalent bonding; therefore b/d will be discussed.


The following conclusions can be drawn from the CDA
data. There is only negligible M2�!CO p backdonation in the
Group 12 metal-ion carbonyls. This is in agreement with the
NBO results and the topological analysis of the density
distributions, which indicate only weak covalent interactions
in M2� ± CO bonds caused by charge donation from CO to the
metal valence s orbitals. Distinct M�!CO backdonation is
found in the Group 11 carbonyl cations. The b/d ratio clearly
increases in the order Ag�<Cu�<Au� for all four values of
n. The backdonation is particularly large for [Au(CO)]� and
[Au(CO)2]� . This is caused by relativistic effects, which are
manifested in two ways:[40] 1) by the shrinkage of s orbitals and
the expansion of d orbitals, which allow for more effective
Au�!CO p backdonation; 2) by the very low d9s1 d10


promotion energy of Au�. Moreover, the b/d ratio of
[M(CO)n]� shows the same trend for a given M� and n as


the Hb values in Table 6. It follows that the M�!CO
backdonation is very important for the covalent character of
the bond. Conventional wisdom is that an increase in p


backbonding leads to a stronger M ± CO bond in metal
carbonyls; for example, experimental M ± CO BDEs increase
from [Cu(CO)n]� to [Ni(CO)n] to [Co(CO)n]ÿ ,[8, 41] and most
chemists would attribute this to an increase in p backbonding.
The present results suggest that a decrease in p backbonding
does not always yield weaker bonds. From the calculated
BDEs in Table 4, the complexes with the least p backbonding,
[Zn(CO)n]2�, are predicted to have, in general, the strongest
M ± CO bonds among the metal ion carbonyl complexes. The
same result has been found for the BDEs of the isoelectronic
hexacarbonyls [M(CO)6]q (M�Hf2ÿ, Taÿ, W, Re�, Os2�,
Ir3�).[16]


That a [Cu(CO)n]� complex has a higher Do than the
corresponding [Ag(CO)n]� species is due partly to less
covalent bonding and partly to the difference in the ionic
radii of Cu� (0.96 �) and Ag� (1.26 �).[42] The longer Ag� ±
CO distances also lead to weaker coulombic interactions. The
covalent radius of gold is smaller than that of silver[43]


(estimated values: Ag, 1.33 �; Au, 1.25 �).[43a] Strong covalent
contributions result in stronger M ± CO BDEs for the gold
carbonyls with n� 1, 2. The Au�$CO repulsion for n� 3, 4
(Table 7) is larger than for any of the Cu� and Ag� species,
and this also explains the weak bonding of [Au(CO)n]� for n�
3 ± 5. The surprising stability of [Ag(CO)6]� may be due to the
balance between the Ag� ± CO coulombic attraction and the
repulsion among the carbonyl ligands, which appear to be
more favorable than those in the copper and gold hexacar-
bonyls.


Table 7. MP2/I charge decomposition analysis (Per CO) of the metal ±
ligand interaction for [M(CO)n]� (M�Cu, Ag, Au; n� 1 ± 4) and
[M(CO)n]2� (M�Zn, Cd, Hg; n� 1 ± 4) where Mx� is the acceptor and
[(CO)n] is the donor.


M n Backdonation Donation Repulsion Residual b/d
(M!CO) (OC!M) (M!CO) D


Cu� 1 0.060 0.537 ÿ 0.047 ÿ 0.018 0.112
2 0.058 0.463 ÿ 0.022 ÿ 0.022 0.125
3 0.058 0.528 ÿ 0.039 ÿ 0.016 0.110
4 0.056 0.549 ÿ 0.037 ÿ 0.029 0.103


Ag� 1 0.013 0.327 ÿ 0.080 0.002 0.040
2 0.025 0.359 ÿ 0.065 ÿ 0.080 0.070
3 0.020 0.328 ÿ 0.079 ÿ 0.002 0.061
4 0.016 0.326 ÿ 0.071 ÿ 0.001 0.049


Au� 1 0.109 0.425 ÿ 0.131 0.024 0.256
2 0.084 0.356 ÿ 0.066 ÿ 0.009 0.236
3 0.067 0.362 ÿ 0.138 0.014 0.185
4 0.056 0.392 ÿ 0.122 0.012 0.142


Zn2� 1 0.001 0.561 ÿ 0.021 ÿ 0.014 0.002
2 0.003 0.581 ÿ 0.021 ÿ 0.017 0.004
3 0.002 0.522 ÿ 0.027 ÿ 0.007 0.004
4 0.001 0.478 ÿ 0.027 ÿ 0.008 0.002


Cd2� 1 ÿ 0.003 0.405 ÿ 0.047 0.013 ÿ 0.007
2 0.001 0.376 ÿ 0.041 0.000 0.003
3 0.001 0.382 ÿ 0.042 0.005 0.002
4 0.001 0.369 ÿ 0.039 0.001 0.002


Hg2� 1 0.006 0.459 ÿ 0.070 0.013 0.013
2 0.012 0.403 ÿ 0.051 ÿ 0.005 0.030
3 0.006 0.428 ÿ 0.068 0.005 0.014
4 0.004 0.409 ÿ 0.064 0.001 0.010
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Conclusion


The results of this study can be summarized as follows.
1. All [M(CO)n]2� (M�Zn, Cd, Hg; n� 1 ± 6) Group 12


metal-ion carbonyls are energy minima in their highest
possible symmetric forms. The Group 11 complexes
[Cu(CO)n]� and [Au(CO)n]� are predicted to be bound
species for n� 1 ± 5 only, whereas the [Ag(CO)n]� species
are energy minima for n� 1 ± 6.


2. In the Group 12 species [M(CO)n]2�, the bond strengths
show the trend M�Zn2�>Hg2�>Cd2�. For each metal,
the strength of the M ± CO bonds is similar for n� 1, 2,
medium for n� 3, 4, and rather weak for n� 5, 6.


3. For a given n, the Group 11 cations [M(CO)n]� all have
weaker M ± CO bonds than the corresponding Group 12
dications. The dicarbonyls have higher BDEs than the
monocarbonyls [M(CO)]� . For n� 1, 2, the trend in the
bond strengths is M�Au�>Cu�>Ag�, whereas Au� has
the weakest bonds for n� 3, 4.


4. The bonding pattern of the metal ion carbonyls can be
explained by the nature of the Mx� ± CO bonding inter-
actions. The Group 12 carbonyls [M(CO)n]2� exhibit
mainly coulombic Mx� ± CO interactions. Covalent contri-
butions are in general quite small, except for [Hg(CO)]2�


and [Hg(CO)2]2�. Covalent contributions become signifi-
cant for the M� ± CO bonds of Group 11 metal carbonyls
[M(CO)n]� , particularly for [Au(CO)]� and [Au(CO)2]� .
The s ± ds hybridization at the metal ions is the reason for
the stronger BDEs exhibited by the dicarbonyls [M(CO)2]�


than by the monocarbonyls [M(CO)]� . The analysis of the
Mx� ± CO interactions shows that there is little Mx�!CO
backdonation.


5. The theoretically predicted bond energies at CCSD(T)/I//
MP2/I are in good agreement with experimental results.
BP86/I and B3LYP/I give bond energies which are too
high. Both DFT methods have problems when applied to
the monocarbonyls.


Note added in proof : After our manuscript was submitted we were
informed about a recent high-level theoretical study of [Au(CO)]� at the
CCSD(T) level with very large basis sets which gives without BSSE
correction a bond energy De� 48.4 kcal molÿ1 (T. K. Dargel, R. H.
Hertwig, W. Koch, H. Horn, J. Chem. Phys. 1988, 108, 3876), which is
higher than our value. We are currently investigating the bond energies of
the mono- and dicarbonyls of the Group 11 and 12 metal ions at similarly
high levels of theory. Preliminary calculations show that the trend of the
bond energies does not change with higher quality calculations.
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Total Synthesis of VancomycinÐPart 1: Design and Development of
Methodology


K. C. Nicolaou,* Hui Li, Christopher N. C. Boddy, Joshi M. Ramanjulu, Tai-Yuen Yue,
Swaminathan Natarajan, Xin-Jie Chu, Stefan Bräse, and Frank Rübsam[a]


Abstract: o-Halosubstituted aromatic
triazenes (e.g. I, Scheme 1) react with
aryloxides (e.g. II, Scheme 1) in the
presence of CuBr ´ Me2S, K2CO3 and
pyridine in acetonitrile at reflux to
afford biaryl ethers (e.g. V, Scheme 1).
This general methodology (Tables 1 and
2) was applied to the construction of the
C-O-D and D-O-E vancomycin model
systems 37 (Scheme 2) and 50
(Scheme 3), demonstrating its potential


in a projected total synthesis of vanco-
mycin (1, Figure 1). For the construction
of the vancomycin model AB biaryl ring
system, a sequential strategy involving a
Suzuki coupling of the C-O-D aryl
iodide 74 (Scheme 7) and boronic acid


53 (Scheme 4), followed by macrolac-
tamization was demonstrated, in which
the preformed C-O-D ring framework
served to preorganize the precursor for
cyclization. The latter investigation led
to Suzuki-coupling-based asymmetric
synthesis of biaryl systems in which 2,2-
bis(diphenylphosphino)-1,1'-binaphthyl
(BINAP) was found to be the optimum
ligand (Tables 3 and 4).


Keywords: amino acids ´ antibiotics
´ synthetic methods ´ total synthesis
´ vancomycin


Introduction


The discovery and development of penicillin[1] as a drug to
fight infectious diseases followed by an avalanche of several
other antibacterial agents meant a milestone victory of
humankind over bacteria. While these agents saved millions
of lives, they did not tame bacteria. On the contrary, this war
led to the emergence of newer and more dangerous bacterial
strains, which responded defiantly against the known anti-
bacterial agents. Vancomycin (1, Figure 1), a prominent
member of the glycopeptide class of antibiotics,[2] proved to
be, for a number of decades now, the last line of defense
against such bacteria. But even vancomycin (1) has elicited
evolution of bacterial strains which are resistant to its action
and which are beginning to threaten the very foundation of


Figure 1. Molecular structures of vancomycin (1) and vancomycin�s
aglycon (2).
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our defenses against the bacterial kingdom.[3, 4] Because of the
need for newer antibiotics effective against drug-resistant
bacteria and in search of new basic knowledge that may
facilitate the drug discovery process within the vancomycin
field, we embarked on a program directed at the total
synthesis of vancomycin (1). In this and the following three
articles,[5±7] we lay out the details of our investigations that
culminated in the development of a number of synthetic
technologies and strategies[8] and the eventual total synthesis
of both vancomycin (1)[9] and its aglycon (2).[10] Both the
Evans[11] and the Boger[12] groups have achieved the total
synthesis of the vancomycin aglycon. The novel and challeng-
ing molecular architecture of vancomycin (1) ensured an
adventurous journey, rich in exciting discoveries and enabling
technologies for biology and medicine. The present paper
describes the design and development of suitable method-
ologies for potential application to the vancomycin problem.


Vancomycin (1) was discovered by scientists at Eli Lilly in
1956[13] from fermentation broths of Streptomyces orientalis
(later renamed Nocardia orientalis, and finally reclassified as
Amycolatopsis orientalis),[14] which was grown from a soil
sample collected in the jungles of Borneo. Approved as an
antibiotic by the FDA in 1958, vancomycin became increas-
ingly popular, especially against methicillin-resistant Staph-
ylococcus aureus (MRSA) and coagulase negative Staphylo-
cocci (CNS). Its mechanism of action involves binding to the
d-Ala-d-Ala fragment of the peptidoglycan and inhibiting its
biosynthesis. This binding is enhanced by spontaneous
dimerization of the antibiotic.[15] Bacteria have learned,
however, to evade vancomycin�s targeting by evolving d-
Ala-d-Ala to d-Ala-d-Lac, which suffers from the depletion
of one hydrogen bond in the binding complex.[16] The
observation of drug resistance towards vancomycin by Staph-
ylococcus aureus (MRSA) in three geographically different
locations in 1997,[4c] rung bells of alarm among scientists and
clinicians, and the race is now on for the development of new
antibiotics against vancomycin-resistant bacteria.


Vancomycin (1) possesses a unique molecular architec-
ture.[17] It consists of a cyclic heptapeptide framework
providing a highly rigid scaffold onto which is attached a
disaccharide moiety consisting of a glucose unit and a
vancosamine moiety. The cyclic core of vancomycin includes
three macrocyclic systems, all of which are associated with
atropisomerism. Thus, because of their substitution patterns
and strained nature, the AB (12-membered) biaryl ring, the


C-O-D (16-membered), and the D-O-E (16-membered)
biaryl ether ring systems reside in the specific conformations
shown in structure 1. It is also noteworthy that one of the two
amide bonds within the 12-membered ring exists in its cisoid
form. Rotation around the appropriate CÿC and CÿO bonds
could place the substituents of the aromatic rings (OH and Cl)
in different spatial orientations, giving rise to other atro-
pisomers. But the energy barriers for such processes are too
high for them to occur at ambient temperatures, leading to the
observed stability of the indicated atropisomers. These
structural features amounted to a multifaceted synthetic
challenge, including the need to discover and invent new
synthetic technologies and strategies for the construction of
the two biaryl ether macrocycles (C-O-D and D-O-E) and the
AB biaryl system. Below we describe the design and develop-
ment of such technologies and strategies.


Results and Discussion


The triazene-driven biaryl ether synthesis


Due to the importance of the biaryl ether linkage, consid-
erable efforts have been expanded towards the development
of methods for its construction.[2] Amongst the most prom-
inent reactions for the synthesis of biaryl ethers are those
involving oxidative phenolic coupling,[18, 19] o-nitro-activated
nucleophilic aromatic substitution,[20-25] metal-activated nucleo-
philic aromatic substitution,[26, 27] the classic Ullmann-type
reactions,[28, 29] and boronic-acid-driven biaryl ether synthesis.[30]


Despite the plethora of such reactions, however, the sensitivity
and challenging structures of the vancomycin-type antibiotics
dictated the search for new synthetic technologies and
strategies for the formation of the biaryl ether linkages within
the context of viable synthetic routes to these molecules.


Because of their ease of formation and also due to their
susceptibility to chemical manipulations, aryl triazenes[31]


were deemed attractive substrates for biaryl ether formation.
The mechanistic rationale behind the design of the triazene-
driven biaryl ether synthesis is shown in Scheme 1. Thus, it
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Scheme 1. Strategy and presumed mechanistic rationale for the triazene-
based synthesis of biaryl ethers. a) 5.0 equiv of PhOH, 5.0 equiv of CuBr ´
Me2S, 5.0 equiv of K2CO3, MeCN/pyr. (5:1, v/v, 0.005m), 80 8C.
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was reasoned that an ortho-substituted haloarene (I) could be
encouraged to react with an aryloxide, such as II, through a
copper bridge (or other complexing metal) as shown in III.
Attack on the halogen-bearing carbon atom by the oxy-anion,
followed by expulsion of halide, as shown in IV, to afford
biaryl ether V, was considered a reasonable proposition. This
expectation was rewarded with a mild method for the
construction of biaryl ether bonds as demonstrated in Tables
1 (mono-biaryl) and 2 (bis-triaryl).


The requisite triazene compounds are usually crystalline
and readily available from the corresponding anilines by
diazotization followed by reaction with pyrrolidine. As seen in
Tables 1 and 2, the triazene-based biaryl ether formation is
highly efficient and quite general. Conditions were developed
for the displacement of one or two iodides or bromides from
the aromatic nucleus with one or two aryloxide units at
relatively low temperatures in comparison to the classical
Ullmann reaction. In all cases investigated, no reductive
dehalogenation or biaryl coupling was observed. It was also
established that the reactivities of halides were in the order of
I>Br � Cl, F, which is in accord with the Ullmann
reaction,[28] but opposite to that of the o-nitro-activated
nucleophilic aromatic substitution, in which fluorides are the
preferred substrates.[20] Furthermore, these studies established
that only halides at the ortho position of triazenes enter the
etherification reaction (entries 8 and 13, Table 1; entry 13,
Table 2). Also, electron-deficient triazene halides reacted


faster than electron-rich substrates (c.f. entries 10 and 14,
Table 2). The same trend was also observed in the reaction of
2,6-dibromo-4-methyl triazene 13 with phenol. Thus, while the
first substitution was complete within 1.5 h, the second one
required a further 3.5 h for completion. In general, it was
interesting to note that triazenes, with substitutions on both
ortho positions, were found to be more reactive as compared
with their mono-substituted counterparts (entry 8, Table 1
and entry 10, Table 2). All of these observations are in accord
with the mechanistic rationale shown in Scheme 1. Thus, it was
presumed that conformation I'' (Scheme 1), which is not
available in the o,o'-disubstituted triazenes, is detrimental to
the desired substitution reaction. In support of this postulate,
it was found that the substrate 15 with an o-methyl group in
place of a bromine had a similar reaction rate to the o,o'-
dibromotriazenes (entry 12, Table 2). This observation sug-
gested that the effect of the second ortho substitution was
more steric than electronic.


The effect of base and solvent were also investigated rather
extensively. As seen from Tables 1 and 2, the most consistent
results were obtained when CuBr ´ Me2S was used in con-
junction with K2CO3 and pyridine in MeCN as solvent.
Interestingly, the presence of pyridine was essential in the
cases of the milder base (K2CO3) (see entry 5, Table 1 and
entry 9, Table 2) as opposed to the use of a stronger base
(NaH), which did not require pyridine (entries 2 ± 4, Table 1
and entries 2 ± 4, 6 and 8, Table 2).


Table 1. Synthesis of monoaryl ethers by triazene-driven etherification.
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Vancomycin C-O-D and D-O-E model systems


Having developed the triazene-driven biaryl ether synthesis,
and prior to embarking on the total synthesis of vancomycin,
we proceeded to test its applicability to the construction of the
C-O-D and D-O-E vancomycin model systems 37 and 50.
Scheme 2 summarizes the successful application of this
reaction to the C-O-D model system 37. Thus, (4-amino-
phenyl)ethyl alcohol (26) was sequentially dibrominated,
diazotized, and treated with pyrrolidine to afford triazene
28 via intermediate 27 (83 % overall yield). The latter
compound (28) was then oxidized to carboxylic acid 29
(82 % yield) by the action of TEMPO (for abbreviations of
reagents, see legends in Schemes) and NaOCl. The dipeptide
33 [obtained by coupling of amino acid derivatives 30 and 31
(EDC, HOBt, 91 % yield)[32] followed by deprotection (H2,
10 % Pd/C, 100 %)] was coupled with acid 29 (HBTU, Et3N,
63 % yield)[33] to afford tripeptide 34. The precursor 34 was
then subjected to the ring closure procedure (2.5 equiv of
K2CO3, 2.5 equiv of CuBr ´ Me2S, 3.0 equiv of pyridine, MeCN,
75 8C) to afford the C-O-D ring system 35 in 77 % yield. The
phenylglycine epimer of 34 was also prepared and subjected
to the same cyclization conditions, leading to the correspond-


ing epimer of 35. NMR spectroscopic (500 MHz) studies on 35
and its epimer showed less than 5 % epimerization at the
phenylglycine center in each case, underscoring the mildness
of this method. In order to demonstrate the chemical fertility
of the triazene moiety, particularly in the context of a
vancomycin total synthesis, compound 35 was subjected to
Raney Ni reduction, resulting in the formation of aniline
derivative 36 (71 % yield). Subsequent diazotization of 36
(tBuNO2-BF3 ´ Et2O), followed by treatment of the resulting
diazonium salt with Cu(NO3)2-Cu2O, furnished phenol 37 in
60 % overall yield.


The application of the triazene-driven cyclization reaction
to the construction of the D-O-E vancomycin model system
50 is shown in Scheme 3. Thus, p-aminobenzoic acid (38) was
first methylated (SOCl2, MeOH, 98 % yield) and then
brominated (Br2, AcOH, 99 % yield) to afford dibromide 40
via compound 39. Reduction of the methyl ester functionality
in 40 with LiAlH4 gave primary alcohol 41 (93 % yield). The
amino group of the latter compound (41) was diazotized
(NaNO2, aq HCl), and thence converted to triazene 42 by
reaction of the resulting diazonium salt with pyrrolidine (73 %
overall yield). The primary hydroxyl group of 42 was then
converted to an azide functionality[34] (DPPA, Ph3P, DEAD,


Table 2. Synthesis of biaryl ethers by triazene-driven etherification.
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Scheme 2. Synthesis of C-O-D model system 37. a) 2.2 equiv of Br2,
AcOH, 25 8C, 0.5 h, 99%; b) 1.3 equiv of NaNO2, 5.0 equiv of 12n aq HCl,
THF/H2O (10:1), 0 8C, 0.5 h; then 10.0 equiv of pyrrolidine, sat. aq K2CO3,
0 8C, 1 h, 84%; c) 1.5 equiv of TEMPO, 3.0 equiv of 5 % aq NaOCl,
10 mol % of KBr, acetone/5 % NaHCO3 (1:1), 0 8C, 2 h, 82 %; d) 1.5 equiv
of EDC, 1.5 equiv of HOBt, DMF, 0 8C, 10 h, 91%; e) H2, 10% Pd/C,
MeOH, 25 8C, 1 h, 100 %; f) 1.5 equiv of HBTU, 2.0 equiv of 33, 1.5 equiv of
Et3N, DMF, 0 8C, 18 h, 63 %; g) 2.5 equiv of K2CO3, 2.5 equiv of CuBr ´
Me2S, 3.0 equiv of pyr., MeCN (0.01m), 75 8C, 15 h, 77%; h) Raney Ni,
MeOH, reflux, 2 h, 71%; i) 1.5 equiv of tBuNO2, 3.0 equiv of BF3 ´ Et2O,
THF, ÿ20!5 8C, 0.5 h; then sat. Cu(NO3)2, 5.0 equiv of Cu2O, H2O, 25 8C,
3 h, 60 %. DMF� dimethylformamide; EDC� 1-ethyl-3-(3-dimethylami-
no)-propyl carbodiimide hydrochloride; HOBt� 1-hydroxybenzotriazole;
TEMPO� 2,2,6,6-tetramethyl-1-piperidinyloxy; HBTU� 2-(1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; Cbz�
benzyloxycarbonyl.


82 %) affording compound 43, which was reduced to amine 44
by exposure to Ph3P/H2O (80 % yield). The other requisite
coupling segment, dipeptide 48, was obtained by joining
amino acid derivatives 45 and 46 through the action of EDC/
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Scheme 3. Synthesis of D-O-E model system 50. a) 1.1 equiv of SOCl2,
MeOH, reflux, 2 h, 98 %; b) 2.2 equiv of Br2, AcOH, 25 8C, 0.5 h, 99%;
c) 3.0 equiv of LiAlH4, THF, 0 8C, 4 h, 93%; d) 1.3 equiv of NaNO2,
5.0 equiv of 12n aq HCl, THF/H2O (10:1), 0 8C, 0.5 h; then 10.0 equiv of
pyrrolidine, sat. aq K2CO3, 0 8C, 1 h, 73 %; e) 1.5 equiv of Ph3P, 1.5 equiv of
DEAD, 1.5 equiv of DPPA, THF, 25 8C, 2 h, 82%; f) 2.0 equiv of Ph3P,
10.0 equiv of H2O, THF, 45 8C, 8 h, 80 %; g) 1.5 equiv of EDC, 1.5 equiv of
HOBt, DMF, 0 8C, 8 h; h) 1.5 equiv of LiOH , MeOH/H2O (1:1), 0 8C, 1 h,
85% from 45 ; i) 1.5 equiv of 48, 3.0 equiv of EDC, 1.5 equiv of HOBt,
DMF, 0 8C, 8 h, 45%; j) 2.5 equiv of K2CO3, 2.5 equiv of CuBr ´ Me2S,
3.0 equiv of pyr., MeCN (0.01m), 75 8C, 6 h, 54 % (87 % conversion).
DEAD�diethyl azodicarboxylate; DPPA� diphenylphosphoryl azide;
Boc� t-butoxycarbonyl.


HOBt, followed by carefully controlled hydrolysis of the
methyl ester (LiOH, MeOH/H2O, 0 8C, 85 % yield for two
steps). The coupling of 44 with 48 was facilitated by the action
of EDC/HOBt, furnishing tripeptide 49 in 45 % yield and
setting the stage for the ring-closure reaction. Exposure of
precursor 49 to the developed cyclization protocol (K2CO3,
CuBr ´ Me2S, pyridine, MeCN, 75 8C) resulted in the formation
of vancomycin D-O-E model system 50 (54 % yield based on
87 % conversion). No observable (NMR, 500 MHz) epimeri-
zation occurred in the formation of 50 from 49.
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The successful construction of C-O-D (37) and D-O-E (50)
model systems of vancomycin boded well for the applica-
tion of the triazene-driven biaryl ether synthesis to a po-
tential total synthesis of vancomycin. These expectations
were realized as will be discussed later in this series of
papers.[5±7]


Model study for the construction of the cyclic biaryl system
(AB) of vancomycin


The 12-membered ring of vancomycin containing the biaryl
system (AB) presents a serious synthetic challenge. Its
daunting nature has its origins in the inherent strain associ-
ated with the medium ring size, its cisoid amide bond (AA-5/
AA-6) and its highly substituted biaryl moiety. At the outset
of our work on vancomycin, only one method existed for the
construction of this strained system, that reported by the
Evans group in 1993,[35] involving a vanadium-induced oxida-
tive coupling reaction.


For the construction of this unusual structural moiety we
considered two main strategies, as indicated retrosynthetically
in Scheme 4. The first strategy (a) called for first assembling
the peptide backbone and then closing the ring by a carbon ±
carbon bond forming reaction; whereas the second strategy
(b) was to rely on forming the biaryl system early in the
synthesis followed by a macrolactamization reaction to close
the ring. These strategies required key building blocks 51, 52
(for a), and 53, 54 (for b) as starting materials, respectively.
Attempted implementation of these strategies was revealing.


To test the first approach to the AB ring construction,
substrates 55 a and 55 b (Scheme 5) were prepared by stand-
ard chemistry involving peptide couplings. However, neither
the Suzuki coupling[36] (of 55 a) nor the Stille coupling[37] (of
55 b) was successful in delivering the desired 12-membered
ring under a variety of conditions. It soon became evident that
the strained nature of the targeted ring system did not allow
these processes to proceed as desired. Faced with these
negative results, we opted to test a nickel(00)-mediated strategy
to form the required CÿC bond between the two aromatic
rings (A and B). Scheme 6 summarizes the model study
exploring the nickel(00) technology. Thus 3,5-dimethoxybenzyl
alcohol (56) was iodinated (NIS, 91 % yield) to afford
intermediate 57, which upon Mitsunobu activation provided
azide 58 in 82 % yield. Reduction of azide 58 by Ph3P/H2O
(80 % yield), followed by coupling of the resulting amine (59)
with N-Boc-glycine furnished dipeptide 60 (EDC, Et3N, 81 %
yield). TFA-mediated Boc deprotection gave amine 61 in
quantitative yield. Carboxylic acid 63 was generated from its
readily available methyl ester (62) (LiOH, THF/H2O, 99 %
yield) and coupled with amino compound 61 under the
influence of EDC and Et3N, leading to peptide 64 (92 %
yield). Exposure of precursor 64 to freshly prepared nickel(00)
[generated from (Ph3P)2NiCl2, Zn dust, and Ph3P in DMF][38]


at 55 oC resulted in the formation of the desired 12-membered
ring 65 (26 % yield as a mixture of two atropisomers, 65 a and
65 b, Figure 2). By-products in this reaction included reduced
compounds, where one or both iodine atoms were replaced by
hydrogen atoms, and dimeric materials. Despite the success in
this model study, the low yield of the desired 12-membered
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Figure 2. Assignments of stereochemistry of atropisomers 65 a and 65 b by
1H-1H NOE studies (COSY, NOESY, CDCl3, 600 MHz).


ring steered us away from this strategy and into a new
direction involving a Suzuki coupling ± macrolactamization
sequence to form the desired AB ring system. Furthermore, it
was decided at this juncture to implement the well-known
preorganization strategy to assist the pending ring closure
process.


The Suzuki coupling ± macrolactamization strategy towards
the AB/C-O-D bicyclic system of vancomycin


Having failed to develop an efficient method for the ring
closure of vancomycin�s AB ring system by formation of the
central CÿC bond of the biaryl system, we turned our


attention to strategy b (Scheme 4). According to this ap-
proach, the central CÿC bond of the biaryl system was
envisioned to be formed at the early stages of the sequence by
a Suzuki coupling; while the 12-membered ring would be
constructed subsequently, by a macrolactamization process.
However, in view of previous findings by Brown et al.,[39] who
failed to cyclize such a system, and by Evans et al. ,[35] who
succeeded in such an endeavor by preassembling the C-O-D
ring of vancomycin, we opted to test the preorganization
strategy summarized in Schemes 7 and 8. Thus, it was
anticipated that the preformed C-O-D macrocycle would
impose enough rigidity into the precursor chain for the AB
ring system so as to organize it into a favorable conforma-
tional state for cyclization.


To this end, the C-O-D model system 74 was first
constructed as shown in Scheme 7. Thus, the required building
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0 8C, 0.5 h; then sat. aq K2CO3, 10.0 equiv of pyrrolidine, 0 8C, 1 h, 83%;
c) 1.0 equiv of TEMPO, 0.1 equiv of KBr, 1.3 equiv of NaOCl, acetone:5%
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DMF, 0!25 8C, 3 h, 90%; e) TFA:CH2Cl2 (1:1), 0 8C, 1 h, 100 %;
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block 68 was synthesized from aniline derivative 26 by NBS
bromination to afford bromide 66 (62 % yield), diazotization
(NaNO2, aq HCl) followed by reaction of the resulting
diazonium salt with pyrrolidine, leading to triazene 67 (83 %
overall yield), and TEMPO/NaOCl oxidation (86 % yield).
The tripeptide precursor 72 was finally assembled by first
coupling (S)-tyrosine methyl ester derivative 69 with (R)-4-
methoxyl-3-iodophenylglycine derivative 63 (HBTU/Et3N) to
afford dipeptide 70 (90% yield), deprotecting the latter
(TFA) leading to amine 71 (100 % yield), and attaching
triazene carboxylic acid 68 by HBTU/Et3N facilitated cou-
pling (90 % yield). Ring closure of 72 was effected by
refluxing in MeCN in the presence of K2CO3, CuBr ´ Me2S
and pyridine, furnishing C-O-D model system 73 in 67 %
yield, along with 10 % recovered starting material and 6 % of
the arylglycine epimer of 73. Reductive removal of the
triazene group from 73 with TFA and Cu2O in refluxing THF
led to the desired intermediate 74 (90% yield).


The further elaboration of compound 74 towards the
targeted AB/C-O-D ring system required the Suzuki partner
53, whose construction and incorporation into the molecule
are shown in Scheme 8. Thus, 3,5-dimethoxylbenzyl alcohol
(56) was directly converted to boronic acid derivative 53 by
treatment with 2.2 equivalents of nBuLi, followed by quench-
ing the derived dianion with B(OMe)3 and workup with
aqueous HCl (46 % overall yield). The Suzuki coupling of
iodide 74 with boronic acid derivative 53 proceeded smoothly
in the presence of Pd(Ph3P)4 catalyst and Na2CO3 in toluene/
MeOH/H2O at 90 8C to afford a mixture of atropisomers 75
and 79 (ca. 1:1 ratio, 80 % combined yield). The two isomers
were chromatographically separated, but their stereochemical
assignments had to await cyclization to the AB/C-O-D
framework before being revealed by NMR spectroscopy
(vide infra). While the biaryl system obtained from coupling
of 74 with the parent boronic acid corresponding to 53
(lacking the methoxyl groups) proved to be a single com-
pound (by TLC and NMR spectroscopy), due to free rotation
around the central CÿC biaryl bond; atropisomers 75 and 79
did not undergo isomerization even at 60 8C. Furthermore, no
epimerization at C5 and C6 was observed. Each atropisomer
was elaborated individually as follows. Thus, the less polar
isomer (75, Rf� 0.28, silica gel, EtOAc) was treated with HN3,
DEAD, and Ph3P leading to the corresponding azide com-
pound 76 in 69 % yield. The latter intermediate (76) was then
saponified by treatment with LiOH in THF/H2O (1:1) at 0 8C,
furnishing carboxylic acid 77 in quantitative yield. Conversion
of this acid (77) to its pentafluorophenyl ester (78), followed
by slow addition of a solution (dioxane-cyclohexene) of crude
78 to 10 % Pd/C and pyrrolidinopyridine stirred in dioxane/
EtOH at 90 8C, led to the formation of 83, plus its 6-epimer,
compound 83-(6-epi), in 30 % combined yield from 77 [83 :83-
(6-epi) ca. 1:2]. The more polar isomer (79, Rf� 0.23, silica
gel, EtOAc) was taken through the same sequence, leading to
compounds 84 and 84-(6-epi) in similar yields. The stereo-
chemical assignment of compounds 83, 83-(6-epi), 84, and 84-
(6-epi) were based on 1H-1H NOESY experiments. Figure 3
indicates the crucial NOE values which were used to define
the stereostructure of 83 and 84 (both of the natural stereo-
chemistry at C6 and both containing cisoid amide bonds).
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Scheme 8. Construction of AB/C-O-D model bicyclic systems 83 and 84 by
the Suzuki ± macrolactamization strategy. a) 2.2 equiv of nBuLi, benzene,
0 8C, 2 h; then 3.0 equiv of B(OMe)3, THF, ÿ78!25 8C, 6 h, 5% aq HCl,
46%; b) 10 mol % of Pd(PPh3)4, 1.0 equiv of Na2CO3, toluene/MeOH/H2O
(80:18:2), 90 8C, 2 h, 75 :79 ca. 1:1, 80% combined yield; c) 5.0 equiv of
HN3, 5.0 equiv of DEAD, 5.0 equiv of Ph3P, THF, 0!25 8C, 1 h, 69%;
d) 1.5 equiv of LiOH, THF/H2O (1:1), 0 8C, 0.5 h, 100 %; e) 2.0 equiv of
C6F5OH, 1.2 equiv of DCC, 0.2 equiv of 4-DMAP, CH2Cl2, 25 8C, 1 h;
f) 3.0 equiv of 4-pyrrolidinopyridine, 0.3 equiv of 10% Pd/C, dioxane/
ethanol/cyclohexene (90:8:2), 0.001m, 90 8C, 5 h, 30% from 77 and 81.
C6F5OH� pentafluorophenol; DCC�N,N'-dicyclohexylcarbodiimide;
4-DMAP� 4-dimethylaminopyridine.
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Figure 3. Assignments of stereochemistry of bicyclic systems 83 and 84 by
1H-1H NOE studies (COSY, NOESY, 600 MHz, CDCl3, 323 K).
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Despite the observed epimerization at C-6, which is pre-
sumed to occur after ring closure, these results were encour-
aging and boded well for application to vancomycin. For one,
we learned that we could potentially rely on the Suzuki ±
macrolactamization strategy to construct the notorious AB
macrocycle. Secondly, we could optimistically speculate that
epimerization at C-6 may not necessarily surface in the real
case where the proper substitutions and additional rings may
change the thermodynamics of the system.


Catalytic asymmetric synthesis of biaryl systems by Suzuki
coupling


Substituted biaryl systems are common structural moieties in
natural products. Their synthesis, especially in enantiomeri-
cally pure form, is, therefore, deemed important.[40] The
Suzuki coupling reaction has proven quite valuable in
assembling such structures in racemic form. Despite the
obvious potential for an asymmetric version of the Suzuki
biaryl coupling, there have been no reports for the asymmetric
version of this process. The only claim for an asymmetric
synthesis of a biaryl system is that by Hayashi et al.,[41] who
reported a modest asymmetric induction in the coupling of a
chromium tricarbonyl complex. As part of our program
directed towards the total synthesis of vancomycin, we
investigated the possibility of asymmetric induction in the
Suzuki coupling synthesis of biaryl systems already mentioned
above. Specifically, it was observed that the Suzuki coupling of
iodoarene-containing C-O-D model system 74 with boronic
acid derivative 53 in the presence of Ph3P proceeded with no
diastereoselectivity. This observation, coupled with our desire
to control the atrop-selectivity during our synthesis, gave us
the impetus to develop an asymmetric version of this reaction.


Table 3 summarizes our findings so far, which clearly suggest
that it may be possible to control the atrop-selectivity of the
Suzuki biaryl synthesis. As expected, achiral ligands, such as
Ph3P and DPPP, led to no selectivity. Screening of a number of
readily available chiral ligands revealed that BINAP[42] was
the best in inducing diastereoselectivity in the coupling of
compound 62 and 53. Moreover, in the BINAP case, the
observed diastereoselectivity was reversed upon switching the
chirality of the ligand. The solvent effect was also studied,
leading to the observation that THF at 60 8C provided the
highest diastereoselectivity (ca. 3.5:1 ratio for 85 and 86, 75 %
combined yield, entries 14 and 15, Table 3). (S,S)-(�)-
DIOP,[43] (R,R)-(ÿ)-Me-DuPHOS,[44] (ÿ)-PPFA,[45] and (S)-
(ÿ)-BINAPAs[46] catalysts gave lower selectivities in this reac-
tion. The relatively high temperatures required for the Suzuki
coupling reactions led to the suspicion that atropisomeriza-
tion during the reaction may have been responsible for the
loss of partial asymmetric induction. Heating of a 3:1 mixture
of atropisomers 85 and 86 in toluene at 90 8C for 3 h led to
complete scrambling, furnishing a 1:1 mixture of 85 and 86,
thus, confirming the atropisomerization hypothesis. On the
other hand, when the same 3:1 mixture of 85 and 86 was
heated in THF at 60 8C for 3 h, no isomerization was detected,
leading to the conclusion that entries 14 and 15 (Table 3)
represent true asymmetric induction. It is also clear that in


toluene, the diastereoselectivity of this reaction must be higher
than the one observed, and that the 3:1 ratio is a result of slow
deterioration of the kinetic ratio via atropisomerization.


In order to explore the possibility of obtaining even higher
diastereoselectivities in the Suzuki coupling reaction, we
decided to attempt the incorporation of the boronic acid aryl
system 53 into the main frame after the construction of the
C-O-D macrocycle. Having studied the properties of the
expected products 75 and 79 (Table 4) previously, we were
cognizant of the fact that they do not suffer atropisomeriza-
tion at 90 8C. Palladium(00)-induced coupling of 74 and 53 in
the presence of Ph3P led smoothly and in 80 % yield to a 1:1
mixture of atropisomers 75 and 79, indicating that the chirality
of the macrocyclic ring had no influence on the diastereose-
lectivity. The same reaction with (R)- or (S)-BINAP in toluene


Table 3. Catalytic asymmetric synthesis of biaryl systems by Suzuki
coupling: acyclic model system.
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Na2CO3, Solvent


Entry


1


2


3


4


5


6


7


8


9


10


11


12


13


14


15


Ligand


Ph3P


DPPP[b]


(S,S)-DIOP[c]


(R,R)-Me-DuPHOS[d]


(R)-BINAP[e]


(S)-BINAP[e]


(S)-PPFA[f]


(S)-BINAPAs[g]


(R)-BINAP[e]


(R)-BINAP[e]


(S)-BINAP[e]


(R)-BINAP[e]


(S)-BINAP[e]


(R)-BINAP[e]


(S)-BINAP[e]


Solvent


PhMe


PhMe


PhMe


PhMe


PhMe


PhMe


PhMe


PhMe


PhH


DMSO


DMF


DMPU


dioxane


THF


THF


Temp(°C)


90


90


90


90


90


90


90


90


80


90


80


80


90


60


60


Time(h)


2


5


7


2


10


10


12


14


15


3


2.5


3.5


10


2


2


Yield (%)


83


77


70


68


80


80


53


51


40


42


52


45


70


75


75


Ratio[a]


1:1


1:1


1.5:1


1:1.5


3:1


1:3


1:1.2


1:1.2


2:1


1.2:1


1:2


1.2:1


1:1.2


3.5:1


1:3.5


86


[a] Absolute configuration not determined, ratio measured by 1H NMR
integration of signals at d� 3.66 and 3.67. [b] DPPP: 1,3-bis(diphenylpho-
sphino)propane. [c] (S,S)-DIOP: (4S,5S)-(�)-o-isopropylidene-2,3-dihy-
droxy-1,4-bis(diphenylphosphino)butane. [d] (R,R)-Me-DuPHOS: (ÿ)-1,2-
bis[(2R,5R)-2,5-dimethyl-phospholano]benzene. [e] BINAP: 2,2(-bis(di-
phenylphosphino)-1,1'-binaphthyl. [f] PPFA: (R)-1-[(S)-2(diphenylphos-
phino)-ferrocenyl]ethyldimethylamine. [g] BINAPAs: 2,3'-bis(diphenylar-
sino)-1,1'-binaphthyl. DMSO� dimethyl sulfoxide; DMF�dimethylfor-
mamide; DMPU� 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone.
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at 90 8C failed to produce significant amount of product (entry
2, Table 4), presumably due to the insolubility of the ligand-
substrate complex in this solvent. Similarly disappointing
results were obtained in THF. Using DMF as solvent improved
the yield of the products to 60 %, but the diastereoselectivity
was only ca. 2.3:1 (75 :79) (entry 4, Table 4). However, when a
mixture of PhMe/THF (1:1) was used as solvent, BINAP led
to the exclusive formation of one of the two isomers,
depending on the chirality of the ligand (entries 5 and 6,
Table 4). Unfortunately, the reaction in PhMe/THF was
rather sluggish, producing 75 or 79 only in 40 % yield based
on 70 % conversion (entries 5 and 6, Table 4). It is expected
that new ligands capable of effecting higher asymmetric
induction and at lower temperature could improve even
further the state of affairs in this important area of synthesis.


Conclusion


In this article, we laid out the challenge of vancomycin (1) and
described the rational design and development of method-
ology for its total synthesis. The triazene-driven synthesis of


biaryl ethers which was ultimately applied successfully to the
total synthesis of vancomycin (1) relies on the ability of the
triazene moiety to complex copper ions, thus bringing
together the two components for facile interaction. This
methodology was sequentially demonstrated in open-chain
systems, as well as C-O-D, D-O-E, and AB/C-O-D model
systems of the target�s main framework. For the AB biaryl
system of vancomycin, the failure of the attempts involving
intramolecular Suzuki or Stille coupling processes to form the
strained, 12-membered ring, led us to a nickel(0)-mediated
cyclization reaction, which, however, was overshadowed by a
more reliable process involving sequential intermolecular
Suzuki coupling and macrolactamization. The development of
the latter protocol was accompanied by an asymmetric Suzuki
coupling synthesis of substituted biaryl systems employing
BINAP as a chiral ligand. With these methodologies well
established, we were then ready to address the retrosynthetic
analysis and strategy for a total synthesis of vancomycin and
to embark on the construction of the required amino acid
building blocks as well as to explore preliminary plans for
their assembly to the desired framework. The articles[5±7] that
follow deal with these issues.


Experimental Section


General techniques : All reactions were carried out under an argon
atmosphere with dry, freshly distilled solvents under anhydrous conditions,
unless otherwise noted. Tetrahydrofuran (THF), toluene, and diethyl ether
(ether) were distilled from sodium benzophenone; methylene chloride
(CH2Cl2) was freshly distilled from calcium hydride. Anhydrous solvents
were also obtained by passing them through activated commercially
available alumina columns. Yields refer to chromatographically and
spectroscopically (1H NMR) homogeneous materials, unless otherwise
stated.


Reagents were purchased at the highest commercial quality and used
without further purification, unless otherwise stated. Reactions were
monitored by thin-layer chromatography (TLC) carried out on 0.25 mm E.
Merck silica gel plates (60F-254) using UV light as a visualizing agent and
7% ethanolic phosphomolybdic acid or p-anisaldehyde solution, and heat
as developing agent. E. Merck silica gel (60, particle size 0.040 ± 0.063 mm)
was used for flash column chromatography. Preparative thin-layer chro-
matography (PTLC) separations were carried out on 0.25, 0.50, or 1 mm E.
Merck silica gel plates (60F-254).


NMR spectra were recorded on Bruker DRX-600, AMX-500, or AMX-400
instruments and calibrated by using residual undeuterated solvent as an
internal reference. The following abbreviations were used to explain the
multiplicities: s� singlet, d� doublet, t� triplet, q�quartet, sept� septet,
m�multiplet, br.� broad, br. s� broad singlet. IR spectra were recorded
on a Perkin-Elmer 1600 series FT-IR spectrometer. Optical rotations were
recorded on a Perkin-Elmer 241 polarimeter. High-resolution mass spectra
(HRMS) were recorded on a VG ZAB-ZSE mass spectrometer under fast
atom bombardment (FAB) conditions with nitrobenzyl alcohol (NBA) as
the matrix or IONSPEC FTMS spectrometer (MALDI) with DHB as
matrix. Melting points (m.p.) are uncorrected, and were recorded on a
Thomas-Hoover Unimelt capillary melting point apparatus.


General procedure (A) for reactions between o-haloaryl triazenes and
phenols (Table 1): A flame-dried flask was charged with triazene
(1.0 equiv), CuBr ´ Me2S (5.0 equiv), phenol (1.2 equiv), and the specified
base (5.0 equiv). The mixture was diluted with solvent to yield a solution
approximately 0.1m in triazene halide, and pyridine (Table 1, entries 6 ± 13,
20 vol % of solvent) was added. The reaction mixture was heated at the
indicated temperature (Table 1) for the specified time before it was allowed
to cool to 25 8C. The resulting slurry was filtered through a pad of celite and
the celite was washed thoroughly with ether. The product was isolated by


Table 4. Catalytic asymmetric synthesis of biaryl systems by Suzuki
coupling: cyclic model system.
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12
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5
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80
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40(70[a])


Ratio


(75:79)


1:1


-


-


2.3:1


>95:5[b]


<5:95[b]


79


[a] Conversion based on recovered starting material. [b] The other
atropisomer was not detectable by 1H NMR spectroscopy (500 MHz).
BINAP� 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl.
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flash column chromatography. The example below illustrates further the
procedure.


(2-Phenoxy-phenyl)-pyrrolidin-1-yl-diazene (8) (Table 1, entry 8): General
procedure (A). To a flame-dried flask charged with a mixture of [(2-
bromophenyl)azo]pyrrolidine (3) (254 mg, 1.0 mmol), phenol (113 mg,
1.2 mmol), CuBr ´ Me2S (1.03 g, 5.0 mmol), and K2CO3 (690 mg, 5.0 mmol)
was added acetonitrile (10 mL), followed by pyridine (2 mL). The reaction
mixture was heated to 80 8C and maintained at that temperature for 16 h
before it was allowed to cool to 25 8C. The mixture was filtered through a
pad of celite and the celite was washed thoroughly with ether (3� 20 mL).
The combined organic phases were washed with 5 % aqueous NH4Cl
(20 mL), H2O (20 mL), brine (20 mL), and dried over Na2SO4. The solvent
was removed in vacuo and the product was purified by flash column
chromatography (silica gel, 3!5% ether in petroleum ether, gradient
elution), furnishing 8 (174 mg, 65%). 8 : m.p. 84 ± 85 8C (petroleum ether);
Rf� 0.52 (silica gel, 10 % ether in petroleum ether); IR (KBr): nÄmax� 2966,
2868, 1581, 1483, 1409, 1371, 1342, 1237, 1090 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.47 ± 7.45 (m, 1H, ArH), 7.26 ± 7.22 (m, 2H, ArH), 7.15 ± 7.12
(m, 2 H, ArH), 7.09 ± 7.06 (m, 1 H, ArH), 6.98 ± 6.91 (m, 3 H, ArH), 3.95 ±
3.75 (br. s, 2H, NCH2), 3.46 ± 3.24 (br. s, 2 H, NCH2), 1.92 ± 1.88 (m, 4H,
NCH2CH2); 13C NMR (125 MHz, CDCl3): d� 159.6, 147.0, 142.7, 129.1,
125.9, 124.8, 122.0, 121.4, 118.9, 116.9, 50.8, 46.2, 23.7; HRMS (FAB) calcd
for C16H18N3O [M�H�] 268.1450, found 268.1455.


Pyrrolidin-1-yl-(2-p-tolyloxy-phenyl)-diazene (9) (Table 1, entry 11): This
compound was prepared according to general procedure (A) in 64% yield.
9 : Rf� 0.50 (silica gel, 10% ether in petroleum ether); IR (KBr): nÄmax�
2970, 2861, 1583, 1502, 1482, 1407, 1346, 1319, 1238, 1102 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.45 ± 7.43 (m, 1 H, ArH), 7.11 ± 7.08 (m, 2 H, ArH),
7.04 (d, J� 8.5 Hz, 2H, ArH), 7.02 ± 7.01 (m, 1 H, ArH), 6.83 (d, J� 8.5 Hz,
2H, ArH), 3.95 ± 3.60 (br. s, 2H, NCH2), 3.60 ± 3.25 (br. s, 2 H, NCH2), 2.28
(s, 3H, CH3), 1.93 ± 1.88 (m, 4H, NCH2CH2); 13C NMR (125 MHz, CDCl3):
d� 156.9, 149.5, 143.4, 130.9, 129.6, 125.8, 124.4, 121.5, 118.9, 117.2, 50.8,
46.4, 23.7, 20.6; HRMS (FAB) calcd for C17H20N3O [M�H�] 282.1606,
found 282.1601.


[2-(2-Chloro-4-methyl-phenoxy)-phenyl]-pyrrolidin-1-yl-diazene (10) (Ta-
ble 1, entry 12): This compound was prepared according to general
procedure (A) in 67% yield. 10 : Rf� 0.54 (silica gel, 10% ether in
petroleum ether); IR (KBr): nÄmax� 2956, 2875, 1482, 1407, 1339, 1312, 1252,
1102, 1055 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.47 (dd, J� 7.5, 2.5 Hz,
1H, ArH), 7.20 (d, J� 1.5 Hz, 1H, ArH), 7.14 ± 7.08 (m, 2H, ArH), 7.06 ±
7.04 (m, 1 H, ArH), 6.85 (dd, J� 8.0, 2.0 Hz, 1H, ArH), 6.62 (d, J� 8.0 Hz,
1H, ArH), 3.91 ± 3.74 (br. s, 2H, NCH2), 3.45 ± 3.25 (br. s, 2 H, NCH2), 2.26
(s, 3H, CH3), 1.93 ± 1.88 (m, 4H, NCH2CH2); 13C NMR (125 MHz, CDCl3):
d� 152.7, 149.0, 142.8, 132.1, 130.3, 127.9, 125.7, 124.9, 121.5, 118.8, 117.7,
50.8, 46.1, 24.2, 20.3; HRMS (FAB) calcd for C17H19ClN3O [M�H�]
316.1217, found 316.1209.


[2-(2-Chloro-phenoxy)-phenyl]-pyrrolidin-1-yl-diazene (11) (Table 1, entry
10): This compound was prepared according to general procedure (A) in
70% yield. 11: Rf� 0.56 (silica gel, 10 % ether in petroleum ether); IR
(KBr): nÄmax� 2966, 2868, 1575, 1477, 1409, 1342, 1317, 1268, 1237, 1099, 1058,
1034 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.49 (dd, J� 6.5, 1.5 Hz, 1H,
ArH), 7.38 (dd, J� 8.0, 1.5 Hz, 1H, ArH), 7.17 ± 7.12 (m, 3 H, ArH), 7.06 ±
7.03 (m, 1 H, ArH), 6.91 ± 6.87 (m, 1 H, ArH), 6.69 (dd, J� 6.5, 1.5 Hz, 1H,
ArH), 3.91 ± 3.81 (br. s, 2H, NCH2), 3.38 ± 3.17 (br. s, 2H, NCH2), 1.91 ± 1.86
(m, 4 H, NCH2CH2); 13C NMR (125 MHz, CDCl3): d� 155.2, 148.5, 142.8,
129.9, 127.3, 125.8, 125.3, 123.0, 122.1, 118.8, 117.5, 50.4, 46.1, 23.7; HRMS
(FAB) calcd for C16H17ClN3O [M�H�] 302.1060, found 302.1069.


General procedure (B) for reactions between 2,6-dihalo triazenes and
phenols (Table 2): A flame-dried flask was charged with 2,6-dihalo triazene
(1.0 equiv), CuBr ´ Me2S (10.0 equiv), phenol (2.4 equiv), and the specified
base (10.0 equiv). To this mixture was added acetonitrile, furnishing a
solution approximately 0.1m in triazene, and pyridine (Table 2, entries 10 ±
18, 20 vol % of solvent) was introduced. The reaction mixture was heated at
the indicated temperature (Table 2) for the specified time before it was
cooled to 25 8C. The resulting slurry was filtered through a pad of celite, and
the celite was washed thoroughly with ether. The product was isolated by
flash column chromatography. The following example further illustrates
this procedure.


(4-Methyl-2,6-bis-phenoxy-phenyl)-pyrrolidin-1-yl-diazene (18) (Table 2,
entry 10). General procedure (B): A mixture of [(2,6-dibromophenyl)-


azo]pyrrolidine (13) (173 mg, 0.5 mmol), phenol (113 mg, 1.2 mmol), CuBr ´
Me2S (1.03 g, 5.0 mmol), and K2CO3 (690 mg, 5.0 mmol) in acetonitrile
(5 mL) in a flame-dried flask was treated with pyridine (1 mL). The
reaction mixture was heated to 80 8C and stirred at that temperature for 5 h
before it was cooled to 25 8C. The mixture was filtered through a pad of
celite, and the celite was washed thoroughly with ether (3� 10 mL). The
combined organic extracts were washed with saturated aqueous NH4Cl
(15 mL), H2O (15 mL), brine (15 mL), and dried over Na2SO4. The solvent
was removed in vacuo and the residue was subjected to flash column
chromatography (silica gel, 3!6% ether in petroleum ether, gradient
elution), furnishing compound 18 (166 mg, 89%). 18 : m.p. 84 ± 85 8C
(EtOAc in petroleum ether); Rf� 0.36 (silica gel, 10% ether in petroleum
ether); IR (KBr): nÄmax� 2966, 2868, 1593, 1563, 1483, 1452, 1421, 1329, 1213,
1164, 1041, 857, 753, 691 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.28 ± 7.22
(m, 4 H, ArH), 6.97 (dd, J� 9.0, 8.0 Hz, 2 H, ArH), 6.91 (d, J� 8.0 Hz, 4H,
ArH), 6.73 (s, 2H, ArH), 3.55 (br. s, 2H, NCH2), 3.15 (br. s, 2H, NCH2), 2.28
(s, 3H, CH3), 1.76 (br. s, 4H, NCH2CH2); 13C NMR (125 MHz, CDCl3): d�
158.4, 148.7, 135.4, 134.3, 129.0, 121.6, 118.3, 117.0, 51.1, 46.5, 23.4, 23.3, 20.9;
HRMS (FAB) calcd for C23H24N3O2 [M�H�] 374.1869, found 374.1862.


(4-Methyl-2,6-bis-p-tolyloxy-phenyl)-pyrrolidin-1-yl-diazene (19) (Table 2,
entry 16): This compound was prepared according to general procedure (B)
in 70% yield. 19 : Rf� 0.36 (silica gel, 10% ether in petroleum ether); IR
(KBr): nÄmax� 2969, 2858, 2367, 1606, 1569, 1501, 1421, 1329, 1219, 1164,
1041 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.04 (d, J� 8.5 Hz, 4 H, ArH),
6.82 (d, J� 8.5 Hz, 4H, ArH), 6.63 (s, 2 H, ArH), 3.59 (br. s, 2 H, NCH2),
3.25 (br. s, 2H, NCH2), 2.29 (s, 6 H, CH3), 2.23 (s, 3H, CH3), 1.81-1.76 (m,
4H, NCH2CH2); 13C NMR (125 MHz, CDCl3): d� 156.0, 149.4, 135.3,
131.1, 129.5, 117.4, 117.3, 50.9, 45.8, 23.5, 21.0, 20.5; HRMS (FAB) calcd for
C25H28N3O2 [M�H�] 402.2182, found 402.2170.


[2,6-Bis-(2-chloro-phenoxy)-4-methyl-phenyl]-pyrrolidin-1-yl-diazene (20)
(Table 2, entry 15): This compound was prepared according to general
procedure (B) in 78% yield. 20 : Rf� 0.46 (silica gel, 10 % ether in
petroleum ether); IR (KBr): nÄmax� 2953, 2874, 1589, 1479, 1447, 1408, 1328,
1265, 1233, 1059, 1035, 750 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.35 (dd,
J� 7.5, 1.5 Hz, 2H, ArH), 7.09 ± 7.07 (m, 2H, ArH), 6.93 ± 6.90 (m, 2H,
ArH), 6.79 (s, 2 H, ArH), 6.76 (dd, J� 8.5, 1.5 Hz, 2 H, ArH), 3.56 (br. s, 2H,
NCH2), 3.02 (br. s, 2 H, NCH2), 2.31 (s, 3H, CH3), 1.75 (br. s, 4H,
NCH2CH2); 13C NMR (125 MHz, CDCl3): d� 154.1, 148.1, 135.4, 133.5,
129.8, 127.3, 122.8, 122.4, 119.1, 117.5, 50.4, 45.1, 23.4, 23.4; HRMS (FAB)
calcd for C23H22N3O2Cl2 [M�H�] 442.1089, found 442.1073.


(2,4-Dimethyl-6-phenoxy-phenyl)-pyrrolidin-1-yl-diazene (21) (Table 2,
entry 12): This compound was prepared according to general procedure
(B) in 56% yield. 21: m.p. 76 ± 77 8C (EtOAc in petroleum ether); Rf� 0.54
(silica gel, 10 % ether in petroleum ether); IR (KBr): nÄmax� 2956, 2874,
1590, 1560, 1490, 1423, 1323, 1216, 1163, 1043, 857, 757, 690 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.24 ± 7.21 (m, 2H, ArH), 6.96 ± 6.93 (m, 1H, ArH),
6.87 ± 6.84 (m, 3H, ArH), 6.96 ± 6.93 (m, 1 H, ArH), 3.70 (br. s, 2H, NCH2),
3.40 (br. s, 2 H, NCH2), 2.28 (s, 3H, CH3), 2.26 (s, 3H, CH3), 1.92 ± 1.88 (m,
4H, NCH2CH2); 13C NMR (125 MHz, CDCl3): d� 158.1, 146.9, 140.5,
134.8, 132.8, 129.0, 127.4, 121.2, 120.2, 116.8, 48.0 (very br.), 23.7, 20.9, 18.1;
HRMS (FAB) calcd for C18H21N3OCs [M�Cs�] 428.0739, found 428.0749.


(4-Bromo-2,6-bis-phenoxy-phenyl)-pyrrolidin-1-yl-diazene (22) (Table 2,
entry 13): This compound was prepared according to general procedure
(B) in 91 % yield. 22 : Rf� 0.41 (silica gel, 10% ether in petroleum ether);
IR (KBr): nÄmax� 3051, 2970, 2861, 1563, 1489, 1400, 1339, 1312, 1211, 1156,
1075, 1034, 750, 682 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.29 (t, J�
9.0 Hz, 4 H, ArH), 7.04 (t, J� 9.0 Hz, 2H, ArH), 7.00 (s, 2 H, ArH), 6.95 (d,
J� 9.0 Hz, 4H, ArH), 3.62 (br. s, 2H, NCH2), 3.15 (br. s, 2 H, NCH2), 1.80 (s,
4H, NCH2CH2); 13C NMR (125 MHz, CDCl3): d� 157.6, 150.1, 135.7,
129.2, 122.5, 120.1, 117.6, 116.7, 50.8, 45.5, 23.6, 23.3; HRMS (FAB) calcd for
C22H21BrN3O2 [M�H�] 438.0817, found 438.0804.


3,5-Diphenoxy-4-(pyrrolidin-1-yl-azo)-benzoic acid methyl ester (23) (Ta-
ble 2, entry 14): Compound 23 was prepared according to general
procedure (B) in 82 % yield. 23 : Rf� 0.16 (silica gel, 10 % EtOAc in
hexanes); IR (KBr): nÄmax� 2917, 2856, 1718, 1566, 1490, 1413, 1312, 1211,
1043 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.57 (s, 2H, ArH), 7.27 ± 7.24
(m, 4H, ArH), 7.00 (t, J� 7.5 Hz, 2 H, ArH), 6.90 (d, J� 7.5 Hz, 4H, ArH),
3.83 (s, 3H, OCH3), 3.60 (br. s, 2 H, NCH2), 3.14 (br. s, 2H, NCH2), 1.78
(br. s, 4H, NCH2CH2); 13C NMR (125 MHz, CDCl3): d� 166.0, 158.1,
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149.3, 141.0, 129.3, 126.8, 122.3, 118.9, 117.4, 52.2, 51.0, 45.7, 23.7, 23.3;
HRMS (FAB) calcd for C24H24N3O4 [M�H�] 418.1767, found 418.1775.


[2,6-Bis-(2-chloro-4-methyl-phenoxy)-4-methyl-phenyl]-pyrrolidin-1-yl-di-
azene (24) (Table 2, entry 17): This compound was prepared according to
general procedure (B) in 74 % yield. 24 : Rf� 0.48 (silica gel, 10 % ether in
petroleum ether); IR (KBr): nÄmax� 2966, 2866, 1759, 1605, 1569, 1489, 1415,
1323, 1244, 1207, 1059, 1035, 992, 808 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 7.17 (d, J� 2.0 Hz, 2 H, ArH), 6.89 (dd, J� 8.5, 2.0 Hz, 2 H, ArH), 6.69
(d, J� 8.5 Hz, 2 H, ArH), 6.68 (s, 2 H, ArH), 3.55 (br. s, 2 H, NCH2), 3.15
(br. s, 2 H, NCH2), 2.26 (s, 9 H, CH3), 1.81-1.77 (m, 4 H, NCH2CH2);
13C NMR (125 MHz, CDCl3): d� 151.9, 148.9, 135.4, 132.6, 130.3, 128.0,
122.9, 118.1, 118.0, 51.1, 46.5, 23.7, 21.2, 20.4; HRMS (FAB) calcd for
C25H26Cl2N3O2 [M�H�] 470.1402, found 470.1424.


(4-Methyl-2,6-bis-phenylsulfanyl-phenyl)-pyrrolidin-1-yl-diazene (25) (Ta-
ble 2, entry 18): This compound was prepared from thiophenol according to
general procedure (B) in 84 % yield. 25 : Rf� 0.52 (silica gel, 10 % ether in
petroleum ether); IR (KBr): nÄmax� 3052, 2966, 2866, 1575, 1538, 1477, 1415,
1317, 1256, 1213, 1158, 1023, 851, 783, 740, 685 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.43-7.41 (m, 4H, ArH), 7.33-7.26 (m, 6H, ArH), 6.62 (s, 2H,
ArH), 3.85 (br. s, 2H, NCH2), 3.55 (br. s, 2H, NCH2), 2.02 (s, 3 H, CH3), 1.97
(br. s, 4 H, NCH2CH2); 13C NMR (125 MHz, CDCl3): d� 145.0, 135.5,
134.5, 132.9, 130.6, 129.0, 128.2, 127.3, 51.1, 46.9, 23.8, 20.6; HRMS (FAB)
calcd for C23H24N3S2 [M�H�] 406.1412, found 406.1424.


Triazene alcohol 28 : A solution of amino alcohol 26 (1.64 g, 12 mmol) in
glacial acetic acid (100 mL) at 25 8C was treated dropwise with Br2 (1.4 mL,
26.4 mmol). The resulting mixture was stirred for 0.5 h before it was poured
into ice-water (250 mL). The precipitate was filtered and washed with H2O
(3� 30 mL). The product was taken into the next step without further
purification. A solution of alcohol 27 (2.95 g, 10 mmol) in THF/H2O (10:1,
100 mL) was treated with concentrated HCl (4.2 mL) at 0 8C, and then
aqueous NaNO2 (0.90 g, 13 mmol in 5 mL of H2O) was added dropwise
over 0.5 h. The resulting solution was slowly transferred to a flask charged
with pyrrolidine (8.4 mL, 100 mmol) and K2CO3 (8.28 g, 60 mmol) in H2O
(200 mL) at 0 8C and stirred for 1 h. The aqueous phase was extracted with
EtOAc (3� 200 mL) and the combined organic layers were washed with
saturated aqueous NH4Cl (200 mL), brine (200 mL), and dried over
Na2SO4. The solvent was removed in vacuo and the residue was subjected
to flash column chromatography (silica gel, 20!30% EtOAc in hexanes,
gradient elution) to furnish triazene 28 (3.17 g, 84 %). 28 : m.p. 66 ± 67 8C
(MeOH); Rf� 0.30 (silica gel, 40% EtOAc in hexanes); IR (KBr): nÄmax�
3383, 2947, 2872, 1589, 1535, 1416, 1338, 1314, 1223, 1047 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.41 (s, 2 H, ArH), 3.95 (br. s, 2 H, NCH2), 3.80 (br. s,
2H, NCH2), 3.71 (br. s, 2 H, CH2O), 2.77 (t, J� 6.5 Hz, 2H, CH2Ar), 2.09
(br. s, 4H, NCH2CH2), 1.65 (br. s, 1 H, OH); 13C NMR (125 MHz, CDCl3):
d� 146.4, 137.6, 132.7, 117.6, 63.1, 51.1, 46.5, 37.8, 24.1, 22.5; HRMS (FAB)
calcd for C12H16Br2N3O [M�H�] 378.0670, found 378.0856.


Carboxylic acid 29 : A solution of 28 (50 mg, 0.13 mmol) in acetone
(400 mL) at 0 8C was added to a 5% aqueous NaHCO3 solution (400 mL).
The mixture was treated sequentially with KBr (1.6 mg, 0.013 mmol) and
TEMPO (31 mg, 0.20 mmol). Sodium hypochlorite (aqueous 4 ± 6 %,
400 mL) was added dropwise over 20 min, and the mixture was stirred at
0 8C for 2 h. The reaction was quenched by the addition of saturated
aqueous NH4Cl (10 mL) and the resulting mixture was extracted with
EtOAc (2� 10 mL). The combined organic phases were washed with H2O
(15 mL), brine (15 mL) and dried over Na2SO4. The solvent was removed
in vacuo and the residue was subjected to flash column chromatography
(silica gel, 5!10% MeOH in CH2Cl2, gradient elution) to afford
carboxylic acid 29 (42 mg, 82%). 29 : m.p. 80 ± 85 8C (decomp); Rf� 0.40
(silica gel, 15 % MeOH in CH2Cl2); IR (KBr): nÄmax� 3441, 2972, 2873, 1711,
1632, 1589, 1537, 1416 cmÿ1; 1H NMR (500 MHz, CD3OD): d� 7.51 (s, 2 H,
ArH), 3.91 (br. s, 2 H, NCH2), 3.64 (br. s, 2H, NCH2), 3.54 (br. s, 2H,
CH2CO2), 2.07 (br. s, 4H, NCH2CH2); 13C NMR (125 MHz, CDCl3): d�
175.9, 148.0, 136.2, 134.4, 118.6, 52.5, 47.5, 41.0, 24.7, 22.9; HRMS (FAB)
calcd for C12H14Br2N3O2 [M�H�] 389.9453, found 389.9440.


Dipeptide 32 : A solution of amine 30 (150 mg, 0.77 mmol), acid 31 (438 mg,
1.5 mmol) and HOBt (135 mg, 1.0 mmol) in DMF (6 mL) was treated with
EDC (177 mg, 0.92 mmol) at 0 8C for 10 h. The reaction mixture was
diluted with EtOAc (25 mL) and washed with 5% aqueous citric acid
(10 mL), 5% aqueous NaHCO3 (10 mL), brine (10 mL), dried over Na2SO4


and concentrated in vacuo. Flash column chromatography of the residue


(silica gel, 10!30 % EtOAc in hexanes, gradient elution) afforded
dipeptide 32 (324 mg, 91%). 32 : m.p. 132 8C (EtOAc in hexanes); Rf�
0.50 (silica gel, 50% EtOAc in hexanes); [a]22


D �ÿ1.27 (c� 1.0, MeOH);
IR (KBr): nÄmax� 3065, 3032, 2956, 1734, 1687, 1651, 1616, 1541, 1515, 1452,
1384, 1232, 1113, 1053 cmÿ1; 1H NMR (500 MHz, CD3OD): d� 7.34 ± 7.26
(m, 10 H, ArH), 6.73 (d, J� 7.5 Hz, 2H, ArH), 6.53 (d, J� 7.5 Hz, 2H,
ArH), 5.26 (s, 1H, CHCON), 4.60 ± 4.50 (m, 1H, CH2CHCO), 3.69 (s, 2H,
CH2O), 3.30 (s, 3 H, OCH3), 2.97 ± 2.85 (m, 2H, CH2CH); 13C NMR
(125 MHz, CD3OD): d� 181.1, 173.2, 172.0, 157.3, 138.6, 131.2, 129.8, 129.7,
129.5, 129.3, 129.1, 128.9, 128.5, 128.1, 116.3, 68.1, 60.5, 55.3, 52.8, 52.3, 37.6;
HRMS (FAB) calcd for C26H27N2O6 [M�H�] 463.1869, found 463.1879.


Tripeptide 34 : A solution of dipeptide 32 (85 mg, 0.18 mmol) in MeOH
(2 mL) was stirred with 10% Pd(OH)2/C (8 mg) under H2 at ambient
temperature for 1 h. Filtration through a pad of celite, followed by removal
of solvent under reduced pressure afforded crude amine 33 (82 mg, 100 %),
which was used in the next step without further purification. A solution of
acid 29 (77 mg, 0.20 mmol) and amine 33 (183 mg, 0.40 mmol) in DMF
(2 mL) was treated with HBTU (114 mg, 0.30 mmol) and Et3N (42 mL,
0.30 mmol) at 0 8C. The reaction mixture was stirred at that temperature for
18 h before the addition of saturated aqueous NH4Cl solution (2 mL). The
mixture was extracted with EtOAc (3� 10 mL) and the combined organic
layers were washed with H2O (5 mL), brine (5 mL), dried over Na2SO4 and
concentrated in vacuo. The residue was subjected to flash column
chromatography (silica gel, 1!3% MeOH in CH2Cl2, gradient elution)
to afford pure tripeptide 34 (88 mg, 63 %). 34 : m.p. 202 8C (EtOAc in
hexanes); Rf� 0.35 (silica gel, 5 % MeOH in CH2Cl2); [a]22


D �ÿ2.72 (c�
0.52, MeOH); IR (KBr): nÄmax� 3296, 2953, 2923, 2873, 1745, 1643, 1537,
1515, 1416, 1360, 1222 cmÿ1; 1H NMR (500 MHz, CD3OD): d� 7.51 (s, 2H,
ArH), 7.32 ± 7.21 (m, 5 H, ArH), 6.73 (d, J� 8.5 Hz, 2H, ArH), 6.52 (d, J�
8.5 Hz, 2 H, ArH), 5.50 (s, 1H, CHCON), 4.63 (d, J� 9.0, 5.0 Hz, 1H,
CH2CHCO), 3.88 (br. s, 2H, NCH2), 3.67 (s, 3H, OCH3), 3.64 (br. s, 2H,
NCH2), 3.52 (br. s, 2H, CH2CO), 2.97 (dd, J� 14.0, 5.0 Hz, 1H, CH2CH),
2.78 (dd, J� 14.0, 9.0 Hz, 1 H, CH2CH), 2.02 (br. s, 4H, NCH2CH2);
13C NMR (125 MHz, CD3OD): d� 173.2, 172.0, 172.0, 157.3, 148.2, 138.6,
136.1, 131.2, 129.9, 129.9, 128.6, 128.3, 122.6, 118.7, 116.3, 58.5, 55.4, 52.8,
52.3, 48.5, 41.7, 37.5, 24.9, 24.9; HRMS (FAB) calcd for C30H31Br2N5O5Cs
[M�Cs�] 831.9746, found 831.9723.


C-O-D ring system 35 : A solution of tripeptide 34 (70 mg, 0.10 mmol) and
CuBr ´ Me2S (72 mg, 0.25 mmol) in degassed acetonitrile (10 mL) was
treated with K2CO3 (35 mg, 0.25 mmol) and pyridine (25 mL, 0.30 mmol).
The resulting mixture was heated to 75 8C and stirred at that temperature
for 15 h. The reaction mixture was cooled to 25 8C and filtered through a
pad of celite with thorough washing with EtOAc (3� 20 mL). The
combined organic layers were washed with H2O (20 mL), brine (20 mL),
and dried over Na2SO4. The solvent was removed in vacuo and the residue
was subjected to flash column chromatography (silica gel, 2!4 % MeOH
in CHCl3, gradient elution) to afford product 35 (48 mg, 77%). 35 : Rf�
0.27 (silica gel, 5% MeOH in CHCl3); [a]22


D ��16.4 (c� 0.53, CHCl3); IR
(KBr): nÄmax� 3062, 2955, 2873, 1743, 1643, 1596, 1504, 1412, 1331, 1317,
1267, 1211, 1120, 1105, 1032 cmÿ1; 1H NMR (400 MHz, CD3OD): d� 7.42
(dd, J� 8.2, 2.5 Hz, 1H, ArH), 7.36 ± 7.27 (m, 5 H, ArH), 7.17 (dd, J� 8.2,
2.1 Hz, 1 H, ArH), 7.09 (d, J� 1.5 Hz, 1 H, ArH), 6.95 (dd, J� 8.5, 2.5 Hz,
1H, ArH), 6.80 (dd, J� 8.5, 2.5 Hz, 1 H, ArH), 6.15 (d, J� 1.5 Hz, 1H,
ArH), 5.48 (s, 1H, CHCON), 4.65-4.62 (m, 1H, CH2CHCO), 3.90 (br. s, 2H,
NCH2), 3.67 (s, 3H, OCH3), 3.67 (br. s, 2 H, NCH2), 3.52 (d, J� 14.4 Hz, 1H,
CH2CO), 3.43 (dd, J� 14.0, 5.0 Hz, 1H, CH2CH), 3.30 (d, J� 14.0 Hz, 1H,
CH2CO), 3.05 (dd, J� 14.0, 9.0 Hz, 1 H, CH2CH), 2.06 (br. s, 4 H,
NCH2CH2); 13C NMR (125 MHz, CD3OD): d� 171.2, 170.9, 169.3, 155.3,
154.1, 138.4, 137.7, 133.8, 133.3, 132.0, 131.2, 128.0, 127.6, 127.0, 126.0, 121.5,
121.2, 117.9, 114.9, 56.2, 52.9, 52.8, 51.1, 48.0, 41.2, 34.8, 23.3, 23.3; HRMS
(FAB) calcd for C30H30BrN5O5Cs [M�Cs�] 752.0485, found 752.0466.


Amine 36 : A solution of triazene 35 (62 mg, 0.10 mmol) in MeOH (1 mL)
was treated with excess of Raney Ni (W2). The resulting mixture was
heated to reflux for 2 h and then cooled to 25 8C. The reaction mixture was
filtered through a pad of celite and the celite was washed with EtOAc (3�
5 mL). The filtrate was concentrated and flash column chromatography of
the resulting residue (silica gel, 50!70% EtOAc in hexanes, gradient
elution) afforded product 36 (37 mg, 71%). 36 : Rf� 0.16 (silica gel, 70%
EtOAc in hexanes); [a]22


D ��10.1 (c� 0.22, CH2Cl2); IR (KBr): nÄmax�
3038, 1743, 1632, 1510, 1440, 1345, 1282, 1218 cmÿ1; 1H NMR (600 MHz,
CD3OD/CDCl3, 1:1): d� 7.41 ± 7.37 (m, 3 H, ArH), 7.35 (br.d, J� 8.0 Hz,
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1H, ArH), 7.21 (br.d, J� 8.0 Hz, 1 H, ArH), 6.99 (d, J� 7.1 Hz, 2H, ArH),
6.82 (d, J� 8.2 Hz, 1H, ArH), 6.75 (br. d, J� 8.3 Hz, 2 H, ArH), 6.59 (br. s,
1H, ArH), 6.18 (d, J� 6.7 Hz, 1 H, NH), 6.06 (d, J� 8.2 Hz, 1 H, ArH), 5.75
(d, J� 8.4 Hz, 1H, NH), 5.46 (br. s, 1H, CHCON), 4.74 ± 4.69 (m, 1H,
CH2CHCO), 3.76 (s, 3 H, OCH3), 3.57 (d, J� 16.4 Hz, 1H, CH2CO), 3.33
(d, J� 16.4 Hz, 1 H, CH2CO), 3.25 (dd, J� 13.3, 4.0 Hz, 1H, CH2CH), 2.45
(dd, J� 13.3, 11.3 Hz, 1 H, CH2CH); 13C NMR (125 MHz, CD3OD): d�
172.3, 171.6, 169.2, 159.4, 154.1, 136.6, 133.0, 132.9, 132.2, 130.2, 129.7,
128.3, 125.8, 123.3, 121.3, 120.3, 117.1, 58.3, 54.3, 43.5, 39.7; HRMS (FAB)
calcd for C26H25N3O5 [M�] 460.1872, found 460.1886.


Phenol 37: Amine 36 (55 mg, 0.12 mmol) dissolved in THF (1 mL) was
added dropwise to a chilled (ÿ20 8C) solution of BF3 ´ Et2O (59 mL,
0.48 mmol) in THF (200 mL). To this solution was added tBuNO2 (50 mL,
0.42 mmol) dissolved in THF (200 mL) over 0.5 h. The reaction mixture was
stirred at ÿ20 8C for 10 min, and was then allowed to reach ÿ5 8C. Cold
(0 8C) Et2O (2 mL) was added and the resulting precipitate was collected by
filtration and dried under vacuum. To this precipitate was added saturated
aqueous Cu(NO3)2 (12 mL), followed by Cu2O (86 mg, 0.60 mmol) and the
reaction mixture was stirred at 25 8C for 3 h before it was extracted with
EtOAc (3� 20 mL). The combined organic layers were washed with H2O
(20 mL), brine (20 mL) and dried over Na2SO4. The solvent was removed
in vacuo and the residue was subjected to flash column chromatography
(silica gel, 30!50 % EtOAc in hexanes, gradient elution), furnishing
phenol 37 (33 mg, 60 %). 37: Rf� 0.22 (silica gel, 70% EtOAc in hexanes);
[a]22


D��10.2 (c� 0.25, CH2Cl2); IR (KBr): nÄmax� 3318, 3038, 2945, 2910,
1737, 1644, 1592, 1510, 1434, 1347, 1277, 1218 cmÿ1; 1H NMR (600 MHz,
CDCl3): d� 7.44 ± 7.38 (m, 6 H, ArH), 7.22 (dd, J� 7.1, 2.4 Hz, 1H, ArH),
7.10 (d, J� 6.8 Hz, 1 H, ArH), 6.96 (d, J� 8.2 Hz, 1 H, ArH), 6.82 (dd, J�
8.2, 2.4 Hz, 1H, ArH), 6.78 (dd, J� 8.2, 1.7 Hz, 1H, ArH), 6.70 (br. s, 1H,
ArH), 6.67 (d, J� 1.8 Hz, 1H, ArH), 6.11 (d, J� 7.9 Hz, 1 H, NH), 6.00 (s,
1H, OH), 5.73 (d, J� 8.8 Hz, 1H, NH), 5.45 (d, J� 8.0 Hz, 1 H,
COCHNH), 4.72 (ddd, J� 10.8, 8.8, 4.4 Hz, 1 H, CH2CHCO), 3.77 (s, 3H,
OCH3), 3.60 (d, J� 16.9 Hz, 1H, CH2CO), 3.39 (d, J� 16.9 Hz, 1H,
CH2CO), 3.24 (dd, J� 13.3, 4.4 Hz, 1 H, CH2CH), 2.47 (dd, J� 13.5,
10.8 Hz, 1 H, CH2CH); 13C NMR (125 MHz, CD3OD): d� 172.2, 171.3,
169.3, 158.6, 149.4, 146.7, 136.4, 133.7, 133.2, 132.5, 130.2, 129.8, 128.4, 127.9,
126.1, 123.5, 121.4, 119.9, 117.0, 58.4, 54.4, 43.6, 39.7; HRMS (FAB) calcd for
C26H24N2O6Cs [M�Cs�] 593.0669, found 593.0656.


Amino alcohol 41: A solution of amino ester 40 (1.38 g, 4.47 mmol) in THF
(30 mL) at 0 8C was treated with LiAlH4 (510 mg, 13.4 mmol) portionwise.
The resulting mixture was stirred at 0 8C for 4 h and then it was quenched
by slow addition of H2O (1 mL). The reaction mixture was extracted with
EtOAc (3� 40 mL) and the combined organic phases were washed with
5% aqueous NaHCO3 (50 mL), H2O (50 mL), brine (50 mL) and dried
over Na2SO4. The solvent was removed in vacuo and the solid product
obtained was recrystallized from EtOH to afford pure amino alcohol 41
(1.22 g, 93 %). 41: Rf� 0.28 (silica gel, 30% EtOAc in hexanes); IR (KBr):
nÄmax� 3307, 1614, 1578, 1472, 1402, 1349, 1284, 1198, 1067, 1026 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.40 (s, 2 H, ArH), 4.53 (s, 2H, CH2),
1.90 ± 1.50 (br. s, 2 H); 13C NMR (125 MHz, CDCl3): d� 141.4, 132.3, 130.7,
108.7, 63.9; HRMS (FAB) calcd for C7H7Br2NO [M�] 278.8894, found
278.8886.


Triazene alcohol 42 : A solution of amine 41 (2.81 g, 10 mmol) in THF/H2O
(10:1, 100 mL) was treated with concentrated HCl (4.2 mL) at 0 8C. A
chilled aqueous solution (0 8C) of NaNO2 (0.90 g, 13 mmol in 5 mL H2O)
was added dropwise over 0.5 h. The resulting solution was slowly trans-
ferred to a flask charged with pyrrolidine (8.4 mL, 100 mmol) and K2CO3


(8.28 g, 60 mmol) in H2O (200 mL) at 0 8C and stirred for 1 h. The aqueous
phase was extracted with EtOAc (3� 150 mL) and the combined organic
layers were washed with saturated aqueous NH4Cl (200 mL), brine
(200 mL), and dried over Na2SO4. The solvent was removed in vacuo and
the residue was purified by flash column chromatography (silica gel,
20!30% EtOAc in hexanes, gradient elution) to afford triazene 42 (2.64 g,
73%). 42 : m.p. 69 8C (MeOH); Rf� 0.40 (silica gel, 40% EtOAc in
hexanes); IR (KBr): nÄmax� 3436, 1618, 1548, 1468, 1432, 1403, 1345, 1283,
1201, 1027 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.41 (s, 2H, ArH), 4.52
(d, J� 4.5 Hz, 2H, CH2O), 3.81 (br. s, 4 H, NCH2), 3.13 (br. s, 1H, OH), 2.05
(br. s, 4 H, NCH2CH2); 13C NMR (125 MHz, CDCl3): d� 145.8, 140.8,
129.8, 117.6, 62.9, 51.1, 46.7, 23.8, 23.6; HRMS (FAB) calcd for
C11H13Br2N3ONa [M�Na�] 383.9323, found 383.9337.


Triazene azide 43 : A solution of triazene alcohol 42 (542 mg, 1.5 mmol) in
THF (15 mL) at 25 8C was treated sequentially with triphenylphosphane
(590 mg, 2.25 mmol), DEAD (360 mL, 2.25 mmol) and DPPA (485 mL,
2.25 mmol). The resulting solution was stirred at 25 8C for 2 h. The solvent
was removed in vacuo and the residue was subjected to flash column
chromatography (silica gel, 20!30% EtOAc in hexanes, gradient elution)
to afford triazene azide 43 (475 mg, 82%). 43 : Rf� 0.39 (silica gel, 10%
EtOAc in hexanes); IR (KBr): nÄmax� 3381, 2970, 2871, 2351, 1416, 1336,
1313, 1223, 1119, 1069, 1027, 902, 738, 541 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.52 (s, 2H, ArH), 3.94 (br. s, 2H, NCH2), 3.81 (br. s, 2H,
CH2N3), 3.71 (br. s, 2 H, NCH2), 2.30 (br. s, 2H, CH2), 2.09 (br. s, 2H,
NCH2CH2); 13C NMR (125 MHz, CDCl3): d� 147.9, 133.9, 131.8, 118.0,
53.0, 51.1, 46.5, 23.9, 23.5; HRMS (FAB) calcd for C11H12Br2N6Na [M�
Na�] 408.9389, found 408.9393.


Amine 44 : A solution of azide 43 (463 mg, 1.2 mmol) in THF (12 mL) was
treated with triphenylphosphane (629 mg, 2.4 mmol) and H2O (220 mL,
12 mmol). The resulting solution was heated to 45 8C and stirred at that
temperature for 8 h. The solvent was removed in vacuo and the residue was
subjected to flash column chromatography (silica gel, 20!30 % EtOAc in
hexanes, gradient elution) to afford amine 44 (346 mg, 80 %). 44 : Rf� 0.23
(silica gel, 40% EtOAc in hexanes); IR (KBr): nÄmax� 3400, 3060, 2978,
2860, 1637, 1584, 1531, 1408, 1261, 1161, 1114 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.48 (s, 2H, ArH), 3.94 (br. s, 2H, NCH2), 3.81 (br. s, 2H,
CH2NH2), 3.71 (br. s, 2H, NCH2), 2.30 (br. s, 2H, NCH2CH2), 2.09 (br. s,
2H, NCH2CH2); 13C NMR (125 MHz, CDCl3): d� 146.7, 132.8, 131.1, 117.7,
51.0, 46.4, 44.7, 23.9, 23.5; HRMS (FAB) calcd for C11H14Br2N4Na [M�
Na�] 382.9471, found 382.9483.


Dipeptide 47: A solution of amine 46 (557 mg, 5.4 mmol), acid 45 (1.52 g,
5.4 mmol), and HOBt (948 mg, 7.0 mmol) in DMF (25 mL) was treated
with EDC (1.24 g, 6.5 mmol) at 0 8C for 8 h. The reaction mixture was
diluted with EtOAc (100 mL) and washed with saturated aqueous citric
acid (2� 30 mL), 5 % aqueous NaHCO3 (30 mL), brine (30 mL), dried over
Na2SO4, and concentrated in vacuo. Flash column chromatography of the
residue (silica gel, 2!4% MeOH in CHCl3, gradient elution) afforded
dipeptide 47 (1.62 g, 85%). 47: Rf� 0.30 (silica gel, 5 % MeOH in CHCl3);
[a]22


D �ÿ0.85 (c� 1.0, MeOH); IR (KBr): nÄmax� 2931, 1759, 1640, 1543
cmÿ1; 1H NMR (500 MHz, CD3SOCD3): d� 7.73 (d, J� 8.5 Hz, 2 H, ArH),
7.34 (d, J� 8.5 Hz, 2H, ArH), 4.93 ± 4.84 (m, 2H, CHCH2, CHCH3), 4.87 ±
4.84 (m, 1 H, CHCH2O), 4.40 (br. t, J� 7.0 Hz, 1 H, CHCH2N), 3.53 ± 3.30
(m, 2H, NCHCH2), 2.02 (s, 9H, tBuO), 1.92 (d, J� 7.0 Hz, 3H, CHCH3);
13C NMR (125 MHz, CD3SOCD3): d� 174.0, 171.4, 155.8, 155.1, 130.3,
130.2, 128.1, 114.8, 78.0, 55.8, 47.5, 37.1, 28.2, 17.5; HRMS (FAB) calcd for
C17H25N2O6 [M�H�] 353.1713, found 353.1716.


D-O-E cyclization precursor 49 : A solution of dipeptide ester 47 (915 mg,
2.6 mmol) in MeOH/H2O (1:1, 25 mL) at 0 8C was treated with anhydrous
LiOH (94 mg, 3.9 mmol). The resulting solution was stirred at 0 8C for 1 h
before 5% aqueous citric acid (5 mL) was added. The mixture was
extracted with EtOAc (3� 20 mL) and the combined organic layers were
washed with H2O (20 mL), brine (20 mL), dried (Na2SO4), and concen-
trated in vacuo to give crude carboxylic acid 48 (880 mg, 100 %), which was
used in the next step without further purification. A solution of amine 44
(936 mg, 2.6 mmol), acid 48 (1.32 g, 3.9 mmol) and HOBt (527 mg,
3.9 mmol) in DMF (25 mL) was treated with EDC (1.50 g, 7.8 mmol) at
0 8C. The resulting mixture was stirred at 0 8C for 8 h and then was diluted
with EtOAc (100 mL). The organic layer was washed with saturated
aqueous NH4Cl (30 mL), 5% aqueous NaHCO3 (30 mL), brine (30 mL),
dried over Na2SO4 and concentrated in vacuo. Flash column chromatog-
raphy of the resulting residue (silica gel, 2!5% MeOH in CHCl3, gradient
elution) afforded product 49 (812 mg, 45%). 49 : Rf� 0.15 (silica gel, 5%
MeOH in CHCl3); [a]22


D �ÿ2.13 (c �1.7, MeOH); IR (KBr): nÄmax� 3306,
2978, 2931, 1666, 1594, 1515, 1454, 1416, 1366, 1314, 1249, 1165, 1018 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.62 (s, 1 H, NH), 7.42 (s, 2 H, ArH), 6.91
(d, J� 8.5 Hz, 2 H, ArH), 6.78 (br. s, 1H, NH), 6.65 (d, J� 8.5 Hz, 2H,
ArH), 5.55 (br. s, 1 H, NH), 4.45-4.42 (m, 1 H, CHCH2Ar), 4.39-4.21 (m, 3H,
NCH2Ar, CHCH3), 3.92 (br. s, 2 H, NCH2), 3.69 (br. s, 2H, NCH2), 2.93 (dd,
J� 13.5, 6.5 Hz, 1H, NCHCH2), 2.88 (dd, J� 13.5, 7.5 Hz, 1 H, NCHCH2),
2.26 (s, 1 H, OH), 2.07 (br. s, 2 H, CH2), 2.04 (br. s, 2 H, NCH2CH2), 1.37 (s,
9H, tBuO), 1.20 (d, J� 6.5 Hz, 3 H, CHCH3); 13C NMR (125 MHz, CDCl3):
d� 172.3, 171.9, 171.3, 155.4, 146.9, 137.1, 135.6, 131.4, 130.4, 128.2, 127.1,
117.9, 115.5, 80.4, 56.4, 51.1, 48.8, 46.6, 41.8, 37.3, 28.3, 23.8, 23.3, 17.5;
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HRMS (FAB) calcd for C28H36Br2N6O5Cs [M�Cs�] 827.0168, found
827.0195.


D-O-E ring system 50 : A solution of tripeptide 49 (76 mg, 0.11 mmol) and
CuBr ´ Me2S (80 mg, 0.28 mmol) in degassed acetonitrile (11 mL) was
treated with K2CO3 (38 mg, 0.28 mmol) and pyridine (27 mL, 0.33 mmol).
The resulting mixture was heated to 75 8C, stirred at that temperature for
6 h, and then cooled to 25 8C. The reaction mixture was filtered through a
pad of celite and the celite was washed thoroughly with EtOAc (3�
20 mL). The combined organic layers were washed with H2O (20 mL),
brine (20 mL), and dried over Na2SO4. The solvent was removed in vacuo
and the residue was subjected to flash column chromatography (silica gel,
2!4% MeOH in CHCl3, gradient elution) to afford model system 50
(36 mg, 54 %) and recovered tripeptide 49 (10 mg, 13%). 50 : Rf� 0.23
(silica gel, 5 % MeOH in CHCl3); [a]22


D ��10.6 (c� 0.91, MeOH); IR
(KBr): nÄmax� 3401, 3306, 3072, 2976, 2936, 2873, 1714, 1651, 1599, 1563,
1504, 1412, 1366, 1335, 1250, 1203, 1163 cmÿ1; 1H NMR (500 MHz, CD3OD,
323 K): d� 7.47 (dd, J� 8.5, 2.5 Hz, 1 H, ArH), 7.09 (s, 1H, ArH), 7.07 (dd,
J� 8.5, 2.5 Hz, 1H, ArH), 7.00 (dd, J� 8.5, 2.5 Hz, 1 H, ArH), 6.80 (dd, J�
8.5, 2.5 Hz, 1 H, ArH), 6.02 (br. s, 1 H, ArH), 4.69 (d, J� 16.0 Hz, 1H,
ArCH2N), 4.30-4.29 (m, 1 H, CHCH2Ar), 4.36 (q, J� 7.0 Hz, 1H, CHCH3),
3.90 (br. s, 4H, NCH2), 3.72 (d, J� 16.0 Hz, 1 H, ArCH2N), 3.25 (dd, J�
14.0, 5.5 Hz, 1 H, CHCH2Ar), 2.94 (dd, J� 14.0, 2.7 Hz, 1 H, CHCH2Ar),
2.01 (br. s, 4 H, NCH2CH2), 1.48 (s, 9H, tBuO), 1.20 (d, J� 7.0 Hz, 3H,
CHCH3); 13C NMR (125 MHz, CD3OD, 323 K): d� 174.6, 171.9, 156.6,
155.1, 139.8, 138.0, 134.3, 132.9, 131.9, 124.7, 123.5, 123.1, 119.3, 114.5, 82.0,
58.3, 53.0, 49.8, 49.5, 48.4, 42.1, 37.2, 28.6, 23.7, 23.7, 20.0; HRMS (FAB)
calcd for C28H35BrN6O5Cs [M�Cs�] 747.0907, found 747.0888.


Iodide alcohol 57: A solution of alcohol 56 (437 mg, 2.6 mmol) in DMF
(10 mL) at 25 8C was treated with N-iodosuccinimide (878 mg, 3.9 mmol).
The resulting solution was stirred at that temperature for 12 h, and then it
was quenched by the addition of aqueous saturated Na2SO3 (10 mL). The
mixture was extracted with EtOAc (3� 15 mL) and the combined organic
layers were washed with 5% aqueous NaHCO3 (20 mL), brine (20 mL),
and dried (Na2SO4). The solvent was removed in vacuo and the residue was
purified by flash column chromatography (silica gel, 20!40% EtOAc in
hexanes, gradient elution) to give product 57 (696 mg, 91 %). 57: Rf� 0.17
(silica gel, 40 % EtOAc in hexanes); IR (thin film) nÄmax� 3366, 2931, 1578,
1449, 1420, 1314, 1196, 1155, 1038, 1008 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 6.67 (d, J� 2.5 Hz, 1H, ArH), 6.32 (d, J� 2.5 Hz, 1 H, ArH), 4.60 (s,
2H, CH2), 3.81 (s, 3 H, OCH3), 3.77 (s, 3 H, OCH3), 2.72 (br. s, 1 H, OH);
13C NMR (125 MHz, CDCl3): d� 161.1, 158.3, 144.6, 105.0, 97.8, 77.5, 69.3,
56.3, 55.5; HRMS (FAB) calcd for C9H11IO3 [M�] 293.9753, found 293.9755.


Azide 58 : A solution of alcohol 57 (588 mg, 2.0 mmol) in THF (15 mL) at
0 8C was treated sequentially with DEAD (470 mL, 3.0 mmol), triphenyl-
phosphane (786 mg, 3.0 mmol), and DPPA (650 mL, 3.0 mmol). The
resulting solution was stirred at 0 8C for 2 h, and then concentrated in
vacuo to afford an oil, which was purified by flash column chromatography
(silica gel, 10!30% ether in hexanes, gradient elution), furnishing azide 58
(523 mg, 82%). 58 : Rf� 0.35 (silica gel, 20% EtOAc in hexanes); IR (thin
film) nÄmax� 2942, 2355, 2098, 1578, 1450, 1425, 1340, 1315, 1205, 1156, 1083
cm-1; 1H NMR (400 MHz, CDCl3): d� 6.62 (d, J� 2.6 Hz, 1H, ArH), 6.40
(d, J� 2.6 Hz, 1H, ArH), 4.48 (s, 2 H, CH2), 3.88 (s, 3 H, OCH3), 3.84 (s, 3H,
OCH3); 13C NMR (100 MHz, CDCl3): d� 161.2, 159.1, 140.0, 106.2, 98.4,
79.8, 59.4, 56.5, 55.5; HRMS (FAB) calcd for C9H11IN3O2 [M�H�]
319.9896, found 319.9892.


Amine 59 : To a solution of azide 58 (510 mg, 1.6 mmol) in THF/H2O (10:1,
10 mL) was added triphenylphosphane (1.26 g, 4.8 mmol) and the resulting
solution was heated to 45 8C for 4 h with stirring. The solution was cooled to
25 8C and the solvent was removed in vacuo. The residue was subjected to
flash column chromatography (silica gel, 1!5% MeOH in CHCl3,
gradient elution) to afford amine 59 (375 mg, 80%). 59 : Rf� 0.37 (silica
gel, 10 % MeOH in CHCl3); IR (thin film): nÄmax� 3366, 2931, 1578, 1449,
1420, 1320, 1202, 1155, 1067, 1002 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
6.62 (d, J� 2.5 Hz, 1H, ArH), 6.34 (d, J� 2.5 Hz, 1 H, ArH), 3.86 (s, 2H,
CH2), 3.85 (s, 3 H, OCH3), 3.81 (s, 3 H, OCH3), 1.74 (s, 2 H, NH2); 13C NMR
(125 MHz, CDCl3): d� 161.3, 158.8, 147.2, 105.6, 97.3, 79.6, 56.4, 55.5, 51.7;
HRMS (FAB) calcd for C9H13INO2 [M�H�] 293.9991, found 293.9994.


Dipeptide 60 : A solution of amine 59 (162 mg, 0.55 mmol), N-Boc-Gly
(97 mg, 0.55 mmol), and Et3N (190 mL, 1.38 mmol) in DMF (3 mL) was
treated with EDC (158 mg, 0.83 mmol) at 0 8C. The resulting solution was


stirred at 0 8C for 12 h, and then the reaction was quenched by the addition
of saturated NH4Cl solution (3 mL). The resulting mixture was extracted
with EtOAc (3� 10 mL) and the combined organic layers were washed
with 5% aqueous NaHCO3 (20 mL), brine (20 mL), and dried (Na2SO4).
The solvent was removed in vacuo and the residue was subjected to flash
column chromatography (silica gel, 20!40% EtOAc in hexanes, gradient
elution) to give dipeptide 60 (200 mg, 81%). 60 : Rf� 0.13 (silica gel, 40%
EtOAc in hexanes); IR (thin film): nÄmax� 3314, 2924, 1675, 1650, 1583,
1504, 1449, 1314, 1156, 1064 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 6.60 (d,
J� 2.5 Hz, 1H, ArH), 6.36 (d, J� 2.5 Hz, 1 H, ArH), 6.62 (br. s, 1H, NH),
5.11 (br. s, 1 H, NH), 4.51 (d, J� 6.5 Hz, 2 H, CH2), 3.85 (s, 3H, OCH3), 3.82
(br. s, 2H, CH2), 3.80 (s, 3 H, OCH3), 1.43 (s, 9 H, tBuO); 13C NMR
(125 MHz, CDCl3): d� 169.2, 161.3, 158.9, 156.0, 142.1, 106.6, 98.2, 80.4,
79.9, 56.5, 55.6, 48.3, 44.5, 28.3; HRMS (FAB) calcd for C16H24IN2O5 [M�
H�] 451.0730, found 451.0722.


Carboxylic acid 63 : A solution of ester 62 (809 mg, 2.1 mmol) in THF/H2O
(1:1, 15 mL) was treated with anhydrous LiOH (76 mg, 3.2 mmol) at 0 8C
for 1 h. The reaction was quenched by the addition of saturated NH4Cl
solution (10 mL) and the mixture was extracted with EtOAc (3� 20 mL).
The combined organic layers were washed with H2O (30 mL), brine
(30 mL), and dried (Na2SO4). The solvent was removed in vacuo to afford
crude 63 (778 mg, 99%), which was taken into next step without further
purification.


Tripeptide 64 : A solution of dipeptide 60 (300 mg, 0.67 mmol) in CH2Cl2


(1 mL) at 0 8C was treated with TFA (1 mL). The solution was allowed to
reach ambient temperature and stirred for 2 h before it was quenched by
the addition of saturated aqueous NaHCO3 (10 mL). The resulting mixture
was extracted with EtOAc (3� 10 mL) and the combined organic layers
were washed with 5 % aqueous NaHCO3 (2� 10 mL), H2O (10 mL), brine
(10 mL), and dried (Na2SO4). The solvent was removed in vacuo and the
resulting crude dipeptide amine 61 (233 mg, 100 %) was taken into the next
step without further purification. To a solution of amine 61 (70 mg,
0.2 mmol), acid 63 (97 mg, 0.24 mmol), and Et3N (61 mL, 0.44 mmol) in
DMF (2 mL) was added EDC (50 mg, 0.26 mmol) at 0 8C, and the resulting
solution was stirred at that temperature for 12 h. The reaction was
quenched by the addition of saturated NH4Cl (5 mL) and the resulting
mixture was extracted with EtOAc (3� 10 mL). The combined organic
layers were washed with 5 % NaHCO3 (15 mL), brine (15 mL) and dried
(Na2SO4). The solvent was removed in vacuo and the residue was subjected
to flash column chromatography (silica gel, 20!40 % EtOAc in hexanes,
gradient elution) to afford tripeptide 64 (136 mg, 92%). 64 : Rf� 0.14 (silica
gel, 40% EtOAc in hexanes); [a]22


D �ÿ42.6 (c� 0.39, CHCl3); IR (KBr):
nÄmax� 3333, 2966, 2355, 1743, 1670, 1590, 1486, 1456, 1364, 1248, 1162 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.77 (d, J� 2.0 Hz, 1 H, ArH), 7.37 (br. s,
1H, NH), 7.28 (dd, J� 8.5, 2.0 Hz, 1H, ArH), 7.00 (br. s, 1H, NH), 7.67 (d,
J� 8.5 Hz, 1H, ArH), 6.48 (d, J� 2.5 Hz, 1 H, ArH), 6.30 (d, J� 2.5 Hz,
1H, ArH), 5.83 (d, J� 6.5 Hz, 1 H, CH), 5.15 (br. s, 1H, NH), 4.38 (d, J�
6.0 Hz, 2 H, CH2), 3.98-3.85 (m, 2H, CH2), 3.80 (s, 3H, OCH3), 3.80 (s, 3H,
OCH3), 3.73 (s, 3 H, OCH3), 1.34 (s, 9 H, tBuO); 13C NMR (125 MHz,
CDCl3): d� 170.9, 168.5, 161.1, 158.7, 158.0, 155.2, 141.7, 137.9, 131.4, 128.5,
110.9, 106.1, 97.8, 86.3, 80.3, 79.4, 57.4, 56.4, 56.3, 55.5, 48.5, 43.3, 28.2;
HRMS (FAB) calcd for C25H31I2N3O7Cs [M�Cs�] 871.9306, found:
871.9329.


AB model system 65 : To a stirred solution of (Ph3P)2NiCl2 (59 mg,
0.09 mmol) and triphenylphosphane (48 mg, 0.18 mmol) in degassed DMF
(10 mL) at 55 8C was added zinc dust (5.9 mg, 0.09 mmol). After stirring for
0.5 h, a solution of tripeptide 64 (37 mg, 0.05 mmol) in DMF (15 mL) was
slowly transferred to the reaction mixture by cannula. The resulting
solution was stirred at 55 8C for 16 h, and then it was quenched by the
addition of saturated NH4Cl (15 mL). The mixture was extracted with
EtOAc (3� 20 mL) and the combined organic layers were washed with
H2O (30 mL), brine (30 mL), and dried (Na2SO4). The solvent was removed
in vacuo and the residue was subjected to flash column chromatography
(silica gel, 0!2% MeOH in CHCl3, gradient elution) to afford 65a
(3.2 mg, 13 %) and 65b (3.2 mg, 13%). 65 a : Rf� 0.20 (silica gel, 2.5%
MeOH in CHCl3); [a]22


D �ÿ45.7 (c� 0.37, CH2Cl2); IR (KBr): nÄmax� 3320,
2924, 1673, 1611, 1585, 1501, 1366, 1324, 1256, 1157, 1110, 1063 cmÿ1;
1H NMR (600 MHz, CDCl3) (see Figure 2 for numbering): d� 7.82 (t, J�
6.6 Hz, 1 H, N3H), 7.40 (br. s, 1 H, N6H), 7.30 (dd, J� 8.3, 2.1 Hz, 1H,
ArAHb), 7.08 (br. s, 1 H, ArAHa), 6.95 (d, J� 8.3 Hz, 1 H, ArAHc), 6.85 (br. s,
1H, NHBoc), 6.58 (d, J� 2.2 Hz, 1H, ArBHb), 6.56 (d, J� 2.2 Hz, 1H,
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ArBHa), 4.81 (br. s, 1 H, H1), 3.86 ± 3.84 (m, 1H, H7), 3.76 ± 3.74 (m, 1H, H4),
3.72 (s, 3 H, OCH3), 3.66 ± 3.64 (m, 1H, H4), 3.63 (s, 6H, OCH3), 3.30-3.28
(m, 1H, H7), 1.34 (s, 9 H, tBuO); 13C NMR (150 MHz, CD3SOCD3): d�
172.1, 170.4, 167.5, 159.5, 158.1, 156.7, 137.4, 132.9, 129.9, 127.7, 124.1,
120.8, 110.8, 107.9, 97.9, 78.3, 59.7, 55.7, 55.5, 55.3, 43.7, 43.3, 28.1; HRMS
(FAB) calcd for C25H31N3O7Na [M�Na�] 508.2060, found 508.2067. 65b :
Rf� 0.25 (silica gel, 2.5 % MeOH in CHCl3); [a]22


D �ÿ18.1 (c� 0.63,
CH2Cl2); IR (KBr): nÄmax� 3314, 2924, 2853, 1677, 1581, 1504, 1459, 1366,
1320, 1262, 1160, 1110 cmÿ1; 1H NMR (600 MHz, CD3SOCD3): d� 8.57
(br. s, 1H, N3H), 8.29 (br. s, 1H, N6H), 7.38 ± 7.36 (m, 2 H, NHBoc, ArAHb),
7.18 (s, 1 H, ArAHa), 6.98 (d, J� 8.6 Hz, 1 H, ArAHc), 6.50 (s, 2H, ArBHa,b),
5.13 ± 5.12 (m, 1H, H1), 4.24 ± 4.13 (m, 2 H, H7), 3.81 (s, 3 H, OCH3), 3.86 ±
3.82 (m, 1H, H4), 3.74 (s, 3H, OCH3), 3.70 ± 3.68 (m, 1H, H4), 3.67 (s, 3H,
OCH3), 1.32 (s, 9H, tBuO); 13C NMR (150 MHz, CD3SOCD3): d� 171.1,
168.9, 160.8, 158.4, 156.4, 155.3, 142.3, 130.2, 130.1, 129.8, 128.2, 127.8, 110.0,
105.4, 97.4, 78.7, 57.6, 56.5, 55.5, 55.1, 47.8, 42.4, 28.1; HRMS (FAB) calcd for
C25H31N3O7Na [M�Na�] 508.2060, found 508.2069.


Amine 66 : A solution of 26 (343 mg, 2.5 mmol) in DMF (20 mL) was
treated with N-bromosuccinimide (534 mg, 2.0 mmol) at 25 8C for 12 h. The
reaction was quenched by the addition of saturated aqueous Na2SO3


solution (20 mL) and the resulting mixture was extracted with EtOAc
(3� 30 mL). The combined organic layers were washed with H2O (30 mL),
brine (30 mL), and dried over Na2SO4. The solvent was removed in vacuo
and the residue was subjected to flash column chromatography (silica gel,
10!40% EtOAc in hexanes, gradient elution) to give amine 66 (333 mg,
62%). 66 : Rf� 0.26 (silica gel, 50 % EtOAc in hexanes); IR (thin film)
nÄmax� 3281, 1616, 1495, 1051, 1018, 836 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 7.25 (s, 1 H, ArH), 6.93 (d, J� 8.0 Hz, 1 H, ArH), 6.68 (d, J� 7.5 Hz, 1H,
ArH), 3.73 (t, J� 6.50 Hz, 2 H, CH2OH), 3.60-3.30 (br. s, 2H, NH2), 2.68 (t,
J� 7.0 Hz, 2H, CH2); 13C NMR (125 MHz, CDCl3): d� 142.4, 132.7, 129.7,
128.9, 115.8, 109.3, 63.5, 37.8; HRMS (FAB) calcd for C8H11BrNO [M�H�]
216.0024, found 216.0029.


Triazene alcohol 67: A solution of amine 66 (1.67 g, 5.6 mmol) in 0.1n
aqueous HCl (6.7 mL) at 0 8C was treated with aqueous NaNO2 (386 mg in
1 mL H2O, 5.6 mmol). The resulting solution was stirred for 0.5 h before it
was transferred slowly to a flask charged with pyrrolidine (4.7 mL,
56 mmol) in saturated aqueous K2CO3 (100 mL) at 0 8C. The mixture was
stirred for 1 h and then it was extracted with EtOAc (3� 50 mL) and the
combined organic layers were washed with H2O (50 mL), brine (50 mL),
and dried over Na2SO4. The solvent was removed in vacuo and the residue
was purified by flash column chromatography (silica gel, 10!30 % EtOAc
in hexanes, gradient elution) to afford triazene alcohol 67 (1.38 g, 83%). 67:
Rf� 0.34 (silica gel, 50% EtOAc in hexanes); IR (thin film): nÄmax� 3366,
2950, 2862, 1477, 1417, 1395, 1340, 1313, 1039 cm-1; 1H NMR (500 MHz,
CDCl3): d� 7.37 (s, 1 H, ArH), 7.27 (d, J� 8.0 Hz, 1 H, ArH), 7.02 (dd, J�
8.0, 1.0 Hz, 1H, ArH), 3.84 (br. s, 2H, NCH2), 3.69 (t, J� 6.5 Hz, 2H,
CH2O), 3.65 (br. s, 2H, NCH2), 2.70 (t, J� 7.0 Hz, 2H, CH2), 2.48 (br. s, 1H,
OH), 1.95 (br. s, 4H, NCH2CH2); 13C NMR (125 MHz, CDCl3): d� 146.9,
136.7, 133.0, 128.3, 118.9, 118.3, 63.1, 50.8, 46.5, 38.0, 23.5, 23.5; HRMS
(FAB) calcd for C12H17BrN3O [M�H�] 298.0555, found 298.0550.


Carboxylic acid 68 : A solution of alcohol 67 (300 mg, 1.0 mmol) in acetone
(3.1 mL) at 0 8C was added to a 5% aqueous NaHCO3 solution (3.1 mL),
and the resulting mixture was treated sequentially with KBr (12 mg,
0.1 mmol) and TEMPO (155 mg, 1.0 mmol). Sodium hypochlorite (5% in
H2O, 4 mL) was added dropwise over 20 min, and the mixture was stirred at
0 8C for 1 h. The reaction was quenched with saturated aqueous NH4Cl
(10 mL) and the resulting mixture was extracted with EtOAc (2� 20 mL).
The organic layer was washed with H2O (20 mL), brine (20 mL) and dried
over Na2SO4. The solvent was removed in vacuo and the residue was
subjected to flash column chromatography (silica gel, 20!40 % EtOAc in
hexanes, gradient elution) to give carboxylic acid 68 (267 mg, 86%). 68 :
Rf� 0.22 (silica gel, 50% EtOAc in hexanes); IR (thin film): nÄmax� 3460,
2920, 2861, 1760, 1713, 1461, 1261, 1096 cmÿ1; 1H NMR (500 MHz,
CD3OD): d� 7.47 (s, 1 H, ArH), 7.30 ± 7.29 (m, 1H, ArH), 7.14 ± 7.11 (m,
1H, ArH), 3.81 (br. s, 2H, NCH2), 3.60 (br. s, 2H, NCH2), 3.48 (s, 2H,
CH2CO), 1.94 (br. s, 4H, NCH2CH2); 13C NMR (125 MHz, CD3OD): d�
177.6, 148.4, 134.9, 134.5, 129.8, 119.9, 119.2, 67.4, 51.6, 48.4, 24.6, 24.6;
HRMS (FAB) calcd for C12H15BrN3O2 [M�H�] 312.0348, found 312.0340.


Dipeptide 70 : To a stirred solution of tyrosine methyl ester 69 (478 mg,
1.4 mmol), acid 63 (570 mg, 1.4 mmol), and Et3N (580 mL, 4.2 mmol) in
DMF (15 mL) was added HBTU (637 mg, 1.7 mmol) at 0 8C. The reaction


mixture was slowly warmed to 25 8C, stirred for 3 h, and then diluted with
EtOAc (60 mL). The organic phase was washed with 5 % aqueous HCl
(2� 20 mL), 5% aqueous NaHCO3 (20 mL), brine (20 mL), and dried over
Na2SO4. The solvent was removed in vacuo, and flash column chromatog-
raphy (silica gel, 20!40 % EtOAc in hexanes, gradient elution) of the
residue afforded product 70 (736 mg, 90 %). 70 : Rf� 0.28 (silica gel, 50%
EtOAc in hexanes); [a]22


D ��1.23 (c� 2.6, CHCl3); IR (thin film): nÄmax�
3344, 1740, 1663, 1510, 1488, 1439, 1368, 1252, 1165, 1050 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.69 (d, J� 2.5 Hz, 1 H, ArH), 7.24 (s, 1 H, OH), 7.20
(dd, J� 8.5, 1.5 Hz, 1H, ArH), 6.87 (d, J� 8.5 Hz, 1 H, ArH), 6.73-6.65 (m,
2H, ArH), 6.54 (s, 2H, ArH), 6.15 (br. s, 1H, NH), 5.79 (br. s, 1 H, NH), 5.00
(br. s, 1 H, CH), 4.77 (dd, J� 5.5, 5.5 Hz, 1 H, CHCH2), 3.86 (s, 3H, OCH3),
3.72 (s, 3H, OCH3), 2.89 (d, J� 6.0 Hz, 2H, CH2), 1.38 (s, 9 H, tBuO);
13C NMR (125 MHz, CDCl3): d� 171.7, 169.9, 169.6, 158.0, 155.2, 154.8,
137.9, 132.2, 130.2, 128.5, 126.2, 121.6, 115.5, 111.0, 86.4, 80.3, 57.0, 56.3, 53.1,
52.5, 36.6, 28.2; HRMS (FAB) calcd for C24H29IN2O7Cs [M�Cs�] 717.0074,
found 717.0098.


Tripeptide 72 : To a solution of dipeptide 70 (1.2 g, 2.2 mmol) in CH2Cl2


(10 mL) at 0 8C was added TFA (10 mL). The resulting solution was stirred
for 1 h before it was concentrated under reduced pressure. The crude
product (71, 970 mg) was taken into next step without further purification.
A solution of acid 68 (499 mg, 1.6 mmol), amine 71 (726 mg, 1.6 mmol), and
Et3N (670 mL, 4.8 mmol) in DMF (15 mL) was treated with HBTU
(728 mg, 1.92 mmol) at 0 8C. The resulting solution was allowed to reach
ambient temperature and stirred for 3 h. The reaction was diluted with
EtOAc (60 mL) and the organic phase was washed with saturated aqueous
NH4Cl (30 mL), 5% aqueous NaHCO3 (30 mL), brine (30 mL), and dried
over Na2SO4. The solvent was removed in vacuo and the residue was
purified by flash column chromatography (silica gel, 30!60% EtOAc in
hexanes, gradient elution) to afford tripeptide 72 (1.12 g, 90%). 72 : Rf�
0.47 (silica gel, 80 % EtOAc in hexanes); [a]22


D ��21.7 (c� 0.49, CHCl3);
IR (thin film): nÄmax� 3289, 2950, 1740, 1642, 1510, 1389, 1252 cm-1; 1H NMR
(500 MHz, CDCl3): d� 9.18 (s, 1 H, OH), 8.76-8.72 (m, 2 H, NH), 7.74 (d,
J� 2.0 Hz, 1 H, ArH), 7.48 (s, 1H, ArH), 7.24 (d, J� 8.0 Hz, 1H, ArH),
7.16 ± 7.14 (m, 2 H, ArH), 6.84 (d, J� 9.0 Hz, 1 H, ArH), 6.79 (d, J� 8.5 Hz,
2H, ArH), 6.53 (d, J� 8.7 Hz, 2 H, ArH), 5.47 (d, J� 8.0 Hz, 1 H, CH),
4.35 ± 4.25 (m, 1H, CHCH2), 3.88 (br. s, 2 H, NCH2), 3.79 (s, 3H, OCH3),
3.61 (s, 2H, CH2CO), 3.55 (br. s, 2H, NCH2), 3.31 (s, 3H, OCH3), 2.93 ± 2.79
(m, 2 H, CHCH2), 2.02 (br. s, 4H, NCH2CH2); 13C NMR (125 MHz, CDCl3):
d� 172.0, 170.0, 169.0, 157.1, 155.2, 144.0, 138.3, 133.7, 132.0, 131.7, 130.3,
130.0, 128.8, 128.5, 126.0, 121.1, 120.0, 118.9, 118.0, 115.7, 111.1, 56.4, 55.8,
53.2, 52.5, 51.0, 47.0, 42.3, 38.5, 24.0, 23.5; HRMS (FAB) calcd for
C31H33BrIN5O6Cs [M�Cs�] 909.9713, found 909.9743.


C-O-D ring system 73 : To a solution of tripeptide 72 (78 mg, 0.10 mmol)
and CuBr ´ Me2S (84 mg, 0.29 mmol) in degassed acetonitrile (10 mL) were
added K2CO3 (33 mg, 0.24 mmol) and pyridine (25 mL, 0.30 mmol). The
resulting mixture was heated to reflux and stirred for 36 h. The reaction
mixture was cooled to 25 8C and filtered through celite. The celite was
washed thoroughly with EtOAc (3� 20 mL) and the combined filtrate was
washed with H2O (20 mL), brine (20 mL) and dried over Na2SO4. The
solvent was removed in vacuo and the residue was subjected to flash
column chromatography (silica gel, 30!60% EtOAc in hexanes, gradient
elution) to afford compound 73 (47 mg, 67 %), 73 epimer (4 mg, 6%), and
recovered tripeptide 72 (8 mg, 10%). 73 : Rf� 0.28 (silica gel, 80% EtOAc
in hexanes); [a]22


D �ÿ46.2 (c� 1.0, THF); IR (thin film): nÄmax� 3285, 2948,
2874, 1744, 1644, 1506, 1487, 1212 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
7.42 (d, J� 2.7 Hz, 1H), 7.37 (d, J� 10.2 Hz, 1H), 7.31 (dd, J� 10.5,
2.6 Hz, 1 H, ArH), 7.22 (dd, J� 10.4, 3.1 Hz, 1 H, ArH), 7.13 (dd, J� 10.5,
2.7 Hz, 1H, ArH), 6.99 (dd, J� 10.3, 2.1 Hz, 1 H, ArH), 6.84 (dd, J� 12.7,
2.7 Hz, 1H, ArH), 6.79 (dd, J� 7.8, 2.3 Hz, 1H, ArH), 6.78 (d, J� 10.5 Hz,
1H, ArH), 6.64 (d, J� 2.2 Hz, 1 H, ArH), 6.15 (d, J� 8.6 Hz, 1 H, ArH),
5.68 (d, J� 11.3 Hz, 1 H), 5.24 (d, J� 8.7 Hz, 1H), 4.79 ± 4.68 (m, 1 H), 3.90-
3.70 (m, 4 H, NCH2), 3.87 (s, 3 H, OCH3), 3.76 (s, 3H, OCH3), 3.56 (d, J�
18.3 Hz, 1H), 3.38 (d, J� 18.3 Hz, 1H), 3.24 (dd, J� 16.9, 5.9 Hz, 1 H), 2.53
(dd, J� 16.8, 13.3 Hz, 1H), 2.03 (br. s, 4 H, NCH2CH2); 13C NMR
(100 MHz, CDCl3): d� 172.9, 172.7, 170.5, 167.4, 159.5, 156.7, 155.5,
140.7, 139.3, 134.5, 133.6, 132.6, 130.2, 129.8, 123.8, 123.2, 122.8, 119.6, 116.4,
116.2, 111.9, 71.6, 69.8, 56.2, 55.8, 54.4, 52.8, 43.0, 36.3, 24.8, 19.3; HRMS
(FAB) calcd for C31H32IN5O6Cs [M�Cs�] 830.0452, found 830.0438.


C-O-D template 74 : A solution of compound 73 (80 mg, 0.11 mmol) in
THF (1 mL) was treated with TFA (20 mL, 0.25 mmol) at 25 8C. After
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stirring for 15 min, Cu2O (83 mg, 0.55 mmol) was added and the resulting
mixture was heated at reflux for 1 h. After cooling to 25 8C, the reaction
mixture was filtered through a pad of celite with thorough washing
(EtOAc). The solvent was removed in vacuo and the residue was purified
by flash column chromatography (silica gel, 20!40 % EtOAc in hexanes,
gradient elution) to give product 74 (59 mg, 90 %). 74 : Rf� 0.55 (silica gel,
70% EtOAc in hexanes); [a]22


D �ÿ55.8 (c� 2.8, THF); IR (thin film)
nÄmax� 3331, 3060, 1741, 1649, 1591, 1504, 1440, 1231, 1169, 1030, 755 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.41 (d, J� 2.0 Hz, 1 H, ArH), 7.32 ± 7.27
(m, 2H, ArH), 7.19 ± 7.16 (m, 1H, ArH), 7.12 (dd, J� 8.0, 2.0 Hz, 1H, ArH),
7.01 ± 6.95 (m, 2H, ArH), 6.84 (d, J� 7.5 Hz, 1 H, ArH), 6.78 (d, J� 8.0 Hz,
1H, ArH), 5.88 (d, J� 8.5 Hz, 1 H, ArH), 6.56 (s, 1H), 6.20 (d, J� 6.5 Hz,
1H, NH), 5.88 (d, J� 8.5 Hz, 1 H, NH), 5.27 (d, J� 7.0 Hz, 1H, CH), 4.72 ±
4.70 (m, 1H, CH), 3.89 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 3.60 (d, J�
12.0 Hz, CHH, 1 H), 3.41 (d, J� 12.0 Hz, CHH, 1H), 3.23 (dd, J� 13.0,
10.0 Hz, CHH, 1 H), 2.68 (dd, J� 13.0, 11.5 Hz, CHH, 1H); 13C NMR
(125 MHz, CDCl3): d� 170.8, 169.2, 168.6, 160.6, 157.4, 154.6, 137.3, 136.1,
132.3, 131.4, 130.7, 128.9, 128.3, 127.8, 121.8, 121.2, 121.0, 115.0, 114.8, 113.2,
110.0, 55.2, 54.0, 52.5, 51.1, 41.7, 34.6; HRMS (FAB) calcd for C27H25I-
N2O6Cs [M�Cs�] 732.9812, found 732.9831.


Boronic acid 53 : A stirred solution of alcohol 56 (370 mg, 2.2 mmol) in
benzene (4 mL) at 0 8C was treated with nBuLi (1.6m in hexanes, 3.0 mL,
4.8 mmol). The resulting solution was stirred for 2 h, and then it was cooled
to ÿ78 8C. THF (8.0 mL) was added, followed by freshly distilled B(OMe)3


(1.3 mL, 11.0 mmol). The reaction mixture was slowly warmed to 25 8C and
stirred at that temperature for 6 h. The reaction was quenched by the
addition of 5% aqueous HCl (5 mL) and the resulting mixture was diluted
with EtOAc (25 mL). The organic phase was washed with H2O (2� 15 mL),
brine (15 mL) and dried over Na2SO4. The solvent was removed in vacuo
and the residue was subjected to flash column chromatography (silica gel,
10!40% EtOAc in hexanes, gradient elution) to afford boronic acid
derivative 53 (172 mg, 46%). 53 : Rf� 0.27 (silica gel, 50 % EtOAc in
hexanes); IR (thin film): nÄmax� 3388, 2927, 1765, 1693, 1555, 1149, 1108,
1087 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 6.31 (d, J� 0.7 Hz, 1H, ArH),
6.23 (d, J� 0.7 Hz, 1H, ArH), 4.87 (s, 2 H, OCH2), 3.76 (s, 3H, OCH3), 3.71
(s, 3 H, OCH3); 13C NMR (125 MHz, CDCl3): d� 164.4, 164.2, 162.5, 157.4,
104.3, 96.9, 70.5, 55.1, 54.9; HRMS (FAB) calcd for C9H11BO4Na [M�Na�]
193.0787, found 193.0791.


Biaryl atropisomers 75 and 79 : Iodide 74 (1.98 g, 3.3 mmol) was dissolved in
toluene (30 mL). To the resulting solution were added sequentially
Pd(Ph3P)4 (381 mg, 0.33 mmol), boronic acid 53 (1.28 g, 6.6 mmol) dis-
solved in MeOH (3 mL), and aqueous Na2CO3 (350 mg, 3.3 mmol) at 25 8C.
The reaction mixture was stirred vigorously for 5 min and then it was
heated at 90 8C for 2 h. The reaction mixture was diluted with EtOAc
(60 mL) and washed with H2O (30 mL), brine (30 mL), and dried over
Na2SO4. The solvent was removed in vacuo and the residue was subjected
to flash column chromatography (silica gel, 40!80 % EtOAc in hexanes,
gradient elution) to afford two atropisomers 75 (845 mg, 40%) and 79
(845 mg, 40 %). 75 : Rf� 0.28 (silica gel, EtOAc); [a]22


D ��29.1 (c� 0.26,
CHCl3); IR (thin film): nÄmax� 3324, 2944, 1734, 1652, 1601, 1508, 1437, 1237,
1149 cmÿ1; 1H NMR (600 MHz, CDCl3): d� 7.31 (dd, J� 6.2, 2.1 Hz, 1H),
7.26 (d, J� 8.0 Hz, 1 H), 7.14 ± 7.06 (m, 3 H), 6.95 (d, J� 8.5 Hz, 1H), 6.89 (d,
J� 2.3 Hz, 1H), 6.81 (d, J� 7.5 Hz, 1H), 6.78 (dd, J� 6.1, 2.1 Hz, 1H), 6.70
(d, J� 2.3 Hz, 1H), 6.59 (dd, J� 5.7, 2.5 Hz, 1H), 6.52 (s, 1H), 6.47 (d, J�
2.4 Hz, 1H), 6.14 (d, J� 6.9 Hz, 1H), 5.87 (d, J� 8.9 Hz, 1H), 5.30 (d, J�
6.9 Hz, 1 H, CH), 4.80-4.76 (m, 1 H, CHCH2), 4.31 (d, J� 12.1 Hz, 1H), 4.25
(d, J� 12.1 Hz, 1H), 3.85 (s, 3H, OCH3), 3.73 (s, 3H, OCH3), 3.73 (s, 3H,
OCH3), 3.58 (d, J� 16.5 Hz, 1 H), 3.38 (d, J� 16.5 Hz, 1H), 3.55 (s, 3H,
OCH3), 3.22 (dd, J� 13.5, 4.8 Hz, 1H), 2.59 (dd, J� 13.5, 10.3 Hz, 1H);
13C NMR (150 MHz, CDCl3): d� 171.4, 169.5, 169.0, 161.2, 160.4, 157.8,
157.1, 157.0, 141.1, 136.3, 132.5, 132.3, 132.1, 131.3, 129.9, 128.3, 127.3, 125.6,
123.8, 122.7, 121.0, 117.7, 117.4, 117.3, 111.6, 104.4, 98.3, 63.6, 57.3, 55.7, 55.6,
55.3, 53.3, 52.5, 43.4, 38.4; HRMS (FAB) calcd for C36H36N2O9Cs [M�Cs�]
773.1475, found 773.1447. 79 : Rf� 0.23 (silica gel, EtOAc); [a]22


D ��48.5
(c� 0.40, CHCl3); IR (thin film): nÄmax� 3332, 1738, 1646, 1603, 1501, 1436,
1237, 1145 cmÿ1; 1H NMR (600 MHz, CDCl3/CD3OD, 1:1): d� 7.41 (s, 1H),
7.21 ± 7.18 (m, 2 H, ArH), 7.12 ± 7.11 (m, 1 H, ArH), 7.00 ± 6.97 (m, 2 H, ArH),
6.93 ± 6.90 (m, 2 H, ArH), 6.78 (d, J� 7.7 Hz, 1 H, ArH), 6.68 (d, J� 2.3 Hz,
1H, ArH), 6.62 ± 6.61 (m, 1 H, ArH), 6.46 ± 6.41 (m, 2 H, ArH), 6.27 (s, 1H,
ArH), 5.27 (d, J� 6.5 Hz, 1 H, CH), 4.67 ± 4.63 (m, 1H, CHCH2), 4.05 (d,
J� 13.2 Hz, 1H), 3.86 (d, J� 13.2 Hz, 1H), 3.82 (s, 3H, OCH3), 3.68 (s, 3H,


OCH3), 3.67 (s, 3 H, OCH3), 3.63 (s, 3H, OCH3), 3.43 (d, J� 14.9 Hz, 1H),
3.36 (d, J� 14.9 Hz, 1H), 3.30 ± 3.26 (m, 1H), 3.17 (dd, J� 13.8, 5.5 Hz,
1H), 2.89 ± 2.85 (m, 1 H); 13C NMR (150 MHz, CDCl3/CD3OD, 1:1): d�
172.4, 171.6, 170.5, 162.0, 161.5, 158.4, 158.3, 157.1, 142.4, 137.0, 133.4,
133.1, 131.8, 131.7, 130.7, 129.3, 128.3, 126.4, 124.1, 123.3, 122.4, 118.5, 117.6,
116.8, 112.0, 104.8, 98.4, 62.8, 58.0, 56.5, 56.4, 56.0, 54.2, 54.1, 53.1, 44.1;
HRMS (FAB) calcd for C36H36N2O9Cs [M�Cs�] 773.1475, found 773.1495.


Azide 76 : To a solution of alcohol 75 (367 mg, 0.55 mmol) dissolved in THF
(5 mL) at 0 8C were sequentially added triphenylphosphane (721 mg,
2.75 mmol), DEAD (435 mL, 2.75 mmol), and hydrazoic acid (HN3)
(118 mg in 0.5 mL of toluene, 2.75 mmol) [Caution : hydrazoic acid is toxic
and explosive!]. The reaction was allowed to reach 25 8C and stirred for 1 h.
The solution was diluted with brine (5 mL) and extracted with EtOAc (3�
10 mL). The organic layer was washed with H2O (10 mL), brine (10 mL),
and dried over Na2SO4. The solvent was removed in vacuo and the residue
was subjected to flash column chromatography (silica gel, 20!50%
EtOAc in hexanes, gradient elution) to give azide 76 (252 mg, 69 %). 76 :
Rf� 0.60 (silica gel, EtOAc); [a]22


D ��23.2 (c� 0.31, CHCl3); IR (thin
film): nÄmax� 3334, 2938, 2099, 1738, 1651, 1601, 1505, 1442, 1237, 1154,
1038 cmÿ1; 1H NMR (600 MHz, CDCl3): d� 7.31 (dd, J� 8.5, 2.2 Hz, 1H,
ArH), 7.26 ± 7.22 (m, 1H, ArH), 7.14 ± 7.07 (m, 3H, ArH), 6.95 (d, J�
8.5 Hz, 1H, ArH), 6.89 (d, J� 7.8 Hz, 1H, ArH), 6.82 (d, J� 7.5 Hz, 1H,
ArH), 6.79 (dd, J� 8.2, 2.2 Hz, 1 H, ArH), 6.61 ± 6.56 (m, 3 H), 6.49 (d, J�
2.4 Hz, 1 H, ArH), 6.05 (d, J� 7.3 Hz, 1H), 5.85 (d, J� 8.9 Hz, 1H), 5.35 (d,
J� 7.3 Hz, 1H, CH), 4.82-4.75 (m, 1H, CHCH2), 4.11 (d, J� 13.8 Hz, 1H),
4.07 (d, J� 13.8 Hz, 1H), 3.85 (s, 3H, OCH3), 3.75 (s, 3H, OCH3), 3.72 (s,
3H, OCH3), 3.62 (d, J� 16.8 Hz, 1 H), 3.41 (d, J� 16.8 Hz, 1H), 3.53 (s, 3H,
OCH3), 3.25 (dd, J� 13.5, 4.7 Hz, 1H, CHCH2), 2.55 (dd, J� 13.5, 10.5 Hz,
1H, CHCH2); 13C NMR (150 MHz, CDCl3): d� 172.1, 170.5, 169.8, 162.2,
161.2, 159.0, 158.1, 157.8, 137.3, 137.2, 133.3, 133.2, 133.1, 132.3, 130.8, 129.6,
128.2, 125.9, 124.8, 123.7, 121.7, 119.1, 118.7, 118.3, 112.3, 105.5, 99.5, 58.1,
56.5, 56.4, 56.2, 54.3, 53.9, 53.4, 44.2, 39.5; HRMS (FAB) calcd for
C36H35N5O8Cs [M�Cs�] 798.1540, found 798.1562.


Azide 80 : Azide 80 was similarly prepared from 79 according to the above
procedure in 69 % yield. 80 : Rf� 0.46 (silica gel, EtOAc); [a]22


D ��51.3
(c� 0.24, CHCl3); IR (thin film): nÄmax� 3328, 2929, 2100, 1741, 1648, 1601,
1505, 1444, 1343 cmÿ1; 1H NMR (600 MHz, CDCl3): d� 7.35 (dd, J� 8.3,
2.0 Hz, 1H, ArH), 7.22 (d, J� 6.1 Hz, 1 H), 7.19 ± 7.16 (m, 2H), 7.06 (dd, J�
8.1, 2.1 Hz, 1H), 6.96 (d, J� 7.5 Hz, 1H), 6.83 (d, J� 7.5 Hz, 1H), 6.70 (dd,
J� 8.2, 2.2 Hz, 1H), 6.60 (s, 1 H), 6.54 (d, J� 2.3 Hz, 2 H), 6.51 (d, J�
2.3 Hz, 1 H), 6.30 (dd, J� 8.2, 2.5 Hz, 1 H), 6.16 (d, J� 6.3 Hz, 1 H), 5.79 (d,
J� 9.4 Hz, 1 H), 5.28 (d, J� 6.3 Hz, 1 H, CH), 4.88 ± 4.83 (m, 1H, CHCH2),
3.86 (s, 3 H, OCH3), 3.85 (d, J� 14.0 Hz, 1 H), 3.66 (d, J� 14.0 Hz, 1H), 3.77
(s, 3H, OCH3), 3.74 (s, 3H, OCH3), 3.70 (s, 3H, OCH3), 3.62 (d, J� 16.7 Hz,
1H), 3.39 (d, J� 16.7 Hz, 1H), 3.29 (dd, J� 13.3, 4.4 Hz, 1 H, CHCH2), 3.40
(dd, J� 13.3, 11.8 Hz, 1 H, CHCH2); 13C NMR (150 MHz, CDCl3): d�
172.4, 170.3, 169.9, 162.0, 161.2, 158.9, 158.5, 158.3, 137.3, 137.2, 133.6,
133.0, 131.9, 131.8, 130.9, 129.8, 127.3, 126.3, 124.9, 123.6, 121.9, 119.5, 119.0,
118.5, 112.2, 105.7, 99.2, 58.4, 56.6, 56.5, 56.3, 54.2, 53.5, 53.3, 44.6, 39.8;
HRMS (FAB) calcd for C36H35N5O8Cs [M�Cs�] 798.1540, found 798.1566.


AB/C-O-D bicyclic system 83 : To a solution of ester 76 (520 mg,
0.75 mmol) in THF/H2O (1:1, 7.5 mL) at 0 8C was added anhydrous LiOH
(27 mg, 1.13 mmol), and the resulting mixture was stirred at that temper-
ature for 0.5 h. The reaction mixture was diluted with H2O (10 mL) and
acidified with citric acid to pH 4 at 0 8C. The mixture was extracted with
EtOAc (3� 10 mL) and the combined organic layers were washed with
H2O (15 mL), brine (15 mL), and dried over Na2SO4. The solvent was
removed in vacuo and the crude product 77 was taken into the next step
without further purification. To a stirred solution of acid 77 (39 mg,
0.06 mmol) in CH2Cl2 (0.6 mL) at 25 8C were sequentially added DCC
(15 mg, 0.072 mmol), 4-DMAP (1.5 mg, 0.012 mmol), and pentafluorophe-
nol (22 mg, 0.12 mmol). After stirring for 1 h at 25 8C, the reaction mixture
was filtered through a pad of celite, concentrated, and the crude product
was taken directly to the next step. To a stirred mixture of freshly distilled
dioxane (30 mL) containing 10% Pd/C (5 mg), absolute EtOH (1.5 mL),
and 4-pyrrolidinopyridine (27 mg, 0.18 mmol) at 90 8C was added, over a
period of 1.5 h, a solution of the crude pentafluorophenol ester in
cyclohexene (4 mL) and dioxane (10 mL). After the addition was
completed, the reaction mixture was allowed to stir at 90 8C for an
additional 5 h, after which time it was cooled to 25 8C and filtered through a
pad of celite. The celite was washed thoroughly with EtOAc (2� 15 mL),
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the combined filtrate was concentrated under reduced pressure and the
residue was subjected to flash column chromatography (silica gel, 0!5%
MeOH in CHCl3, gradient elution) to give compounds 83 (46 mg, 10%)
and 83-(6-epi) (91 mg, 20%). 83 : Rf� 0.16 (silica gel, 5 % MeOH in
CHCl3); [a22


D ]��8.20 (c� 0.30, CHCl3); IR (thin film): nÄmax� 3349, 2916,
1661, 1650, 1603, 1582, 1487, 1455, 1255, 1022 cmÿ1; 1H NMR (600 MHz,
CDCl3, 323 K): d� 7.90 (d, J� 7.2 Hz, 1H), 7.34 (d, J� 7.9 Hz, 1 H), 7.23 ±
7.21 (m, 1 H), 7.11 ± 7.08 (m, 3 H), 7.03 ± 6.99 (m, 4 H), 6.79 (d, J� 6.4 Hz,
1H), 6.75 (s, 1 H), 6.52 (s, 1 H), 6.49 (s, 1 H), 5.79 (br. s, 1H), 5.51 (br. s, 1H),
5.45 (d, J� 11.7 Hz, 1H), 4.84 (d, J� 4.8 Hz, 1H), 4.09 ± 4.05 (m, 1H),
3.95 ± 3.93 (m, 1 H), 3.84 (s, 3H, OCH3), 3.74 (s, 3H, OCH3), 3.68 (s, 3H,
OCH3), 3.52 ± 3.42 (m, 3H), 2.52 ± 2.48 (m, 1 H); 13C NMR (125 MHz,
CDCl3): d� 172.8, 172.5, 168.1, 160.6, 160.0, 158.3, 156.8, 155.0, 136.8,
136.3, 134.1, 132.9, 132.4, 130.8, 129.5, 129.3, 128.7, 126.2, 124.3, 122.4, 122.3,
119.7, 115.5, 112.8, 112.4, 107.6, 98.2, 55.8, 55.7, 55.2, 54.1, 45.4, 42.2, 35.2,
29.4; HRMS (FAB) calcd for C35H33N3O7Cs [M�Cs�] 740.1373, found
740.1401. 83-(6-epi): Rf� 0.21 (silica gel, 5 % MeOH in CHCl3); [a]22


D �
ÿ53.0 (c� 0.37, CHCl3); IR (thin film): nÄmax� 3263, 2923, 1724, 1644, 1501,
1459, 1268, 1119, 1066, 1019 cmÿ1; 1H NMR (600 MHz, CDCl3, 323 K): d�
7.46 (dd, J� 8.4, 6.1 Hz, 1H, ArH), 7.19-7.16 (m, 1 H, ArH), 7.11 (dd, J� 8.3,
1.9 Hz, 1 H, ArH), 7.01 (dd, J� 8.1, 2.1 Hz, 1H, ArH), 6.98 (dd, J� 6.5,
3.9 Hz, 1 H, ArH), 6.98 ± 6.97 (br. s, 1H, NH), 6.93 (dd, J� 8.3, 2.1 Hz, 1H,
ArH), 6.88 (d, J� 8.4 Hz, 1 H, ArH), 6.82 (dd, J� 8.2, 2.1 Hz, 1 H, ArH),
6.77 (d, J� 2.4 Hz, 1 H, ArH), 6.66 (d, J� 7.5 Hz, 1H, ArH), 6.57 (d, J�
2.3 Hz, 1H, ArH), 6.54 (d, J� 2.3 Hz, 1 H, ArH), 6.04 (s, 1 H, ArH), 5.65
(br. s, 1H, NH), 5.50 (d, J� 8.6 Hz, 1H, CH), 5.39 (d, J� 9.3 Hz, 1H, NH),
4.35-4.31 (m, 1H, CHCH2), 3.97 (dd, J� 12.9, 5.1 Hz, 1H, CH2N), 3.87 (s,
3H, OCH3), 3.68 (s, 3H, OCH3), 3.66 (s, 3 H, OCH3), 3.46 (dd, J� 12.9,
2.3 Hz, 1H, CH2N), 3.35 (d, J� 14.6 Hz, 1 H), 3.31 (d, J� 14.6 Hz, 1 H), 2.98
(dd, J� 13.4, 4.3 Hz, 1H, CHCH2), 2.75 ± 2.71 (m, 1 H, CHCH2); 13C NMR
(150 MHz, CDCl3): d� 173.3, 171.6, 170.2, 161.2, 160.0, 158.6, 155.3, 139.6,
138.1, 137.0, 134.4, 133.1, 132.9, 132.2, 131.7, 130.4, 128.3, 125.9, 124.0, 122.9,
122.0, 121.8, 117.4, 113.4, 112.1, 108.6, 99.4, 56.9, 56.6, 56.3, 55.5, 46.4, 43.8,
35.2, 30.5; HRMS (FAB) calcd for C35H34N3O7 [M�H�] 608.2397, found
608.2416.
Bicyclic systems 84 and 84-(6-epi): Compounds 84 and 84-(6-epi) were
similarly prepared from compound 80 according to the above procedure in
10% and 20 % yield, respectively. 84 : Rf� 0.31 (silica gel, 5% MeOH in
CHCl3); [a]22


D �ÿ31.5 (c� 0.20, CHCl3); IR (thin film): nÄmax� 2919, 2848,
1725, 1640, 1605, 1504, 1459, 1228, 1152, 1092 cmÿ1; 1H NMR (600 MHz,
CDCl3, 323 K): d� 7.29 (dd, J� 8.1, 2.0 Hz, 1 H, ArH), 7.22 (d, J� 6.3 Hz,
1H, ArH), 7.20 (dd, J� 8.8, 2.3 Hz, 1H, ArH), 7.08 (d, J� 8.1 Hz, 1H,
ArH), 7.05-7.03 (m, 3 H, ArH), 6.81 (dd, J� 8.1, 2.4 Hz, 1H, ArH), 6.94 (d,
J� 8.7 Hz, 1 H, ArH), 6.78 (d, J� 7.2 Hz, 1H, ArH), 6.57 (d, J� 2.0 Hz, 1H,
ArH), 6.48 (d, J� 2.0 Hz, 1 H, ArH), 6.32 (br. s, 1H, ArH), 5.78 (br. s, 1H,
ArH), 5.65 ± 5.62 (m, 1H, NH), 5.12 (m, 1H, NH), 5.04 (d, J� 5.8 Hz, 1H,
CH), 4.30 ± 4.20 (m, 1 H, CH2), 4.16 (ddd, J� 13.2, 11.4, 2.7 Hz, 1H, CH),
3.74 (dd, J� 14.9, 5.9 Hz, 1 H, CH2), 3.72 (dd, J� 12.0, 2.7 Hz, 1 H, CH2),
3.81 (s, 3H, OCH3), 3.65 (s, 3H, OCH3), 3.57 (d, J� 15.0 Hz, 1 H, CH2CO),
3.45 (d, J� 15.0 Hz, 1 H, CH2CO), 3.47 (s, 3H, OCH3), 2.47 (dd, J� 13.2,
12.0 Hz, 1H, CH2); 13C NMR (150 MHz, CDCl3, 323 K): d� 171.3, 170.7,
169.1, 160.9, 160.0, 158.1, 156.9, 154.1, 137.7, 136.6, 135.5, 134.4, 132.9, 130.5,
130.0, 129.1, 125.6, 123.4, 122.1, 121.1, 119. 7, 116.9, 114.1, 112.4, 111.9, 108.2,
99.2, 56.8, 56.6, 56.1, 55.1, 49.2, 43.6, 43.4, 35.0; HRMS (FAB) calcd for
C35H33N3O7Cs [M�Cs�] 740.1373, found 740.1398. 84-(6-epi): Rf� 0.35
(silica gel, 5% MeOH in CHCl3); [a]22


D �ÿ11.1 (c� 0.27, CHCl3); IR (thin
film): nÄmax� 3318, 2919, 2849, 1650, 1544, 1503, 1450, 1233, 1151 cmÿ1;
1H NMR (600 MHz, CDCl3, 323 K): d� 7.23-7.20 (m, 2H, ArH), 7.17 (dd,
J� 8.6, 2.4 Hz, 1 H, ArH), 7.12 (d, J� 2.4 Hz, 1 H, ArH), 7.03 (dd, J� 10.5,
2.2 Hz, 1 H, ArH), 7.00 (d, J� 8.6 Hz, 1 H, NH), 7.00 ± 6.96 (m, 1H, ArH),
6.88 (d, J� 8.6 Hz, 1 H, ArH), 6.83 (d, J� 7.5 Hz, 1 H, ArH), 6.62-6.57 (m,
3H, 1 NH, 2 ArH), 6.50 (d, J� 2.3 Hz, 1 H, ArH), 6.42 (d, J� 2.3 Hz, 1H,
ArH), 6.01 (s, 1H, ArH), 5.72 (d, J� 8.6 Hz, 1H, CH), 5.60 (d, J� 9.7 Hz,
1H, NH), 4.52 (dd, J� 14.8, 10.3 Hz, 1 H, CH2N), 4.41-4.36 (m, 1H,
CHCH2), 3.78 (s, 3 H, OCH3), 3.66 (s, 3 H, OCH3), 3.65 (d, J� 14.5 Hz, 1H),
3.52 (d, J� 14.5 Hz, 1 H), 3.55 (dd, J� 14.8, 2.5 Hz, 1 H, CH2N), 3.45 (s, 3H,
OCH3), 3.46-3.43 (m, 1 H, CHCH2), 2.50 ± 2.48 (m, 1H, CHCH2); 13C NMR
(100 MHz, CDCl3): d� 171.2, 170.7, 169.1, 160.8, 160.0, 158.5, 157.1, 156.9,
154.1, 137.7, 136.6, 134.3, 132.6, 132.4, 130.0, 129.1, 125.6, 124.8, 123.1, 122.1,
121.0, 119.6, 116.9, 112.4, 111.9, 106.6, 98.3, 55.8, 55.6, 55.3, 54.2, 49.2, 43.6,
43.3, 35.0; HRMS (FAB) calcd for C35H33N3O7Cs [M�Cs�] 740.1373,
found 740.1396.


General procedure for the asymmetric Suzuki coupling (Table 3): To a
stirred solution of Pd(OAc)2 (2.2 mg, 0.01 mmol) in toluene at ambient
temperature was added the specified ligand (0.03 mmol), and the resulting
solution was heated at 50 8C for 1 h. Iodide 62 (19 mg, 0.05 mmol) in
toluene (1 mL), boronic acid 53 (19 mg, 0.1 mmol) in MeOH (300 mL), and
Na2CO3 (7.4 mg, 0.07 mmol) in H2O (70 mL) were added sequentially. The
reaction mixture was heated at the indicated temperature for specified
period of time and then it was cooled to 25 8C and diluted with EtOAc
(3 mL). The organic layer was washed with 5 % aqueous NaHCO3 (3 mL),
brine (3 mL), and dried (Na2SO4). The solvent was removed under reduced
pressure and the products were isolated by preparative thin-layer
chromatography (PTLC) as a mixture of atropisomers 85 and 86 in the
indicated yields.
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Total Synthesis of VancomycinÐPart 2: Retrosynthetic Analysis, Synthesis of
Amino Acid Building Blocks and Strategy Evaluations


K. C. Nicolaou,* Christopher N. C. Boddy, Hui Li, Alexandros E. Koumbis,
Robert Hughes, Swaminathan Natarajan, Nareshkumar F. Jain, Joshi M. Ramanjulu,
Stefan Bräse, and Michael E. Solomon[a]


Abstract: Retrosynthetic analysis of
vancomycin (1) defined vancomycin�s
aglycon (2) and protected triazene 3
(Figure 1) as advanced intermediates for
an eventual total synthesis. Sequential
assembly of 3 as shown in Figure 2
(strategy I) and Figure 3 (strategy II)
led to amino acid building blocks 8 ± 10
and 12 ± 15, respectively, representing
vancomycin�s amino acids AA-1 to


AA-7. These amino acid fragments were
constructed by stereoselective routes
and the two synthetic strategies were
tested for feasibility. Strategy I, postu-
lating construction of the vancomycin


main framework in the order of D-O-
E!D-O-E/C-O-D!D-O-E/C-O-D/A-
B, suffered from serious epimerization
problems at the AA-4 stereocenter;
while strategy II, involving the sequence
C-O-D!C-O-D/AB!C-O-D/AB/D-
O-E proved viable. These findings set
the stage for the final drive towards
vancomycin�s aglycon (2) and vancomy-
cin (1).


Keywords: amino acids ´ antibiotics
´ synthetic methods ´ total synthesis
´ vancomycin


Introduction


In the preceding article, we described the design and
development of methodologies which were considered suit-
able for application to the daunting challenge of the total
synthesis of vancomycin (1, Figure 1).[1] Specifically, a tria-
zene-driven mild cyclization method was developed, and its
power was demonstrated in the construction of vancomycin
model C-O-D and D-O-E biaryl ether ring systems.[1, 2]


Furthermore, a strategy for the formation of the AB/C-O-D
bicyclic framework of vancomycin based on sequential Suzuki
coupling ± macrolactamization approach was successfully test-
ed.[1, 3] These technologies laid the foundation for the next
phase of the program, namely, a focused retrosynthetic
analysis, the preparation of the requisite amino acid building
blocks,[4] and the evaluation of possible strategies towards the


construction of the vancomycin main skeleton. In this paper,
we describe our investigations along these lines and project
forward to the next phase of the program.


Results and Discussion


Retrosynthetic analysis


The structure of vancomycin[5] (1) comprises of a complex
polycyclic framework carrying a colorful collection of appen-
dages that includes amino, hydroxy, amido, carboxylic,
phenolic, and chloride groups. The molecule can be divided
into two segments, the vancomycin aglycon (2, Figure 1) and
the disaccharide domain made of a vancosamine unit linked to
a glucose unit through an a-glycoside bond. The disaccharide
moiety is attached to the aglycon through a b-glycoside
linkage at the phenolic group on ring-D. The admirable
architecture of vancomycin presents an agonizing challenge to
synthetic chemists.[6±11] Thus, in addition to the five aromatic
rings of its heptapeptide framework, this diabolical core
carries eight stereogenic centers (plus one on the appended N-
methyl leucine). This structure is also cursed with three sites
of atropisomerism which are associated with the macrocyclic
systems AB, C-O-D, and D-O-E. The latter phenomenon has
its origins in the substitution patterns of the aromatic rings
involved (A, B, C and E) and the congested nature of the
corresponding 12- and 16-membered macrocycles. Overall,
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the vancomycin framework is highly rigid and strained,
providing synthetic chemists additional challenges with re-
gard to its construction. Postponing the issue of transforming
the triazene functionality to a phenolic group and attaching
the sugar moieties onto a suitable acceptor enabled protected
triazene 3 to be defined as the key subtarget for the synthesis
(Figures 2 and 3). The indicated disconnections are discussed
below.


The first retrosynthetic analysis of the basic framework of
the vancomycin aglycon is shown in Figure 2 (Strategy I).
Based on our model studies described in the preceding
paper,[1] we chose the retrosynthetic disconnection at the
indicated amide bond of the AB ring system, unraveling
potential macrolactamization precursor 4. The C-O-D macro-
cycle was then disconnected at the indicated aryl ether
linkage, giving the precursor (5) for the triazene-driven biaryl
ether formation reaction developed as part of this project. The
cyclization substrate 5, upon disconnection at the marked
peptide bond, led to fragments 6 and 7 as the most logical
precursors. Disassembly of intermediate 6 by a retro Suzuki
coupling and a retro peptide bond formation as indicated, led
to key building blocks 8, 9 and 10, respectively. Macrocyclic
system 7 was sequentially disconnected by a retro triazene-
driven cyclization, leading to potential precursor 11, which
was simply disassembled to its component amino acid frag-
ments 12 ± 15 by peptide bond disconnections as shown in
Figure 2. The key question in this analysis was the sequence in
which the macrocyclic rings were to be constructed. More
specifically, while we were confident of the need to have the
C-O-D ring in place in order to facilitate the construction of
the AB ring system (requirement for preorganization), we
had no basis to predict whether the construction of C-O-D
should precede that of the of D-O-E (Figure 2) or vice versa.


An alternative (Strategy II) was, therefore, considered
(Figure 3). Thus, the C-O-D ring would be constructed first by
the triazene-driven cyclization of precursor 20, which should
be accessible from building blocks 10, 12, and 21 (derived
from building blocks 8 and 9). This C-O-D macrocycle should
direct the construction of the C-O-D/AB system 18, which
upon coupling with tripeptide acid 17, should lead to
penultimate precursor 16. Tripeptide 17 could easily be
prepared from amino acid building blocks 13 ± 15. A final
triazene-driven cyclization of compound 16 was then expected
to allow entry into the desired skeleton 3.


Figure 1. Structure and retrosynthetic analysis of vancomycin (1) and
vancomycin�s aglycon (2) (AA-1 to AA-7 represent the seven amino acids
of vancomycin, see numbering on structure 2).


Both strategies start from the same building blocks and are
characterized by high degree of convergence. Both strategies
leave the question of atropisomerism open and at the mercy of
experimentation, even though possible solutions were con-
templated. Such potential solutions included: a) thermal
equilibration of the undesired atropisomers to the desired
ones;[7d] b) temporary use of bulky substituents on the
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Figure 2. Retrosynthetic analysis of protected triazene 3. Strategy I.
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Figure 3. Retrosynthetic analysis of protected triazene 3. Strategy II.
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aromatic nuclei to direct the chlorines to their proper
orientations during ring closure;[12] c) utilization of chiral side
chains within the triazene moiety to direct the ring closures;
and d) use of designed chiral copper ligands to exert influence
on the stereoselectivity during the cyclization process.


In order to charter the final plan and to set the stage for the
next phase of the synthesis, we proceeded to synthesize the
required amino acid building blocks and evaluate the
proposed strategies.


Synthesis of amino acid building blocks


Below, the synthesis of the required (according to Figures 2
and 3) vancomycin amino acid building blocks (8 ± 10 and 12 ±
15) will be discussed.


Amino acid building block 8 (AA-7):[13] Boronic acid deriv-
ative 8 required for the construction of the AA-7 amino acid
building block was synthesized as summarized in Scheme 1.


Scheme 1. Synthesis of amino acid building block 8 (AA-7). a) 1.3 equiv of
nBuLi, 1.5 equiv of CH3P�Ph3Brÿ, THF, ÿ20 8C, 10 h, 91 %; b) AD-b,
1.4 g mmolÿ1, tBuOH/H2O (1:1), 25 8C, 8 h, 96% ee, 92 %; c) 1.0 equiv of
nBu2SnO, toluene, reflux, 1 h; then 1.5 equiv of BnBr, 0.5 equiv of nBu4NI,
70 8C, 2 h, 89 %; d) 2.2 equiv of nBuLi, benzene, 0!25 8C, 2 h; then
3.0 equiv of B(OMe)3, THF, ÿ78!25 8C, 6 h; 5% aq HCl, 55%. Bn�
benzyl.


Thus, commercially available 3,5-dimethoxy benzaldehyde
(22) was converted to terminal olefin 23 by a Wittig
olefination reaction (91 % yield) and the latter compound
(23) was subjected to the Sharpless asymmetric dihydroxyla-
tion reaction[14] (AD-b) to furnish diol 24 in 96 % ee and 92 %
yield of isolated product. Monobenzylation of 24 was
achieved by the action of nBu2SnO to afford a tin acetal
derivative,[15] which upon reaction with BnBr in the presence
of catalytic amount of nBu4NI, led to selective protection of
the terminal hydroxy group in 25, (89 % yield). Directed
lithiation of 25 with 2.2 equivalents of nBuLi,[16] followed by
quenching the intermediate dilithio derivative with freshly
distilled B(OMe)3 and aqueous acidic workup, led to the
desired boronic acid 8 in 55 % overall yield.


