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number of alkyl chains per cage.
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Gallium–Metal Bonds
In their Communication on page 8465 ff., I. L. Fedushkin,
H. Schumann et al. describe the synthesis of the unique
molecular compounds containing GaLi and GaNa bonds.
DFT studies of [(dpp-bian)GaLi ACHTUNGTRENNUNG(Et2O)3] revealed that the
GaLi bond is mainly formed by donation of the lone elec-
tron pair of GaI to the solvated lithium cation. Probably
similar compounds with gallium–metal bonds may be pre-
pared using other metals suitable for the reduction of
[(dpp-bian)GaGa ACHTUNGTRENNUNG(dpp-bian)].


Magnetic Properties
In their Full Paper on page 8486 ff. , P. Gamez, J. Haasnoot,
et al. describe how the use of a rigid linker in a 1D spin-
crossover polymer allows the cooperativity of the transition
to be maintained on changing the counterion. Their
“bottom-up” approach represents an exciting alternative,
based on the idea that the miniaturization limit of an elec-
tronic function is the molecule.


Heterocycles
In their Concept article on page 8444 ff., R. Lavilla and N.
Isambert describe the use of simple heterocycles as sub-
strates in multicomponent reactions, which enable the
straightforward syntheses of complex structures and opens
interesting possibilities for the study of new reactivity path-
ways.
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Introduction


Organic Synthesis is one of the main driving forces in the
development of chemistry and makes a significant contribu-
tion to addressing several of the scientific challenges cur-
rently faced by our society. The capacity to generate new
chemical entities in a programmed and efficient manner is
pivotal in many fields, for instance in medicinal chemistry,
and is increasingly gaining relevance in disciplines such as
chemical biology and materials science, among others. The
possibility to use small molecules as probes in those fields,
linked to the vastness of the chemical space, demand new
and more suitable synthetic methods. In this regard, al-
though classical issues such as selectivity, molecular com-
plexity and synthetic efficiency are still the focus of much
research effort, new features should be examined (sustaina-
bility, diversity-oriented synthesis, etc.) in order to meet cur-
rent needs.[1] Regarding modern organic synthesis, multi-
component reactions (MCRs) hold a privileged position be-
cause they allow the connectivity of three or more starting
materials to generate an adduct in a single operation with
high atom economy and bond-forming efficiency.[2] Step
economy becomes critical when preparing collections of
compounds in which short synthetic sequences are often
mandatory. In addition to the inherent usefulness of the


MCRs, the study of the behavior of these complex systems
and the design and implementation of the ensuing domino
processes will serve to enhance our chemical knowledge.[3]


On the other hand, heterocycles constitute the most
common structural motif found in bioactive compounds and
drugs, and can be considered privileged substructures.[4] The
straightforward synthesis of these compounds is therefore
one of the main goals of medicinal chemistry.[5] Traditionally,
MCRs have contemplated heterocycles as the products (for
instance in the classic Hantzsch and Biginelli MCRs) or as
the substituents of reactive functional groups, allowing, in
this case, the incorporation of the heterocyclic moiety in the
final adduct. A third (complementary and more versatile)
possibility involves the direct use of heterocycles as reagents
in MCRs (Scheme 1). This modular approach takes advant-
age of the rich heterocyclic reactivity and leads to the prepa-
ration of new drug-like scaffolds that carry heterocyclic
motifs. Furthermore, it allows the exploration of the reactiv-
ity pathways in these systems. In this article, we outline sev-
eral representative research results that highlight the power
of this methodology.


Mannich-Type Reactions and Related Processes


The interaction of a variety of heterocycles with imines
formed in situ has provided a broad array of structures of in-
terest. Several 3CRs involving amines, aldehydes and in-
doles give the corresponding 3-substituted indoles.[6] Mecha-
nistically related Pictet–Spengler cyclizations have been per-
formed both in solution and in solid-phase to afford valua-
ble b-carboline derivatives in multicomponent protocols.[7]


The interaction of indoles with aldehydes or synthetic equiv-
alents has been explored and access to the indolocarbazole
and furooxepine ring systems has been described
(Scheme 2).[8] These reaction cascades can be rationalized
considering the generation of early cationic intermediates
ready to trap nucleophilic partners to yield the final adducts.


The Povarov reaction consists of the interaction of an ani-
line, a carbonyl (usually an aldehyde) and an activated
olefin to yield a tetrahydroquinoline adduct.[9] This stepwise
process is related to the Pictet–Spengler reaction and can be
explained mechanistically through the generation of an
imine, which is attacked by the p nucleophile under acid ac-
tivation, followed by an intramolecular cyclization upon the
activated aryl group to close the nitrogen ring. The use of
cyclic enol ethers greatly enriches the molecular diversity of
the adducts formed, thereby allowing access to furo and
pyrano derivatives with relevant biological activities


Abstract: Heterocycles display an intrinsic reactivity
which enables rich, versatile and productive transforma-
tions. Taking into account their ubiquitous presence in
natural products and drugs, the development of new,
fast and efficient preparative protocols for these struc-
tures remains an urgent task in Organic Synthesis. Mul-
ticomponent reactions using heterocyclic chemistry
offer new possibilities to exploit this exclusive reactivity.
Recent results show relevant examples of such transfor-
mations. Several approaches which allow the construc-
tion of complex heterocyclic compounds from simple
starting materials using this principle have been ana-
lyzed.


Keywords: domino reactions · heterocycles · molecular
diversity · multicomponent reactions ·
synthetic methods


[a] Dr. N. Isambert, Prof. R. Lavilla
Institute for Research in Biomedicine
Barcelona Science Park, Baldiri Reixac 10–12
08028 Barcelona (Spain)
Fax: (+34)9340-37104
E-mail : rlavilla@pcb.ub.es.


[b] Prof. R. Lavilla
Laboratory of Organic Chemistry, Faculty of Pharmacy
Universitat de Barcelona. Avda Joan XXIII
08028 Barcelona (Spain)


Scheme 1. Heterocycles as reagents in MCRs.
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(Scheme 3).[10] Crucial to the development of this transfor-
mation are studies on the catalyst and reaction conditions
that allowed its straightforward and general implementation
with high efficacy. Therefore through the use of Sc, In and
lanthanide ions as Lewis acid catalysts, the process is amena-
ble to the preparation of libraries of compounds.[11]


The use of cyclic enamines enables the incorporation of
nitrogen rings fused to the tetrahydroquinoline core.[12] Par-
ticularly attractive are the applications of this methodology
to the rapid synthesis of natural products. For instance, mar-
tinelline was prepared by BateyGs group in a short sequence
where the key step was a modified Povarov reaction using
two equivalents of the enamine component (Scheme 4).[13]


The participation of dihydropyridines, as enamine surro-
gates, in this process is of interest as these compounds allow
the formation of pyrido-fused systems (benzonaphthyry-
dines). The reducing power of dihydropyridines (NADH an-


alogues) may impair the MCR, as carbonyls and imines are
present in the reaction medium. Although some catalysts
promote the biomimetic redox process, the Povarov reaction
takes place efficiently with lanthanide ions and related spe-
cies (Scheme 5).[14]


This process has been conducted in solid-phase conditions,
linking the aldehyde or the aniline to the solid support. The
reaction has been modified by generating the dihydropyri-
dine in situ. A mechanistic variation consisted of a final cyc-
lization from an indole ring attached to the dihydropyridine
nitrogen, thereby generating a new scaffold type (a substi-
tuted indoloquinolizidine). The participation of primary ali-
phatic amines affords two new structural types, which can
be prepared stereoselectively (Scheme 6).[14]


Taking into account the manifold mechanistic profile
shown in the above processes, the next step was to explore
the feasibility of a true 4CR based on the intermolecular
trapping of the cationic Mannich intermediate. This hypoth-
esis was confirmed, and in a series of reactions, cyclic enol


Scheme 2. Access to furooxepines and indolocarbazoles through indole
MCRs.


Scheme 3. Povarov reaction involving cyclic enol ethers.


Scheme 4. BateyGs synthesis of martinelline through a modified Povarov
reaction.


Scheme 5. Dihydropyridines in Povarov reactions.


Scheme 6. Mechanistic variations in dihydropyridine Povarov reactions.
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ethers, aldehydes, amines and several nucleophiles (termina-
tors) afforded, under Sc ACHTUNGTRENNUNG(OTf)3 catalysis, the four-component
adduct in a stereoselective manner (Scheme 7).[15]


This orchestrated sequence constitutes a general reaction,
which tolerates a wide range of reactive carbonyl com-
pounds, amines, terminators (alcohols, thiols and water) and
cyclic enol ethers (including glycals) (Scheme 8). The proto-
col simply requires mixing the components and the catalyst
and stirring the resulting solution. Ghosh developed a con-
ceptually related approach involving the initial reaction of
cyclic enol ethers with pre-generated tosylimines and a sub-
sequent nucleophilic trapping with allyltrimethylsilane to
stereoselectively yield highly substituted tetrahydrofurans
and pyrrolidines.[16]


When the Povarov process was tested on a cyclic enol
ester, a dramatic change in the reaction mechanism altered
the synthetic outcome, leading to disubstituted N-aryl lac-
tams.[17] This result can be explained through the interrup-
tion of the normal Povarov cascade at the Mannich inter-
mediate, followed by the acylation of the aniline nitrogen
with the activated carbonyl species generated in the imine
addition step (Scheme 9).


The mechanistically related Reissert reaction has recently
been developed into efficient solid-phase and asymmetric
versions.[18,19] The addition of distinct nucleophiles to the ac-


tivated azinium ions has widened the synthetic applications
of these processes.[20] Interesting transformations have been
disclosed by the groups of Rudler and Langer, where the ad-
dition of silyloxy alkenes to activated azines afforded a vari-
ety of highly substituted heterocyclic derivatives
(Scheme 10).[21]


b-Dicarbonyl Chemistry


The Knoevenagel reaction has been successfully used as the
starting point for many MCRs. Tietze designed a family of
processes which are considered milestones in this field. In
his work, the Knoevenagel adduct in situ reacts with an
olefin in a hetero Diels–Alder cycloaddition.[3a,22] The
chemistry of these systems has been extensively studied in
his laboratories and numerous examples of this reaction
have been described. Intramolecular versions of this
Domino process have been used as the key steps in the syn-
thesis of many targets. Complex structural types, particularly
alkaloids belonging to diverse biogenetic classes, azasteroids
and coumarins, have been efficiently accessed following this
protocol (Scheme 11).


The Yonemitsu reaction, a useful MCR involving Mel-
drumGs acid, indoles and aldehydes, has been widely used
for the synthesis of tryptophyl derivatives. Enantiomerically
pure aldehydes lead to a good level of stereocontrol, there-
by allowing the preparation of substituted tetrahydro-b-car-
bolines (Scheme 12).[6,23]


Scheme 7. 4CR between enol ethers, aldehydes, amines and nucleophilic
species.


Scheme 8. Array of adducts prepared through the 4CR.[15]


Scheme 9. Cyclic enol esters in Mannich-type MCRs.


Scheme 10. MCRs with azines, chloroformate and silyloxyalkenes.
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A related MCR, initiated by a Knoevenagel condensation,
has been applied to the one-step synthesis of an azapodo-
phyllotoxin derivative. This process involves the interaction
of tetronic acid, an activated aniline and 3,4,5-trimethoxy-
benzaldehyde.[24] The reactions have also been implemented


with different inputs, including
heteroaromatic amines,
amides, and b-dicarbonyl com-
pounds (Scheme 13).[25]


The traditional use of b-di-
carbonyl compounds in MCRs
continues to provide novel het-
erocyclic scaffolds of inter-
est.[26] Among these processes,
the Biginelli MCR (the acid-
catalyzed condensation of b-di-
carbonyls, urea and aldehydes
yielding dihydropyrimidinones)
is the focus of intense re-
search.[27] In this context, the
use of tetronic acid yields spi-
roheterocyclic systems in a ste-
reoselective manner.[28] Re-
cently, Kappe disclosed an in-
teresting modification by for-
mally replacing the urea com-
ponent by an aminotriazole.
This approach allowed the
preparation of complex and
functionalized bicyclic systems
in one step (Scheme 14).[29]


MCRs based on Michael ad-
dition processes have been
mastered by RodriguezGs group
and displayed a high synthetic
versatility.[30] The participation
of transient heterocycles,
formed in the course of the re-
action cascade, has recently en-
abled access to novel scaffolds,
including bridged structures
(Scheme 15).