Amino acid building block 9 (AA-5):[17] The vancomycin AA-
5 building block equivalent, compound 9, was prepared from
commercially available (d)-4-hydroxyphenylglycine 26, as
shown in Scheme 2. Thus, mild esterification of 26 in methanol


NH2
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NHBoc
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a.TMSCl,
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9


b. Boc2O d. I2


c. MeI


B


Scheme 2. Synthesis of amino acid building block 9 (AA-5). a) 2.1 equiv of
TMSCl, MeOH, 25 8C, 15 h, 98 %; b) 1.1 equiv of Boc2O, 4.0 equiv of
K2CO3, dioxane/H2O (1:1), 25 8C, 4 h, 95%; c) 2.0 equiv of MeI, 4.0 equiv
of K2CO3, DMF, 25 8C, 6 h, 93 %; d) 1.2 equiv of I2, 2.2 equiv of
CF3COOAg, CHCl3, 25 8C, 12 h, 90%. TMS� trimethylsilyl ; Boc� tert-
butoxycarbonyl; DMF� dimethylformamide.


proceeded at ambient temperature under the influence of
TMSCl[18] to afford methyl ester 27 in 98 % yield. Protection
of the amino group in 27 with Boc2O in the presence of K2CO3


furnished derivative 28 (95 % yield), which upon treatment
with K2CO3 and MeI led to fully protected compound 29 in
93 % yield. Finally, regioselective iodination of 29 was
effected by I2 in the presence of CF3COOAg, furnishing the
desired amino acid building block 9 in 90 % yield.


Amino acid building block 10 (AA-6):[19] An expedient route
to building block 10 (AA-6) took advantage of the recently
disclosed Sharpless asymmetric aminohydroxylation reac-
tion,[20] as shown in Scheme 3. The required starting material
for this reaction, cinnamate 32, was obtained from p-
hydroxybenzaldehyde (30) by benzylation (K2CO3, BnBr,
KI cat., 98 % yield), followed by reaction with the anion
derived from (EtO)2P(O)CH2COOEt (KOH, 95 % yield).
Substrate 32 entered the Sharpless asymmetric aminohydrox-
ylation reaction [NaOH, BnOCONH2, tBuOCl,
(DHQD)2AQN, K2OsO2(OH)4, nPrOH/H2O (1:1)], afford-
ing directly amino alcohol 33 in its Cbz-protected form in
45 % yield and 87 % ee. The undesired enantiomer was
removed later in the sequence upon formation of diaster-
eomers (vide infra). The hydroxy group in 33 was then
protected as its TBS ether (TBSOTf, 2,6-lutidine, 98 % yield),
leading to compound 34, at which stage both the benzyl and
benzyloxycarbonyl groups were removed by hydrogenolysis
[H2, 20 % Pd(OH)2/C, 97 % yield] to afford amino phenol 35.
Finally, introduction of the chlorine atom ortho to the phenol
group of 35 was smoothly accomplished through the use of
SO2Cl2,[21] furnishing the desired amino acid building block 10
in 80 % yield.


Amino acid building block 12 (AA-4):[22] The central amino
acid building block 12 (AA-4) was synthesized from p-
aminobenzoic acid (36), as summarized in Scheme 4. The
sequence utilized the Sharpless asymmetric dihydroxylation







Total Synthesis of VancomycinÐPart 2 2602 ± 2621


Chem. Eur. J. 1999, 5, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0509-2607 $ 17.50+.50/0 2607


OBn


HO


NHCbz


OH


TBSO


NH2


Cl
OH


TBSO


NH2


OBn


OEt


O


OR


O


H


OBn


TBSO


NHCbz


OEt


O


OEt


O


OEt


O


OEt


O


d. TBSOTf, 2,6-lutidine


c. Sharpless 
AA


e. H2, Pd(OH)2/C


f. SO2Cl2


32


10


a. BnBr


b. KOH,
(EtO)2(O)PCH2COOEt


33


30: R = H
31: R = Bn


34


35


C


Scheme 3. Synthesis of amino acid building block 10 (AA-6). a) 1.5 equiv
of K2CO3, 1.0 equiv of BnBr, 0.1 equiv of KI, DMF, 25 8C, 12 h, 98%;
b) 1.1 equiv of (EtO)2(O)PCH2COOEt, 1.5 equiv of KOH, THF, 25 8C,
12 h, 95 %; c) 3.0 equiv of NaOH, 3.1 equiv of BnOCONH2, 3.0 equiv of
tBuOCl, 0.05 equiv of (DHQD)2AQN, 0.04 equiv of K2OsO2(OH)4,
nPrOH/H2O (1:1), 25 8C, 12 h, 87 % ee, 45 %; d) 1.1 equiv of TBSOTf,
1.5 equiv of 2,6-lutidine, CH2Cl2, 0 8C, 0.5 h, 98 %; e) H2, 20 % Pd(OH)2/C,
MeOH, 25 8C, 0.5 h, 97 %; f) 1.0 equiv of SO2Cl2, Et2O/CH2Cl2 (1:10), 0 8C,
1 h, 80%. Cbz�benzyloxycarbonyl; TBS� tert-butyldimethylsilyl ; Tf�
trifluoromethanesulfonyl. (DHQD)2AQN� 1,4-bis(dihydroquinidinyl)an-
thraquinone.


reaction to introduce the desired chirality, producing the
targeted intermediate in its naturally occurring form and high
overall yield. Thus, methylation of 36 (SOCl2, MeOH) gave
methyl ester 37 (100 % yield), which upon treatment with
bromine in acetic acid provided dibromide 38 (98 % yield).
Reduction of the ester functionality in 38 with LiAlH4 (95 %
yield), followed by diazotization (HCl, NaNO2, AcOH/H2O)
and reaction of the resulting diazonium salt with pyrrolidine,
furnished triazene 40 via amino alcohol 39 in 75 % overall
yield. Oxidation of 40 (PCC, 88 % yield), followed by Wittig
olefination of the resulting aldehyde 41, furnished styrene
derivative 42 (92 % yield). Asymmetric dihydroxylation of 42
with AD-a in tBuOH/H2O (1:1) led to dihydroxy compound
43 in 95 % ee and 95 % yield. Selective protection of the
primary hydroxy group in the latter compound (43) was
accomplished with TBSCl in the presence of imidazole,
furnishing 44 in 88 % yield. The secondary alcohol function-
ality in the resulting mono-TBS ether 44 was subjected to a
Mitsunobu reaction with diphenylphosphoryl azide (DPPA)
in the presence of Ph3P and DEAD[23] to afford azide 45 in
79 % yield. Accompanied by complete inversion of config-
uration of the secondary alcohol, this reaction set the stage for
the generation of the desired amino group. This task was
accomplished by a mild reduction with Ph3P/H2O[24] at 60 8C,
furnishing compound 46 (78 % yield), which was then
protected with Boc2O in the presence of Et3N to give


Scheme 4. Synthesis of amino acid building block 12 (AA-4). a) 1.0 equiv
of SOCl2, MeOH, reflux, 2 h, 100 %; b) 2.0 equiv of Br2, AcOH, 25 8C,
0.5 h, 98 %; c) 1.5 equiv of LiAlH4, THF, 0 8C, 2 h, 95%; d) 5.0 equiv of 6m
aq HCl, 1.2 equiv of NaNO2, AcOH/H2O (1:1), 0 8C, 0.5 h; then 30 equiv of
KOH, 1.5 equiv of pyrrolidine, 0 8C, 0.5 h, 75 %; e) 1.5 equiv of PCC,
CH2Cl2, 25 8C, 2 h, 88 %; f) 1.4 equiv of nBuLi, 1.5 equiv of CH3P�Ph3Brÿ,
THF, ÿ20 8C, 2 h, 92 %; g) AD-a, 1.4 gmmolÿ1, tBuOH/H2O (1:1), 25 8C,
6 h, 95% ee, 95%; h) 1.1 equiv of TBSCl, 1.5 equiv of imidazole, DMF, 0 8C,
5 h, 88 %; i) 2.5 equiv of Ph3P, 2.5 equiv of DEAD, 2.5 equiv of DPPA, THF,
0 8C, 2 h, 79 %; j) 3.0 equiv of Ph3P, 10.0 equiv of H2O, THF, 60 8C, 3 h, 78%;
k) 1.1 equiv of Boc2O, 3.0 equiv of Et3N, CH2Cl2, 25 8C, 4 h, 95 %;
l) 1.2 equiv of nBu4NF, THF, 0 8C, 2 h, 93 %; m) 1.0 equiv of TEMPO,
3.0 equiv of 5 % aq NaOCl, 0.1 equiv of KBr, 5 % NaHCO3/acetone (1:1),
0 8C, 1 h, 75 %. PCC� pyridinium chlorochromate; DEAD� diethyl
azodicaboxylate; DPPA� diphenylphosphoryl azide; TEMPO� 2,2,6,6-
tetramethyl-1-piperidinyloxy, free radical.


derivative 47 (95 % yield). Finally, fluoride-induced desilyla-
tion of 47 (nBu4NF, 93 % yield) followed by oxidation with
TEMPO and NaOCl led to the desired amino acid derivative
12 (AA-4) in 75 % yield.
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Amino acid building block 13 (AA-3): Amino acid building
block 13 was prepared from the known asparagine-derived
compound 49, as shown in Scheme 5. Thus, asparagine was
converted to the corresponding N-Cbz compound and thence


NHCbz
HO


O


NHDdm


O


NHCbz
MeO


O


NHDdm


O


NH2
MeO


O


NHDdm


O
b. H2


5049 13


a. MeI, K2CO3


Scheme 5. Synthesis of amino acid building block 13 (AA-3). a) 2.0 equiv
of MeI, 2.0 equiv of K2CO3, DMF, 25 8C, 12 h, 70 %; b) H2, 20% Pd(OH)2/
C, MeOH, 25 8C, 1 h, 99%. Ddm� 4,4'-dimethoxydiphenylmethyl.


to the dimethoxydiphenyl methyl (Ddm) derivative 49
according to Koenig�s procedure.[25] Methylation of 49
(K2CO3, MeI, 70 % yield), followed by removal of the Cbz
protecting group by hydrogenolysis (H2, 20 % Pd(OH)2/C,
99 % yield), furnished the desired AA-3 building block 13.


Amino acid building block 14 (AA-2):[26] The synthesis of
amino acid building block 14 (Scheme 6) commenced with
ethyl cinnamate 32 (see Scheme 3). The relatively low
reactivity of the double bond of this substrate (32) required
longer reaction time for the Sharpless asymmetric dihydrox-
ylation procedure (AD-b) to give diol 51 in 92 % ee and 79 %
yield. The latter compound (51) was then converted to mono-
nosylate 52 (68 % yield) by the selective action of one equi-
valent of NosCl[10e] in the presence of Et3N. This substrate
underwent smooth SN2 type displacement with NaN3, furnish-
ing azide 53 (90% yield) with complete inversion of config-
uration. Finally, reduction of the azide group in 53, accom-
plished by the action of SnCl2 ´ 2 H2O, resulted in the
formation of the desired amino acid building block 14 (AA-
2) in 90 % yield.


Intermediate 14 was further converted to AA-6 derivative
58 as shown in Scheme 6. Thus, exposure of 14 to phosgene
allowed the formation of cyclic urethane 54 in 93 % yield,
which underwent smooth epimerization exclusively at the a-
center to the ester functionality in the presence of ethanolic
KOH, leading to compound 56 after methylation (K2CO3,
MeI, 87 % overall yield for two steps) of the resulting
carboxylic acid 55. Conversion of 56 to its Boc derivative 57
(Boc2O, 4-DMAP, 53 % yield), followed by selective hydrol-
ysis of the five-membered ring under basic conditions
(Cs2CO3, MeOH, 80 % yield) led to compound 58, demon-
strating an alternative route to such structure from the one
shown in Scheme 3.


Amino acid building block 15 (AA-1): Amino acid building
block 15 (N-methyl leucine Boc derivative, see Scheme 7) is
commercially available.


Evaluation of strategies


With the requisite amino acid building blocks (8 ± 10 and 12 ±
15) in hand, we were at the crossroads to make a decision as to


Scheme 6. Synthesis of amino acid building block 14 (AA-2) and precursor
58 (for AA-6). a) AD-b, 1.4 gmmolÿ1, 1.0 equiv of MeSO2NH2, tBuOH/
H2O (1:1), 25 8C, 12 h, 92% ee, 79%; b) 1.0 equiv of NosCl, 2.0 equiv of
Et3N, CH2Cl2, 0 8C, 5 h, 68%; c) 1.5 equiv of NaN3, DMF, 55 8C, 12 h, 90%;
d) 2.0 equiv of SnCl2 ´ 2H2O, MeOH, 25 8C, 2 h, 90 %; e) 1.0 equiv of COCl2,
2.0 equiv of pyr., CH2Cl2, ÿ78 8C, 2 h, 93%; f) 1.05 equiv of KOH, EtOH,
reflux, 1 h; g) 1.5 equiv of MeI, 1.0 equiv of K2CO3, DMF, 25 8C, 12 h, 87%
from 54 ; h) 1.1 equiv of Boc2O, 0.15 equiv of 4-DMAP, THF, 25 8C, 2 h,
53%; i) 0.4 equiv of Cs2CO3, MeOH, 25 8C, 2 h, 80 %. Nos� 4-nitro-
benzene sulfonyl; 4-DMAP� 4-dimethylaminopyridine.


which strategy to adopt for their assembly into the desired
heptapeptide skeleton of vancomycin. As a prelude for the
comparison between these two routes, the AA-1/AA-2/AA-3
tripeptide 17 required for both strategies I (Figure 2) and II
(Figure 3) was first prepared from its residues as outlined in
Scheme 7. Thus, coupling of amino alcohol 14 with Boc-
protected N-methyl leucine 15, facilitated by EDC/HOBt,
resulted in the formation of dipeptide 59 (93 % yield), which
was subsequently converted to its carboxylic acid 60, without
significant epimerization, by LiOH in THF/H2O (1:1) at 0 8C
(99 % yield). Attachment of the third amino acid building
block, asparagine derivative 13, was accomplished by EDC/
HOAt induced coupling, leading to tripeptide 61 in 82 %
yield. Protection of the hydroxy group in 61 (TBSOTf, 2,6-
lutidine, 81 % yield) provided TBS ether 62. Hydrogenolysis
of the benzyl group from 62 [H2, 20 % Pd(OH)2/C, 99 % yield]
liberated phenol 63, which was subjected to chlorination at
the ortho position (SO2Cl2) to afford chlorophenol methyl
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Scheme 7. Synthesis of tripeptide 17. a) 3.0 equiv of EDC, 3.3 equiv of
HOBt, THF, 0 8C, 12 h, 93 %; b) 2.0 equiv of LiOH, THF/H2O (1:1), 0 8C,
1 h, 99%; c) 3.0 equiv of EDC, 3.3 equiv of HOAt, THF, 0 8C, 12 h, 82%;
d) 1.3 equiv of TBSOTf, 2.2 equiv of 2,6-lutidine, CH2Cl2, 0 8C, 2 h, 81%;
e) H2, 20% Pd(OH)2/C, MeOH, 25 8C, 1 h, 99 %; f) 1.1 equiv of SO2Cl2,
Et2O, 0 8C, 75 %; g) 4.0 equiv of LiOH, tBuOH/H2O (2:1), 0 8C, 0.5 h, 95%.
HOAt� 1-hydroxy-7-azobenzotriazole; HOBt� 1-hydroxybenzotriazole;
EDC� 1-ethyl-3-(3-dimethylamino)propylcarbodiimide hydrochloride.


ester 64 in 75 % yield. Finally, LiOH-induced saponification of
64 in tBuOH/H2O (2:1) at 0 8C furnished tripeptide acid 17 in
95 % yield without significant epimerization.


Having prepared tripeptide carboxylic acid 17, we proceed-
ed to test the feasibility of Strategy I (Figure 2), in which
construction of the D-O-E macrocycle was to precede that of
the C-O-D ring system. As shown in Scheme 8, central amino
acid derivative 46 (see Scheme 4 for its preparation) was
desilylated with nBu4NF, furnishing amino alcohol 65 (92 %
yield), which upon coupling with tripeptide acid 17 in the
presence of EDC and HOAt, afforded tetrapeptide 66 in 84 %
yield. Cyclization of 66 under the influence of K2CO3, CuBr ´
Me2S, and pyridine in MeCN at reflux led to a separable
mixture of atropisomers 67 a and 67 b (67 a :67 b, ca. 3:1) in
87 % combined yield. NOE studies (Figure 4) revealed that
the major product 67 a had the same chlorine orientation as in
vancomycin. However, the benefit of this favorable atrop-
selectivity did not compensate for the serious epimerization
drawback which was soon to emerge along the sequence.
Thus, the natural chlorine atropisomer (67 a) was then
subjected to TEMPO/NaOCl oxidation, affording the corre-
sponding carboxylic acid (7) in 65 % yield. Attempted
coupling of 7 with amine 6[27] under the influence of EDC
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Scheme 8. Synthesis of D-O-E ring system 7 and further elaboration.
a) 1.1 equiv of nBu4NF, THF, 0 8C, 2 h, 92 %; b) 3.0 equiv of EDC, 3.3 equiv
of HOAt, THF, 0 8C, 10 h, 84 %; c) 3.0 equiv of CuBr ´ Me2S, 3.0 equiv of
K2CO3, 3.0 equiv of pyr., MeCN, reflux, 15 min, 67 a :67b ca. 3:1, 87%
combined yield; d) 1.1 equiv of TEMPO, 0.1 equiv of KBr, 5 % NaHCO3/
acetone (1:1), 3.0 equiv of 5% aqueous NaOCl, 0 8C, 1 h, 65%; e) 3.0 equiv
of EDC, 3.3 equiv of HOAt, THF, ÿ15 8C, 5 h, 72 %, 5 a :5b ca. 2:1 ratio.


and HOAt led to a mixture of two products in 72 % yield (ca.
2:1 ratio). These products were presumed to be the two
epimers 5 a and 5 b at the indicated position (no assignment of
stereochemistry was made). Screening of different coupling
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Figure 4. Assignment of stereochemistry of atropisomers 67a and 67b by
1H-1H NOE studies (COSY, ROSEY, 600 MHz, CD3COCD3).


reagents failed to solve this epimerization problem and only
made the testing of strategy II (Figure 3) a more urgent priority.


To test strategy II (Figure 3), according to which formation
of macrocycle C-O-D was to precede the construction of the
D-O-E ring, the simpler p-methoxyphenylglycine derivative
68 (Scheme 9) was chosen in place of the AB biaryl amino
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Scheme 9. Synthesis of C-O-D model systems 73 a and 73b. a) 1.5 equiv of
LiOH, THF/H2O (1:1), 0 8C, 0.5 h, 99 %; b) 3.0 equiv of EDC, 3.3 equiv of
HOBt, DMF, ÿ20!0 8C, 12 h, 81 %; c) 1.0 equiv of SO2Cl2, Et2O/CH2Cl2


(5:1), ÿ10!0 8C, 0.5 h, 88%; d) 3.4 equiv of 2,6-lutine, CH2Cl2, ÿ10 8C,
1 h, 75 %; e) 3.0 equiv of EDC, 3.3 equiv of HOAt, THF,ÿ10 8C, 2 h, 79%;
f) 3.0 equiv of CuBr ´ Me2S, 3.0 equiv of K2CO3, 3.0 equiv of pyr., MeCN,
reflux, 0.5 h, 73 a :73b ca. 1:1, 52% combined yield.


acid building block. Thus, ester 29 (see Scheme 2) was
hydrolyzed to carboxylic acid 68 (LiOH, 99 % yield), which
was then coupled with amine 35 (see Scheme 3) under the
influence of EDC and HOBt to give dipeptide 69 in 81 % yield
(Scheme 9). The resulting phenol 69 was subjected to
chlorination (SO2Cl2, 88 % yield) to provide monochlorine
derivative 70, which upon exposure to excess TMSOTf
(3.4 equiv) and 2,6-lutidine (3.0 equiv) followed by aqueous
workup, furnished free amine 71 (75% yield). Incorporation
of the triazene carboxylic acid 12 (see Scheme 4) into the
growing peptide chain was then accomplished by the action of
EDC and HOAt, leading to tripeptide 72 (79% yield). Ring
closure of the latter compound (72) under the standard
cylization conditions (K2CO3, CuBr ´ Me2S, pyridine, MeCN,
reflux) gave the desired C-O-D ring system 73 a together with
its atropisomer 73 b (73 a :73 b, ca. 1:1, 52 % combined yield).
The two atropisomers were chromatographically separated
and their stereo assignments were determined by NOE
studies (see Figure 5).
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Figure 5. Assignment of stereochemistry of atropisomers 73a and 73b by
1H-1H NOE studies (COSY, ROESY, 600 MHz, CD3COCD3).


The preparation of the requisite dipeptide 80 is summarized
in Scheme 10. Thus, compound 14 was protected as its N-Boc
derivative 74 (Boc2O, Et3N, 93 % yield), which was then
hydrolyzed with LiOH at 0 8C to afford carboxylic acid 75 in
96 % yield. Coupling of 75 with protected asparagine deriv-
ative 13 (EDC, HOBt) provided dipeptide 76 (65 % yield),
which upon treatment with TBSCl in the presence of
imidazole gave fully protected compound 77 (75 % yield).
Deprotection of the benzyl group was accomplished by
hydrogenolysis with 10 % Pd/C to furnish phenol 78 (99 %
yield), which was then subjected to selective monochlorina-
tion to afford 79 in 91 % yield. Final hydrolysis of the methyl
ester functionality of 79 with LiOH provided carboxylic acid
80 (76 % yield), which was further elaborated as shown in
Scheme 11. Thus, treatment of 73 a with TMSOTf and 2,6-
lutidine generated the free amine (81, 80 % yield), which was
coupled with dipeptide acid 80 by the action of EDC and
HOAt, affording the cyclization precursor 82 in 81 % yield.
Finally, D-O-E cyclization of phenolic bromotriazene 82 in
the presence of K2CO3, CuBr ´ Me2S, and pyridine in MeCN at
reflux, furnished the anticipated C-O-D/D-O-E framework 83
in 40 % yield. However, the chlorine orientation within the
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Scheme 10. Synthesis of dipeptide 80. a) 1.1 equiv of Boc2O, 1.2 equiv of
Et3N, CH2Cl2, 0 8C, 5 h, 93 %; b) 2.0 equiv of LiOH, THF/H2O (1:1), 0 8C,
1 h, 96%; c) 3.0 equiv of EDC, 3.5 equiv of HOBt, THF, ÿ20!0 8C, 4 h,
65%; d) 4.0 equiv of TBSCl, 8.0 equiv of imidazole, DMF, 25 8C, 24 h, 75%;
e) H2, 10 % Pd(OH)2/C, EtOH, 25 8C, 16 h, 99 %; f) 1.1 equiv of SO2Cl2,
Et2O/CH2Cl2 (5:1), 0 8C, 0.5 h, 91 %; g) 1.5 equiv LiOH, tBuOH/H2O (4:1),
5!10 8C, 1 h, 76%.


newly formed ring was of the unnatural configuration with
regards to vancomycin (see Figure 6 for crucial NOEs). It
appeared that strategy II might also be plagued with serious
stereochemical problems of a different kind from those
encountered in our explorations of strategy I. Of the two
devilish problems, we chose to face the atropisomerism in the
hope that the presence of the vancomycin�s AB ring system
would, perhaps, favor, at least to a satisfying degree, the
natural configuration.


Conclusion


In this article, the structure of vancomycin (1) was analyzed
retrosynthetically and two alternate strategies were devised
(Strategies I and II). The required building blocks for
implementation of these strategies were synthesized by
efficient routes and two sequences were tested for their
feasibility as viable routes to vancomycin (1).


These preliminary studies established strategy II, in which
the sequence of formation of vancomycin�s macrocycles
followed C-O-D!C-O-D/AB!C-O-D/AB/D-O-E, as the
least hazardous, but still risky approach to the target
molecule. The road was now chosen for the final launch
towards vancomycin (1). The third article in this series[28]
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Scheme 11. Synthesis of C-O-D/D-O-E model system 83. a) 10.0 equiv of
TMSOTf, 16 equiv of 2,6-lutidine, CH2Cl2, ÿ20 8C, 1 h, 80%; b) 2.5 equiv
of EDC, 11 equiv of HOAt, ÿ15!0 8C, 2 h, 81 %; c) 5.5 equiv of CuBr ´
Me2S, 5.5 equiv of K2CO3, 5.5 equiv of pyr., MeCN, reflux, 2 h, 40%.


describes our detailed journey to the aglycon of vancomycin
(2), while the fourth paper in the series[29] provides a full
account of the conversion of aglycon 2 to vancomycin (1)
itself.


Experimental Section


General techniques : See paper 1 in this series.[1]


Diol 24 : To a solution of olefin 23 (4.26 g, 26 mmol) in tBuOH/H2O (1:1,
130 mL) at 25 8C was added AD-mix-b (36.4 g, 1.4 gmmolÿ1) and the
reaction mixture was stirred at that temperature for 8 h. The reaction was
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quenched by the addition of sodium sulfite (39 g, 1.5 gmmolÿ1) and the
mixture was extracted with EtOAc (3� 100 mL). The combined organic
extracts were washed with H2O (100 mL), brine (100 mL), dried (Na2SO4),
and concentrated in vacuo. The resulting residue was subjected to flash
column chromatography (silica gel, 30!50% EtOAc in hexanes) to
provide diol 24 (4.70 g, 96% ee, 92%). 24 : Rf� 0.12 (50 % EtOAc in
hexanes); [a]22


D �ÿ25.7 (c� 0.91, CHCl3); IR (thin film): nÄmax� 3384, 2939,
2839, 1605, 1459, 1429, 1345, 1295, 1204, 1156, 1064 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 6.51 (d, J� 2.0 Hz, 2 H, ArH), 6.38 (t, J� 2.0 Hz,
1H, ArH), 4.76-4.73 (m, 1 H, H-7a), 3.78 (s, 6H, OCH3), 3.74 (dd, J� 11.5,
3.5 Hz, 1 H, H-7b), 3.64 (dd, J� 11.5, 8.5 Hz, 1H, H-7b), 2.50 (br. s, 2H,
OH); 13C NMR (125 MHz, CDCl3): d� 160.9, 143.0, 103.9, 99.7, 74.7, 68.0,
55.4; HRMS (FAB) calcd for C10H14O4Na [M�Na�] 221.0790, found
221.0794.


Benzyl ether 25 : A solution of diol 24 (517 mg, 2.6 mmol) in toluene
(25 mL) was treated with nBu2SnO (647 mg, 2.6 mmol). The resulting
mixture was heated to reflux for 1 h with removal of H2O with a Dean ±
Stark apparatus before it was cooled to 70 8C. To this solution were added
BnBr (463 mL, 3.9 mmol) and nBu4NI (480 mg, 1.3 mmol) sequentially and
the reaction was stirred at 70 8C for 2 h before it was cooled to 25 8C. The
organic phase was washed with H2O (2� 15 mL), brine (15 mL), dried
(Na2SO4) and concentrated in vacuo. Flash column chromatography (silica
gel, 20!30 % EtOAc in hexanes, gradient elution) afforded 25 (666 mg,
89%). 25 : Rf� 0.47 (silica gel, 50% EtOAc in hexanes); [a]22


D �ÿ24.6 (c�
0.98, CHCl3); IR (thin film): nÄmax� 3446, 2937, 2854, 1601, 1456, 1426, 1347,
1300, 1201, 1149, 1103, 1056 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.36-
7.34 (m, 5H, ArH), 6.55 (d, J� 2.0 Hz, 2H, ArH), 6.40 (t, J� 2.0 Hz, 1H,
ArH), 4.68 (dd, J� 8.5, 3.5 Hz, 1H, H-7a), 4.60 (d, J� 12.0 Hz, 1H,
OCHHPh), 4.56 (d, J� 12.0 Hz, 1H, OCHHPh), 3.77 (s, 6H, OCH3), 3.63
(dd, J� 10.0, 3.5 Hz, 1H, H-7b), 3.52 (dd, J� 10.0, 8.5 Hz, 1H, H-7b), 3.22
(br. s, 1H, OH); 13C NMR (125 MHz, CDCl3): d� 161.1, 142.4, 137.3, 128.5,
127.9, 127.8, 104.0, 99.8, 75.7, 73.4, 72.8, 55.3; HRMS (FAB) calcd for
C17H21O4 [M�H�] 289.1440, found 289.1448.


Boronic acid 8 : A solution of alcohol 25 (950 mg, 3.3 mmol) in benzene
(7 mL) was treated with nBuLi (1.6m in hexanes, 4.5 mL, 7.2 mmol) at 0 8C
dropwise and the resulting bright orange mixture was slowly warmed to
25 8C. After 2 h, the reaction was cooled to ÿ78 8C and diluted with THF
(15 mL). To this solution, freshly distilled B(OMe)3 (1.12 mL, 9.9 mmol)
was added and the resulting mixture was slowly warmed to 25 8C and stirred
for 6 h. The reaction was quenched by the addition of 5 % HCl (20 mL) and
the resulting mixture was extracted with EtOAc (3� 25 mL), and the
combined organic phases were washed with H2O (30 mL), brine (30 mL),
dried (Na2SO4), and concentrated in vacuo. Flash column chromatography
of the residue (silica gel, 20!30% EtOAc in hexanes, gradient elution)
afforded 8 (595 mg, 55 %). 8 : Rf� 0.38 (silica gel, 50% EtOAc in hexanes);
[a]22


D �ÿ15.1 (c� 0.85, MeOH); IR (thin film): nÄmax� 3405, 2933, 2841,
1605, 1585, 1462, 1421, 1400, 1328, 1201, 1149, 1077, 1075 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.35 ± 7.26 (m, 5H, ArH), 6.47 (s, 1 H, ArH), 6.34 (s,
1H, ArH), 5.28 (dd, J� 6.5, 5.0 Hz, 1H, H-7a), 5.05 (s, 1 H, BOH), 4.66 (d,
J� 12.5 Hz, 1H, OCHHPh), 4.60 (d, J� 12.5 Hz, 1H, OCHHPh), 3.85 (s,
3H, OCH3), 3.81 (s, 3H, OCH3), 3.74 (dd, J� 10.5, 5.0 Hz, 1H, H-7b), 3.66
(dd, J� 10.5, 6.5 Hz, 1H, H-7b); 13C NMR (125 MHz, CDCl3): d� 166.1,


163.0, 158.5, 138.0, 129.3, 127.8, 127.7, 98.4, 97.6, 80.4, 76.7, 73.6, 73.5, 55.5,
55.3; HRMS (FAB) calcd for C17H20BO5 [M�H�] 315.1404, found
315.1414.


Phenol 28 : A solution of 4-hydroxyphenylglycine (26) (16.7 g, 100 mmol) in
anhydrous MeOH (500 mL) at 25 8C was treated with chlorotrimethylsilane
(26.6 mL, 210 mmol) dropwise. The resulting mixture was stirred at that
temperature for 15 h before the solvent was removed in vacuo. The residue
was dissolved in EtOAc (100 mL), washed with saturated aqueous
NaHCO3 (50 mL), brine (50 mL), dried (Na2SO4), and concentrated in
vacuo. The crude product 27 (17.7 g, 98 %) was taken into next step without
further purification. To a solution of crude amino ester 27 (17.7 g) in
dioxane/H2O (1:1, 300 mL) at 25 8C was added K2CO3 (55.2 g, 400 mmol)
and Boc2O (24.0 g, 110 mmol). The resulting mixture was stirred for 4 h
before it was diluted with EtOAc (600 mL). The organic layer was
separated, washed with 1 % aqueous HCl (100 mL), brine (100 mL), dried
(Na2SO4), and concentrated in vacuo. The residue was purified by flash
column chromatography (silica gel, 10!20% EtOAc in hexanes) to
provide phenol 28 (26.2 g, 95 %). 28 : Rf� 0.16 (silica gel, 30 % EtOAc in
hexanes); [a]22


D �ÿ109.1 (c� 1.7, CHCl3); IR (thin film): nÄmax� 3366, 2978,
1766, 1684, 1514, 1443, 1367, 1255, 1226, 1154 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.23 (d, J� 8.4 Hz, 2 H, ArH), 6.80 (d, J� 8.5 Hz, 2H, ArH),
5.70 (d, J� 6.8 Hz, 1H, NH), 5.29 (d, J� 7.1 Hz, 1 H, H-5a), 3.78 (s, 3H,
OCH3), 1.51 (s, 9H, tBuO); 13C NMR (125 MHz, CDCl3): d� 172.0, 156.4,
155.1, 128.4, 128.0, 115.8, 80.6, 57.0, 52.7, 28.3; HRMS (FAB) calcd for
C14H19NO5Na [M�Na�] 304.1161, 304.1160.


Methyl ether 29 : A solution of phenol 28 (28.1 g, 100 mmol) in anhydrous
DMF (200 mL) was treated with K2CO3 (55.2 g, 400 mmol) and methyl
iodide (12.5 mmol, 200 mmol). The resulting mixture was stirred at 25 8C
for 6 h before it was diluted with EtOAc (800 mL). The organic layer was
washed with 1% aqueous HCl (300 mL), brine (300 mL), dried (Na2SO4),
and concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, 5!15 % EtOAc in hexanes) to provide methyl
ether 29 (27.4 g, 93 %). The product was identical as reported in
literature.[30]


Iodide 9 : A solution of methyl ester 29 (1.00 g, 3.4 mmol) in CHCl3 (50 mL)
at 25 8C was treated with CF3COOAg (1.65 g, 7.5 mmol) and I2 (1.04 g,
4.1 mmol) sequentially. The resulting mixture was stirred at 25 8C for 12 h
before it was quenched by the addition of saturated aqueous Na2SO3


(20 mL). The aqueous phase was extracted with CHCl3 (2� 20 mL) and
the combined organic extracts were washed with H2O (40 mL), brine
(40 mL), dried (Na2SO4), and concentrated in vacuo. Flash column
chromatography of the residue (silica gel, 10!20 % EtOAc in hexanes,
gradient elution) afforded 9 (1.29 g, 90%). 9 : Rf� 0.22 (silica gel, 20%
EtOAc in hexanes); [a]22


D �ÿ99.8 (c� 1.2, CHCl3); IR (thin film): nÄmax�
3367, 2979, 1743, 1708, 1481, 1444, 1367, 1250, 1161, 1050, 1014 cmÿ1;
1H NMR (500 MHz, CD3COCD3): d� 7.82 (d, J� 2.3 Hz, 1H, ArH), 7.38
(dd, J� 8.6, 2.3 Hz, 1H, ArH), 6.89 (d, J� 8.6 Hz, 1H, ArH), 6.69 (d, J�
7.9 Hz, 1 H, NH), 5.22 (d, J� 7.9 Hz, 1 H, H-5a), 3.81 (s, 3H, OCH3), 3.63 (s,
3H, OCH3), 1.35 (s, 9H, tBuO); 13C NMR (125 MHz, CD3COCD3): d�
171.9, 158.7, 155.6, 138.9, 132.0, 129.8, 111.7, 86.1, 79.5, 57.1, 56.7, 52.7, 28.4;
HRMS (FAB) calcd for C15H21INO5 [M�H�] 422.0465, found 422.0450.


Cinnamate 32 : A solution of benzaldehyde 31 (2.30 g, 11.0 mmol) in THF
(25 mL) was treated with potassium hydroxide (924 mg, 16.5 mmol),
followed by dropwise addition of triethyl phosphonoacetate (2.4 mL,
12 mmol) over a period of 1 h. The reaction mixture was stirred vigorously
for 12 h at 25 8C and then quenched by the addition of saturated aqueous
NH4Cl (10 mL). The resulting mixture was extracted with EtOAc (3�
15 mL) and the combined organic phases were washed with H2O
(25 mL), saturated aqueous NH4Cl (25 mL), and dried (Na2SO4). The
solvent was removed in vacuo and the resulting residue was recrystalized
twice from MeOH to afford cinnamate 32 (2.90 g, 95%). 32 : Rf� 0.53
(silica gel, 25 % EtOAc in hexanes); IR (thin film): nÄmax� 2969, 2910, 2859,
1714, 1634, 1604, 1511, 1454, 1285, 1262, 1174, 1012, 983, 832, 816, 748, 697,
524 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.69 (d, J� 15.5 Hz, 1H, CH�
CHCO2Et), 7.48-7.32 (m, 7H, ArH), 6.97 (d, J� 8.8 Hz, 2 H, ArH), 6.31 (d,
J� 16.0 Hz, 1 H, CH�CHCO2Et), 5.08 (s, 2H, OCH2Ph), 4.25 (q, J�
7.1 Hz, 2H, CH2CH3), 1.24 (t, J� 7.0 Hz, 3 H, CH2CH3); 13C NMR
(100 MHz, CDCl3): d� 167.3, 160.5, 144.2, 136.5, 129.7, 128.6, 128.1, 127.4,
115.9, 115.2, 70.0, 60.3, 14.4; HRMS (FAB) calcd for C18H18O3Na [M�
Na�] 283.1334, found 283.1326.
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Figure 6. Assignment of stereochemistry of atropisomers 83 by 1H-1H
NOE studies (COSY, ROESY, 600 MHz, CD3CN, 310 K).
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Amino acid 33 : Amino acid 33 was prepared from cinnamate 32 according
to Sharpless AA protocol[20] (45 % yield, 87% ee).


TBS ether 34 : To a solution of alcohol 33 (500 mg, 1.11 mmol) in CH2Cl2


(10 mL) at 0 8C were added 2,6-lutidine (194 mL, 1.67 mmol) and tert-
butyldimethylsilyl trifluoromethanesulfonate (284 mL, 1.22 mmol). The
reaction was stirred at 0 8C for 0.5 h and then quenched by the addition
of saturated aqueous NaHCO3 (2 mL). The aqueous phase was extracted
with CH2Cl2 (2� 5 mL) and the combined organic layers were washed
sequentially with saturated aqueous NaHCO3 (10 mL), H2O (10 mL), brine
(10 mL), and dried (Na2SO4). The solvent was removed in vacuo and the
resulting residue was purified by flash column chromatography (silica gel,
0!20% EtOAc in hexanes, gradient elution) to afford TBS ether 34
(613 mg, 98 %). 34 : Rf� 0.34 (silica gel, 20 % EtOAc in hexanes); [a]22


D �
ÿ31.7 (c� 0.87, EtOAc); IR (thin film): nÄmax� 2930, 1728, 1610, 1509, 1299,
1251, 1085, 836 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.45 ± 7.21 (m, 12H,
ArH), 6.89 (d, J� 8.6 Hz, 2 H, ArH), 5.50 (d, J� 9.7 Hz, 1H, NH), 5.24 (d,
J� 2.2 Hz, 1 H, H-6b), 5.02 (s, 2 H, NHCO2CH2), 4.97 (s, 2H, OCH2Ph),
4.41 (dd, J� 9.7, 2.2 Hz, 1H, H-6a), 4.23 (dq, J� 10.8, 7.3 Hz, 1H,
CHHCH3), 4.14 (dq, J� 10.8, 7.3 Hz, 1H, CHHCH3), 1.28 (t, J� 7.3 Hz,
3H, CH2CH3), 0.84 (s, 9H, tBuSi), ÿ0.04 (s, 3 H, CH3Si), ÿ0.18 (s, 3H,
CH3Si); 13C NMR (100 MHz, CDCl3): d� 170.1, 158.2, 155.9, 136.7, 136.2,
132.6, 128.3, 128.2, 127.8, 127.8, 127.7, 127.3, 127.2, 114.1, 74.1, 69.7, 66.5, 61.3,
61.0, 25.5, 17.8, 13.9, ÿ4.8, ÿ5.7; HRMS (FAB) calcd for C32H41NO6SiCs
[M�Cs�] 696.1757, found 696.1782.


Phenol 35 : To a solution of protected amine 34 (430 mg, 0.76 mmol) in
MeOH (8 mL) was added 20 % Pd(OH)2/C (25 mg) at 25 8C. Hydrogen was
bubbled through the solution for 0.5 h and the resulting suspension was
filtered through a pad of celite. The celite was washed with MeOH (2�
5 mL) and the filtrate was concentrated. The resulting residue was purified
by flash column chromatography (silica gel, 5 % MeOH in CH2Cl2) to
afford phenol 35 (250 mg, 97 %). 35 : Rf� 0.23 (silica gel, 50 % EtOAc in
hexanes); [a]22


D �ÿ17.9 (c� 0.98, EtOAc); IR (thin film): nÄmax� 3362, 2936,
1738, 1614, 1515, 1255, 1080, 837 cmÿ1; 1H NMR (400 MHz, CD3OD): d�
7.16 (d, J� 8.6 Hz, 2H, ArH), 6.76 (d, J� 8.6 Hz, 2H, ArH), 5.00 (d, J�
4.0 Hz, 1 H, H-6b), 4.15 (dq, J� 10.8, 7.0 Hz, 1H, CHHCH3), 4.06 (dq, J�
10.8, 7.0 Hz, 1 H, CHHCH3), 3.47 (d, J� 4.0 Hz, 1H, H-6a), 1.21 (t, J�
7.0 Hz, 3H, CH2CH3), 0.89 (s, 9 H, tBuSi), 0.01 (s, 3H, CH3Si),ÿ0.18 (s, 3H,
CH3Si); 13C NMR (100 MHz, CD3OD): d� 173.5, 158.4, 132.8, 128.8, 116.1,
77.1, 62.9, 62.3, 26.3, 19.0, 14.4, ÿ4.3, ÿ5.2; HRMS (FAB) calcd for
C17H30NO4Si [M�H�] 340.1944, found 340.1948.


Chloride 10 : To a solution of amine 35 (1.63 g, 4.8 mmol) in CH2Cl2/ether
(10:1, 5 mL) at 0 8C was added sulfuryl chloride (386 mL, 4.8 mmol)
dropwise. The reaction mixture was stirred at that temperature for 1 h and
then it was quenched by the addition of saturated aqueous NaHCO3


(5 mL). The resulting mixture was diluted with EtOAc (15 mL) and the
organic layer was washed with H2O (10 mL), brine (10 mL), and dried
(Na2SO4). The solvent was removed in vacuo and the resulting residue was
purified by flash column chromatography (silica gel, 10!20% EtOAc in
hexanes, gradient elution) to afford chloride 10 (1.44 g, 80 %). 10 : Rf� 0.24
(silica gel, 5% MeOH in CHCl3); [a]22


D �ÿ11.0 (c� 1.31, EtOAc); IR (thin
film): nÄmax� 3366, 2943, 2849, 2555, 1737, 1602, 1502, 1467, 1290, 1255,
1079 cmÿ1; 1H NMR (400 MHz, CD3OD): d� 7.29 (d, J� 2.1 Hz, 1H,
H-6b), 7.09 (dd, J� 8.4, 2.1 Hz, 1 H, H-6f), 6.88 (d, J� 8.4 Hz, 1 H, H-6e),
4.99 (d, J� 3.8 Hz, 1 H, H-6b), 4.16 (dq, J� 10.8, 7.2 Hz, 1 H, CHHCH3),
4.08 (dq, J� 10.8, 7.2 Hz, 1H, CHHCH3), 3.47 (d, J� 3.8 Hz, 1 H, H-6a),
1.22 (t, J� 7.2 Hz, 3 H, CH2CH3), 0.90 (s, 9 H, tBuSi), 0.03 (s, 3H, CH3Si), -
0.15 (s, 3 H, CH3Si); 13C NMR (100 MHz, CD3OD): d� 173.8, 154.1, 134.5,
129.3, 127.1, 121.5, 117.4, 76.6, 62.8, 62.3, 26.3, 19.0, 14.4,ÿ4.4,ÿ5.1; HRMS
(FAB) calcd for C17H29ClNO4Si [M�H�] 374.1554, found 374.1549.


Benzyl alcohol 39 : A cooled suspension of LiAlH4 (1.14 g, 30 mmol) at 0 8C
in THF (40 mL) was treated dropwise with a solution of ester 38 [31] (6.18 g,
20 mmol) in THF (60 mL). The resulting mixture was stirred at 0 8C for 2 h
before it was quenched by the slow addition of saturated aqueous NH4Cl
(15 mL). The mixture was extracted with EtOAc (3� 200 mL) and the
combined organic extracts were washed with H2O (150 mL), brine
(150 mL), dried (Na2SO4), and concentrated in vacuo. Flash column
chromatography of the residue (silica gel, 10!20 % EtOAc in hexanes,
gradient elution) afforded 39 (5.34 g, 95%). 39 : Rf� 0.28 (silica gel, 30%
EtOAc in hexanes); IR (thin film): nÄmax� 3307, 1614, 1578, 1472, 1402, 1349,
1284, 1198, 1067, 1026 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.40 (s, 2H,
ArH), 4.53 (s, 2 H, CH2OH), 1.90 ± 1.50 (br. s, 2 H, NH2); 13C NMR


(125 MHz, CDCl3): d� 141.4, 132.3, 130.8, 108.7, 63.9; HRMS (FAB) calcd
for C7H7Br2NO [M�] 280.9464, found 280.9471.


Triazene alcohol 40 : To a suspension of aniline 39 (10.0 g, 35.6 mmol) in
acetic acid/H2O (1:1, 80 mL) at 0 8C were added sequentially 6m aqueous
HCl (30 mL) and NaNO2 (2.95 g, 42.7 mmol in 5 mL of H2O). The resulting
mixture was stirred at that temperature for 0.5 h before it was transferred
dropwise to a flask charged with KOH (60 g, 1.07 mol) and pyrrolidine
(4.4 mL, 53 mmol) in H2O (250 mL) at 0 oC. The resulting precipitate was
filtered and purified by flash column chromatography (silica gel, 10!20%
EtOAc in hexanes, gradient elution) to afford 40 (9.69 g, 75 %). 40 : Rf�
0.16 (silica gel, 20 % EtOAc in hexanes); IR (thin film): nÄmax� 3331, 2872,
1537, 1408, 1343, 1308, 1214, 1190, 1049 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 7.47 (s, 2 H, ArH), 4.59 (s, 2 H, CH2OH), 3.96 (s, 2H, NCH2), 3.72 (s, 2H,
NCH2), 2.11 (s, 2H, NCH2CH2), 2.06 (s, 2H, NCH2CH2); 13C NMR
(125 MHz, CDCl3): d� 146.6, 140.2, 130.2, 117.8, 63.5, 51.3, 46.7, 23.9, 23.7;
HRMS (FAB) calcd for C11H14Br2N3O [M�H�] 361.9504, found 361.9515.


Benzaldehyde 41: A solution of alcohol 40 (3.61 g, 10 mmol) in CH2Cl2


(50 mL) was treated with pyridium chlorochromate (PCC, 3.24 g, 15 mmol)
at 25 8C. The suspension was stirred for 2 h before it was filtered through a
pad of celite. The solvent was removed in vacuo and the resulting residue
was purified by flash column chromatography (silica gel, 5!10 % EtOAc
in hexanes, gradient elution) to afford 41 (3.18 g, 88%). 41: Rf� 0.32 (silica
gel, 10% EtOAc in hexanes); IR (thin film): nÄmax� 2962, 1691, 1580, 1534,
1408, 1342, 1302, 1250, 1226, 1200 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
9.84 (s, 1H, CHO), 8.04 (s, 2 H, ArH), 3.99 (s, 2 H, NCH2), 3.74 (s, 2H,
NCH2), 2.14 ± 2.09 (m, 4 H, NCH2CH2); 13C NMR (125 MHz, CDCl3): d�
188.9, 152.8, 134.1, 133.6, 118.5, 51.4, 46.9, 24.0, 23.5; HRMS (FAB) calcd
for C11H12Br2N3O [M�H�] 361.9327, found 361.9336.


Styrene 42 : A suspension of methyltriphenylphosphonium bromide (6.43 g,
18.0 mmol) in THF (30 mL) at ÿ20 8C was treated with nBuLi (1.6m
solution in hexanes, 10.5 mL, 16.8 mmol) dropwise over 10 min and the
resulting solution was stirred for 0.5 h. To this reaction mixture was added a
solution of 41 (4.33 g, 12.0 mmol) in THF (25 mL) and the resulting orange
suspension was stirred at that temperature for 2 h before it was quenched
by the addition of H2O (30 mL). The mixture was extracted with EtOAc
(4� 40 mL) and the combined organic phases were washed with H2O (2�
40 mL), brine (2� 40 mL), dried (Na2SO4), and concentrated in vacuo.
Flash column chromatography of the residue (silica gel, 4!8 % ether in
hexanes, gradient elution) afforded 42 (3.96 g, 92%). 42 : Rf� 0.39 (silica
gel, 10% ether in hexanes); IR (thin film): nÄmax� 2972, 2801, 1524, 1413,
1337, 1312, 1256, 1220 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.55 (s, 2H,
ArH), 6.54 (dd, J� 17.5, 10.8 Hz, 1H, ArCH), 5.69 (d, J� 17.5 Hz, 1H,
ArCH�CHH), 5.26 (d, J� 10.8 Hz, 1 H, ArCH�CHH), 3.95 (s, 2H,
NCH2), 3.70 (s, 2 H, NCH2), 2.06 (s, 4H, NCH2CH2); 13C NMR (125 MHz,
CDCl3): d� 147.2, 136.4, 134.1, 130.0, 117.6, 115.2, 51.6, 46.9, 23.8, 23.4;
HRMS (FAB) calcd for C12H14Br2N3 [M�H�] 357.9554, found 357.9564.


Diol 43 : To a stirred suspension of AD-a (14 g, 1.4 gmmolÿ1) in tBuOH/
H2O (1:1, 100 mL) was added styrene 42 (3.59 g, 10 mmol) at 25 8C. The
reaction mixture was stirred at ambient temperature for 6 h before sodium
sulfite (15.0 g, 1.5 g mmolÿ1) was added. The resulting mixture was stirred
for 0.5 h and then it was extracted with EtOAc (3� 40 mL). The combined
organic phases were washed with H2O (50 mL), brine (50 mL), dried
(Na2SO4), and concentrated in vacuo. Flash column chromatography of the
residue (silica gel, 40!60% EtOAc in hexanes, gradient elution) afforded
43 (3.73 g, 95% ee, 95 %). Chiral HPLC: chiralcell OD-H column (0.46�
25 cm, 30% 2-propanol/hexane, 0.5 mL minÿ1). Retention time� 10.22
(major enantiomer). Retention time� 9.23 (minor enantiomer). 43 : Rf�
0.16 (silica gel, 50 % EtOAc in hexanes); [a]22


D ��79.4 (c� 1.21, CHCl3);
IR (thin film): nÄmax� 3354, 2954, 2862, 2349, 1415, 1308, 1215, 1067 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.47 (s, 2 H, ArH), 4.72 (dd, J� 8.0, 3.5 Hz,
1H, ArCH), 3.95 (s, 2H, NCH2), 3.72 (s, 2 H, NCH2), 3.65 (dd, J� 11.5,
3.5 Hz, 1H, CHHOH), 3.55 (dd, J� 11.5, 8.0 Hz, 1 H, CHHOH), 3.49 (br. s,
1H, OH), 2.12 (d, J� 5.5 Hz, 2 H, NCH2CH2), 2.06 (d, J� 5.5 Hz, 2H,
NCH2CH2); 13C NMR (125 MHz, CDCl3): d� 146.8, 140.2, 129.9, 118.0,
73.0, 67.8, 51.5, 46.8, 23.9, 23.7; HRMS (FAB) calcd for C12H16Br2N3O2


[M�H�] 391.9609, found 391.9623.


TBS ether 44 : To a solution of diol 43 (3.36 g, 8.6 mmol) in DMF (40 mL) at
0 8C were added sequentially TBSCl (1.43 g, 9.5 mmol) and imidazole
(8.77 g, 12.9 mmol). The resulting solution was stirred at that temperature
for 5 h before H2O (60 mL) was added. The reaction mixture was extracted
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with EtOAc (4� 50 mL) and the combined organic phases were washed
with H2O (80 mL), brine (80 mL), dried (Na2SO4), and concentrated in
vacuo. Flash column chromatography (silica gel, 5!10% EtOAc in
hexanes, gradient elution) afforded compound 44 (3.84 g, 88 %). 44 : Rf�
0.40 (silica gel, 20 % EtOAc in hexanes); [a]22


D ��22.8 (c� 1.43, CHCl3);
IR (thin film): nÄmax� 3384, 2954, 2928, 2856, 1419, 1358, 1316, 1256,
1113 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.53 (s, 2H, ArH), 4.66 ± 4.64
(m, 1H, ArCH), 3.95 (s, 2 H, NCH2), 3.74 ± 3.70 (m, 3 H, NCH2 and
CHHOSi), 3.49 (dd, J� 10.0, 8.5 Hz, 1H, CHHOSi), 3.06 (br. s, 1H, OH),
2.09 (s, 2H, NCH2CH2), 2.06 (s, 2 H, NCH2CH2), 0.91 (s, 9H, tBuSi), 0.06 (s,
6H, CH3Si); 13C NMR (125 MHz, CDCl3): d� 147.3, 139.4, 130.1, 117.6,
72.8, 68.4, 51.2, 46.6, 25.8, 24.0, 23.6, 18.3, ÿ5.4; HRMS (FAB) calcd for
C18H30Br2N3O2Si [M�H�] 506.0475, found 506.0496.


Azide 45 : To a solution of alcohol 44 (610 mg, 1.2 mmol) in THF (1.0 mL)
at 0 8C were added sequentially triphenylphosphane (790 mg, 3.0 mmol),
diethyl azodicarboxylate (DEAD, 470 mL, 3.0 mmol), and diphenylphos-
phoryl azide (DPPA, 650 mL, 3.0 mmol). The reaction mixture was stirred
at 0 8C for 2 h and then it was concentrated in vacuo. Flash column
chromatography of the residue (silica gel, 5!10 % ether in hexanes,
gradient elution) afforded azide 45 (0.50 g, 79 %). 45 : Rf� 0.39 (silica gel,
10% EtOAc in hexanes); [a]22


D �ÿ43.8 (c� 1.30, CHCl3); IR (thin film):
nÄmax� 2953, 2929, 2857, 2100, 1418, 1317, 1257, 1112 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.48 (s, 2H, ArH), 4.50 (dd, J� 7.6, 4.4 Hz, 1H,
ArCH), 3.96 (br. s, 2H, NCH2), 3.79 (dd, J� 10.2, 4.4 Hz, 1 H, CHHOSi),
3.74-3.69 (m, 3H, NCH2 and CHHOSi), 2.06 (br. s, 4 H, NCH2CH2), 0.90 (s,
9H, tBuSi), 0.07 (s, 3 H, CH3Si), 0.06 (s, 3 H, CH3Si); 13C NMR (125 MHz,
CDCl3): d� 147.9, 135.7, 131.0, 117.8, 67.8, 65.5, 51.2, 46.6, 25.8, 24.0, 23.6,
18.2, ÿ5.5; HRMS (FAB) calcd for C18H29Br2N6OSi [M�H�] 531.0540,
found 531.0562.


Amine 46 : To a solution of azide 45 (1.17 g, 2.2 mmol) in THF was added
triphenylphosphane (1.73 g, 6.6 mmol) and H2O (400 mL, 22 mmol) at
25 8C. The resulting solution was heated to 60 8C for 3 h before it was cooled
to 25 8C. The solvent was removed in vacuo and the residue was purified by
flash column chromatography (silica gel, 30!45 % EtOAc in hexanes,
gradient elution) to afford amine 46 (870 mg, 78 %). 46 : Rf� 0.30 (silica gel,
50% EtOAc in hexanes); [a]22


D �ÿ22.0 (c� 1.53, CHCl3); IR (thin film):
nÄmax� 2952, 2928, 2856, 1537, 1466, 1418, 1337, 1316, 1256, 1107 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.55 (s, 2 H, ArH), 3.98 (dd, J� 7.5, 4.0 Hz,
1H, ArCH), 3.94 (br. s, 2 H, NCH2), 3.71 (br. s, 2 H, NCH2), 3.66 (dd, J� 9.5,
4.0 Hz, 1 H, CHHOSi), 3.46 (dd, J� 9.5, 7.5 Hz, 1 H, CHHOSi), 2.08 (br. s,
2H, NCH2CH2), 2.04 (br. s, 2 H, NCH2CH2), 0.88 (s, 9H, tBuSi), 0.02 (s, 6H,
CH3Si); 13C NMR (125 MHz, CDCl3): d� 147.0, 141.8, 130.8, 117.5, 68.9,
56.3, 51.1, 46.5, 25.8, 24.0, 23.6, 18.2, ÿ5.4; HRMS (FAB) calcd for
C18H31Br2N4OSi [M�H�] 505.0634, found 505.0649.


Boc-protected amine 47: To a solution of amine 46 (710 mg, 1.4 mmol) in
CH2Cl2 (10 mL) at 25 8C were added Et3N (585 mL, 4.2 mmol) and Boc2O
(336 mg, 1.5 mmol). The resulting solution was stirred for 4 h before it was
concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, 15!25% EtOAc in hexanes, gradient elution)
to afford Boc derivative 47 (810 mg, 95 %). 47: Rf� 0.50 (silica gel, 50%
EtOAc in hexanes); [a]22


D �ÿ40.2 (c� 1.70, CHCl3); IR (thin film): nÄmax�
3449, 3332, 2953, 2930, 2858, 1715, 1490, 1418, 1365, 1336, 1256, 1188,
1116 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.47 (s, 2H, ArH), 5.26 (br. s,
1H, NH), 4.61 (br. s, 1H, CHN), 3.94 (br. s, 2H, NCH2), 3.84 (dd, J� 10.0,
4.0 Hz, 1H, CHHOSi), 3.72 ± 3.62 (m, 3 H, NCH2 and CHHOSi), 2.09 (br. s,
2H, NCH2CH2), 2.07 (br. s, 2H, NCH2CH2), 1.42 (s, 9H, tBuO), 0.85 (s, 9H,
tBuSi), ÿ0.03 (s, 3H, CH3Si), ÿ0.05 (s, 3H, CH3Si); 13C NMR (125 MHz,
CDCl3): d� 155.1, 147.0, 146.7, 130.9, 117.5, 85.1, 66.0, 51.1, 46.5, 28.3, 27.4,
25.8, 24.0, 23.6, 18.2, ÿ5.6, ÿ5.7; HRMS (FAB) calcd for C23H39Br2N4O3Si
[M�H�] 605.1158, found 605.1135.


Alcohol 48 : To a solution of compound 47 (665 mg, 1.1 mmol) in THF
(12 mL) at 0 8C was added nBu4NF (1.0m solution in THF, 1.3 mL,
1.3 mmol). The resulting solution was stirred at that temperature for 2 h
before it was quenched by the addition of saturated aqueous NH4Cl
(10 mL). The mixture was extracted with EtOAc (4� 15 mL), and the
combined organic extracts were washed with H2O (20 mL), brine (20 mL),
dried (Na2SO4), and concentrated in vacuo. The residue was purified by
flash column chromatography (silica gel, 30!40 % EtOAc in hexanes,
gradient elution) to afford alcohol 48 (500 mg, 93%). 48 : Rf� 0.36 (silica
gel, 50 % EtOAc in hexanes); [a]22


D �ÿ48.9 (c� 1.28, CHCl3); IR (thin
film): nÄmax� 3419, 2976, 2875, 1695, 1536, 1502, 1417, 1365, 1314, 1256, 1165,


1056 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.46 (s, 2H, ArH), 5.39 (br. s,
1H, NH), 4.59 (br. s, 1 H, CHN), 3.93 (br. s, 2H, NCH2), 3.75 ± 3.69 (m, 4H,
NCH2 and CH2O), 2.74 (br. s, 1 H, OH), 2.08 (br. s, 2 H, NCH2CH2), 2.04
(br. s, 2H, NCH2CH2), 1.42 (s, 9H, tBuO); 13C NMR (125 MHz, CDCl3):
d� 155.7, 147.2, 138.9, 130.6, 117.9, 80.1, 65.8, 55.3, 51.2, 46.6, 28.3, 23.9, 23.6;
HRMS (FAB) calcd for C17H24Br2N4O3Cs [M�Cs�] 622.9269, found
622.9294.


Acid 12 : To a solution of alcohol 48 (246 mg, 0.50 mmol) in acetone
(2.5 mL) at 0 8C was added 5% aqueous NaHCO3 (2.5 mL). The resulting
suspension was stirred vigorously before the addition of KBr (1.2 mg,
0.05 mmol) and TEMPO (78 mg, 0.50 mmol). Sodium hypochlorite (5 %
aqueous solution, 2.0 mL) was added dropwise over 0.5 h and the resulting
mixture was stirred at 0 8C for 1 h before the addition of H2O (15 mL) and
EtOAc (15 mL). The aqueous phase was extracted with EtOAc (3�
15 mL) and the combined organic extracts were washed with H2O
(20 mL), brine (20 mL), dried (Na2SO4), and concentrated in vacuo. Flash
column chromatography of the residue (silica gel, 5!10 % MeOH in
CHCl3, gradient elution) afforded acid 12 (386 mg, 75%). 12 : Rf� 0.18
(silica gel, 10% MeOH in CHCl3); [a]22


D �ÿ97.4 (c� 0.98, MeOH); IR
(thin film): nÄmax� 3344, 2976, 2872, 1711, 1415, 1367, 1313, 1224, 1162, 1052,
1020 cmÿ1; 1H NMR (500 MHz, CD3OD): d� 7.53 (s, 2 H, ArH), 4.89 (br. s,
1H, ArCH), 3.81 (br. s, 2H, NCH2), 3.54 (br. s, 2 H, NCH2), 1.99 (br. s, 2H,
NCH2CH2), 1.95 (br. s, 2 H, NCH2CH2), 1.33 (s, 9 H, tBuO); 13C NMR
(125 MHz, CD3OD): d� 157.2, 148.7, 139.7, 132.2, 118.7, 112.0, 80.8, 52.3,
47.9, 28.7, 28.6, 24.9, 24.6; HRMS (FAB) calcd for C17H22Br2N4O4Cs [M�
Cs�] 636.9062, found 636.9087.


Amine 13 : To a suspension of compound 50 (4.17 g, 8.25 mmol) in MeOH
(120 mL) at 25 8C was added 20 % Pd(OH)2/C (100 mg). Hydrogen was
bubbled through the reaction mixture for 1 h. The resulting mixture was
filtered through a pad of celite and the celite was washed thoroughly with
MeOH (2� 30 mL). The combined filtrate was concentrated in vacuo to
give crude amine 13 (3.06 g, 99%). 13 : Rf� 0.45 (silica gel, 5 % MeOH in
CH2Cl2); [a]22


D �ÿ7.50 (c� 0.30, MeOH); IR (thin film): nÄmax� 3296, 2862,
1738, 1650, 1610, 1538, 1513, 1247, 1176, 1032 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.73 (d, J� 8.0 Hz, 1H, NH), 7.13 ± 7.10 (m, 4H, ArH), 6.81 (d,
J� 8.0 Hz, 4 H, ArH), 6.11 (d, J� 8.0 Hz, 1 H, CHAr2), 3.81 (d, J� 2.5 Hz,
1H, CHCOOMe), 3.75 (s, 6H, OCH3), 3.67 (s, 3H, OCH3), 2.71 (dd, J�
15.0, 2.5 Hz, 1 H, CHHCHCOOMe), 2.55 (dd, J� 15.0, 8.0 Hz, 1H,
CHHCHCOOMe); 13C NMR (125 MHz, CDCl3): d� 174.4, 169.1, 158.6,
134.0, 128.3, 113.9, 55.6, 55.2, 52.4, 51.3, 39.3; HRMS (FAB) calcd for
C20H24N2O5 [M�H�] 373.1763, found 373.1770.


Ester 50 : A solution of carboxylic acid 49 (24.6 g, 50 mmol) in anhydrous
DMF (200 mL) at 25 8C was treated with K2CO3 (13.8 g, 100 mmol) and
methyl iodide (6.23 mL, 100 mmol). The resulting mixture was stirred at
that temperature for 12 h before it was diluted with EtOAc (800 mL). The
mixture was washed with 1 % aqueous HCl (400 mL), brine (400 mL),
dried (Na2SO4), and concentrated in vacuo. The residue was purified by
flash column chromatography (silica gel, 20!40 % EtOAc in hexanes) to
provide ester 50 (17.7 g, 70 %). 50 : Rf� 0.23 (silica gel, 50% EtOAc in
hexanes); [a]22


D ��19.3 (c� 1.2, CHCl3); IR (thin film): nÄmax� 3301, 1742,
1697, 1643, 1538, 1522, 1454, 1247, 1176, 1062 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.33 ± 7.30 (m, 5H, ArH), 7.08 ± 7.00 (m, 4 H, ArH), 6.83 ± 6.79
(m, 4 H, ArH), 6.19 (d, J� 7.0 Hz, 1H, CHNHCO), 6.06 (m, 2H, NH), 5.08
(s, 2 H, OCH2Ph), 4.57 ± 4.55 (m, 1 H, H-3a), 3.76 (s, 3 H, OCH3), 3.74 (s,
3H, OCH3), 3.69 (s, 3H, OCH3), 2.86 (dd, J� 19.5, 9.0 Hz, 1H, H-3b), 2.76
(dd, J� 19.5, 9.0 Hz, 1 H, H-3b); 13C NMR (125 MHz, CDCl3): d� 171.7,
168.7, 158.8, 156.1, 136.2, 133.4, 128.5, 128.4, 128.3, 127.8, 66.8, 56.0, 55.2,
52.7, 50.8, 27.8; HRMS (FAB) calcd for C28H30N2O7Na [M�Na�] 529.1951,
found 529.1941.


Diol 51: To a solution of cinnamate 32 (5.0 g, 28.3 mmol) in tBuOH/H2O
(1:1, 180 mL) at 25 8C were added AD-b (39.6 g, 1.4 gmmolÿ1) and
methanesulfonamide (2.69 g, 28.3 mmol). The reaction mixture was stirred
for 12 h before sodium sulfite (42.5 g, 1.5 g mmolÿ1) was added. The
resulting mixture was stirred for 1 h and then it was extracted with EtOAc
(3� 100 mL). The combined organic layers were washed with H2O
(100 mL), brine (100 mL), dried (Na2SO4), and concentrated in vacuo.
The resulting residue was purified by flash column chromatography (silica
gel, 50% EtOAc in hexanes) to give diol 51 (7.07 g, 79 %, 92 % ee). Rf�
0.52 (silica gel, 50 % EtOAc in hexanes); [a]22


D �ÿ31.3 (c� 1.15, CHCl3);
IR (KBr): nÄmax� 3318, 1870, 1715, 1616, 1515, 1383, 1301, 1249, 1177;
1H NMR (500 MHz, CDCl3): d� 7.41 (d, J� 7.5 Hz, 2 H, ArH), 7.39 ± 7.36
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(m, 2H, ArH), 7.34 ± 7.30 (m, 3H, ArH), 6.96 (d, J� 8.5 Hz, 2 H, ArH), 5.05
(s, 2H, CH2Ph), 4.92 (br. s, 1 H, CHArOH), 4.30 (br. s, 1 H, CHCOOEt),
4.23 (q, J� 7.5 Hz, 2 H, OCH2CH3), 3.17 (br. s, 1H, OH), 2.77 (br. s, 1H,
OH), 1.24 (t, J� 7.0 Hz, 3 H, OCH2CH3); 13C NMR (125 MHz, CDCl3): d�
172.7, 158.5, 136.8, 132.3, 128.5, 127.9, 127.6, 127.4, 114.7, 74.6, 74.2, 69.9,
63.1, 14.1; HRMS (FAB) calcd for C18H20O5Na [M�Na�] 339.1208, found
339.1204.


Nosylate 52 : To a solution of diol 51 (18.0 g, 57.0 mmol) in CH2Cl2 (285 mL)
at 0 8C were added 4-nitrobenzene sulfonyl chloride (14.0 g, 56.9 mmol)
and triethylamine (15.9 mL, 113.9 mmol). The reaction mixture was stirred
for 5 h before it was quenched by the addition of saturated NH4Cl (50 mL).
The organic layer was washed with 1n HCl (100 mL), H2O (100 mL), brine
(100 mL), dried (Na2SO4), and concentrated in vacuo. Flash column
chromatography of the resulting residue (silica gel, 20!30% EtOAc in
hexanes, gradient elution) provided compound 52 (1.08 g, 68%). 52 : Rf�
0.25 (silica gel, 30 % EtOAc in hexanes); [a]22


D ��43.0 (c� 1.55, CHCl3);
IR (thin film): nÄmax� 3546, 1761, 1609, 1531, 1511, 1374, 1349, 1187,
1027 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 8.21 (d, J� 9.0 Hz, 2 H, ArH),
7.83 (d, J� 9.0 Hz, 2H, ArH), 7.43 ± 7.34 (m, 4 H, ArH), 7.32 (t, J� 7.0 Hz,
1H, ArH), 7.12 (d, J� 9.0 Hz, 2 H, ArH), 6.79 (d, J� 9.0 Hz, 2H, ArH),
5.13 (s, 1H, CHCOOEt), 4.98 (s, 2 H, CH2Ph), 4.94 (d, J� 4.0 Hz, 1H,
CHOH), 4.14 (q, J� 7.0 Hz, 2H, OCH2CH3), 2.63 (d, J� 4.0 Hz, 1H, OH),
1.16 (t, J� 7.0 Hz, 3H, OCH2CH3); 13C NMR (125 MHz, CDCl3): d� 166.4,
158.9, 150.4, 141.4, 136.4, 129.5, 129.1, 128.6, 128.1, 127.5, 127.4, 124.0, 114.7,
82.4, 73.1, 69.9, 62.5, 13.8; HRMS (FAB) calcd C24H23NO9SCs [M�Cs�]
634.0148, found 634.1035.


Azide 53 : To a solution of nosylate 52 (14.0 g, 27.9 mmol) in DMF (110 mL)
at 25 8C was added sodium azide (2.73 g, 41.9 mmol). The resulting mixture
was then heated to 55 8C and stirred for 12 h. The reaction mixture was
diluted with H2O (200 mL) and extracted with EtOAc (3� 200 mL). The
combined organic phases were washed with H2O (250 mL), brine (250 mL),
dried (Na2SO4), and concentrated in vacuo. The residue was purified by
flash column chromatography (silica gel, 5!15% EtOAc in hexanes,
gradient elution) to give azide 53 (8.56 g, 90%). 53 : Rf� 0.32 (silica gel,
20% EtOAc in hexanes); [a]22


D ��3.09 (c� 1.26, CHCl3); IR (thin film):
nÄmax� 3478, 2111, 1736, 1610, 1512, 1244, 1174, 1024 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.42 ± 7.37 (m, 5 H, ArH), 7.31 (d, J� 9.0 Hz, 2H,
ArH), 6.97 (d, J� 9.0 Hz, 2 H, ArH), 5.06 (s, 2 H, CH2Ph), 4.96 (d, J�
7.0 Hz, 1H, CHOH), 4.24 (q, J� 7.0 Hz, 2H, OCH2CH3), 4.08 (d, J� 7.0 Hz,
1H, CHCOOEt), 2.78 (br. s, 1 H, OH), 1.27 (t, J� 7.0 Hz, 3H, OCH2CH3);
13C NMR (125 MHz, CDCl3): d� 168.0, 159.9, 137.0, 132.0, 128.6, 128.0,
127.9, 127.4, 114.9, 73.7, 70.0, 66.8, 62.2, 14.1; HRMS (FAB) calcd for
C18H19N3O4Na [M�Na�] 364.1273, found 364.1266.


Amine 14 : To a solution of azide 53 (6.0 g, 17.6 mmol) in MeOH (88 mL) at
25 8C was added tin(II) chloride dihydrate (7.92 g, 35.2 mmol). The
resulting mixture was stirred for 2 h before it was concentrated. The
residue was taken up in EtOAc (50 mL) and washed with 3n aqueous
NaOH (3� 50 mL), H2O (50 mL), brine (50 mL), and dried (Na2SO4). The
solvent was removed in vacuo and the resulting residue was purified by
flash column chromatography (silica gel, 1!3 % MeOH in CHCl3) to give
amine 14 (5.91 g, 90%). 14 : Rf� 0.42 (silica gel, 5% MeOH in CH2Cl2);
[a]22


D �ÿ2.0 (c� 1.14, CHCl3); IR (thin film): nÄmax� 3367, 3048, 1731, 1610,
1592, 1511, 1454, 1241, 1025 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.41 ±
7.35 (m, 4H, ArH), 7.31 (t, J� 7.0 Hz, 1H, ArH), 7.20 (d, J� 9.0 Hz, 2H,
ArH), 6.92 (d, J� 9.0 Hz, 2 H, ArH), 5.03 (s, 2 H, CH2Ph), 4.88 (d, J�
5.5 Hz, 1 H, H-2b), 4.14 ± 4.08 (m, 2H, OCH2CH3), 3.74 (d, J� 5.0 Hz, 1H,
CHCOOEt), 2.30 (br. s, 1H, OH), 1.20 (t, J� 7.0 Hz, 3H, OCH2CH3);
13C NMR (125 MHz, CDCl3): d� 173.1, 158.5, 136.8, 132.1, 128.5, 127.9,
127.6, 127.4, 114.7, 73.9, 69.9, 61.1, 59.9, 14.1; HRMS (FAB) calcd for
C18H21NO4Na [M�Na�] 316.1549, found 316.1559.


Urethane 54 : To a solution of hydroxy amine 14 (2.80 g, 8.8 mmol) in
CH2Cl2 (90 mL) at ÿ78 8C was added pyridine (1.43 mL, 17.7 mmol) and
phosgene (1.93m in toluene, 4.6 mL, 8.8 mmol). The reaction mixture was
stirred at that temperature for 2 h and then quenched by the slow addition
of H2O (40 mL). The aqueous phase was extracted with CH2Cl2 (2�
50 mL) and the combined organic layers were washed with H2O
(100 mL), brine (100 mL), dried (Na2SO4), and concentrated in vacuo.
The resulting residue was purified by flash column chromatography (silica
gel, 30!50% EtOAc in hexanes, gradient elution) to give 54 (2.80 g,
93%). 54 : Rf� 0.18 (silica gel, 50% EtOAc in hexanes); [a]22


D �ÿ60.1 (c�
0.83, CHCl3); IR (thin film): nÄmax� 3299, 1773, 1751, 1731, 1515, 1255, 1204,


1022 cmÿ1; 1H NMR (500 MHz, CD3COCD3): d� 7.45 (d, J� 7.0 Hz, 2H,
ArH), 7.37 (t, J� 7.2 Hz, 2 H, ArH), 7.31 (d, J� 7.0 Hz, 1 H, ArH), 7.28 (d,
J� 9.0 Hz, 2 H, ArH), 7.02 (d, J� 9.0 Hz, 2H, ArH), 5.87 (d, J� 9.0 Hz, 1H,
H-2b), 5.14 (s, 2 H, CH2Ph), 4.71 (d, J� 9.0 Hz, 1H, CHCOOEt), 3.73-3.67
(m, 1H, OCHHCH3), 3.58-3.51 (m, 1 H, OCHHCH3), 0.76 (t, J� 7.0 Hz,
3H, OCH2CH3); 13C NMR (125 MHz, CD3COCD3): d� 169.8, 159.9, 158.7,
137.9, 129.0, 128.4, 128.3, 128.0, 128.0, 115.1, 79.0, 70.1, 61.3, 60.3, 13.6;
HRMS (FAB) calcd for C19H19NO5Cs [M�Cs�] 474.0318, found 474.0311.


Methyl ester 56 : To a solution of compound 54 (4.0 g, 11.7 mmol) in EtOH
(13.8 mL) at 25 8C was added potassium hydroxide (689 mg, 12.2 mmol).
The resulting mixture was heated to reflux for 1 h before it was cooled to
25 8C. The reaction mixture was acidified with 10% HCl (5 mL) and
extracted with EtOAc (3� 20 mL). The combined extracts were washed
with H2O (30 mL), brine (30 mL), dried (Na2SO4), and concentrated in
vacuo. The crude carboxylic acid 55 was dissolved in DMF (39 mL) at 25 8C.
To this solution were added methyl iodide (1.1 mL, 17.6 mmol) and
potassium carbonate (1.62 g, 11.7 mmol). The resulting mixture was stirred
for 12 h before it was diluted with H2O (40 mL). The reaction mixture was
extracted with EtOAc (3� 60 mL) and the combined organic layers were
washed with H2O (100 mL), brine (100 mL), dried (Na2SO4), and concen-
trated in vacuo. Flash column chromatography (silica gel, 20!40 % EtOAc
in hexanes, gradient elution) of the residue gave pure methyl ester 56 (3.3 g,
87% overall yield for two steps). 56 : Rf� 0.30 (silica gel, 50 % EtOAc in
hexanes); [a]22


D ��40.6 (c� 0.60, CHCl3); IR (thin film): nÄmax� 3285, 1764,
1611, 1513, 1382, 1224, 1007 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.45-
7.35 (m, 5 H, ArH), 7.33 (d, J� 9.0 Hz, 2 H, ArH), 7.00 (d, J� 9.0 Hz, 2H,
ArH), 5.79 (br. s, 1 H, NH), 5.59 (d, J� 5.0 Hz, 1 H, H-2b), 5.07 (s, 2H,
CH2Ph), 4.27 (d, J� 5.0 Hz, 1H, CHCOOMe), 3.85 (s, 3 H, OCH3);
13C NMR (125 MHz, CDCl3): d� 170.0, 159.4, 136.5, 130.1, 128.6, 128.0,
127.4, 127.3, 127.0, 115.2, 79.3, 70.0, 61.2, 53.1; HRMS (FAB) calcd for
C18H17NO5Na [M�Na�] 350.1004, found 350.1012.


N-Boc carbamate 57: To a solution of ester 56 (3.0 g, 9.2 mmol) in THF
(18.4 mL) at 25 8C was added di-tert-butyl dicarbonate (2.2 g, 10.1 mmol)
and 4-dimethylaminopyridine (169 mg, 1.38 mmol). The resulting mixture
was stirred at 25 8C for 2 h. The solvent was removed in vacuo and the
resulting residue was purified by flash column chromatography (silica gel,
10!20% EtOAc in hexanes, gradient elution) to give compound 57 (2.1 g,
53%). 57: Rf� 0.30 (silica gel, 25% EtOAc in hexanes); [a]22


D ��58.0 (c�
1.66, CHCl3) IR (thin film): nÄmax� 1831, 1739, 1727, 1612, 1514, 1324, 1249,
1077 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.42 ± 7.36 (m, 4 H, ArH), 7.33
(d, J� 7.0 Hz, 1 H, ArH), 7.28 (d, J� 9.0 Hz, 2 H, ArH), 7.00 (d, J� 9.0 Hz,
2H, ArH), 5.30 (d, J� 4.5 Hz, 1H, H-2b), 5.06 (s, 2 H, CH2Ph), 4.62 (d, J�
4.5 Hz, 1 H, CHCOOMe), 3.85 (s, 3 H, COOCH3), 1.49 (s, 9H, tBuO);
13C NMR (125 MHz, CDCl3): d� 169.0, 159.6, 150.7, 148.4, 136.4, 129.0,
128.6, 128.1, 127.4, 126.7, 115.4, 84.8, 75.9, 70.1, 63.7, 53.2, 27.8; HRMS
(FAB) calcd for C23H25NO7Na [M�Na�] 450.1529, found 450.1537.


Alcohol 58 : To a solution of carbamate 57 (2.0 g, 4.7 mmol) in MeOH
(70 mL) at 0 8C was added cesium carbonate (611 mg, 1.88 mmol). The
reaction mixture was stirred at that temperature for 2 h and then
concentrated under reduced pressure. The residue was taken up in EtOAc
(50 mL) and washed with H2O (30 mL), brine (30 mL), and dried (Na2SO4).
The solvent was removed in vacuo and flash column chromatography (silica
gel, 20!40% EtOAc in hexanes) provided alcohol 58 (1.5 g, 80 %). 58 :
Rf� 0.43 (silica gel, 50 % EtOAc in hexanes); [a]22


D �ÿ11.0 (c� 0.30,
CHCl3); IR (thin film): nÄmax� 3420, 2941, 1717, 1616, 1511, 1367, 1243, 1172,
1025 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.41 ± 7.31 (m, 5 H, ArH), 7.31
(d, J� 9.0 Hz, 2H, ArH), 6.94 (d, J� 9.0 Hz, 2 H, ArH), 5.29 (d, J� 7.0 Hz,
1H, H-2b), 5.15 (br. s, 1 H, NH), 5.04 (s, 2 H, CH2Ph), 4.48 (d, J� 7.7 Hz,
1H, CHCOOMe), 3.73 (s, 3H, COOCH3), 1.34 (s, 9 H, tBuO); 13C NMR
(125 MHz, CDCl3): d� 171.1, 170.5, 158.6, 136.8, 132.0, 128.6, 127.9, 127.4,
127.2, 127.1, 73.6, 69.9, 59.3, 52.5, 29.6, 28.1; HRMS (FAB) calcd for
C22H27NO6Na [M�Na�] 424.1736, found 424.1746.


Dipeptide 59 : To a solution of amine 14 (615 mg, 2.1 mmol) and acid 15
(523 mg, 2.1 mmol) in THF (22 mL) at 0 8C were added HOBt (956 mg,
7.0 mmol) and EDC (1.22 g, 6.4 mmol). The reaction mixture was stirred at
that temperature for 12 h before it was diluted with EtOAc (100 mL). The
resulting mixture was washed with 5 % aqueous HCl (3� 30 mL), 5%
aqueous NaHCO3 (40 mL), H2O (40 mL), brine (40 mL) and dried
(Na2SO4). The solvent was removed in vacuo and the residue was purified
by flash column chromatography (silica gel, 20!40 % EtOAc in hexanes,
gradient elution) to provide dipeptide 59 (1.08 g, 93%). 59 : Rf� 0.14 (silica
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gel, 30% EtOAc in hexanes); [a]22
D ��17.4 (c� 0.87, CHCl3); IR(thin


film): nÄmax� 3410, 2958, 1737, 1693, 1681, 1510, 1454, 1243, 1152, 1025 cmÿ1;
1H NMR (500 MHz, CDCl3, 320 K): d� 7.39-7.29 (m, 5H, ArH), 7.12 (d,
J� 7.0 Hz, 2H, ArH), 6.90 (d, J� 8.5 Hz, 2H, ArH), 5.26 (s, 1H), 5.14 (br. s,
1H), 5.02 (s, 2H, CH2Ph), 4.87 (br. s, 1 H, CHCOOEt), 4.17 (q, J� 7.0 Hz,
2H, OCH2CH3), 2.57 (s, 3H, NCH3), 1.64 (br. s, 2 H, NCHCH2), 1.42 (s,
10H, tBuO, CH(CH3)2), 1.22 (t, J� 7.0 Hz, 3H, OCH2CH3), 0.92 (d, J�
7.0 Hz, 3H, CH(CH3)2), 0.88 (d, J� 7.0 Hz, 3 H, CH(CH3)2); 13C NMR
(125 MHz, CDCl3): d� 172.6, 169.3, 158.5, 158.4, 156.4, 155.0, 136.8, 136.6,
131.1, 128.5, 128.4, 127.9, 127.3, 127.3, 114.7, 114.5, 80.9, 80.5, 74.6, 74.5, 69.8,
61.9, 59.0, 56.9, 56.1, 36.3, 29.8, 29.0, 28.2, 24.7, 23.2, 23.1, 21.6, 21.2, 14.0;
HRMS (FAB) calcd for C30H42N2O7Cs [M�Cs�] 675.2046, found 675.2022.


Carboxylic acid 60 : To a solution of ester 59 (390 mg, 0.72 mmol) in THF/
H2O (1:1, 7 mL) at 0 8C was added lithium hydroxide monohydrate (62 mg,
1.4 mmol) and the resulting mixture was stirred at that temperature for 1 h.
The reaction mixture was carefully acidified with 5% aqueous HCl at 0 8C
to pH 4 and then extracted with EtOAc (3� 15 mL). The combined organic
layers were washed with H2O (25 mL), brine (25 mL), dried (Na2SO4), and
concentrated in vacuo to give carboxylic acid 60 (370 mg, 99%). 60 : Rf�
0.13 (silica gel, 5 % MeOH in CH2Cl2); [a]22


D ��23.3 (c� 0.75, CHCl3); IR
(thin film): nÄmax� 3410, 1731, 1681, 1513, 1454, 1392, 1368, 1322, 1245, 1154,
1064, 1025, 909, 734 cmÿ1; 1H NMR (500 MHz, CDCl3, 315 K): d� 7.37 ±
7.32 (m, 5H, ArH), 7.20 (d, J� 8.5 Hz, 2H, ArH), 6.89 (d, J� 8.1 Hz, 2H,
ArH), 5.08 (br. s, 1 H, H-2b), 5.00 (s, 2 H, CH2Ph), 4.92-4.88 (m, 1H,
CHCOOH), 4.66 (br. s, 1 H, COCHN) 2.51 (br. s, 3 H, NCH3), 1.56 ± 1.52 (m,
2H, NCHCH2), 1.45 ± 1.40 (m, 10H, tBuO, CH(CH3)2), 0.91 (d, J� 6.5 Hz,
3H, CH(CH3)2), 0.87 (d, J� 5.8 Hz, 3H, CH(CH3)2); 13C NMR (125 MHz,
CDCl3): d� 171.7, 158.5, 155.7, 136.7, 128.5, 127.4, 127.3, 114.5, 87.9, 81.3,
74.4, 74.2, 69.8, 58.6, 58.0, 57.7, 36.3, 29.5, 28.3, 24.5, 23.3, 23.0, 21.8, 21.1;
HRMS (FAB) calcd for C28H38N2O7 [M�H�] 515.2757, found 515.2770.


Tripeptide 61: To a solution of carboxylic acid 60 (2.66 g, 7.19 mmol) and
amine 13 (3.69 g, 7.19 mmol) in THF (100 mL) at 0 8C was added HOAt
(3.22 g, 23.7 mmol). The resulting mixture was stirred for 5 min before
EDC (4.12 g, 21.6 mmol) was added. The reaction was allowed to warm to
25 8C and stirred for 12 h before it was diluted with EtOAc (400 mL). The
reaction mixture was washed with aqueous 5 % HCl (3� 100 mL), 5%
aqueous NaHCO3(200 mL), H2O (200 mL), brine (200 mL). The organic
layer was dried (Na2SO4), and the solvent was removed in vacuo. Flash
column chromatography of the residue (silica gel, 50!70% EtOAc in
hexanes, gradient elution) provided tripeptide 61 (4.50 g, 82 %). Rf� 0.28
(silica gel, 70 % EtOAc in hexanes); [a]22


D ��35.4 (c� 0.94, CHCl3);
IR(thin film): nÄmax� 3312, 1742, 1650, 1610, 1511, 1453, 1387, 1247, 1175,
1148, 1033, 830, 732 cmÿ1; 1H NMR (500 MHz, CD3SOCD3, 315 K): d�
8.61 (d, J �7.0 Hz, 1H, NH), 8.18 (d, J� 6.5 Hz, 1 H, NH), 7.38 ± 7.28 (m,
5H, ArH), 7.17 (d, J� 7.0 Hz, 2 H, ArH), 7.11 ± 7.09 (m, 5 H, ArH), 6.85 ±
6.82 (m, 5H, ArH), 5.96 (d, J� 7.5 Hz, 1 H, CHAr2), 5.32 (br. s, 1H,
CHOH), 5.02 (s, 2 H, CH2Ph), 4.71 (d, J� 6.5 Hz, 1H, CHCONH), 4.66 (q,
J� 6.2 Hz, 1H, CHCONH), 4.49 (t, J� 7.0 Hz, 1H, CHCONH), 3.68 (s,
6H, ArOCH3), 3.49 (s, 3H, COOCH3), 2.68 (dd, J� 18.5, 5.5 Hz, 1H,
CHCHH), 2.60 (dd, J� 18.5, 5.5 Hz, 1H, CHCHH), 2.34 (br. s, 3 H, NCH3),
1.39 (br. s, 12 H, tBuO, CH(CH3)2, CH2CH), 0.83 (m, 6H, CH(CH3)2);
13C NMR (125 MHz, CD3SOCD3): d� 171.3, 170.9, 168.6, 158.8, 158.6,
136.9, 133.4, 128.6, 128.5, 128.4, 128.3, 127.9, 127.4, 114.8, 114.7, 114.6, 114.0,
80.9, 80.1, 76.8, 69.9, 57.8, 55.9, 55.2, 52.8, 49.5, 37.4, 36.1, 28.3, 24.5, 23.3,
21.6; HRMS (FAB) calcd for C48H60N4O11Cs [M�Cs�] 1001.3313, found
1001.3360.


TBS ether 62 : To a solution of alcohol 61 (500 mg, 0.58 mmol) in CH2Cl2


(6 mL) at 0 8C was added 2,6-lutidine (143 mL, 1.3 mmol) and tert-
butyldimethylsilyl trifluoromethanesulfonate (171 mL, 0.75 mmol). The
reaction mixture was stirred at that temperature for 2 h and then it was
quenched by the addition of 5% aqueous NaHCO3 (5 mL). The aqueous
phase was extracted with CH2Cl2 (2� 10 mL) and the combined organic
layers were washed with saturated aqueous CuSO4 (2� 10 mL), brine
(15 mL), dried (Na2SO4). The solvent was removed in vacuo and the
resulting residue was subjected to flash column chromatography (silica gel,
10!30% EtOAc in hexanes, gradient elution) to yield compound 62
(462 mg, 81 %). 62 : Rf� 0.54 (silica gel, 60 % EtOAc in hexanes); [a]22


D �
�12.9 (c� 0.96, CHCl3); IR (thin film): nÄmax� 2936, 1741, 1697, 1611, 1511,
1247, 1175, 1086, 1029 cmÿ1; 1H NMR (500 MHz, CDCl3, 315 K): d� 7.39 ±
7.22 (m, 5H, ArH), 7.12 ± 7.07 (m, 6 H, ArH), 6.89 (d, J� 8.5 Hz, 2H, ArH),
6.84 ± 6.81 (m, 4H, ArH), 6.04 (br. s, 1 H, CHAr2), 5.10 (d, J� 4.0 Hz, 1H,


CHOTBS), 5.01 (s, 2 H, CH2Ph), 4.82 ± 4.78 (m, 1H, CHCONH), 4.65 ± 4.62
(m, 2 H, CHCONH), 3.77 (s, 6 H, OCH3), 3,59 (s, 3H, COOCH3), 2.74
(br.d, 1 H, CHCH2), 2.65 (dd, J� 18.0, 4.0 Hz, 1 H, CHCH2), 2.52 (br. s, 3H,
NCH3), 1.43 (br. s, 12H, OC(CH3)3, CH(CH3)2, CHCH2), 0.89 (m, 15H,
tBuSi, CH(CH3)2), 0.02 (s, 3 H, SiCH3), ÿ0.01 (s, 3H, SiCH3); 13C NMR
(125 MHz, CDCl3): d� 171.2, 171.0, 169.0, 168.8, 168.7, 158.8, 158.5, 136.9,
128.6, 128.5, 128.4, 128.3, 128.0, 127.9, 127.7, 127.6, 127.5, 114.7, 114.3, 114.0,
80.7, 80.6, 73.8, 69.9, 57.2, 55.9, 55.3, 55.2, 52.6, 48.9, 48.8, 37.4, 37.2, 36.3,
36.1, 29.6, 28.3, 28.2, 25.8, 25.7, 24.6, 24.3, 23.2, 23.1, 21.6, 21.7, 21.2, 18.1,
16.1, 8.2, 7.1, 1.0, ÿ4.8, ÿ5.1; HRMS (FAB) calcd for C54H74N4O11SiCs
[M�Cs�] 1115.4178, found 1115.4116.


Phenol 63 : To a solution of compound 62 (517 mg, 0.53 mmol) in MeOH
(6 mL) was added 20% Pd(OH)2/C (20 mg). Hydrogen was bubbled
through the reaction mixture for 1 h. The solution was filtered through a
pad of celite and the celite was washed thoroughly with MeOH (2� 5 mL).
The filtrate was concentrated in vacuo to give phenol 63 (480 mg, 99%). 63 :
Rf� 0.45 (60 % EtOAc in hexanes); [a]22


D ��15.7 (c� 0.73, CHCl3); IR
(thin film): nÄmax� 3328, 2955, 1743, 1661, 1612, 1512, 1465, 1249, 1175,
1086 cmÿ1; 1H NMR (500 MHz, CDCl3, 315 K): d� 7.16 (d, J� 9.0 Hz, 2H,
ArH), 7.14 ± 7.08 (m, 4H, ArH), 6.85 ± 6.81 (m, 4 H, ArH), 6.71 (d, J�
9.0 Hz, 2 H, ArH), 6.07 (d, J� 10.6 Hz, 1H, CHAr2), 5.14 (d, J� 4.5 Hz,
1H, CHOTBS), 4.81 ± 4.79 (m, 1 H, CHCONH), 4.63 ± 4.61 (m, 2 H,
CHCONH), 3.77 (s, 6 H, OCH3), 3.61 (s, 3 H, COOCH3), 2.85 (dd, J�
18.0, 6.5 Hz, 1H, CHCHH), 2.65 (dd, J� 18.0, 4.5 Hz, 1H, CHCHH), 2.56
(s, 3 H, NCH3), 1.50 (m, 3 H, CHCH2, CH(CH3)2), 1.40 (br. s, 9H, tBuO),
0.89 ± 0.83 (m, 15H, tBuSi, CH(CH3)2), 0.01 (s, 3H, SiCH3), ÿ0.13 (s, 3H,
SiCH3); 13C NMR (125 MHz, CDCl3): d� 171.1, 169.1, 168.8, 158.9, 158.8,
156.3, 133.6, 128.8, 128.6, 128.4, 128.3, 128.1, 127.9, 127.8, 115.5, 115.4, 115.2,
114.0, 113.9, 74.0, 59.9, 57.0, 55.9, 55.2, 52.6, 49.0, 40.3, 37.0, 36.2, 36.0, 29.7,
28.3, 25.8, 25.7, 24.6, 24.3, 23.3, 21.2, 18.1, 1.0, ÿ4.8, ÿ5.2; HRMS (FAB)
calcd for C47H68N4O11SiCs [M�Cs�] 1025.3708, found 1025.3770.


Chloride 64 : To a solution of phenol 63 (470 mg, 0.53 mmol) in ether
(5 mL) at 0 8C under darkness was added thionyl chloride (50 mL,
0.64 mmol). The reaction mixture was stirred for 1 h and then it was
quenched by the addition of 5% aqueous NaHCO3 (5 mL). The aqueous
layer was extracted with EtOAc (3� 5 mL) and the combined organic
layers were washed with H2O (10 mL), brine (10 mL), dried (Na2SO4), and
concentrated in vacuo. Flash column chromatography (silica gel, 10!30%
EtOAc in hexanes, gradient elution) provided chloride 64 (360 mg, 75%).
64 : Rf� 0.5 (silica gel, 60% EtOAc in hexanes); [a]22


D ��12.5 (c� 0.68,
CHCl3); IR (thin film): nÄmax� 3319, 1737, 1666, 1652, 1510, 1249, 1176 cmÿ1;
1H NMR (500 MHz, CD3SOCD3, 320 K): d� 9.80 (s, 1H, ArOH), 8.61 (d,
J� 7.3 Hz, 1H, NH), 8.26 (d, J� 5.0 Hz, 1H, NH), 7.20 (s, 1 H, ArH), 7.10
(d, J� 7.1 Hz, 4H, ArH), 6.99 (d, J� 6.9 Hz, 1H, ArH), 6.84 ± 6.80 (m, 5H,
ArH), 5.97 (d, J� 7.1 Hz, 1H, CHAr2), 5.48 (d, J� 6.3 Hz, 1 H, CHOTBS),
4.64 (d, J� 4.7 Hz, 1 H, CHCONH), 4.51 (t, J� 7.5 Hz, 1H, CHCONH),
4.42 (br. s, 1H, CHCONH), 3.69 (s, 6 H, OCH3), 3.49 (s, 3H, COOCH3),
2.67 (dd, J� 19.5, 6.5 Hz, 1H, CHCHH), 2.56 (dd, J� 17.4, 4.6 Hz, 1H,
CHCHH), 2.40 (s, 3H, NCH3), 1.40 (s, 12H, tBuO, CH(CH3)2, CHCH2),
0.81 ± 0.79 (m, 6H, CH(CH3)2), 0.70 (s, 9 H, tBuSi), ÿ0.08 (s, 3H, SiCH3),
ÿ0.23 (s, 3H, SiCH3); 13C NMR (125 MHz, CD3SOCD3): d� 171.2, 171.2,
170.8, 168.8, 168.5, 168.2, 158.8, 158.7, 151.4, 133.5, 133.5, 132.8, 132.5, 128.7,
128.4, 128.3, 128.2, 127.5, 126.6, 126.2, 120.0, 119.8, 116.4, 114.0, 113.8, 80.9,
80.2, 73.3, 60.4, 59.8, 55.9, 55.2, 52.6, 48.9, 37.2, 36.3, 29.9, 29.2, 28.2, 25.6,
24.6, 24.3, 23.3, 23.2, 21.6, 21.1, 21.0, 18.0, 14.1, ÿ4.8, ÿ5.1, ÿ5.3; HRMS
(FAB) calcd for C47H67ClN4O11SiCs [M�Cs�] 1059.3318, found 1059.3388.


Carboxylic acid 17: To a solution of tripeptide ester 64 (3.82 g, 4.1 mmol) in
tBuOH (36 mL) at 0 8C was added H2O (18 mL). The reaction mixture was
further cooled to ÿ58C for 15 min and then lithium hydroxide monohy-
drate (0.69 g, 16.4 mmol) was added. The resulting slurry was stirred
vigorously at 0 8C for 0.5 h and then it was quenched by the addition of
saturated aqueous NH4Cl (50 mL). The mixture was diluted with CH2Cl2


(50 mL) and stirred at 0 8C for 0.5 h. The aqueous phase was acidified to pH
5 by dropwise addition of 5 % aqueous HCl at 0 8C and then extracted with
CH2Cl2 (2� 25 mL). The combined organic layers were washed with brine
(25 mL), dried (Na2SO4), concentrated, and the residue was purified by
flash column chromatography (silica gel, 0!100 % EtOAc in hexanes, then
10% MeOH in EtOAc, gradient elution) to afford tripeptide carboxylic
acid 17 (3.55 g, 95%). 17: Rf� 0.22 (silica gel, 7.5 % MeOH in CH2Cl2);
[a]22


D ��5.29 (c� 2.61, MeOH); IR (thin film): nÄmax� 3306, 2958, 2931,
2857, 1650, 1508, 1251, 836 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K): d�
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7.28 (d, J� 2.0 Hz, 1H, H-2b), 7.14 (d, J� 2.6 Hz, 2H, ArH (Ddm)), 7.13 (d,
J� 2.6 Hz, 2 H, ArH (Ddm)), 7.07 (dd, J� 8.4, 1.9 Hz, 1 H, H-2f), 6.84 (d,
J� 1.7 Hz, 2H, ArH (Ddm)), 6.84-6.83 (m, 1 H, H-2e), 6.83 (d, J� 1.5 Hz,
2H, ArH (Ddm)), 6.08 (s, 1 H, NHCH (Ddm)), 5.00 (d, J� 7.0 Hz, 1H,
H-2b), 4.64 (d, J� 7.0 Hz, 1H, 2a), 4.58 ± 4.44 (m, 2H, H-1a and H-3a), 3.75
(s, 3H, Ddm-OCH3), 3.75 (s, 3 H, Ddm-OCH3), 2.84 (d, J� 14.2 Hz, 1H,
H-3bA), 2.77 (d, J� 14.2 Hz, 1H, H-3bB), 2.51 (s, 3H, NCH3), 1.51 ± 1.35 (m,
3H, H-1b and H-1g), 1.45 (s, 9H, tBuO), 0.87 (d, J� 6.7 Hz, 3 H, H-1d),
0.85 (d, J� 6.5 Hz, 3 H, H-1d'), 0.80 (s, 9H, tBuSi), 0.00 (s, 3H, CH3Si),
ÿ0.16 (s, 3H, CH3Si); 13C NMR (150 MHz, CD3COCD3, 323 K): d� 173.6,
173.3, 171.1, 161.0, 155.0, 136.7, 136.0, 130.8, 130.7, 130.4, 128.9, 122.2, 118.9,
115.9, 81.7, 75.8, 61.8, 58.9, 57.8, 56.8, 38.7, 29.9, 27.5, 26.6, 24.7, 23.2, 19.9,
ÿ3.3; HRMS (FAB) calcd for C46H64ClN4O11SiCs2 [MÿH� 2Cs�]
1177.2138, found 1177.2088.


Amino alcohol 65 : To a solution of TBS ether 46 (1.31 g, 2.6 mmol) in THF
(25 mL) at 0 8C was added nBu4NF (1.0m solution in THF, 2.9 mL,
2.9 mmol). The resulting solution was stirred at that temperature for 2 h
and then it was quenched by the addition of saturated aqueous NH4Cl
(15 mL). The mixture was extracted with EtOAc (3� 40 mL) and the
combined organic phases were washed with H2O (50 mL), brine (50 mL),
dried (Na2SO4), and concentrated in vacuo. Flash column chromatography
(silica gel, 5!15 % MeOH in CHCl3, gradient elution) afforded 65
(938 mg, 92 %). 65 : Rf� 0.23 (silica gel, 20 % MeOH in CHCl3); [a]22


D �
ÿ33.4 (c� 1.12, CHCl3); IR (thin film): nÄmax� 3344, 3292, 2971, 2866, 1415,
1338, 1309, 1223, 1046 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.48 (s, 2H,
ArH), 3.90 (br. s, 2 H, NCH2), 3.87 (dd, J� 7.8, 4.3 Hz, 1 H, ArCH), 3.67
(br. s, 2H, NCH2), 3.60 (dd, J� 10.8, 4.3 Hz, 1H, CHHOH), 3.42 (dd, J�
10.8, 7.8 Hz, 1H, CHHOH), 2.45 (br. s, 3H, OH and NH2), 2.02 (br. s, 4H,
CH2); 13C NMR (100 MHz, CDCl3): d� 147.0, 141.6, 130.4, 117.7, 67.4, 56.1,
51.1, 46.5, 23.8, 23.5; HRMS (FAB) calcd for C12H17Br2N4O [M�H�]
392.9749, found 392.9747.


Tetrapeptide 66 : A solution of hydroxy amine 65 (216 mg, 0.55 mmol), acid
17 (503 mg, 0.55 mmol) and HOAt (250 mg, 1.82 mmol) in THF (5 mL) at
0 8C was treated with EDC (315 mg, 1.65 mmol). The reaction mixture was
stirred for 10 h and then quenched by the addition of saturated aqueous
NH4Cl (5 mL). The resulting mixture was extracted with EtOAc (3�
10 mL) and the combined organic phases were washed with H2O
(15 mL), brine (15 mL), dried (Na2SO4) and concentrated in vacuo. Flash
column chromatography of the residue (silica gel, 10!20% EtOAc in
hexanes, gradient elution) afforded tetrapeptide 66 (594 mg, 84%). 66 :
Rf� 0.20 (silica gel, 50% EtOAc in hexanes); [a]22


D �ÿ47.5 (c� 1.14,
CHCl3); IR (thin film): nÄmax� 3314, 2945, 1658, 1502, 1417, 1247, 1169, 1092,
1035 cmÿ1; 1H NMR (600 MHz, CD3COCD3, 323 K): d� 8.60 (s, 1H, OH),
8.05 (d, J� 8.1 Hz, 1 H, NH), 7.94 (d, J� 7.7 Hz, 1H, NH), 7.89 (d, J�
8.1 Hz, 1H, NH), 7.56 (s, 2H, ArH), 7.50 (s, 1 H, ArH), 7.29 (d, J� 8.3 Hz,
1H, ArH), 7.18 (t, J� 8.9 Hz, 4H, ArH), 7.01 (d, J� 8.3 Hz, 1H, ArH),
6.88-6.84 (m, 4H, ArH), 6.72 (br. s, 1H, NH), 6.15 (d, J� 8.2 Hz, 1H,
CHAr2), 4.99 (d, J� 8.0 Hz, 1 H), 4.90 (dd, J� 13.1, 5.9 Hz, 1 H), 4.77 ± 4.73
(m, 1 H), 4.64 (br. s, 1H), 4.41 (dd, J� 7.8, 6.1 Hz, 1H), 3.97 (t, J� 6.4 Hz,
1H), 3.80 (br. s, 2H, NCH2), 3.78 (s, 3H, OCH3), 3.77 (s, 3 H, OCH3), 3.75
(br. s, 2 H, NCH2), 3.07 (dd, J� 15.7, 3.8 Hz, 1H), 2.74 ± 2.66 (m, 2H, H-3b),
2.44 (s, 3H, NCH3), 2.06 (br. s, 4H, NCH2CH2), 1.53-1.49 (m, 1 H), 1.42 (s,
9H, tBuO), 1.45 ± 1.34 (m, 2 H), 0.87-0.84 (m, 6H, CH(CH3)2), 0.83 (s, 9H,
tBuSi), 0.02 (s, 3H, CH3Si), ÿ0.09 (s, 3H, CH3Si); 13C NMR (100 MHz,
CD3COCD3, 323 K): d� 173.1, 171.3, 170.9, 170.4, 159.6, 159.6, 153.8, 147.7,
140.9, 135.5, 135.4, 134.2, 131.8, 129.4, 129.2, 127.9, 117.9, 117.5, 114.4, 80.4,
74.2, 65.8, 62.2, 56.3, 55.5, 55.5, 51.6, 51.0, 47.2, 36.9, 28.6, 28.5, 26.2, 26.1,
25.2, 24.5, 24.1, 23.6, 21.5, 18.5, ÿ4.6, ÿ4.8; HRMS (FAB) calcd for
C58H79Br2ClN8O11SiCs [M�Cs�] 1419.2734, found 1419.2734.


D-O-E cyclic system 67a and 67b : To a solution of tetrapeptide 66 (232 mg,
0.18 mmol) and CuBr ´ Me2S (156 mg, 0.54 mmol) in degassed MeCN
(18 mL) at 25 8C was added K2CO3 (75 mg, 0.54 mmol) and pyridine (44 mL,
0.54 mmol). The resulting mixture was refluxed and stirred for 15 min. The
reaction mixture was cooled to 25 8C and filtered through a pad of celite.
The celite was washed thoroughly with EtOAc (3� 20 mL) and the
combined organic layers were washed with H2O (20 mL), brine (20 mL),
and dried (Na2SO4). The solvent was removed in vacuo and flash column
chromatography of the residue (silica gel, 10!30 % acetone in hexanes,
gradient elution) afforded 67a (141 mg, 65 %) and 67b (47 mg, 22 %). 67a :
Rf� 0.22 (silica gel, 40 % acetone in hexanes); [a]22


D ��31.2 (c� 1.18,
CHCl3); IR (KBr): nÄmax� 3442, 2954, 2493, 1673, 1647, 1502, 1416, 1324,


1245, 1166, 1107, 1028 cmÿ1; 1H NMR (600 MHz, CD3COCD3, 323 K): d�
7.99 (d, J� 8.2 Hz, 1 H, NH), 7.64 ± 7.50 (br. s, 2H, NH and H-2f), 7.31 (d,
J� 1.9 Hz, 1H, H-2b), 7.26 (d, J� 8.3 Hz, 1H, H-2e), 7.21 (d, J� 1.5 Hz,
1H, H-4b), 7.17 ± 7.13 (m, 5H, NH and 4ArH), 6.88 ± 6.85 (m, 5 H, NH and
4ArH), 6.11 (d, J� 8.4 Hz, 1 H, CHAr2), 6.05 (br. s, 1H, H-4f), 5.54 (d, J�
5.0 Hz, 1 H, H-2b), 4.90 (br. s, 1 H, H-2a), 4.79 (br. s, 1 H, H-4a), 4.66 (br. s,
1H, H-3a), 4.59 (br. s, 1 H, H-1a), 3.82 ± 3.72 (m, 6H), 3.77 (s, 3 H, OCH3),
3.77 (s, 3H, OCH3), 2.86 (s, 3H, NCH3), 2.85 ± 2.66 (m, 2 H, H-3b), 2.05
(br. s, 4H, NCH2CH2), 1.73 ± 1.66 (m, 3H, H-1b and H-1g), 1.50 (s, 9H,
tBuO), 0.92 (s, 9H, tBuSi), 0.89 ± 0.86 (m, 6 H, CH(CH3)2), 0.14 (s, 3H,
CH3Si), 0.11 (s, 3H, CH3Si); 13C NMR (150 MHz, CD3COCD3, 323 K): d�
173.1, 171.4, 170.8, 170.7, 159.9, 159.9, 154.0, 148.0, 141.1, 135.7, 135.7, 134.4,
132.0, 129.8, 129.6, 129.5, 128.0, 118.0, 117.7, 114.7, 114.7, 80.6, 74.7, 66.0,
62.2, 56.6, 55.8, 55.7, 51.3, 37.5, 37.3, 28.7, 26.3, 25.5, 24.5 (br), 23.6, 22.1, 18.7,
ÿ4.4, ÿ4.6; HRMS (FAB) calcd for C58H78BrClN8O11Cs [M�Cs�] calcd
1339.3477, found 1339.3543. 67 b : Rf� 0.13 (silica gel, 40% acetone in
hexanes); [a]22


D ��8.54 (c� 0.89, CHCl3); IR (KBr): nÄmax� 3389, 2941,
2862, 1673, 1509, 1410, 1318, 1245, 1166, 1100, 1034 cmÿ1; 1H NMR
(500 MHz, CD3COCD3, 323 K): d� 8.12 (s, 1 H, NH), 7.69 ± 7.50 (m, 2H),
7.31 (s, 1H, NH), 7.21 (d, J� 1.5 Hz, 1H), 7.17 ± 7.11 (m, 5H, ArH), 6.93 ±
6.91 (m, 1H, ArH), 6.88-6.85 (m, 5H, ArH), 6.23 ± 6.21 (m, 1H, H-4f), 6.09
(d, J� 8.2 Hz, 1 H, CHAr2), 5.53 (d, J� 4.8 Hz, 1 H, H-2b), 4.90 (br. s, 1H,
H-2a), 4.77 (br. s, 1H), 4.65 (br. s, 1H), 4.54 (br. s, 1H), 3.90 (br. s, 2H,
NCH2), 3.77 (s, 3H, OCH3), 3.76 (s, 3 H, OCH3), 3.80 ± 3.73 (m, 1 H), 3.65
(br. s, 2 H, NCH2), 3.49 (br. s, 1 H), 2.87 (s, 3H, NCH3), 2.60 ± 2.55 (m, 2H,
H-3b), 2.04 (br. s, 4 H, NCH2CH2), 1.75 ± 1.71 (m, 3H, H-1b and H-1g), 1.53
(s, 9H, tBuO), 1.50 ± 1.47 (m, 6H, CH(CH3)2), 0.91 (s, 9 H, tBuSi), 0.13 (s,
3H, CH3Si), 0.11 (s, 3 H, CH3Si); 13C NMR (150 MHz, CD3COCD3, 323 K):
d� 172.7, 171.3, 170.8, 168.6, 159.6, 158.0, 157.0, 153.8, 153.1, 139.8, 138.9,
138.6, 135.1, 129.4, 129.3, 128.7, 125.8, 125.4, 123.3, 122.8, 118.9, 118.8, 115.9,
115.4, 114.5, 80.6, 73.8, 73.6, 65.5, 60.9, 57.2, 56.7, 56.3, 55.5, 51.6, 51.1, 46.9,
39.2, 37.2, 28.6, 26.2, 25.4, 24.5, 24.1, 23.7, 22.1, 18.9, ÿ4.8, ÿ4.8; HRMS
(FAB) calcd for C58H78BrClN8O11Cs [M�Cs�] calcd 1339.3477, found
1339.3544.


Carboxylic acid 7: To a solution of alcohol 67a (500 mg, 0.414 mmol) in 5%
aqueous NaHCO3/acetone (1:1, 4 mL) at 0 8C were added TEMPO (71 mg,
0.46 mmol) and potassium bromide (5 mg, 0.04 mmol). Sodium hypochlor-
ite (5% aqueous, 2 mL) was added dropwise and the resulting mixture was
stirred for 1 h before it was quenched by the addition of saturated aqueous
NH4Cl (5 mL). The mixture was extracted with EtOAc (3� 10 mL) and the
combined organic extracts were washed with brine, dried (Na2SO4), and
concentrated in vacuo. The resulting residue was purified by column
chromatography (silica gel, 5!10% MeOH in CHCl3) to afford carboxylic
acid 7 (330 mg, 65 %). 7: 1H NMR (500 MHz, CD3OD): d� 7.65 (br. s, 1H),
7.54 (br. s, 1H), 7.35 ± 7.32 (m, 1H), 7.23 ± 7.20 (m, 1H), 7.08 ± 7.05 (m, 4H),
6.86 ± 6.82 (m, 4H), 6.08 (s, 1H), 5.89 (s, 1 H), 5.51 ± 5.48 (m, 1H), 5.16 ± 5.10
(m, 1H), 5.04 ± 4.80 (m, 2 H), 4.66 ± 4.59 (br. s, 1 H), 3.90 ± 3.75 (m, 4H), 3.77
(s, 3 H), 3.76 (s, 3 H), 2.84 (s, 3H), 2.65 ± 2.60 (m, 2H), 2.08 (br. s, 4 H), 1.60 ±
1.50 (m, 12 H), 0.87 (s, 9 H), 0.12 (s, 3H), 0.09 (s, 3H); HRMS (FAB) calcd
for C58H76BrClN8O12SiCs [M�Cs�] 1353.3270, found 1353.3362.


Epimers 5a and 5b : A solution of acid 7 (140 mg, 0.11 mmol) and amine 6
(97 mg, 0.11 mmol) at ÿ15 8C in THF (2.5 mL) was treated sequentially
with HOAt (52 mg, 0.38 mmol) and EDC (66 mg, 0.33 mmol). The reaction
mixture was stirred for 5 h before it was quenched by the addition of
saturated aqueous NH4Cl (5 mL). The resulting mixture was extracted with
EtOAc (3� 10 mL) and the combined organic extracts were washed with
brine, dried (Na2SO4), and concentrated in vacuo. The residue was purified
by flash column chromatography (silica gel, 20!40% EtOAc in hexanes)
to afford 5a (114 mg, 48%) and 5b (57 mg, 24%). 5a : Rf� 0.08 (silica gel,
50% EtOAc in hexanes); 1H NMR (600 MHz, CD3OD, 330 K): d� 7.55 ±
7.49 (m, 5H, ArH), 7.48 ± 7.45 (m, 2H, ArH), 7.45 ± 7.44 (m, 2 H, ArH), 7.40
(d, J� 2.4 Hz, 1H, ArH), 7.38 (d, J� 8.7 Hz, 2 H, ArH), 7.29 (d, J� 8.7 Hz,
2H, ArH), 7.24 (dd, J� 8.7, 2.5 Hz, 1 H, ArH), 7.17 (dd, J� 8.7, 2.0 Hz, 1H,
ArH), 7.12 (d, J� 8.7 Hz, 2H, ArH), 7.10 (d, J� 8.7 Hz, 2H, ArH), 7.12-7.10
(m, 2H, ArH), 7.02 (d, J� 8.7 Hz, 1H, ArH), 6.89 (d, J� 2.4 Hz, 1H, ArH),
6.78 (d, J� 2.4 Hz, 1 H, ArH), 6.31 (s, 1H, ArH), 6.20 (s, 1H, CHAr2), 5.88
(s, 1 H), 5.76 (s, 1 H), 5.67 (m, 1H), 5.42 (d, J� 3.2 Hz, 1H), 5.15 (m, 1H),
5.03 (d, J� 4.8 Hz, 1 H), 4.99 (d, J� 3.4 Hz, 1 H), 4.85 ± 4.82 (m, 2 H), 4.72 ±
4.67 (m, 2 H), 4.42 ± 4.35 (m, 2H), 4.10 ± 4.09 (m, 4H), 4.08 (s, 3H, OCH3),
4.05 (s, 3H, OCH3), 4.04 (s, 3H, OCH3), 3.90 ± 3.88 (m, 2 H), 3.87 (s, 3H,
OCH3), 3.75 (s, 3 H, OCH3), 3.12 (s, 3H, NCH3), 2.86 ± 2.81 (m, 1H), 2.77 ±
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2.73 (m, 1H), 2.04 (br. s, 2 H), 1.94 (br. s, 2 H), 1.56 (s, 9 H, tBuO), 1.48 (t, J�
7.2 Hz, 3 H), 1.23 ± 1.18 (m, 9 H), 1.17 (s, 9 H, tBuSi), 1.09 (s, 9H, tBuSi), 0.38
(s, 3H, CH3Si), 0.34 (s, 3H, CH3Si), 0.25 (s, 3H, CH3Si), 0.11 (s, 3 H, CH3Si);
electrospray MS calcd for C101H128BrCl2N13O20Si2Na [M�Na�] 2073, found
2073. 5b : Rf� 0.12 (silica gel, 50 % EtOAc in hexanes); 1H NMR
(600 MHz, CD3OD, 330 K): d� 7.23 ± 7.15 (m, 5 H, ArH), 7.12 (d, J�
8.3 Hz, 1H, ArH), 7.10 (d, J� 1.8 Hz, 1 H, ArH), 7.04 ± 7.00 (m, 4 H), 6.91
(d, J� 8.6 Hz, 2H, ArH), 6.83 (dd, J� 8.5, 2.0 Hz, 1H, ArH), 6.79 ± 6.74 (m,
6H, ArH), 6.69 ± 6.65 (m, 2 H, ArH), 6.51 (d, J� 2.3 Hz, 1 H, ArH), 6.41 (d,
J� 2.3 Hz, 1H, ArH), 5.94 (s, 1H, ArH), 5.79 (br. s, 1 H), 5.54 (s, 1H), 5.42
(s, 1H), 5.35 ÿ5.30 (m, 2 H), 5.11 ± 5.10 (m, 1H), 4.80 ± 4.70 (m, 3H), 4.67
(d, J� 3.3 Hz, 1H), 4.52 ± 4.50 (m, 2H), 4.38 ± 4.32 (m, 2 H), 4.04 (br. s, 2H),
3.86 (br. s, 2 H), 3.73 (s, 3H, OCH3), 3.70 (s, 6 H, OCH3), 3.72 ± 3.68 (m, 2H),
3.51 (s, 3H, OCH3), 3.35 (s, 3H, OCH3), 2.78 (s, 3H, NCH3), 2.42 ± 2.39 (m,
2H), 1.98 (br. s, 4H), 1.41 (s, 9 H, tBuO), 1.18 ± 1.14 (m, 3H), 0.89 ± 0.82 (m,
9H), 0.80 (s, 9H, tBuSi), 0.76 (s, 9H, tBuSi), 0.02 (s, 3H, CH3Si), ÿ0.02 (s,
3H, CH3Si), ÿ0.10 (s, 3H, CH3Si), ÿ0.24 (s, 3H, CH3Si); electrospray MS
calcd for C101H128BrCl2N13O20Si2Na [M�Na�] 2073, found 2073.


Carboxylic acid 68 : To a solution of amino acid 29 (8.80 g, 0.030 mol) in
THF/H2O (1:1, 150 mL) at 0 8C was added anhydrous LiOH (1.08 g,
0.045 mol). The resulting mixture was stirred at 0 8C for 0.5 h before it was
quenched by the addition of saturated aqueous citric acid (150 mL). The
aqueous phase was extracted with EtOAc (3� 200 mL) and the combined
organic extracts were washed with H2O (50 mL), brine (100 mL), dried
(Na2SO4), and concentrated in vacuo to afford crude carboxylic acid 68
(8.45 g, 99%), which was used in the next step without further purification.


Phenol 69 : A solution of carboxylic acid 68 (911 mg, 3.23 mmol) and amine
35 (1.0 g, 2.95 mmol) in DMF (30 mL) at ÿ20 8C was sequentially treated
with HOBt (1.49 g, 9.73 mmol) and EDC (3.0 mg, 8.85 mmol). The
resulting mixture was stirred at 0 8C for 12 h before it was quenched by
the addition of saturated aqueous citric acid (60 mL). The aqueous phase
was extracted with EtOAc (3� 75 mL) and the combined organic extracts
were washed with H2O (50 mL), brine (50 mL), dried (Na2SO4), and
concentrated in vacuo. Flash column chromatography of the residue (silica
gel, 0!50 % EtOAc in hexanes, gradient elution) afforded phenol 69
(1.44 g, 81%). 69 : Rf� 0.15 (silica gel, 30% EtOAc in hexanes); [a]22


D �
ÿ49.6 (c� 1.2, MeOH); IR (thin film): nÄmax� 3343, 2931, 1694, 1514, 1252,
1169, 1082, 1039 cmÿ1; 1H NMR (600 MHz, CD3COCD3): d� 8.28 (s, 1H,
OH), 7.33 (d, J� 8.5 Hz, 1 H, NH), 7.26 (d, J� 8.5 Hz, 2H, H-5b), 6.98 (d,
J� 8.0 Hz, 2H, H-6b), 6.88 (d, J� 8.0 Hz, 2 H, H-5c), 6.64 (d, J� 8.0 Hz,
2H, H-6c), 6.41 (br. s, 1H, NH), 5.27 ± 5.21 (m, 2 H, H-5a and H-6b), 4.53
(dd, J� 11.0, 2.0 Hz, 1 H, H-6a), 4.21 ± 4.10 (m, 2 H, OCH2CH3), 3.80 (s,
3H, OCH3), 1.39 (s, 9H, tBuO), 1.27 (t, J� 7.0 Hz, 3H, OCH2CH3), 0.08 (s,
9H, tBuSi), ÿ0.03 (s, 3H, CH3Si), ÿ0.23 (s, 3H, CH3Si); 13C NMR
(150 MHz, CD3COCD3): d� 170.7, 160.2, 157.7, 132.4, 129.7, 129.5, 128.9,
128.5, 128.5, 115.6, 114.6, 75.0, 61.9, 60.1, 58.3, 55.5, 28.5, 26.1, 18.6, 14.4,
ÿ4.5, ÿ5.3; HRMS (FAB) calcd for C31H46N2O8SiCs [M�Cs�] 735.2078,
found 735.2063.


Chloride 70 : A solution of phenol 69 (1.48 g, 2.46 mmol) in Et2O/CH2Cl2


(5:1, 30 mL) at ÿ10 8C was treated with SO2Cl2 (0.25 mL, 2.50 mmol). The
resulting reaction mixture was stirred at 0 8C for 0.5 h and then quenched
with saturated aqueous NaHCO3 (60 mL). The mixture was then extracted
with EtOAc (3� 60 mL) and the combined organic extracts were washed
with brine (50 mL), dried (Na2SO4), and concentrated in vacuo. Flash
column chromatography of the residue (silica gel, 30 % EtOAc in hexanes)
afforded chloride 70 (1.38 g, 88 %). 70 : Rf� 0.15 (silica gel, 30% EtOAc in
hexanes); [a]22


D �ÿ51.6 (c� 0.68, MeOH); IR (thin film): nÄmax� 3417, 2930,
1682, 1513, 1252, 1167, 1090, 1030 cmÿ1; 1H NMR (600 MHz, CD3COCD3):
d� 8.66 (s, 1 H, OH), 7.34 (s, 1 H, H-6b), 7.28 ± 7.22 (m, 3 H, H-5b and H-6f),
6.91 (s, 1H, NH), 6.88 (d, J� 8.0 Hz, 2H, H-5c), 6.80 (d, J� 7.0 Hz, 1H,
H-6e), 6.35 (br. s, 1H, NH), 5.27 (s, 1H, H-5a), 5.25 (d, J� 7.0 Hz, 1H,
H-6b), 4.59 (dd, J� 9.0, 2.0 Hz, 1H, H-6a), 4.25 ± 4.12 (m, 2 H, OCH2CH3),
3.80 (s, 3H, OCH3), 1.39 (s, 9H, tBuO), 1.29 (t, J� 7.0 Hz, 3H, OCH2CH3),
0.85 (s, 9H, tBuSi), 0.00 (s, 3H, CH3Si), ÿ0.19 (s, 3H, CH3Si); 13C NMR
(150 MHz, CD3COCD3): d� 171.2, 170.4, 160.2, 154.3, 153.1, 143.4, 134.2,
129.3, 128.6, 126.8, 120.5, 117.1, 114.7, 79.3, 74.3, 62.0, 59.9, 58.2, 55.5, 28.5,
26.0, 18.6, 14.4, ÿ4.5, ÿ5.3; HRMS (FAB) calcd for C31H53N2O8SiCl [M�
H�] 637.2712, found 637.2736.


Amine 71: Chloride 70 (583 mg, 0.915 mmol) was dissolved in CH2Cl2


(20 mL) and cooled to ÿ10 8C. Trimethylsilyl trifluoromethanesulfonate
(550 mL, 3.04 mmol) was added dropwise over 5 min. The reaction mixture


was stirred at ÿ10 8C for 0.5 h at which time 2,6-lutidine (320 mL,
2.75 mmol) was added. After stirring for 0.5 h, the reaction was quenched
by the addition of saturated aqueous NaHCO3 (60 mL). The resulting
mixture was extracted with EtOAc (3� 50 mL) and the combined organic
extracts were washed with brine (50 mL), dried (Na2SO4), and concen-
trated in vacuo. Flash column chromatography of the residue (silica gel,
10% MeOH in CH2Cl2) afforded amine 71 (384 mg, 75 %). 71: Rf� 0.21
(silica gel, 80 % EtOAc in hexanes); [a]22


D �ÿ27.4 (c� 1.6, MeOH); IR
(thin film): nÄmax� 3347, 2957, 1733, 1661, 1514, 1552, 1091, 1030 cmÿ1;
1H NMR (600 MHz, CDCl3): d� 7.47 (d, J� 9.5 Hz, 1 H, NH), 7.30 (d, J�
8.5 Hz, 2H, H-5b), 7.17 (d, J� 2.0 Hz, 1H, H-6b), 6.97 (dd, J� 8.5, 2.0 Hz,
1H, H-6f), 6.89 (d, J� 8.5 Hz, 2H, H-5c), 6.84 (d, J� 8.5 Hz, 1H, H-6e),
5.23 (d, J� 2.0 Hz, 1 H, H-6b), 4.59 (dd, J� 9.5, 2.0 Hz, 1 H, H-6a), 4.42 (s,
1H, H-5a), 4.22 ± 4.18 (m, 1H, OCHHCH3), 4.14 ± 4.10 (m, 1H,
OCHHCH3), 3.80 (s, 3H, OCH3), 1.26 (t, J� 7.0 Hz, 3H, OCH2CH3),
0.86 (s, 9 H, tBuSi), ÿ0.03 (s, 3 H, CH3Si), ÿ0.20 (s, 3 H, CH3Si); 13C NMR
(150 MHz, CDCl3): d� 174.0, 170.7, 160.3, 151.8, 134.8, 133.7, 129.3, 127.5,
126.7, 120.4, 116.9, 115.2, 74.2, 62.5, 60.1, 59.8, 56.1, 26.4, 18.8, 14.9, ÿ3.8,
ÿ4.8; HRMS (FAB) calcd for C26H37N2O6SiClCs [M�Cs�] 669.1164,
found 669.1148.


Tripeptide 72 : A solution of carboxylic acid 12 (320 mg, 0.630 mmol) and
amine 71 (368 mg, 0.686 mmol) in THF (25 mL) atÿ10 8C was sequentially
treated with HOAt (284 mg, 2.08 mmol) and EDC (363 mg, 1.89 mmol).
The resulting mixture was stirred at ÿ10 8C for 2 h before it was quenched
by the addition of H2O (40 mL). The aqueous phase was extracted with
EtOAc (3� 50 mL) and the combined organic extracts were washed with
saturated aqueous NH4Cl (40 mL), saturated aqueous NaHCO3 (40 mL),
brine (40 mL), dried (Na2SO4), and concentrated in vacuo. Flash column
chromatography of the residue (silica gel, 70 % acetone in hexanes)
afforded tripeptide 72 (512 mg, 79 %). 72 : Rf� 0.43 (silica gel, 30 % EtOAc
in benzene); [a]22


D �ÿ43.2 (c� 0.63, MeOH); IR (thin film): nÄmax� 3321,
2930, 1668, 1514, 1417, 1253, 1094, 1029 cmÿ1; 1H NMR (500 MHz,
CD3COCD3): d� 8.72 (s, 1H, OH), 8.05 (br. s, 1H, NH), 7.70 (s, 2H,
H-4b), 7.46 (d, J� 9.5 Hz, 1 H, NH), 7.25 (s, 1 H, H-6b), 7.21 (d, J� 9.0 Hz,
2H, H-5b), 6.89 ± 6.82 (m, 3 H, H-5c and H-6f), 6.75 (d, J� 8.5 Hz, 1H,
H-6e), 6.63 (br. s, 1H, NH), 5.56 (d, J� 8.0 Hz, 1H, H-5a), 5.37 (br. s, 1H,
H-4a), 5.24 (d, J� 3.0 Hz, 1H, H-6b), 4.55 (dd, J� 9.5, 3.0 Hz, 1H, H-6a),
4.18 ± 4.05 (m, 2H, OCH2CH3), 3.91 ± 3.86 (br. s, 2H, NCH2), 3.80 (s, 3H,
OCH3), 3.63 ± 3.58 (br. s, 2H, NCH2), 2.13 ± 2.02 (br.d, 4 H, NCH2CH2), 1.36
(s, 9 H, tBuO), 1.21 (t, J� 7.5 Hz, 3 H, OCH2CH3), 0.83 (s, 9H, tBuSi),
ÿ0.03 (s, 3H, CH3Si),ÿ0.21 (s, 3H, CH3Si); 13C NMR (125 MHz, CD3CN):
d� 170.3, 170.1, 169.3, 160.1, 155.6, 152.3, 148.5, 138.0, 134.1, 132.0, 130.7,
129.0, 128.8, 128.2, 126.5, 120.1, 116.8, 114.8, 80.2, 73.7, 62.3, 59.8, 57.3, 56.8,
55.7, 51.8, 47.2, 28.2, 25.7, 24.4, 23.9, 18.3, 14.2, ÿ4.8, ÿ5.5; HRMS (FAB)
calcd for C43H59N6O9ClSiBr2Cs [M�Cs�] 1157.1049, found 1157.1103.


C-O-D Ring System 73a and 73b : To a solution of tripeptide 72 (540 mg,
0.527 mmol), CuBr ´ Me2S (294 mg, 1.43 mmol) and K2CO3 (192 mg,
1.39 mmol) in degassed MeCN (20 mL) at 25 8C was added pyridine
(106 mL, 1.31 mmol). The resulting mixture was refluxed for 0.5 h and then
it was cooled to 25 8C, diluted with EtOAc (40 mL) and quenched with
saturated aqueous NH4Cl (40 mL). The reaction mixture was stirred for
0.5 h and then extracted with EtOAc (3� 50 mL). The combined organic
extracts were washed with brine (40 mL) and dried (Na2SO4). The solvent
was removed in vacuo and flash column chromatography of the residue
(silica gel, 10!30 % acetone in hexanes, gradient elution) afforded C-O-D
ring system 73a (122 mg, 25%) and 73 b (136 mg, 27 %). 73 a : Rf� 0.12
(silica gel, 30% EtOAc in hexanes); [a]22


D ��19.5 (c� 0.98, MeOH); IR
(thin film): nÄmax� 3307, 2928, 1714, 1514, 1416, 1337, 1252, 1178, 1097,
1030 cmÿ1; 1H NMR (600 MHz, CD3COCD3): d� 7.53 (d, J� 2.0 Hz, 1H,
H-6b), 7.44 ± 7.39 (m, 3H, H-4f and H-5b), 7.28 ± 7.18 (m, 2H, NH, H-6f),
7.14 (d, J� 8.5 Hz, 1 H, H-6e), 7.12 (s, 1 H, H-4b), 7.02 (d, J� 9.0 Hz, 2H,
H-5c), 6.38 (br. s, 1 H, NH), 5.80 (d, J� 9.0 Hz, 1 H, NH), 5.46 (d, J� 8.0 Hz,
1H, H-4a), 5.44 (d, J� 2.0 Hz, 1H, H-6b), 5.31 ± 5.23 (br. s, 1 H, H-5a), 4.46
(d, J� 8.5 Hz, 1H, H-6a), 4.25-4.17 (m, 1 H, OCHHCH3), 4.12 ± 4.04 (m,
1H, OCHHCH3), 3.96 ± 3.85 (br. s, 2 H, NCH2), 3.82 (s, 3H, OCH3), 3.69 ±
3.61 (br. s, 2 H, NCH2), 2.14 ± 2.03 (br.d, 4 H, NCH2CH2), 1.37 (s, 9H,
tBuO), 1.27 (t, J� 7.0 Hz, 3 H, OCH2CH3), 0.77 (s, 9H, tBuSi), ÿ0.03 (s,
3H, CH3Si), ÿ0.14 (s, 3H, CH3Si); 13C NMR (150 MHz, CD3COCD3): d�
169.4, 168.7, 168.5, 160.9, 154.2, 152.5, 138.8, 132.3, 130.7, 129.5, 128.6, 128.0,
126.8, 126.7, 123.0, 119.0, 118.4, 115.3, 114.7, 114.5, 79.5, 74.4, 62.4, 61.0, 58.2,
57.7, 55.6, 51.6, 47.0, 28.5, 26.0, 24.5, 24.1, 18.4, 14.3, ÿ4.3, ÿ5.6; HRMS
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(FAB) calcd for C43H56N6O9SiClBrCs [M�Cs�] 1077.1790, found
1077.1759. 73b : Rf� 0.21 (silica gel, 30% acetone in hexanes); [a]22


D �
ÿ11.5 (c� 0.46, CH3OH); IR (thin film): nÄmax� 3417, 2929, 1714, 1514,
1416, 1336, 1253, 1164, 1093, 1031 cmÿ1; 1H NMR (600 MHz, CD3CN): d�
7.37 (dd, J� 8.5, 2.0 Hz, 1 H, H-6f), 7.34 (dd, J� 2.0, 1.0 Hz, 1 H, H-6b), 7.26
(d, J� 8.5 Hz, 1 H, H-6e), 7.22 (s, 1 H, H-4f), 7.14 (br. s, 2 H, H-5b), 7.01 (d,
J� 8.5 Hz, 2H, H-5c), 6.83 (s, 1H, H-4b), 6.77 (d, J� 4.5 Hz, 1 H, NH), 5.92
(s, 1H, NH), 5.68 (d, J� 9.0 Hz, 1H, NH), 5.42 (d, J� 2.0 Hz, 1 H, H-6b),
5.12 (d, J� 4.5 Hz, 1H, H-5a), 5.00 (s, 1H, H-4a), 4.67 (s, 1 H, H-6a), 4.22 ±
4.17 (m, 1 H, OCHHCH3), 4.08-4.04 (m, 1H, OCHHCH3), 3.97 ± 3.90 (br. s,
2H, NCH2), 3.80 (s, 3H, OCH3), 3.72 ± 3.62 (br. s, 2H, NCH2), 2.12 ± 2.06
(br. s, 2H, NCH2CH2), 2.05 ± 1.98 (br. s, 2 H, NCH2CH2), 1.39 (s, 9H, tBuO),
1.26, (t, J� 7.0 Hz, 3H, OCH2CH3), 0.75 (s, 9 H, tBuSi), ÿ0.05 (s, 3H,
CH3Si), ÿ0.18 (s, 3H, CH3Si); 13C NMR (150 MHz, CD3CN): d� 169.8,
169.4, 168.9, 161.0, 158.4, 152.3, 151.8, 140.3, 130.3, 129.8, 128.2, 128.0, 127.1,
126.5, 125.2, 119.7, 119.1, 117.2, 115.2, 114.8, 74.9, 73.8, 62.7, 60.5, 59.1, 58.6,
55.9, 51.8, 47.1, 28.3, 25.8, 25.6, 24.1, 18.3, 14.1, ÿ4.9, ÿ5.3; HRMS (FAB)
calcd for C43H56N6O9SiClBrCs [M�Cs�] 1077.3030, found 1077.3067.


Alcohol 74 : To a solution of amine 14 (230 mg, 0.73 mmol) in CH2Cl2


(7.3 mL) at 0 8C was added triethylamine (0.13 mL, 0.95 mmol) and Boc2O
(183 mg, 0.84 mmol). The reaction mixture was stirred for 5 h and
concentrated in vacuo. Flash column chromatography of the residue (silica
gel, 30 % EtOAc in hexanes) afforded alcohol 74 (300 mg, 93%). 74 : Rf�
0.33 (silica gel, 30 % EtOAc in hexanes); [a]22


D �ÿ62.4 (c� 1.0, CHCl3); IR
(thin film): nÄmax� 3347, 1733, 1667, 1513, 1257, 1091, 1030 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.35-7.24 (m, 4 H, ArH), 7.32-7.30 (m, 1H, ArH),
7.18 (d, J� 8.5 Hz, 2H, H-2b), 6.92 (d, J� 8.0 Hz, 2 H, H-2c), 5.28 (bd, J�
7.5 Hz, 1H, H-2b), 5.13 (br. s, 1H, NH), 5.04 (s, 2 H, CH2Ph), 4.65 ± 4.63 (m,
1H, H-2a), 4.14 (q, J� 7.0 Hz, 2 H, OCH2CH3), 3.94 (br. s, 1 H, OH), 1.42 (s,
9H, tBuO), 1.19 (t, J� 7.5 Hz, 3H, OCH2CH3); 13C NMR (125 MHz,
CDCl3): d� 169.8, 158.7, 156.3, 136.8, 131.6, 128.6, 128.5, 127.4, 127.3, 114.5,
80.5, 74.7, 69.9, 61.6, 59.6, 28.2, 14.0; HRMS (FAB) calcd for C23H29NO5Na
[M�Na�] 438.1897, found 438.1904.


Carboxylic acid 75 : A solution of alcohol 74 (3.34 g, 8.03 mmol) in THF/
H2O (1:1, 50 mL) at 0 8C was treated with anhydrous LiOH (385 mg,
16.2 mmol). The resulting mixture was stirred for 1 h before it was acidified
to pH 3 by the addition of saturated aqueous KHSO4. The aqueous phase
was extracted with EtOAc (3� 150 mL) and the combined organic extracts
were washed with brine (75 mL), dried (Na2SO4) and concentrated in vacuo
to afford crude carboxylic acid 75 (3.00 g, 96 %), which was taken into the
next step without further purification.


Dipeptide 76 : A solution of acid 75 (1.90 g, 5.14 mmol) and amine 13
(1.60 g, 4.28 mmol) in THF (45 mL) atÿ20 8C was sequentially treated with
HOBt (1.91 g, 14.1 mmol) and EDC (2.44 mg, 12.8 mmol). The resulting
mixture was stirred at 0 8C for 4 h before it was quenched by the addition of
saturated aqueous NH4Cl (90 mL). The aqueous phase was extracted with
EtOAc (3� 125 mL) and the combined organic extracts were washed with
H2O (75 mL), brine (75 mL), dried (Na2SO4), and concentrated in vacuo.
Flash column chromatography of the residue (silica gel, 20!70% EtOAc
in hexanes, gradient elution) afforded dipeptide 76 (2.03 g, 65 %). 76 : Rf�
0.25 (silica gel, 70 % EtOAc in hexanes); [a]22


D �ÿ3.98 (c� 0.93, MeOH);
IR (thin film): nÄmax� 3323, 2953, 1737, 1657, 1511, 1247, 1175, 1033 cmÿ1;
1H NMR (600 MHz, CD3SOCD3): d� 8.77 (d, J� 8.5 Hz, 1H, NH), 8.28 (d,
J� 8.0 Hz, 1H, NH), 7.40 ± 7.27 (m, 5 H, ArH), 7.23 (d, J� 8.5 Hz, 2H,
ArH), 7.12 (d, J� 7.5 Hz, 4H, ArH), 6.89 (d, J� 8.5 Hz, 2 H, ArH), 6.85 (d,
J� 8.5 Hz, 4H, ArH), 6.57 (d, J� 9.5 Hz, 1H, NH), 5.96 (d, J� 8.5 Hz, 1H,
CHAr2), 5.43 (d, J� 5.0 Hz, 1 H, H-2b), 5.04 (s, 2 H, CH2Ph), 4.69 ± 4.64 (m,
1H, OH), 4.59 (dd, J� 8.5, 5.0 Hz, 1H, H-2a), 4.09 ± 4.02 (m, 1H, H-3a),
3.69 (s, 6 H, OCH3), 3.53 (s, 3 H, COOCH3), 2.70 (dd, J� 15.5, 7.0 Hz, 1H,
H-3b), 2.58 (dd, J� 15.5, 5.0 Hz, 1H, H-3b), 1.20 (s, 9H, tBuO); 13C NMR
(150 MHz, CD3SOCD3): d� 172.9, 171.7, 169.4, 159.4, 159.4, 158.8, 156.0,
138.5, 136.0, 135.9, 129.7, 129.6, 129.5, 129.0, 128.6, 115.2, 115.0, 114.9, 79.2,
73.5, 70.4, 60.9, 56.4, 56.0, 53.2, 50.1, 38.4, 29.3; HRMS (FAB) calcd for
C41H47N3O10Cs [M�Cs�] 874.2316, found 874.2345.


TBS ether 77: A solution of dipeptide 76 (263 mg, 0.361 mmol) in DMF
(5 mL) was treated with TBSCl (200 mg, 1.33 mmol) and imidazole (200mg,
2.94 mmol) at 25 8C. The resulting mixture was stirred for 24 h. The reaction
was quenched by the addition of saturated aqueous NH4Cl (40 mL) and the
resulting mixture was extracted with EtOAc (3� 50 mL) and the combined
organic extracts were washed with brine (30 mL), dried (Na2SO4), and
concentrated in vacuo. Flash column chromatography of the residue (silica


gel, 30% EtOAc in hexanes) afforded TBS ether 77 (227 mg, 75 %). 77:
Rf� 0.24 (silica gel, 45 % EtOAc in hexanes); [a]22


D �ÿ23.6 (c� 1.0,
MeOH); IR (thin film): nÄmax� 3306, 2931, 1738, 1714, 1514, 1455, 1372,
1250, 1176, 1091, 1037 cmÿ1; 1H NMR (500 MHz, CD3COCD3): d� 7.96 (d,
J� 8.5 Hz, 1H, NH), 7.55 (d, J� 8.0 Hz, 1H, NH), 7.47 (d, J� 7.5 Hz, 2H,
H-2b), 7.39 ± 7.29 (m, 5H, ArH), 7.20 ± 7.10 (m, 4H, ArH), 6.95 (d, J�
8.5 Hz, 2H, H-2c), 6.86 (d, J� 9.0 Hz, 4H, ArH), 6.11 (d, J� 8.5 Hz, 1H,
CHAr2), 5.59 (d, J� 8.5 Hz, 1 H, H-2b), 5.15 (d, J� 6.0 Hz, 1 H, NH), 5.06
(s, 2H, CH2Ph), 4.82 ± 4.74 (m, 1H, H-3a), 4.38 ± 4.29 (m, 1H, H-2a), 3.76
(s, 6 H, OCH3), 3.54 (s, 3H, COOCH3), 2.90 ± 2.82 (m, 1 H, H-3b), 2.73 (dd,
J� 16.0, 5.5 Hz, 1 H, H-3b), 1.33 (s, 9H, tBuO), 0.87 (s, 9H, tBuSi), 0.06 (s,
3H, CH3Si), ÿ0.11 (s, 3H, CH3Si); 13C NMR (125 MHz, CD3COCD3): d�
171.7, 169.6, 169.1, 159.4, 159.3, 159.1, 155.5, 138.1, 135.3, 135.2, 133.5, 129.2,
129.0, 129.0, 128.9, 128.7, 128.3, 128.2, 114.8, 114.3, 114.2, 79.1, 74.8, 70.2,
61.8, 56.0, 55.3, 52.1, 49.5, 37.6, 28.2, 26.0, 18.4, ÿ4.9, ÿ5.1; HRMS (FAB)
calcd for C47H61N3O10SiCs [M�Cs�] 988.3157, found 988.3181.


Phenol 78 : To a solution of TBS ether 77 (219 mg, 0.256 mmol) in ethanol
(5 mL) was added 10 % Pd(OH)2/C (20 mg). The suspension was placed
under a H2 atmosphere. After stirring for 16 h, the reaction mixture was
filtered through celite and concentrated in vacuo. Flash column chroma-
tography of the residue (silica gel, 50% EtOAc in hexanes) afforded
phenol 78 (195 mg, 99 %). 78 : Rf� 0.40 (silica gel, 50% EtOAc in hexanes);
[a]22


D �ÿ23.2 (c� 1.2, MeOH); IR (thin film): nÄmax� 3310, 1650, 1513, 1248,
1093 cmÿ1; 1H NMR (500 MHz, CD3COCD3): d� 8.29 (s, 1H, OH), 7.94 (d,
J� 7.5 Hz, 1H, NH), 7.54 (d, J� 7.5 Hz, 1H, NH), 7.23 (d, J� 8.0 Hz, 2H,
ArH), 7.20 ± 7.14 (m, 4 H, ArH), 6.87 (d, J� 8.5 Hz, 4H, ArH), 6.78 (d, J�
8.5 Hz, 2 H, ArH), 6.10 (d, J� 8.5 Hz, 1 H, CHAr2), 5.54 (d, J� 9.0 Hz, 1H,
H-2b), 5.11 (d, J� 5.5 Hz, 1 H, NH), 4.82 ± 4.76 (m, 1H, H-2a), 4.33 ± 4.27
(m, 1 H, H-3a), 3.76 (s, 6H, OCH3), 3.57 (s, 3H, COOCH3), 2.88 (dd, J�
14.5, 3.0 Hz, 1H, H-3b), 2.73 (dd, J� 14.5, 5.5 Hz, 1 H, H-3b), 1.32 (s, 9H,
tBuO), 0.84 (s, 9 H, tBuSi), 0.04 (s, 3 H, CH3Si), ÿ0.12 (s, 3H, CH3Si);
13C NMR (125 MHz, CD3COCD3): d� 171.7, 169.7, 169.0, 159.4, 159.3,
157.5, 155.5, 135.3, 135.2, 131.9, 129.2, 129.0, 128.3, 115.4, 114.2, 114.2, 79.1,
74.6, 61.9, 56.0, 55.2, 49.4, 37.6, 28.2, 25.9, 19.2, ÿ4.9, ÿ5.2; HRMS (FAB)
calcd for C40H55N3O10SiCs [M�Cs�] 898.2711, found 898.2732.


Chloride 79 : A solution of phenol 78 (244 mg, 0.318 mmol) in Et2O/CH2Cl2


(5:1, 6 mL) at 0 8C was treated dropwise with SO2Cl2 (40 mL, 0.400 mmol).
The resulting solution was stirred for 0.5 h before it was quenched by the
addition of saturated aqueous NaHCO3 (20 mL). The aqueous phase was
extracted with EtOAc (3� 50 mL) and the combined organic extracts were
washed with brine (40 mL), dried (Na2SO4), and concentrated in vacuo.
Flash column chromatography of the residue (silica gel, 2 % MeOH in
CH2Cl2) afforded chloride 79 (232 mg, 91 %). 79 : Rf� 0.42 (silica gel, 50%
EtOAc in hexanes); [a]22


D �ÿ26.4 (c� 0.89, MeOH); IR (thin film): nÄmax�
3316, 2930, 1742, 1667, 1514, 1250, 1176, 1092, 1036 cmÿ1; 1H NMR
(500 MHz, CD3COCD3): d� 8.72 (s, 1H, OH), 7.96 (d, J� 8.0 Hz, 1H,
NH), 7.66 (d, J� 8.0 Hz, 1H, NH), 7.39 (s, 1H, H-2b), 7.21 ± 7.14 (m, 5H,
ArH), 6.95 (d, J� 8.5 Hz, 1H, H-2e), 6.87 (d, J� 8.5 Hz, 4 H, ArH), 6.11 (d,
J� 8.0 Hz, 1H, CHAr2), 5.72 (d, J� 8.5 Hz, 1 H, H-2b), 5.06 (d, J� 5.5 Hz,
1H, NH), 4.83 ± 4.78 (m, 1H, H-2a), 4.34 ± 4.29 (m, 1H, H-3a), 3.76 (s, 6H,
OCH3), 3.57 (s, 3H, COOCH3), 2.93-2.89 (m, 1H, H-3b), 2.75 (dd, J� 15.5,
5.5 Hz, 1 H, H-3b), 1.31 (s, 9H, tBuO), 0.85 (s, 9 H, tBuSi), 0.04 (s, 3H,
CH3Si), ÿ0.11 (s, 3H, CH3Si); 13C NMR (125 MHz, CD3COCD3): d�
172.1, 170.1, 169.4, 159.8, 159.7, 155.9, 153.4, 135.7, 134.3, 129.6, 129.4,
127.7, 120.7, 114.6, 79.5, 74.8, 62.0, 56,4, 55,6, 52.5, 49.9, 38.0, 28.5, 26.3, 18.8,
ÿ4.5, ÿ4.7; HRMS (FAB) calcd for C40H54N3O10SiClCs [M�Cs�]
932.2321, found 932.2344.


Carboxylic acid 80 : A solution of chloride 79 (132 mg, 0.165 mmol) in
tBuOH/H2O (4:1, 10 mL) was cooled to 5 8C and the resulting slurry was
treated with a solution of LiOH monohydrate (9 mg, 0.214 mmol) in H2O
(1 mL). The mixture was warmed to 10 8C and stirred for 1 h. The reaction
was quenched with 1 % aqueous HCl (1 mL), diluted with H2O (10 mL),
and extracted with EtOAc (3� 50 mL). The combined organic extracts
were washed with brine (25 mL), dried (Na2SO4), and the solvent was
removed in vacuo. Flash column chromatography of the residue (silica gel,
10% MeOH in CH2Cl2) afforded carboxylic acid 80 (98 mg, 76%). 80 : Rf�
0.08 (silica gel, 10% MeOH in CH2Cl2); [a]22


D �ÿ21.7 (c� 1.2, MeOH); IR
(thin film): nÄmax� 3362, 2930, 1660, 1513, 1249, 1176, 1093 cmÿ1; 1H NMR
(600 MHz, CD3OD): d� 7.30 (s, 1 H, H-2b), 7.13 (d, J� 6.0 Hz, 4H, ArH),
7.10 (d, J� 8.0 Hz, 1H, H-2f), 6.87 ± 6.81 (m, 5H, ArH), 6.41 (d, J� 9.5 Hz,
1H, CHAr2), 6.05 (br. s, 1 H, H-2b), 4.92 (d, J� 6.0 Hz, 1 H, NH), 4.62 (br. s,
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1H, H-2a), 4.23 ± 4.19 (m, 1H, H-3a), 3.75 (s, 6 H, OCH3), 2.82 ± 2.71 (br. s,
2H, H-3b), 1.31 (s, 9H, tBuO), 0.82 (s, 9H, tBuSi), 0.02 (s, 3 H, CH3Si),
ÿ0.15 (s, 3 H, CH3Si); 13C NMR (150 MHz, CD3OD): d� 171.0, 160.0,
159.7, 159.7, 156.6, 156.1, 153.6, 135.0, 134.9, 133.6, 129.3, 129.2, 127.3, 120.7,
116.6, 114.2, 80.0, 75.0, 62.0, 56.5, 55.1, 49.3, 39.0, 28.1, 25.8, 18.5, ÿ5.1,
ÿ5.3; HRMS (FAB) calcd for C39H52N3O10SiClCs [M�Cs�] 918.2165,
found 918.2143.


Amine 81: To a solution of compound 73a (12.8 mg, 0.0136 mmol) in
CH2Cl2 (4 mL) at ÿ20 8C was added trimethylsilyl trifluoromethanesulfo-
nate (25 mL, 0.138 mmol). The reaction mixture was stirred at ÿ20 8C for
1 h. 2,6-Lutidine (25 mL, 0.215 mmol) was then added and the reaction
mixture was stirred for an additional 20 min. The reaction was then
quenched by the addition of saturated aqueous NaHCO3 (10 mL). The
aqueous phase was extracted with EtOAc (3� 30 mL) and the combined
organic extracts were washed sequentially with saturated aqueous NaH-
CO3 (10 mL), brine (10 mL), and dried (Na2SO4). The solvent was removed
in vacuo and the resulting residue was purified by flash column
chromatography (silica gel, EtOAc) to afford amine 81 (9.1 mg, 80%).
81: Rf� 0.36 (silica gel, EtOAc); [a]22


D ��36.9 (c� 0.55, MeCN); IR (thin
film): nÄmax� 3418, 2926, 1770, 1668, 1514, 1417, 1336, 1250, 1099 cmÿ1;
1H NMR (600 MHz, CD3CN): d� 7.69 (br. s, 1 H, NH), 7.47 (d, J� 2.0 Hz,
1H, H-6b), 7.34 (d, J� 2.0 Hz, 1H, H-4f), 7.01 (d, J� 8.5 Hz, 1H, H-6f),
6.91 (d, J� 9.0 Hz, 2H, H-5b), 6.87 ± 6.84 (m, 3H, H-5c and H-6e), 6.82 (d,
J� 2.0 Hz, 1H, H-4b), 5.72 (d, J� 10.0 Hz, 1 H, NH), 5.37 (d, J� 2.0 Hz,
1H, H-6b), 4.96 (d, J� 3.0 Hz, 1 H, H-5a), 4.77 (dd, J� 10.0, 2.0 Hz, 1H,
H-6a), 4.25 (s, 1 H, H-4a), 4.25 ± 4.18 (m, 1H, OCHHCH3), 4.09-4.04 (m,
1H, OCHHCH3), 3.94 ± 3.84 (br. s, 2 H, NCH2), 3.77 (s, 3H, OCH3), 3.69 ±
3.62 (br. s, 2H, NCH2), 2.10 ± 1.96 (br.d, 4 H, NCH2CH2), 1.27, (t, J� 7.0 Hz,
3H, OCH2CH3), 0.71 (s, 9H, tBuSi), ÿ0.06 (s, 3H, CH3Si), ÿ0.25 (s, 3H,
CH3Si); 13C NMR (150 MHz, CD3CN): d� 176.7, 170.0, 169.4, 160.8, 154.3,
153.9, 138.6, 134.2, 130.0, 128.8, 128.5, 128.4, 126.9, 123.8, 119.4, 118.7, 117.5,
114.7, 110.1, 73.6, 62.6, 61.5, 60.1, 58.6, 55.7, 47.2, 40.7, 30.1, 29.8, 25.7, 18.2,
14.1, ÿ4.5, ÿ5.7; HRMS (FAB) calcd for C38H48N6O7SiClBrCs [M�Cs�]
975.1280, found 975.1256.


Pentapeptide 82 : A solution of amine 81 (7.0 mg, 0.0083 mmol) and
carboxylic acid 80 (5.0 mg, 0.0064 mmol) in THF (0.3 mL) at ÿ15 8C was
stirred for 15 min before the addition of HOAt (9.8 mg, 0.071 mmol). After
5 min EDC (3.0 mg, 0.016 mmol) was added and stirring was continued for
an additional 2 h while the temperature was raised to 0 8C. The reaction was
quenched by the addition of H2O (5 mL) and diluted with EtOAc (5 mL).
The mixture was extracted with EtOAc (3� 10 mL) and the combined
organic extracts were washed with brine (5 mL), dried (Na2SO4) and the
solvent was removed in vacuo. The resulting residue was purified by flash
column chromatography (silica gel, 40% EtOAc in benzene) to afford
pentapeptide 82 (8.3 mg, 81%). 82 : Rf� 0.21 (silica gel, 5% MeOH in
CH2Cl2); [a]22


D ��5.54 (c� 0.83, MeCN); IR (thin film): nÄmax� 3318, 2928,
1663, 1513, 1415, 1250, 1177, 1098, 1032 cmÿ1; 1H NMR (600 MHz,
CD3CN): d� 7.49 (s, 1 H, NH), 7.47-7.44 (br. s, 1 H, NH), 7.41 (dd, J� 1.5,
0.5 Hz, 1H, H-6b), 7.37 (br. s, 1 H, OH), 7.31 (d, J� 2.0 Hz, 1H, H-4f), 7.24
(d, J� 8.5 Hz, 2 H, H-5b), 7.20 ± 7.16 (m, 3 H, H-2b, H-6f and NH), 7.09 ±
7.05 (m, 5H, H-6e and ArH), 7.02 ± 6.98 (m, 3H, H-4b and H-5c), 6.96 (d,
J� 8.0 Hz, 1H, H-2f), 6.83 (d, J� 12.0 Hz, 2 H, ArH), 6.80 ± 6.75 (m, 3H,
H-2e and ArH), 6.67 (d, J� 7.5 Hz, 1H, NH), 5.94 (d, J� 8.0 Hz, 1H,
CHAr2), 5.76 (d, J� 9.0 Hz, 1 H, NH), 5.42 (d, J� 7.5 Hz, 1H, H-5a), 5.37
(d, J� 1.5 Hz, 1H, H-6b), 5.28 (d, J� 7.0 Hz, 1H, H-4a), 5.21 (br. s, 1H,
H-2b), 4.96 (br. s, 1H, NH), 4.67 ± 4.61 (m, 1H, H-3a), 4.51 (d, J� 9.5 Hz,
1H, H-6a), 4.21 ± 4.16 (m, 2 H, H-2a and OCHHCH3), 4.09 ± 4.02 (m, 1H,
OCHHCH3), 3.95 ± 3.87 (br. s, 2H, NCH2), 3.80 (s, 3 H, 5-OCH3), 3.74 (s,
3H, OCH3), 3.69 (s, 3H, OCH3), 3.67 ± 3.61 (br. s, 2 H, NCH2), 2.75 ± 2.69
(m, 1H, H-3b), 2.58 ± 2.53 (m, 1 H, H-3b), 2.17 ± 2.09 (bd, 4 H, NCH2CH2),
1.23 (s, 9 H, tBuO), 1.20 (t, J� 7.0 Hz, 3 H, OCH2CH3), 0.82 (s, 9H, tBuSi),
0.76 (s, 9 H, tBuSi), 0.00 (s, 3H, CH3Si), -0.05 (s, 3H, CH3Si), ÿ0.15 (s, 3H,
CH3Si), ÿ0.17 (s, 3 H, CH3Si); 13C NMR (150 MHz, CD3CN): d� 171.3,
170.8, 170.1, 169.3, 169.1, 168.1, 161.0, 159.6, 159.5, 157.5, 153.6, 152.9, 152.5,
141.6, 139.1, 137.1, 135.2, 135.2, 134.2, 130.9, 129.8, 129.2, 129.2, 129.1, 127.1,
127.0, 126.6, 123.1, 120.7, 119.6, 119.3, 119.0, 117.7, 117.6, 115.4, 114.6, 113.1,
112.1, 80.0, 74.3, 74.2, 62.7, 61.1, 60.8, 58.3, 56.5, 56.1, 55.9, 55.7, 55.6, 51.9,
51.1, 47.2, 37.5, 28.3, 25.9, 25.8, 24.5, 24.1, 18.6, 18.3, 14.4, ÿ4.4, ÿ4.8, ÿ5.0,
ÿ5.7; HRMS (FAB) calcd for C77H98N9O16SiCl2BrCs [M�Cs�] 1742.4285,
found 1742.4194.


C-O-D/D-O-E System 83 : To a solution of pentapeptide 82 (8.0 mg,
0.005 mmol), CuBr ´ Me2S (5.7 mg, 0.028 mmol) and K2CO3 (4.0 mg,
0.29 mmol) in degassed MeCN (0.6 mL) at 25 8C was added pyridine
(2 mL, 0.026 mmol). The resulting mixture was refluxed for 2 h. The
reaction mixture was cooled to 25 8C, diluted with EtOAc (10 mL) and
quenched with saturated aqueous NH4Cl (5 mL). The mixture was stirred
for 0.5 h and then the aqueous phase was extracted with EtOAc (3�
10 mL). The combined organic extracts were washed with brine (40 mL),
dried (MgSO4), and filtered through a pad of silica gel. The solvent was
removed in vacuo and the residue was purified by preparative TLC (silica
gel, 40% acetone in hexanes) to afforded C-O-D/D-O-E system 83 (3.0 mg,
40%). 83 : Rf� 0.40 (silica gel, 40% acetone in hexanes); [a]22


D �ÿ43.2 (c�
0.25, MeCN); IR (thin film): nÄmax� 3402, 2926, 1668, 1513, 1350, 1251,
1097 cmÿ1; 1H NMR (600 MHz, CD3CN, 310 K): d� 7.54 (s, 1 H, H-2b), 7.48
(s, 1H, H-6b), 7.39 ± 7.36 (m, 1 H, NH), 7.33 ± 7.28 (m, 3H, NH and H-5b),
7.17 (s, 2H, H-2f and H-4f), 7.08 ± 7.03 (m, 6H, H-6f, ArH and NH), 6.99 (d,
J� 8.5 Hz, 2 H, H-5c), 6.89 (d, J� 8.0 Hz, 1 H, NH), 6.85 (d, J� 8.5 Hz, 1H,
H-6e), 6.82 ± 6.77 (m, 5H, H-2e and ArH), 6.61 (s, 1H, H-4b), 5.88 (d, J�
7.5 Hz, 1H, CHAr2), 5.75 (d, J� 8.5 Hz, 1H, NH), 5.71 (s, 1 H, H-2b), 5.42
(s, 1 H, H-6b), 5.40 (d, J� 8.5 Hz, 1H, H-4a), 5.30 (d, J� 8.0 Hz, 1H,
H-5a), 4.63 ± 4.59 (m, 2H, H-2a and H-3a), 4.54 (d, J� 7.0 Hz, 1 H, H-6a),
4.20 ± 4.13 (m, 1H, OCHHCH3), 4.07 ± 4.01 (m, 1 H, OCHHCH3), 3.81 (s,
3H, 5-OCH3), 3.80 ± 3.74 (br. s, 4H, NCH2), 3.73 (s, 3 H, OCH3), 3.73 (s, 3H,
OCH3), 2.67 ± 2.63 (m, 1 H, H-3b), 2.42 (dd, J� 16.0, 6.0 Hz, 1H, H-3b),
2.08-2.05 (br. s, 4H, NCH2CH2), 1.39 (s, 9H, tBuO), 1.23 (t, J� 7.0 Hz, 3H,
OCH2CH3), 0.91 (s, 9 H, tBuSi), 0.83 (s, 9 H, tBuSi), 0.13 (s, 3 H, CH3Si), 0.01
(s, 3 H, CH3Si), ÿ0.02 (s, 3H, CH3Si), ÿ0.09 (s, 3H, CH3Si); 13C NMR
(150 MHz, CD3CN): d� 174.6, 171.5, 170.0, 169.5, 169.3, 168.6, 160.9, 159.6,
159.5, 157.7, 152.5, 152.2, 151.5, 151.3, 140.1, 135.2, 135.1, 134.5, 131.6, 130.6,
130.5, 129.9, 129.3, 129.0, 128.5, 127.8, 127.4, 125.9, 125.6, 120.3, 119.6, 116.9,
115.5, 114.6, 114.5, 108.5, 79.7, 74.0, 73.4, 62.6, 62.0, 60.9, 60.9, 57.8, 56.9,
55.9, 55.7, 54.0, 51.6, 38.3, 28.5, 26.0, 25.9, 24.2, 18.7, 18.4, 14.1, ÿ4.3, ÿ4.9,
ÿ5.1, ÿ5.7; HRMS (FAB) calcd for C77H97N9O16Si2Cl2Cs [M�Cs�]
1662.5023, found 1662.5108.
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Total Synthesis of VancomycinÐPart 3: Synthesis of the Aglycon


K. C. Nicolaou,* Alexandros E. Koumbis, Masaru Takayanagi, Swaminathan Natarajan,
Nareshkumar F. Jain, Toshikazu Bando, Hui Li, and Robert Hughes[a]


Abstract: The total synthesis of the
vancomycin aglycon (2, Figure 1) is
described. Construction of the key in-
termediate, tricyclic triazene 3 a (Fig-
ure 2), was accomplished in the order
C-O-D!AB/C-O-D!AB/C-O-D/D-
O-E. The C-O-D ring system 18 a
(Scheme 2) was formed by using the
triazene ring-closure methodology from
a precursor (17) already possessing the
AB biaryl fragment 6, synthesized by a


Suzuki coupling reaction. At this point,
a macrolactamization reaction furnished
the AB ring system. Tripeptide 5 was
incorporated in the main framework and
the triazene ring-closure methodology
was applied again to achieve the forma-


tion of D-O-E ring system, providing
tricyclic triazene 3 a (Scheme 6). The
latter was converted to the fully pro-
tected vancomycin aglycon 45 a by first
introducing the phenolic moiety (deriv-
ative 43 a) and then oxidizing the AA-7
side chain (Scheme 12). Finally, global
deprotection afforded vancomycin�s
aglycon (2). Atropisomerization was
successfully performed for D-O-E ring
systems.


Keywords: amino acids ´ antibiotics
´ synthetic methods ´ total synthesis
´ vancomycin


Introduction


In the preceding two papers[1, 2] in this series, we described the
development of basic methodology for the construction of
vancomycin�s key amino acid building blocks and the evalua-
tion of a number of strategies towards the vancomycin
skeleton. These studies helped to shape our final plan towards
the total synthesis of vancomycin[3] (1, Figure 1) and its
aglycon[4] (2, Figure 1). The subject of this article is the
implementation of this strategy and the total synthesis of
vancomycin aglycon (2).[5]


Results and Discussion


Retrosynthetic analysis and strategy


It was presumed that vancomycin (1, Figure 1) could be
synthesized from its aglycon (2, Figure 1). Furthermore, it was


Figure 1. Molecular structures of vancomycin (1) and vancomycin aglycon
(2).
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anticipated that 2 could be derived from the protected
triazene 3 a (Figure 2), a structure containing the entire
skeleton of the aglycon, plus functionality suitable for its
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Figure 2. Retrosynthetic analysis of protected triazene 3 a. Bn�benzyl;
Boc� tert-butoxycarbonyl; Ddm� 4,4'-dimethoxyldiphenylmethyl; TBS�
tert-butyldimethylsilyl.


potential conversion to 2, and thence to 1. This strategic
analysis defined for us compound 3 a as the key advanced
subtarget, whose retrosynthetic disassembly is shown in
Figure 2. Thus, the four building blocks 4 ± 7 emerged as the
second generation of subtargets. Below, we describe the
forward synthetic sequences that led to the construction and
assembly of these intermediates to the desired targets and
related systems. As a reminder from the preceding papers,[1, 2]


the chosen path will entail construction of ring systems C-O-
D, AB, and D-O-E, in that order.


Construction of biaryl systems


Scheme 1 depicts the construction of the key amino acid
derivative 6 and its atropisomer (14) from building blocks 8
and 9, whose synthesis has already been described in the


MeO OMe


BnO O


B(OH)


NHBoc


OMe


O


MeO


I


NHBoc


OMe
OMe


MeO


HO


O


BnO


N3


NHBoc


OMe
OMe


MeO


MeO


O


BnO


OH


NHBoc


OMe
MeO


MeO


O


MeO


NHBoc


OMe
OMe


MeO


MeO


O


BnO


N3


OBn


OH


NHBoc


OMe
MeO


MeO


O


MeO


OBn


N3


NHBoc


OMe
MeO


HO


O


MeO


OBn


N3


B
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A


Scheme 1. Construction of biaryl system by Suzuki reaction. a) 0.2 equiv
of Pd(Ph3P)4, 1.2 equiv of Na2CO3, PhMe/MeOH/H2O (10:1:0.5), 90 8C,
4 h, 10 :12 ca. 2:1 ratio of atropisomers, 84% combined yield; b) 2.5 equiv of
DPPA, 2.5 equiv of DEAD, 2.5 equiv of Ph3P, THF,ÿ20 8C, 2 h, 95% of 11,
90% of 13 ; c) 1.5 equiv of LiOH, THF/H2O (1:1), 0 8C, 2 h, 99% of 6, 99%
of 14. DEAD�diethyl azodicarboxylate; DPPA� diphenylphosphoryl
azide.
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preceding paper.[2] Thus, aryl iodide 8 and boronic acid 9
entered smoothly into a Suzuki[6] coupling reaction
[Pd(Ph3P)4, Na2CO3, 90 8C] to afford a 2:1 mixture of
atropisomers 10 and 12 in 84 % combined yield. Chromato-
graphic separation of these two atropisomers allowed sepa-
rate elaboration of each.[7] The desired atropisomer (10,
major) was directly converted to azide 11 (95 % yield) by the
action of DPPA (for abbreviations of reagents see legends in
Schemes) in the presence of DEAD and Ph3P.[8] Similarly,
azide 13 was obtained from alcohol 12 in 90 % yield. Both 11
and 13 underwent clean saponification to carboxylic acids 6
and 14, respectively, when treated with LiOH in THF/H2O
(1:1) at 0 8C (99 % yield in each case).


Construction of AB/C-O-D systems


Scheme 2 presents the peptide coupling of key intermediates
4, 6, and 7 and ring closure of the resulting tripeptide (17) to
C-O-D rings 18 a and 18 b. Thus, mixing 6 and 4 in the
presence of EDC and HOAt[9] at low temperature (ÿ30!
ÿ10 8C) resulted in the formation of 15 (87% yield).
Exposure of 15 to excess TMSOTf (3.3 equiv) and 2,6-lutidine
(3.0 equiv) precipitated loss of the Boc group,[10] furnishing 16
(90 % yield), whose coupling with amino acid fragment 7 to
afford 17 was facilitated by the action of EDC and HOAt
(85 % yield). Ring closure of 17 was induced by CuBr ´ Me2S,
K2CO3, and pyridine in refluxing MeCN[11] and afforded C-O-
D ring products 18 a (natural atropisomer) and 18 b (unnatural
atropisomer) in about 1:1 ratio and 67 % combined yield. The
structural assignment of these atropisomers was based on
NOE studies which revealed the indicated crucial effects (see
structures 18 a and 18 b and Table 1).


The unnatural atropisomer served as a model to scout the
territory ahead and secure a safe sequence before the more
precious natural atropisomer was committed. Scheme 3 shows
the push forward of both 18 a and 18 b to the stage of the AB/
C-O-D systems 23 a and 23 b. Thus, it was found experimen-
tally that the correct sequence to prepare the required
precursors, amino acids 21 a and 21 b, was the one involving:
a) TBS removal (nBu4NF, 95 % for 19 a ; 98 % for 19 b);


Scheme 2. Formation of C-O-D ring systems 18a and 18b from natural
biaryl atropisomer. a) 3.0 equiv of EDC, 3.3 equiv of HOAt, THF,
ÿ30!ÿ 10 8C, 12 h, 87 %; b) 3.3 equiv of TMSOTf, 3.0 equiv of 2,6-
lutidine, CH2Cl2, 0 8C, 3 h, 90 %; c) 3.0 equiv of EDC, 3.3 equiv of HOAt,
THF, ÿ78!0 8C, 12 h, 85%; d) 2.0 equiv of CuBr ´ Me2S, 2.0 equiv of
K2CO3, 1.9 equiv of pyr., MeCN, reflux, 1.5 h, 18a :18b ca. 1:1 ratio of
atropisomers, 67% combined yield. EDC� 1-ethyl-3-(3-dimethylamino)-
propylcarbodiimide hydrochloride; HOAt� 1-hydroxy-7-azobenzotria-
zole; Tf� trifluoromethanesulfonyl; TMS� trimethylsilyl.


Table 1. Diagnostic NOEs for structural determination of selected atrop-
isomers.[a]


[a] COSY and ROESY, 600 MHz, 300 K. [b] For the atom labeling see
structures in Schemes 2, 3, 4 and 5.
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Scheme 3. Construction of AB/C-O-D bicyclic systems 23a and 23b from
natural biaryl system. a) 1.1 equiv of nBu4NF, THF, ÿ25!ÿ 15 8C, 3 h,
95% of 19 a, 98% of 19 b ; b) 2.0 equiv of Et3P, MeCN/H2O (4:1), 25 8C,
20 h, 78% of 20a, 79% of 20 b ; c) 5.0 equiv of LiOH, THF/H2O (1:1),
ÿ5!0 8C, 10 min, 92% of 21 a, 90 % of 21b, crude yields; d) 3.0 equiv of
FDPP, 5.0 equiv of iPr2NEt, DMF, 0!25 8C, 12 h, 86 % of 22a, 60 % of
22b ; e) 5.0 equiv of TBSOTf, 15 equiv of 2,6-lutidine, CH2Cl2, ÿ20 8C, 2 h,
85% of 23a, 80% of 23 b. DMF� dimethylformamide; FDPP�penta-
fluorophenyl diphenylphosphinate.


b) reduction[12] of the azide (Et3P-H2O, 78 % for 20 a ; 79 % for
20 b); and c) ester hydrolysis [LiOH, THF/H2O (1:1), 92 % for
21 a ; 90 % for 21 b, crude yields]. It should be noted that the
ester moiety resisted hydrolysis under a variety of conditions
in the presence of the bulky TBS group. The macrolactam-
ization of 21 a and 21 b proceeded smoothly in DMF at
ambient temperatures in the presence of FDPP[13] and


iPr2NEt, furnishing AB/C-O-D ring systems 22 a and 22 b in
86 and 60 % yield respectively. The stereochemical assign-
ment of the C-O-D atropisomers as well as the stereochemical
arrangement of the AB biaryl system were based on NOE
studies, and specifically on the effects indicated on the
structures of 22 a and 22 b (see Scheme 3 and Table 1). Finally,
the free hydroxy group in 22 a and 22 b was silylated (5.0 equiv
of TBSOTf, 15 equiv of 2,6-lutidine, 85 % for 23 a ; 80 % for
23 b) in preparation for the next act.


In order to investigate the atropisomerization of AB/C-O-
D system on the C-O-D site, five intermediates of the
sequence shown in Scheme 3 (18 a, 19 a, 20 a, 22 a and 23 a)
and their atropisomers were selected for thermal treatment.
Unfortunately these intermediates failed to atropisomerize in
various solvents and led either to decomposition upon heating
at the conditions described by Boger et al.[14] or to recovery of
starting material at lower temperatures.


At this stage it was decided to explore the elaboration of the
unnatural atropisomer of the biaryl system, compound 14, in
the hope that atropisomerization at some future juncture
could bring it back to the proper stereochemistry. Schemes 4
and 5 present our findings along these lines.


Amino acid derivatives 14 and 4 were joined together
through the action of EDC and HOAt, leading to compound
24 in 83 % yield (Scheme 4). The Boc group was then removed
from the latter compound (24) by treatment with excess
TMSOTf (3.4 equiv) and 2,6-lutidine (3.0 equiv), furnishing
amino compound 25. Coupling of 25 with central amino acid
triazene derivative 7 (EDC, HOAt) led to tripeptide 26 in
70 % yield, while cyclization of the latter by the usual protocol
(CuBr ´ Me2S, K2CO3, pyridine, MeCN, reflux)[11] gave C-O-D
ring systems 27 a and 27 b (ca. 1:1 ratio) in 61 % combined
yield. NOE studies aided the stereochemical assignments of
these atropisomers (see arrows on structures, Scheme 4 and
Table 1).


The further elaboration of the atropisomeric C-O-D ring
systems 27 a and 27 b (Scheme 5) revealed some interesting
stereochemical effects. Thus, following the same sequence
developed for the conversion of compounds 18 a and 18 b to
their amino acid derivatives (see Scheme 3), the TBS group
was first removed from 27 a (nBu4NF, 90 % yield) and 27 b
(nBu4NF, 92 % yield) to afford 28 a and 28 b, respectively. The
azido group was then reduced[15] (Ph3P, H2O, 60 8C) in each
isomer, furnishing amines 29 a (82 % yield) and 29 b (71 %
yield), respectively. Exposure of ethyl esters 29 a and 29 b to
LiOH in MeOH/H2O (10:1) at 0 8C resulted in saponification
of the ethyl ester group, but with essentially complete
epimerization at the adjacent center (indicated on the
structure and based on NOE studies) leading to amino acids
30 a (92 % yield) and 30 b (90 % yield), respectively. Finally,
macrolactamization of 30 a and 30 b was carried out in DMF at
ambient temperature with HATU[16] and iPr2NEt, furnishing
AB/C-O-D ring systems 31 a (50 % yield) and 31 b (51 %
yield), respectively. Stereochemical assignments were made
based on NOE studies again, as indicated on structures 31 a
and 31 b (see also Table 1).


It was quite apparent at this stage that with their drastic
stereochemical differences from the natural systems, com-
pounds 31 a and 31 b could not be brought into the main-
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Scheme 4. Formation of C-O-D ring systems 27a and 27b from unnatural
biaryl atropisomer. a) 3.0 equiv of EDC, 3.3 equiv of HOAt, THF, 0 8C,
10 h, 83%; b) 3.4 equiv of TMSOTf, 3.0 equiv of 2,6-lutidine, CH2Cl2, 0 8C,
3 h, 91%; c) 3.0 equiv of EDC, 3.3 equiv of HOAt, THF, 0 8C, 10 h, 70%;
d) 3.0 equiv of CuBr ´ Me2S, 3.0 equiv of K2CO3, 3.0 equiv of pyr., MeCN,
reflux, 20 min, 27a :27 b ca. 1:1 ratio of atropisomers, 61% combined yield.


stream chemistry of the program in a reasonable way. The
saponification of esters 29 a and 29 b was also carried out in
THF/H2O mixtures, conditions which suppressed, to some
extent, the epimerization. Interestingly, macrolactamization


Scheme 5. Construction of AB/C-O-D bicyclic systems 31a and 31b from
unnatural biaryl system. a) 1.5 equiv of nBu4NF, THF, 0 8C, 2 h, 90% of
28a, 92 % of 28b ; b) 3.0 equiv of Ph3P, 10.0 equiv of H2O, THF, 60 8C, 3 h,
82% of 29 a, 71 % of 29b ; c) 1.5 equiv of LiOH, MeOH/H2O (10:1), 0 8C,
2 h, 92 % of 30a, 90% of 30b ; d) 1.5 equiv of HATU, 3.0 equiv of iPr2NEt,
DMF, 25 8C, 8 h, 50% of 31a, 51% of 31b. HATU�N-[(dimethylamino)-
1H-1,2,3-triazole[4,5-b]-pyridin-1-ylmethylene]-N-methylmethanaminium
hexafluorophosphate.


of the non-epimerized acids under the same conditions as for
30 a and 30 b proceeded less efficiently and gave the same
epimerized products 31 a and 31 b. These results indicated that
the AB/C-O-D frameworks with the unnatural AB atrop-
structure prefer to reside in their epimeric form at C6a .
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Construction of AB/C-O-D/D-O-E systems


We will now return to the main path of the chartered strategy
towards the target, vancomycin aglycon (2). Scheme 6 depicts
the processing of the natural atropisomer 23 a to the amino
derivative 32, setting the stage for the incorporation of
tripeptide 5 whose synthesis has already been discussed in the
preceding paper.[2] Thus, the Boc group was removed from the
TBS ether 23 a by the action of excess TMSOTf (2.0 equiv)
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Scheme 6. Construction of AB/C-O-D/D-O-E tricyclic systems 3a and 3b.
a) 2.0 equiv of TMSOTf, 3.0 equiv of 2,6-lutidine, CH2Cl2, ÿ10 8C, 0.5 h,
96%; b) 2.0 equiv of EDC, 10.0 equiv of HOAt, THF, ÿ15!0 8C, 12 h,
86%; c) 5.0 equiv of CuBr ´ Me2S, 5.0 equiv of K2CO3, 5.0 equiv of pyr.,
MeCN, reflux, 2 h, 3a :3b ca. 1:3 ratio of atroipisomers, 74 % combined
yield.


and 2,6-lutidine (3.0 equiv) to afford 32 in 96 % yield. The
anticipated union of 32 with tripeptide 5 was brought about in
the presence of EDC and HOAt, furnishing the long-sought
cyclization precursor 33 in 86 % yield. The presence of the
free phenolic group on ring E required the use of carefully
controlled conditions for the success of this coupling. Finally,
cyclization of 33 was effected by the use of CuBr ´ Me2S in the
presence of K2CO3 and pyridine in refluxing MeCN in the
usual way, and the two formed atropisomers 3 a and 3 b (ca. 1:3
ratio, 74 % combined yield) were chromatographically sepa-
rated. The stereochemical assignments for the two atropisom-
ers 3 a and 3 b were made on the basis of NOE studies,
revealing the effects shown in Figure 3.


Figure 3. Stereochemical assignment of atropisomers 3 a and 3 b based on
1H-1H NOE measurements (COSY and ROESY, 600 MHz, CD3OD,
323 K).


Removal of triazene functionality from AB/C-O-D/D-O-
E ring systems


Having secured the triazene subtarget 3 a, the next task was to
convert the triazene moiety to a phenolic group as required
for vancomycin (1) and its aglycon (2). The chemical literature
abounds with reports for this conversion and, indeed, our own
model studies[11] were encouraging in this regard. Unfortu-
nately, however, triazene 3 a proved stubbornly defiant to our
attempts to transform it directly to the corresponding phenol.
Various acidic conditions,[17, 18] including sequential BF3 ´ Et2O,
Cu3(NO3)2 and Cu2O treatment, or sulfonic acid resin, or
aqueous H2SO4 in various solvents and at temperatures
ranging from 0 to 80 8C, failed to produce significant amounts
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of the desired phenol. Instead, reduced product 34 a and 34 b
were obtained from 3 a and 3 b, respectively, in most cases
where recovery of starting material or decomposition did not
occur (Scheme 7 and Table 2). Indirect methods for the
installment of the phenolic group on ring D were then sought.
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Scheme 7. Removal of triazene moiety from 3 a and 3 b under acidic
conditions: reduction. For reagents and conditions see Table 2.


As an alternative approach to the desired phenolic com-
pound, we chose reduction of the triazene to the correspond-
ing aniline, followed by diazotization, iodination, boronation,
and oxidation. To explore this chemistry, the unnatural
atropisomer 3 b was utilized first as shown in Scheme 8. Thus,
Raney Ni[19] reduction of 3 b resulted in triazene cleavage,
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Scheme 8. Reductive removal of the triazene moiety from unnatural
atropisomer 3b. a) Raney Ni, MeOH, 25 8C, 10 h; b) H2, 10% Pd/C,
MeOH, 25 8C, 4 h, 60% overall from 3 b ; c) 20 equiv of HBF4, 20 equiv of
i-amylONO, MeCN, ÿ20 8C, 0.5 h; then saturated aq. KI, ÿ45!25 8C, 2 h;
d) 30 equiv of MeMgBr, THF, ÿ50!ÿ 20 8C, 1 h; 30 equiv of iPrMgCl,
ÿ60!ÿ 40 8C, 2 h; 100 equiv of B(OMe)3, ÿ50!0 8C, 1 h; 1:1 mixture of
30% aq. H2O2 and 10% aq. NaOH solution,ÿ20!0 8C, 20 min, 28% of 39
and 30 % of 41 b overall from 36.


which was, however, accompanied by partial hydrogenolysis
of the benzyl ether leading to 35 and 36 as an approximate 1:1
mixture. This mixture was then subjected to hydrogenation in
the presence of 10 % Pd/C to afford 36 in 60 % overall yield
from 3 b. The amino group in 36 was then diazotized by
sequential treatment[18a, 20] with HBF4 and i-amylONO, fur-
nishing diazonium salt 37, whose treatment with KI furnished
a mixture of iodide 38 and reduced product 39. This


Table 2. Studies of removal of triazene moiety under acidic conditions.


[a] AG 50W-X12 (BIO-RAD). [b] 78 % of 34a from 3 a ; 74 % of 34b from 3b.
[c] Decomposition.
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inseparable mixture (38� 39) was taken through the follow-
ing sequence and the desired product, phenol 41 b, was
chromatographically separated from the unreacted, reduced
compound 39 : a) deprotonation of all NH groups and iodine-
metal exchange through the use of excess MeMgBr and
iPrMgCl;[21] b) quenching of the so-formed aryl Grignard
reagent with excess B(OMe)3 to afford boronate 40 ;[22] and,
finally c) oxidation with H2O2 in the presence of aqueous
NaOH, leading to phenol 41 b. This sequence afforded, after
chromatographic separation, phenol 41 b in 30 % overall yield
from anilino compound 36, and 28 % reduced product 39.
These steps were carried out without observing any changes at
the stereocenters or at the various functional groups of the
molecule�s framework.


Following the successful conversion of the unnatural
atropisomer 3 b to the corresponding phenol (41 b), we
proceeded to apply the same chemistry to the natural isomer
3 a. Much to our surprise and disappointment, however, the
reduction step with Raney Ni, and then Pd/C or Pd(OH)2/C in
the case of the natural atropisomer, led to inseparable
mixtures of desired products and reduced compounds formed
by rupture of the triazene and one aromatic chlorine bond, the
latter most likely involving ring E. Furthermore, it was
observed that the reduction process was significantly slower
than in the case of the unnatural atropisomer 3 b. Apparently,
the outside orientation of the chlorine on ring E in the natural
atropisomer 3 a makes it vulnerable to hydrogenolysis, where-
as in the case of 3 b, both CÿCl bonds are shielded inside the
macrocyclic rings. Additionally, in the latter case (3 b) the
triazene functionality would be more accessible. Even though
this sequence gave the desired products and eventually
furnished phenol 41 a (see Scheme 12), its low efficiency and
irreproducibility led us to explore a new approach to the
desired aryl iodide of the natural atropisomer.


A direct method for the conversion of aryl triazenes to aryl
iodides involves reaction with TMSI.[23] In order to test this
methodology in our system, we initially performed experi-
ments with the unnatural atropisomer 3 b, as shown in
Scheme 9. Despite our expectations, however, treatment of
3 b with TMSCl-NaI in MeCN at ambient temperature led to
the reduced product 34 b containing small amounts (ca. 5 %)
of the desired iodide 42 b. Assuming that the mechanism of
this substitution reaction involved activation of the triazene
moiety, followed by nucleophilic attack, we increased the
amounts of iodide, but the result did not change significantly.
To prove that the desired iodide was not the main product,
some of the mixtures were subjected to the phenol formation
sequence (as described above) and phenol 43 b, as well as
reduced derivative 34 b, were isolated in a combined yield of
55 ± 60 % and ratios of ca. 1:20 (see Table 3). An experiment
which involved heating of triazene 3 b in the presence of I2


only in a sealed tube[24] afforded again the reduced derivative
34 b as the main product. The observation that changing
concentration of reagents and temperature had no positive
effect led to the hypothesis that a radical mechanism was
involved in this substitution reaction. It was, therefore,
reasoned that elemental iodine may serve as an effective
trapping agent of the intermediate benzenoid radical, furnish-
ing higher amounts of the desired halogenated product.
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C D E


a. NaI, I2, TMSCl


b.  MeMgBr, iPrMgCl
c. B(OMe)3
d. H2O2-NaOH


3b


43b


Scheme 9. Removal of triazene moiety from unnatural atropisomer 3b
with TMSI-I2. a) 6.0 equiv of NaI, 6.0 equiv of I2, 1.5 equiv of TMSCl,
MeCN, 25 8C, 15 min; b) 30 equiv of MeMgBr, THF, ÿ50!ÿ 20 8C, 1 h;
30 equiv of iPrMgCl, ÿ60!ÿ 40 8C, 2 h; c) 100 equiv of B(OMe)3,
ÿ50!0 8C, 1 h; d) 1:1 mixture of 30 % aq. H2O2 and 10 % aq. NaOH
solution,ÿ20!0 8C, 20 min, 29 % of 34b and 32% of 43b overall from 3b.


Table 3. Studies of conversion of triazene 3b to iodide 42b with TMSI.[a]


Temp.
 (°C)


0


0


-30


25


25


60


60


25


0


25


25


0


25


80[b]


2


6


6


6


6


6


6


60


6


6


6


6


6


-


0.005


0.005


0.005


0.005


0.001


0.005


0.001


0.005


0.005


0.005


0.005


0.005


0.005


0.015


ca. 1:20


ca. 1:20


ca. 1:20


ca. 1:20


ca. 1:20


ca. 1:20


ca. 1:20


ca. 1:20


1:2


1:2


1:1


1:1


[g]


ca. 1:20


-


5:95


-


8:92


-


-


-


5:95


39:6


41:59


52:48


50:50


-


-


Ratio[e]


 (43b:34b)


NaI


(equiv)


I2
(equiv)


Conc.[c]


(M)


Ratio[d]


 (42b:34b)


-


-


-


-


-


-


-


-


2


2


6


6


10


1.1


Yield[f] (%)


(43b+34b) 


-


60


-


58


-


-


-


55


57


61


61


58


-


-


Entry


1


2


3


4


5


6


7


8


9


10


11


12


13


14


[a] All experiments were performed by using 1.5 equiv of TMSCl unless,
otherwise stated. [b] Reaction was performed in a sealed tube without TMSCl.
[c] Concentration in MeCN. [d] Ratio determined by mass spectrometry. [e] Ratio
based on yields of isolated productts. [f] Combined yield of isolated products.
[g] Formation of Boc-deprotected products was observed.
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Indeed, experimentation with iodine as an additive estab-
lished an optimum procedure for the formation of an
inseparable mixture of the desired iodide 42 b and the reduced
product 34 b (ca. 1:1) in 61 % combined yield (see Scheme 9
and Table 3). It was interesting to observe that increasing the
number of equivalents of iodine resulted in Boc removal.


The application of the developed procedure for the install-
ment of the iodide on ring D was then applied to the natural
atropisomer, triazene 3 a, and, as shown in Scheme 10, it
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42a: Z = I
34a: Z = H


D E


b.  MeMgBr, iPrMgCl
c. B(OMe)3
d. H2O2/NaOH


Scheme 10. Removal of triazene moiety from natural atropisomer 3a with
TMSI-I2. a) 6.0 equiv of NaI, 6.0 equiv of I2, 1.5 equiv of TMSCl, MeCN,
25 8C, 15 min; b) 30 equiv of MeMgBr, THF, ÿ50!ÿ 20 8C, 1 h; 30 equiv
of iPrMgCl,ÿ60!ÿ 40 8C, 2 h; b) 100 equiv of B(OMe)3, ÿ50!0 8C, 1 h;
c) 1:1 mixture of 30% aq. H2O2 and 10 % aq. NaOH solution, ÿ20!0 8C,
20 min, 34 % of 34 a and 34 % of 43a overall from 3a.


worked equally well. Thus, treatment of 3 a with TMSCl-NaI-
I2 in MeCN at room temperature, furnished an inseparable
mixture of aryl iodide 42 a and reduced product 34 a which was
subjected to the phenol forming protocol described above
(iodine ± magnesium exchange, boronation, and oxidation) to


afford the desired phenol 43 a (34 % overall yield form 3 a)
and reduced product 34 a (34 % yield). The two compounds
(43 a and 34 a) were separated by silica gel chromatography.


The final stages of the synthesis of the vancomycin aglycon


With the installment of the phenolic group on ring D, all that
remained before the completion of the synthesis of the
aglycon of vancomycin was the liberation and oxidation of the
primary alcohol of AA-7 and global deprotection. Again, the
unnatural atropisomer 43 b served as the substrate of choice
for the first wave of experiments towards the aglycon
(Scheme 11). Thus, hydrogenolysis of 43 b (H2, 10 % Pd/C)
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c. Dess-Martin periodinane
d. KMnO4, Na2HPO4
e. CH2N2


45b


43b: R = Bn
41b: R = H


A
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C D E


Scheme 11. Synthesis of fully protected unnatural vancomycin aglycon
45b. a) H2, 10% Pd/C, MeOH, 25 8C, 1.5 h, 94%; b) 10.0 equiv of Cs2CO3,
50 equiv of MeI, DMF, 0 8C, 2 h, 94%; c) 1.5 equiv of Dess ± Martin
periodinane, 2.0 equiv of NaHCO3, CH2Cl2, 25 8C, 0.5 h; d) 10.0 equiv of
KMnO4 (1m aq. solution), tBuOH/5% aq. Na2HPO4 (3.5:1), 30 8C, 1.5 h;
e) CH2N2, Et2O, 25 8C, 12 h, 84 % overall from 44b.


led smoothly to primary alcohol 41 b (94 % yield). Methyl-
ation of the phenolic group of 41 b proceeded selectively with
MeI in the presence of Cs2CO3 at 0 8C, furnishing 44 b in 94 %
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yield. Finally, oxidation of the primary alcohol with Dess ±
Martin periodinane,[25] followed by further oxidation[26] with
aqueous KMnO4 and exposure to diazomethane, gave the
fully protected compound 45 b via the corresponding alde-
hyde and carboxylic acid, in 84 % overall yield from 44 b.


With the confidence gained from these results, we pro-
ceeded to apply the same sequence to the natural atropisomer
43 a (Scheme 12). Indeed, hydrogenolysis of 43 a, as before,
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d. KMnO4, Na2HPO4
e. CH2N2


Scheme 12. Synthesis of fully protected natural vancomycin aglycon 45a.
a) H2, 10% Pd/C, MeOH, 25 8C, 1.5 h, 87%; b) 10.0 equiv of Cs2CO3,
50 equiv of MeI, DMF, 0 8C, 2 h, 95%; c) 1.5 equiv of Dess ± Martin
periodinane, 2.0 equiv of NaHCO3, CH2Cl2, 25 8C, 0.5 h; d) 10.0 equiv of
KMnO4 (1m aq. solution), tBuOH/5% aq. Na2HPO4 (3.5:1), 30 8C, 1.5 h;
e) CH2N2, Et2O, 25 8C, 12 h, 89 % overall from 44a.


led smoothly to 41 a (87% yield), which proved to be identical
to a sample derived from vancomycin (1) by degradation (see
Scheme 13 below for degradation studies). Furthermore,
methylation of 41 a (Cs2CO3, MeI, 95 %), followed by
stepwise oxidation of the resulting derivative 44 a and methyl
ester formation as described for 44 b (Scheme 11), furnished
the fully protected vancomycin aglycon 45 a in 89 % overall
yield from 44 a. This compound was also found to be identical
with an authentic sample derived from vancomycin (1).


Compounds 44 a and 45 a were prepared by degradation
from vancomycin hydrochloride (1 ´ HCl), as described in
Scheme 13. Vancomycin aglycon derivative 47 was prepared
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1•HCl: vancomycin hydrochloride


h. Boc2O


f. 4,4'-dimethoxy 
     benzhydrol,
    H2SO4


e. TBSOTf, 
    2,6-lutidine


g. H2, 10% Pd/C


50:   R1 = H, R2 = CO2Me
45a: R1 = Boc, R2 = CO2Me
51:   R1 = H, R2 = CH2OH
44a: R1 = Boc, R2 = CH2OH


i. DIBAL-nBuLi; 
    then NaBH4


a. CbzCl, NaOH
b. MeI, Cs2CO3
c. TFA


j. Boc2O, Et3N


d. MeI, K2CO3


A


B


C D E


Scheme 13. Degradation of vancomycin (1). a) 5.0 equiv of CbzCl, 15%
aq. NaOH, MeOH, 25 8C, 0.5 h; b) 20 equiv of MeI, 8.0 equiv of Cs2CO3,
DMF, 0!25 8C, 20 h; c) TFA, CH2Cl2, 50 8C, 1 h, 39% overall from 1 ´ HCl;
d) 10.0 equiv of MeI, 10.0 equiv of K2CO3, DMF, 0!25 8C, 1 h, 98%;
e) 11 equiv of TBSOTf, 11 equiv of 2,6-lutidine, ÿ10 8C, 0.5 h, 80%;
f) 100 equiv of 4,4' -dimethoxy benzydrol, 1m H2SO4 in AcOH, AcOH,
0!25 8C, 2 h, 76%; g) H2, 10% Pd/C, MeOH/EtOAc (2:1), 25 8C, 2 h; h)
5.0 equiv of Boc2O, dioxane/H2O (10:1), 25 8C, 6 h, 90 % overall from 49 ;
i) 12 equiv of DIBAL/nBuLi (1:1), THF, ÿ10 8C, 0.5 h; 20 equiv of NaBH4


in THF/H2O (1:1), ÿ10!25 8C, 1 h, 65 % overall from 49 ; j) 7.0 equiv of
Boc2O, 7.0 equiv of Et3N, MeOH/CH2Cl2 (1:1), 0 8C, 20 min, 93%.
DIBAL�diisobutylaluminum hydride; Cbz� benzyloxycarbonyl; TFA�
trifluoroacetic acid.
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by sequential protection of the secondary amino group,
carboxylic acid, and phenolic groups, following a known
procedure.[14b, 27] TBS protection of the two benzylic hydroxy
groups of 47 using excess of TBSOTf (11 equiv) and 2,6-
lutidine (11 equiv) afforded compound 48 in 80 % yield.
Selective protection of the primary amide of 48 was achieved
by using 4,4'-dimethoxy benzhydrol (100 equiv) in the pres-
ence of catalytic amount of H2SO4 in acetic acid and yielded
49 (76 %). Then, the Cbz group was removed by mild
hydrogenation conditions (10 % Pd/C, MeOH/EtOAc 2:1)
to provide 50, the common synthetic intermediate for 44 a and
45 a. After extensive experimentation, DIBAL-ate (1:1 mix-
ture of DIBAL and nBuLi) followed by NaBH4 was found to
be the most effective system for the reduction of the ester 50
in order to obtain alcohol 51 (65 % yield overall from 49).
Finally, Boc protection of the secondary amine provided the
N-Boc-alcohol 44 a. Additionally, the secondary amine of
ester 50 was protected [Boc2O (7.0 equiv), Et3N (7.0 equiv),
MeOH/CH2Cl2 (1:1)] to afford the N-Boc derivative 45 a in
93 % yield overall from 49.


Atropisomerization of vancomycin-like skeletons was in-
vestigated by using tricyclic triazene 3 a and methyl ester 45 a,
and their D-O-E atropisomers 3 b and 45 b (Scheme 14).
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Scheme 14. Atropisomerization studies of tricyclic systems. For conditions
and equilibrium ratios see Table 4.


Alcohols 44 a (Scheme 12) and 44 b (Scheme 11) were found
to be unsuitable substrates for this study, since they were not
chromatographically separable. While heating either 3 a or 3 b
in polar solvents (DMF or DMSO) failed to give atropisome-
rization, heating these derivatives in 1,2-dichlorobenzene at


140 8C for 4 h led to a mixture of starting material and the
corresponding atropisomer in a ratio of about 6:4 and 80-84%
combined yields (Table 4). Tricyclic methyl esters 45 a and
45 b were also heated in 1,2-dichlorobenzene for 8 h and
furnished separable mixtures of starting material and the


corresponding atropisomer in a ratio of about 1:1 and 82 ±
87 % combined yields (see Scheme 14 and Table 4). Signifi-
cantly, all the successful experiments proved that heating at
about 130 ± 140 8C in 1,2-dichlorobenzene allows atropisome-
rization only within the D-O-E ring system, leaving the
stereochemistry of the AB and C-O-D ring systems intact, as
reported by Boger�s group for similar vancomycin-derived
systems.[14]


The atropisomerization of unnatural atropisomers 3 b and
45 b served to enrich the supplies of the desired atropisomers
3 a and 45 a needed for the final drive towards the vancomycin
aglycon (2).


The final task remaining for the total synthesis of vanco-
mycin�s aglycon (2) was the removal of all the residing
protecting groups from 45 a. These included two TBS groups,
a Boc group, a Ddm protecting group, and five methyl
groupsÐone on the carboxylic acid and four on the phenolic
moieties. Our initial attempt to accomplish this goal involved
one step and called upon the synergistic action of AlBr3 and
EtSH[28] (Scheme 15). Pleasantly, this combination of reagents
in CH2Cl2 and at ambient temperatures resulted in the desired
global deprotection of 45 a in 30 ± 50 % yield, furnishing the
vancomycin�s aglycon (2). A stepwise deprotection involving
nBu4NF/HOAc to remove the silyl ethers, giving diol 52,
followed by exposure to AlBr3/EtSH, as above, resulted in a
43 % overall yield of the aglycon. Finally, a second, stepwise
procedure employing HF ´ pyr./pyr. in THF[29] at 0!25 8C and
AlBr3/EtSH improved the overall yield of vancomycin
aglycon (2) from 45 a, via 52, to 62 %.


Synthetic vancomycin�s aglycon 2 exhibited identical prop-
erties (HPLC, IR, [a]22


D , 1H NMR and mixed 1H NMR) with
those of an authentic sample derived from vancomycin (1) by
degradation.[30]


Conclusion


In this article we described the chemistry leading from the
essential amino acid building blocks to the vancomycin
aglycon (2). The assembly proceeded smoothly, not with-
standing the atropisomerism problem, from rings C-O-D to
AB/C-O-D to AB/C-O-D/D-O-E, furnishing a triazene
derivative, whose conversion to the required phenolic func-


Table 4. Atropisomerization studies of tricyclic systems 3 a ,b and 45a,b.


Compound Temp
(°C)


Time
(h)


Ratio
(a:b)


Yield
(% a+b)


3a


3b


45a


45b


140


140


130


130


4


4


8


8


62:38


41:59


54:46


43:57


84


80


87


82


Solvent


1,2-dichlorobenzene


1,2-dichlorobenzene


1,2-dichlorobenzene


1,2-dichlorobenzene
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2: vancomycin's aglycon
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Scheme 15. Synthesis of vancomycin aglycon (2). a) 40 equiv of AlBr3,
EtSH/CH2Cl2 (1:1), 25 8C, 4 h, 30 ± 50 %; b) 50 equiv of nBu4NF, 50 equiv of
AcOH, THF, 25 8C, 48 h; c) HF ´ pyr./pyr.,THF, 0!25 8C, 12 h; d) 40 equiv
of AlBr3, EtSH/CH2Cl2 (1:1), 25 8C, 4 h, [43 % of 2 overall from 45a
through b); 62% of 2 overall from 45a through c)].


tionality was accomplished by iodination, boronation and
oxidation. Final oxidation of the AA-7 side chain to the
desired carboxylic acid group, followed by global deprotec-
tion gave vancomycin aglycon (2). Atropisomerization studies
failed to convert the unnatural atropisomers at the C-O-D or
AB/C-O-D stages, but proved successful in equilibrating the
atropisomeric D-O-E domains within the final AB/C-O-D/D-
O-E framework, starting from either one. In the following
paper[31] we describe the conversion of the vancomycin
aglycon (2) to vancomycin itself (1).


Experimental Section


General techniques : see paper 1 in this series.[1]


Natural biaryl 10 and unnatural biaryl 12 : To a solution of aryl iodide 8
[1.08 g, 2.8 mmol, in toluene (25 mL)] were added sequentially boronic acid
9 [1.32 g, 4.2 mmol, dissolved in MeOH (2.5 mL)], Na2CO3 [0.36 g,
3.4 mmol, dissolved in H2O (1.3 mL)], and tetrakistriphenylphosphanepal-
ladium(00) [Pd(Ph3P)4, 0.65 g, 0.6 mmol]. The resulting mixture was heated
to 90 8C for 4 h. The reaction mixture was cooled to 25 8C and diluted with
EtOAc (25 mL). The organic phase was washed with H2O (25 mL), brine
(25 mL), dried (Na2SO4), concentrated, and the residue was purified by
flash column chromatography (silica gel, 20!40 % EtOAc in hexanes,
gradient elution) to afford atropisomers 10 (1.04 g, 56 % yield) and 12
(0.52 g, 28% yield). 10 : Rf� 0.30 (silica gel, 50% EtOAc in hexanes);
[a]22


D �ÿ79.1 (c� 0.78, EtOAc); IR (thin film): nÄmax� 3447, 2936, 1741,
1717, 1604, 1489, 1458, 1325, 1262, 1201, 1158, 1056 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.33 ± 7.18 (m, 6H, ArH), 7.01 (d, J� 1.9 Hz, 1H,
H-5b), 6.92 (d, J� 8.6 Hz, 1 H, H-5e), 6.76 (d, J� 2.4 Hz, 1H, H-7f), 6.46 (d,
J� 2.4 Hz, 1H, H-7d), 5.41 (d, J� 6.8 Hz, 1H, NH), 5.25 (d, J� 6.8 Hz, 1H,
H-5a), 4.59 (dd, J� 8.4, 3.5 Hz, 1H, H-7a), 4.39 (d, J� 11.9 Hz, 1H,
OCHAHPh), 4.35 (d, J� 11.9 Hz, 1H, OCHHBPh), 3.83 (s, 3H, 7e-OCH3),


3.70 (s, 3H, CO2CH3), 3.65 (s, 3 H, 5d-OCH3), 3.63 (s, 3H, 7c-OCH3), 3.45
(dd, J� 10.3, 8.4 Hz, 1H, H-7bA), 3.40 (dd, J� 10.3, 3.5 Hz, 1 H, H-7bB),
2.10 (br. s, 1H, OH), 1.41 (s, 9H, tBuO); 13C NMR (100 MHz, CDCl3): d�
171.9, 160.4, 157.8, 156.8, 154.9, 141.2, 137.9, 131.9, 129.0, 128.4, 128.2, 127.7,
127.6, 125.2, 117.8, 111.4, 101.8, 98.5, 80.1, 74.8, 73.1, 70.0, 56.9, 55.7, 55.3,
52.5, 28.3; HRMS (FAB) calcd for C32H39NO9Cs [M�Cs�] 714.1679, found
714.1654. 12 : Rf� 0.20 (silica gel, 40 % EtOAc in hexanes); [a]22


D �ÿ48.9
(c� 2.3, CHCl3); IR (thin film): nÄmax� 3436, 2943, 2837, 1737, 1708, 1602,
1496, 1449, 1320, 1255, 1155, 1055 cmÿ1; 1H NMR (400 MHz, CDCl3): d�
7.35-7.27 (m, 4H, ArH), 7.24 ± 7.19 (m, 2 H, ArH), 7.11 (d, J� 2.4 Hz, 1H,
ArH), 6.83 ± 6.80 (m, 2H, ArH), 6.46 (d, J� 2.4 Hz, 1H, ArH), 5.47 (d, J�
7.4 Hz, 1 H, NH), 5.28 (d, J� 7.4 Hz, 1 H, H-5a), 4.70-4.65 (m, 1H, H-7a),
4.40 (d, J� 12.2 Hz, 1 H, OCHAHPh), 4.33 (d, J� 12.2 Hz, 1 H,
OCHHBPh), 3.85 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 3.64 (s, 3H,
OCH3), 3.50 (s, 3H, OCH3), 3.34 ± 3.32 (m, 2 H, H-7b), 1.43 (s, 9 H, tBuO);
13C NMR (125 MHz, CDCl3): d� 171.9, 160.3, 157.9, 157.6, 154.8, 140.5,
137.8, 130.4, 128.5, 128.3, 128.2, 127.6, 127.4, 125.4, 118.1, 111.0, 101.8, 98.2,
79.9, 74.4, 72.5, 69.5, 56.9, 55.7, 55.2, 55.1, 52.5, 28.2; HRMS (FAB) calcd for
C32H39NO9Cs [M�Cs�] 714.1679, found 714.1654.


Natural biaryl azide 11: A solution of natural biaryl alcohol 10 (2.56 g,
4.4 mmol) in THF (40 mL) was cooled to ÿ20 8C, and treated sequentially
with triphenylphosphane (2.88 g, 11 mmol), diphenylphosphorylazide
(DPPA, 2.4 mL, 11 mmol), and diethyl azodicarboxylate (DEAD, 1.7 mL,
11 mmol). The reaction mixture was stirred at ÿ20 8C for 2 h, then
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 20!30% EtOAc in hexanes, gradient elution) to afford
natural biaryl azide 11 (2.52 g, 95% yield). 11: Rf� 0.72 (silica gel, 50%
EtOAc in hexanes); [a]22


D �ÿ97.4 (c� 0.98, MeOH); IR (thin film): nÄmax�
3376, 2936, 2098, 1746, 1714, 1605, 1488, 1455, 1342, 1261, 1202, 1160, 1059,
1030, 738 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.36 ± 7.18 (m, 6 H, ArH),
7.09 (d, J� 2.2 Hz, 1 H, H-5b), 6.85 (d, J� 8.6 Hz, 1H, H-5e), 6.56 (d, J�
2.4 Hz, 1H, H-7f), 6.46 (d, J� 2.4 Hz, 1H, H-7d), 5.54 (d, J� 7.3 Hz, 1H,
NH), 5.29 (d, J� 7.3 Hz, 1 H, H-5a), 4.50 (dd, J� 8.8, 3.4 Hz, 1H, H-7a),
4.45 (d, J� 12.2 Hz, 1 H, OCHAHPh), 4.35 (d, J� 12.2 Hz, 1H, CHHBPh),
3.82 (s, 3 H, 7e-OCH3), 3.69 (s, 3 H, CO2CH3), 3.63 (s, 3 H, 5d-OCH3), 3.56-
3.46 (m, 2H, H-7b), 3.50 (s, 3 H, 7c-OCH3), 1.42 (s, 9H, tBuO); 13C NMR
(100 MHz, CDCl3): d� 171.7, 160.3, 158.0, 157.3, 154.7, 137.6, 136.9, 130.9,
128.7, 128.2, 128.1, 127.5, 127.4, 124.6, 118.8, 111.0, 102.3, 98.5, 79.9, 73.2,
72.7, 62.0, 56.7, 55.6, 55.2, 55.1, 52.5, 28.1; HRMS (FAB) calcd for
C32H38N4O8Cs [M�Cs�] 739.1744, found 739.1766.


Unnatural biaryl azide 13 : A solution of unnatural biaryl alcohol 12 (1.28 g,
2.2 mmol) in THF (20 mL) was cooled to ÿ20 8C and treated sequentially
with triphenylphosphane (1.44 g, 5.5 mmol), diphenylphosphorylazide
(DPPA, 1.19 mL, 5.5 mmol), and diethyl azodicarboxylate (DEAD,
870 mL, 5.5 mmol). The reaction mixture was stirred at -20 8C for 2 h, then
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 20!30% EtOAc in hexanes, gradient elution) to afford
unnatural biaryl azide 13 (1.20 g, 90% yield). 13 : Rf� 0.17 (silica gel, 30%
EtOAc in hexanes); [a]22


D �ÿ16.1 (c� 1.22, CHCl3); IR (thin film): nÄmax�
3354, 2978, 2097, 1737, 1596, 1484, 1249, 1155, 1096 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.36-7.20 (m, 6 H, ArH), 7.04 (d, J� 2.0 Hz, 1H,
ArH), 6.96 (d, J� 8.5 Hz, 1H, ArH), 6.61 (d, J� 2.5 Hz, 1H, ArH), 6.50 (d,
J� 2.5 Hz, 1H, ArH), 5.45 (d, J� 7.5 Hz, 1 H, NH), 5.27 (d, J� 7.5 Hz, 1H,
H-5a), 4.47 (dd, J� 9.0, 3.5 Hz, 1H, H-7a), 4.37 (d, J� 12.0 Hz, 1H,
OCHAHPh), 4.32 (d, J� 12.0 Hz, 1 H, OCHHBPh), 3.84 (s, 3H, OCH3),
3.74 (s, 3H, OCH3), 3.66 (s, 3H, OCH3), 3.44 (dd, J� 10.5, 9.0 Hz, 1H,
H-7bA), 3.33 (dd, J� 10.5, 3.5 Hz, 1H, H-7bB), 1.42 (s, 9 H, tBuO); 13C NMR
(100 MHz, CDCl3): d� 171.9, 160.4, 157.9, 156.4, 154.8, 137.9, 131.3, 128.4,
128.3, 128.0, 127.5, 127.4, 127.4, 124.5, 118.4, 111.1, 102.5, 98.7, 80.0, 73.6,
73.0, 62.6, 56.9, 55.7, 55.4, 55.3, 52.4, 28.2; HRMS (FAB) calcd for
C32H38N4O8Cs [M�Cs�] 739.1744, found 739.1766.


Natural biaryl carboxylic acid 6 : A solution of natural biaryl carboxylic
ester 11 (1.0 g, 1.6 mmol) in THF/H2O (1:1) (16 mL) was cooled to 0 8C and
lithium hydroxide monohydrate (101 mg, 2.4 mmol) was added. After 2 h,
CH2Cl2 (100 mL) was added, and the reaction mixture was quenched by the
dropwise addition of 0.1 % aqueous HCl at 0 8C, until pH 5 was reached.
The aqueous phase was extracted with CH2Cl2 (2� 100 mL). The combined
organic layers were dried (Na2SO4), concentrated, and the residue was
purified by flash column chromatography (silica gel, 2!5 % MeOH in
CH2Cl2, gradient elution) to afford natural biaryl carboxylic acid 6 (0.94 g,
99%). 6 : Rf� 0.20 (silica gel, 5% MeOH in CH2Cl2); [a]22


D �ÿ32.4 (c� 3.5,
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MeOH); IR (thin film): nÄmax� 3350, 2938, 2099, 1716, 1605, 1488, 1456,
1259, 1158, 1060, 838 cmÿ1; 1H NMR (400 MHz, CD3OD, 330 K): d� 7.39
(dd, J� 8.5, 2.3 Hz, 1 H, H-5f), 7.29 ± 7.15 (m, 5H, ArH), 7.09 (d, J� 2.3 Hz,
1H, H-5b), 6.94 (d, J� 8.5 Hz, 1 H, H-5e), 6.63 (d, J� 2.4 Hz, 1H, H-7f),
6.55 (d, J� 2.4 Hz, 1H, H-7d), 5.15 (br. s, 1 H, H-5a), 4.54 (dd, J� 7.8,
4.3 Hz, 1H, H-7a), 4.33 (br. s, 2 H, OCH2Ph), 3.81 (s, 3H, 7e-OCH3), 3.61 (s,
3H, 5d-OCH3), 3.55 (s, 3 H, 7c-OCH3), 3.56 ± 3.50 (m, 2 H, H-7b), 1.40 (s,
9H, tBuO); 13C NMR (100 MHz, CD3OD, 330 K): d� 174.7, 161.9, 159.7,
158.9, 157.3, 139.2, 138.1, 131.8, 131.0, 129.4, 129.2, 128.6, 128.5, 126.1, 120.4,
112.2, 103.9, 99.2, 80.7, 74.5, 73.4, 63.2, 58.7, 56.1, 55.8, 55.8, 28.7; HRMS
(FAB) calcd for C31H36N4O8Cs [M�Cs�] 725.1587, found 725.1611.


Unnatural biaryl carboxylic acid 14 : A solution of unnatural biaryl
carboxylic ester 13 (1.0 g, 1.6 mmol) in THF/H2O (1:1, 15 mL) was cooled
to 0 8C, and anhydrous lithium hydroxide (58 mg, 2.4 mmol) was added.
The resulting mixture was stirred at 0 8C for 2 h, and then it was quenched
by the dropwise addition of saturated aqueous citric acid (1 mL). The
reaction mixture was extracted with EtOAc (4� 15 mL). The combined
organic layers were washed with H2O (30 mL), brine (30 mL), dried
(Na2SO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 2!5% MeOH in CHCl3, gradient elution) to
afford unnatural biaryl carboxylic acid 14 (0.94 g, 99 % yield). 14 : Rf� 0.25
(silica gel, 10% MeOH in CHCl3); [a]22


D �ÿ13.8 (c� 2.0, MeOH); IR
(KBr): nÄmax� 3440, 2953, 2096, 1716, 1685, 1606, 1507, 1257, 1158, 1059,
1019 cmÿ1; 1H NMR (400 MHz, CD3OD): d� 7.38 (dd, J� 8.6, 2.4 Hz, 1H,
ArH), 7.25 ± 7.12 (m, 5 H, ArH), 7.00 ± 6.98 (m, 2H, ArH), 6.55 (d, J�
2.4 Hz, 1 H, ArH), 6.52 (d, J� 2.4 Hz, 1 H, ArH), 5.11 (s, 1H, H-5a), 4.37
(dd, J� 8.5, 3.8 Hz, 1H, H-7a), 4.24 (d, J� 9.5 Hz, 1H, OCHAHPh), 4.17
(d, J� 9.5 Hz, 1 H, OCHHBPh), 3.75 (s, 3H, OCH3), 3.64 (s, 3 H, OCH3),
3.58 (s, 3H, OCH3), 3.45 ± 3.33 (m, 2H, H-7b), 1.38 (s, 9H, tBuO); 13C NMR
(100 MHz, CD3OD): d� 174.5, 162.0, 159.5, 158.0, 157.5, 139.4, 138.9, 133.1,
130.3, 129.4, 129.3, 128.7, 128.6, 126.0, 120.2, 112.4, 104.0, 99.5, 79.5, 74.7,
74.0, 63.9, 58.6, 56.2, 56.0, 55.8, 28.7; HRMS (FAB) calcd for C31H36N4O8Cs
[M�Cs�] 725.1587, found 725.1601.


AB/C dipeptide 15 : A solution of natural biaryl carboxylic acid 6 (30.5 g,
51.5 mmol) and amine 4 (21.1 g, 56.4 mmol) in THF (600 mL) was cooled to
ÿ30 8C. HOAt (23.1 g, 170 mmol) and EDC (29.6 g, 154.4 mmol) were
added and the resulting mixture was left under vigorous stirring for 12 h,
while the temperature was raised slowly to ÿ10 8C. H2O (1 L) and EtOAc
(2 L) were added, and the aqueous phase was extracted with EtOAc (2�
500 mL). The combined organic layers were dried (Na2SO4), concentrated,
and the residue was purified by flash column chromatography (silica gel,
25% EtOAc in hexanes) to afford AB/C dipeptide 15 (42.5 g, 87%). 15 :
Rf� 0.53 (silica gel, 50 % EtOAc in hexanes); [a]22


D �ÿ13.0 (c� 3.4,
EtOAc); IR (thin film): nÄmax� 3421, 2931, 2874, 2099, 1734, 1684, 1606,
1505, 1258, 1202, 1161, 1091, 836 cmÿ1; 1H NMR (400 MHz, CD3OD,
330 K): d� 7.30 ± 7.17 (m, 7H, ArH), 7.06 (d, J� 2.4 Hz, 1H, H-5b), 6.94
(dd, J� 8.4, 2.2 Hz, 1 H, H-6f), 6.92 (d, J� 8.4 Hz, 1H, H-5e), 6.77 (d, J�
8.4 Hz, 1H, H-6e), 6.64 (d, J� 2.4 Hz, 1H, H-7f), 6.54 (d, J� 2.4 Hz, 1H,
H-7d), 5.22 (s, 1H, H-5a), 5.18 (d, J� 2.7 Hz, 1H, H-6b), 4.63 (d, J� 2.7 Hz,
1H, H-6a), 4.54 (dd, J� 7.3, 4.6 Hz, 1 H, H-7a), 4.37 (s, 2 H, OCH2Ph), 4.17
(dq, J� 10.8, 7.1 Hz, 1H, OCHAHCH3), 4.11 (dq, J� 10.8, 7.1 Hz, 1H,
OCHHBCH3), 3.82 (s, 3 H, 7e-OCH3), 3.59 (s, 3 H, 7c-OCH3), 3.57 (s, 3H,
5d-OCH3), 3.57-3.52 (m, 2H, H-7b), 1.43 (s, 9 H, tBuO), 1.22 (t, J� 7.1 Hz,
3H, OCH2CH3), 0.87 (s, 9 H, tBuSi), 0.01 (s, 3H, CH3Si), -0.14 (s, 3H,
CH3Si); 13C NMR (100 MHz, CD3OD, 330 K): d� 173.0, 171.2, 162.1, 160.1,
159.2, 157.3, 154.0, 139.5, 138.5, 134.2, 132.1, 131.4, 129.7, 129.3, 129.1, 128.7,
128.6, 127.2, 126.8, 121.7, 121.2, 117.7, 112.7, 104.8, 100.1, 81.3, 75.1, 74.4, 73.9,
63.4, 62.9, 60.8, 59.7, 56.5, 56.1, 56.1, 28.8, 26.4, 19.0, 14.4, ÿ4.4, ÿ5.0;
HRMS (FAB) calcd for C48H62ClN5O11SiCs [M�Cs�] 1080.2958, found
1080.2926.


AB/C amine 16 : A solution of AB/C dipeptide 15 (5.20 g, 5.5 mmol) in
CH2Cl2 (50 mL) was cooled to 0 8C. Freshly distilled 2,6-lutidine (1.9 mL,
16.5 mmol) was added, followed by the dropwise addition of trimethylsilyl
trifluoromethanesulfonate (TMSOTf, 3.3 mL, 18.2 mmol). The reaction
mixture was kept at 0 8C for 3 h, and then it was allowed to warm to 25 8C .
After 2 h, it was recooled to 0 8C and CH2Cl2 (250 mL) was added, followed
by saturated aqueous NaHCO3 (250 mL). The aqueous phase was extracted
with CH2Cl2 (2� 250 mL). The combined organic layers were dried
(Na2SO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 35!80% EtOAc in hexanes, gradient elution)
to afford AB/C amine 16 (4.2 g, 90%). 16 : Rf� 0.29 (silica gel, 5 % MeOH


in CH2Cl2); [a]22
D ��8.9 (c� 2.0, EtOAc); IR (thin film): nÄmax� 3419, 2933,


2874, 2099, 1734, 1654, 1604, 1508, 1458, 1342, 1260, 1201, 1157, 1091, 1030,
837 cmÿ1; 1H NMR (400 MHz, CD3OD): d� 7.31 ± 7.18 (m, 7 H, ArH), 7.11
(d, J� 2.4 Hz, 1 H, H-5b), 7.03 (dd, J� 8.5, 2.0 Hz, 1H, H-6f), 6.90 (d, J�
8.6 Hz, 1H, H-5e), 6.80 (d, J� 8.5 Hz, 1H, H-6e), 6.60 (d, J� 2.4 Hz, 1H,
H-7f), 6.52 (d, J� 2.4 Hz, 1H, H-7d), 5.27 (d, J� 2.4 Hz, 1 H, H-6b), 4.60
(dd, J� 8.4, 3.8 Hz, 1 H, H-7a), 4.58 (d, J� 2.4 Hz, 1 H, H-6a), 4.47 (s, 1H,
H-5a), 4.34 (br. s, 2 H, OCH2Ph), 4.13 (dq, J� 10.8, 7.2 Hz, 1 H,
OCHAHCH3), 4.05 (dq, J� 10.8, 7.2 Hz, 1H, OCHHBCH3), 3.81 (s, 3H,
7e-OCH3), 3.57 (s, 3 H, 7c-OCH3), 3.54 (s, 3H, 5d-OCH3), 3.59 ± 3.47 (m,
2H, H-7b), 1.16 (t, J� 7.2 Hz, 3H, OCH2CH3), 0.89 (s, 9H, tBuSi), 0.01 (s,
3H, CH3Si), ÿ0.15 (s, 3H, CH3Si); 13C NMR (100 MHz, CD3OD): d�
176.0, 171.1, 161.9, 159.8, 158.8, 154.2, 139.3, 138.3, 134.2, 133.9, 131.8, 129.4,
129.2, 129.0, 128.7, 128.6, 126.9, 126.3, 121.4, 120.6, 117.4, 112.3, 103.9, 99.2,
74.9, 74.6, 73.7, 63.3, 62.8, 60.6, 59.6, 56.1, 55.9, 55.8, 26.2, 19.0, 14.4, ÿ4.4,
ÿ5.2; HRMS (FAB) calcd for C43H54ClN5O9SiCs [M�Cs�] 980.2434,
found 980.2464.


AB/C/D tripeptide 17: A solution of carboxylic acid 7 (91 mg, 0.18 mmol)
and AB/C amine 16 (150 mg, 0.18 mmol) in THF (2 mL) was cooled to
ÿ78 8C. HOAt (80 mg, 0.59 mmol) and EDC (104 mg, 0.54 mmol) were
added, and the resulting mixture was left under vigorous stirring for 12 h,
while the temperature was raised to 0 8C. H2O (5 mL) and EtOAc (10 mL)
were added, and after 10 min, the aqueous phase was extracted with EtOAc
(2� 10 mL). The combined organic layers were dried (Na2SO4), concen-
trated, and the residue was purified by flash column chromatography (silica
gel, 10!30% EtOAc in hexanes, gradient elution) to afford AB/C/D
tripeptide 17 (205 mg, 85%). 17: Rf� 0.48 (silica gel, 50% EtOAc in
hexanes); [a]22


D �ÿ23.0 (c� 2.7, EtOAc); IR (thin film): nÄmax� 3328, 2932,
2858, 2100, 1676, 1606, 1508, 1419, 1341, 1260, 1202, 1159, 1094, 837,
735 cmÿ1; 1H NMR (400 MHz, CD3OD, 330 K): d� 7.58 (s, 2H, H-4b),
7.30 ± 7.18 (m, 5 H, ArH), 7.20 (d, J� 1.9 Hz, 1H, H-6b), 7.11 (d, J� 2.4 Hz,
1H, H-5b), 7.03 (dd, J� 8.5, 2.4 Hz, 1H, H-5f), 6.91 (dd, J� 8.1, 1.9 Hz, 1H,
H-6f), 6.90 (d, J� 8.5 Hz, 1H, H-5e), 6.75 (d, J� 8.1 Hz, 1 H, H-6e), 6.63 (d,
J� 2.4 Hz, 1H, H-7f), 6.54 (d, J� 2.4 Hz, 1H, H-7d), 5.55 (s, 1H, H-5a),
5.18 (s, 1H, H-4a), 5.16 (d, J� 3.2 Hz, 1H, H-6b), 4.64 (d, J� 3.2 Hz, 1H,
H-6a), 4.51 (dd, J� 6.5, 5.4 Hz, 1H, H-7a), 4.42 (d, J� 12.2 Hz, 1H,
OCHAHPh), 4.39 (d, J� 12.2 Hz, 1H, OCHHBPh), 4.12 (dq, J� 10.8,
7.1 Hz, 1H, OCHAHCH3), 4.07 (dq, J� 10.8, 7.1 Hz, 1 H, OCHHBCH3), 3.80
(s, 3 H, 7e-OCH3), 3.76 (br. s, 4H, NCH2CH2), 3.61 (s, 3H, 5d-OCH3), 3.60-
3.55 (m, 2H, H-7b), 3.55 (s, 3 H, 7c-OCH3), 2.03 (br. s, 4 H, NCH2CH2), 1.37
(s, 9 H, tBuO), 1.17 (t, J� 7.1 Hz, 3 H, OCH2CH3), 0.84 (s, 9H, tBuSi),
ÿ0.02 (s, 3H, CH3Si), ÿ0.15 (s, 3H, CH3Si); 13C NMR (100 MHz, CD3OD,
330 K): d� 171.8, 171.0, 171.0, 162.1, 160.0, 159.2, 156.9, 153.8, 149.2, 139.5,
138.6, 138.5, 134.3, 132.5, 132.5, 130.3, 129.3, 129.3, 129.2, 128.7, 128.6, 127.1,
126.7, 121.6, 121.3, 118.8, 117.6, 112.8, 104.9, 100.2, 81.5, 75.0, 74.3, 74.1, 63.3,
62.8, 61.1, 58.6, 58.2, 56.6, 56.1, 56.1, 28.7, 26.3, 24.7, 19.0, 14.4, ÿ4.4, ÿ5.0;
HRMS (FAB) calcd for C60H74Br2ClN9O12SiCs [M�Cs�] 1468.2323, found
1468.2403.


Natural AB/C-O-D azide 18 a and unnatural AB/C-O-D azide 18 b : In a
flame-dried flask containing AB/C/D tripeptide 17 (150 mg, 0.11 mmol)
were added anhydrous K2CO3 (31 mg, 0.22 mmol) and CuBr ´ Me2S (46 mg,
0.22 mmol) followed by the addition of freshly distilled MeCN (2.2 mL).
This mixture was warmed to 70 8C, freshly distilled pyridine (17 mL,
0.21 mmol) was added, and the mixture was stirred at reflux for 1.5 h. After
the reaction mixture had cooled, EtOAc (5 mL) and saturated aqueous
NH4Cl (5 mL) were added and it was vigorously stirred for 10 min. The
aqueous phase was extracted with EtOAc (3� 5 mL). The combined
organic layers were dried (Na2SO4), concentrated, and the residue was
purified by flash column chromatography (silica gel, 0!15% EtOAc in
benzene, gradient elution) to afford faster moving natural AB/C-O-D azide
18a (47 mg, 34%), and slower moving unnatural AB/C-O-D azide 18b
(46 mg, 33%). 18a : Rf� 0.69 (silica gel, 30% EtOAc in benzene); [a]22


D �
�136.7 (c� 1.4, EtOAc); IR (thin film): nÄmax� 3362, 2934, 2099, 1732, 1674,
1605, 1505, 1416, 1338, 1259, 1201, 1158, 1098, 835 cmÿ1; 1H NMR
(600 MHz, CD3OD, 330 K): d� 7.42 (dd, J� 8.3, 2.4 Hz, 1H, H-5f), 7.40
(d, J� 2.2 Hz, 1 H, H-6b), 7.37 (d, J� 1.8 Hz, 1H, H-4f), 7.29 ± 7.18 (m, 5H,
ArH), 7.03 (d, J� 8.3 Hz, 1H, H-5e), 6.91 (dd, J� 8.6, 2.2 Hz, 1 H, H-6f),
6.76 (d, J� 1.8 Hz, 1 H, H-4b), 6.67 (d, J� 2.6 Hz, 1H, H-7f), 6.66 (d, J�
8.6 Hz, 1H, H-6e), 6.48 (d, J� 2.6 Hz, 1 H, H-7d), 6.43 (br. s, 1H, H-5b),
5.41 (d, J� 2.2 Hz, 1H, H-6b), 5.23 (s, 1 H, H-5a), 4.95 (s, 1H, H-4a), 4.71
(d, J� 2.2 Hz, 1 H, H-6a), 4.62 (dd, J� 8.1, 3.3 Hz, 1H, H-7a), 4.38
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(d, J� 12.3 Hz, 1 H, OCHAHPh), 4.30 (dq, J� 10.9, 7.2 Hz, 1H, OCH-
HACH3), 4.17 (d, J� 12.3 Hz, 1H, OCHHBPh), 4.12 (dq, J� 10.9, 7.2 Hz,
1H, OCHHBCH3), 3.84 (s, 3H, 7e-OCH3), 3.79 (br. s, 4 H, NCH2CH2), 3.61
(s, 3 H, 7c-OCH3), 3.59 (s, 3H, 5d-OCH3), 3.40 (dd, J� 11.0, 3.3 Hz, 1H,
H-7bA), 3.36 (dd, J� 11.0, 8.1 Hz, 1H, H-7bB), 2.06 (br. s, 4H, NCH2CH2),
1.42 (s, 9 H, tBuO), 1.32 (t, J� 7.2 Hz, 3 H, OCH2CH3), 0.81 (s, 9H, tBuSi),
0.00 (s, 3 H, CH3Si), -0.15 (s, 3 H, CH3Si); 13C NMR (100 MHz, CD3OD,
330 K): d� 170.7, 170.4, 170.1, 162.0, 159.8, 159.6, 157.7, 155.0, 153.4, 142.6,
139.8, 138.9, 138.8, 136.3, 133.4, 129.5, 129.4, 129.2, 129.1, 128.7, 128.4, 128.1,
127.6, 127.4, 127.2, 124.0, 120.3, 119.9, 117.8, 113.0, 105.0, 100.0, 81.5, 74.9,
74.7, 73.6, 63.2, 62.4, 61.4, 61.2, 58.9, 56.6, 56.0, 28.7, 26.5, 24.7, 18.9, 14.3,
ÿ4.1, ÿ5.3; HRMS (FAB) calcd for C60H73BrClN9O12SiCs [M�Cs�]
1386.3074, found 1386.3010. 18b : Rf� 0.42 (silica gel, 30% EtOAc in
benzene); [a]22


D �ÿ32.9 (c� 2.0, EtOAc); IR (thin film): nÄmax� 3363, 2634,
2099, 1718, 1670, 1605, 1489, 1420, 1339, 1253, 1201, 1159, 1093, 837 cmÿ1;
1H NMR (600 MHz, CD3OD, 330 K): d� 7.52 (d, J� 1.8 Hz, 1H, H-6b),
7.45 (dd, J� 8.8, 2.4 Hz, 1 H, H-5f), 7.32 ± 7.31 (m, 2 H, H-6f and H-5b),
7.29 ± 7.21 (m, 5H, ArH), 7.18 (d, J� 8.3 Hz, 1H, H-6e), 7.13 (d, J� 8.8 Hz,
1H, H-5e), 7.08 (d, J� 2.6 Hz, 1H, H-4f), 6.78 (d, J� 0.8 Hz, 1H, H-4b),
6.69 (d, J� 2.2 Hz, 1H, H-7f), 6.56 (d, J� 2.2 Hz, 1H, H-7d), 5.44 (d, J�
2.6 Hz, 1H, H-6b), 5.39 (s, 1 H, H-4a), 5.34 (s, 1H, H-5a), 4.62 (d, J�
2.6 Hz, 1 H, H-6a), 4.61 (dd, J� 7.7, 3.3 Hz, 1H, H-7a), 4.43 (br. s, 2H,
OCH2Ph), 4.27 (dq, J� 10.8, 7.1 Hz, 1 H, OCHAHCH3), 4.09 (dq, J� 10.8,
7.1 Hz, 1 H, OCHHBCH3), 3.82 (s, 3 H, 7e-OCH3), 3.81 (br. s, 4 H,
NCH2CH2), 3.65 (s, 3H, 5d-OCH3), 3.62 (s, 3H, 7c-OCH3), 3.61-3.56 (m,
2H, H-7b), 2.07 (br. s, 4 H, NCH2CH2), 1.42 (s, 9 H, tBuO), 1.27 (t, J�
7.1 Hz, 3 H, OCH2CH3), 0.83 (s, 9 H, tBuSi), ÿ0.02 (s, 3H, CH3Si), ÿ0.08 (s,
3H, CH3Si); 13C NMR (100 MHz, CD3OD, 330 K): d� 171.2, 170.3, 169.9,
162.1, 160.0, 157.7, 153.2, 153.1, 141.0, 140.4, 139.6, 138.8, 137.3, 134.3, 130.2,
129.7, 129.3, 128.7, 128.6, 128.1, 127.5, 127.3, 125.5, 120.7, 119.9, 115.0, 113.4,
105.4, 100.2, 81.3, 75.0, 74.3, 74.1, 63.2, 63.1, 61.1, 59.3, 58.6, 56.7, 56.2, 56.1,
28.7, 26.5, 24.7, 18.9, 14.4, ÿ4.3, ÿ5.1; HRMS (FAB) calcd for
C60H73BrClN9O12SiCs [M�Cs�] 1388.3066, found 1388.3155.


Natural AB/C-O-D alcohol 19 a : A solution of natural protected AB/C-O-
D alcohol 18a (7.9 g, 6.3 mmol) in THF (65 mL) was cooled to ÿ25 8C and
tetra-n-butylammonium fluoride (TBAF, 1.0m solution in THF, 6.9 mL,
6.9 mmol) was added dropwise. The reaction mixture was allowed to stir at
ÿ15 8C for 3 h, and then quenched by the addition of saturated aqueous
NH4Cl (300 mL). EtOAc (300 mL) was added, and the aqueous phase was
extracted with EtOAc (100 mL). The combined organic layers were dried
(Na2SO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 25!40% EtOAc in hexanes, gradient elution)
to afford natural AB/C-O-D alcohol 19a (6.83 g, 95%). 19 a : Rf� 0.39
(silica gel, 40% EtOAc in benzene); [a]22


D ��124.2 (c� 0.90, MeOH); IR
(thin film): nÄmax� 3413, 3357, 2972, 2936, 2869, 2836, 2100, 1695, 1667, 1605,
1502, 1462, 1413, 1338, 1263, 1201, 1158, 1057, 735, 699 cmÿ1; 1H NMR
(600 MHz, CD3OD, 330 K): d� 7.41 (dd, J� 8.7, 2.5 Hz, 1H, H-5f), 7.38 (d,
J� 1.8 Hz, 1 H, H-6b), 7.33 (dd, J� 8.4, 1.7, 1H, H-6f), 7.32 (d, J� 1.8 Hz,
1H, H-4f), 7.28-7.17 (m, 5H, ArH), 6.97 (d, J� 8.5 Hz, 1 H, H-5e), 6.75 (d,
J� 8.4 Hz, 1H, H-6e), 6.71 (d, J� 1.9 Hz, 1 H, H-4b), 6.62 (d, J� 2.4 Hz,
1H, H-7f), 6.50 (d, J� 2.4 Hz, 1H, H-7d), 6.41 (d, J� 1.7 Hz, 1 H, H-5b),
5.37 (d, J� 3.6 Hz, 1H, H-6b), 5.34 (s, 1 H, H-5a), 5.04 (s, 1H, H-4a), 4.82
(d, J� 3.7 Hz, 1H, H-6a), 4.56 (dd, J� 8.0, 4.0 Hz, 1H, H-7a), 4.36 (d, J�
12.3 Hz, 1 H, OCHAHPh), 4.22 (d, J� 12.2 Hz, 1H, OCHHBPh), 4.21 (q,
J� 7.1 Hz, 2 H, OCH2CH3), 3.82 (s, 3H, 7e-OCH3), 3.82-3.78 (br. s, 4H,
NCH2CH2), 3.62 (s, 3 H, 7c-OCH3), 3.54 (s, 3H, 5d-OCH3), 3.45 (dd, J�
11.1, 4.0 Hz, 1H, H-7bA), 3.42 (dd, J� 11.1, 8.0 Hz, 1H, H-7bB), 2.05 (br. s,
4H, NCH2CH2), 1.41 (s , 9H, tBuO), 1.25 (t, J� 7.1 Hz, 3H, OCH2CH3);
13C NMR (600 MHz, CD3OD, 330 K): d� 171.5, 171.1, 170.4, 162.2, 159.8,
159.6, 157.8, 155.0, 153.4, 141.9, 140.5, 139.8, 138.8, 136.4, 132.3, 129.9, 129.7,
129.4, 128.8, 128.6, 128.6, 128.0, 127.8, 127.3, 126.9, 124.8, 120.3, 120.3, 116.0,
112.8, 104.3, 99.6, 81.6, 74.9, 73.4, 72.9, 63.0, 62.7, 61.0, 60.5, 58.7, 56.5, 56.1,
56.1, 28.8, 24.9, 14.6; HRMS (FAB) calcd for C54H59BrClN9O12Cs [M�Cs�]
1274.2189, found 1274.2244.


Unnatural AB/C-O-D alcohol 19b : A solution of unnatural protected AB/
C-O-D alcohol 18 b (1.26 g, 1.0 mmol) in THF (1.5 mL) was cooled to
ÿ25 8C and tetra-n-butylammonium fluoride (TBAF, 1.0m solution in THF,
1.1 mL, 1.1 mmol) was added dropwise. The reaction mixture was allowed
to stir at ÿ15 8C for 3 h, and then quenched by the addition of saturated
aqueous NH4Cl (50 mL). EtOAc (50 mL) was added, and the aqueous
phase was extracted with EtOAc (20 mL). The combined organic layers


were dried (Na2SO4), concentrated, and the residue was purified by flash
column chromatography (silica gel, 25!40% EtOAc in hexanes, gradient
elution) to afford unnatural AB/C-O-D alcohol 19 b (1.12 g, 98 %). 19b :
Rf� 0.32 (silica gel, 40% EtOAc in benzene); [a]22


D �ÿ43.1 (c� 1.1,
MeOH); IR (thin film): nÄmax� 3414, 3318, 2974, 2934, 2872, 2099, 1694,
1667, 1605, 1504, 1488, 1416, 1338, 1261, 1159, 1063, 736, 699 cmÿ1; 1H NMR
(600 MHz, CD3OD, 330 K): d� 7.66 (d, J� 1.3 Hz, 1H, H-6b), 7.44 (dd, J�
8.6, 2.4 Hz, 1H, H-5f), 7.30-7.20 (m, 7H, ArH), 7.09 (d, J� 8.6 Hz, 1H,
H-5e), 7.08 (d, J� 2.8 Hz, 1 H, H-4f), 7.00 (d, J� 8.8 Hz, 1H, H-6e), 6.62 (d,
J� 2.3 Hz, 1H, H-7f), 6.55 (d, J� 2.3 Hz, 1 H, H-7d), 6.32 (s, 1H, H-4b),
5.47 (s, 1H, H-4a), 5.42 (d, J� 3.9 Hz, 1 H, H-6b), 5.25 (s, 1H, H-5a), 4.82
(d, J� 3.9 Hz, 1H, H-6a), 4.58 (t, J� 6.0 Hz, 1 H, H-7a), 4.38 (d, J�
12.4 Hz, 1 H, OCHAHPh), 4.33 (d, J� 12.4 Hz, 1H, OCHHBPh), 4.21 (q,
J� 7.1 Hz, 2 H, OCH2CH3), 3.85-3.81 (m, 4 H, NCH2CH2), 3.82 (s, 3H, 7e-
OCH3), 3.64 (s, 3H, 5d-OCH3), 3.54 (s, 3H, 7c-OCH3), 3.53 (br.d, J�
6.0 Hz, 2 H, H-7b), 2.06 (br. s, 4H, NCH2CH2), 1.41 (s, 9H, tBuO), 1.23 (t,
J� 7.1 Hz, 3 H, OCH2CH3); 13C NMR (150 MHz, CD3OD, 330 K): d�
171.6, 171.5, 170.3, 162.2, 160.1, 159.6, 155.7, 153.7, 152.6, 141.5, 140.9,
139.7, 138.7, 137.1, 132.1, 130.0, 129.8, 129.5, 129.3, 128.8, 128.7, 128.5, 128.1,
127.1, 126.0, 125.1, 120.8, 120.1, 114.4, 112.9, 104.6, 99.8, 81.4, 74.6, 73.7, 72.7,
63.3, 63.0, 61.1, 58.7, 58.5, 56.6, 56.1, 56.1, 28.8, 24.9, 14.6; HRMS (FAB)
calcd for C54H59BrClN9O12Cs [M�Cs�] 1272.2209, found 1272.2150.


Natural AB/C-O-D amine 20a : A solution of natural AB/C-O-D azide 19a
(390 mg, 0.34 mmol) in MeCN/H2O (4:1) (11.5 mL) was treated with
triethylphosphane (100 mL, 0.68 mmol) for 20 h at 25 8C. The reaction
mixture was concentrated, and the residue was purified by flash column
chromatography (silica gel, 1!3 % MeOH in CH2Cl2, gradient elution) to
afford the natural AB/C-O-D amine 20 a (296 mg, 78%). 20a : Rf� 0.29
(silica gel, 5% MeOH in CH2Cl2); [a]22


D ��50.5 (c� 0.40, MeOH); IR
(thin film): nÄmax� 3326, 2971, 2931, 2871, 1713, 1694, 1682, 1667, 1659, 1604,
1556, 1503, 1415, 1316, 1245, 1157, 1058, 735, 699 cmÿ1; 1H NMR (600 MHz,
CD3OD, 330 K): d� 7.41 (d, J� 2.2 Hz, 1 H, H-6b), 7.36 (dd, J� 8.7, 2.6 Hz,
1H, H-5f), 7.35 (dd, J� 8.8, 2.2, 1 H, H-6f), 7.31 (d, J� 2.2 Hz, 1 H, H-4f),
7.29-7.17 (m, 5H, ArH), 6.97 (d, J� 8.8 Hz, 1H, H-5e), 6.80 (br. s, 1H,
H-4b), 6.77 (d, J� 8.5 Hz, 1 H, H-6e), 6.76 (d, J� 2.6 Hz, 1H, H-7f), 6.50 (d,
J� 2.6 Hz, 1H, H-7d), 6.48 (d, J� 1.3 Hz, 1H, H-5b), 5.38 (d, J� 3.5 Hz,
1H, H-6b), 5.36 (s, 1 H, H-5a), 5.10 (s, 1H, H-4a), 4.82 (d, J� 3.5 Hz, 1H,
H-6a), 4.32 (d, J� 12.7 Hz, 1 H, OCHAHPh), 4.27 (d, J� 12.5 Hz, 1H,
OCHHBPh), 4.21 (dq, J� 7.0, 1.7 Hz, 2H, OCH2CH3), 3.86 (dd, J� 8.3,
3.5 Hz, 1H, H-7a), 3.83 (s, 3H, 7e-OCH3), 3.83 ± 3.78 (br. s, 4 H, NCH2CH2),
3.63 (s, 3H, 7c-OCH3), 3.53 (s, 3 H, 5d-OCH3), 3.35 (dd, J� 10.1, 3.5 Hz,
1H, H-7bA), 3.30 (dd, J� 10.1, 8.3 Hz, 1 H, H-7bB), 2.08 (br. s, 4 H,
NCH2CH2), 1.43 (s, 9H, tBuO), 1.27 (t, J� 7.1 Hz, 3 H, OCH2CH3); 13C
(150 MHz, CD3OD, 330 K): d� 171.5, 171.3, 170.6, 162.23, 159.7, 159.7,
157.7, 154.0, 153.4, 143.4, 141.9, 140.7, 140.1, 136.9, 132.3, 129.8, 129.7, 129.5,
128.8, 128.6, 128.2, 127.9, 127.9, 127.3, 124.7, 120.7, 120.1, 116.0, 112.7, 104.0,
99.0, 81.6, 76.1, 73.5, 72.9, 63.0, 61.0, 58.8, 56.5, 56.1, 56.1, 52.5, 28.8, 24.9,
14.6; HRMS (FAB) calcd for C54H61BrClN7O12Cs [M�Cs�] 1246.2304,
found 1246.2358.


Unnatural AB/C-O-D amine 20b : A solution of unnatural AB/C-O-D
azide 19b (570 mg, 0.5 mmol) in MeCN/H2O (4:1) (16.8 mL) was treated
with triethylphosphane (145 mL, 1.0 mmol) for 20 h at 25 8C. The reaction
mixture was concentrated, and the residue was purified by flash column
chromatography (silica gel, 1!3 % MeOH in CH2Cl2, gradient elution) to
afford the unnatural AB/C-O-D amine 20 b (440 mg, 79 %). 20b : Rf� 0.19
(silica gel, 5 % MeOH in CH2Cl2); [a]22


D (c� 1.9, EtOAc); IR (thin film):
nÄmax� 3293, 2973, 2933, 2836, 1741, 166, 1608, 1556, 1490, 1416, 1262, 1158,
1057, 736 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K): d� 7.62 (d, J� 1.2 Hz,
1H, H-6b), 7.36 (dd, J� 8.6, 2.4 Hz, 1H, H-5f), 7.30-7.20 (m, 7 H, ArH), 7.11
(d, J� 8.3 Hz, 1 H, H-5e), 7.09 (s, 1H, H-4f), 7.00 (d, J� 8.5 Hz, 1H, H-6e),
6.74 (d, J� 2.4 Hz, 1H, H-7f), 6.51 (d, J� 2.3 Hz, 1H, H-7d), 6.35 (d, J�
1.5 Hz, 1H, H-4b), 5.43 (s, 1H, H-4a), 5.41 (d, J� 3.8 Hz, 1H, H-6b), 5.25
(s, 1 H, H-5a), 4.81 (d, J� 3.8 Hz, 1H, H-6a), 4.34 (br.d, J� 2.9 Hz, 2H,
OCH2Ph), 4.18 (dq, J� 7.2, 1.6 Hz, 2 H, OCH2CH3), 3.93 (dd, J� 8.5,
3.9 Hz, 1 H, H-7a), 3.82 (s, 3H, 7e-OCH3), 3.82 (br. s, 4 H, NCH2CH2), 3.64
(s, 3H, 5d-OCH3), 3.52 (s, 3H, 7c-OCH3), 3.42 (dd, J� 10.0, 4.0 Hz, 1H,
H-7bA), 3.39 (dd, J� 10.0, 8.6 Hz, 1H, H-7bB), 2.06 (br. s, 4 H, NCH2CH2),
1.41 (s, 9H, tBuO), 1.24 (t, J� 7.2 Hz, 3 H, OCH2CH3); 13C NMR
(150 MHz, CD3OD, 330 K): d� 171.5, 171.4, 170.5, 162.2, 159.8, 159.5,
157.6, 153.5, 152.4, 143.1, 141.4, 140.9, 139.9, 137.1, 132.2, 129.9, 129.5, 129.4,
128.8, 128.6, 128.4, 128.1, 127.9, 126.0, 125.2, 120.8, 120.0, 114.3, 112.6, 104.2,
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99.2, 81.4, 76.0, 73.7, 72.6, 63.0, 61.0, 58.6, 56.6, 56.1, 56.1, 52.7, 28.9, 24.8,
14.6; HRMS (FAB) calcd for C54H61BrClN7O12Cs [M�Cs�] 1246.2304,
found 1246.2252.


Natural AB/C-O-D carboxylic acid 21 a : A solution of natural AB/C-O-D
carboxylic ester 20a (112 mg, 0.1 mmol) in THF/H2O (1:1) (5 mL) was
cooled at ÿ5 8C, and lithium hydroxide monohydrate (21 mg, 0.5 mmol)
was added. After vigorous stirring at 0 8C for 10 min, the reaction was
quenched by the addition of saturated aqueous NH4Cl (5 mL). CH2Cl2


(5 mL) was added, and the pH of the mixture was adjusted to 5 by adding
dropwise a cooled 1% aqueous HCl. The aqueous phase was extracted with
CH2Cl2 (2� 5 mL). The combined organic layers were washed with brine
(5 mL), dried (Na2SO4), concentrated, and the residue, crude carboxylic
acid 21a (100 mg, 92%), was used in the macrolactamization reaction
without further purification.


Unnatural AB/C-O-D carboxylic acid 21b : A solution of unnatural AB/C-
O-D carboxylic ester 20b (89 mg, 80 mmol) in THF/H2O (1:1) (4 mL) was
cooled at ÿ5 8C, and lithium hydroxide monohydrate (17 mg, 0.4 mmol)
was added. After vigorous stirring at 0 8C for 10 min, the reaction was
quenched by the addition of saturated aqueous NH4Cl (4 mL). CH2Cl2


(4 mL) was added, and the pH of the mixture was adjusted to 5 by adding
dropwise a cooled 1% aqueous HCl. The aqueous phase was extracted with
CH2Cl2 (2� 5 mL). The combined organic layers were washed with brine
(5 mL), dried (Na2SO4), concentrated, and the residue, crude carboxylic
acid 21 b (78 mg, 90 %), was used in the macrolactamization reaction
without further purification.


Natural AB/C-O-D bicyclic triazene 22a : A solution of crude natural AB/
C-O-D amino acid 21a (100 mg, 0.092 mmol) in freshly distilled DMF
(20 mL) was cooled to 0 8C. Freshly distilled iPr2NEt (80 mL, 0.46 mmol)
and pentafluorophenyl diphenylphosphinate (FDPP, 108 mg, 0.28 mmol)
were added, and the mixture was allowed to warm slowly to 25 8C. After
stirring for 12 h, EtOAc (100 mL) was added, and the reaction mixture was
washed with brine (3� 50 mL). The combined aqueous phases were
extracted with EtOAc (50 mL). The combined organic layers were dried
(Na2SO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 0.5!1.5% MeOH in CH2Cl2, gradient elution)
to afford natural AB/C-O-D bicyclic triazene 22 a (85 mg, 86%). 22 a : Rf�
0.24 (silica gel, 5 % MeOH in CH2Cl2); [a]22


D �ÿ46.6 (c� 1.1, EtOAc); IR
(thin film): nÄmax� 3317, 2970, 2929, 2873, 1693, 1681, 1667, 1659, 1605, 1555,
1504, 1485, 1415, 1320, 1248, 1158, 1058, 734, 700 cmÿ1; 1H NMR (600 MHz,
CD3OD, 330 K): d� 7.62 (d, J� 2.2 Hz, 1 H, H-6b), 7.46 (dd, J� 8.3, 2.2 Hz,
1H, H-6f), 7.38 ± 7.25 (m, 6H, ArH), 7.14 (dd, J� 8.8, 2.2 Hz, 1 H, H-5f),
7.07 (d, J� 2.2 Hz, 1H, H-5b), 7.06 (d, J� 8.1 Hz, 1H, H-6e), 6.97 (d, J�
8.8 Hz, 1H, H-5e), 6.91 (d, J� 2.2 Hz, 1H, H-7f), 6.64 (d, J� 2.2 Hz, 1H,
H-7d), 5.84 (s, 1 H, H-4b), 5.48 (br. s, 1 H, H-4a), 5.21 (s, 1 H, H-6b), 4.71 (s,
1H, H-5a), 4.62 (d, J� 11.8 Hz, 1H, OCHAHPh), 4.58 (d, J� 11.8 Hz, 1H,
OCHHBPh), 4.42 (dd, J� 7.7, 4.2 Hz, 1 H, H-7a), 4.06 (d, J� 1.3 Hz, 1H,
H-6a), 3.98 (dd, J� 10.1, 7.9 Hz, 1 H, H-7bA), 3.90 (dd, J� 10.1, 4.4 Hz, 1H,
H-7bB), 3.84 (s, 3H, 7e-OCH3), 3.81 (br. s, 4H, NCH2CH2), 3.69 (s, 3H, 7c-
OCH3), 3.65 (s, 3 H, 5d-OCH3), 2.06 (br. s, 4H, NCH2CH2), 1.42 (s, 9H,
tBuO); 13C NMR (150 MHz, CD3COCD3, 323 K): d� 171.0, 171.0, 168.5,
161.3, 159.9, 158.5, 156.3, 153.1, 152.6, 142.3, 141.0, 140.0, 139.9, 139.0, 136.4,
129.4, 129.3, 128.9, 128.8, 128.5, 128.3, 128.3, 127.6, 127.5, 125.5, 124.5, 122.9,
119.7, 114.9, 113.9, 106.8, 99.0, 80.0, 73.9, 73.3, 70.7, 64.3, 57.0, 56.4, 56.0,
55.3, 53.1, 28.6, 24.5; HRMS (FAB) calcd for C52H55BrClN7O11Cs [M�Cs�]
1202.1875, found 1202.1933.


Unnatural AB/C-O-D bicyclic triazene 22b : A solution of crude unnatural
AB/C-O-D aminoacid 21b (109 mg, 0.1 mmol) in freshly distilled DMF
(20 mL) was cooled to 0 8C. Freshly distilled iPr2NEt (87 mL, 0.50 mmol)
and pentafluorophenyl diphenylphosphinate (FDPP, 115 mg, 0.30 mmol)
were added, and the mixture was allowed to warm slowly to 25 8C. After
stirring for 12 h, EtOAc (100 mL) was added, and the mixture was washed
with brine (3� 60 mL). The combined aqueous phases were extracted with
EtOAc (50 mL). The combined organic layers were dried (Na2SO4),
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 1.0!1.5% MeOH in CH2Cl2, gradient elution) to afford
unnatural bicyclic triazene 22b (64 mg, 60%). 22b : Rf� 0.17 (silica gel, 5%
MeOH in CH2Cl2); [a]22


D �ÿ14.7 (c� 1.6, EtOAc); IR (thin film): nÄmax�
3415, 3274, 2973, 2934, 2871, 2837, 1659, 1485, 1416, 1318, 1264, 1158,
1056 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K): d� 7.63 (d, J� 2.0 Hz,
1H, H-6b), 7.38 (dd, J� 8.5, 2.0 Hz, 1H, H-6f), 7.37-7.21 (m, 5 H, ArH),
7.28 ± 7.25 (m, 1H, ArH), 7.15 (dd, J� 8.6, 2.3 Hz, 1H, H-5f), 7.08 (d, J�


8.3 Hz, 1 H, H-6e), 7.04 (d, J� 2.3 Hz, 1 H, H-4f), 6.97 (d, J� 8.7 Hz, 1H,
H-5e), 6.90 (d, J� 2.3 Hz, 1 H, H-7f), 6.62 (d, J� 2.3 Hz, 1H, H-7d), 5.88 (d,
J� 1.4 Hz, 1 H, H-4b), 5.50 (br. s, 1 H, H-4a), 5.24 (s, 1 H, H-6b), 4.73 (s, 1H,
H-5a), 4.61 (d, J� 11.9 Hz, 1H, OCHAHPh), 4.58 (d, J� 11.8 Hz, 1H,
OCHHBPh), 4.40 (dd, J� 7.6, 4.2 Hz, 1H, H-7a), 4.06 (d, J� 1.6 Hz, 1H,
H-6a), 3.98 (dd, J� 10.2, 7.6 Hz, 1H, H-7bA), 3.90 (dd, J� 10.2, 4.3 Hz, 1H,
H-7bB), 3.82 (s, 3H, 7e-OCH3), 3.82 (br. s, 4H, NCH2CH2),3.68 (s, 3 H, 5d-
OCH3), 3.63 (s, 3 H, 7c-OCH3), 2.05 (br. s, 4H, NCH2CH2), 1.42 (s, 9H,
tBuO); 13C NMR (150 MHz, CD3COCD3, 323 K): d� 171.0, 168.3, 161.2,
159.7, 158.4, 156.0, 152.4, 152.2, 142.2, 140.8, 139.8, 139.8, 138.7, 136.3, 130.6,
129.4, 129.2, 129.1, 128.6, 128.3, 127.6, 127.4, 126.5, 126.1, 125.5, 125.4, 122.8,
119.6, 113.8, 113.7, 106.7, 98.9, 79.9, 73.8, 72.9, 70.6, 64.2, 64.1, 56.3, 55.8,
55.1, 53.1, 53.0, 28.6, 24.4; HRMS (FAB) calcd for C52H55BrClN7O11Cs
[M�Cs�] 1202.1865, found 1202.1799.


Natural AB/C-O-D silyl alcohol 23 a : A solution of natural AB/C-O-D
alcohol 22a (790 mg, 0.74 mmol) in CH2Cl2 (40 mL) was cooled to ÿ20 8C.
Freshly distilled 2,6-lutidine (1.3 mL, 11 mmol) was added dropwise,
followed by the dropwise addition of tert-butyldimethylsilyl trifluorome-
thanesulfonate (TBSOTf, 0.85 mL, 3.7 mmol). The reaction mixture was
stirred at ÿ15 8C for 2 h, quenched by the addition of saturated aqueous
NaHCO3 (40 mL), and then left under vigorous stirring at 25 8C for 2 h. The
aqueous phase was extracted with EtOAc (100 mL). The combined organic
layers were washed with brine (20 mL), dried (Na2SO4), concentrated, and
the residue was purified by flash column chromatography (silica gel,
0!50% EtOAc in hexanes, gradient elution) to afford natural AB/C-O-D
silyl alcohol 23a (744 mg, 85%). 23a : Rf� 0.56 (silica gel, 40 % EtOAc in
benzene); [a]22


D ��38.0 (c� 0.70, MeOH); IR (thin film): nÄmax� 3308,
2953, 2928, 2857, 1680, 1655, 1486, 1262, 1158, 1104, 838, 782, 700 cmÿ1;
1H NMR (600 MHz, CD3OD, 330 K): d� 7.61 (d, J� 2.0 Hz, 1 H, H-6b),
7.40 (dd, J� 8.3, 1.7 Hz, 1H, H-6f), 7.38-7.25 (m, 6 H, ArH), 7.11 (bd, J�
8.3 Hz, 1H, H-5f), 7.07 (d, J� 8.5 Hz, 1 H, H-6e), 7.03 (d, J� 2.2 Hz, 1H,
H-5b), 6.95 (d, J� 8.1 Hz, 1H, H-5e), 6.95 (s, 1H, H-7f), 6.62 (d, J� 2.2 Hz,
1H, H-7d), 5.82 (s, 1H, H-4b), 5.48 (br. s, 1H, H-4a), 5.26 (s, 1H, H-6b),
4.67 (s, 1 H, H-5a), 4.58 (d, J� 11.4 Hz, 1 H, OCHAHPh), 4.55 (d, J�
11.8 Hz, 1H, OCHHBPh), 4.42-4.39 (m, 1 H, H-7a), 4.04 (br. s, 1 H,
H-6a), 3.92 (t, J� 11.4 Hz, 1H, H-7bA), 3.84 (dd, J� 11.6, 3.5 Hz, 1H,
H-7bB), 3.82 (s, 3 H, 7e-OCH3), 3.82 ± 3.78 (br. s, 4 H, NCH2CH2), 3.67 (s,
3H, 7c-OCH3), 3.62 (s, 3 H, 5d-OCH3), 2.04 (br. s, 4 H, NCH2CH2), 1.40 (s,
9H, tBuO), 0.86 (s, 9H, tBuSi), 0.02 (s, 3H, CH3Si), 0.00 (s, 3 H, CH3Si);
13C NMR (150 MHz, CD3OD, 330 K): d� 173.0, 172.1, 169.2, 162.0, 160.2,
159.0, 157.6, 153.4, 153.1, 142.1, 141.2, 139.9, 139.5, 137.1, 129.6, 129.5, 129.4,
129.4, 129.3, 129.0, 128.3, 128.2, 127.5, 126.2, 126.1, 124.9, 123.1, 120.3, 114.7,
114.3, 106.9, 99.7, 81.4, 75.0, 74.5, 71.0, 65.3, 56.6, 56.6, 56.3, 55.9, 53.3, 28.8,
26.4, 24.9, 19.3, ÿ4.6, ÿ4.7; HRMS (FAB) calcd for C58H69BrClN7O11SiCs
[M�Cs�] 1316.2742, found 1316.2684.


Unnatural AB/C-O-D silyl alcohol 23 b : A solution of unnatural AB/C-O-
D alcohol 22 b (1.07 g, 1.0 mmol) in CH2Cl2 (50 mL) was cooled to ÿ20 8C.
Freshly distilled 2,6-lutidine (1.7 mL, 15 mmol) was added dropwise,
followed by the dropwise addition of tert-butyldimethylsilyl trifluorome-
thanesulfonate (TBSOTf, 1.15 mL, 5.0 mmol). The reaction mixture was
stirred at ÿ15 8C for 2 h, quenched by the addition of saturated aqueous
NaHCO3 (50 mL), and then left under vigorous stirring at 25 8C for 2 h. The
aqueous phase was extracted with EtOAc (120 mL). The combined organic
layers were washed with brine (25 mL), dried (Na2SO4), concentrated, and
the residue was purified by flash column chromatography (silica gel,
0!50% EtOAc in hexanes, gradient elution) to afford unnatural silyl
alcohol 23b (945 mg, 80%). 23 b : Rf� 0.29 (silica gel, 30 % EtOAc in
benzene); [a]22


D �ÿ43.7 (c� 1.1, MeOH); IR (thin film): nÄmax� 3406, 3283,
2951, 2928, 2855, 1692, 1681, 1658, 1504, 1486, 1416, 1324, 1256, 1201, 1157,
1098, 838, 781, 699 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K): d� 7.56 (d,
J� 1.8 Hz, 1 H, H-6b), 7.40-7.32 (m, 6H, ArH), 7.30 ± 7.27 (m, 1 H, ArH),
7.15 (dd, J� 8.3, 1.8 Hz, 1H, H-6f), 7.12 (d, J� 8.3 Hz, 1 H, H-6e), 7.02 (d,
J� 2.6 Hz, 1H, H-4f), 6.97 (d, J� 8.3 Hz, 1H, H-5e), 6.96 (d, J� 2.2 Hz,
1H, H-7f), 6.62 (d, J� 2.2 Hz, 1H, H-7d), 5.87 (d, J� 1.3 Hz, 1 H, H-4b),
5.52 (br. s, 1H, H-4a), 5.32 (s, 1H, H-6b), 4.71 (s, 1 H, H-5a), 4.59 (d, J�
11.8 Hz, 1 H, OCHAHPh), 4.56 (d, J� 11.8 Hz, 1 H, OCHHBPh), 4.41 (s,
1H, H-7a), 4.06 (d, J� 1.8 Hz, 1 H, H-6a), 3.92 (br. t, J� 9.0 Hz, 1H,
H-7bA), 3.86 (dd, J� 9.7, 3.5 Hz, 1H, H-7bB), 3.83 (s, 3 H, 7e-OCH3), 3.83-
3.79 (m, 4H, NCH2CH2), 3.68 (s, 3 H, 5d-OCH3), 3.63 (s, 3H, 7c-OCH3),
2.06 (br. s, 4 H, NCH2CH2), 1.43 (s, 9H, tBuO), 0.89 (s, 9H, tBuSi), 0.04 (s,
3H, CH3Si), 0.02 (s, 3H, CH3Si); 13C NMR (150 MHz, CD3OD, 330 K):
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d� 173.1, 172.1, 169.2, 161.9, 160.2, 159.0, 157.6, 153.1, 152.9, 142.1, 141.2,
140.0, 139.5, 137.0, 131.3, 129.6, 129.4, 129.0, 128.6, 128.6, 128.1, 126.8, 126.2,
126.1, 125.9, 123.1, 120.4, 114.3, 113.9, 107.0, 99.7, 81.4, 74.8, 74.5, 71.0, 65.2,
56.6, 56.5, 56.3, 55.9, 53.4, 28.8, 26.4, 24.9, 19.3, ÿ4.6, ÿ4.7; HRMS (FAB)
calcd for C58H69BrClN7O11SiCs [M�Cs�] 1314.2751, found 1314.2680.


AB/C dipeptide 24 : A solution of amine 4 (1.68 g, 4.5 mmol) and unnatural
biaryl carboxylic acid 14 (2.67 g, 4.5 mmol) in THF (50 mL) was cooled to
0 8C. HOAt (2.02 g, 14.9 mmol) and EDC (2.59 g, 13.5 mmol) were added,
and the reaction mixture was stirred at 0 8C for 10 h. The reaction was
quenched by the addition of saturated aqueous citric acid (10 mL) and the
resulting mixture was extracted with EtOAc (4� 60 mL). The combined
organic layers were washed with H2O (100 mL), brine (100 mL), dried
(Na2SO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 20!30% EtOAc in hexanes, gradient elution)
to afford AB/C dipeptide 24 (3.54 g, 83% yield). 24 : Rf� 0.09 (silica gel,
30% EtOAc in hexanes); [a]22


D �ÿ24.5 (c� 1.6, CHCl3); IR (thin film):
nÄmax� 3425, 2943, 2861, 2097, 1696, 1602, 1496, 1349, 1255, 1202, 1155, 1091,
1026 cmÿ1; 1H NMR (500 MHz, CD3COCD3): d� 8.67 (s, 1H), 7.68 (d, J�
8.5 Hz, 1H), 7.37 (s, 1H), 7.32-7.22 (m, 5H), 7.14 (dd, J� 8.5, 2.0 Hz, 1H),
7.11 (d, J� 2.0 Hz, 1 H), 6.99 (d, J� 8.5 Hz, 1H), 6.95 (d, J� 8.5 Hz, 1H),
6.81 (d, J� 8.0 Hz, 1 H), 6.63 (d, J� 2.0 Hz, 1H), 6.58 (d, J� 2.0 Hz, 1H),
6.46 (d, J� 7.5 Hz, 1H), 5.31 ± 5.29 (m, 2H), 4.62 (dd, J� 9.0, 2.5 Hz, 1H),
4.41 (dd, J� 9.0, 4.0 Hz, 1 H), 4.29 (d, J� 12.0 Hz, 1 H, OCHAHPh), 4.26 (d,
J� 12.0 Hz, 1H, OCHHBPh), 4.20-4.17 (m, 1 H, OCHAHCH3), 4.12 ± 4.09
(m, 1H, OCHHBCH3), 3.83 (s, 3 H, OCH3), 3.73 (s, 3 H, OCH3), 3.65 (s, 3H,
OCH3), 3.49 (dd, J� 10.8, 9.0 Hz, 1H, H-7bA), 3.41 (dd, J� 10.8, 3.7 Hz,
1H, H-7bB), 1.38 (s, 9H, tBuO), 1.25 (t, J �7.1 Hz, 3H, OCH2CH3), 0.87 (s,
9H, tBuSi), 0.02 (s, 3H, CH3Si),ÿ0.15 (s, 3H, CH3Si); 13C NMR (125 MHz,
CD3COCD3): d� 171.5, 170.4, 161.2, 159.1, 157.2, 155.7, 153.1, 139.5, 138.5,
134.0, 132.5, 131.7, 130.4, 128.9, 128.6, 128.2, 128.0, 127.0, 125.1, 120.5, 120.0,
117.2, 111.7, 103.9, 99.0, 79.4, 74.4, 74.3, 73.1, 63.1, 62.0, 60.0, 58.1, 56.0, 55.7,
55.6, 28.5, 26.1, 18.6, 14.4, ÿ4.4, ÿ5.3; HRMS (FAB) calcd for
C48H62ClN5O11SiCs [M�Cs�] 1080.2958, found 1080.2997.


AB/C amine 25 : A solution of AB/C dipeptide 24 (1.61 g, 1.7 mmol) in
CH2Cl2 (20 mL) was cooled to 0 8C. Trimethylsilyl trifluoromethanesulfo-
nate (TMSOTf, 1.04 mL, 5.8 mmol) and 2,6-lutidine (594 mL, 5.1 mmol)
were added, and the reaction mixture was stirred at 0 8C for 3 h. The
reaction was quenched by the addition of saturated aqueous NaHCO3


(10 mL) and the resulting mixture was extracted with CH2Cl2 (2� 10 mL).
The combined organic layers were washed with H2O (20 mL), brine
(20 mL), dried (Na2SO4), concentrated, and the residue was purified by
flash column chromatography (silica gel, 30!50 % EtOAc in hexanes,
gradient elution) to afford AB/C amine 25 (1.31 g, 91 % yield). 25 : Rf� 0.15
(silica gel, 50% EtOAc in hexanes); [a]22


D �ÿ28.1 (c� 1.6, CHCl3); IR
(thin film): nÄmax� 3448, 2097, 1713, 1696, 1646, 1608, 1508, 1490, 1261, 1155,
1061, 1020 cmÿ1; 1H NMR (500 MHz, CD3COCD3): d� 8.92 (br. s, 1H),
8.55 (d, J� 10.0 Hz, 1 H), 7.44 (dd, J� 8.5, 2.0 Hz, 1H), 7.35 (s, 1 H), 7.30 ±
7.27 (m, 2H), 7.23 ± 7.22 (m, 3H), 7.15-7.13 (m, 2 H), 6.99 (d, J� 8.5 Hz, 1H),
6.89 (d, J� 8.5 Hz, 1 H), 6.63 (d, J� 2.0 Hz, 1H), 6.59 (d, J� 2.0 Hz, 1H),
5.37 (s, 1 H), 4.78 (s, 1H), 4.63 (dd, J� 10.0, 1.9 Hz, 1 H), 4.47 (dd, J� 9.0,
3.5 Hz, 1H), 4.27 (d, J�12.0 Hz, 1H, OCHAHPh), 4.21 (d, J� 12.0 Hz, 1H,
OCHHBPh), 4.16-4.12 (m, 1H, OCHAHCH3), 4.06-4.02 (m, 1 H,
OCHHBCH3), 3.83 (s, 3 H, OCH3), 3.69 (s, 3H, OCH3), 3.64 (s, 3H,
OCH3), 3.53 (dd, J� 11.0, 9.0 Hz, 1H, H-7bA), 3.43 (dd, J� 11.0, 3.5 Hz,
1H, H-7bB), 1.19-1.16 (m, 3 H, OCH2CH3), 0.95 (s, 9H, tBuSi), 0.05 (s, 3H,
CH3Si), ÿ0.15 (s, 3H, CH3Si); 13C NMR (125 MHz, CD3COCD3): d�
171.9, 170.5, 169.8, 161.3, 159.1, 156.8, 153.3, 139.4, 138.5, 134.2, 132.9,
132.8, 129.2, 128.9, 128.8, 128.0, 126.7, 124.9, 120.5, 119.9, 117.0, 111.7, 103.8,
99.0, 74.7, 74.6, 73.1, 67.9, 63.5, 62.0, 58.4, 56.0, 55.7, 55.6, 26.0, 18.6, 14.3,
ÿ4.4,ÿ5.4; HRMS (FAB) calcd for C43H54ClN5O9SiCs [M�Cs�] 980.2434,
found 980.2404.


AB/C tripeptide 26 : A solution of AB/C amine 25 (1.27 g, 1.5 mmol) and
carboxylic acid 7 (756 mg, 1.5 mmol) in THF (15 mL) was cooled to 0 8C.
HOAt (673 mg, 5.0 mmol) and EDC (867 mg, 4.5 mmol) were added, and
the reaction mixture was stirred at 0 8C for 10 h. The reaction was quenched
by the addition of saturated NH4Cl (5 mL) and the resulting mixture was
extracted with EtOAc (4� 15 mL). The combined organic layers were
washed with H2O (30 mL), brine (30 mL), dried (Na2SO4), concentrated,
and the residue was purified by flash column chromatography (silica gel,
15!35% EtOAc in hexanes, gradient elution) afforded AB/C tripeptide
26 (1.40 g, 70 % yield). 26 : Rf� 0.25 (silica gel, 40% EtOAc in hexanes);


[a]22
D �ÿ35.5 (c� 1.5, CHCl3); IR (thin film): nÄmax� 3410, 2932, 2100, 1675,


1606, 1499, 1418, 1342, 1259, 1201, 1158, 1094 cmÿ1; 1H NMR (500 MHz,
CD3COCD3): d� 8.67 (s, 1H), 8.08 (d, J� 7.5 Hz, 1 H), 7.76 (d, J� 9.0 Hz,
1H), 7.67 (s, 2 H), 7.33 ± 7.24 (m, 5H), 7.16 (d, J� 2.0 Hz, 1 H), 7.01 (d, J�
8.0 Hz, 1H), 6.92 (d, J� 9.0 Hz, 1H), 6.88 (d, J� 8.0 Hz, 1H), 6.71 (d, J�
8.5 Hz, 1 H), 6.64 (d, J� 2.5 Hz, 1H), 6.59 (d, J� 2.5 Hz, 1H), 6.56 ± 6.55
(m, 1 H), 5.60 (d, J� 8.0 Hz, 1 H), 5.36 (d, J� 7.5 Hz, 1 H), 5.22 (d, J�
2.3 Hz, 1H), 4.57 (dd, J� 9.0, 2.3 Hz, 1 H), 4.40 (dd, J� 8.0, 4.0 Hz, 1H),
4.35 (d, J� 12.5 Hz, 1H, OCHHBPh), 4.32 (d, J� 12.5 Hz, 1H, OCHHBPh),
4.15 ± 4.12 (m, 1 H, OCHAHCH3), 4.08 ± 4.04 (m, 1 H, OCHHBCH3), 3.91 ±
3.88 (m, 2 H, NCH2CH2), 3.83 (s, 3 H, OCH3), 3.75 (s, 3 H, OCH3), 3.66 (s,
3H, OCH3), 3.63 ± 3.60 (m, 2 H, NCH2CH2), 3.49 ± 3.44 (m, 2H, H-7b), 2.04
(br. s, 4H, NCH2CH2), 1.31 (s, 9H, tBuO), 1.19 (t, J� 7.0 Hz, 3 H,
OCH2CH3), 0.83 (s, 9H, tBuSi), ÿ0.02 (s, 3 H, CH3Si), ÿ0.18 (s, 3H,
CH3Si); 13C NMR (125 MHz, CD3COCD3): d� 170.8, 170.1, 169.2, 161.2,
159.1, 157.2, 155.4, 153.0, 148.5, 139.6, 138.9, 138.6, 133.9, 132.7, 132.2, 131.1,
129.0, 128.6, 128.2, 128.0, 127.9, 127.0, 124.9, 120.4, 120.1, 118.0, 117.2, 111.7,
104.0, 99.1, 79.7, 74.3, 74.2, 73.2, 63.3, 61.9, 60.1, 57.4, 56.7, 56.1, 55.7, 55.6,
51.7, 47.3, 28.4, 26.0, 24.6, 24.1, 18.6, 14.4, ÿ4.5, ÿ5.3; HRMS (FAB) calcd
for C60H74Br2ClN9O12SiCs [M�Cs�] 1468.2315, found 1468.2410.


AB/C-O-D azide 27a and AB/C-O-D azide 27 b : To a solution of AB/C
tripeptide 26 (1.60 g, 1.2 mmol) in degassed acetonitrile (150 mL) were
added sequentially CuBr ´ Me2S (1.04 g, 3.6 mmol), K2CO3 (497 mg,
3.6 mmol), and pyridine (300 mL, 3.6 mmol). The reaction mixture was
heated at reflux for 20 min and then it was cooled to 25 8C. The reaction
mixture was diluted with EtOAc (400 mL) and the organic layers were
washed with 5 % aqueous NH4Cl (200 mL), H2O (200 mL), brine (200 mL),
dried (Na2SO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 10!30% EtOAc in hexanes, gradient elution)
to afford AB/C-O-D azide 27 a (452 mg, 30 % yield) and AB/C-O-D azide
27b (467 mg, 31% yield). 27a : Rf� 0.53 (silica gel, 40% acetone in
hexanes); [a]22


D ��41.9 (c� 1.1, CHCl3); IR (thin film): nÄmax� 3411, 2944,
2844, 2099, 1707, 1602, 1488, 1463, 1414, 1334, 1255, 1155, 1096 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.51 (s, 1 H), 7.40 (d, J� 2.0 Hz, 1H),
7.31 ± 7.23 (m, 5 H), 7.19 (d, J� 7.0 Hz, 1 H), 7.08 (d, J� 9.0 Hz, 1H), 7.04 (d,
J� 8.5 Hz, 1 H), 6.95 (d, J� 1.5 Hz, 1H), 6.91 (d, J� 8.5 Hz, 1 H), 6.86 ± 6.84
(m, 1H), 6.61 (d, J� 2.2 Hz, 1H), 6.52 (d, J� 2.2 Hz, 1 H), 5.78 (d, J�
9.0 Hz, 1H), 5.63 (d, J� 8.0 Hz, 1H), 5.51 (d, J� 6.0 Hz, 1H), 5.31-5.28 (m,
2H), 5.12 (br. s, 1H), 4.61 (dd, J� 7.7, 1.5 Hz, 1 H), 4.49 (dd, J� 8.5, 4.0 Hz,
1H), 4.41-4.36 (m, 2H, OCH2Ph), 4.31-4.28 (m, 1 H, OCHAHCH3), 4.09 ±
4.05 (m, 1H, OCHHBCH3), 3.98 (br. s, 2 H, NCH2CH2), 3.85 (s, 3 H, OCH3),
3.77 (br. s, 2 H, NCH2CH2), 3.76 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 3.41
(dd, J� 10.0, 9.0 Hz, 1H, H-7bA), 3.32 (dd, J� 10.0, 4.0 Hz, 1 H, H-7bB),
2.04 (br. s, 4H, NCH2CH2), 1.40 (s, 9H, tBuO), 1.32 (t, J� 7.0 Hz, 3H,
OCH2CH3), 0.70 (s, 9H, tBuSi), ÿ0.10 (s, 3 H, CH3Si), ÿ0.20 (s, 3H,
CH3Si); 13C NMR (125 MHz, CDCl3): d� 169.3, 168.4, 167.8, 160.5, 158.0,
156.7, 155.1, 153.0, 138.3, 137.9, 137.7, 137.1, 135.9, 134.8, 130.3, 128.5, 128.4,
128.2, 127.6, 127.5, 127.4, 127.0, 126.5, 126.0, 125.8, 125.1, 121.6, 119.1, 117.6,
111.8, 102.3, 98.7, 79.9, 73.6, 73.4, 73.1, 62.7, 61.8, 60.0, 57.8, 55.6, 55.5, 55.4,
51.2, 46.4, 29.7, 28.3, 25.4, 23.9, 23.6, 17.7, 14.1, ÿ4.6, ÿ5.8; HRMS (FAB)
calcd for C60H73BrClN9O12SiCs [M�Cs�] 1388.3066, found 1388.3138. 27b :
Rf� 0.41 (silica gel, 40% acetone in hexanes); [a]22


D �ÿ25.9 (c� 0.58,
CHCl3); IR (thin film): nÄmax� 3411, 3341, 2934, 2854, 2357, 2099, 1707, 1672,
1602, 1488, 1463, 1414, 1339, 1255, 1160, 1091 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.51 (s, 1H), 7.41 (d, J� 8.0 Hz, 1 H), 7.30 (d, J� 7.0 Hz, 1H),
7.29 ± 7.26 (m, 5H), 7.18 (m, 1H), 7.17 (d, J� 7.0 Hz, 1 H), 7.09 ± 7.07 (m,
2H), 7.04 (s, 1H), 6.98 (s, 1H), 6.63 (d, J� 2.5 Hz, 1 H), 6.53 (d, J� 2.5 Hz,
1H), 5.79-5.77 (m, 2H), 5.38 ± 5.34 (m, 2H), 5.29 (d, J� 7.5 Hz, 1H), 5.21
(br. s, 1 H), 4.67 (d, J� 8.5 Hz, 1 H), 4.51 (dd, J� 8.5, 4.0 Hz, 1 H), 4.39 ± 4.36
(m, 2H, OCH2Ph), 4.32 ± 4.29 (m, 1H, OCHAHCH3), 4.11 ± 4.06 (m, 1H,
OCHHBCH3), 3.99 (br. s, 2 H, NCH2CH2), 3.85 (s, 3 H, OCH3), 3.78 (s, 3H,
OCH3), 3.77 (br. s, 2H, NCH2CH2), 3.73 (s, 3H, OCH3), 3.40 (dd, J� 10.5,
8.5 Hz, 1 H, H-7bA), 3.30 (dd, J� 10.5, 4.0 Hz, 1 H, H-7bB), 2.09 (br. s, 4H,
CH2CH2), 1.41 (s, 9 H, tBuO), 1.33 (t, J� 7.5 Hz, 3 H, OCH2CH3), 0.73 (s,
9H, tBuSi), ÿ0.06 (s, 3H, CH3Si), ÿ0.17 (s, 3H, CH3Si); 13C NMR
(125 MHz, CDCl3): d� 169.1, 168.3, 168.2, 160.5, 158.0, 156.8, 152.5, 151.9,
140.7, 138.7, 138.0, 137.8, 135.3, 134.6, 133.9, 129.6, 128.9, 128.3, 127.6, 127.4,
127.3, 126.9, 126.8, 125.7, 125.6, 125.0, 124.9, 117.7, 115.0, 111.8, 102.3, 98.8,
80.0, 73.5, 73.3, 73.0, 62.7, 61.8, 60.0, 59.0, 58.1, 55.6, 55.5, 55.4, 51.1, 46.5,
28.2, 25.4, 23.9, 23.6, 17.7, 14.1, ÿ4.5, ÿ5.8; HRMS (FAB) calcd for
C60H73BrClN9O12SiCs [M�Cs�] 1388.3066, found 1388.2990.
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AB/C-O-D alcohol 28 a : A solution of AB/C-O-D TBS-ether 27a (1.13 g,
0.9 mmol) in THF (10 mL) was cooled to 0 8C. Tetra-n-butylammonium
fluoride (TBAF, 1.0m solution in THF, 1.4 mL, 1.4 mmol) was added, and
the reaction mixture was stirred at 0 8C for 2 h. The reaction was quenched
by the addition of saturated aqueous NH4Cl (5 mL) and the resulting
mixture was extracted with EtOAc (4� 10 mL). The combined organic
layers were washed with 5% aqueous NH4Cl (20 mL), H2O (20 mL), brine
(20 mL), dried (Na2SO4), concentrated, and the residue was purified by
flash column chromatography (silica gel, 20!40 % EtOAc in hexanes,
gradient elution) to afford AB/C-O-D alcohol 28a (925 mg, 90 % yield).
28a : Rf� 0.26 (silica gel, 40% acetone in hexanes); [a]22


D ��52.2 (c� 1.86,
CHCl3); IR (thin film): nÄmax� 3316, 2965, 2097, 1698, 1659, 1605, 1488, 1415,
1337, 1317, 1244, 1181, 1064, 1025 cmÿ1; 1H NMR (400 MHz, CD3COCD3):
d� 7.90 (d, J� 8.4 Hz, 1H), 7.68 (d, J� 7.1 Hz, 1H), 7.56 (d, J� 8.4 Hz, 1H),
7.54 (d, J� 1.5 Hz, 1 H), 7.49 (d, J� 8.1 Hz, 1 H), 7.32 ± 7.21 (m, 5H), 7.19 (d,
J� 2.4 Hz, 1 H), 7.15 (d, J� 8.4 Hz, 1H), 7.06 (d, J� 8.7 Hz, 1 H), 6.65 (d,
J� 2.4 Hz, 1H), 6.58 (d, J� 2.4 Hz, 1 H), 6.37 (d, J� 1.5 Hz, 1H), 6.36-6.34
(m, 1 H), 5.79 (d, J� 9.2 Hz, 1H), 5.59 (d, J� 8.5 Hz, 1H), 5.48 (dd, J� 9.0,
4.1 Hz, 1 H), 5.36 (d, J� 8.6 Hz, 1 H), 4.92 (dd, J� 7.3, 4.3 Hz, 1 H), 4.51 (t,
J� 6.1 Hz, 1H), 4.36 (d, J� 12.3 Hz, 1 H, OCHAHPh), 4.30 (d, J� 12.3 Hz,
1H, OCHHBPh), 4.15 (q, J� 7.1 Hz, 2H, OCH2CH3), 3.90 (br. s, 2H,
NCH2CH2), 3.83 (s, 3 H, OCH3), 3.72 (s, 3H, OCH3), 3.65 (br. s, 2H,
NCH2CH2), 3.64 (s, 3 H, OCH3), 3.55 (d, J� 6.2 Hz, 2H, H-7b), 2.06 (br. s,
4H, NCH2CH2), 1.35 (s, 9H, tBuO), 1.22 (t, J� 4.1 Hz, 3H, OCH2CH3);
13C NMR (100 MHz, CD3COCD3): d� 170.8, 169.6, 169.3, 161.3, 159.1,
157.4, 152.9, 151.9, 140.7, 140.6, 139.5, 138.5, 137.1, 132.8, 129.8, 129.3, 129.1,
128.9, 128.1, 128.1, 128.0, 127.1, 126.8, 125.4, 125.3, 124.6, 119.7, 119.3, 114.7,
111.8, 103.9, 99.0, 79.7, 74.4, 73.1, 71.7, 63.5, 61.9, 61.3, 57.6, 57.0, 56.0, 55.7,
55.6, 51.6, 47.0, 28.4, 24.5, 24.1, 14.4; HRMS (FAB) calcd for
C54H59BrClN9O12Cs [M�Cs�] 1272.2209, found 1272.2275.


AB/C-O-D alcohol 28b : A solution of AB/C-O-D TBS-ether 27b (1.13 g,
0.9 mmol) in THF (10 mL) was cooled to 0 8C. Tetra-n-butylammonium
fluoride (TBAF, 1.0m solution in THF, 1.4 mL, 1.4 mmol) was added, and
the reaction mixture was stirred at 0 8C for 2 h. The reaction was quenched
by the addition of saturated aqueous NH4Cl (5 mL) and the resulting
mixture was extracted with EtOAc (4� 10 mL). The combined organic
layers were washed with 5% aqueous NH4Cl (20 mL), H2O (20 mL), brine
(20 mL), dried (Na2SO4), concentrated, and the residue was purified by
flash column chromatography (silica gel, 20!40 % EtOAc in hexanes,
gradient elution) to afford AB/C-O-D alcohol 28 b (945 mg, 92 % yield).
28b : Rf� 0.22 (silica gel, 40 % acetone in hexanes); [a]22


D �ÿ27.8 (c� 1.5,
CHCl3); IR (thin film): nÄmax� 3405, 3321, 2973, 2926, 2353, 2100, 1702, 1660,
1599, 1486, 1416, 1341, 1317, 1256, 1195, 1153, 1064, 1026 cmÿ1; 1H NMR
(500 MHz, CD3COCD3): d� 8.09 (d, J� 8.0 Hz, 1 H), 7.71 (s, 1 H), 7.68
(br. s, 1 H), 7.45 (d, J� 8.0 Hz, 1H), 7.35 ± 7.32 (m, 1H), 7.31 ± 7.24 (m, 5H),
7.18 (d, J� 2.5 Hz, 1 H), 7.07 (d, J� 8.5 Hz, 1 H), 7.03 (d, J� 8.5 Hz, 1H),
6.64 (d, J� 2.5 Hz, 1 H), 6.57 (d, J� 2.5 Hz, 1H), 6.36 (d, J �7.5 Hz, 1H),
6.26 (s, 1H), 5.84 (d, J� 9.5 Hz, 1H), 5.55 (d, J� 8.5 Hz, 1 H), 5.48 (dd, J�
8.5, 5.0 Hz, 1H), 5.38 (d, J� 9.5 Hz, 1 H), 4.97 (dd, J� 7.5, 4.5 Hz, 1 H), 4.50
(t, J� 6.0 Hz, 1H), 4.36 (d, J� 12.5 Hz, 1 H, OCHAHPh), 4.30 (d, J�
12.5 Hz, 1H, OCHHBPh), 4.15 (q, J� 7.0 Hz, 2H, OCH2CH3), 3.92-3.88
(m, 2 H, NCH2CH2), 3.83 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 3.66 ± 3.65 (m,
2H, NCH2CH2), 3.64 (s, 3 H, OCH3), 3.53 (d, J� 6.5 Hz, 2H, H-7b), 2.08 ±
2.06 (m, 2H, NCH2CH2), 2.03 ± 2.01 (m, 2 H, NCH2CH2), 1.34 (s, 9H,
tBuO), 1.20 (t, J� 6.5 Hz, 3 H, OCH2CH3); 13C NMR (125 MHz,
CD3COCD3): d� 171.0, 169.7, 169.4, 161.3, 159.1, 157.4, 155.0, 152.8,
151.7, 141.1, 140.2, 139.6, 138.6, 137.0, 132.6, 130.2, 129.3, 129.0, 128.9, 128.1,
128.0, 127.9, 127.7, 125.4, 124.5, 124.4, 119.6, 119.3, 113.9, 111.8, 103.9, 99.0,
79.7, 74.4, 73.2, 71.5, 63.5, 61.9, 60.9, 57.9, 57.3, 56.1, 55.8, 55.7, 51.6, 47.0, 28.4,
24.2, 24.1, 14.5; HRMS (FAB) calcd for C54H59BrClN9O12Cs [M�Cs�]
1272.2209, found 1272.2289.


AB/C-O-D amine 29 a : To a solution of AB/C-O-D azide 28a (870 mg,
0.8 mmol) in THF (8 mL) were added triphenylphosphane (629 mg,
2.4 mmol) and H2O (144 mL, 8.0 mmol). The reaction mixture was heated
to 60 8C for 3 h. The reaction mixture was cooled to 25 8C and diluted with
EtOAc (40 mL). The organic layer was washed with 5% aqueous NaHCO3


(20 mL), H2O (20 mL), brine (20 mL), dried (Na2SO4), concentrated, and
the residue was purified by flash column chromatography (silica gel,
1!4% MeOH in CHCl3, gradient elution) to afford AB/C-O-D amine 29a
(732 mg, 82% yield). 29 a : Rf� 0.17 (silica gel, 5% MeOH in CHCl3);
[a]22


D ��51.9 (c� 1.1, CHCl3); IR (thin film): nÄmax� 3306, 2965, 2926, 1698,


1654, 1600, 1488, 1415, 1317, 1259, 1200, 1157, 1059, 1030 cmÿ1; 1H NMR
(500 MHz, CD3COCD3): d� 7.92 (d, J� 8.3 Hz, 1 H), 7.64 (br. s, 1 H), 7.58
(d, J� 8.5 Hz, 1 H), 7.53 (d, J� 1.5 Hz, 1H), 7.47 (d, J� 8.3 Hz, 1H), 7.30 (s,
1H), 7.27 ± 7.24 (m, 4H), 7.19 ± 7.16 (m, 4H), 7.03 (d, J� 9.0 Hz, 1 H), 6.90 (d,
J� 2.5 Hz, 1 H), 6.47 (d, J� 2.5 Hz, 1H), 6.39 (s, 1 H), 6.31 (d, J� 7.5 Hz,
1H), 5.60 (d, J� 8.5 Hz, 1 H), 5.47 ± 5.44 (m, 1H), 5.35 (d, J� 8.5 Hz, 1H),
4.91-4.88 (m, 1H), 4.55 (t, J� 6.0 Hz, 1H), 4.25 (d, J� 12.5 Hz, 1H,
OCHAHPh), 4.18 (d, J� 12.5 Hz, 1H, OCHHBPh), 4.17 ± 4.11 (m, 2H,
OCH2CH3), 3.89 (br. s, 2 H, NCH2CH2), 3.79 (s, 3 H, OCH3), 3.66 (br. s, 2H,
NCH2CH2), 3.65 (s, 3 H, OCH3), 3.62 (s, 3H, OCH3), 3.57 (br.d, J� 6.0 Hz,
2H, H-7b), 2.05 ± 2.03 (m, 4H, NCH2CH2), 1.36 (s, 9H, tBuO), 1.19 (t, J�
7.0 Hz, 3H, OCH2CH3); 13C NMR (125 MHz, CD3COCD3): d� 170.8,
169.6, 169.3, 160.9, 158.9, 157.8, 156.1, 152.9, 152.0, 143.0, 140.7, 140.6, 140.3,
137.2, 133.0, 129.6, 129.3, 128.9, 128.4, 127.9, 127.7, 127.1, 126.7, 126.6, 125.5,
124.7, 119.7, 119.2, 114.8, 111.5, 105.4, 97.7, 79.7, 76.3, 72.8, 71.9, 61.9, 61.4,
61.3, 57.6, 57.1, 56.1, 55.6, 55.4, 51.6, 47.0, 28.5, 24.5, 24.1, 14.4; HRMS (FAB)
calcd for C54H62BrClN7O12 [M�H�] 1114.3328, found 1114.3355.


AB/C-O-D amine 29b : To a solution of AB/C-O-D azide 28 b (870 mg,
0.8 mmol) in THF (8 mL) were added triphenylphosphane (629 mg,
2.4 mmol) and H2O (144 mL, 8.0 mmol). The reaction mixture was heated
to 60 8C for 3 h. The reaction mixture was cooled to 25 8C and diluted with
EtOAc (40 mL). The organic layer was washed with 5% aqueous NaHCO3


(20 mL), H2O (20 mL), brine (20 mL), dried (Na2SO4), concentrated, and
the residue was purified by flash column chromatography (silica gel,
1!4% MeOH in CHCl3, gradient elution) to afford AB/C-O-D amine
29b (635 mg, 71 % yield). 29b : Rf� 0.11 (silica gel, 5% MeOH in CHCl3);
[a]22


D �ÿ24.6 (c� 1.2, CHCl3); IR (thin film): nÄmax 3307, 2948, 2858, 1699,
1660, 1604, 1486, 1413, 1312, 1261, 1200, 1155, 1059 cmÿ1; 1H NMR
(500 MHz, CD3COCD3): d� 8.12 (d, J� 8.5 Hz, 1 H), 7.73 (s, 1 H), 7.68
(br. s, 1H), 7.43 (d, J� 7.5 Hz, 1H), 7.38 ± 7.35 (m, 1 H), 7.29 ± 7.17 (m, 7H),
7.10 (d, J� 8.5 Hz, 1H), 7.01 (d, J� 8.5 Hz, 1H), 6.92 (d, J� 2.0 Hz, 1H),
6.47 (d, J� 2.5 Hz, 1 H), 6.31 (d, J� 8.0 Hz, 1 H), 6.26 (s, 1 H), 5.84 (d, J�
8.0 Hz, 1H), 5.54 (d, J� 8.4 Hz, 1H), 5.48 (d, J� 4.1 Hz, 1H), 5.37 (d, J�
8.5 Hz, 1H), 4.98 (dd, J� 7.5, 5.0 Hz, 1 H), 4.56 ± 4.53 (m, 1H), 4.25 (d, J�
12.5 Hz, 1 H, OCHAHPh), 4.18 (d, J� 12.5 Hz, 1H, OCHHBPh), 4.14 ± 4.10
(m, 2 H, OCH2CH3), 3.90 (br. s, 2H, NCH2CH2), 3.79 (s, 3 H, OCH3), 3.67 ±
3.65 (m, 2 H, NCH2CH2), 3.65 (s, 3H, OCH3), 3.62 (s, 3H, OCH3), 3.58 ±
3.55 (m, 2H, H-7b), 2.06 ± 2.00 (m, 4 H, NCH2CH2), 1.36 (s, 9H, tBuO),
1.20 ± 1.14 (m, 3H, OCH2CH3); 13C NMR (125 MHz, CD3COCD3): d�
171.0, 169.8, 169.4, 160.9, 158.9, 157.7, 155.9, 152.8, 151.6, 143.0, 141.1, 140.4,
140.2, 137.1, 132.9, 129.9, 129.3, 128.9, 128.2, 128.0, 128.0, 127.7, 127.6, 126.5,
124.5, 124.3, 119.7, 119.3, 113.9, 111.4, 105.4, 97.7, 79.7, 76.3, 72.7, 71.5, 61.9,
61.3, 60.8, 57.8, 57.3, 56.0, 55.6, 55.4, 51.6, 47.0, 28.4, 24.5, 24.1, 14.5; HRMS
(FAB) calcd for C54H61BrClN7O12Cs [M�Cs�] 1248.2294, found 1248.2347.


AB/C-O-D carboxylic acid 30 a : To a solution of AB/C-O-D amino ester
29a (1.23 g, 1.1 mmol) in MeOH/H2O (10:1, 11 mL) at 0 8C was added
anhydrous Lithium hydroxide (39 mg, 1.7 mmol) and the reaction mixture
was stirred at 0 8C for 2 h. The reaction was quenched by the slow addition
of saturated aqueous NH4Cl (3 mL) and the resulting mixture was
extracted with EtOAc (3� 10 mL). The combined organic layers were
washed with H2O (15 mL), brine (15 mL), dried (Na2SO4), concentrated,
and the residue was purified by flash column chromatography (silica gel,
5!12% MeOH in CHCl3, gradient elution) to afford AB/C-O-D
carboxylic acid 30 a (1.10 g, 92% yield). 30a : Rf� 0.25 (silica gel, 15%
MeOH in CHCl3); [a]22


D ��28.6 (c� 0.83, MeOH); IR (thin film): nÄmax�
3371, 2975, 1658, 1606, 1491, 1408, 1246, 1199, 1158, 1059 cmÿ1; 1H NMR
(600 MHz, CD3SOCD3): d� 8.91 (d, J� 8.3 Hz, 1H), 8.77 (d, J� 9.9 Hz,
1H), 8.56 (br. s, 2H), 7.51 (dd, J� 8.6, 1.6 Hz, 1 H), 7.44 (s, 1H), 7.33 ± 7.25
(m, 7 H), 7.18 (d, J� 8.4 Hz, 1H), 7.11 (s, 1H), 7.01 ± 6.98 (m, 3 H), 6.64 (s,
1H), 6.08 (s, 1H), 5.51 (d, J� 8.9 Hz, 1H), 5.35 (d, J� 8.3 Hz, 1 H), 4.66 (d,
J� 10.3 Hz, 1 H), 4.58 ± 4.51 (m, 1H), 4.38 ± 4.28 (m, 2 H, OCH2Ph), 3.87
(br. s, 2H, NCH2CH2), 3.82 (s, 3 H, OCH3), 3.66 (s, 3 H, OCH3), 3.60 (br. s,
2H, NCH2CH2), 3.59 (s, 3 H, OCH3), 3.45 ± 3.35 (2H, obscured by solvent,
H-7b), 2.02 (br. s, 2 H, NCH2CH2), 1.97 (br. s, 2H, NCH2CH2), 1.30 (s, 9H,
tBuO); 13C NMR (125 MHz, CD3SOCD3): d� 171.8, 168.3, 168.1, 160.1,
158.0, 155.6, 155.2, 150.7, 150.0, 149.4, 140.9, 138.2, 137.8, 136.6, 135.1, 131.1,
130.9, 130.7, 130.4, 128.1, 127.7, 127.3, 124.6, 124.4, 124.0, 123.1, 118.7, 117.9,
112.4, 111.0, 103.4, 98.9, 78.3, 73.1, 72.2, 71.0, 57.2, 55.8, 55.6, 55.6, 55.5, 54.3,
51.3, 50.8, 46.5, 28.0, 23.5, 23.0; HRMS (FAB) calcd for C52H57BrClN7O12Cs
[M�Cs�] 1220.1980, found 1220.2052.
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AB/C-O-D carboxylic acid 30 b : To a solution of AB/C-O-D amino ester
29b (1.23 g, 1.1 mmol) in MeOH/H2O (10:1, 11 mL) at 0 8C was added
anhydrous Lithium hydroxide (39 mg, 1.7 mmol) and the reaction mixture
was stirred at 0 8C for 2 h. The reaction was quenched by the slow addition
of saturated aqueous NH4Cl (3 mL) and the resulting mixture was
extracted with EtOAc (3� 10 mL). The combined organic layers were
washed with H2O (15 mL), brine (15 mL), dried (Na2SO4), concentrated,
and the residue was purified by flash column chromatography (silica gel,
5!12% MeOH in CHCl3, gradient elution) to afford AB/C-O-D
carboxylic acid 30 b (1.08 g, 90% yield). 30b : Rf� 0.19 (silica gel, 15%
MeOH in CHCl3); [a]22


D ��6.3 (c� 0.68, MeOH); IR (thin film): nÄmax�
3319, 2966, 1661, 1602, 1490, 1414, 1361, 1314, 1261, 1202, 1155, 1067,
1026 cmÿ1; 1H NMR (400 MHz, CD3SOCD3): d� 9.10 (d, J� 9.1 Hz, 1H),
8.25 (br. s, 1 H), 7.64 ± 7.61 (m, 2 H), 7.43 (d, J� 9.4 Hz, 1H), 7.39 (d, J�
8.6 Hz, 1H), 7.34 ± 7.24 (m, 6 H), 7.10 (s, 1H), 7.02 (d, J� 8.6 Hz, 1 H), 6.84
(s, 1 H), 6.54 (s, 1 H), 6.37 (d, J� 8.0 Hz, 1 H), 6.01 (s, 1 H), 5.55 (d, J�
9.3 Hz, 1 H), 5.44 (br. s, 1H), 5.20 (d, J� 8.9 Hz, 1 H), 5.03 ± 5.00 (m, 1H),
4.27 (br. s, 2 H, OCH2Ph), 3.91 (br. s, 2H, NCH2CH2), 3.81 (s, 3H, OCH3),
3.67 (s, 3H, OCH3), 3.66-3.63 (br. s, 2 H, NCH2CH2), 3.61 (s, 3 H, OCH3),
3.33 ± 3.30 (m, 2 H, H-7b), 2.04 ± 2.00 (br. s, 4 H, NCH2CH2), 1.35 (s, 9H,
tBuO); 13C NMR (100 MHz, CD3SOCD3): d� 170.0, 169.0, 168.9, 159.7,
157.7, 156.3, 155.3, 151.8, 149.5, 140.2, 138.6, 138.5, 135.9, 130.9, 129.8, 128.3,
128.2, 127.4, 127.4, 127.3, 127.2, 126.5, 125.4, 124.8, 124.5, 123.0, 118.5, 118.1,
112.5, 110.9, 103.3, 97.5, 78.6, 74.7, 71.8, 69.8, 59.8, 59.5, 56.6, 55.6, 55.5, 55.2,
51.3, 50.8, 46.5, 28.1, 23.6, 23.1; HRMS (FAB) calcd for C52H57BrClN7O12Cs
[M�Cs�] 1218.1991, found 1218.1919.


AB/C-O-D bicycle 31a : To a solution of AB/C-O-D amino acid 30a
(109 mg, 0.1 mmol) and iPr2NEt (52 mL, 0.3 mmol) in DMF (4 mL) at 25 8C
was added HATU (57 mg, 0.15 mmol) and the reaction mixture was stirred
for 8 h at 25 8C. The reaction was quenched by the addition of saturated
aqueous NH4Cl (1 mL), and the resulting mixture was extracted with
EtOAc (4� 5 mL). The combined organic layers were washed with 5%
aqueous NH4Cl (10 mL), H2O (10 mL), brine (10 mL), dried (Na2SO4),
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 10!20 % acetone in hexanes, gradient elution) to afford
AB/C-O-D bicycle 31a (54 mg, 50% yield). 31a : Rf� 0.35 (silica gel, 40%
acetone in hexanes); [a]22


D ��17.5 (c� 0.86, CHCl3); IR (thin film): nÄmax


3399, 2917, 2847, 1658, 1403, 1318, 1282, 1162, 1085, 1028 cmÿ1; 1H NMR
(600 MHz, CD3COCD3): d� 8.14 (d, J� 8.5 Hz, 1 H, NH), 7.64 (d, J�
7.6 Hz, 1H, H-6f), 7.52 (d, J� 7.4 Hz, 1H, H-5f), 7.38 (s, 1 H, H-4f), 7.33 ±
7.31 (m, 2H), 7.28-7.24 (m, 3H), 7.21 (d, J� 2.1 Hz, 1 H, H-6b), 7.14 (d, J�
8.2 Hz, 1 H, H-6e), 7.11 (d, J� 8.2 Hz, 1 H, H-5e), 6.88 (d, J� 9.8 Hz, 1H,
NH), 6.75 (s, 1H, H-5b), 6.61 (d, J� 2.1 Hz, 1 H, H-7f), 6.57 (d, J� 3.0 Hz,
1H, H-7d), 6.34 (d, J� 9.2 Hz, 1H, NH), 6.18 (s, 1H, H-4b), 5.62 ± 5.58 (m,
2H, H-4a and H-5a), 5.34 ± 5.33 (m, 1 H), 5.15 ± 5.14 (m, 1H, H-7a), 4.75 (d,
J� 9.8 Hz, 1 H, H-6b), 4.50 (d, J� 11.7 Hz, 1 H, OCHAHPh), 4.47 (d, J�
9.8 Hz, 1H, H-6a), 4.33 (d, J� 11.7 Hz, 1H, OCHHBPh), 3.90 ± 3.89 (m,
2H, NCH2CH2), 3.84 (s, 3H, OCH3), 3.68 (s, 3 H, OCH3), 3.66-3.63 (br. s,
2H, NCH2CH2), 3.63 (s, 3H, OCH3), 3.27 ± 3.24 (m, 1 H, H-7bA), 3.07 ± 3.03
(m, 1 H, H-7bB), 2.04 (m, 4 H, NCH2CH2), 1.19 (s, 9H, tBuO); 13C NMR
(125 MHz, CD3COCD3): d� 171.4, 170.7, 170.2, 161.0, 159.9, 158.8, 152.7,
145.0, 141.0, 140.3, 139.0, 138.7, 137.9, 133.0, 132.7, 130.7, 130.2, 128.8, 128.2,
128.1, 128.0, 126.7, 126.6, 125.6, 125.4, 124.9, 119.1, 119.0, 114.7, 112.5, 108.7,
98.4, 79.3, 74.4, 74.3, 72.6, 72.4, 57.1, 57.0, 56.6, 55.8, 55.7, 55.4, 51.3, 46.8,
28.2, 24.2, 23.8; HRMS (FAB) calcd for C52H55BrClN7O11Cs [M�Cs�]
1202.3142, found 1202.3197.


AB/C-O-D bicycle 31 b : To a solution of AB/C-O-D amino acid 30b
(109 mg, 0.1 mmol) and iPr2NEt (52 mL, 0.3 mmol) in DMF (4 mL) at 25 8C
was added HATU (57 mg, 0.15 mmol). The reaction mixture was stirred for
8 h at 25 8C. The reaction was quenched by the addition of saturated
aqueous NH4Cl (1 mL) and the resulting mixture was extracted with
EtOAc (4� 5 mL). The combined organic layers were washed with 5%
aqueous NH4Cl (10 mL), H2O (10 mL), brine (10 mL), dried (Na2SO4),
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 10!20 % acetone in hexanes, gradient elution) to afford
AB/C-O-D bicycle 31b (55 mg, 51% yield). 31b : Rf� 0.23 (silica gel, 40%
acetone in hexanes); [a]22


D ��2.64 (c� 0.83, CHCl3); IR (thin film): nÄmax�
3401, 3295, 2931, 1661, 1602, 1496, 1414, 1361, 1314, 1255, 1155, 1085 cmÿ1;
1H NMR (500 MHz, CD3COCD3): d� 8.31 (d, J� 7.5 Hz, 1 H, NH), 7.79 (d,
J� 1.5 Hz, 1H, H-6b), 7.62 (d, J� 10.5 Hz, 1H, NH), 7.52 (dd, J� 8.2,
2.2 Hz, 1H, H-5f), 7.40 (s, 1 H, H-4f), 7.32 ± 7.23 (m, 5 H), 7.10 (d, J� 8.5 Hz,


1H, H-5e), 7.01 (dd, J� 8.5, 2.0 Hz, 1H, H-6f), 6.93 (d, J� 10.0 Hz, 1H,
NH), 6.83 (d, J� 2.5 Hz, 1H, H-6e), 6.76 (d, J� 1.5 Hz, 1 H, H-5b), 6.61 (d,
J� 2.5 Hz, 1H, H-7f), 6.58 (d, J� 2.5 Hz, 1 H, H-7d), 6.44 (d, J� 1.9 Hz,
1H, H-4b), 6.35 (d, J� 9.0 Hz, 1 H, NH), 5.68 ± 5.66 (m, 2H, H-4a and OH),
5.46 (d, J� 8.0 Hz, 1H, H-5a), 5.16-5.11 (m, 1H, H-7a), 4.76 (d, J� 9.5 Hz,
1H, H-6b), 4.49 (d, J� 12.0 Hz, 1H, OCHAHPh), 4.39 (t, J� 10.5 Hz, 1H,
H-6a), 4.32 (d, J� 12.0 Hz, 1 H, OCHHBPh), 3.85 (s, 3H, OCH3), 3.84 ± 3.80
(m, 2H, NCH2CH2), 3.69 (s, 3 H, OCH3), 3.68 ± 3.61 (m, 2H, NCH2CH2),
3.63 (s, 3H, OCH3), 3.24 (dd, J �10.5, 5.5 Hz, 1H, H-7bA), 3.06 (dd, J�
10.5, 9.0 Hz, 1H, H-7bB), 2.06 ± 1.96 (m, 4H, NCH2CH2), 1.43 (s, 9H,
tBuO); 13C NMR (125 MHz, CD3COCD3): d� 171.4, 170.9, 170.5, 161.0,
159.9, 158.8, 155.6, 153.1, 152.0, 141.5, 139.5, 139.0, 138.7, 137.9, 133.0, 133.0,
130.4, 129.6, 128.8, 128.7, 128.2, 128.0, 126.9, 126.6, 124.9, 121.4, 119.2, 118.9,
114.8, 112.5, 108.7, 98.4, 79.4, 74.2, 72.5, 72.4, 57.4, 56.5, 55.9, 55.8, 55.7, 55.7,
55.4, 51.3, 46.7, 28.2, 24.2, 23.8; HRMS (FAB) calcd for C52H55BrClN7O11Cs
[M�Cs�] 1202.3142, found 1202.3206.


AB/C-O-D bicyclic amine 32 : A solution of natural AB/C-O-D Boc-
protected amine 23a (59 mg, 0.05 mmol) in CH2Cl2 (0.5 mL) was cooled to
ÿ15 8C. Trimethylsilyl trifluoromethanesulfonate (TMSOTf, 18 mL,
0.1 mmol) was added dropwise. After stirring at ÿ10 8C for 1 h, freshly
distilled 2,6-lutidine (18 mL, 0.15 mmol) was added dropwise, and the
mixture was stirred at ÿ10 8C for 0.5 h. Then, the reaction mixture was
quenched by the addition of saturated aqueous NaHCO3 (1 mL), and left
for 0.5 h at 08C. The aqueous phase was extracted with CH2Cl2 (3� 2 mL).
The combined organic layers were washed with brine (3 mL), dried
(Na2SO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 0!20 % EtOAc in hexanes, gradient elution,
and then 20!40% EtOAc in CH2Cl2, gradient elution) to afford AB/C-O-
D bicyclic amine 32 (52 mg, 96 %). 32 : Rf� 0.14 (silica gel, 5% MeOH in
CH2Cl2); [a]22


D ��29.5 (c� 1.2, MeOH); IR (thin film): nÄmax� 3363, 2939,
2857, 1672, 1486, 1416, 1321, 1263, 1105, 837 cmÿ1; 1H NMR (600 MHz,
CD3OD, 330 K): d� 7.61 (d, J� 2.0 Hz, 1 H, H-6b), 7.39 (dd, J� 8.4, 2.0 Hz,
1H, H-6f), 7.51 (s, 1H, H-4f), 7.37 ± 7.26 (m, 5H, ArH), 7.11 (dd, J� 8.6,
2.3 Hz, 1H, H-5f), 7.07 (d, J� 8.4 Hz, 1 H, H-6e), 7.04 (d, J� 2.3 Hz, 1H,
H-5b), 6.95 (d, J� 1.7 Hz, 1H, H-7f), 6.94 (d, J� 8.2 Hz, 1 H, H-5e), 6.62 (d,
J� 2.2 Hz, 1H, H-7d), 5.80 (d, J� 1.1 Hz, 1H, H-4b), 5.26 (s, 1 H, H-6b),
4.69 (s, 1H, H-5a), 4.58 (s, 1H, H-4a), 4.57 (d, J� 11.8 Hz, 1 H,
OCHAHPh), 4.55 (d, J� 11.8 Hz, 1H, OCHHBPh), 4.41 ± 4.39 (m, 1H,
H-7a), 4.04 (s, 1H, H-6a), 3.90 (t, J� 10.0 Hz, 1 H, H-7bA), 3.84 (dd, J�
10.0, 3.4 Hz, 1H, H-7bB), 3.82 (s, 3 H, 7e-OCH3), 3.82 ± 3.79 (m, 4H,
NCH2CH2), 3.67 (s, 3H, 7c-OCH3), 3.61 (s, 3H, 5d-OCH3), 2.04 (br. s, 4H,
NCH2CH2), 0.86 (s, 9H, tBuSi), 0.02 (s, 3 H, CH3Si), 0.00 (s, 3H, CH3Si);
13C NMR (150 MHz, CD3OD, 330 K): d� 175.8, 173.1, 172.2, 162.0, 160.2,
159.0, 153.6, 153.0, 142.0, 141.0, 140.9, 139.9, 139.5, 137.1, 129.6, 129.4, 129.1,
129.0, 128.7, 128.3, 128.1, 127.4, 126.1, 124.9, 123.1, 120.3, 114.4, 114.3, 106.9,
99.7, 75.0, 74.5, 71.0, 65.2, 58.4, 56.6, 56.6, 56.3, 55.7, 53.3, 26.4, 24.8, 19.3,
ÿ4.6, ÿ4.7; HRMS (MALDI-FTMS) calcd for C53H61BrClN7O9Na [M�
Na�] 1104.3070, found 1104.3135.