Scheme 11. TietzeGs MCR and an array of compounds synthesized from it.


Scheme 12. Yonemitsu MCR and representative targets from this trans-
formation. Scheme 13. Knoevenagel-initiated MCRs.
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Hetero Diels–Alder Transformations


The hetero Diels–Alder methodology has found its place in
the MCR arena. Apart from the examples listed in the di-
carbonyl section,[3a,22] a number of applications dealing with
heterocyclic processes deserve attention. For instance, the
tandem [4+2]/ ACHTUNGTRENNUNG[3+2] cycloadditions studied by Denmark in-
volve the formation of a transient nitronate from the inter-
action of an activated olefin and a nitroalkene, which subse-
quently undergoes a cycloaddition with an electron-deficient
dipolarophile.[31] Recently, Scheeren performed a related
4CR using high pressure conditions.[32] Taylor disclosed a
useful synthesis of substituted pyridines by reacting a 1,2,4-
triazine, a ketone, and a cyclic secondary amine (the two
latter generating the enamine in situ) to initially yield an
adduct which is aromatized by a Cope elimination
(Scheme 16).[33]


Hall developed a sharp approach to the stereocontrolled
synthesis of polysubstituted piperidines. The tandem proto-
col involves an aza-Diels–Alder cycloaddition, which gener-
ates an heterocyclic allylborane ready to interact with an al-
dehyde to yield the a-hydroxyalkylpiperidine derivative in a
selective manner.[34] In a further improvement of this
method, the 1-azadiene can be generated in situ by interac-
tion of a boronoacrolein and an hydrazine, thus leading to a
general and useful 4CR. Implementation of this methodolo-
gy using chiral catalysts, chiral auxiliaries and combinatorial


techniques has allowed the total synthesis of complex natu-
ral products and bioactive compounds (Scheme 17).[35]


Organometallic Cascades


Organometallic chemistry has made a significant contribu-
tion to the development of new MCRs. Palladium catalysts
continue to be the most used and recent reviews have cov-
ered the field.[36] The groups led by Balme[37] and Lautens[38]


have disclosed useful tandem processes aimed at the forma-
tion of diversely substituted furopyridones, thiophenes and
indoles using simple heterocycles as inputs in these MCRs
(Scheme 18).


MJller et al. devised a family of tandem MC protocols
that exploit Sonogashira reactions coupled to isomerization,
cycloaddition, and polar processes to yield a wide array of
heterocyclic structures. The versatility of this approach
relies on the fact that the initially formed alkynes are effi-
ciently trapped or converted into reactive species in a subse-
quent one-pot transformation (Scheme 19).[39]


Grigg developed an elegant series of reaction cascades in
which palladium chemistry is engaged with a dipolar cyclo-
addition to yield polycyclic adducts in a stereoselective
manner. Key to the process is the participation of heterocy-
clic nucleophilic species in the capture of the allyl–palladium
intermediate, generated from an allene. Remarkably, these
processes are also flexible enough to be accommodated to
several non-organometallic reactions, such as Pictet–Spen-
gler cyclizations (Scheme 20).[40]


Scheme 14. Biginelli MCRs with heterocyclic inputs.


Scheme 15. Michael-triggered MCRs and several structural types derived
from them.


Scheme 16. Hetero Diels–Alder MCRs.


Scheme 17. HallGs aza-[4+2]/allylboration.
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It is worth to mention that the MCR concept also has ap-
plications in materials science and nanotechnology. A strik-
ing example has recently been provided by Severin and in-
volves the metal complex which acts as a component to be
incorporated in the final adduct in a multiple 4CR. The pro-
cess is based on the self-assembly of a nanodimensional
structure through the orthogonal formation of boronates,
imines and, noteworthy, the ligand exchange of the pyridine
moieties with the metal centers
(Scheme 21).[41]


Isocyanide-Based
Reactions


The high versatility of isocya-
nide MCRs can be further ex-
tended by the use of heterocy-
cles in these processes.[2f] A se-
lection of new transformations
(not intended to be compre-
hensive) is listed below. The
ring opening of epoxides and
aziridines with isocyanides, and


subsequent trapping with car-
boxylic acids gives rise to a
family of scaffolds in a Passeri-
ni-like reaction.[42] The acid-
catalyzed double insertion of
isocyanides into epoxides
yields ring-expanded iminofur-
an derivatives (Scheme 22).[43]


The JoulliK–Ugi coupling re-
action has been used to synthe-
size a variety of glyco- and
peptidomimetics by a direct
procedure. The addition of
imines (instead of forming
them in situ) allows the partici-
pation of a variety of heterocy-
clic structures, which could not
otherwise be prepared in a
straightforward manner.[44] In
this regard, the use of dihydro-
pyridines and cyclic enol ethers
is also promising, as they can
be activated by electrophiles to
generate the cationic species
ready to interact with the iso-


cyanides and give the adduct.[45] The mixing of iodine, iso-
cyanides and 1,4-dihydropyridines produced an unexpected
result : a complex cascade process led to rearranged benzi-
midazolium systems in high yields (Scheme 23).[46]


The participation of azines in these reactions also proved
fruitful in terms of structural diversity and reactivity path-
ways. For instance, a family of MCRs based on the interac-
tion of isocyanides with distinct azines and activating agents
(protic acids, acylating and related species) has recently
been described. The processes normally start with the gener-
ation of the azinium intermediate, which undergoes the iso-
cyanide attack in a Reissert-like reaction (Scheme 24).[47]


The BienaymK–Blackburn–Groebcke reaction,[48] which
involves the interaction of a-aminoazines with aldehydes
and isocyanides, has been developed into a powerful tool for
drug discovery. Among recent achievements, combinatorial


Scheme 18. BalmeGs and LautensG palladium-mediated MCRs.


Scheme 19. MJller Sonogashira-initiated MCRs.


Scheme 20. GriggGs palladium-catalyzed allenylation-dipolar cycloaddi-
tion cascade.


Scheme 21. Formation of macrocycle in a [4+4+2+2] condensation reaction.
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chemistry techniques, the use of diversely functionalized
azines and the extension to modified carbonyl and heterocy-
clic systems have made a remarkable contribution to the
production of large and structurally diverse libraries
(Scheme 25).[2f, 49]


El KaLm has recently linked the Ugi MCR with the
Smiles rearrangement in phenolic substrates. The applica-
tion of this methodology to a variety of heterocyclic surro-


gates has allowed efficient protocols for the functionaliza-
tion of these systems (Scheme 26).[50]


In a series of seminal papers, Zhu and co-workers de-
scribed the use of oxazoles as transient intermediates in iso-
cyanide MCRs. This strategy allows extraordinary synthetic
versatility. In this way, the use of a- acetamidoisocyanides in
Ugi reactions yields highly substituted oxazoles which in situ
react intramolecularly to afford complex heterocyclic sys-
tems and cyclodepsipeptides, thereby leading to broad scaf-
fold diversity.[51] In a related approach, Schreiber reported
examples of diversity-oriented syntheses using furan-con-
taining Ugi and Passerini adducts, which are subsequently
transformed in a flexible manner (Scheme 27).[52]


Dipole-Mediated Processes


The interaction of certain nucleophiles (carbenes, azines,
isocyanides, etc.) with electron-deficient p systems generates
dipolar intermediates capable of promoting further bond-
forming events. In this way a series of MCRs have been de-
veloped.[53] The participation of heterocycles in this chemis-
try greatly amplifies the synthetic outcome of these transfor-
mations. Nair has reported relevant examples of this concept
using azines (isoquinoline, quinoline, benzothiazoles, etc.)
and (heterocyclic) carbenes as nucleophilic triggers.[54] Per-
haps the only limitation of this methodology lies in the need
for strongly activated p acceptors (dimethyl acetylenedicar-
boxylate in most of the cases), which permits few variations
regarding this component (Scheme 28).


In a series of related processes, Ma explored the reactivity
of imidazoles and thiazolium salts (the latter as carbene pre-
cursors), which, together with the novel use of ketenes,
allows a rich reactivity leading to novel heterocyclic sys-
tems.[55] Mironov further explored this family of MCRs by
screening a wide array of combinations of the three part-
ners: isoquinolines, electron-deficient olefins and the accept-
or-donor species (Scheme 29).[56]


ACHTUNGTRENNUNG[3+2] Dipolar cycloadditions have also found their place
in this field, and have led to novel MCRs. Representative
examples include TepeGs reaction of oxazolones with alde-
hydes and primary amines to afford imidazolines in a stereo-
selective manner, presumably through a cycloaddition be-
tween the in situ generated N-silyl munchnone and imine
species.[57] Williams reported the remarkable preparation of


Scheme 22. Isocyanide reactions with aziridines and epoxides.


Scheme 23. Isocyanide–dihydropyridine MCRs and mechanistic proposal.


Scheme 24. Isocyanide–azine MCRs.


Scheme 25. BienaymK–Blackburn–Groebcke MCR and selected scaffolds.


Scheme 26. El KaLm Ugi Smiles MCRs with heterocyclic substrates.
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a variety of complex natural products with spiranic cores
through the interaction of an heterocyclic azomethine ylide
and an activated olefin.[58] Later, Schreiber used this meth-
odology to prepare a large collection of diversified ana-
logues using macrobeads in a diversity oriented synthesis ap-
proach.[59] Arndtsen reported an efficient synthesis of penta-
substituted pyrroles via the participation of a transient imi-


nooxazole dipole, which is
formed by the interaction of
an imine, an acid chloride and
an isocyanide.[60] The dipole
undergoes cycloaddition with
an alkyne present in the reac-
tion mixture to form an
adduct, which evolves to the
pyrrole by a retrocycloaddition
that expels an isocyanate unit
(Scheme 30).


Conclusion


The MCR approach is having a
dramatic impact on modern or-
ganic synthesis by improving
our capacity to tackle the prep-
aration of complex molecules
in short sequences. Further-
more, MCRs are also reshap-
ing retrosynthetic analysis by
providing new and general
transformations. The findings
reported here highlight that
heterocycles, with their intrin-
sic reactivity, are extremely
valuable substrates for these
processes, particularly when
dealing with library production
and diversity oriented synthesis
issues. Although many aspects
of heterocyclic MCRs are
poorly understood (mecha-
nisms, catalysis, regio- and
stereo-control, etc.) and our
capacity to design new reaction
cascades of this type is some-
what limited; rapid progress
can be expected in the field.
This progress will be fuelled by
the synthetic achievements
that the use of this concept has
already made possible. The
ideal synthesis of complex het-
erocyclic systems is still far
away, however, with these ad-
vances, we are definitely get-
ting closer!
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Deposition of Gold Clusters on Porous Coordination Polymers by Solid
Grinding and Their Catalytic Activity in Aerobic Oxidation of Alcohols


Tamao Ishida,[a, b] Megumi Nagaoka,[a] Tomoki Akita,[b, c] and Masatake Haruta*[a, b]


Gold has turned out to be one of the most attractive ele-
ments in catalysis research since the discovery of CO oxida-
tion at �70 8C over Au nanoparticles (NPs) supported on
base metal oxides.[1] During the last decade, Au NPs sup-
ported on metal oxides[2] and activated carbons (AC)[3] have
been widely studied for liquid phase reactions.[4] In liquid
phase reactions, catalytic performance of Au particles is
mainly defined by two major factors: i) the nature of sup-
ports and ii) the size of Au particles. In particular, the size
of 2 nm appears to be a critical point, where the Au particles
dramatically change their catalytic and physicochemical
properties.[5] However, the conventional deposition–precipi-
tation method is not applicable to AC due to the acidic
nature of AC. Mixing Au colloids with AC could hardly give
Au clusters with a diameter smaller than 2 nm. A latest
trend in the selection of supports is the use of organic poly-
mers.[6–8] Recently, some organic polymers were found to be
effective to stabilize colloidal Au in a cluster size, which
showed high catalytic activity for aerobic oxidation of alco-
hols at room temperature.[7] However, a constraint is that
sophisticated synthetic techniques are usually required to
obtain Au clusters.