AB/C-O-D/E heptapeptide 33 : A solution of AB/C-O-D bicyclic amine 32
(438 mg, 0.4 mmol) and tripeptide carboxylic acid 5 (812 mg, 0.89 mmol) in
THF (8 mL) was cooled to ÿ15 8C. HOAt (544 mg, 4 mmol) was added,
and the mixture was stirred vigorously for 10 min. EDC (153 mg, 0.8 mmol)
was then added, and the resulting mixture was stirred for 12 h while the
temperature was raised slowly to 08C. H2O (10 mL) and EtOAc (10 mL)
were added, and after 10 min the aqueous phase was extracted with EtOAc
(2� 10 mL). The combined organic layers were washed with brine (10 mL),
dried (Na2SO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 0!50% EtOAc in hexanes, gradient elution)
to afford AB/C-O-D/E heptapeptide 33 (680 mg, 86%). 33 : Rf� 0.25 [silica
gel, acetone/EtOAc/benzene (1:2:7)]; [a]22


D ��21.9 (c� 2.6, MeOH); IR
(thin film): nÄmax� 3307, 2954, 2930, 2856, 1655, 1508, 1418, 1322, 1249, 1106,
837 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K): d� 7.59 (d, J� 1.8 Hz, 1H,
H-6b), 7.39 (dd, J� 8.4, 1.8 Hz, 1H, H-6f), 7.37 ± 7.26 (m, 7H, ArH), 7.09 ±
7.01 (m, 9 H, ArH), 6.94 (d, J� 1.9 Hz, 1H, H-4f), 6.87 (d, J� 8.7 Hz, 1H,
H-5e), 6.84 ± 6.78 (m, 4H, ArH), 6.60 (d, J� 2.2 Hz, 1H, H-7d), 6.03 (br. s,
1H, H-4b), 5.83 (br. s, 1H, NHCH (Ddm)), 5.26 (br. s, 1 H, H-6b), 4.86-4.84
(m, 2 H, H-2b and H-5a), 4.64 (br. s, 1H, H-2a), 4.57 (d, J� 11.7 Hz, 1H,
OCHAHPh), 4.54 (d, J� 11.7 Hz, 1H, OCHHBPh), 4.39 (br. s, 1H, H-4a),
4.02 (br. s, 1 H, H-6a), 3.90 (dd, J� 10.0, 7.6 Hz, 1 H, H-7a), 3.84 ± 3.76 (m,
6H, H-7b and NCH2CH2), 3.81 (s, 3H, OCH3), 3.75 (s, 3H, OCH3), 3.74 (s,
3H, OCH3), 3.64 (s, 3H, OCH3), 3.61 (s, 3 H, OCH3), 2.75 (dd, J� 15.6,
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5.1 Hz, 1H, H-3bA), 2.73 (dd, J� 15.6, 7.2 Hz, 1H, H-3bB), 2.44 (s, 3H,
NCH3), 2.03 (br. s, 4 H, NCH2CH2), 1.43-1.33 (m, 3 H, H-1b and H-1g), 1.38
(br. s, 9 H, tBuO), 0.86 (s, 9H, tBuSi), 0.85 (d, J� 6.2 Hz, 3H, H-1d), 0.82 (d,
J� 6.0 Hz, 3H, H-1d') 0.75 (s, 9 H, tBuSi), 0.02 (s, 3H, CH3Si), 0.00 (s, 3H,
CH3Si), -0.05 (s, 3 H, CH3Si), ÿ0.22 (s, 3 H, CH3Si); 13C NMR (150 MHz,
CD3COCD3, 323 K): d� 171.4, 171.0, 170.7, 170.1, 169.9, 169.8, 167.8, 161.1,
159.7, 159.7, 159.6, 158.2, 153.3, 153.0, 152.3, 141.6, 140.7, 139.8, 139.4, 138.0,
136.1, 135.5, 135.5, 134.1, 129.6, 129.3, 129.0, 128.7, 128.3, 128.1, 127.9, 127.5,
127.3, 126.0, 125.3, 124.4, 122.5, 121.0, 119.7, 117.6, 114.6, 114.6, 113.6, 106.4,
98.8, 80.2, 74.8, 74.5, 73.7, 70.6, 66.0, 64.2, 57.2, 56.4, 56.2, 55.7, 55.5, 55.2,
52.7, 51.0, 38.8, 37.5, 30.7, 28.7, 26.2, 26.1, 25.4, 24.3, 23.5, 22.0, 18.9, 18.7,
ÿ4.6, ÿ4.7, ÿ4.8, ÿ4.9; HRMS (FAB) calcd for C99H124BrCl2N11O19Si2Cs
[M�Cs�] 2110.6208, found 2110.6068.


Natural tricyclic triazene 3 a and unnatural tricyclic triazene 3b : In a flame-
dried flask containing AB/C-O-D/E heptapeptide 33 (33 mg, 0.017 mmol)
were added anhydrous K2CO3 (12 mg, 0.083 mmol) and CuBr ´ Me2S
(17 mg, 0.083 mmol), followed by the addition of anhydrous MeCN
(0.85 mL). After 5 min at 25 8C, freshly distilled pyridine (6.7 mL,
0.083 mmol) was added and the mixture was stirred at reflux for 2 h. After
it was cooled to 08C, EtOAc (5 mL) and saturated aqueous NH4Cl (5 mL)
were added, and the mixture was stirred vigorously for 0.5 h at 08C. The
aqueous phase was extracted with EtOAc (3� 5 mL). The combined
organic layers were washed with brine (5 mL), dried (Na2SO4), filtered
through a pad of silica gel, concentrated, and the residue was purified by
flash column chromatography (silica gel, 0!25% EtOAc in CH2Cl2,
gradient elution) to afford faster moving natural tricyclic triazene 3a
(6.0 mg, 19%), and slower moving unnatural tricyclic triazene 3 b (17.5 mg,
55%). 3 a : Rf� 0.40 (silica gel, 60 % EtOAc in benzene); [a]22


D ��33.8 (c�
2.4, MeOH); IR (thin film): nÄmax� 3000, 2953, 2930, 2855, 1668, 1648, 1509,
1486, 1244, 1106, 834, 778, 700 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K):
d� 7.60 (br. s, 1H, H-2b), 7.55 (d, J� 1.7 Hz, 1H, H-6b), 7.47 (dd, J� 8.3,
1.7 Hz, 1 H, H-6f), 7.36 ± 7.25 (m, 7H, H-2f, H-6e and ArH (Bn)), 7.04 ± 7.01
(m, 2 H, H-2e and H-5b), 6.98 (d, J� 8.3 Hz, 2H, ArH (Ddm)), 6.92 (br. s,
1H, H-5f), 6.91 ± 6.88 (m, 3 H, H-7f and ArH (Ddm)), 6.83 (br.d, J�
8.8 Hz, 3H, H-5e and ArH (Ddm)), 6.71 (d, J� 8.3 Hz, 2H, ArH
(Ddm)), 6.56 (d, J� 2.2 Hz, 1H, H-7d), 5.88 (br. s, 1 H, NHCH (Ddm)),
5.86 (br. s, 1H, H-4b), 5.80 (br. s, 1 H, H-4f), 5.49 (d, J� 4.9 Hz, 1H, H-2b),
5.45 (br. s, 1H, H-4a), 5.29 (br. s, 1 H, H-6b), 4.94 ± 4.92 (m, 1 H, H-2a),
4.90 ± 4.87 (m, 1H, H-3a), 4.78 ± 4.76 (m, 1 H, H-1a), 4.62 (br. s, 1 H, H-5a),
4.58 ± 4.53 (m, 2 H, OCH2Ph), 4.48 ± 4.37 (m, 1 H, H-7a), 4.04 (br. s, 1H,
H-6a), 3.92 ± 3.89 (m, 1 H, H-7bA), 3.86 ± 3.84 (m, 5H, H-7bB and
NCH2CH2), 3.80 (s, 3 H, OCH3), 3.75 (s, 3H, OCH3), 3.70 (s, 3 H, OCH3),
3.67 (s, 3H, OCH3), 3.42 (s, 3H, OCH3), 2.78 (s, 3H, NCH3), 2.65 ± 2.59 (m,
1H, H-3bA), 2.57 (dd, J� 16.2, 6.1 Hz, 1H, H-3bB), 2.06 (br. s, 4 H,
NCH2CH2), 1.75 ± 1.71 (m, 1 H, H-1g), 1.48 (br. s, 9H, tBuO), 1.39 ± 1.37
(m, 2H, H-1b), 0.90 (s, 9 H, tBuSi), 0.89 (s, 9H, tBuSi), 0.84 (d, J� 6.6 Hz,
3H, H-1d), 0.80 (d, J� 6.2 Hz, 3H, H-1d'), 0.11 (s, 3H, CH3Si), 0.07 (s, 3H,
CH3Si), 0.04 (s, 3H, CH3Si), 0.03 (s, 3 H, CH3Si); 13C NMR (150 MHz,
CD3COCD3, 323 K): d� 172.1, 171.7, 171.3, 167.9, 161.3, 159.9, 159.9, 159.8,
158.4, 153.7, 153.4, 152.0, 142.0, 140.2, 139.9, 139.7, 136.3, 135.7, 131.9, 130.1,
129.7, 129.6, 129.5, 129.4, 129.3, 129.1, 129.0, 128.6, 128.4, 128.1, 127.8, 125.7,
125.5, 125.1, 122.8, 114.9, 114.8, 114.1, 106.7, 106.5, 99.1, 80.7, 74.8, 74.4, 73.9,
70.9, 64.6, 60.3, 56.7, 56.6, 56.4, 56.3, 56.0, 55.9, 55.7, 55.6, 37.6, 30.7, 28.9,
26.6, 26.5, 25.8, 24.6, 23.9, 22.5, 19.2, 19.2, ÿ4.2, ÿ4.4, ÿ4.6; HRMS (FAB)
calcd for C99H123Cl2N11O19Si2Cs [M�Cs�] 2028.6967, found 2028.6849. 3b :
Rf� 0.30 (silica gel, 60% EtOAc in benzene); [a]22


D �ÿ20.3 (c� 1.8,
MeOH); IR (thin film): nÄmax� 3307, 2954, 2928, 2859, 1667, 1651, 1510, 1488,
1251, 1103, 835, 780, 698 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K): d�
7.68 (br. s, 1 H, H-2b), 7.57 (d, J� 1.9 Hz, 1H, H-6b), 7.46 (dd, J� 8.3, 2.0,
1H, H-6f), 7.35 ± 7.27 (m, 6H, H-2e and ArH (Bn)), 7.19 ± 7.12 (m, 2 H, H-2f
and H-6e), 7.07 ± 6.98 (m, 4H, H-5b, H-5f and ArH (Ddm)), 6.94 ± 6.92 (m,
3H, H-7f and ArH (Ddm)), 6.87 ± 6.85 (m, 1H, H-5e), 6.82 (d, J� 8.2 Hz,
2H, ArH (Ddm)), 6.72 (d, J� 7.1 Hz, 2H, ArH (Ddm)), 6.57 (d, J� 2.3 Hz,
1H, H-7d), 5.88 (br. s, 1H, H-4b), 5.87 (br. s, 1H, NHCH (Ddm)), 5.79 (br. s,
1H, H-4f), 5.50 (d, J� 4.6 Hz, 1 H, H-2b), 5.45 (br. s, 1 H, H-4a), 5.29 (br. s,
1H, H-6b), 4.87 ± 4.85 (m, 2 H, H-2a and H-3a), 4.81 ± 4.79 (m, 1H, H-1a),
4.65 (br. s, 1H, H-5a), 4.57 (d, J� 11.6 Hz, 1H, OCHAHPh), 4.54 (d, J�
11.5 Hz, 1 H, OCHHBPh), 4.05 (br. s, 1H, H-6a), 3.90 ± 3.87 (m, 1 H, H-7a),
3.84 ± 3.81 (m, 6H, H-7b and NCH2CH2), 3.80 (s, 3H, OCH3), 3.75 (s, 3H,
OCH3), 3.70 (s, 3H, OCH3), 3.65 (s, 3 H, OCH3), 3.45 (s, 3H, OCH3), 2.77 (s,
3H, NCH3), 2.75 ± 2.50 (m, 2 H, H-3b), 2.05 (br. s, 4 H, NCH2CH2), 1.70 ±


1.68 (m, 1H, H-1g), 1.50 (s, 9H, tBuO), 1.38 ± 1.34 (m, 2 H, H-1b), 0.89 (s,
9H, tBuSi), 0.88 (s, 9H, tBuSi), 0.87 (d, J� 6.5 Hz, 3 H, H-1d), 0.86 (d, J�
6.6 Hz, 3 H, H-1d'), 0.11 (s, 3H, CH3Si), 0.07 (s, 3 H, CH3Si), 0.03 (s, 3H,
CH3Si), 0.02 (s, 3H, CH3Si); 13C NMR (150 MHz, CD3COCD3, 323 K): d�
172.4, 171.8, 171.3, 170.6, 167.9, 161.3, 159.9, 159.9. 158.3, 153.5, 153.3, 153.0,
152.0, 142.0, 140.2, 139.7, 136.4, 135.8, 129.7, 129.6, 129.5, 129.3, 129.0, 128.9,
128.6, 128.5, 128.1, 127.8, 126.8, 125.5, 125.2, 122.8, 114.9, 114.8, 114.0, 108.1,
106.7, 106.2, 99.1, 80.7, 74.9, 74.4, 73.9, 70.9, 64.6, 60.3, 56.7, 56.7, 56.4, 56.4,
56.0, 55.7, 55.7, 53.0, 52.8, 37.8, 30.7, 29.0, 26.6, 26.5, 25.8, 24.6, 23.9,
22.5, 19.3, 19.2, ÿ4.4, ÿ4.5, ÿ4.6, ÿ4.7; HRMS (FAB) calcd for
C99H123Cl2N11O19Si2Cs [M�Cs�] 2028.6967, found 2028.7090.


Treatment of natural tricyclic triazene 3a with H�-resin : H�-resin (AG
50W-X12, BIO-RAD) (200 mg) was suspended in H2O (1 mL) and heated
to 808C. A solution of natural tricyclic triazene 3 a (9.0 mg, 0.005 mmol) in
MeCN (1 mL) was added dropwise over a period of 45 min, while the
temperature was kept at 808C. After 10 min, the mixture was cooled to
25 8C. EtOAc (3 mL), H2O (3 mL) and solid NaHCO3 (100 mg) were
added, and the mixture was stirred vigorously for 0.5 h. The aqueous phase
was extracted with EtOAc (2� 2 mL). The combined organic layers were
dried (Na2SO4), concentrated, and the residue was purified by preparative
TLC (silica gel, 5 % MeOH in CH2Cl2) to afford natural tricyclic reduced
compound 34 a (7.0 mg, 78 %). 34a : Rf� 0.26 (silica gel, 5 % MeOH in
CH2Cl2); [a]22


D ��16.2 (c� 1.2, MeOH); IR (thin film): nÄmax� 3304, 2955,
2931, 2856, 1681, 1659, 1650, 1513, 1505, 1486, 1249, 1110, 837, 781 cmÿ1;
1H NMR (600 MHz, CD3OD, 330 K): d� 7.60 (br. s, 1H, H-2b), 7.48 ± 7.46
(m, 2 H, H-6b and H-6f), 7.36 ± 7.23 (m, 7H, H-2f, H-6e and ArH (Bn)), 7.08
(br.d, J� 8.8 Hz, 1H, H-2e), 7.02 (br. s, 2H, H-4d and H-5b), 6.98 (d, J�
8.8 Hz, 2 H, ArH (Ddm)), 6.96 (d, J� 8.8 Hz, 1 H, H-5f), 6.92 (br. s, 1H,
H-7f), 6.86 (bd, J� 8.3 Hz, 3 H, H-5e and ArH (Ddm)), 6.82 (d, J� 8.8 Hz,
2H, ArH (Ddm)), 6.68 (d, J� 7.4 Hz, 2H, ArH (Ddm)), 6.56 (d, J� 2.1 Hz,
1H, H-7d), 6.21 (br. s, 1H, NHCH (Ddm)), 5.85 (br. s, 1 H, H-4b), 5.72 (br. s,
1H, H-4f), 5.53 (d, J� 4.8 Hz, 1 H, H-2b), 5.42 (br. s, 1 H, H-4a), 5.31 (br. s,
1H, H-6b), 4.98 ± 4.93 (m, 2 H, H-2a and H-3a), 4.74 ± 4.71 (m, 1H, H-1a),
4.62 (br. s, 1 H, H-5a), 4.58 ± 4.53 (m, 2H, OCH2Ph), 4.00 (br. s, 1H, H-6a),
3.92 ± 3.89 (m, 1 H, H-7a), 3.86 ± 3.78 (m, 2H, H-7b), 3.79 (s, 3 H, OCH3),
3.75 (s, 3H, OCH3), 3.70 (s, 3 H, OCH3), 3.69 (s, 3H, OCH3), 3.39 (s, 3H,
OCH3), 2.77 (s, 3 H, NCH3), 2.66 ± 2.63 (m, 1H, H-3bA), 2.61 (dd, J� 16.3,
5.7 Hz, 1H, H-3bB), 1.73 ± 1.70 (m, 1H, H-1g), 1.48 (br. s, 9 H, tBuO), 1.38 ±
1.34 (m, 2 H, H-1b), 0.92 (s, 9H, tBuSi), 0.89 (s, 9H, tBuSi), 0.82 (d, J�
6.1 Hz, 3H, H-1d), 0.78 (d, J� 6.1 Hz, 3H, H-1d'), 0.12 (s, 3H, CH3Si), 0.08
(s, 3 H, CH3Si), 0.06 (s, 3H, CH3Si), 0.05 (s, 3H, CH3Si); 13C NMR
(150 MHz, CD3COCD3, 323 K): d� 172.1, 171.7, 171.6, 171.0, 169.1, 162.0,
161.3, 161.0, 160.0, 159.8, 159.8, 158.3, 152.1, 151.4, 142.2, 140.4, 140.3, 139.7,
136.6, 135.8, 130.5, 129.8, 129.5, 129.5, 129.3, 129.3, 129.0, 129.0, 129.0, 128.6,
128.3, 127.9, 125.6, 125.5, 124.9, 122.8, 114.9, 114.8, 114.2, 106.7, 106.5, 106.2,
105.6, 99.1, 80.7, 75.0, 74.3, 73.8, 70.9, 64.8, 60.3, 56.8, 56.4, 56.3, 56.0, 55.9,
55.7, 55.7, 52.7, 51.5, 39.9, 37.5, 30.5, 28.9, 26.6, 26.6, 25.8, 23.8, 22.6, 19.3,
19.3,ÿ4.1,ÿ4.3,ÿ4.5,ÿ4.6; HRMS (FAB) calcd for C95H116Cl2N8O19Si2Cs
[M�Cs�] 1933.6343, found 1933.6456.


Treatment of unnatural tricyclic triazene 3b with H�-resin : H�-resin (AG
50W-X12, BIO-RAD) (275 mg) was suspended in H2O (1.2 mL) and
heated to 808C. A solution of unnatural tricyclic triazene 3b (12.0 mg,
0.0063 mmol) in MeCN (1 mL) was added dropwise over a period of
45 min, while the temperature was kept at 808C. After 10 min, the mixture
was cooled to 25 8C. EtOAc (3 mL), H2O (3 mL), and solid NaHCO3


(120 mg) were added, and the mixture was stirred vigorously for 0.5 h.
The aqueous phase was extracted with EtOAc (2� 2.5 mL). The combined
organic layers were dried (Na2SO4), concentrated, and the residue was
purified by preparative TLC (silica gel, 5 % MeOH in CH2Cl2) to afford
unnatural tricyclic reduced compound 34b (8.4 mg, 74 %). 34 b : Rf� 0.26
(silica gel, 5 % MeOH in CH2Cl2); [a]22


D �ÿ6.7 (c� 1.5, MeOH); IR (thin
film): nÄmax� 3306, 2954, 2930, 2856, 1682, 1667, 1660, 1650, 1609, 1513, 1504,
1486, 1251, 1109, 837, 781 cmÿ1; 1H NMR (600 MHz, CD3OD, 323 K): d�
7.72 (br. s, 1 H, H-2b), 7.54 (br. s, 1H, H-6b), 7.45 (bd, J� 8.2 Hz, 1H, H-6f),
7.36 ± 7.35 (m, 2H, ArH (Bn)), 7.32-7.30 (m, 2H, ArH (Bn)), 7.28 ± 7.23 (m,
3H, H-2e, H-6e and ArH (Bn)), 7.18 (bd, J� 7.9 Hz, 1H, H-2f), 7.03-6.98
(m, 5H, H-5b, H-5f, H-4d and ArH (Ddm)), 6.92 ± 6.88 (m, 4H, H-5e and
H-7f ArH (Ddm)), 6.82 (d, J� 8.5 Hz, 2H, ArH (Ddm)), 6.71 (d, J�
8.7 Hz, 2H, ArH (Ddm)), 6.56 (d, J� 2.2 Hz, 1 H, H-7d), 5.96 (br. s, 1H,
H-4b), 5.87 (br. s, 1 H, NHCH (Ddm)), 5.80 (br. s, 1H, H-4f), 5.53 (d, J�
4.7 Hz, 1H, H-2b), 5.38 (br. s, 1H, H-4a), 5.29 (br. s, 1 H, H-6b), 4.85 ± 4.84
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(m, 2 H, H-2a and H-3a), 4.78 (br.d, J� 9.0 Hz, 1H, H-1a), 4.61 (br. s, 1H,
H-5a), 4.57 (d, J� 11.7 Hz, 1H, OCHAHPh), 4.54 (d, J� 11.7 Hz, 1H,
OCHHBPh), 4.02 (br. s, 1 H, H-6a), 3.90 (t, J� 8.5 Hz, 1H, H-7a), 3.84 ±
3.80 (m, 2 H, H-7b), 3.80 (s, 3 H, OCH3), 3.75 (s, 3H, OCH3), 3.70 (s, 3H,
OCH3), 3.66 (s, 3H, OCH3), 3.45 (s, 3 H, OCH3), 2.76 (s, 3 H, NCH3), 2.62 ±
2.58 (m, 1 H, H-3bA), 2.53 (dd, J� 15.0, 6.6 Hz, 1H, H-3bB), 1.71 ± 1.69 (m,
1H, H-1g), 1.49 (s, 9H, tBuO), 1.42 ± 1.40 (m, 2 H, H-1b), 0.89 (s, 18H,
tBuSi), 0.84 (d, J� 6.3 Hz, 3 H, H-1d), 0.81 (d, J� 5.7 Hz, 3H, H-1d'), 0.12
(s, 3H, CH3Si), 0.09 (s, 3H, CH3Si), 0.05 (s, 3H, CH3Si), 0.04 (s, 3 H, CH3Si);
13C NMR (150 MHz, CD3COCD3, 323 K): d� 172.4, 171.8, 171.3, 170.5,
169.0, 167.7, 161.6, 161.3, 159.9, 159.9, 159.8, 158.4, 152.0, 151.2, 142.5, 140.5,
140.2, 139.7, 136.5, 135.8, 129.7, 129.6, 129.4, 129.3, 129.0, 128.5, 128.0, 127.8,
126.6, 125.6, 124.8, 122.7, 115.0, 114.9, 114.0, 107.0, 106.7, 106.5, 105.5, 99.1,
80.7, 74.9, 74.3, 73.9, 70.9, 64.6, 60.4, 56.8, 56.7, 56.6, 56.4, 56.3, 56.0, 55.7,
52.7, 39.8, 37.7, 30.5, 29.0, 26.6, 26.5, 25.8, 23.8, 22.6, 19.3, 19.2, ÿ4.3, ÿ4.4,
ÿ4.6; HRMS (FAB) calcd for C95H116Cl2N8O19Si2Cs [M�Cs�] 1931.6327,
found 1931.6151.


Treatment of natural tricyclic triazene 3a with BF3 ´ Et2O and Cu2�/Cu� in
MeCN : A solution of natural tricyclic triazene 3 a (4 mg, 0.002 mmol) in
MeCN (0.5 mL) was cooled to 0 8C. BF3 ´ Et2O (10 mL, 0.008 mmol) was
added, and the reaction mixture was stirred for 15 min at 0 8C. Then,
saturated aqueous Cu(NO3)2 (100 mL) and Cu2O (1 mg) were added, and
the reaction mixture was warmed to 25 8C and stirred for 0.5 h. EtOAc
(30 mL) was added, and the aqueous phase was extracted with EtOAc
(30 mL). The combined organic layers were dried (Na2SO4), concentrated,
and the residue was purified by preparative TLC (silica gel, 60% EtOAc in
hexanes) to afford natural tricyclic reduced compound 34a (1.2 mg, 32%).


Treatment of natural tricyclic triazene 3a with BF3 ´ Et2O and Cu2�/Cu� in
THF : A solution of natural tricyclic triazene 3 a (4 mg, 0.002 mmol) in THF
(0.5 mL) was cooled to 0 8C. BF3 ´ Et2O (10 mL, 0.008 mmol) was added, and
the reaction mixture was stirred for 15 min at 0 8C. Then, saturated aqueous
Cu(NO3)2 (100 mL) and Cu2O (1 mg) were added, and the reaction mixture
was warmed to 25 8C and stirred for 0.5 h. EtOAc (30 mL) was added, and
the aqueous phase was extracted with EtOAc (30 mL). The combined
organic layers were dried (Na2SO4), concentrated, and the residue was
purified by preparative TLC (silica gel, 60 % EtOAc in hexanes) to afford
natural tricyclic reduced compound 34a (2.2 mg, 58%).


Treatment of natural tricyclic triazene 3a with BF3 ´ Et2O and Cu2�/Cu� in
MeOH : A solution of natural tricyclic triazene 3 a (4 mg, 0.002 mmol) in
MeOH (0.5 mL) was cooled to 0 8C. BF3 ´ Et2O (10 mL, 0.008 mmol) was
added, and the reaction mixture was stirred for 15 min at 0 8C. Then,
saturated aqueous Cu(NO3)2 (100 mL) and Cu2O (1 mg) were added, and
the reaction mixture was warmed to 25 8C and stirred for 0.5 h. EtOAc
(30 mL) was added, and the aqueous phase was extracted with EtOAc
(30 mL). The combined organic layers were dried (Na2SO4), concentrated,
and the residue was purified by preparative TLC (silica gel, 60% EtOAc in
hexanes) to afford natural tricyclic reduced compound 34a (2.6 mg, 69%).


Treatment of natural tricyclic triazene 3a with H2SO4 in MeCN : A solution
of natural tricyclic triazene 3 a (12 mg, 0.0063 mmol) in MeCN (1.5 mL)
was cooled to 0 8C. 30% aqueous H2SO4 (1.5 mL) was added, and the
reaction mixture was warmed to 50 8C and stirred for 3 h. EtOAc (5 mL)
and H2O (2 mL) were added and the aqueous phase was extracted with
EtOAc (10 mL). The combined organic layers were dried (Na2SO4),
concentrated, and the residue was purified by preparative TLC (silica gel,
60% EtOAc in hexanes) to afford natural tricyclic reduced compound 34a
(8 mg, 70%).


Treatment of natural tricyclic triazene 3a with H2SO4 in MeOH : A solution
of natural tricyclic triazene 3 a (12 mg, 0.0063 mmol) in MeOH (1.5 mL)
was cooled to 0 8C. 30% Aqueous H2SO4 (1.5 mL) was added, the reaction
mixture was warmed to 50 8C and stirred for 1.5 h. TLC indicated formation
of a complicated mixture.


Unnatural tricyclic aniline 36 : Raney Ni (30 mg) was added to a solution of
unnatural tricyclic triazene 3b (30 mg, 0.0158 mmol) in MeOH (5 mL). The
reaction mixture was stirred at 25 8C for 10 h, filtered through celite,
concentrated, and the residue was checked with 1H NMR spectroscopy and
proved to be a mixture of 35 and 36 (ca. 1:1). This mixture was subjected to
debenzylation by addition of 10% Pd/C (15 mg) to a solution of the residue
in MeOH (5 mL). H2 was bubbled through the mixture for 4 h. The reaction
mixture was filtered through celite, concentrated, and the residue was
purified by preparative TLC (silica gel, 7 % MeOH in CH2Cl2) to afford


unnatural tricyclic aniline 36 (16.4 mg, 60% overall from 3b). 36 : Rf� 0.24
(silica gel, 5% MeOH in CH2Cl2); [a]22


D �ÿ5.8 (c� 0.83, MeOH); IR (thin
film): nÄmax� 3311, 2956, 1685, 1654, 1560, 1508, 1458, 1252, 840 cmÿ1;
1H NMR (600 MHz, CD3OD, 330 K): d� 7.73 (br. s, 1H, H-2b), 7.56 (d, J�
2.0 Hz, 1 H, H-6b), 7.48 (dd, J� 8.3, 2.0 Hz, 1 H, H-6f), 7.30 (d, J� 8.2 Hz,
1H, H-2e ), 7.19 (br.d, J� 7.0 Hz, 1 H, H-2f), 7.07 (d, J� 8.3 Hz, H-6e),
7.02 ± 6.98 (m, 4 H, H-5b, H-5f and ArH (Ddm)), 6.92 ± 6.90 (m, 3H, H-7f
and ArH (Ddm)), 6.87 (d, J� 8.1 Hz, 1 H, H-5e), 6.73 (d, J� 8.7 Hz, 2H,
ArH (Ddm)), 6.59 (d, J� 2.3 Hz, 1 H, H-7d), 6.29 (d, J� 8.7 Hz, 2H, ArH
(Ddm)), 5.86 (br. s, 1 H, H-4b), 5.78 (br. s, 1H, NHCH (Ddm)), 5.77 (br. s,
1H, H-4f), 5.54 (d, J� 4.8 Hz, 1 H, H-2b), 5.34 (br. s, 1 H, H-4a), 5.31 (br. s,
1H, H-6b), 4.89 ± 4.87 (m, 2 H, H-2a and H-3a), 4.80 ± 4.79 (m, 1H, H-1a),
4.63 (br. s, 1H, H-5a), 4.21 ± 4.19 (m, 1 H, H-7a), 4.07 (br. s, 1H, H-6a), 4.00
(dd, J� 10.9, 8.2 Hz, 1H, H-7bA), 3.92 (dd, J� 10.8, 4.9 Hz, 1 H, H-7bB),
3.88 (s, 3H, OCH3), 3.75 (s, 3 H, OCH3), 3.71 (s, 3H, OCH3), 3.67 (s, 3H,
OCH3), 3.46 (s, 3H, OCH3), 2.77 (s, 3H, NCH3), 2.57 ± 2.53 (m, 2 H, H-3b),
1.70 ± 1.69 (m, 1 H, H-1g), 1.50 (s, 9 H, tBuO), 1.39 ± 1.38 (m, 2 H, H-1b), 0.92
(s, 9H, tBuSi), 0.89 (s, 9H, tBuSi), 0.83 (d, J� 6.3 Hz, 3 H, H-1d), 0.80 (d,
J� 5.1 Hz, 3 H, H-1d'), 0.12 (s, 3H, CH3Si), 0.09 (s, 3 H, CH3Si), 0.08 (s, 3H,
CH3Si), 0.05 (s, 3H, CH3Si); 13C NMR (150 MHz, CD3COCD3, 323 K): d�
172.2, 171.3, 171.2, 170.7, 169.4, 161.2, 159.6, 158.1, 157.0, 151.5, 147.8, 147.6,
147.4, 141.7, 139.9, 139.7, 136.0, 135.5, 129.5, 129.3, 128.7, 128.3, 128.2, 127.8,
127.5, 127.2, 126.6, 125.2, 124.9, 122.5, 114.6, 114.5, 113.7, 107.3, 106.3, 105.4,
98.7, 80.5, 74.5, 74.1, 64.2, 64.0, 60.1, 57.0, 56.4, 56.1, 55.9, 55.7, 55.5, 55.3,
52.4, 39.8, 37.4, 30.4, 28.7, 26.3, 26.2, 25.5, 23.6, 22.3, 19.0, 18.9, ÿ4.7, ÿ4.7,
ÿ4.9; HRMS (FAB) calcd for C88H111Cl2N9O19Si2Cs [M�Cs�] 1856.5966,
found 1856.6084.


Sandmeyer reaction of aniline 36 : A solution of unnatural tricyclic aniline
36 (22.7 mg, 0.0132 mmol) in MeCN (2 mL) was cooled to ÿ208C. 48%
Aqueous HBF4 (34.5 mL, 0.264 mmol) and i-amylONO (35.5 mL, 0.264 mmol)
were added, and the reaction mixture was vigorously stirred at ÿ20 8C.
After 0.5 h, the reaction mixture was cooled to ÿ45 8C, and a saturated
solution of KI (1 mL) was added in one shot. The reaction mixture was
vigorously stirred for 2 h, while the temperature was raised slowly to 25 8C.
EtOAc (5 mL), saturated aqueous NaHCO3 (5 mL) and saturated aqueous
Na2SO3 (5 mL) were added sequentially, and the mixture was allowed to
stir for 15 min. The aqueous phase was extracted with EtOAc (2� 5 mL).
The combined organic layers were dried (Na2SO4), concentrated, and the
residue was purified by flash column chromatography (silica gel, 50%
EtOAc in CH2Cl2) to afford an inseparable mixture of unnatural tricyclic
iodide 38 and unnatural tricyclic reduced compound 39 (18.6 mg, ca. 6:4
from 1H NMR). This mixture was used directly in the next reaction.


Unnatural tricyclic phenol 41b : A solution in anhydrous THF (12 mL) of a
ca. 6:4 mixture of iodide 38 and reduced compound 39 (18.6 mg), prepared
as described above, was cooled to ÿ50 8C. MeMgBr (1.4m solution in THF,
0.28 mL, 0.396 mmol) was added dropwise and the mixture was allowed to
warm toÿ20 8C. After stirring for 1 h, the reaction mixture was recooled to
ÿ60 8C, and iPrMgCl (2.0m solution in THF, 0.20 mL, 0.4 mmol) was added
dropwise. The mixture was kept at ÿ40 8C for 2 h, and then cooled to
ÿ50 8C before the addition of freshly distilled trimethyl borate (0.15 mL,
1.32 mmol). After vigorously stirring for 1 h at 0 8C, the reaction mixture
was recooled to ÿ20 8C. A mixture of 30% aqueous H2O2 and 10%
aqueous NaOH (1:1, 1 mL) was added, and vigorous stirring was applied
for 20 min at 0 8C. Without allowing the temperature to raise, EtOAc
(4 mL) and saturated aqueous Na2S2O3 ´ 5H2O (1 mL) were added. The
reaction mixture was stirred for 5 min, and the aqueous phase was
extracted with EtOAc (3� 5 mL). The combined organic layers were dried
(Na2SO4), concentrated, and the residue was purified by preparative TLC
(silica gel, 5 % MeOH in CH2Cl2) to afford faster moving unnatural
tricyclic reduced compound 39 (6.3 mg, 28% overall from 36), and slower
moving unnatural tricyclic phenol 41 b (6.8 mg, 30% overall from 36). 39 :
Rf� 0.24 (silica gel, 5 % MeOH in CH2Cl2); [a]22


D �ÿ23.4 (c� 1.1, EtOAc);
IR (thin film): nÄmax� 3300, 2955, 1672, 1609, 1512, 1253, 1107, 837 cmÿ1;
1H NMR (600 MHz, CD3OD, 330 K): d� 7.75 (br. s, 1H, H-2b), 7.56 (d, J�
1.9 Hz, 1 H, H-6b), 7.46 (dd, J� 8.4, 2.0 Hz, 1 H, H-6f), 7.25 (d, J� 8.2 Hz,
1H, H-2e ), 7.18 (br.d, J� 8.6 Hz, 1 H, H-2f), 7.04 ± 7.00 (m, 5H, H-5b, H-5f,
H-6e and ArH (Ddm)), 6.92 ± 6.88 (m, 5 H, H-4d, H-5e, H-7f and ArH
(Ddm)), 6.82 (d, J� 8.7 Hz, 2H, ArH (Ddm)), 6.72 (d, J� 8.7 Hz, 2 H, ArH
(Ddm)), 6.58 (d, J� 2.2 Hz, 1H, H-7d), 5.91 (br. s, 1 H, H-4b), 5.87 (br. s,
1H, NHCH (Ddm)), 5.81 (br. s, 1H, H-4f), 5.53 (d, J� 4.7 Hz, 1H, H-2b),
5.39 (br. s, 1 H, H-4a), 5.31 (br. s, 1H, H-6b), 4.87 ± 4.84 (m, 2 H, H-2a and
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H-3a), 4.78 ± 4.77 (m, 1 H, H-1a), 4.63 (br. s, 1H, H-5a), 4.20 (dd, J� 7.6,
4.9 Hz, 1 H, H-7a), 4.06 (br. s, 1 H, H-6a), 4.00 (dd, J� 10.2, 8.2 Hz, 1H,
H-7bA), 3.93 (dd, J� 10.0, 4.9 Hz, 1 H, H-7bB), 3.87 (s, 3 H, OCH3), 3.75 (s,
3H, OCH3), 3.71 (s, 3H, OCH3), 3.65 (s, 3H, OCH3), 3.46 (s, 3H, OCH3),
2.77 (s, 3H, NCH3), 2.62 ± 2.60 (m, 1H, H-3bA), 2.52 (dd, J� 16.1, 6.8 Hz,
1H, H-3bB), 1.70-1.68 (m, 1 H, H-1g), 1.50 (s, 9 H, tBuO), 1.39 ± 1.37 (m, 2H,
H-1b), 0.92 (s, 9H, tBuSi), 0.90 (s, 9H, tBuSi), 0.84 (d, J� 6.3 Hz, 3H,
H-1d), 0.81 (d, J� 4.0 Hz, 3 H, H-1d'), 0.12 (s, 3H, CH3Si), 0.09 (s, 3H,
CH3Si), 0.08 (s, 3H, CH3Si), 0.05 (s, 3 H, CH3Si); 13C NMR (150 MHz,
CD3COCD3, 323 K): d� 172.3, 171.6, 171.2, 170.4, 170.3, 168.8, 161.3, 161.1,
159.6, 158.1, 151.8, 151.0, 142.5, 142.4, 142.1, 140.2, 139.7, 136.1, 135.5, 129.5,
129.4, 129.3, 129.2, 128.7, 128.3, 127.8, 127.4, 126.3, 125.3, 124.6, 122.5, 114.6,
114.5, 113.7, 106.8, 106.3, 105.3, 98.7, 80.5, 74.6, 74.1, 64.3, 63.7, 60.2, 57.2,
56.5, 56.5, 56.3, 56.1, 55.7, 55.5, 55.4, 52.4, 39.6, 37.4, 30.5, 28.7, 26.3, 26.2,
25.5, 23.6, 19.0, 18.9, ÿ4.7, ÿ4.9; HRMS (FAB) calcd for C88H110Cl2N8O19-


Si2Cs [M�Cs�] 1841.5857, found 1841.5712. 41 b : Rf� 0.32 (silica gel, 7.5%
MeOH in CH2Cl2); [a]22


D �ÿ23.3 (c� 2.80, MeOH); IR (thin film): nÄmax�
3306, 2954, 2930, 2857, 1660, 1510, 1250, 1107, 837, 780 cmÿ1; 1H NMR
(600 MHz, CD3OD, 330 K): d� 7.74 (br. s, 1H, H-2b), 7.57 (br. s, 1H, H-6b),
7.48 (dd, J� 8.3, 1.7 Hz, 1 H, H-6f), 7.28 (d, J� 8.3 Hz, 1H, H-2e ), 7.19
(br.d, J� 7.0 Hz, 1H, H-2f), 7.07 (d, J� 8.2 Hz, H-6e), 7.01 ± 6.99 (m, 4H,
H-5b, H-5f and ArH (Ddm)), 6.92 ± 6.90 (m, 3 H, H-7f and ArH (Ddm)),
6.87 (d, J� 9.5 Hz, 1 H, H-5e), 6.82 (d, J� 8.6 Hz, 2H, ArH (Ddm)), 6.73
(d, J� 8.6 Hz, 2 H, ArH (Ddm)), 6.59 (d, J� 2.0 Hz, 1 H, H-7d), 5.86 (br. s,
1H, H-4b), 5.82 (br. s, 1 H, NHCH (Ddm)), 5.79 (br. s, 1H, H-4f), 5.53 (d,
J� 4.8 Hz, 1H, H-2b), 5.40 (br. s, 1 H, H-4a), 5.32 (br. s, 1 H, H-6b), 4.90 ±
4.87 (m, 2H, H-2a and H-3a), 4.81 ± 4.79 (m, 1H, H-1a), 4.63 (br. s, 1H,
H-5a), 4.20 (t, J� 5.0 Hz, 1 H, H-7a), 4.07 (br. s, 1 H, H-6a), 4.00 (t, J�
10.8 Hz, 1H, H-7bA), 3.93 (dd, J� 10.8, 4.9 Hz, 1H, H-7bB), 3.87 (s, 3H,
OCH3), 3.75 (s, 3H, OCH3), 3.71 (s, 3 H, OCH3), 3.66 (s, 3H, OCH3), 3.46 (s,
3H, OCH3), 2.77 (s, 3H, NCH3), 2.62 ± 2.59 (m, 1H, H-3bA), 2.52 (dd, J�
15.3, 5.8 Hz, 1 H, H-3bB), 1.70 ± 1.68 (m, 1H, H-1g), 1.50 (s, 9 H, tBuO),
1.39 ± 1.38 (m, 1 H, H-1bA), 1.29 ± 1.28 (m, 1 H, H-1bB), 0.91 (s, 9 H, tBuSi),
0.89 (s, 9H, tBuSi), 0.83 (d, J� 4.4 Hz, 3H, H-1d), 0.81 (d, J� 4.9 Hz, 3H,
H-1d'), 0.12 (s, 3 H, CH3Si), 0.09 (s, 3 H, CH3Si), 0.08 (s, 3H, CH3Si), 0.05 (s,
3H, CH3Si); 13C NMR (150 MHz, CD3COCD3, 323 K): d� 172.2, 171.5,
171.2, 170.5, 168.9, 161.2, 159.6, 158.1, 152.3, 151.4, 148.7, 148.6, 141.8, 140.1,
139.7, 136.0, 135.6, 135.5, 129.9, 129.8, 129.7, 129.5, 129.3, 128.8, 128.5, 128.3,
128.0, 127.8, 127.5, 126.4, 125.3, 124.8, 122.5, 114.6, 114.5, 113.7, 107.8, 106.3,
106.0, 98.7, 80.5, 74.6, 74.1, 64.2, 63.8, 60.0, 57.2, 56.4, 56.1, 55.7, 55.5, 55.5,
55.3, 52.4, 39.7, 37.4, 30.5, 28.7, 26.3, 26.2, 25.5, 23.6, 22.3, 19.0, 18.9, ÿ4.6,
ÿ4.7, ÿ4.9; HRMS (FAB) calcd for C88H110Cl2N8O20Si2Cs [M�Cs�]
1857.5806, found 1857.5693.


Treatment of unnatural tricyclic triazene 3b with TMSI (Table 3, entries
1 ± 8): NaI (1.5 ± 4.5 mg, 0.01 ± 0.30 mmol) was added to a solution of
unnatural tricyclic triazene 3b (9 mg, 0.005 mmol) in MeCN (1 ± 5 mL).
After 5 min, trimethylsilyl chloride (1 mL, 0.0075 mmol) was added
dropwise, and the mixture was allowed to stir at the temperatures shown
in Table 3, for 15 min. Then, 5% aqueous NaHCO3 (0.5 mL) was added,
and the mixture was stirred vigorously for 10 min. The aqueous phase was
extracted with ether (3� 1 mL). The combined organic layers were dried
(Na2SO4), filtered through a pad of silica gel, and concentrated. In all cases,
desired unnatural tricyclic iodide 42b was detected only as a trace (< 5%)
by mass spectrometry. For entries 2, 4, and 8, the crude mixture was
subjected to the next reaction (phenol formation protocol, see unnatural
tricyclic phenol 43 b). Faster moving unnatural tricyclic reduced compound
34b and slower moving unnatural tricyclic phenol 43 b were isolated in the
yields given in Table 3.


Treatment of unnatural tricyclic triazene 3 b with TMSI-I2 (Table 3, entries
9 ± 13): NaI (4.5 mg, 0.03 mmol) and I2 (2.5 ± 12.7 mg, 0.01 ± 0.05 mmol)
were added to a solution of unnatural tricyclic triazene 3b (9 mg,
0.005 mmol) in MeCN (1 mL). After 5 min, trimethylsilyl chloride
(1.0 mL, 0.0075 mmol) was added dropwise, and the mixture was allowed
to stir at the temperatures shown in Table 3, for 15 min. Then, 5% aqueous
NaHCO3 (0.5 mL) was added, followed by the addition of 5 % aqueous
Na2S2O3 ´ 5H2O (0.5 mL). After 10 min, the aqueous phase was extracted
with ether (3� 1 mL). The combined organic layers were dried (Na2SO4),
filtered through a pad of silica gel, and concentrated. The ratio of
inseparable unnatural tricyclic iodide 42b and unnatural tricyclic reduced
compound 34 b was determined by mass spectrometry (see Table 3). In one
case (entry 13), excess I2 caused removal of the Boc group, and a


complicated mixture was formed. The crude mixture of iodide 42 b and
reduced compound 34b was used in the next reaction (phenol formation
protocol, see unnatural tricyclic phenol 43b). Faster moving unnatural
tricyclic reduced compound 34b and slower moving unnatural tricyclic
phenol 43b were isolated in the yields given in Table 3.


Treatment of unnatural tricyclic triazene 3b with I2 in a sealed tube
(Table 3, entry 14): I2 (1.4 mg, 0.0055 mmol) was added to a solution of
unnatural tricyclic triazene 3b (9 mg, 0.005 mmol) in freshly distilled and
well degassed (with Ar) MeCN (0.35 mL) in a sealed tube. This mixture was
heated at 80 8C for 1 h and then cooled to 25 8C. 5 % aqueous Na2S2O3 ´
5H2O (0.5 mL) was added, and the reaction mixture was vigorously stirred
for 10 min. The aqueous phase was extracted with ether (3� 1 mL). The
combined organic layers were dried (Na2SO4), filtered through a pad of
silica gel, and concentrated. The desired unnatural tricyclic iodide 42b was
detected as a trace (>5 %) by mass spectrometry.


Natural tricyclic iodide 42a : NaI (36 mg, 0.24 mmol) and I2 (61 mg,
0.24 mmol) were added to a solution of natural tricyclic triazene 3a (76 mg,
0.04 mmol) in MeCN (8 mL). After 5 min, trimethylsilyl chloride (7.6 mL,
0.06 mmol) was added dropwise, and the mixture was allowed to stir at
25 8C for 15 min. Then, 5 % aqueous NaHCO3 (3.5 mL) was added,
followed by the addition of 5% aqueous Na2S2O3 ´ 5 H2O (3.5 mL). After
10 min, the aqueous phase was extracted with ether (3� 10 mL). The
combined organic layers were dried (Na2SO4), filtered through a pad of
silica gel, and concentrated. The inseparable mixture of natural tricyclic
iodide 42 a and natural tricyclic reduced compound 34 a (ca. 1:1 by mass
spectrometry) was used in the next reaction without further purification.


Natural tricyclic phenol 43a : An approximate 1:1 mixture of natural
tricyclic iodide 42a and natural tricyclic reduced compound 34 a (prepared
as described above) in THF (12 mL) was cooled to ÿ508C. MeMgBr (1.4m
solution in THF, 0.86 mL, 1.2 mmol) was added dropwise, and the mixture
was allowed to warm to ÿ20 8C. After stirring for 1 h, the mixture was
recooled to ÿ60 8C, and iPrMgCl (2.0m solution in THF, 0.6 mL, 1.2 mmol)
was added dropwise. The mixture was kept at ÿ408C for 2 h, and then
cooled to ÿ508C before the addition of freshly distilled trimethyl borate
(0.45 mL, 4 mmol). The reaction mixture was vigorously stirred for 1 h at
08C and then recooled to ÿ208C. A mixture of 30 % aqueous H2O2 and
10% aqueous NaOH (1:1, 3 mL) was added, and vigorous stirring at 08C
was applied for 20 min. Without allowing the temperature to raise, EtOAc
(10 mL) and saturated aqueous Na2S2O3 ´ 5H2O (2 mL) were added. The
mixture was stirred for 5 min, and the aqueous phase was extracted with
EtOAc (3� 5 mL). The combined organic layers were dried (Na2SO4),
concentrated, and the residue was purified by preparative TLC (silica gel,
5% MeOH in CH2Cl2) to afford faster moving natural tricyclic reduced
compound 34 a (24.3 mg, 34% overall from 3 a), and slower moving natural
tricyclic phenol 43 a (24.5 mg, 34% overall from 3a). 43a : Rf� 0.23 (silica
gel, 5 % MeOH in CH2Cl2); [a]22


D ��8.8 (c� 1.2, MeOH); IR (thin film):
nÄmax� 3304, 2955, 2930, 2857, 1667, 1659, 1652, 1511, 1487, 1247, 838,
780 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K): d� 7.60 (br. s, 1H, H-2b),
7.49 ± 7.46 (m, 2 H, H-6b and H-6f), 7.35 ± 7.25 (m, 7H, H-2f, H-6e and ArH
(Bn)), 7.08 (br.d, J� 7.4 Hz, 1H, H-2e), 7.02 (br. s, 1 H, H-5b), 6.98 (d, J�
8.8 Hz, 2 H, ArH (Ddm)), 6.95 (d, J� 8.8 Hz, 1 H, H-5f), 6.91 (br. s, 1H,
H-7f), 6.86 (br.d, J� 8.3 Hz, 3H, H-5e and ArH (Ddm)), 6.82 (d, J�
8.8 Hz, 2 H, ArH (Ddm)), 6.69 (br.d, J� 7.5 Hz, 2H, ArH (Ddm)), 6.56
(d, J� 2.2 Hz, 1 H, H-7d), 6.18 (br. s, 1H, NHCH (Ddm)), 5.84 (br. s, 1H,
H-4b), 5.74 (br. s, 1 H, H-4f), 5.54 (d, J� 4.4 Hz, 1H, H-2b), 5.44 (br. s, 1H,
H-4a), 5.29 (br. s, 1H, H-6b), 5.00 ± 4.94 (m, 2 H, H-2a and H-3a), 4.76 ±
4.74 (m, 1 H, H-1a), 4.61 (br. s, 1H, H-5a), 4.57 (d, J� 15.4 Hz, 1H,
OCHAHPh), 4.53 (d, J� 15.5 Hz, 1H, OCHHBPh), 4.42 ± 4.39 (m, 1H,
H-7a), 4.00 (br. s, 1H, H-6a), 3.92 ± 3.88 (m, 1H, H-7bA), 3.82 ± 3.80 (m, 1H,
H-7bB), 3.79 (s, 3H, OCH3), 3.74 (s, 3 H, OCH3), 3.70 (s, 3H, OCH3), 3.68 (s,
3H, OCH3), 3.40 (s, 3 H, OCH3), 2.78 (s, 3 H, NCH3), 2.70 ± 2.65 (m, 2H,
H-3b), 1.72 ± 1.69 (m, 1H, H-1g), 1.48 (br. s, 9 H, tBuO), 1.40 ± 1.36 (m, 2H,
H-1b), 0.92 (s, 9H, tBuSi), 0.89 (s, 9H, tBuSi), 0.82 (d, J� 6.1 Hz, 3H,
H-1d), 0.78 (d, J� 6.1 Hz, 3 H, H-1d'), 0.12 (s, 3H, CH3Si), 0.09 (s, 3H,
CH3Si), 0.06 (s, 3H, CH3Si), 0.05 (s, 3 H, CH3Si); 13C NMR (150 MHz,
CD3COCD3, 323 K): d� 172.1, 171.6, 171.0, 169.2, 161.3, 159.9, 159.8, 159.8,
158.3, 152.6, 151.8, 149.5, 148.4, 142.0, 140.3, 140.1, 139.7, 136.5, 136.2, 135.8,
130.5, 129.8, 129.6, 129.5, 129.3, 129.1, 129.0, 128.5, 128.3, 127.9, 127.7, 127.6,
125.7, 125.5, 125.1, 122.8, 114.9, 114.8, 114.1, 107.4, 106.7, 106.2, 99.1, 80.7,
74.9, 74.3, 73.8, 70.9, 65.0, 64.8, 60.3, 56.8, 56.4, 56.3, 55.9, 55.7, 52.7, 55.7,
52.6, 37.5, 30.5, 28.9, 26.6, 26.6, 25.8, 23.8, 22.5, 19.3,ÿ4.1,ÿ4.3,ÿ4.5,ÿ4.6;
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HRMS (FAB) calcd for C95H116Cl2N8O20Si2Cs [M�Cs�] 1949.6292, found
1949.6134.


Unnatural tricyclic iodide 42 b : NaI (27 mg, 0.18 mmol) and I2 (46 mg,
0.18 mmol) were added to a solution of unnatural tricyclic triazene 3b
(57 mg, 0.03 mmol) in MeCN (6 mL). After 5 min, trimethylsilyl chloride
(5.7 mL, 0.045 mmol) was added dropwise, and the mixture allowed to stir at
25 8C for 15 min. Then, 5 % aqueous NaHCO3 (2.5 mL) was added,
followed by the addition of 5% aqueous Na2S2O3 ´ 5 H2O (2.5 mL). After
10 min, the aqueous phase was extracted with ether (3� 10 mL). The
combined organic layers were dried (Na2SO4), filtered through a pad of
silica gel, and concentrated. The inseparable mixture of unnatural tricyclic
iodide 42b and unnatural tricyclic reduced compound 34b (ca. 1:1 by mass
spectrometry) was used in the next reaction without further purification.


Unnatural tricyclic phenol 43b : An approximate 1:1 mixture of unnatural
tricyclic iodide 42b and unnatural tricyclic reduced compound 34b
(prepared as described above) in THF (10 mL) was cooled to ÿ508C.
MeMgBr (1.4m solution in THF, 0.65 mL, 0.9 mmol) was added dropwise,
and the mixture was allowed to warm to ÿ20 8C. After stirring for 1 h, the
mixture was recooled to ÿ60 8C, and iPrMgCl (2.0m solution in THF,
0.45 mL, 0.9 mmol) was added dropwise. The mixture was kept at ÿ408C
for 2 h, and then cooled to ÿ508C, before the addition of freshly distilled
trimethyl borate (0.34 mL, 3 mmol). The reaction mixture was vigorously
stirred for 1 h at 08C and then recooled to ÿ208C. A mixture of 30%
aqueous H2O2 and 10% aqueous NaOH (1:1, 2.5 mL) was added and
vigorous stirring at 08C was applied for 20 min. Without allowing the
temperature to raise, EtOAc (10 mL), and saturated aqueous Na2S2O3 ´
5H2O (2 mL) were added. The mixture was stirred for 5 min, and the
aqueous phase was extracted with EtOAc (3� 5 mL). The combined
organic layers were dried (Na2SO4), concentrated, and the residue was
purified by preparative TLC (silica gel, 5 % MeOH in CH2Cl2) to afford
faster moving unnatural tricyclic reduced compound 34b (15.7 mg, 29%
overall from 3 b), and slower moving unnatural tricyclic phenol 43b
(17.4 mg, 32 % overall from 3b). 43 b : Rf� 0.21 (silica gel, 5% MeOH in
CH2Cl2); [a]22


D �ÿ5.6 (c� 3.6, MeOH); IR (thin film): nÄmax� 3304, 2955,
2931, 2856, 1668, 1612, 1513, 1486, 1251, 1107, 838 cmÿ1; 1H NMR
(600 MHz, CD3OD, 330 K): d� 7.75 (br. s, 1H, H-2b), 7.54 (br. s, 1H,
H-6b), 7.45 (br.d, J� 8.3, Hz, 1 H, H-6f), 7.37 (d, J� 5.8 Hz, 2H, ArH (Bn)),
7.31 (t, J� 7.4 Hz, 2 H, ArH (Bn)), 7.28 ± 7.23 (m, 2H, H-2e and ArH (Bn)),
7.19 ± 7.18 (m, 1H, H-2f), 7.00 ± 6.98 (m, 4H, H-6e, H-7f and ArH (Ddm)),
6.92 ± 6.90 (m, 4H, H-5b, H-5f and ArH (Ddm)), 6.87 (d, J� 9.3 Hz, 1H,
H-5e), 6.82 (d, J� 8.6 Hz, 2H, ArH (Ddm)), 6.72 (d, J� 8.6 Hz, 2 H, ArH
(Ddm)), 6.57 (br. s, 1 H, H-7d), 5.95 (br. s, 1H, H-4b), 5.87 (br. s, 1 H, NHCH
(Ddm)), 5.77 (br. s, 1H, H-4f), 5.54 (d, J� 4.8 Hz, 1 H, H-2b), 5.40 (br. s,
1H, H-4a), 5.29 (br. s, 1H, H-6b), 4.92 ± 4.90 (m, 2 H, H-2a and H-3a),
4.81 ± 4.80 (m, 1 H, H-1a), 4.61 (br. s, 1H, H-5a), 4.54 (2 H, obscured by
solvent, OCH2Ph), 4.20 ± 4.19 (m, 1H, H-7a), 4.03 (br. s, 1 H, H-6a), 3.90 ±
3.89 (m, 1H, H-7bA), 3.82 (dd, J� 10.6, 3.7 Hz, 1 H, H-7bB), 3.79 (s, 3H,
OCH3), 3.74 (s, 3H, OCH3), 3.69 (s, 3 H, OCH3), 3.65 (s, 3H, OCH3), 3.45 (s,
3H, OCH3), 2.77 (s, 3H, NCH3), 2.63 ± 2.61 (m, 1H, H-3bA), 2.52 (dd, J�
15.6, 6.3 Hz, 1 H, H-3bB), 1.70 ± 1.69 (m, 1H, H-1g), 1.49 (s, 9 H, tBuO),
1.42 ± 1.40 (m, 2H, H-1b), 0.89 (s, 18 H, tBuSi), 0.84 (d, J� 10.6 Hz, 3H,
H-1d), 0.82 (d, J� 7.5 Hz, 3 H, H-1d'), 0.12 (s, 3 H, CH3Si), 0.09 (s, 3H,
CH3Si), 0.05 (s, 3H, CH3Si), 0.04 (s, 3 H, CH3Si); 13C NMR (150 MHz,
CD3COCD3, 323 K): d� 172.2, 171.5, 171.2, 170.7, 170.4, 168.9, 167.6, 161.0,
159.6, 159.5, 158.1, 157.0, 152.4, 151.4, 148.8, 148.6, 141.9, 139.9, 139.4, 136.2,
135.5, 135.5, 129.5, 129.4, 129.3, 129.2, 129.0, 128.9, 128.7, 128.5, 128.3, 128.2,
127.6, 127.5, 127.3, 126.3, 125.2, 124.8, 122.5, 114.6, 114.5, 113.7, 107.7, 106.5,
106.0, 98.8, 80.5, 74.7, 74.1, 73.6, 70.6, 64.4, 57.1, 56.4, 56.1, 55.9, 55.7, 55.5,
52.6, 52.4, 39.8, 37.5, 30.2, 28.7, 26.3, 26.2, 25.5, 23.6, 22.3, 19.0, 19.0, ÿ4.6,
ÿ4.8; HRMS (FAB) calcd for C95H116Cl2N8O20Si2Cs [M�Cs�] 1947.6276,
found 1947.6470.


Natural tricyclic alcohol 41 a : 10 % Pd/C (20 mg) was added to a solution of
natural tricyclic phenol 43a (21 mg, 0.0116 mmol) in MeOH (2 mL), and H2


was bubbled through the solution for 1.5 h at 25 8C. The reaction mixture
was filtered through celite, concentrated, and the residue was purified by
preparative TLC (silica gel, 5% MeOH in CH2Cl2) to afford natural
tricyclic alcohol 41 a (17.4 mg, 87%). 41a : Rf� 0.22 (silica gel, 5% MeOH
in CH2Cl2); [a]22


D ��3.5 (c� 0.40, MeOH); IR (thin film): nÄmax� 3306,
2953, 2932, 2857, 1680, 1666, 1659, 1651, 1514, 1505, 1487, 1248, 837,
780 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K): d� 7.62 (br. s, 1H, H-2b),
7.50 ± 7.47 (m, 2H, H-6b and H-6f), 7.32 (br. s, 1H, H-2f), 7.28 (d, J� 8.3 Hz,


1H, H-6e), 7.10 (br.d, J� 7.9 Hz, 1 H, H-2e), 7.03 (br.d, J� 0.6 Hz, 1H,
H-5b), 6.99 (d, J� 8.3 Hz, 2H, ArH (Ddm)), 6.95 (d, J� 9.2 Hz, 1H, H-5f),
6.91 (br.d, J� 0.5 Hz, 1H, H-7f), 6.88 (br.d, J� 8.8 Hz, 3H, H-5e and ArH
(Ddm)), 6.83 (d, J� 8.3 Hz, 2 H, ArH (Ddm)), 6.71 (br.d, J� 7.9 Hz, 2H,
ArH (Ddm)), 6.59 (br. s, 1 H, H-7d), 6.13 (br. s, 1 H, NHCH (Ddm)), 5.86
(br. s, 1H, H-4b), 5.75 (br. s, 1 H, H-4f), 5.55 (d, J� 4.4 Hz, 1 H, H-2b), 5.46
(br. s, 1 H, H-4a), 5.33 (br. s, 1 H, H-6b), 5.00 ± 4.94 (m, 2 H, H-2a and H-3a),
4.79 ± 4.75 (m, 1H, H-1a), 4.66 (br. s, 1 H, H-5a), 4.24 ± 4.21 (m, 1 H, H-7a),
4.06 (br. s, 1 H, H-6a), 4.03 ± 4.00 (m, 1 H, H-7bA), 3.93 (dd, J� 10.5, 4.4 Hz,
1H, H-7bB), 3.88 (s, 3H, OCH3), 3.76 (s, 3 H, OCH3), 3.72 (s, 3 H, OCH3),
3.70 (s, 3H, OCH3), 3.43 (s, 3H, OCH3), 2.79 (s, 3H, NCH3), 2.70 ± 2.60 (m,
2H, H-3b), 1.75 ± 1.72 (m, 1H, H-1g), 1.49 (br. s, 9H, tBuO), 1.40 ± 1.37 (m,
2H, H-1b), 0.95 (s, 9H, tBuSi), 0.90 (s, 9H, tBuSi), 0.83 (d, J� 6.2 Hz, 3H,
H-1d), 0.80 (d, J� 6.2 Hz, 3 H, H-1d'), 0.13 (s, 3H, CH3Si), 0.10 (s, 3H,
CH3Si), 0.09 (s, 3H, CH3Si), 0.08 (s, 3 H, CH3Si); 13C NMR (150 MHz,
CD3COCD3, 323 K): d� 172.2, 171.6, 171.6, 171.2, 171.0, 161.4, 159.9, 159.9,
158.3, 152.7, 151.9, 149.5, 148.4, 142.0, 140.2, 140.1, 136.4, 136.2, 135.8, 130.5,
129.8, 129.7, 129.5, 129.2, 128.3, 127.8, 125.7, 125.6, 125.1, 122.8, 114.9, 114.8,
114.1, 106.5, 106.2, 99.0, 80.8, 74.9, 74.4, 64.7, 64.0, 60.3, 56.8, 56.4, 56.3, 56.0,
55.7, 55.7, 52.7, 37.5, 29.0, 26.6, 25.8, 23.8, 22.7, 19.3, 19.2, ÿ4.3, ÿ4.5, ÿ4.7;
HRMS (FAB) calcd for C88H110Cl2N8O20Si2Cs [M�Cs�] 1857.5806, found
1857.5919.


Unnatural tricyclic alcohol 41 b : 10% Pd/C (30 mg) was added to a solution
of unnatural tricyclic phenol 43b (36.3 mg, 0.02 mmol) in MeOH (3 mL),
and H2 was bubbled through the solution for 1.5 h at 25 8C. The reaction
mixture was filtered through celite, concentrated, and the residue was
purified by preparative TLC (silica gel, 5 % MeOH in CH2Cl2) to afford
unnatural tricyclic alcohol 41 b (32.5 mg, 94%).


Natural tricyclic methylated phenol 44a : Cs2CO3 (32.3 mg, 0.1 mmol) was
added to a solution of natural tricyclic alcohol 41 a (17.1 mg, 0.01 mmol) in
DMF (1 mL), and the mixture was cooled to 08C. Then, MeI (31 mL,
0.5 mmol) was added dropwise. After 2 h at 08C, saturated aqueous NH4Cl
(1 mL) and EtOAc (1 mL) were added. The aqueous phase was extracted
with EtOAc (2� 5 mL). The combined organic layers were washed with
brine (3� 5 mL), dried (Na2SO4), and the residue was purified by flash
column chromatography (silica gel, 50!80% EtOAc in hexanes, gradient
elution) to afford natural tricyclic methylated phenol 44 a (16.4 mg, 95%).
44a : Rf� 0.35 (silica gel, 7.5% MeOH in CH2Cl2); [a]22


D �ÿ7.5 (c� 0.44,
EtOAc); IR (thin film): nÄmax� 3301, 2954, 2930, 2856, 1681, 1667, 1659, 1651,
1513, 1504, 1487, 1246, 838, 780 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K):
d� 7.62 (br. s, 1 H, H-2b), 7.54 (br. s, 1 H, H-6b), 7.50 (br.d, J� 8.6 Hz, 1H,
H-6f), 7.36 ± 7.33 (m, 1H, H-2f), 7.26 (d, J� 8.4 Hz, 1 H, H-2e), 7.07 (br.d,
J� 8.7 Hz, 1H, H-6e), 7.02 (d, J� 2.2 Hz, 1H, H-5b), 6.96 (d, J� 6.8 Hz,
2H, ArH (Ddm)), 6.94 (d, J� 8.7 Hz, 1 H, H-5f), 6.91 (d, J� 2.1 Hz, 1H,
H-7f), 6.88 (br.d, J� 8.4 Hz, 3H, H-5e and ArH (Ddm)), 6.83 (d, J�
8.7 Hz, 2 H, ArH (Ddm)), 6.72-6.70 (m, 2 H, ArH (Ddm)), 6.58 (d, J�
2.1 Hz, 1 H, H-7d), 5.96 (br. s, 1 H, NHCH (Ddm)), 5.85 (br. s, 1H, H-4b),
5.73 (br. s, 1 H, H-4f), 5.52 (d, J� 4.7 Hz, 1H, H-2b), 5.45 (br. s, 1 H, H-4a),
5.32 (br. s, 1H, H-6b), 4.93 ± 4.90 (m, 2H, H-2a and H-3a), 4.75-4.73 (m,
1H, H-1a), 4.63 (br. s, 1 H, H-5a), 4.23-4.19 (m, 1H, H-7a), 4.17 (s, 3H,
OCH3), 4.06 (br. s, 1H, H-6a), 4.00 (t, J� 10.0 Hz, 1H, H-7bA), 3.92 (dd,
J� 10.9, 4.9 Hz, 1 H, H-7bB), 3.87 (s, 3 H, OCH3), 3.76 (s, 3H, OCH3), 3.71
(s, 3H, OCH3), 3.69 (s, 3H, OCH3), 3.42 (s, 3H, OCH3), 2.78 (s, 3H, NCH3),
2.64 ± 2.61 (m, 1 H, H-3bA), 2.58 (dd, J� 16.4, 6.0 Hz, 1H, H-3bB), 1.72 ± 1.70
(m, 1H, H-1g), 1.51 (br. s, 9H, tBuO), 1.38 ± 1.34 (m, 2H, H-1b), 0.94 (s, 9H,
tBuSi), 0.90 (s, 9 H, tBuSi), 0.83 (d, J� 6.5 Hz, 3H, H-1d), 0.79 (d, J�
6.2 Hz, 3 H, H-1d'), 0.13 (s, 3H, CH3Si), 0.09 (s, 3 H, CH3Si), 0.08 (s, 3H,
CH3Si), 0.07 (s, 3H, CH3Si); 13C NMR (150 MHz, CD3CN, 335 K): d�
172.8, 172.2, 171.8, 170.8, 169.5, 168.9, 161.5, 160.1, 159.7, 158.6, 154.8, 153.6,
152.0, 151.7, 141.9, 140.4, 139.6, 138.7, 136.0, 135.5, 130.3, 129.7, 129.6, 129.5,
129.3, 129.2, 128.6, 128.3, 127.4, 127.0, 125.9, 125.4, 124.9, 122.5, 115.1, 115.0,
114.7, 107.1, 106.8, 106.4, 99.1, 81.0, 74.5, 74.2, 65.2, 63.8, 62.1, 60.5, 57.1, 56.9,
56.8, 56.4, 56.1, 55.9, 55.8, 55.5, 52.4, 37.7, 30.6, 29.0, 26.6, 26.5, 25.7, 23.8,
22.3, 19.2, 19.2, ÿ4.0, ÿ4.3, ÿ4.4, ÿ4.6; HRMS (FAB) calcd for
C89H112Cl2N8O20Si2Cs [M�Cs�] 1871.5963, found 1871.5844.


Unnatural tricyclic methylated phenol 44b : Cs2CO3 (49 mg, 0.15 mmol)
was added to a solution of alcohol 41b (26 mg, 0.015 mmol) in DMF
(1 mL), and the mixture was cooled to 08C. Then, MeI (47 mL, 0.75 mmol)
was added dropwise. After 2 h at 08C, saturated aqueous NH4Cl (1.5 mL)
and EtOAc (1.5 mL) were added. The aqueous phase was extracted with
EtOAc (2� 5 mL). The combined organic layers were washed with brine
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(3� 8 mL), dried (Na2SO4), and the residue was purified by flash column
chromatography (silica gel, 50!80% EtOAc in hexanes, gradient elution)
to afford unnatural tricyclic methylated phenol 44b (24.5 mg, 94%). 44b :
Rf� 0.35 (silica gel, 7.5% MeOH in CH2Cl2); [a]22


D �ÿ16.5 (c� 0.98,
MeOH); IR (thin film): nÄmax� 3306, 2953, 2929, 2856, 1681, 1667, 1660, 1651,
1513, 1504, 1486, 1250, 837, 781 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K):
d� 7.77 (br. s, 1H, H-2b), 7.56 (d, J� 1.8 Hz, 1H, H-6b), 7.48 (dd, J� 8.3,
1.8 Hz, 1H, H-6f), 7.24 ± 7.17 (m, 2H, H-2e and H-2f), 7.12 (br.d, J� 8.7 Hz,
1H, H-6e), 7.02 ± 6.98 (m, 4 H, H-5b, H-5f and ArH (Ddm)), 6.94 ± 6.88 (m,
3H, H-7f and ArH (Ddm)), 6.84 ± 6.81 (m, 3H, H-5e and ArH (Ddm)), 6.73
(d, J� 8.5 Hz, 2 H, ArH (Ddm)), 6.59 (d, J� 2.2 Hz, 1 H, H-7d), 5.97 (br. s,
1H, H-4b), 5.86 (br. s, 1 H, NHCH (Ddm)), 5.80 (br. s, 1H, H-4f), 5.40 (d,
J� 4.8 Hz, 1H, H-2b), 5.44 (br. s, 1 H, H-4a), 5.32 (br. s, 1 H, H-6b), 4.92-
4.90 (m, 2H, H-2a and H-3a), 4.80-4.78 (m, 1H, H-1a), 4.63 (br. s, 1H,
H-5a), 4.20 (br. s, 4 H, H-7a and 4d-OCH3), 4.08 (br. s, 1 H, H-6a), 4.00 (t,
J� 8.1 Hz, 1 H, H-7bA), 3.92 (dd, J� 10.9, 5.0 Hz, 1 H, H-7bB), 3.87 (s, 3H,
OCH3), 3.75 (s, 3H, OCH3), 3.70 (s, 3 H, OCH3), 3.67 (s, 3H, OCH3), 3.46 (s,
3H, OCH3), 2.77 (s, 3H, NCH3), 2.63 ± 2.61 (m, 1H, H-3bA), 2.53 (dd, J�
15.8, 6.2 Hz, 1 H, H-3bB), 1.72 ± 1.71 (m, 1H, H-1g), 1.50 (s, 9 H, tBuO),
1.43 ± 1.40 (m, 2H, H-1b), 0.93 (s, 9H, tBuSi), 0.90 (s, 9H, tBuSi), 0.84 (d,
J� 6.4 Hz, 3H, H-1d), 0.82 (d, J� 4.4 Hz, 3 H, H-1d'), 0.13 (s, 3 H, CH3Si),
0.10 (s, 3 H, CH3Si), 0.09 (s, 3 H, CH3Si), 0.07 (s, 3 H, CH3Si); 13C NMR
(150 MHz, CD3COCD3, 323 K): d� 172.2, 171.6, 171.4, 170.7, 170.4, 170.3,
168.8, 161.2, 159.6, 158.1, 154.0, 153.8, 151.7, 151.0, 142.0, 140.3, 139.7, 138.2,
136.1, 135.6, 135.5, 135.1, 129.5, 129.3, 129.0, 128.5, 128.3, 127.8, 127.7, 127.5,
126.4, 125.3, 125.1, 124.6, 122.5, 114.6, 114.5, 113.8, 107.2, 106.3, 106.0, 98.8,
80.5, 74.7, 74.1, 64.3, 63.8, 61.2, 60.1, 57.2, 56.5, 56.1, 56.1, 56.0, 55.7, 55.5, 55.4,
52.5, 39.7, 37.4, 30.5, 28.7, 26.3, 26.2, 25.5, 23.6, 22.3, 19.0,ÿ4.6,ÿ4.9; HRMS
(FAB) calcd for C89H112Cl2N8O20Si2Cs [M�Cs�] 1871.5963, found 1871.5840.


Natural tricyclic methyl ester 45 a : NaHCO3 (1.3 mg, 0.015 mmol) and
Dess ± Martin periodinane reagent (4.8 mg, 0.011 mmol) were added to a
solution of natural tricyclic alcohol 44 a (13 mg, 0.0075 mmol) in CH2Cl2


(2.5 mL). After 0.5 h at 25 8C, EtOAc (4 mL) and saturated aqueous
NaHCO3 (containing 300 mg of Na2S2O3 ´ 5H2O) (4 mL), were added. The
reaction mixture was allowed to stir vigorously for 0.5 h and then EtOAc
(4 mL) was added. The organic layer was washed sequentially with
saturated aqueous NaHCO3 (1.5 mL) and H2O (1.5 mL), dried (Na2SO4),
and concentrated. The residue was dissolved in tBuOH (2.5 mL), and
warmed to 30 8C. 5% Aqueous NaH2PO4 (0.7 mL) and 1m aqueous KMnO4


(1 mL) were added, and the reaction mixture was stirred vigorously at 30 8C
for 1.5 h. EtOAc (20 mL) was added and the reaction mixture was cooled to
0 8C. Saturated aqueous Na2SO3 was added dropwise under vigorous
stirring in order to reduce excess of KMnO4 to MnO2 (purple color to
brown). Then, a cooled 4% aqueous solution of HCl was added to adjust
the pH to 3, at 08C. The aqueous phase was extracted with EtOAc (3�
5 mL). The combined organic layers were dried (Na2SO4), concentrated,
and the residue was treated with a solution of CH2N2 for 12 h at 25 8C. The
reaction mixture was concentrated, and the residue was purified by
preparative TLC (silica gel, 5% MeOH in CH2Cl2) to afford natural
tricyclic methylester 45 a (11.8 mg, 89 %). 45a : Rf� 0.40 (silica gel, 5%
MeOH in CH2Cl2); [a]22


D ��5.8 (c� 0.12, CHCl3); IR (thin film): nÄmax�
3405, 2954, 2856, 1671, 1583, 1508, 1488, 1420, 1391, 1365, 1323, 1247, 1203,
1176, 1157, 1111, 1061, 1024, 838, 781 cmÿ1; 1H NMR (600 MHz, CD3OD,
330 K): d� 7.60 ± 7.57 (m, 1 H, H-2b), 7.57 (br. s, 1 H, H-6b), 7.52 (dd, J� 8.3,
1.3 Hz, 1H, H-6f), 7.34 (br. s, 1 H, H-2f), 7.25 (d, J� 8.3 Hz, 1H, H-6e), 7.08
(br.d, J� 7.0 Hz, 1H, H-2e), 7.01 (d, J� 2.2 Hz, 1 H, H-5b), 6.98 (d, J�
8.8 Hz, 2H, ArH (Ddm)), 6.96 (br.d, J� 8.5 Hz, 1H, H-5f), 6.88 (br.d, J�
8.3 Hz, 3 H, H-5e and ArH (Ddm)), 6.82 (d, J� 8.8 Hz, 2H, ArH (Ddm)),
6.71 (br.d, J� 8.8 Hz, 2 H, ArH (Ddm)), 6.63 (d, J� 2.2 Hz, 1 H, H-7d),
6.36 (d, J� 2.2 Hz, 1 H, H-7f), 5.84 (br. s, 2 H, H-4b and NHCH (Ddm)),
5.72 (br. s, 1 H, H-4f), 5.52 (d, J� 4.9 Hz, 1H, H-2b), 5.43 (br. s, 1 H, H-4a),
5.36 (br. s, 1 H, H-6b), 4.92 ± 4.88 (m, 2H, H-2a and H-3a), 4.82 (br. s, 1H,
H-7a), 4.76 ± 4.73 (m, 1 H, H-1a), 4.54 (br. s, 1H, H-5a), 4.16 (s, 3H, OCH3),
4.06 (br. s, 1H, H-6a), 3.83 (s, 3 H, OCH3), 3.79 (s, 3H, OCH3), 3.76 (s, 3H,
OCH3), 3.73 (s, 3H, OCH3), 3.72 (s, 3 H, OCH3), 3.44 (s, 3H, OCH3), 2.78 (s,
3H, NCH3), 2.64-2.60 (m, 1H, H-3bA), 2.57 (dd, J� 15.8, 5.7 Hz, 1H,
H-3bB), 1.75 ± 1.70 (m, 1H, H-1g), 1.47 (br. s, 9 H, tBuO), 1.38 ± 1.34 (m, 2H,
H-1b), 0.91 (s, 9H, tBuSi), 0.90 (s, 9H, tBuSi), 0.84 (d, J� 6.1 Hz, 3H,
H-1d), 0.79 (d, J� 6.1 Hz, 3 H, H-1d'), 0.12 (s, 3H, CH3Si), 0.08 (s, 6H,
CH3Si), 0.07 (s, 3H, CH3Si); 13C NMR (150 MHz, CD3CN, 335 K): d�
172.9, 172.1, 171.9, 171.6, 171.1, 169.6, 168.3, 161.8, 160.3, 160.1, 158.8, 154.9,


153.7, 152.0, 151.8, 141.9, 140.4, 138.8, 137.0, 136.2, 135.8, 135.6, 135.6, 130.5,
129.8, 129.7, 129.3, 128.5, 128.1, 126.9, 125.4, 124.9, 122.5, 115.3, 115.2, 115.0,
107.0, 106.4, 106.3, 100.2, 81.1, 74.7, 74.3, 64.9, 62.2, 61.1, 60.6, 58.1, 57.2, 57.0,
56.9, 56.6, 56.2, 56.0, 55.8, 53.1, 52.5, 39.9, 37.8, 30.7, 29.2, 26.8, 26.7, 25.8,
23.8, 22.4, 19.3, 19.2, ÿ4.1, ÿ4.2, ÿ4.4, ÿ4.5; HRMS (MALDI-FTMS)
calcd for C90H112Cl2N8O21Si2Na [M�Na�] 1789.6755, found 1789.6784.


Unnatural tricyclic methyl ester 45 b : NaHCO3 (1.7 mg, 0.02 mmol) and
Dess ± Martin periodinane reagent (6.4 mg, 0.015 mmol) were added to a
solution of alcohol 44b (17.4 mg, 0.01 mmol) in CH2Cl2 (2.5 mL). After
0.5 h at 25 8C, EtOAc (5 mL) and saturated aqueous NaHCO3 (containing
380 mg of Na2S2O3 ´ 5H2O) (5 mL) were added. The reaction mixture was
allowed to stir vigorously for 0.5 h and then EtOAc (5 mL) was added. The
organic layer was washed sequentially with saturated aqueous NaHCO3


(2 mL) and H2O (2 mL), dried (Na2SO4) and concentrated. The residue was
dissolved in tBuOH (3.5 mL) and warmed to 30 8C. 5 % Aqueous NaH2PO4


(0.9 mL) and 1m aqueous KMnO4 (1.3 mL) were added, and the reaction
mixture was stirred vigorously at 30 8C for 1.5 h. EtOAc (25 mL) was
added, and the reaction mixture was cooled to 0 8C. Saturated aqueous
Na2SO3 was added dropwise under vigorous stirring in order to reduce
excess of KMnO4 to MnO2 (purple color to brown). Then, a cooled 4%
aqueous solution of HCl was added to adjust the pH to 3, at 08C. The
aqueous phase was extracted with EtOAc (3� 5 mL). The combined
organic layers were dried (Na2SO4), concentrated, and the residue was
treated with a solution of CH2N2 in ether for 12 h at 25 8C. The reaction
mixture was concentrated, and the residue was purified with preparative
TLC (silica gel, 5 % MeOH in CH2Cl2) to afford unnatural tricyclic methyl
ester 45b (14.8 mg, 84 %). 45b : Rf� 0.36 (silica gel, 5% MeOH in CH2Cl2);
[a]22


D �ÿ7.0 (c� 0.43, MeOH); IR (thin film): nÄmax� 3300, 2953, 2930, 2857,
1681, 1667, 1660, 1651, 1512, 1505, 1486, 1250, 838, 780 cmÿ1; 1H NMR
(600 MHz, CD3OD, 330 K): d� 7.77 ± 7.75 (m, 1 H, H-2b), 7.58 (d, J�
1.9 Hz, 1H, H-6b), 7.48 (dd, J� 8.3, 1.8 Hz, 1 H, H-6f), 7.23 (d, J� 8.3 Hz,
1H, H-2e), 7.20 (br.d, J� 8.2 Hz, 1H, H-2f), 7.03 (d, J� 8.0 Hz, 1H, H-6e),
7.00 ± 6.98 (m, 4 H, H-5b, H-5f and ArH (Ddm)), 6.91-6.90 (m, 3H, H-5e
and ArH (Ddm)), 6.82 (d, J� 8.5 Hz, 2 H, ArH (Ddm)), 6.72 (d, J� 8.7 Hz,
2H, ArH (Ddm)), 6.40 (d, J� 2.2 Hz, 1H, H-7d), 6.35 (d, J� 2.2 Hz, 1H,
H-7f), 5.95 (br. s, 1H, H-4b), 5.85 (br. s, 1 H, NHCH (Ddm)), 5.80 (br. s, 1H,
H-4f), 5.54 (d, J� 4.8 Hz, 1 H, H-2b), 5.42 (br. s, 1 H, H-4a), 5.36 (br. s, 1H,
H-6b), 4.88 ± 4.86 (m, 2 H, H-2a and H-3a), 4.81 (s, 1 H, H-7a), 4.81 ± 4.77
(m, 1 H, H-1a), 4.58 (br. s, 1H, H-5a), 4.20 (s, 3 H, 4d-OCH3), 4.05 (br. s, 1H,
H-6a), 3.83 (s, 3H, OCH3), 3.78 (s, 3 H, OCH3), 3.73 (s, 3 H, OCH3), 3.71 (s,
3H, OCH3), 3.70 (s, 3H, OCH3), 3.48 (s, 3H, OCH3), 2.78 (s, 3H, NCH3),
2.63 ± 2.60 (m, 1 H, H-3bA), 2.51 (dd, J� 15.0, 5.5 Hz, 1H, H-3bB), 1.70 ± 1.69
(m, 1H, H-1g), 1.50 (s, 9H, tBuO), 1.39 ± 1.38 (m, 1H, H-1bA), 1.29 ± 1.27
(m, 1 H, H-1bB), 0.91 (s, 9H, tBuSi), 0.90 (s, 9H, tBuSi), 0.84 (d, J� 6.3 Hz,
3H, H-1d), 0.81 (d, J� 6.1 Hz, 3H, H-1d'), 0.12 (s, 3H, CH3Si), 0.10 (s, 3H,
CH3Si), 0.09 (s, 3H, CH3Si), 0.08 (s, 3 H, CH3Si); 13C NMR (150 MHz,
CD3COCD3, 323 K): d� 172.2, 171.8, 171.6, 170.7, 170.4, 168.7, 161.2, 160.1,
159.6, 158.2, 153.9, 153.7, 151.6, 151.0, 142.0, 140.3, 138.1, 137.7, 137.1, 136.2,
135.4, 135.1, 129.5, 129.5, 129.1, 129.0, 128.5, 128.2, 128.0, 127.5, 126.4, 124.6,
124.3, 122.3, 114.6, 114.5, 113.8, 107.3, 106.1, 105.9, 99.3, 80.5, 74.5, 74.1, 69.4,
64.0, 61.1, 60.1, 57.6, 56.5, 56.2, 56.1, 55.8, 55.5, 52.5, 52.2, 39.6, 37.4, 30.4,
28.7, 26.3, 26.2, 25.5, 23.6, 22.3, 19.0, 18.9, ÿ4.7, ÿ4.8, ÿ4.9; HRMS
(MALDI-FTMS) calcd for C90H112Cl2N8O21Si2Na [M�Na�] 1791.6726,
found 1791.6737.


Trimethylated N-Cbz-vancomycin aglycon methyl ester 46 : Vancomycin
hydrochloride, 1 ´ HCl, (0.50 g, 0.35 mmol) in MeOH (10 mL) was treated
with CbzCl (0.25 mL, 1.75 mmol) at 25 8C for 0.5 h. Then, 15% aqueous
NaOH was slowly added to the reaction mixture to adjust the pH to 7. The
reaction mixture was stirred for 0.5 h, filtered through a pad of silica gel,
and concentrated. The residue was triturated with CH2Cl2, and dried in
vacuo to afford N-Cbz-vancomycin as a crude residue. A solution of the
crude N-Cbz-vancomycin in DMF (1 mL) was treated sequentially with
Cs2CO3 (0.91 g, 2.8 mmol) and MeI (0.43 mL, 6.90 mmol) at 0 8C. The
reaction mixture was slowly warmed to 25 8C and stirred for 20 h. The
reaction mixture was dried in vacuo to afford trimethylated N-Cbz-
vancomycin methyl ester as a crude residue. A solution of the crude
trimethylated N-Cbz-vancomycin methyl ester in CH2Cl2 (5 mL) was
treated with trifluoroacetic acid (5 mL) and the resulting solution was
stirred at 50 8C for 1 h. The reaction mixture was concentrated, and the
residue was purified by flash column chromatography (silica gel, 0!5%
MeOH in CH2Cl2, gradient elution) to afford trimethylated N-Cbz-
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vancomycin aglycon methyl ester 46 (180 mg, 39 % overall from 1 ´ HCl).
46 : Rf� 0.32 (silica gel, 10% MeOH in CH2Cl2); [a]22


D ��40.0 (c� 0.28,
MeOH); IR (thin film): nÄmax� 3397, 2956, 1735, 1670, 1508, 1490, 1437, 1400,
1322, 1233, 1177, 1159, 1081, 1060, 1009 cmÿ1; 1H NMR (600 MHz, CD3OD,
323 K): d� 7.62 (d, J� 2.0 Hz, 1 H), 7.58 (dd, J� 8.5, 2.0 Hz, 1H), 7.43 (br. s,
1H), 7.38 ± 7.30 (m, 6 H), 7.23 (d, J� 8.5 Hz, 1 H), 7.17 ± 7.12 (m, 2 H), 7.05 (d,
J� 2.5 Hz, 1 H), 6.97 (d, J� 9.0 Hz, 1 H), 6.70 (d, J� 2.0 Hz, 1 H), 6.38 (d,
J� 2.0 Hz, 1H), 5.72 (s, 1H), 5.71 (d, J� 2.0 Hz, 1H), 5.40 (s, 1H), 5.37
(br. s, 1 H), 5.32 (s, 1H), 5.20 (br. s, 3H), 4.93 (br.d, J� 4.5 Hz, 1 H), 4.85
(br. s, 1H), 4.80 (s, 1H), 4.64 (s, 1 H), 4.13 (br. s, 1H), 3.87 (s, 3H), 3.83 (s,
3H), 3.72 (s, 3H), 3.68 (s, 3 H), 2.96 (s, 3 H), 2.62 (br. s, 1H), 2.37 (dd, J�
15.5, 7.0 Hz, 1H), 1.78 ± 1.76 (m, 1H), 1.64 ± 1.63 (m, 1 H), 1.52 (br. s, 1H),
0.95 (d, J� 6.5 Hz, 3H), 0.93-0.88 (m, 3 H); 13C NMR (150 MHz,
CD3COCD3, 315 K): d� 172.1, 171.9, 171.3, 170.1, 168.8, 161.2, 160.1,
158.2, 158.0, 151.9, 151.0, 148.7, 142.2, 138.0, 136.7, 136.6, 135.9, 135.4, 129.5,
129.3, 129.2, 128.9, 128.7, 128.4, 128.0, 127.6, 127.2, 125.7, 125.4, 124.9, 124.1,
122.3, 113.8, 108.1, 105.9, 105.7, 99.3, 73.2, 72.5, 68.2, 68.0, 63.7, 59.7, 58.2,
57.8, 56.3, 56.2, 56.1, 55.8, 55.2, 52.5, 37.3, 31.0, 25.5, 25.4, 23.6, 22.2; HRMS
(FAB) calcd for C65H66Cl2N8O19Cs [M�Cs�] 1465.2876, found 1465.2962.


Tetramethylated N-Cbz-vancomycin aglycon methyl ester 47: A solution of
trimethylated N-Cbz-vancomycin aglycon methyl ester 46 (80 mg,
0.06 mmol) in DMF (0.4 mL) was treated sequentially with K2CO3


(83 mg, 0.60 mmol) and MeI (37 mL, 0.60 mmol) at 0 8C. The reaction
mixture was slowly warmed to 25 8C and stirred for 1 h. The reaction
mixture was dried in vacuo, and the residue was purified by flash column
chromatography (silica gel, 2!5 % MeOH in CH2Cl2, gradient elution) to
afford tetramethylated N-Cbz-vancomycin aglycon methyl ester 47 (79 mg,
98%). 47: Rf� 0.34 (silica gel, 10% MeOH in CH2Cl2); [a]22


D ��27.7 (c�
1.1, MeOH); IR (thin film): nÄmax� 3387, 2952, 1668, 1505, 1412, 1320, 1233,
1060, 1022 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K): d� 7.58 (s, 1 H), 7.58
(br.d, J� 8.5 Hz, 1 H), 7.44 (br. s, 1H), 7.35 ± 7.26 (m, 6 H), 7.13 (br. s, 1H),
7.07 (br.d, J� 8.5 Hz, 1 H), 7.02 (d, J� 2.0 Hz, 1H), 7.01 (d, J� 8.5 Hz, 1H),
6.95 (d, J� 8.5 Hz, 1 H), 6.67 (d, J� 2.0 Hz, 1H), 6.35 (d, J� 2.0 Hz, 1H),
5.85 (s, 1 H), 5.70 (s, 1H), 5.40 (s, 1 H), 5.33 (br. s, 1H), 5.29 (s, 1H), 5.17
(br. s, 3H), 4.93 (br.d, J� 4.0 Hz, 1H), 4.82 (br. s, 1 H), 4.76 (s, 1 H), 4.61 (s,
1H), 4.15 (s, 3 H), 4.11 (br. s, 1H), 3.84 (s, 3H), 3.80 (s, 3 H), 3.69 (s, 3H),
3.65 (s, 3H), 2.93 (s, 3H), 2.65 (br. s, 1 H), 2.35 (dd, J� 15.5, 7.0 Hz, 1H),
1.77 ± 1.74 (m, 1 H), 1.64 ± 1.62 (m, 1H), 1.49 (br. s, 1H), 0.91 (d, J� 6.5 Hz,
3H), 0.88 (br. s, 3H); 13C NMR (150 MHz, CD3OD, 330 K): d� 173.3,
172.9, 171.7, 171.1, 170.9, 169.5, 161.4, 160.0, 158.4, 153.6, 153.5, 152.3, 150.8,
142.1, 138.0, 137.4, 136.3, 136.2, 134.4, 129.7, 129.5, 129.0, 128.3, 128.1, 128.0,
127.7, 127.6, 125.0, 124.4, 124.3, 122.1, 113.6, 107.9, 105.9, 99.1, 93.9, 72.4,
71.9, 68.4, 64.1, 61.4, 60.1, 58.3, 57.7, 56.0, 55.9, 55.6, 55.2, 52.4, 52.3, 37.0,
30.4, 25.4, 23.0, 21.4; HRMS (FAB) calcd for C66H68Cl2N8O19Cs [M�Cs�]
1479.3032, found 1479.3110.


Tetramethylated N-Cbz-di-TBS-vancomycin aglycon methyl ester 48 : A
solution of tetramethylated N-Cbz-vancomycin aglycon methyl ester 47
(104 mg, 0.077 mmol) in CH2Cl2 (2 mL) was treated sequentially with 2,6-
lutidine (0.2 mL, 0.87 mmol) and tert-butyldimethylsilyl trifluoromethane-
sulfonate (TBSOTf, 0.1 mL, 0.86 mmol) at ÿ10 8C. The resulting mixture
was stirred at ÿ10 8C for 0.5 h. The reaction mixture was diluted with
CH2Cl2 (5 mL) and quenched by the addition of saturated aqueous
NaHCO3 (1 mL). The aqueous phase was extracted with CH2Cl2 (2�
2 mL). The combined organic layers were washed with brine (2 mL), dried
(Na2SO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 30!80% EtOAc in hexanes; then 5% MeOH
in CH2Cl2, gradient elution) to afford tetramethylated N-Cbz-di-TBS-
vancomycin aglycon methyl ester 48 (98 mg, 80%). 48 : Rf� 0.29 (silica gel,
5% MeOH in CH2Cl2); [a]22


D ��11.9 (c� 0.32, CHCl3); IR (thin film):
nÄmax� 3398, 2929, 2855, 1750, 1654, 1609, 1583, 1508, 1489, 1420, 1323, 1234,
1203, 1159, 1111, 1062, 1025, 839, 782 cmÿ1; 1H NMR (600 MHz, CD3OD,
330 K): d� 7.65 (br. s, 1H), 7.54 (s, 1H), 7.49 (br.d, J� 8.5 Hz, 1H), 7.34 ±
7.28 (m, 7H), 7.11 (d, J� 2.0 Hz, 1 H), 7.00 ± 6.97 (m, 2H), 6.67 (d, J�
2.0 Hz, 1 H), 6.54 (br. s, 1 H), 6.38 (d, J� 2.0 Hz, 1 H), 6.08 (br. s, 1 H), 5.75
(s, 1H), 5.52 (d, J� 4.5 Hz, 1 H), 5.43 (s, 1 H), 5.36 (s, 1H), 5.21 (br. s, 3H),
4.98 (d, J� 4.5 Hz, 1H), 4.83 ± 4.81 (m, 1H), 4.82 (s, 1H), 4.59 (s, 1 H), 4.21
(s, 3H), 4.07 (s, 1H), 3.84 (s, 3 H), 3.79 (s, 3 H), 3.70 (s, 3H), 3.64 (s, 3H),
2.95 (s, 3 H), 2.49 (br. s, 1 H), 2.36 (dd, J� 15.5, 5.5 Hz, 1H), 1.82 ± 1.80 (m,
1H), 1.53 ± 1.50 (m, 2H), 0.93 (s, 9 H), 0.90 (d, J� 6.0 Hz, 3H), 0.87 (s,
18H), 0.13 (s, 3H), 0.13 (s, 3H), 0.12 (s, 3H), 0.06 (s, 3H); 13C NMR
[150 MHz, CD3OD/CDCl3 (10:1), 330 K] d� 174.6, 173.6, 172.6, 171.9,


171.6, 171.4, 169.9, 169.0, 161.8, 160.2, 158.8, 154.7, 153.7, 152.9, 151.8, 141.8,
139.8, 139.0, 137.6, 136.8, 136.6, 134.9, 130.4, 130.2, 129.5, 128.9, 128.3, 128.2,
128.0, 127.4, 125.6, 124.9, 124.8, 122.4, 114.1, 108.1, 107.3, 106.5, 106.3, 99.6,
74.6, 73.6, 68.8, 64.9, 62.2, 60.5, 58.1, 57.9, 56.5, 56.4, 56.1, 55.8, 55.7, 52.7,
52.3, 37.7, 30.6, 26.5, 26.3, 25.7, 23.7, 21.8, 19.2, 18.9, ÿ4.5, ÿ4.7, ÿ4.8, ÿ4.9;
HRMS (FAB) calcd for C78H96Cl2N8O19Si2Cs [M�Cs�] 1707.4762, found
1707.4844.


Tetramethylated N-Cbz-N-Ddm-di-TBS-vancomycin aglycon methyl ester
49 : A solution of tetramethylated N-Cbz-di-TBS-vancomycin aglycon
methyl ester 48 (33 mg, 0.021 mmol) in AcOH (2.1 mL) was treated
sequentially with 4,4'-dimethoxy benzhydrol (0.5 g, 2.0 mmol) and H2SO4


(1.0m solution in AcOH, 0.1 mL, 0.1 mmol) at 0 8C. The reaction mixture
was slowly warmed to 25 8C and stirred for 2 h. The reaction mixture was
diluted with EtOAc (10 mL), washed with H2O (10 mL� 3), and neutral-
ized by the addition of saturated aqueous NaHCO3 (10 mL). The combined
organic layers were washed with brine (5 mL), dried (Na2SO4), concen-
trated, and the residue was purified by flash column chromatography (silica
gel, 5!80 % EtOAc in hexanes, gradient elution) to afford tetramethy-
lated N-Cbz-N-Ddm-di-TBS-vancomycin aglycon methyl ester 49 (29 mg,
76%). 49 : Rf� 0.34 (silica gel, 5% MeOH in CH2Cl2); [a]22


D �ÿ2.3 (c�
0.52, CHCl3); IR (thin film): nÄmax� 3405, 2954, 2856, 1670, 1506, 1490, 1247,
1176, 1111, 1061, 1025, 838 cmÿ1; 1H NMR (600 MHz, CD3CN, 340 K): d�
9.03 (br. s, 1 H), 7.54 (br. s, 1 H), 7.48 (s, 1H), 7.44 (d, J� 8.5 Hz, 1H), 7.37 ±
7.07 (m, 10 H), 7.03 (d, J� 8.5 Hz, 2H), 6.89 ± 6.82 (m, 1H), 6.87 (d, J�
8.5 Hz, 2H), 6.83 (d, J� 8.5 Hz, 2H), 6.70 (d, J� 2.0 Hz, 1 H), 6.59 (br. s,
1H), 6.40 (d, J� 2.0 Hz, 1 H), 6.30 ± 6.10 (m, 2 H), 5.88 (d, J� 7.5 Hz, 1H),
5.77 (s, 1H), 5.51 (d, J� 4.5 Hz, 1 H), 5.48 (s, 1 H), 5.34 (s, 1 H), 5.17 (br. s,
2H), 4.94 ± 4.91 (m, 1H), 4.91 (br. s, 1 H), 4.84 ± 4.81 (m, 1 H), 4.76 (d, J�
6.5 Hz, 1H), 4.56 (d, J� 5.0 Hz, 1 H), 4.21 (s, 3 H), 3.94 (d, J� 12.0 Hz, 1H),
3.88 (s, 3 H), 3.79 (s, 3H), 3.78 (s, 3H), 3.77 (s, 3 H), 3.74 (s, 3 H), 3.62 (s,
3H), 2.95 (s, 3H), 2.55 ± 2.51 (m, 1H), 2.47 ± 2.44 (m, 1 H), 1.78 ± 1.71 (m,
1H), 1.55 ± 1.49 (m, 2 H), 0.94 (s, 9 H), 0.92 (s, 9H), 0.89 (d, J� 5.5 Hz, 3H),
0.83 (br. s, 3H), 0.12 (s, 3 H), 0.12 (s, 3 H), 0.11 (s, 3H), 0.06 (s, 3H);
13C NMR (150 MHz, CD3CN, 340 K): d� 172.6, 172.1, 171.9, 171.5, 171.1,
169.5, 168.3, 161.9, 160.4, 160.2, 158.8, 154.9, 153.7, 152.1, 151.8, 142.0, 140.4,
138.8, 138.5, 137.1, 136.3, 135.7, 135.6, 130.5, 129.7, 129.7, 129.6, 129.4, 129.3,
129.1, 128.6, 128.3, 128.2, 127.0, 125.5, 125.0, 122.5, 115.3, 115.2, 115.0, 107.2,
106.4, 100.2, 74.7, 74.2, 68.4, 64.9, 62.2, 60.7, 58.1, 57.2, 57.1, 56.9, 56.6, 56.2,
56.1, 55.9, 53.1, 52.5, 39.9, 37.9, 31.4, 30.5, 26.6, 26.5, 25.9, 23.7, 22.4, 19.3,
19.2, ÿ4.2, ÿ4.3, ÿ4.5; HRMS (FAB) calcd for C93H110Cl2N8O21Si2Cs [M�
Cs�] 1935.5771, found 1935.5665.


Tetramethylated N-Ddm-di-TBS-vancomycin aglycon methyl ester 50 : A
solution of tetramethylated N-Cbz-N-Ddm-di-TBS-vancomycin aglycon
methyl ester 49 (45 mg, 0.025 mmol) in MeOH/EtOAc (2:1) (3 mL) was
treated with 10% Pd-C (5 mg) at 25 8C under H2. The reaction mixture was
stirred for 2 h. Then it was filtered through celite, concentrated, and dried
in vacuo to afford tetramethylated N-Ddm-di-TBS-vancomycin aglycon
methyl ester 50 (41 mg) as a crude residue.


Tetramethylated N-Ddm-di-TBS-vancomycin aglycon alcohol 51: A sol-
ution of crude tetramethylated N-Ddm-di-TBS-vancomycin aglycon meth-
yl ester 50 (41 mg) in THF (1.5 mL) was treated with DIBAL/nBuLi (1:1)
ate complex (1.5m solution in THF, 0.2 mL, 0.3 mmol) at ÿ10 8C. The
reaction mixture was stirred for 0.5 h. A solution of NaBH4 (19 mg,
0.50 mmol) in THF/H2O (1:1, 2.3 mL) was added and the reaction mixture
was slowly warmed at 25 8C and stirred for 1 h. The reaction mixture was
diluted with EtOAc (60 mL), filtered through celite, dried (Na2SO4),
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 20 ± 80 % EtOAc in hexanes, gradient elution) to afford
tetramethylated N-Ddm-di-TBS-vancomycin aglycon alcohol 51 (28 mg,
65%). 51: Rf� 0.66 (silica gel, EtOAc); [a]22


D �ÿ38.3 (c� 0.23, CHCl3); IR
(thin film): nÄmax� 3402, 2954, 2856, 1670, 1609, 1584, 1509, 1246, 1176, 1108,
1061, 1028, 838 cmÿ1; 1H NMR (600 MHz, CD3CN, 330 K): d� 8.70 (br. s,
1H), 8.06 (br. s, 1 H), 7.57 (s, 1H), 7.53 (d, J� 8.0 Hz, 1 H), 7.26 (d, J�
8.0 Hz, 1 H), 7.18-7.05 (m, 7 H), 6.96 (s, 1 H), 6.86 (d, J� 8.5 Hz, 2 H), 6.81
(d, J� 8.5 Hz, 2H), 6.62 (s, 1H), 6.57 (br. s, 1H), 6.48 (br. s, 1 H), 5.94 ± 5.91
(m, 2H), 5.81 (s, 1 H), 5.57 ± 5.53 (m, 1H), 5.47 (s, 1 H), 5.21 (br. s, 1H),
4.92 ± 4.68 (m, 3H), 4.40 (br. s, 2 H), 4.14 (s, 3 H), 4.11-4.10 (m, 3H), 3.89 (s,
3H), 3.76 (s, 3 H), 3.72 (s, 3 H), 3.65 (s, 3H), 3.62 (s, 3H), 2.91 ± 2.88 (m,
1H), 2.79 (br. s, 1 H), 2.30 (s, 3H), 1.75 ± 1.73 (m, 1 H), 1.51 ± 1.41 (m, 2H),
0.98 (s, 9H), 0.96 (s, 9 H), 0.93 (d, J� 6.5 Hz, 3H), 0.89 (d, J� 6.5 Hz, 3H),
0.15 (s, 3H), 0.13 (s, 3H), 0.06 (s, 3H), 0.00 (s, 3H); 13C NMR (150 MHz,
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CD3CN, 330 K): d� 175.4, 172.2, 171.0, 168.8, 168.6, 161.0, 159.8, 159.2,
158.1, 153.7, 151.2, 150.9, 142.0, 140.8, 139.3, 137.9, 135.3, 135.1, 134.9, 130.0,
129.2, 129.1, 128.9, 128.7, 128.1, 127.6, 126.5, 125.8, 125.0, 121.9, 114.8, 114.8,
114.0, 105.8, 98.5, 73.6, 65.6, 61.6, 56.8, 56.6, 56.5, 56.2, 56.0, 55.8, 55.8, 54.6,
52.6, 43.4, 38.5, 35.9, 30.1, 26.2, 25.7, 23.6, 23.1, 21.7, 18.8, ÿ4.3, ÿ4.5, ÿ4.8,
ÿ5.1; HRMS (FAB) calcd for C84H104Cl2N8O18Si2Cs [M�Cs�] 1771.5439,
found 1771.5310.


Tetramethylated N-Boc-N-Ddm-di-TBS-vancomycin aglycon alcohol 44a
(from degradation): A solution of tetramethylated N-Ddm-di-TBS-vanco-
mycin aglycon alcohol 51 (28 mg, 0.0165 mmol) in MeOH/CH2Cl2 (1:1,
1.9 mL) was treated sequentially with Boc2O (25 mg, 0.116 mmol) and
triethylamine (42.5 mL, 0.116 mmol) at 0 8C, and the reaction mixture was
stirred for 20 min. Then, it was diluted with CH2Cl2 (20 mL), and washed
with H2O (50 mL), dried (Na2SO4), concentrated, and the residue was
purified by flash column chromatography (silica gel, 5!60% EtOAc in
hexanes, gradient elution) to afford tetramethylated N-Boc-N-Ddm-di-
TBS-vancomycin aglycon alcohol 44 a (26.7 mg, 93%).


Tetramethylated N-Boc-N-Ddm-di-TBS-vancomycin aglycon methyl ester
45a (from degradation): A solution of crude tetramethylated N-Ddm-di-
TBS-vancomycin aglycon methyl ester 50 (41 mg) in dioxane/H2O (10:1)
(1 mL) was treated with Boc2O (27 mg, 0.125 mmol) at 25 8C. The reaction
mixture was stirred for 6 h, cooled at 0 8C, and then quenched by the
addition of saturated aqueous NaHCO3 (5 mL). The aqueous phase was
extracted with EtOAc (2� 30 mL). The combined organic layers were
washed with brine (15 mL), dried (Na2SO4), concentrated, and the residue
was purified by flash column chromatography (silica gel, 5!80 % EtOAc
in hexanes, gradient elution) to afford tetramethylated N-Boc-N-Ddm-di-
TBS-vancomycin aglycon methyl ester 45 a (40 mg, 90%).


Atropisomerization of unnatural tricyclic triazene 3b to natural tricyclic
triazene 3 a and vice versa : A solution of unnatural tricyclic triazene 3 b or
natural tricyclic triazene 3a (10 mg, 0.005 mmol) in freshly distilled and
thoroughly degassed 1,2-dichlorobenzene (2.5 mL) was heated under Ar at
140 8C for 4 h. The reaction mixture was concentrated, and the residue was
purified by preparative TLC (silica gel, 5 % MeOH in CH2Cl2). By using
unnatural atropisomer 3b as starting material, natural atropisomer 3a
(3.3 mg, 33 %) and recovered unnatural atropisomer 3 b (4.7 mg, 47%)
were isolated in a ratio of 41:59. Using natural atropisomer 3 a as starting
material, unnatural atropisomer 3b (3.2 mg, 32%) and recovered natural
atropisomer 45 a (5.2 mg, 52 %) were isolated in a ratio of 38:62.


Atropisomerization of unnatural methyl ester 45 b to natural methyl ester
45a and vice versa : A solution of unnatural methyl ester 45b or natural
methyl ester 45a (10 mg, 0.0057 mmol) in freshly distilled and thoroughly
degassed 1,2-dichlorobenzene (2.5 mL) was heated under Ar at 130 8C for
8 h. The reaction mixture was concentrated and the residue was purified by
preparative TLC (silica gel, 3 % MeOH in CH2Cl2). By using unnatural
atropisomer 45b as starting material, natural atropisomer 45a (3.5 mg,
35%) and recovered unnatural atropisomer 45 b (4.7 mg, 47%) were
isolated in a ratio of 43:57. By using natural atropisomer 45a as starting
material, unnatural atropisomer 45 b (4 mg, 40 %) and recovered natural
atropisomer 45 a (4.7 mg, 47 %) were isolated in a ratio of 46:54.


Vancomycin aglycon 2 (one-step deprotection): Aluminium tribromide
(31 mg, 0.118 mmol) was added to 1,2-dibromoethane (0.1 mL) and the
resulting mixture was stirred for 10 min at 25 8C. Ethanethiol (0.2 mL) was
added, and the mixture was vigorously stirred for 10 min at 25 8C. Then, a
solution of fully protected vancomycin aglycon 45a (5.2 mg, 0.00294 mmol)
in CH2Cl2 (0.2 mL) was added, and the mixture was stirred for 4 h at 25 8C.
EtOAc (10 mL) was added, and the reaction was quenched by the addition
of MeOH (1 mL). After 0.5 h of vigorous stirring at 25 8C, the reaction
mixture was dried (Na2SO4), concentrated at 25 8C, and the residue was
purified by preparative HPLC [rt� 28.9 min, gradient: 0 ± 20 min, MeCN/
H2O (�0.1% TFA) (5:95!30:70); 20 ± 30 min, MeCN/H2O (�0.1% TFA)
(30:70!60:40), RP C18, 9 mL minÿ1] to afford vancomycin aglycon 2
(1.0 mg, 30 %).


Vancomycin aglycon 2 (two-step deprotection, with nBu4NF): A solution of
fully protected vancomycin aglycon 45a (4.8 mg, 0.00271mmol) in THF
(0.25 mL) was treated with tetra-n-butylammonium fluoride (TBAF, 1.0m
solution in THF, 0.14 mL, 0.14 mmol) and AcOH (80 mL, 0.14 mmol) for
48 h at 25 8C. Then, the reaction mixture was cooled to 0 8C, quenched by
the addition of H2O (5 mL) and extracted with EtOAc (3� 10 mL). The
combined organic layers were washed with H2O (2� 10 mL) and brine


(10 mL), dried (Na2SO4), and concentrated to afford crude diol 52.
Aluminum tribromide (29 mg, 0.108 mmol) was added to 1,2-dibromo-
ethane (0.1 mL), and the resulting mixture was stirred for 10 min at 25 8C.
Ethanethiol (0.2 mL) was added, and the mixture was vigorously stirred for
10 min at 25 8C. Then, a solution of crude diol 52 in CH2Cl2 (0.2 mL) was
added, and the mixture was stirred for 4 h at 25 8C. EtOAc (10 mL) was
added, and the reaction was quenched by the addition of MeOH (1 mL).
After 0.5 h of vigorous stirring at 25 8C, the reaction mixture was dried
(Na2SO4), concentrated at 25 8C, and the residue was purified by HPLC
[rt� 28.9 min, gradient: 0 ± 20 min, MeCN/H2O (�0.1 % TFA) (5:95!
30:70); 20 ± 30 min, MeCN/H2O (�0.1% TFA) (30:70!60:40), RP C18,
9 mL minÿ1] to afford vancomycin aglycon 2 (1.3 mg, 43% overall from
45a).


Vancomycin aglycon 2 (two-step deprotection, with HF ´ pyr.): A solution
of fully protected vancomycin aglycon 45a (5.0 mg, 0.00283 mmol) in THF
(0.2 mL) in a polyethylene vial was cooled to 0 8C. Then, pyridine (0.1 mL)
and HF ´ pyridine (0.1 mL) were added, and the reaction mixture was
stirred for 12 h while the temperature was raised slowly to 25 8C. The
reaction mixture was quenched by the addition of saturated aqueous
NaHCO3 (0.5 mL) and extracted with EtOAc (5 mL). The organic phase
was washed with brine (1 mL), dried (Na2SO4), and concentrated to afford
crude diol 52. Aluminum tribromide (30 mg, 0.113 mmol) was added to 1,2-
dibromoethane (0.1 mL) and the resulting mixture was stirred for 10 min at
25 8C. Ethanethiol (0.2 mL) was added, and the mixture was vigorously
stirred for 10 min at 25 8C. Then, a solution of crude diol 52 in CH2Cl2


(0.2 mL) was added, and the mixture was left for 4 h at 25 8C. EtOAc
(10 mL) was added, and the reaction was quenched by the addition of
MeOH (1 mL). After 0.5 h of vigorous stirring at 25 8C, the reaction
mixture was dried (Na2SO4), concentrated at 25 8C, and the residue was
purified by HPLC [rt� 28.9 min, gradient: 0 ± 20 min, MeCN/H2O (�0.1%
TFA) (5:95!30:70); 20-30 min, MeCN/H2O (�0.1% TFA)
(30:70!60:40), RP C18, 9 mL minÿ1] to afford vancomycin aglycon 2
(2.0 mg, 62% overall from 45 a). 2 : HPLC rt� 20.4 min [gradient: 0-20 min,
MeCN/H2O (�0.1% TFA) (5:95!30:70); 20-24 min, MeCN/H2O
(�0.1% TFA) (30:70), RP C18, 1 mL/min]; [a]22


D ��65.4 (c� 0.22,
MeOH); IR (thin film): nÄmax� 3304, 2957, 2924, 1667, 1644, 1514, 1488,
1429, 1224, 1201, 1139, 1060, 1011, 839, 800, 718 cmÿ1; 1H NMR (600 MHz,
CD3OD, 330 K): d� 7.75 (d, J� 8.8 Hz, 1H, H-6f), 7.70 (s, 1H, H-2b), 7.63
(d, J� 1.8 Hz, 1H, H-6b), 7.55 (d, J� 7.9 Hz, 1H, H-6e), 7.51 ± 7.48 (m, 1H,
H-2f), 7.16 (d, J� 8.8 Hz, 1H, H-2e), 7.07 (d, J� 1.8 Hz, 1 H, H-5b), 6.70 ±
6.67 (m, 2H, H-5e and H-5f), 6.45 (d, J� 2.2 Hz, 1H, H-7f), 6.43 (d, J�
2.2 Hz, 1 H, H-7d), 6.00 (s, 1H, H-4a), 5.94 (br. s, 1 H, H-4f), 5.35 (br. s, 2H,
H-4b and H-6b), 5.26 (d, J� 3.5 Hz, 1H, H-2b), 4.74 (s, 1H, H-5a), 4.71 (s,
1H, H-7a), 4.28 (d, J� 7.9 Hz, 1H, H-3a), 4.16 (s, 1 H, H-6a), 3.98 (t, J�
6.8 Hz, 1 H, H-1a), 2.96 (br.d, J� 15.8 Hz, 1H, H-3bA), 2.77 (s, 3H, NCH3),
2.05 (dd, J� 16.2, 9.2 Hz, 1 H, H-3bB), 1.85 ± 1.83 (m, 1 H, H-1bA), 1.70 ± 1.63
(m, 2 H, H-1bB and H-1g), 0.92 (d, J� 5.7 Hz, 3 H, H-1d), 0.91 (d, J�
5.3 Hz, 3H, H-1d'); 13C NMR (150 MHz, CD3OD, 323 K): d� 175.1, 174.2,
171.9, 171.3, 169.6, 168.8, 168.3, 158.7, 157.5, 156.0, 152.9, 151.1, 149.4, 147.9,
141.9, 140.4, 137.0, 136.7, 135.6, 129.7, 128.6, 128.2, 127.9, 127.4, 126.8, 125.0,
124.7, 121.7, 118.3, 118.0, 107.5, 106.1, 103.7, 73.7, 72.8, 63.5, 61.6, 59.3, 58.1,
56.0, 54.8, 52.3, 39.8, 35.9, 32.5, 25.0, 22.5, 22.2; HRMS (MALDI-FTMS)
calcd for C53H53Cl2N8O17 [M�H�] 1143.2906, found 1143.2911. 2 (from
degradation): HPLC rt� 20.4 min [gradient: 0 ± 20 min, MeCN/H2O
(�0.1% TFA) (5:95!30:70); 20 ± 24 min, MeCN/H2O (�0.1% TFA)
(30:70), RP C18, 1 mL minÿ1]; [a]22


D ��70.0 (c� 0.22, MeOH); IR (thin
film): nÄmax� 3294, 3041, 2963, 2925, 1669, 1643, 1513, 1490, 1427, 1229, 1201,
1181, 1137, 1061, 1011, 840, 800, 720 cmÿ1; 1H NMR (600 MHz, CD3OD,
330 K): d� 8.85 (d, J� 6.5 Hz, 1 H, NH partially exchanged), 8.60 (d, J�
6.2 Hz, 1H, NH partially exchanged), 7.75 (d, J� 8.8 Hz, 1H, H-6f), 7.70 (s,
1H, H-2b), 7.64 (br. s, 1H, H-6b), 7.55 (d, J� 8.3 Hz, 1 H, H-6e), 7.51 ± 7.48
(m, 1H, H-2f), 7.16 (d, J� 8.3 Hz, 1 H, H-2e), 7.07 (d, J� 2.2 Hz, 1 H, H-5b),
6.71-6.65 (m, 2H, H-5e and H-5f), 6.45 (d, J� 2.2 Hz, 1 H, H-7f), 6.43 (d,
J� 2.2 Hz, 1 H, H-7d), 6.00 (s, 1 H, H-4a), 5.94 (br. s, 1 H, H-4f), 5.35 (br. s,
2H, H-4b and H-6b), 5.26 (d, J� 3.5 Hz, 1H, H-2b), 4.74 (br.d, J� 6.1 Hz,
1H, H-5a), 4.71 (br. s, 1 H, H-7a), 4.28 (d, J� 7.4 Hz, 1H, H-3a), 4.16 (br. s,
1H, H-6a), 3.98 (t, J� 7.0 Hz, 1H, H-1a), 2.96 (br.d, J� 14.0 Hz, 1H,
H-3bA), 2.77 (s, 3 H, NCH3), 2.05 (dd, J� 15.4, 9.7 Hz, 1 H, H-3bB), 1.86-1.83
(m, 1H, H-1bA), 1.70-1.63 (m, 2H, H-1bB and H-1g), 0.92 (d, J� 5.2 Hz,
3H, H-1d), 0.91 (d, J� 5.7 Hz, 3H, H-1d'); HRMS (MALDI-FTMS) calcd
for C53H53Cl2N8O17 [M�H�] 1143.2906, found 1143.2940.
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Total Synthesis of VancomycinÐPart 4: Attachment of the Sugar Moieties and
Completion of the Synthesis


K. C. Nicolaou,* Helen J. Mitchell, Nareshkumar F. Jain, Toshikazu Bando,
Robert Hughes, Nicolas Winssinger, Swaminathan Natarajan, Alexandros E. Koumbis[a]


Abstract: The total synthesis of vanco-
mycin (1, Figure 1) is described. The
successful plan for this synthesis in-
volves sequential and stereoselective
coupling of vancomycin aglycon accept-
or 6 and glycosyl donors, trichloroaceti-
midate 50 and glycosyl fluoride 27
(Scheme 8). Acceptor 6 was synthesized
from vancomycin aglycon (2)


(Scheme 1), which was derived both by
total synthesis and by semisynthesis
from vancomycin itself (1) (Scheme 2).
The vancosamine derivative 27 was


obtained by total synthesis (Scheme 3)
while the glycosyl derivative 50 was
prepared from glucal (46) (Scheme 6).
A number of glycosidation model stud-
ies, carried out in order to establish the
final route to vancomycin (1), are also
described and so are a number of failed
attempts to secure the target molecule
(1).


Keywords: amino acids ´ antibiotics
´ synthetic methods ´ total synthesis
´ vancomycin


Introduction


In the preceding papers,[1±3] we delineated chemistry leading
to the total synthesis of vancomycin�s aglycon[4] (2, Figure 1).
In this article, we present the completion of the synthesis[5] of
vancomycin (1)[6] by attachment of the carbohydrate moieties
onto the aglycon, followed by final deprotections.


Results and Discussion


The plan


The plan for the final stages of the total synthesis of
vancomycin (1, Figure 1) was layed out according to the
retrosynthetic analysis shown in Figure 2. Thus, it was
envisioned that a suitably protected vancomycin aglycon
acceptor would react with appropriately functionalized glu-
cose and vancosamine derivatives to afford the entire
vancomycin network. From our experience in the vancomycin


Figure 1. Molecular structures of vancomycin (1) and vancomycin aglycon
(2).
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field, we felt that the aglycon derivative 6 (Figure 2) would be
the most suitable precursor in that it exposed only the desired
functionality towards glycosidation, and its protecting groups
appeared compatible with the projected coupling and depro-
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Figure 2. Retrosynthetic analysis of vancomycin (1).


tection operations. With regards to the sugar moieties, the
plan called for either a sequential attachment using activated
systems of the two sugars, such as 3 (e.g. X� trichloroaceti-
midate) and 4 (e.g. Y�F), or a block-type glycosidation em-
ploying a suitable disaccharide, such as 5 (e.g. X� trichloro-
acetimidate). In addition to aiming for efficiency in the glyco-
sidation, our objective was to achieve high stereoselectivity
with regards to the glycoside bonds. To this end, we had to rely
on a participating protecting group at C2 of the glucose moiety
in order to facilitate b-glycosidation, and on the anomeric
effect to deliver the required a-glycoside bond, linking the
two sugar units. To test the implementation of this strategy we
needed efficient routes to key building blocks 3 ± 6.


Synthesis of the vancomycin aglycon carbohydrate acceptor


The design of pentasilylated vancomycin�s aglycon derivative
6 as a suitable carbohydrate acceptor was based on the
premise that deprotection after glycosidation would be
possible, since the silyl groups could potentially be removed
by fluoride ion, the Cbz group by mild hydrogenolysis, and the
methyl ester by selective, base-induced hydrolysis. The syn-
thesis of 6 was, of course, the most crucial prerequisite for the
success of the designed plan towards vancomycin (1).


Persilylation of vancomycin aglycon (2) with excess
TBSOTf in the presence of 2,6-lutidine, followed by aqueous
workup, furnished hexa-TBS derivative 7 in 72 % yield
(Scheme 1). Exposure of 7 to excess diazomethane in ether
led to methyl ester 8 (91% yield), whose treatment with
CbzCl in dioxane and aqueous NaHCO3 gave the Cbz
derivative 9 (92 % yield). It was after some experimentation
that we found KF ´ Al2O3


[7] to be a suitable reagent for
selectively removing the more sensitive silyl group from the
phenolic hydroxyl of ring D. Thus, exposure of the pentasilyl
ether 9 to this reagent in MeCN at 0 8C for 2 h, furnished the
desired hexasilyl phenol 6 in 60 % yield.


The same intermediate (6) was obtained more conveniently
from vancomycin (1) itself (Scheme 2). Thus, vancomycin (1)
was persilylated with excess TBSOTf and 2,6-lutidine in
CH2Cl2/DMF (10:1) furnishing, after aqueous workup, non-
asilyl ether 10 in 65 % yield. Prolonged aqueous exposure
during workup was necessary to ensure complete rupture of
the NÿSi and C(O)OÿSi bonds in this step. Exposure of 10 to
excess diazomethane in ether led to methyl ester 11 (90 %
yield), which was treated with excess CbzCl in aqueous
NaHCO3 providing di-Cbz derivative 12 in 80 % yield. Finally,
and fortunately, hydrolysis of the sugar moieties from the
aglycon proceeded smoothly in TFA/Me2S/CH2Cl2 (1:1:1) at
ambient temperature, and under carefully controlled condi-
tions, to afford the required acceptor phenol 6 in 60 % yield.


Scheme 2 also summarizes the conversion of vancomycin
(1) to compound 13 [di-Cbz-vancomycin methyl ester] which
was encountered as a key intermediate in the total synthesis of
vancomycin (1) (vide infra, see Scheme 8). These degradation
studies provided important comparison stages and, by enrich-
ing our supplies of the key intermediates, facilitated the
eventual total synthesis of vancomycin (1). In addition, the
readily available intermediate so obtained (13) provides
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Scheme 1. Synthesis of phenol 6 from vancomycin aglycon (2). a) 20 equiv
of TBSOTf, 60 equiv of 2,6-lutidine, CH2Cl2/DMF (10:1), 0!25 8C, 7 h,
72%; b) CH2N2 (excess), Et2O, 0 8C, 0.5 h, 91 %; c) 5.0 equiv of CbzCl,
10.0 equiv of NaHCO3, 1,4-dioxane/H2O (10:1), 0 8C, 0.5 h, 92%;
d) 1.0 equiv of KF ´ Al2O3, MeCN, 0 8C, 2 h, 60 %. TBS� tert-butyldime-
thylsilyl ; DMF� dimethylformamide; Cbz�benzyloxycarbonyl; Tf� tri-
fluoromethanesulfonyl.


opportunities for the construction of combinatorial libraries
of vancomycin analogs for biological screening.


Synthesis of vancosamine donors


In order to explore the chemistry of the projected glycosida-
tions, we required a flexible sequence towards potential
vancosamine and glucose donors by which we could vary the
protecting groups on these sugars. To this end, we embarked
on a rapid and stereoselective synthesis[8] of vancosamine in
order to gain access to such intermediates as they were needed
(Scheme 3). In our planning, we envisioned a stereoselective
anti addition[9] of an acyl anion equivalent to an aldehyde
derived from l-lactic acid as a means to install the C4
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13, Scheme 8


a. TBSOTf,
2,6-lutidine


12


d. TFA, Me2S


1: vancomycin


10:  R = H
11:  R = Me
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Scheme 2. Degradation of vancomycin (1) and synthesis of intermediates 6
and 13. a) 60 equiv of TBSOTf, 180 equiv of 2,6-lutidine, CH2Cl2/DMF
(10:1), 0!25 8C, 18 h; saturated aq. NaHCO3, 25 8C, 60 h, 65 %; b) CH2N2


(excess), Et2O, 0 8C, 0.5 h, 90%; c) 6.0 equiv of CbzCl, 10.0 equiv of
NaHCO3, 1,4-dioxane/H2O (10:1), 0 8C, 0.5 h, 80 %; d) TFA, Me2S, CH2Cl2


(1:1:1, 0.01m), 25 8C, 3 h, 60%; e) (i) 60 equiv of TESOTf, 180 equiv of 2,6-
lutidine, CH2Cl2/DMF (10:1), 0!25 8C, 18 h; sat. aq. NaHCO3, 25 8C, 60 h;
(ii) CH2N2 (excess), Et2O, 0 8C, 0.5 h; (iii) 5.0 equiv of CbzCl, 10.0 equiv of
NaHCO3, 1,4-dioxane/H2O (10:1), 0 8C, 0.5 h; (iv) HF ´ pyr./pyr. (1:1), THF,
0!25 8C, 12 h, 40% overall yield. TES� triethylsilyl ; TFA� trifluoro-
acetic acid.
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Scheme 3. Synthesis of vancosamine donors 22 and 27. a) 1.1 equiv of
iPr3SiCl, 2.0 equiv of imidazole, DMF, 0!25 8C, 10 h, 99%; b) 1.6 equiv of
DIBAL, CH2Cl2, ÿ78 8C, 45 min; c) 1.8 equiv of EVE-Li, THF, ÿ100 8C,
5 min; then 5% aq HCl, THF/H2O (4:1), 65% for three steps, 85% de ;
d) 1.1 equiv of BnONH2 ´ HCl, pyr., 0!25 8C, 2 h, 97% (E:Z ca. 4:1);
e) 2.5 equiv of allylMgBr, Et2O, ÿ35 8C, 1 h, 95% based on 50%
conversion; f) 2.0 equiv of (COCl)2, 2.5 equiv of DMSO, ÿ78 8C, 2 h;
4.0 equiv of Et3N, ÿ78!0 8C, 2 h, 91%; g) 3.0 equiv of NaBH4, Et2O/
MeOH (5:1), 25 8C, 0.5 h, 90%, 92% de ; h) 1.1 equiv of NaH, 1.2 equiv of
BnBr, 0.2 equiv of nBu4NI, DMF, 0!25 8C, 2 h, 88 %; i) 1.6 equiv of
LiAlH4, Et2O, 25 8C, 24 h; j) 3.0 equiv of CbzCl, 10.0 equiv of NaHCO3,
H2O/THF (1:5), 0!25 8C, 0.5 h, 78% for two steps; k) (i) O3, CH2Cl2,
ÿ78 8C, 1 h; (ii) 2.0 equiv of Ph3P, ÿ78!25 8C, 12 h, 95%, a :b ca. 1.8:1;
l) 1.4 equiv of DAST, CH2Cl2, 0 8C, 20 min, 85%; m) 1.1 equiv of NaH,
1.3 equiv of PMBCl, THF, 0!25 8C, 4 h, 93%; n) 4.0 equiv of LiAlH4,
Et2O, reflux, 5 h; o) 1.5 equiv of CbzCl, 2.0 equiv of NaHCO3, 1,4-dioxane/
H2O (4:1), 0!25 8C, 18 h, 81% for two steps; p) O3 (excess), CH2Cl2,
ÿ78 8C, 1 h; Me2S, ÿ78!25 8C, 6 h, 92%; q) 2.0 equiv of Ac2O, 3.0 equiv
of Et3N, 0.1 equiv of 4-DMAP, CH2Cl2, 25 8C, 2 h, 96%; r) 4.0 equiv of
PhSH; 4.0 equiv of BF3 ´ Et2O, CH2Cl2, ÿ20 8C, 1 h, 91%; s) 2.0 equiv of
Ac2O, 3.0 equiv of Et3N, 0.1 equiv of 4-DMAP, CH2Cl2, 25 8C, 2 h,
97%; t) 1.5 equiv of NBS, acetone/H2O (9:1), 0 8C, 0.5 h, 87 %; u) 1.5 equiv
of DAST, CH2Cl2, 0 8C, 20 min, 100 %. NBS�N-bromosuccinimide;
DAST�diethylaminosulfur trifluoride; DIBAL� diisobutylaluminum hy-
dride; 4-DMAP� 4-dimethylaminopyridine; allyl�CH2�CHCH2; EVE-
Li�CH2�C(OEt)Li; Bn� benzyl; DMSO�dimethyl sulfoxide; PMB�
p-methoxybenzyl.


stereocenter (numbering based on the final carbohydrate
ring) and a nucleophilic addition to an oxime[10] to craft the C3
functionality. Thus, ethyl l-lactate (14, Scheme 3) was pro-
tected with a bulky silicon group (iPr3Si) under standard
conditions, furnishing silyl ether 15 in 99 % yield. Sequential


reduction of 15 with DIBAL and addition of EVE-Li[11] to the
resulting aldehyde at ÿ100 8C, followed by acidic hydrolysis,
afforded the corresponding hydroxy ketone as a mixture of
diastereoisomers (85% de, 65 % combined yield for three
steps). After chromatographic separation, the desired anti
isomer (major) was condensed with O-benzylhydroxylamine
in pyridine, to afford the two readily separable oxime ethers
16 (97 % yield, E :Z ca. 4:1). Pleasantly, chain extension of the
E isomer of 16 by addition of allylmagnesium bromide at
ÿ35 8C afforded hydroxylamine 17 as a single diastereoisomer
(95 % yield based on ca. 50 % conversion). Interestingly,
despite considerable experimentation and the excellent over-
all recovery of materials, this reaction could not be pushed to
completion. Since the C4 configuration of 17 is opposite to the
one required for vancosamine, an inversion at this center was
necessary. To this end, alcohol 17 was oxidized under Swern
conditions [(COCl)2, DMSO, Et3N] to afford the correspond-
ing ketone (91% yield), which was subjected to chelation-
controlled reduction with NaBH4 in Et2O/MeOH (5:1)
affording the desired hydroxy compound 18 (92% de, 90 %
yield). While other methods may have provided the desired
C4 stereoisomer directly, we should recall[8] that the objective
of this lactate sequence was a broader one, namely the
synthesis of both vancosamine and evernitrose, the latter
being accessible directly from diastereoisomer 17, which
served as a common intermediate for both syntheses. At the
stage of intermediate 18, we could vary the protecting group
at C4. Thus, for our first-generation glycosidation studies we
chose a benzyl ether at this position and proceeded towards
vancosamine donor 22 as follows. The hydroxy group in 18
was benzylated (NaH, BnBr, nBu4NI cat. , 88 % yield) and the
resulting product was subjected to the action of LiAlH4 which
cleaved both the N-O and OÿSi bonds,[12] furnishing amino
alcohol 19. Selective formation of the N-Cbz derivative by
exposure of 19 to CbzCl in aqueous NaHCO3 led to
compound 20 in 78 % yield for the two steps. Finally, cleavage
of the terminal olefin in 20 by ozonolysis, followed by
exposure of the resulting ozonide to Ph3P, furnished an
approximate 1:1.8 mixture of a :b lactols 21 in 95 % yield.
Fluoride 22, our favorite choice as a vancosamine donor, was
prepared smoothly by reacting 21 with DAST[13] in CH2Cl2 at
0 8C (85 % yield, a :b ca. 16:1). As matters transpired, we
needed a second vancosamine donor, fluoride 27 (Scheme 3),
equipped with an acetate group at C4. While we will save the
discussion for the rationale of its design for later, we will
discuss here its synthesis from intermediate 18. Thus, the
hydroxy group of the latter compound (18) was temporarily
protected as a PMB ether (NaH, PMBCl, 93 % yield), and the
resulting compound was exposed to LiAlH4, furnishing amino
alcohol 23 by cleavage of the NÿO and OÿSi bonds as before.
The amino group of 19 was selectively engaged by treatment
with CbzCl in aqueous NaHCO3, furnishing hydroxy Cbz
derivative 24 in 81 % yield (two steps). Cleavage of the
terminal olefin in 24 by ozonolysis, followed by reaction with
Me2S and acetylation (Ac2O, Et3N, 4-DMAP cat.), led to
vancosamine derivative 25 in 88 % overall yield. Exposure of
25 to excess PhSH and BF3 ´ Et2O in CH2Cl2 at ÿ20 8C
removed cleanly, both the PMB and acetate groups (91 %
yield), leading, after acetylation of the C4 hydroxyl group as
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above (97 % yield), to phenylthioglycoside 26. Formation of
vancosamine fluoride 27 required cleavage of the PhS group
with NBS in acetone/H2O (9:1) (87 % yield) and exposure of
the resulting mixture of a/b lactol anomers to DAST in
CH2Cl2 at 0 8C (100 % yield, a :b ca. 16:1).


First-generation glycosidation studies


With the C4-benzyl protected vancosamine donor 22 ready,
we turned our attention to model glycosidation studies
directed at exploring a strategy for an eventual coupling of
the vancomycin aglycon and the sugar moieties.[8] For these
studies, we required a suitable glucose donor. We initially
chose trichloroacetimidate[14] 30 (Scheme 4), in which the C2
position was occupied by a benzoate group and the remaining
three hydroxy groups were carrying benzyl groups for
protection. The C2 benzoyl group was expected to direct the
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Scheme 4. Synthesis of first-generation vancomycin disaccharides 34 and
38. a) 2.0 equiv of NBS, acetone/H2O (10:1), 0 8C, 0.5 h, 87 %, a :b ca. 10:1;
b) 10.0 equiv of Cl3CCN, 0.05 equiv of DBU, CH2Cl2, ÿ30 8C, 0.5 h, 90%;
c) 1.6 equiv of 30, 0.6 equiv of BF3 ´ Et2O, CH2Cl2, 4 � MS, ÿ30!25 8C,
24 h, 95 %, b :a ca. 13:1; d) 2.5 equiv of NaOH, MeOH, 25 8C, 3 h, 90%;
e) 2.0 equiv of 22, 0.4 equiv of BF3 ´ Et2O, 0.4 equiv of Me3SiOTf, CH2Cl2,
4 � MS, ÿ30!25 8C, 72 h, 89 % based on 90% conversion, a :b ca. 10:1;
f) (i) H2, 10 % Pd/C, EtOAc, 25 8C, 12 h; (ii) 7.0 equiv of BzCl, pyr., 0 8C,
6 h, 85 % for two steps; g) 1% aq. NaOH, MeOH, 25 8C, 3 h, 90%; h)
1.3 equiv of 22, 1.9 equiv of SnCl2, CH2Cl2, 4 � MS, ÿ10 8C, 2 h, 85%, a :b
ca. 3.3:1; i) 1.5 equiv of NBS, acetone/H2O (10:1), 0 8C, 0.5 h, 85%;
j) 20 equiv of Cl3CCN, 0.05 equiv of DBU, CH2Cl2, 0 8C, 15 min, 90%, a :b
ca. 20:1. DBU� 1,8-diazabicyclo[5.4.0]undec-7-ene; Bz� benzoyl.


glycosidation reaction in the b direction by the well-known
neighboring group participation, as required. Thus, phenyl-
thioglucoside 28 (readily available form tribenzyl glucal by
dihydroxylation, dibenzoylation, and reaction with PhSH/
BF3 ´ Et2O, see Experimental Section) was treated with NBS
in acetone/H2O (10:1) to afford lactol 29 in 87 % yield (ca.
10:1 mixture of a :b anomers). Conversion to imidate 30 was
smoothly effected by treatment with trichloroacetonitrile and
DBU (90 % yield).


Using 2,6-dimethoxyphenol as a phenol representative of
the bulky vancomycin aglycon, we found that its coupling with
trichloroacetimidate donor 30 proceeded smoothly in the
presence of BF3 ´ Et2O at ÿ30!25 8C to afford the desired
glucoside 31 in excellent yield (95 %) and high anomeric
stereoselectivity (b :a ca. 13:1). Debenzoylation at C2 under
basic conditions (NaOH, 90 %) gave direct access to acceptor
32, setting the stage for an attempt at the second glycosidation
utilizing vancosamine donor 22. A combination of BF3 ´ Et2O
and TMSOTf was found, in this instance, to be highly effective
for the attachment of 22 to 32, furnishing the desired a-
glycoside 33 as the major product (89% yield based on 90 %
conversion, a :b ca. 10:1). Hydrogenolysis of the Cbz and
benzyl groups from 33 (H2, 10 % Pd/C), followed by
benzoylation of the resulting amino-tetraol gave disaccharide
34. The spectroscopic data of 34 matched those reported by
Danishefsky et al., who had previously developed an inde-
pendent route to this vancomycin model.[15] Of particular
value in confirming the stereochemistry of the glycosidic
linkages were the coupling constants J1,2ax� 4.5 Hz for vancos-
amine, and J1,2� 7.5 Hz for glucose.


In order to explore the ground for the possibility of a block-
type installation of the two sugar units onto the vancomycin
aglycon, we proceeded to synthesize the disaccharide trichlor-
oacetimidate 38, as outlined in Scheme 4. Thus, debenzoyla-
tion of 28 (NaOH) gave acceptor 35 in 90 % yield. Coupling of
35 with vancosamine donor 22 in CH2Cl2 at ÿ10 8C in the
presence of SnCl2, proceeded in excellent yield (85 %), but
led to only modest anomeric selectivity in favor of the desired
a-glycoside 36 (a :b ca. 3.3:1). Varying the temperature of the
reaction, or the catalyst, did not improve significantly this
result. On the other hand, these studies revealed that a major
controlling factor in terms of reactivity and diastereoselectiv-
ity was the size and electronic nature of the glucose anomeric
substituent: the smaller the substituent, the faster the
coupling with the vancosamine donor, but the lower the
anomeric selectivity. After separation of the isomers, the
desired a-anomer 36 was treated with NBS in acetone/H2O
(10:1), releasing disaccharide lactol 37 (85 % yield), which was
converted to its trichloroacetimidate 38 by exposure to
CCl3CN in the presence of DBU in CH2Cl2 at 0 8C (90 %
yield, a :b ca. 20:1).


The successful synthesis of disaccharides 34 and 36
(Scheme 4) established the feasibility of attaching, stereo-
selectively, the carbohydrate units onto vancomycin�s aglycon,
either stepwise or in a block-type fashion. Early experimen-
tation with the benzoyl-containing glucose donor 30 and the
pentasilylated aglycon derivative 6 indicated that basic
removal of the C2 benzoate from the glucose moiety would
be problematic due to significant TBS cleavage from some of
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the phenolic groups under the required basic conditions.
Anticipating a more selective C2 deprotection of the chlor-
oacetate group, trichloroacetimidate 39 (Scheme 5) [prepared
by an analogous route to its benzoate counterpart (29) as
shown in Scheme 4] was, therefore, utilized in our first
attempt to install the glucose moiety onto the aglycon.
Reaction of the aglycon derivative 6 with carbohydrate donor
39 in the presence of BF3 ´ Et2O in CH2Cl2 at ÿ78!ÿ 30 8C
furnished the desired glycoside 40 in 70 % yield. The
chloroacetate group was then removed from the C2 carbohy-
drate position by controlled reaction with K2CO3 in THF/
MeOH, providing acceptor 41 (75 % yield). However, the
second glycosidation step with vancosamine donor 22 pro-
ceeded sluggishly, and furnished only poor yields of the
desired disaccharide, even after prolonged reaction times.
Thus, reaction of 41 with excess 22 in CH2Cl2 and in the
presence of BF3 ´ Et2O at 0! 23 8C resulted in only 5 % yield
of the desired compound (42). Confronted with these
disappointing results, we opted for the more convergent,
block-type attachment of the disaccharide domain onto the


aglycon acceptor (6). This strategy, of course, could poten-
tially suffer from the absence of a b-directing group to control
the anomeric stereochemistry of the newly generated glyco-
sidic linkage (joining the disaccharide to the aglycon), but, at
this point, we counted on the bulkiness of the glucose C2
substituent to provide some degree of selectivity. Indeed, the
coupling of disaccharide donor 38 with phenol 6 proceeded
smoothly in CH2Cl2 at ÿ78!ÿ 30 8C, affording a single
coupling product, which was presumed to be the desired b-
glycoside. Stereochemical assignment of the newly formed
glycoside bond, however, was not possible at this stage and
had to await deprotection and comparison with authentic
vancomycin methyl ester. To this end, the TBS groups were
cleaved from 42 by exposure to TBAF, furnishing pentahy-
droxy vancomycin derivative 43, which was subjected to
hydrogenolysis (H2, 10 % Pd/C, MeOH, 25 8C) and saponifi-
cation (LiOH, THF/H2O, 1:1, 0 8C) to remove the benzyl
ethers and the methyl ester, respectively. Spectroscopic
analysis, however, clearly indicated that the hydrogenolysis
of the benzyl ethers was accompanied by scission of the CÿCl
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Scheme 5. First-generation approach to vancomycin (1). a) 1.7 equiv of 39, 4.0 equiv of BF3 ´ Et2O, CH2Cl2, ÿ78!ÿ 30 8C, 18 h, 70%; b) 3.0 equiv of
K2CO3,THF/MeOH (2:1), 25 8C, 10 min, 75%; c) 10.0 equiv of 22, 5.0 equiv of BF3 ´ Et2O, CH2Cl2, 0!25 8C, 24 h, 5 %; d) 5.0 equiv of 38, 10.0 equiv of BF3 ´
Et2O, CH2Cl2, ÿ78!ÿ 30 8C, 24 h, 70%; e) 30 equiv of nBu4NF, THF, ÿ10 8C, 2 h; f) H2, 10 % Pd/C, MeOH, 25 8C, 16 h; g) 5.0 equiv of LiOH, THF/H2O
(1:1), 0 8C, 20 min. ClAc�C(O)CH2Cl.
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bond of ring E, and that compounds 44 and 45 lacking one
chlorine substituent were the products, rather than the
expected vancomycin and its methyl ester. Other methods
for removing the benzyl ethers from 43 were attempted;
however, none were successful. It was, therefore, decided to
abandon the benzyl groups and search for different protecting
groups as part of second-generation glycosidation studies.


Second-generation glycosidation studies


With the decision to move away from benzyl protecting
groups on the sugars, we were faced with the option of using
silyl and/or acetate groups for the protection of the hydroxy
groups of these moieties. Fully silylated (e.g. TBS) mono- and
disaccharide systems were synthesized and proved to be poor
candidates as glycosidation donors. On the other hand, fully
acetylated systems were considered to be too deactivated for
the projected glycosidations. We, therefore, chose to explore a
combination of silyl and acetyl groups as a possible scenario
for the construction of the vancomycin system. Our own
experiences demonstrated that silyl groups could be removed
successfully from vancomycin and, drawing comfort from the
recent work of Kahne et al.,[16] we projected that cleavage of
acetate and alloc (allyloxycarbonyl) groups would be com-
patible with the molecule. For a glucose donor, therefore, we
designed trichloroacetimidate 50 (Scheme 6) with a TBS
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Scheme 6. Synthesis of glucose donor 50. a) 1.0 equiv of TBSCl, 2.2 equiv
of imidazole, DMF, 0!25 8C, 1 h, 82 %; b) 2.5 equiv of Ac2O, 4.0 equiv of
Et3N, 0.1 equiv of 4-DMAP, CH2Cl2, 0!25 8C, 1 h, 97%; c) 0.05 equiv of
OsO4, 1.5 equiv of NMO, acetone/H2O (9:1), 25 8C, 12 h, 84%; d) 1.2 equiv
of nBu2SnO, toluene, reflux, 6 h; 1.1 equiv of AllocCl, 0 8C, 0.5 h, 67%;
e) 20 equiv of Cl3CCN, 0.05 equiv of DBU, CH2Cl2, ÿ10 8C, 20 min, 89%,
a :b ca. 14:1. NMO� 4-methylmorpholine N-oxide; Alloc� allyloxycar-
bonyl.


group at C6, acetate groups at C4 and C3, and an alloc group
at C2. As a vancosamine donor, we chose the 4-acetoxy
glycosyl fluoride 27 (Scheme 3). The synthesis of the latter
intermediate (27) has already been described above (see
Scheme 3), whereas the construction of trichloroacetimidate
50 is summarized in Scheme 6. Thus, 46 (obtained from
commercially available glucal triacetate by deacetylation with
K2CO3, MeOH, 100 %), was selectively monosilylated (C6,
TBSCl, imidazole, 82 % overall yield) and acetylated (C4 and
C3, Ac2O, Et3N, 4-DMAP, 97 % yield) to afford 47. Dihy-
droxylation of 47 with NMO/OsO4 cat. in acetone/H2O (9:1)


furnished diol 48 in 84 % yield. The selective allylcarbonyla-
tion of the C2 hydroxy group in 48 was accomplished by
reaction with nBu2SnO, followed by quenching with AllocCl,
leading to compound 49 (67 % yield). Exposure of 49 to
CCl3CN in CH2Cl2 in the presence of DBU gave the desired
trichloroacetimidate 50 in 89 % yield (a :b ca. 14:1).


With the newly designed carbohydrate donors now avail-
able, and before attempting the real task of constructing
vancomycin (1), we proceeded to test their coupling and
loading onto a model phenolic acceptor as shown in Scheme 7.
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Scheme 7. Synthesis of second-generation vancomycin model disacchar-
ides 53 and 56. a) 1.7 equiv of 50, 0.2 equiv of BF3 ´ Et2O, CH2Cl2, 4 � MS,
ÿ78 8C, 20 min, 95%; b) 0.05 equiv of Pd(Ph3P)4, 1.5 equiv of nBu3SnH,
CH2Cl2, 25 8C, 0.5 h, 83 %; c) 1.6 equiv of 27, 1.1 equiv of BF3 ´ Et2O,
CH2Cl2, 4 � MS, ÿ30 8C, 2 h, 91%, a :b ca. 9:1; d) 1.2 equiv of PhSH,
0.3 equiv of BF3 ´ Et2O, CH2Cl2, 4 � MS, ÿ78 8C, 45 min, 95%, b :a >99:1;
e) 0.05 equiv of Pd(Ph3P)4, 1.5 equiv of nBu3SnH, CH2Cl2, 25 8C, 0.5 h,
87%; f) 1.6 equiv of 27, 1.1 equiv of BF3 ´ Et2O, CH2Cl2, 4 � MS, ÿ30 8C,
2 h, 98 %, a :b ca. 3:2.


Stability of protecting groups, reactivity of donors, and
stereoselectivity were the issues to be explored. To this end,
glucose donor 50 was treated with 2,6-dimethoxyphenol in
CH2Cl2 and in the presence of BF3 ´ Et2O atÿ78 8C, affording,
rapidly and in 95 % yield, the desired b-glycoside 51 as a single
stereoisomer. Liberation of the C2 hydroxy group from 51
proceeded selectively in the presence of nBu3SnH and a
catalytic amount of Pd(Ph3P)4,[17] yielding acceptor 52 in 83 %
yield. The coupling of 52 with vancosamine donor 27
proceeded smoothly in CH2Cl2 at ÿ30 8C and in the presence
of BF3 ´ Et2O, furnishing disaccharide 53 in high yield and
excellent anomeric diastereoselectivity (91%, a :b ca. 10:1).
Starting again from glucose donor 50, and repeating the
sequence with thiophenol instead of 2,6-dimethoxyphenol,
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intermediates 54 (95% yield, b :a> 99:1), 55 (87 % yield), and
finally disaccharide 56 (98%, a :b ca. 3:2) were obtained in
excellent yield (Scheme 7). Thus, while the stereoselectivity of
the first glycosidation was excellent, that of the second coupling
was only modest, pointing to the overriding effect of the size
and electronic nature of the glucose C1 substituent. The C4
acetate group of vancosamine, apparently, did not influence the
outcome of this glycosidation reaction, even at lower tem-
peratures. It was with this knowledge at hand that we
proceeded to apply this strategy to the real case, being
cautiously confident of the outcome.


Completion of the synthesis


The model studies described above helped shape the final
plan for the completion of the total synthesis of vancomycin


(1): a stepwise glycosidation approach utilizing acceptor 6 and
donors 50 and 27 as shown in Scheme 8. Glycosidation of
phenol 6 with excess trichloroacetimidate 50 in CH2Cl2 and in
the presence of BF3 ´ Et2O at ÿ78 8C proceeded smoothly to
afford monosaccharide 57 in 82 % yield, together with a minor
product, presumed to be the undesired a-anomer. The b-
stereochemistry of the major product (57) was tentatively
assigned at this stage based solely on the results of the model
studies described above, and was later confirmed by NMR
spectroscopy and conversion to vancomycin (1). Proceeding
with the synthesis, the C2 hydroxy group of the glucose moiety
of 57 was liberated by reaction with nBu3SnH/Pd(Ph3P)4 in
wet CH2Cl2, leading to the new glycoside acceptor 58 (85 %
yield). At this stage we were also pleased to observe in the
1H NMR spectrum of 58 a revealing coupling constant (J1,2�
7.7 Hz) associated with the anomeric position, characteristic
of a b-glycoside linkage.
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27


a. BF3•Et2O


c. BF3•Et2O


e. K2CO3


 f. Raney Ni d. HF•pyr.59:  R = TBS
60:  R = H


13:  R1 = Me; R2 = Cbz
61:  R1 = Me; R2 = H
  1:  vancomycin: R1 = R2 = Hg. LiOH


Scheme 8. Synthesis of vancomycin (1). a) 5.0 equiv of 50, 10.0 equiv of BF3 ´ Et2O, CH2Cl2, ÿ78 8C, 6 h, 82%; b) 4.0 equiv of nBu3SnH, 0.1 equiv of
Pd(Ph3P)4, CH2Cl2, 25 8C, 0.5 h, 85%; c) 4.0 equiv of 27, 3.0 equiv of BF3 ´ Et2O, CH2Cl2, ÿ35 8C, 2 h, 84%; d) HF ´ pyr./pyr. (1:1), THF, 0!25 8C, 12 h, 80%;
e) 5.0 equiv of K2CO3, MeOH, 25 8C, 4 h, 95%; f) Raney Ni, nPrOH/H2O (2:1), 25 8C, 0.5 h; g) 5.0 equiv of LiOH, THF/H2O (1:1), 0 8C, 20 min, 85 % from 13.
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We were now in a position to attempt the second
glycosidation with vancosamine donor 27. Reaction of 58
with glycosyl fluoride 27 in CH2Cl2 and in the presence of
BF3 ´ Et2O at ÿ35 8C gave the fully protected vancomycin
derivative 59 in 84 % yield and about 8:1 a :b stereoselectivity.
Chromatographically separated 59 was then subjected to
desilylation (excess HF ´ pyr./pyr.), furnishing hexahydroxy
compound 60 in 80 % yield. Exposure of 60 to the action of
K2CO3 in MeOH at ambient temperature removed the three
acetate groups, leading to di-Cbz vancomycin methyl ester 13
(95 % yield). The latter compound (13) was found to be
identical with a sample derived from vancomycin (1) as
summarized in Scheme 2 [(i) TESOTf, 2,6-lutidine, 65 %; (ii)
CH2N2; (iii) CbzCl, NaHCO3, 80 % for two steps; (iv) HF ´
pyr./pyr., 80 %]. Finally, treatment of 13 with Raney-Ni in
nPrOH/H2O (2:1) led in clean removal of the Cbz groups
without dechlorination (as occasionally observed under
hydrogenolysis conditions using H2-Pd/C systems) and sap-
onification of the resulting vancomycin methyl ester with
LiOH in THF/H2O (1:1) at 0 8C, furnished vancomycin (1) in
85 % yield from 13. Synthetic vancomycin (1) was identical
with an authentic sample by the usual criteria (HPLC,
1H NMR, mixed 1H NMR, MS).[18] Kahne�s group has also
accomplished a synthesis of vancomycin (1) from vancomy-
cin-derived derivatives of a pseudoaglycon (containing the
glucose residue only)[16] and an aglycon derivative.[20]


Conclusion


In this and the preceding three articles,[1±3] we described the
total synthesis of vancomycin (1). During this campaign a
number of new synthetic technologies and strategies were
designed and developed, among which the triazene-driven
biaryl ether synthesis is perhaps the most prominent. The
successful strategy employed modern catalytic asymmetric
reactions for the construction of the required amino acid
building blocks which were then assembled to appropriate
peptide fragments, whose cyclization in the order C-O-
D!AB/C-O-D!AB/C-O-D-O-E led to the framework of
vancomycin�s aglycon. While both the C-O-D and D-O-E
macrocycles were constructed by the triazene-driven cycliza-
tion process, the AB-containing ring system was formed by a
sequential Suzuki coupling ± macrolactamization procedure.
The latter cyclization became possible only after formation of
the C-O-D ring system which provided the necessary pre-
organization for ring closure. Interestingly, while the unnatu-
ral atropisomer of the D-O-E ring system equilibrated at
130 8C to a 1:1 mixture of both, the natural and the unnatural
isomers, the AB and C-O-D macrocycles maintained their
natural integrity. The catalytic asymmetric Suzuki coupling
based synthesis of biaryl systems, developed during this
program, is also worth noting since it allows the stereo-
selective and efficient construction of this important moiety.
Furthermore, this reaction played a crucial role in the
eventual construction of the vancomycin aglycon.


Finally, sequential attachment of the sugar moieties onto a
suitably protected aglycon derivative (phenol 6), followed by
deprotection, allowed a stereoselective total synthesis of


vancomycin (1). Well designed degradation studies on vanco-
mycin (1) opened additional avenues to certain key synthetic
intermediates rendering them readily available for semisyn-
thetic studies. In conjunction with solid-phase and combina-
torial chemistry, such studies may prove extremely valuable in
delivering vancomycin libraries for biological screening. Thus,
the chemistry developed during this program enriched our
knowledge in the field of chemical synthesis and set the stage
for possible contributions to the chemical biology and
medicine of the glycopeptide antibiotics.


Experimental Section


General techniques : See paper 1 in this series.[1]


Hexa-TBS-aglycon 7: TBSOTf (20.1 mL, 8.7 mmol) was added dropwise to
a solution of vancomycin aglycon (2) (500 mg, 0.437 mmol) and 2,6-lutidine
(30.5 mL, 26.2 mmol) in CH2Cl2/DMF (10:1, 40 mL) at 0 8C. The reaction
mixture was slowly warmed to 25 8C and stirred for 7 h. The reaction was
quenched by the addition of saturated aqueous NaHCO3 (30 mL) and
stirred at 25 8C for 10 h. The organic layer was separated and the aqueous
phase was extracted with EtOAc (3� 50 mL). The combined organic layers
were dried (Na2SO4), concentrated and the residue was purified by flash
column chromatography (silica gel, 1!5 % MeOH in CH2Cl2, gradient
elution) to afford hexa-TBS-aglycon 7 (574 mg, 72%) as a white foam. 7:
Rf� 0.22 (silica gel, 5% MeOH in CH2Cl2); [a]22


D �ÿ19.3 (c� 0.89,
CHCl3); IR (thin film): nÄmax� 3403, 2927, 2856, 1675, 1498, 1471, 1256,
1175, 1105, 1060, 1021, 916, 838, 782 cmÿ1; 1H NMR (600 MHz, CD3OD,
330 K): d� 7.65 (s, 1H), 7.55 ± 7.52 (m, 2 H), 7.43 (s, 1H), 7.23 (d, J� 8.5 Hz,
1H), 7.18 ± 7.16 (m, 1 H), 7.05 (d, J� 2.5 Hz, 1 H), 6.98 (dd, J� 8.5, 2.5 Hz,
1H), 6.75 (d, J� 8.5 Hz, 1H), 6.58 (br. s, 1 H), 6.39 (d, J� 2.0 Hz, 1H), 5.72
(br. s, 1 H), 5.67 ± 5.64 (m, 1 H), 5.42 (d, J� 4.0 Hz, 1H), 5.37 (s, 1 H), 5.33
(br. s, 1 H), 4.90 (s, 1 H), 4.83 (d, J� 4.0 Hz, 1H), 4.63 ± 4.61 (m, 1 H), 4.59 (s,
1H), 4.53 (s, 1H), 4.09 (s, 1H), 3.13 ± 3.11 (m, 1 H), 2.52 ± 2.49 (m, 1H), 2.40
(s, 3 H), 1.83 ± 1.80 (m, 1 H), 1.62 ± 1.59 (m, 1H), 1.53 ± 1.50 (m, 1H), 1.06 (s,
9H), 1.01 (s, 9H), 0.96 (d, J� 6.5 Hz, 3H), 0.95 (d, J� 6.5 Hz, 3 H), 0.92 (s,
9H), 0.89 (s, 9 H), 0.73 (s, 9H), 0.61 (s, 9 H), 0.36 (s, 3H), 0.35 (s, 3 H), 0.23
(s, 3H), 0.23 (s, 3H), 0.16 (s, 3 H), 0.13 (s, 3 H), 0.11 (s, 3H), 0.10 (s, 3H),
0.08 (s, 3 H), 0.06 (s, 3H), 0.04 (s, 3 H), ÿ0.09 (s, 3H); 13C NMR (150 MHz,
CDCl3:CD3OD (9:1), 310 K): d� 173.9, 173.8, 171.2, 168.8, 168.3, 156.3,
155.4, 154.5, 152.6, 151.9, 151.3, 141.2, 139.3, 136.4, 134.2, 130.1, 129.5, 129.3,
129.2, 128.6, 128.0, 127.6, 126.9, 125.1, 117.2, 113.7, 111.7, 107.5, 105.5, 74.1,
73.1, 71.0, 67.8, 64.0, 63.3, 60.9, 56.2, 54.9, 53.1, 52.5, 42.3, 37.3, 35.2, 30.4,
29.6, 26.7, 26.5, 26.0, 26.0, 25.8, 23.6, 22.9, 22.3, 19.6, 19.1, 19.0, 2.0, 1.7,ÿ3.3,
ÿ3.5, ÿ3.7, ÿ3.8, ÿ4.0, ÿ4.1, ÿ4.3, ÿ4.6; HRMS (FAB) calcd for
C89H136Cl2N8O17Si6Cs [M�Cs�] 1959.7071, found 1959.6976.


Hexa-TBS-aglycon methyl ester 8: A solution of hexa-TBS-aglycon 7
(400 mg, 0.218 mmol) in ether (5.0 mL) was treated with CH2N2 (solution
in ether, excess) at 0 8C. The reaction mixture was stirred for 0.5 h, argon
was then bubbled through for 5 min, and then the solvent was removed
under reduced pressure. The residue was purified by flash column
chromatography (silica gel, 20!60 % EtOAc in benzene, gradient elution)
to afford hexa-TBS-aglycon methyl ester 8 (367 mg, 91%) as a yellow
foam. 8 : Rf� 0.24 (silica gel, 5% MeOH in CH2Cl2); [a]22


D ��9.0 (c� 0.92,
CHCl3); IR (film) nÄmax� 3403, 2956, 2929, 2858, 1676, 1508, 1473, 1425,
1255, 1176, 1110, 1061, 1022, 919, 838, 782 cmÿ1; 1H NMR (600 MHz,
CD3OD, 330 K): d� 7.60 (d, J� 2.0 Hz, 1H), 7.54 (dd, J� 8.5, 2.0 Hz, 1H),
7.52 (dd, J� 8.5, 2.0 Hz, 1 H), 7.42 (d, J� 2.0 Hz, 1H), 7.24 (d, J� 8.5 Hz,
1H), 7.10 (br.d, J� 8.5 Hz, 1H), 7.04 (d, J� 2.5 Hz, 1 H), 6.99 (dd, J� 8.5,
2.5 Hz, 1H), 6.76 (d, J� 8.5 Hz, 1H), 6.41 (d, J� 2.0 Hz, 1H), 6.32 (d, J�
2.0 Hz, 1 H), 5.73 (d, J� 2.0 Hz, 2H), 5.42 (d, J� 4.0 Hz, 1 H), 5.36 (s, 1H),
5.34 (s, 1 H), 4.92 (s, 1 H), 4.83 (d, J� 4.0 Hz, 1H), 4.64 (t, J� 5.5 Hz, 1H),
4.59 (s, 1 H), 4.47 (s, 1H), 4.10 (s, 1 H), 3.75 (s, 3H), 3.12 (dd, J� 8.5, 5.5 Hz,
1H), 2.54 ± 2.47 (m, 1 H), 2.39 (s, 3H), 1.84 ± 1.79 (m, 1 H), 1.65 ± 1.58 (m,
1H), 1.53 ± 1.48 (m, 1H), 1.11 (s, 9H), 1.01 (s, 9 H), 0.96 (d, J� 6.0 Hz, 3H),
0.95 (d, J� 6.0 Hz, 3H), 0.92 (s, 9H), 0.90 (s, 9 H), 0.73 (s, 9H), 0.61 (s, 9H),
0.36 (s, 3 H), 0.35 (s, 3H), 0.23 (s, 6H), 0.17 (s, 3 H), 0.13 (s, 3 H), 0.12 (s,
3H), 0.10 (s, 3H), 0.08 (s, 3H), 0.07 (s, 3H), 0.04 (s, 3H), ÿ0.08 (s, 3H);
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13C NMR (150 MHz, CD3OD, 330 K): d� 177.9, 174.4, 172.8, 171.9, 171.4,
170.2, 169.4, 157.2, 156.4, 155.2, 153.5, 152.8, 152.4, 152.1, 142.1, 140.0, 137.3,
134.8, 132.1, 130.4, 129.3, 129.0, 128.7, 128.6, 128.0, 127.7, 126.8, 125.7, 125.1,
121.1, 113.6, 112.2, 108.1, 106.3, 75.0, 74.5, 64.9, 64.7, 61.3, 58.3, 56.5, 55.8,
53.3, 52.6, 43.4, 37.8, 35.7, 26.6, 26.5, 26.4, 26.2, 26.1, 23.6, 22.7, 19.8, 19.3,
19.2, 18.8, ÿ3.5, ÿ3.6, ÿ3.8, ÿ3.9, ÿ4.0, ÿ4.2, ÿ4.4, ÿ4.5, ÿ4.6, ÿ4.7;
HRMS (FAB) calcd for C90H138Cl2N8O17Si6Cs [M�Cs�] 1976.7239, found
1976.7397.


N-Cbz-hexa-TBS-aglycon methyl ester 9: A solution of hexa-TBS-aglycon
methyl ester 8 (350 mg, 0.191 mmol) in dioxane/H2O (10:1, 3.0 mL) was
treated with NaHCO3 (160 mg, 1.91 mmol) and CbzCl (136 mL,
0.948 mmol) at 0 8C. After stirring for 0.5 h, the reaction mixture was
diluted with EtOAc (200 mL) and washed with saturated aqueous NaHCO3


(30 mL) and brine (30 mL). The organic layer was dried (Na2SO4),
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 10!50% EtOAc in hexanes, gradient elution) to afford
N-Cbz-hexa-TBS-aglycon methyl ester 9 (347 mg, 92 %) as a viscous oil. 9 :
Rf� 0.36 (silica gel, 5 % MeOH in CH2Cl2); [a]22


D ��7.4 (c� 2.51, CHCl3);
IR (film) nÄmax� 3403, 2954, 2928, 2856, 1677, 1507, 1472, 1419, 1255, 1173,
1109, 1060, 1020, 918, 838, 782 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K):
d� 7.57 (s, 1H), 7.53 (dd, J� 8.5, 2.0 Hz, 1 H), 7.38 (br.d, J� 8.0 Hz, 1H),
7.37 (s, 1H), 7.32 ± 7.26 (m, 6 H), 7.06 (d, J� 2.5 Hz, 1 H), 7.01 (dd, J� 8.5,
2.5 Hz, 1 H), 7.00 (br. s, 1 H), 6.75 (d, J� 8.5 Hz, 1H), 6.37 (d, J� 2.0 Hz,
1H), 6.33 (d, J� 2.0 Hz, 1H), 5.84 ± 5.82 (m, 1H), 5.70 (s, 1H), 5.46 (d, J�
4.5 Hz, 1H), 5.37 (s, 1 H), 5.35 (br. s, 1 H), 5.19 ± 5.17 (m, 2 H), 4.96 ± 4.93 (m,
1H), 4.93 (s, 1H), 4.89 ± 4.85 (m, 1 H), 4.79 ± 4.74 (m, 1 H), 4.62 (s, 1H), 4.11
(s, 1H), 3.75 (s, 3H), 2.94 (s, 3H), 2.49 ± 2.42 (m, 2H), 1.89 ± 1.83 (m, 1H),
1.53 ± 1.45 (m, 2H), 1.13 (s, 9 H), 1.01 (s, 9H), 0.92 (s, 9 H), 0.89 ± 0.87 (m,
6H), 0.87 (s, 9 H), 0.74 (s, 9H), 0.62 (s, 9 H), 0.39 (s, 3H), 0.38 (s, 3 H), 0.23
(s, 6H), 0.18 (s, 3H), 0.12 (s, 3 H), 0.10 (s, 6 H), 0.08 (s, 6H), 0.02 (s, 3H),
ÿ0.09 (s, 3 H); 13C NMR (150 MHz, CD3OD, 330 K): d� 174.0, 173.5, 172.7,
171.8, 169.4, 157.1, 156.3, 155.2, 153.6, 152.8, 152.3, 151.8, 142.8, 142.1, 139.7,
137.8, 137.2, 137.0, 134.8, 131.7, 130.6, 130.4, 129.7, 129.3, 129.0, 128.5, 128.2,
128.0, 127.7, 126.7, 125.8, 125.0, 121.0, 113.6, 112.2, 106.1, 74.9, 73.9, 69.1,
65.3, 64.8, 60.9, 58.3, 58.2, 56.4, 55.7, 53.0, 52.6, 30.7, 26.5, 26.4, 26.4, 26.3,
26.0, 26.0, 25.8, 23.8, 22.1, 19.8, 19.3, 19.1, 18.8, ÿ3.6, ÿ3.7, ÿ3.9, ÿ4.0,
ÿ4.1, ÿ4.2, ÿ4.6, ÿ4.6, ÿ4.8, ÿ4.9; HRMS (FAB) calcd for
C98H144Cl2N8O19Si6Cs [M�Cs�] 2107.7595, found 2107.7462.


Aglycon acceptor 6: A mixture of potassium fluoride (18.5 g) and basic
alumina (63.0 g) in water (100 mL) was stirred for 0.5 h at 25 8C. The
resulting solution was concentrated in vacuo and dried at 85 8C under
vacuum. A solution of N-Cbz-hexa-TBS-aglycon methyl ester 9 (600 mg,
0.303 mmol) in MeCN (2.0 mL) was treated with the above activated KF ´
Al2O3 (600 mg, 1.0 wt. equiv) at 0 8C, and the reaction mixture was stirred
for 2 h. After diluting with EtOAc (150 mL), the reaction mixture was
filtered and the solvents were removed under reduced pressure. The
residue was purified by flash column chromatography (silica gel, 10!50%
EtOAc in hexanes, gradient elution) to afford aglycon acceptor 6 (338 mg,
60%) as a white foam. 6 : Rf� 0.31 (silica gel, 5% MeOH in CH2Cl2);
[a]22


D �ÿ14.0 (c� 1.21, CHCl3); IR (thin film): nÄmax� 3403, 2995, 2857, 1751,
1676, 1670, 1658, 1508, 1472, 781 cmÿ1; 1H NMR (600 MHz, CD3OD,
330 K): d� 7.49 (br. s, 2H, H-6b and H-6f), 7.38 (br.d, J� 8.0 Hz, 1H,
H-2f), 7.37 (s, 1 H, H-2b), 7.35 ± 7.30 (m, 6H, Cbz(ArH) and H-2e), 7.08 (d,
J� 2.0 Hz, 1 H, H-5b), 7.01 (dd, J� 8.5, 2.0 Hz, 1H, H-5f), 6.77 (d, J�
8.5 Hz, 1H, H-6e), 6.65 (br. s, 1H, H-5e), 6.41 (d, J� 2.0 Hz, 1 H, H-7d),
6.35 (d, J� 2.0 Hz, 1H, H-7f), 6.05-6.02 (m, 1H, H-1a), 5.72 (s, 1H, H-4f),
5.49 (d, J� 4.5 Hz, 1H, H-2b), 5.37 (s, 2H, H-6b and H-4b), 5.20 ± 5.17 (m,
2H, CH2 of Cbz), 4.97 (br. s, 1H, H-2a), 4.94 (s, 1 H, H-4a), 4.90 ± 4.86 (m,
1H, H-3a), 4.85 ± 4.80 (m, 1H, H-7a), 4.64 (s, 1H, H-5a), 4.11 (s, 1H,
H-6a), 3.75 (s, 3H, OCH3), 2.94 (s, 3H, NCH3), 2.45 ± 2.39 (m, 2H, H-3b),
1.84 ± 1.81 (m, 1 H, H-1b), 1.53 ± 1.45 (m, 2H, H-1b and H-1g), 1.01 (s, 9H,
tBuSi), 0.94 (s, 9H, tBuSi), 0.93 ± 0.90 (m, 6 H, H-1g), 0.86 (s, 9H, tBuSi),
0.75 (s, 9 H, tBuSi), 0.64 (s, 9H, tBuSi), 0.23 (s, 6H, CH3Si), 0.18 (s, 3H,
CH3Si), 0.12 (s, 3H, CH3Si), 0.10 (s, 3 H, CH3Si), 0.09 (s, 3H, CH3Si), 0.09 (s,
3H, CH3Si), 0.08 (s, 3 H, CH3Si), 0.02 (s, 3 H, CH3Si),ÿ0.09 (s, 3H, CH3Si);
13C NMR (150 MHz, CD3CN, 330 K): d� 172.2, 171.8, 171.4, 171.1, 170.6,
169.1, 167.9, 156.4, 155.8, 154.3, 151.7, 151.6, 149.4, 147.7, 141.5, 139.7, 138.0,
136.7, 136.5, 135.4, 130.6, 129.9, 129.3, 129.2, 129.0, 128.8, 128.0, 127.2, 126.9,
126.4, 125.3, 124.7, 121.3, 113.1, 112.1, 106.1, 105.5, 74.4, 73.6, 68.1, 64.3, 60.4,
57.7, 57.6, 55.3, 55.2, 52.7, 52.5, 38.9, 37.3, 30.3, 26.2, 26.1, 26.0, 25.6, 25.5, 25.3,
23.5, 22.1, 18.9, 18.8, 18.7, 18.3, 18.3, ÿ3.9, ÿ4.0, ÿ4.2, ÿ4.3, ÿ4.5, ÿ4.6,


ÿ4.7, ÿ4.7, ÿ5.0, ÿ5.0; HRMS (FAB) calcd for C92H130Cl2N8O19Si5Cs
[M�Cs�] 1993.6730, found 1993.6606.


Nona-TBS-vancomycin 10: TBSOTf (47.6 mL, 207 mmol) was added
dropwise to a solution of vancomycin free base (1) (5.00 g, 3.45 mmol)
and 2,6-lutidine (72.4 mL, 621 mmol) in CH2Cl2/DMF (10:1, 340 mL) at
0 8C. The reaction mixture was slowly warmed to 25 8C and was stirred for
18 h. The reaction was quenched by the addition of saturated aqueous
NaHCO3 (200 mL) and stirred at 25 8C for 60 h. The organic layer was
separated, and the aqueous layer was extracted with EtOAc (2� 400 mL).
The combined organic layers were dried (Na2SO4), concentrated, and the
residue was purified by flash column chromatography (silica gel, 1!8%
MeOH in CH2Cl2, gradient elution) to afford nona-TBS-vancomycin 10
(5.56 g, 65 %) as a white foam. 10 : Rf� 0.17 (silica gel, 5 % MeOH in
CH2Cl2); [a]22


D �ÿ27.2 (c� 0.90, CHCl3); IR (thin film): nÄmax� 3406, 2956,
2930, 2858, 1677, 1490, 1473, 1256, 1109, 1060, 837, 780 cmÿ1; 1H NMR
(600 MHz, CD3OD, 295 K): d� 7.80 (s, 1 H), 7.53 (br.d, J� 8.5 Hz, 1H),
7.50 (dd, J� 8.5, 2.0 Hz, 1H), 7.43 (s, 1H), 7.23 (d, J� 8.5 Hz, 2H), 7.08 (d,
J� 2.5 Hz, 1H), 6.95 (dd, J� 8.5, 2.5 Hz, 1 H), 6.75 (s, 1 H), 6.73 ± 6.71 (m,
1H), 6.35 (d, J� 2.5 Hz, 1 H), 6.00 (d, J� 5.5 Hz, 1H), 5.80 (s, 1H), 5.72 ±
5.70 (m, 1 H), 5.41 (d, J� 4.5 Hz, 1 H), 5.39 (s, 1 H), 5.38 (s, 1H), 5.20 (d, J�
4.5 Hz, 1H), 4.70 ± 4.64 (m, 1H), 4.62 (s, 1 H), 4.53 ± 4.51 (m, 1 H), 4.27 (br. s,
1H), 4.17 (d, J� 5.5 Hz, 1H), 4.10 (s, 1 H), 4.03 ± 3.99 (m, 2H), 3.90 ± 3.86
(m, 2H), 3.40 (s, 1H), 3.17 ± 3.15 (m, 1 H), 2.49 ± 2.45 (m, 1 H), 2.38 (s, 3H),
2.06 ± 2.02 (m, 1H), 1.86 ± 1.82 (m, 1 H), 1.73 ± 1.71 (m, 1H), 1.62 ± 1.50 (m,
2H), 1.50 (s, 3 H), 1.28 (d, J� 6.5 Hz, 3 H), 1.01 (s, 9H), 0.98 (s, 9 H), 0.97 ±
0.96 (m, 6H), 0.95 (s, 9H), 0.90 (s, 9H), 0.90 (s, 9H), 0.89 (s, 9H), 0.87 (s,
9H), 0.73 (s, 9 H), 0.59 (s, 9H), 0.24 (s, 6 H), 0.20 (s, 3H), 0.16 (s, 3 H), 0.15
(s, 3H), 0.14 (s, 3H), 0.13 (s, 6 H), 0.12 (s, 3 H), 0.11 (s, 6H), 0.09 (s, 3H),
0.08 (s, 3H), 0.05 (s, 6H), 0.01 (s, 3H), 0.00 (s, 3 H),ÿ0.12 (s, 3 H); 13C NMR
(150 MHz, CD3OD, 330 K): d� 177.1, 174.2, 172.2, 172.0, 171.3, 170.2,
168.4, 156.8, 155.8, 155.2, 153.7, 153.6, 151.3, 143.2, 140.2, 139.6, 137.8, 135.6,
135.3, 130.6, 130.2, 129.1, 129.0, 128.8, 127.7, 127.4, 126.8, 125.9, 125.2, 121.0,
115.2, 111.6, 106.8, 102.3, 95.9, 83.1, 79.5, 76.2, 76.0, 74.7, 74.5, 71.2, 65.6,
65.5, 64.7, 64.4, 60.8, 56.6, 56.1, 55.2, 53.6, 42.7, 38.9, 36.3, 35.0, 30.8, 26.9,
26.7, 26.6, 26.5, 26.4, 26.2, 26.1, 25.9, 24.6, 23.5, 22.9, 19.6, 19.3, 19.3, 19.1,
19.0, 18.8, 18.6,ÿ3.1,ÿ3.7,ÿ3.8,ÿ3.9,ÿ4.0,ÿ4.3,ÿ4.5,ÿ4.7,ÿ4.8,ÿ4.8;
HRMS (FAB) calcd for C120H201Cl2N9O24Si9Cs [M�Cs�] 2607.1139, found
2607.1324.


Nona-TBS-vancomycin methyl ester 11: A solution of nona-TBS-vanco-
mycin 10 (2.00 g, 0.800 mmol) in ether (20 mL) was treated with CH2N2


(solution in ether, excess) at 0 8C. After stirring the mixture for 0.5 h, argon
was bubbled through for 5 min, and the solvents were removed under
reduced pressure. The residue was purified by flash column chromatog-
raphy (silica gel, 20!80% EtOAc in hexanes, gradient elution) to afford
nona-TBS-vancomycin methyl ester 11 (1.79 g, 90 %) as a yellow foam. 11:
Rf� 0.24 (silica gel, 5% MeOH in CH2Cl2); [a]22


D �ÿ14.9 (c� 1.33,
CHCl3); IR (film) nÄmax� 3406, 2929, 2856, 1685, 1490, 1473, 1256, 1112,
1061, 838, 780 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K): d� 7.64 (d, J�
2.0 Hz, 1H), 7.53-7.49 (m, 2 H), 7.43 (d, J� 2.0 Hz, 1H), 7.23 (d, J� 8.5 Hz,
1H), 7.20 (d, J� 8.5 Hz, 1H), 7.03 (d, J� 2.5 Hz, 1 H), 7.00 (dd, J� 8.5,
2.5 Hz, 1H), 6.77 (d, J� 8.5 Hz, 1H), 6.41 (d, J� 2.0 Hz, 1H), 6.32 (d, J�
2.0 Hz, 1 H), 6.04 (d, J� 5.0 Hz, 1H), 5.81 (s, 1 H), 5.63 (s, 1H), 5.41 (d, J�
4.5 Hz, 1 H), 5.36 (s, 1H), 5.35 (d, J� 2.0 Hz, 1 H), 5.14 (d, J� 4.0 Hz, 1H),
4.91 (s, 1H), 4.83 (d, J� 4.5 Hz, 1H), 4.61 (d, J� 5.5 Hz, 1H), 4.60 (s, 1H),
4.50 (s, 1H), 4.46 ± 4.43 (m, 1H), 4.25 (br. s, 1 H), 4.17 (d, J� 5.0 Hz, 1H),
4.10 (s, 1 H), 4.06 ± 4.02 (m, 2 H), 3.91 ± 3.89 (m, 2 H), 3.75 (s, 3 H), 3.19 (s,
1H), 3.10 (dd, J� 8.5, 5.5 Hz, 1H), 2.49 ± 2.47 (m, 1H), 2.37 (s, 3H), 1.85-
1.80 (m, 2H), 1.59 ± 1.47 (m, 3 H), 1.31 (s, 3 H), 1.05 (d, J� 6.5 Hz, 3 H), 1.01
(s, 9H), 0.96 (s, 9H), 0.97 ± 0.96 (m, 6H), 0.94 (s, 9H), 0.91 (s, 9H), 0.89 (s,
9H), 0.88 (s, 9 H), 0.86 (s, 9H), 0.73 (s, 9 H), 0.60 (s, 9H), 0.23 (s, 6 H), 0.19
(s, 3H), 0.17 (s, 3H), 0.15 (s, 3 H), 0.13 (s, 3 H), 0.12 (s, 3H), 0.11 (s, 3H),
0.10 (s, 3 H), 0.10 (s, 3H), 0.08 (s, 3H), 0.07 (s, 3 H), 0.06 (s, 3 H), 0.05 (s,
3H), 0.03 (s, 3 H), 0.00 (s, 3H), ÿ0.01 (s, 3H), ÿ0.08 (s, 3 H); 13C NMR
(150 MHz, CD3OD, 320 K): d� 177.8, 174.1, 172.6, 172.1, 171.7, 171.0, 170.0,
169.3, 157.0, 156.3, 155.0, 153.9, 153.6, 153.3, 151.5, 142.3, 139.9, 137.2, 135.7,
135.0, 130.4, 130.2, 129.1, 129.0, 128.8, 128.5, 127.8, 127.7, 127.6, 126.6, 125.8,
125.1, 121.0, 113.4, 112.1, 110.2, 106.9, 102.2, 96.8, 82.8, 79.4, 78.7, 76.3, 74.7,
74.3, 71.4, 66.3, 65.7, 64.7, 64.6, 61.0, 58.1, 56.5, 55.7, 53.0, 52.6, 52.0, 43.3,
39.1, 37.9, 35.5, 30.6, 26.7, 26.5, 26.5, 26.5, 26.4, 26.3, 26.3, 26.2, 25.9, 25.9,
23.4, 22.7, 19.5, 19.2, 19.1, 19.0, 18.9, 18.7, 18.7,ÿ3.3,ÿ3.4,ÿ3.8,ÿ3.9,ÿ4.0,
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ÿ4.1, ÿ4.2, ÿ4.4, ÿ4.5, ÿ4.6, ÿ4.7, ÿ4.8, ÿ4.9; HRMS (FAB) calcd for
C121H203Cl2N9O24Si9Cs [M�Cs�] 2624.1321, found 2624.1503.


N,N''-diCbz-nona-TBS-vancomycin methyl ester 12: A solution of nona-
TBS-vancomycin methyl ester 11 (2.91 g, 1.16 mmol) in dioxane/H2O (10:1,
60 mL) was treated sequentially with NaHCO3 (487 mg, 5.80 mmol) and
CbzCl (1.1 mL, 5.8 mmol) at 0 8C. After stirring the reaction mixture for
0.5 h, the reaction was quenched by the addition of saturated aqueous
NaHCO3 (10 mL), extracted with EtOAc (2� 50 mL), and washed with
brine (25 mL). The combined organic layers were dried (Na2SO4),
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 5!40 % EtOAc in hexanes, gradient elution) to provide
N,N'-diCbz-nona-TBS-vancomycin methyl ester 12 (2.55 g, 80 %) as a white
foam. 12 : Rf� 0.36 (silica gel, 5 % MeOH in CH2Cl2); [a]22


D �ÿ13.9 (c�
0.77, CHCl3); IR (film) nÄmax� 3404, 2954, 2923, 2886, 2857, 1684, 1490, 1472,
1256, 1108, 1060, 837, 780 cmÿ1; 1H NMR (600 MHz, CD3OD, 330 K): d�
7.63 (s, 1H), 7.53 (br.d, J� 8.5 Hz, 1H), 7.36 ± 7.28 (m, 12 H), 7.25 (d, J�
8.5 Hz, 1 H), 7.22 (d, J� 8.5 Hz, 1H), 7.04 (s, 1H), 7.00 (br.d, J� 8.5 Hz,
1H), 6.77 (d, J� 8.5 Hz, 1 H), 6.41 (d, J� 2.0 Hz, 1 H), 6.32 (d, J� 2.0 Hz,
1H), 6.03 (d, J� 4.5 Hz, 1 H), 5.80 (s, 1H), 5.64 (s, 1H), 5.44 (s, 1 H), 5.37 (s,
1H), 5.36 (s, 1 H), 5.13 (br. s, 1H), 5.05 ± 5.00 (m, 4H), 4.95 ± 4.92 (m, 1H),
4.91 (s, 1H), 4.87 ± 4.85 (m, 1H), 4.71 ± 4.69 (m, 1H), 4.62 (s, 1H), 4.37 ± 4.34
(m, 1H), 4.28 ± 4.20 (m, 1H), 4.22 ± 4.20 (m, 1H), 4.11 (s, 1 H), 4.08 (d, J�
11.0 Hz, 1H), 4.04 (d, J� 3.5 Hz, 1 H), 3.94 ± 3.90 (m, 2H), 3.75 (s, 3H), 3.62
(s, 1H), 2.92 (s, 3 H), 2.46 ± 2.38 (m, 2 H), 2.09 ± 2.06 (m, 1 H), 1.83 ± 1.80 (m,
2H), 1.60 (s, 3H), 1.58 ± 1.47 (m, 2H), 1.03 (d, J� 6.5 Hz, 3 H), 1.01 (s, 9H),
0.93 (s, 9 H), 0.96 ± 0.92 (m, 6 H), 0.90 (s, 9H), 0.89 (s, 9 H), 0.88 (s, 9H), 0.85
(s, 9H), 0.84 (s, 9H), 0.74 (s, 9 H), 0.62 (s, 9 H), 0.23 (s, 6H), 0.17 (s, 3H),
0.14 (s, 3 H), 0.12 (s, 3H), 0.10 (s, 3H), 0.09 (s, 3 H), 0.07 (s, 6 H), 0.06 (s,
3H), 0.05 (s, 6 H), 0.03 (s, 3 H), 0.02 (s, 3 H), 0.01 (s, 3 H), ÿ0.01 (s, 3H),
ÿ0.03 (s, 3H), ÿ0.09 (s, 3 H); 13C NMR (150 MHz, CD3COCD3, 300 K):
d� 172.0, 171.5, 171.3, 170.6, 169.1, 168.3, 156.6, 156.0, 155.2, 154.3, 153.2,
152.9, 151.0, 143.4, 142.1, 139.8, 138.3, 137.8, 137.3, 136.4, 135.0, 134.6, 130.2,
129.4, 129.3, 129.2, 129.1, 128.9, 128.7, 128.5, 128.5, 128.3, 127.9, 127.7, 127.5,
127.4, 127.3, 127.0, 126.3, 125.7, 124.9, 120.5, 113.4, 111.9, 109.2, 106.2, 102.1,
96.0, 82.0, 78.5, 75.4, 75.1, 74.4, 73.8, 70.7, 68.1, 67.0, 66.0, 65.9, 65.5, 65.3,
64.7, 63.8, 59.9, 57.8, 57.6, 56.1, 55.3, 54.9, 52.7, 52.2, 39.0, 37.4, 36.6, 35.4, 26.7,
26.6, 26.4, 26.3, 26.2, 26.1, 25.7, 25.7, 25.4, 24.4, 23.6, 22.6, 19.3, 19.2, 19.0,
18.9, 18.9, 18.7, 18.7, 18.6, 18.3, ÿ3.4, ÿ3.8, ÿ3.9, ÿ4.0, ÿ4.1, ÿ4.2, ÿ4.3,
ÿ4.5, ÿ4.6, ÿ4.8, ÿ5.0; HRMS (FAB) calcd for C137H215Cl2N9O28Si9Cs
[M�Cs�] 2889.2032, found 2889.2237.


Aglycon acceptor 6 [from vancomycin (1)]: A solution of N,N'-diCbz-nona-
TBS-vancomycin methyl ester 12 (1.12 g, 0.406 mmol) in trifluoroacetic
acid/dimethyl sulfide/CH2Cl2 (1:1:1, 12 mL) was stirred at 25 8C for 3 h. The
reaction mixture was then diluted with EtOAc (50 mL), and concentrated
in vacuo (�4). The residue was purified by flash column chromatography
(silica gel, 5!30 % EtOAc in hexanes, gradient elution) to afford aglycon
acceptor 6 (454 mg, 60 %) as a white foam (spectroscopically identical to 6
derived from the aglycon 2).


Silylated ethyl lactate 15: Triisopropylsilyl chloride (19.1 mL, 0.089 mol)
was added dropwise to a solution of (S)-ethyl lactate (14) (9.60 g,
0.081 mol) and imidazole (11.1 g, 0.162 mol) in DMF (160 mL) at 0 8C.
The reaction mixture was allowed to warm to 25 8C and stirred for 10 h. The
reaction mixture was diluted with hexanes (1 L) and washed with H2O (3�
75 mL). The organic layer was dried (MgSO4), concentrated, and the
residue was purified by flash column chromatography (silica gel, 0!4%
ether in hexanes, gradient elution) to provide ester 15 (22.2 g, 99%) as a
colorless oil. 15 : Rf� 0.68 (silica gel, 40 % ether in hexanes); [a]22


D �ÿ19.5
(c� 2.6, CHCl3); IR (thin film): nÄmax� 2943, 2867, 1755, 1464, 1371, 1273,
1147, 1062, 1017, 971, 883, 682 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 4.38
(q, J� 6.7 Hz, 1H, H-2), 4.14 (q, J� 7.1 Hz, 2H, OCH2), 1.39 (d, J� 6.7 Hz,
3H, H-3), 1.24 (t, J� 7.1 Hz, 3H, CH3), 1.04-1.01 (m, J� 6.5 Hz, 21H,
iPr3Si); 13C NMR (125 MHz, CDCl3): d� 174.1, 68.4, 68.4, 60.5, 21.7, 17.7,
14.1, 12.0; HRMS (FAB) calcd for C14H31O3Si [M�H�] 275.2042, found
275.2048.


Oxime alcohol 16: Ethyl ester 15 (8.00 g, 0.029 mol) was dissolved in ether
(150 mL) and cooled to ÿ78 8C. Diisobutylaluminum hydride (48.0 mL, 1m
solution in CH2Cl2, 0.041 mol) was added dropwise by cannula, and the
reaction mixture was stirred at ÿ78 8C for 45 min. Methanol (10 mL) was
added at ÿ78 8C, followed by the addition of ether (250 mL) and saturated
aqueous sodium potassium tartrate solution (60 mL). The reaction mixture
was then allowed to warm to 25 8C and stirred for 1 h. The organic layer was


separated, and the aqueous phase was extracted with ether (3� 50 mL).
The combined organic phase was dried (MgSO4), filtered, and concentrated
under reduced pressure. The crude aldehyde was azeotroped with benzene
(2� 10 mL) and then used directly in the next reaction. Ethyl vinyl ether
(10.6 mL, 0.111 mol, distilled from calcium hydride) was dissolved in THF
(100 mL), cooled to ÿ78 8C, and then tert-butyllithium (31.0 mL, 1.7m in
pentane, 0.052 mol) was added by cannula. The dark orange solution was
allowed to warm to 0 8C over 1 h, during which time the solution became
pale yellow. The anion solution was cooled to ÿ100 8C and to it was added
the crude aldehyde [dissolved in THF (50 mL) and cooled to ÿ78 8C] by
fast addition by cannula. After stirring for 5 min, the reaction mixture was
poured into saturated aqueous NH4Cl (100 mL), and diluted with ether
(200 mL). Aqueous HCl (5 %, 50 mL) was added and the mixture was
stirred for 0.5 h. The reaction mixture was further diluted with ether
(300 mL) and washed with H2O (50 mL). The combined organic fractions
were dried (MgSO4), concentrated, and the residue was purified by flash
column chromatography (silica gel, 1!10% ether in hexanes, gradient
elution) to afford the anti-alcohol and the syn-alcohol in a ratio of about
10:1 as colorless oils. anti-Alcohol: (4.36 g, 59 %): Rf� 0.40 (silica gel, 25%
ether in hexanes); [a]22


D ��39.7 (c� 1.0, CHCl3); IR (thin film): nÄmax�
3474, 2943, 2867, 1715, 1463, 1381, 1356, 1140, 1103, 883 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 4.23 (dq, J� 6.5, 3.5 Hz, 1H, H-4), 4.11 (br. s, 1H,
H-3), 3.22 (br.d, 1H, OH), 2.23 (s, 3H, H-1), 1.18 (d, J� 6 Hz, 3 H, H-5),
1.06 ± 1.03 (m, 21H, iPr3Si); 13C NMR (125 MHz, CDCl3): d� 209.2. 81.6,
70.6, 27.8, 18.9, 18.1, 12.5; HRMS (FAB) calcd for C14H31O3Si [M�H�]
275.2042, found 275.2047; syn-Alcohol: (460 mg, 6%): Rf� 0.52 (silica gel,
25% ether in hexanes); [a]22


D �ÿ76.5 (c� 0.70, CHCl3); IR (thin film):
nÄmax� 3472, 2943, 2867, 1713, 1463, 1382, 1360, 1239, 1107, 1009, 883 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 4.25 (dq, J� 6.5, 3.5 Hz, 1H, H-4), 4.10
(br. s, 1 H, H-3), 3.60 (br. s, 1H, OH), 2.30 (s, 3 H, H-1), 1.10 (d, J� 6.0 Hz,
3H, H-5), 1.08 ± 1.04 (m, 21 H, iPr3Si); 13C NMR (125 MHz, CDCl3): d�
209.8, 80.8, 69.9, 27.6, 18.7, 18.2, 18.1, 12.5; HRMS (FAB) calcd for
C14H31O3Si [M�H�] 275.2042, found 275.2047. The anti-alcohol (6.60 g,
0.024 mol) was dissolved in pyridine (100 mL), cooled to 0 8C, and O-benzyl
hydroxylamine ´ HCl (4.22 g, 0.026 mol) was added. The reaction mixture
was stirred at 0 8C for 1 h and then at 25 8C for 1 h. The reaction mixture was
diluted with hexanes (800 mL), and washed with H2O (100 mL) and brine
(100 mL). The combined organic layers were dried (MgSO4), concentrated,
and the residue was purified by flash column chromatography (silica gel,
2!10% ether in hexanes, gradient elution) to afford a 4:1 mixture of E and
Z oximes (9.1 g, 97 %) as colorless oils. Separation (flash column
chromatography, silica gel, 2!10 % ether in hexanes, gradient elution)
of an analytical sample of the oximes yielded the pure oximes. E-oxime
16a : Rf� 0.50 (silica gel, 25% ether in hexanes); [a]22


D ��5.2 (c� 0.56,
CHCl3); IR (thin film): nÄmax� 3416, 2913, 2866, 1463, 1367, 1145, 1053, 1014,
883, 764, 698, 679 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.34 ± 7.30 (m, 5H,
ArH), 5.11 (s, 2 H, CH2Ar), 4.15 ± 4.08 (m, 2 H, H-3, H-4), 2.86 (br.d, J�
5.0 Hz, 1 H, OH), 1.93 (s, 3 H, H-1), 1.13 (d, J� 6.0 Hz, 3H, H-5), 1.11 ± 1.04
(m, 21H, iPr3Si); 13C NMR (125 MHz, CDCl3): d� 157.1, 138.0, 128.3,
128.0, 127.7, 76.6, 75.6, 70.9, 18.4, 18.1, 12.4, 12.1; HRMS (FAB) calcd for
C21H38NO3Si [M�H�] 380.2621, found 380.2633; Z-oxime 16 b : Rf� 0.63
(silica gel, 25% ether in hexanes); [a]22


D �ÿ31.3 (c� 0.50, CHCl3); IR (thin
film): nÄmax� 2942, 2866, 1464, 1381, 1208, 1139, 1096, 1029, 969, 883, 754,
678 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.34 ± 7.26 (m, 5H, ArH), 5.03
and 4.98 (AB, J� 11.5 Hz, 2H, CH2Ar), 4.90 (br. s, 1 H, H-3), 4.40 (dq, J�
6.0, 3.5 Hz, 1H, H-4), 1.26 (br. s, 1 H, OH), 1.94 (s, 3 H, H-1), 1.08 (d, J�
6.5 Hz, 3 H, H-5), 0.99 ± 0.98 (m, 21H, iPr3Si); 13C NMR (125 MHz, CDCl3):
d� 159.2, 137.3, 128.4, 128.3, 127.9, 76.0, 72.1, 67.6, 17.9, 17.2, 16.7, 12.1;
HRMS (FAB) calcd for C21H38O3NSi [M�H�] 380.2621, found 380.2633.


Olefinic alcohol 17: Oxime 16 a (235 mg, 0.62 mmol) was dissolved in ether
(5.0 mL) and cooled to ÿ35 8C. Allylmagnesium bromide (1.56 mL, 1m
solution in ether, 1.56 mmol) was added dropwise and the reaction mixture
was stirred for 1 h. The reaction was quenched by the addition of saturated
aqueous NH4Cl (5 mL), diluted with ether (30 mL), and washed with H2O
(5 mL). The combined organic layers were dried (MgSO4), concentrated,
and the residue was purified by flash column chromatography (silica gel,
15% ether in hexanes) to yield alcohol 17 (130 mg, 50%) as a single
diastereoisomer and recovered oxime 16a (110 mg, 47%). Alcohol 17: Rf�
0.61 (silica gel, 25 % ether in hexanes); [a]22


D �ÿ20.0 (c� 0.56, CHCl3); IR
(thin film): nÄmax� 3576, 3071, 2942, 2866, 1463, 1384, 1368, 1248, 1140, 1091,
1049, 1013, 913, 883, 749, 697, 679 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
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7.34 ± 7.26 (m, 5 H, ArH), 5.91 ± 5.88 (m, 1H, H-1), 5.73 (br. s, 1H, NH), 5.13
(d, J� 17.0 Hz, 1H, H-1Z), 5.12 (d, J� 10.0 Hz, 1 H, H-1E), 4.70 (s, 2H,
CH2Ar), 4.09 (dq, J� 6.3, 3.8 Hz, 1H, H-5), 3.75 (dd, J� 3.5, 2.5 Hz, 1H,
H-4), 2.76 (br. s, 1H, OH), 2.53 (dd, J� 13.5, 7.0 Hz, 1H, H-2a), 2.32 (dd,
J� 13.5, 8.0 Hz, 1H, H-2b), 1.28 (br. s, 1 H, OH), 1.28 (d, J� 6.0 Hz, 3H,
H-6), 1.07 ± 1.05 (m, 21 H, iPr3Si), 0.99 (s, 3 H, H-3(CH3)); 13C NMR
(125 MHz, CDCl3): d� 138.0, 134.3, 128.3, 128.2, 127.7, 118.3, 77.0, 76.7,
69.8, 62.0, 39.1, 19.5, 18.2, 18.2, 17.4, 12.7; HRMS (FAB) calcd for
C24H44NO3Si [M�H�] 422.3090, found 422.3097.


Inverted olefinic alcohol 18: Dimethyl sulfoxide (328 mL, 4.62 mmol) was
added dropwise to a solution of oxalyl chloride (322 mL, 3.69 mmol) in
CH2Cl2 (10 mL) at ÿ78 8C and the resulting mixture was stirred for 10 min.
Alcohol 17 (779 mg, 1.85 mmol) was dissolved in CH2Cl2 (10 mL) and
added to the reaction mixture by cannula over 5 min. The reaction mixture
was stirred at ÿ78 8C for 2 h, and then triethylamine (1.03 mL, 7.39 mmol)
was added and the reaction mixture was allowed to warm to 0 8C over 2 h.
The reaction mixture was diluted with CH2Cl2 (100 mL) and washed with
H2O (15 mL). The organic layer was dried (MgSO4), concentrated, and the
residue was purified by flash column chromatography (silica gel, 3 % ether
in hexanes) to yield the corresponding ketone (705 mg, 91 %) as a white
foam. Ketone: Rf� 0.26 (silica gel, 10% ether in hexanes); [a]22


D �ÿ7.5
(c� 2.7, CHCl3); IR (thin film): nÄmax� 3020, 2944, 2866, 1710, 1640, 1454,
1368, 1258, 1159, 1097, 1062, 996, 918, 884, 779, 750, 697 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.34 ± 7.28 (m, 5 H, ArH), 6.73 (br. s, 1H, NH),
5.81 ± 5.73 (m, 1 H, H-1), 5.11 (br.d, J� 16.0 Hz, 1H, H-1Z), 5.10 (d, J�
11.5 Hz, 1H, H-1E), 4.75 (q, J� 7.0 Hz, 1H, H-5), 4.69 (s, 2 H, CH2Ar), 2.54
(dd, J� 14.0, 7.0 Hz, 1H, H-2a), 2.50 (dd, J� 14.0, 7.3 Hz, 1H, H-2b), 1.43
(d, J� 7.0 Hz, 3H, H-6), 1.29 (s, 3H, CH3(H-3)), 1.09 ± 1.05 (m, 21H,
iPr3Si); 13C NMR (125 MHz, CDCl3): d� 213.2, 137.5, 133.1, 128.3, 128.2,
128.1, 127.7, 127.6, 118.5, 76.9, 74.9, 69.4, 38.7, 21.6, 21.6, 19.4, 18.2, 18.1, 12.7;
HRMS (FAB) calcd for C24H41NO3SiCs [M�Cs�] 552.1910, found
552.1894. To a solution of the above ketone (705 mg, 1.68 mmol) in ether/
MeOH (5:1) (21 mL) at 25 8C was added sodium borohydride (109 mg,
5.04 mmol) and the reaction mixture was stirred for 0.5 h. Saturated
aqueous NH4Cl (5 mL) was added and the reaction mixture was stirred for
10 min. The reaction mixture was diluted with ether (150 mL) and washed
with brine (10 mL). The organic layer was dried (MgSO4), concentrated,
and the residue was purified by flash column chromatography (silica gel,
2% ether in hexanes) to afford alcohol 18 (636 mg, 90%, 92 % de) as a
colorless oil. 18 : Rf� 0.28 (silica gel, 7 % ether in hexanes); [a]22


D �ÿ8.1
(c� 1.6, CHCl3); IR (thin film): nÄmax� 3522, 3071, 3031, 2943, 2866, 1638,
1464, 1454, 1372, 1256, 1133, 1057, 1014, 945, 915, 883, 748, 697 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.36 ± 7.29 (m, 5H, ArH), 5.87 ± 5.82 (m,
2H, H-1, NH), 5.10 (d, J� 11.5 Hz, 1 H, H-1E), 5.09 (br.d, J� 16.0 Hz, 1H,
H-1Z), 4.65 and 4.62 (AB, 2H, J� 11.5 Hz, CH2Ar), 4.37 (dq, J� 6.0,
2.0 Hz, 1 H, H-5), 3.32 (br.dd, J� 7.5, 2.0 Hz, 1 H, H-4), 3.11 (d, J� 7.5 Hz,
1H, OH), 2.89 (dd, J� 14.0, 8.5 Hz, 1H, H-2b), 2.28 (dd, J� 13.5, 7.0 Hz,
1H, H-2a), 1.30 (d, J� 6.5 Hz, 3H, H-6), 1.07 ± 1.04 (m, 21H, iPr3Si), 1.05 (s,
3H, CH3(H-3)); 13C NMR (125 MHz, CDCl3): d� 138.0, 134.3, 128.3, 128.2,
127.6, 118.2, 77.2, 76.7, 67.4, 62.5, 38.7, 23.1, 18.3, 18.2, 18.1, 18.0, 13.1; HRMS
(FAB) calcd for C24H43NO3SiCs [M�Cs�] 554.2067, found 554.2083.


Hydroxylamine 19: Sodium hydride (122 mg, 3.06 mmol) was added to a
solution of alcohol 18 (1.17 g, 2.71 mmol) in DMF (14 mL) at 0 8C. After
2 min, benzyl bromide (400 mL, 3.23 mmol) and tetra-n-butylammonium
iodide (205 mg, 0.56 mmol) were added. After stirring for 2 h, the reaction
was quenched by the addition of saturated aqueous NH4Cl (10 mL), diluted
with ether (200 mL), washed with H2O (20 mL) and then brine (20 mL).
The organic layer was dried (MgSO4), concentrated, and the residue was
purified by flash column chromatography (silica gel, 3% ether in hexanes)
to provide the benzyl ether (1.25 g, 88%) as a colorless oil. Benzyl ether:
Rf� 0.50 (silica gel, 10% ether in hexanes); [a]22


D �ÿ23.0 (c� 2.8, CHCl3);
IR (thin film): nÄmax� 3065, 3031, 2943, 2866, 1639, 1497, 1463, 1367, 1308,
1249, 1209, 1163, 1106, 1057, 1028, 1014, 910, 883, 732, 697, 682 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.33 ± 7.27 (m, 10H, ArH), 5.99 ± 5.92 (m,
2H, H-1, NH), 5.03 (d, J� 11.5 Hz, 1 H, H-1E), 5.03 (br.d, J� 16.0 Hz, 1H,
H-1Z), 4.77 and 4.62 (AB, J� 12.0 Hz, 2 H, CH2Ar), 4.69 and 4.65 (AB, J�
11.5 Hz, 2H, CH2Ar), 4.33 (dq, J� 6.2, 3.7 Hz, 1 H, H-5), 3.57 (d, J� 4.0 Hz,
1H, H-4), 2.42 ± 2.41 (m, 2 H, H-2), 1.36 (d, J� 6.5 Hz, 3 H, H-6), 1.20 (s,
3H, CH3(H-3)), 1.09 ± 1.06 (m, 21H, iPr3Si); 13C NMR (125 MHz, CDCl3):
d� 139.4, 138.2, 135.5, 128.3, 128.2, 127.5, 127.2, 116.9, 84.1, 76.7, 74.7, 69.2,
63.6, 39.0, 22.1, 19.6, 18.3, 18.2, 18.2, 12.9; HRMS (FAB) calcd for


C31H50NO3Si [M�H�] 512.3560, found 512.3595. Lithium aluminum
hydride (148 mg, 3.90 mmol) was added to a solution of the above benzyl
ether (1.25 g, 2.44 mmol) in dry ether (35 mL) at 25 8C. The reaction
mixture was heated to reflux for 24 h, cooled to 0 8C, and quenched by the
addition of saturated aqueous NH4Cl (10 mL). The reaction mixture was
diluted with CH2Cl2 (200 mL) and washed with H2O (20 mL). The aqueous
layer was further extracted with CH2Cl2 (2� 40 mL) and EtOAc (2�
40 mL). The combined organic layers were dried (MgSO4), filtered, and
the solvents were removed under reduced pressure. The crude mixture was
taken to the next step. Flash column chromatography (silica gel, 20%
MeOH in CH2Cl2) gave an analytically pure sample of amino alcohol 19 as
a colorless oil. 19 : Rf� 0.45 (silica gel, 20 % MeOH in CH2Cl2); [a]22


D �
ÿ23.6 (c� 2.4, CHCl3); IR (thin film): nÄmax� 3282, 3068, 3030, 2976, 2926,
1652, 1580, 1496, 1455, 1398, 1346, 1249, 1209, 1184, 1064, 996, 918, 856, 799,
738 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.39 ± 7.25 (m, 5H, ArH), 5.83 ±
5.75 (m, 2H, H-1), 5.15 (br.d, J� 15.5 Hz, 1H, H-1Z), 5.14 (d, J� 11.0 Hz,
1H, H-1E), 4.72 and 4.58 (AB, J� 11.0 Hz, 2H, CH2Ar), 4.22 (dq, J�
6.5 Hz, 1H, H-5), 3.52 (br. s, 3H, NH2, OH), 2.96 (br.d, J� 1.5 Hz, 1H,
H-4), 2.32 (dd, J� 13.0, 7.5 Hz, 1 H, H-2a), 2.25 (dd, J� 13.5, 8.0 Hz, 1H,
H-2b), 1.27 (d, J� 6.5 Hz, 3H, H-6), 1.20 (s, 3H, CH3(H-3)); 13C NMR
(125 MHz, CDCl3): d� 138.0, 132.7, 128.2, 127.6, 119.3, 85.3, 76.6, 74.7, 67.3,
56.8, 43.0, 27.2, 20.4; HRMS (FAB) calcd for C15H23NO2Na [M�Na�]
272.1626, found 272.1619.


Cbz-protected hydroxylamine 20: To a solution of the above crude amino
alcohol 19 and NaHCO3 (2.58 g, 24.4 mmol) in THF/H2O (5:1) (25 mL) at
0 8C was added CbzCl (1.03 mL, 7.20 mmol). After stirring for 0.5 h at 25 8C,
the reaction mixture was diluted with CH2Cl2 (200 mL) and washed with
H2O (20 mL). The organic layer was dried (MgSO4), concentrated, and the
residue was purified by flash column chromatography (silica gel, 50% ether
in hexanes) to afford amine 20 (705 mg, 78 % over two steps) as a colorless
oil. 20 : Rf� 0.30 (silica gel, 60% ether in hexanes); [a]22


D �ÿ39.3 (c� 1.8,
CHCl3); IR (thin film): nÄmax� 3346, 3065, 3032, 2976, 2936, 1732, 1640, 1538,
1456, 1373, 1242, 1072, 1002, 914, 737, 698 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.38 ± 7.31 (m, 10 H, ArH), 5.85 ± 5.77 (m, 2 H, H-1), 5.19 (br. s,
1H, NH), 5.12 (br.d, J� 10.5 Hz, 1 H, H-1E), 5.09 (d, J� 19.0 Hz, 1H,
H-1Z), 5.12 and 5.02 (AB, J� 12.5 Hz, 2 H, CH2Ar), 4.74 and 4.66 (AB, J�
11.0 Hz, 2 H, CH2Ar), 4.69 (br.d, J� 4.0 Hz, 1H, H-4), 4.00 (dq, J� 8.5,
7.0 Hz, 1H, H-5), 3.88 (br. s, 3 H, OH), 2.91 (dd, J� 13.5, 7.0 Hz, 1H, H-2b),
2.42 (dd, J� 13.5, 7.0 Hz, 1 H, H-2a), 1.37 (d, J� 6.5 Hz, 3 H, H-6), 1.24 (s,
3H, CH3(H-3)); 13C NMR (125 MHz, CDCl3): d� 154.8, 137.9, 136.6, 133.5,
128.5, 128.4, 128.0, 127.9, 127.6, 127.5, 126.9, 118.9, 84.2, 76.7, 66.2, 65.7, 65.2,
58.6, 40.4, 23.5, 20.9; HRMS (FAB) calcd for C23H30NO4 [M�H�]
384.2175, found 384.2164.


Benzyl-protected vancosamine lactols 21: Ozone was bubbled through a
solution of alcohol 20 (159 mg, 0.410 mmol) in CH2Cl2 (25 mL) at ÿ78 8C
for 1 h. Triphenylphosphane (107 mg, 0.82 mmol) was added atÿ78 8C, and
then the reaction mixture was warmed to 25 8C and stirred for 12 h. The
solvents were removed under reduced pressure and the residue was
purified by flash column chromatography (silica gel, 75 % ether in hexanes)
to yield lactols 21 (150 mg, 95 %) as a white foam. 21: Rf� 0.12; (silica gel,
60% ether in hexanes); [a]22


D �ÿ56.8 (c� 0.5, CHCl3); IR (thin film):
nÄmax� 3410, 3064, 3032, 2930, 1713, 1517, 1453, 1380, 1350, 1280, 1240, 1208,
1160, 1068, 962, 885, 821, 753, 699, 585, 552, 486 cmÿ1; 1H NMR (500 MHz,
CDCl3, mixture of a :b anomers ca. 1.8:1): d� 7.32 ± 7.27 (m, 10H, ArH),
5.34 (br. s, 0.4H, H-V1a), 5.03 and 4.99 (AB, J� 12.5 Hz, 2 H, CH2Ar), 4.92
(br. s, 1 H, NH), 4.95 ± 4.85 (m, 2.5 H, H-V1b, NH, CH2Ar), 4.64 and 4.54
(AB, J� 11.0 Hz, 0.8 H, CH2Ar), 4.62 and 4.50 (AB, J� 11.0 Hz, 1.2H,
CH2Ar), 4.29 (br.q, J� 6.5 Hz, 0.4 H, H-V5a), 3.82 (br.q, J� 6.5 Hz, 0.6H,
H-V5b), 3,56 (br. s, 0.4H, H-V4a), 3.52 (br. s, 0.6H, H-V4b), 3.15 (d, J�
8.0 Hz, 0.6 H, OHb), 2.61 (dd, J� 8.0, 1.5 Hz, 0.4 H, OHb), 1.96 (dd, J�
13.0, 4.5 Hz, 0.6 H, H-V2aa), 1.81 (br.d, J� 11.0 Hz, 0.4 H, H-V2ba), 1.78
(br.d, J� 13.5 Hz, 0.6H, H-V2ab), 1.73 (s, 1.2 H, H-V3a), 1.61 (dd, J� 12.0,
11.0 Hz, 1 H, H-V2bb), 1.55 (s, 1.8 H, H-V3b), 1.30 (d, J� 6.5 Hz, 0.8H,
H-V6a), 1.30 (d, J� 6.5 Hz, 1.2H, H-V6b); 13C NMR (125 MHz, CDCl3):
d� 154.8, 154.8, 137.9, 136.6, 136.4, 128.5, 128.4, 128.2, 128.2, 128.1, 128.1,
127.8, 92.7, 91.4, 80.1, 78.8, 75.8, 75.6, 70.1, 66.3, 66.2, 64.8, 55.3, 53.6, 40.5,
36.3, 29.7, 24.0, 22.0, 17.7, 17.5; HRMS (FAB) calcd for C22H27NO5Na [M�
Na�] 408.1787, found 408.1780.


Benzyl-protected vancosamine glycosyl fluoride 22: Diethylaminosulfur
trifluoride (10 mL, 0.076 mmol) was added to a solution of lactols 21
(21.0 mg, 0.054 mmol) in CH2Cl2 (1.0 mL) at 0 8C. After stirring for 20 min,
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the reaction was quenched by the addition of saturated aqueous NaHCO3


(2.0 mL), diluted with CH2Cl2 (10 mL), and stirred for 5 min. The layers
were separated, and the aqueous layer was extracted with CH2Cl2 (10 mL).
The combined organic layers were dried (MgSO4), filtered, and the solvents
were removed under reduced pressure. The residue was azeotroped with
benzene (2 mL), dried under vacuum for 1 h, and used directly in the next
reaction. 22 : crude 1H NMR (500 MHz, CDCl3, a :b ca. 16:1): d� 7.33 ± 7.26
(m, 10 H, ArH), 5.69 (dd, J� 53.0, 3.0 Hz, 1 H, H-V1), 5.05 and 4.99 (AB,
J� 12.5 Hz, 2H, CH2Ar), 4.88 (s, 1H, NH), 4.67 and 4.53 (AB, J� 11.0 Hz,
2H, CH2Ar), 4.27 (br.q, J� 6.5 Hz, 1 H, H-V5), 3.56 (s, 1H, H-V4), 2.03
(dd, J� 14.0, 7.0 Hz, 1H, H-V2a), 1.90 (ddd, J� 53.0, 14.0, 3.2 Hz, 1H,
H-V2b), 1.71 (s, 3 H, H-V3), 1.31 (d, J� 6.0 Hz, 3H, H-V6).


Cbz-protected amine 24: Sodium hydride (457 mg, 60 % in mineral oil,
11.94 mmol) was added to a solution of alcohol 18 (4.20 g, 9.95 mmol), p-
methoxybenzyl chloride (1.75 mL, 12.9 mmol), and tetra-n-butylammoni-
um iodide (367 mg, 0.99 mmol) in DMF (52 mL) at 0 8C. After stirring the
reaction mixture for 4 h at 25 8C, the reaction was quenched by the careful
addition of saturated aqueous NH4Cl (10 mL), the solution was diluted
with ether (300 mL), and washed with brine (30 mL). The organic layer was
dried (MgSO4), concentrated, and the residue was purified by flash column
chromatography to afford the PMB-ether (6.2 g, 93%). PMB-ether: Rf�
0.66 (silica gel, 20% ether in hexanes); [a]22


D �ÿ41.7 (c� 1.1, CHCl3); IR
(thin flim) nÄmax� 2942, 2865, 1607, 1513, 1463, 1366, 1248, 1171, 1082 cmÿ1;
1H NMR (500 MHz CDCl3): d� 7.33 ± 7.25 (m, 5H, ArH), 7.23 (d, J�
9.0 Hz, 2H, ArH), 6.83 (d, J� 9.0 Hz, 2H, ArH), 5.97 ± 5.90 (m, 2 H, H-1,
NH), 5.03 ± 4.99 (m, 2 H, H-1Z, H-1E), 4.68 ± 4.64 (m, 3 H, CH2Ar), 4.51 (d,
J� 11.0 Hz, 1 H, CH2Ar), 4.31 ± 4.26 (m, 1H, H-5), 3.79 (s, 3 H, OCH3), 3.54
(d, J� 3.7 Hz, 1 H, H-4), 2.38 (d, J� 7.0 Hz, 2H, H-2a, H-2b), 1.33 (d, J�
7.0 Hz, 3H, H-6), 1.17 (s, 3 H, CH3(H-3)), 1.05 (s, 21 H, iPr3Si); 13C NMR
(125 MHz, CDCl3): d� 158.8, 138.2, 135.2, 131.4, 128.9, 128.8, 128.8, 128.7,
128.2, 128.1, 128.1, 128.0, 128.0, 127.4, 116.8, 113.5, 110.0, 83.7, 74.3, 69.2,
63.5, 55.2, 38.9; HRMS (FAB) calcd for C32H51NO4SiCs [M�Cs�]
674.2642, found 674.2619. Lithium aluminum hydride (640 mg, 16.1 mmol)
was added to a solution of the above PMB-ether (2.44 g, 4.60 mmol) in
ether (46 mL), at 0 8C. The reaction mixture was refluxed for 5 h, cooled to
0 8C, and then quenched by the addition of saturated aqueous NH4Cl
(10 mL). The reaction mixture was diluted with CH2Cl2 (200 mL) and
washed with H2O (20 mL). The aqueous layer was further extracted with
CH2Cl2 (2� 80 mL) and EtOAc (2� 80 mL). The combined organic layers
were dried (MgSO4), filtered, and the solvents were removed under
reduced pressure. To a solution of the above crude amino-alcohol and
NaHCO3 (3.85 g, 45.8 mmol) in dioxane/H2O (4:1) (55 mL) at 0 8C was
added CbzCl (5.39 mL, 37.7 mmol). After stirring for 18 h at 25 8C, the
reaction mixture was diluted with CH2Cl2 (200 mL), and washed with H2O
(20 mL). The organic layer was dried (MgSO4), concentrated, and the
residue was purified by flash column chromatography (silica gel, 50% ether
in hexanes) to afford Cbz-protected amine 24 (1.54 g, 81 % over two steps)
as a colorless oil. 24 : Rf� 0.40 (silica gel, 50 % ether in hexanes); [a]22


D �
ÿ38.0 (c� 0.83, CHCl3); IR (film) nÄmax� 3354, 2932, 1714, 1613, 1514, 1247,
1075, 1031 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.34 ± 7.28 (m, 5H, ArH),
7.23 (d, J� 9.0 Hz, 2H, ArH), 6.87 (d, J� 8.5 Hz, 2 H, ArH), 5.81 ± 5.74 (m,
1H, H-1), 5.14 ± 4.99 (m, 4 H, H-1E, H-1Z, CH2Ar), 4.64 (d, J� 10.6 Hz,
1H, CH2Ar), 4.56 (d, J �10.3 Hz, 1 H, CH2Ar), 3.96 (br. s, 1H, H-4), 3.83
(br. s, 1 H, H-5), 3.80 (s, 3H, OCH3), 2.89 ± 2.85 (m, 1H, H-2b), 2.41 ± 2.39
(m, 1 H, H-2a), 1.33 (s, 3H, CH3(H-3)), 1.21 (d, J� 6.5 Hz, 3 H, CH3(H-6));
13C NMR (125 MHz, CDCl3): d� 159.4, 155.0, 137.0, 133.5, 130.1, 129.5,
128.5, 128.1, 118.9, 113.8, 83.9, 66.2, 65.7, 58.7, 55.3, 40.4, 23.6, 20.9; HRMS
(FAB) calcd for C24H31NO5Na [M�Na�] 436.2100, found 436.2109.


Vancosamine anomeric acetate 25: Ozone was bubbled through a solution
of alcohol 24 (1.10 g, 2.52 mmol) in CH2Cl2 (35 mL) at ÿ78 8C for 1 h.
Dimethyl sulfide (5.0 mL) was added and the solution was allowed to warm
to 25 8C over 6 h. The solvents were removed under reduced pressure and
the residue was purified by flash column chromatography to afford the
anomeric mixture of lactols (1.00 g, 92 %). Lactols : Rf� 0.50 (silica gel,
ether); IR (thin film): nÄmax� 3404, 1716, 1612, 1513, 1454, 1247, 1064 cmÿ1;
1H NMR (500 MHz, CDCl3, 1:1 mixture of a :b anomers): d� 7.32 ± 7.28 (m,
4H, ArH), 7.20 (d, J� 8.5 Hz, 1H, ArH), 7.16 (d, J� 8.0 Hz, 2 H, ArH),
6.82-6.78 (m, 2H, ArH, H-1a), 5.29 (br. s, 1H, H-V1a), 5.07 ± 4.98 (m, 4H,
CH2Ar), 4.93 (s, 1 H), 4.83 (s, 1H, H-1Vb), 4.79 (d, J� 9.5 Hz, 1 H, CH2Ar),
4.67 (s, 1 H), 4.59 (d, J� 11.0 Hz, 1 H), 4.50 (d, J� 11.0 Hz, 1 H), 4.45 (d, J�
11.0 Hz), 4.39 (d, J� 10.6 Hz, 1H), 4.25 (q, J� 6.2 Hz, 1 H, H-V5), 3.74 (s,


3H, OCH3), 3.73 (s, 3H, OCH3), 3.49 (br. s, 1 H), 3.46 (br. s, 1H), 1.92 ± 1.89
(m, 1 H, H-V2), 1.75 ± 1.66 (m, 4H, H-V3, H-V2), 1.57 ± 1.49 (m, 4 H, H-V3,
H-V2), 1.25 (d, J� 6.2 Hz, 3H, H-V6), 1.21 (d, J� 7.0 Hz, 3H, H-V6);
13C NMR (125 MHz, CDCl3): d� 159.0, 154.8, 136.4, 130.0, 129.8, 128.5,
128.4, 128.2, 128.1, 128.1, 128.0, 113.8, 113.7, 92.7, 91.4, 79.7, 78.5, 75.4, 75.1,
70.0, 66.2, 66.1, 64.7, 55.2, 53.5, 40.4, 36.3, 23.9, 21.9, 17.7, 17.5; HRMS (FAB)
calcd for C23H29NO6Na [M�Na�] 438.1893, found 438.1879. To a solution
of the above lactols (850 mg, 2.04 mmol), triethylamine (1.42 mL,
10.2 mmol), and 4-DMAP (10 mg, 0.08 mmol) in CH2Cl2 (4.0 mL) at 0 8C
was added acetic anhydride (580 mL, 6.12 mmol). After stirring the reaction
mixture for 2 h at 25 8C, the reaction was quenched by the addition of
saturated aqueous NaHCO3 (10 mL), and the aqueous phase was extracted
with CH2Cl2 (2� 30 mL). The combined organic layers were dried (MgSO4),
concentrated, and the residue was purified by flash column chromatography to
afford acetate 25 (940 mg, 96%, b :a ca. 3.5:1 mixture of anomers) as a
white foam. 25: Rf� 0.30 (silica gel, 40% EtOAc in hexanes); IR (thin film):
nÄmax� 3372, 1722, 1607, 1514, 1453, 1370, 1240, 1038 cmÿ1; 1H NMR (500
MHz, CDCl3): d� 7.32 ± 7.31 (m, 5H, ArH), 7.20 (d, J� 8.5 Hz, 2H, ArH),
6.80 (d, J� 8.8 Hz, 2 H, ArH), 6.15 (br.d, J� 3.6 Hz, 1 H, H-V1a), 5.81 (dd,
J� 11.7, 2.5 Hz, 1H, H-V1b), 5.05 ± 5.02 (m, 3H, CH2Ar, NH), 4.61 (d, J�
11.4 Hz, 1H, CH2Ar), 4.41 (d, J� 11.4 Hz, 1H, CH2Ar), 3.91 (q, J� 6.2 Hz,
1H, H-V5), 3.74 (s, 3 H, OCH3), 3.52 (br. s, 1H, H-V4a), 3.41 (br. s, 1H,
H-V4b), 2.05 (s, 3 H, COCH3), 1.89 ± 1.80 (m, 2 H, H-V2a, H-V2b), 1.68 (s,
3H, H-3Va), 1.58 (s, 3 H, H-V3b), 1.28 (d, J� 6.6 Hz, 3H, H-V6b), 1.26 (d,
J� 6.2 Hz, 3H, H-V6a); 13C NMR (125 MHz, CDCl3): d� 169.3, 159.3,
154.8, 136.3, 128.7, 128.4, 128.1, 113.9, 113.8, 91.5, 90.8, 79.3, 78.6, 75.3, 70.5,
66.9, 66.2, 66.2, 55.1, 54.9, 53.1, 36.8, 35.0, 23.4, 21.8, 21.3, 17.6; HRMS
(FAB) calcd for C25H31NO7Na [M�Na�] 480.1998, found 480.1983.


Acetate-protected vancosamine thioglycoside 26: To a solution of anome-
ric acetates 25 (700 mg, 1.25 mmol) and thiophenol (630 mL, 6.11 mmol) in
CH2Cl2 (15 mL) at ÿ20 8C was added BF3 ´ Et2O (390 mL, 3.05 mmol).
After 1 h at ÿ20 8C, the reaction mixture was diluted with CH2Cl2


(100 mL), and washed with NaHCO3 (25 mL). The organic layer was dried
(MgSO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 30% EtOAc in hexanes) to afford the
thioglycosides (560 mg, 95%, 1:1 mixture of a :b anomers) as a white
foam. Thioglycosides: Rf� 0.29 (silica gel, 50 % ether in hexanes); IR (thin
film): nÄmax� 3045, 1713, 1498, 1453, 1274, 1220, 1006 cmÿ1; 1H NMR
(500 MHz, CDCl3, 1:1 mixture of a :b anomers): d� 7.49 (d, J� 7.0 Hz, 1H,
ArH), 7.45 (d, J� 7.3 Hz, 1H, ArH), 7.35 ± 7.25 (m, 9H, ArH), 5.54 (d, J�
7.0 Hz, 1 H, H-V1), 5.51 (d, J� 6.0 Hz, 1 H, H-V1), 5.07 ± 5.03 (m, 2H,
CH2Ar), 4.81 (dd, J� 14.2, 2.0 Hz, 2H, CH2Ar), 4.56 (q, J� 6.6 Hz, 1H,
H-V5), 3.89 (q, J� 6.5 Hz, 1H, H-V5), 3.80 (s, 3H, OCH3), 3.38 (br. s, 1H,
H-V4), 3.23 (br. s, 1H, H-V4), 2.45 ± 2.42 (m, 1 H, H-V2), 2.30 (d, J� 7.0 Hz,
1H, H-V2), 2.13 (br. s, 1H, H-V2), 2.04 (br. s, 1 H, H-V2), 1.74 (s, 3H,
H-V3), 1.54 (s, 3H, H-V3), 1.31 (d, J� 6.5 Hz, 3 H, H-V6), 1.27 (d, J�
6.6 Hz, 3H, H-V6); 13C NMR (500 MHz, CDCl3): d� 155.0, 136.4, 136.3,
135.8, 133.8, 131.5, 131.0, 128.9, 128.6, 128.5, 128.1, 128.0, 127.5, 127.1, 83.2,
81.7, 73.2, 72.5, 71.9, 66.3, 64.3, 54.9, 53.7, 37.2, 36.8, 23.2, 20.6, 17.5, 17.1;
HRMS (FAB) calcd for C21H25NO4SNa [M�Na�] 410.1402, found
410.1417. To a solution of the above thioglycosides (550 mg, 1.41 mmol),
triethylamine (0.99 mL, 7.05 mmol), and 4-DMAP (10 mg, 0.08 mmol) in
CH2Cl2 (4.0 mL) at 25 8C was added acetic anhydride (401 mL, 4.25 mmol).
After the reaction mixture was stirred 2 h, the reaction was quenched by
the addition of saturated aqueous NaHCO3 (10 mL), and the aqueous
phase was extracted with CH2Cl2 (2� 30 mL). The combined organic layers
were dried (MgSO4), concentrated, and the residue was purified by flash
column chromatography to give 26 (600 mg, 97 %) as a white foam. 26 :
Rf� 0.38 (silica gel, 50 % ether in hexanes); IR (thin film): nÄmax� 1745,
1520, 1455, 1372, 1230, 1062, 1025 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
7.51 (d, J� 9.0 Hz, 1H, ArH), 7.41 (d, J� 7.0 Hz, 1 H, ArH), 7.35 ± 7.24 (m,
8H, ArH), 5.58 (dd, J� 9.1, 2.5 Hz, 1 H, H-V1), 5.08 (d, J� 11.7 Hz, 2H,
H-V1), 5.00 ± 4.93 (m, 5H, CH2Ar), 4.87 (br. s, 1H), 4.75 (br. s, 1H), 4.50 (q,
J� 6.6 Hz, 1H, H-V5), 3.90 (q, J� 6.0 Hz, 1 H, H-V5), 2.53 (dd, J� 7.0,
2.2 Hz, 1H, H-V2), 2.24 ± 2.16 (m, 2H, H-V2), 2.09 (s, 3H, COCH3), 2.06 (s,
3H, COCH3), 1.90 (t, J� 12.5 Hz, 1 H), 1.76 (s, 3 H, H-V3), 1.63 (s, 3H,
H-V3), 1.19 (d, J� 6.2 Hz, 3 H, H-V6), 1.15 (d, J� 6.6 Hz, 3 H, H-V6);
13C NMR (125 MHz, CDCl3): d� 137.0, 136.0, 133.5, 131.5, 131.0, 128.9,
128.8, 126.5, 128.3, 128.3, 128.2, 127.5, 127.1, 82.9, 81.0, 73.8, 72.3, 71.2, 66.2,
54.5, 53.4, 37.8, 36.8, 23.7, 21.2, 20.7, 17.8, 16.9; HRMS (FAB) calcd for
C23H28NO5S [M�H�] 430.1188, found 430.1702.
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Acetate-protected vancosamine fluoride donor 27: To a solution of the
thioglycoside 26 (160 mg, 0.24 mmol) in acetone/H2O (9:1) (5.5 mL) at 0 8C
was added N-bromosuccinimide (70 mg, 0.37 mmol). After stirring for
0.5 h, the reaction mixture was diluted with CH2Cl2 (150 mL) and washed
with saturated aqueous NaHCO3 (25 mL). The organic layer was dried
(MgSO4), concentrated, and the residue was purified by flash column
chromatography to afford the lactols (120 mg, 87 %). Lactols : Rf� 0.20
(silica gel, 70% ether in hexanes); IR (thin film): nÄmax� 3362, 3033, 3020,
2983, 2969, 2942, 1738, 1734, 1718, 1714, 1538, 1508, 1453, 1372, 1251, 1131,
1060, 1025 cmÿ1; 1H NMR (600 MHz, CDCl3, mixture of a :b anomers ca.
1.6:1): d� 7.35 ± 7.30 (m, 10 H, ArH), 5.39 (br. s, 1H, H-V1b), 5.10 (br. s, 1H,
NH), 5.08 (br. s, 1.6H, NH), 5.00 ± 4.93 (m, 6.2H, H-V1a, 2�CH2Ar), 4.83
(s, 1.6 H, H-V4a), 4.79 (s, 1 H, H-V4b), 4.36 (br.q, J� 6.2 Hz, 1H, H-V5a),
3.89 (br.q, J� 6.5 Hz, 1.6H, H-V5b), 3.82 (d, J� 7.0 Hz, 1.6H, OHb), 2.10 ±
2.05 (m, 3.6H, H-V2aa, H-V2ab, H-V2bb), 2.07 (s, 3 H, COCH3), 2.05 (s,
4.8H, COCH3), 1.96 (br.d, J� 10.7 Hz, 1.6 H, H-V2ba), 1.77 (s, 4.8H,
H-V3a), 1.59 (s, 3 H, H-V3b), 1.18 (d, J� 6.4 Hz, 4.8H, H-V6a), 1.12 (d, J�
6.4 Hz, 3 H, H-V6b); 13C NMR (150 MHz, CDCl3): d� 171.0, 170.7, 136.4,
136.3, 128.5, 128.5, 128.3, 128.3, 128.2, 128.1, 128.1, 92.7, 91.6, 73.7, 72.2, 68.7,
63.1, 54.5, 53.0, 39.7, 35.6, 30.3, 29.5, 24.0, 22.2, 20.7, 20.6, 17.3; HRMS
(FAB) calcd for C17H23NO6Na [M�Na�]: 360.1423, found 360.1415.
Diethylaminosulfur trifluoride (65 mL, 0.49 mmol) was added to a solution
of the lactols (110 mg, 0.32 mmol) in CH2Cl2 (2 mL) at 0 8C. After the
reaction mixture was stirred for 20 min, the reaction was quenched by the
addition of saturated aqueous NaHCO3 (3 mL), diluted with CH2Cl2


(20 mL), and stirred for 5 min. The layers were separated, the aqueous
layer was extracted with CH2Cl2 (20 mL). The combined organic layers
were dried (MgSO4), filtered, and the solvents were removed under
reduced pressure. The residue was azeotroped with benzene (2 mL), dried
under vacuum for 1 h, and used directly in the next reaction. 27: (crude)
1H NMR (500 MHz, CDCl3, a :b ca. 16:1): d� 7.37 ± 7.26 (m, 5H, ArH), 5.69
(br.d, J� 53.0 Hz, 1 H, H-V1), 5.08 and 4.95 (AB, J� 12.0 Hz, 2 H, CH2Ar),
5.00 (s, 1H, NH), 4.82 (s, 1H, H-V4), 4.32 (br.q, J� 6.5 Hz, 1 H, H-V5),
2.40 ± 2.37 (m, 1 H, H-V2a), 2.09 (s, 3 H, COCH3), 1.90 (dd, J� 53.0,
14.0 Hz, 1 H, H-V2b), 1.70 (s, 3H, H-V3), 1.17 (d, J� 6.5 Hz, 3H, H-V6).


Glucose thioglycoside 28: Osmium tetroxide (200 mL, 2.5% solution in tert-
butyl alcohol) was added to a solution of tribenzylglucal (4.30 g, 10.3 mmol)
and 4-methylmorpholine N-oxide (1.57 g, 13.4 mmol) in acetone/H2O
(10:1) (110 mL) at 25 8C. After stirring for 12 h, the reaction mixture was
concentrated, diluted with CH2Cl2 (100 mL), and washed with saturated
aqueous NaHCO3 (5 mL). The organic layer was dried (MgSO4), concen-
trated, and the residue was purified by flash column chromatography (silica
gel, 80% ether in hexanes) to provide the diol (4.23 g, 91%). To a solution
of the above diol (4.24 g, 9.2 mmol) in pyridine (20 mL) at 0 8C was added
benzoyl chloride (2.66 mL, 23.0 mmol) and 4-DMAP (0.224 g, 1.86 mmol),
and the resulting reaction mixture was warmed to 25 8C and stirred for 12 h.
The reaction mixture was diluted with ether (500 mL), and washed with
saturated aqueous NH4Cl (2� 100 mL). The organic layer was dried
(MgSO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 40% ether in hexanes) to afford the dibenzoate
(5.92 g, 98%). To a solution of the above dibenzoate (241 mg, 0.37 mmol)
and thiophenol (80 mL, 0.73 mmol) in CH2Cl2 (2 mL) at ÿ10 8C was added
BF3 ´ Et2O (9.0 mL, 0.070 mmol). After 1 h, the reaction mixture was diluted
with CH2Cl2 (100 mL) and washed with saturated aqueous NaHCO3


(25 mL). The organic layer was dried (MgSO4), concentrated, and the
residue was purified by flash column chromatography (silica gel, 35% ether
in hexanes) to yield b-thioglycoside 28 (0.20 g, 84%) as a white foam. 28 :
Rf� 0.47 (silica gel, 50 % ether in hexanes); [a]22


D �� 21.7 (c� 1.1, CHCl3);
IR (thin film): nÄmax� 3047, 3031, 2987, 2865, 1722, 1602, 1584, 1496, 1454,
1365, 1316, 1285, 1071, 1027, 908, 739, 710 cmÿ1; 1H NMR (600 MHz,
CDCl3): d� 8.05 (d, J� 7.5 Hz, 2H, ArH), 7.59 (t, J� 7.5 Hz, 1H, ArH), 7.50
(d, J� 7.5 Hz, 2H, ArH), 7.46 (t, J� 7.5 Hz, 2H, ArH), 7.36 ± 7.11 (m, 18H,
ArH), 5.30 (t, J� 9.5 Hz, 1H, H-G2), 4.83 and 4.60 (AB, J� 10.9 Hz, 2H,
CH2Ar), 4.80 (d, J� 9.9 Hz, 1H, H-G1), 4.74 and 4.65 (AB, J� 11.0 Hz,
2H, CH2Ar), 4.63 and 4.57 (AB, J� 11.9 Hz, 2H, CH2Ar), 3.86 (t, J�
9.0 Hz, 1 H, H-G3), 3.83 (br.d, J� 9.1 Hz, 1H, H-G6a), 3.78 (dd, J� 10.0,
5.2 Hz, 1 H, H-G6b), 3.75 (t, J� 9.0 Hz, 1 H, H-G4), 3.67 ± 3.60 (m, 1H,
H-G5); 13C NMR (150 MHz, CDCl3): d� 165.0, 138.2, 137.9, 137.6, 133.2,
132.9, 132.5, 129.8, 128.8, 128.4, 128.4, 128.3, 128.2, 128.0, 128.0, 127.8, 127.7,
127.7, 127.6, 86.1, 84.3, 79.4, 77.8, 75.3, 75.1, 73.5, 72.4, 68.9; HRMS (FAB)
calcd for C40H38O6SCs [M�Cs�] 779.1443, found 779.1455.


Benzyl-protected glucose lactols 29: To a solution of thioglycoside 28
(160 mg, 0.24 mmol) in acetone/H2O (10:1) (5.5 mL) at 0 8C was added N-
bromosuccinimide (90 mg, 0.49 mmol). After stirring for 0.5 h, the reaction
mixture was diluted with CH2Cl2 (150 mL) and washed with saturated
aqueous NaHCO3 (25 mL). The organic layer was dried (MgSO4),
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 50% ether in hexanes) to afford lactols 29 (120 mg, 87%)
as a white foam. 29 : Rf� 0.50 (silica gel, 70 % ether in hexanes); IR (thin
film): nÄmax� 3363, 3063, 3031, 2922, 2874, 1775, 1715, 1603, 1494, 1452, 1362,
1314, 1282, 1175, 1154, 1119, 1096, 1068, 1012, 1026, 918, 856, 745, 697 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 8.03 (d, J� 7.5 Hz, 2 H, ArH), 7.54 (t, J�
7.5 Hz, 2H, ArH), 7.41 (t, J� 7.5 Hz, 2H, ArH), 7.32 ± 7.19 (m, 15H, ArH),
6.94 (t, J� 8.5 Hz, 1 H, ArH), 6.45 (d, J� 8.5 Hz, 2H, ArH), 5.56 (d, J�
3.5 Hz, 1H, H-G1), 5.16 (dd, J� 10.0, 3.5 Hz, 1 H, H-G2), 4.87 and 4.53
(AB, J� 12.0 Hz, 2H, CH2Ar), 4.87-4.84 (m, 2 H, CH2Ar), 4.61 and 4.53
(AB, J� 12.0 Hz, 2 H, CH2Ar), 4.29 (t, J� 9.0 Hz, 1H, H-G3), 4.22 (ddd,
J� 10.0, 5.0, 2.0 Hz, 1H, H-G5), 3.72 ± 3.66 (m, 3 H, H-G4, H-G6a, H-G6b);
13C NMR (125 MHz, CDCl3): d� 178.4, 166.0, 138.2, 138.0, 137.7, 130.0,
129.7, 128.5, 128.5, 128.4, 128.3, 128.0, 128.0, 127.8, 127.7, 90.5, 90.4, 79.8,
79.7, 78.3, 78.2, 77.4, 75.6, 73.4, 70.2; HRMS (FAB) calcd for C34H34O7Cs
[M�Cs�] 687.1359, found 687.1373.


2,6-Dimethoxyphenolic glucoside 31: DBU (5.0 mL, 0.033 mmol) was
added to a solution of glucose lactols 29 (0.42 g, 0.76 mmol) and
trichloroacetonitrile (0.60 mL, 7.4 mmol) in CH2Cl2 at ÿ30 8C. After
0.5 h, the solvents were removed under reduced pressure and the residue
was purified by flash column chromatography (silica gel, 35% ether in
hexanes) to afford imidate 30 (470 mg, 90 %). A mixture of 2,6-dimethoxy-
phenol (17 mg, 0.11 mmol) and imidate 30 (118 mg, 1.85 mmol) was
azeotroped with benzene (3� 3 mL), and then dried under high vacuum
for 1 h. CH2Cl2 (0.5 mL) and 4 � MS were added, and the mixture was
stirred for 15 min at ambient temperature. The resulting mixture was
cooled to ÿ30 8C and BF3 ´ Et2O (60 mL, 0.38m solution in CH2Cl2,
0.020 mmol) was added dropwise. After 1 h and 2 h, a second and third
60 mL of BF3 ´ Et2O solution were added. The reaction mixture was warmed
slowly to 25 8C, and then stirred for 22 h. The reaction mixture was diluted
with EtOAc (150 mL), washed with saturated aqueous NaHCO3 (20 mL)
and brine (20 mL). The organic layer was dried (Na2SO4), concentrated,
and the residue was purified by flash column chromatography (silica gel,
(1:1:3) ether/CH2Cl2/hexanes) to yield b-glucoside 31 (72 mg, 95 %, b :a ca.
13:1) as a white foam. 31: Rf� 0.26 (silica gel, (1:1:3) ether/CH2Cl2/
hexanes); [a]22


D ��13.6 (c� 1.0, CHCl3); IR (thin film): nÄmax� 3030, 2923,
2854, 1730, 1600, 1496, 1478, 1456, 1365, 1259, 1111, 1027, 735, 702 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 8.03 (d, J� 7.5 Hz, 2 H, ArH), 7.54 (t, J�
7.5 Hz, ArH), 7.41 (t, J� 7.5 Hz, 2H, ArH), 7.32 ± 7.12 (m, 15H, ArH), 6.94
(t, J� 8.5 Hz, 1 H, ArH), 6.45 (d, J� 8.5 Hz, 2H, ArH), 5.60 (br. t, J�
8.0 Hz, 1 H, H-G2), 5.07 (d, J� 7.5 Hz, 1 H, H-G1), 4.84 and 4.57 (AB, J�
11.0 Hz, 2H, CH2Ar), 4.76 and 4.70 (AB, J� 11.0 Hz, 2H, CH2Ar), 4.65 and
4.62 (AB, J� 12.0 Hz, 2 H, CH2Ar), 3.89 ± 3.86 (m, 2H, H-G3, H-G4), 3.80
(dd, J� 11.3, 2.0 Hz, 1H, H-G6a), 3.75 (dd, J� 11.5, 5.0 Hz, 1 H, H-G6b),
3.57 (s, 7H, OCH3, H-G5); 13C NMR (125 MHz, CDCl3): d� 165.1, 153.3,
138.4, 138.0, 137.9, 135.0, 132.7, 130.4, 129.8, 128.4, 128.2, 128.2, 128.1, 128.0,
127.8, 127.7, 127.5, 127.4, 124.3, 105.3, 102.2, 82.9, 77.8, 75.9, 74.9, 74.8, 74.3,
73.7, 69.0, 55.9; HRMS (FAB) calcd for C42H42O9Cs [M�Cs�] 823.1883,
found 823.1913.


Glucose acceptor 32: NaOH (10 mg, 0.25 mmol, powdered) was added to a
solution of glucoside 31 (72 mg, 0.10 mmol) in MeOH (3.0 mL) at 25 8C.
After the mixture was stirred for 3 h, saturated aqueous NH4Cl (5 mL) was
added, and the reaction mixture was extracted with CH2Cl2 (100 mL). The
organic layer was dried (MgSO4), concentrated, and the residue was
purified by flash column chromatography (silica gel, 30 % ether in hexanes)
to provide alcohol 32 (53 mg, 90%) as a white foam. 32 : Rf� 0.18 (silica gel,
(1:1:3) ether/CH2Cl2/hexanes); [a]22


D �ÿ11.3 (c� 0.60, CHCl3); IR (thin
film): nÄmax� 3504, 3062, 3030, 2901, 1600, 1497, 1478, 1455, 1298, 1257, 1112,
1070, 1037, 984, 733, 698 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.44 (d, J�
7.5 Hz, 2 H, ArH), 7.54 ± 7.19 (m, 13 H, ArH), 7.07 (t, J� 8.5 Hz, 1 H, ArH),
6.61 (d, J� 8.5 Hz, 2 H, ArH), 5.09 and 4.58 (AB, J� 11.0 Hz, 2 H, CH2Ar),
4.88 and 4.84 (AB, J� 11.5 Hz, 2H, CH2Ar), 4.63 and 4.60 (AB, J� 11.5 Hz,
2H, CH2Ar), 4.57 (d, J� 7.5 Hz, 1 H, H-G1), 3.99 (br. s, 1H, OH), 3.93 (t,
J� 8.5 Hz, 1H, H-G3), 3.85 (s, 6H, OCH3), 3.81 (dd, J� 11.0, 2.0, 1H,
H-G6a), 3.75 (dd, J� 11.0, 5.5, 1H, H-G6b), 3.66-3.62 (m, 2H, H-G2,
H-G4), 3.53-3.51 (m, 1 H, H-G5); 13C NMR (125 MHz, CDCl3): d� 153.0,
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138.8, 138.4, 138.1, 135.8, 128.3, 128.3, 128.2, 127.9, 127.9, 127.7, 127.7, 127.5,
124.9, 106.3, 105.4, 84.8, 77.2, 75.9, 75.6, 75.0, 74.9, 73.5, 69.4, 56.3; HRMS
(FAB) calcd for C35H38O8Cs [M�Cs�] 719.1621, found 719.1598.


Benzyl-protected disaccharide 33: Vancosamine fluoride 22 (30 mg,
0.06 mmol) and alcohol 32 (20 mg, 0.03 mmol) were azeotroped with
benzene (3� 3 mL) and then dried under high vacuum for 1 h. CH2Cl2


(0.5 mL) and 4 � MS were added, and the mixture was stirred for 15 min.
The resulting mixture was cooled to ÿ30 8C and BF3 ´ Et2O (40 mL, 0.4m
solution in CH2Cl2, 0.010 mmol) and TMSOTf (80 mL, 0.2m solution in
CH2Cl2, 0.010 mmol) were added dropwise. The reaction mixture was
warmed to 25 8C and stirred for 72 h. The reaction mixture was diluted with
EtOAc (150 mL) and washed with saturated aqueous NaHCO3 (20 mL)
and brine (20 mL). The organic layer was dried (Na2SO4), and the solvents
were removed under reduced pressure. The residue was purified by
preparative TLC (silica gel, 30% ether in hexanes) to afford disaccharide
33 (26 mg, 80%) (a :b ca. 10:1) as a white foam and recovered alcohol 32
(2 mg, 10 %). 33 : Rf� 0.18 (silica gel, 50% ether in hexanes); [a]22


D �ÿ43.8
(c� 0.24, CHCl3); IR (thin film): nÄmax� 3409, 3031, 2931, 1723, 1599, 1497,
1478, 1455, 1363, 1297, 1256, 1215, 1111, 1062, 735, 699 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.31 ± 7.18 (m, 25H, ArH), 7.02 (t, J� 8.5 Hz, 2H,
ArH), 6.57 (d, J� 8.5 Hz, 2H, ArH), 5.32 (br.d, J� 4.5 Hz, 1 H, H-V1), 5.08
(d, J� 7.5 Hz, 1H, H-G1), 5.01 and 4.98 (AB, J� 11.0 Hz, 2H, CH2Ar), 4.90
(s, 1 H, NH), 4.87 and 4.78 (AB, J� 11.0 Hz, 2 H, CH2Ar), 4.77 and 4.47
(AB, J� 11.0 Hz, 2 H, CH2Ar), 4.64 and 4.61 (AB, J� 11.5 Hz, 2H,
CH2Ar), 4.53-4.49 (m, 1H, H-V5), 4.45 (AB, J� 12.0 Hz, 2 H, CH2Ar), 3.94
(t, J� 8.0 Hz, 1H, H-G3), 3.77 (s, 6H, OCH3), 3.72 ± 3.65 (m, 3 H, H-G2,
H-G4, H-G6a), 3.61 (dd, J� 12.0, 5.5 Hz, 1 H, H-G6b), 3.41 (s, 1H, H-V4),
3.39 ± 3.37 (m, 1 H, H-G5), 1.84 (s, 3 H, H-V3), 1.83 (d, J� 13.0 Hz, 1H,
H-V2a), 1.78 (dd, J� 13.0, 4.5 Hz, 1H, H-V2b), 1.09 (d, J� 6.5 Hz, 3H,
H-V6); 13C NMR (125 MHz, CDCl3): d� 154.9, 153.9, 138.6, 138.4, 138.1,
136.6, 134.0, 130.0, 128.4, 128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.5, 127.4,
124.1, 105.5, 100.7, 97.7, 86.0, 80.9, 78.2, 75.8, 75.8, 75.7, 75.3, 74.7, 73.6, 68.8,
66.0, 64.3, 56.1, 53.7, 36.6, 29.7, 23.4, 17.4; HRMS (FAB) calcd for
C57H63NO12Cs [M�Cs�] 1086.3405, found 1086.3450.


Benzoyl-protected disaccharide 34: A mixture of disaccharide 33 (20 mg,
0.021 mmol) and 10% Pd/C (ca. 10 mg) in EtOAc (2.0 mL) was stirred
under an atmosphere of H2 for 12 h at 25 8C. The reaction mixture was then
filtered through a pad of celite, concentrated, and azeotroped with benzene
(2 mL). The residue was dissolved in pyridine (1.0 mL), cooled to 0 8C and
treated with benzoyl chloride (21 mL, 0.15 mmol) for 6 h. The reaction
mixture was diluted with ether (100 mL) and washed with saturated
aqueous NH4Cl (3� 10 mL). The organic layer was dried (MgSO4),
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 50% ether in hexanes) to yield disaccharide 34 (19 mg,
85% for two steps) as a white foam. 34 : 1H NMR (500 MHz, CDCl3): d�
8.08 (d, J� 7.0 Hz, 2 H, ArH), 7.99 (d, J� 7.0 Hz, 2H, ArH), 7.90 (d, J�
7.0 Hz, 2H, ArH), 7.80 (d, J� 7.0 Hz, 2H, ArH), 7.63 ± 7.23 (m, 17H, ArH),
7.04 (t, J� 8.5 Hz, 1H, ArH), 6.59 (s, 1H, NH), 6.57 (d, J� 8.0 Hz, 2H,
ArH), 5.85 (t, J� 9.0 Hz, 1 H, H-G3), 5.76 (t, J� 10.0 Hz, 1H, H-G4), 5.43
(d, J� 7.0 Hz, 1 H, H-G1), 5.26 (d, J� 4.5 Hz, 1H, H-V1), 5.12 (s, 1H,
H-V4), 4.80 (q, J� 6.5 Hz, 1H, H-V5), 4.50 (dd, J� 11.5, 3.6 Hz, 1H,
H-G6a), 4.40 (dd, J� 8.0, 7.5 Hz, 1H, H-G2), 4.37 (dd, J� 11.5, 6.0 Hz, 1H,
H-G6b), 4.05-3.98 (m, 1H, H-G5), 3.81 (s, 6 H, OCH3), 2.70 (d, J� 14.0 Hz,
1H, H-V2a), 2.03 (s, 3 H, H-V3), 2.00 (dd, J� 14.0, 4.5 Hz, 1 H, H-V2b),
1.11 (d, J� 6.0 Hz, 3H, H-V6); HRMS (FAB) calcd for C56H53NO16Cs
[M�Cs�] 1122.2464, found 1112.2441.


Glucose alcohol 35: NaOH (10 mg, powdered) was added to a solution of
thioglycoside (300 mg, 0.46 mmol) in MeOH (5.0 mL) at 25 8C. After
stirring for 3 h, the reaction mixture was diluted with ether (150 mL) and
washed with saturated aqueous NH4Cl (25 mL). The organic layer was
dried (MgSO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 30 % ether in hexanes) to provide alcohol 35
(220 mg, 90%) as a white foam. 35 : Rf� 0.41 (silica gel, 50 % ether in
hexanes); [a]22


D �ÿ11.1 (c� 2.9, CHCl3); IR (thin film): nÄmax� 3444, 3062,
3030, 2868, 1584, 1496, 1453, 1440, 1360, 1285, 1209, 1058, 911, 818, 738,
697 cmÿ1; 1H NMR (600 MHz, CDCl3): d� 7.62 ± 7.22 (m, 20H, ArH), 4.95
and 4.87 (AB, J� 11.2 Hz, 2H, CH2Ar), 4.87 and 4.62 (AB, J� 10.5 Hz, 2H,
CH2Ar), 4.65 and 4.58 (AB, J� 12.0 Hz, 2H, CH2Ar), 4.54 (d, J� 9.6 Hz,
1H, H-G1), 3.83 (d, J� 10.2 Hz, 1H, H-G6a), 3.78 (dd, J� 10.9, 4.5 Hz, 1H,
H-G6b), 3.66 ± 3.60 (m, 2 H, H-G3, H-G4), 3.58 ± 3.51 (m, 2 H, H-G2,
H-G5), 2.50 (s, 1H, OH); 13C NMR (150 MHz, CDCl3): d� 138.4, 138.2,


138.0, 132.8, 131.8, 128.9, 128.4, 128.3, 128.3, 127.0, 127.9, 127.9, 127.7, 127.6,
127.5, 88.0, 85.9, 79.3, 77.3, 75.3, 75.0, 73.4, 72.5, 68.9; HRMS (FAB) calcd
for C33H34O5SCs [M�Cs�] 675.1181, found 675.1198.


Benzyl-protected thio-disaccharide 36: Vancosamine fluoride 22 (100 mg,
0.26 mmol) and alcohol 35 (120 mg, 0.21 mmol) were azeotroped with
benzene (3� 3 mL) and then dried under high vacuum for 1 h. CH2Cl2


(0.5 mL) and 4 � MS were added and the mixture was stirred for 15 min.
The resulting reaction mixture was cooled to ÿ10 8C and tin dichloride
(93 mg, 0.49 mmol) was added. After stirring for 2 h, the reaction mixture
was diluted with EtOAc (150 mL) and washed with saturated aqueous
NaHCO3 (20 mL) and brine (20 mL). The organic layer was dried (Na2SO4)
and the solvents were removed under reduced pressure. The residue was
purified by preparative TLC (silica gel, 30 % ether in hexanes) to afford
disaccharide 36 (162 mg, 85 %, a :b ca. 3.3:1) as a white foam and recovered
alcohol 35 (11 mg, 10%). 36 : Rf� 0.53 (silica gel, 50 % ether in hexanes);
[a]22


D �ÿ51.2 (c� 0.38, CHCl3); IR (thin film): nÄmax� 3032, 2925, 1720,
1584, 1497, 1454, 1360, 1270, 1212, 1129, 1056, 738, 696 cmÿ1; 1H NMR
(600 MHz, CDCl3): d� 7.55 ± 7.16 (m, 30 H, ArH), 5.43 (d, J� 4.4 Hz, 1H,
H-V1), 5.01 and 4.95 (AB, J� 12.2 Hz, 2H, CH2Ar), 4.90 ± 4.47 (AB, J�
11.0, 12.0 Hz, 10H, CH2Ar), 4.86 (s, 1H, NH), 4.68 (q, J� 6.5 Hz, 1H,
H-V5), 4.61 (d, J� 9.7 Hz, 1H, H-G1), 3.76 (t, J� 8.5 Hz, 1 H, H-G3), 3.73
(dd, J� 10.9, 1.7 Hz, 1H, H-G6a), 3.66 (dd, J� 11.3, 5.3 Hz, 1 H, H-G6b),
3.63 (t, J� 8.5 Hz, 1H, H-G4), 3.59 (t, J� 9.3 Hz, 1 H, H-G2), 3.55 (br. s,
1H, H-V4), 3.52 ± 3.48 (m, 1H, H-G5), 1.83 (dd, J� 11.4, 4.8 Hz, 1H,
H-V2a), 1.73 (d, J� 11.4 Hz, 1 H, H-V2b), 1.55 (s, 3H, H-V3), 1.28 (d, J�
6.5 Hz, 3H, H-V6); 13C NMR (125 MHz, CDCl3): d� 154.7, 138.2, 138.0,
137.9, 136.6, 134.4, 131.7, 128.9, 128.5, 128.5, 128.5, 128.4, 128.3, 128.2, 128.1,
128.0, 127.9, 127.8, 127.7, 127.7, 127.6, 127.6, 127.4, 127.3, 125.5, 98.0, 87.9, 87.4,
80.5, 79.1, 78.2, 76.2, 75.8, 75.5, 74.9, 73.4, 69.0, 66.1, 65.4, 53.4, 36.4, 30.3,
29.7, 23.6, 21.2, 17.5; HRMS (FAB) calcd for C55H59NO9SCs [M�Cs�]
1042.2965, found 1042.2919.


Benzyl-protected disaccharide lactols 37: To a solution of thioglycoside 36
(125 mg, 0.14 mmol) in acetone/H2O (10:1) (5.5 mL) at 0 8C was added N-
bromosuccinimide (40 mg, 0.21 mmol). After stirring for 0.5 h, the reaction
mixture was diluted with CH2Cl2 (150 mL) and washed with saturated
aqueous NaHCO3 (25 mL). The organic layer was dried (MgSO4),
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 60% ether in hexanes) to afford lactols 37 (97 mg, 85%,
a :b ca. 5:1) as a white foam. 37: Rf� 0.38 (silica gel, 70% ether in hexanes);
IR (thin film): nÄmax� 3410, 3088, 3064, 3031, 2929, 2870, 1723, 1714, 1538,
1514, 1504, 1360, 1270, 1243, 1212, 1129, 1065, 912, 737, 698 cmÿ1; 1H NMR
(600 MHz, CDCl3): d� 7.34 ± 7.16 (m, 25H, ArH), 5.36 (br.d, J� 3.1 Hz,
1H, H-G1), 5.10 (br.d, J� 3.1 Hz, 1H, H-V1), 5.05 and 4.99 (AB, J�
12.2 Hz, 2H, CH2Ar), 4.92 (s, 1 H, NH), 4.85 and 4.80 (AB, J� 11.0 Hz,
2H, CH2Ar), 4.65 ± 4.50 (AB, J� 11.0, 12.0 Hz, 6H, CH2Ar), 4.22 (br.q, J�
6.3 Hz, 1 H, H-V5), 4.05 (ddd, J� 10.0, 2.6, 2.6 Hz, 1H, H-G5), 3.96 (t, J�
9.4 Hz, 1 H, H-G3), 3.67 ± 3.62 (m, 2 H, H-G6a, H-G6b), 3.59 ± 3.56 (m, 1H,
H-G2), 3.57 (t, J� 9.5 Hz, 1H, H-G4), 3.09 (br. s, 1H, H-V4), 2.01 (dd, J�
13.4, 4.6 Hz, 1 H, H-V2a), 1.77 (d, J� 14.0 Hz, 1H, H-V2b), 1.76 (s, 3H,
H-V3), 1.28 (d, J� 6.5 Hz, 3 H, H-V6); 13C NMR (150 MHz, CDCl3): d�
154.8, 138.6, 138.2, 138.0, 137.9, 137.8, 136.5, 128.5, 128.4, 128.4, 128.3, 128.3,
128.1, 128.0, 127.9, 127.9, 127.8, 127.7, 127.7, 127.6, 127.6, 99.2, 92.9, 84.6, 83.4,
81.2, 80.2, 80.0, 77.8, 75.6, 75.6, 74.9, 73.4, 70.1, 68.8, 66.2, 65.1, 53.6, 36.5,
23.9, 17.5; HRMS (FAB) calcd for C49H55NO10Cs [M�Cs�] 950.2880, found
950.2848.


Benzyl-protected disaccharide imidate 38: DBU (5.0 mL, 0.033 mmol) was
added to a solution of the disaccharide lactols 37 (133 mg, 0.16 mmol) and
trichloroacetonitrile (200 mL, 3.2 mmol) in CH2Cl2 at 0 8C. After 15 min,
the solvents were removed under reduced pressure and the residue was
purified by flash column chromatography (silica gel, 30 % ether in hexanes)
to yield imidate 38 (136 mg, 90 %). 38 : 1H NMR (500 MHz, CDCl3): d�
8.65 (s, 1H, NH), 7.32 ± 7.13 (m, 25 H, ArH), 6.47 (d, J� 3.5 Hz, 1H, H-G1),
5.12 (d, J� 4.0 Hz, 1H, H-V1), 5.01 and 4.96 (AB, J� 12.5 Hz, 2 H, CH2 of
Cbz), 4.85 (s, 1H, NH), 4.85 ± 4.45 (AB, J� 12.0, 11.0 Hz, 8 H, CH2Ar), 4.08
(q, J� 6.5 Hz, 1 H, H-V5), 4.01 (t, J� 9.5 Hz, 1H, H-G3), 3.97 ± 3.94 (m,
1H, H-G5), 3.81 (dd, J� 8.5, 3.5 Hz, 1H, H-G2), 3.97 (t, J� 9.5 Hz, 1H,
H-G4), 3.77 (dd, J� 11.0, 3.0 Hz, 1 H, H-G6a), 3.65 (dd, J� 11.0, 1.5 Hz,
1H, H-G6b), 3.51 (s, 1H, H-V4), 1.86 (dd, J� 13.5, 4.5 Hz, 1 H, H-V2a),
1.75 (d, J� 13.0 Hz, 1H, H-V2b), 1.66 (s, 3H, H-V3), 1.20 (d, J� 6.5 Hz,
3H, H-V6).
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Chloroacetate-protected glucose imidate 39: Chloroacetyl chloride
(440 mL, 5.5 mmol) was added to a solution of 3,4,6-tri-O-benzyl glucose
(825 mg, 1.85 mmol) and pyridine (0.74 mL, 9.2 mmol) in ether (10 mL) at
ÿ78 8C. After warming to 25 8C and stirring for 18 h, the reaction mixture
was diluted with ether (200 mL) and washed with saturated aqueous
NaHCO3 (20 mL) and saturated aqueous NH4Cl (3� 15 mL). The organic
layer was dried (MgSO4), concentrated, and the residue was purified by
flash column chromatography (silica gel, 50% ether in hexanes) to yield the
di-chloroacetate (720 mg, 65 %). n-Butylamine (150 mL, 1.5 mmol) was
added to a solution of the above di-chloroacetate (720 mg, 1.3 mmol) in
THF (4.0 mL) at 25 8C. After stirring for 0.5 h, the reaction mixture was
diluted with CH2Cl2 (200 mL) and washed with saturated aqueous NH4Cl
(3� 15 mL). The organic layer was dried (MgSO4), concentrated, and the
residue was purified by flash column chromatography (silica gel, 70% ether
in hexanes) to afford the lactols (540 mg, 80%) as a white foam. Lactols :
Rf� 0.22 (silica gel, 50 % ether in hexanes); IR (thin film): nÄmax� 3306,
2995, 2945, 2872, 1725, 1659, 1538, 1495, 1454, 1361, 1313, 1260, 1198, 1151,
1092, 1048, 827, 741, 710 cmÿ1; 1H NMR (600 MHz, CDCl3): d� 7.31 ± 7.16
(m, 15H, ArH), 5.38 (br. t, J� 3.2 Hz, 1 H, H-G2), 4.87 (br.d, J� 3.4 Hz,
1H, H-G1), 4.82 and 4.72 (AB, J� 11.5 Hz, 2 H, CH2Ar), 4.79 and 4.50 (AB,
J� 10.9 Hz, 2H, CH2Ar), 4.56 and 4.48 (AB, J� 12.1 Hz, 2 H, CH2Ar),
4.07-4.05 (m, 1H, H-G3), 3.96 and 3.81 (AB, J� 15.2 Hz, 2 H, CH2Cl), 3.69-
3.58 (m, 4H, H-G4, H-G5, H-G6a, H-G6b); 13C NMR (150 MHz, CDCl3):
d� 165.9, 138.3, 137.8, 137.5, 128.4, 128.3, 128.3, 128.3, 128.3, 127.9, 127.8,
127.7, 127.6, 127.5, 95.0, 89.8, 79.6, 78.0, 75.4, 75.2, 74.9, 73.3, 69.8, 69.5, 40.6;
HRMS (FAB) calcd for C29H31ClO7Cs [M�Cs�] 659.0813, found 659.0828.
DBU (5.0 mL, 0.033 mmol) was added to a solution of the above glucose
lactols (420 mg, 0.76 mmol) and trichloroacetonitrile (0.60 mL, 7.4 mmol)
in CH2Cl2 at ÿ30 8C. After the reaction mixture was stirred for 0.5 h, the
solvents were removed under reduced pressure, and the residue was
purified by flash column chromatography (silica gel, 35 % ether in hexanes)
to afford imidate 39 (470 mg, 90%).


Benzyl-protected vancomycin monosaccharide 40: Aglycon acceptor 6
(125 mg, 0.07 mmol) and imidate 39 (320 mg, 0.48 mmol) were azeotroped
with benzene (3� 3 mL), and then dried under high vacuum for 1 h. CH2Cl2


(0.5 mL) and 4 � MS were added, and the mixture was stirred for 15 min.
The resulting mixture was cooled to ÿ78 8C and BF3 ´ Et2O (253 mL, 1.06m
solution in CH2Cl2, 0.28 mmol) was added dropwise. The reaction mixture
was warmed slowly to ÿ30 8C, and then stirred for 18 h. The reaction
mixture was diluted with EtOAc (150 mL), and washed with saturated
aqueous NaHCO3 (20 mL) and brine (20 mL). The organic layer was dried
(Na2SO4), filtered, and the solvents were removed under reduced pressure.
The residue was purified by preparative TLC (silica gel, 4 % MeOH in
CH2Cl2) to afford b-glucoside 40 (116 mg, 70%) as an oil. 40 : Rf� 0.20
(silica gel, 4% MeOH in CH2Cl2); 1H NMR (600 MHz, CD3OD, 330 K):
d� 7.55 ± 7.03 (m, 28H), 6.81 (d, J� 8.5 Hz, 1H), 6.43 (s, 1 H), 6.37 (s, 1H),
5.80 ± 4.36 (m, 20H), 4.26-3.50 (m, 8H), 3.76 (s, 3H), 2.96 (s, 3H), 2.42 ± 2.40
(m, 2H), 1.85 ± 1.82 (m, 1 H), 1.60 ± 1.50 (m, 2H), 1.02 (s, 9H), 0.98 (s, 9H),
0.93 (s, 6 H), 0.88 (s, 9H), 0.76 (s, 9H), 0.67 (s, 9 H), 0.24 (s, 6 H), 0.20 (s,
3H), 0.14 (s, 6 H), 0.12 (s, 3H), 0.10 (s, 3H), 0.09 (s, 3 H), 0.06 (s, 3H),ÿ0.08
(s, 3 H); HRMS (FAB) calcd for C121H159Cl3N8O25Si5Na [M�Na�]
2391.9225, found 2391.9144.


Benzyl-protected vancomycin monosaccharide acceptor 41: K2CO3


(8.0 mg, 0.06 mmol) was added to a solution of 40 (45 mg, 0.020 mmol) in
THF/MeOH (2:1) (1.0 mL) at 25 8C. After stirring for 10 min, the reaction
mixture was diluted with CH2Cl2 (150 mL), and washed with saturated
aqueous NH4Cl (20 mL) and brine (20 mL). The organic layer was dried
(Na2SO4) and the solvents were removed under reduced pressure. The
residue was purified by preparative TLC (silica gel, 4% MeOH in CH2Cl2)
to yield alcohol 41 (34 mg, 75%) as an oil. 41: Rf� 0.20 (silica gel, 4%
MeOH in CH2Cl2); 1H NMR (600 MHz, CD3OD, 330 K): d� 7.54 ± 7.04 (m,
28H), 6.81 (d, J� 8.4 Hz, 1H), 6.44 (s, 1H), 6.37 (s, 1H), 5.83 ± 4.38 (m,
20H), 4.26 ± 3.64 (m, 6 H), 3.76 (s, 3H), 2.95 (s, 3 H), 2.47 ± 2.44 (m, 2H),
1.84 ± 1.82 (m, 1 H), 1.56 ± 1.53 (m, 2H), 1.02 (s, 9H), 0.96 (s, 9 H), 0.92 (s,
6H), 0.88 (s, 9 H), 0.76 (s, 9H), 0.65 (s, 9 H), 0.24 (s, 6H), 0.20 (s, 3 H), 0.14
(s, 3H), 0.13 (s, 3 H), 0.11 (s, 6H), 0.10 (s, 3 H), 0.05 (s, 3 H), ÿ0.07 (s, 3H);
HRMS (FAB) calcd for C119H158Cl2N8O24Si5Cs [M�Cs�] 2427.8690, found
2427.8494.


Benzyl-protected vancomycin 42 (from monosaccharide coupling): Vancos-
amine fluoride 22 (20 mg, 0.05 mmol) and alcohol 41 (10 mg, 0.004 mmol)
were azeotroped with benzene (3� 3 mL) and then dried under high


vacuum for 1 h. CH2Cl2 (0.3 mL) and 4 � MS were added, and the mixture
was stirred for 15 min. The resulting mixture was cooled to 0 8C and BF3 ´
Et2O (40 mL, 0.5m solution in CH2Cl2, 0.020 mmol) was added dropwise.
After warming to 25 8C and stirring for 24 h, the reaction mixture was
diluted with EtOAc (150 mL) and washed with saturated aqueous NaHCO3


(20 mL) and brine (20 mL). The organic layer was dried (Na2SO4), filtered,
and the solvents were removed under reduced pressure. The residue was
purified by preparative TLC (silica gel, 4 % MeOH in CH2Cl2) to afford
disaccharide 42 (0.7 mg, 5 %) as an oil. 42 : Rf� 0.30 (silica gel, 4% MeOH
in CH2Cl2); 1H NMR (600 MHz, CD3OD, 330 K): d� 7.47 ± 7.04 (m, 38H),
6.80 (d, J� 8.4 Hz, 1 H), 6.43 (s, 1 H), 6.39 (s, 1 H), 5.87 ± 4.63 (m, 24H),
4.40 ± 4.10 (m, 6 H), 3.76 (s, 3 H), 2.94 (s, 3 H), 2.53 ± 2.45 (m, 2 H), 1.95 ± 1.77
(m, 3H), 1.51 ± 1.48 (m, 2H), 1.28 (s, 3 H), 1.03 ± 1.00 (m, 12H), 0.95 ± 0.89
(m, 6 H), 0.89 (s, 9H), 0.86 (s, 9H), 0.76 (s, 9H), 0.67 (s, 9H), 0.24 (s, 12H),
0.19 (s, 3 H), 0.14 (s, 6 H), 0.09 (s, 6 H), 0.03 (s, 3 H), ÿ0.06 (s, 3 H); HRMS
(FAB) calcd for C141H183Cl2N9O28Si5Cs [M�Cs�] 2793.0450, found
2793.0253.


Benzyl-protected vancomycin 42 (from disaccharide coupling): Aglycon
acceptor 6 (17 mg, 0.010 mmol) and imidate 38 (34 mg, 0.040 mmol) were
azeotroped with benzene (3� 3 mL) and then dried under high vacuum for
1 h. CH2Cl2 (0.5 mL) and 4 � MS were added, and the mixture was stirred
for 15 min. The resulting mixture was cooled to ÿ78 8C and BF3 ´ Et2O
(460 mL, 0.40 mmol) was added dropwise. The reaction mixture was
warmed slowly to ÿ30 8C, stirred for 24 h, and then diluted with EtOAc
(150 mL), and washed with saturated aqueous NaHCO3 (20 mL) and brine
(20 mL). The organic layer was dried (Na2SO4), filtered, and the solvents
were removed under reduced pressure. The residue was purified by
preparative TLC (silica gel, 4 % MeOH in CH2Cl2) to provide disaccharide
42 (19 mg, 70%) as an oil (spectroscopically identical with 42 as described
above).


Benzylsilyl-protected vancomycin 43: Tetra-n-butylammonium fluoride
(50 mL, 1m solution in THF) was added to a solution of disaccharide 42
(5.0 mg, 0.002 mmol) in THF (300 mL) at ÿ10 8C. After stirring for 2 h, the
reaction mixture was diluted with EtOAc (50 mL), washed with saturated
aqueous NaHCO3 (2 mL) and brine (2 mL). The organic layer was dried
(Na2SO4), filtered, and the solvents were removed under reduced pressure.
The residue was purified by preparative TLC (silica gel, 4 % MeOH in
CH2Cl2) to yield disaccharide 43 as an oil.


Dechloro-vancomycin methyl ester 44: A mixture of disaccharide 43
(2.0 mg, 0.002 mmol) and 10% palladium on carbon (ca. 5.0 mg) in MeOH
(1.0 mL) was stirred under an atmosphere of H2 (1 atm) for 24 h. The
reaction mixture was filtered through a pad of celite and taken directly to
the next step. HRMS (MALDI) calcd for C67H77ClN9O24Na [M�Na�]
1448.9826, found 1448.9809.


Dechloro-vancomycin 45: Lithium hydroxide (5.0 mg, excess) was added to
a solution of 44 (2.0 mg, 0.001 mmol) THF/H2O (1:1) (0.5 mL) at 0 8C.
After the reaction mixture was stirred for 20 min, the reaction was
quenched by the addition of saturated aqueous NH4Cl (1 mL), filtered, and
then the solvents were removed under reduced pressure. The residue was
purified by HPLC [(C18 reverse-phase column (HP-LiChroCART 4�
250 mm), gradient solvent system 0 ± 15 min, 5 ± 100 % MeCN (0.1 %
TFA) in H2O, flow rate 1.5 mL minÿ1, 25 8C, retention time 5 min 38 s) to
yield dechloro-vancomycin 45. HRMS (MALDI) calcd for C66H75ClN9O24-


Na [M�Na�] 1434.9670, found 1434.9701.


Mono-TBS-glucal 47: Potassium carbonate (100 mg, 0.7 mmol) was added
to a solution of triacetyl-glucal (15.0 g, 55.1 mmol) in MeOH (100 mL) at
25 8C and the resulting mixture was stirred for 12 h. The solvents were
removed under reduced pressure, the residue was azeotroped with toluene
(2� 50 mL), and then dried under high vacuum for 2 h. The residue was
dissolved in dry DMF (100 mL), cooled to 0 8C, and imidazole (8.0 g,
121 mmol) and TBSCl (8.3 g, 55.1 mmol) were added. After stirring for 1 h,
the reaction mixture was diluted with CH2Cl2 (500 mL) and washed with
H2O (50 mL). The organic layer was dried (Na2SO4), concentrated, and the
residue was purified by flash column chromatography (silica gel, ether) to
afford the diol (11.7 g, 82%) as a white foam. Diol: Rf� 0.39 (silica gel,
ether); [a]22


D ��2.22 (c� 1.6, CHCl3); IR (thin film): nÄmax� 3363, 2953,
2929, 2857, 1650, 1471, 1463, 1390, 1361, 1254, 1106, 1075, 1053, 940, 878,
836, 778, 672 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 6.31 (dd, J� 6.0,
1.5 Hz, 1H, H-G1), 4.72 (dd, J� 6.0, 2.0 Hz, 1 H, H-G2), 4.30 ± 4.25 (m, 1H,
H-G3), 3.99 (dd, J� 11.0, 3.0 Hz, 1 H, H-G6a), 3.91 (dd, J� 11.0, 4.0 Hz,







FULL PAPER K. C. Nicolaou et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0509-2664 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 92664


1H, H-G6b), 3.82 ± 3.78 (m, 2H, H-G4, OH), 3.32 (s, 1 H, H-G5), 2.69 (br. s,
1H, OH), 0.90 (s, 9H, tBuSi), 0.10 (s, 6 H, CH3Si); 13C NMR (125 MHz,
CDCl3): d� 144.2, 102.4, 76.6, 72.3, 69.2, 63.8, 25.8, 17.4,ÿ5.4,ÿ5.5; HRMS
(FAB) calcd for C12H24O4SiNa [M�Na�] 283.1342, found 283.1336. Acetic
anhydride (11.1 mL, 118 mmol) was added to a solution of the above diol
(12.3 g, 47.3 mmol), triethylamine (26.3 mL, 189 mmol) and 4-DMAP
(0.58 g, 4.7 mmol) in CH2Cl2 (500 mL) at 0 8C. After stirring 1 h at 25 8C,
the reaction mixture was washed with saturated aqueous NaHCO3


(100 mL), the organic layer was dried (Na2SO4), and the solvents were
removed under reduced pressure. The residue was purified by flash column
chromatography (silica gel, 30 % ether in hexanes) to provide glucal 47
(15.8 g, 97%) as a colorless oil. 47: Rf� 0.53 (silica gel, 50 % ether in
hexanes); [a]22


D �ÿ9.4 (c� 5.1, CHCl3); IR (thin film): nÄmax� 2954, 2943,
2857, 1742, 1650, 1599, 1472, 1372, 1242, 1105, 1045, 962, 837, 778, 679,
602 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 6.44 (dd, J� 6.3, 1.5 Hz, 1H,
H-G1), 5.30 ± 5.29 (m, 1 H, H-G3), 5.24 (dd, J� 7.3, 5.6 Hz, 1H, H-G4), 4.75
(dd, J� 6.2, 3.3 Hz, 1H, H-G2), 4.06 (ddd, J� 9.6, 4.6, 4.6 Hz, 1 H, H-G5),
3.79 ± 3.77 (m, 2H, H-G6), 2.03 (s, 3 H, COCH3), 2.00 (s, 3H, COCH3), 0.86
(s, 9H, tBuSi), 0.03 (s, 6 H, CH3Si); 13C NMR (125 MHz, CDCl3): d� 170.5,
169.4, 145.9, 98.3, 76.6, 67.5, 61.2, 25.7, 21.0, 20.8, 18.2, ÿ5.5; HRMS (FAB)
calcd for C12H24O4SiNa [M�Na�] 283.1342, found 283.1336.


Mono-TBS-glucose diol 48: Osmium tetroxide (0.5 mL, 2.5% solution in
tert-butyl alcohol) was added dropwise to a solution of glucal 47 (6.0 g,
22.6 mmol) and 4-methylmorpholine N-oxide (4.00 g, 33.9 mmol) in
acetone/H2O (9:1) (200 mL) at 25 8C and the resulting mixture was stirred
for 12 h. Saturated aqueous NaHCO3 (50 mL) was added and the solvents
were removed under reduced pressure. The residue was diluted with
CH2Cl2 (200 mL) and washed with brine (15 mL). The organic layer was
dried (MgSO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 75 % ether in hexanes) to yield diol 48 (7.2 g,
84%) as a colorless oil. 48 : Rf� 0.15 (silica gel, 70 % ether in hexanes); IR
(thin film): nÄmax� 3435, 2958, 2924, 2857, 1753, 1463, 1432, 1366, 1251, 1151,
1087, 837, 778 cmÿ1; 1H NMR (500 MHz, CDCl3, major anomer): d� 5.29
(t, J� 6.5 Hz, 1 H, H-G1), 5.25 (t, J� 9.7 Hz, 1H, H-G3), 4.97 (t, J� 9.7 Hz,
1H, H-G4), 4.15 (br. s, 1H, OH), 4.03 (ddd, J� 10.1, 3.5, 3.5 Hz, 1 H, H-G5),
3.72 ± 3.62 (m, 3H, H-G2, H-G6a, H-G6b), 2.66 (br. s, 1 H, OH), 2.06 (s, 3H,
COCH3), 2.03 (s, 3H, COCH3), 0.88 (s, 9H, tBuSi), 0.04 (s, 6H, CH3Si);
13C NMR (125 MHz, CDCl3, major anomer): d� 171.6, 169.6, 96.7, 92.2,
76.8, 75.0, 74.8, 73.7, 73.4, 71.0, 70.2, 68.9, 68.6, 62.6, 62.4, 25.9, 25.9, 20.9,
20.7, 18.4,ÿ5.4; HRMS (FAB) calcd for C18H30O5SiNa [M�Na�] 401.1608,
found 401.1621.


Alloc-protected lactol 49: Di-n-butyltin oxide (960 mg, 3.9 mmol) was
added to a solution of diol 48 (1.21 g, 3.2 mmol) in toluene (150 mL) at
25 8C and the resulting solution was refluxed with removal of H2O with a
Dean ± Stark apparatus for 6 h. The reaction mixture was cooled to 0 8C,
and Alloc-Cl (360 mL, 3.3 mmol) was added dropwise. After stirring for
0.5 h, the reaction mixture was diluted with CH2Cl2 (100 mL) and washed
with brine (15 mL). The organic layer was dried (MgSO4), concentrated,
and the residue was purified by flash column chromatography (silica gel,
35% ether in hexanes) to afford the lactol 49 (840 mg, 67%,) as a white
foam. 49 : Rf� 0.27 (silica gel, 50% ether in hexanes); IR (thin film): nÄmax�
3468, 2945, 2930, 2885, 2857, 1759, 1462, 1432, 1367, 1233, 1157, 1055, 1007,
970, 837, 784 cmÿ1; 1H NMR (500 MHz, CDCl3, a :b ca. 3:1): d� 5.94 ± 5.87
(m, 1.3H, OCH2CH�CH2), 5.52 (t, J� 9.6 Hz, 1H, H-G3), 5.49 (t, J�
3.6 Hz, 1 H, H-G1), 5.34 (br.dd, J� 15.8, 1.3 Hz, 1.3H, OCH2CH�CH2-
Z), 5.26 (br.dd, J� 10.4, 1.0 Hz, 1.3H, OCH2CH�CH2-E), 5.24 (t, J�
9.6 Hz, 0.3H, H-G3), 5.09 (t, J� 9.6 Hz, 0.3H, H-G4), 5.05 (t, J� 9.6 Hz,
1H, H-G4), 4.76 (t, J� 8.0 Hz, 0.3 H, H-G2b), 4.73 (dd, J� 10.3, 3.6 Hz,
1H, H-G2a), 4.66 ± 4.56 (m, 2.6 H, OCH2CH�CH2), 4.10 (ddd, J� 10.1, 3.4,
3.4 Hz, 1.3H, H-G5), 3.75 ± 3.70 (m, 0.3 H, OH), 3.70-3.68 (m, 2.6 H, H-G6),
3.57 (ddd, J� 9.9, 4.6, 2.4 Hz, 0.3 H, H-G5b), 3.45 (d, J� 3.7 Hz, 1H, OH),
2.01 (s, 3.9H, COCH3), 2.00 (s, 3.9 H, COCH3), 0.88 (s, 11.7 H, tBuSi), 0.04
(s, 3.9 H, CH3Si), 0.03 (s, 3.9 H, CH3Si); 13C NMR (125 MHz, CDCl3, a :b ca.
3:1): d� 170.3, 170.2, 169.6, 169.4, 154.8, 154.1, 131.1, 131.1, 119.2, 119.1,
95.2, 89.9, 76.8, 74.8, 74.3, 72.4, 70.2, 69.8, 69.0, 68.9, 62.2, 62.1, 25.9, 25.8,
20.7, 20.6, 18.4, 4.0, ÿ5.4, ÿ5.5, ÿ5.7; HRMS (FAB) calcd for C20H34O10-
SiNa [M�Na�] 485.1819, found 485.1805.


Mono-TBS-glucose imidate 50: DBU (5.0 mL, 0.033 mmol) was added to a
solution of lactol 49 (950 mg, 2.1 mmol) and trichloroacetonitrile (3.3 mL,
41.1 mmol) in CH2Cl2 (50 mL) at ÿ10 8C. After stirring for 20 min, the
solvents were removed under reduced pressure. The residue was purified


by flash column chromatography (silica gel, 35% ether in hexanes) to
afford imidate 50 (1.05 g, 89%) as a colorless oil. 50 : Rf� 0.35 (silica gel,
30% ether in hexanes); 1H NMR (600 MHz, CDCl3, a :b ca. 14:1): d� 8.64
(s, 1H, NH), 6.63 (d, J� 3.6 Hz, 1H, H-G1), 5.93 ± 5.85 (m, 1 H,
OCH2CH�CH2), 5.55 (t, J� 9.9 Hz, 1H, H-G3), 5.32 (dd, J� 17.0, 1.4 Hz,
1H, OCH2CH�CH2-Z), 5.25 (dd, J� 10.4, 1.1 Hz, 1 H, OCH2CH�CH2-E),
5.21 (t, J� 9.9 Hz, 1H, H-G4), 4.94 (dd, J� 10.2, 3.6 Hz, 1H, H-G2), 4.62 ±
4.60 (m, 2 H, OCH2CH�CH2), 4.06 (ddd, J� 10.2, 4.1, 2.2 Hz, 1 H, H-G5),
3.79 (dd, J� 11.7, 2.2 Hz, 1 H, H-G6a), 3.69 (dd, J� 11.7, 4.2 Hz, 1H,
H-G6b), 2.02 (s, 3 H, COCH3), 0.86 (s, 9 H, tBuSi), 0.02 (s, 3H, CH3Si), 0.01
(s, 3H, CH3Si); 13C NMR (150 MHz, CDCl3, a :b ca. 14:1): d� 170.0, 169.4,
160.8, 154.0, 131.1, 119.1, 92.9, 73.2, 72.7, 70.1, 69.0, 68.2, 61.5, 25.8, 20.7, 18.2,
ÿ5.5.


Mono-TBS-protected-2,6-dimethoxyphenolic glucoside 51: 2,6-Dimethox-
yphenol (25 mg, 0.16 mmol) and imidate 50 (180 mg, 0.27 mmol) were
azeotroped with benzene (3� 3 mL) and then dried under high vacuum for
1 h. CH2Cl2 (0.5 mL) and 4 � MS were added, and the mixture was stirred
for 15 min. The resulting mixture was cooled to ÿ78 8C and BF3 ´ Et2O
(21 mL, 0.16 mmol) was added dropwise. After stirring for 20 min, the
reaction mixture was diluted with EtOAc (150 mL), and washed with
saturated aqueous NaHCO3 (20 mL) and brine (20 mL). The organic layer
was dried (Na2SO4), concentrated, and the residue was purified by flash
column chromatography (silica gel, 20 % ether in hexanes) to afford b-
glucoside 51 (92 mg, 95%) as a white foam. 51: Rf� 0.22 (silica gel, 50%
ether in hexanes); [a]22


D ��13.7 (c� 0.60, CHCl3); IR (thin film): nÄmax�
2931, 2856, 1759, 1734, 1601, 1480, 1366, 1296, 1259, 1234, 1113, 1062, 971,
832, 779 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 6.99 (t, J� 8.5 Hz, 1H,
ArH), 6.53 (d, J� 8.5 Hz, 2 H, ArH), 5.91 ± 5.84 (m, 1H, OCH2CH�CH2),
5.30 (br.dd, J� 11.0, 1.3 Hz, 1H, OCH2CH�CH2-Z), 5.28 (t, J� 9.5 Hz, 1H,
H-G3), 5.20 (br.dd J� 10.5, 7.2 Hz, 1 H, OCH2CH�CH2-E), 5.13 (t, J�
10.0 Hz, 1H, H-G4), 5.11 (d, J� 8.0 Hz, 1H, H-G1), 5.03 (dd, J� 9.0,
7.5 Hz, 1 H, H-G2), 4.65 ± 4.59 (m, 2H, OCH2CH�CH2), 3.78 (s, 6H,
OCH3), 3.67 ± 3.65 (m, 2H, H-G6), 3.48 ± 3.44 (m, 1H, H-G5), 2.01 (s, 3H,
COCH3), 1.98 (s, 3 H, COCH3), 0.79 (s, 9H, tBuSi), ÿ0.01 (s, 3 H, CH3Si),
ÿ0.09 (s, 3 H, CH3Si); 13C NMR (125 MHz, CDCl3): d� 170.3, 169.4, 154.0,
153.1, 134.2, 131.3, 124.7, 118.5, 105.3, 101.1, 75.8, 74.8, 68.7, 68.6, 62.2, 56.1,
56.0, 25.6, 20.6, 18.1, 15.1, ÿ5.7, ÿ5.8; HRMS (FAB) calcd for C28H42O12-


SiCs [M�Cs�] 731.1500, found 731.1526.


Mono-TBS-alcohol 52: A catalytic amount of palladium tetrakistriphenyl-
phosphane (ca. 10 mg, 0.01 mmol) was added to a solution of b-glucoside 51
(110 mg, 0.18 mmol) and tri-n-butyltin hydride (74 mL, 0.27 mmol) in wet
CH2Cl2 (5.0 mL) at 25 8C. After the reaction mixture was stirred for 0.5 h,
the solvents were removed under reduced pressure, and the residue was
purified by flash column chromatography (silica gel, 30 % ether in hexanes)
to afford 52 (79 mg, 83%) as a white foam. 52 : Rf� 0.2 (silica gel, 70%
ether in hexanes); [a]22


D �� 14.0 (c� 4.7, CHCl3); IR (thin film): nÄmax�
3453, 2929, 2860, 2856, 1755, 1734, 1718, 1600, 1480, 1474, 1444, 1367, 1299,
1256, 1113, 998, 838, 777 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.03 (t, J�
8.4 Hz, 1 H, ArH), 6.58 (d, J� 8.4 Hz, 2H, ArH), 5.15 (t, J� 9.5 Hz, 1H,
H-G3), 5.04 (t, J� 9.5 Hz, 1H, H-G4), 4.68 (d, J� 7.8 Hz, 1H, H-G1),
3.92 ± 3.90 (m, 1H, OH), 3.85 ± 3.83 (m, 7H, OCH3, H-G2), 3.74 ± 3.67 (m,
2H, H-G6), 3.50 ± 3.44 (m, 1 H, H-G5), 2.07 (s, 3H, COCH3), 1.99 (s, 3H,
COCH3), 0.85 (s, 9 H, tBuSi), 0.03 (s, 3H, CH3Si), ÿ0.02 (s, 3H, CH3Si);
13C NMR (125 MHz, CDCl3): d� 170.7, 169.5, 152.8, 135.2, 125.0, 105.5,
105.4, 105.4, 105.3, 75.3, 74.8, 72.5, 68.9, 66.7, 65.8, 62.6, 56.2, 56.2, 30.2, 27.7,
26.7, 25.7, 20.8, 20.7, 18.2, 17.4, 13.5, ÿ5.6, ÿ5.7; HRMS (FAB) calcd for
C24H38O10SiNa [M�Na�] 537.2132, found 537.2148.


Mono-TBS-disaccharide 53: Vancosamine fluoride 27 (82 mg, 0.22 mmol)
and alcohol 52 (79 mg, 0.15 mmol) were azeotroped with benzene (3�
3 mL) and then dried under high vacuum for 1 h. CH2Cl2 (0.6 mL) and 4 �
MS were added, and the mixture was stirred for 15 min. The resulting
mixture was cooled toÿ30 8C and BF3 ´ Et2O (18 mL, 0.13 mmol) was added
dropwise. After stirring for 2 h, the reaction mixture was diluted with
EtOAc (150 mL) and washed with saturated aqueous NaHCO3 (20 mL)
and brine (20 mL). The organic layer was dried (Na2SO4), concentrated,
and the residue was purified by flash column chromatography (silica gel,
30% ether in hexanes) to give disaccharide 53 (116 mg, 91%, a :b ca. 9:1) as
a white foam. 53 : Rf� 0.2 (silica gel, 70% ether in hexanes); [a]22


D �ÿ54.8
(c� 1.3, CHCl3); IR (thin film): nÄmax� 3379, 2935, 2871, 1747, 1600, 1514,
1495, 1480, 1372, 1255, 1219, 1113, 1061, 1032, 912, 838, 777, 734 cmÿ1;
1H NMR (600 MHz, CDCl3): d� 7.36 ± 7.30 (m, 5H, ArH), 6.99 (t, J�
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8.4 Hz, 1 H, ArH), 6.55 (d, J� 8.4 Hz, 2 H, ArH), 5.28 (d, J� 7.4 Hz, 1H,
H-G1), 5.25 (t, J� 9.1 Hz, 1 H, H-G3), 5.09 (br.d, J� 4.6 Hz, 1H, H-V1),
5.08 and 4.95 (AB, J� 12.2 Hz, 2H, CH2Ar), 5.07 (t, J� 9.6 Hz, 1H, H-G4),
4.89 (s, 1H, H-V4), 4.72 (s, 1H, NH), 4.51 (br.q, J� 6.3 Hz, 1H, H-V5), 3.99
(dd, J� 8.9, 7.5 Hz, 1 H, H-G2), 3.78 (s, 6 H, OCH3), 3.60 ± 3.58 (m, 2H,
H-G6), 3.47 ± 3.42 (m, 1H, H-G5), 2.10 (d, J� 13.4 Hz, 1H, H-V2a), 2.04 (s,
3H, COCH3), 2.03 (s, 3 H, COCH3), 1.99 (s, 3H, COCH3), 1.94 (dd, J� 13.5,
4.6 Hz, 1H, H-V2b), 1.79 (s, 3 H, H-V3), 0.95 (d, J� 6.4 Hz, 3 H, H-V6),
0.76 (s, 9 H, tBuSi), ÿ0.06 (s, 3 H, CH3Si), ÿ0.19 (s, 3 H, CH3Si); 13C NMR
(150 MHz, CDCl3): d� 171.2, 171.1, 169.7, 153.4, 136.6, 133.3, 128.5, 128.2,
128.1, 128.0, 124.2, 105.4, 99.9, 97.7, 76.1, 74.8, 74.1, 69.2, 63.3, 62.6, 55.9,
55.8, 53.1, 33.8, 30.3, 25.7, 20.8, 20.8, 20.7, 18.1, 16.7, ÿ5.8; HRMS (FAB),
calcd for C41H59NO15SiCs [M�Cs�] 966.2708, found 966.2746.


Mono-TBS-thioglucoside 54: Thiophenol (32 mL, 0.31 mmol) was added to
a solution of imidate 50 (120 mg, 0.21 mmol) in CH2Cl2 (0.5 mL) containing
4 � MS and the mixture was stirred at ambient temperature for 15 min. The
resulting mixture was cooled to ÿ78 8C and BF3 ´ Et2O (8.0 mL,
0.062 mmol) was added dropwise. After stirring for 45 min, the reaction
mixture was diluted with EtOAc (150 mL), and washed with saturated
aqueous NaHCO3 (20 mL) and brine (20 mL). The organic layer was dried
(Na2SO4), filtered, and the solvents were removed under reduced pressure.
The residue was purified by flash column chromatography (silica gel, 30%
ether in hexanes) to afford b-thioglucoside 54 (110 mg, 95%) as a white
foam. 54 : Rf� 0.30 (silica gel, 50% ether in hexanes); [a]22


D ��15.7 (c�
1.3, CHCl3); IR (thin film): nÄmax� 2954, 2930, 2884, 2857, 1760, 1462, 1440,
1369, 1259, 1230, 1052, 1005, 967, 912, 837, 781, 748, 692 cmÿ1; 1H NMR
(600 MHz, CDCl3): d� 7.55 ± 7.20 (m, 5 H, ArH), 5.95 ± 5.85 (m, 1H,
OCH2CH�CH2), 5.36 (ddd, J� 17.0, 2.8, 1.3 Hz, 1H, OCH2CH�CH2-Z),
5.26 (ddd J� 10.3, 2.4, 1.1 Hz, 1H, OCH2CH�CH2-E), 5.25 ± 5.22 (m, 1H,
H-G2), 5.02 (t, J� 9.8 Hz, 1 H, H-G3), 4.73 (d, J� 6.4 Hz, 1H, H-G1),
4.73 ± 4.68 (m, 1H, H-G4), 4.65 ± 4.64 (m, 2 H, OCH2CH�CH2), 3.73 (dd,
J� 11.5, 2.2 Hz, 1 H, H-G6a), 3.68 (dd, J� 11.5, 5.1 Hz, 1 H, H-G6b), 3.57
(ddd, J� 9.9, 5.0, 2.2 Hz, 1 H, H-G5), 1.99 (s, 3 H, COCH3), 1.97 (s, 3H,
COCH3), 0.88 (s, 9H, tBuSi), 0.06 (s, 3 H, CH3Si), 0.03 (s, 3H, CH3Si);
13C NMR (150 MHz, CDCl3): d� 170.0, 169.2, 153.7, 132.9, 131.7, 131.2,
128.8, 128.2, 118.8, 85.4, 78.8, 74.1, 73.7, 68.8, 68.5, 62.2, 25.8, 20.6, 18.2, 15.2,
ÿ5.5; HRMS (FAB) calcd for C26H38O9SSiNa [M�Na�] 577.1904, found
577.1922.


Mono-TBS-alcohol 55: A catalytic amount of palladium tetrakistriphenyl-
phosphane (ca. 10 mg, 0.01 mmol) was added to a solution of b-glucoside 54
(90 mg, 0.16 mmol) and tri-n-butyltin hydride (65 mL, 0.24 mmol) in wet
CH2Cl2 (5.0 mL) at 25 8C. After the reaction mixture was stirred for 0.5 h,
the solvents were removed under reduced pressure, and the residue was
purified by flash column chromatography (silica gel, 30 % ether in hexanes)
to provide 55 (66 mg, 87 %) as a white foam. 55 : Rf� 0.30 (silica gel, 70%
ether in hexanes); [a]22


D ��6.2 (c� 3.3, CHCl3); IR (thin film): nÄmax� 3478,
3061, 2929, 2857, 1760, 1733, 1714, 1584, 1470, 1441, 1372, 1254, 1043, 914,
835, 776 cmÿ1; 1H NMR (600 MHz, CDCl3): d� 7.59 ± 7.25 (m, 5H, ArH),
5.10 (t, J� 9.3 Hz, 1 H, H-G3), 4.96 (t, J� 9.8 Hz, 1 H, H-G4), 4.96 (d, J�
9.7 Hz, 1H, H-G1), 3.74 (dd, J� 11.4, 2.2 Hz, 1H, H-G6a), 3.67 (dd, J�
11.5, 5.1 Hz, 1H, H-G6b), 3.56 (ddd, J� 10.0, 5.1, 2.2 Hz, 1H, H-G5), 3.48 ±
3.44 (m, 1H, H-G2), 2.65 (d, J� 3.2 Hz, 1H, OH), 2.03 (s, 3H, COCH3),
1.99 (s, 3 H, COCH3), 0.89 (s, 9H, tBuSi), 0.06 (s, 3H, CH3Si), 0.04 (s, 3H,
CH3Si); 13C NMR (150 MHz, CDCl3): d� 170.9, 169.5, 133.1, 131.0, 129.0,
128.3, 87.8, 78.9, 76.2, 70.1, 68.4, 62.3, 25.8, 20.8, 20.6, 18.2, 17.5, 15.2, 13.5,
ÿ5.4; HRMS (FAB) calcd for C22H34O7SSiNa [M�Na�] 493.1692, found
493.1681.


Mono-TBS-disaccharide 56: Vancosamine fluoride 27 (76 mg, 0.22 mmol)
and alcohol 55 (66 mg, 0.162 mmol) were azeotroped with benzene (3�
3 mL) and then dried under high vacuum for 1 h. CH2Cl2 (0.6 mL) and 4 �
MS were added, and the mixture was stirred at ambient temperature for
15 min. The resulting mixture was cooled to ÿ30 8C and BF3 ´ Et2O (16 mL,
0.12 mmol) was added dropwise. After stirring for 2 h, the reaction mixture
was diluted with EtOAc (150 mL) and washed with saturated aqueous
NaHCO3 (20 mL) and brine (20 mL). The organic layer was dried (Na2SO4)
and the solvents were removed under reduced pressure. The residue was
purified by flash column chromatography (silica gel, 30 % ether in hexanes)
to afford disaccharide 56 (109 mg, 98%, a :b ca. 3:2) as a white foam. 56 :
Rf� 0.24 (silica gel, 70 % ether in hexanes); IR (thin film): nÄmax� 3369,
2931, 2857, 1734, 1520, 1462, 1448, 1372, 1240, 1058, 913, 839, 778, 775 cmÿ1;
1H NMR (600 MHz, CDCl3, a :b ca. 3:2): d� 7.53 ± 7.26 (m, 17H, ArH), 5.21


(t, J� 9.0 Hz, 1 H, H-G3), 5.14 ± 4.73 (m, 9.9 H, H-V1, H-V1, NH, H-G3,
H-G4, H-V4, H-V4, CH2Ar), 4.93 (t, J� 9.0 Hz, 1 H, H-G4), 4.75 ± 4.73 (m,
2.7H, H-V5, H-V5), 4.67 (d, J� 9.7 Hz, 1H, H-G1), 4.62 (d, J� 9.9 Hz, 1H,
H-G1), 3.78 (dd, J� 9.0, 8.8 Hz, 1H, H-G2), 3.73 (dd, J� 9.0, 8.8 Hz, 1.7H,
H-G2), 3.69 ± 3.64 (m, 3.4H, H-G6a, H-G6b, H-G6a, H-G6b), 3.56 ± 3.50
(m, 2.7 H, H-G5, H-G5), 2.02 (s, 3H, COCH3), 2.01 (s, 2.1H, COCH3), 2.01
(s, 2.1 H, COCH3), 1.99 (s, 3H, COCH3), 2.10-1.92 (m, 2H, H-V2), 1.67 (s,
3H, H-V3), 1.60 (s, 3H, H-V3), 1.53 (dd, J� 12.3, 10.0 Hz, 0.7 H, H-V2a),
1.38 (d, J� 6.4 Hz, 3H, H-V6), 1.06 (d, J� 6.4 Hz, 2.1H, H-V6), 0.90 (s,
6.3H, tBuSi), 0.87 (s, 9 H, tBuSi), 0.06 (s, 2.1H, CH3Si), 0.04 (s, 3H, CH3Si),
0.04 (s, 3 H, CH3Si), 0.04 (s, 2.1H, CH3Si), 0.01 (s, 3H, CH3Si); 13C NMR
(150 MHz, CDCl3): d� 170.8, 170.4, 170.3, 169.8, 169.6, 169.4, 136.5, 133.6,
133.1, 131.7, 131.5, 129.0, 129.0, 128.4, 128.3, 128.1, 128.1, 128.0, 127.7, 128.6,
98.8, 97.9, 87.3, 87.1, 78.8, 78.6, 77.3, 76.5, 75.4, 74.6, 73.8, 72.1, 68.8, 68.4, 68.1,
64.3, 62.5, 62.3, 62.3, 54.04, 52.7, 30.3, 25.8, 23.9, 20.9, 20.7, 20.6, 20.5, 18.2,
17.4, 16.9, 13.5, ÿ5.5; HRMS (FAB) calcd for C39H55NO12SSiCs [M�Cs�]
922.2269, found 922.2239.


Mono-TBS-protected vancomycin monosaccharide 57: Glucose imidate 50
(310 mg, 0.54 mmol) and aglycon acceptor 6 (200 mg, 0.11 mmol) were
azeotroped with benzene (3� 3 mL) and then dried under high vacuum for
1 h. CH2Cl2 (1.5 mL) and 4 � MS were added, and the mixture was stirred
at ambient temperature for 15 min. The resulting mixture was cooled to
ÿ78 8C and BF3 ´ Et2O (160 mL, 1.1 mmol) was added dropwise. After
stirring for 6 h at ÿ78 8C, the reaction mixture was diluted with EtOAc
(150 mL) and washed with saturated aqueous NaHCO3 (20 mL) and brine
(20 mL). The organic layer was dried (Na2SO4), filtered and the solvents
were removed under reduced pressure. The residue was purified by flash
column chromatography (silica gel, 10!30 % acetone in CH2Cl2, gradient
elution), followed by preparative TLC (silica gel, 3 % MeOH in CH2Cl2) to
afford b-glucoside 57 (203 mg, 82 %) as a white foam. 57: Rf� 0.33 (silica
gel, 5% MeOH in CH2Cl2); [a]22


D ��7.9 (c� 0.3, CHCl3); IR (thin film):
nÄmax� 3550, 2956, 2929, 2874, 2857, 1760, 1691, 1667, 1644, 1599, 1504, 1471,
1416, 1362, 1307, 1234, 1172, 1111, 1062, 948, 923, 837, 781 cmÿ1; 1H NMR
(500 MHz, CD3CN, 330 K): d� 7.57 ± 7.54 (m, 2H), 7.50ÿ 7.31 (m, 9 H), 7.27
(s, 2H), 7.10 (s, 1H), 6.94 (s, 3 H), 6.46 (d, J� 2.2 Hz, 1H), 6.34 (d, J�
2.2 Hz, 1H), 6.32 (br. s, 1H), 6.10 ± 6.02 (m, 2H), 5.79 (s, 2H), 5.56 (s, 2H),
5.48 (t, J� 9.5 Hz, 1 H), 5.49 ± 5.42 (m, 3H), 5.35 (t, J� 9.5 Hz, 1H), 5.32-
5.16 (m, 5 H), 5.01 (dd, J� 17.3, 1.4 Hz, 1H), 4.96 (d, J� 10.6 Hz, 1H),
4.95 ± 4.80 (m, 4 H), 4.57 (s, 1H), 4.45 (dd, J� 12.9, 6.0 Hz, 1H), 4.27 (dd,
J� 12.8, 5.4 Hz, 1H), 3.96 ± 3.94 (m, 1 H), 3.83 ± 3.80 (m, 1 H), 3.73 (s, 3H),
3.73 ± 3.70 (m, 1H), 3.66 (dd, J� 10.3, 1.9 Hz, 1H), 2.92 (s, 3H), 2.41 ± 2.31
(m, 2H), 2.01 (s, 3H), 1.99 (s, 3H), 1.78 (br. t, J� 10.2 Hz, 1H), 1.61 ± 1.40
(m, 2H), 1.02 (s, 9 H), 0.96 (s, 9 H), 0.94 ± 0.91 (m, 6 H), 0.88 (s, 9 H), 0.76 (s,
9H), 0.74 (s, 9 H), 0.61 (s, 9H), 0.24 (s, 6 H), 0.19 (s, 3H), 0.15 (s, 3 H), 0.13
(s, 3H), 0.12 (s, 3H), 0.11 (s, 3H), 0.09 (s, 3H), 0.04 (s, 3H), ÿ0.5 (s, 3H),
ÿ0.10 (s, 3 H), ÿ0.15 (s, 3 H); 13C NMR (150 MHz, CD3CN, 330 K): d�
172.2, 172.1, 171.8, 171.3, 171.1, 171.0, 170.7, 170.3, 170.1, 169.1, 167.9, 167.8,
156.5, 155.7, 154.8, 154.5, 154.3, 153.1, 151.8, 151.5, 141.4, 139.6, 137.9, 137.4,
136.7, 136.7, 136.5, 135.6, 132.3, 129.3, 129.3, 128.9, 128.9, 128.9, 128.9, 128.8,
128.8, 128.2, 127.3, 126.9, 126.4, 126.0, 125.5, 124.5, 121.3, 118.7, 113.1, 112.1,
106.2, 105.1, 76.7, 74.5, 74.4, 74.1, 73.6, 70.2, 69.2, 68.2, 66.0, 64.5, 63.5, 60.4,
60.1, 57.7, 57.6, 57.6, 55.3, 55.3, 55.2, 52.6, 52.5, 37.1, 30.2, 26.3, 26.3, 26.1, 26.1,
26.1, 26.1, 26.1, 26.1, 26.0, 26.0, 25.7, 25.7, 25.7, 25.7, 25.7, 25.7, 25.3, 23.6, 22.1,
21.0, 20.8, 19.0, 18.9, 18.8, 18.8, 18.4, 18.3, ÿ3.9, ÿ4.0, ÿ4.2, ÿ4.3, ÿ4.5,
ÿ4.5, ÿ4.7, ÿ4.7, ÿ4.9, ÿ4.9, ÿ5.4, ÿ5.5; HRMS (FAB) calcd for
C112H162Cl2N8O28Si6Cs [M�Cs�] 2440.8874, found 2440.8738.


Mono-TBS-protected vancomycin monosaccharide acceptor 58: A cata-
lytic amount of palladium tetrakistriphenylphosphane (ca. 10 mg,
0.01 mmol) was added to a solution of the b-glucoside 57 (100 mg,
0.040 mmol) and tri-n-butyltin hydride (44 mL, 0.16 mmol) in wet CH2Cl2


(0.5 mL) at 25 8C. After the reaction mixture was stirred for 0.5 h, the
solvents were removed under reduced pressure, and the residue was
purified by flash column chromatography (silica gel, 10!30% acetone in
CH2Cl2), followed by preparative TLC (silica gel, 3% MeOH in CH2Cl2) to
provide alcohol 58 (76 mg, 85%) as a white foam. 58 : Rf� 0.34 (silica gel,
5% MeOH in CH2Cl2); [a]22


D �ÿ4.0 (c� 1.5, CHCl3); IR (thin film): nÄmax�
3306, 2956, 2876, 2858, 1755, 1682, 1651, 1599, 1504, 1491, 1470, 1416, 1299,
1254, 1175, 1112, 1051, 1026, 838, 781cmÿ1; 1H NMR (600 MHz, CD3CN,
340 K): d� 7.55 ± 7.52 (m, 2H), 7.46 ± 7.38 (m, 7H), 7.35 (d, J� 7.2 Hz, 1H),
7.30 (s, 1H), 7.26 (br. s, 2H), 7.11 (s, 2 H), 6.96 (s, 2 H), 6.87 (br. s, 2 H), 6.62
(br. s, 1 H), 6.47 (d, J� 2.2 Hz, 1 H), 6.35 (d, J� 2.2 Hz, 1H), 6.35 ± 6.33 (m,
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2H), 6.02 (br. s, 1H), 5.85 (s, 1 H), 5.56 (s, 1 H), 5.45 (d, J� 4.5 Hz, 1 H), 5.34
(t, J� 9.6 Hz, 1H, H-G3), 5.33 (s, 1 H), 5.25 (d, J� 7.7 Hz, 1H, H-G1), 5.20
(t, J� 9.7 Hz, 1H, H-G4), 4.95 ± 4.84 (m, 6 H), 4.61 (s, 1 H), 4.03 (br. t, J�
7.7 Hz, 1H, H-G2), 3.99 ± 3.95 (m, 1H), 3.87 ± 3.86 (m, 1H, H-G5), 3.82 (s,
1H), 3.74 (s, 3H, OCH3), 3.75 ± 3.73 (m, 1 H, H-G6a), 3.68 (dd, J� 11.0,
3.2 Hz, 1H, H-G6b), 2.92 (s, 3 H, NCH3), 2.49 ± 2.23 (m, 2 H, H-3b), 2.06 (s,
3H, COCH3), 2.02 (s, 3 H, COCH3), 1.78 ± 1.75 (m, 1 H, H-1b), 1.57 ± 1.51
(m, 2 H, H-1b, H-1g), 1.03 (s, 9H, tBuSi), 0.96 (s, 9H, tBuSi), 0.94 ± 0.92 (m,
6H, H-1d), 0.89 (s, 9H, tBuSi), 0.77(s, 9H, tBuSi), 0.75 (s, 9H, tBuSi), 0.63
(s, 9 H, tBuSi), 0.25 (s, 6 H, CH3Si), 0.20 (s, 3 H, CH3Si), 0.15 (s, 3H, CH3Si),
0.13 (s, 3H, CH3Si), 0.12 (s, 3 H, CH3Si), 0.12 (s, 3H, CH3Si), 0.09 (s, 3H,
CH3Si), 0.04 (s, 3 H, CH3Si), ÿ0.05 (s, 3H, CH3Si), ÿ0.10 (s, 3 H, CH3Si),
ÿ0.12 (s, 3H, CH3Si); 13C NMR (150 MHz, CD3CN, 340 K): d� 172.3,
172.2, 171.8, 171.4, 171.2, 171.1, 170.2, 169.1, 167.8, 167.8, 156.5, 155.8, 154.4,
152.9, 151.5, 151.4, 141.6, 139.9, 138.0, 137.1, 136.8, 136.7, 136.5, 136.3, 136.3,
135.5, 132.6, 132.6, 130.6, 130.2, 129.4, 129.3, 129.3, 129.3, 129.2, 128.7, 128.7,
128.7, 128.2, 128.1, 127.4, 126.9, 126.4, 126.3, 125.2, 124.5, 121.3, 113.1, 112.1,
107.0, 106.3, 81.3, 76.2, 75.0, 74.4, 73.6, 73.5, 70.3, 68.2, 63.6, 60.7, 57.8, 57.7,
57.6, 55.3, 52.6, 52.4, 30.6, 30.3, 26.3, 26.3, 26.3, 26.2, 26.2, 26.2, 26.1, 26.1,
26.1, 26.0, 26.0, 26.0, 25.6, 25.6, 25.6, 25.4, 23.3, 22.1, 21.1, 20.9, 18.9, 18.9,
18.8, 18.7, 18.3, 18.3, ÿ3.9, ÿ4.0, ÿ4.3, ÿ4.3, ÿ4.5, ÿ4.5, ÿ4.7, ÿ4.8, ÿ4.9,
ÿ4.9, ÿ5.3, ÿ5.3; HRMS (MALDI) calcd for C108H158Cl2N8O26Si6Cs [M�
Cs�] 2243.9178, found 2243.9198.