On the other hand, porous coordination polymers (PCPs)
consisting of metal ions and organic ligands with highly reg-
ular nanometer-sized cavities or channels are an emerging
class of porous materials.[9] They are expected to be efficient
supports for metal clusters to control size and shape by
means of their cavities.[10–12] In addition, PCPs have a wide
variety of porous structures, various kinds of components,
and surface properties which would lead to tailor-made cata-
lysts for the desired reactions. Thus, investigations of the
preparation methods for PCP supported Au clusters and the
support effect of PCPs would offer a new frontier in cataly-
sis by Au. Fischer and co-workers have reported the prepa-
ration of Pd, Cu, Ru clusters, and Au NPs stabilized by Zn-
containing PCP, MOF-5 ([Zn4O ACHTUNGTRENNUNG(bdc)3]n (bdc=benzene-1,4-
dicarboxylate)[13] by chemical vapour deposition (CVD).[11]


Although Au particles could be hardly deposited in cluster
size, they were obtained as NPs in the range of 5 to 20 nm
on MOF-5 due to weak interaction.[11, 12] Therefore, the gen-
eration of Au clusters that fit in and/or on the cavities of
PCPs is still a challenging research target.


Herein we report a very simple but the most effective
method for the direct deposition of Au clusters onto several
kinds of PCPs including MOF-5 by solid grinding with a vol-
atile organogold complex without using organic solvents. We
also investigated their catalytic properties for the liquid
phase alcohol oxidation with molecular oxygen. To the best
of our knowledge, catalysis of PCP supported Au clusters in
liquid phase has not yet been studied.


The PCP supports used were one-dimensionally channel-
led PCPs such as CPL-1 ([Cu2ACHTUNGTRENNUNG(pzdc)2 ACHTUNGTRENNUNG(pyz)]n, pzdc=pyra-
zine-2,3-dicarboxylate, pyz=pyrazine),[14] CPL-2 ([Cu2-
ACHTUNGTRENNUNG(pzdc)2ACHTUNGTRENNUNG(bpy)]n, bpy=4,4’-bipyridine),[14] Al-MIL53
([Al(OH) ACHTUNGTRENNUNG(bdc)]n)


[15] with pores of 4 @6, 6 @ 8, 8.5 @8.5 A2, re-
spectively, and three-dimensional PCPs such as MOF-5 and
Cu-BTC ([Cu3ACHTUNGTRENNUNG(btc)2]n (btc=benzene-1,3,5-tricarboxylate)[16]


with pores of 15 @ 15 and 11 @11 A2, respectively. Volatile or-
ganogold complex, Me2AuACHTUNGTRENNUNG(acac) (acac= acetylacetonate)
and PCPs were ground in an agate mortar in air for 20 min
at room temperature. Then the mixture was treated in a
stream of 10 vol% H2 in N2 at 120 8C for 2 h to obtain Au/
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PCPs by solid grinding (SG)).[17] For comparison, supported
Au catalysts were also prepared by CVD[18] and by the dep-
osition reduction from an aqueous solution containing
HAuCl4 and NaBH4.


[19]


As typically shown by Au/CPL-2 in Figure 1a, SG gave
small Au particles in a nearly uniform cluster size with a
mean diameter of 2.2 nm and a standard deviation of 0.3 nm
(Figure 1b). On the contrary, CVD yielded larger Au NPs in
addition to Au clusters. The average diameter was 3.1 nm
with much wider standard deviation of 1.9 nm (Figure 1c, d).
In the SG method, the sublimation of Me2AuACHTUNGTRENNUNG(acac) might
occur during grinding and the rapid diffusion of the vapour
yielded uniform distribution of the Au precursors. However,
CVD took longer time (ca. 6 h) for the complete vaporiza-
tion of Me2Au ACHTUNGTRENNUNG(acac). The diffusion of Me2AuACHTUNGTRENNUNG(acac) vapour
through the support was not uniform during CVD without
agitation of powder support. This might cause the agglomer-
ation of Au precursor and the particle growth at densely ad-
sorbed sites to form larger NPs. Liquid-phase deposition
(deposition–reduction method) caused the formation of Au
colloids both on the PCP surfaces and in aqueous solution
yielding only Au aggregates on PCPs.


High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) image more clearly
shows the presence of small Au clusters less than 2 nm (Fig-
ure 2a). Among the PCP supports used in this work, Al-
MIL53 could support Au clusters with the smallest size of
below 1 nm, resulting in a mean diameter of 1.5 nm with a
standard deviation of 0.7 nm (Figure 2). Surface plasmon


peaks at around 520 nm which can be ascribed to Au NPs
larger than 2 nm were not observed for 1 wt % Au/Al-
MIL53, showing that majority of the Au particles were in
cluster size.[19]


The specific surface area obtained by the N2 adsorption
isotherms of 0.5 wt% Au/CPL-2 prepared by SG and CVD
were reduced to 64 and 123 m2 g�1, respectively, from about
500 m2 g�1 of as-synthesized CPL-2.[19] From TEM observa-
tions, Au clusters were found to be larger than the pore size
and were mostly placed on the outer surfaces of PCPs.
Therefore, the appreciable decrease in specific surface area
observed indicates the pore blocking by Au clusters and the
partial degradation of porous structure. However, the XRD
(X-ray diffraction) patterns of PCPs did not change after
the treatment with Me2AuACHTUNGTRENNUNG(acac) and the deposition of
Au.[19] This indicates that the majority of regular pore struc-
tures remained after the deposition of Au. The peak at 388
corresponding to AuACHTUNGTRENNUNG(111) was not detected for 1 wt % Au/
CPL-2 (SG) due to the small size of Au. Analyses by energy
dispersive X-ray spectroscopy (EDX) and the absence of
CuACHTUNGTRENNUNG(111) peak at 448 (2q) in XRD proved that CuII in the
framework of Cu-PCPs was not reduced to large metallic
Cu0 particles during the H2 treatment at 120 8C except for
Cu-BTC.


The size of Au strongly depended on the kind of PCPs;
metallic species, porous structures, and pore size.[19] Gates
and co-workers have investigated the mechanism of the
ligand exchange of Me2AuACHTUNGTRENNUNG(acac) with the surface hydroxyl


Figure 1. TEM images of Au/CPL-2 prepared by a) SG (Au 1 wt %) and
c) CVD (Au 0.5 wt %) and b) the size distributions of Au/CPL-2 pre-
pared by b) SG (Au 1 wt %), and d) by CVD (Au 0.5 wt %).


Figure 2. a) HAADF-STEM image (the scale bar indicates 10 nm) and b)
size distribution of 1 wt % Au/Al-MIL53 (SG).
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groups of Al2O3 and adsorbed H2O molecules.[20] Okumura
et al. previously reported the possibility of hydrogen bond-
ing between oxygen atoms of Me2AuACHTUNGTRENNUNG(acac) and hydroxyl
groups at the surface of SiO2.


[18] A similar ligand exchange
can be assumed to occur during the diffusion of Me2Au-
ACHTUNGTRENNUNG(acac) vapour in both SG and CVD between Me2AuACHTUNGTRENNUNG(acac)
and uncoordinated carboxylate groups, metal sites at the
crystal surfaces of PCPs, and surface adsorbed H2O. Since
porous frameworks fix the position of both metal-coordinat-
ing sites and carboxylate linker groups with high regularity
even at the outer surfaces, metallic species, porous struc-
tures, and pore size of PCPs could mainly determine the size
of Au particles and prevent them from aggregation. Genera-
tion of Au clusters at the outer surfaces of PCPs is not dis-
couraging but beneficial in catalytic applications that involve
diffusion-controlled mechanisms owing to the rapid diffu-
sion of substrates to the Au catalytic sites.


Catalytic performance of Au/CPL-2 was first tested for
the gas phase CO and H2 oxidation.[19] Even though the size
of Au clusters is as small as 2.1 nm, Au/CPL-2 was not cata-
lytically active in the oxidation of neither CO nor H2. This
result was surprising but could be predicted based on the re-
action mechanism of CO oxidation. We thus propose that
the oxygen activation takes place at the perimeter interfaces
around Au NPs with the metal oxide supports.[5,21] Porous
coordination polymers, carbons, and conventional organic
polymers will not generate oxygen vacancy sites on the pe-
rimeter interfaces, resulting in poor catalytic activity in the
gas phase oxidation.


In contrast to gas phase, Au/PCPs exhibited high catalytic
activity for the aerobic oxidation of alcohols in the liquid
phase. Table 1 shows the results of benzyl alcohol oxidation
in methanol with Au/PCPs to yield benzaldehyde and
methyl benzoate (Scheme 1). Two characteristic features
are: i) the selection of PCP supports significantly affected
catalytic activity and product selectivity, and ii) catalytic ac-


tivity of Au/PCPs was superior to Au/AC and Au/SiO2


under base-free condition.
Firstly, Au/CPL-2 catalysts gave benzaldehyde as the main


product and Au/CPL-2 (SG) (entry 10) was more active
than Au/CPL-2 (CVD) (entry 9) owing to the smaller size of
Au clusters. In contrast, Au/MOF-5 showed the highest cata-
lytic activity to obtain methyl benzoate in a yield of 91 % at
a full conversion in the presence of K2CO3 within 3 h in
spite of the largest size of Au particles (4.8 nm) (entry 3).
The remaining 9 % might be due to the adsorption of benzyl
alcohol. From these results, the selection of PCP supports
and the preparation method to obtain small size of Au clus-
ters appeared to be the important factors. The turnover fre-
quency (TOF) of Au/MOF-5 at 80 8C was calculated to be
82 h�1 per loaded Au atoms from the results of entry 2.
Biffis et al. reported a high TOF value as high as 960 h�1 at
60 8C for the initial 15 min in the benzyl alcohol oxidation
over Au/polymer gel in the presence of NaOH in water.[8a]


However, selectivity was low as 36 % to benzoic acid and
49 % to benzaldehyde, respectively.


A surprising product selectivity of benzaldehyde or
methyl benzoate was observed, which dramatically changed
with the PCP support. The two catalysts Au/MOF-5 and Au/
Al-MIL53 were selective to methyl benzoate, which is gen-


Scheme 1. Oxidation of benzyl alcohol in methanol.


Table 1. Oxidation of benzyl alcohol catalyzed by Au/PCPs.[a]


Run Catalyst Preparation[b] Base Au [mol %] t [h] Conversion[c] [%] Yield [%][c]


PhCHO PhCO2Me PhCO2Bn PhCO2H PhCH ACHTUNGTRENNUNG(OMe)2


1 MOF-5[d] – K2CO3 0 18 0 0 0 0 0 0
2 Au/MOF-5 SG K2CO3 1 1 82 3 66 0 0 0
3 Au/MOF-5 SG K2CO3 1 3 >99 0 91 0 0 0
4 Al-MIL53[d] – K2CO3 0 23 0 0 0 0 0 0
5 Au/Al-MIL53 SG K2CO3 1 23 98 2 77 trace 0 0
6 CPL-1[d] – K2CO3 0 23 41 17 0 0 0 0
7 Au/CPL-1 SG K2CO3 1 23 45 26 0 0 0 0
8 CPL-2[d] – K2CO3 0 23 37 18 0 0 0 0
9 Au/CPL-2 CVD K2CO3 1 23 51 37 1 0 0 0
10 Au/CPL-2 SG K2CO3 1 23 55 43 1 0 0 0
11 Cu-BTC[d] – K2CO3 0 23 26 6 0 0 0 0
12 Au/Cu-BTC SG K2CO3 1 3 70 48 3 trace 0 0
13 Au/AC SG K2CO3 1 1 >99 0 86 0 0 0
14 Au/MOF-5 SG none 1 3 69 31 23 trace 0 0
15 Au/AC SG none 1 3 12 4 trace trace 0 8
16 Au/SiO2


[e] SG none 0.5 3 25 12 8 trace 0 0


[a] Reaction conditions: 1 mmol benzyl alcohol, 0.5 mmol base, 99 mg 2 wt % Au catalytst (Au 1 mol %), 3 mL MeOH, 14 mL n-pentadecane, pO2


0.5 MPa, 80 8C. [b] SG: solid grinding, CVD: chemical vapour deposition. [c] GC yield by using n-pentadecane as an internal standard. [d] Only support
(99 mg) was added. [e] 1 wt % Au catalyst (198 mg) was used.
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erally the main product in the presence of base.[2] In con-
trast, Au clusters on Cu-PCPs exhibited high selectivity to-
wards benzaldehyde (entries 6–12). In alcohol oxidations,
the addition of a base accelerates the reaction by deprotona-
tion of the alcohol. However, Cu-PCPs were regarded as
acidic supports by the measurement of the pH of Cu-PCPs
dispersed in water. Therefore, weakly acidic Cu-PCP surfa-
ces reduced the deprotonation of benzyl alcohol (step i in
Scheme 1) and, in particular, formation of the hemiacetal in-
termediate (step ii). This would result in lower conversions
than for neutral MOF-5 and Al-MIL53 surfaces, where ben-
zaldehyde would be the main product. Another interesting
feature is that Cu-PCPs were active as heterogeneous cata-
lysts in the oxidation of benzyl alcohol without Au deposi-
tion (entries 6, 8, 11). However, catalytic activity was obvi-
ously enhanced by the incorporation of Au clusters.