Fully protected vancomycin 59: Vancosamine fluoride 27 (40 mg,
0.13 mmol) and alcohol 58 (70 mg, 0.030 mmol) were azeotroped with
benzene (3� 3 mL) and then dried under high vacuum for 1 h. CH2Cl2


(0.5 mL) and 4 � MS were added, and the mixture was stirred at ambient
temperature for 15 min. The resulting mixture was cooled to ÿ35 8C and
BF3 ´ Et2O (10 mL, 0.012 mmol) was added dropwise. After stirring for 2 h,
the reaction mixture was diluted with EtOAc (150 mL) and washed with
saturated aqueous NaHCO3 (20 mL) and brine (20 mL). The organic layer
was dried (Na2SO4) and the solvents were removed under reduced
pressure. The residue was purified by flash column chromatography (silica
gel, 10!30% acetone in CH2Cl2), followed by preparative TLC (silica gel,
3% MeOH in CH2Cl2) to furnish fully protected vancomycin 59 (65 mg,
84%) as a white foam and a trace of the other anomer. 59 : Rf� 0.36 (silica
gel, 5 % MeOH in CH2Cl2); [a]22


D �ÿ9.0 (c� 0.30, CHCl3); IR (thin film):
nÄmax� 3550, 2928, 2856, 1755, 1718, 1682, 1654, 1504, 1470, 1458, 1416, 1298,
1252, 1062, 837 cmÿ1; 1H NMR (600 MHz, CD3CN, 340 K): d� 7.60 ± 7.50
(m, 2 H), 7.46 ± 7.20 (m, 16H), 7.11 (s, 3H), 6.97 (s, 2 H), 6.90 ± 6.84 (m, 2H),
6.65-6.55 (m, 2H), 6.47 (d, J� 2.2 Hz, 1 H), 6.35 (d, J� 2.2 Hz, 1H), 6.10-
6.01 (m, 1 H), 5.85 (s, 1 H), 5.60 ± 5.50 (m, 2H), 5.47 (d, J� 4.5 Hz, 1H),
5.34 ± 5.13 (m, 4 H), 4.98 and 4.80 (AB, J� 12.6 Hz, 2H), 4.93 ± 4.80 (m,
7H), 4.61 (s, 1H), 4.60 (s, 1 H), 4.01 ± 3.97 (m, 3H), 3.87 ± 3.84 (m, 1 H), 3.75-
3.67 (m, 2H), 3.74 (s, 3H), 2.91 (s, 3H), 2.35 ± 2.25 (m, 2H), 2.02 (s, 3H),
2.02 ± 1.90 (m, 1H), 1.97 (s, 3H), 1.95 (s, 3 H), 1.79 ± 1.75 (m, 2H), 1.53 ± 1.48
(m, 2 H), 1.45 (s, 3 H), 1.06 (d, J� 6.2 Hz, 3 H), 1.03 (s, 9 H), 0.98 (s, 9H),
0.93 ± 0.92 (m, 6H), 0.89 (s, 9 H), 0.79 (s, 9H), 0.72 (s, 9 H), 0.62 (s, 9H), 0.24
(s, 6H), 0.20 (s, 3H), 0.15 (s, 3 H), 0.13 (s, 3 H), 0.12 (s, 6H), 0.06 (s, 3H),
ÿ0.04 (s, 3 H), ÿ0.09 (s, 3H), ÿ0.11 (s, 3H), ÿ0.17 (s, 3H); 13C NMR
(125 MHz, CDCl3): d� 172.2, 171.7, 171.3, 171.1, 171.0, 170.6, 170.2, 169.1,
167.9, 156.5, 156.5, 155.8, 155.5, 154.4, 154.4, 152.9, 151.4, 151.4, 141.7, 139.7,
138.4, 138.0, 136.8, 136.4, 136.4, 130.0, 130.0, 129.5, 129.3, 129.3, 129.3, 129.2,
129.2, 129.2, 128.9, 128.8, 128.8, 128.8, 128.6, 128.6, 128.6, 128.5, 128.5, 128.5,
128.4, 128.4, 128.4, 128.4, 127.3, 126.9, 126.4, 125.0, 124.8, 121.3, 113.1, 112.1,
106.4, 99.9, 74.4, 74.3, 73.6, 68.1, 66.2, 66.2, 64.7, 64.5, 60.7, 57.7, 57.7, 55.3,
53.6, 52.7, 52.4, 37.1, 36.9, 30.6, 30.2, 26.3, 26.3, 26.3, 26.3, 26.3, 26.3, 26.2,
26.2, 26.1, 26.1, 26.1, 26.0, 26.0, 26.0, 25.6, 25.6, 25.6, 25.6, 25.6, 25.3, 24.2,
23.5, 22.1, 22.1, 21.2, 20.9, 20.9, 18.9, 18.8, 18.8, 18.3, 18.3, 18.3, ÿ4.0, ÿ4.0,
ÿ4.3, ÿ4.3, ÿ4.4, ÿ4.7, ÿ4.7,ÿ4.7, ÿ4.9, ÿ4.9, ÿ5.3, ÿ5.3; HRMS (FAB)
calcd for C125H179Cl2N9O31Si6Cs [M�Cs�] 2676.1712, found 2676.1552.


Triacetylated-vancomycin 60: HF ´ pyr. (40 mL) was added dropwise to a
solution of the protected vancomycin 59 (10 mg, 0.004 mmol) and freshly
distilled pyridine (40 mL) in THF (0.5 mL) at 0 8C. The reaction mixture
was slowly warmed to 25 8C and stirred for 12 h. The reaction was quenched
by the careful addition of saturated aqueous NaHCO3 (5 mL), diluted with
5% MeOH in EtOAc (100 mL), and washed with saturated aqueous
NaHCO3 (20 mL) and brine (20 mL). The organic layer was dried (Na2SO4)
and the solvents were removed under reduced pressure. The residue was
purified by preparative TLC (silica gel, 15 % MeOH in CH2Cl2) to afford
triacetate 60 (6.0 mg, 80%) as a white solid. 60 : Rf� 0.22 (silica gel, 15%


MeOH in CH2Cl2); [a]22
D �ÿ3.94 (c� 0.33, CHCl3); IR (thin film): nÄmax�


3401, 3290, 2943, 1725, 1713, 1678, 1666, 1642, 1501, 1455, 1419, 1396, 1372,
1320, 1226, 1063, 1032 cmÿ1; 1H NMR (600 MHz, CD3CN/D2O (20:1),
340 K): d� 7.62 (s, 1H, H-6b), 7.50 ± 7.45 (m, 1H), 7.41 ± 7.27 (m, 13H), 7.13
(d, J� 8.3 Hz, 1H), 7.10 (d, J� 2.2 Hz, 1 H), 6.97 (dd, J� 8.5, 2.3 Hz, 1H),
6.88 (d, J� 8.6 Hz, 1H), 6.51 (d, J� 2.2 Hz), 6.24 (d, J� 2.2 Hz, 1H), 5.79
(s, 1H), 5.65 (s, 1H), 5.53 (d, J� 7.6 Hz, 1H), 5.40 (s, 1 H), 5.33 (s, 2H),
5.21 ± 5.17 (m, 2H), 5.18 (t, J� 9.2 Hz, 1 H), 5.11 (d, J� 4.3 Hz, 1 H), 4.98
and 4.85 (AB, J� 12.5 Hz, 2 H), 4.98 (s, 1 H), 4.88 ± 4.86 (m, 1H), 4.80-4.77
(m, 3H), 4.69 (s, 1H), 4.56 (s, 1H), 4.24 (dd, J� 12.2, 4.2 Hz, 1H), 4.20 (dd,
J� 11.9, 2.0 Hz, 1H), 4.06 (s, 1 H), 3.91 (bt, J� 8.8 Hz, 1H), 3.80 (s, 3H,
OCH3), 3.78 ± 3.74 (m, 1H), 2.89 (s, 3 H, NCH3), 2.56 ± 2.54 (m, 1 H), 2.32
(dd, J� 15.9, 6.7 Hz, 1H), 2.09 (s, 3H, COCH3), 1.96 (s, 3H, COCH3),
1.94 ± 1.91 (m, 2H), 1.90 (s, 3 H, COCH3), 1.69-1.61 (m, 3 H), 1.49 (s, 3H),
0.99 (d, J� 6.4 Hz, 3H), 0.91-0.85 (m, 6 H); 13C NMR (150 MHz,
CD3CN/D2O (20:1), 340 K): d� 173.3, 172.9, 172.3, 171.9, 171.9, 171.8,
171.0, 170.7, 169.1, 158.5, 157.2, 156.0, 155.6, 153.7, 153.4, 150.4, 141.9, 139.8,
138.1, 137.7, 136.7, 132.7, 130.1, 129.4, 129.4, 129.4, 129.4, 129.3, 129.3, 129.3,
129.3, 129.2, 128.9, 128.7, 128.7, 128.7, 128.6, 128.5, 128.5, 128.1, 127.8, 127.4,
127.3, 127.3, 121.9, 112.7, 107.7, 107.5, 105.7, 104.2, 102.3, 99.2, 78.7, 78.2, 74.6,
74.4, 72.3, 71.8, 69.1, 68.4, 66.5, 64.5, 64.3, 64.1, 64.0, 60.0, 58.4, 58.3, 57.8,
56.0, 55.3, 53.4, 53.3, 52.2, 36.7, 30.9, 26.0, 25.4, 24.1, 23.2, 21.9, 21.1, 20.8,
20.7, 17.8; HRMS (MALDI) calcd for C89H95Cl2N9O31Na [M�Na�]
1878.5409, found 1878.5450.


N,N''-di-Cbz-vancomycin methyl ester 13: Potassium carbonate (3.0 mg,
0.020 mmol) was added to a solution of the protected vancomycin 60
(10 mg, 0.005 mmol) in dry MeOH (0.5 mL) at 25 8C. The reaction mixture
was stirred for 4 h, filtered, and then the solvents were removed under
reduced pressure. The residue was purified by preparative TLC (silica gel,
50% MeOH in CH2Cl2) to yield N,N'-di-Cbz-vancomycin methyl ester 13
(8.0 mg, 95%) as a white solid. 13 : Rf� 0.46 (silica gel, 30 % MeOH in
CH2Cl2); [a]22


D �ÿ10.0 (c� 0.12, CHCl3); IR (thin film): nÄmax� 3542-3119,
2931, 2872, 1719, 1684, 1655, 1590, 1496, 1466, 1431, 1378, 1226, 1149, 1067,
1020, 903, 732, 656, 591 cmÿ1; 1H NMR (600 MHz, CD3CN/[D7]DMF (3:1),
340 K): d� 8.47 (br. s, 1 H), 8.19 (d, J� 5.9 Hz, 1 H), 8.12 (bs 1H), 7.96 (s,
1H), 7.79 (d, J� 1.7 Hz, 2 H), 7.46 ± 7.29 (m, 14 H), 7.19 (d, J� 2.0 Hz, 1H),
7.17 (d, J� 8.4 Hz, 1H), 6.96 (dd, J� 8.5, 2.0 Hz, 1 H), 6.91 (br.d, J� 7.4 Hz,
1H), 6.88 (d, J� 8.5 Hz, 1 H), 6.85 ± 6.80 (m, 2H), 6.64 (br.d, J� 11.4 Hz,
1H), 6.61 (d, J� 2.1 Hz, 1H), 6.30 (d, J� 2.1 Hz, 1H), 5.90 (br.d, J�
8.1 Hz, 2 H), 5.77 (s, 1 H), 5.64 (s, 1 H), 5.54 (d, J� 7.2 Hz, 1 H), 5.43 (s,
1H), 5.39 (s, 1H), 5.36 (d, J� 3.9 Hz, 1 H), 5.32 (d, J� 4.4 Hz, 1H), 5.25 ±
5.20 (m, 2H), 5.01 (s, 2 H), 4.88 (dd, J� 7.8, 4.2 Hz, 1H), 4.82 (bq, J�
6.2 Hz, 1H), 4.79 ± 4.77 (m, 1H), 4.73 (d, J� 6.0 Hz, 1H), 4.57 ± 4.55 (m,
1H), 4.35 (br.d, J� 12.3 Hz, 1H), 3.79 (s, 3H), 3.76 ± 3.67 (m, 3H), 3.56 ±
3.53 (m, 3H), 2.93 (s, 3H), 2.70 ± 2.66 (m, 1H), 2.65 ± 2.20 (m, 6 H), 2.33 ±
2.30 (m, 1 H), 2.18 (d, J� 12.0 Hz, 1H), 1.92 (dd, J� 12.4, 4.4 Hz, 1H),
1.74 ± 1.68 (m, 3H), 1.53 (s, 3H), 1.18 (d, J� 6.4 Hz, 3 H), 0.94 (br.d, J�
6.6 Hz, 3 H), 0.89 (br.d, J� 6.2 Hz, 3 H); 13C NMR (150 MHz, CD3CN/
[D7]DMF (3:1), 340 K): d� 172.9, 172.1, 171.9, 171.3, 170.5, 169.7, 168.4,
168.2, 158.6, 157.5, 155.8, 155.3, 153.4, 153.0, 151.1, 150.0, 142.2, 140.0, 138.1,
137.6, 137.1, 136.3, 135.6, 133.3, 129.3, 128.9, 128.9, 128.7, 128.3, 128.3, 128.0,
128.0, 127.9, 127.6, 127.1, 127.0, 125.0, 124.7, 124.1, 121.6, 107.6, 107.3, 106.9,
105.9, 105.4, 104.7, 103.5, 102.3, 98.5, 79.1, 78.0, 77.4, 77.3, 76.5, 75.2, 73.3,
72.6, 71.8, 71.4, 71.2, 67.6, 65.7, 64.0, 63.4, 62.4, 62.3, 59.9, 57.9, 57.4, 56.2, 55.9,
55.1, 54.0, 52.1, 52.0, 49.3, 36.9, 35.6, 25.1, 23.5, 22.8, 21.5, 17.3; HRMS
(MALDI) calcd for C88H89Cl2N9O28Cs [M�Cs�] 1864.4260, found
1864.4373.


Vancomycin methyl ester (61): Raney Ni (W-2) (ca. 100 mg, slurry in H2O)
was added to a solution of the Cbz-protected vancomycin methyl ester 13
(10 mg, 0.006 mmol) in nPrOH/H2O (2:1) (3 mL) at 25 8C. The reaction
mixture was stirred for 0.5 h, filtered through a pad of celite, and then the
solvents were removed under reduced pressure. The residue was purified
by HPLC [(C18 reverse-phase column (HP-LiChroCART 4� 250 mm),
gradient solvent system 0 ± 15 min, 5 ± 100 % MeCN (0.1 % TFA) in H2O,
flow rate 1.5 mL minÿ1, 25 8C, retention time 8 min 29 s)] to yield
vancomycin methyl ester 61. 61: [a]22


D �ÿ27.3 (c� 0.3, H2O); IR (KBr):
nÄmax� 3500, 1731, 1666, 1649, 1596, 1555, 1502, 1414, 1384, 1337, 1302, 1220,
1114, 1061, 1032, 967, 803, 761 cmÿ1; 1H NMR (500 MHz, CD3OD, 330 K):
d� 7.70 (s, 1 H), 7.61 (s, 1 H), 7.57 (br.d, J� 6.6 Hz, 2H), 7.20 ± 7.18 (m, 1H),
7.11 (s, 2 H), 6.89 (br. s, 2H), 6.56 (d, J� 1.9 Hz, 1 H), 6.28 (d, J� 1.9 Hz,
1H), 5.92 (br. s, 1 H), 5.79 (br. s, 1H), 5.48 (br. s, 2 H), 5.33 (br. s, 4H), 4.84 ±
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4.81 (m, 1H), 4.73 (s, 1H), 4.68 (s, 1H), 4.22 (s, 1H), 4.11 ± 4.03 (m, 1H),
3.85 (s, 3H), 3.80 ± 3.78 (m, 3 H), 3.76-3.75 (m, 1 H), 3.67-3.65 (m, 1H),
3.50 ± 3.48 (m, 1 H), 3.43 (s, 1 H), 3.33 (s, 2 H), 2.77 (s, 3 H), 2.20 ± 2.15 (m,
2H), 1.84 ± 1.80 (m, 1H), 1.70 ± 1.68 (m, 1H), 1.63 ± 1.58 (m, 1 H), 1.49 (s,
3H), 1.24 ± 1.20 (m, 1 H), 1.16 (d, J� 6.4 Hz, 3H), 0.89 (br. s, 3 H), 0.84 (br. s,
3H); 13C NMR (150 MHz, CD3OD, 330 K): d� 173.6, 171.6, 171.0, 171.0,
169.6, 157.1, 157.1, 155.9, 155.9, 154.9, 154.9, 153.0, 152.3, 151.5, 151.2, 149.5,
141.0, 135.9, 135.5, 128.9, 128.7, 128.2, 127.0, 124.7, 124.0, 121.1, 119.4, 119.2,
119.2, 118.1, 118.1, 118.0, 117.5, 115.5, 113.6, 107.3, 105.4, 103.7, 98.1, 79.7,
76.7, 76.3, 72.1, 71.7, 71.2, 69.9, 64.2, 60.9, 57.4, 55.2, 54.9, 53.5, 51.8, 39.2,
36.8, 36.5, 33.3, 32.0, 24.2, 22.5, 22.2, 22.0, 21.7, 17.1, 16.5; HRMS (MALDI)
calcd for C67H77Cl2N9O24Na [M�Na�] 1484.4356, found 1484.4339.


Vancomycin (1): Lithium hydroxide (1.0 mg, 0.034 mmol) was added to a
solution of vancomycin methyl ester (10 mg, 0.006 mmol) in THF/H2O
(1:1) (0.5 mL) at 0 8C. The reaction mixture was stirred for 20 min, and then
quenched by the addition of saturated aqueous NH4Cl (1 mL). The reaction
mixture was filtered and the solvents were removed under reduced
pressure. The residue was purified by HPLC [C18 reverse-phase column
(HP-LiChroCART 4� 250 mm), gradient solvent system 0 ± 15 min, 5 ±
100 % MeCN (0.1 % TFA) in H2O, flow rate 1.5 mL minÿ1, 25 8C, retention
time 5 min 38 s] to yield vancomycin 1 (7.4 mg, 85% for two steps). 1:
[a]22


D �ÿ25.6 (c� 0.30, H2O); IR (KBr): nÄmax� 3676 ± 2940, 1718, 1684,
1654, 1638, 1584, 1491, 1390, 1232, 1120, 1067, 1020, 991, 714, 615 cmÿ1;
1H NMR (600 MHz, D2O, 330 K): d� 8.03 (s, 1 H), 7.96 (s, 1 H), 7.91 ± 7.88
(m, 2 H), 7.79 ± 7.78 (m, 2 H), 7.42 (s, 1H), 7.34 ± 7.32 (m, 1H), 7.28 (s, 1H),
6.91 (s, 1 H), 6.82 (s, 1H), 6.14 (br. s, 1 H), 6.06 (br. s, 1 H), 5.86 (s, 1 H), 5.82
(d, J� 6.5 Hz, 1H), 5.75 (d, J� 4.0 Hz, 1 H), 5.71 (s ,1H), 5.67 (s, 1H), 5.23
(br. s, 1 H), 5.17 (q, J� 6.6 Hz, 1H), 5.03 ± 5.00 (m, 2H), 4.55 (s, 1 H), 4.41 (t,
J� 7.4 Hz, 1 H), 4.18 ± 4.16 (m, 1 H), 4.14 ± 4.07 (m, 1H), 3.94 (t, J� 8.8 Hz,
1H), 3.87 ± 3.84 (m, 1 H), 3.78 (s, 1H), 3.40 ± 3.39 (m, 1 H), 3.15 ± 3.14 (m,
1H), 3.11 (s, 1H), 2.72 ± 2.70 (m, 1H), 2.42 ± 2.40 (m, 1 H), 2.38 ± 2.34 (m,
1H), 2.16 ± 2.13 (m, 1H), 2.06 ± 2.02 (m, 1H), 1.99 ± 1.94 (m, 1 H), 1.76 (s,
3H), 1.49 (d, J� 6.6 Hz, 3H), 1.24 (d, J� 6.5 Hz, 3 H), 1.20 (d, J� 6.5 Hz,
3H);13C NMR (150 MHz, D2O, 330 K): d� 177.8, 175.7, 172.5, 171.8, 170.5,
169.7, 169.3, 157.9, 156.4, 155.6, 154.1, 150.5, 141.7, 140.0, 138.7, 136.4, 136.3,
134.1, 130.2, 129.6, 129.6, 129.3, 128.6, 127.9, 127.7, 127.7, 125.8, 125.0, 122.7,
119.4, 119.0, 118.9, 109.6, 106.8, 104.5, 102.9, 98.9, 80.6, 77.7, 77.3, 73.3, 72.7,
72.1, 72.1, 70.6, 65.2, 62.1, 62.0, 62.0, 60.6, 59.1, 56.3, 56.0, 55.4, 52.8, 39.9,
39.9, 37.0, 34.3, 33.2, 25.3, 25.6, 23.1, 23.1, 17.6; HRMS (MALDI) calcd for
C66H75Cl2N9O24Na [M�Na�]: 1470.4200/1472.4170, found 1470.4231/
1472.4240.
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Side-to-Face Ruthenium Porphyrin Arrays: Photophysical Behavior of
Dimeric and Pentameric Systems
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Abstract: The investigated systems are
side-to-face porphyrin arrays made of
two types of molecular components: a
porphyrin unit with meso-pyridyl sub-
stituents, and one or more ruthenium
carbonyl tetraphenylporphyrin units.
The two types of unit are assembled by
axial coordination of the meso-pyridyl
groups of the former onto the metal
center of the latter. The number (one or
four) of the meso-pyridyl groups on the
axial unit determines whether the arrays
are dimeric or pentameric. The geome-
try of the groups (4'-pyridyl or 3'-pyr-
idyl) determine whether the arrays have
perpendicular or canted structures. Fur-
thermore, the meso-pyridyl porphyrin
can be either free-base or zinc-substi-
tuted, leading to a total of eight different
arrays. All arrays were shown to be
stable in toluene, even in the dilute
solutions (1x10ÿ5m) required for photo-


physical experiments. The energy levels
of the molecular components are practi-
cally unaltered in the arrays, with the
excited states of the ruthenium porphyr-
in units always higher, both at the singlet
and the triplet level, than those of the
free-base or zinc porphyrin units. The
photophysical behavior of the arrays has
been studied in detail. The behavior was
found to be practically independent of
the perpendicular or canted nature of
the systems. The arrays exhibit two main
supramolecular features, distinctive with
respect to the behavior of the mono-
meric molecular components (or suita-
ble models thereof). At the singlet level,
the behavior of the ruthenium unit is


normal (100 % efficient intersystem
crossing to the triplet state) but that of
the axial unit is strongly perturbed, as
indicated by pronounced fluorescence
quenching. This effect is attributed to
enhanced intersystem crossing in the
free-base or zinc porphyrin unit, owing
to the heavy-atom effect provided by the
attached ruthenium units. At the triplet
level, efficient energy transfer between
the units takes place. When the axial
unit is a free-base porphyrin, the driving
force is large, and the process takes
place irreversibly from the ruthenium to
the free-base triplet. When the axial unit
is a zinc porphyrin, the energy difference
between the triplet states is small, and
an equilibrium between the two states is
established prior to deactivation. In the
free-base systems, triplet energy transfer
rate constants are found to be in the
108 ± 109 sÿ1 range.


Keywords: energy transfer ´ photo-
chemistry ´ porphyrin arrays ´
supramolecular chemistry


Introduction


Because of their key role in many important biological
systems, porphyrins and metallo-porphyrins[1] are molecular
species of great chemical interest. Such species also occupy a


relevant position in the rapidly developing field of supra-
molecular chemistry,[2] since they are frequently used as
building blocks for the construction of artificial systems with
special built-in properties or functions. Remarkable examples
include the supramolecular systems designed to feature a
number of light-induced functions,[3] notably those inspired by
natural photosynthesis. Photoinduced charge separation in
the reaction center[4±8] is mimicked by several types of
covalently linked donor ± acceptor systems, including triads
and more complex architectures.[9±11] Synthetic multi-porphyr-
in arrays are suitable model systems for the light-harvesting
function performed by a large number of chlorophyll mole-
cules in antenna units.[12±15]


Various type of connecting motifs can be used to construct
porphyrin arrays. Side-by-side connection involves the for-
mation of covalent links between porphyrin rings (usually at
meso positions). Side-to-face connection is obtained when a
porphyrin carrying suitable peripheral Lewis-base functions
(usually as substituents at meso positions) binds, by means of
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axial coordination, to the metal of a second porphyrin. By the
use of these and other connecting motifs, a large variety of
multi-porphyrin systems of different shape and function have
been produced in recent years.[16±27] Notable examples of light-
harvesting systems are pentameric arrays made of a central
free-base porphyrin and four peripheral Zn porphyr-
ins.[18c, 19c, 24, 25] In some such systems, the central unit is
laterally connected, in a starlike geometry, to four peripheral
Zn porphyrins.[24, 25] In other cases, the four peripheral Zn
porphyrin units are linked side-by-side to form a cyclic square
box-type cavity, where a central meso-tetrapyridyl free-base
porphyrin is hosted in a side-to-face arrangement.[18c, 19c] In
these Zn/free-base systems, the antenna effect is obtained by
very efficient singlet ± singlet energy transfer which conveys
the excitation energy from the peripheral chromophores to
the central one.


In one of our laboratories, a series of stable and inert side-
to-face perpendicular arrays has been produced with free-
base or zinc 4'-pyridylporphyrins and ruthenium porphyr-
ins.[28] The dimeric [Ru(TPP)(CO)(4'MPyP)] and pentameric
(4'TPyP)[Ru(TPP)(CO)]4 (abbreviations are given in
ref. [29]) free-base species, thereafter designated as Fb(4)Ru
and Fb(4)Ru4, are represented schematically in Figure 1.
Analogous species that contain a Zn center instead of free-
base porphyrin are designated Zn(4)Ru and Zn(4)Ru4. In
order to check possible effects of the mutual orientation of the
porphyrin rings, an analogous series of canted side-to-face
arrays was recently synthesized[30] with 3'-pyridyl substituents
as connecting groups. The dimeric free-base species
[Ru(TPP)(CO)(3'MPyP)] (Fb(3)Ru) is shown in Figure 1.
The analogous pentameric species (3'TPyP)[Ru(TPP)(CO)]4


(Fb(3)Ru4) is not depicted in Figure 1 for practical reasons.
The crystal structure of the Zn derivative shows that it has a
flying saucer shape, with peripheral ruthenium porphyrin
units alternately above and below the plane of the free-base
porphyrin, and angles between central and peripheral por-
phyrin rings of close to 408.[30] Related side-to-face arrays
based on ruthenium and osmium octaethyl porphyrins have
also been recently synthesized.[31]


With respect to previously investigated pentameric light-
harvesting arrays that contain Zn and free-base porphyr-
ins,[18c, 19c, 24, 25] the systems in Figure 1 are expected to have
similar excited-state energy ordering. This means that the
excited states of the peripheral units will be higher than those
of the central unit. In this case, however, the presence of the
heavy metal is likely to promote very efficient intersystem
crossing in the Ru-containing porphyrin units,[32] which makes
these systems suitable for the study of intercomponent energy
transfer at the triplet, rather than at the singlet level. Here we
present a detailed study of the photophysical behavior of the
perpendicular and canted arrays.


Results and Discussion


Stability in solution: The key to the stability of side-to-face
arrays is the strength of the coordinative bond between the
pyridyl group of the side porphyrin and the metal of the face
porphyrin. For example, when the metal is Zn, the coordina-


Figure 1. Schematic structures of the dimeric and pentameric species, and
definition of the shorthand notations used throughout the paper. For
practical reasons, the meso phenyl groups are depicted as coplanar,
although they are in reality almost perpendicular to the porphyrin rings.
The structures of the pentameric species Fb(3)Ru4 and Zn(3)Ru4 (not
shown in the figure for practical reasons) can easily be deduced from that of
the corresponding dimeric species.


tive bond is intrinsically weak. Thus, coordination polymers
are often generated,[33] but stable arrays of well-defined
stoichiometry are difficult to obtain in solution unless the
coordination is spatially enforced (e.g. when the side porphyr-
in is bound as a guest into a cyclic host of face metal
porphyrins).[18c, 19c] From this viewpoint, Ru-based arrays are
expected to be intrinsically more stable. Thus, dimeric and
pentameric arrays of the type studied in this work can easily
self-assemble and be isolated as solid products.[28, 30, 31] In some
instances, the structure can be obtained from X-ray crystallo-
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graphic data.[30] In all cases, highly diagnostic 1H NMR spectra
demonstrate that the stoichiometry and structure of the arrays
is maintained in CHCl3.[28, 30, 31] A word of caution is worth-
while, however, with regard to stability for this type of systems
in solution.[34] It should be stressed that NMR spectroscopic
data are normally obtained at much higher concentrations
than those usually required for photophysical studies
(�10ÿ5m), and that structural information from NMR data
cannot be obviously extrapolated to such highly diluted
conditions. Independent proof of the stability of the arrays in
dilute solution is needed, although this is not a trivial problem.


For arrays of this type, stability is likely to depend critically
on the solvent. A coordinating solvent may compete with the
pyridyl groups for the metal of the Ru(TPP)(CO) fragment,
favoring dissociation of the arrays. In this regard, the relevant
solvent parameter is expected to be the donor number (DN),
given the general correlation between the stability of
Ru(TPP)(CO)(X) adducts and the DN of the axial ligand
X.[35] This was confirmed by screening carried out on the
stability of the arrays in various solvents, as a function of
dilution. In DMF (DN� 26.6), the 1H NMR spectrum of
Fb(4)Ru4 showed complex patterns which indicate that
substantial dissociation takes place already at a concentration
of 3� 10ÿ4m. On the other hand, in CHCl3 (DN� 0), the
simple 1H NMR pattern characteristic of the highly symmetric
Fb(4)Ru4 pentamer[28] was maintained in solutions as dilute as
5� 10ÿ5m (lowest experimental limit). At concentrations
below 3� 10ÿ5m, however, some dissociation was found to
take place even in this solvent, as indicated by small visible
spectral changes (slight blue shift of the 531 nm band). Thus,
CHCl3 is a much better solvent than DMF for these arrays, but
still presents some problems in highly dilute solution. After
further solvent screening, the best choice proved to be toluene
(DN� 0), in which no dissociation of Fb(4)Ru4 upon dilution
could be detected spectrophotometrically down to at least 5�
10ÿ6m.


All the arrays (dimers or pentamers, free-base or Zn-
substituted, with 3'-pyridyl or 4'-pyridyl linkages) were found
to behave similarly with respect to stability in solution. This
preliminary study was useful for the definition of the
experimental conditions to be used in the subsequent photo-
physical work. Unless otherwise noted, all the experiments
reported in the following sections refer to �1� 10ÿ5 m
solutions in toluene. Under these conditions, the arrays are
definitely intact in solution. This is demonstrated by the
photophysical results discussed below which always proved to
be independent on array concentration in the range 1 ± 5�
10ÿ5 m.


Monomeric model systems: The arrays are made up of two
types of molecular components, which are generally ruthe-
nium porphyrin units and free-base (or zinc-substituted)
porphyrin units. In order to discuss the photophysical
behavior of the arrays, it is useful to have simple molecular
systems that model the intrinsic behavior of such molecular
components.


For the ruthenium porphyrin units, a model molecule that
reproduces the metal coordination environment of the arrays
very closely is Ru(TPP)(CO)py (Ru). For the free-base units,


the choice was obvious, as 4'MpyP, 4'TpyP, 3'MpyP, and
3'TPyP[29] are directly available as molecular species. In
practice, the photophysical behavior of all these monomeric
free-base species was found to be very similar; the differences
between various species being limited to minor shifts (�2 nm)
in emission maxima and minor changes (�2 ns) in emission
lifetime. Thus, 4'MpyP (Fb) was used as a general model for
all the free-base molecular components. For the zinc porphyr-
in units, similar arguments can be used to justify the use of a
single model for all the arrays. In this case, however, given the
tendency of zinc pyridylporphyrin systems to self-associa-
te,[33a] the tetraphenyl analogue ZnTPP[29] (Zn) was used as a
model. The photophysical behavior of the Ru, Fb, and Zn
model systems is described below in some detail.


Fb : This model exhibited straightforward behavior, typical of
free-base porphyrins.[36] The absorption spectrum (Figure 2 a)
exhibited the typical pattern with four Q-bands in addition to


Figure 2. Absorption and emission spectra of porphyrin arrays and
monomeric models in toluene solution. Absorption: ÐÐ. Emission:
aerated, - - - -; deaerated, ´´ ´ ´ ; lexc� 530 nm.


the Soret band. The emission (Figure 2 a) is fluorescence from
the lowest singlet p ± p* state, 1*Fb, with the 0 ± 0 and 0 ± 1
transition at 653 and 717 nm. The emission is practically
oxygen-independent,[37] with a lifetime of 9.7 ns in aerated
toluene solution. Based on values measured for the tetra-
phenyl and tetrapyridyl analogues,[38] the fluorescence quan-
tum yield is presumably about 0.1 and that for formation of
the triplet state is about 0.9. The lowest p ± p* triplet, 3*Fb
(estimated energy of 1.44 eV[36]), is non-emissive, both at
room temperature and at 77 K. It can be easily monitored at
room temperature, in deaerated solutions, by transient
absorption in laser flash photolysis (lmax� 440 nm, Figure 3).
The triplet decays with mixed first-order/second-order kinet-
ics (Figure 4), attributable to competition between unimolec-
ular decay and triplet ± triplet bimolecular annihilation proc-
esses.[36] At high laser power, the decay is dominated by the
second-order annihilation process, with a rate constant close
to the diffusion-controlled limit.[39] At very low power, the
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Figure 3. Transient absorption spectra obtained for Fb (*), Ru (&), and Zn
(!). Deaerated solution in toluene; 532 nm pulsed excitation; delay from
laser pulse 15 ns.


Figure 4. Transient absorbance decays for Fb and Ru in deaerated toluene
solution, monitored at 460 nm at different laser intensities (intensity
decreasing from upper to lower trace, 6.7, 0.7, 0.1 mJ per pulse; sample
concentration, 1� 10ÿ5m).


decay becomes appreciably first-order, to yield a lifetime for
the triplet state of 0.8 ms under our conditions. The photo-
physical behavior of the Fb model system is summarized in
Figure 5.


Zn : The absorption spectrum (Figure 2 b) shows the typical
pattern of regular metal porphyrins[36] with two Q-bands in


addition to the Soret band. The photophysics of Zn is
qualitatively similar to that of Fb. The fluorescent emission
is blue-shifted (0 ± 0 and 0 ± 1 band at 609 nm and 658 nm)
with respect to Fb, and has a somewhat different profile (0 ± 1
stronger than 0 ± 0), and a shorter lifetime, 2.4 ns. Quantum
yields of fluorescence and triplet formation are presumably
similar to those measured in other solvents (0.04 and 0.88,
respectively).[36] The 3*Zn triplet state is practically non-
emissive (F� 10ÿ4) at room temperature, although a distinct
phosphorescent emission at 783 nm can be observed at 77 K
(Figure 6). In deaerated solutions at room temperature, 3*Zn


Figure 6. Emission spectra (arbitrary units) at 77 K of Zn (ÐÐ) and Ru
(- - - -) in a 4/1 EtOH/MeOH matrix.


can be easily monitored by transient absorption in laser flash
photolysis (lmax� 470 nm, Figure 3). It decays with mixed
first-order/second-order kinetics,[39] again attributable to
competition between unimolecular decay and triplet ± triplet
bimolecular annihilation. At very low laser power, the decay
becomes appreciably first-order, to yield a lifetime for the
triplet state of 0.9 ms under our experimental conditions. The
photophysical behavior of the Zn model system is summar-
ized in Figure 5.


Ru : The absorption spectrum is shown in Figure 2 c. The
emission observed in deaerated solution (lmax� 726 nm) is
also shown in Figure 2 c. It is weak (F� 10ÿ3) and strongly
red-shifted with respect to the lowest energy absorption band.
Its decay is complex (although the emission is too weak for


detailed kinetic fits) and takes
place on the microsecond time
scale. The emission is complete-
ly quenched in aerated solu-
tions. All these features indi-
cate that the emission is phos-
phorescence from the lowest
triplet state 3*Ru. The phos-
phorescence spectrum does not
change at 77 K, except for a
small blue shift and band nar-
rowing (Figure 6). In Ru, the
lack of fluorescence and the
appearance of phosphores-
cence at room temperature are
consequences of the strong
spin-orbit coupling providedFigure 5. Energy levels and summary of photophysical behavior of the monomeric model systems.
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by the heavy metal, which leads to very fast[32] 1*Ru!3*Ru
intersystem crossing and a relatively large 3*Ru!Ru radia-
tive rate constant. The triplet state can be conveniently
monitored at room temperature, in laser flash photolysis of
deaerated solutions, by transient absorption (xmax� 470 nm,
Figure 3). The triplet decays with mixed first-order/second-
order kinetics (Figure 4),[39] attributable to competition be-
tween unimolecular decay and triplet ± triplet bimolecular
annihilation processes. At high laser power, the decay is
dominated by the second-order annihilation process, with a
rate constant close to the diffusion-controlled limit. At very
low power, the decay becomes appreciably first-order, to yield
a lifetime for the triplet state of 30 ms. The photophysical
behavior of Ru model system is summarized in Figure 5.
Upon prolonged laser irradiation, some photochemical de-
composition of the samples was observed. Photodissociation
of CO from Ru has been reported,[32] with a quantum yield of
�10ÿ4 in neat pyridine. In the conditions used here for flash
photolysis (fresh solutions, small number of pulses or low
power), photodecomposition was always negligible. The same
is true for all the laser photolysis experiments described below
for the various arrays.


Energy levels and intercomponent processes: The absorption
spectra of a number of representative arrays in toluene are
shown in Figure 2. In the visible region, the spectra of the
arrays can always be reproduced (within �10 %) from a
superposition of the spectra of the appropriate model com-
pounds, as shown in Figure 7 for Fb(4)Ru. This additive


Figure 7. Comparison between the absorption spectra of Fb(4)Ru (ÐÐ),
Fb (´´ ´ ´), and Ru (- - - -) in toluene.


behavior supports a supramolecular view of the arrays. This
picture is reinforced by results to be discussed in the next
section, which show that i) the emissions from the molecular
components in the arrays when observed always coincide in
energy with those of the model systems, and that ii) the
transient absorption spectra of the arrays always have maxima
coincident with those of model systems. Overall, the good
qualitative correspondence between the spectroscopic signa-
tures of arrays and monomeric models, indicates that these
arrays are true supramolecular systems (i.e. weakly interact-
ing multicomponent systems in which the energy levels of
each molecular component are substantially unperturbed by
intercomponent interactions).[3a]


Thus, the energy-level diagrams of the model compounds
(Figure 5) can be simply added together to construct energy-


level diagrams for the dimeric and pentameric systems. Given
the supramolecular nature of the species investigated and the
negligible differences between the various free-base porphyr-
ins, a single energy-level diagram (Figure 8) should be
appropriate for Fb(4)Ru, Fb(3)Ru, Fb(4)Ru4, and Fb(3)Ru4.
Similarly, a single energy-level diagram (Figure 9) is appro-
priate for Zn(4)Ru, Zn(3)Ru, Zn(4)Ru4, and Zn(3)Ru4. It
should be recalled that the complete energy-level diagram of a
supramolecular system should include, in addition to the local
excited states of the molecular components, intercomponent
electron transfer states. From the electrochemistry of the
Fb,[31b] Ru,[40] and Zn[41] models, a relatively low-energy charge
transfer state is expected in the arrays, corresponding to
oxidation of the ruthenium porphyrin and reduction of the
attached unit. An estimate of the energy of such a charge
transfer state requires knowledge of the redox potentials for
the first oxidation and reduction of the arrays. For the free-
base systems, these potentials have been measured, in CH2Cl2


vs. SCE, as �0.84 V and ÿ1.17 V for Fb(4)Ru and �0.86 V


Figure 8. Energy-level diagram for the arrays based on free-base porphyr-
ins Fb(4)Ru, Fb(3)Ru, Fb(4)Ru4, and Fb(3)Ru4. The photophysical
parameters are those of Fb(4)Ru4 (for Fb(4)Ru, see Table 1).


Figure 9. Energy-level diagram for the arrays based on zinc porphyrins
Zn(4)Ru, Zn(3)Ru, Zn(4)Ru4, and Zn(3)Ru4. The photophysical param-
eters are those of Zn(4)Ru4 (for Zn(4)Ru, see Table 1).
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(four-electron wave) and ÿ0.96 V for Fb(4)Ru4. From these
data, the energy of the charge transfer state can be estimat-
ed[42, 43] as about 2.28 eV for Fb(4)Ru and 2.10 eV for
Fb(4)Ru4. Given the general cathodic shift of about 0.25 V
for the reduction of zinc porphyrins with respect to free-base
analogues,[41] the corresponding values for Zn(4)Ru and
Zn(4)Ru4 should be about 2.53 eV and 2.35 eV.


The supramolecular description sketched above implies
that energy levels and many of the intrinsic properties of the
molecular components are maintained within the arrays. This
does not mean, however, that the photophysical behavior of
the arrays is simply a superposition of that of the components.
Two factors can make the behavior of the arrays different
from that of the molecular components: (i) even a small
intercomponent perturbation can, in some cases, lead to
sizeable changes in the kinetics of intracomponent photo-
physical processes; (ii) new, intercomponent energy or
electron transfer processes may occur. On the basis of the
energy-level diagrams in Figures 8 and 9, a number of
thermodynamically allowed intercomponent processes can
be identified for the various arrays. Using a condensed
shorthand notation in which Fb-Ru and Zn-Ru denote the
various arrays (regardless of whether they are dimeric or
pentameric systems, and of whether they contain 3'-pyridyl- or
4'-pyridyl- linkages), the thermodynamically allowed proc-
esses are given in Equations (1) ± (5).


Fb-1*Ru!1*Fb-Ru Ru!Fb singlet energy transfer (1)


Fb-1*Ru!Fbÿ-Ru� Ru!Fb electron transfer (2)


Fb-3*Ru!3*Fb-Ru Ru!Fb triplet energy transfer (3)


Zn-1*Ru!1*Zn-Ru Ru!Zn singlet energy transfer (4)


Zn-3*Ru!3*Zn-Ru Ru!Zn triplet energy transfer (5)


In order to check for the occurrence of any of the above
intercomponent processes, the ideal situation would be one
that allows selective excitation of the two types of molecular
component. This is not possible, at least for the ruthenium
porphyrin units, because of spectral overlap. Nevertheless, the
additive character (see above) of the spectra permits an
accurate evaluation of the relative amount of exciting light
absorbed, at any wavelength, by the various molecular
components. For instance, 530 nm is a convenient wavelength
for predominant excitation of the ruthenium porphyrin units,
with calculated fractions of about 80 % for the dimeric species
and about 95 % for the pentameric species (at 532 nm, the
wavelength of the frequency doubled Nd/YAG laser, the same
values apply). On the other hand, selective excitation (practi-
cally 100 %) of the free-base and zinc porphyrin units can be
achieved in the various arrays at l> 600 nm and l> 570 nm,
respectively.


Singlet excited-state behavior: Since all triplet phenomena in
the monomeric models are efficiently quenched by oxygen,
the behavior of the arrays in aerated solution can only give
information on processes that take place at the singlet level
(Figures 8 and 9). The emission spectra of selected arrays in
aerated solutions in toluene are shown in Figure 2. Compar-


ison with the emission spectra of the model compounds shows
that all the arrays exhibit exclusively fluorescence from the
axial, free-base or zinc, porphyrin unit. This is expected from
the properties of the molecular components (see above) and
indicates that the ruthenium porphyrin units are intrinsically
non fluorescent.


Given the energy-level diagrams in Figures 8 and 9, the
fluorescence from the axial porphyrin unit could, in principle,
arise not only from direct excitation of such units but also
from singlet energy transfer from the ruthenium units [Eq. (1)
and (4)]. This does not take place, however, as demonstrated
by fluorescence excitation spectra. The fluorescence excita-
tion spectrum of Fb(4)Ru4 is reported as an example (Fig-
ure 10) to show the complete lack of ruthenium porphyrin


Figure 10. Fluorescence excitation spectrum of Fb(4)Ru4 in toluene (ÐÐ,
lem� 654 nm), compared with the absorption spectra of Fb (´´ ´ ´) and Ru
(- - - -).


absorption features (that dominate the array absorption
spectrum) and the close correspondence to the absorption
spectrum of Fb. The most likely reason for the lack of energy
transfer at the singlet level is the exceedingly short lifetime of
the ruthenium porphyrin singlet (<30 ps for Ru).[32] It is
known that singlet energy transfer in covalently linked
porphyrins, especially when assisted by through-bond inter-
actions, can have rates in the 10 ± 100 ps time domain.[25b, 44]


Evidently, in the present systems, singlet energy transfer
[Eq. (1) and (4)] is not fast enough to compete with
intersystem crossing in the ruthenium unit (Fb-1*Ru!Fb-
3*Ru, Figure 8). In principle, competitive quenching of the
ruthenium singlet by electron transfer [Eq. (2)] could be
considered as an alternative reason for the observed lack of
sensitization of free-base fluorescence. This possibility is ruled
out, however, by the observation (see below) that the
efficiency of intersystem crossing in the ruthenium unit (in
Figure 8, Fb-1*Ru!Fb-3*Ru) is unitary in all arrays. It should
be pointed out that similar behavior (i.e. lack of sensitized
fluorescence of the central porphyrin by the peripheral units)
was observed in a related system where a free-base pyridyl-
porphyrin is coordinated to four peripheral ruthenium poly-
pyridine units.[45]


Interestingly, the fluorescence that originates from direct
excitation of the free-base or zinc porphyrin units in the arrays
is definitely weaker than that of the corresponding mono-
meric model systems. This is shown in Figure 11 for Fb,
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Figure 11. Fluorescence spectra of Fb, Fb(4)Ru, and Fb(4)Ru4 (lex�
588 nm; optically matched solutions).


Fb(4)Ru, and Fb(4)Ru4 solutions, optically matched at
588 nm, where the free-base is the only light-absorbing unit.
The relative fluorescence intensities are reported in Table 1,
together with analogous data for the zinc-substituted series
Zn, Zn(4)Ru, and Zn(4)Ru4 (solutions optically matched at
588 nm, where the zinc porphyrin is the only light-absorbing
unit). The decrease in fluorescence intensity was accompa-
nied, as expected, by a parallel decrease in fluorescence
lifetime (Table 1). Thus, the general behavior is that the free-
base and zinc porphyrin units become less emitting and
shorter lived upon array formation. In some dyads and arrays
with zinc and free-base porphyrins,[18c, 25b, 44] partial quenching
of the lowest singlet state has been observed and attributed to
interporphyrin electron transfer. In the present arrays,
electron transfer states are definitely too high (Figures 8 and
9) to be directly involved in the quenching of the axial
porphyrin singlet state. The fact that the effect persists in low-
temperature rigid matrices (e.g. Zn(4)Ru4 remains practically
non fluorescent at 77 K in methylcyclohexane) further rules
out electron transfer as an explanation. The most likely
explanation for this effect is the spin-orbit perturbation
provided by the ruthenium centers (heavy-atom effect)[19e]


which leads to enhanced intersystem crossing in the axial
porphyrin (in Figure 8, 1*Zn-Ru!3*Zn-Ru in Figure 9). The
fact that, within a given series, the effect seems to increase
with the number of ruthenium ± porphyrin units in the array is


in keeping with this hypothesis. The propagation of spin-orbit
coupling within the arrays, from the heavy Ru unit onto the
light Fb (or Zn) unit, probably depends on the degree of
electron delocalization between these centers. A convenient
way to represent this delocalization is by mixing the Fbÿ-Ru�


and Znÿ-Ru� electron transfer states into the local singlet
states of the two units. From this point of view, the presence of
relatively close-lying electron transfer states could play a
relevant, though indirect, role in the observed effect. A
reduction in fluorescence intensity of pyridyl porphyrins upon
binding to heavy metal complex units has been reported in a
number of other systems[19a,d,e] although, with one excep-
tion,[19e] its origin was not discussed.


For the sake of simplicity, the photophysical behavior at the
singlet level has been described in detail for the arrays of the
perpendicular type. Within the accuracy of our experiments,
the behavior of the arrays of the canted series is practically
indistinguishable from that of the corresponding perpendic-
ular ones.


Triplet excited-state behavior: For the study of the behavior at
the triplet level, work in carefully deaerated solution was
required. As shown by the monomeric models, the following
experimental handles are available for the study of the triplet
states in the arrays: transient triplet absorption (for free-base,
zinc, and ruthenium porphyrin), low-temperature phosphor-
escent emission (for zinc and ruthenium porphyrin), and
room-temperature phosphorescence (for ruthenium porphyr-
in triplets). When applied to the arrays, the detection of
phosphorescence from the ruthenium porphyrin at room
temperature is expected to be complicated by the presence of
overlapping (see Figures 2 a ± c) and intrinsically stronger
free-base (or zinc porphyrin) fluorescence. This problem can
be easily circumvented, however, by taking advantage of the
different oxygen sensitivity of the two emissions. In the
experiments described below, the ruthenium porphyrin phos-
phorescence is always obtained as the difference between the
emission spectrum of the array in degassed and aerated
solutions.


At the triplet level, the behavior of all the free-base systems
is qualitatively similar. Upon excitation of Fb(4)Ru and
Fb(4)Ru4 at 532 nm, where the light is predominantly
absorbed (see above) by the ruthenium porphyrin(s), the
phosphorescent emission of this unit is completely quenched
(i.e. it is practically negligible by comparison with an optically


Table 1. Photophysical data on representative models and arrays.


Fluorescence Phosphorescence[a] Transient absorption[b]


lmax [nm][c] t [ns] Irel lmax [nm][c] t [ms][b] Irel
[d] lmax [nm][c] t [ms]


Fb 653 9.7 1[e] ± ± ± � 440 800
Zn 609 2.4[f] 1[g] ± ± ± 470 900
Ru ± ± ± 726 � 30 1 475 30
Fb(4)Ru 652 3.6 0.40[e] [h] [h] � 0.01 � 440 540
Fb(4)Ru4 653 � 0.5 0.07[e] [h] [h] � 0.01 � 440 650
Zn(4)Ru 600 [h] 0.30[g] 726 � 70 0.30 470 110
Zn(4)Ru4


[h] [h] � 0.01[g] 726 � 70 0.95 470 75


[a] From the difference spectrum between degassed and aerated solutions. [b] Degassed solution. [c] High-energy band. [d] Intensity, relative to optically
matched (530 nm) solutions of Ru. [e] Intensity, relative to optically matched (588 nm) solutions of Fb. [f] From reference [36]. [g] Intensity, relative to
optically matched (588 nm) solutions of Zn. [h] Too weak and/or too short-lived for detection.
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matched solution of Ru (Table 1)). In transient absorption,
the behavior of these arrays is also clear-cut: (i) the triplet ±
triplet spectrum characteristic of the ruthenium porphyrin
moiety has completely disappeared, and is replaced by that of
the free-base porphyrin (as shown in Figure 12 for Fb(4)Ru);


Figure 12. Transient absorption difference spectra of Fb, Ru, and Fb(4)Ru,
obtained in laser flash photolysis. Delay times 0, 10, 25, 50, 75 ms, from
upper to lower trace.


(ii) the time scale of the transient decay is much longer than
that of Ru, and similar to that of Fb (Figure 13, Table 1). Thus,
the emission and transient absorption experiments clearly
demonstrate quenching of the ruthenium porphyrin triplet
and sensitization of the free-base one. This provides strong
evidence for the occurrence of efficient triplet energy transfer
[Eq. (3)] in the systems (Figure 8). The energy transfer rate
lies in the time scale of a few nanoseconds, as the spectral


Figure 13. Transient decays of Fb, Ru, Fb(4)Ru, and Fb(4)Ru4 , under first-
order conditions; deaerated solution in toluene, monitored at 460 nm (see
text).


changes expected for this process can be detected in transient
absorption within the laser pulse. The initial intensity of the
transient spectral changes obtained in the laser flash photol-
ysis of Fb(4)Ru, for example, is about the same as that
obtained with an optically matched (at 532 nm) solution of Fb,
which demonstrates that in the array both the ruthenium
porphyrin intersystem crossing (Fb-1*Ru!Fb-3*Ru) and the
triplet energy transfer process [Eq. (3)] are 100 % efficient


(Figure 8). Interestingly, the lifetime of the free-base triplet
states in the Fb(4)Ru and Fb(4)Ru4 arrays (Table 1) is not
substantially shortened with respect with that of the Fb model.
The main deactivation process of the free-base triplet state is
intersystem crossing to the ground state, 3*Fb-Ru!1Fb-Ru in
Figure 8, and one could wonder why the heavy atom effect of
ruthenium should be much weaker here than for the excited-
state intersystem crossing process 1*Fb-Ru!3*Fb-Ru. This
can be understood if, as suggested above, the Fbÿ-Ru� charge
transfer state is involved, via mixing into the local excited
states, in the transmission of the spin-orbit perturbation
between the units. For energy reasons, this mixing is much less
effective on the 3*Fb-Ru!1Fb-Ru intersystem crossing
process than on the 1*Fb-Ru!3*Fb-Ru process.


For all the zinc-substituted systems, the triplet excited-state
behavior is qualitatively different from that of the free-base
analogues. Upon excitation of Zn(4)Ru and Zn(4)Ru4 at
532 nm, with light predominantly absorbed by the ruthenium
porphyrin component, the phosphorescent emission of ruthe-
nium porphyrin (lmax� 726 nm, Figure 2 f, g ) is still clearly
observed. Its intensity is always substantial (Table 1) with
respect to optically matched solutions of Ru. In transient
absorption, the typical behavior is that depicted in Figure 14
for Zn(4)Ru. In this case, the interpretation is not as obvious
as in the free-base case, as the triplet ± triplet absorption
spectra of the zinc and ruthenium porphyrin units are very
similar. On close examination of Figure 14, the band profile of


Figure 14. Transient absorption difference spectra of Zn, Ru, and Zn(4)Ru
obtained in laser flash photolysis. Delay times 0, 10, 25, 50, 75 ms, from
upper to lower trace.


the Zn(4)Ru transient seems to resemble more that of Zn
(sharp peak at 470 nm) than that of Ru (broad maximum at
470 ± 480 nm). It is important to note, on the other hand, that
the time scale for the transient decays is much shorter than
that of Zn, but definitely longer than that of Ru (Figure 15
and Table I). The simplest picture capable of accommodating
these results is one in which the zinc porphyrin triplet, while
remaining lower in energy, is sufficiently close to the
ruthenium triplet as to allow equilibration between the states
(Figure 9). In this hypothesis, the zinc porphyrin triplet is the
main absorbing species in the transient experiments. At equi-
librium, the ruthenium triplet states have a relatively small
population but, because of the enhanced lifetime (relative to
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Figure 15. Transient decays of Zn, Ru, Zn(4)Ru, and Zn(4)Ru4 , under
first-order conditions; deaerated solution in toluene, monitored at 460 nm
(see text).


Ru), can give rise to relatively intense phosphorescent
emission. In a standard two-state equilibrium model, the
measurable parameters are related to the energy difference
between the states, DE� (ERuÿEZn), by Equations (6) ± (8).


t� (1�FRu)
tRutZn


tRu � tZnFRu
(6)


Irel�
FRu


1� FRu


� �
t


tRu
(7)


FRu�n exp
ÿDE
kBT


� �
(8)


In Equations (6) ± (8), FRu is the Boltzmann population of the
upper emitting state, n is the number of ruthenium porphyrin
units, t is the equilibrium lifetime common to both excited
states, tRu and tZn are the intrinsic lifetimes of the isolated
states (i.e. of monomeric models of the two units), and Irel is
the intensity of the ruthenium phosphorescence in the array
relative to that of the monomeric model. For example, taking
the values for tRu and tZn from the monomeric models and
assuming a reasonable value of DE� 0.05 eV, Equations (6) ±
(8) yield Irel� 0.95 and t� 80 ms for Zn(4)Ru4, in good
agreement with the experimental findings (Table 1).


Strong additional support for this hypothesis for the
equilibrium comes from the following experimental observa-
tions:


i) The lifetime of the ruthenium porphyrin phosphorescence
in the arrays is about the same as that of zinc porphyrin
triplet transient absorption (Table 1) (and is definitely
longer than that of the Ru model).


ii) The efficiency of the ruthenium-based phosphorescence is
almost independent of the excitation wavelength, irre-
spective of the nature of the light-absorbing chromophore
(ruthenium or zinc porphyrin).


iii) Upon cooling to 77 K, the ruthenium-based emission
completely disappears, while the red-shifted zinc porphyr-
in emission appears (see, for comparison, Figure 6).


Triplet energy transfer mechanism : The results presented
above show that triplet ± triplet energy transfer, either as an
irreversible process (free-base systems) or as a reversible
equilibration process (zinc porphyrin systems), is efficient in


all the arrays. As to the mechanism, these energy transfer
processes are no doubt of Dexter type, based on electron
exchange.[46] In this section, we would like to point out some
peculiarities of exchange energy transfer, as applied to
chromophores in side-to-face geometry.


For efficient exchange interaction between a donor and an
acceptor, the basic requirement is that of simultaneous
HOMO ± HOMO and LUMO ± LUMO orbital overlap.[46, 47]


If, for the sake of simplicity, the meso pyridyl group is
considered to belong to the acceptor unit,[45, 48±50] attention
should be focussed on orbital overlap between the pyridyl
fragment and the ruthenium porphyrin ring. When the
relevant orbitals are inspected, a fundamental symmetry
mismatch becomes apparent.
With respect to a twofold axis
perpendicular to the rutheni-
um porphyrin,[51] both the
HOMO and the LUMO on
the pyridyl group, being p


orbitals, are obviously anti-
symmetric (B symmetry in the
C2 point group). On the other
hand, the HOMO and the
LUMO of the ruthenium por-
phyrin ring[52] have opposite
axial symmetries, which
means that the LUMO is B
(p) and the HOMO is A (s)
(Figure 16).[53±57] Thus, HO-
MO ± HOMO overlap is zero
by symmetry at the junction
between the ruthenium por-
phyrin and the axial pyridyl
group. In other words,
through-bond exchange ener-
gy transfer is formally sym-
metry forbidden in this class
of axially connected side-to-
face porphyrin arrays. As usu-
al for symmetry selection
rules, it can be anticipated
that both static distortions
and vibronic coupling may lead to a substantial weakening
of this prohibition. The actual occurrence of efficient triplet
energy transfer can be explained along these lines. On the
other hand, measurable consequences of this symmetry
selection rule on the kinetics of energy transfer cannot be
ruled out.


For experimental reasons, information on the kinetics of
triplet energy transfer in the arrays studied is limited to the
free-base systems. In such systems, the process can be
observed (but not time-resolved) on a time scale comparable
to that of the laser pulse. This implies rate constants in the
range 108 ± 109 sÿ1. It is difficult to find meaningful touchstones
for this result, as the literature on triplet energy transfer in
porphyrin arrays is rather limited.[58, 59] Overall, considering
the compact structure of the arrays[60] and the few data
available on related, less compact systems,[61, 62] the triplet
energy transfer processes observed in this work appear to be


Figure 16. Schematic representa-
tion of the HOMO and LUMO of
a metal porphyrin (adapted from
ref. [52]). Symmetry labels are for
a C2 point group, with symmetry
axis perpendicular to the porphyr-
in plane.
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somewhat slower than expected. At this stage, it is impossible
to say whether the symmetry arguments discussed here are
relevant to the experimental observations. To address this
point, specific comparisons between systems with the same
molecular components in different geometries (e.g. side-to-
face vs laterally connected dimers) would be needed. These
aspects will be further explored.


Conclusions


A detailed photophysical study has been carried out on a
series of dimeric or pentameric side-to-face arrays, based on
coordination of a free-base (or zinc-substituted) pyridylpor-
phyrin to the metal center of one or more ruthenium
porphyrin units. In all cases, the excited states of the
ruthenium porphyrin units, both at the singlet and at the
triplet level, are higher in energy than those of the axial free-
base or zinc unit. In the photophysical behavior of the arrays,
practically independent of their perpendicular or canted
geometry, two main supramolecular features are observed.
Firstly, the singlet state of the axial unit is strongly perturbed
by the heavy-atom effect of the attached ruthenium units,
which results in enhanced intersystem crossing and pro-
nounced fluorescence quenching. Secondly, efficient energy
transfer between the units takes place at the triplet level,
which results in different types of behavior dependent on the
nature of the substituted axial porphyrin. In the zinc
porphyrin case, equilibrium between the triplet states of the
two units is established prior to deactivation. In the free-base
case, the result is irreversible quenching of the ruthenium
porphyrin triplet and sensitization of the free-base triplet. On
the basis of orbital overlap considerations, it is shown that
exchange energy transfer is formally symmetry-forbidden in
axially linked porphyrin arrays of this type. In practice, this
selection rule may, to some extent, affect the rates, but is not
strict enough as to prevent the occurrence of efficient energy
transfer.


Experimental Section


Materials and procedures: The syntheses and NMR spectroscopic charac-
terizations of the canted pentamers Fb(3)Ru4 and Zn(3)Ru4, and dimers
Fb(3)Ru and Zn(3)Ru, were reported in references [30a and b]. The
synthetic procedures and NMR characterization of the products are
reported here in detail. For the sake of brevity, some of these data were
omitted from our previous publication on the corresponding perpendicular
arrays Fb(4)Ru, Zn(4)Ru, Fb(4)Ru4, and Zn(4)Ru4.[28]


Fb(4)Ru: Addition of a slight excess of 4'MPyP (73 mg, 0.11 mmol) to a
suspension of [Ru(TPP)(CO)(EtOH)] (81 mg, 0.1 mmol) in chloroform
yielded a deep purple solution within minutes. The system was allowed to
react overnight at room temperature. The crude product precipitated from
the concentrated solution upon addition of n-hexane and was collected on a
filter, washed with cold methanol and n-hexane, and vacuum dried; yield
100 mg (70 %). M.p. >300 8C; 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d� 8.73 (s, 8 H, pyrrole TPP), 8.71 (m, 4H, pyrrole 4'MPyP), 8.46 (d, 2H,
pyrrole 4'MPyP), 7.30 (d, 2H, pyrrole 4'MPyP), 8.07 (m, 2 H, o-H of
4'MPyP phenyl trans to Ru), 8.00 (m, 4 H, o-H of 4'MPyP phenyls cis to
Ru), 8.32 (m, 4 H, exo o-H of TPP phenyls), 8.18 (m, 4H, endo o-H of TPP
phenyls),[63] 7.66 ± 7.77 (m, 21H, m-H� p-H of TPP� 4'MPyP phenyls) 6.06
(m, 2 H, 4'py H3,5), 1.94 (m, 2 H, 4'py H2,6), ÿ3.62 (s, 2H, NH); 13C NMR


(selected) (100.5 MHz, CDCl3, 25 8C, TMS): d� 180.2 (CO); IR (selected)
(Nujol): nÄ � 1950 cmÿ1 (C�O); UV/Vis (toluene): lmax (e)� 417 (480 000),
519 (27 000), 531 (23 000), 590 (6300), 648 nm (4000).


Fb(4)Ru4: A synthetic procedure analogous to that reported above for the
dimer Fb(4)Ru was followed (yield 70%). M.p.> 300 8C; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 8.67 (s, 32H, pyrrole TPP), 8.28 (m,
16H, exo o-H of TPP phenyls), 7.99 (m, 16H, endo o-H of TPP phenyls),
7.76 (m, 32 H, exo m-H�p-H of TPP phenyls), 7.57 (m, 16 H, endo m-H of
TPP phenyls), 6.68 (s, 8H, pyrrole 4'TPyP), 5.51 (m, 8 H, 4'py H3,5), 1.72
(m, 8H, 4'py H2,6), ÿ4.78 (s, 2H, NH); 13C NMR (selected) (100.5 MHz,
CDCl3, 25 8C, TMS): d� 180.1 (CO); IR (selected) (Nujol): nÄ � 1952 cmÿ1


(C�O); UV/Vis (toluene): lmax (e)� 409 (1 250 000), 530 (74 600), 566
(18 500), 588 (11 500), 649 nm (4200).


Zn(4)Ru: A solution of zinc acetate (54 mg, 0.25 mmol) in methanol
(3 mL) was added to the deep purple solution of Fb(4)Ru (70 mg, 4.9�
10ÿ2 mmol) in chloroform (7 mL). The system was allowed to react
overnight at room temperature. The crude product precipitated sponta-
neously from the concentrated solution and was collected on a filter,
thoroughly washed with methanol and then with n-hexane, and vacuum
dried; yield 58 mg (80 %). M.p.> 300 8C; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d� 8.73 (s, 8 H, pyrrole TPP), 8.81 (m, 4H, pyrrole 4'MPyP),
8.56 (d, 2H, pyrrole 4'MPyP), 7.39 (d, 2 H, pyrrole 4'MPyP), 8.08 (m, 2H, o-
H of 4'MPyP phenyl trans to Ru), 8.00 (m, 4H, o-H of 4'MPyP phenyls cis
to Ru), 8.32 (m, 4 H, exo o-H of TPP phenyls), 8.18 (m, 4H, endo o-H of
TPP phenyls), 7.66 ± 7.77 (m, 21 H, m-H� p-H of TPP� 4'MPyP phenyls),
6.05 (m, 2 H, 4'py H3,5), 1.93 (m, 2 H, 4'py H2,6); 13C NMR (selected)
(100.5 MHz, CDCl3, 25 8C, TMS): d� 180.1 (CO); IR (selected) (Nujol):
nÄ � 1949 cmÿ1 (C�O); UV/Vis (toluene): lmax (e)� 413 (411 600), 423
(446 700), 530 (23 000), 547 (26 200), 589 (5700), 652 nm (9600).


Zn(4)Ru4: A synthetic procedure analogous to that reported above for the
dimer Zn(4)Ru was followed (yield 70 %). M.p. >300 8C; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 8.67 (s, 32H, pyrrole TPP), 8.28 (m,
16H, exo o-H of TPP phenyls), 7.99 (m, 16H, endo o-H of TPP phenyls),
7.77 (m, 32 H, exo m-H�p-H of TPP phenyls), 7.54 (m, 16 H, endo m-H of
TPP phenyls), 6.77 (s, 8H, pyrrole 4'TPyP), 5.51 (m, 8 H, 4'py H3,5), 1.71
(m, 8H, 4'py H2,6); IR (selected) (Nujol): nÄ � 1951 cmÿ1 (C�O); UV/Vis
(toluene): lmax (e)� 409 (1 190 000), 532 (66 000), 555 (35 400, sh), 592 nm
(9100).


Spectroscopic and electrochemical measurements : The solvents for the
spectroscopic measurements, dimethylformamide (DMF), chloroform
(CHCl3), dichloromethane (CH2Cl2), ethanol (EtOH), methanol (MeOH),
methylcyclohexane, and toluene, were of spectroscopic grade and used as
received. The solutions used in the photochemical experiments were
degassed with at least five freeze-pump-thaw cycles and subsequently
sealed under vacuum (P� 4� 10ÿ6 Pa). The recording of excitation spectra
was complicated by the dual requirements of optically diluted solutions and
an array concentration that lies within the tested stability range. The
problem was solved by the use of 1� 10ÿ5m solutions and 1 mm cells in a
458 excitation-emission geometry. Cyclic voltammetric measurements
(CV) were carried out on argon-purged 10ÿ3m sample solutions in CH2Cl2


(Romil, Hi-dry), containing [TBA]PF6 (0.1m, Fluka, electrochemical grade,
99%; oven-dried). A conventional three-electrode cell assembly was used
for the CV measurements: a saturated calomel electrode (SCE, Æ� 6 mm,
AMEL) and a platinum wire, both separated from the test solution by a frit,
were used as reference and counter electrode, respectively; a glassy carbon
electrode (8 mm2, AMEL) was used as a working electrode. Cyclic
voltammograms were recorded at different scan rates in the range 50 ±
500 mV sÿ1 at room temperature.


Apparatus: UV/Vis spectra were recorded with a Kontron Uvikon 860 or a
Perkin Elmer LAMBDA40 spectrophotometer. Emission spectra were
taken on a Perkin Elmer MPF 44E or on a Spex Fluoromax-2 spectro-
fluorimeter, equipped with Hamamatsu R3896 tubes. The emission spectra
were corrected for the instrumental response by calibration with an NBS
standard quartz-halogen lamp. 1H and 13C NMR experiments were
performed in CDCl3 at 400 and 100.5 MHz, on a Jeol EX400 spectrometer.
Nanosecond flash photolysis was performed by irradiating the sample with
6 ± 8 ns (fwhm) pulses of a Continuum Surelight II Nd:Yag laser (10 Hz
repetition rate) and using a pulsed Xe lamp perpendicular to the laser beam
as probing light. The desired excitation wavelength was obtained by
frequency doubling (532 nm). The 150 W Xe lamp was equipped with an
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Applied Photophysics Model 40 power supply and Applied Photophysics
Model 410 pulsing unit (2 ms pulses). A shutter, Oriel Model 71445, placed
between the lamp and the sample was opened for 100 ms to prevent PMT
fatigue and photodecomposition. Suitable pre- and post-cutoff and
bandpass filters were used to prevent photodecomposition, and scattered
light from the laser. The light was collected in a LDC Analytical
monochromator, detected by a R928 PTM (Hamamatsu), and recorded
on a Lecroy 9360 (600 MHz) oscilloscope. The laser oscillator, Q-switch,
lamp, shutter, and trigger were externally controlled with a digital logic
circuit, which allowed for synchronous timing. The absorption transient
decays were plotted as DA� log(Io/It) vs. time, where Io was the monitoring
light intensity prior the laser pulse and It was the observed signal at delay
time t. Transient spectra were obtained from the decays measured at
various wavelengths, by sampling the absorbance changes at constant delay
time. Emission lifetimes in the microsecond time range were measured with
the same laser/monochromator/phototube setup used for the flash photol-
ysis experiments. Emission lifetimes in the nanosecond time range were
measured by time-correlated, single-photon counting with a PRA 3000
nanosecond fluorescence spectrometer equipped with a Model 510B
nanosecond pulsed lamp and a Model 1551 cooled photomultiplier; the
data were collected on a Tracor Northern multichannel analyzer and
processed with the original Edinburgh Instruments software. Electro-
chemical measurements were carried out with an AMEL 552 potentiostat,
an AMEL 568 programmable function generator, an AMEL 560/a inter-
face and an AMEL Model 863 X/Y recorder. All the low-temperature
experiments were measured on an Oxford Instruments DN 704 cryostatic
equipment with quartz windows and a standard 1 cm spectrofluorimetric
cuvette.
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Abstract: Iodo-Gilman reagents Me2-
CuLi ´ LiI, Bu2CuLi ´ LiI, and BuThCu-
Li ´ LiI and cyano-Gilman reagents (neÂe
ªhigher order cyanocupratesº Me2Cu-
Li ´ LiCN, Bu2CuLi ´ LiCN, and BuTh-
CuLi ´ LiCN react with 2-cyclohexenone
at various rates, which depend upon the
R groups (Me, Bu, Th� thienyl), Li salt
(LiI vs. LiCN), solvent (ether vs. THF),
and amount of trimethylsilyl chloride
(TMSCl) additive. The effect of the Li
salt (CuI vs. CuCN precursor) is less
than that of solvent or TMSCl. The


butylcuprate-iodocyclohexane reaction
has also been examined as a function
of Li salt, solvent, and TMSCl additive,
and similar effects are observed. The
reactivity matrix R with elements ri,j is a
convenient way to store and present a
large amount of relative reactivity data.
Entry ri,j is the ratio of the rate with


reagent i to the rate with reagent j, which
we approximate by using yields meas-
ured after a short time (4 s). The loga-
rithmic reactivity profile (LRP) pro-
vides an efficient means for determining
yields under conditions where such
comparisons are valid. The results of a
large number of 4-point LRPs and
related reactions are tabulated and an-
alyzed to provide a clearer picture of
organocuprate reactivity.


Keywords: aggregation ´ alkyla-
tions ´ cuprates ´ lithium ´ Si
ligands


Introduction


The first isolated organocopper compound was PhCu, pre-
pared by Reich from PhMgBr and CuI.[1] The reagents
prepared from two equivalents of RLi and a copper(i) salt are
now commonly called Gilman reagents, since he first prepared
the prototypical Me2CuLi from MeLi and MeCu, and
correctly concluded that it is an ate complex.[2] The MeCu
was obtained from MeLi and CuI. In 1966 House, Respess,
and Whitesides demonstrated that Me2CuLi ´ LiI gave effi-


cient 1,4-addition to a-enones,[3] and shortly thereafter, Corey
and Posner showed that Me2CuLi ´ LiI and Bu2CuLi ´ LiI gave
useful cross-coupling reactions with alkyl halides.[4]


As in these early investigations, virtually all the pioneering
research on synthetic applications of organocuprates was
done with CuI.[5, 6] In 1981 it was reported that the simple
substitution of CuCN for CuI in the usual preparation of
organocuprates gave new reagents ªR2Cu(CN)Li2º of such
superior reactivity that a new kind of structure was required:
ªhigher order cyanocupratesº.[7] Several experimental techni-
ques (NMR,[8±12] IR,[13] EXAFS[14]) and theoretical calcula-
tions[14c, 15] have recently converged on the conclusion that the
reagents prepared from two equivalents of RLi and one
equivalent of CuCN are not, in fact, higher order cyanocup-
rates, but rather cyanide-modified Gilman reagents (cyano-
Gilman reagents), which consequently should be denoted as
R2CuLi ´ LiCN.[16]


In light of these results, we have reinvestigated the
reactivity issue. Our principal tool has been the logarithmic
reactivity profile (LRP),[17±19] which is generated by quenching
an archetypal reaction after times that span several orders of
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magnitude. Herein we report 4-point LRPs for the reactions
of Me2CuLi ´ LiX, Bu2CuLi ´ LiX, and BuThCuLi ´ LiX (X� I,
CN) with 2-cyclohexenone 1 in THF and ether and for the
reactions of Bu2CuLi ´ LiX (X� I, CN) with CyI (Cy� cyclo-
hexyl group) in THF. Many of these reactions have also been
run in the presence of trimethylsilyl chloride (TMSCl). Based
upon the results of 45 LRPs and a number of control
experiments (>200 reactions total), we present a clearer
picture of organocuprate reactivity that does not include
higher order cyanocuprates.


Results


Methyl homocuprates : Table 1 summarizes the LRPs for the
reactions of the methyl iodo- and cyano-Gilman reagents with
1 in THF at ÿ78 8C. The yields of 3-methylcyclohexanone 2
from the 4 s reactions of Me2CuLi ´ LiI (4.5� 0.9 %) and


Me2CuLi ´ LiCN (5.2� 1.0 %� 5� 1 %) are the same to with-
in the estimated 20 % relative error (see Discussion below).
The iodocuprate appears to be modestly ahead of the
cyanocuprate at the 36 s (20� 4 vs. 13� 3 %) and 6 min
marks (48� 10 vs. 36� 7 %), but the error bars overlap. The
1 h yields from these reagents (73� 15 vs. 78� 16 %) ap-
proach the same level. The ratios of yields calculated for the
Gilman reagents Me2CuLi ´ LiX (X� I, CN) are RI/CN(0.1m
Me2CuLi ´ LiX/THF)� 0.87, 1.5, 1.3, 0.94 (in the order of


increasing time, t> ). The average ratio is 1.2� 0.5, where the
uncertainty has been calculated with 95 % confidence limits
(CL).[20a,b] Within experimental error, there is no significant
effect of changing the Li salt (i.e., cuprate precursor).


With one equivalent of TMSCl in THF, the 4 s yields of
3-methyl-1-trimethylsiloxycyclohexene 3 from both Me2Cu-
Li ´ LiI and Me2CuLi ´ LiCN (80� 16 and 57� 11 %, respec-
tively) are substantially higher than the corresponding yields
of ketone 2 without TMSCl (previous paragraph). The ratios
of total yields with and without one equivalent of TMSCl for
Me2CuLi ´ LiI are RTMSCl(0.1m Me2CuLi ´ LiI/THF)� 18.5, 4.1,
1.8, 1.2 (t> ). For the cyanocuprate RTMSCl(0.1m Me2CuLi ´
LiCN/THF)� 12, 5.8, 2.1, 0.93 (t> ); however, quantitative
comparisons cannot be made in this case, since cyano-Gilman
reagents react with TMSCl.[21] The resulting TMSCN also
accelerates conjugate additions in THF.[22]


The TMSCl ratios (RTMSCl) approach one as the yields from
the native reactions catch up to those from the TMSCl-
accelerated ones. Therefore, the 4 s data give the most valid
comparisons. Total yields are used to calculate TMSCl ratios
(% 3�% 2)/%2, based on the assumption that the small
amounts of 2 from the reactions with TMSCl are due to
hydrolysis of 3. However, some of the 2 may arise from
protonation of small amounts of enolate (see Discussion). If
% 3 alone is used in the numerator, the ratios are the same to
within experimental uncertainty.


The third LRP in Table 1 examines silylation of the enolate
produced in the cuprate conjugate addition. After 1 h at
ÿ78 8C, four reaction mixtures from Me2CuLi ´ LiI� 1 were
treated with one equivalent of TMSCl; they were then
quenched after the standard times to create the LRP. At the
4 s and 36 s times, the yields of TMS enol ether 3 are about
15 %. At the 6 min and 1 h times, they are 45 % and 65 %,
respectively. However, when the initial time before TMSCl
addition was extended to 2 h, no 3 was observed at the 4 s
mark. Therefore, the 15 % yield of 3 observed with the 1 h
initial time may be attributed to silylation of the intermediate
p complex (see Discussion), which was gone after the 2 h
initial time. The key observation is that silylation is much
slower when the TMSCl is added at the end of the reaction,
where it silylates the enolate, than at the beginning, where it
silylates the p complex.


Table 2 summarizes the results for methyl cuprates in ether,
including some with one equivalent of THF per Li. Two kinds
of MeLi were used: low halide MeLi, freshly prepared in ether
by the Organic Syntheses procedure,[23a] and MeLi ´ THF,
crystallized from commercial MeLi solution in THF/cum-
ene.[23b] These very pure lithium reagents were used to prepare
Me2CuLi ´ LiI and Me2CuLi ´ LiI ´ 2 THF, respectively.


In ether Me2CuLi ´ LiI appears to be more reactive than
Me2CuLi ´ LiCN (4 s yields, 32 vs. 5.3 %). However, the latter
is not homogeneous in ether, as it is in THF. Consequently, the
salt ratios for ether are not as accurate as for THF (above).
With this caveat, they are RI/CN(0.1m Me2CuLi ´ LiX/ether)�
6.0, 2.2, 1.9, 2.2 (t> ).


At short times, the yields with Me2CuLi ´ LiI in ether are
much higher than in THF (4 s yields, 32 vs. 4.5 %). The solvent
ratios are Rether/THF(0.1m Me2CuLi ´ LiI)� 7.1, 2.3, 1.1, 1.1 (t> ).
The THF additive ratios for Me2CuLi ´ LiI ´ 2 THF in ether


Table 1. LRP data for reactions of Me2CuLi ´ LiI and Me2CuLi ´ LiCN with
1 in THF.[a]


Reagent Additive Time [h] Yield 2 [%] Yield 3 [%]


Me2CuLi ´ LiI none 1 73 ±
none 0.1 48 ±
none 0.01 20 ±
none 0.001 4.5 ±


1TMSCl 1 0.7 90
1TMSCl 0.1 3.3 83
1TMSCl 0.01 1.2 81
1TMSCl 0.001 3.1 80


0, 1TMSCl[b] 1, 1 35 65
0, 1TMSCl[b] 1, 0.1 34 45
0, 1TMSCl[b] 1, 0.01 55 13
0, 1TMSCl[b] 1, 0.001 51 15
0, 1TMSCl[c] 2, 0.001 66 < 0.1
0, 1TMSCl[d] 3, 0.001 65 < 0.1


Me2CuLi ´ LiCN none 1 78 ±
none 0.1 36 ±
none 0.01 13 ±
none 0.001 5.2 ±


1TMSCl 1 7.6 65
1TMSCl 0.1 1.5 75
1TMSCl 0.01 4.9 70
1TMSCl 0.001 3.9 57


[a] Reactions were run at ÿ78 8C on a 2 mmol scale at 0.1m in THF.
Quench: 6 mL of sat. aq. sodium bicarbonate (3 mL mmolÿ1 Cu).
[b] Cuprate and 1 were stirred for 1 h at ÿ78 8C; 1 equiv of TMSCl was
added, followed by 6 mL of sat. aq. bicarbonate after the usual LRP time.
[c] Same as in [b], except cuprate and 1 were initially stirred for 2 h at
ÿ78 8C. [d] Same as in [b], except cuprate and 1 were initially stirred for
2 h at ÿ78 8C and then allowed to warm slowly to 0 8C over 0.9 h; after
0.1 h at 0 8C, the reaction mixture was cooled to ÿ78 8C for the addition of
TMSCl.
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(2 mol % THF) vs. Me2CuLi ´ LiI in neat ether are R2THF(0.1m
Me2CuLi ´ LiI /ether)� 1.47, 1.5, 1.6, 1.0 (t> ). Thus, a small
amount of THF (1 equiv per Li) accelerates the reaction
noticeably, whereas a large excess (neat THF) slows the
reaction dramatically, as can be appreciated by calculating the
reciprocal 4 s solvent ratio, RTHF/ether� 1/7.1� 0.14.


After 4 s, Me2CuLi ´ LiCN appears to have the same
reactivity in ether (5.3 %, Table 2) and THF (5.2 %, Table 1).
By 1 h, the yield in THF is definitely better than in ether (78
vs. 37 %). These comparisons are not conclusive, since the
reagent in ether is not homogeneous.


The TMSCl ratios in neat ether are RTMSCl(0.1m Me2CuLi ´
LiI/ether)� 1.2, 0.94, 1.2, 0.95 (t> ); average 1.1� 0.2 (95 %
CL). With one equivalent of THF per Li, RTMSCl(0.1m
Me2CuLi ´ LiI ´ 2 THF/ether)� 0.86, 0.61, 0.94, 1.1 (t>); aver-
age 0.9� 0.3 (95% CL). In both cases the averages� 1 to
within experimental error, and it can be concluded that the
effect of TMSCl in ether is negligible, even in the presence of
one equivalent of THF. Obviously, more than one equivalent
of THF per Li is required for the activating effect of TMSCl. It
is important to note that ketone 2 is the predominant product
from both reagents in ether, not TMS enol ether 3.


The use of six equivalents of TMSCl appears to have a
slightly negative effect, which may be attributed to the
reaction between TMSCl and Me2CuLi ´ LiI.[24, 25] (The result-
ing MeCu/TMSCl in ether is not as reactive as BuCu/TMSCl
in THF±see next section.)


The addition of three equivalents of pyridine (py) to a 4 s
reaction containing TMSCl in ether (Table 2, footnote [b]),
followed 1 s later by saturated aqueous sodium bicarbonate,


gave 50� 10 % of 2 and 2.8� 0.6 % of 3. When these results
are corrected (decreased by 20 %) to account for the extra
reaction time (5 s vs. 4 s), the yields are 40� 8 % and 2.2�
0.4 %, respectively. These are the same to within experimental
error as the yields without py (36� 7 % of 2 and 2.4� 0.5 % of
3). Thus, the addition of py to the quench in ether has no
apparent effect.


Butyl homocuprates : Table 3 contains data for the butyl
homocuprates and mixed butyl thienylcuprates (next section)
prepared from CuI and CuCN in THF and ether (0.1m and


0.03m). The 0.1m iodocuprates were prepared from 99.999 %
CuI. The 0.03m iodocuprate reactions were initially run with
CuI purified by the Organometallics in Synthesis (OiS)
method,[26a] but it was subsequently discovered that this
material often gave poorer results. Therefore, the LRPs in
THF and 4 s reactions in ether that had been run with OiS
material (Table 3, footnote [b]) were repeated with 99.999 %
CuI. The yields of 3-butylcyclohexanone 4 at all four times in
THF were significantly higher. The 4 s results in ether were
the same to within experimental error; therefore, the rest of
the ether LRPs were not redone.


At 0.1m in THF, Bu2CuLi ´ LiI appears to be slightly more
reactive than Bu2CuLi ´ LiCN (4 s yields, 19� 4 vs. 14� 3 %),
and at 0.03m it appears to be slightly less reactive (4 s yields,
10� 2 vs. 13� 3 %). However, since the 20 % relative error
bars overlap, it makes more sense to say that the yields are
approximately equal at both concentrations. The salt ratios at
0.1m in THF are RI/CN(0.1m Bu2CuLi ´ LiX/THF)� 1.4, 1.4, 1.1,
1.2 (t> ). The average is 1.3� 0.2 with 95 % CL;[20a] thus, the
iodocuprate appears to be slightly more reactive. However,
with 99 % CL the average is 1.3� 0.4.


At 0.1m in ether, both iodo- and cyanocuprate reactions
have reached their plateaus by 4 s, and the ratio of yields is not


Table 2. LRP data for the reactions of Me2CuLi ´ LiI, Me2CuLi ´ LiI ´ 2THF
and Me2CuLi ´ LiCN with 1 in ether.[a]


Reagent Additive Time [h] Yield 2 [%] Yield 3 [%]


Me2CuLi ´ LiI none 1 80 ±
none 0.1 52 ±
none 0.01 47 ±
none 0.001 32 ±


1 TMSCl 1 73 2.9
1 TMSCl 0.1 59 1.9
1 TMSCl 0.01 43 1.4
1 TMSCl 0.001 36 2.4
1 TMSCl/3py[b] 0.001 50 2.8


Me2CuLi ´ LiI ´ 2 THF none 1 81 ±
none 0.1 83 ±
none 0.01 69 ±
none 0.001 47 ±


1 TMSCl 1 86 3.4
1 TMSCl 0.1 75 3.2
1 TMSCl 0.01 40 2.1
1 TMSCl 0.001 38 2.2


6 TMSCl 1 71 < 0.1
6 TMSCl 0.1 59 0.4
6 TMSCl 0.01 37 1.2
6 TMSCl 0.001 20 0.4


Me2CuLi ´ LiCN none 1 37 ±
none 0.1 27 ±
none 0.01 21 ±
none 0.001 5.3 ±


[a] Reactions were run at ÿ78 8C on a 1 mmol scale at 0.1m in ether.
Quench: 3 mL of sat. aq. sodium bicarbonate, unless otherwise noted.
[b] Quench: 3 equiv of py and after 1 s, 3 mL of sat. aq. bicarbonate.


Table 3. LRP data for the reactions of Bu2CuLi ´ LiI, Bu2CuLi ´ LiCN,
BuThCuLi ´ LiI and BuThCuLi ´ LiCN with 1 in THF and ether.[a]


Reagent Time [h] % 4 in THF % 4 in ether
0.1m (0.03m) 0.1m (0.03m)


Bu2CuLi ´ LiI 1 97 (64,[b] 86) 97 (99[b])
0.1 86 (35,[b] 68) 99 (99[b])
0.01 34 ( 8,[b] 24) 99 (99[b])
0.001 19 ( 4,[b] 10) 99 (99,[b] 92[c])


Bu2CuLi ´ LiCN 1 80 (65) 99 (100)
0.1 75 (68) 99 (100)
0.01 25 (46) 99 (96)
0.001 14 (13) 99 (62,[c] 53)


BuThCuLi ´ LiI 1 99 (40,[b] 75) 94 (92[b])
0.1 80 (27,[b] 57) 86 (89[b])
0.01 41 ( 6,[b] 32) 71 (84[b])
0.001 29 (<1,[b] 8.4) 62 (82,[b] 92[c])


BuThCuLi ´ LiCN 1 89 (56) 99 (91)
0.1 74 (37) 99 (87)
0.01 57 (34) 89 (81)
0.001 32 (14) 64 (63,[c] 65)


[a] Reactions were run at ÿ78 8C on a 1 mmol scale at the concentrations
in the solvents listed. Quench: 3 mL of sat. aq. sodium bicarbonate. CuI
(Aldrich 99.999 %) was used, except as noted. [b] CuI purified by the
procedure of ref. [26a] (not used in any calculations). [c] Used in
calculations.
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a good indication of relative reactivity. By cutting down the
concentrations to 0.03m, RI/CN(0.03m Bu2CuLi ´ LiX/ether)�
1.5 is measured at 4 s.


The butylcuprates from CuI and CuCN are more reactive in
ether than in THF. Since the 0.1m ether reactions are
essentially complete after 4 s, the solvent ratios at this
concentration are lower limits: Rether/THF(0.1m Bu2CuLi ´
LiI)� 5.2 (lower limit) and Rether/THF(0.1m Bu2CuLi ´
LiCN)� 7.1 (lower limit). The 0.03m reactions have not
reached plateaus by 4 s: Rether/THF(0.03m Bu2CuLi ´ LiI)� 9.2
and Rether/THF(0.03m Bu2CuLi ´ LiCN)� 4.8.


Comparison of the 0.1m butyl results with the correspond-
ing methyl data gives the group-transfer ratios (t> ) RBu/Me-
(0.1m R2CuLi ´ LiI/THF)� 4.2, 1.7, 1.8, 1.3; RBu/Me(0.1m R2Cu-
Li ´ LiCN/THF)� 2.7, 1.9, 2.1, 1.0; RBu/Me(0.1m R2CuLi ´ LiI/
ether)� 3.1, 2.1, 1.9, 1.2 (lower limits) and RBu/Me(0.1m
R2CuLi ´ LiCN/ether)� 19, 4.7, 3.7, 2.7 (inaccurate). The last
series is inaccurate, owing to the insolubility of Me2CuLi ´
LiCN in ether.


Tables 4 and 5 summarize the effects of TMSCl on
Bu2CuLi ´ LiI in THF and ether. The results with 99.999 %
CuI are much better than with CuI purified by the Inorganic
Syntheses method (Tables 4 and 5, footnote [b]),[26b] which was


used for the communications.[17, 18] With one equivalent of
TMSCl, the yields of 3-butyl-1-trimethylsiloxycyclohexene 5
from Bu2CuLi ´ LiI in THF level off at about 65 % vs. 90 % for
the analogous methyl reagent. There appears to be signifi-
cantly more reaction of the butyl reagent with TMSCl,
presumably to afford BuCu.[25] With two equivalents of
TMSCl, the yields from Bu2CuLi ´ LiI in THF level off at
about 90 %. The excess TMSCl can promote the addition of
BuCu ´ LiI to a-enones.[27]


The TMSCl ratios in THF are RTMSCl(0.1m Bu2CuLi ´ LiI/
THF)� 2.6, 1.9, 0.76, 0.68 (t> ). The 4 s TMSCl ratio (2.6) is
significantly less than the corresponding ratio for the methyl
reagents in THF (18.5), as the native butyl reagent is more
reactive than the native methyl one (see above). With two
equivalents of TMSCl, the ratios are R2TMSCl(0.1m Bu2CuLi ´
LiI/THF)� 4.4, 2.8, 1.0, 0.93 (t> ), which are significantly
higher.


The yields for Bu2CuLi ´ LiI in ether (Table 5) are essen-
tially quantitative with 99.999 % CuI. In contrast to the results
in THF, the TMS enol ether 5 is not the principal product with
TMSCl (1 equiv) in ether, for example, the 4 s yields are 85 %
of ketone 4 and 4 % of 5. The TMSCl ratios are upper limits:
RTMSCl(0.1m Bu2CuLi ´ LiI/ether)� 0.90, 0.95, 0.95, 1.0 (t> );
average 0.95� 0.06 (95 % CL). As in the methyl case, TMSCl
does not accelerate the reaction of Bu2CuLi ´ LiI with 1 in
ether.


Without py or hexamethylphosphoramide (HMPA), the
total yield (%4�%5) after 4 s from Bu2CuLi ´ LiI/6 TMSCl in
THF is 71� 7 % (Table 4, footnote [d], see also Discussion).
When this yield is corrected (increased by 20 %) to account
for the extra reaction time (1 s), the baseline for comparison
of the reactions with these additives is 85� 8 %. The total
yields are 90 ± 96 % with one equivalent of py and 99 % with
one equivalent of py and six equivalents of HMPA. It appears
that these additives improve the total yields in THF, even
though they are added at the end.


Mixed thienylcuprates : Butyl thienylcuprates (Table 3) were
prepared by the procedure of Nilsson et al.,[28] who introduced
these useful mixed cuprates. The salt ratios (4 s) are RI/CN(0.1m
BuThCuLi ´ LiX/THF)� 0.91, RI/CN(0.03m BuThCuLi ´ LiX/
THF)� 0.60, RI/CN(0.1m BuThCuLi ´ LiX/ether)� 0.97 and
RI/CN(0.03m BuThCuLi ´ LiX/ether)� 1.5. Neither reagent is
dramatically more reactive in either solvent.


As with the homocuprates, the mixed thienylcuprates from
both CuI and CuCN are more reactive in ether than in THF.
The solvent ratios (4 s) are Rether/THF(0.1m BuThCuLi ´ LiI)�
2.1, Rether/THF(0.03m BuThCuLi ´ LiI)� 11, Rether/THF(0.1m
BuThCuLi ´ LiCN)� 2.0 and Rether/THF(0.03m BuThCuLi ´
LiCN)� 4.5. For both CuI and CuCN the ratios are higher
at the lower concentration, where the yields in THF fall off
but not those in ether.


At 0.1m in THF, the thienylcuprates prepared from either
CuI or CuCN are more reactive than the corresponding


Table 4. LRP data for the reactions of Bu2CuLi ´ LiI with 1 in THF.[a]


Reagent Additive(s) Time [h] Yield 4 [%] Yield 5 [%]


Bu2CuLi ´ LiI none 1 97, 90, 91 (47[b]) ±
none[c] 0.1 86, 76, 80 (45[b]) ±
none 0.01 34, 41, 46 (46[b]) ±
none 0.001 19, 21, 23 (40[b]) ±


1TMSCl 1 < 1 66
1TMSCl 0.1 < 1 65
1TMSCl 0.01 1 62
1TMSCl 0.001 3 47


2TMSCl 1 2 88
2TMSCl 0.1 1 89
2TMSCl 0.01 2 92
2TMSCl 0.001 2, <1 82, 80


6TMSCl 0.001 99 < 1
6TMSCl[d] 0.001 5, 11, 5, 4, 5 58, 60, 62, 71, 72
6TMSCl/py[e] 0.001 10 80
6TMSCl/py[f] 0.001 3 93
6TMSCl/py[g] 0.001 < 1 99


[a] Reactions were run at ÿ78 8C on a 1 mmol scale at 0.1m in THF. CuI (Aldrich
99.999 %) was used, except as noted. Quench: 3 mL of sat. aq. sodium bicarbonate,
unless otherwise noted. [b] CuI purified by the method of ref. [26b] (not used in any
calculations); reactions run by G. Miao (refs. [17, 18]). [c] Two additional 6 min
reactions gave yields of 82 and 78%. [d] Quench: 6 mL of sat. aq. bicarbonate.
[e] Quench: 1 equiv of py and after 1 s, 3 mL of sat. aq. bicarbonate. [f] Quench:
1 equiv of py and after 1 s, 6 mL of sat. aq. bicarbonate. [g] Quench: 1 equiv of py
and 6 equiv of HMPA in 1 mL of THF and after 1 s, 3 mL of sat. aq. bicarbonate.


Table 5. LRP data for the reactions of Bu2CuLi ´ LiI with 1 in ether.[a]


Reagent Additive Time [h] Yield 4 [%] Yield 5 [%]


Bu2CuLi ´ LiI none 1 97, 99 (66[b]) ±
none 0.1 99, 99 (67[b]) ±
none 0.01 99, 97 (69[b]) ±
none 0.001 99, 98 (54[b]) ±


1TMSCl 1 97 3
1TMSCl 0.1 90 4
1TMSCl 0.01 91 3
1TMSCl 0.001 85 4


[a] Reactions were run at ÿ78 8C on a 1 mmol scale at 0.1m in ether.
Quench: 3 mL of sat. aq. sodium bicarbonate, unless otherwise noted.
[b] CuI purified by the method of ref. [26b] (not used in any calculations);
reactions run by G. Miao (refs. [17, 18]).
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homocuprates; the 4 s yields are 29� 6 vs. 19� 4 % starting
from CuI and 32� 6 vs. 14� 3 % from CuCN. At 0.03m in
THF, both thienylcuprates and homocuprates have essentially
the same reactivity independent of precursor; the respective
4 s yields are 8� 2 vs. 10� 2 % from CuI and 14� 3 vs. 13�
3 % from CuCN.


At 0.1m in ether, the 4 s yields from the thienylcuprates (ca.
60 %) are much lower than from the homocuprates (99 %),
regardless of precursor. At 0.03m in ether, thienyl- and
homocuprates both give approximately 90 % yields from CuI
and about 60 % yields from CuCN.


CuI purification : To obtain the results in the initial commu-
nications,[17±18] we used CuI that had been purified by the
Inorganic Syntheses (IS) method,[26b] then rigorously dried
over phosphorus pentoxide in an Abderhalden apparatus
(0.1 Torr, 110 8C). We subsequently found that this material
gave much lower yields in THF (Table 4, footnote [b]) and
ether (Table 5, footnote [b]) than commercial 99.999 % CuI
(Aldrich). The IS material also gave higher levels of 1,2-
adduct.[18, 29]


We have also examined CuI that was purified by the
Organometallics in Synthesis (OiS) procedure.[26a] It was dried
at ambient temperature under vacuum (0.1 Torr). The OiS
material gave significantly lower yields in THF than 99.999 %
CuI (Table 3, footnote [b]). In ether the yields were compa-
rable (see section on butyl homocuprates). Since both purified
batches tended to give lower yields of the 1,4-adduct,
commercial ultrapure CuI (Aldrich 99.999 %) was adopted
for quantitative work.


It should be noted that the 99.999 % purity refers to metals
only. One explanation for the superiority of the 99.999 % CuI,
which was not rigorously dried, may be that small amounts of
water are beneficial. This contraintuitive result was first
demonstrated by Corey, Hannon and Boaz.[24c] Another factor
may be different surface characteristics, as CuI is a semi-
conductor. Redox reactions between it and reactive species
(BuLi, BuCu, Bu2CuLi) might account for the fact that


solutions of BuCu ´ LiI and Bu2CuLi ´ LiI are invariably gray
to black, owing to the presence of colloidal copper.


Reactions with CyI : Table 6 summarizes the LRPs for the
reactions of iodocyclohexane 6 with Bu2CuLi ´ LiI or Bu2Cu-
Li ´ LiCN in THF to afford principally butylcyclohexane 7. At
the concentration used here (0.12m), the radical products
(cyclohexane 8, cyclohexene 9, dicyclohexyl 10)[30] are not as
abundant as they were at the higher concentration (0.3m)
studied previously,[31] and the amounts of octane 11 are
likewise lower. A salient feature of the yields, which were all
measured in duplicate, is the prevalence of nonmonotonic
LRPs (3 out of 4 for the reagents without TMSCl). For
example, upon going from 4 s to 1 h, the percent yields of 7 in
the first LRP drop from 9 to 6 (ÿ33 %), jump to 26 (�333 %),
and finally fall again to 15 (ÿ42 %). This apparently random
aspect is suggestive of a radical chain reaction that is initiated
by impurities or inhibited by them.[32]


Most of the cuprate-enone LRPs in Tables 1 ± 5 are
monotonic. The small declines (3 % ave.) in the 1 h yields of
major products for six of the enone LRPs (out of 35) are
understandable in terms of the potential for side reactions
with labile products such as enolates or TMS enol ethers. The
products in the case of Table 6 are hydrocarbons, which are
much more inert. There are only three enone LRPs in which a
decrease (2% ave.) occurs before the end.


The addition of TMSCl (1 or 2 equiv) to the iodo-Gilman
reagent makes its reaction with CyI less erratic, that is, the
data within an LRP are much smoother. There are modest
declines in two of the 1 h yields of 7. Furthermore, the highest
yield of 7 in every LRP with TMSCl is �53 %, the best yield
from the cyano-Gilman reagent. Similar effects were observed
when the glassware was passivated with ammonia.[31] In ether
the yield of 7 after 1 h atÿ78 8C was only 1 %, with or without
two equivalents of TMSCl.


The addition of TMSCl also increases the amount of 11
from Bu2CuLi ´ LiI. All sixteen reactions in the four LRPs
with TMSCl (1 or 2 equiv) contain significant levels (�10 %)


Table 6. LRP data for the reactions of Bu2CuLi ´ LiI and Bu2CuLi ´ LiCN with CyI.[a]


Reagent Additive Time Yield 7[b] Yield 8[c] Yield 9[d] Yield 10[e] Yield 11[f]


[h] [%] ([%]) [%] ([%]) [%] ([%]) [%] ([%]) [%] ([%])


Bu2CuLi ´ LiI none 1 15 (31) 8 ( 6) < 1 (<1) < 1 (<1) 3 ( 1)
none 0.1 26 (18) 5 ( 5) < 1 (<1) < 1 (<1) < 1 ( 5)
none 0.01 6 (38) 5 (11) < 1 ( 5) < 1 (<1) < 1 (10)
none 0.001 9 (32) 4 (17) < 1 (12) < 1 (23) < 1 (19)


1TMSCl 1 47 (59) 10 (14) < 1 ( 6) 8 (14) 17 (14)
1TMSCl 0.1 54 (54) 13 (10) 5 ( 4) 13 (11) 14 (19)
1TMSCl 0.01 42 (54) 14 (16) 4 ( 8) 9 (25) 13 (15)
1TMSCl 0.001 18 (40) 15 (15) 4 ( 7) 7 (12) 14 (17)


2TMSCl 1 53 (53) 8 ( 9) 3 ( 6) 4 (<1) 21 (31)
2TMSCl 0.1 61 (47) 11 ( 7) 8 ( 7) < 1 (<1) 22 (26)
2TMSCl 0.01 40 (31) 9 ( 9) 6 ( 6) < 1 (<1) 17 (31)
2TMSCl 0.001 16 ( 6) 9 ( 9) 7 ( 8) < 1 (<1) 29 (49)


Bu2CuLi ´ LiCN none 1 53 (46) 22 ( 7) 18 (<1) 32 (<1) 17 (<1)
none 0.1 31 (20) 5 ( 4) 6 (<1) < 1 (<1) 21 (<1)
none 0.01 42 ( 2) 23 ( 3) 16 (<1) 31 (<1) 18 (<1)
none 0.001 32 (<1) 24 ( 3) 21 (<1) 41 (<1) 21 (<1)


[a] Reactions were run at ÿ78 8C on a 1 mmol scale at 0.12m in THF. Quench: 4 mL of sat. aq. ammonium chloride. Yields in parentheses are for duplicate
runs. [b] Butylcyclohexane. [c] Cyclohexane. [d] Cyclohexene. [e] Dicyclohexyl. [f] Octane.
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of 11, whereas six of the eight reactions in the two LRPs
without TMSCl contain negligible amounts. One of the LRPs
with Bu2CuLi ´ LiCN contains significant amounts of 11, the
other none. Thermal decomposition of butylcuprates does not
afford 11,[33] but small amounts of it might be the result of
adventitious oxygen.[34]


In virtually every reaction the amount of 8 exceeds that of 9,
owing to transmetallation (formation of CyCu).[31] Therefore,
2�% 9/% 10 is used to calculate the ratio of disproportiona-
tion to combination kd/kc, rather than (% 8�% 9)/% 10.[30] A
number of the reactions give values in the usual range for
cyclohexyl radical (1.1 ± 1.5)[30] or close to it; for example, the
4 s reactions in the two LRPs with one equivalent of TMSCl
give kd/kc� 1.1 and 1.2.


The 4 s reactions in the two LRPs with two equivalents of
TMSCl contain significant amounts of 8 (9 %) and 9 (7 ± 8 %),
but not 10 (<1 %). These results are consistent with the
thermal decomposition of an intermediate CyCu species
through b-hydride elimination.[33]


Discussion


Background : We date the modern era of organocopper
chemistry from the seminal 1966 paper by House et al.,[3]


who showed that Me2CuLi ´ LiI reacts with a-enones to give
1,4-addition products in high yields. In 1973 House proposed
that the mechanism of the conjugate addition reaction
involves electron transfer from the cuprate to the a,b-
unsaturated substrate as the first step.[35] A prime piece of
evidence was the reaction of cuprates with b-cyclopropyl-a,b-
unsaturated ketones to afford ring-opened products.[36]


An alternative explanation based on the insertion of Cu
into a syn cyclopropyl bond was proposed as part of a treatise
on cuprate-cyclopropane reactivity.[37] Moreover, a Chalmers
University team observed a cuprate-olefin p complex in the
reaction of Me2CuLi with a cinnamate ester,[38] and a Bell
Labs group characterized two kinds of p complexes in the
reaction of this cuprate with an a-enone.[39] In the latter case it
was possible to observe the appearance of enolate as the final
p complex disappeared.


Corey and Posner[4] published a pair of classic communica-
tions in 1967 and 1968 that described the reactions of
Me2CuLi ´ LiI and Bu2CuLi ´ LiI with alkyl halides to give
cross-coupled products. In 1969, the House ± Whitesides col-
laboration published a full paper on this reaction, and they
concluded that the mechanism involves an SN2-like process in
the cases of primary and secondary bromoalkanes.[40]


The first clear evidence for electron transfer in a cuprate
reaction, other than oxidation,[34] was for Bu2CuLi ´ LiI�CyI,
which gave both radical products from the substrate and
octane from the cuprate.[31] The octane was attributed to
oxidatively induced reductive elimination, since treatment of
R2CuLi ´ LiI with dioxygen or nitroarenes gives rise to good
yields of coupled products RÿR.[34]


In 1981, Lipshutz et al. reported that the reaction of CyI
with the reagent prepared from two equivalents of BuLi and
one equivalent of CuCN gave a quantitative yield of
butylcyclohexane.[7] It appeared much better than the liter-


ature yields of 25 % quoted for Bu2CuLi ´ LiI�CyBr[40] and
21 % for Me2CuLi ´ LiI�CyI,[41] but in a footnote the authors
mentioned a 75 % yield for the latter.[41b] The control reaction
Bu2CuLi ´ LiI�CyI was not done; nevertheless, it was claimed
that the CuCN-derived reagents were a new kind of cuprate
species: ªhigher order cyanocupratesº.[7]


The original conclusion was clearly a non sequitur and
begged two questions: i) what is the yield of butylcyclohexane
from Bu2CuLi ´ LiI under precisely the same conditions? And,
ii) what is the optimal yield with Bu2CuLi ´ LiI? When the
reaction Bu2CuLi ´ LiI�CyI was run under the same con-
ditions that were found to be optimal for Bu2CuLi ´ LiCN�
CyI, the yield was 32 % vs. 81 % for the latter.[31] However,
when the conditions for the former were optimized inde-
pendently, the yield was 55 %.[31] Therefore, a better ratio of
yields of desired product is 81/55� 1.5, rather than 81/32� 2.5.
The yield from Bu2CuLi ´ LiCN was increased to 91% by bubb-
ling dioxygen through the reaction mixture before the usual
aqueous quench,[31] which implicated transmetallation.[40]


Such comparisons are predicated on the assumption that
the ratio of yields from two reagents after a standard period of
time is an approximation of their relative reactivity. The
present study was undertaken to critically examine this
assumption for the reactions of prototypical iodo- and
cyano-Gilman reagents with archetypal substrates 1 and 6
and, if possible, to find conditions under which valid
comparisons can be made.


Organocuprate reactions are competitions between three
fundamental processes: the desired reaction, thermal decom-
position, and transmetallation.[18, 33b] Thermal decomposition
has been found to proceed by several possible mechanisms (b-
hydride elimination, CuÿC bond homolysis, thermally in-
duced reductive elimination), which depend upon the struc-
ture of the cuprate and experimental details such as the
presence of coordinating ligands.[33] Transmetallation has been
well-documented (see also Results).[31, 40] Thus, a complete
mass balance is a necessary but not sufficient condition for
comparison. Cuprate reactions, like many others, often
plateau after an initial period during which yields increase
continuously. Consequently, for a ratio of yields to be a valid
approximation of the true reactivity ratio, it must be
vouchsafed that neither reaction has reached a plateau when
the yields are measured.


Thus, the logarithmic reactivity profile (LRP, operational
definition given in the introduction) was conceived. It must be
emphasized that this technique was never intended as a tool
for splitting hairs, but rather one for sketching a rough outline
of reactivity that affords information useful to synthetic as
well as mechanistic chemists. In the communications that
introduced this method,[17±19] we used 1, 0.1, 0.01, and 0.001 h
(3600, 360, 36, and 3.6� 4 s), and these are continued as the
standard times here. Subsequent investigators added a 10 h
reaction to span another order of magnitude.[42] For our
purposes, the most valid comparisons are made at the shortest
possible time (4 s).


Quench conditions : While most synthetic chemists have used
two equivalents of TMSCl in conjunction with organocopper
reagents, the preliminary mechanistic study of TMSCl acti-
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vation by one of us employed six equivalents,[17] in order to
more closely simulate the conditions of the original report by
Corey and Boaz, who used five equivalents.[24] Some reactions
were also run in the presence of HMPA, which requires at
least three equivalents per Li for its effect to level off,[43a] and
it was desired to use equimolar TMSCl and HMPA. However,
with six equivalents of TMSCl in THF, the quench conditions
become critical. The use of 3 mL of saturated aqueous sodium
bicarbonate gave only ketone 4, owing to hydrolysis of 5.
Doubling the amount of quench solution to 6 mL gave 65�
8 % of 5 (see next section). Hydrolysis can also be suppressed
by the addition of py (Table 4, footnotes [e], [f]); however, it
appears that in THF the total yield is increased somewhat by
this expedient (see section on butyl homocuprates). The
addition of py does not affect the outcome in ether (see
section on methyl homocuprates).


In control experiments these quench conditions did not
hydrolyze solutions of 5 in THF or ether. Moreover, solutions
of 4 were treated with TMSCl (6 equiv) and py (1 equiv in
THF, 3 equiv in ether), followed by saturated aqueous sodium
bicarbonate, and no 5 was observed after the usual work-up.
Nevertheless, with py in THF, some of the 5 may be from py-
catalyzed silylation of the enolate.[43b] Therefore, the best
approach is to cut back the TMSCl to two equivalents, which
can be quenched without the complications of added amine.
Finally, the starting enone 1 recovered at the end of a reaction
is not necessarily unreacted, since quenching the enone-
cuprate p complex results in release of enone.[24a, 39b]


Some of the difficulties encountered upon quenching
organocopper reactions have been described in a compen-
dious practicum,[44] which also gives a good feel for the many
nuances of organocopper chemistry.


Experimental uncertainty : In the reaction of 1 with methyl-
cuprates, the Gilman reagent from CuI in THF appears to be
slightly less reactive than the one from CuCN at the shortest
time (4.5 vs. 5.2 %, Table 1). On the other hand, in the reaction
of 1 with butylcuprates, the Gilman reagent from CuI appears
to be slightly more reactive at the same time and concen-
tration (19 vs. 14 %, Table 3). In fact, the corresponding yields
are the same to within experimental uncertainty. A relative
error of approximately 20 % is obtained by repeating the same


reaction several times. The entire LRP for Bu2CuLi ´ LiI was
run thrice in THF (Table 4) and twice in ether (Table 5); the
first entry in each case is used to calculate ratios.


In THF the yields range from 19 to 97 % and afford good
statistics. Average yields (95% confidence limits, CL[20a]) are
21� 5 %, 40� 15 %, 81� 13 % and 93� 9 % (t> ). The
relative errors are 24, 37, 16 and 10 % (ave. 22 %). The
6 min reaction was repeated two more times and the yields
were 82 % and 78 %. The average of all five 6 min yields is
80� 5 % (95 % CL, 6 % rel. error).[20b] Substituting these data,
the average relative error is 19 %. All the yields in ether (ave.
98� 1 %, 95 % CL) were essentially quantitative.


The 4 s reaction of Bu2CuLi ´ LiI/6 TMSCl with 1 in THF
was run five times (Table 4, footnote [d]). The average yield
of 5 is 65� 8 % (95 % CL), which has 12 % relative error. The
total yields (% 4�% 5) have an average value of 71� 7 %
(95 % CL, 10 % rel. error).


While individual cases may be somewhat better or worse,
we have adopted 20 % relative error as the best overall
estimate and used it to assign error bars in those cases where
not enough yields were available for meaningful statistics. In
good agreement, the five average ratios calculated with 95 %
CL in the Results section have 5 ± 40 % relative errors. A 40 %
relative error in a ratio of yields is the maximum expected for
20 % relative errors in the yields.[20c]


Reactivity matrices : In order to minimize the effect of
experimental uncertainty on the interpretation of the results,
our conclusions are mainly based on trends in the data and
ratios of yields, and not on absolute numbers. Several ratios of
interest (RI/CN, Rether/THF, RTMSCl, R2TMSCl, R2THF, RBu/Me) were
introduced in the Results section. It is important to note that
the 4 s ratios are an approximation of the true reactivity ratios
calculated from accurate kinetic data, which would be much
more difficult to amass.


It is convenient to summarize reactivity ratios as elements
ri,j of a reactivity matrix R. Tables 7 and 8 are the methyl and
butyl matrices, respectively. Two butyl reagents are included
in the methyl matrix in order to enable comparisons between
R groups. (A separate Me/Bu matrix could be constructed,
but this would add another table.) For example, the group
transfer ratio RBu/Me(0.1m R2CuLi ´ LiI/THF)� 4.2 is entry r9,1,


Table 7. Reactivity matrix for 4 s data from Tables 1 ± 3.[a]


(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)


(1) 1 0.87 0.14 0 0.054 0 0.096 0 0.24 0
(2) 1.16 1 0 0.98[b] 0 0 0 0 0 0
(3) 7.1 0 1 6.0[b] 0.39[c] 0.83 0.68 0.80 0 0.32
(4) 0 1.02[b] 0.17[b] 1 0 0 0 0 0 0
(5) 18.5 0 2.6[c] 0 1 2.16 0 2.1 0 0
(6) 0 0 1.2 0 0.46 1 0 0.955 0 0
(7) 10.4 0 1.47 0 0 0 1 1.17 0 0
(8) 0 0 1.26 0 0.48 1.05 0.855 1 0 0
(9) 4.2 0 0 0 0 0 0 0 1 0.192


(10) 0 0 3.1 0 0 0 0 0 5.2 1


[a] Entries ri,j (row i, column j) are calculated by dividing the yield from reagent i by the yield from reagent j [i,j� (1) ± (10): (1) Me2CuLi ´ LiI/THF, (2)
Me2CuLi ´ LiCN/THF, (3) Me2CuLi ´ LiI/ether, (4) Me2CuLi ´ LiCN/ether, (5) Me2CuLi ´ LiI/THF�TMSCl, (6) Me2CuLi ´ LiI/ether�TMSCl, (7) Me2CuLi ´
LiI ´ 2THF/ether, (8) Me2CuLi ´ LiI ´ 2 THF/ether�TMSCl, (9) Bu2CuLi ´ LiI/THF, (10) Bu2CuLi ´ LiI/ether]. Three significant figures are given only in
those cases where round-off error occurs with two. All reagents were 0.1m. [b] Less accurate, owing to nonhomogeneity of reagent 4. [c] Changes more than
one experimental variable, see Discussion.
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that is, its address is row 9, column 1.[20d] We use ri,j� 0 to
indicate those cases where the ratios do not appear to make
chemical sense. Since this is to some extent a matter of
judgment, the data needed to calculate any entry are given in
Tables 1 ± 5.


The values of ri,j (i� j) on the main diagonal are all unity, for
example, r1,1� 1. Entry r2,1(Me)� 1.16 compares the methyl
cyano- and iodo-Gilman reagents in THF (cf. 1/RI/CN). Entry
r3,1(Me)� 7.1 is the solvent ratio Rether/THF(0.1m Me2CuLi ´ LiI).
Entry r4,1(Me)� 0, as two independent variables (solvent and
Li salt) are changed at once. Entry r5,1(Me)� 18.5 compares
Me2CuLi ´ LiI with and without TMSCl in THF (cf. RTMSCl). It
is clear that the change of solvent from THF to ether and the
addition of TMSCl in THF have larger effects on the classic
Gilman reagent than the addition of cyanide.[45]


Entry r6,1(Me)� 0, as it would compare Me2CuLi ´ LiI in
ether with added TMSCl, which has no effect in this solvent,
to the cuprate without TMSCl in THF. A ratio that changes
two experimental variables at once yet has considerable
interest is r5,3(Me)� 2.6, which shows that addition of TMSCl
to Me2CuLi ´ LiI in THF makes this cuprate significantly more
reactive than it is in neat ether. Entry r7,1(Me)� 10.4 compares
Me2CuLi ´ LiI ´ 2 THF in ether with Me2CuLi ´ LiI in THF (i.e.,
2 vs. 100 mol % THF). Entries r8,1 and r10,1 are 0.


An advantage of collecting all the ratios in one place is the
ease of identifying the major effects. The three largest ratios in
Table 7 are in column 1, discussed in detail above. The two
largest ratios in the butyl matrix, r3,1(Bu)� 9.2 and r4,2(Bu)�
4.8, are the solvent ratios (0.03m) for the iodo- and cyano-
Gilman reagents, respectively. The third largest ratio
r5,1(Bu)� 2.6 measures the effect of TMSCl (1 equiv) on
Bu2CuLi ´ LiI/THF.


The fourth largest ratio is r8,2(Bu)� 2.3, which compares the
thienylcuprate with the homocuprate from CuCN in THF.
The mixed cuprate from CuI in THF also appears to be more
reactive than the related homocuprate, as r7,1(Bu)� 1.53.
Therefore, the conclusion that mixed cyanocuprates are less
reactive than the corresponding homocuprates[6c] is clearly
incorrect, as we also showed for the b-silylcuprates.[19]


It was previously discovered that the TMS enol ether is not
formed with R2CuLi/TMSCl in ether[17] or RCu/TMSCl in
dimethyl sulfide (DMS),[46] and we find here that there is no


significant rate acceleration with TMSCl in ether: r6,3(Me)�
1.2 and r6,3(Bu)� 0.90. (N.B., r3,6(Bu)� 1.1.) Thus, we have
delineated a fundamental mechanistic dichotomy between
ether and THF in the conjugate addition reaction of organo-
cuprates according to the effect of TMSCl. Eriksson et al.
found an analogous result for BuCu/TMSI.[42]


Structural considerations : Before discussing mechanistic de-
tails, it is useful to introduce some information on the
structures of organocuprates; for example, it has been
conjectured that the cuprate-haloalkane reaction proceeds
via a cuprate monomer and the cuprate-enone reaction via a
dimer.[10] An early study by Pearson and Gregory concluded
that halide-free Me2CuLi is dimeric in ether.[47] The structure
of Me2CuLi ´ LiI in solution has not been established; the
Pearson ± Gregory dimer A and the Bertz ± Snyder hetero-
dimer B are predicted to have essentially the same NMR
shifts.[48] In 1990, it was asserted that organocuprates are
mainly monomers in THF, based on NMR studies.[8] This
conclusion has recently been confirmed by EXAFS,[49] and
cryoscopy is consistent with it.[50]


NMR investigations also established that cuprates are
dimers in DMS,[10] and X-ray crystal structures of unhindered
cuprates prepared in ether[51, 52] or DMS[53, 54] reveal a dimer
motif. The solution structure of the 2:1 cyanocuprate R2CuLi ´
LiCN has been proposed to be one of several possible
heterodimers of R2CuLi and LiCN,[14c, 15] and 15N NMR is
consistent with C.[11] The X-ray crystal structures of R2CuLi ´
LiCN contain ionic subunits R2Cuÿ and Li2CN�,[55, 56] as
proposed by one of us in 1990.[8]


Finally, structural proposals must be based upon spectro-
scopic data or X-ray analysis, not reactivity data. For example,
when Ph3CuLi2 ´ LiCuPh2Ðthe first bona fide higher order


Table 8. Reactivity matrix for 4 s data from Tables 3 ± 5.[a]


(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)


(1) 1 1.36 0.109[b] 0 0.38 0 0.655 0 0 0
(2) 0.74 1 0 0.21[b] 0 0 0 0.44 0 0
(3) 9.2[b] 0 1 1.5[b] 1.98[c] 1.11 0 0 1.6 0
(4) 0 4.8[b] 0.67[b] 1 0 0 0 0 0 1.55
(5) 2.6 0 0.505[c] 0 1 0.56 0 0 0 0
(6) 0 0 0.90 0 1.8 1 0 0 0 0
(7) 1.53 0 0 0 0 0 1 0.91 0.47 0
(8) 0 2.3 0 0 0 0 1.1 1 0 0.50
(9) 0 0 0.63 0 0 0 2.14 0 1 0.97


(10) 0 0 0 0.65 0 0 0 2.0 1.03 1


[a] Entries ri,j (row i, column j) are calculated by dividing the yield from reagent i by the yield from reagent j [i,j� (1) ± (10): (1) Bu2CuLi ´ LiI/THF, (2)
Bu2CuLi ´ LiCN/THF, (3) Bu2CuLi ´ LiI/ether, (4) Bu2CuLi ´ LiCN/ether, (5) Bu2CuLi ´ LiI/THF�TMSCl, (6) Bu2CuLi ´ LiI/ether�TMSCl, (7) BuThCuLi ´
LiI/THF, (8) BuThCuLi ´ LiCN/THF, (9) BuThCuLi ´ LiI/ether, (10) BuThCuLi ´ LiCN/ether]. Three significant figures are given only in those cases where
round-off error occurs with two. All reagents were 0.1m, unless otherwise noted. [b] Reagents were 0.03 m, as 0.1m ratios were limits. [c] Changes more than
one experimental variable, see Discussion.
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cuprateÐwas prepared in DMS, a Cu bonded to three Ph
groups was proposed on the basis of 13C NMR spectroscopy.[57]


This was confirmed by X-ray crystallography.[54]


Mechanistic considerations : Corey and Boaz suggested that
TMSCl silylates the carbonyl O of the intermediate enone-
cuprate p complex,[24] which induces faster formation of the
putative CuIII intermediate in their scheme. A modification in
which the TMSCl simultaneously coordinates the Li of the
cuprate and the O of the complexed enone has also been
suggested.[58] The conclusion that the preliminary LRP data
ruled out such a mechanism as the predominant one in THF is
not correct,[17] owing to partial hydrolysis (see section on
quench conditions above). The 81� 13 % average yield (95 %
CL) of 5 for the 4 s reactions with two equivalents of TMSCl
(Table 4) provides the best estimate from LRP data for the
amount of product from the Corey ± Boaz mechanism or an
equivalent.[59]


Bertz and Snyder proposed that coordination of TMSCl by
Cu (through bridging Cl) could stabilize the transition state by
the organometallic analogue of the Eaborn effect (carbenium
ion stabilization by b-silicon[60]), which was supported by DFT
calculations.[17] Subsequent ab initio calculations confirmed
the ability of b-Si to stabilize a copper cation,[61] and they also
discounted a TMSCl-enone interaction as a possible source of
the rate acceleration, as had been suggested.[27]


There is little silylation and no appreciable rate increase for
the cuprates studied in ether upon addition of TMSCl.
Consequently, neither the Corey ± Boaz nor the Bertz ±
Snyder mechanism is operative, and the reaction in ether
appears to be the same with or without TMSCl. It is important
to note that the Corey ± Boaz and Bertz ± Snyder mechanisms
are not mutually exclusive, for example, coordination of
TMSCl by Cu in the enone-cuprate p complex could precede
O-silylation in THF.


TMSCl also has a beneficial effect on the Bu2CuLi ´ LiI�
CyI reaction. To our knowledge this is the first demonstration
of a significant effect of TMSCl on an organocopper reaction
that does not involve silylation of oxygen. Of the proposals to
date, only the Bertz ± Snyder mechanism can account for this
activation. Thus, the role of TMSCl could be to stabilize a CuII


or CuIII intermediate by the b-silyl effect discussed above. This
reaction does not proceed at an appreciable rate in ether with
or without TMSCl.


Scheme 1 summarizes our mechanistic proposals, which are
based on enone-cuprate p complexes 1 a (from cuprate
monomer) and 1 b (from cuprate dimer). The NMR evidence
is consistent with a fast equilibrium between starting materials
(a,b-unsaturated carbonyl compound� cuprate) and cuprate-
olefin p complexes.[38, 39] Calculations suggest both monomer
and dimer p complexes are feasible,[62, 63] for example, in one
study dimer A and heterodimer B were modeled.[63]


One explanation for the lack of a TMSCl effect on the
cuprate-enone reaction in ether is that dimer complex 1 b goes
rapidly to enolate 1 c in the absence of a good donor ligand
(L). The crucial role of Li in reactions of lithiocuprates, such
as Bu2CuLi, is dramatically demonstrated by the much lower
reactivity of the sodiocuprate Bu2CuNa towards 1.[29b] Acti-
vation by Li is much more effective in weakly coordinating


Scheme 1.


solvents, such as ether, dichloromethane, and DMS, than in
strongly coordinating ones, like THF, HMPA, and py.[10b, 46]


THF breaks down 1 b to the monomer complex 1 a (L�THF),
just as it breaks down cuprate dimer to monomer.[8, 10]


Monomer complex 1 a may go to enolate 1 c, but more slowly
than 1 b to 1 c in ether, which explains why cuprate conjugate
addition is slower in THF. Another explanation is that
conjugate addition only proceeds from the dimer complex
1 b, which has a much lower concentration in THF than in
ether.


When TMSCl is present in THF, 1 a (L�THF or TMSCl)
undergoes conversion to TMS enol ether faster than to
enolate 1 c. Whether or not the formation of TMS enol ether
(3 or 5) in THF is faster than the formation of 1 c in ether
depends upon R (faster for R�Me, slower for Bu). Rapid-
injection NMR confirms that the appearance of TMS enol
ether upon addition of TMSCl to the p complex in THF is
much faster than the appearance of the enolate without
TMSCl.[59b]


A CuIII species is not an obligatory intermediate for either
the native or TMSCl-assisted reaction. All of the evidence
adduced for it is indirect, for example, stereochemical
studies[24] and calculations.[62±64] As an alternative, the reaction
could proceed through intramolecular transfer of R from Cu
to the b-carbon of the complexed enone or, in the presence of
TMSCl in THF, its O-silylated derivative. Based on a study of
kinetic isotope effects, the Cu does not become s-bonded to
the a-carbon of the enone in the rate-determining step, as it
would in the addition of RÿCu across the double bond.[65]


Synthetic considerations : Among the decisions the synthetic
chemist must make about organocopper reactions are the
copper(i) precursor (CuI, CuBr, CuBr ´ DMS, CuCN), the
active organometallic (RLi, RMgX, RZnX, RNa), the stoi-
chiometry (catalytic Cu, 1:1, 2:1,>2:1 RLi), the solvent (THF,
ether, DMS, dichloromethane), the additive (TMSCl, HMPA,
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phosphine, Lewis acid), and the dummy ligand (alkynyl,
thienyl, hetero, trimethylsilylmethyl), in addition to exper-
imental variables such as cuprate excess, temperature, time,
and work-up.[5, 6, 44] Many of these factors are interrelated, and
it is difficult if not impossible to predict with certainty which
of the many kinds of organocopper reagents will be optimal
for a particular substrate.


On top of all this, the results can depend upon the origin of
the particular copper(i) salt, as discussed in the Results section
for CuI. The source of CuCN has also proven to be problem-
atical: an X-ray study of a novel phenylcuprate species found
substantial amounts of CuCl in the lot of commercial CuCN
used as starting material.[53b] There is now a vast literature on
organocopper reagents and reactions, but it is of limited value
because the starting copper(i) salts have not been well-
characterized and side-by-side comparisons have not been
made in most cases. The lack of control experiments for
Bu2CuLi ´ LiCN�CyI was discussed above, and this was also
the pattern when the yields were reported for the reactions of
ªR2Cu(CN)Li2º and a-enones,[66a,b] a,b-unsaturated esters,[66c]


epoxides,[66d] and primary alkyl halides,[66e] and when RThCu-
Li ´ LiCN reagents were introduced.[66f]


As long as GLC or HPLC has been calibrated for the
product of one cuprate reaction, it is a simple matter to run
additional reactions to test the major factors under controlled
conditions. We typically ran four to eight 1 mmol reactions
simultaneously in 4 dram vials in two cold-baths on a large
magnetic stirring plate,[67] for example, butylcuprates and
phenylcuprates prepared from CuI, CuBr, CuBr ´ DMS, CuCl,
CuOTf, CuCN, and CuSCN.[29] Another good model is
provided by Persson and Bäckvall,[68] who investigated the
use of CuCN, CuCl, CuBr, and CuI as precursors for cuprates
and also studied both 1:1 and 2:1 cyanocuprates prepared
from BuLi, BuMgBr, and BuMgI. When improved reactivity
and thermal stability were claimed for trimethylsilylmethyl-
cuprates, LRPs and thermal stability studies were used to
document their superiority.[19]


The LRPs reported here demonstrate the strong solvent
dependence of cuprate reactions, as noted previously,[3, 10b, 46]


and they also highlight the powerful influence of TMSCl (in
THF), which has been studied by numerous investiga-
tors.[17, 24, 27, 28c] These effects have now been set on a firm
quantitative basis, which also helps to put the 2:1 cyanocup-
rates in perspective.


Of all the reactivity ratios in Tables 7 and 8, five of them are
most critical for synthetic chemists who are selecting reaction
conditions. They are r1,2 (I vs. CN in THF), r3,4 (I vs. CN in
ether), r3,1 (ether vs. THF for the iodocuprates), r4,2 (ether vs.
THF for the cyanocuprates), and r5,1 (TMSCl vs. none in
THF). These entries (or their reciprocals, whichever are >1)
are boldface in the reactivity matrices. The values for the
methyl homocuprates are 1.16, (6.0), 7.1, (1.02), and 18.5,
respectively. The ratios in parentheses are less accurate
because of solubility problems (see Results section). Where
the reagents are homogeneous, the salt ratio is much less than
the solvent ratio and TMSCl ratio.


The ratios for the corresponding butyl homocuprates are
1.36, 1.5, 9.2, 4.8, and 2.6. The salt ratios (first two) are
significantly less than the solvent ratios (third and fourth) and


TMSCl ratio. The mixed thienylcuprates were not treated
with TMSCl here (see Lindstedt et al. [28c]) ; consequently, only
the first four analogous ratios apply (boldface italics in Table 8):
1.1, 1.03, 2.14, and 2.0. As with the homocuprates, the thienyl-
cuprates are affected less by the Li salt than by the solvent.


If the goal is to accelerate conjugate addition of methyl, the
addition of TMSCl to a THF solution is recommended. This
gave a rate enhancement of 18.5 (r5,1) over the rate in neat
THF and 2.6 (r5,3) over the rate in neat ether. More
importantly, these conditions also gave the best final yield
(90 % after 1 h at ÿ78 8C, Table 1) in the form of the TMS
enol ether. In contrast, if the group to be added is butyl, the
best strategy is to use ether, as reaction in this solvent is faster
than the TMSCl-assisted reaction in THF (r3,5� 1.98) and is
essentially quantitative after 4 s at ÿ78 8C (Table 5). If the
TMS enol ether is desired, two equivalents of TMSCl in THF
is recommended (Table 4).[24d]


For conjugate addition of more valuable R groups, the
thienylcuprates from CuI in THF or CuCN in ether appear to
be superior, judged by the virtually quantitative yields after
1 h at ÿ78 8C (0.1m, Table 3). The reagents from CuI in ether
and CuCN in THF are not far behind. In those cases where the
competitive transfer of thienyl is a problem, the trimethylsi-
lylmethylcuprates are recommended.[19]


The take-home lesson for synthetic chemists is simple: try
several diverse kinds of organocopper reagents under care-
fully controlled conditions for any given transformation. Thus,
it is advisable to do a breadth-first search of reagents,[5] rather
than a depth-first search based on one reagent. A corollary is
not to give up after trying several unsuccessfully. There is a
plethora of reagents,[5, 6] and they can be screened efficiently
by running four or more reactions at a time on a small scale.


Summary


Organocopper reactions have a high level of complexity, both
in terms of experimental execution and mechanistic explan-
ation, and many mysteries remain. While the structures of
organocopper reagents in solution[8±12] and in the solid
state[51±56] are now understood to a good first approximation,
not all aspects of their reactions have been elucidated. It is
possible that the details of the reactions of iodo- and cyano-
Gilman reagents are different, but it is now clear that their
intrinsic reactivities are not very different. In fact, the
difference between R2CuLi ´ LiCN and R2CuLi ´ LiI is less
than one order of magnitude in the classic reactions studied
here, including Me2CuLi ´ LiI� 1, which was one of the first
organocuprate applications, and Bu2CuLi ´ LiCN�CyI, for
which the claim of extraordinary reactivity was first made.


We conclude that the reagents prepared from two equiv-
alents of RLi and CuI or CuCN are both Gilman reagents,
which may be different in detail or degree, but not funda-
mentally in reactivity. The overarching truth is neither the CuI-
nor the CuCN-derived cuprate is extraordinarily more reactive.
ªHigher order cyanocupratesº have been promoted as a
revolutionary advance;[69] however, these results suggest that
they should instead be viewed as an evolutionary develop-
ment.
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Experimental Section


General : CuI (Aldrich 99.999 %) and CuCN (Aldrich 99%) were used,
unless otherwise noted. CuI (E. Merck 99%) was purified by the Organo-
metallics in Synthesis procedure,[26a] and CuI (Aldrich 98%) was purified by
the Inorganic Syntheses method.[26b] They were dried as described in the
Results section. The clumps of CuI were crushed by means of a glass rod.
(N.B. the use of a metal spatula contaminates the Cu salt with other
metals.[31]) THF and ether were distilled from K/benzophenone.


Cyclohexyl iodide 6 (Aldrich 98%) was distilled and stored over silver
wool. The 2-cyclohexen-1-one 1 (Aldrich 95�%) and chlorotrimethylsi-
lane (TMSCl, Aldrich 98 %) were used without further purification; they
were stored under Ar in the freezer. Pyridine (Aldrich 99� %) and
triethylamine (Aldrich 99 %) were used as received. BuLi in hexanes (FMC
24%w/w, 2.38m ; Aldrich 2.5m) was used for the enone reactions and BuLi
in pentane (Aldrich 2.0m) was used for the CyI experiments. MeLi (1.52m,
0.20m residual base) in ether was prepared by the Organic Syntheses
procedure.[23a] MeLi ´ THF was crystallized from 1.0m MeLi in THF/
cumene (FMC),[23b] and the pure solid was dissolved in ether to give 1.15m
MeLi ´ THF in ether (0.16m residual base). All lithium reagents were
standardized by means of the Gilman double titration immediately before
use.[31, 70] All reactions were run under an atmosphere of purified nitrogen.


Potentiometric titration of the sat. aq. sodium bicarbonate indicated that it
was 1.04m ; therefore, a 6.00 mL aliquot contained 6.24 mmol of base. The
concentration of residual base in the 2.38m BuLi was 0.22m ; thus, the
amount of residual base added in 0.84 mL (2.00 mmol BuLi) was
0.18 mmol. Then, the total amount of base added to a 1 mmol Bu2CuLi
reaction quenched with 6.00 mL of sat. aq. sodium bicarbonate was
8.42 mmol, including BuLi.


Dry ice/acetone baths were used for low-temperature reactions; they were
monitored by means of calibrated thermocouples. Disposable polypropy-
lene syringes (Becton ± Dickinson, plungers with double seals) or gas-tight
glass syringes (Hamilton) were used for liquid transfers. They were filled
with nitrogen and emptied three times before being filled with liquid and
cooled with powdered dry ice. The tip of the needle was protected from the
atmosphere, except for the brief period when it was between septa.


GLC analyses were performed on a Hewlett ± Packard 5890 gas chromato-
graph equipped with FID detector and 30 m HP-5 capillary column
(0.32 mm i.d., 0.25 mm film, crosslinked 5% diphenyl/dimethylsiloxane). It
was calibrated before each use with authentic products and internal
standard. A BuLi blank was quenched in the same manner as the reaction
mixtures to measure the amount of octane in this reagent. For those entries
in Tables 1 ± 6 where the mass balance was <100 %, the remainder was
recovered starting material.


Typical procedure for the LRP : A portion of CuI (191.0� 0.2 mg, 1.003�
0.001 mmol) was weighed into a 25 mL flask, which had been dried
overnight in an oven (110 8C) and blown out with Ar. After adding a
magnetic stirring bar to the flask and sealing it with a rubber septum, the
atmosphere in it was replaced with purified nitrogen (3 cycles of evacuation
and filling). Decane internal standard (0.100 mL, 73.0 mg) was added with
a tared syringe. A positive pressure of nitrogen was maintained throughout
the rest of the experiment. Dry solvent (THF or ether) was added by
syringe, rinsing down the walls of the flask to make sure all the CuI was
suspended. The volume of solvent was adjusted so that after all additions,
the final concentration would be 0.10m for reactions of 1 (0.12m for 6). The
nominally 0.03 m reactions of 1 were 0.033m, as 1.00 mmol of cuprate was
used and the final volume was 30.0 mL.


The flask was cooled to ÿ78 8C for 6 min with stirring and BuLi in hexane
(2.52m, 0.79 mL, 1.99 mmol, 0.04m residual base) was added slowly. (For
the CyI reactions a 0.98 mL quantity of 2.04m BuLi in pentane was used;
the residual base was 0.19m.) The suspension was stirred at ÿ78 8C for
6 min and then annealed at 0 8C for 6 min.[29a] The resulting black solution
was cooled toÿ78 8C for 6 min. For those reactions that involved TMSCl, it
was added in 1 mL of cold solvent, a 127 mL portion (1.00 mmol) for each
one equivalent. The reaction mixture was stirred for 6 min at ÿ78 8C, and
2-cyclohexen-1-one 1 (96.1 mg, 1.00 mmol) was added in THF (1 mL) with
a cold syringe. The stopwatch was started when the plunger was pushed.
(For CyI reactions a 210 mg quantity of iodocyclohexane 6 was used.)


After the standard LRP time, the plunger was pushed on the syringe
containing the quench solution. In the case of a 4 s reaction, the needle on


the syringe containing the quench solution was inserted through the septum
before injection of the substrate. (Nitrogen was drawn into the inverted
quench syringe before its needle was inserted into the reaction flask to
make sure no water was introduced prematurely and no ice formed in the
needle to clog it.) The stock solutions used in the quenches (sat. aq. sodium
bicarbonate with 1 and sat. aq. ammonium chloride with 6) were
deoxygenated by sparging with nitrogen before each use.


The flask was removed from the dry ice/acetone bath and warmed by hand
until the ice inside it melted. The aqueous layer was checked to make sure it
had pH >7. The organic layer was separated as quickly as possible and
dried over anhydrous sodium sulfate. In the case of THF reactions, an equal
volume of ether was added. The solutions were transferred to vials
containing fresh anhydrous sodium sulfate and analyzed the same day by
GLC. The vials were then sealed with TeflonR tape and stored in a freezer.
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High-Yield Synthesis of Ester, Carbonate, and Acetal Rotaxanes by
Anion Template Assistance and their Hydrolytic Dethreading


Carin Reuter, Wolfgang Wienand, Gosia M. Hübner, Christian Seel, and Fritz Vögtle*[a]


Abstract: New high-yield, threading
syntheses of rotaxanes with ester, car-
bonate and acetal axles are reported. A
phenolate anion is bound as a guest by a
macrocycle, which acts as a concave
template, to form a supramolecular
wheeled nucleophile. This nucleophile
can then react directly with appropriate
components to form different types of
rotaxanes. This method was used to
synthesize two kinds of diester rotax-
anes, which differ in that the ester
groups are arranged in opposite direc-
tions, according to whether the phenolic


functionality was located at the stopper
component or at the axle precursor. Use
of triphenylacetic acid chloride and p-
tritylphenol as the complementary reac-
tive axle building blocks led to a rotax-
ane with only one ester functionality in
the axle. This single ester rotaxane
contains the shortest rotaxane axle


known so far. A rotaxane with a carbo-
nate axle is formed from the reaction
between trichloromethylchloroformate
and (wheeled) phenolate blocking
groups. A similar reaction between di-
chloromethane, used as both solvent and
reagent, and the (wheeled) phenolate
stoppers results in the corresponding
acetal rotaxane in 81 % yield. The ester,
carbonate and acetal axles of the
rotaxanes have been hydrolysed; this
leads to the release of their wheels.


Keywords: macrocycles ´ molecular
recognition ´ supramolecular chem-
istry ´ template effect ´ wheeled
reagents


Introduction


Rotaxanes and catenanes are molecules that consist of
noncovalently interlocked building blocks. They are of
current interest as model systems for molecular recognition
and as precursors for molecular devices.[1] Their synthesis is
usually based on template assistance, for example, the
preorganization of building blocks by metal coordination,
hydrophobic and donor ± acceptor interactions, or hydrogen
bonding.[2] The often rather low yields in the synthesis of
uncharged rotaxanes[3] have been improved with the develop-
ment of more efficient template strategies, such as the new
synthesis of ether rotaxanes from anion templates in almost
quantitative yields.[4] This synthesis has a reverse similarity to
the rotaxane formation introduced by Stoddart et al.:[2b] the
template is made by preorganization of a phenolate anion
such as deprotonated 1 and a macrocyclic tetralactam 2[5] into
a supramolecular complex 3 (Scheme 1). According to NMR
experiments, molecular recognition results from the interac-
tion between the phenolate oxygen and at least one of the two
isophthalamide units of the wheel 2,[6] whose hydrogens are
pointing towards the cycle�s centre, as shown by several X-ray


Scheme 1. Formation of a supramolecular nucleophile 3 (wheeled pheno-
late) as a precursor for rotaxane synthesis.


structure analyses.[7] The supramolecular nucleophile 3, which
was formed in this way, and can be considered to be a wheeled
phenolate, can now generate a rotaxane by an SN reaction with
a suitably functionalized electrophilic axle centre piece or
stoppers.


Results and Discussion


Here we report an extension of this new method to form
rotaxanes with ester, carbonate and acetal axles by four
different synthetic pathways. Firstly, we describe the reaction
of an activated carboxylic acid building block with a
phenolate (routes A and B, Scheme 2). For these routes the
formation of the phenolate anion template complex is
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essential for the preferential formation of rotaxanes over the
competing formation of the free axles. Secondly, we aimed to
form ester axles by reaction between carboxylate anions and
suitable alkylating agents (routes C and D, Scheme 2). In
contrast to the first method, quantitative complexation of
carboxylate anions by the tetralactam is the basic mechanistic
step for rotaxane formation. For all these cases, the anionic
functional group can be located either at the stopper
component or at the axle centre piece.


However, only routes A and B, via phenolate anion
templates, were successful. Selective deprotonation of the
phenolic component, without affecting the carbonamide
protons of the wheel, was achieved with equivalent amounts
of potassium carbonate with a tenth equivalent of [18]crown-6
in dichloromethane and chloroform. The crown ether in-


creases the solubility of potassium carbonate and also
prevents the formation of a strong ion pair between the
phenolate anion and the potassium cation, which would
reduce both the nucleophilic reactivity and the complexation
tendency of the phenolate anion.


Typical, and more polar, solvents for SN reactions, such as
acetone, ether or dimethylformamide were not used, because
they would reduce the affinity of the tetralactam for the
phenolates. In addition, the components (especially the
wheel) are sparingly soluble in these solvents.


Table 1 summarizes the building blocks employed and the
resulting yields.[8] The reactivity and the length of the axle


Abstract in German: Mittels der hier beschriebenen Synthese-
verfahren gelang erstmals ein effizienter Zugang zu neuartigen
Rotaxanen mit Ester-, Carbonat- und Acetal-Achsen. Pheno-
lat-Anionen bilden mit den Carbonamid-NH-Gruppen eines
Tetralactam-Makrocyclus Wasserstoffbrückenbindungen und
damit ein supramolekulares, beringtes Nucleophil. Ausgehend
von diesen Supranucleophilen werden durch chemisches Ein-
fädeln zwei Reihen unterschiedlicher Diester-Rotaxane her-
gestellt. Je nach Positionierung der Phenol-Gruppe ± Anbin-
dung entweder an den Stopperbaustein oder an den Achsen-
mittelstück-Vorläufer ± entstehen Rotaxane mit jeweils ent-
gegengesetzter Anordnung der Ester-Einheiten. Durch Ver-
wendung von Triphenylessigsäurechlorid und p-Tritylphenol
als komplementäre Achsenbausteine läût sich ein Rotaxan mit
nur einer Ester-Funktionalität in der Achse darstellen. Dieses
Monoester-Rotaxan enthält wohl die bisher kürzeste bekannte
Rotaxan-Achse überhaupt. Umsetzung von Trichloromethyl-
chloroformiat mit zwei ¾quivalenten p-Tritylphenolat in
Anwesenheit des Tetralactam-Reifs führt zu einem Rotaxan
mit Carbonat-Achse. Mit Dichlormethan als Lösungsmittel
und zugleich Reagenz entsteht das entsprechende Acetal-
Rotaxan in einer Ausbeute von 81 % in einstufiger Reaktion.
Schlieûlich ist es möglich, durch saure Hydrolyse in Umkeh-
rung des chemischen Einfädelns die Rotaxan-Achsen unter
Freisetzung des Reifs zu spalten.


Scheme 2. Synthesis of rotaxanes with diester axles 5a ± d and 10a ± d.


Table 1. Overview of the building blocks used for the two synthetic routes A and B,
as well as the carbonate, acetal and single ester routes.


Axle centre Stopper Yield
part component [%]
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precursors were varied to investigate the scope and applic-
ability of our synthetic procedure.


Since phenols react with acid chlorides without prior
deprotonation, which is a requirement for the formation of
the supramolecular nucleophile, a large quantity (56 ± 73 %)
of free axles was formed in the syntheses of 5 a ± d (route A),
14, and 17. In the series of compounds with diphenolic axle
centre pieces (route B), the yields increased substantially with
increasing length of bisphenol (Table 1). A similar depend-
ence of yield on the diacid dichloride lengths was not
observed for route A.


An unexpected result was the formation of the acetal
rotaxane 16, at least in small amounts, in all the syntheses with
p-tritylphenolate (1) in dichloromethane. This results from
the reaction between the wheeled p-tritylphenolate stopper
reagent 3 and the solvent. Therfore chloroform was used as
the solvent, as it does not react in this way with p-
tritylphenolate, and yields up to 26 % were reached. Under
the same reaction conditions with dichloromethane, but
without addition of a diacid chloride electrophile, this side
reaction was optimized to an 81 % yield of the acetal rotaxane
16 (Scheme 3).


Scheme 3. Synthesis of carbonate, acetal and single ester rotaxanes 14, 16
and 17.


A rotaxane with a carbonate axle (14) was synthesized in
26 % yield from trichloromethylchloroformate (13) as the axle
centre piece precursor (Scheme 3). The reaction of the
wheeled phenolate complex 3 with the acid chloride stopper
9 yielded 18 % of a single ester rotaxane 17 (Scheme 3). The
lower yield of this reaction relative to that of route B is not
surprising, even though only one bond was formed, because
both reaction components are sterically hindered. With only
seven bonds between the two trityl methine carbons, this
single ester rotaxane probably contains the shortest axle
centre part ever incorporated into a rotaxane (Figure 1).[9]


Figure 1. Axle 18 of the single ester rotaxane 17.


The chemical reversal of the threading rotaxane synthesis
(chemical dethreading) is easily achieved by hydrolysis of the
ester and the acetal bonds of the rotaxanes, upon which the
wheel and the axle building blocks are released (Scheme 4).


Scheme 4. Hydrolysis of selected rotaxanes: the ester, carbonate and
acetal rotaxanes 5 a, 10 b, 14 and 16.


Conclusion


The results reported here for rotaxanes emphasize the wide
scope and applicability of this new anion template assistance
method for the synthesis of mechanically bound molecules. In
contrast to already known and also very effective rotaxane
syntheses, which are also based on ionic template assistance,
this synthetic concept does not result in charged, but in
electrically neutral rotaxanes. This is made possible by the use
of an anionic precursor that acts as both templating agent and
functional group for the threading reaction. We are currently
investigating the threading syntheses, by SN and related
reactions, of rotaxanes with different ionic guests as axle
centre pieces or blocking groups.[10]


Experimental Section


General : All solvents were distilled prior to use. 4-Tritylphenol (Lancas-
ter), triphenylacetic acid (Lancaster), 3,5-di-tert-butylbenzoic acid (Lan-
caster), 4,4'-ethylenebisphenol (Aldrich), 4,4'-dihydroxybisphenol (Al-
drich), 4,4'-dihydroxydiphenylmethane (Aldrich), 4,4'-(1,4-phenylenediiso-
propylidene)bisphenol (Aldrich), trichloromethylchloroformate (Merck),
and all other chemicals were of the best commercial quality available and
were used as received. The tetralactam macrocycle was prepared as
reported previously.[5] Acid chlorides, if not commercially obtained, were
synthesized and purified by standard procedures and not fully character-







Rotaxanes 2692 ± 2697


Chem. Eur. J. 1999, 5, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0509-2695 $ 17.50+.50/0 2695


ized. Elemental analyses were done by the analytical facilities of the
KekuleÂ -Institut für Organische Chemie und Biochemie of the University of
Bonn. FAB-MS spectra were recorded on a Concept 1 H Kratos Analytical
Manchester instrument with a matrix of m-nitrobenzoylalcohol. MALDI-
TOF spectra were measured on MALDI-TofSpecE, Micromass, Man-
chester instruments, with matrixes of 9-nitroanthracene or 2,5-dihydroxy-
benzoic acid. 1H and 13C NMR spectra were recorded on AM 250
(62.9) MHz or AM 400 (100.6) MHz Bruker, Analytische Meûtechnik
GmbH, Karlsruhe, spectrometers.


General procedure for route A (rotaxanes 5a ± d) and the syntheses of the
carbonate rotaxane 14, the acetal rotaxane 16, and the single ester rotaxane
17: A mixture of tetralactam cycle 2 (100 mg, 0.104 mmol), p-tritylphenol 1
(70 mg, 0.208 mmol), potassium carbonate (29 mg, 0.208 mmol) and
dibenzo[18]crown-6 (8 mg, 0.021 mmol) in dry chloroform (5 mL) was
cooled in an ice bath and stirred for 15 min. A solution of diacid dichloride
4a ± d (1 equiv, 0.104 mmol) in dry chloroform (3 mL) under argon was
added over a period of 1.5 h. The reaction mixture was allowed to warm up
slowly to room temperature and stirred for seven days. Then the solvent
was removed under reduced pressure and the crude product was purified by
column chromatography on silica gel with CH2Cl2/ethyl acetate (25:1).
Yields are given in Table 1.


Rotaxane 5 a : Rf� 0.11; yield 20% (36.7 mg, 0.021 mmol) as a colourless
powder; m.p. 198 8C; 1H NMR (400 MHz, [D7]DMF, 25 8C): d� 1.38 (s, 9H;
tBu CH3), 1.50 (s, 4 H; cyclohexanediyl CH2), 1.59 (s, 8H; cyclohexanediyl
CH2), 1.92 (s, 24H; CH3), 2.40 (s, 8H; cyclohexanediyl CH2), 6.66 (d,
3J(H,H)� 8.8 Hz, 4 H; phenolate), 7.11 (s, 8 H; amidophenyl), 7.18 ± 7.51 (m,
37H; trityl, isophthaloyl), 7.70 (t, 3J(H,H)� 7.3 Hz, 1H; isophthaloyl), 8.04
(d, 2 H; 3J(H,H)� 7.3 Hz, isophthaloyl), 8.11 (s, 2 H; 5-tBu-isophthaloyl),
8.39 (s, 1H; isophthaloyl), 8.52 (s, 2H; amide), 8.59 (s, 2H; amide), 8.65 (s,
2H; 5-tBu-isophthaloyl); 13C NMR (100.6 MHz, [D7]DMF, 25 8C): d� 18.9,
19.0 (CH3), 23.5, 26.8, 35.8 (cyclohexanediyl CH2), 31.4 (tBu CH3), 35.6
(tBu Cq), 45.5 (cyclohexanediyl Cq), 65.3 (Cq), 120.9, 125.2, 126.8, 126.9,
127.0, 127.6, 128.3, 128.4, 128.5, 130.2, 130.3, 131.4, 131.6, 132.8, 135.5 (CH),
132.8, 133.3, 133.4, 135.5, 135.6, 135.7, 135.8, 145.1, 147.3, 147.4, 148.1, 148.9,
153.1 (Cq), 165.3, 165.5 (amide Cq), 165.7 (ester Cq); MALDI-TOF MS:
m/z :calcd 1764.8 [M�]; found 1764.8.


Rotaxane 5b : Rf� 0.30; yield 19% (36.4 mg, 0.020 mmol) as a colourless
powder; m.p. 219 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d� 1.42 (s, 9H;
tBu CH3), 1.50 (s, 4 H; cyclohexanediyl CH2), 1.65 (s, 8H; cyclohexanediyl
CH2), 1.86 (s, 24H; CH3), 2.27 (s, 8H; cyclohexanediyl CH2), 6.71 (d,
3J(H,H)� 8.7 Hz, 4H; phenolate), 6.83 (s, 8 H; aryl), 6.97 (d, 3J(H,H)�
8.7 Hz, 4H; phenolate), 7.00 (s, 2H; amide), 7.08 ± 7.14 (m, 12H; trityl,
amide), 7.15 ± 7.22 (m, 21H; trityl, isophthaloyl), 7.71 (d, 3J(H,H)� 8.4 Hz,
4H; biphenyl), 7.72 (t, 3J(H,H)� 7.6 Hz, 1 H; isophthaloyl), 7.81 (s, 1H;
5-tBu-isophthaloyl), 8.01 (d, 3J(H,H)� 8.4 Hz, 4 H; biphenyl), 8.25 (d,
3J(H,H)� 7.6 Hz, 2H; isophthaloyl), 8.27 (s, 2H; 5-tBu-isophthaloyl);
13C NMR (62.9 MHz, CDCl3, 25 8C): d� 18.6, 18.7 (CH3), 23.0, 26.8, 35.8
(cyclohexanediyl CH2), 31.4 (tBu CH3), 35.5 (tBu Cq), 45.3 (cyclohexane-
diyl Cq), 64.6 (Cq), 120.1, 121.2, 124.9, 126.4, 126.7, 127.8, 128.9, 129.3, 130.6,
130.8, 130.9, 131.0, 131.1, 132.1 (CH), 132.1, 134.5, 134.7, 134.8, 145.0, 146.5,
148.3, 148.7, 148.8 (Cq), 164.7, 165.2 (amide Cq), 166.1 (ester Cq); MALDI-
TOF MS: m/z : calcd 1840.4 [M�Na�], found 1863.8.


Rotaxane 5c : Rf� 0.14; yield 16% (30.6 mg, 0.01 mmol) as a colourless
powder; m.p. 183 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d� 1.38 (s, 9H;
tBu CH3), 1.59 (s, 4 H; cyclohexanediyl CH2), 1.69 (s, 8H; cyclohexanediyl
CH2), 1.82 (s, 24H; CH3), 2.32 (s, 8H; cyclohexanediyl CH2), 6.20 (d,
3J(H,H)� 8.8 Hz, 4H; phenolate), 6.86 ± 7.21 (m, 46H; amidophenyl, trityl,
isophthaloyl), 7.39 (s, 2 H; amide), 7.43 (s, 1H; isophthaloyl), 7.61 (s, 1H;
isophthaloyl), 7.65 (t, 3J(H,H)� 7.6 Hz, 1H; isophthaloyl), 8.16 (d,
3J(H,H)� 7.6 Hz, 2H; isophthaloyl), 8.20 (s, 2H; 5-tBu-isophthaloyl),
8.22 (s, 1H; 5-tBu-isophthaloyl); 13C NMR (100.6 MHz, CDCl3): d� 18.8
(CH3), 23.1, 26.4, 35.9 (cyclohexanediyl CH2), 31.3 (tBu CH3), 35.6 (tBu
Cq), 45.4 (cyclohexanediyl Cq), 64.6 (Cq), 120.5, 120.9, 124.8, 126.6, 126.8,
126.9, 127.1, 127.1, 127.3, 127.7, 127.9, 129.3, 130.7, 130.9, 131.0, 131.1 (CH),
131.2, 132.1, 132.8, 133.1, 134.5, 134.7, 134.9, 135.0, 137.7, 145.0, 147.0, 149.1,
154.2 (Cq), 164.7, 165.2 (amide Cq); MALDI-TOF MS: m/z : calcd 1840.4
[M�Na�], found 1863.8.