Secondly, the oxidation reaction also proceeded over Au/
MOF-5 without base (entry 14). Gold clusters and NPs were
successfully deposited directly onto acidic supports, such as
AC and SiO2, by SG with Me2AuACHTUNGTRENNUNG(acac) followed by the re-
duction of AuIII to Au0 with H2 or calcination,[22] however,
over Au/AC[3d] and Au/SiO2 the yields were extremely low
without base (entries 15, 16). Rossi and co-workers pro-
posed a reaction mechanism for the oxidation of glucose
over Au/AC that the Au surfaces deposited on AC could
not adsorb alcohol and base was requisite to form the alco-
holate before the adsorption onto Au. Then, oxygen could
adsorb onto the Aud� sites[23] (Scheme 2) because anionic
Au clusters are considered to be favourable for the activa-
tion of oxygen molecule on the Au surfaces.[24] Concerning
the structure of oxygen adsorbed, calculations by density
functional theory (DFT) have suggested that oxygen mole-
cule may adsorb perpendicularly onto gold clusters.[24] In
contrast, the surfaces of Au clusters on PCPs were suffi-
ciently active to adsorb alcohol to form Au–alcoholate with-
out base or were negatively charged to adsorb oxygen
(Scheme 2). This implies that the PCP might electronically
affect Au clusters, whereas AC did not. Although SG
method could directly deposit small Au clusters onto both
of AC and SiO2 as well as PCP, PCP supports are advanta-
geous in the base-free alcohol oxidation.


Catalytic activity order of Au/PCPs in the oxidation of 1-
phenylethanol was almost similar to that the oxidation of
benzyl alcohol (Scheme 3 and Table 2). Moreover, Au/
MOF-5 (entry 1) exhibited the highest catalytic activity
among all the Au catalysts including Au/AC (entry 4).


In summary, the SG method using Me2AuACHTUNGTRENNUNG(acac) as an Au
precursor was proved to be the simplest and the most effi-
cient method to deposit Au clusters directly onto PCPs. The
SG method can be applied not only to PCPs but also to
other materials, especially, acidic supports such as SiO2,
WO3, and AC on which Au NPs can not be directly deposit-
ed by the conventional deposition–precipitation method. In
addition, SG needs neither organic solvents nor careful
washing after the vapour deposition of Me2AuACHTUNGTRENNUNG(acac). Gold
clusters and NPs on PCPs exhibited noticeably high catalytic
activity in liquid phase alcohol oxidation even in the ab-


sence of base and showed unique product selectivity which
can be tuned by the selection of PCP supports, in particular,
by the degree of surface acidity, for benzyl alcohol oxida-
tion.
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The conjugation of water-soluble ligands on semiconduc-
tor nanocrystals is of practical importance in fluorescence
tagging of biomolecules for in vivo and in vitro studies.[1]


Fluorescent nanocrystals are typically synthesized in organic
solvents, and then converted into water-soluble forms for
the conjugation with biomolecules through covalent linkage
or electrostatic interactions.[1] However, probing the surface
of water-soluble and bioconjugated nanocrystals has become
a challenge because of the heterogeneity of surface func-
tional groups. To date, a number of attempts have been
made to characterize chemical species conjugated onto
nanocrystals: NMR and optical spectroscopy were used to
validate the exchange of organic layers with dithiocarba-
mate moieties,[2] and FT-IR spectroscopy was employed to
monitor the progress of ligand exchange and bioconjugation
processes.[3] Nonetheless, these macroscopic analyses were
unble to differentiate the surface ligands from other chemi-
cal species also present in solution. Recently, time-of-flight
secondary-ion mass spectrometry (TOF-SIMS) has emerged
as a promising tool capable of label-free analysis of surface
ligands, ranging from small peptides conjugated on a single


polystyrene bead in sizes of 30–60 mm to organic/biomole-
cules on biochips, at high spatial resolution (50–100 nm).[4]


In this report, we utilized the TOF-SIMS imaging to char-
acterize surface ligands conjugated onto nanocrystals in
sizes of 6–12 nm. When nanocrystals were placed on a
matrix-free substrate, they formed aggregates spontaneously.
The ion beam sputtering gave rise to the ionic signatures,
not only of nanocrystals and surface ligands, but also of the
substrate and other adsorbates. TOF-SIMS images displayed
the micronscale pattern of nanocrystal aggregates separable
from the substrate pattern. Thus, the surface ligands on
nanocrystals were differentiated from other residues on the
substrate.
The semiconductor nanocrystals used in this work, CdSe/


ZnS ACHTUNGTRENNUNG(3ML) (ML=monolayer) with an average size of 5.6�
0.4 nm emitting at 640 nm, were prepared by trioctylphos-
phine oxide (TOPO)-free colloidal syntheses[5] (see Fig-
ure S1 in Supporting Information for high-resolution trans-
mission electron microscopy images). In brief, CdSe nano-
crystals were synthesized from reactions of CdO, stearic
acid, and selenium powder in 1-octadecene (ODE) with
ACHTUNGTRENNUNGoctylamine as a growth additive. Three monolayers (MLs)
of the ZnS shell were grown over the CdSe core through re-
actions of ZnO, oleic acid, and sulfur powder in ODE with
ACHTUNGTRENNUNGoctadecylamine (ODA) as an additive. Three different bi-
functional hydrophilic thiols, 3-mercaptopropionic acid
(MPA), 3-mercapto-1-propanol (MPO), and 2-aminoethane
thiol (AET), were used to convert organic-soluble nanocrys-
tals into water-soluble ones by ligand exchange
(Scheme 1A!B). The hydrodynamic size was 12.2�2.0,
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Scheme 1. Preparation of organic-soluble (A), water-soluble (B), and
DNA-conjugated (C) CdSe/ZnS core/shell nanocrystals.
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11.7�2.4, and 10.2�1.9 nm
for MPA-, MPO-, and AET-
capped nanocrystal, respective-
ly. DNA-conjugated nanocrys-
tals were obtained by cross-
linking thrombin-binding apta-
mer DNA to MPA-capped
nanocrystals (Scheme 1B!C).
For TOF-SIMS analysis,


nanocrystals were dropped
onto a Si ACHTUNGTRENNUNG(100) substrate pre-
cleaned in a piranha solution
and dried under vacuum. Most
TOF-SIMS spectra were taken
in the negative mode. A
matrix-free substrate allowed
the detection of secondary
ions in a low mass region with
high sensitivity.
Firstly, we obtained the IR


spectra of organic-soluble and
MPA-capped nanocrystals
(Figure 1). NMR analysis was
not carried out because of the
limited amount of samples. Or-
ganic-soluble nanocrystals pro-
vide the IR fingerprints of
stearic acid: strong C�H bands


and a C=O stretching band at 1730 cm�1 blue-shifted from
1697 cm�1 of free stearic acid, indicating hydrogen bonding
between COOH groups.[6] On the other hand, MPA-capped
nanocrystals display a broad O�H band at 3282 cm�1, C=O
stretching at 1741 cm�1, and asymmetric and symmetric
stretching of the uncoordinated COO� group at 1580 and
1492 cm�1.[6] Although the IR spectra identify a number of
functional groups, it remains unclear whether those func-
tional groups are from the ligands conjugated onto the sur-
face of nanocrystals or not.
Next, we obtained the micropattern of nanocrystals with


TOF-SIMS at a spatial resolution of 1.5 mm. Figure 2a–d


present organic-soluble nanocrystals. The image of
[ZnSCdSe]� depicts the pattern of CdSe/ZnS nanocrystal ag-
gregates formed on the substrate. Of the several organic
compounds used in synthesis, stearate produces the most
prominent peak at m/z=283. Although stearic acid was
used in the CdSe core synthesis and oleic acid was employed
in the ZnS shell synthesis, only stearate was observed in the
mass spectra. Oleic acid might have been completely
washed out during purification. The pattern of [stearate]�


perfectly overlaps with that of [ZnSCdSe]� , suggesting the
presence of stearate on the surface of nanocrystals. In con-
trast, the [ODA+H]+ image obtained in the positive mode
shows a pattern absent of both nanocrystal and stearate, in-
dicating that ODA is not on nanocrystals.
Figure 2f–k show MPA-capped water-soluble nanocrystals.


Both [ZnS]� and Se� images display the micropattern of
nanocrystals. The pattern of [Zn+MPA�H]� overlaps well
with that of nanocrystals, confirming the ligation of MPA on
the surface of CdSe/ZnS nanocrystals. Unlike organic-solu-
ble nanocrystals, however, the pattern of [stearate]� does
not overlap with that of nanocrystals, but with the
[Si+ODA]� image, illustrating that both stearate and ODA
are on the substrate. This comes as a surprise, because
water-soluble nanocrystals were washed three times with
ethyl acetate to remove residual organic compounds.
While the TOF-SIMS images show the ligation of MPA


on the surface of nanocrystals, they lack information about
the mode of binding. In contrast, the IR spectra identify the


Figure 1. FT-IR spectra of organic-soluble (black) and MPA-capped
water-soluble (red) nanocrystals.


Figure 2. TOF-SIMS images of organic-soluble (ORG) (a–d) and MPA-capped water-soluble (MPA) nanocrys-
tal quantum dots (QDs) (f–k); a) overlay of b) and c); b) [ZnSCdSe]� ; c) [stearate]� ; d) [ODA+H]+ , e) a
schematic of MPA-capped nanocrystals on a Si substrate; f) overlay of g) and j); g) [ZnS]� ; h) Se� ; i)
[Zn+MPA�H]� ; j) [stearate]� ; k) [Si+ODA]� .
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functional groups, but they do not tell us the ligand specifici-
ty. By taking both data into account, we propose a scheme
(Figure 2e) for the formation of MPA-capped nanocrystal
aggregates on the silicon substrate. The appearance of
[Zn+MPA�H]� in the mass spectra and the absence of an
S�H stretching band in the IR spectra demonstrate the
zinc–thiolate linkage between MPA and CdSe/ZnS nano-
crystals. The IR signature of COOH hydrogen bonding
(1741 cm�1) suggests that MPA-capped nanocrystals are
clustered together through hydrogen bonding between
neighboring surface carboxyl terminal groups of adjacent
nanocrystals. The overlapping images of [stearate]� and
[Si+ODA]� occupying a nanocrystal-free space, as well as
the uncoordinated COO� stretching bands in the IR spectra,
imply the coexistence of stearate and ODA on the substrate.
For MPO- and AET-capped nanocrystals, images of


[MPO�H]� and [AET�H]� ions overlap with the [ZnS]�


image representing nanocrystals, whereas the [stearate]�


image does not (see Figures S2 and S3 in Supporting Infor-
mation). Like MPA-capped nanocrystals, both MPO and
AET are thus coordinated on the surface of CdSe/ZnS nano-
crystals.
Finally, we obtained the TOF-SIMS image of DNA-conju-


gated nanocrystals. Figure 3 shows the TOF-SIMS spectra.
[PO3]


� , [PO2]
� , Se�, and [Stearate]� peaks appear strong. Of


the DNA fragment ions, [Thy�H]� appears most intense.
For DNA, the base fragment ions are typically found in the
low mass region and they stand out well above the noise
level (see Figure S4 in the Supporting Information). How-
ever, the relative abundance of [Base�H]� barely correlates
with the base composition of DNA.[7] Figure 4a–d display
images of [PO3]


� , [Thy�H]� , 80Se�, and [stearate]� . The
[Thy�H]� and [PO3]


� images are identical and images of
DNA fragment ions overlap well with the Se� image, con-
firming a spatial pattern of nanocrystal aggregates on the
substrate. On the other hand, the image of [stearate]� does
not overlap with that of nanocrystals. These contrasting
images validate the conjugation of DNA onto the nanocrys-
tals.


Interestingly, although both stearic and oleic acids are
used in preparing metal precursors, only stearate is detected
from all water-soluble nanocrystals. It is known that stearate
forms micelles in water more easily than oleate.[8] Thus, it
seems only stearate is transferred from the organic layer to
water by forming water-soluble micelles during water-solu-
ble ligand exchange processes and survived the washing
steps. Thus, we think that unsaturated fatty acids like oleic
acid are better than saturated ones like strearic acid for pre-
paring metal precursors.
In summary, the TOF-SIMS imaging unequivocally proves


whether or not organic ligands and biomolecules are conju-
gated on semiconductor nanocrystals in sizes of 6–12 nm.
Nanocrystals display the micronscale pattern due to the self-
aggregation during the vacuum drying process. The ligands
conjugated on the surface show the patterns perfectly over-
lapping with those of nanocrystals. In contrast, other residu-
al species present different spatial patterns. The multiplexed
mass-fingerprint imaging is well suited to the surface analy-
sis of various nanoparticles and their organic- and bioconju-
gates that form self-aggregates on a substrate.


Experimental Section


Synthesis of CdSe nanocrystals: CdO (4 mmol) and stearic acid (8 mmol)
were mixed in ODE (5 mL) and heated to 250 8C under Ar to make a
clear solution. After reducing the temperature below 130 8C, the solution
volume was increased to 50 mL with ODE. Selenium powder (200-mesh,
2 mmol) was added and the temperature was raised to 240 8C at a rate of
25–30 8Cmin�1. CdSe nanocrystals began to form at ~210 8C. The crystal
growth was monitored by taking the absorption spectra. After reaching a
steady state in growth, octylamine (5 mL) was injected to resume the
growth. Red-emitting CdSe nanocrystals (labs=597 nm, lem=611 nm)
were purified several times with a solution of propylamine in methanol
at room temperature and stored in hexane.


Synthesis of CdSe/ZnS nanocrystals: A zinc stock solution (50 mm) was
prepared by mixing ZnO and oleic acid in ODE at ~240 8C. A sulfur
stock solution (50 mm) was made by dissolving sulfur powder in ODE.
The core solution was prepared by dispersing purified CdSe nanocrystals
(0.1–0.3 mmol) in a mixture of ODE (2 mL) and ODA (4 g). After slowly
heating up the core solution to 190 8C under Ar with vigorous stirring,
the first monolayer portion of the zinc stock solution was swiftly injected
into the core solution at once, followed by dropwise addition of the
sulfur stock solution, and then the temperature was slowly raised to 190–
210 8C over 5 min. Within 10 min, both zinc and sulfur stock solutions
were alternately added dropwise for the next ML of ZnS shell. Final red-
emitting CdSe/ZnS ACHTUNGTRENNUNG(3ML) nanocrystals (labs=606 nm, lem=640 nm, 5.6�
0.4 nm TEM size) were harvested and washed with methanol.


Figure 3. TOF-SIMS spectra of DNA-conjugated water-soluble nanocrys-
tals.


Figure 4. TOF-SIMS images of DNA-conjugated water-soluble nanocrys-
tals. Each image represents DNA (a and b), nanocrystal (c), and stearic
acid (d).
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Preparation of water-soluble nanocrystals: For the capping with MPA
and MPO, CdSe/ZnS nanocrystals (20 mg) were dissolved in methanol
(10 mL) containing ligand (100 mL). After adjusting pH to >10 with
NMe4OH, the mixture was stirred for 2 h at 60 8C under Ar. Water-solu-
ble nanocrystals were precipitated with ethyl acetate (40 mL) and har-
vested by centrifugation (4000 rpm, 5 min). After washing twice with
ethyl acetate, nanocrystals were dried under vacuum. For AET capping,
CdSe/ZnS nanocrystals (20 mg) were dissolved in chloroform (10 mL),
and mixed with AET hydrochloride (0.5m, 200 mL) dissolved in metha-
nol. The mixture was stirred for 6 h at 60 8C. Nanocrystal aggregates
were washed with methanol and harvested by centrifugation (4000 rpm,
1 min). MPA-capped CdSe/ZnS (labs=600 nm, lem=636 nm, FWHM
34 nm); MPO-capped CdSe/ZnS (labs=596 nm, lem=634 nm, FWHM
35 nm); AET-capped CdSe/ZnS (labs=600 nm, lem=637 nm, FWHM
34 nm).


DNA-conjugated nanocrsytals: MPA-capped nanocrystals (~1 nmol)
were dissolved in PBS buffer (pH 7.4, 0.5 mL) and activated with 1-ethyl-
3-[3-dimethylaminopropyl]carbodiimide hydrochloride (0.15 mg) and N-
hydroxysulfosuccinimide (0.21 mg) at room temperature for 15 min.
Thrombin-binding aptamer (5’-TTCACTGTGGTTGGTGTGGTTGG-
3’) carrying a C6-amine linker at the 5’ end was incubated with the acti-
vated nanocrystal solution and b-mercaptoethanol at room temperature
for 2 h. The reaction was terminated with N-hydroxylamine hydrochlo-
ride.


TOF-SIMS analysis: The TOF-SIMS spectra were obtained with TOF-
SIMS V (ION-TOF GmbH, Germany) equipped with a 25 keV Bi+ ion
gun. Experiments were repeated four times by preparing fresh sample
every time. Each measurement yielded dissimilar micropatterns due to
uncontrolled self-aggregation of nanocrystals on the substrate; however
we arrived at the same conclusion regarding the conjugation of ligand.
For TOF-SIMS imaging, the ion gun was operated at 5 kHz with 0.2 pA
(Bi+) average current at the sample holder. A bunch pulse of 0.7 ns dura-
tion resulted in mass resolution (M/DM)> 8000. A 200L200 mm2 area
was rastered by primary ions to obtain the SIMS spectra while maintain-
ing the ion dose below 1012 ionscm�2. The negative ion mass spectra were
internally calibrated using C�, CH�, C2H


�, and C4H
� peaks. All images


presented in this work were taken in negative mode at 256L256 pixels
with the spatial resolution of 1.5 mm.


FT-IR spectroscopy: The FT-IR spectra were taken with Nexus 6700 FT-
IR (Thermo-Nicolet, Inc.) equipped with an attenuated total reflectance
(ATR) accessory (Smart Miracle, PIKE Tech.). A drop of nanocrystal so-
lution (~5 mL) was placed on a ZnSe-ATR crystal and dried under
vacuum (1L10�2 torr) for 2 h. Mid-IR light was incident at 458 relative to
the surface normal of crystal under N2. The reflected light was detected
by a liquid N2-cooled HgCdTe detector. 300 scans were averaged to yield
a spectrum at 2 cm�1 resolution.
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Since most of the chemical elements are metals, investiga-
tions concerning the nature of metal–metal bonds are of
fundamental interest in chemistry. While the formation of
homo- and heteronuclear complexes of p and d metals is
quite common, the electropositive s and f metals normally
do not form stable bonds among one another. Gallium is
one of the metals which readily forms bonds to p and d
metals.[1] Furthermore, compounds with a dative coordina-
tion of gallium(I) to alkaline earth[2] and rare earth metals[3]


have been documented in the last two years. However, until
now, only three examples of molecular gallium/alkali metal
compounds exist in the literature.[4] In 2001, Schmidbaur
and co-workers[4a] demonstrated that the reduction of di-
imine-supported digallane with potassium yields anionic imi-
dazogallol, which, in the solid state, consists of dimers
formed by gallium(I)–potassium coordination (A). Relative-
ly short Ga–Na contacts are observed in the gallium clusters
[Na2Ga4R4 ACHTUNGTRENNUNG(thf)2]


[5] (B) and [Na2Ga8R6ACHTUNGTRENNUNG(thf)2]
[6] (R= tBu3Si)


as well as in the products[7] of the reduction of digallenes
with sodium (C).


Recently we have reported on the synthesis and the crys-
tal structure of the Ga–Ga bonded compound [(dpp- bian)Ga�GaACHTUNGTRENNUNG(dpp-bian)] (1; dpp-bian=1,2-bis[(2,6-diisopro-


pylphenyl)imino]acenaphthene)[8] containing the diimine
ligand in its dianionic form. DFT studies of 1 revealed that
besides the orbitals HOMO�1 (p) and HOMO�17 (s),
which are particularly responsible for the metal–metal bond-
ing, also the LUMO (p) orbital shows bonding character
with respect to the Ga�Ga bond. In 1993 Power et al. re-
ported that the reduction of a digallan bearing bulky aryl
groups, [Ar2Ga�GaAr2] (Ar=2,4,6-iPr3C6H2) with lithium
goes along with a shortening of the Ga�Ga bond in the re-
action product.[9] Additionally the Ga�Ga bond in
[Na2(Ar*GaGaAr*)] (Ar*=2,6-iPr2C6H3) is 0.3 A shorter
than in the neutral compound [Ar*GaGaAr*].[7] To trace
the behaviour of the Ga�Ga bond in 1 under reductive con-
ditions, we studied its reactions with lithium and sodium.
The results are presented here.
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The compound [(dpp-bian)Ga–Ga ACHTUNGTRENNUNG(dpp-bian)] (1) reacts
with two molar equivalents of Li or Na in diethyl ether with
formation of crystalline [(dpp-bian)Ga�MACHTUNGTRENNUNG(Et2O)3] (M=Li,
2 ; M=Na, 3) in yields of 80 to 90 % (Scheme 1).


The reduction process proceeds smoothly at room temper-
ature, is complete within two (3) to eight hours (2) and is ac-
companied with a change of the colour of the reaction mix-
ture from deep blue (1) to bright green (2 and 3). The bond
cleavage in 1, instead of formation of an anionic digallane,
occurs probably due to the steric repulsion between the iso-
propyl groups that would arise in the virtual molecule Na2-
ACHTUNGTRENNUNG[(dpp-bian)Ga�Ga ACHTUNGTRENNUNG(dpp-bian)] complex under shortening of
the Ga�Ga bond. The 1H NMR spectra of 2 and 3 show the
signals expected for the organic ligands. Compound 2 was
also characterized by its 7Li NMR spectrum.


The molecular structures of 2 (Figure 1) and 3 (Figure 2)
have been determined by single-crystal X-ray diffraction.


The respective crystal data collections and structure refine-
ment data are listed in Table 1, selected bond lengths and
angles are listed in Table 2. In both molecules the gallium
atoms are coordinated in a distorted trigonal-planar fashion
and are situated only slightly beyond the plane formed by
N(1), N(2), and Li/Na (2, 0.05; 3, 0.04 A). The ligand ar-


rangement around the respective alkali metal atoms corre-
sponds to a distorted tetrahedron.


The two crystallographically independent molecules of 2
show similar geometric parameters, except for the lengths of
the Ga�Li bonds (2a, 2.717(10); 2b, 2.834(10) A) and the
Li�O ACHTUNGTRENNUNG(ether) bonds (2a, av 1.952; 2b, av 1.996 A). These
longer bond lengths found for 2b relative to 2a may be ex-


Scheme 1.


Figure 1. Molecular structure of 2 (30 % thermal ellipsoids).


Figure 2. Molecular structure of 3 (30 % thermal ellipsoids).


Table 1. Crystal data and structure refinement details for 2 and 3.


2 3


formula C48H70GaLiN2O3 C48H70GaN2NaO3


Mr 799.72 815.7
T [K] 153(2) 100(2)
l [A] 0.71073 0.71073
crystal system orthorhombic monoclinic
space group Pna21 Cc
a [A] 35.3732(2) 12.5280(7)
b [A] 20.303(1) 18.489(1)
c [A] 12.8836(6) 20.416(1)
b [8] 90 95.224(1)
V [A3] 9294.5(8) 4709.6(5)
Z 8 4
1calcd [gm


�3] 1.143 1.151
m [mm-1] 0.631 0.633
F ACHTUNGTRENNUNG(000) 3440 1752
crystal size [mm3] 0.15O0.14O0.08 0.41O0.29O0.25
qmin/qmax 2.96/25.00 2.14/27.00
index ranges �42�h�42 �16�h�16


�24�k�23 �23�k�23
�15� l�15 �26� l�26


reflections collected 82289 21340
independent reflections 16322 10113
Rint 0.1308 0.0322
completeness to q=25.008 [%] 99.8 –
completeness to q=27.008 [%] – 99.7
max/min transmission 0.9512/0.9113 0.8579/0.7815
refinement method full-matrix least-squares on F2


data/restraints/parameters 16322/1/991 10113/33/567
GOF on F2 0.910 0.986
final R indices [I>2s(I)] R1=0.0599 R1=0.0434


wR2=0.0906 wR2=0.0932
R indices (all data) R1=0.1253 R1=0.0619


wR2=0.1066 wR2=0.0994
largest diff. peak/hole [eA�3] 0.776/-0.307 0.591/-0.246
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plained by a stronger steric repulsion between the lithium-
coordinated diethyl ether molecules and the bulky 2,6-
iPr2C6H3-substituents of the dpp-bian ligand caused by crys-
tal packing.