Rotaxane 5d : Rf� 0.22; yield 14 % (27.8 mg, 0.015 mmol) as a colourless
powder; m.p. 163 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d� 1.40 (s, 9H;
tBu CH3), 1.53 (s, 4 H; cyclohexanediyl CH2), 1.69 (s, 8H; cyclohexanediyl


CH2), 1.88 (s, 24H; CH3), 2.32 (s, 8H; cyclohexanediyl CH2), 6.31 (d,
3J(H,H)� 8.5 Hz, 4H; phenolate), 6.87 (d, 3J(H,H)� 8.5 Hz, 4H; pheno-
late), 6.93 (s, 8H; amidophenyl), 6.98 (s, 2H; amide), 7.02 ± 7.31 (m, 38H;
trityl, biphenyl), 7.44 (s, 1H; isophthaloyl), 7.64 (s, 1 H; amide), 7.70 (t,
3J(H,H)� 7.8 Hz, 1 H; isophthaloyl), 7.92 (s, 1H; 5-tBu-isophthaloyl), 7.97
(s, 1H; amide), 8.19 (d, 3J(H,H)� 7.6 Hz, 2H; isophthaloyl), 8.21 (s, 2H;
5-tBu- isophthaloyl); 13C NMR (100.6 MHz, CDCl3, 25 8C): d� 18.8 (CH3),
23.1, 26.4, 35.9 (cyclohexanediyl CH2), 31.3 (tBu CH3), 35.5 (tBu Cq), 45.4
(cyclohexanediyl Cq), 64.6 (Cq), 120.5, 120.9, 121.4, 123.5, 126.3, 126.4,
126.9, 127.5, 127.7, 127.8, 128.1, 128.2, 129.3, 131.1 (CH), 131.1, 132.1, 132.6,
134.5, 134.7, 135.0, 136.1, 144.6, 146.1, 146.2, 146.5, 146.6, 149.2, 154.3 (Cq),
164.8, 165.3 (amide Cq); MALDI-TOF MS: m/z : calcd 1912.5 [M�Na�],
found 1936.0.


Carbonate rotaxane 14 : Compound 14 was prepared in the same way as
described above, but with trichloromethylchloroformate 13 (18.2 mg,
0.104 mmol) instead of the diacid dichloride component. Rf� 0.28; yield
26% (44.9 mg, 0.027 mmol) as a colourless powder; m.p. 192 8C; 1H NMR
(400 MHz, CDCl3, 25 8C): d� 1.40 (s, 9H; tBu CH3), 1.51 (s, 4H;
cyclohexanediyl CH2), 1.64 (s, 8H; cyclohexanediyl CH2), 1.82 (s, 24H;
CH3), 2.23 (s, 8 H; cyclohexanediyl CH2), 5.88 (d, 4H; 3J(H,H)� 8.7 Hz,
phenolate), 6.88 (s, 8H; aryl), 6.90 (s, 2 H; amide), 6.92 (d, 3J(H,H)�
8.7 Hz, 4 H; phenolate), 6.99 (m, 12 H; trityl, amide), 7.15 (m, 20 H; trityl),
7.55 (s, 1H; isophthaloyl), 7.68 (t, 3J(H,H)� 7.8 Hz, 1 H; isophthaloyl), 7.78
(s, 1 H; 5-tBu-isophthaloyl), 8.22 (d, 3J(H,H)� 7.8 Hz, 2H; isophthaloyl),
8.28 (s, 2 H; 5-tBu-isophthaloyl); 13C NMR (62.9 MHz, CDCl3, 25 8C): d�
18.7 (CH3), 23.4, 26.4, 35.9 (cyclohexanediyl CH2), 31.3 (tBu CH3), 35.5
(tBu Cq), 45.3 (cyclohexanediyl Cq), 64.5 (Cq), 119.2, 121.1, 123.7, 126.5,
126.8, 127.9, 129.3, 130.4, 130.8, 131.0, 132.1, 132.4 (CH), 134.3, 134.5, 134.8,
146.0, 146.4, 148.0, 149.1, 153.3, 154.3 (Cq), 164.5, 165.0 (amide Cq) 159.9
(carbonate Cq); MALDI-TOF MS: m/z : calcd 1660.2 [M�], found 1660.9;
Elemental analysis: calcd for C115H110N4O7 ´ C8H16O4: C 80.45, H 6.91, N
3.05; found: C 80.10, H 6.74, N 2.99.


Acetal rotaxane 16 : The preparation of 16 required the use of tetralactam
cycle 2, two equivalents of p-tritylphenol 1, potassium carbonate and
dibenzo[18]crown-6 under the conditions described above. Rf� 0.28; yield
81% (138.6 mg, 0.084 mmol) as a colourless powder; m.p. 194 ± 197 8C;
1H NMR (400 MHz, [D7]DMF, 25 8C): d� 1.38 (s, 9 H; tBu CH3), 1.51 (s,
4H; cyclohexanediyl CH2), 1.60 (s, 8H; cyclohexanediyl CH2), 1.89 (s, 24H;
aryl CH3), 2.39 (s, 8H; cyclohexanediyl CH2), 4.08 (s, 2 H; acetal CH2), 6.19
(d, 3J(H,H)� 8.8 Hz, 4H; phenolate), 7.00 (d, 3J(H,H)� 8.8 Hz, 4 H;
phenolate), 7.03 (s, 8H; amidophenyl), 7.25 (m, 30 H; trityl), 7.71 (t,
3J(H,H)� 7.6 Hz, 1H; isophthaloyl), 8.01 (s, 1H; isophthaloyl), 8.10 (d,
3J(H,H)� 7.6 Hz, 2H; isophthaloyl), 8.40 (s, 2H; 5-tBu-isophthaloyl), 8.55
(s, 1H; 5-tBu-isophthaloyl), 8.79 (s, 2H; amide), 8.81 (s, 2 H; amide);
13C NMR (100.6 MHz, [D7]DMF, 25 8C): d� 19.1, 19.2 (aryl CH3), 23.5,
26.8, 35.9 (cyclohexanediyl CH2), 31.4 (tBu CH3), 45.5 45.6 (cyclohexane-
diyl Cq), 64.9 (Cq), 92.3 (acetal CH2), 116.1, 126.1, 126.5, 126.6, 126.9, 128.2,
128.3, 128.5, 129.9, 131.3, 131.4, 132.4 (CH), 132.7, 133.6, 133.7, 135.5, 135.6,
135.7, 140.9, 141.2, 147.6, 153.1, 155.0, 155.6 (Cq), 165.6, 165.8 (amide Cq);
MALDI-TOF MS: m/z : calcd 1646.2 [M�Na�], found 1668.7;
C115H112N4O8 ´ C4H8O2 (1766.28): calcd C 82.51, H 6.87, N 3.23; found: C
82.25, H 6.90, N 3.17.


Single ester rotaxane 17: The synthesis of 17 required equimolar amounts
of triphenylacetic acid chloride 9 and p-tritylphenol 1. Compound 9 was
added directly to the mixture of the other reactants under the above-
mentioned conditions. Rf� 0.24; yield 18 % (29.3 mg, 0.019 mmol) as a
colourless powder; m.p. 187 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d�
1.41 (s, 9H; tBu CH3), 1.49 ± 1.82 (m, 36H; aryl CH3, cyclohexanediyl CH2),
2.29 (s, 8 H; cyclohexanediyl CH2), 5.05 (d, 3J(H,H)� 8.6 Hz, 2 H;
phenolate), 6.30 (d, 3J(H,H)� 8.6 Hz, 2H; phenolate), 6.68 ± 7.25 (m,
42H; trityl, amidophenyl, amide), 7.62 (s, 1 H; isophthaloyl), 7.64 (t,
3J(H,H)� 7.7 Hz, 1H; isophthaloyl), 7.88 (s, 1 H; 5-tBu-isophthaloyl), 8.11
(d, 3J(H,H)� 7.7 Hz, 2 H; isophthaloyl), 8.12 (s, 2H; 5-tBu-isophthaloyl);
13C NMR (62.9 MHz, CDCl3, 25 8C): d� 18.5 (aryl CH3), 23.2, 26.4, 36.3
(cyclohexanediyl CH2), 31.4 (tBu CH3), 35.5 (tBu Cq), 45.5 (cyclohexane-
diyl Cq), 64.5, 67.4 (Cq), 119.5, 120.2, 122.2, 124.9, 127.1, 127.6, 127.7, 127.9,
128.1, 129.2, 129.8, 130.3, 131.1, 132.1, 132.2 (CH), 126.1, 131.2, 134.7, 134.8,
135.1, 135.2, 141.4, 146.4, 148.6, 148.8, 154.2 (Cq), 165.3, 165.8 (amide Cq),
176.9 (ester Cq); MALDI-TOF MS: m/z : calcd 1568.1 [M�Na�], found
1591.1.
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General procedure for route B (10 a ± d): A mixture of tetralactam cycle 2
(100 mg, 0.104 mmol), the bisphenolic component 20 a ± d (1 equiv,
0.104 mmol), triphenylacetic acid chloride 9 (63 mg, 0.208 mmol), potas-
sium carbonate (29 mg, 0.208 mmol) and [18]crown-6 (5 mg, 0.021 mmol)
in dry dichloromethane (10 mL) was cooled in an ice bath. The reaction
mixture was allowed to warm up slowly to room temperature and stirred for
seven days. The solvent was removed under reduced pressure, and the
crude product was purified by column chromatography (SiO2, 63 ± 100 mm)
with CH2Cl2/ethyl acetate (25:1). Yields are given in Table 1.


Rotaxane 10 a : Rf� 0.41; yield 45 % (74.2 mg, 0.047 mmol) as a colourless
powder; m.p. >340 8C; 1H NMR (250 MHz, CDCl3/CD3OD, 25 8C): d�
1.29 (s, 9 H; tBu CH3), 1.40 (s, 4H; cyclohexanediyl CH2), 1.51 (s, 8H;
cyclohexanediyl CH2), 1.63 (s, 24H; aryl CH3), 2.20 (s, 8 H; cyclohexanediyl
CH2), 5.98 (d, 3J(H,H)� 8.4 Hz, 4H; biphenyl), 6.39 (d, 3J(H,H)� 8.4 Hz,
4H; biphenyl), 6.87 ± 7.18 (m, 42H; trityl, amidophenyl, amide), 7.31 (s, 1H;
isophthaloyl), 7.45 (t, 3J(H,H)� 7.8 Hz, 1 H; isophthaloyl), 7.50 (s, 1H;
5-tBu-isophthaloyl), 7.82 (d, 3J(H,H)� 7.8 Hz, 2H; isophthaloyl), 7.89 (s,
2H; 5-tBu-isophthaloyl); 13C NMR (100.6 MHz, CDCl3/CD3OD, 25 8C):
d� 18.2 (aryl CH3), 22.7, 24.0, 35.7 (cyclohexanediyl CH2), 30.7 (tBu CH3)
5.0 (tBu Cq), 45.0 (cyclohexanediyl Cq), 67.3 (Cq), 121.2, 123.1, 125.8, 126.5,
126.8, 127.3, 127.7, 127.8, 128.6, 129.7, 129.9, 131.5 (CH), 130.7, 130.1, 133.7,
133.9, 134.9, 135.0, 136.4, 141.3, 148.7, 149.9, 15.7 (Cq), 166.1, 166.4 (amide
Cq), 174.8 (ester Cq); FAB MS: m/z : calcd 1688.2 [M�], found 1687.6;
C116H110N4O8 ´ C4H8O2 ´ H2O ´ CH4O (1286.33): calcd C 79.58, H 6.84, N
3.07; found: C 79.33, H 6.44, N 3.15.


Rotaxane 10 b : Rf� 0.22; yield 46% (75.0 mg, 0.046 mmol) as a colourless
powder; m.p. 197 ± 200 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d� 1.39 (s,
9H; tBu CH3), 1.56 (s, 4H; cyclohexanediyl CH2), 1.70 (s, 8H; cyclo-
hexanediyl CH2), 1.83 (s, 24 H; aryl CH3), 2.39 (s, 8 H; cyclohexanediyl
CH2), 3.73 (s, 2H; diaryl CH2), 5.99 (d, 3J(H,H)� 8.2 Hz, 4H; aryl), 6.40 (d,
3J(H,H)� 8.2 Hz, 4H; aryl), 6.60 (s, 1H; amide), 6.62 (s, 1H; amide), 6.78 ±
7.39 (m, 42H; trityl, amidophenyl, amide), 7.45 (s, 1 H; isophthaloyl), 7.59 (t,
3J(H,H)� 7.6 Hz, 1H; isophthaloyl), 7.65 (s, 1 H; 5-tBu-isophthaloyl), 8.10
(d, 3J(H,H)� 7.6 Hz, 2 H; isophthaloyl), 8.18 (s, 2H; 5-tBu-isophthaloyl);
13C NMR (100.6 MHz, CDCl3, 25 8C): d� 18.6, 18.7 (aryl CH3), 22.6, 23.0,
36.1 (cyclohexanediyl CH2), 26.3 (ethylene CH2), 31.2 (tBu CH3), 35.3 (tBu
Cq), 45.3 (cyclohexanediyl Cq), 67.3 (Cq), 115.2, 120.9, 121.5, 124.3, 126.4,
127.1, 127.3, 127.9, 129.1, 129.4, 129.9, 130.2 (CH), 130.8, 130.9, 131.9, 134.1,
134.3, 134.9, 137.8, 148.9, 149.1, 149.2, 154.1 (Cq), 164.8, 165.2 (amide Cq),
171.3 (ester Cq); FAB-MS: m/z : calcd 1702.2 [M�], found 1702.8;
C117H112N4O8 ´ C12H24O6 ´ H2O (1994.34): calcd C 76.83, H 6.89, N 2.78;
found: C 76.69, H 6.51, N 2.81.


Rotaxane 10c : Rf� 0.44; yield 63% (112.4 mg, 0.066 mmol) as a colourless
powder; m.p. 215 ± 217 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d� 1.40 (s,
9H; tBu CH3), 1.48 (s, 2H; ethylene CH2), 1.49 (s, 2H; ethylene CH2), 1.56
(s, 4 H; cyclohexanediyl CH2), 1.72 (s, 8 H; cyclohexanediyl CH2), 1.78 (s,
24H; CH3), 2.39 (s, 8H; cyclohexanediyl CH2), 5.67 (d, 3J(H,H)� 7.3 Hz,
4H; p-xylylene H), 6.47 (d, 3J(H,H)� 7.3 Hz, 4H; p-xylylene), 6.77 (s, 1H;
amide), 6.79 (s, 1H; amide), 6.85 (s, 1 H; amide), 6.91 ± 7.29 (m, 39 H; trityl,
amidophenyl, amide), 7.44 (s, 1 H; isophthaloyl), 7.56 (t, 3J(H,H)� 7.6 Hz,
1H; isophthaloyl), 7.59 (s, 1H; 5-tBu-isophthaloyl), 8.10 (d, 3J(H,H)�
7.6 Hz, 2H; isophthaloyl), 8.19 (s, 2H; 5-tBu-isophthaloyl); 13C NMR
(100.6 MHz, CDCl3, 25 8C): d� 18.7, 18.8 (CH3), 24.2, 26.3, 36.0 (cyclo-
hexanediyl CH2), 36.6 (tBu CH3), 40.6 (diaryl CH2), 45.4 (cyclohexanediyl
Cq), 60.4 (tBu Cq), 67.4 (Cq), 120.9, 121.5, 124.2, 126.8, 127.3, 127.9, 128.1,
129.1, 129.9, 130.2, 131.9, 132.0 (CH), 131.0, 131.3, 132.1, 134.1, 134.2, 135.0,
135.1, 141.7, 143.2, 148.9, 149.0, 154.0 (Cq), 164.6, 165.1 (amide Cq), 174.5
(ester Cq); MALDI-TOF MS: m/z : calcd 1716.2 [M�Na�], found 1739.4;
C118H114N4O8 ´ C4H8O2 (1804.32): calcd C 81.21, H 6.81, N 3.11; found: C
80.91, H 6.70, N 3.10.


Rotaxane 10d : Rf� 0.38; yield 65 % (125.0 mg, 0.068 mmol) as a colourless
powder; m.p. 216 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d� 1.39 (s, 9H;
tBu CH3), 1.42 (s, 12H; dimethylmethylene CH3), 1.59 (s, 4 H; cyclo-
hexanediyl CH2), 1.70 (s, 8H; cyclohexanediyl CH2), 1.78 (s, 24 H; CH3),
2.38 (s, 8 H; cyclohexanediyl CH2), 6.79 ± 7.41 (m, 54H; trityl, amidophenyl,
amide), 7.44 (s, 1H; isophthaloyl), 7.59 (t, 3J(H,H)� 7.7 Hz, 1 H; isophthal-
oyl), 7.68 (s, 1 H; 5-tBu-isophthaloyl), 8.12 (d, 3J(H,H)� 7.6 Hz, 2H;
isophthaloyl), 8.21 (s, 2 H; 5-tBu-isophthaloyl); 13C NMR (100.6 MHz,
CDCl3, 25 8C): d� 18.7, 19.0 (CH3), 23.0, 26.3, 36.2 (cyclohexanediyl CH2),
30.9 (dimethylmethylene CH3), 31.2 (tBu CH3), 35.4 (tBu Cq), 42.1
(dimethylmethylene Cq), 45.3 (cyclohexanediyl Cq), 67.4 (Cq), 121.3,


124.4, 126.9, 127.1, 127.3, 127.5, 127.8, 127.9, 128.0, 129.2, 130.1, 130.3, 130.9,
132.0 (CH), 127.8, 129.2, 130.2, 130.3, 131.0, 134.1, 134.3, 135.0, 135.1, 148.9,
149.0, 154.1 (Cq), 164.6, 165.1 (amide Cq), 174.1 (ester Cq); FAB-MS: m/z :
calcd 1848.5 [M�H�], found 1849.1; C128H126N4O8 ´ C4H8O2 ´ CH2Cl2


(2021.27): calcd C 79.02, H 6.78, N 3.51; found: C 79.05, H 6.69, N 3.61.


Hydrolysis of the ester rotaxanes 5a and 10b, the carbonate rotaxane 14,
and the acetal rotaxane 16 : A solution of the rotaxane (0.05 mmol), THF
(10 mL) and hydrochloric acid (1 mL, 37%) was stirred for 1 day at room
temperature. The course of the ester saponification was followed by thin
layer chromatography.
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Ru-Labeled Oligonucleotides for Photoinduced Reactions on
Targeted DNA Guanines


I. Ortmans,[a] S. Content,[a] N. Boutonnet,[a] A. Kirsch-De Mesmaeker,*[a] W. Bannwarth,[b]


J.-F. Constant,[c] E. Defrancq,[c] and J. Lhomme[c]


Abstract: As a strategy to synthesize
new sequence-specific DNA photore-
agents, oligodeoxyribonucleotides bear-
ing a photoreactive [RuII(tap)2(dip)]2�


complex (tap� 1,4,5,8-tetraazaphenan-
threne; dip� 4,7-diphenylphenanthro-
line) tethered to a central nucleotide
base have been prepared and character-
ized. The resulting Ru-labeled oligonu-
cleotides exhibit absorption and emis-
sion properties of the tethered metal
complex and bind to complementary
single-stranded DNA sequences. The


thermal denaturation curves are not
significantly affected by the chemical
attachment of the complex. Steady-state
and time-resolved emission data reveal a
significant luminescence quenching
upon hybridization of the Ru-labeled
oligonucleotide with the complementary
target strand, if the strand contains


guanines. Based on the behavior of the
free complex, the quenching process is
attributed to a photoinduced electron
transfer from the guanines of the target
strand. This primary process is related to
the formation of photoproduct(s) on the
duplex that generate an irreversible
photocrosslinking of the two strands.
This work constitutes an initial step in
the design of sequence-specific photo-
crosslinking agents.


Keywords: DNA oxidation ´ elec-
tron transfer ´ oligonucleotides ´
photooxidations ´ ruthenium


Introduction


There is considerable interest in the development of new
chemical reagents which target nucleic acids in a sequence-
specific fashion. One of the most attractive ways of achieving
this goal involves tethering of the active compound to a DNA
probe sequence.[1±4] In the resulting conjugate, the ability of
DNA oligomers to bind specific complementary nucleic acid
sequences is in principle retained, whereas ancillary reactive
properties are introduced. This strategy has been successfully


applied in several fields and particularly with transition metal
species. Thus site-specifically platinated oligodeoxyribonu-
cleotides were prepared by automated solid-phase synthesis.[5]


Various RuII compounds such as [Ru(bpy)3]2� (bpy� 2,2'-
bipyridine),[6] [Ru(dip)3]2� (dip� 4,7-diphenylphenanthro-
line),[7±10] and enantiomerically pure [Ru(phen)2(dppz)]2�


(phen� 1,10-phenanthroline; dppz� dipyrido[3,2-a :2',3'-c]-
phenazine)[11] were anchored to synthetic DNA strands in
order to prepare luminescent oligonucleotide probes. The role
of DNA in the mediation of the electron transfer process was
investigated with oligonucleotides derivatized by metal com-
plexes.[12±15] Oxidative DNA damage and thymine dimer
repair by intercalated RhIII-phi and RuIII complexes, attached
to the 5'- or 3'- terminal phosphates of an oligonucleotide
duplex, were also investigated.[16±18] Sequence-specific artifi-
cial nucleases were designed by tethering to single-stranded
probe sequences, redox-active metal compounds such as FeII-
EDTA,[19, 20] CuII-(o-phenanthroline)2,[21, 22] FeII-bleomycin,[23]


and several metalloporphyrins.[24±27]


Our research topic has been focused on the use of
polypyridyl ruthenium(ii) complexes based on tap and hat
ligands as depicted in Figure 1 as efficient light-activated
reagents of nucleic acids. These complexes were found to
produce light-induced strand breaks in plasmid DNA.[28±30]


Interestingly, these same tap and hat compounds such as
[Ru(tap)3]2� and [Ru(tap/hat)2L]2� (L� bpy or phen) are also
able to form photoadducts with guanosine-5'-monophosphate
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Figure 1. (tap) and (hat) ligands and photoadduct (tap� 1,4,5,8-tetra-
azaphenanthrene; hat� 1,4,5,8,9,12-hexaazatriphenylene).


(GMP) and the guanines in calf thymus DNA (CT-DNA) and
synthetic polynucleotides.[28±31] Both types of DNA damages
(photocleavage and photoadduct formation) are initiated by a
direct photoinduced electron transfer process from the
guanines to the excited complex.[32, 33] The structure of the
photoadduct formed with the tap and hat compounds and
guanosine-5'-monophosphate or CT-DNA was deter-
mined[34±36] (see for example photoadduct in Figure 1 obtained
from [Ru(tap)3]2� and isolated after acid hydrolysis). This
photoreaction thus leads to a new mode of covalent binding of
metallic species to DNA quite different from that of Pt
compounds where the spheres of ligands around the metal
change.[5] In order to target this photoreaction on a specific
sequence, we have prepared photoreactive Ru-derivatized
oligonucleotides.


The tethered metal complex corresponds to a derivative of
[Ru(tap)2(dip)]2� (Figure 2) which, based on previous results


Figure 2. [Ru(tap)2(dip)]2� and derivatives.


on free RuII complexes,[29±33, 36, 37] should be able to abstract
electrons from guanines and generate guanine photoadducts.
In contrast to most studies where compounds were tethered to
a 3'- or 5'-terminal phosphate,[1, 2, 12, 13, 16±18] the photoreactive
complex is attached to an internal modified base. This
anchoring in the middle of a sequence, as also performed
recently by other authors,[38] offers several advantages. It
allows the targeting of guanines in both directions towards the
3'- and 5'-ends. Moreover, the microenvironment of the
nucleobases in the middle of the derivatized duplex should be
closer to that of normal double-stranded structures, as a
minimum perturbation is introduced by the derivatization at
position 5 of a uracil residue.


In this preliminary study, the target sequence includes
several guanine residues (six G in total) both on the 3'- and 5'-
sides (three G on each side), so as to increase the probability
of observing photoreactions.


Results and Discussion


Synthesis of the Ru-labeled oligodeoxyribonucleotides : Two
ruthenium-labeled 17-mer sequences were synthesized (Fig-
ure 3). The metalated sequence S1 was designed in order to
assess the photoreactivity of the single-stranded tethered
metal complex towards guanines contained in the comple-
mentary target strand. The second sequence S2 was prepared
as a reference Ru-derivatized oligonucleotide in order to
check the absence of photoreactivity of the metal complex in
the absence of guanines in the target strand.


The Ru-labeled oligodeoxyribonucleotides were prepared
from amino-modified oligomers containing a propylamine
linker arm at the position 5 of a central uracil residue. This
amino oligonucleotide was synthesized by standard automat-
ed solid-phase procedures using phosphoramidites as building
blocks. The complex was introduced in a final stage on the
fully deprotected oligonucleotides. Preparation of the amino-
oligonucleotides required the preliminary synthesis of a


Abstract in French: En vue de syntheÂtiser des nouveaux agents
photoreÂactifs de seÂquences speÂcifiques d�ADN, des oligodeÂo-
xyribonucleÂotides portant un complexe du rutheÂnium photo-
activable [RuII(tap)2(dip)]2� (tap� 1,4,5,8-teÂtraazaphenan-
threÁne; dip� 4,7-dipheÂnylpheÂnanthroline) attacheÂ sur une base
nucleÂotidique centrale ont eÂteÂ preÂpareÂs et caracteÂriseÂs. Ces
oligonucleÂotides reÂsultant, marqueÂs au Ru, preÂsentent les
proprieÂteÂs d�absorption et d�eÂmission du composeÂ meÂtallique
attacheÂ et s�apparient avec les oligonucleÂotides simples brins de
seÂquence compleÂmentaire. Les courbes de deÂnaturation ther-
mique ne sont pas significativement affecteÂes par l�attachement
chimique du complexe. Les donneÂes d�eÂmission aÁ l�eÂtat
stationnaire et reÂsolues dans le temps montrent une inhibition
significative de la luminescence du composeÂ meÂtallique par
hybridation de l�oligonucleÂotide marqueÂ au Ru avec son brin
compleÂmentaire si ce dernier contient des guanines. En se
basant sur le comportement du complexe libre, ce processus
d�inhibition est attribueÂ aÁ un transfert d�eÂlectron photoinduit
des guanines du brin cible. Ce processus primaire est lieÂ aÁ la
formation de photoadduit(s) sur le duplexe ce qui produit un
photo-ancrage irreÂversible des deux brins l�un aÁ l�autre. Ce
travail constitue une eÂtape initiale vers la conception d�agents
de photo-ancrage sur des seÂquences speÂcifiques.
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Figure 3. Base sequences of Ru-labeled oligomers S1 and S2.


modified phosphoramidite precursor 9 (Scheme 1). The
protected nucleoside 7 was prepared from 5-iodo-2'-deoxyur-
idine with the palladium(00) coupling procedure described by
Hobbs.[39] The propynyl residue was reduced by catalytic
hydrogenation. As the acidic conditions necessary for the Boc
deprotection could lead to depurination, we decided to
protect the amino group with an Fmoc group. The protection
and phosphitylation were achieved by conventional means.
The Ru compound was first activated before it was coupled
with the deprotected amino-modified oligonucleotide. Thus,
reaction of the carboxylic acid functionalized ruthenium(ii)
complex 2 with TSU (TSU�N,N,N',N'-tetramethyl(succini-
mido)uronium tetrafluoroborate) yielded the corresponding
activated ester 3 (Scheme 2), which was added directly to a
solution of the amino-oligonucleotide. The coupling of the
complex with the oligonucleotide was thus performed in


Scheme 2. Synthesis of the activated RuII complex and Ru-derivatized
oligonucleotide.


solution. The activated ester reacted preferentially with the
primary amine of the linker arm to form a stable amide bond.
The resulting Ru-labeled oligonucleotides were purified by
polyacrylamide gel electrophoresis and HPLC, and were
characterized by electrospray (ES) mass spectrometry.


Spectroscopic characteristics of the Ru-labeled single-strands :
The spectroscopic data recorded for the Ru-labeled single
strands are summarized in Table 1. The absorption and
emission characteristics of the free [Ru(tap)2(dip)]2� complex
are also included for comparison. All measurements were
performed at room temperature in a buffered aqueous


solution (50 mm NaCl, 10 mm
Tris, pH 7). Typical absorption
spectra are displayed in Fig-
ure 4. The metalated oligonu-
cleotides show the characteris-
tic metal-to-ligand charge
transfer (MLCT) bands of the
tethered [Ru(tap)2(dip)]2�


complex at 420 and 460 nm.
The UV domain of the spec-
trum is characterized by an
intense band centered around
266 ± 268 nm resulting from li-
gand-centered (LC) transitions
of the metal compound mixed
with p ± p* transitions of the
nucleotide bases. The Ru-DNA
conjugates show a structureless
emission band at room temper-
ature (lmax� 652 and 654 nm
for S1 and S2, respectively).
This emission is typical of RuII


polypyridyl complexes and can
be attributed to a 3MLCT ex-
cited state involving a tap li-


Scheme 1. Synthesis of the modified phosphoramidite precursor for the preparation of amino-oligonucleotides.
Boc� tert-butoxycarbonyl; Fmoc� 9-fluorenylmethoxycarbonyl; DMTr� 4,4'-dimethoxytrityl.
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Figure 4. UV/Vis absorption spectra of Ru-labeled oligomer S1 A), the
unmodified single-stranded DNA corresponding to the same base sequence
B), and the free [Ru(tap)2(dip)]2� C). Spectra were recorded in aqueous
buffer (50 mm NaCl, 10mm Tris, pH 7).


gand.[30] Time-resolved luminescence studies indicate that the
emission under pulsed illumination is characterized by a
biexponential decay, which contrasts the monoexponential
behavior characterizing the free excited [Ru(tap)2(dip)]2�


complex. This result reflects the existence of several con-
formations (at least two) of the Ru-labeled single-strand
oligonucleotide. The longer lifetime indicates some protection
of the excited state by the single-stranded oligonucleotide
versus the aqueous phase. For S2, the shorter lifetime is close
to the value for the free complex in solution (t0� 580 ns); this
indicates a conformation where the complex is in the aqueous
phase. The shorter lifetime in S1 is shorter than t0 . This could
be attributed to the presence of a rapid equilibrium between
two conformations of S1, in competition with the emission; t1


and t2 are then combinations of the different rate constants
(those related to the excited state and those related to the
equilibrium). Similar behavior, with protection or quenching
of the excited state, was observed for single-stranded oligo-
nucleotides derivatized at the 5'-end by Rhodamine 6G.[40, 41]


Stability and spectroscopic characterization of the Ru-labeled
duplexes : Duplexes of ruthenium-labeled oligonucleotides S1
and S2 were formed upon addition of their complementary
single-stranded DNA sequence. The addition of the comple-
mentary strand to the Ru-derivatized oligonucleotide (4 mm)
induced a hypochromic effect of �4 % (absorption lmax


around 420 nm). This is in agreement with the behavior of
the free[29±33] complex in the presence of double-stranded
DNA for which we had concluded that binding takes place in
the DNA grooves. The effect of ruthenium labeling on duplex
formation and stability was examined on the basis of thermal
denaturation profiles recorded by UV/Vis absorption spec-
troscopy, with unmetalated parent duplexes as reference
samples. The melting temperature values (Tm) derived from
these denaturation experiments are collected in Table 2.
Typical UV absorbance versus temperature profiles recorded
for the metalated duplexes and for the unmodified reference
double strands are illustrated in Figure 5. The thermal
denaturation profiles characterizing the duplexes of meta-


Figure 5. UV absorbance versus temperature profiles recorded for the
metalated duplex derived from oligomer S1 A) and for the corresponding
unmetalated parent duplex B). The absorbance was monitored at 260 nm;
the temperature was increased by 0.5 8C minÿ1. Duplex solutions (4 mm)
were prepared in aqueous buffer (50 mm NaCl, 10 mm Tris, pH 7).


Table 1. Spectroscopic data for metalated single strands.[a]


Absorption Emission[b] Excited-state lifetimes[e]


Sample lmax [nm] lmax [nm] [c] Frel
[d] t1 [ns] A1 [%] t2 [ns] A2 [%]


5'CAAAACC CdU*-RuA C C C AAAC 3' (S1) 266 420 652 1.5 315 16 707 84
5'T T T T T TTAdU*-Ru T AAA T T TA 3' (S2) 268 420 654 2.1 721 58 1268 42
[Ru(tap)2(dip)]2� 278 418 652 1.0 580 100


[a] All measurements were performed at room temperature in air-saturated buffer solutions (50 mm NaCl, 10 mm Tris, pH 7). [b] Excitation at 420 nm.
[c] Emission maxima were corrected for the photomultiplier response. [d] Emission quantum yields were determined relative to the emission of free
[Ru(tap)2(dip)]2�, which was taken as unity. [e] Luminescence decays monitored at 652 nm (lexc� 337 nm) were analyzed according to a biexponential
function: Iem(t)�a1exp(ÿ t/t1)�a2exp(ÿ t/t2); normalized preexponential factors (Ai�ai/Sai) reflect the contributions of the different decay components
to initial emission. Error estimation: 3% for single-exponential and 10% for double-exponential decays.


Table 2. Melting temperatures characterizing metalated duplexes and reference double strands.[a]


Metalated duplex sample Tm [8C] Reference duplex sample Tm [8C]


5'- C AAAA C C C dU*-Ru A C C C AAA C -3' (S1) 62 5'- C AAAA C C C T A C C C AAA C-3' 60
3'-G T T T T GGG A T GGG T T T G-5' 3'- G T T T T GGGA T GGG T T T G-5'
5'- T T T T T T TA dU*-Ru T AAA T T T A-3' (S2) 40 5'- T T T T T T T A T T AAA T T T A-3' 40
3'-AAAAAAA T A A T T T AAA T -5' 3'- AAAAAAA T AA T T T AAA T -5'


[a] All duplexes were prepared in buffered aqueous solution (50 mm NaCl, 10 mm Tris, pH 7).
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lated oligomers S1 and S2 are rather similar in shape, and their
melting temperatures are similar to those recorded for the
reference double strands. This similarity between the denatu-
ration temperatures, in the absence and in the presence of the
tethered complex, suggests that the [Ru(tap)2(dip)]2� label
associated to the duplex does not have a great influence on the
thermodynamic behavior of the double strand under denatu-
ration conditions, which is in agreement with the noninterca-
lating characteristics of the complex.[42, 43]


The luminescence data for the metalated duplex solutions
recorded at room temperature are collected in Table 3. A
slight steady-state emission increase was observed upon
addition of the complementary strand of Ru-labeled oligo-
nucleotide S2 (Table 3). In contrast, annealing of Ru-labeled
oligomer S1 to its complementary strand induced an impor-
tant decrease in steady-state emission intensity of S1. This is
illustrated in Figure 6 (top) where the emission spectra of the
metalated single strand S1 are displayed in the presence and
in the absence of the target complementary sequence. The
corresponding emission quantum yields indicate a 74 %
inhibition upon duplex formation. In other words, a relative
quantum yield of emission of the duplex can be determined
either in comparison to the emission of S1 measured in the
absence of the target sequence (Table 3, Fd


rel� 0.26), or in
comparison to the emission of the duplex derived from S2
where no quenching takes place (Table 3, Fe


rel� 0.22). The
intramolecular or intraduplex nature of the luminescence
quenching process was confirmed by recording the emission
intensity of the metalated duplexes as a function of temper-
ature. Figure 6 (bottom) shows the resulting profile for the
duplex of Ru-labeled oligonucleotide S1. This emission
intensity profile exhibits a thermal transition corresponding
to luminescence restitution induced by duplex denaturation in
the 50 ± 70 8C temperature range. The intensity decrease
observed on each side of the denaturation temperature range
may be attributed to the photophysics of [Ru(tap)2(dip)]2� as
a function of temperature. Indeed, a thermally activated
crossing from the 3MLCT state to the 3MC (metal-centered)
state[44, 45] is responsible for the decrease in emission with
enhanced temperature.[46] Moreover, the fact that the denatu-
ration temperature derived from absorption measurements at
260 nm (Figure 5) is the same as that measured from
luminescence data (Figure 6, bottom) indicates clearly that
the luminescence quenching may be attributed to the hybrid-


Figure 6. Top) Steady-state emission spectra of Ru-labeled oligomer S1 in
the absence A) and in the presence of the complementary target strand B).
Bottom) Emission intensity versus temperature profile recorded for the
metalated duplex derived from oligomer S1. Emission was monitored at
650 nm (lexc� 420 nm) and the temperature was increased by 0.5 8Cminÿ1.
All measurements were performed in aqueous buffer (50 mm NaCl, 10 mm
Tris, pH 7, and 4 mm oligonucleotide).


ization process with the complementary sequence containing
guanines and does not result from any other intermolecular
quenching process. As there is no luminescence quenching
upon hybridization of S2 with its complementary sequence, a
curve as in Figure 6 (bottom) (thus with increased emission at
the denaturation temperature) is not obtained. In this case the
emission intensity decreases continuously with temperature
(from 10 8C to 45 8C the drop in intensity corresponds to
�31 % of the initial value, and is thus comparable to duplex


Table 3. Spectroscopic data for metalated duplexes.[a]


Emission[b] Excited-state lifetimes[f]


Duplex sample lmax [nm] [c] Frel
[d] Frel


[e] t1 [ns] A1 [%] t2 [ns] A2 [%] t3 [ns] A3 [%]


5'-CAAAACCC dU*-Ru ACCCAAAC-3' (S1) 652 0.26 0.22 46 71 229 21 659 8
3'-GT T T TGGG A TGGGT T TG-5'


5'-T T T T T T TA dU*-Ru TAAAT T TA-3' (S2) 645 1.2 1.0 632 28 1176 72 ± ±
3'-AAAAAAAT A AT T TAAAT-5'


[a] All measurements were performed at room temperature in air-saturated buffer solutions (NaCl 50 mm, Tris 10mm, pH 7). [b] Excitation at 420 nm.
[c] Emission spectra were corrected for the photomultiplier response. [d] Relative emission quantum yields were determined as a ratio of integrated
emission spectra relative to the emission measured in the absence of target sequence. [e] Relative emission quantum yields were determined as a ratio of
the integrated emission spectra relative to the emission measured with the Ru duplex formed with S2, taken as unity. [f] Luminescence decays monitored at
652 nm (lexc� 337 nm) were analyzed according to a multiexponential function: Iem(t)�aiexp(ÿ t/ti) ; normalized preexponential factors (Ai�ai/Sai) reflect
the contributions of the different decay components to initial emission. Error estimation: 10% for double exponentials and 20 ± 30 % for triexponentials.
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S1 for the same temperature domain where there is no
denaturation).


Time-resolved luminescence data recorded for the meta-
lated duplexes are consistent with the steady-state emission
results. A biexponential decay is observed for the duplex of S2
where no luminescence quenching takes place (Table 3). In
this case, the shorter lifetime approaches that of the free
excited complex (Table 1). This indicates that a part of the
tethered complex is not protected by the double helix and thus
does not interact significantly inside the duplex. The longer
component of the decay would correspond to the fraction of
the excited states protected from water by the duplex. In
contrast, the multiexponential decay obtained for the duplex
of oligonucleotide S1 is dominated by a short-lived compo-
nent whose lifetime is significantly shorter than the values that
characterize the free complex (compare results in Table 3 with
those in Table 1). This indicates the existence of quenching
which is in agreement with the steady-state luminescence data.


With regard to the excited-state lifetimes, the data for
hybridized S1 correspond to a triexponential decay (Table 3);
thus the analyses according to biexponential decays did not
furnish satisfactory fittings of the calculated curve with the
experimental ones, whereas a treatment according to a
triexponential decay was satisfactory. This does not exclude
the fact that more than three excited species are responsible
for the decay, rather it remains that most of the contribution
originates from quenched species. On the other hand, one
could be tempted to compare quantitatively the steady-state
emission data with the time-resolved luminescence results.
This is, however, not possible because the steady-state relative
emission quantum yields and the excited-state lifetimes have
not been measured at the same excitation wavelength, and
different excitation wavelengths could produce variable
contributions of the different excited species.


In conclusion, the emission results establish clearly the
occurrence of luminescence quenching processes involving
the guanine bases opposite to the ruthenium-labeled site in
the double strand derived from S1. The quenching may be
attributed to a photoinduced electron transfer from the
targeted guanines to the excited state of the tethered metal
compound. This interpretation is supported by earlier
studies.[29, 30, 32, 33, 36, 37, 47]


Steady-state illuminations of the Ru-labeled duplexes


Photoproduct formation : Previous studies with [Ru(tap/
hat)2L]2� complexes in the presence of guanine-containing
polynucleotides showed[29, 30, 36] that the luminescence quench-
ing was directly correlated with the formation of a photo-
adduct of the tap and hat complexes with the guanine
bases.[29, 30] The structure of one of these photoadducts with
[Ru(tap)3]2�,[34, 35] which was determined by NMR spectros-
copy (Figure 1) has been studied along with other [Ru(tap/
hat)2L]2� complexes.[35] Interestingly, the formation of these
photoadducts can be verified very easily by the appearance
under continuous illumination of a new band in the RuII


complex absorption spectrum, which is hypsochromic as
compared to the absorption of the starting material.[34, 35] This


characteristic blue shift indicates that the photoproduct still
contains the three bidentate ligands; otherwise the loss of a
tap or a dip ligand with substitution by H2O or Clÿwould have
produced a bathochromic shift.[34, 35] Moreover, this hypso-
chromicity indicates that the p* level involved in the MLCT
absorption has been raised by the mesomeric donor effect of a
substituent on the azaaromatic ligand; thus, in agreement with
the presence of an amino function, and with the structure of
the photoadduct shown in Figure 1.


In order to test whether these characteristic absorption
changes could also be detected for the duplex formed with S1,
steady-state illumination experiments of this Ru-labeled
duplex have been carried out. The spectral changes observed
upon illumination of the tethered RuII complex in duplex S1
(Figure 7, top) are comparable to those obtained by illumina-


Figure 7. Top) Visible absorption spectra of the metalated duplex derived
from oligomer S1 as a function of steady-state illumination time (50 mm
NaCl, 10 mm Tris, pH 7), t� 0, 60, 90, 120 min. Bottom) Visible absorption
spectra of [Ru(tap)2(dip)]2� in the presence of CT-DNA, as a function of
steady-state illumination time (1.5 mm complex, 5mm phosphate buffer,
pH 7, DNA/complex� 100), t� 0, 40, 80, 120 min.


tion of free [Ru(tap)2(dip)]2� in the presence of CT-DNA
(Figure 7, bottom) and are characteristic of a photoadduct.[36]


In contrast, no absorption changes were observed under
continuous illumination of the S2-containing duplex, or under
continuous illumination of the S1 single-strand oligonucleo-
tide. Quite clearly, a photoproduct is formed in the S1 duplex
and is related to luminescence quenching.


These experiments show the same correlation as previously
observed with the free complex, in other words the photo-
electron transfer quenching of the oligonucleotide-attached
complex by the guanines of the complementary target strand,
also induces the formation of photoproduct(s).
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Photocrosslinking of the two strands : The similarity of the
spectral characteristics of the photoproduct(s) formed on the
S1 duplex with those of the photoadduct formed between the
same complex and DNA (Figure 7, bottom) suggests that the
duplex photoproduct could be a photoadduct. Such a photo-
reaction would result in photocrosslinking between the two
strands of the S1 duplex since the ruthenium complex would
be attached to one strand by the linker arm and to the target
strand through the covalent bonding to a guanine. Figure 8


Figure 8. Autoradiogram of a 20% denaturing polyacrylamide gel showing
the 32P-end labeled 17-mer S1 and S2 duplexes where only the non-Ru-
derivatized single-strand oligonucleotide (target strand) was labeled with
32P. The reaction mixture contained 5 pmol 5'-32P-labeled oligonucleotide
duplex, 10 mm Tris-HCl (pH 7), 50mm NaCl in a total volume of 10 mL.
Lane A: duplex S2. Lane B: duplex S2 illuminated for 1 hour, lane C:
duplex S1, lane D: duplex S1 illuminated for one hour. Arrow: direction of
migration.


shows the autoradiogram from the illumination experiments
of the S1 and S2 duplexes analyzed by using polyacrylamide
gel electrophoresis (PAGE) in denaturing conditions. In such
conditions, only the migration of the 5'-end labeled single-
strand complementary to S1 and S2 (see Experimental
Section) is visualized on the gel. Lanes A and B correspond
to the S2 duplex before and after continuous illumination,
respectively. The electrophoretic mobility is not affected by
the illumination treatment since this sequence is devoid of a
guanine and does not lead to the formation of a photoproduct.
Lane C corresponds to nonilluminated S1 duplex. Lane D
shows the effect of continuous illumination on the S1 duplex
which leads to formation of a retarded band that migrates like
a duplex and corresponds to covalent crosslinking between
the two strands.


Conclusion and Perspectives


The results presented in this paper establish the successful
design of [Ru(tap)2(dip)]2�-DNA conjugates which retain the
absorption and emission characteristics of the tethered metal
complex and the hybridization properties of the DNA probe.
Moreover, on the basis of the luminescence data, we can now
answer the questions raised at the beginning of this work. The
photooxidative behavior of the tethered metal complex
towards target strands containing guanines is retained. The


formation of photoproduct(s) under continuous illumination
is confirmed by the occurrence of a hypsochromic absorption
that increases with the illumination time and by the formation
of interstrand linkage(s) evidenced by the retarded band
observed in the PAGE experiment. We can thus conclude
from the study of this model, in which six guanines residues
are present in the vicinity of the chemically attached complex
of the probe sequence, that these synthetic Ru-derivatized
oligonucleotides exhibit the same characteristics and interest-
ing properties as the free tap complexes. This oligonucleotide
system thus allows the introduction of an irreversible mod-
ification on a targeted sequence. Moreover, it should also be
suitable for examining the conditions for both the photo-
electron transfer and the formation of photoadduct(s) with
other sequences. It is clear that these conditions cannot be the
same for both processes.


Experimental Section


Synthesis : 1H NMR spectra were recorded on a Bruker 360 MHz or, for the
Ru complexes, on a Varian Unity 600 MHz spectrometer. Chemicals and
solvents were purchased from Sigma or Aldrich chemical companies, and
Sephadex SP-C25 cation-exchange resin from Pharmacia. The activation
agent N,N,N',N'-tetramethyl(succinimido)uronium tetrafluoroborate
(TSU) was prepared according to a previously described procedure.[7, 48]


Anhydrous DMF, pyridine, and CH2Cl2 were stored over molecular sieves
prior to use.


Ruthenium complex 2 : 5-[p-(7-Phenyl-1,10-phenanthroline-4-yl)phenyl]
pentanoic acid (86 mg, 0.2 mmol), corresponding to the carboxylic acid
functionalized dip ligand, was added to a suspension of [Ru(tap)2Cl2]
(80 mg, 0.15 mmol) in refluxing EtOH/H2O 1:1 (20 mL). The derivatized
dip ligand was prepared according to a previously described procedure.[7]


The [Ru(tap)2Cl2] precursor was synthesized from RuCl3 and tap analo-
gously to other complexes.[49] After refluxing for 36 hours under argon, the
reaction mixture was filtered and concentrated. Purification on a cation-
exchange Sephadex SP-C25 column with aqueous NaCl as eluent provided
complex 2 (42 mg, 29% yield). 1H NMR ([D6]DMSO); T� tap, D�dip:
d� 1.62 (m, 4 H; CH2-(CH2)2-CH2), 2.37 (t, 2H; CH2-COO), 2.72 (t, 2H;
C6H4-CH2), 7.48 (d, 2 H of C6H4), 7.56 (d, 2 H of C6H4), 7.64 (m, 5H; C6H5),
7.73 (2d, 2 H; D3,D8), 8.25 (2d, 2H; D5,D6), 8.35 (2d, 2 H; D2,D9), 8.40 (d,
2H; T3,T3' or T6,T6'), 8.52 (d, 2 H; T3,T3' or T6,T6'), 8.68 (s, 4H;
T9,T9' ,T10 ,T10'), 9.08 (d, 2 H; T2,T2' or T7,T7'), 9.12 (d, 2 H; T2,T2' or T7,T7').


Activated ruthenium complex 3 : TSU (7 mg, 0.024 mmol) and EtN(iPr)2


(5 mL, 0.03 mmol) were added to a solution of 2 (20 mg, 0.02 mmol) in dry
DMF (1 mL) under exclusion of moisture. The mixture was stirred in the
dark at room temperature for two hours under argon. The DMF was then
removed under vacuum and the residue was suspended in Et2O. After
filtration, the residue was washed several times with Et2O and dried to give
3 (18 mg, 85 % yield), which can be used directly for the coupling with
amino-modified oligonucleotides. 1H NMR (CDCl3); T� tap, D�dip: d�
1.56 (m, 4 H; CH2-(CH2)2-CH2), 2.72 (t, 2H; CH2-COO), 2.80 (t, 2H; C6H4-
CH2), 3.00 (s, 4 H; OC-(CH2)2-CO), 7.37 (d, 2H of C6H4), 7.48 (d, 2H of
C6H4), 7.55 (m, 5H; C6H5), 7.76 (2d, 2 H; D3,D8), 8.20 ± 8.28 (m, 6H; T3,T3'


or T6,T6' , D2,D9,D5,D6), 8.50 (d, 2H; T3,T3' or T6,T6'), 8.60 (s, 4H;
T9,T9' ,T10 ,T10'), 9.14 (d, 2 H; T2,T2' or T7,T7'), 9.17 (d, 2H; T2,T2' or T7,T7');
FAB MS: calcd 994; found 995 [M 2��eÿ�H]� .


5-(3-N-(tert-Butoxycarbonyl)amino-1-propynyl)-2''-deoxyuridine (5):
Products 5 and 6 were prepared analogously to the procedure in
reference [50]. Et3N (0.788 mL, 5.6 mmol), N-tert-butoxycarbonyl-1-ami-
no-3-propyne (1.316 g, 8.4 mmol), and tetrakis(triphenylphosphane)palla-
dium(00) (325 mg, 0.28 mmol) were added to a suspension of 5-iodo-2'-
deoxyuridine (4) (1 g, 2.8 mmol) and copper(i) iodide (107 mg, 0.56 mmol)
in dry DMF (15 mL). (N-tert-Butoxycarbonyl-1-amino-3-propyne was
prepared from N-(tert-butoxycarbonyloxy)succinimide and propargyl-
amine.) The mixture was stirred at room temperature under argon in the
dark for 12 hours and then concentrated under vacuum. The oily residue
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was purified by flash chromatography (SiO2, MeOH (9 ± 11 %)/CH2Cl2) to
give 5 (833 mg, 78 % yield); 1H NMR ([D6]DMSO): d� 1.39 (s, 9H;
C-(CH3)3), 2.11 (m, 2H; H2',H2''), 3.58 (m, 2H; H5',H5''), 3.79 (m, 1H; H4'),
3.93 (d, 2 H; J� 5.7 Hz, C-CH2-NH), 4.22 (m, 1 H; H3'), 5.05 (t, 1 H; J�
5.0 Hz, C5'-OH), 5.21 (d, 1 H; J� 4.3 Hz, C3'-OH), 6.11 (t, 1H; J� 6.7 Hz,
H1'), 7.27 (t, 1H; CH2-NH-CO), 8.12 (s, 1 H; H6), 11.57 (br s, 1H; N3-H).


5-(3-N-(tert-Butoxycarbonyl)aminopropyl)-2''-deoxyuridine (6): A mixture
of 5 (1.45 g, 3.8 mmol) and 10% Pd/C (195 mg) in MeOH (125 mL) was
stirred under H2 pressure (40 psi) at room temperature. After five hours,
another batch of Pd/C was added and the suspension was stirred for five
hours. The mixture was filtered through celite and concentrated. Flash
chromatography (SiO2, MeOH (10 %)/EtOAc) provided 6 (1.274 g, 87%
yield). 1H NMR ([D6]DMSO): d� 1.38 (s, 9H; C-(CH3)3), 1.52 (m, 2H;
Hb,Hb'), 2.10 (t, 2H; Ha,Ha'), 2.16 (m, 2 H; H2',H2''), 2.90 (m, 2H; Hg,Hg'),
3.57 (m, 2H; H5',H5''), 3.76 (m, 1H; H4'), 4.24 (m, 1 H; H3'), 4.96 (t, 1H; J�
5.1 Hz, C5'-OH), 5.20 (d, 1 H; J� 4.2 Hz, C3'-OH), 6.17 (t, 1H; J� 6.9 Hz,
H1'), 6.74 (t, 1H; CH2-NH-CO), 7.66 (s, 1 H; H6), 11.23 (s, 1 H; N3-H).


5-(3-N-(9-Fluorenylmethoxycarbonyl)aminopropyl)-2''-deoxyuridine (7):
The synthesis of 7 was adapted from a previously published procedure.[51]


Trifluoroacetic acid (1.8 mL) was added to a suspension of 6 (1.1 g,
2.9 mmol) in CH2Cl2 (10 mL). The mixture was stirred at room temperature
for one hour and additional trifluoroacetic acid (0.8 mL) was added. After
stirring for one hour, the mixture was evaporated with MeCN (4� 40 mL).
The residue was suspended in water (15 mL) and a solution of N-(9-
fluorenylmethoxycarbonyloxy)succinimide (1.1 g, 3.3 mmol) in THF
(15 mL) was added, followed by addition of EtN(iPr)2 (2.25 mL,
13.2 mmol). After stirring for 90 min at room temperature, the mixture
was poured into water (10 mL) and extracted three times with CH2Cl2. A
white solid corresponding to 7 was formed during the extraction. The
combined organic layers were filtered, dried over MgSO4, concentrated
and purified by flash chromatography (SiO2, MeOH (8 ± 10 %)/CH2Cl2) to
provide an additional batch of the desired product. Filtration and flash
chromatography gave 7 (1.266 g, 86% yield). 1H NMR ([D6]DMSO): d�
1.56 (m, 2H; Hb,Hb'), 2.09 (t, 2H; Ha,Ha'), 2.19 (m, 2 H; H2',H2''), 2.98 (m,
2H; Hg,Hg'), 3.57 (m, 2 H; H5',H5''), 3.77 (m, 1H; H4'), 4.21 ± 4.23 (m, 4H;
H3' , O-CH2-Ar, H9 (Fmoc)), 4.97 (t, 1H; J� 5.1 Hz, C5'-OH), 5.20 (d, 1H;
J� 4.2 Hz, C3'-OH), 6.17 (t, 1H; J� 6.8 Hz, H1'), 7.25 (t, 1H; CH2-NH-CO),
7.32 (t, 2 H; J� 7.2 Hz, H3,H6 or H2,H7 (Fmoc)), 7.41 (t, 2 H; J� 7.2 Hz,
H3,H6 or H2,H7 (Fmoc)), 7.66 (s, 1 H; H6 (thymine)), 7.68 (d, 2 H; J� 7.2 Hz,
H1,H8 or H4,H5 (Fmoc)), 7.88 (d, 2 H; J� 7.2 Hz, H1,H8 or H4,H5 (Fmoc)),
11.24 (s, 1 H; N3-H).


5-(3-N-(9-Fluorenylmethoxycarbonyl)aminopropyl)-5''-O-(4,4''-dimethoxy-
trityl)-2''-deoxyuridine (8): 4,4'-Dimethoxytrityl chloride (725 mg,
1.5 mmol) was added in small portions over one hour to a solution of 7
(520 mg, 1.5 mmol) in dry pyridine (10 mL) at room temperature under
exclusion of moisture. After two hours stirring under argon at room
temperature, the reaction mixture was evaporated with toluene (3�
25 mL). Prior to the last evaporation step, MeOH (3 mL) was added. The
residue was dissolved in CH2Cl2 (100 mL), poured into TEAA buffer
(100 mL, 0.1m Et3N, 0.1m AcOH, pH 7), and extracted three times with
CH2Cl2. The combined organic layers were dried over MgSO4 and
evaporated. The residue was purified by flash chromatography (SiO2,
MeOH (1 ± 5 %)/EtN(iPr)2 (0.5 %)/CH2Cl2) to give 8 (853 mg, 81 % yield).
1H NMR ([D6]DMSO): d� 1.40 (m, 2H; Hb,Hb'), 1.92 (t, 2 H; Ha,Ha'), 2.15 ±
2.24 (m, 2H; H2',H2''), 2.80 (m, 2H; Hg,Hg'), 3.07 (m, 2H; H5',H5''), 3.71 (s,
6H; Ar-O-CH3 (DMTr)), 3.87 (m, 1 H; H4'), 4.19 ± 4.28 (m, 4 H; H3' , O-CH2-
Ar, H9 (Fmoc)), 5.29 (d, 1 H; J� 4.6 Hz, C3'-OH), 6.19 (t, 1 H; J� 6.8 Hz,
H1'), 6.86 (d, 4 H; J� 8.6 Hz, H3,H3' ,H5,H5' (DMTr)), 7.16 (t, 1 H; CH2-NH-
CO), 7.27 (d, 4 H; J� 8.6 Hz, H2,H2' ,H6,H6' (DMTr)), 7.28 ± 7.43 (m, 10H;
H2,H3,H6,H7 (Fmoc), H2'' ,H3'' ,H4'' ,H5'' ,H6'' (DMTr), H6 (thymine)), 7.66 (d,
2H; J� 7.3 Hz, H1,H8 or H4,H5 (Fmoc)), 7.88 (d, 2 H; J� 7.3 Hz, H1,H8 or
H4,H5 (Fmoc)), 11.31 (s, 1H; N3-H).


5-(3-N-(9-Fluorenylmethoxycarbonyl)aminopropyl)-5''-O-(4,4''-dimethoxy-
trityl)-2''-deoxyuridine-2-cyanoethyl-N,N-diisopropylphosphoramidite (9):
EtN(iPr)2 (0.26 mL, 1.5 mmol) and 2-cyanoethoxy-N,N-diisopropylamino-
chlorophosphane (0.14 mL, 0.67 mmol) were added under the exclusion of
moisture to a solution of 8 (400 mg, 0.5 mmol) in dry CH2Cl2. After the
mixture was stirred at room temperature under argon for one hour, CH2Cl2


(15 mL) was added and the resulting mixture was poured into 5% NaHCO3


aqueous solution (75 mL) and extracted three times with CH2Cl2. The
combined organic layers were evaporated and the residue was purified by


flash chromatography (SiO2, EtOAc (70 %)/EtN(iPr)2 (0.5 %)/hexane) to
provide phosphoramidite 9 as a mixture of two diastereoisomers (399 mg,
79% yield). 1H NMR ([D6]DMSO) selected signals of diastereoisomers:
d� 1.42 (m, 4H; Hb,Hb'), 2.61 (t, 2 H; J� 5.9 Hz, CN-CH2-CH2 (cyanoeth-
yl)), 2.73 (t, 2H; J� 5.9 Hz, CN-CH2-CH2 (cyanoethyl)), 2.81 (m, 4H;
Hg,Hg'), 3.24 (m, 4H; H5',H5''), 3.45 (m, 1H; CH-(CH3)2 (iPr2)), 3.51 (m, 1H;
CH-(CH3)2 (iPr2)), 3.58 (s, 6H; Ar-O-CH3 (DMTr)), 3.70 (s, 6H; Ar-O-CH3


(DMTr)), 3.97 (m, 1H; H4'), 4.03 (m, 1H; H4'), 4.18 (m, 2H; H9 (Fmoc)),
4.25 (m, 4 H; O-CH2-Ar (Fmoc)), 4.53 (m, 2H; H3'), 6.19 (m, 2H; H1'), 6.85
(m, 8 H; H3,H3' ,H5,H5' (DMTr)), 7.45 (s, 2 H; H6 (thymine)), 7.65 (d, 4H;
J� 7.7 Hz, H1,H8 or H4,H5 (Fmoc)), 7.88 (d, 4H; J� 7.7 Hz, H1,H8 or H4,H5


(Fmoc)), 11.32 (s, 2 H; N3-H); 31P NMR (CDCl3): d� 148.61 and 148.94.


Unmodified oligodeoxyribonucleotides : All oligodeoxyribonucleotides
were synthesized on a Controlled Pore Glass solid support by using the
phosphoramidite approach with an Applied Biosystems 394 DNA/RNA
Synthesizer (1 mmol scale). Cleavage from the solid support and depro-
tection was performed by treatment with concentrated NH4OH (30 %) for
two hours at room temperature and 30 min at 70 8C. The solid support and
protecting groups were removed by standard procedures, and the resulting
samples purified by gel electrophoresis with a 20 % polyacrylamide, urea
(7m) denaturating gel with a Tris-borate (89 mm), and EDTA (2 mm) buffer
at pH 8.6.


Amino-modified oligodeoxyribonucleotides : The phosphoramidite 9 of
5-aminopropyl-2'-deoxyuridine was introduced as a building block to
produce amino-modified oligonucleotides with the automated DNA
synthesizer. Attachment of 9 proceeded with the same high yield as with
unmodified standard phosphoramidites (as indicated by release of the trityl
cation). After deprotection and replacement of the NH4


� ions by K� ions,
the crude mixture could be used directly for the coupling in solution with
the activated ruthenium complex 3. The ion exchange was introduced in
order to avoid any interference of the NH4


� ions during the coupling
reaction.


Coupling procedure : In a 1.5 mL Eppendorf tube, 20 OD (�0.1 mmol) of
crude amino-modified oligonucleotide was solubilized in DMF/dioxane/
H2O 3:2:1 (600 mL). After the addition of the activated complex 3 (16 mg,
15 mmol) and EtN(iPr)2 (6 mL, 0.035 mmol), the coupling was performed
for 24 hours in the dark at room temperature with slow shaking. The
reaction mixture was then evaporated to dryness under vacuum. The pellet
was suspended in water (500 mL) and extracted four times with CH2Cl2 to
remove excess unconverted Ru complex. The aqueous layer was concen-
trated and purified by gel electrophoresis under the same conditions as
used for the natural oligonucleotides. The solution coupling of the
ruthenium complex to the DNA fragments led to only one yellow-orange
spot in polyacrylamide gel electrophoresis with a significant decrease in
mobility compared with the NH2-modified oligonucleotide. The Ru-
modified oligonucleotide could thus be separated and isolated from the
non-Ru-derivatized oligonucleotide. The yield of this coupling reaction in
solution is in the order of 20 %.


Mass spectrometry of oligodeoxyribonucleotides : Electrospray mass spec-
trometry analyses were run on a VG Platform II (Micromass) in the
negative-ion mode. The eluent was 50% aqueous acetonitrile and the flow
rate was 5 mLminÿ1. Samples were prepared by dissolving the oligonucleo-
tides in H2O/CH3CN 1:1 (10 mL, 50 ± 100 mg mLÿ1). Et3N (1%) was added in
order to reduce the amount of complexed alkali metal ions.[52] The MS data
for the Ru-labeled oligonucleotide S1 (5'-CAAAACCC(dU*-Ru)ACC-
CAAAC-3'): calcd 5984.4 Da; found 5982.7 Da� 1.00; for the Ru-derivat-
ized oligomer S2 (5'-TTTTTTTA(dU*-Ru)TAAATTTA-3'): calcd
6077.5 Da; found 6076.2 Da� 0.81.


Spectroscopy : Absorption spectra were monitored with a UV/Vis Varian
Cary 219 spectrophotometer. Emission spectra were recorded with a
Shimadzu RF-5001PC spectrofluorimeter equipped with a Hamamatsu
R928 red-sensitive photomultiplier tube. Emission lifetimes were deter-
mined by single-photon counting (SPC) with an Edinburgh Instruments
FL900 spectrometer (Edinburgh, UK), equipped with a nitrogen-filled
discharge lamp and a Hamamatsu R928 photomultiplier tube. The emission
decays were analyzed by using the original Edinburgh Instruments
software.


Steady-state illuminations : Ru-labeled duplex photolysis was carried out in
a 600 mL quartz cuvette with visible light (l> 400 nm) from two lamps
perpendicular to each other. The first excitation source was a 2000 W
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halogen lamp (Osram 64788) and the second, a super-pressure mercury
lamp (Osram HBO 200 W). The two beams were focused on the sample
with lenses. Water was allowed to circulate through a filter to cut off the IR
radiation and a 0.2m NaNO2 solution was used to remove the UV part of
the source. Absorption spectral changes were monitored on a UV/Vis
Varian Cary 219 spectrophotometer. The illumination conditions for
[Ru(tap)2(dip)]2� in the presence of CT-DNA were different. In this case,
only the 2000 W halogen lamp was used for the excitation with an
illuminated volume of 1 mL. The illumination times may thus not be
comparable.


Melting experiments : Duplex solutions were prepared from equimolar
single-strand solutions in aqueous buffer (50 mm NaCl, 10mm Tris, pH 7).
Determination of the concentrations of metalated oligomers required a
correction for the contribution to the absorbance at 260 nm of the tethered
RuII complex itself. This was done by measuring the ratio of the absorbance
of free [Ru(tap)2(dip)]2� at 260 nm to that at 418 nm (lmax). The absorption
of the metalated oligonucleotide at 260 nm was corrected on the basis of
the above ratio of [Ru(tap)2(dip)]2� absorbances and the absorbance of the
labeled oligomer at 420 nm (lmax). UV absorbance versus temperature
profiles were recorded with a Hewlett-Packard HP 8452A diode-array UV/
Vis spectrophotometer. An Oxford instruments DN 1704 nitrogen cryostat
was used to control temperature during the measurements. The temper-
ature of the analyzed solution was increased from 10 to 85 8C at a heating
rate of 0.5 8C minÿ1. Experiments were performed at least twice and melting
temperatures were averaged.


Photocrosslinking experiments


Enzymes and chemicals : Bacteriophage T4 polynucleotide kinase was
purchased from Pharmacia (9500 UmLÿ1) and [g32P]-ATP (specific activity
3000 Cimmolÿ1) from Isotopchim.


Oligodeoxyribonucleotides : Ru-derivatized oligonucleotides were labeled
at the 5'-end by treatment with [g32P]-ATP and polynucleotide kinase at
37 8C for 30 min. These 32P-labeled oligonucleotides were purified by
precipitation in 70 % ethanol and annealed to the Ru-containing comple-
mentary strand by incubating at 90 8C for 5 min and then at room
temperature for 1 h.


Assay for photoreactivity : The reaction mixture contained 10 pmol of 5'-
32P-labeled oligonucleotide duplex, 10mm Tris-HCl buffer (pH 7), 50 mm
NaCl, in a total volume of 10 mL. The illumination was performed at 4 8C
for 1 hour with a mercury/xenon lamp (Oriel, 200 W) by using a KNO3 2m
filter (optical path� 6 cm, l> 320 ± 330 nm). After evaporation to dryness,
these materials were dissolved in urea (10 mL, 7m) containing an aqueous
dye (0.1 % xylene cyanol, 0.1 % bromophenol blue). The reaction products
were analyzed by electrophoresis through a 20% denaturing (7m urea)
polyacrylamide gel (19:1 ratio of acrylamide to bisacrylamide) using TBE
(90 mm Tris-borate, pH 8, 2 mm EDTA). DNA fragments were visualized by
autoradiography using Kodak X-OMAT AR film.
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The Effects of Avidin on Inclusion Phenomena and Fluorescent Properties of
Biotin-Appended Dansyl-Modified b-Cyclodextrin


Taizo Ikunaga, Hiroshi Ikeda, and Akihiko Ueno*[a]


Abstract: Two biotin-appended dansyl-
modified cyclodextrins 3 and 4 were
prepared to examine the effects of
avidin binding on guest-inclusion phe-
nomena and fluorescence properties of
cyclodextrin derivatives. The fluores-
cence intensities of hosts 3 and 4 are
more than three times larger in the
presence of avidin than those in the
absence of avidin. The fluorescence life-
time measurements indicate that the
dansyl moiety is not exposed to bulk
water in the presence of avidin. The
longer lifetime component, which newly


appears in the presence of avidin, is
likely to be that of the dansyl moiety
located in the hydrophobic region of
avidin. The addition of bile acids such as
hyodeoxycholic acid resulted in decreas-
es in the fluorescence intensities of 3 and
4 in accordance to the extrusion of the
dansyl moiety from the hydrophobic
cyclodextrin cavity to bulk water. Sim-


ilar guest-induced decreases in the fluo-
rescence intensity were observed for 3 in
the presence of avidin, but under the
same conditions the decreases are small-
er for 4. On the other hand, the binding
constants of 3 and 4 became larger in the
presence of avidin. All these results
demonstrate that avidin perturbs the
inclusion phenomena and fluorescence
properties of 3 and 4 by providing a
hydrophobic environment around the
host cavity.


Keywords: avidin ´ cyclodextrins ´
host ± guest chemistry ´ supramolec-
ular chemistry


Introduction


Signal transduction of molecule- or metal-binding to spectro-
scopic changes has recently emerged as an important appli-
cation of supramolecular chemistry.[1] Many examples of such
systems for metal-ion binding have been given with crown
ethers,[2] calixarenes,[3] molecular clefts,[4] and chelators,[5] but
the examples for small molecules are rather few.[6] We have
shown that chromophore-modified CDs (CD: cyclodextrin)
can be used for detecting molecules (sensors).[7] With these
CDs, the binding of small molecules is transduced to spectro-
scopic signals, such as a change in fluorescence, absorption,
and circular dichroism intensities. The important feature of
these systems is that the CD derivatives undergo an induced-
fit conformational change associated with guest accommoda-
tion, excluding the chromophore from inside to outside the
CD cavity. Since the inside of the CD cavity is hydrophobic,
while the outside of the cavity is polar bulk water, the
induced-fit conformational change results in the remarkable
environmental change around the chromophore.


The other interesting approach of these systems is the new
ability to control the environment outside the cavity to change
the guest-binding ability and guest selectivity of the system.
This has been done, for the first time, with a monensin-dansyl-
CD triad system, in which the hydrophobic monensin cap and
metal-ion induced promoted guest binding.[8] Proteins can
also act as an external environment around the cavity as
shown with avidin binding to biotin-appended N,N-dimethyl-
aminobenzoyl-modified CD.[9] We report here the results of
extensive binding studies on avidin with biotin-dansyl-modi-
fied CDs.


Results and Discussion


Synthesis : The compounds used in this study were synthesized
as shown in Scheme 1. Biotin-modified b-CD 2 was prepared
by condensation of 1 and biotin with dicyclohexylcarbodii-
mide (DCC) in DMF. The reaction of 2 with dansyl chloride in
DMF gave biotin-appended dansyl-modified b-CD 3. On the
other hand, treatment of 2 with dansylglycine and benzotria-
zol-1-yloxytris(dimethylamino)phosphonium hexafluoro-
phosphate (BOP) gave biotin-appended dansyl-modified b-
CD 4. We also prepared the reference compound 6, in which
the biotinyl group is replaced by an acetyl group. Reference
compound 8 with no CD unit was also prepared.


Absorption spectra : Figure 1 shows absorption spectra of 3,
avidin, tryptophan, and a mixture of avidin and 3. Here, avidin


[a] Prof. Dr. A. Ueno, Dr. T. Ikunaga, Dr. H. Ikeda
Department of Bioengineering
Faculty of Bioscience and Biotechnology
Tokyo Institute of Technology
4259 Nagatsuta-cho, Midori-ku, Yokohama 226 ± 8501 (Japan)
Fax: (�81) 45-924-5833
E-mail : aueno@bio.titech.ac.jp


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0509-2698 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 92698







2698 ± 2704


Chem. Eur. J. 1999, 5, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0509-2699 $ 17.50+.50/0 2699


Figure 1. Absorption spectra of avidin (10 mm, ****), 3 alone (100 mm, - - - -)
and in the presence of avidin (25 mm, ÐÐ), and tryptophan (100 mm, ± ±±).


is composed of four subunits of the same kind. The absorption
peak around 280 nm of avidin is similar to that of tryptophan,
suggesting that the peak of avidin is mainly a result of
tryptophan residues in the avidin. Compound 3 exhibits a
broad peak around 330 nm for the dansyl chromophore.


Fluorescence spectra : Figure 2A and 2B show fluorescence
spectra of 3 and 4 (25 mm), respectively, measured by
excitation at 360 nm. Both spectra have a peak around
550 nm, and the intensities decrease with increasing concen-
trations of hyodeoxycholic acid (HDCA) as a guest. Since the
fluorescence of the dansyl unit is much stronger in a hydro-


Figure 2. Variations in fluorescence spectra of A) 3 and B) 4 upon addition
of hyodeoxycholic acid (HDCA).


phobic environment than in water, the results indicate that the
dansyl moiety of 3 and 4 is excluded from the hydrophobic CD
cavity to bulk water solution.


The change in fluorenscence intensity DI, where DI� I0ÿ I,
and I and I0 are the fluorescence intensities in the presence
and absence of guest species, respectively, increases with
increasing concentration of HDCA. Figure 3A and 3B show
the DI/I0 values of 3 and 4 as a function of concentration of
various bile acids (Scheme 2). The dependencies for 3 and 4
display a similar trend, showing remarkable concentration
dependencies for HDCA and UDCA, negligible or small
concentration dependencies for DCA and cholic acid CA, and
moderate concentration dependency for CDCA. These data
imply that the order of the sensitivity for the guests of 3 and 4


Scheme 1. a) TsCl, pyridine, room temperature, 3 h; b) 1,4-diaminobutane, DMF, 65 8C, 1.5 h; c) biotin, DCC, HOBt, DMF, 0 8C, 2 h then RT, 20 h; d) dansyl
chloride, DIEA, DMF, RT, 4 h; e) dansylglycine, BOP, HOBt, DIEA, DMF, RT, 2 h; f) acetic anhydride, DIEA, DMF, 0 8C, 30 min; g) dansyl chloride,
DIEA, DMF, RT, 2 h; h) dansyl chloride, CHCl3, RT, 2 h; i) biotin, DCC, HOBt DMF, 0 8C, 2 h then RT, 20 h; TsCl� p-toluenesulfonyl chloride, DCC�
dicyclohexylcarbodiimide, HOBt� 1-hydroxybenzotriazole, BOP� benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate, DIEA�
diisopropylethylamine, dansyl� 5-dimethylamino-1-naphthalenesulfonyl.
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Figure 3. The DI/I0 values of A) 3 and B) 4 as a function of various guests;
*: HDCA, &: UDCA, ^: CDCA, x: DCA, � : CA (see Scheme 2).


Scheme 2. Various bile acids.


is CA,DCA�CDCA�UDCA,HDCA. Noteworthy,
HDCA, UDCA, CDCA, and DCA are isomeric steroids with
only one hydroxy group located at different positions or
stereochemically inverted with respect to the same carbon.


Figure 4 shows avidin-induced enhancement of dansyl
fluorescence of 3 and 4. The fluorescence intensities of 3
and 4 are enhanced 3.6 and 2.8 times, respectively, by the


Figure 4. Fluorescence spectra of 3 (A, 10 mm) and 4 (B, 10mm) in the
absence (a), and presence of avidin (b) (10 mm).


presence of an equimolar amount of avidin (10mm), suggest-
ing that avidin provides a hydrophobic environment around
the dansyl moieties of 3 and 4. Figure 5 shows the plausible
structure of 3 :avidin complex. This structure contains two


Figure 5. The plausible structure of 3-(avidin subunit) complex. The figure
contains two avidin subunits; 3 is bound to one of them. The structure of
avidin and biotinyl unit is taken from the reported crystal structure.[10]


subunits of avidin and one molecule of 3. The interaction of
the protein and biotin part of 3 is based on the X-ray
crystallographic data; the CD unit is located around the
border of the protein. Although avidin provides a hydro-
phobic environment, the amino acids positioned near the rim
of the CD are serine, glutamic acid, and valine, and not those
with an aromatic side chain such as phenylalanine or
tryptophan.


Figure 6 shows the fluorescence intensity as a function of
the concentration of dansyl-incorporated compounds. The


Figure 6. The fluorescence intensities of the solutions with avidin (10 mm)
(^, *), with a mixture of avidin (10 mm) and biotin (10 mm) (~), and with
neither avidin nor biotin (x) as a function of various dansyl derivatives
added. ^ : 3 ; x: 6 ; ~: 3 ; *: 6.


fluorescence intensity of 3 increases linearly with increasing
concentration of 3 until a concentration of 40 mm is reached in
the solution containing 10 mm avidin, then the slope becomes
gentler at higher concentration.
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This result is consistent with the fact that avidin is
composed of four subunits with one binding pocket for each
biotin. When the solution contains 10 mm avidin and 10 mm
biotin, the change in slope occurs around 30 mm of 3 ; this is
also consistent with four biotin units being included in four
binding pockets of avidin. Compound 6, the dansyl derivative
without a biotin unit, increases the fluorescence intensity
linearly with increasing concentration of these compounds
both in the absence and presence of avidin, and no slope
change was observed around 40 mm, demonstrating that the
biotin unit is a prerequisite for the slope change. Notably, the
fluorescence intensities of 3 are larger than those of other
dansyl derivatives over the entire range of concentrations; this
reflects the effect of the hydrophobic environment of avidin
on the dansyl fluorescence.


Guest-induced variations in fluorescence spectra : Figure 7
shows the changes in the fluorescence spectra of 3 and 4
(10 mm) induced by HDCA in the presence of avidin (10 mm).


Figure 7. Fluorescence spectra of A) 3 and B) 4 in the presence of avidin
(10 mm) at different concentrations of HDCA.


The fluorescence intensity around 550 nm decreases with
increasing concentration of HDCA. This result suggests that
the dansyl moiety is excluded from the hydrophobic CD
cavity to make way for the accommodation of HDCA in the
CD cavity. Notably, the extent of the variation of guest-
induced fluorescence for 4 is much smaller than that without
avidin (Figure 2). This observation might be related to the fact
that in the presence of avidin the dansyl moiety excluded from
the cavity is not totally exposed to the bulk water solution.


Figure 8 shows the DI/I0 values of 3 and 4 in the presence of
avidin as a function of guest concentration. The order of the
DI/I0 for 3 is CA<DCA<CDCA<UDCA<HDCA and
that for 4 is similar except for CA. When we compare these
data with those of Figure 3, we found that in the presence of
avidin a better separation of the binding curves is obtained for
HDCA and UDCA. An enhanced separation of the curves in
the presence of avidin was also observed for DCA and CA.
The results demonstrate that the avidin environment pro-
motes the separation of the binding curves of 3 and 4,
although the detailed mechanism for this is not clear.


Binding constants : Table 1 shows binding constants (K) of 3
and 4 for bile acids and 1-adamantanol (1-AdOH) in the


Figure 8. The DI/I0 values of A) 3 (10 mm) and B) 4 (10 mm) in the presence
of avidin (10 mm) as a function of the concentration of various guests; *:
HDCA, &: UDCA, ^: CDCA, x: DCA, � : CA.


absence and presence of avidin together with the values of
DImax/I0 , which were estimated for the complexes from the
curve-fitting analysis used to obtain the binding constants.


The binding constant of 3 for HDCA is 43 300mÿ1 in the
absence of avidin which is much larger than the value of
28 900mÿ1 obtained in the presence of avidin. On the other
hand, the binding constant of 4 for HDCA is 16 700 and
22 200mÿ1 in the absence and presence of avidin, respectively.
The binding constants of 3 for bile acids and 1-adamantanol
are always larger than those of 4. However, the changes of the
binding constants induced by avidin are more complicated.
The other important result is the avidin-induced decrease in
the DImax/I0 value as shown by the decrease of 3 from 29.1 % to
16.3 %, and that of 4 from 54.6 % to 18.3 % for HDCA. The
results may be related with the hydrophobic nature of the
avidin part located near the CD ring. This implies that the
dansyl moiety excluded from the CD cavity by guest
accommodation is not totally exposed to bulk water but
exposed to or included in the hydrophobic environment of
avidin. Most serious effects of this kind are seen for CDCA
and 1-adamantanol, when 4 is the host. These guests exhibit
decreases in the value of DImax/I0 from 35.5 % and 39.2 % to
4.5 % and 4.2 %, respectively. In spite of these features, the
binding becomes stronger in the presence of avidin with the
exception of the case for HDCA, as shown by about six times


Table 1. Binding constants K and DImax/I0 values of 3 and 4.[a]


Guest Avidin [mm] 3 4
K [mÿ1] DImax/I0 [%] K [mÿ1] DImax/I0 [%]


HDCA 0 43300 29.1 16 700 54.6
UDCA 0 27400 31.6 18 700 51.1
CDCA 0 15200 22.8 6980 35.5
DCA 0 [b] [b] [b] [b]


CA 0 [b] [b] [b] [b]


1-AdOH 0 30700 19.2 9730 39.2
HDCA 10 28900 16.3 22 200 18.3
UDCA 10 35900 12.5 27 600 10.7
CDCA 10 21800 9.1 17 600 4.5
DCA 10 [b] [b] [b] [b]


CA 10 [b] [b] [b] [b]


1-AdOH 10 69700 10.9 63 700 4.2


[a] Measured at 25 8C in phosphate buffer (pH 7.0). The concentrations of
3 and 4 were 10mm. Errors of the curve-fitting analyses were within 10%.
[b] Values were not determined.
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larger binding constant for 1-adamantanol. These results
suggest that avidin acts as a hydrophobic cap that strengthens
the guest binding.


Lifetimes : Table 2 shows the result of lifetime measurements.
Both 3 and 4 exhibit two lifetimes, about 7 ns for the shorter
one and about 14.5 ns for the longer lifetime. Upon addition
of HDCA, the component ratio of the longer lifetime
decreases from 38.7 % to 21.1 % for 3, and from 30.5 % to
16.1 % for 4. This result is consistent with the exclusion of the
dansyl moiety from the hydrophobic CD cavity to bulk water
solution upon guest accommodation.


However, the shorter lifetime of about 7 ns disappears in
the presence of avidin. Hosts 3 and 4 have values of 12 ± 13 ns
for the shorter and 22 ± 23 ns for the longer lifetime compo-
nent. The disappearance of the component at approximately
7 ns suggests that avidin forces the dansyl moiety into the CD
cavity, in such a way that it probably acts as a large heavy
stone on the cavity, and consequently results in the enforced
accommodation of the dansyl unit in the hydrophobic CD
cavity. The newly observed lifetime of about 22 ns indicates
that the dansyl moiety is located in a very hydrophobic
environment, even if it is excluded from the CD cavity. Upon
addition of HDCA, 3 and 4 have values of 9.8 ± 12.4 ns for the
shorter and 18.9 ± 20.0 ns for the longer lifetime component.
On the other hand, the ratio of longer lifetime component
increases from 7.3 % to 36.2 % for 3 and from 10.7 % to 36.2 %
for 4, reflecting the guest-induced locational change from the
inside of the CD cavity to the outside of the CD cavity. From
this viewpoint, the longer lifetime components should be from
the species in which the dansyl moiety is excluded from the
CD cavity, this trend being opposite to the case without
avidin. These features are summarized in Figure 9. It is
interesting to compare these results with those of 6, which has
no biotin unit and therefore cannot bind avidin. Compound 6
shows two lifetimes of 5 ns for the shorter and 10.2 ns for the
longer lifetime component; these values are shorter than
those of 3 and 4. The ratio of the longer lifetime component
decreases from 60.0 % to 36.5 % upon addition of HDCA
(150 mm); this reflects that the dansyl moiety is excluded from
the hydrophobic CD cavity to the polar bulk water solution.
The case is essentially the same in the presence of avidin. All
these results indicate that avidin acts as a hydrophobic
environment for 3 and 4.


Figure 9. Schematic representation for A) the dansyl-modified CDs alone
and B) in the presence of avidin.


Conclusion


In conclusion, avidin changes the fluorescence properties of
dansyl-modified CDs 3 and 4. The fluorescence intensities are
enhanced more than three times by avidin. The avidin forces
the dansyl moiety of 3 and 4 into the CD cavity, so that the
dansyl moiety is then excluded into the hydrophobic environ-
ment of avidin rather than into the bulk water associated with
guest binding. The guest binding becomes stronger as a result
of the promoted stability of the formed complexes. These
results demonstrate that avidin acts as an effective hydro-
phobic cap in the ternary complex of [avidin] ± [CD host] ±
[guest] .


Experimental Section


Thin-layer chromatography (TLC) was carried out on silica gel 60 F254


(Merck) coated plates. Preparative layer chromatography (PLC) was
performed on silica gel 60 F254 (layer thickness 2 mm, Merck) PLC plates.
Absorption and fluorescence spectra were acquired with a Shimadzu UV-
3100 spectrometer and a Hitachi 850 fluorescence spectrometer, respec-
tively. Mass spectra were recorded with Shimadzu MALDI III (TOF-MS).
Fluorescence decay was measured by a time-correlated single-photon


Table 2. Fluorescence lifetimes and the ratios of compounds.[a]


3 4 6
HDCA [mm] Avidin [mm] t1 (A1) [ns] t2 (A2) [ns] t1 (A1) [ns] t2 (A2) [ns] t1 (A1) [ns] t2 (A2) [ns]


0 0 7.50 14.5 7.10 14.5 5.00 10.2
(0.613) (0.387) (0.695) (0.305) (0.400) (0.600)


150 0 7.90 13.8 5.20 14.8 5.20 10.7
(0.789) (0.211) (0.839) (0.161) (0.635) (0.365)


0 10 12.6 22.1 12.3 22.8 4.90 12.5
(0.927) (0.073) (0.893) (0.107) (0.308) (0.692)


60 10 12.4 20.0 9.80 18.9 5.40 11.8
(0.638) (0.362) (0.638) (0.362) (0.640) (0.360)


[a] The concentrations of 3, 4, and, 6 were 10 mm. Compound 8 exhibits a single lifetime of 3.50 ns.
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counting method on a Horiba NAES-550 system. A self-oscillating flash
lamp filled with H2 was used as a light source. The excitation beam was
passed through filters U340 (Hoya), and emission beam through the filter
of Y44 (Hoya) to isolate the light with wavelengths longer than 440 nm.
1H NMR spectra were recorded on a Varian VXR-500S FT-NMR
spectrometer. HDO (d� 4.70) and [D6]dimethyl sulfoxide ([D6]DMSO:
d� 2.50) were used as internal standards, and [D4]3-(trimethylsilyl)pro-
pionic acid sodium salt (TSP: d� 0) and tetramethylsilane (TMS: d� 0) as
external standards. Elemental analyses were performed by the Analytical
Division in Research Laboratory of Resources Utilization of Tokyo
Institute of Technology. Analyses and collection of samples with HPLC
were performed on a Hitachi Intelligent Pump 7100, Hitachi D-7500
Chromato-Integrator, and Hitachi L-7400 UV-Vis Detector. Phosphate
buffer (pH 7.0) with an ionic strength of 100 mm was used for fluorescence
measurements.


b-Cyclodextrin was a kind gift from Nihon Shokuhin Kako Ltd. Avidin was
purchased from Sigma. All other reagents including bile acids and other
guest compounds were purchased from Tokyo Kasei except for 1-adaman-
tanol (Merck). Deuterium oxide, with an isotopic purity of 99.95 %, and
[D6]DMSO with an isotopic purity of 99.95 %, were purchased from Merck.


6-Deoxy-6-(4-aminobutylamino)-b-cyclodextrin (1): A solution of 6-O-
tosyl-b-CD (5 g, 3.88 mmol) in DMF (30 mL) was added to a mixture of 1,4-
diaminobutane (40 g) and DMF (5 mL) and the resulting mixture was
stirred at 65 8C for 1.5 h under argon. The reaction mixture was
concentrated under reduced pressure and then poured into acetone (2 L).
The precipitates formed were collected on a glass filter and dried under
reduced pressure. The crude product was dissolved in water and purified by
column chromatography on CM Sephadex C-25. After removal of p-
toluenesulfonic acid and other impurities by elution with water (5 L), the
fractions containing the product were obtained with a gradient elution of
ammonia solution from 0 to 1m. The fractions containing the product were
concentrated under reduced pressure. Lyophilization of the product gave a
white powder (4.18 g, yield 88%). TLC: Rf� 0.04 (28 % NH3, ethyl acetate,
2-propanol, water 1:3:5:4); 1H NMR (500 MHz, [D6]DMSO): d� 1.47 ±
1.58 (4H, m, CH2), 2.55 (2 H, t, CH2NH2), 2.73 (1 H, dd, H-6a (CD)), 2.83
(2H, t, C6-NHCH2), 3.00 (1H, dd, H-6b (CD)), 3.37 (1H, t, H-4 (CD)),
3.35 ± 3.91 (39 H, m, CD), 4.99 ± 5.02 (7H, m, H-1 (CD)); anal. calcd for
C46H80N2O34 ´ 2H2O: C 44.52, H 6.82, N 2.29; found: C 44.58, H 6.84, N 2.21.


6-Deoxy-6-(4-N-biotinylaminobutylamino)-b-CD (2): A mixture of 1
(600 mg, 498 mmol), biotin (122 mg, 498 mmol), DCC (123 mg, 548 mmol),
HOBt (74 mg, 548 mmol) in DMF (6 mL) was stirred for 2 h at 0 8C, and
then overnight at room temperature. After filtration, the filtrate was added
dropwise to acetone (600 mL). The precipitates formed were collected on a
glass filter and dried under reduced pressure. The crude product was
dissolved in water, and purified by column chromatography on CM
Sephadex C-25. The column chromatography was performed with a
gradient elution of ammonia solution from 0 to 1m, and the fractions
containing the desired product were concentrated under reduced pressure
and then lyophilized to give a white powder (602 mg, yield 85%). TLC:
Rf� 0.28 (28 % NH3, ethyl acetate, 2-propanol, water 1:3:5:4); 1H NMR
(500 MHz, [D6]DMSO): d� 1.38 ± 1.81 (10 H, m, CH2), 2.18 (2 H, t,
COCH2), 2.69 (1H, dd, SCH2), 2.95 (1H, dd, SCH2), 3.20 (1 H, m, SCH),
2.80 ± 3.20 (6H, m, CH2NHCO, H-6 (CD), C6-NHCH2), 3.30 ± 3.95 (40 H,
m, CD), 4.23 (1 H, m, CHNH), 4.41 (1H, m, CHNH), 4.90 ± 5.00 (7H, m,
H-1 (CD)); anal. calcd for C56H94N4O36S1 ´ 8H2O: C 42.69, H 7.04, N 3.56, S
2.03; found: C 42.61, H 7.06, N 3.56, S 2.00.


6-Deoxy-6-(4-N-biotinylamino-1-N-dansylbutylamino)-b-CD (3): A mix-
ture of 2 (100 mg, 70 mmol), diisopropylethylamine (DIEA) (122 mL,
699 mmol), and dansyl chloride (75 mg, 279 mmol) in DMF was stirred at
room temperature for 4 h. The solution was poured into acetone (200 mL).
The precipitates formed were collected on a glass filter and dried under
reduced pressure. The crude product was dissolved in water and purified by
column chromatography on CM Sephadex C-25 and QAE Sephadex C-25.
The fractions containing the desired product were concentrated under
reduced pressure and lyophilized. The crude product was dissolved in water
and purified by HPLC and the fractions containing the desired compound
were collected and again subjected to QAE Sephadex C-25. The eluted
solution (1 L) was collected and concentrated under reduced pressure. The
lyophilization of the residue gave a white powder (64 mg, yield 55 %). TLC:
Rf� 0.36 (n-butanol, ethanol, water 5:4:3); Rf� 0.44 (28 % NH3, ethyl
acetate, 2-propanol, water 1:3:5:4); 1H NMR (500 MHz, [D6]DMSO): d�


2.95 (6 H, s, N(CH3)2), 7.39 (1H, d, DNS), 7.74 (2H, m, DNS), 8.16 (1 H, d,
DNS), 8.27 (1H, d, DNS), 8.60 (1H, d, DNS); anal. calcd for C68H105N5O38-
S2 ´ 8H2O: C 45.15, H 6.74, N 3.87, S 3.54; found: C 45.12, H 6.66, N 3.90, S
3.85.


6-Deoxy-6-[4-N-biotinylamino-1-N-(N-dansylglycinyl)butylamino]-b-CD
(4): A mixture of 2 (150 mg, 105 mmol), dansylglycine (49 mg, 157 mmol),
BOP (70 mg, 157 mmol), HOBt (24 mg, 157 mmol), diisopropylethylamine
(27 mL, 157 mmol) in DMF was stirred at room temperature for 2 h. The
solution was poured into acetone (400 mL) and the precipitates formed are
collected on a glass filter. The crude product was dissolved in water, and
then purified by column chromatography on CM Sephadex C-25 and then
on QAE Sephadex C-25. The eluted solution was concentrated under
reduced pressure and subsequently was treated with 1n NH3 solution
(50 mL) for 3 h to hydrolyze the ester linkages formed by the side reaction.
The solution was concentrated under reduced pressure and subjected to
QAE Sephadex C-25, and desired product was eluted with water (1 L). The
solution was concentrated under reduced pressure and then lyophilized to
give a white powder (25 mg, yield 14%). TLC: Rf� 0.44 (28 % NH3, ethyl
acetate, 2-propanol, water 1:3:5:4); 1H NMR (500 MHz, [D6]DMSO): d�
2.84 (6 H, s, N(CH3)2), 7.26 (1H, d, DNS), 7.62 (2H, m, DNS), 8.15 (1 H, d,
DNS), 8.32 (1H, d, DNS), 8.47 (1H, d, DNS); anal. calcd for C70H108N6O39-
S2 ´ 8H2O: C 43.56, H 6.48, N 4.35 S 3.32; found: C 43.52, H 6.50, N 4.36, S
3.55.


6-Deoxy-6-(4-N-acetylamino-1-N-dansylbutylamino)-b-CD (6): A mixture
of 1 (200 mg, 160 mmol) and diisopropylethylamine (224 mL, 1.33 mmol) in
DMF (3 mL) was stirred at 0 8C. Acetic anhydride (15.7 mL, 166 mmol) in
DMF (2 mL) was added to this solution. After 30 min, the solution was
poured into acetone (400 mL), and the precipitates formed were collected
on a glass filter. The precipitates were dissolved in water, and purified by
column chromatography on CM Sephadex C-25 by elution with water (1 L)
and by a gradient elution of ammonia solution from 0 to 1m. The eluted
solution was concentrated under reduced pressure and then lyophilized to
give a white powder of 6-deoxy-6-(4-N-acetylaminobutylamino)-b-CD (5,
173 mg, yield 84 %).


A mixture of 5 (100 mg, 80 mmol), diisopropylethylamine (54 mL,
321 mmol), and dansyl chloride (22 mg, 80 mmol) in DMF (2 mL) was
stirred at room temperature for 2 h. The reaction mixture was added
dropwise to acetone (22 mL) and the precipitates formed were collected on
a glass filter. The precipitates were dissolved in water and purified by
column chromatography on CM Sephadex C-25 and QAE Sephadex C-25.
The product was eluted with water (1 L), and the eluted solution was
concentrated under the reduced pressure and lyophilized to give a white
powder (53 mg, yield 45%). TLC: Rf� 0.42 (n-butanol, ethanol, water
5:4:3); 1H NMR (500 MHz, [D6]DMSO): d� 1.82 (3H, s, COCH3), 2.91
(6H, s, N(CH3)2), 7.38 (1H, d, DNS), 7.74 (2H, m, DNS), 8.15 (1 H, d, DNS),
8.27 (1 H, d, DNS), 8.60 (1H, d, DNS); anal. calcd for C60H93N3O37S1 ´
15H2O: C 41.16, H 7.08, N 2.40, S 1.83; found: C 41.23, H 7.05, N 2.41, S 1.85.


N-Dansylbutylamine (7): A mixture of 1,4-butylenediamine (1.31 g,
14.8 mmol) and dansyl chloride (200 mg, 741 mmol) in chloroform (5 mL)
was stirred for 2 h. The solution was concentrated under reduced pressure
and subjected to silica gel column chromatography with chloroform
(500 mL), and then with a 50:50 methanol/chloroform solution. The
fractions containing the product were filtered and the filtrate was
concentrated under reduced pressure to give a yellow powder (267 mg,
yield 70 %). TLC: Rf� 0.49 (n-butanol, ethanol, water 5:4:3). 1H NMR
(500 MHz, [D6]DMSO): d� 1.51 ± 1.58 (4 H, m, CH2), 2.67 (2 H, m,
CH2NH2), 2.89 (2H, m, SO2NHCH2), 2.94 (6 H, s, N(CH3)2), 7.37 (1 H, d,
DNS), 7.69 ± 7.74 (2 H, m, DNS), 8.21 (1H, d, DNS), 8.42 (1H, d, DNS), 8.57
(1H, d, DNS); anal. calcd for C16H23N3O2S1: C 59.79, H 7.21, N 13.07, S 9.97;
found: C 59.80, H 7.18, N 13.08, S 9.98.


4-N-Biotinyl-1-N-dansylbutylamine (8): A mixture of N-dansylbutylamine
(70 mg, 218 mmol), biotin (59 mg, 240 mmol), DCC (49 mg, 240 mmol), and
HOBt (32 mg, 240 mmol) in DMF (91 mL) was stirred at 0 8C for 2 h, and
then at room temperature overnight. The reaction mixture was dried under
reduced pressure and dissolved in a small amount of methanol. The
solution was developed on PLC with a 2:8 methanol/chloroform solution.
The PLC spots that were identified to contain the desired product by MS
were scratched off and washed with methanol. The solution of the
compound in methanol was concentrated under reduced pressure and
added dropwise to chloroform (100 mL). After the insoluble solid was
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removed by filtration, the solution was concentrated and subjected to silica
gel chromatography. After the elution with 2:8 methanol/chloroform, the
eluted solution was concentrated under reduced pressure to give a yellow
powder (12 mg, yield 10%). TLC: Rf� 0.57 (chloroform, methanol 4:1);
1H NMR (500 MHz, [D6]DMSO): d� 1.32 ± 1.80 (10 H, m, CH2), 2.11 (2H,
t, NHCOCH2), 2.69 (1 H, dd, SCH2), 2.87 ± 3.30 (6H, m, NHCH2,
CONHCH2, SCH2, SCH), 2.95 (6 H, s, N(CH3)2), 4.24 (1H, m, NHCH),
4.44 (1H, m, NHCH), 7.37 (1H, d, DNS), 7.69 ± 7.75 (2H, m, DNS), 8.20
(1H, d, DNS), 8.41 (1 H, d, DNS), 8.57 (1H, d, DNS); anal. calcd for
C26H37N5O4S2 ´ 3H2O: C 51.89, H 7.20, N 11.64, S 10.66; found: C 51.95, H
7.25, N 11.53, S 10.44.
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Sugar-Integrated Gelators of Organic SolventsÐTheir Remarkable Diversity
in Gelation Ability and Aggregate Structure


Kenji Yoza,[a] Natsuki Amanokura,[a] Yoshiyuki Ono,[a] Tetsuyuki Akao,[b]


Hideyuki Shinmori,[c] Masayuki Takeuchi,[c] Seiji Shinkai,*[a] and David N. Reinhoudt[d]


Abstract: Five 1-O-methyl-4,6-O-ben-
zylidene derivatives of the monosac-
charides d-glucose, d-galactose, and d-
mannose were synthesized. The b-iso-
mer of the d-glucose derivative was
sparingly soluble in most organic sol-
vents, whereas the a-isomer of the d-
mannose derivative was soluble in many
organic solvents. The a-isomer of the d-
glucose derivative and the a- and b-
isomers of the d-galactose derivative
acted as versatile gelators of various
organic solvents; this indicates that sac-
charides are useful as potential tem-
plates for the molecular design of chiral
gelators. In particular, the two d-galac-


tose-based gelators behaved as ªexcel-
lent gelatorsº. It is very surprising that a
change in the configuration of only one
carbon atom results in such a drastic
change in the solubility and the gelation
properties. The possible relationship
between the saccharide structure and
the gelation properties is discussed on
the basis of FT-IR and 1H NMR spec-
troscopic data, differential scanning cal-


orimetric (DSC) measurements, scan-
ning electron microscopy (SEM) obser-
vations, and computational studies. FT-
IR spectroscopy showed that the gelat-
ion properties are related to the forma-
tion of ªmoderateº intermolecular hy-
drogen bonds. The SEM observations
showed that the gelators can form var-
ious fibrous structures (straight, puck-
ered, and helical). The present study
shows that this saccharide family is a
potential combinatorial library of organ-
ic gelators and more generally, of mo-
lecular assembly systems.


Keywords: hydrogen bonds ´ mo-
lecular assembly ´ organic gels ´
saccharides ´ sol ± gel processes ´
sugars ´ supramolecular chemistry


Introduction


The development of new gelators of organic solvents has
recently received much attention. They not only gelatinize
various organic solvents but also create novel networks with
fibrous superstructures that can be characterized by SEM
pictures of the xerogels.[1±11] The gelators can be classified into
two categories according to the difference in the driving force


for molecular aggregation: hydrogen-bond-based gelators and
nonhydrogen-bond-based gelators. Typical examples of the
former group are aliphatic amide derivatives,[1±4] and of the
latter group, cholesterol derivatives.[6±9] The superstructures
observed as fibrous aggregates in the organic gels of aliphatic
amide derivatives satisfy the complementarity for intermo-
lecular hydrogen-bond interactions.[5±9] This observation
stimulated us to use saccharides as a hydrogen-bond-forming
segment in gelators, because one can then easily introduce a
variety of hydrogen-bond-forming, chiral segments into the
gelators by appropriate selection from a saccharide library. It
is expected, therefore, that many sugar-integrated gelators can
be readily designed by substituting this segment only, leading
eventually to new chiral gelators. However, literature exam-
ples of saccharide-containing gelators are very limited in spite
of their high potential.[8, 12] In this paper, we report on the
syntheses of the a-isomers of the glucose derivative 1 a, the
galactose derivative 2 a, and the mannose derivative 3 a and
the b-isomers of the glucose derivative 1 b and the galactose
derivative 2 b and their gelation abilities. We found that the
gelation properties (e.g., gel stability, gel fiber superstructure,
solvent dependence, etc.) are clearly related to the saccharide
structure.[13]
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Results and Discussion


Gelation test for various organic solvents : The synthesis of 1 a
has already been reported.[14] The other gelators were
synthesized in a similar manner by treatment of the corre-
sponding saccharides with benzaldehyde and ZnCl2. The
products were identified by 1H NMR and IR spectroscopy and
elemental analyses (see the Experimental Section).


The gelation test was carried out as follows: the gelator
(3.0 mg) was mixed with solvent (0.10 mL) in a septum-
capped test tube, and the mixture was heated until the solid
dissolved. The solution was cooled to 25 8C and left for 1 h. A
ªGº in Table 1 denotes that a gel was formed at this stage.
Some solutions gelled at a gelator concentration below 1.0 %
(wt/vol) and are designated ªG*º in Table 1. Solvents in
Group I are those which were gelatinized by some gelators.
Solvents in Group II are those in which all the gelators were
either too soluble or precipitated.[15] From examination of
Table 1, several interesting points can be inferred as charac-
teristic of sugar-integrated gelators. Firstly, among the three
a-isomers, 2 a is the best gelator of many organic solvents.
Secondly, comparison of the gelation ability for n-hexane,
cyclohexane, and Group II solvents reveals that 1 a is more
cohesive and tends to form a precipitate, whereas 3 a is more
soluble than the other two gelators and is frequently unable to
coagulate in solution. Thirdly, the b-isomer of galactose
derivative 2 b also acts as an excellent gelator, comparable
with 2 a. Finally, the solubility of the b-isomer 1 b is generally
inferior to that of the a-isomer 1 a as indicated by the
numerous ªPº (P� precipitation) entries for 1 b and the ªSº
(S� solution) entriees for 1 A.


As seen from the saccharide structures illustrated above,
1 a, 2 a, and 3 a are epimers that differ only in the carbon
configuration at either C-2 or C-4, whereas 1 a ± 1 b and 2 a ±
2 b are anomers with one different carbon configuration at
C-1. It is surprising that a difference in the carbon config-
uration results in such a marked difference in the solubility or
gelation properties. The possible rationale for the structure-
gelation relationship is discussed below.


Concentration dependence : In
Figure 1, the sol ± gel phase tran-
sition temperatures (Tgel) of 1 a,
2 a, 3 a, and 2 b in toluene and
diphenyl ether are plotted
against the gelator concentration
in order to compare their gelat-
ion properties. Figure 1 shows
that in both solvents the Tgel


values at the same gelator con-
centration always appear in the
order 2 a> 1 a> 3 a for the a-
isomers, whereas the Tgel values
for 2 b are always higher than
those for 2 a. Figure 2 shows
similar plots in benzene, carbon
tetrachloride, and water. Again,
a similar trend is observed here;
both in benzene and in carbon
tetrachloride, the Tgel values for


2 a are higher than those for 1 a. Judging from the foregoing
gelation test, one may conclude that the cohesive nature of the
five gelators decreases in the order 1 b> 2 b> 2 a> 1 a> 3 a.


Table 1. Organic solvents tested for gelation by 1 a, 1 b, 2a, 2b, and 3 a.[a]


1 a 1b 2a 2 b 3 a


Group I
n-hexane G* P G* G* G*
n-heptane P P G* G* G*
n-octane G* P G* G* G*
cyclohexane P P G* G* G*
methylcyclohexane G* P G* G* G*
benzene G P G* G* P
toluene G* P G* G* G*
p-xylene G* P G* G* G*
nitrobenzene S P S Gp S
carbon tetrachloride G* P G* G* P
carbon disulfide P G G* G* G*
diethyl ether G P G* P P
diphenyl ether G* G G* G* G
ethyl formate S P P Gp S
methyl acetate S P S Gp S
n-octanol S P G G S
triethylamine S P G G S
triethylsilane P P Gp G G*
tetraethoxysilane P P G* P P
water P P S S G


Group II
1,2-dichloroethane S P S S S
dichloromethane S P S S S
chloroform S P S S S
ethyl acetate S P P S S
ethyl malonate S P S S S
acetone S P S S S
methyl ethyl ketone S P S S S
acetonitrile S P S S S
ethanol S P S S S
n-propanol P P P P S
n-butanol P P S P S
hexanoic acid S P P P S
acetic anhydride S P S S S
glycerol S P S S S


[a] G� gel; G*� gelated even under 1.0 wt/vol %; Gp� partial gel; P�
precipitation; S� solution.
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Figure 1. Plots of Tgel against gelator concentration in toluene and
diphenyl ether: 1 a/diphenyl ether (*), 1a/toluene (*), 2a/diphenyl ether
(&), 2a/toluene (&), 3a/diphenyl ether (^), 3a/toluene (^), 2 b/diphenyl
ether (~), 2 b/toluene (~).


Figure 2. Plots of Tgel against gelator concentration in benzene, carbon
tetrachloride, and water: 1a/benzene (*), 1a/CCl4 (*), 2 a/benzene (&), 2a/
CCl4 (&), 3 a/water (^).


Previously, we derived [Eq. (1)] from a Schrader�s relation
frequently used for the dissolution of solid compounds in
organic solvents.[7] DH can be determined from the slope of a


log[gelator]�ÿ DH


2:303 R
� 1


Tgel


� constant (1)


plot of log[gelator] (with the gelator concentration given in
molÿ 1 dmÿ3) against Tÿ1


gel. It is known that the DH values are
comparable with or slightly larger than the latent heat of
fusion DHf values determined from DSC measurements at the
melting point of the solid.[7] This might indicate that the DH
values reflect the heat released at the sol ± gel phase transition
temperature. This implies albeit indirectly that the gelator
fibers formed in organic solvents are not so solvated with
solvent molecules.[7, 16]


However, we do not consider that this corresponds with a
ªperfectº gel-monomer transition. For example, we observed
the sol ± gel phase transition under an optical microscope.
Although the mobility of the solution system was drastically
increased above the Tgel , small aggregate particles still exist.
One may consider, therefore, that some gelators aggregate
even in the solution phase.


As shown in Figure 3, plots of log[gelator] against Tÿ1
gel


afforded straight lines with g(correlation coefficient) >0.97.
The DH values estimated on the basis of Equation 1 are


Figure 3. Plots of log[gelator] (gelator concentration in mol dmÿ3) against
Tÿ1


gel. A) (toluene and diphenyl ether system): 1 a/toluene (*), 1a/diphenyl
ether (*), 2a/toluene (&), 2a/diphenyl ether (&), 3 a/toluene (^), 3 a/
diphenyl ether (^), 2b/toluene (~), 2 b/diphenyl ether (~). B) (benzene,
CCl4, and water system); 1a/benzene (�), 1a/CCl4 (�), 2a/benzene (!),
2a/CCl4 (!), 3a/water (&� ).


summarized in Table 2. The DHf values at the melting points
as determined by DSC mesurements were 23, 27, 22, 25, and
26 kJ molÿ1 for 1 a, 2 a, 3 a, 1 b, and 2 b, respectively. Although


Table 2. DH obtained from [gelator] vs. Tgel plots and DHf at the melting
point obtained from DSC measurements.


DH kJ molÿ1 DHf kJ molÿ1


Toluene Diphenyl ether Benzene CCl4 Water


1a 43 33 42 40 ppt[a] 23
2a 40 35 37 45 S[b] 27
3a 41 28[c] ppt[a] ppt[a] 22 22
1b ppt[a] ± ppt[a] ppt[a] ppt[a] 25
2b 49 44 ± ± S[b] 26


[a] Gelators were precipitated from these solvents. [b] Gelator were
soluble in these solvents. [c] The correlation coefficient in Figure 3 is 0.97.
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the DHf values decrease in the order 2 a> 2 b> 1 b> 1 a> 3 a,
the differences are relatively small. As described later under
the FT-IR measurements, the nOH peak assignable to the free
OH group could not be found for the solid gelator samples.
This means that in the solid state all the OH groups in these
gelators form either intramolecular or intermolecular hydro-
gen bonds. This situation should result in averaged DHf values.
It is interesting to note, however, that the excellent gelators 2 a
and 2 b have relatively large DHf values, whereas the very
soluble gelator 3 a has a relatively small DHf value.[17] Table 2
also shows that the DH values are generally larger than the
DHf values and have characteristic solvent dependence.
Firstly, DH values in the hydrocarbon solvents, toluene and
benzene, are generally larger than in oxygen-containing
solvents (diphenyl ether). This implies that diphenyl ether
acts as a hydrogen-bond acceptor and weakens the network
formation based on the intermolecular hydrogen-bond inter-
action. Secondly, 3 a ± diphenyl ether and 3 a ± water systems
have small DH values, 28 and 22 kJ molÿ1 respectively. Gelator
3 a is relatively soluble in these solvents, and the gel is
obtained only in the high concentration region (see Figures 1
and 2). Thus, a small DH value is attributed to the affinity (or
partial dissolution) of the gelator for solvent molecules.
Clearly water is not a favorable solvent for gelation with
sugar-integrated gelators that utilize the intermolecular
hydrogen-bond interaction for network formation. However,
it is rather surprising that water could be gelatinized by 3 a.
Thirdly, 2 b which is the best of the five gelators tested herein
affords the largest DH values. This finding indicates that the
stable gel formation with high Tgel is related to the formation
of stable, intermolecular hydrogen bonds, as reflected in the
large DH values.


The order of the DH values is solvent dependent. Generally
speaking however, the order is 2 b> 1 a� 2 a> 3 a. This order
is roughly coincident with the DHf values and also supports
the view that the gel fibers are not so solvated with solvent
molecules, but are composed of aggregates of solid-like
particles.


Intermolecular hydrogen-bond interactions as detected by
FT-IR spectroscopy: In the FT-IR spectra, the nOH peak of the
free OH group (at around 3600 cmÿ1) was not found for solid
samples of the five gelators. This indicates that all the OH
groups form either intermolecular or intramolecular hydro-
gen bonds. On the other hand, the gel solutions exhibited two
peaks at 3220 ± 3475 and 3573 ± 3588 cmÿ1 in the nOH region,
which could be assigned to hydrogen-bonded OH and free
OH groups, respectively. Typical FT-IR spectra are shown in
Figure 4. The 1 a ± toluene system shows two broad peaks
around 3328 and 3389 cmÿ1 in addition to a nOH peak at
3577 cmÿ1 for free OH groups. The 1 b ± toluene and 3 a ± tol-
uene systems exhibit similar broad nOH peaks for the hydro-
gen-bonded OH groups. The appearance of the broad peaks
suggests that the hydrogen-bonded network in these systems
is relatively disordered. On the other hand, in the 2 a ± toluene
system there are three sharp peaks at 3314, 3429, and
3475 cmÿ1 in addition to a peak at 3573 cmÿ1 for free OH
groups. The 2 b ± toluene system was similar to the 2 a ± to-
luene system, in giving rise to three sharp nOH peaks, Table 3.


Figure 4. FT-IR spectra at 25 8C of: A) 1a/toluene system (0.80 % (wt/vol))
and B) 2 a/toluene system (0.28 % (wt/vol)).


This might mean that the hydrogen-bond interaction in these
systems is more ordered, with a high degree of complemen-
tartiy between the hydrogen-bond-forming OH groups. It is
important to note that 2 a and 2 b, which show the three sharp
nOH peaks, are excellent gelators. These findings lead us to
conclude that in these systems the complementarity of the OH
groups is the primary factor in controlling organic gel stability.


Figure 5 shows that the peak intensity ratio (R) of hydro-
gen-bonded OH to free OH abruptly increases at the sol ± gel
phase transition concentration. For excellent gelators such as
2 a and 2 b, the nOH peaks for hydrogen-bonded OH groups
appear even at low gelator concentrations [ca. 0.1 ± 0.2 % (wt/
vol)], whereas those for 1 a and 3 a appear only at high gelator


Table 3. nOH bands (cmÿ1) of the gels prepared from the toluene solutions.


Concentration
[(wt/vol)%]


Free OH [cmÿ1][a] Hydrogen-bonded
OH [cmÿ1][a]


1a 0.60 3577(sh) 3328(br), 3389(br)
2a 0.26 3573(sh) 3314(sh), 3429(sh), 3475(sh)
3a 0.60 3577(sh) 3235(br), 3350(br)
1b 0.40 (ppt)[b] 3577(sh) 3220(br), 3377(br)
2b 0.15 3588(sh) 3280(sh), 3373(sh), 3440(sh)


[a] sh� sharp peak; br�broad peak. [b] The sample is the solution
containing the precipitate.
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Figure 5. Plots of the peak intensity ratio R of hydrogen bonded to free
OH groups as a function of gelator concentration in toluene at 20 8C. There
are two major peaks for hydrogen-bonded OH groups; the filled points
were obtained from the intensities at nOH� 3220 ± 3314 cmÿ1, whereas the
open points were obtained from those at nOH� 3350 ± 3429 cmÿ1; (*,*) 1a,
(&,&) 2a, (^,^) 3a, and (~,~) 2 b. The arrows indicate the sol ± gel transition
temperature of i) 1 a, ii) 2a, iii) 3 a, and iv) 2b.


concentrations [ca. 0.5 % (wt/vol)]. In particular, the value of
R for 3 a increases very gradually with increasing 3 a concen-
tration. This means that 3 a is very soluble in toluene and the
gel fibers are created gradually under the disadvantageous
condition by which an equilibrium of monomeric 3 a with
aggregated 3 a favours monomeric 3 a . It is not yet clear what
structural factor governs the magnitude of the R value. If this
measure could be correlated with the complementarity of the
intermolecular hydrogen bonds, 2b would be expected to have
one of the highest R values as in fact it does (Figure 5). How-
ever, 1 a is significantly inferior to 2 a in its gelation ability, but
it has an R value comparable with 2 a. [18] It is likely therefore,
that the R value reflects mainly the structure of the solid-like
gel fibers, whereas the gelation ability is related not only to
the fiber structure but also to the solubility of gelators or their
affinity for solvent molecules. This difference may cause the
disagreement between the gelation ability and the R value.


The foregoing FT-IR spectroscopic data consistently sup-
port the view that the gel network in the present system is
primarily stabilized by intermolecular hydrogen bonding.
Judging from the plots in Figure 5, the molecular coagulation
tendency decreases in the order: 2 b> 2 a> 1 a> 3 a. This
order coincides with that estimated from the gelation test
(vide supra).


Temperature-dependent 1H NMR spectra : It is to be expected
that the molecular motion of gelators drastically changes at
the sol ± gel phase transition temperature Tgel . This change can
be conveniently monitored by the line-broadening effect in
the 1H NMR spectrum. In fact, such a phenomenon has
already been reported for a related gel system.[19] We have
measured the 1H NMR spectra of 1 a, 2 a, 3 a [each at 2.0 %
(wt/vol)], and 2 b [0.50% (wt/vol)] in [D8]toluene at 25 ±
83 8C. As shown in Figure 6, the half-height peak width d1/2


Figure 6. Plots of dOH the OH group chemical shift and d1/2 the half-height
peak width of the PhCH methine proton peak against temperature; [1a]�
[2a]� [3a]� 2.0% (wt/vol) in [D8]toluene. There are two peaks for the OH
groups: (*,*) 1a, (&,&) 2 a, (^,^) 3a; d1/2 (*) 1a, (&) 2 a, (^) 3a, (~) 2b. The
arrows indicate the sol ± gel transition temperature of i) 1 a, ii) 2a, iii) 3a,
and iv) 2b.


of the PhCH methine proton is nearly constant above the Tgel ,
while it increases with falling temperature below the Tgel. The
results imply that the mobility of gelator molecules is
significantly suppressed in the gel phase, whereas it is
comparable with that of the homogeneous solution in the
sol phase. On the other hand, plots of dOH (chemical shift of
the OH groups) against temperature for 1 a, 2 a, and 3 a show
that the chemical shifts have their maximum downfield values
at the Tgel . In general, the formation of strong hydrogen bonds
with OH groups induces a downfield shift of dOH.[20, 21] Hence,
the hydrogen bonds with the OH groups are strengthened
with lowering of the medium temperature from the sol phase
to the Tgel region. This change is explicable in terms of
intermolecular aggregation near the gel region. In contrast, it
is difficult to explain why the hydrogen bonds are gradually
weakened as the medium temperature falls in the gel phase.
Presumably, in the Tgel region the formation of the ªsoft gelº is
predominantly governed by the intermolecular hydrogen-
bond interaction, but at temperatures much lower than Tgel ,
the formation of the crystal-like ªhard gelº [7, 16] is governed
not only by the intermolecular hydrogen-bond interaction but
also by other intermolecular forces such as p ± p interactions,
van der Waals interactions, etc.[10] In cases in which the latter
forces cannot harmonize with the hydrogen-bond interaction
because of steric mismatching, the hydrogen bonds may be
weakened with decreasing medium temperature. In any event,
it is clear that 1H NMR spectroscopy is a potential tool for
studying the formation of organic gels.


SEM observations of xerogels : In order to obtain visual
insights into the aggregation mode, we have prepared dry
samples of organic gel fibers for SEM studies.[22] Figure 7 (a
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Figure 7. SEM pictures of 1a, 2a, 3a, and 2b : a) 1a prepared from carbon
tetrachloride [0.5 % (wt/vol)], b) 2 a prepared from carbon tetrachloride
[0.5 % (wt/vol)], c) 3 a prepared from toluene [3.0 % (wt/vol)], d) 2b
prepared from benzene [1.0% (wt/vol)], and e) 3 a prepared from water
[3.0 % (wt/vol)].


and b) shows typical pictures obtained from xerogels of 1 a or
2 a in carbon tetrachloride. It is clear that the gelators form a
three-dimensional network with 50 ± 200 nm puckered fibrils.
On the other hand, the fibrils obtained from the gel of 3 a with
toluene and of 2 b with benzene are more linear (Figure 7, c
and d). Interestingly, the fibrils obtained from the aqueous gel
of 3 a show a regular left-handed helical structure, Figure 7e.
Presumably, in an aqueous system the balance between
hydrogen-bond interaction and hydrophobic interaction is
different from that in organic media. This problem is currently
under investigation to clarify a possible relationship between
the gelator structure and the aggregate morphology.


Computational studies : The above-mentioned results consis-
tently support the view that the slight difference in the
saccharide configuration is largely reflected by the solubility,
the gelation ability, and the superstructure of the gel fibers.
What is the origin of these differences? Although the gel fiber
structure is not necessarily the same as that obtained from the
single-crystal X-ray studies,[5] X-ray crystallography should
give some useful information. Unfortunately, these gelators
tend to grow as needles and single crystals suitable for X-ray
analysis have not been isolated so far. Thus, in order to obtain
some insight into the difference in the solubility (which is
eventually related to the gelation ability), we undertook some
computational studies with MM3. The energy-minimized
structures in their C 1 forms are illustrated in Figure 8.


Figure 8. Energy-minimized structures of 1a, 2a, 3a, 1b, and 2 b in their
C 1 forms predicted on the basis of MM3 calculations.


It is known that the physical properties of certain gelators
are affected by epimeric effects.[6b] In the present system, the
solubility of 1 b is the lowest of the five saccharide-based
gelators tested herein (Table 1). Two features of this com-
pound are that the molecular structure is relatively ªflatº,
because of the b-configuration of the 1-OMe group, and two
unmodified OH groups occupy the sterically less crowded
equatorial position. These steric characteristics should facil-
itate intermolecular aggregation, which occurs through the
stacking of pyranose rings and hydrogen-bond interaction
among the OH groups. In contrast, the solubility of 3 a is the
highest of the five saccharide-based gelators tested here
(Table 1). Two relevant features of this compound are that the
molecular structure is l-configured, because of the a-config-
uration of the 1-OMe group, and one of the two unmodified
OH groups occupies the sterically more crowded axial
position. In fact, of the five gelators, only 3 a has an axial
OH group. These steric characteristics should suppress the
intermolecular aggregation tendency and eventually enhance
the solubility. Gelator 1 a, which has an a-1-OMe group and
two equatorial OH groups, has intermediate solubility and
gelation properties between 1 b and 3 a (Table 1).


So why do 2 a and 2 b, prepared from d-galactose, possess
such excellent gelation ability? Based on the above discus-
sion, it is beyond doubt that the primary reason is related to
their axial 4-OR substituent, which forces 2 a and 2 b to adopt
an l-configuration. As seen in Figure 8, the pyranose rings are
almost perpendicular to the benzene rings, an orientation that
hinders intermolecular aggregation. But they have two
equatorial OH groups which favor intermolecular aggrega-
tion. These two opposing effects within the same gelator
molecule should create excellent gelation properties. As a
principle for the molecular design of gelators, therefore, one
may propose that they will produce a precipitate if the
intermolecular aggregation forces are too strong, whereas the
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gelators will be solubilized in solution if the intermolecular
forces are too weak. In addition, galactose-based 2 a and 2 b
have an additional structural characteristic that the other
gelators do not possess. In cyclohexane derivatives the bulky
substituent tends to occupy the equatorial position. This
stereochemical requirement should also be valid for the
pyranose ring. This is achieved by ring inversion of the C 1
structure to the 1 C structure, forcing the axial 1-OMe into an
equatorial position. In 1 a, 1 b, and 3 a, however, both the
4-OR and 5-CH2OR groups occupy an equatorial position, so
that inversion to the 1 C structure would force them into the
trans-axial position. This process is unrealistic because the
4-OR and 5-CH2OR groups form a 1,3-dioxane ring. In other
words, the C 1 structure in Figure 8 is the only possible
conformation. In contrast, the 4-OR and 5-CH2OR groups in
2 a and 2 b occupy the axial and equatorial positions,
respectively. Hence inversion of the pyranose ring is possible
to give structure 1 C; in this conformation the 1-OMe group
can move to the less crowded equatorial position (Figure 9).


Figure 9. Energy-minimized structures of 2a and 2 b in their 1C forms
predicted on the basis of MM3 calculations.


This structural variation may improve the ability of 2 a and 2 b
to form a complementary hydrogen-bond network in their
aggregates and prevent precipitation or crystallization.[23]


Judging from the three above-mentioned charactistics, the l-
configuration, the presence of unique OH groups, and
interconversion between the C 1 and the 1 C forms, we can
conclude that d-galactose serves as the best template for
designing excellent gelators of organic solvents.


Conclusions


The present study has demonstrated that saccharides serve as
promising templates for the molecular design of new gelators
with different gelation properties and different three-dimen-
sional network structures. Surprisingly, we have found that the
gelation ability is drastically changed by a slight change in the
saccharide configuration. The gelation ability is predictable to
some extent from physical parameters, such as nOH from FT-IR,
dOH from 1H NMR, DHf from DSC, and solubility in organic


solvents. In the present system, these parameters tend to
appear in the order: 1 b (too cohesive)> 1 a, 2 a, 2 b (moder-
ately cohesive; suitable for gelation)> 3 b (less cohesive; too
soluble). We believe that such a convenient synthetic route
and remarkable diversity in the gelation ability and the gel
fiber structure (including the creation of the helical structure)
can hardly be attained in a more simple fashion than with
saccharide templates. More concisely, the present paper has
shown the high potential of saccharide-based molecules for
gel formation. We believe that the saccharide library provided
by nature can be applied further, in particular to the design of
molecular assemblies, such as macrocycles, DNA mimics,
monolayers, bilayer membranes, liquid crystals, etc.


Experimental Section


Methyl-4,6-O-benzylidene-a-dd-glucopyranoside (1a): Compound 1 a was
synthesized according to the method described in the literature.[14] A
mixture of benzaldehyde (5.0 mL, 49.5 mmol) and methyl-a-d-glucopyr-
anoside (2.0 g, 10.3 mmol) was stirred with zinc chloride (1.50 g, 11.0 mmol)
under a nitrogen atmosphere. The reaction was continued at room
temperature for 6 h. After the reaction mixture was added to water
(50 mL), the product thus precipitated was collected by filtration. The
precipitate was washed with water and n-hexane and then reprecipitated by
chloroform/n-hexane: yield (2.27 g, 78 %) (calculated from methyl-a-d-
glucopyranoside). M.p. 165.4 ± 166.8 8C; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 2.46 (br s, 1 H; OH), 2.95 (br s, 1 H; OH), 3.45 (s, 3 H; OMe),
3.48 ± 4.31 (m, 6 H; sugarÿCH (H 2 ± 6)), 4.77 (d, 1 H; sugarÿH (H 1)), 5.52
(s, 1H; PhÿCH), 7.35 ± 7.38 (m, 3H; m,p-PhÿH), 7.45 ± 7.51 (m, 2H; o-
PhÿH); IR (KBr): nÄ � 3650 ± 3100 (OH), 1030 cmÿ1 (CÿOÿC); C14H18O6


(282.3): calcd C 59.57, H 6.43; found C 58.21, H 6.55; C14H18O6 ´ 0.4H2O
requires C 58.07, H 6.56.


Methyl-4,6-O-benzylidene-a-dd-galactopyranoside (2 a): Compound 2a was
synthesized by means of a method similar to that used for 1a :[13] yield
(1.12 g, 39%) (calculated from methyl-a-d-galactopyranoside). M.p.
168.9 ± 170.5 8C; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 2.30 (br s,
1H; OH), 2.52 (br s, 1H; OH), 3.46 (s, 3 H; OMe), 3.70 ± 4.31 (m, 6H;
sugarÿCH (H 2 ± 6)), 4.93 (d, 1 H; sugarÿH (H 1)), 5.55 (s, 1 H; PhÿCH),
7.36 ± 7.38 (m, 3H; m,p-PhÿCH), 7.48 ± 7.52 (m, 2 H; o-PhÿH); IR (KBr):
nÄ � 3640 ± 3100 (OH), 1030 cmÿ1 (CÿOÿC); C14H18O6 (282.3): calcd C 59.57,
H 6.43; found C 58.09, H 6.35; C14H18O6 ´ 0.4H2O requires C 58.07, H 6.56.


Methyl-4,6-O-benzylidene-a-dd-mannopyranoside (3 a): Compound 3a was
synthesized by means of a method similar to that used for 1a and was
purified by column chromatography (silica gel, CHCl3/MeOH 30:1 (v/v);
Rf� 0.14). This product was reprecipitated by chloroform/n-hexane: yield
(190 mg, 7 %) (calculated from methyl-a-d-mannopyranoside). M.p.
131.1 ± 133.7 8C; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 2.78 ± 2.82
(m, 2 H; OH), 3.39 (s, 3H; OMe), 3.77 ± 4.30 (m, 6H; sugarÿCH (H 2 ± 6)),
4.73 (s, 1 H; sugarÿH (H 1)), 5.56 (s, 1H; PhÿCH), 7.36 ± 7.39 (m, 3H; m,p-
PhÿH), 7.47 ± 7.51 (m, 2H; o-PhÿH); IR (KBr): n� 3650 ± 3000 (OH),
1020 cmÿ1 (CÿOÿC); C14H18O6 (282.3): calcd C 59.57, H 6.43; found C
54.89, H 5.94; C14H18O6 ´ 0.25 CHCl3 requires C 54.82, H 5.90.


Methyl-4,6-O-benzylidene-b-dd-glucopyranoside (1 b): Compound 1 b was
synthesized by means of a method similar to that used for 1 a : yield (1.61 g,
55%) (calculated from methyl-b-d-glucopyranoside). M.p. 174 ± 175 8C;
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 2.72 ± 2.87 (q, 2H; OH),
3.39 ± 4.35 (m, 10 H; OMe, and sugarÿCH (H 1 ± 6)), 5.54 (s, 1H; PhÿCH),
7.26 ± 7.39 (m, 3 H; m,p-PhÿH), 7.48 ± 7.51 (m, 2 H; o-PhÿH); IR (KBr): nÄ �
3700 ± 3200 (OH), 1030 cmÿ1 (CÿOÿC); C14H18O6 (282.3): calcd C 59.57, H
6.43; found C 59.36, H 6.49.


Methyl-4,6-O-benzylidene-b-dd-galactopyranoside (2b): Compound 2 b was
synthesized by means of a method similar to that used for 2 a : yield (1.02 g,
35%) (calculated from methyl-b-d-glucopyranoside). M.p. 180.7 ± 182.9 8C;
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 2.55 ± 2.59 (q, 2H; OH),
3.49 ± 4.38 (m, 10 H; OMe, and sugarÿCH (H 1 ± 6)), 5.56 (s, 1H; PhÿCH),
7.26 ± 7.37 (m, 3H; m,p-PhÿH), 7.49 ± 7.52 (m, 2 H; o-PhÿH); IR (KBr): nÄ �
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3700 ± 3200 (OH), 1030 cmÿ1 (CÿOÿC); C14H18O6 (282.3): calcd C 59.57, H
6.43; found C 59.23, H 6.48.


Gelation test : A gelator (3.0 mg) was mixed with solvent (0.10 mL) in a
septum-capped sample tube and heated in an oil bath until the solid was
dissolved. Then, the solution was cooled to 25 8C and left for 1 h. If a stable
gel was observed, it was classified as G in Table 1. When the gel was
obtained from a solution at a concentration even lower than 1.0% (wt/vol),
it was designated G*.


Gel-sol phase transition temperatures : A test tube containing the gel was
inverted in a thermostatted oil bath. The temperature was raised at a rate of
2 8C minÿ1. Here, the Tgel was defined as the temperature at which the gel
disappears.


SEM observations : An Hitachi S-900S scanning electron microscope was
used for taking the SEM pictures. The thin gel was prepared in a sample
tube and frozen in liquid nitrogen. The frozen specimen was dried under
vacuum for 3 ± 5 h. The dry sample thus obtained was shielded by gold. The
accelerating voltage was 5 kV and the emission current was 10 mA.


Apparatus for spectroscopy measurements : 1H NMR spectra were
measured with a Bruker ARX 300 apparatus. IR spectra were obtained in
NaCl cells with a Shimazu FT-IR 8100 spectrometer.


Computational methods : Energy minimization was carried out by a MM3
program with AccuModel 1.0 (Microsimulation L. A. Systems Inc.) with a
Macintosh computer.
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Cyclopropane Amino Acids That Mimic Two c1-Conformations
of Phenylalanine


Destardi Moye-Sherman, Song Jin, Shiming Li, Michael B. Welch,
Joe Reibenspies, and Kevin Burgess*[a]


Abstract: A highly constrained ana-
logue of phenylalanine was prepared in
optically pure form. This disubstituted
cyclopropane amino acid, DiFi, realises
two c1 values of the phenylalanine side
chain. Unlike monosubstituted ana-
logues, amino acids of this type impart
very specific perturbations at the N and
C termini simultaneously. Model studies
were performed to elucidate the intrin-
sic conformational biases of this amino
acid and its isomeric analogue FiFi.
These derivatives were incorporated
into a simple model to determine the


propensity of these compounds for g-
turn (or inverse g-turn) conformations.
Three other phenylalanine derivatives
(1--3) were also prepared for compar-
ison purposes. Structural biases were
assessed by CD, IR, and NMR spectrso-
copy, X-ray crystal structure analysis,
and molecular simulations. CD and IR
spectra indicated that the two disubsti-


tuted derivatives DiFi and FiFi contain
secondary structural elements that ap-
pear to be absent in the other analogues.
Molecular simulation protocols that in-
volved grid-search routines were used to
explore the conformational space acces-
sible to derivatives 1 ± 5. These indicated
that the FiFi derivative 5 was the most
rigid of the analogues and that both the
inverse g-turn and the left-handed a-
helix appear to be accessible conforma-
tions.


Keywords: amino acids ´ cyclopro-
pane ´ molecular dynamics ´
peptidomimetics


Introduction


Constrained amino acids may be incorporated into peptide
mimics to impart highly localized biases that may be used to
explore bioactive conformations.[1±5] Our group,[6±14] and
others,[3, 15±21] have investigated the fundamental aspects of
these effects for 2,3-methanoamino acids and compared them
with some other analogues, notably a-methylamino acids.[9]


Predictably, the substituents on the ªside-chainº cyclopropane
ring have more conformational effects on the parts of the
peptidomimetic that are cis to them than on those which are
on the opposite face of the three-membered ring. 2,3-
Methanoamino acids with one ªR substituentº, as indicated
below, therefore cannot have similar conformational effects
on the C and N termini simultaneously.


The work reported here features 2,3-methanoamino acids
that can impart appreciable and similar conformational
effects on the C and N termini simultaneously, namely,


derivatives of the type I and II. Compounds 1 ± 3 were
prepared as a basis for comparative studies; these compounds
contain phenylalanine, N-methylphenylalanine, and cis-2,3-
methanophenylalanine, respectively. Similar derivatives of
two new disubstituted 2,3-methanoamino acids, compounds 4
and 5, were also prepared. There are two amide bonds in
compounds 1 ± 5, hence they mimic tripeptides, and this
resemblance is reinforced by the presence of the isopropyl
group at the N terminus. The 4-bromobenzoic acid moiety was
included for several reasons. This group gives the derivatives
crystallinity and the presence of the heavy atom (Br)
facilitates X-ray structural analyses. Further, Toniolo and
co-workers have been able to deduce conformational infor-
mation by using this group as a chromophore in CD
studies.[22±24] We were hoping to use this probe to identify
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similar trends in the data if they
existed, though the compounds
in this work are significantly
smaller than those studied pre-
viously. Finally, several techni-
ques were then used to com-
pare the conformations of com-
pounds 1 to 5, including CD, IR,
and NMR spectroscopy, X-ray
analyses, and molecular simula-
tions.


Results and Discussion


Syntheses of diphenyl cyclopro-
pane amino acids and deriva-
tives 1 ± 5 : An asymmetric syn-
thesis of the Boc-protected
amino acid Boc-FiFi has already been reported.[25] In that
synthesis, chirality was introduced by means of an asymmetric
bishydroxylation[26, 27] of trans-1,2-diphenylethene; the optically
active diol produced was converted to a cyclopropane and then
to the desired cyclopropane amino acid. The same approach
would not be applicable to Boc-DiFi because bishydroxylation
of 1,1-diphenylethene does not generate chirality. Consequent-
ly, a modification of the Davies approach to phenyl-substituted


cyclopropane amino acids[28, 29] was developed (Scheme 1).
Selection of a catalyst for the key cyclopropanation, and
subsequent steps in the synthesis have been outlined pre-
viously,[13] full experimental details are given here.


The absolute configuration of the Boc-DiFi 8 produced in
this synthesis was assigned by reference to Davies� model for
cyclopropanations, which incolves [Rh2(S-TBSP)4] and vinyl
diazocompounds.[29] Asymmetric cyclopropanations of 1,1-
disubstituted alkenes were reported to give the same sense of
induction as proposed here.


Scheme 2 illustrates the two-step procedure that was used
to convert Boc-DiFi 8 into derivative 4. A similar sequence
was used to prepare the analogous compounds 1 ± 3 and 5 (see
Experimental Section).


CD studies of the tripeptide mimics : Aromatic chromophores
dominate the CD spectra in the region considered in Figure 1.
Consequently, conclusions about the conformations of these
analogues based on CD shape and/or intensity are difficult to
formulate with a high degree of certainty. The most notable
aspect of the data shown is that the FiFi derivative 5 displays
an opposite Cotton effect to the other members of this series;
this observation is consistent with the molecular simulation
data reported below. Repetition of the CD measurements at
0 8C (data not shown) demonstrated little variation; this is
indicative of temperature-independent conformational biases
in this temperature range.


Scheme 2. a) iPrNH2, [Me2NCFNMe2][PF6], diisopropylethylamine, CH2Cl2, 0 8C, 4 h, 92 %; b) 50 % TFA/
CH2Cl2, 0 to 25 8C, 45 min, then: [Me2NCFNMe2][PF6], 4-BrC6H4CO2H, iPr2NEt, CH2Cl2, 0 8C, 30 min, 74%.


Scheme 1. a) 1,1-Diphenylethene, 1 mol % [Rh2(S-TBSP)4], THF, ÿ42 to 25 8C, 17.5 h, 86 %, >99% ee; b) cat.
RuCl3, NaIO4, MeCN/H2O, CCl4, 25 8C, 5 h, then (PhO)2P(O)N3, NEt3, tBuOH, reflux, 17 h, 90 %; c) LiOH,
MeOH(aq), reflux, 4 h, 86 %.


Figure 1. CD spectra of 1 ± 5 in MeOH/H2O (65:35) at 25 8C.
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IR studies : Data from IR spectra of compounds 1 ± 5 in
dichloromethane at 1 mm concentration are shown in Figure 2.
Spectra were also recorded at 10 mm and 5 mm concentrations
to verify that intermolecular associations did not influence the
results. Non-hydrogen-bonded NÿH stretches are predicted to
appear as relatively sharp bands at around 3450 ± 3460 cmÿ1,
whereas hydrogen-bonded NÿH stretches tend to appear as
broader peaks centered at 3300 ± 3350 cmÿ1.[30±34] The IR
spectra of the Phe derivative (Figure 2a) displays little or no
evidence for hydrogen bonding. Figure 2b, which corresponds
to the N-methyl derivative 2, shows a broad shoulder on the
sharper 3420 cmÿ1 peak that is possibly indicative of intra-
molecular hydrogen bonding; however, this observation is
ambiguous because of the unusually high wavenumber for the
shoulder. Comparison of the spectra for compounds 3 ± 5
reveals increasing hydrogen-bonding character from the
cyclo-Phe derivative 3 through to the FiFi compound 5. This
seems to suggest greater rigidity along this series, an inference
that is supported by the molecular simulation data described
below.


Solid-state conformational analyses : Single crystals of deriv-
atives 4 and 5 were formed and subjected to X-ray structural
analyses; the structure of 4 has been reported as part of a
communication.[13] Representations of the solid-state struc-
tures are shown in Figure 3 and some essential bond
parameters are shown in Table 1. Comparison of the struc-
tures reveals two fundamental differences. First, the orienta-
tion of the HNÿCaCO torsional angle, corresponding to f, is
similar in both molecules, but that of the COÿCaNH torsional
angle is opposite. Thus for the DiFi derivative 4, the CO
vector is oriented above the phenyl ring on the same side of
the cyclopropane, whereas the same vector for the FiFi
derivative 5 is oriented away. This is reflected in the opposite
signs for the y angles. It is impossible to deduce whether this
particular difference is an artifact of the crystallization
procedure, a consequence of crystal-packing factors (that is,
compound 4 is a dimer in the crystal lattice whereas 5 is a
trimer), or a manifestation of intrinsic differences in the
molecules that may be reflected in their conformations in
solution.


The second difference ob-
served between the two struc-
tures shown in Figure 3 is in the
HNÿCaÿCO bond angle. For
the DiFi derivative 4 this angle
is 1108, whereas in the FiFi
analogue 5 it is 1188. We have
previously noted that 2,3-meth-
anomethionine has a larger
HNÿCaÿCO bond angle than
the corresponding a-methyl-
amino acid, a-methylmethio-
nine.[9] Consequently, in the
current work, it is the DiFi
derivative 4 that has an unusu-
ally small HNÿCaÿCO bond
angle for a 2,3-methanoamino
acid, whereas the bond angle
for the FiFi analogue 5 is stand-
ard for this type of com-
pound.[10] This difference is po-
tentially important because
large HNÿCaÿCO bond angles
facilitate formation of tighter
turns, for example, C7 turns,
whereas smaller bond angles
favor formation of more open-
turn structures like b-turns.


Molecular modeling : Two grid-
search routines were used to
explore the conformational
space accessible to derivatives
1 ± 5. Throughout, a dielectric
continuum of 45 was used to
simulate DMSO (or 65:35
MeOH/H2O). In the first pro-
tocol, six (or five in the case of
3) rotatable bonds were al-


Figure 2. IR spectra of compounds 1 ± 5 at 1 mm in
CH2Cl2. Tripeptide mimics of a) Phe b) N-MePhe,
c) (2S,3S)-cyclo-Phe, d) (S)-DiFi, and e) (S,S)-FiFi,
respectively.
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Figure 3. Chem 3D diagrams of a) p-BrBz-DiFi-NHiPr 4 and b) p-BrBz-
FiFi-NHiPr 5 from X-ray crystal structure analyses.


lowed to vary in increments of either 608 or 1208 as indicated
in Figure 4. The resulting conformers were then minimized by
means of molecular mechanics without any constraints on the
torsion angles, giving a total of 5832 structures (3888 in the
case of 3). An energy threshold of 3 ± 4 kcal molÿ1 above the
lowest energy conformer identified in each case was estab-
lished. Conformers below this threshold were selected and
used to generate the scatter plots shown in Figure 5 (see
p. 2734). This procedure revealed low-energy conformations
that corresponded to limited values of some of the bond
vectors, consequently a second search was designed to more
fully explore conformations in the low-energy regions located
in the first search. In this second procedure, only f and y


values were varied, but in increments of 158 over all possible
values. For each structure the f and y values were fixed and
the rest of the molecule was allowed to relax by means of
molecular mechanics routines. Unlike the first procedure, this


Figure 4. Torsion angles examined in the grid search that involved energy
minimizations. Torsions: a) 0 to 3608 in increments of 608, b) 0 to 3608 in
increments of 1208, c) 0 to 1808 in increments of 608.


gives a set of energy contours, and these are displayed in
Figure 6 (see p. 2735). Overall, the two procedures are
complementary. The first reveals true low-energy regions of
conformational space. The second protocol gives energy
contours over all conformational space; however, the struc-
tures used to generate these plots are not truly minimized
since their f and y values were fixed.


Results from the first grid search on the Phe derivative 1 are
shown in Figure 5a. It is evident from this plot that several
regions of conformational space are accessible, but negative f
values around ÿ1208 and y values between ÿ508 and �1708
are favored. These correspond to extended conformations.
Inclusion of an N-methyl substituent, as in derivative 2, alters
the distribution of low-energy conformers to include positive
f values (Figure 5b). The difference between the Phe and N-
methyl-Phe derivatives is easily rationalized by considering
Newman projections.[8] Overall the scatter plots in Figure 5a
and 5b indicate that an N-methyl substituent changes the
conformational bias, but does not significantly lower the
number of accessible conformations. Conversely, the scatter
plots in Figures 5c ± e demonstrate significantly fewer regions
of conformational space are accessible to derivatives 3 ± 5. It is
clear from these plots that the FiFi derivative 5 is the most
constrained of the amino acids in this series.


The second grid-search protocol facilitates elaboration of
the points that emerged from the first study. Contours in
Figure 6a show the deepest valley in the plot corresponds to


Table 1. Important bond parameters for the single crystal X-ray structural
analyses of compounds 4 and 5.


HNÿCa
ÿCO f y c1 c '


1


[8] [8] [8] [8] [8]


4 109.9 ÿ 87.7 ÿ 152.0 � 0.5 ÿ 143.0
5 117.5 � 64.6 � 44.4 � 3.0 ÿ 139.9
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negative f values, and the hill to be climbed between positive
and negative y values in the negative f region is relatively
low. Newman projections are illustrated that correspond to
this contour plot (and the others; see p. 2736). The preference
for a negative f orientation is easily understood in terms of
relieving steric interactions between the N terminus and the
phenyl substituent. Figure 6b shows that in the corresponding
contour map for the DiFi derivative 4, the lowest valleys are
more isolated than in the Phe case. They correspond to
negative f regions. Incidentally, the single-crystal X-ray
analysis of compound 4 gave a structure with negative f
and y values, that is, in the valley featured in the lower left
quadrant (right-handed helical region). The f,y values in the
crystal structure (ÿ888, ÿ1528) of compound 4 do not
correspond exactly with those of the minimum energy con-


former shown in Figure 7 (see
p. 2736) (ÿ698, ÿ528), but they
have similar orientations. Pref-
erence for the negative f region
is again consistent with minimi-
zation of phenyl-to-N-terminus
interactions. A preference for
the negative y region can be
explained on the basis of great-
er steric demands associated
with the carbonyl than the NH
group (see the Newman projec-
tions and Figure 6). However,
electronic repulsions between
the carbonyl-oxygen lone pairs
and the phenyl p-clouds may
also play a role. Finally, the
contour plot for the FiFi deriv-
ative 5 (Figure 6c) shows iso-
lated valleys with the lowest
energy corresponding to posi-
tive y values. Surprisingly, the
preference for negative f val-
ues that would be anticipated
for this derivative is not as
prevalent as would be expected
in the contour plot shown in
Figure 6c; both the inverse g-
turn and the left-handed helical
regions (negative/positive and
positive/positive, f,y, respec-
tively) appear to be accessible.
The lowest energy conforma-
tions overall for each of the
derivatives are shown in Fig-
ure 7. These are consistent with
the arguments presented above.


Conclusions


The disubstituted-cyclopropane
amino acids FiFi and DiFi are
accessible in an enantiomeri-


cally pure form from relatively short syntheses. These
materials provide substituents oriented in such a way that
the C and N termini of a peptidomimetic can be perturbed
simultaneously. These perturbations are logical, relating
directly to the stereochemistry of the cyclopropane substitu-
ents.


The tripeptide analogues 1 ± 5 are too small to be studied by
NMR or similar techniques that operate on a relatively slow
time-scale; many experiments of this type were attempted, as
described in the supporting material. Useful information can
be obtained from IR/CD spectroscopy and from solid-state
X-ray crystallography, but the results must be interpreted with
caution. For example, the IR data and solid-state X-ray
structure analysis of the FiFi derivative 5 are consistent with
the calculated low-energy conformer for this molecule (Fig-


Figure 5. Scatter plots generated from the initial grid
search representing low-energy conformations for de-
rivatives 1 ± 5: a) Phe, b) N-MePhe, c) (2S,3S)-cyclo-
Phe, d) (S)-DiFi, and e) (S,S)-FiFi, respectively.
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ure 7a). However, in the case of the DiFi derivative 4, the
correlations are not as satisfying. Thus, the low-energy
conformer of 4 predicted from calculations (Figure 7b) does
not allow an intramolecular hydrogen bond, but there is
evidence for this in the IR spectrum. One must consider the
other easily accessible low-energy conformation of 4 (Fig-
ure 6b) for the accommodation of such hydrogen bonding,
and/or suggest that the hydrogen bonding is favored in the less
polar medium used in the IR spectroscopic studies.


Some results from this study are totally unambiguous and
point to significant differences that can be rationalized in


terms of the compound substitution patterns. For instance, the
X-ray crystallographic studies show that the HNÿCaÿCO
vector of the DiFi derivative 4 is more acute than the
corresponding vectors in the FiFi derivative 5 and other 2,3-
methanoamino acids. This is interesting because, as noted by
us previously,[9] wider bond angles favor tighter turns (for
example, C7 over b-turns). Consequently, the conformational
preferences of DiFi and FiFi residues in peptides may be
significantly different. Conformational differences between
DiFi and FiFi are also evident from the grid-search routines
performed in the molecular modeling part of this work. These


Figure 6. Contour plots generated from the second grid search for com-
pounds 3 ± 5 : a) cyclo-Phe, b) DiFi, c) FiFi, respectively. The contour levels
shown are spaced by 0.8 kcal molÿ1.







FULL PAPER K. Burgess et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0509-2736 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 92736


indicate that FiFi is the more hindered analogue and that the
local conformations accessible to peptidomimetics prepared
from these building blocks can be constrained to relatively
narrow regions of conformational space.


Experimental Section


General procedures : Melting points were uncorrected. High-field NMR
spectra were recorded on a Varian Unity� 300 spectrometer (1H at
300 MHz, 13C at 75 MHz), or a Varian Unity� 500 spectrometer (1H at
500 MHz, 13C at 125 MHz). 1H chemical shifts are reported in d relative to
CHCl3 (d� 7.24) as internal standard, and 13C chemical shifts are reported
in ppm relative to CDCl3 (d� 77.0) unless otherwise specified. Multi-
plicities in 1H NMR are reported as (br) broad, (s) singlet, (d) doublet, (t)
triplet, (q) quartet, and (m) multiplet. Optical rotations were taken on a
JASCO DIP-360 Digital Polarimeter equipped with a sodium lamp.
Enantiomeric excess was measured by chiral HPLC (Whelk-O1 SS chiral
column, Regis Technologies, 3 % isopropyl alcohol/97% hexanes,
0.9 mL minÿ1). Thin layer chromatography was performed on silica gel
60F254 plates from Whatman. Flash chromatography was performed on SP
silica gel 60 (230 ± 600 mesh ASTM). Dichloromethane and tert-butyl
alcohol were distilled from CaH2. Other chemicals were purchased from
commercial suppliers and used as received.


(1S)-Methyl-1-[2-(E)-phenylethenyl]-2,2-diphenylcyclopropane-1-carbox-
ylate (6): 1,1-Diphenylethylene (3.6 g, 19.9 mmol), [Rh2(S-TBSP)4] (96 mg,
0.06 mmol, 1 mol %), and THF (33 mL) was added to a flame-dried 100 mL
round-bottomed flask. The reaction mixture was then cooled to ÿ67 8C
(dry ice/acetone) under a nitrogen atmosphere. A solution of 2-diazo-4-
phenylbut-3-enoate[28] (1.3 g, 6.6 mmol) in THF (10 mL) was added
through a syringe pump at 0.2 mL minÿ1 to the above solution. After 5 h
at ÿ67 8C, the reaction mixture was warmed to 25 8C, and stirring was
continued for a total of 17.5 h. The reaction mixture was then concentrated
to a thick liquid. The crude product was purified by flash chromatography
with a gradient of 0.5 ± 3% EtOAc/hexanes as eluent yielding 6 (1.47 g,
64% yield, 94.9 % ee) as a yellow solid. Recrystallization from hexanes
provided long colorless crystals (>99% ee). Rf� 0.38 (10 % EtOAc/
hexanes); m.p. 119 ± 120 8C; 1H NMR (CDCl3, 300 MHz): d� 7.49 ± 7.41 (m,
5H), 7.28 ± 7.10 (m, 10H), 6.48 (d, J� 15.9 Hz, 1H), 6.20 (d, J� 15.9 Hz,


Figure 7. Low-energy conformations for compounds 3 ± 5 : a) cyclo-Phe,
b) DiFi, and c) FiFi derivatives, respectively.
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1H), 3.41 (s, 3H), 2.64 (d, J� 5.4 Hz, 1H), 2.07 (d, J� 5.4 Hz, 1H);
13C NMR (CDCl3, 75 MHz): d� 171.1, 142.1, 140.7, 137.2, 130.8, 129.9, 128.7,
128.3, 128.3, 128.2, 127.1, 126.8, 126.7, 126.6, 126.07, 51.8, 47.1, 38.8, 22.5; IR
(neat): u� 3065, 3034, 2951, 2368, 1739, 1494 cmÿ1; [a]25


D �ÿ137 (c� 8.85 in
CHCl3); HRFAB: calcd [M�H]� 354.1620, found 354.1632; C25H22O2


(354.45): C 84.7, H 6.26; found: C 84.6, H 6.33.


(1S)-Methyl-1-{N-[(1,1-dimethylethyl)oxycarbonyl]amino}-2,2-diphenyl-
cyclopropane-1-carboxylate (7): RuCl3 ´ H2O (7 mg, 0.0036 mmol, 2 mol %)
was added to a rapidly stirred solution of 6 (591 mg, 1.7 mmol, 1 equiv),
sodium periodate (2.9 g, 13.6 mmol, 8 equiv), MeCN, CCl4 (3.4 mL,
2 mL molÿ1), and H2O (5.1 mL, 3 mL molÿ1). This solution was stirred at
25 8C for 2 h. The crude reaction mixture was filtered through a plug of
silica gel on Celite, washed with EtOAc (500 mL), concentrated to a dark
viscous oil, and azeotroped with benzene (3� 4 mL) to remove water. The
crude acids were dissolved in freshly distilled tBuOH (30 mL), diphenyl-
phosphoryl azide (1.0 g, 0.4 mmol, 2.2 equiv), and triethylamine (413 mg,
4.1 mmol, 2.4 equiv), and then heated to reflux for 33 h. The reaction
mixture was then concentrated to a thick oil. The crude product was
purified by flash chromatography using 1:1 CH2Cl2/10 % (EtOAc/hexanes)
as the eluent yielding 7 (624 mg, 90 % yield) as a yellow oil. Rf� 0.38 (10 %
EtOAc/hexanes); 1H NMR (CDCl3, 300 MHz): d� 7.38 ± 7.10 (m, 10H),
4.91 (br s, 1 H), 3.46 ± 3.32 (m, 3H), 2.62 ± 2.54 (m, 1H), 2.06 ± 2.01 (m, 1H),
1.35 (s, 9 H); 13C NMR (CDCl3, 75 MHz): d� 170.9, 155.8, 141.2, 129.0,
128.8, 128.6, 128.5, 127.3, 127.0, 80.3, 52.0. 28.2, 25.9; HRFAB: calcd
[M�H]� 368.1862, found 368.1891.


(1S)-1-{N-[(1,1-Dimethylethyl)oxycarbonyl]amino}-2,2-diphenylcyclopro-
pane-1-carboxylic acid (8): Compound 7 (428 mg, 1.16 mmol, 1 equiv),
MeOH (10 mL), H2O (5 mL), and LiOH (487 mg, 11.6 mmol) were heated
to reflux for 4 h. The reaction mixture was concentrated and taken up in
EtOAc. The organic layer was extracted with NaOH (1m, 3� 5 mL). The
aqueous layer was then acidified with Hcl (1m), extracted with EtOAc (3�
50 mL), dried (Na2SO4), filtered, and concentrated yielding a yellow solid
(356 mg, 86% yield). Recrystallization from EtOAc/CHCl3 and hexanes
produced long white needles. Rf� 0.13 (6% MeOH/CH2Cl2), 0.41 (11 %
MeOH/CH2Cl2); m.p. 189 ± 190 8C; 1H NMR (CDCl3, 300 MHz): d�
10.65 ± 10.01 (br s, 1 H), 7.43 ± 7.14 (m, 10H), 5.63 (br s, 1H), 2.56 (d, J�
4.8 Hz, 1H), 1.96 (d, J� 5.1 Hz, 1H), 1.36 (s, 9H); 13C NMR (CDCl3,
75 MHz): d� 174.6, 156.5, 140.6, 139.2, 128.8, 128.6, 128.5, 127.3, 127.2, 80.2,
46.6, 44.5, 28.1, 26.0; IR (neat): u� 3021, 2979, 1723, 1537 cmÿ1; HRFAB:
calcd [M�H]� 368.1862, found 368.1891; [a]25


D ��121 (c� 8.15 in CHCl3);
C12H23NO4 (245.32): C 71.4, H 6.56, N 3.96; found: C 71.3, H 6.58, N 3.87.


(1S)-1-{N-[(1,1-Dimethylethyl)oxycarbonyl]amino}-2,2-diphenylcyclopro-
pane-1-N''-(methylethyl)carboxamide (9): Compound 8 (150 mg, 0.42 mmol),
tetramethylfluoroformamidium hexafluorophosphate (TFFH; 168.1 mg,
0.64 mmol, 1.5 equiv), CH2Cl2 (2.1 mL), and diisopropylethylamine (NE-
tiPr2; 82.3 mg, 0.64 mmol, 1.5 equiv, 111 mL) were stirred at 25 8C for
40 min. This solution was transferred through a cannula to a 0 8C solution of
isopropylamine (501 mg, 8.48 mmol, 722 mL) in CH2Cl2 (1.0 mL). The
reaction mixture was allowed to warm to 25 8C for 30 min after the
addition, and stirred for an additional 4 h. The reaction mixture was then
concentrated, taken up in EtOAc, and extracted with Hcl (0.5m, 3�
40 mL). The organic layer was dried, filtered, and concentrated yielding
an off-white viscous liquid. The crude product was purified by flash
chromatography with 30 ± 40% EtOAc/hexanes as eluent yielding 9
(144 mg, 92% yield) as an off-white viscous liquid. Rf� 0.44 (EtOAc/
hexanes); m.p. 206 ± 207 8C; 1H NMR (CDCl3, 300 MHz): d� 7.50 ± 7.10 (m,
10H), 5.30 (br s, 1H), 3.87 (d, J� 6.3 Hz, 1H), 2.59 (d, J� 5.7 Hz, 1H), 1.78
(d, J� 5.7 Hz 1 H,), 1.28 (s, 9H), 1.09 ± 1.02 (m, 6H); 13C NMR (CDCl3,
75 MHz): d� 168.0, 156.7, 140.7, 139.5, 129.4, 128.9, 128. 1, 126.9, 80.3, 46.1,
45.2, 41.4, 27.9, 23.6, 22.4; IR (neat): u� 3439, 3316, 2976, 1694, 1652,
1175 cmÿ1; HRFAB: calcd [M�H]� 395.2335, found 395.2346; [a]25


D ��171
(c� 0.52 in CHCl3); C24H30N2O3 (394.51): C 73.1, H 7.66, N 7.10; found: C
73.0, H 7.57, N 7.13.