The inspection of the C�N and C�C bond lengths within
the metalocycles in 2 and 3 allowed elucidation of the reduc-
tion state of the dpp-bian ligands in these molecules. The
C(1)�N(1) and C(2)�N(2) bond lengths in 2 (av 1.385 A)
and 3 (av 1.381 A) are close to those in 1 (av 1.388 A), in
which the dpp-bian dianion is observed. However, the Ga�
N distances in 2 (av 1.974 A) and 3 (av 1.973 A) are notably
longer relative to those in 1 (av 1.860 A). This reflects the
difference in the formal oxidation state of Ga atoms in 2
and 3 (+1), and in 1 (+2).


The electronic structure of complex 2 was examined by
DFT[10] calculations at the B3LYP/6-31G* level of theory.
For this reason, the full optimization of the singlet-state of
molecule 2 as well as the natural bond orbital (NBO) analy-
sis was performed. The key MOPs of molecule 2 are shown
in Figure 3. The calculated Ga�Li distance of 2.726 A for
the Li complex is in good agreement with the crystal data.


According to the results of the NBO analysis, the Ga�Li
bond in 2 arises mainly from the donation of the electron
lone pair of Ga (84.2% s, 15.7% p, 0.1% d) to the vacant 2s
orbital of the lithium cation. The NBO stabilization energy
of this interaction is 41.6 kcalmol�1. The bond is weakened
by the Coulomb repulsion between the two metal atoms,
which both are positively charged. However, the repulsion
energy in 2 should be lower than that in the symmetric com-
pound 1, since the NBO charges of +0.44 a.u. for Ga and
+0.79 a.u. for Li in 2 are lower than the NBO charge of
+0.92 a.u. for each Ga atom in 1.


In conclusion, the unique molecular compounds contain-
ing Ga�Li and Ga�Na bonds have been successfully synthe-
sized. DFT studies of [(dpp-bian)Ga�Li ACHTUNGTRENNUNG(Et2O)3] revealed
that the Ga�Li bond is mainly formed by donation of the
lone electron pair of GaI to the solvated lithium cation.
Probably similar compounds with gallium–metal bonds may
be prepared using other metals suitable for the reduction of
1.


Experimental Section
All manipulations were carried out using Schlenk techniques. Diethyl
ether was distilled from sodium/benzophenone prior to use. The 1H
NMR spectra were recorded on a Bruker ARX-200 NMR spectrometer,
the 7Li NMR spectrum on a Bruker Avance ACHTUNGTRENNUNG(III)-400 NMR spectrometer.
GaCl3 was purchased from Aldrich.


ACHTUNGTRENNUNG[(dpp-BIAN)Ga�Ga ACHTUNGTRENNUNG(dpp-BIAN)] (1): GaCl3 (0.35 g, 2 mmol) was added
to a solution of Na3 ACHTUNGTRENNUNG(dpp-bian) freshly prepared from dpp-bian (1.0 g,
2 mmol) and Na (0.14 g, 6 mmol) in diethyl ether (70 mL). Within a few
minutes the mixture changed color from brown to blue indicating the for-
mation of 1. After filtration of the solution, it was used in situ for the
syntheses of 2 and 3.


ACHTUNGTRENNUNG[(dpp-bian)Ga�Li ACHTUNGTRENNUNG(Et2O)3] (2): Addition of lithium (14 mg, 2 mmol) to
the stirred blue solution of 1 in diethyl ether, prepared as described
above, caused the formation of a clear green solution within 8 h. Slow
evaporation of the solvent from this solution gave 2 as deep green crys-
tals (1.43 g, 89 %). M.p. 1598C; 1H NMR (200 MHz, [D8]THF, 25 8C,
TMS): d=7.09–6.90 (m, 6H; C6H3-iPr), 6.57 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.27, 1.40 Hz,
2H; C10H6), 6.50 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.27, 6.23 Hz, 2H; C10H6), 5.58 (dd, 3J-
ACHTUNGTRENNUNG(H,H)=6.23, 1.40 Hz, 2H; C10H6), 3.87 (sept, 3J ACHTUNGTRENNUNG(H,H)=6.88 Hz, 4H;
CH ACHTUNGTRENNUNG(CH3)2), 3.39 (q, 3J ACHTUNGTRENNUNG(H,H)=6.99 Hz, 12H; Et2O), 1.22 (d, 3J ACHTUNGTRENNUNG(H,H)=


6.88 Hz, 12H; CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH3)), 1.13 (t, 3J ACHTUNGTRENNUNG(H,H)=6.99 Hz, 18H; Et2O),
1.07 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.88 Hz, 12H; CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH3));


7Li NMR
([D8]THF, 400 MHz, 25 8C, LiCl): d=�2.51 ppm; elemental analysis
calcd (%) for C48H70GaLiN2O3: C 72.09, H 8.82, N, 3.50; found C 72.15,
H 8.90, N, 3.62.


ACHTUNGTRENNUNG[(dpp-bian)Ga�Na ACHTUNGTRENNUNG(Et2O)3] (3): Sodium (46 mg, 2 mmol) was added to a
stirred blue solution of 1 in diethyl ether, prepared as described above.
When the sodium has dissolved completely (ca. 2 h), the solvent was
slowly evaporated from the green solution formed leaving 3 as deep
green crystals (1.29 g, 79 %). M.p. 179 8C; 1H NMR ([D8]THF, 200 MHz,
25 8C, TMS): d=7.13–6.93 (m, 6H; C6H3-iPr), 6.63 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.27,
0.97 Hz, 2H; C10H6), 6.55 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.27, 6.34 Hz, 2H; C10H6), 5.64
(dd, 3J ACHTUNGTRENNUNG(H,H)=6.34, 0.97 Hz, 2H; C10H6), 3.86 (sept, 3J ACHTUNGTRENNUNG(H,H)=6.88 Hz,
4H; CH ACHTUNGTRENNUNG(CH3)2), 3.39 (q, 3J ACHTUNGTRENNUNG(H,H)=6.99 Hz 12H; Et2O), 1.24 (d, 3J-
ACHTUNGTRENNUNG(H,H)=6.88 Hz 12H; CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH3)), 1.13 (t, 3J ACHTUNGTRENNUNG(H,H)=6.99 Hz 18H;
Et2O), 1.08 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.88 Hz, 12H; CHACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH3)); elemental
analysis calcd (%) for C48H70GaNaN2O3: C 70.67, H 8.65, N, 3.43; found
C 70.59, H 8.60, N, 3.38.


CCDC-689163 (2) and CCDC-689164 (3) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of


Table 2. Comparison of the main bond lengths and angles in 1–3.


1 2 3


Ga�M[a] 2.3321(2) 2.717(10)/2.834(10) 3.0490(7)
Ga�N(1) 2.0133(10) 1.973(5)/1.995(5) 1.9690(12)
Ga�N(2) 2.0287(12) 1.969(4)/1.959(4) 1.9782(15)
M�O(1) 1.933(10)/2.008(10) 2.351(2)
M�O(2) 1.939(11)/1.984(11) 2.3686(14)
M�O(3) 1.982(10)/1.996(12) 2.398(2)
N(1)�C(1) 1.3244(17) 1.394(7)/1.386(6) 1.374(2)
N(2)�C(2) 1.3357(15) 1.374(6)/1.388(6) 1.388(2)
C(1)�C(2) 1.4414(18) 1.394(7)/1.383(7) 1.378(2)
N(1)-Ga-N(2) 90.54(8) 83.82(19)/83.67(18) 83.29(6)
M-Ga-N(1) 139.5(2)/145.1(2) 131.95(4)
M-Ga-N(2) 136.5(2)/130.3(2) 144.65(4)


[a] 1: M=Ga; 2 : M=Li; 3 : M=Na.


Figure 3. The DFT calculated boundary orbitals in 2.
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A Direct Synthesis of Vinylphosphonium Salts from a-Trimethylsilyl Ylides
and Non-Enolizable Aldehydes


James McNulty* and Priyabrata Das[a]


Although the first reported synthesis of a vinylphosphoni-
um salt 4 appeared almost 1.5 centuries ago,[1] their utility as
synthetic intermediates awaited a flurry of publications in
the mid-1960s.[2–4] The electrophilic nature of the olefin in
such species was demonstrated through the conjugate addi-
tion of phenyllithium[2] and a range of simple nucleophiles
derived from enolizable precursors and amines.[3] Conjugate
addition to vinylphosphonium salts leads to an initial phos-
phorane (ylide) which may be subsequently trapped through
an intra- or intermolecular olefination reaction. Schweizer
and co-workers expanded the scope of vinylphosphonium
salts to a range of conjugate addition-trapping reactions.[4]


The use of this electron deficient olefin as a dienophile in
Diels–Alder and other cycloaddition reactions has also been
demonstrated.[3] Surprisingly, few reports on synthetic appli-
cations of vinylphosphonium salts have appeared in the liter-
ature since.[5] The synthesis of vinylphosphonium salts is usu-
ally accomplished through quaternization of a trialkyl- or
triarylphosphane with a bromoethane derivative containing
a b-leaving group, the olefin being introduced through a
subsequent elimination step. The tetravinylphosphonium[6]


cation was recently reported through a similar pathway
from phosphine (PH3). Triarylvinylphosphonium salts have
also been reported via Pd-mediated phosphination of vinyl
bromides and triflates,[7] Pd-mediated alkyne addition[8] and
via an electrochemical oxidation process.[9] Thus, synthesis
of vinylphosphonium salts requires the prior assembly of a
corresponding vinyl bromide or vinyl triflate, an alkylating
agent containing an appropriate b-leaving group or a func-
tionalized alkyne. The limitation in routes available for the
synthesis of vinylphosphonium salts is arguably the major
hindrance to their more widespread use, given the range of


valuable synthetic interconversions that have been demon-
strated.


We have recently become interested in the synthesis and
reactivity of 1,1-bis-heteroatom substituted methylenes[10]


and methines[11] as a route to useful synthetic intermediates
through olefination reactions with readily available carbonyl
compounds. An alternative route towards the synthesis of
vinylphosphonium salts might potentially be the reaction be-
tween an a-silylated ylide and carbonyl compound, as out-
lined in Scheme 1. The intermediate, here shown as the silyl
betaine, could potentially eliminate in Peterson fashion
through O-silyl migration yielding a vinylphosphonium salt,
or alternatively through Wittig-type elimination of phos-
phane oxide from the betaine (or oxaphosphetane) yielding
a vinylsilane. While a-trimethylsilyl ylides are well
known,[12] their reactions with carbonyl compounds are re-
ported to be complex,[13] yielding allenes[12a,13b] and many
side products. Furthermore, the one example[13a] of a
straightforward olefination with an a-silyl ylide reacting
with benzaldehyde is reported to give the vinylsilane prod-
uct in good yield, a result that has been claimed to be gener-
al.[13c] On the basis of these reports, the direct synthesis of
vinylphosphonium salts from a-silyl ylides and carbonyl
compounds would not appear promising. Nonetheless, these
results appeared unusual to us for several reasons. First of
all, high chemoselectivity has previously been documented
favouring Peterson-type elimination over Horner–Emmons
phosphonate elimination with a-silyl phosphonate/aldehyde
intermediates.[11] Secondly, Gilman initially postulated a vi-
nylphosphonium intermediate in such a reaction (although it
was not isolated) and showed that vinylphosphonium salts


[a] Prof. Dr. J. McNulty, P. Das
Department of Chemistry, McMaster University
1280 Main Street West
Hamilton, Ontario, L8S 4M1 (Canada)
Fax: (+1)905-522-2509
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Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801358.


Scheme 1. Synthesis of vinylsilanes and/or vinylphosphonium salts via the
reaction of an aldehyde with an a-silyl ylide.
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could independently be converted to allenes, the main prod-
ucts of GilmanEs investigation.[12a] We have reinvestigated
this chemistry, as shown in Scheme 2. Herein we report the
finding that a-silyl ylides react with aldehydes to provide vi-
nylphosphonium salts in high yield. Commercially avail-
able[14] iodomethyltrimethylsilane (1) selectively reacts with
tributylphosphane (2) yielding the a-trimethylsilylphospho-
nium salt 3. The ylide derived from 3 enters into Peterson-
type olefination reactions with aldehydes with high selectivi-
ty providing a direct, general synthesis of tributyl-
ACHTUNGTRENNUNG(vinyl)phosphonium salts 4.