(1S)-1-[N-(4-Bromobenzoyl)amino]-2,2-diphenylcyclopropane-1-N''-
(methylethyl)carboxamide (4): Compound 9 (62 mg, 0.17 mmol) and
CH2Cl2 (2.0 mL, 0.09m) were cooled to 0 8C. A solution of 50% TFA/
CH2Cl2 (2.0 mL) was added to this mixture, and it was stirred for 10 min.
The reaction mixture was allowed to warm to 25 8C and stirring was
continued for an additional 1.5 h. The reaction mixture was concentrated
and co-evaporated with CH2Cl2 (2� 2 mL) then placed in a high vacuum
for 0.5 h. Aside, a flame-dried flask was charged with 4-bromobenzoic acid


(51 mg, 0.26 mmol), TFFH (90 mg, 0.34 mmol), CH2Cl2 (1.0 mL), and then
NEtiPr2 (110 mg, 0.85 mmol, 148 mL). This was stirred at 25 8C for 34 min.
This acid fluoride was added to a solution of the free amine, CH2Cl2


(2.0 mL) and NEtiPr2 (300 mL) at 25 8C. The reaction mixture was
concentrated after 30 min yielding a thick oil. The crude product was
purified by flash chromatography with a gradient of 25 ± 30% EtOAc/
hexanes as the eluting solvent and 4 was yielded (60.2 mg, 74 % yield) as a
white powder. Rf� 0.40 (40 % EtOAc/hexanes); m.p. 231 ± 232 8C; 1H NMR
(CDCl3, 300 MHz): d� 7.60 ± 7.43 (m, 6 H), 7.35 ± 7.16 (m, 8H), 6.91 (br,
1H), 3.85 (d, J� 6.9 Hz, 1 H), 2.66 (d, J� 6.0 Hz, 1 H), 2.04 (d, J� 6.3 Hz,
1H), 1.11 (d, J� 6.3 Hz, 3 H), 0.96 (d, J� 6.6 Hz, 1H); 13C NMR (CDCl3,
75 MHz): d� 168.6, 167.6, 140.1, 139.4, 132.5, 131.7, 129.5, 128.9, 128.5,
128.4, 128.4, 127.2, 127.2, 126.5, 46.3, 45.4, 41.8, 23.8, 22.4, 22.4; IR (neat):
u� 2933, 2409, 1665 cmÿ1; HRFAB: calcd [M�H]� 499.0997, found
499.1006; [a]25


D ��79.3 (c� 0.56 in CHCl3); C26H25N2O2Br (477.40): C
65.41, H 5.28, N 5.87; found: C 65.77, H 5.72, N 5.69.


(S)-N-(4-Bromobenzoyl)phenylalanine-N''-(methylethyl)carboxamide (1):
Compund Boc-Phe-NHiPr was prepared by means of a procedure similar
to 9 except that Boc-Phe-OH (Advanced ChemTech) (150 mg, 0.565 mmol,
1 equiv) was used as substrate and the reaction time was reduced to 30 min
to give 125 mg (75 %) of the intermediate Boc-Phe-NHiPr as a white solid.
Rf� 0.29 (20 % EtOAc/hexanes); m.p. 102 ± 104 8C; 1H NMR (CDCl3,


300 MHz): d� 7.31 ± 7.23 (m, 5H), 5.60 (d, J� 6.6 Hz, 1H), 5.25 (s, 1H),
4.25 (q, J� 8.4 Hz, 1H), 3.95 (m, 1 H), 3.12 ± 2.95 (m, 2H), 1.43 (s, 9H), 1.05
(d, J� 6.6 Hz, 4 H), 0.95 (d, J� 6.3 Hz, 2H); 13C NMR (CDCl3, 75 MHz):
d� 170.0, 153.8, 136.9, 129.3, 128.5, 126.8, 95.0, 41.3, 39.0, 28.3, 22.5, 22.4;
IR (KBr): n� 3303, 2979, 1679, 1646, 1165 cmÿ1; HRFAB: [M�Na]� calcd
329.1841, found 329.1852; [a]25


D ��9.7 (c� 0.75 in CHCl3).


Product 1 was prepared by means of the procedure outlined above for the
synthesis of 4, but with compound Boc-Phe-NHiPr as prepared above
(166 mg, 0.57 mmol, 1 equiv) as substrate to give 200 mg (91 %) of 1 as a
white solid. Rf� 0.68 (40 % EtOAc/hexanes); m.p. 217 ± 218 8C; 1H NMR
(500 MHz, CDCl3): d� 7.55 (q, J� 33.5, 8.5 Hz, 4H), 7.33 ± 7.26 (br m, 5H),
7.21 (d, J� 8.0 Hz, 1 H), 5.54 (d, J� 7.5 Hz, 1 H), 4.74 (m, 1 H), 3.95 (m, 1H),
3.26 (dd, J� 7.5, 6.0 Hz, 1 H), 3.03 (m, 1H), 0.96 (dd, J� 36.0, 6.5 Hz, 6H);
13C NMR (125 MHz, CDCl3): d� 169.6, 165.9, 136.7, 132.7, 131.9, 129.4,
128.7, 128.65, 127.1, 126.5, 55.3, 41.6, 39.2, 22.5, 22.3; IR (KBr): n� 3421,
1717, 1656, 1287, 1073 cmÿ1; HRFAB: calcd [M�Na]� 411.0684, found
411.0694; [a]25


D ��5.04 (c� 0.67 in CHCl3).


(2S)-N-(4-Bromobenzoyl)-N-(methyl)phenylalanine-N''-(methylethyl)car-
boxamide (2): Boc-N-MePhe-NHiPr was prepared by means of the method
outlined above for Boc-Phe-NHiPr, but with Boc-N-MePhe-OH (Ad-
vanced ChemTech; 250 mg, 0.895 mmol) as substrate to give 211 mg (74 %)
of Boc-N-MePhe-NHiPr as a colorless oil: Rf 0.36 (20 % ethyl acetate/
hexanes); 1H NMR (CDCl3, 300 MHz): d� 7.29 ± 7.20 (br m, 5H), 5.82 (s,
1H), 4.72 (d, J� 5.7 Hz, 1H), 4.03 ± 4.08 (m, 1H), 3.30 (br m, 1 H), 2.90 ±
2.98 (m, 1 H), 2.76 (s, 3H), 1.38 (s, 6H), 1.29 (s, 3H), 1.10 ± 1.18 (m, 6H);
13C NMR (CDCl3, 75 MHz): d� 169.4, 156.5, 138.1, 137.6, 128.9, 128.2,
126.3, 80.2, 62.0, 59.47, 41.4, 41.1, 34.0, 30.9, 30.5, 28.1, 22.6, 22.5; IR (NaCl):
n� 3418, 1689, 1219 cmÿ1; HRFAB: calcd [M�H]� 321.2178, found
321.2181; [a]25


D �ÿ84.5 (c� 1.01 in CHCl3).


Compound 2 was prepared by means of the procedure described for 1
above with Boc-N-MePhe-NHiPr (120 mg, 0.375 mmol) as substrate to give
111 mg (74 %) of 2 as a white foam: Rf� 0.33 (40 % EtOAc/hexanes);
1H NMR (CDCl3, 300 MHz): d� 7.43 (d, J� 8.4 Hz, 2H), 7.29 ± 7.26 (br m,
5H), 6.93 (d, J� 8.1 Hz, 2 H), 6.32 (d, J� 6.9 Hz), 5.28 (q, J� 6.8, 3 Hz,
1H), 4.00 (m, 1H), 3.26 ± 3.31 (m, 1H), 3.09 ± 3.14 (m, 1 H), 2.81 (s, 3H),
1.10 (d, J� 6.3 Hz, 6H); 13C NMR (75 MHz, CDCl3): d� 172.0, 168.7, 137.0,
134.22, 131.6, 128.8, 128.6, 126.7, 124.5, 57.6, 41.34, 33.7, 33.5, 22.7, 22.5; IR
(CH2Cl2): n� 3418, 1676, 1622, 1281, 1074 cmÿ1; HRFAB: calcd [M�Na]�


425.0841, found 425.0859; [a]25
D �ÿ105 (c� 0.53 in CHCl3).


(2S,3S)-1-[N-(4-Bromobenzoyl)amino]-2-phenylcyclopropyl-1-N''-(meth-
ylethyl)carboxamide (3): Boc-cyclo-Phe-NHiPr was prepared as described
above for Boc-Phe-NHiPr, but with (2S,3S)-Boc-cyclo-Phe-OH[29] (300 mg,
1.08 mmol) as the substrate and increasing the reaction time to 8 h to give
263 mg (64 %) of Boc-cyclo-Phe-NHiPr as a white powder. Rf� 0.48 (40 %
ethyl acetate/hexanes); 1H NMR (CDCl3, 300 MHz): d� 7.36 ± 7.16 (m,
5H), 6.28 (d, J� 7.8 Hz, 1 H), 4.11 ± 4.18 (m, 1H), 3.06 (br m, 1H), 2.10
(br m, 1 H), 1.33 (br s, 9H), 1.17 (dd, J� 5.1, 1.2 Hz, 6H); 13C NMR
(75 MHz, CDCl3): d� 170.25, 155.53, 128.34, 126.95, 80.65, 41.71, 31.84,
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27.93, 22.82; IR (NaCl): n� 3431, 1704, 1650, 1264 cmÿ1; HRFAB: [M�H]�


calcd 319.2021, found 319.2010; [a]25
D �ÿ80.2 (c� 0.51 in CHCl3).


Product 3 was prepared by means of the procedure described for compound
1 above, except that Boc-cyclo-Phe-NHiPr was used as a substrate (100 mg,
0.265 mmol) and the reaction time was increased to 12 h, to give 92 mg
(87 %) of 3 as pale yellow foam. Rf� 0.68 (75 % ethyl acetate/hexanes);
1H NMR (CDCl3, 300 MHz): d� 7.48 ± 7.22 (m, 10H), 6.32 (d, J� 7.8 Hz,
1H), 6.20 (s, 1 H), 4.04 (m, 1 H), 3.16 (t, J� 9.0 Hz, 1 H), 2.14 (q, J� 6.0,
3.3 Hz, 1 H), 1.64 (q, J� 6.0, 1.8 Hz, 1H), 1.14 (q, J� 4.8, 1.8 Hz, 6H);
13C NMR (75 MHz, CDCl3): d� 169.5, 167.6, 134.8, 131.9, 131.8, 128.7,
128.6, 128.5, 127.4, 126.9, 42.0, 40.5, 31.5, 22.6, 22.6, 20.3; IR (CH2Cl2): n�
3427, 2967, 1686, 1665, 1515, 1469 cmÿ1; HRFAB: [MNa]� calcd 423.0684,
found 423.0689; [a]25


D �ÿ15.6 (c� 0.55 in CH2Cl2)


(2S,3S)-1-[N-(4-Bromobenzoyl)amino]-2,3-diphenylcyclopropane-1-N''-
(methylethyl)carboxamide (5): Boc-FiFi-NHiPr was prepared as an
intermediate by the following procedure. Tetramethylfluoroamidinium
hexafluorophosphate (TFFH; 0.280 g, 1.5 equiv) was added to a well stirred
solution of (2S,3S)-2-(tert-butyloxycarbonyl)amino-2-(2,3-diphenyl)cyclo-
propane-1-carboxylate (0.708 mmol, 0.250 g) and pyridine (0.708 mmol,
0.06 mL) in dry CH2Cl2 (9 mL). The mixture was stirred at room temper-
ature for 3 h. The reaction was then quenched with crushed ice (10 mL).
The organic layer was extracted with ice-cold water (2� 10 mL), and dried
over MgSO4. The solvent was removed at room temperature on a rotary
evaporator, and the residue dried at high vacuum for 4 h. Freshly distilled
isopropylamine (0.42 g, 7.08 mmol, 10 equiv) and CH2Cl2 (10 mL) was
added to the crude acid fluoride (0.250 g, 0.708 mmol). The mixture was
stirred at 25 8C overnight. The organic layer was washed with H2O (2�
10 mL) and dried over MgSO4. The crude product was recrystallized
(CH2Cl2/hexanes) to give Boc-FiFi-NHiPr as tiny white crystals (180 mg,
65%): Rf 0.75 (40 % EtOAc/hexanes); m.p. 163 ± 164 8C; 1H NMR (CDCl3,
300 MHz): d� 7.40 ± 7.19 (m, 10 H), 6.70 (br, 1H), 4.69 (s, 1 H), 3.79 ± 3.84
(m, 1 H), 3.07 (d, J� 8.4 Hz, 1 H), 1.40 (s, 9 H), 0.99 (d, J� 6.3 Hz, 3 H), 0.72
(br, 3H); 13C NMR (75 MHz, CDCl3): d� 167.1, 135.2, 134.7, 128.8, 128.67,
128.0, 127.1, 126.9, 121.95, 80.8, 47.6, 41.4, 37.7, 31.7, 28.1, 22.4; IR (CHCl3):
n� 3418, 3336, 2978, 2250, 1706, 1663, 1508, 1159 cmÿ1; HRFAB: calcd
[M�H]� 395.2335, found 395.2340; [a]25


D �ÿ69.7 (c� 1.01 in CHCl3);
C24H30N2O3 (394.51): C 73.1, H 7.67, N 7.1; found: C 72.5, H 7.61, N 7.0.


Product 5 was prepared by means of the procedure described for 1, except
that Boc-FiFi-NHiPr (200 mg, 0.507 mmol) was used as the substrate, and
the reaction was run for 16 h, to give 200 mg (83 %) of 5 as white solid: Rf


0.57 (40 % ethyl acetate/hexanes); m.p. 182 ± 184 8C; 1H NMR (500 MHz,
CDCl3): d� 7.50 ± 7.20 (m, 14H), 6.96 (d, J� 8.5 Hz, 1H), 6.08 (s, 1 H), 3.91
(d, J� 8.5 Hz, 1H), 3.69 ± 3.76 (m, 1H), 3.14 (d, J� 8.0 Hz, 1H), 0.95 (d,
J� 7.0 Hz, 3H), 0.68 (d, J� 6.5 Hz, 3H); 13C NMR (75 MHz, CDCl3): d�
168.75, 166.38, 134.65, 134.5, 132.0, 129.0, 128.9, 128.8, 128.5, 128.1, 127.6,
127.1, 47.3, 41.5, 37.4, 31.3, 22.4, 22.1; IR (CH2Cl2): n� 3412, 3315, 3078,
1672, 1274, 1247, 1075 cmÿ1; HRFAB: calcd [M�Na]� 499.0997, found
499.1002; [a]25


D �ÿ119 (c� 0.53 in CHCl3).


CD spectroscopy: CD measurements were obtained on an Aviv (Model 62DS)
spectrometer. Solutions of the peptidomimetics were prepared by dissolv-
ing the amides in spectral grade MeOH and H2O that had been degassed
immediately prior to use. A mixture of 65:35 MeOH/H2O was used (this
mixture has the same dielectric constant as DMSO, which is unsuitable for
CD investigations). The concentration of the peptidomimetics studied was
in the range of 5.5 ± 6� 10ÿ2 mm. The data presented represents an average
of 4 scans per sample with a time constant of 2 s, bandwidth of 1 nm, and
sampling every 0.5 nm from 320 to 198 nm. For temperature-dependence
studies, the samples were equilibrated for at least 10 min before data
acquisition. A quartz cell of pathlength 2 cm was used in all cases.


IR spectroscopy : IR spectra were measured on a Nicolet Impact 410 FTIR
spectrometer. A cell equipped with CaF2 windows and a path length of
1.00 mm was used. The spectra presented represent the average of
128 scans. Solvent subtraction was carried out using reference spectra
obtained under identical conditions as the sample spectra. The amides used
were vacuum-dessicated at ambient temperature overnight before sample
preparation. The samples were prepared in a dry box by dissolving several
milligrams of the amide in CH2Cl2 (degassed) and diluted to a final
concentration of 1mm.


NMR spectroscopy : NMR spectra of the samples in [D6]DMSO were
recorded on a Varian Unity� 500 spectrometer (500 MHz). Solutions of


the peptidomimetics at a concentration of approximately 10mm were used
unless otherwise indicated. The samples were prepared in a dry box by
dissolving the sample in the appropriate solvent. One-dimensional (1D)
1H NMR spectra were recorded with a spectral width of 8000 Hz, 30272
data points, a 5 s acquisition time, and 32 transients. Chemical shifts of the
amide protons were monitored over a concentration range; near constant
chemical shift values were obtained (Dd� 0.04 ppm) indicating no
significant aggregation had occurred in the 10mm [D6]DMSO solutions.
Temperature coefficients of the amide protons in DMSO were measured by
several 1D experiments between 25 ± 60 8C in 5 8C increments. The samples
were each equilibrated for at least 10 min before data acquisition. Solvent
titration experiments were performed by monitoring the changes in the
chemical shifts of the amide protons upon titration of the tripeptide
derivatives in CDCl3 with increasing amounts of [D6]DMSO (1 ± 15%).
The concentration of these solutions was in the order of 10mm. T1


experiments were performed with the inversion recovery pulse sequence.
Each 13C NMR spectrum was recorded in CDCl3 with a delay (d1) of at least
6T1, while d2 was an array of 9 data points (0.01, 0.1, 0.5, 1, 3, 5, 10, 15, 25 s).
The concentration of the samples for the T1 experiments was in the order of
0.1 ± 0.2m.


Molecular modeling : A Silicon Graphics IRIX-O2 workstation was used for
the conformational search performed in this work. All calculations were
performed with QUANTA97/CHARMm version 23.2 software (Molecular
Simulations Incorporated) with extended representations of the nonpolar
hydrogen atoms. Since CHARMm does not have parameters for the
cyclopropane amino acids, additional atom types were assigned and a
parameter set was built based on crystallographic data and CHARMm
default parameters, then appended to the CHARMm standard parameter
file. The residue topology files (RTFs) of cyclo-Phe, 3-Ph-cyclo-Phe, and
FiFi amino acids were built according to the standard geometry of these
unnatural amino acids, then appended to the CHARMm standard RTF.
The combined CHARMm parameters and RTFs were imported to
QUANTA/CHARMm for the following calculations.


A systematic grid search was used to explore the conformational space
available to the derivatives studied. The search was performed and these
results were all repeated at least once with slight modifications. In the first
run, six torsion angles were defined for each compound, except for
compound 3 for which only five torsion angles were defined. A grid-scan
search was then used to generate conformations systematically by varying
specified torsion angles of either 60 or 1208. For each compound, the
conformers generated were further minimized with CHARMm (an uncon-
strained Cartesian minimization process) to obtain the low-energy regions
of conformational space. From these, only structures with the energy less
than 3 ± 4 kcal molÿ1 from the lowest energy conformer were selected for
further analysis. Moreover, during the minimization the grid torsion was
constrained to the grid point with a penalty energy function. A contour plot
was generated from this search by computing a contour of potential energy
varying over the set of grid points.


Supporting information available: CD spectra of compound 1-5 at 0 8C,
solvent titration data, NH chemical shift data, temperature coefficient data,
T1 relaxation times and CHARMm parameterization files for compound
1--5, X-ray data for compound 5. Crystallographic data (excluding structure
factors) for the structure reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
number CCDC 117417. Copies of this data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Polystyrene-block-poly(2-cinnamoylethyl methacrylate) NanofibersÐ
Preparation, Characterization, and Liquid Crystalline Properties


Guojun Liu,*[a] Jianfu Ding,[a] Lijie Qiao,[a] Andrew Guo,[a] Boris P. Dymov,[b]


James T. Gleeson,[c] T. Hashimoto,[d] and K. Saijo[d]


Abstract: The two blocks of a polystyr-
ene-block-poly(2-cinnamoylethyl meth-
acrylate), PS-b-PCEMA, sample, with
1.25� 103 styrene and 158 CEMA units,
segregate in bulk films. PCEMA forms
cylinders that disperse in the continuous
matrix of PS when annealed at 110�
28C. UV photolysis cross-linked the
PCEMA cylinders. Separating the
cross-linked PCEMA cylinders by dis-


solving PS in toluene or THF yielded
isolated nanofibers with PCEMA core
and PS shell. Light scattering studies in
toluene or chloroform revealed that the


nanofibers were wormlike with a persis-
tence length of �400 nm, a molar mass
exceeding 1010 g molÿ1, and a radius of
�43 nm. The nanofibers formed lyo-
tropic liquid crystalline phases in bro-
moform and the order ± disorder transi-
tion temperature of the liquid crystals
increased with nanofiber concentration.


Keywords: block copolymers ´
nanofibers ´ nanostructures ´
self-assembly ´ supramolecular
chemistry


Introduction


A diblock copolymer is a macromolecule consisting of two
linear polymer chains joined together in a head-to-tail
fashion. Polystyrene-block-poly(2-cinnamoylethyl methacry-
late), PS-b-PCEMA, is a diblock copolymer. In this paper, we


give a full description of a previously communicated meth-
od[1, 2] for the preparation of nanofibers from a PS-b-PCEMA
sample containing 1.25� 103 styrene and 158 CEMA units. We
also report our new results on nanofiber characterization by
light-scattering experiments and the lyotropic liquid crystal-
line properties of the nanofibers in bromoform.


Nanofibers in this paper are long cylinders with a cross-
linked PCEMA core and PS shell. They are prepared by
taking advantage of the self-assembling properties of the
diblock in bulk and the photo-cross-linkability of PCEMA.
The two blocks of a diblock copolymer, (A)n(B)m, segregate
from one another in bulk owing to their incompatibility. The
smallest dimension (radius for cylinders and thickness for
lamellae) of a segregated A or B domain is similar to that of
the individual A or B coils in a good solvent.[3±5] The shape of
the A or B domain varies with the relative n and m values and
the temperature. As the volume fraction of B increases
gradually to �50 %, the shape of the B domain normally
changes from spheres (�17 %) to cylinders (�28 %), to
gyroids (�38 %), and finally to lamella (�50 %). Domains
with different shapes are formed to minimize the system�s free
energy. For preparing nanofibers, the PS-b-PCEMA sample
was annealed at 110� 28C, so that PCEMA existed as
cylinders dispersed in the continuous PS matrix. The PCEMA
cylinders cross-linked upon photolysis. When separated from
one another by dissolving PS in THF or toluene, the different
cross-linked cylinders are dispersed as isolated ªhairyº rods or
nanofibers in dilute solutions.[1, 2]


Nanofibers here are similar in structure to diblock cylin-
drical micelles. Cylindrical micelles may form upon the
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addition of a block-selective solvent into a concentrated
diblock solution in a mutual solvent for the two blocks.[6±11]


Alternatively, they can be prepared by levitating preformed
cylinders out of a diblock solid with a solvent that selectively
dissolves the matrix block.[12] The fundamental difference
between our nanofibers and cylindrical micelles lies in their
stability. While the nanofibers retain their structural integrity
in all organic solvents, the cylindrical micelles are stable only
in the solvent in which they are prepared and disintegrate in
solvents that solubilize both blocks of a diblock. Cylindrical
micelles may also undergo morphological transitions or
change their aggregation number even in the same solvent
by changing polymer concentration. The nanofibers have a
similar structure as molecular ªhairy rodsº,[13±16] which consist
of a rigid polymer backbone with pendant, flexible alkyl side
groups. The nanofibers are, however, much larger in size. They
differ from cylindrical micelles of small-molecule surfac-
tants[17] not only in size but also in their structural stability.


While the PS-b-PCEMA nanofibers prepared may not have
immediate practical applications, the methodology utilized
here is general and can be used for preparing nanofibers from
other diblock copolymers. Nanofibers with appropriate chem-
ical composition can, for example, be pyrolyzed[18, 19] to yield
carbon, metal carbide, or silicon carbide nanofibers. Replac-
ing the core block with a conductive polymer, one should be
able to prepare nanowires with an insulating outer layer. The
carbon, metal carbide, or silicon carbide nanofibers should be
useful in nanocomposite preparation.[20, 21] The nanowire with
an insulating layer, that is, the nanocable, should be useful in
nanoelectronic devices.[22] While many methodologies exist
for the preparation of carbon nanofibers,[21, 23±25] carbon
nanotubes,[26±29] semiconductor nanowires,[29±31] and metal
nanowires,[31] our methodology, like the electrospinning
method,[32, 33] has the potential advantage for large-scale and
cheap production of nanofibers.


Experimental Section


Polymer synthesis and characterization : The precursor to PS-b-PCEMA is
PS-b-P(HEMA-TMS), where P(HEMA-TMS) denotes poly(2-trimethylsi-
lylethyl methacrylate). PS-b-P(HEMA-TMS) was prepared by anionic
polymerization as described in detail previously.[34±36] The TMS group
hydrolyzed readily in methanol. Treatment of polystyrene-block-poly(2-
hydroxylethyl methacrylate) with cinnamoyl chloride converted the
HEMA groups quantitatively to CEMA, as revealed by NMR spectro-
scopic analysis. The sample was characterized by GPC, NMR spectroscopy,
and light-scattering (LS) measurements; the characterization results of the
polymer are shown in Table 1. From the ratios of the intensity of 1H peaks
of PS to those of PCEMA, the repeat unit ratio between PS and PCEMA,
n/m, was determined to be 7.9. The GPC polydispersity index, MÅ w/MÅ n, of
1.12 in terms of PS standards suggests a narrow molar mass distribution.
Using n/m� 7.9 and the LS molar mass of 1.71� 105 gmolÿ1, we obtained
the weight-average n and m values of 1.25� 103 and 1.58� 102 for the
sample.


Bulk films or disks : PS-b-PCEMA solid films or disks, 1 to 4 mm thick,
were prepared by evaporating �20% (by mass) polymer solution in
toluene in polyethylene bottles or capsules over three to four days. The
films were then annealed at 60� 58C under 30 cm Hg pressure for another
three days and then at 110� 28C for three weeks. Two circular disks with a
thickness of 1.5 mm and a diameter of �12 mm were used for small-angle
X-ray scattering (SAXS) studies. Measurements were carried out with CuKa


radiation (l� 0.154 nm) from a 18 kW rotating anode generator (MAC
Science, Yokohama, Japan). For examining PCEMA cylinder orientation,
two-dimensional imaging plates, 1.4 m away from a sample were used to
obtain the X-ray diffraction patterns. In the through-scattering mode, the
diffraction pattern was obtained by using a point-collimated X-ray beam
impinging at the center of a diblock disk along the disk normal. In the edge-
scattering mode, a rectangular strip of the size of 4� 3� 1.5 mm3 was cut
from the center of the disk, and the incident beam struck the sample along
the direction parallel to the sample surface.[37]


Nanofiber preparation : PS-b-PCEMA bulk films that had been annealed at
110� 28C for three weeks were irradiated for 40 min, on each side, with UV
light filtered through a 310 nm cut-off filter. The films were irradiated on
different sides at the tail of the PCEMA absorption peak rather than at its
maximum at 274 nm to achieve uniform CEMA cross-linking across the
whole film thickness. After photolysis, the films were immersed in THF and
stirred. The films swelled and disintegrated in one day. Such a solution was
centrifuged to remove the insoluble product. The supernatant, which had a
bluish tinge, was concentrated and precipitated into methanol to yield
nanofiber powders with �50% yield. FTIR spectroscopic measurements
were carried out with both the THF-soluble and THF-insoluble products in
the powder form in order to estimate the PCEMA double-bond con-
version.


TEM studies : Bulk samples were divided by ultramicrotomy (Ultracut-E,
Reichert-Jung) into slices with a thickness of �50 nm. The divided samples
were stained with OsO4 vapor overnight before being viewed under a
Hitachi-7000 electron microscope (TEM) operated at 100 kV. For TEM
studies of the nanofibers, a dilute nanofiber solution in THF was spread on
a water surface. The nanofiber film formed was then transferred onto a
carbon-coated copper grid and stained by OsO4 vapor.


Light-scattering studies of nanofibers : Nanofibers were purified for light-
scattering study. The crude product (15 mg) was dissolved in THF
(�0.5 mL). Cyclopentane was added to a volume fraction of �80%. The
nanofibers were then centrifuged and separated from the supernatant,
which contained some low molar mass material. The nanofibers were
dissolved in THF again. After filtration through tightly-packed glass wool
to remove large dust particles, the nanofibers were precipitated into filtered
methanol, centrifuged, and dried. Light-scattering studies were performed
with a Brookhaven model 9025 instrument equipped with an Argon ion
laser operated at 488 nm. Purified nanofibers were dissolved in spectrog-
rade toluene or chloroform that had passed through a 0.2 mm filter to yield
the desired concentration. Light intensities were measured for such
samples at different dilution at the scattering angles, q, of 16, 18, 21, 24,
27, 30, 33, 36, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, and 140o. Light-
scattering measurements were performed for samples at three sets of
concentrations in toluene and one set of concentrations in chloroform. The
highest and lowest concentrations used in a given experiment with five
samples differ typically by a factor of 4 to 6. The highest concentrations
used in the three sets of experiments carried out in toluene were 3.55�
10ÿ3, 1.20� 10ÿ3, and 0.18� 10ÿ3 g mLÿ1, respectively, and that in chloro-
form was 2.55� 10ÿ3 g mLÿ1. Light-scattering experiments for samples with
relatively high nanofiber concentrations were tricky, because instrument
settings suitable for nanofiber solution study gave a negligible scattering
intensity from toluene, the calibration solvent. This difficulty was circum-
vented by measuring the scattered intensities of toluene and the nanofiber
solutions in the absence and presence of a neutral density filter placed in
the incident beam. The instrument calibration constant thus obtained from
toluene was subsequently corrected by taking the optical transmission of
this filter at 488 nm into account.


Studies of the liquid crystalline properties of the nanofibers : Nanofibers
were mixed with distilled bromoform. This mixture was gently warmed
until a transparent and uniform solution was formed. As the solvent
evaporated, the solution weight was monitored until the desired concen-
tration was reached. At high concentrations, the solution was gel-like. An
aliquot of this solution was deposited in the well of a culture slide. For


Table 1. Characteristics of the PS-b-PCEMA sample used.


n/m MÅ
w/MÅ


n 10ÿ4 MÅ
w 10ÿ4 MÅ


w 10ÿ2 n 10ÿ2 m
from NMR from GPC [gmolÿ1] GPC [gmolÿ1] LS


7.9 1.12 15 17.1 12.5 1.58
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shearing a sample, a stainless-steel spatula was pressed down on the sample
and was used to ªsmearº it, with a pressure of about 3 MPa, in the same
fashion that one applies jam to bread. The slide was then sealed against
further evaporation of the solvent. The liquid crystalline properties were
studied by using an optical microscope equipped with polarizers and a
heating stage.


PCEMA density determination : A�20 %, by mass, of PCEMA solution in
toluene was cast on a glass slide. The film was dried at room temperature
for one day and at 1108C under vacuum for another day. The film was then
cut into five pieces each of which was 9 mm2 large and 1 mm thick. The
small pieces were placed in a 8 mL vial with CaCl2 (0.9909 g). Water was
gradually added into the vial under stirring. At the critical point when the
PCEMA films were to about settle but were still suspended water addition
was stopped, and the total amount of water added was determined to be
4.16 g. The density of the final aqueous solution at this stage at 208C was
found from a handbook[38] to be 1.25 gcmÿ3 ; this is assumed to be the same
as that of PCEMA.


Results and Discussion


This section starts with TEM results demonstrating PCEMA
cylinder formation in a PS matrix. Information on the
orientation of the cylinders is obtained from SAXS results.
Following evidence for nanofiber preparation, the nanofiber
characterization results from light-scattering experiments are
presented. This section finishes with the report of the liquid
crystalline properties of the nanofibers in bromoform.


Morphologies of block-segregated PS-b-PCEMA films : The
density of PCEMA is 1.25 and that of PS is 1.05 g cmÿ3.[39]


Using these densities and n/m� 7.9, we obtained a volume
fraction of 21 % for PCEMA. At this volume fraction, the
equilibrium PCEMA domain shape should be between
spheres and cylinders.[3±5] Figure 1 illustrates a representative
TEM image obtained of thin slices of PS-b-PCEMA annealed
at 110� 28C, which is above the glass transition temperatures
of 69 and 1018C for PCEMA[40] and PS.[39] Since the TEM
specimens were stained with OsO4, which should react
selectively with PCEMA, the PCEMA regions should appear
darker. The dark circles in Figure 1 must represent PCEMA
cylinders pointing out of the picture. The dark ellipses may


Figure 1. TEM image of a 50 nm thick PS-b-PCEMA slice. The sample was
dried at room temperature for three days and annealed under 30 cm Hg
pressure at 65� 58C for three days and 110� 28C for three weeks.


represent cylinders lying slightly off the electron-beam
direction. The radius of the PCEMA cylinders, rCEMA,
estimated from the dark circles, is �13 nm.


The cylinders in Figure 1 are, however, not packed with
hexagonal symmetry. Rather, the cylinders are packed
rectangularly. The short and long sides, Ds and DL, for the
rectangles are �45 and �57 nm, respectively. A rectangular
unit cell should contain one PCEMA cylinder with its cross-
sectional area given by pr2


CEMA. The total cross-sectional area
of a unit cell is DL�DS. This gives a PCEMA cross-sectional
area ratio or volume fraction of 0.21. This is in exact
agreement with the value calculated from n/m� 7.9 and the
densities of PS and PCEMA. This agreement supports the
cylindrical morphology for PCEMA.


The rectangular packing of the cylinders is surprising. This
might be an effect of shearing from the microtoming process.
To shed light on this phenomenon, SAXS studies were
performed. Figure 2 displays two-dimensional X-ray diffrac-
tion patterns obtained for a sample in both the edge- and


Figure 2. Edge (left) and through (right) two-dimensional small-angle
X-ray diffraction patterns obtained for a PS-b-PCEMA disk annealed at
110� 28C for three weeks.


through-scattering modes. The intensity and the halos ob-
tained in the through-scattering mode have approximately
circular symmetry. This suggests no preferential orientation of
the PCEMA cylinders in the disk plane on the size scale of the
X-ray beam cross-sectional area, 0.25� 0.25 mm2, despite
their ordering in grains of the size of micrometers, as probed
by TEM. The diffraction pattern obtained in the edge-
scattering mode is, however, not circularly symmetric, and
stronger scattering is observed along the horizontal direction.
This indicates that the PCEMA cylinders lie preferentially in
the plane of the disk. The primary peaks along the horizontal
direction of the SAXS are further away than those along the
vertical direction. This suggests that the spacing of the
cylinders that lie in the cylinder plane is smaller than that
normal to disk surface. This is a nonequilibrium effect
encountered frequently in solution-cast samples.


Owing to the circular symmetry of the through-scattering
pattern shown on the right of Figure 2, its averaged circular
intensities are plotted in Figure 3 as a function of qx, the
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Figure 3. Plot of scattered X-ray intensity as a function of the magnitude of
the scattering wave vector, qx. The intensities are the averages over circles
with different distances from the center of diffraction pattern shown on the
right of Figure 2.


magnitude of the scattering wave vector [Eq. (1)]. In Equa-
tion (1) 2 qx is the scattering angle and l� 0.154 nm is the
wavelength of the X-ray used.


qx�
4p


l
sinqx (1)


The first-order peak occurs at qo� 0.094 nmÿ1. The higher-
order peaks are broad and do not necessarily occur at the
positions expected of hexagonally packed cylinders. Thus, the
cylinders may have inherent nonhexagonal packing in agree-
ment with the TEM results. The broadness of the peaks
suggests that there is a wide distribution in the inter-cylinder
distances.


A more quantitative description of the cylindrical mor-
phology was obtained by analyzing the experimental SAXS
profile (Figure 3) with an equation derived from a paracrystal
model.[41, 42] This model assumes that 1) the aspect ratio of the
cylinders is large, 2) the cylinders are packed parallel to each
other with hexagonal symmetry in micrometer-sized grains, 3)
the orientation of the grains is random, and 4) the interface
between the PtBA and PCEMA domains is sharp. Parameters
used in the curve-fitting equation are the mean closest
neighbor distance D (78 nm), with a standard deviation DD
(9.8 nm), and the mean radius of the cylinders R (14.5 nm),
with a standard deviation DR (2.5 nm). From (2p


p
3)(R/D)2,


the volume fraction of the PtBA domain was determined to be
0.125, a value lower than the volume fraction (0.21) obtained
from TEM and mass-fraction calculations. The difference
between 0.125 and 0.21 and the large DR and DD values again
point to nonhexagonal cylinder packing.


In order to obtain hexagonal cylinder packing, we annealed
the samples at higher temperatures. Figure 4 illustrates a
TEM image of a sample annealed at 135� 28C for three
weeks. The pattern shown was not localized but found
throughout the sample, and the observation was reproducible.
The PCEMA block seems to form crossed cylinders here.
After annealing at 145� 108C for one week, TEM images as
shown in Figure 5 were obtained. PCEMA seems to form
spherical domains dispersed in the PS matrix and the spheres
have irregular packing with a wide size distribution. Thus,
hexagonal packing could not be obtained by annealing the
samples at higher temperatures.


Figure 4. TEM image of a 50 nm thick PS-b-PCEMA slice. The sample was
dried at room temperature for three days and annealed under 30 cm Hg
pressure at 65� 58C for three days and 135� 28C for three weeks.


Figure 5. TEM image of a 50 nm thick PS-b-PCEMA slice. The sample was
dried at room temperature for three days and annealed under 30 cm Hg
pressure at 65� 58C for three days and 145� 28C for one week.


The formation of spherical PCEMA domains at 1458C is
reasonable for the PCEMA volume fraction of 21 %.[3±5]


However, we do not know the reason for the observation of
the seemingly new ªcrossed-cylinderº morphology at 1358C
or for the wide distribution in the sizes of the spheres at 1458C.
The answers to these question were not further pursued
because of the limited scope of this research.


Locking in the PCEMA domains : CEMA dimerizes as a
result of photo-induced cyclo-addition of the double
bonds.[43, 44] The dimerization can occur between two CEMA
units of the same chain, which does not effect structural
ªlocking inº of the cylinders. PCEMA cross-links because of
dimerization between CEMA groups of different chains in the
cylinders. Owing to the expected high degree of PCEMA
inter-chain mixing, the cross-linking process should be
effective. In fact, PCEMA photo-cross-linking has been used
by us to prepare a wide range of nanostructures including
nanospheres,[35, 45, 46] cross-linked polymer brushes (monolay-
ers),[47] and nanochannels in polymer thin films.[48, 49]
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Figure 6. TEM image of nanofibers. To prepare the TEM sample, a drop of
a dilute toluene solution was dispensed on water surface, and the solvent
was allowed to evaporate. The nanofiber, thin film formed was then
transferred onto a carbon-coated copper grid and was stained by OsO4.


The locking in of the PCEMA domains is unambiguously
demonstrated by the stability of the nanofibers in THF, a
solvent which dissolves both PS and uncross-linked PCEMA.
Figure 6 illustrates a TEM image of the nanofibers. They have
a narrow width, but a relatively wide length distribution. They
are wormlike and can be tens of micrometer long.


The cross-linking of PCEMA can also be appreciated from
the FTIR spectroscopic results shown in Figure 7. UV
irradiation substantially reduced the carbon ± carbon double-
bond peak intensity at 1635 cmÿ1. At the PS-b-PCEMA film
thickness of �0.5 mm, the PCEMA double-bond conversions
are 18 % and 22 % after the films were irradiated on each side
for 20 and 40 minutes, respectively. The nanofibers used in this
study had a CEMA conversion of 22 %.


Figure 7. Comparison between FTIR spectra of PS-b-PCEMA (bottom)
and the nanofibers (top). The 1635 cmÿ1 peaks are marked with arrows.


Figure 8 shows a magnified view of a small area in Figure 6.
Evidently, the nanofibers here have a dark core and a gray
shell. Since PCEMA was selectively stained, the core must be
made up of PCEMA, as expected. The diameter of the core as
measured from Figure 8 is �26 nm, which is the same as that
determined for the PCEMA cylinders in Figure 1. The
diameter of the fiber including the shell is �92 nm. Since
the volume fraction of PCEMA is 21 %, the diameter of a dry,
cylindrical nanofiber, calculated from the PCEMA core


Figure 8. A close-up view of a small area of the sample shown in Figure 6.


diameter of �26 nm, should be �57 nm. The much larger
diameter suggests that the PS chains were substantially
flattened on water surfaces on which the TEM samples were
prepared. This is reasonable because the PS chains would not
stretch below the water surface owing to their hydrophobicity.


Light-scattering results : The TEM image of Figure 6 gives an
idea of the conformations of ªdryº nanofibers. Their con-
formations in solution were probed by light-scattering experi-
ments. Light-scattering measurements were performed in
either toluene or chloroform. In each experiment, five
polymer concentrations were used. Figure 9 shows plots of


Figure 9. Plot of Kc/DRq vs. sin2(q/2)� 35c for nanofibers in toluene. Data
were obtained at five nanofiber concentrations and those for the concen-
trations of 3.55� 10ÿ3 (&) and 2.06� 10ÿ3 (*) are shown. Also shown are
the Kc/DRq values (&) obtained by extrapolating to zero nanofiber
concentration.


the Kc/DRq versus [sin2(q/2)� 35c] data obtained for nano-
fibers in toluene at the concentrations of 3.55� 10ÿ3 and
2.06� 10ÿ3 g mLÿ1, whose K is the optical constant, DRq is the
excess Rayleigh ratio, q is the scattering angle, and c is the
nanofiber concentration in g mLÿ1. Also shown are the
Kc/DRq j c!0 data obtained by extrapolating the Kc/DRq data
at five concentrations to zero nanofiber concentration at each
angle. Similar Kc/DRq j c!0 data were obtained for the nano-
fibers in toluene when the extrapolation was performed for
nanofiber samples about 20 times more dilute or when the
experiment was carried out in chloroform. The Kc/DRq j c!0


versus sin2(q/2) line is curved, suggesting the large size of the
nanofibers.
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Owing to the nanofiber size, such data should not be treated
following the Zimm method.[50] Instead, the Kc/DRq data are
analyzed by the more general relation given in Equation (2),


Kc


DRq


� 1


MwP�q�� 2A2c (2)


in which P(q), the particle structure factor or scattering
function, is a function of the relative positions of the different
units in the particle being analyzed. If a particle consists of ns


sub-units, which are much smaller than the wavelength of
light, with ith and jth sub-units separated by distance hij, P(q)
is given by Equation (3).[50] In Equation (3), P(q) is replaced
by P(q), because the magnitude of the scattering wave-vector
q is related to the scattering angle q by the relation shown in
Equation (4).


P(q)� 1


n2
s


Xns


i�1


Xns


j�1


sinqhij


qhij


(3)


q� 4pnr


l
sin(q/2) (4)


In Equation (4), nr , the refractive index of toluene, is 1.496,
and l, the wavelength of the laser light used, is 488 nm.
Equation (2) can be simplified by extrapolating to zero
concentration to yield Equations (5) or (6).


Kc


DRq


j c!0�
1


MwP�q� (5)


MÅ
wP(q)�DRq


Kc
j c!0 (6)


Since MÅ
w is a constant for a given sample, DRq/Kc j c!0


defines the shape of the particle structure function, P(q). As
P(q) can be calculated based on an assumed shape for the
particle, the comparison between DRq/Kc j c!0 and theoretical
P(q) functions provides a means for checking the conforma-
tion of the nanofibers in solution and for determining the
molar mass MÅ


w.


DRq/Kc j c!0 data analysis by the wormlike-thread model : The
TEM image in Figure 6 suggests that the nanofibers are long
wormlike threads with a persistence length b upto sub-
micrometers. We started by treating the DRq/Kc j c!0 data with
the wormlike-thread model by assuming a nanofiber contour
length of L and hydrodynamic radius R.


There have been numerous studies, including those exem-
plified in refs. [51 ± 53], of scattering functions of wormlike
threads with an infinitely thin cross-section. Such studies
normally involved the evaluation of Pthin(q) by using Equa-
tion (3) and segment distribution functions established either
theoretically[51, 52] or from Monte Carlo simulations.[53] The
resultant Pthin(q) expressions are generally complex and
difficult to handle in data treatment. More recently, Pedersen
and Schurtenberger[53] fitted Pthin(q) generated from Monte
Carlo simulations with expressions containing relatively few
terms. Their Pthin(q) will be used in treating our experimental
data.


The Pthin(q) functions used by Pedersen and Schurtenberg-
er[53] consisted of two parts. One part, PSF(q), is responsible for


the semi-flexible coil behavior[52] on size scales larger than b
or qb< 2 and is given in Equation (7), in which u� q2(Lb/6)2.


PSF(q)� 2�exp�ÿu� � uÿ 1�
u2


�
�


4


15
� 7


15u
ÿ
�


11


15
� 7


15u


�
exp(ÿu)


�
(b/L) (7)


The other part, PLoc(q), is derived from the rodlike structure
of wormlike chains on scales comparable or smaller than b or
1< qb< 10 [Eq. (8)]. The semi-flexible to rigid rod transition
in the scattering function is made by modifying the two parts


Ploc(q)� 1


Lqb2 �
p


Lq
(8)


with exponential functions so that PSF(q) and Ploc(q), respec-
tively, contribute decreasingly and increasingly more towards
Pthin(q) as q increases [Eq. (9)].


Pthin(q)�PSF(q)exp[ÿ (qb/q1)p1]�PLoc(q){1ÿ exp[ÿ (qb/q1)p1]} (9)


The fitting of Pthin(q), generated from Monte Carlo
simulations of chains with different L and b to satisfy L/b>
2 and qb< 10 with Equation (9), established that p1� 5.33 and
q1� 5.53.


Our nanofibers have a finite cross-section with a core-shell
structure just like that of cylindrical surfactant micelles. Jerke
et al.[54] developed the cross-section scattering functions of
such micelles by taking the different scattering contrast of the
core and shell into consideration. As will be evident later, the
q range of our light-scattering data is narrow and would not
justify the use of such a sophisticated model containing many
fitting parameters, which include the core radius, shell radius,
core refractive index, and shell refractive index. Thus, we
assume that our nanofiebrs have a homogeneous cross section
with a hydrodynamic radius R. The scattering function for
such a cross section is given in Equation (10), in which J1(Rq),
the first-order Bessel function of the first kind, is given by
Equation (11). The overall scattering function for the nano-
fibers is then given by Equation (12), with L, b, and R as the
variables.[53]


PCS(q)�
�


2 J1�Rq�
Rq


�2


(10)


J1(Rq)�
X1


i�0


�ÿ1�n
n!�n � 1�!


�
Rq


2


�2n�1


(11)


P(q)�Pthin(q)PCS(q) (12)


Two sets of P(q) functions are displayed in Figure 10, with L
and R fixed at 20 mm and 50 nm and with b equal to 200 and
400 nm, respectively. The data are presented by following the
Holtzer method, that is, qP(q) rather than P(q) is plotted
against q, so that the different regions of P(q) are more clearly
seen. qP(q) initially increases with q, because the Guinier
region, in which P(q) changes slowly with q, associated with
the overall size of the fiber is observed. After reaching a
maximum, qP(q) decreases because P(q) crosses over to a
power-law dependence on q. This region is characteristic of
the coil behavior of the fibers with an exponent ofÿ2 in theta
solvent and ÿ5/3 in good solvent. For the set of data
generated with b� 400 nm, a flat region is seen after q�
0.01 nmÿ1. This is characteristic of the local stiffness of the
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Figure 10. Curves of qP(q) and qPhq(q) as a function of q. Curves 1 and 2
were constructed by using L� 20 mm, R� 50 nm, and b values of 200 and
400 nm, respectively. While l� 400 nm, the R values are 30 and 40 nm for
curves 3 and 4, respectively.


chain and of P(q)/ 1/q. qP(q) further decreases with q at
even higher q values because of the Guinier scattering
behavior of the cross-section of the nanofibers.


A broad and small peak is seen at q� 0.18 nmÿ1 for qP(q)
generated by using L� 20 mm, R� 50 nm, and b� 400 nm. We
have examined systematically how changing L, b, and R
affected the shape of qP(q). Increasing L and b shifted the
maximum of qP(q) to lower q values. Increasing R made
qP(q) decrease more sharply in the high q region. This
systematic study also suggested that the broad and small peak
in the qP(q) curve was due to the empirical nature of
Equation (12) and the error associated with the large qb of 7.2.


The experimental q(DRq/Kc)c!0 values are illustrated in
Figure 11. The presence of few data points in the high q region
that suggests the downward bending of qP(q) justifies our
previous adoptation of the simplified cross-section model for


Figure 11. Comparison between 1.78� 1010qP(q) (*) or 3.13� 108 qPhq(q)
(^) and experimental DRq/Kc j c!0 data (&). The qP(q) and qPhq(q)
functions are valid only in the low and high q regions, respectively. The
qP(q) function was generated by assuming L� 20 mm, R� 50 nm, and b�
400 nm. The qP(q) function was obtained by using l� 400 nm and R�
43 nm.


nanofibers. More data points are also needed at the low q end
so that the qP(q) maximum can be located for an accurate
determination of both L and b. Because of the narrow q
region probed, the results obtainable from any data treatment
procedure cannot be more than qualitative. For this, we took a
crude approach by fixing L at 20 mm and R at 50 nm and
examined the results to see if a reasonable b value could be
obtained. The contour length of 20 mm should be reasonable
as judged from Figure 6. As will be shown later, the R value of
50 nm is reasonable as well. Furthermore, the choice of R


values only affects the qP(q) shape in the high q region where
Equation (12) is not valid.


Also shown in Figure 11 is the comparison between the
experimental q(DRq/Kc)c!0 values and 1.78� 1010 (gmolÿ1)�
qP(q) with qP(q) calculated from Equation (12) with L�
20 mm, R� 50 nm, and b� 400 nm. The agreement in the
low and high q regions is excellent. The discrepancy in the
intermediate region is probably due to error inherent in
Equation (12) at large qb values.


The good agreement between 1.78� 1010 (g molÿ1)qP(q)
and q(DRq/Kc)c!0 in the high q region is fortuitous as
Equation (12) can be erroneous for qb> 10. The agreement
in the low q region suggests that the persistence length of the
nanofibers is �400 nm; a result in qualitative agreement with
what one deduces from Figure 6. According to Equation (6),
the molar mass of the nanofiber should be 1.78� 1010 g molÿ1.
The molar mass of the nanofibers can also be calculated from
the contour length L of 20 mm by using Equation (13), in


MÅ
w�NA1CEMApr2


CEMAL/WCEMA (13)


which NA is Arvogadro�s number; 1, density of PCEMA, is
1.25 g cmÿ3 ; WCEMA, the weight fraction of PCEMA, is 0.24;
and rCEMA, the radius of PCEMA core, is �13 nm as revealed
from Figure 1. The molar mass of 3.33� 1010 g molÿ1 calcu-
lated from Equation 13 is in qualitative agreement with 1.78�
1010 g molÿ1, suggesting the validity in the choice of the L
value.


DRq/Kc j c!0 data analysis in the high q region : As a result of
the break down of Equation (12) in the high q region, the data
were treated differently in this region to obtain the cross-
sectional hydrodynamic radius of the nanofibers in toluene. In
the high q region, the nanofibers essentially behave as rigid
rods with length l approximately equal to the persistence
length b and so the rigid-rod model was used. For randomly
oriented, cylindrical rigid rods with a radius R, length l, and
l/R� 1, Equation (14) can be derived for Phq(q),[55, 56] in which
J1(qRsinb) is again the first-order Bessel function of the first
kind. The second term in the square bracket on the right-hand
side denotes the contribution from the cross-section to the
scattering function.


Phq(q)�
Zp


0


2
�


sin�qlcosb=2�
qlcosb=2


J1�qRsinb�
qRsinb


�2


sinbdb (14)


Equation (14) is clearly a function of l and R. In Figure 10
two sets of Phq(q) curves are compared that were generated by
using l� 400 nm, R� 30, 40 nm. As R increases, the Phq(q)
curve bends downward more sharply at the high q end, but is
not affected at the low q end. We also examined the effect of
varying l on the shape of the Phq(q) curve. Increasing l
decreased the height of the Phq(q) curve and shifted the
position of the first bending point in the curve to lower q
values. Since the analysis here is only qualitative owing to the
narrow q range probed, we set l equal to the persistence length
b obtained from the wormlike-thread model, that is, l�
400 nm. At this fixed l value, good agreement between the
experimental q(DRq/Kc)c!0 values and Phq(q) is obtained by
setting R� 43 nm and MÅ


w� 3.13� 108 g molÿ1. This MÅ
w is very
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reasonable for a 400 nm rod considering that the molar mass
for a 20 mm rod is 1.78� 1010 g molÿ1 from the wormlike-
thread model.


Although not shown here, the light-scattering data of the
nanofibers in chloroform can also be fitted by use of the same
models to yield L� 20 mm, b� 400 nm, and R� 43 nm. The R
value of 43 nm is substantially larger than 28 nm, the radius
estimated for dry nanofibers, but smaller than the TEM radius
of 46 nm determined from Figure 8. It is larger than 28 nm,
because the nanofiber chains are swollen in toluene or
chloroform. On water surfaces the nanofibers are flattened;
this makes the TEM radius larger than that in the organic
solvents. Thus, the value of 43 nm is very reasonable.
However, we will treat 43 nm only as a semi-quantitative
value owing to the various assumptions associated with its
determination and no further discussion will be made about
its implications.


Liquid crystalline properties of the nanofibers : The TEM
images in Figures 6 and 8 suggest that the dry nanofibers are
quite rigid. They are also quite rigid in toluene or chloroform,
as confirmed by their large persistence length. As a result of
their rigidity and the large b/R value, the Onsager theory[57]


for ªhard rodsº and the Semenov and Kohhlov theory[58] for
semi-flexible rods predict that the nanofibers should have
liquid crystalline properties. We examined the optical bire-
fringence of such nanofibers in bromoform by means of
polarized optical microscopy.


The nanofiber solutions as prepared in bromoform showed
little or no birefringence, an indication of the absence of long-
range orientation order. However, the optical birefringence or
nanofiber ordering developed upon gel shearing. Figure 12 is
a photomicrograph, taken through crossed polarizers, of a
42.5 % by weight solution of the nanofibers in bromoform.
The central region looks brighter, because a spatula was used
to smear the sample across this region. Such birefringence
persisted until the sample was heated above a critical temper-
ature as shown in Figure 13, in which the variation in the


Figure 12. Micrographs taken through crossed polarizers a 42.5 wt %
solution sample of nanofibers in bromoform smeared with a spatula. The
right-hand picture was taken at a position with the shearing direction
parallel to the analyzing polarizer axis. The left-hand picture was taken
after the sample stage was rotated by 458. The width of each frame in the
figure is about 5 mm.


Figure 13. Variation in the transmitted light intensity through crossed
polarizers, with a 42.5 % nanofiber solution between them, as a function of
temperature.


intensity of light transmitted through crossed polarizers is
plotted as a function of temperature. As the temperature
increased, the intensity initially stayed constant and then
decreased suddenly until the birefringence essentially disap-
peared. This suggests an order ± disorder transition for the
nanofibers. Unfortunately, this transition is not reversible,
because the birefringence of a sample heated above its
order ± disorder transition temperature returns only very
weakly if at all.


The order ± disorder transition temperature has been de-
fined the temperature at which the transmitted light intensity
drops half way between its low and high temperature values.
The variation in the transition temperature as a function of
nanofiber concentration in bromoform is plotted in Figure 14.
As nanofiber concentration increases, the transition temper-
ature increases.


Figure 14. Plot of variation in order-disorder transition temperature (*) as
a function of nanofiber concentration in bromoform. The solid line
represents the best fit to experimental data by a second-order polynomial.


Birefringence development under shearing : Since many long,
rodlike macromolecules such as tobacco mosaic virus,[59, 60]


poly(benzyl-l-glutamate),[13±15] and DNA[61] are lyotropic
liquid crystals, the absence of birefringence from nanofiber
solutions in bromoform not sheared was a surprise to us
initially. This was probably caused by the structural difference
between the nanofibers and those species studied previously.
The nanofibers are not really ªhard rodsº, which are repulsive
only in their mutual interactions. At sufficient low nanofiber
concentrations, the nanofibers are mutually repulsive because
of the osmotic forces acting on the PS chains.[62] At high
nanofiber concentrations, the PS chains of different nano-
fibers may interpenetrate into and entangle with one another.
The entanglement should slow down or kinetically impede the
self-ordering of the nanofibers. It is only upon shearing that
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the nanofibers align. This slow nanofiber motion also explains
why the birefringence did not reappear after a sample heated
above its order ± disorder transition temperature was cooled
down again. A further study should involve annealing nano-
fiber solutions slightly below the order ± disorder transition
temperature for a long time to see if the birefringence
redevelops.


Shear-induced ordering is well known. Cylindrical micelles
of small-molecule surfactants form nematic phases in water at
weight fractions typically >30 %.[17, 63, 64] Under shearing, they
align along the shearing direction at concentrations as low as
0.1 %.[55, 65] Similarly, the cylindrical domains formed in a
diblock melt can be aligned to form ªsingle crystalsº by
shearing[66±69] or electric forces.[70]


Banded texture : The polarized optical microscopic (POM)
image of Figure 12 shows a banded texture. This has also been
observed in many other sheared lyotropic or thermotropic
liquid crystalline polymer systems.[71±76] The banded textures
were seen in polymer systems because of an optical effect
caused by the switching in polymer chain orientation from one
band to another. While the average chain orientation is along
the direction normal to the bands, the chain orientation from
one band to another deviates positively and negatively from
the average direction.[77, 78] Such nematic phases with banded
textures are unique[79] and particularly common[80] for main-
chain liquid crystalline or rigid-rod polymers. This is because
polymers have large splay constants or it is energetically
unfavorable for rigid-rod chains to align in a fan-out
fashion.[79] The observation of the banded texture in the
nanofiber solution suggests the alignment of the nanofibers
along the shearing direction and that the nanofibers behave
similarly to rodlike macromolecules[59, 60] and hairy rods.[13±15]


Temperature dependence of the critical concentration for
liquid crystalline phase formation : Figure 14 clearly shows
that the order ± disorder transition temperature increases with
nanofiber concentration in bromoform. This temperature
dependence seems to make sense intuitively. As the nanofiber
concentration increases, the PS chains get more entangled
with one another and the nanofiber mobility decreases. A
higher temperature will be required to randomize the nano-
fibers.


This temperature dependence is, however, not predicted by
existing theories[57, 58] that consider ªhardº or semi-flexible
ªhardº rods. The temperature dependence is absent in these
cases because the rods do not have any other energetic
interactions, as two rods can never penetrate one another
owing to their physical volume. Our nanofibers are obviously
not wormlike hard rods.


Conclusion


The PCEMA block of a PS-b-PCEMA sample has been
shown by TEM to form cylinders dispersed in the continuous
phase of PS when annealed at 110� 28C. The SAXS data
indicates that the cylinders lie preferentially in the polymer
disk plane. The PCEMA cylinders were cross-linked by


photolysis. Separating the cross-linked PCEMA cylinders by
dissolving PS in THF or toluene yielded isolated nanofibers
with PCEMA cores and PS shells. The nanofibers can be tens
of micrometers long. This represents a general method for
nanofiber preparation from block copolymers.


The nanofibers were soluble in a wide range of solvents
including THF, toluene, chloroform, and bromoform. Light-
scattering studies in toluene or chloroform revealed that they
were wormlike and had molar masses exceeding 1010 g molÿ1, a
persistence length of �400 nm, and a radius of �43 nm. They
formed lyotropic liquid crystalline phases with a banded
texture under shearing above a critical weight fraction, as
observed under a polarized optical microscope. The liquid
crystals underwent an order ± disorder transition at a critical
temperature. The order ± disorder transition temperature
increased with nanofiber concentration in bromoform.
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Gaseous [H3CÿClÿCl]� Ions from the Reaction of Methane with Cl3
�, the First


Example of a New Dihalogenation Process: Formation and Characterization
of CH3Cl2


� Isomers by Experimental and Theoretical Methods


Fulvio Cacace,[a] Giulia de Petris,*[a] Federico Pepi,[a] Marzio Rosi,[b] and Anna Troiani[a]


Abstract: The structure, stability, and reactivity of the [C,H3,Cl2]� ions from the
reaction of Cl3


� with CH4 were studied by structurally diagnostic mass spectrometric
techniques and by computational methods. The ionic products were characterized as
protonated dichloromethane [ClH2CÿClH]� (1), the more stable isomer, that
behaves exclusively as a Brùnsted acid, and the hitherto unknown [H3CÿClÿCl]�


ion (2), a chlorinating and methylating cation. Formation of 2 is the first example of a
new class of electrophilic substitution, in which a single H atom is replaced by the
diatomic [ClÿCl]� dichlorinium ion. In addition, the proton affinity of dichloro-
methane was determined by experimental and theoretical methods to be 150.2� 2
and 151 kcal molÿ1, respectively.


Keywords: chlorine ´ density func-
tional calculations ´ gas-phase
chemistry ´ halogenations ´ mass
spectrometry


Introduction


Polyhalogenation of alkanes such as the prototypal reaction of
Cl2 with CH4 is known to proceed via intermediates, and to
yield products with all Cl atoms directly bound to the carbon
atom. This is also the case in the ionic chlorination of methane
promoted by Cl2 in superacid solutions, or over acidic
catalysts, where dichloromethane is obtained together with
methyl chloride; this is by far the major product formed via
the intermediate hypervalent carbocation from the insertion
of Cl� into a CÿH bond of the alkane.[1±6] We report herein the
first example of a hitherto unknown class of reactions, namely
electrophilic substitution, in which a single H atom of
methane is replaced by a diatomic group, the [ClÿCl]�


dichlorinium ion, to yield [H3CÿClÿCl]� as the charged
product. The first hint to this unconventional substitution
was provided by our recent gas-phase investigations on


representative trihalogen and hydrohalonium cations.[7±9]


The study of their reactivity towards simple nucleophiles
disclosed a remarkable chlorinating ability, in accordance with
their Lewis acid character. Among the reactions examined
those of Cl2H� and Cl2F� with H2 and CH4 give products both
theoretically and experimentally characterized as [HÿClÿH]�


and [HÿClÿCH3]� ions, respectively, according to a mecha-
nism involving Cl� insertion into a HÿH or H3CÿH s bond,
analogous to that postulated in solution.[10] However, the
reaction of Cl3


� with CH4 proved to be more complex,
yielding a mixture of isomeric products; this suggests the
possible occurrence of a methane substitution by the dichlori-
nium cation. Accordingly, we have undertaken an investiga-
tion aimed at establishing the detailed course of the reaction,
its mechanism and energy profile, as well as the structure and
the relative stability of its isomeric products, by utilizing a
combination of mass spectrometric and theoretical methods.


Experimental Section


Mass spectrometric experiments : ZABSpec oa-TOF and Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometers were used to
perform all reported experiments. The ions were generated in the high-
pressure chemical ionization (CI) source of the ZABSpec mass spectrom-
eter (Micromass Ltd.) under the following typical conditions: Accelerating
voltage 8 kV, emission current 0.5 mA, repeller voltage 0 V, source
temperature 150 8C. The mass-selected ions were structurally assayed by
mass-analyzed ion kinetic energy (MIKE) and collisionally activated
dissociation (CAD) mass spectrometry. In the latter case, He was
introduced into the collision cell at such a pressure as to reduce the
intensity to 70 % of its original value. All the FT-ICR experiments were
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performed with a Bruker Spectrospin Apex 47e spectrometer equipped
with an external CI source, a pulsed valve, a cylindrical ¹infinityª cell,[11]


and a Bayard ± Alpert ionization gauge, whose readings were corrected for
its different sensitivity to the gases used.[12] The ions generated in the
external ion source were transferred into the ICR cell and isolated by the
standard procedure based on the ¹softª ejection of all unwanted ions, care
being taken to prevent appreciable excitation of the selected species. When
required, the ions were thermalized by collision with Ar introduced for a
short time (20 ms) through the pulsed valve to a peak pressure of about
10ÿ5 Torr. The ions were then allowed to react with the neutral reagent
continuously admitted into the cell in order to reach stationary pressures
ranging from 1� 10ÿ8 to 4� 10ÿ7 Torr. All gases and other chemicals
utilized were research-grade products from commercial sources with a
stated purity in excess of 99.99 mol % and were used without further
purification.


Computational details : Density functional theory, based on the B3LYP
functional,[13] was used to localize the stationary points of the investigated
systems and to evaluate vibrational frequencies. Single-point energy
calculations at the optimized geometries were performed with the
coupled-cluster single- and double-excitation method[14] with a perturba-
tional estimate of the triple excitations according to the [CCSD(T)]
approach.[15] Zero-point energy (ZPE) corrections evaluated at B3LYP
level were added to the CCSD(T) energies. The total energies of the species
of interest at 0 K were corrected to 298.15 K by adding translational,
rotational, and vibrational contributions. The absolute entropies were
calculated with standard statistical-mechanistic procedures from scaled
harmonic frequencies and moments of inertia relative to B3LYP/
6-311G(3df, 3pd) optimized geometries. The 6-311G(3df, 3pd) basis set
was used for all the investigated systems.[16] All calculations were carried
out with Gaussian 94.[17]


Results


The formation reactions : CH4Cl� and CH3Cl2
� have been


observed as the major products of the Cl2/CI of methane,
performed in the high-pressure source of the ZABSpec oa-
TOF mass spectrometer, probably arising from the reactions
promoted by the Cl3


� ion, see Equations (1) and (2).


ÿ! CH4Cl� (a) � Cl2 (1)


Cl3
� � CH4


ÿ! CH3Cl2
� (b) � HCl (2)


The measured CH4Cl�/CH3Cl2
� intensity ratio approxi-


mates unity and has been found to increase at higher pressure


of CH4. An increase in the pressure of CH4, that is, of the CH4/
Cl2 ratio, and hence of the abundance of the CnH5


� (n� 1,2)
ions that readily undergo proton transfer to Cl2, turns the Cl2/
CI of methane into a CH4/CI of chlorine, so that the prevailing
chlorinating agent changes from Cl3


� to Cl2H�. Nevertheless,
CH4Cl� remains abundant in the spectrum, whereas the
intensity of CH3Cl2


� declines. Accordingly, it is likely that ion
a can be formed upon chlorination of methane by a different
Cl� donor, such as Cl2H� and Cl2F�.[10] For an enhanced
elucidation of the formation process of ion b, Cl3


�, Cl2H�, and
Cl2F� were generated in the external source of a FT-ICR mass
spectrometer by CI of neat Cl2, and by CH4/CI, and XeF2/CI
of Cl2, respectively. The Cl3


�, Cl2H�, and Cl2F� ions were
isolated by selective ejection techniques and allowed to react
with CH4 in the resonance cell. Cl3


� yields both ions a and b,
which were identified by accurate mass measurements of the
expected isotopomers. On the contrary, Cl2H� and Cl2F� give
no detectable amounts of b, consistent with the previously
reported CI experiments, which showed that the intensity of
ion b decreases as Cl2H� gradually replaces Cl3


� as the
chlorinating agent in the CI plasma.


Additional FT-ICR experiments were performed to ascer-
tain whether b is a secondary product from the reaction of a
with chlorine. To this end, CH4Cl� generated in an external
source, isolated, and thermalized was driven into the cell
containing Cl2. The process given in Equation (3) which would
yield CH3Cl2


� was not observed.


a � Cl2 ÿ!� b � HCl (3)


In addition, to investigate the structure and the reactivity of
b, model [C,H3,Cl2]� ions of known connectivity were
prepared from the reactions (4) and (5).


CH2Cl2 � AH� (A�CH4, H2) ÿ! CH2Cl2H� (I) � A (4)


Cl2 � CH3X� (X�CH3F, CO2, N2) ÿ! CH3Cl2
� (II) � X (5)


Reaction (4) is expected to generate the ion I with the
[ClÿCH2ÿClÿH]� connectivity corresponding to protonated
dichloromethane, whereas reaction (5) should give the
[CH3ÿClÿCl]� ion (II) from the methylation of a molecule
containing a preformed ClÿCl bond.


MIKE and CAD spectrometry : Ions I, II, and b obtained from
reactions (4), (5), and (2), respectively, were mass-selected
and structurally assayed by MIKE and CAD mass spectrom-
etry. The MIKE and CAD spectra of the m/z 85, 87, and 89
isotopomers from each reaction were recorded; those of the
m/z 85 ion are reported in Table 1.


The MIKE spectrum of ion I, formed by CH4/CI of CH2Cl2,
shows a metastable decomposition characterized by a very
narrow peak corresponding to the CH2Cl� fragment. Ions
generated with a higher energy content, as in the H2/CI, as
well as ions II, display no metastable decomposition.


The CAD spectra of the isotopomer of m/z 85 of ions I and
II (Figure 1) proved structurally important: peaks at m/z 70
[Cl2]� and m/z 15 [CH3]� are present only in the spectrum of


Abstract in Italian: La reazione di ioni Cl3
� con il metano


produce ioni [C,H3,Cl2]� la cui struttura, stabilità e reattività
sono state esaminate con tecniche spettrometriche di massa e
con metodi teorici. L�isomero piuÃ stabile che si ottiene Ø il
diclorometano protonato, [ClH2CÿClH]� (1) il quale reagisce
esclusivamente come acido di Brùnsted. Si forma anche un
isomero finora sconosciuto, lo ione [H3CÿClÿCl]� (2) che
reagisce come un agente clorurante e metilante. La reazione di
formazione di 2 Ø il primo esempio di una nuova classe di
sostituzioni elettrofile nelle quali un singolo atomo di H Ø
sostituito dal catione biatomico diclorinio, [ClÿCl]� . Nell�am-
bito della ricerca Ø stata determinata con metodi sperimentali
e teorici, l�affinità protonica del diclorometano, ottenendo
rispettivamente i valori di 150.2� 2 and 151 kcal molÿ1.
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Figure 1. CAD spectra of a) ions I from reaction (4) and b) of ions II from
reaction (5).


II, and that at m/z 36 [HCl]� is only formed from I. Moreover
the fragment at m/z 50 [CH3Cl]� is much more abundant in
the spectrum of II than of I.


All these typical fragmentations are also present in the
CAD spectrum of ions b, and their intensities change with the
pressure of CH4 within the CI source. This suggests that the
ionic population sampled by CAD consists of a mixture of
ions I and II, whose composition depends on the CH4/Cl2 ratio
in the CI source.


ICR spectrometry : Ions I, II, and b were generated from
reactions (4), (5), and (2), respectively, in the external source,
and their reactivity towards selected nucleophiles was inves-
tigated to obtain structural information. The ion from
reaction (4) acts essentially as a Brùnsted acid, though
extensive fragmentation to CH2Cl� prevents accurate meas-
urement of the proton affinity (PA) of CH2Cl2 by the
equilibrium method, which probably accounts for the fact
that this important thermochemical quantity is not reported
in the literature. Nevertheless, we managed to extract


useful information from the less accurate ªbracketingº
technique, establishing the following PA order:
PA (COS), 150.2 kcal molÿ1, � PA (CH2Cl2) < PA (C2H2),
153.3 kcal molÿ1.[18] Since in the case of COS proton transfer
occurs in both directions, the PA of CH2Cl2 and COS must be
very close; our best experimental estimate is set at 150.2�
2 kcal molÿ1. The CH3Cl2


� ion from reaction (5) displays the
twofold character of Cl� and CH3


� (Me�) donor towards
nucleophiles of adequate Cl� and Me� affinity [Eq. (6) and
(7)].


ÿ! NuCl� � CH3Cl (6)


II � Nu


ÿ! NuCH3
� � Cl2 (7)


Reaction (6) is observed for a number of molecules such as
CF3I, CH2F2, C6F6, CH4, CO, COS, CH3NO2, C2H2O, and
CH3OCH3, whereas reaction (7) occurs with Nu�H2O,
CH3OH, CF3I, CH3NO2, C2H2O, and CH3OCH3. Ions b from
reaction (2) display the same reactivity, apart from the
following exceptions. Proton transfer to bases such as COS
and C6F6 is observed whose efficiency, however, decreases at
longer reaction times. In addition, if ions b, cooled by
collisions with the neutral gas for a period of at least 2 s and
isolated by ªsoftº single-shot ejection, are cooled by a
supplementary delay time (typically 2 s), they no longer
display any protonating ability. As a whole, these observations
suggest that proton transfer to COS and C6F6 is promoted by
excited ions b.


In an attempt to measure the methyl cation affinity (MCA)
of Cl2, reaction (7) was investigated in the forward and reverse
direction with nucleophiles of known MCA.[19,20] The evalua-
tion of Me� transfer equilibria is notoriously difficult, since
kinetic factors can reduce the rate of exothermic trans-
methylation processes. As a consequence, the reaction is
vulnerable to incursion of faster competitive processes that
perturb the equilibrium measurements. Pertinent examples
are the chlorination reaction (6), which can be faster than
reaction (7), and the protonation of Cl2, which can affect the
reverse of reaction (7), when NuCH3


� can act also as a proton
donor. As a result of these problems, we attempted to resort to
the ªbracketingº technique and found that the same kinetic
factors can prevent the occurrence of energetically allowed
transmethylation processes. An example is reaction (3),
namely methyl transfer from HCl to Cl2 described in a
previous paragraph, which is too slow to be detected even in
the absence of competing reaction channels. Nevertheless this
observation does not necessarily imply that Cl2 has a lower
MCA than HCl, since neither the reverse Me� transfer from
CH3ClH� to Cl2 is observed; this suggests that a sizable kinetic
barrier is associated with this process. Therefore, our estimate
of the MCA of Cl2 is affected by a 9 kcal molÿ1 uncertainty
range, consistent with the following scale: MCA (CF3I)[19, 20]�
55.6� 3 kcal molÿ1> MCA (Cl2) > MCA (Xe)[19,20]� 46.5�
3 kcal molÿ1, leading to MCA (Cl2)� 51� 5 kcal molÿ1.


Computational results : The geometry of the neutral CH2Cl2


species, and that of the stationary points localized on the


Table 1. CAD spectra of m/z 85 isotopomer of [C,H3,Cl2]� ions I, II, and b
obtained from reactions (4), (5), and (2), respectively.


I II b[a]


CH4/CI CH3F/CI ClCOOCH3/CI R1 R2


m/z intensities (% S)
84 11.5 1.5 ± 4.4 5.7
70 ± 16.1 15.2 8.1 0.4
50 12.4 24.2 27.1 22.3 10.6
49 M[b] 25.6 26.5 24.0 43.8
48 25.2 9.4 8.7 13.8 12.8
47 25.7 6.4 6.8 13.9 16.7
37 3.5 ± ± 2.5 2.4
36 12.6 ± ± ± 4.0
35 7.2 8.4 9.8 6.9 3.5
15 ± 7.0 8.2 3.4 ±
14 1.9 1.4 1.7 0.8 ±


[a] R1 and R2 (R1>R2) denote decreasing Cl2:CH4 ratios. [b] M denotes a
metastable transition.
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[CH3Cl2]� potential energy surface are shown in Figure 2,
whereas the energies and vibrational frequencies are reported
in Table 2. Isomer 1 is the global minimum localized on the
[CH3Cl2]� potential energy surface, whereas 2 is a less stable
isomer 21.0 kcal molÿ1 (298 K) higher in energy than 1 at the
CCSD(T) level. Isomer 3 is the saddle which interconnects 1


Figure 2. Stationary points localized on the potential energy surface of
[C,H3,Cl2]� and geometry of [CH2Cl2].


and 2 ; isomer 4 is the saddle for chlorine exchange in 2, and 5
the saddle for the rotation of the methyl group in 2. In saddle
point 3 a hydrogen atom bridges a carbon and a chlorine atom.
Both the CÿH and HÿCl bond lengths are strongly elongated
with respect to equilibrium values. For this reason, this
structure cannot be properly described with a single reference
based method such as CCSD(T). Only a multiconfigurational
method like CASSCF, followed by an MRCI calculation, can
provide an accurate quantitative energetic estimate, if at a
very high computational cost. Therefore we refrained from
performing CCSD(T) calculations on 3, resorting to the
B3LYP energies to obtain a rough estimate of the height of
the barrier for the interconversion of 1 into 2. Table 3 shows
the energetics of selected reactions involving the [CH3Cl2]�


species. From these values we can see that the PA of
dichloromethane is calculated to be 151.0 kcal molÿ1 at the
CCSD(T) level.


Discussion


[C,H3,Cl2]� isomers : The structural evidence and reactivity
probing carried out in the mass spectrometric experiments
allow a clean differentiation between ions from reactions 4
and 5 that have to be taken as the model ions of connectivities
I and II. The differences found reflect their intrinsic structural
features.


[ClÿCH2ÿClÿH]� (I) [CH3ÿClÿCl]� (II)


Table 2. Energies and frequencies of the stationary points found for [CH3Cl2]� . Relative energies [kcal molÿ1] and IR intensities [km molÿ1] in parentheses.
Total energies in Hartree, vibrational frequencies in cmÿ1.


1 2 3 4 5
EB3LYP ÿ 960.031147 (0) ÿ 960.001801 (18.4) ÿ 959.907085 (77.8) ÿ 959.946614 (53.0) ÿ 959.999342 (20.0)
ZPE[a] 0.035859 0.039131 0.032260 0.036058 0.038787
ECCSD(T) ÿ 958.928373 (0) ÿ 958.897692 (19.3) [b] ÿ 958.838092 (56.7) ÿ 958.895006 (20.9)


vibrational frequencies
112.2 (36) 163.5 (0) 2037.8i 429.6i 164.5i
128.4 (73) 212.7 (3) 210.4 60.5 226.8
283.4 (75) 503.9 (8) 419.6 247.1 498.1
606.0 (57) 544.0 (18) 424.2 526.8 528.7
789.7 (0) 1027.5 (0) 862.3 565.9 1016.6
898.9 (139) 1032.0 (8) 979.4 610.7 1022.7


1071.8 (1) 1363.2 (5) 1081.9 1301.0 1359.6
1175.0 (38) 1426.1 (20) 1123.6 1411.1 1434.1
1456.8 (3) 1448.0 (20) 1370.4 1429.7 1441.9
2821.9 (196) 3055.5 (28) 1425.5 3093.8 3073.6
3133.3 (14) 3177.6 (24) 3068.8 3288.0 3207.5
3263.0 (30) 3224.3 (17) 3194.4 3293.2 3215.8


[a] Zero-point energy. [b] See text.


Table 3. Energetics [kcal molÿ1] at 298 K of selected reactions.


DH298


B3LYP CCSD(T)


1!6 � H� 153.5 151.0
1!CH2Cl� � HCl 13.4 11.9
2!CH3


� � Cl2 49.0 50.0
2!7 � H� 191.5 194.4
7!CH2Cl � Cl 15.4 13.5
2!CH3Cl � Cl� 96.2 89.1
Cl3


� � CH4 ! 2 � HCl ÿ 42.2 ÿ 38.9
Cl2H� � CH4 ! 2 � H2 ÿ 3.9 ÿ 3.9
Cl2F� � CH4 ! 2 � HF ÿ 75.8 ÿ 82.1
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In particular, i) the facile fragmentation of I into CH2Cl�


(MIKE) and HCl� (CAD), ii) the absence of the Cl2
� and


CH3
� fragments in the CAD spectra, and iii) the ability of I to


undergo proton, but not CH3
� nor Cl� transfer, are consistent


with the assignment of the [ClÿCH2ÿClÿH]� structure of
protonated dichloromethane to ion I. Conversely, i) the Cl2


�


and CH3
� fragments in the CAD spectra of II, ii) the absence


of the HCl� fragment, and iii) its chlorinating and methylating
ability support the [CH3ÿClÿCl]� connectivity assigned to
ions from reaction (5).


The theoretical analysis has localized two minima 1 and 2
with the connectivity I and II, respectively, on the potential
energy surface of the [C,H3,Cl2]� system. The global minimum
is 1, a [H2(Cl)CÿClH]� structure characterized by a rather
long CÿCl bond consistent with the narrow peak, typical of a
weakly bound parent ion, observed in the metastable decom-
position of I to CH2Cl�. The experimental difficulty to
evaluate the PA of the corresponding neutral CH2Cl2 is also
consistent with a picture in which the most stable protomer is
an ion-molecule complex, prone to easy dissociation when not
completely thermalized. This causes its depletion and a
correspondent enrichment of the less stable protomer in the
ionic population. From the experimental PA of CH2Cl2 and
other available thermochemical data,[18] H o


f (1)�
192.6 kcal molÿ1 can be obtained, and the endothermicity of
its dissociation into CH2Cl� and HCl� 14.5 kcal molÿ1, with
an estimated error of about 3 kcal molÿ1. In good agreement
with the experimental results, the PA of CH2Cl2 calculated at
the CCSD(T) level is 151 kcal molÿ1, and the dissociation
threshold of 1 is located at 11.9 kcal molÿ1 (Table 3). The
exothermicity of reaction (4) can be estimated from the Ho


f


value (1) to be about 20 kcal molÿ1 in the case of CH5
� and


49 kcal molÿ1 in the case of H3
�.[21] Accordingly, and consistent


with their low dissociation threshold to CH2Cl�, ions 1
generated with a large internal energy excess, as in the H2/
CI experiment, completely decompose within the source out
of the metastable time window.


Isomer 2, which is less stable than 1 by 21.0 kcal molÿ1


(298 K) at the CCSD(T) level of theory, displays the
[CH3ÿÿClÿCl] connectivity of II. In this context, the exper-
imental and calculated MCA of Cl2, 51 and 50 kcal molÿ1,
respectively, compare exceptionally well, although the agree-
ment is at least partially fortuitous and allows us to evaluate
the H o


f (2)� 210.3� 5 kcal molÿ1. In this case reaction (5) is
slightly exothermic and provides a mild route to CH3Cl2


�


from all the methylating agents employed.[21]


Remarkably, the deprotonation reaction of 2, calculated to
be endothermic by 194.4 kcal molÿ1 (Table 3), is theoretically
predicted to generate a neutral CH2ClCl (7) that has been
localized on the surface as a minimum, about 62 kcal molÿ1


above the CH2Cl2 isomer 6. Our attempts to investigate the
protonating ability of CH3Cl2


� ions demonstrated that proton
transfer reactions actually occur to bases with PAS values
greater than 170 kcal molÿ1, a lower value than theoretically
predicted, probably due to the ensuing decomposition of
CH2ClCl to CH2Cl and Cl. Finally, from the H o


f of 2 the
dissociation into CH3Cl and Cl� is endothermic by 98.1�
5 kcal molÿ1, comparable to the calculated value of
89.1 kcal molÿ1, which corresponds to the Cl� affinity of the


chlorine atom of CH3Cl. This Cl� binding energy is higher
than recently obtained for other chlorinated compounds,[9]


probably reflecting the combined effects of the electron-rich
chlorine atom and the electron-donating ability of the methyl
group.


The [C,H3,Cl2]� ions from reaction (2): The experimental
results indicate that ions b from the reaction of Cl3


� with CH4


are a mixed population of ions 1 and 2, whose connectivities
correspond to the model ions I and II, respectively. The
schematic potential energy surface reported in Figure 3 shows
that the barrier of the isomerization of 2 is comparable to its


Figure 3. Potential energy surface of [C,H3,Cl2]� system at 298 K. The
experimentally derived values and the theoretically derived values (in
parentheses) are given. See text for details on the height of the
interconversion barrier 1! 2.


dissociation threshold (51 kcal molÿ1) and much higher than
that of 1 (14.5 kcal molÿ1). This makes it experimentally
difficult to distinguish between the two conceivable routes to
a mixed population of ions 1 and 2, namely i) its direct
formation by a highly exothermic process and ii) the partial
isomerization of an initially pure population of ions 2 into 1.
The exothermicities of reaction (2) for the formation of 1 and
2 from the H o


f values of 1 and 2 are 45.5 and 63.2 kcal molÿ1,
respectively, proving more energetic routes to CH2Cl2H� and
CH3Cl2


� than reactions (4) and (5), by which the model ions
were obtained.[21] Nevertheless, based on the structure of the
reagents involved, direct formation of 1 can in our opinion
hardly be explained, and it is therefore more reasonable that
initially formed ions 2 can isomerize to 1.


As shown in Table 1, the composition of the mixed
population sampled by CAD spectrometry shows a strong
dependence on the pressure of CH4; it changes from a
prevalence of ions 2 at low pressures to a prevalence of 1 at
higher pressures. According to the typical behavior of weakly
bound complexes, the increase of the pressure causes the
stabilization of a larger fraction of excited ions 1 that
otherwise would easily decompose to CH2Cl� and HCl. This
feature seems distinctive of ions 1 from highly exothermic
processes, and is observed also in the populations from the
strongly exothermic protonation of CH2Cl2 by H3


�. The FT-
ICR results also support the hypothesis based on the isomer-
ization of ions 2 that have sufficient energy (internal, or
translational from the RF ªshotsº used for their isolation) to
overcome the barrier to the rearrangement to give 1. Indeed,
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the protonating ability of the population from reaction (2)
disappears after an adequate cooling period.


Mechanistic aspects : Formation of b by a formal Cl2
� transfer


to methane with the simultaneous loss of HCl is a remarkable
reaction and investigation of its mechanism is therefore of
interest. A conceivable hypothesis can be based on a four-
center transition state which could account, in addition, for


the failure of other chlorinating agents, such as Cl2F� and
Cl2H�, to undergo Cl2


� transfer to methane as a result of their
varying geometries and/or to the lack of suitable leaving
groups. We note, however, that the above mechanism does not
account for the formation of CH3ClH�, the other product
from the reaction. Furthermore, a four-center transition state
of rigidly defined geometry is undoubtedly characterized by a
highly unfavorable activation entropy. A more reasonable
hypothesis can proceed from the observation that the reaction
products a and b contain a CH3 group, which requires the loss


of one of the H atoms initially present in the methane
molecule. This suggests a two-step mechanism in which the
loose ion-neutral complex formed upon the electrostatic
association of the reagents undergoes hydride abstraction by
Cl3


�.


[CH4 Cl3
�] (INC1) ÿ! [CH3


� HCl Cl2] (INC2)


It then evolves into another complex formed by a methyl
cation, a chlorine molecule, and a hydrogen chloride mole-
cule. In the second step the cation can be trapped by either
neutrals, according to Equations 1a and 2b yielding the
observed products, namely b and protonated methyl chloride.
As to the energetics of the process, the dissociative hydride-
ion abstraction, as shown in Equation (8), is estimated to be
endothermic by 5.5 kcal molÿ1, based on available thermo-
chemical data[8,18] referenced to the isolated species.


ÿ! CH3ClH� � Cl2 (1a)


[CH3
�,HCl,Cl2]


ÿ! CH3ClÿCl� � HCl (2b)


CH4 � Cl3
� ÿ! CH3


� � HCl � Cl2 (8)


However, the electrostatic interaction between Cl3
� and


CH4 leading to INC1 is likely to release a larger amount of


energy, which makes the overall process leading to INC2
energetically allowed. As to the second step, both nucleo-
philes, HCl and Cl2, are present in equimolecular concen-
tration within INC2, and their MCA are close, which accounts
for the unselective character of their competitive methylation
yielding comparable amounts of CH3Cl2


� and CH3ClH�.


ÿ! a � HCl (9)


Cl2H� � CH4


ÿ!� b � H2 (10)


The two-step mechanism provides an explanation for the
formation of both products observed and does not involve the
formation of a tight, entropically unfavorable four-center
transition state.


In the framework of the two-step mechanism the reactivity
of Cl2H� towards methane is attributed to the different
energetics of the first step of reactions (9) and
(10). Indeed, whereas reaction (9a) is estimated to be
nearly thermoneutral for isolated reagents (DH8�
�0.6 kcal molÿ1)[7,18] and certainly energetically allowed when
occurring in the [CH4 Cl2H�] INC, reaction (10b) is highly
endothermic (DH8� 44.8 kcal molÿ1).[7,18]


CH4 � Cl2H� ÿ! CH3
� � 2HCl (9a)


CH4 � Cl2H� ÿ! CH3
� � H2 � Cl2 (10b)


This explains why only reaction (9) occurs, despite the fact
that overall reactions (9) and (10) are both exothermic by
46.7 kcal molÿ1 and 6.2 kcal molÿ1, respectively.


In the case of Cl2F�, the formation of a through the overall
reaction (11) occurs because the first step [reaction (11a)] is
thermoneutral (DH8� 0 kcal molÿ1)[8,18] for isolated species
and hence energetically allowed in the [CH4 Cl2F�] com-
plex.


CH4 � Cl2F� ÿ! a � ClF (11)


CH4 � Cl2F� ÿ! CH3
� � HCl � ClF (11a)


Capture of the methyl cation by HCl then yields a, with an
estimate of the overall exothermicity of reaction (11) of
47.3 kcal molÿ1.[8,18] Interestingly, no CH3ClF� is formed,
pointing to a selective capture of the methyl cation by HCl,
rather than by ClF, the other neutral component present in the
complex, which is consistent with the much lower nucleophi-
licity, and hence the corresponding lower MCA of chlorine
fluoride. As previously noted, the reaction (12) does not
occur.


CH4 � Cl2F� ÿ//! b � HF (12)


CH4 � Cl2F� ! CH3
� � HF � Cl2 (12b)


Here the first step is highly exothermic, and DH8(12b) is
estimated to be as large as ÿ 30.9 kcal molÿ1,[8,18] which causes
prompt dissociation of the cluster and prevents formation
of b.
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Conclusions


The reaction of Cl3
� with CH4 provides the first example of a


new electrophilic substitution process, which is characterized
by the formal replacement of a H atom of a saturated
hydrocarbon by a [ClÿCl]� dichlorinium ion. This hitherto
unknown substitution is accompanied by a conventional
monohalogenation reaction. The most simple mechanistic
hypothesis capable of explaining the simultaneous operation
of the two reactions, and their comparable rate, involves a
two-step process whose first stage leads to the formation of a
[CH3


� HCl Cl2] ionic complex. With regard to the structure
of the products, the present study allowed the theoretical and
experimental characterization of two [C,H3,Cl2]� isomers with
the ClH2CÿÿClÿH� and the CH3ClÿCl� connectivity. The
more stable isomer 1 behaves as a Brùnsted acid, undergoing
exclusively H� transfer to gaseous bases. In this context,
application of experimental and theoretical methods allowed
evaluation of the hitherto unknown PA of dichloromethane,
whose best theoretical estimate, 151 kcal molÿ1 at the
CCSD(T) level, is comparable with the experimental one,
150.2� 2 kcal molÿ1. Consistent with its connectivity, 2, the
new isomer identified, acts as a chlorinating and methylating
agent towards gaseous nucleophiles. Interestingly, the theo-
retical study of its deprotonation suggests the intriguing
possibility that the conjugate base, which exhibits CH2ÿClÿCl
connectivity, may be a kinetically stable neutral species. Work
to experimentally substantiate this prediction is currently
under way in our laboratory.


Acknowledgment


The financial support of the University of Rome ¹La Sapienzaª, the
University of Perugia and the Italian National Research Council is
gratefully acknowledged. The authors express their gratitude to A.
Sgamellotti for his active interest and to F. Angelelli for FT-ICR measure-
ments.


[1] G. A. Olah, Y. K. Mo, J. Am. Chem. Soc. 1972, 94, 6864.
[2] G. A. Olah, J. Shen, J. Am. Chem. Soc. 1973, 95, 3582.
[3] G. A. Olah, R. Renner, P. Schilling, Y. K. Mo, J. Am. Chem. Soc. 1973,


95, 7686.


[4] G. A. Olah, B. Gupta, M. Farina, J. D. Felberg, W. M. Ip, A. Husain, R.
Karpeles, K. Lammertsma, A. K. Melhotra, N. J. Trivedi, J. Am. Chem.
Soc. 1985, 107, 7097.


[5] G. A. Olah, Acc. Chem. Res. 1987, 20, 422.
[6] G. A. Olah, G. K. S. Prakash, R. E. Williams, L. D. Field, K. Wade,


Hypercarbon Chemistry, Wiley, New York, 1987 pp. 238 ± 241, and
references therein.


[7] F. Cacace, G. de Petris, F. Pepi, M. Rosi, A. Sgamellotti, J. Phys. Chem.
1998, 102, 10560.


[8] F. Cacace, G. de Petris, F. Pepi, M. Rosi, A. Sgamellotti, Rapid Comm.
Mass Spectrom. 1998, 12, 1911.


[9] F. Cacace, G. de Petris, F. Pepi, M. Rosi, A. Troiani, J. Phys. Chem.
1999, 103, 2128.


[10] G. de Petris, F. Pepi, M. Rosi, Chem. Phys. Lett. 1999, 304, 191.
[11] P. Caravatti, M. Allemann, Org. Mass Spectrom. 1991, 26, 514.
[12] J. E. Bartmess, R. M. Georgiadis, Vacuum 1983, 33, 149.
[13] P. J. Stevens, F. J. Devlin, C. F. Chabalowski, M. J. Frisch, J. Phys.


Chem. 1994, 98, 11623.
[14] R. J. Bartlett, Annu. Rev. Phys. Chem. 1981, 32, 359.
[15] K. Raghavachari, G. W. Trucks, J. A. Pople, M. Head-Gordon, Chem.


Phys. Lett. 1989, 157, 479.
[16] A. D. McLean, G. S. Chandler, J. Chem. Phys. 1980, 72, 5639; R.


Krishman, J. S. Binkley, R. Seeger, J. A. Pople, J. Chem. Phys. 1980, 72,
650; T. Clark, J. Chandrasekhar, G. W. Spitznagel, P. von R. Schleyer,
J. Comput. Chem. 1983, 4, 294; M. J. Frisch, J. A. Pople, J. S. Binkley, J.
Chem. Phys. 1984, 80, 3265, and references therein.


[17] Gaussian 94, Revision C.3, M. J. Frisch, G. W. Trucks, H. B. Schlegel,
P. M. W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman, T. Keith,
G. A. Petersson, J. A. Montgomery, K. Raghavachari, M. A. Al-
Laham, V. G. Zakrzewski, J. V. Ortiz, J. B. Foresman, J. Cioslowski,
B. B. Stefanov, A. Nanayakkara, M. Challacombe, C. Y. Peng, P. Y.
Ayala, W. Chen, M. W. Wong, J. L. AndreÂs, E. S. Replogle, R.
Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, Defrees, D. J. J.
Baker, J. P. Stewart, M. Head-Gordon, C. Gonzales, J. A. Pople,
Gaussian94-Revision D.3, Gaussian Inc., Pittsburgh PA, USA, 1995.


[18] S. G. Lias, J. E. Bartmess, J. F. Liebman, J. L. Holmes, R. D. Levin,
W. G. Mallard, J. Phys. Chem. Ref. Data 1988, 17, Suppl. 1, NIST
Chemistry Webbook (http://webbook.nist.gov/chemistry) NIST
Standard Reference Database No. 69, March 1998 Release.


[19] T. B. McMahon, T. Heinis, G. Nicol, J. K. Hovey, P. Kebarle, J. Am.
Chem. Soc. 1988, 110, 7591.


[20] M. N. Glukhovtsev, J. E. Szulejko, T. B. McMahon, J. W. Gauld, A. P.
Scott, B. J. Smith, A. Pross, L. Radom, J. Phys. Chem. 1994, 98, 13099.


[21] Taking Ho
f (1)� 192.6 kcal molÿ1 and Ho


f (2)� 210.3 kcal molÿ1, and
combining data from refs. [8,9, 18 ± 20], DH8 (4)�ÿ 20.3 kcal molÿ1


(CH4/CI) and ÿ 49.3 kcal molÿ1 (H2/CI); DH8 (5)�ÿ 0.5 kcal molÿ1


(CH3F/CI), ÿ 6 kcal molÿ1 (ClCOOCH3/CI) and ÿ 7 kcal molÿ1


(CH2N2/CI); DH8 (2)�ÿ 63.2 kcal molÿ1 for the formation of (1)
and ÿ 45.5 kcal molÿ1 for the formation of (2). For comparison the
calculated DH8 (2) (1)� ÿ 38.9 kcal molÿ1 (see Table 3).


Received: January 13, 1999 [F 1542]








Dibenzohomopyracylene, a Segment of Methanofullerene C61H2,
Its Radical Ions and Dianion
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Abstract: Dibenzohomopyracylene (2),
the 12b,12c-homo derivative of in-
deno[1,2,3-cd]fluoranthene (1), has been
synthesized. Both 13C NMR and X-ray
diffraction data suggest that 2 has a
ªclosedº norcaradiene-like structure
(2cl). The radical ions 2 .� and 2 .ÿ were
characterized by their 1H coupling con-
stants using ESR, ENDOR, and TRI-
PLE-resonance spectroscopy. In accord
with UB3LYP/6-31G*//UHF/3-21G*
calculations, the radical cation 2 .� re-


tains the ªclosedº structure (2cl .�), while
the structure of the radical anion 2 .ÿ


appears to be ªintermediateº (2int .ÿ)
between the ªclosedº (2cl .ÿ) and the
ªopenº annulene-like (2op .ÿ) forms.
The 13C NMR spectrum of dianion 22ÿ


is consistent with the ªopenº structure
(2op2ÿ). The transition from the
ªclosedº to the ªopenº form in the
redox sequence 2cl .� , 2cl, 2int .ÿ , 2op2ÿ


therefore occurs at the radical anion
stage. Since 2cl represents a segment
of the ª6-6-closedº methanofullerene
(C61H2), the latter may also undergo
corresponding structural changes in its
radical ions and dianion.


Keywords: dibenzohomopyracylene
´ ENDOR spectroscopy ´ EPR
spectroscopy ´ NMR spectroscopy
´ radical ions ´ structure elucidation


Introduction


An important and simple modification of the carbon frame-
work in [60]fullerene is the addition of diazomethane to a
formal C�C bond.[1] The final reaction product C61H2,
obtained after extrusion of nitrogen, is either a methanoful-
lerene with a ªclosedº s-homoaromatic structure or a
methanofulleroid with an ªopenº p-homoaromatic one. The
former prevails when addition occurs at the junction between
two six-membered rings (ª6-6-closedº), whilst the latter
dominates when addition takes place at the junction between
a six- and a five-membered ring (ª6-5-openº).[2] The ª6-6-
closedº structure proved to be thermodynamically more
stable than the ª6-5-openº one. NMR spectroscopy, especially


the chemical shift of the 13C isotope in the methylene-carbon
atom and the pertinent 13C-1H spin ± spin coupling constant
enables the two forms to be distinguished. No similar
information is available for the corresponding radical ions.
Although the C61H2 adduct readily accepts an electron to yield
the radical anion, the ESR spectrum of C61H2


.ÿ was void of
hyperfine splittings and could not be studied by the ENDOR
technique.[3]


The nonalternant hydrocarbon indeno[1,2,3-cd]fluoran-
thene (dibenzopyracylene; 1) represents a flattened segment
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of [60]fullerene. Dibenzopyracylene was first synthesized in
1951[4] and studies involving its radical ions 1.� and 1.ÿ [5] were
carried out many years prior to the discovery of the fullerenes.
In the present paper, we describe the synthesis, spectroscopic
characteristics, and X-ray crystal structure of the hydrocarbon
2, the bowl-shaped 12b,12c-homo derivative of 1.[6] In
addition, we report some studies involving the corresponding
radical ions 2 .� and 2 .ÿ which exhibit rich ESR-hyperfine
patterns and give rise to well-defined ENDOR spectra.
Interest is focussed on whether 2, 2 .� , and 2 .ÿ prefer the
ªclosedº norcaradiene-like (cl) or the ªopenº annulene-like
(op) structure. Information relating to the structure of the
dianion 22ÿ is readily obtained from NMR measurements.
Notably, a homo derivative of 1 is a segment of C61H2 (cf. the
pertinent formulae) and, in particular, the ªclosedº form 2cl
of dibenzohomopyracylene represents a segment of the ª6-6-
closedº methanofullerene C61H2.


Results and Discussion


Dibenzohomopyracylene (2) was synthesized from 2,5,7,10-
tetrakis(trimethylsilylethynyl)-1,6-methano[10]annulene (4),
which was prepared by a known procedure[7] from the
tetrabromo compound 3 (Scheme 1). After removal of the
protecting trimethylsilyl groups, tetraethynylmethano[10]an-
nulene (5) was cyclized with acetylene in a RhI-catalyzed
reaction to yield 2. The 13C NMR data (see below) clearly
characterize the product as 2cl, which was confirmed by an
X-ray crystallographic structure analysis (Figure 1).


Oxidation of 2 with a freshly sublimed mirror of aluminum
trichloride in dichloromethane at about 200 K led to the ESR
and ENDOR spectra consistent with the radical cation 2 .�


(Figure 2; g� 2.0030� 0.0001). The 1H coupling constants
derived from the ENDOR spectrum are jaH j� 0.335�
0.002, 0.203� 0.002, 0.105� 0.001, and 0.019� 0.001 mT. As
indicated by the computer simulation of the ESR-hyperfine


Scheme 1. Synthesis of 2 from 3 via 5.


Figure 1. X-ray crystal structure of dibenzohomopyracylene (2). The
selected CÿC bond lengths [pm] and C-C-C bond angles [8] are average
values of those parameters which are equivalent by C2v symmetry.


Figure 2. ESR (top) and ENDOR (bottom) spectra of 2 .� . Solvent
dichloromethane, counterion (presumably) AlCl3


ÿ ; temperature 200 K.
The numbers above the ENDOR signals are the associated jaH j values in
mT.


Abstract in German: Dibenzohomopyracylen (2), das
12b,12c-Homo-Derivat von Indeno[1,2,3-cd]fluoranthen (1),
wurde synthetisiert. 13C-NMR-Spektrum und Röntgen-Kristall-
struktur von 2 weisen auf eine ¹geschlosseneª Norcaradien-
ähnliche Form (2cl) hin. Die Radikalionen 2 .� and 2 .ÿ wurden
durch ihre 1H-Kopplungskonstanten mittels ESR-, ENDOR-
und TRIPLE-Resonanz-Spektroskopie charakterisiert. In Ue-
bereinstimmung mit B3LYP/6 ± 31G* -Rechnungen behält das
Radikalkation 2 .� die ¹geschlosseneª Form (2cl .�), während
die Struktur des Radikalanions 2 .ÿ als ¹intermediärª (2int .ÿ)
zwischen der ¹geschlossenenª (2cl .ÿ) und der ¹offenenª
Annulen-ähnlichen Form (2op .ÿ) erscheint . Für das Dianion
22ÿ wird die ¹offeneª Form (2op2ÿ) durch sein 13C-NMR-
Spektrum belegt. In der Redox-Folge 2cl .� , 2cl, 2int .ÿ , 2op2ÿ


findet demnach der Uebergang von der ¹geschlossenenª zur
¹offenenª Form auf der Stufe des Radikalanions statt. Das
¹6 ± 6-geschlosseneª Methanofulleren C61H2, dessen Teilstück
2cl darstellt, dürfte in seinen Radikalionen und Dianion die
entsprechenden strukturellen Aenderungen durchlaufen.
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pattern, the largest jaH j value is due to the two methylene
protons, and the three smaller couplings result from the three
sets of four a-protons[8] at the periphery of the p system.
General-TRIPLE-resonance experiments[9] carried out on the
ENDOR signals indicated the same sign for all coupling
constants which must be negative, in accord with the theory
for a-protons.[10] From calculations at the UB3LYP/6-31G*//
UHF/3-21G* level[11] (performed with GAUSSIAN 94),[12] the
ªclosedº form 2cl .� with a C(12b)ÿC(12c) bond length of
146 pm is 84 kJ molÿ1 more stable than the ªopenº form 2op .�


in which the analogous bond length is 218 pm. Moreover, the
aH values calculated for 2cl .� compare very favorably with the
experimental data, whilst those calculated for 2op .� are
markedly different (Table 1). This finding not only enables
one to attribute the structure 2cl .� to the radical cation, but
(Table 1) it also leads to an unequivocal assignment of the
observed coupling constants to the a-protons.


ESR and ENDOR spectra of the radical anion 2 .ÿ were
observed upon reduction of 2 with a potassium mirror in 1,2-
dimethoxyethane at 200 K (Figure 3; g� 2.0025� 0.0001).
The coupling constants used for the computer simulation of
the ESR-hyperfine pattern were derived from the ENDOR
spectrum. The pertinent values are jaH j� 0.079 mT for the
two methylene protons and 0.069, 0.064, and 0.031 mT for the
a-protons (experimental error: �0.001 mT). As indicated by
the general-TRIPLE-resonance method, the largest and the
smallest coupling constants have the same sign (presumably
negative), whereas the two very similar intermediate values,
associated with the pair of the broadest ENDOR signals
(0.067 mT in Figure 3), are of opposite sign. The energy of the
ªclosedº form 2cl .ÿ , calculated at the same level of theory, is
slightly higher (6.3 kJ molÿ1) than that of the ªopenº form
2op .ÿ . The aH values for both forms, however, deviate
considerably from the experimental data (Table 1). Better


Figure 3. ESR (top) and ENDOR (bottom) spectra of 2 .ÿ . Solvent 1,2-
dimethoxyethane, counterion K�, temperature 200 K. The numbers above
the ENDOR signals are the associated jaH j values in mT. The pair of broad
signals, denoted 0.067 in the high-frequency portion, are two overlapping
narrower signals with jaH j values of 0.064 and 0.069 mT (cf. text and
Table 1).


agreement between the experimental and calculated data can
be achieved by invoking a structure ªintermediateº between
the two forms which is predicted to have the same energy as
2op .ÿ . It is therefore reasonable to assume that the the radical
anion has such a structure (2int .ÿ), in which the
C(12b)ÿC(12c) bond length of 185 pm is almost the average
of those in the ªclosedº (157 pm) and the ªopenº form
(216 pm). The observed coupling constants for the a-protons
were assigned by correlation with the values calculated for
2int .ÿ (Table 1).


The dianion 22ÿ was generated by prolonged contact of 2
with lithium wire in perdeuteriotetrahydrofuran at 253 K. Its
1H NMR spectrum was markedly different from that of 2 and
high-field shifts, expected for the conversion of a neutral
compound to its dianion, were not observed (Table 2). The


Table 1. Calculated and observed 1H coupling constants, aH in mT, for the
radical ions, 2 .� and 2 .ÿ , and relative energies Erel in kJ molÿ1.


Position Erel


1,4,7,10 2,3,8,9 5,6,11,12 methylene


2cl .� , calcd 0.001 ÿ 0.102 ÿ 0.219 ÿ 0.389 0.0
2op .� , calcd ÿ 0.164 ÿ 0.053 � 0.231 ÿ 0.111 84.1
2 .� , obsd ÿ 0.019 ÿ 0.105 ÿ 0.203 ÿ 0.335
2cl .ÿ , calcd ÿ 0.004 ÿ 0.116 ÿ 0.062 � 0.003 6.3
2op .ÿ , calcd ÿ 0.031 ÿ 0.062 � 0.369 ÿ 0.132 0.0
2int .ÿ , calcd ÿ 0.028 ÿ 0.070 � 0.133 ÿ 0.117 0.0
2 .ÿ , obsd ÿ 0.031 ÿ 0.064[a] � 0.069[a] ÿ 0.079


[a] Assignment of the absolute value uncertain.


Table 2. 1H and 13C NMR data, d in ppm and 1JC,H in Hz, for 2 and its dianion 22ÿ.[a]


Position
1,4,7,10 2,3,8,9 5,6,11,12 4a,6b,10a,12d 4b,6a,10b,12a 12b,12c methylene


2, d (1H) 6.95[b] 6.92[b] 5.60 2.55
2, d (13C) 120.88 128.81 112.73 138.20 138.73 59.08 15.75
2, 1J C,H 169.0
22ÿ, d (1H) 6.99[b] 6.22[b] 6.50 4.56
22ÿ, d (13C) 113.06 117.79 121.19 135.73 145.82 98.32 34.69
22ÿ, 1J C,H 138.0


[a] Experimental error: � 0.01 ppm in d (1H), �0.05 ppm in d (13C), and �0.05 Hz in 1J C,H. [b] Assignment uncertain, AA'BB' system.
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shift of the signals for protons in the positions 5,6,11, and 12
from d� 5.60 (2) to d� 6.50 (22ÿ) can be explained by a
change from the ªclosedº norcaradiene-like form of the
central nonaromatic moiety to the ªopenº form of an
aromatic methano[10]annulene. Moreover, the low-field shift
of the signal of the methylene protons from d� 2.55 (2) to d�
4.56 (22ÿ) is also consistent with the transformation of the
three-membered ring into a methano-bridged form. Such a
transition from the neutral compound 2cl into the ªopenº
structure, 2op2ÿ of the dianion is supported by the 13C NMR
spectra. The signal of the 13C isotope in the methylene-carbon
atom shifts from d� 15.75 for 2cl to d� 34.69 for 2op2ÿ, while
associated spin ± spin coupling constant 1JC,H decreases from
169.0 to 138.0 Hz . Such changes mirror those observed in the
13C NMR spectra of homodipleiadiene (12b,12c-homodicy-
clohepta[de,ij]naphthalene; 6) and its dianion,[13] although in
this instance the neutral molecule was identified as 6op (d�
39.08 and 1JC,H� 142.4 Hz) and the dianion as 6cl2ÿ (d� 25.02
and 1JC,H� 157.5 Hz).


Conclusion


In the redox sequence 2cl .� , 2cl, 2int .ÿ , and 2op2ÿ, transition
from the ªclosedº (cl) to the ªopenº (op) form thus appears to
occur at the radical anion stage (Scheme 2). If one accepts
that 2cl is a model compound for the ª6-6-closedº methano-
fullerene C61H2, an analogous statement may hold for the


Scheme 2. Redox sequence 2cl .� , 2cl, 2int .ÿ , and 2op2ÿ.


radical ions and the dianion of this homo derivative of
[60]fullerene. Thus, the radical cation C61H2


.� , like the neutral
methanofullerene C61H2, should have the ªclosedº form
which is expected to ªopenº on reduction to the dianion
C61H2


2ÿ, and the structure of the radical anion C61H2
.ÿ is


ªintermediateº (int) between the ªclosedº and the ªopenº
forms (Scheme 2).


Experimental Section


The ESR spectra were measured by using Varian-E9 and a Bruker-ESP-300
instruments. ENDOR and TRIPLE-resonance studies were also carried
out with a Bruker-ESP-300. NMR spectra were recorded with a Bruker-
DR-500 spectrometer.


Dibenzohomopyracylene (2): A deoxygenated solution of 4 (264 mg,
0.5 mmol), [18]crown-6 (528 mg, 2 mmol), potassium fluoride (1.45 g,
25 mmol), and water (0.45 mL, 25 mmol) in 1,2-dimethoxymethane
(50 mL) was stirred for 1 h under an argon atmosphere at 0 8C. Dichloro-
methane (50 mL) was added to the reaction mixture, and the organic phase
was washed with water (3� 50 mL) and dried over magnesium sulfate.
After the solution was concentrated to about 20 mL in vacuo and ethanol
(50 mL) added, the remaining dichloromethane was removed. The result-
ing solution of 5 was treated with a stream of acetylene gas for 15 min at
room temperature and atmospheric pressure. After a further 45 min,
tris(triphenylphosphane)rhodium(i) chloride (37 mg, 0.04 mol) was added
in portions at 50 8C and the supply of acetylene continued. The reaction
mixture was stirred for 15 min and the solvent was removed in vacuo. The
red solid residue was chromatographed on an Alox column (activity II ± III;
50� 1 cm) using hexane/ diethyl ether (9:1) as eluant. After removal of the
solvent from the main fraction, the solids were recrystallized from hexane
to give dark red rectangular crystals (m.p. 223 ± 224 8C (decomp); 41 mg
yield 28 %, based on 4). UV/VIS (CH2Cl2): lmax (e [dm3 molÿ1 cmÿ1])� 272
(21500), 328 (54300), 343 (76000), 384 (1800), 406 (2000), 430 nm (1400); IR
(KBr): nÄ � 3044, 3023, 2996, 1499, 1434, 1022, 833, 781, 742, 430 cmÿ1; for 1H
and 13C NMR, see Table 2; MS (70 eV): m/z (%): 290 (55) [M�], 289 (100)
[MÿH]� , 276 (38) [MÿCH2]� , 144 (19) [M2�ÿH]; C23H14: calcd C 95.14,
H 4.86; found C 95.28, H 4.77.


X-ray crystallography of 2: C23H14, Mr� 290.34, system orthorhombic,
space group P212121, a� 794.9(1), b� 1348.7(1), c� 1401.8(1) pm, V�
1.5028(2) nm3, Z� 4, 1calcd� 1.283 g cmÿ3, T� 293 K; Nonius-Kappa-CCD
diffractometer, MoKa radiation (l� 71.073 pm), absorption coefficient
0.073 mmÿ1, F(000)� 608, crystal size 0.35� 0.30� 0.25 mm, q range for
data collection 2.95 ± 27.10 8, index ranges ÿ10< h< 10, ÿ17< k< 17,
ÿ17< l< 17, reflections collected 3317, independent reflections 3297,
refinement method full-matrix least-squares on F 2, data/restraints/param-
eters 3258/0/266, goodness-of-fit on F 2 1.028, wcalc� 1/[s2F 2


o � (0.0378 P)2�
0.05 P], where P� (F 2


o �2F 2
c )/3, final R [I> 2s(I)]: R1 �0.0419, wR2�


0.0780, reflections observed [I> 2s(I)]: 2161, R (all data): R1� 0.0809,
wR2� 0.0893, extinction coefficient 0.030(3), largest diff. peak and hole 96
and ÿ95 e nmÿ3. Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
106899. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).


Radical ions 2 .�and 2 .ÿ : Oxidation of 2 with aluminum trichloride in
dichloromethane to the cation 2 .� and reduction of 2 with potassium metal
in 1,2-dimethoxyethane to the anion 2 .ÿ were carried out according to the
standard vacuum technique.[14]


Dianion 22ÿ : Compound 2 (1 mg) was placed at the bottom of an evacuated
5 mm NMR tube connected to a lithium press. Dry perdeuteriotetrahy-
drofuran was distilled into the tube under vacuum and degassed by
repeated freeze-pump cycles. Lithium wires were pressed into the tube and
kept in the upper part by a constriction in the glass.[15] The tube was sealed
and the solution was brought into contact with the Li metal for 74 h at
ÿ20 8C. The resulting dianion 22ÿ was characterized by its 1H and 13C NMR
spectra (see above).
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Molecular Recognition of Nucleotide Pairs by a Cyclo-Bis-Intercaland-Type
Receptor Molecule: A Spectrophotometric and Electrospray Mass
Spectrometry Study
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Abstract: The water-soluble cyclo-bis-
intercaland-type receptor molecules
3 a ± c, positively charged macrocyclic
polyamines containing two large cres-
cent-shaped quinacridine subunits, bind
anionic aromatic substrates, such as
nucleotides, by a combination of p-
stacking and electrostatic noncovalent
interactions. Absorption and fluorimet-
ric experiments in aqueous solution
show that 3 a ± c form 1:2 (host/guest)
noncovalent complexes with nucleoside
monophosphates and 1:1 complexes
with nucleoside di- and triphosphates.
Higher affinities are found for guano-
sine derivatives than for other nucleo-


bases. This unusual binding of a nucleo-
side monophosphate pair involves p-
stacking/hydrophobic effects between
the nucleobases and the quinacridine
subunits of hosts 3 a ± c and possible
hydrogen bonding between the two
nucleobases within the complex. The
results are compared with those ob-
tained with acyclic monomer molecules
4 a ± b and with analogous cyclo-bis-


intercalands 1 and 2 bearing smaller
aromatic subunits. An electrospray ion-
ization mass spectrometry (ESI-MS)
analysis of the noncovalent associations
formed between 3 a and nucleoside
monophosphates is presented. This tech-
nique based on the determination of
molecular weight allows the observation
of the major 1:2 complexes present in
solution with a good preservation of the
noncovalent associations during the ion-
ization process. Competition experi-
ments show that the binding selectivity
observed for the guanosine derivatives
in aqueous solution is preserved in the
gas phase.


Keywords: bis-intercalands ´ host ±
guest chemistry ´ mass spectrometry
´ molecular recognition ´
nucleotides


Introduction


The study of the molecular recognition of nucleobases and
their derivatives by synthetic hosts is aimed at a better
understanding of the noncovalent interactions that play a role
in relevant biological processes and may also contribute to the
design of artificial receptors for therapeutic purposes.


In the past years, the selective binding of nucleobase
derivatives has received much attention, but only few studies


have been devoted to water-soluble host molecules, which
have a better biomimetic scope.[1] Most of them are polytopic
receptors, which are able to anchor nucleotides through
several sites by using one or several types of weak inter-
actions, that is, electrostatics, p-stacking, H-bonding, and
hydrophobic effects. In particular, polyamino molecules,
which are protonated in aqueous media around the physio-
logical pH, have been widely used for their ability to interact
strongly with the negatively charged phosphate groups of
nucleotides. Natural polyamines such as spermine and sper-
midine,[2] as well as macrocyclic polyamines,[3±5] have indeed
proven to be efficient and even selective tools for the binding
of nucleotides, with affinity constants up to 1011mÿ1.[3d] Macro-
cyclic polyamines bearing aromatic heterocyclic residues[3f,g]


and polyamino derivatives of cyclophanes and cyclodextrins
have also demonstrated their ability to bind nucleobase
derivatives in water, owing to a combination of electrostatic
and stacking interactions together with hydrophobic effects.[6]


The molecular recognition of nucleotides by rigid cyclo-bis-
intercaland-type cyclophanes has been reported.[7] These
compounds are macrocyclic molecules composed of two
aromatic subunits linked by two spacers and bind aromatic
substrates by using both electrostatic interactions and hydro-
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phobic/p-stacking effects. High affinity constants were meas-
ured (104 ± 106mÿ1) but with almost no selectivity for a
particular nucleobase or nucleotide charge; this was ascribed
to the rigidity of the host molecules. Significant improvements
were made with the design of the flexible bis-naphtalene 1 and
bis-acridine 2 cyclo-bis-intercaland molecules (Figure 1).[8]


These macrocycles were found to strongly bind nucleotides
(104 ± 108mÿ1), with stability constants increasing with the
charge of the substrate (AMP2ÿ<ADP3ÿ<ATP4ÿ). More-
over, 2 shows a binding selectivity toward purines and
especially adenosine derivatives, with stability constants up
to 108mÿ1 for ATP4ÿ. The increased affinity for nucleoside di-
and triphosphates relative to monophosphates may be
attributed to the strong electrostatic interactions displayed
by the tetraprotonated macrocyclic receptors towards the
multiply charged anionic substrates and demonstrates the role
of the polyammonium subunits of these host molecules. The
selectivity toward purine derivatives observed with 2 com-
pared with 1 was ascribed to the extended aromatic surface of
the acridine moiety, which entails a higher contribution of the
p-stacking interactions with aromatic substrates; thus, nucle-
obases possessing a larger aromatic surface, that is, purines,
bind to receptor 2 more tightly than pyrimidines. Recent
crystallographic data have shown that, with flat aromatic
carboxylates, 1 and 2 form inclusion complexes in which the
substrate is inserted between the planar intercalator groups of
the receptor.[9] Such structures have not been structurally
characterized so far with 1 or 2 and nucleotides although they
have been suggested by spectroscopic methods.[8]


Nucleobases do not significantly associate in dilute aqueous
solutions through hydrogen bonding owing to the weakness of
this interaction in water.[10] This association could neverthe-
less be favored upon complexation by host molecules
containing a local hydrophobic microenvironment in which


Abstract in French: Les rØcepteurs hydrosolubles de type
cyclo-bisintercalant 3a ± c, polyamines macrocycliques positi-
vement chargØes contenant deux sous-unitØs quinacridine de
grande surface et de forme coudØe, s�associent à des substrats
anioniques aromatiques tels que les nuclØotides par une
combinaison d�interactions Ølectrostatiques et de p-stacking.
Des expØriences de spectroscopie d�absorption et de fluores-
cence en solution aqueuse montrent que 3a ± c forment des
complexes non covalents de st� chiomØtrie 1:2 (rØcepteur/
substrat) avec les nuclØosides monophosphate et des complexes
de st� chiomØtrie 1:1 avec les nuclØosides di- et triphosphate.
Des affinitØs plus ØlevØes sont observØes pour les dØrivØs de la
guanosine par rapport aux autres bases nuclØiques. Cette
complexation originale d�une paire de nuclØosides monophos-
phate met en jeu des effets hydrophobes et de p-stacking entre
les bases nuclØiques et les sous-unitØs quinacridine des
rØcepteurs 3a ± c et pourrait Øgalement faire intervenir des
liaisons hydrog�ne entre les deux bases à l�intØrieur du
complexe. Les rØsultats sont comparØs avec ceux obtenus avec
les molØcules monom�res acycliques 4a ± b et avec les cyclo-
bisintercalants analogues 1 et 2 qui portent des sous-unitØs
aromatiques de plus petite taille. Une analyse par spectromØtrie
de masse à ionisation Ølectrospray (ESI-MS) des associations
non covalentes formÂes entre 3a et les nuclØosides monophos-
phate est prØsentØe. Cette technique basØe sur la dØtermination
de la masse molØculaire permet d�observer les complexes 1:2
majoritaires prØsents en solution avec une bonne conservation
des associations non covalentes pendant le processus de
dØsorption-ionisation. Des expØriences de compØtition mon-
trent que la sØlectivitØ de complexation observØe pour les
dØrivØs de la guanosine en solution aqueuse est conservØe en
phase gazeuse.


Figure 1. Schematic representation of macrocyclic compounds 1, 2, and 3 a ± c and of monomeric compounds 4a ± b in their major protonated form at pH 6.
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hydrogen bonding should be enhanced. Such a process could
mimick the base-pairing phenomena that occurs in biological
systems. Nucleobase pairing in water has been studied by
complexation to a polytopic receptor, to which one of the two
complementary bases was directly attached in a covalent
manner.[11±12] The cyclo-bis-intercaland molecule 3 a was
designed as a potential receptor for promoting the formation
of pairs between two free nucleobase derivatives.[13] This
compound contains the same polyamino bridges as 1 and 2,
but with larger aromatic subunits of the quinacridine (diben-
zo[b,j][1,10]phenanthroline) type. The shape and size of these
pentacyclic heterocycles are such that these units may overlap
almost completely with a nucleobase pair associated through
the Watson ± Crick mode.[13] Bis-quinacridine receptor 3 a
might therefore display appropriate interactional (in partic-
ular strong p-stacking) and steric complementarities with
nucleotide pairs and thus favor their association in aqueous
solution.


In the present study we describe the determination of the
stoichiometry and stability constants of the noncovalent
complexes formed between the cyclo-bis-intercaland mole-
cule 3 a and nucleotides in aqueous solution by spectrophoto-
metric methods. For comparative purposes the binding
properties of macrocycles 3 b and 3 c, which bear different
polyamine chains, and mono-quinacridines 4 a and 4 b were
also investigated (Figure 1). In addition we report a study by
electrospray ionization mass spectrometry (ESI-MS), aimed
at providing a direct characterization of the stoichiometry of
nucleotide complexes by their molecular weight related to
gas-phase stabilities. Since the introduction in 1988 of ESI-MS
as a tool for the study of large biomolecules,[14] this technique,
as well as others such as FAB and MALDI, has been used
successfully to probe noncovalent associations[15] and for the
detection of the complexes of ligands with proteins[16, 17] and
DNA[18], of inclusion complexes[19] for instance with cyclo-
dextrins,[20] as well as for the investigation of self-assembling
systems.[21] Therefore ESI-MS could be a suitable method to
study the complexes formed between cyclo-bis-intercaland
host molecules and nucleotides, and might provide important
information about the behavior of these complexes in
aqueous solution. In order to perform a successful MS
analysis of the preformed noncovalent complexes, the follow-
ing criteria must be satisfied: i) the ESI source must be
capable of desorbing intact complex ions in the gas phase
from the solution; ii) the internal energy transferred to the
ions during the desolvation process must be minimal, to
prevent their dissociation; iii) the sequential MS/MS method
must allow the fragmentation of the complexes in order to
compare their stability in the gas phase; this by extension may
be likely to yield information on their stability in the liquid
phase.


Results and Discussion


Spectroscopic studies in water with 3 a : The high molar-
extinction coefficients and quantum yields of receptors 3
prompted us to monitor the complexation of nucleotides by
these molecules using spectrophotometric titrations.[13] The


great sensitivity of these methods generally allows the use of
dilute conditions and affords accurate results. All studies were
conducted at pH 6.0, in a PIPES buffer. At this pH,
ribonucleotides are expected to be predominantly in their
fully ionized form: cXMPÿ, XMP2ÿ, XDP3ÿ, XTP4ÿ(c� cyclic
phosphate; X�A, G, U, C). For the fluorescence measure-
ments, the excitation wavelength was fixed at the isobestic
point appearing in the absorption spectrum of 3 a ± c during
the titration, that is, 360 nm, at which the absorbance of all
nucleotides is negligible, so that there was no variation in the
excitation energy during the experiment. The addition of
gradual quantities of nucleotides induced a progressive
decrease of the absorption and fluorescence spectra of
macrocycle 3 a (a typical experiment is shown in Figure 2A).
The total hypochromism and fluorescence quenching reached


Figure 2. Fluorimetric and (inset) absorption titration of 3 a with GMP2ÿ at
pH 6.0 (1mm PIPES buffer): A) fluorescence and (inset) absorption
spectra of 3a (lexc� 360 nm) recorded with increasing concentration of
substrate; B) experimental (circles) and calculated titration curves
obtained for a 1:1 (dashed line) or a 1:2 (solid line) stoichiometry, shown
at a fluorescence intensity of 472 nm and (inset) an absorbance of 316 nm
(r� [GMP2ÿ]/[3a]).


15 ± 60 % and 25 ± 95 %, respectively (Table 1). It is well
known that upon binding to acridines nucleobases induce a
modification of the fluorescence of these dyes, with a
quenching or an enhancement that depends on the acridine
derivative. [22] This effect is commonly ascribed to an overlap
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between the acridine and the nucleobase rings indicating the
formation of a molecular complex. By analogy, the fluores-
cence quenching observed upon binding of all nucleotides to
3 a, which is especially strong with guanosine derivatives, may
reflect the presence of p ± p interactions between the nucle-
obases and the quinacridine subunits of 3 a. This quenching is
likely ascribable to a less fluorescent steady-state complex
between the two molecules, as suggested by the hypochrom-
ism in the UV spectra, rather than to a pure excited-state
species.


The titration experiments have been analyzed by a non-
linear least-square curve-fitting program.[23] In the case of
guanosine monophosphate derivatives cGMPÿ and GMP2ÿ, a
non ambiguous fit was found for a 1:2 stoichiometry (3 a/
nucleotide), as shown in Figure 2B. In this case, the calculated
curve for the 1:2 stoichiometry (solid line) matched almost
perfectly the experimental points (circles), while the curve
calculated for other stoichiometries, as for instance 1:1
(dashed line), did not. With all nucleotides other than GMP
derivatives, both fitting curves for 1:2 and 1:1 stoichiometries
were found to match the experimental points. Figure 3 shows
the fluorimetric titration of 3 a by AMP2ÿ illustrating this
behavior.


Among the methods that provide a reliable determination
of the stoichiometry of noncovalent complexes, continuous
variation plots known as the Job plots were used to character-
ize more thoroughly the species formed with 3 a and
nucleotides.[24] For this purpose DAf�Af (free)ÿAf (bound)
was plotted against the ratio of concentrations R�
[3 a]/([3 a]� [nucleotide]), Af being the area of the fluores-
cence emission peaks of 3 a free or bound to the nucleotide, at
a constant total ([3 a]� [nucleotide]) concentration. Figure 4
shows the Job plots obtained for 3 a in the presence of GMP2ÿ


Figure 3. Fluorimetric titration of 3a with AMP2ÿ at pH 6.0 (10 mm PIPES
buffer): A) fluorescence spectra of 3a (lexc� 360 nm) recorded with
increasing concentration of substrate; B) experimental (circles) and
calculated titration curves obtained for a 1:1 (dashed line) or a 1:2
(solid line) stoichiometry, shown at a fluorescence intensity of 472 nm
(r� [AMP2ÿ]/[3a]).


or GTP4ÿ. The stoichiometry of the complex formed can be
deduced from these curves at the abscissa of the maximum or
at the abscissa of the intersection of the two tangents to the
curves at R� 0 and R� 1. A maximum can be indeed
observed at R� 0.37 for GMP2ÿ (Figure 4A), indicating that
a 1:2 complex is formed rather than a 1:1 complex.[24] With
GTP4ÿ (Figure 4B), the Job method gave a maximum at 0.5,
indicative of a 1:1 stoichiometry. The stoichiometry and
stability constants of each complex with 3 a and nucleotides
can therefore be determined accurately from both titration
and Job plots experiments. As can be observed in Table 1 all
nucleoside monophosphates, including cGMPÿ which bears a
single negative charge at pH 6.0, form 1:2 complexes with 3 a,
whereas nucleoside diphosphates and triphosphates give 1:1
complexes. Among nucleoside monophosphates bearing the
same charge, the sequence of overall binding constants ( K�
K1�K2) is GMP2ÿ>AMP2ÿ>CMP2ÿ>UMP2ÿ. When the
charge of the nucleotide increases (di- and triphosphate
derivatives), the selectivity for the guanosine derivatives is
preserved, with K1(GDP3ÿ)>K1(ADP3ÿ) and K1(GTP4ÿ)>
K1(ATP4ÿ).


The comparison of the present results with those obtained
with the former cyclo-bis-intercaland hosts 1 and 2 empha-


Table 1. Association constants (logKi), free energies of complexation
(DGo


i ), fluorescence quenching (DF/F0), and hypochromicity (DA/A0)
calculated for the complexes formed between receptor 3a and various
nucleotides.


Nucleotide[a] logK1
[b] logK2


[b] ÿDGo
1


[c] ÿDGo
2


[c] DF/F0
[d] DA/A0


[e]


[kJ molÿ1] [kJ molÿ1]


G, A, C, U < 2 ±[f] < 11 ± < 0.05 < 0.05
3',5'-cGMPÿ 3.1 3.6 17.4 20.2 0.95 0.2
2',3'-cGMPÿ 2.9 3.7 16.3 20.7 0.95 0.2
GMP2ÿ 4.1 4.5 23.0 25.2 0.95 0.25
AMP2ÿ 4.2 3.2 23.5 17.9 0.45 0.15
CMP2ÿ 3.8 3.3 21.3 18.5 0.5 0.15
UMP2ÿ < 3 ±[f] < 17 ± 0.25 0.15
GDP3ÿ 5.2 29.2 0.95 0.35
ADP3ÿ 4.4 24.7 0.45 0.25
GTP4ÿ 6.8 38.1 0.95 0.6
ATP4ÿ 5.4 30.3 0.65 0.5
UTP4ÿ 4.4 24.7 0.4 0.45


[a] G: guanosine A: adenosine,C: cytidine, U: uridine; 3',5'-cGMPÿ and
2',3'-cGMPÿ are 3',5'- and 2',3'-cyclic guanosine monophosphate, respec-
tively. [b] Measured by fluorimetric or absorption titrations (208C),
estimated precision �0.2; K1 and K2 refer to the respective equilibria
M�N>MN and MN�N>MN2 (M�macrocyclic receptor 3 a, N�
nucleotide). [c] Calculated from the association constants. [d] DF�F0ÿ
F difference between the areas of the emission peaks of the receptor 3a
free (F0) and bound to the substrate (F). [e] DA�A0ÿA difference
between the absorbances of receptor 3a free (A0) and bound to the
substrate (A). [f] Not measurable.
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Figure 4. Job plots of mixtures of 3a and A) GMP2ÿ or B) GTP4ÿ, recorded
at pH 6.0 (1 mm PIPES buffer). Af area of the emission peaks of 3a free or
in presence of the substrate (lexc� 360 nm); R� [3 a]/([3a]� [nucleotide]);
the total ([3 a]� [nucleotide]) concentration was 6� 10ÿ6m.


sizes the role of the large crescent-shaped quinacridine rings.
With 1 and 2 1:1 complexes were formed with nucleotides,
with greater stability constants and selectivities for the bis-
acridine 2 ; both of these features are ascribable to the
extended hydrophobic interactions displayed by the larger
acridine ring.[8] When the area of the aromatic subunits of the
cyclo-bis-intercaland host increases further, that is, with 3 a,
the complexation of two molecules of substrate seems to be
promoted instead. This is probably due to a good structural
complementarity between the host and guest molecules
compatible with both the anchorage of one nucleotide on
each cationic bridge and the p ± p overlap between the
quinacridine units. The two nucleobases can both fit inside the
cavity. The values of K1 measured for all nucleoside mono-
phosphates are lower than those obtained with the bisacridine
analogue 2 ;[8b] this might indicate that the bisquinacridine
structure is too large to accomodate one nucleotide with a
good fit. Therefore the 1:2 stoichiometry observed with
nucleoside monophosphates validates the choice of the
quinacridine moiety to build cyclo-bis-intercaland host mol-
ecules capable of binding a pair of nucleotides. In the absence


of more information about their exact geometry, only a
schematic representation (Figure 5) of these 1:2 entities can
be given and is warranted at this stage.


Figure 5. Schematic representation of the 1:2 complex structure formed
between receptors 3a ± b and nucleoside monophosphates; (X�NH, O).


The differences in affinity of 3 a towards the nucleoside
monophosphates (XMP2ÿ) and in particular the preferential
complexation of purine derivatives is largely in favor of the
significant contribution of hydrophobic effects to the stability.
This result demonstrates unambiguously that the complex-
ation is not purely driven by electrostatics despite the low
affinity for the neutral analogues (G, A, C, U; Table 1). In
addition, the selectivity observed for GMP2ÿ and the high
affinity for the monocharged cGMPÿ derivatives, might also
originate in stronger p ± p interactions dut to more favorable
overlap of the quinacridine moieties with guanine pairs as
compared with other nucleobase pairs. Another explanation
could be the intervention of favorable guanine ± guanine
interactions within the complex, which will be discussed in the
next section.


Finally, the observation of a 1:1 stoichiometry with di- and
triphosphate derivatives might be explained by two factors
related to the change in ionic and hydrophobic interactions
within the receptor upon binding to the guest molecule. First,
the binding of one molecule of the most charged nucleotides
such as di- and triphosphate derivatives to 3 a is expected to
produce a major decrease in the overall charge of the 1:1
complex and thus in the electrostatic attraction of a second
molecule of substrate. Second, it is generally admitted that
with cyclophane-type receptors the increase of the charge of
the substrate induces a decrease of the hydrophobic inter-
actions due to displacement of the lipophilic parts from ideal
contact. [25] Such effects as well as steric compression, might
disfavor the formation of a 1:2 complex to the benefit of a 1:1
association.


Spectroscopic studies in water with 3 b,c and 4 a,b : Stoichio-
metries and stability constants of the complexes formed
between 3 b,c and nucleoside monophosphates have been
investigated in the same manner as above for 3 a (Table 2). A


Table 2. Association constants (logKi) calculated for the complexes
formed between receptors 3 a ± c and nucleoside monophosphates.[a]


logK1, logK2


3a 3 b 3 c


3',5'-cGMPÿ 3.1 , 3.6 3.0 , 3.3 < 3, ±[b]


GMP2ÿ 4.1 , 4.5 3.4 , 5.0 3.7 , 4.3
AMP2ÿ 4.2 , 3.2 4.4 , 3.0 3.2 , 2.6
CMP2ÿ 3.8 , 3.3 3.9 , 2.6 < 3, ±[b]


UMP2ÿ < 3, ±[b] < 3, ±[b] < 3, ±[b]


[a] See footnote to Table 1. [b] Stoichiometry not measurable.
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1:2 stoichiometry was observed, as with 3 a, in all cases where
stability constants were high enough to allow a mathematical
treatment. A major trend is evident from the data : 3 a and 3 b
have similar binding behaviors, whereas a decrease of the
binding ability is clearly observed with 3 c. The structure of
macrocycle 3 b differs from that of 3 a only by the nature of the
central heteroatom of the side chains and thus the close values
of the stability constants measured with both macrocycles are
in accordance with expectations. On the other hand, larger
binding constants could have been anticipated with 3 c, which
possesses an additional positive charge on each central
nitrogen atom,[13] thus favoring stronger ionic interactions
with the phosphate groups. The propylene triamine linkers,
however, serve not only to increase the basicity of the central
nitrogen atom, but also to significantly enhance the inter-
chromophoric distance relative to that of 3 a.[13] Thus the
effect of the increase of the electrostatics due to the higher
cationic charge of the receptor seems to be counterbalanced
by the influence of the larger distance between the two
quinacridine units, which should reasonably diminish the
stacking effect. The decrease of the overall stability constant
(K�K1�K2) recorded with the purine derivatives implies
that the hydrophobic and p-stacking effects contribute
significantly to the noncovalent interactions in the complexes
with nucleotide monophosphates, in line with the results
obtained with 3 a and similar systems.[6±8, 25] These results, as
well as the weak binding of cGMPÿ and CMP2ÿ, suggest that
the reduced affinity might be due to a less tight fit of the
nucleotides in the intramolecular cavity of receptor 3 c.


The importance of the ¹sandwichlikeª effect (i.e. , stacking
of the guest in between the two aromatic units of the host) is
furthermore confirmed by complexation experiments with the
reference monomers 4. Indeed 4 a and especially 4 b, which
bears four positive charges like 3 a, form much less stable
complexes with nucleotides; for instance a stability constant
of approximately 1000mÿ1 was estimated from spectroscopic
titrations of the two derivatives with GMP2ÿ, but these low
values did not permit Job plots to be performed to allow
discrimination between 1:1 and 1:2 stoichiometry. However,
this demonstrates the importance of the bis-quinacridine
structure on the strength of the association with nucleotides
and suggests that an inclusion complex is formed with
macrocycles 3 in a semiclosed conformation, with the
nucleobase pair stacked between the quinacridine units,
similar to the crystal structures of macrocycles 1 and 2 with
aromatic anions.[9] A more detailed analysis of the geometry
of these complexes by NMR spectroscopy was unfortunately
precluded by precipitation and signal broadening.


Finally a particular and important feature of the complexes
with guanosine appears from the data of Table 2: the binding
of the second nucleotide molecule is easier than that of the
first (K2>K1), which is the case with all three receptors (3 a ±
c). The inverse (K2<K1) is observed for all the other
nucleotides. The facilitated anchorage of the second GMP2ÿ


can result from specific GMP2ÿ/GMP2ÿ interactions (cooper-
ative binding) within the complex or from the conformational
change of the macrocycle induced by the binding of the first
molecule of nucleotide (induced fit or allosteric effect). A
reasonable explanation for cooperative binding would be the


intervention of specific hydrogen bonding between the two
guanines as a consequence of the proximity of the two bases,
promoted by the hydrophobicity of the environment. Indeed
guanines are well known to form stable nonclassical homo-
base pairings,[26] which leads for instance to the formation of
tetrads,[27] and this occurs to a larger extent than with other
nucleobases. If this is the case, experiments with mixtures of
Watson ± Crick complementary bases could be very informa-
tive about the formation of hydrogen bonding inside the
complexes. Fluorimetric and UV/visible titrations with mix-
tures of GMP2ÿ and CMP2ÿ were conducted; however, they
did not give evidence for the formation of a ternary complex
(3 a ´ GMP2ÿ ´ CMP2ÿ). On the contrary, CMP2ÿ seems to be
displaced from 3 a upon addition of GMP2ÿ with formation of
3 a ´ (GMP2ÿ)2; as the area of a homopurine association such as
G ± G is larger than that of a Watson ± Crick hydrogen-bonded
pair such as G ± C, these results could again indicate that
p-stacking contacts make a major contribution in these
complexes.


The preceding spectrophotometric experiments showed
that noncovalent complexes are formed with one molecule
of bis-quinacridine 3 a ± c and two identical molecules of any
nucleotide monophosphate in aqueous solution. However, the
selectivity for guanines derivatives raised some interesting
questions, particularly with respect to the formation of
hydrogen bonds inside the complex. Thus, in order to gain
more information about the complexes formed between
receptors 3 and complementary bases and to extend the
range of the solution studies, investigations were initiated
towards the analysis of mixtures of 3 a and nucleotides by
electrospray ionization mass spectrometry (ESI-MS).


Analysis of the binding of 3 a to nucleoside monophosphates
by ion trap ESI-MS : The binding of nucleoside monophos-
phates XMP2ÿ (X�A, T, G, C) to 3 a was evaluated by two
series of ESI-MS experiments. In a first experiment, mixtures
of 3 a and a single nucleotide at a 3 a/XMP2ÿ concentration
ratio of 1:2 were analyzed, and in a second experiment
mixtures of 3 a and two different nucleotides in 1:1:1 ratio
were investigated. A step-by-step procedure was followed in
order to find optimal conditions to observe specific com-
plexes, that is, the species formed in the infused aqueous
solution prior to desorption ± ionization. The solutions were
prepared in such a way as to get as close as possible to the
experimental conditions used in the UV/visible and fluores-
cence studies. Since it is known that sodium adducts highly
complicate the ESI mass spectra both in positive and negative
modes,[28] nucleoside monophosphates were purchased in
their acidic form and dissolved in dilute aqueous ammonia.
The 3 a/XMP2ÿ mixtures were maintained at pH 6.0 by
addition of a triethylammonium acetate buffer, which is
volatile enough to minimize nonspecific triethylammonium
adducts with other species, such as cations formed in the gas
phase by desolvation. A 2:1 water/methanol mixture was
chosen as the solvent to favor stable spray formation. It was
checked by fluorimetric titration that under these buffer and
solvent conditions, the stoichiometry and association con-
stants of 3 a with nucleoside monophosphates were similar to
those previously determined. However, the concentrations
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used in the fluorescence experiments (3 mm in 3 a with a 50 ±
200-fold excess of nucleotide) were not transposable to the
ESI studies, since the use of an excess of nucleotide gave ESI
mass spectra displaying mostly multiple nonspecific associa-
tions of nucleotides, as already described for experiments in
the positive mode.[29] Therefore, we operated at a higher
macrocycle concentration (150 mm of 3 a), which allowed the
formation of a sufficient amount of complex in the presence of
only two equivalents of nucleotide, thus giving acceptable
sensitivities with low proportions of nucleobase clusters.


Under our experimental conditions, only ions bearing a
single positive charge were detected, corresponding to
monoprotonated species. For proteins the survival of only
one charge per 1000 Da has been commonly observed during
ESI-MS analysis.[30] Moreover, in view of the very fast rate of
proton exchange during desorption, a variation of the degree
of protonation of the species may somewhat affect the relative
quantities of charged species in the gas phase as compared
with those in solution. Since the position of the proton cannot
be specified, the molecular associations detected in these
experiments may be considered as monoprotonated
derivatives of complexes between neutral components:
[3 a''�XMP�H�]� , [3 a''�2 XMP�H�]� , [3 a''�3 XMP�H�]� ,
in which 3 a'' designates the parent unprotonated form
corresponding to [3 aÿ 4 H�] and XMP the acidic form
[XMP2ÿ�2 H�].


The ESI mass spectra obtained from solutions containing
150 mm of 3 a and two equivalents of GMP2ÿ (Figure 6A) or
AMP2ÿ (Figure 6B) were recorded under a high potential
difference between the capillary exit voltage (200 V) and the
skimmer voltage (5 V). The peak at m/z 816 corresponds to
the quasi-molecular ion of 3 a'', that is, [3 a''�H]� ; the other
ions appearing at higher m/z values correspond to XMP
clusters (intensity ca. 5 %) and to the 1:1 (m/z 1179), 1:2
(m/z 1542), and 1:3 (m/z 1906) complexes between 3 a'' and
nucleotides (intensities ca. 5, 16, and 5 %, respectively;
Table 3). It is generally accepted that there is a great influence
of the variation of the difference between the capillary exit
and the skimmer voltages, named declustering potential, on
the mass spectra of noncovalent species.[31] Usually, non-
covalent complexes are best observed under low declustering
potentials and mild ion-source conditions.[19, 32] In the present
case, the quasi-molecular ions corresponding to the 1:1 and
especially 1:2 noncovalent complexes were also clearly
observable at high capillary exit and low skimmer voltages,
that is, under a high declustering potential. This quite unusual
behavior has already been reported during the study of drug ±
DNA interactions.[18b] A lower declustering potential (capil-
lary exit voltage� 150 V) produced more intense peaks
characteristic of the hetero-complexes relative to the
[3 a''�H]� peak, but gave also more background noise. The
ESI mass spectra recorded with a high declustering potential
(Figure 6) show that in both cases the 1:2 complex is the major
ion. Besides the peaks corresponding to the specific 1:1 and
1:2 complexes, peaks characterizing nucleotide clusters and
the higher order 1:3 complex can also be observed. Their
formation might originate in the re-concentration of species
that occurs during droplet evaporation and cluster ion
desolvation; this could not be avoided completely, even by


Figure 6. Electrospray mass spectra of mixtures of 3a (1.5� 10ÿ4m) and A)
GMP2ÿ (2 equiv) or B) AMP2ÿ (2 equiv) recorded at a capillary voltage of
200 V and a skimmer voltage of 5 V. The quasi-molecular ion peak of 3a''
(m/z 816) is the base peak. Symbols of ions: *, [3a''�H]� ; *� ,
[3a''�GMP�H]� ; *�� , [3 a''�2 GMP�H]� ; *��� , [3 a''�3 GMP�H]� ;
*&, [3 a''�AMP�H]� ; *&&, [3 a''�2 AMP�H]� ; *&&&, [3 a''�3AMP�H]� .


applying higher declustering potentials. On the basis of the
relative intensities of the peaks and with respect to the
experimental conditions, some remarks could be drawn
concerning the stoichoimetry. The intensity displayed by the
species [3 a''�3 GMP�H]� (5 %) is similar to that of the XMP
clusters {[2GMP�H]� , [3 GMP�H]�} (2 ± 5 %) and is weak
relative to that of the 1:2 complex [3 a''�2 GMP�H]� (16 %);
thus, the preponderance of the 2:1 complex seems to reflect
the stoichiometry favored in solution, whereas the weak
intensity of the 1:3 complex could be significant of a non-
specific association. Similar ESI mass spectra were obtained
with other nucleoside monophosphates (CMP2ÿ, TMP2ÿ) and


Table 3. The m/z values [Th] of singly charged ions observed in ESI mass
spectra of mixtures containing receptor 3 a' and GMP, AMP or CMP.


X�G X�A X�C


[XMP�H]� 364 348 323
[2XMP�H]� 727 695 647
[3a''�H]� 816 816 816
[3XMP�H]� 1091 1043 971
[3a''�XMP�H]� 1179 1163 1139
[4XMP�H]� 1454 1390 1294
[3a''�2XMP�H]� 1542 1510 1462
[5XMP�H]� 1817 1737 1617
[3a''�3XMP�H]� 1906 1858 1786







Molecular Recognition 2762 ± 2771


Chem. Eur. J. 1999, 5, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0509-2769 $ 17.50+.50/0 2769


the relative intensities of the peaks corresponding to the 1:1
and 1:2 complexes turned out to be almost identical for all
four nucleotides. This result is not in complete accordance
with the relative affinities of 3 a for the various nucleotides
provided from solution studies; thus, in an attempt to gain
more information, competition experiments were conducted
with equimolar mixtures of 3 a (150 mm) and two different
nucleotides. This type of experiment could also allow inves-
tigations of the formation of complexes between 3 a and
complementary base pairs. The positive-ion ESI mass spec-
trum of a 3 a/GMP2ÿ/AMP2ÿ solution mixture at a 1:1:1 ratio
(Figure 7A), recorded with a high capillary exit voltage value


Figure 7. Electrospray mass spectra of mixtures of 3 a (1.5� 10ÿ4m) and A)
GMP2ÿ (1 equiv) and AMP2ÿ (1 equiv) and B) GMP2ÿ (1 equiv) and
CMP2ÿ (1 equiv) recorded at a capillary voltage of 200 V and a skimmer
voltage of 5 V. The quasi-molecular ion peak of 3 a'' (m/z� 816) is the base
peak. Symbols of ions: *, [3a''�H]� ; *� , [3 a''�GMP�H]� ; *~~,
[3a''�2CMP�H]� ; *�~, [3 a''�GMP�CMP�H]� ; *�� , [3a''�
2GMP�H]� ; *&&, [3a''�2AMP�H]� ; *�&, [3a''�GMP�AMP�H]� .


(200 V), allowed us to detect peaks corresponding to all mixed
1:2 complexes [3 a''�2 GMP�H]� , [3 a''�GMP�AMP�H]�


and [3 a''�2 AMP�H]� at m/z 1542, 1526 and 1510, respec-
tively, with intensities in the following order:
[3a''�2GMP�H]�> [3a''�GMP�AMP�H]�> [3a''�2AMP�
H]� . In these declustering potential conditions, only one of
the two 1:1 complexes is displayed, [3 a''�GMP�H]� . It is
noteworthy that only specific ions could be detected in this
experiment. Similar trends can be observed from the analysis


of the 3 a/GMP2ÿ/CMP2ÿ solution mixture (Figure 7B). Rel-
ative intensities are [3 a''�2 GMP�H]�> [3 a''�GMP�
CMP�H]�> [3 a''�2 CMP�H]� and [3 a''�GMP�H]��
[3 a''�CMP�H]� . When the capillary exit voltage is increased,
the predominance of the [3 a''�2 GMP�H]� complex peak is
further enhanced over the others in both experiments. The 1:1
and 1:2 complexes formed with GMP2ÿ appear clearly to be
the most stable associations towards dissociation in the gas
phase. A selectivity for the 1:1 complex 3 a'' ´ GMP appears in
the gas phase in contrast to the solution where similar
stabilities have been observed for complexes with GMP2ÿ


and AMP2ÿ (Table 2). This selectivity was further con-
firmed by CID (collision-induced dissociation) of the
[3 a''�GMP�CMP�H]� and [3 a''�GMP�AMP�H]� ions se-
lected in the ion trap, which gave only the [3 a''�GMP�H]�


and [3 a''�H]� daughter ions; each sequential MS/MS experi-
ment was performed on the selected ion within the same
conditions (data not shown).


In summary, the first set of experiments indicated the
predominant formation of bis-quinacridine/nucleotide 1:2
complexes, which are also the major species in the aqueous
phase. Electrospray ionization thus seems to offer a rapid and
elegant method to evaluate the major noncovalent species
present in solution. A major problem encountered in this
study was the predominance of the quasi-molecular ion
[3 a''�H]� over other ions; this originates from the low
association constants of these complexes. Indeed, most studies
in this field were performed with highly stable species (Kass in
the range 106 ± 1012mÿ1),[17c, 33] which allowed a better con-
servation of noncovalent associations during the ionization ±
desorption process. The competition experiments confirm the
selectivity for guanosine derivatives and moreover show that
this selectivity is conserved for the 1:1 complex, which did not
appear clearly from solution studies. The 1:2 complex formed
with GMP2ÿ seems to be favored over any other 1:2
association and in particular it appears more stable than the
1:2 complex formed with complementary bases, that is, 3 a'' ´
GMP ´ CMP; this might further indicate that hydrogen bond-
ing does not play a major role in the complexation. The
differences observed between behaviors in the gas phase and
in the solution could be explained by the modification of
noncovalent interactions, indeed hydrophobic effects are no
longer present in the gas phase and interactions are mainly
due to proton solvation related to the gas-phase basicities of
each component.[34] Similar investigations with nucleoside di-
and triphosphates, giving 1:1 complexes with bis-quinacridine
3 a are currently underway.


Conclusion


The cyclo-bis-intercaland-type host molecules 3 a ± c, incor-
porating oligoammonium bridges linking two large crescent-
shaped quinacridine subunits, have been shown to display
noncovalent associations with nucleotides. In particular, the
formation of 1:2 complexes containing two nucleoside mono-
phosphates for one molecule of macrocyclic receptor was
demonstrated, a recognition pattern which has not been
described before with such host ± guest systems. A binding
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selectivity was observed with guanosine derivatives, which
might originate in higher p-stacking interactions between the
quinacridine moieties and this nucleobase. Hydrogen bonding
between the two guanines is likely to occur in the hydrophobic
microenvironment created by the cavity of the host molecules.


ESI-MS is a growing field for the analysis of noncovalent
complexes, because it generally offers a reasonable preserva-
tion of noncovalent interactions in the gas phase, but it has
been barely used for host ± guest systems that possess low
association constants. It was shown in this study that, under
appropriate experimental conditions, it is possible to observe
the major host ± guest complex present in solution on a ESI-
MS mass spectrum. This direct method based on the
molecular weight determination seems to be particularly
suited to confirm stoichiometries that were measured by more
conventional solution studies. Further investigations are
underway to gain structural information on the interaction
of the two nucleotide molecules within the host compound.


Experimental Section


Materials : Compounds 3 and 4 were available from earlier work.[13] All
nucleotides were purchased from Sigma.


Spectrophotometric titrations : UV/Vis experiments were monitored on a
Beckman DU 460 spectrophotometer. Fluorescence measurements were
performed on a Spex Fluoromax spectrophotometer equipped with a
Hamamatsu R928 photomultiplier (PM); the data were corrected for the
response of the PM. The nucleotides used in these experiments were
ribonucleotide sodium salts. The buffer used was PIPES (1,4-piperazine-
diethanesulfonic acid), pH 6.0, at a concentration of 1 ± 10mm depending
on the total concentration of nucleotide added. The titrations were
performed at a constant host molecule concentration of 3� 10ÿ6m and
10ÿ5m for fluorescence and absorption experiments, respectively. The pH
was checked at the beginning and at the end of the titration and was found
to equal 6.0 in all cases. A temperature of 208C was kept constant using
thermostated cell holders. UV/Vis and fluorescence spectra were recorded
1 min after each addition in order to ensure that the equilibria were
established (no change was observed with longer incubation time).
Fluorimetric titrations were recorded at an excitation wavelength of
360 nm at which the absorption of the quinacridine compounds remained
constant during the titration.


Job plots : Each sample was prepared in a 1 mm PIPES buffer (pH 6.0), at a
constant C� [M]� [N] concentration (M�macrocyclic receptor, N�nu-
cleotide), in a total volume of 3� 10ÿ3 L. C was 6 ± 10� 10ÿ6m, depending
on the nucleotide. The ratio [M]/C was fixed using calculated microliter
portions of concentrated solutions of M and N. Two fluorescence spectra
were recorded for each sample, in the same conditions as the titration
experiments: one spectrum of the receptor alone at the concentration [M],
giving fluorescence peak area Af (free); one spectrum of the same sample
after addition of the nucleotide at the concentration of Cÿ [M], giving
peak area Af (bound). The difference of the fluorescence peak areas Af


(free)ÿAf (bound) was plotted against the ratio [M]/C.


ESI mass spectrometry : All experiments were performed on an ESQUIRE
ion trap (Bruker-Franzen Analytic GmbH, Bremen, Germany).[35] The
nonlinear ion trap worked in the mass-selective instability mode without
the use of DC voltage (i.e., U� 0 condition) at the ring electrode. The
instrument has a fundamental RF frequency of 781 kHz and was used in the
standard mode, with a mass-to-charge ratio up to 2000 Th [its scan used the
nonlinear resonance at bz� 2/3 (qz� 0.78) for selective resonance ejection
of ions with a 260 kHz frequency as axial modulation (analytical scan rate
8000 Thsÿ1)]. The ion trap operated at an uncorrected partial He buffer gas
pressure of 3.4� 10ÿ5 Torr (4.5� 10ÿ3 Pa). A differentially pumped inter-
face transferred the ions from the electrospray source (Analytica of
Brandford, Brandford, CT) to the mass spectrometer. The N2 counterflow
was 400 Lhÿ1 with a gas temperature of 2008C to allow desolvation of


infused solutions. Some applied parameters were unchanged for all
experiments, such as the RF frequency amplitude of the hexapole
(350 V) and the voltage applied on the electron multiplier (ÿ1500 V). In
this positive-ion mode the DC voltage applied to the ion guide (hexapole)
was 2 V, the dynode voltage of the electron multiplier ÿ5 kV, the delay
before scanning 5 ms, and the exit lens voltage ÿ50 V. The low m/z cut-off
used for the analytical scan of ions was chosen to put the ion at a qz value of
0.048, in the aim to compare ion intensities (in this case ions have similar
energies).


AMP2ÿ, GMP2ÿ, CMP2ÿ, and TMP2ÿ used in these experiments were
purchased as free acids, which were dissolved at a concentration of 10ÿ2m in
aqueous NH4OH (10ÿ2m). Analyses were performed in the positive-ion
mode. Solutions were freshly prepared in glass-free tubes and contained 3a
(1.5� 10ÿ4m), one or two nucleotide equivalents, and triethylammonium
acetate (3.5� 10ÿ3m, pH 6.0) in H2O/CH3OH 2:1. They were infused into
the ESI source by means of a Cole-Parmer 74900 Series syringe pump at a
flow rate of 90 mLhÿ1.
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