The reaction of chloromethyltrimethylsilane with triphe-
nylphosphane or tributylphosphane 2 proceeded in THF to
provide a mixture of the phosphonium chloride correspond-
ing to 3 and triphenyl- or tributyl ACHTUNGTRENNUNG(methyl)phosphonium
chloride.[15] Desilylation reactions are characteristic in many
of the a-silyl ylide preparations described above,[12a,b,d] pro-
duced via chloride mediated desilylation and protonation of
the intermediate ylide. We first found that the correspond-
ing iodide salt 3 can be formed (ICH2TMS, Bu3P, THF,
20 8C, 13 h) and that this salt is stable in solid form and in
CDCl3 solution for at least two months. The stability of the
iodide salt is most likely due to the lesser propensity for Si�
I bond formation in comparison to the chloride analogue. A
general procedure was then developed for the selective Pe-
terson reaction through ylide formation from 3, generated
under kinetically controlled conditions, reacting with a
range of aldehydes. Thus, a THF solution of 3 was cooled to
�78 8C and one equivalent of sBuLi added providing a
yellow solution of the ylide to which was added one equiva-
lent of 4-chlorobenzaldehyde. The dry-ice bath was removed
after 2 h and the reaction allowed to warm to room temper-
ature. The desired vinylphosphonium salt 4a was isolated in
90% yield and with high stereoselectivity favouring the (E)-
olefin.


The reaction proved to be very general for a range of
both electron-rich and electron-deficient aromatic alde-
hydes, all of which yielded the desired phosphonium salts in
excellent yield and high stereoselectivity (Table 1, entries 1
to 7). In addition, heterocyclic derivatives could be prepared
from 3-substituted furan, indole and pyridine derivatives in
high yields but with slightly lower stereocontrol (Table 1, en-
tries 8 to 10).


The synthetic utility of this novel reaction as a route to
conjugated 1,3-dienylphosphonium salts was also investigat-
ed with a range of unsaturated aldehydes (Table 1, entries
11–13). The isolated yields were invariably good in all of the
cases investigated, however, the reactions proceeded with


lower stereoselectivity. The reaction was also investigated
with hexanal, which provided a 60% yield of a 3:1 Z/E mix-
ture of the corresponding vinyl phosphonium salts. In this
case a significant amount (35%) of the tributyl-
ACHTUNGTRENNUNG(methyl)phosphonium salt was also formed which we attri-
bute to protonation and enolate-induced desilylation of the
ylide derivative of 3. High stereoselectivity appears to be re-
stricted to non-enolizable aldehydes at present, although the
chemoselectivity favouring vinylphosphonium over vinylsi-
lane formation remains completely dominant.


The high chemoselectivity observed favouring Peterson
elimination over Wittig-type elimination and general stereo-
selectivity favouring (E)-vinylphosphonium salts also offers


Scheme 2. Synthesis of vinylphosphonium salts via the ylide derived from
3.


Table 1. Reaction of (TMS)CHPBu3 with aldehydes.


Entry Aldehyde 4 E/Z Yield [%]


1 49:1 90


2 49:1 95


3 49:1 92


4 49:1 91


5 49:1 85


6 49:1 90


7 49:1 90


8 5:1 85


9 3:1 99


10 3:1 90


11 1:3 78


12 1:3 75


13 1.1:1 77
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some interesting insights into the mechanism of the Wittig
reaction itself. Although the initial formation of oxaphos-
phetanes is now accepted,[16] a clear, stepwise account of the
reaction mechanism is still debated[16a] and much discussion
has been made over the relative importance of oxaphosphe-
tane versus betaine intermediates in the Wittig reaction.[16b]


In the present case, the ob-
served Peterson elimination is
revealing as it requires free-ro-
tation about the central C�C
bond of a betaine intermedi-
ate, prior to O-silyl transfer
and elimination. If an oxaphos-
phetane is the kinetic inter-
mediate in the present case,
this is evidence that it readily
ionizes to the betaine inter-
mediate, under kinetically controlled conditions, in contrast
to a direct elimination of tributylphosphane oxide, which
would yield the corresponding vinylsilane.


It is difficult to rationalize the prior report on the synthe-
sis of a vinylsilane from an a-silyl ylide,[13a] although this
previous result employed an entirely salt-free ylide. The re-
action of silylated ylides is reported to be complex, however,
we note that many of the earlier methods[12,13] employ an
excess of base or carbonyl component, use less reactive ke-
tones such as benzophenone and often contain excess of co-
ordinating halide, particularly chloride, which is prone to de-
silylate the necessary intermediates.[12] The clean synthesis
of the stable silylphosphonium iodide salt 3, subsequent gen-
eration of its ylide derivative and stoichiometric reaction
with aldehydes at low temperature nonethelss allows highly
selective vinylphosphonium salt formation. The present re-
action may of course proceed kinetically via the betaine-
type intermediate, and proceed to an oxaphosphetane only
in the complete absence of lithium salts,[13a] followed by
Wittig-type elimination providing the vinylsilane. Thus, we
have also investigated the reaction of the ylide derived from
3 with piperonal (Table 1, entry 5) under salt-free conditions.
The original process gave high yield of essentially the pure
(E)-vinylphosphonium salt. When a solution of the ylide
was prepared under identical conditions and the resulting
lithium iodide (93% calculated mass of LiI recovered) fil-
tered off through canula, addition to piperonal gave the vi-
nylphosphonium salt with lower stereoselectivity (3:2 E/Z).
Importantly, no vinylsilane formation or phosphane oxide
was formed, indicating that the preferred mode of reaction
remains Peterson-like. This result may indicate that a cata-
lytic amount of lithium salt may be all that is required to
favour the Peterson elimination via oxaphosphetane open-
ing.


Although speculative, stereochemical arguments can also
be made for the intermediacy of oxaphosphetane intermedi-
ates in the reaction. The high (E)-stereoselectivity observed
can be rationalized in terms of the currently accepted transi-
tion states leading to the oxaphosphetane intermediates.[16a]


Relief of torsional and 1,2-non-bonding interactions be-


tween the TMS group and aldehyde substituents and of 1,3-
steric effects between the alkyl groups on phosphorus and
the aryl substituent of the aldehyde are both expected to
favour the puckered cis transition state, leading to the eryth-
ro oxaphosphetane, as shown in Scheme 3. Oxaphosphetane
opening, bond rotation and Peterson-type elimination then


provides the (E)-vinylphosphonium salt. The overall results
appear to indicate that the predominantly (E)-vinylphospho-
nium stereoselectivity is due to kinetic control involving Pe-
terson syn-elimination from the erythro betaine. The transi-
tion state leading to the diastereomeric oxaphosphetane
(and hence threo betaine) intermediate may be slightly
more favourable on the basis of electronic effects. 1,3-Sec-
ondary orbital interactions between the electron rich p-mo-
lecular orbital system in entry 8 or 9, or the lone pair in the
case of entry 10, and empty d orbital on phosphorus would
be expected to stabilize the planar trans transition state and
explaining the lower stereoselectivities that are observed in
those cases.


In conclusion, we have shown that a-trimethylsilyl-
ACHTUNGTRENNUNG(methyl)phosphonium iodide may be prepared from the re-
action of tributylphosphane and iodomethyltrimethylsilane
and that its ylide derivative adds cleanly to aromatic and un-
saturated aldehydes, eliminating selectively in Peterson fash-
ion to yield vinylphosphonium salts in excellent yield and
(E)-stereoselectivity. Further extension and application of
this unprecedented and chemoselective method for vinyl-
phosphonium salt synthesis is currently under investigation.


Experimental Section


Trimethylsilyl ACHTUNGTRENNUNG(methyl)tributylphosphonium iodide 3 : Into a flame-dried
flask, containing a magnetic stirring bar, was weighed iodomethyltrime-
thylsilane (200 mL, 1.346 mmol) under argon and dry THF (2.7 mL) was
added to make a 0.5m solution. The flask was stirred for 15 min. at room
temperature whereupon tributylphosphane (353 mL, 1.413 mmol) was
added slowly to the reaction flask. The flask was maintained at room
temperature for 13 h. Solvent was removed under vacuum to yield the
title compound (0.555 g, 99%) as colourless crystals. M.p. 101–102 8C;
1H NMR (600 MHz, CDCl3): d =0.30 (s, 9H); 0.95 (m, 9H); 1.53 (m,
12H), 1.87 (d, JP,H=17.0 Hz, 2H); 2.36 ppm (m, 6H); 13C NMR
(150 MHz, CDCl3): d=1.0, 6.9 (d, J=42.3 Hz), 13.6, 22.2 (d, J=49.2 Hz),
23.9 (d, J=12.1 Hz), 24.1 ppm; 31P NMR (80 MHz, CDCl3): d=34.9 ppm;
HRES MS: m/z : calcd for C16H38PSi: 289.2468, found: 289.2480 [M]+ .


(E)-2-(3’,4’-Methylenedioxyphenyl)vinyl-1-tributylphosphonium iodide
(Table 1, entry 5): Into a flame-dried flask, containing a magnetic stirring
bar, was weighed trimethylsilyl ACHTUNGTRENNUNG(methyl)tributylphosphonium iodide


Scheme 3. Stereoselectivity favouring (E)-vinylphosphonium salts via the kinetic erythro betaine.
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(200 mg, 0.481 mmol) under argon and dry THF (1 mL) was added to
make a 0.5m solution. The flask was stirred for 15 min. at �78 8C where-
upon sBuLi (360 mL, 0.505 mmol, 1.4m stock, C6H12) was added slowly.
After 40 min, a 0.5m solution (in THF) of piperonal (75.8 mg,
0.505 mmol) was added slowly to the reaction flask maintained at �78 8C.
The flask was kept at �78 8C for 2 h and then slowly warmed to room
temperature where it was stirred for a further 2 h. The resulting mixture
was concentrated to remove solvent. Water was added (5 mL) to the resi-
due, and the resulting mixture was extracted with dichloromethane (3L
15 mL). The combined organic layers were dried over MgSO4, filtered,
and concentrated. Hexane was added (5 mL) to the flask which was
stirred, vacuum filtered and dried to yield the title compound (195 mg,
85%) as a yellow solid. 1H NMR (600 MHz, CDCl3): d=0.92 (m, 9H),
1.50 (m, 12H), 2.55 (m, 6H), 5.90 (s, 2H); 6.71 (dd, JH,H=17.5, JP,H=


17.5 Hz, 1H), 6.84 (d, JHH=8.5 Hz, 2H), 7.22 (s, 1H), 7.59 ppm (dd,
JH,H=17.5, JP,H=20.9 Hz, 1H); 13C NMR (150 MHz, CDCl3): d=13.6,
20.1 (d, J=47.2 Hz), 23.8, 23.9 (d, J=19.3 Hz), 101.7 (d, J=64.8 Hz),
102.0, 107.0, 108.6, 125.8, 128.6 (d, 18.8 Hz), 148.6, 150.8, 152.5 ppm (d,
J=3 Hz); 31P NMR (80 MHz, CDCl3): d=27.7 ppm; HRES MS: m/z :
calcd for C21H34O2P: 349.2282, found: 349.2296 [M]+ .
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Chiral N-Heterocyclic Carbene-Catalyzed Formal [4+2] Cycloaddition of
Ketenes with Enones: Highly Enantioselective Synthesis of trans- and
cis-d-Lactones


Yan-Rong Zhang, Hui Lv, Di Zhou, and Song Ye*[a]


Introduced by Staudinger a century ago, ketenes are re-
markable for the diverse range of useful products from their
reactions.[1] In 1982, Wynberg et al. reported the cinchona
alkaloid-catalyzed ketene–chloral cycloadditions to give the
corresponding b-lactones with up to 98% ee.[2] After that,
catalytic asymmetric ketene dimerizations,[3] ketene–alde-
hyde cycloadditons,[4] and ketene–imine cycloadditions[5]


have been developed. In comparison with these [2+2]
ketene cycloadditions, the enantioselective [4+2] ketene cy-
cloadditions are far less established. Evans et al. reported
the high enantioselective [4+2] cycloaddition of a silylke-
tene with an enone catalyzed by a bis(oxazoline)–copper
complex, but only one example was shown.[4c] Very recently,
the cinchona alkaloid-catalyzed reaction of ketenes with o-
benzoquinones, o-benzoquinone imides, o-benzoquinone di-
imides,[6] and N-thioacyl imines[7] to give the corresponding
[4+2] cycloaddition products with high enantioselectivities
were developed by Lectka et al. and Nelson et al., respec-
tively. And the [4+2] cycloaddition of vinylketenes with al-
dehydes to give d-lactones was achieved by Peters et al.[8]


Recently, N-heterocyclic carbenes were found to be effi-
cient catalysts for the umpolung of aldehydes, a3 to d3 umpo-
lung of enals, aza-Morita–Baylis–Hillman reaction, transes-
terification, acylation, ring-opening polymerization, activa-
tion of silylated nucleophiles and other reactions.[9] In our
previous publication, we proposed an activation mode of ke-
tenes by NHCs to give zwitterionic enolates, and demon-
strated that NHCs were efficient catalysts for the cycloaddi-
tion of ketenes with imines.[10] In this communication, we
wish to report the chiral NHCs-catalyzed formal [4+2] cy-
cloaddition of ketenes with enones to give d-lactones, which


are the key motifs for a wide range of bioactive compounds
and versatile intermediates in organic synthesis.[11] Very re-
cently, Bode et al. developed an elegant chiral NHCs-cata-
lzyed [4+2] cycloaddition of a-chloroaldehydes with enones
to give d-lactones.[12] Our [4+2] cycloaddition of disubstitut-
ed ketenes[13] with enones led to the highly functionalized d-
lactones with a-quaternary-b-tertiary stereocenters[14,15]


Chiral NHC precursor 1, easily prepared from l-pyroglu-
tamic acid,[10] was employed for the reaction of ethylphenyl-
ketene (2a) with enone 3a. It was found that 10 mol% pre-
catalyst 1, in the presence of Cs2CO3 (10 mol%), could cata-
lyze the reaction to give the corresponding d-lactone 4a in
55% yield with 10:1 diastereoselectivity and 84% ee for the
trans-isomer and 80% ee for the cis-isomer (Table 1,
entry 1). When the reaction was carried out at �20 8C, the
enantioselectivity was increased to 89% ee, while the yield
and diastereoselectivity dropped sharply (entry 2). Careful
experiments revealed that cis-isomer of lactone 4a could be
epimerized to trans-isomer in the conditions of cycloaddi-
tion.[16] Thus, an excess of the base of Cs2CO3 (20 mol%)
was employed, and the trans-isomer of d-lactone 4a was ob-
tained with high diastereomeric purity (entry 3).


Further experiments showed that the yields were in-
creased when the reactions were carried out by slow addi-
tion of ketenes (entries 4–5). Reaction at 0 8C led to better
enantioselectivity and yield, while reaction at �10 8C result-
ed in slightly better enantioselectivity with compromised
yield (entry 6). It is noteworthy that lactone 4a with trans/
cis 24:1 and 91% ee could be easily recrystallized from
hexane/2-propanol 9:1 to give pure trans-isomer in 70%
yield with 98% ee.


Substrate investigations revealed a variety of ketenes and
enones worked well in the NHC-catalyzed cycloadditions
(Table 2). Both arylenones with electron-withdrawing group
(4-Cl, 4-BrC6H4 and 4-NO2C6H4) and those with electron-
donating group (4-Me) are suitable substrates, furnishing d-
lactones in good yields with high enantioselectivities (en-
tries 2–5). Heteroarylenone (R3=2-furyl) and bulky aryl-
enone (R3= b-naphthyl) reacted with no notable difference
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in yields and selectivities (entries 6 and 7). Arylalkylketenes
with electron-withdrawing groups worked well with enones
furnishing d-lactones in good yields and high enantioselecti-
vites (entries 8 and 9), while the one with electron-donating
group, 4-methoxylphenylethylketene, resulted in fair
yields[17] but high enantioselectivity (entry 10). The reaction
of phenylmethylketene afforded exclusively trans-isomer
with 84% ee (entry 11). It should be noted that the reaction
of monosubstituted ketenes under current reaction condition
failed to give the d-lactones but a complex mixture. It is
noteworthy that the diastereomeric ratios and enantiomeric
excess could be further improved by a single recrystalliza-
tion from hexane/2-propanol 9:1.


Since the trans-isomer of d-lactones were obtained as
major product through the in situ epimerization of cis-
isomer in the thermodynamically-controlled conditions, it
will be quite useful if the cis-isomer could be obtained pre-
dominately by kinetically controlled conditions. Indeed, the
cis-isomer was successfully obtained by deprotonation of
trans-isomer of the d-lactones, followed by kinetically con-
trolled protonation of the resulting carbanion at �78 8C
(Scheme 1).


The cis-isomer of d-lactones could also be obtained in
good yield with high diastereoselectivity and enantioselectiv-
ity by in situ deprotonation-protonation after the NHC-cata-
lyzed cycloaddition (Scheme 2). Both electron-donating and
electron-withdrawing substituents at the para-position of the
aryl group (4h-c, 4 l-c) are tolerated; and the meta-substitu-
ent (2-Cl) has no notable effect for the reaction (4m-c).


Ketenes generated in situ from the corresponding acyl
chloride in the presence of excess NEt3 also worked well for
this NHC-catalyzed ketene–enone cycloaddition reaction,
but longer reaction times are required for full conversion of
enones. For example, ketene 2a, generated from acyl chlo-
ride 5, reacted with enone 3a to give d-lactone in 77% yield
with 88% ee (Scheme 3).


The b-carbonyl group in lactone 4 offer many possibilities
for further transformation. For example, lactone 4h could
easily be alkylated at the b-position to give d-lactone 6 with
two contiguous quaternary stereocenters. Similarly to the ki-


Table 1. Optimization of conditions.[a]


Entry Cs2CO3


[mol%]
Conditions Yield


[%][b]
trans/
cis[c]


ee (trans, cis)
[%][d]


1 10 RT, 2 h 55 10:1 84, 80
2 10 �20 8C, 12 h 10 3:1 89, 69
3 20 RT, 2 h 51 22:1 84, 84
4[e] 20 RT, 2 h 73 20:1 86, 88
5[e] 20 0 8C to RT[f] 79 24:1 91, 88,
6[e] 20 �10 8C to RT[f] 28 32:1 91, 93


[a] Ketene 2a (1.5 mmol), enone 3a (1.0 mmol) was employed. [b] Isolat-
ed yields. [c] Determined by 1H NMR (300 MHz) and/or HPLC. [d] De-
termined by HPLC on chiral columns. [e] The solution of ketene 2a in
THF (2.5 mL) was added over 1 hour. [f] After the addition of ketene 2a
over 1 hour, the reaction mixture was stirred for 30 min at 0 8C or
�10 8C, then was allowed to warm to RT and stirred for 24 h.


Table 2. Synthesis of trans-d-lactones by NHC-catalyzed ketene–enone
cycloaddition.[a]


Entry R1, R2 R3 4 Yield
[%][b,c]


trans/
cis[d,e]


ee
[%][f–h]


1 Ph, Et Ph 4a 79 (70) 24:1 91 (98)
2 Ph, Et 4-ClC6H4 4b 70 (59) 18:1 90 (99)
3 Ph, Et 4-BrC6H4 4c 68 (52) 22:1 87 (98)
4 Ph, Et 4-NO2C6H4 4d 61 (50) 20:1 91 (97)
5 Ph, Et 4-MeC6H4 4e 69 (54) 25:1 90 (97)
6 Ph, Et 2-furyl 4 f 78 (15) 39:1 92 (95)
7 Ph, Et b-naphthyl 4g 82 (76) 25:1 90 (95)
8 4-ClC6H4, Et 4-ClC6H4 4h 74 (61) 15:1 89 (99)
9 4-ClC6H4, Et Ph 4 i 93 (63) 17:1 91 (90)
10 4-MeOC6H4,


Et
Ph 4j 57 (64) 16:1 91 (99)


11 Ph, Me 4-ClC6H4 4k 82 (63) >99:1 84 (99)


[a] Ketene 2 (1.5 mmol), enone 3 (1.0 mmol) was employed. [b] Isolated
yields. [c] The yields of recrystallization were shown in parentheses.
[d] Determined by HPLC. [e] Only E isomers or E/Z> 99:1 was ob-
served after recrystallization. [f] Determined by HPLC on chiral columns.
[g] The ees after recrystallization are shown in parentheses. [h] The abso-
lute configuration of lactone 4h was determined by X-ray, and that of
other lactones was assigned by comparison of their specific rotation with
the specific rotation of 4h.


Scheme 1. Synthesis of cis-d-lactones from trans-d-lactones.


Scheme 2. Synthesis of cis-d-lactones from ketene–enone cycloaddition.


Scheme 3. In situ generation of ketene from acyl choride.
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netically controlled protonation, the stereochemistry in b-
carbon was reversed, and the cis-isomer was obtained exclu-
sively without erosion of enantiopurity (Scheme 4).


This NHC-catalyzed [4+2] cycloadditions of ketenes are
possibly initiated by the nucleophilic addition of NHC to ke-
tenes to give triazolium enolates 7, which react with enones
by an inverse electron demand Diels–Alder reaction to give
the [4+2] cycloaddition adducts 8, followed by elimination
of NHC to furnish the corresponding d-lactones 4 and re-
generate the NHC catalyst (Scheme 5).[18]


In conclusion, the chiral NHC 1 was demonstrated as an
efficient catalyst for the formal [4+2] cycloaddition of dis-
ubstituted ketenes with enones to give d-lactones with a-
quaternary-b-tertiary stereocenters. Both the trans-isomers
and the cis-isomers of the d-lactones could be obtained in
good yields with high diastereo- and enantioselectivities by
in situ thermodynamically controlled epimerization and ki-
netically controlled protonation, respectively. Ketene gener-
ated in situ from acyl chloride also worked well for the reac-
tion. Further exploration of the NHC-catalyzed ketene cycli-
zation reactions is underway in our laboratory.


Experimental Section


Synthesis of trans-d-lactones 4 (Table 2): A mixture of NHC percursor 1
(60 mg, 0.1 mmol) and Cs2CO3 (65 mg, 0.2 mmol) in THF (2 mL) was
stirred at room temperature for 10 min. The resulting solution was
cooled to 0 8C, and enone (1.0 mmol) was added in one portion, followed
by slow addition of the solution of ketene (1.5 mmol) in 2.5 mL THF via
syringe pump over 1 h. After the full conversion of enone, the reaction
mixture was allowed to warm to room temperature and stirred for 24 h.
The solution was concentrated under reduced pressure and the residue


was purified by flash column chromatography to give trans-isomer of d-
lactones 4 as the major product, which was recrystallized from hexane/2-
propanol 9:1 to give nearly pure trans-isomer. Lactone 4h : White solid;
Yield: 74%; Rf=0.35 (petroleum ether/EtOAc 9:1); m.p. 151–152 8C;
[a]25D = �196.4 (c=1.2, CHCl3);


1H NMR (300 MHz, CDCl3): d=7.41 (d,
J=8.7 Hz, 2H), 7.30–7.15 (m, 6H), 5.78 (d, J=7.1 Hz, 1H), 4.23 (q, J=


7.1 Hz, 2H), 3.93 (d, J=7.1 Hz, 1H), 2.30–2.20 (m, 1H), 2.00–1.85 (m,
1H), 1.29 (t, J=7.1 Hz, 3H), 0.70 ppm (t, J=7.5 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d=170.14, 169.61, 151.06, 135.39, 134.84, 133.72,
129.81, 128.86, 128.57, 127.99, 125.95, 97.42, 61.88, 50.46, 45.19, 29.18,
13.92, 7.86 ppm; IR (KBr film): n = 2975, 1752, 1723, 1493, 1331, 1200,
1145, 1009, 826 cm�1; HRMS (EI): m/z : calcd for: 418.0739, found
418.0737 [M]+ ; elemental analysis calcd (%) for C22H20O4Cl2: C 63.02, H
4.81, N 0.00; found: C 63.21, H 4.73, N <0.30; HPLC analysis: 89% ee
(99% ee after recrystallization), [Daicel CHIRALPAK AD-H column;
20 8C; 1.0 mLmin�1; solvent system: isopropanol/hexanes 10:90; tR =


9.5 min (minor), 11.5 min (major)].


Synthesis of cis-d-lactones 4-c (Scheme 2): The cycloaddition of ketenes
(1.5 mol) and enones (1.0 mol) was carried out as the procedure of syn-
thesis of trans-d-lactones with Cs2CO3 (33 mg, 0.1 mmol). After the full
conversion of enone, the reaction mixture was cooled to �78 8C, and
LDA (2.0m in THF, 1.0 mL) was added dropwise. After stirring for 8 h,
the reaction mixture was acidified by HCl (1.0m, aq) to pH 2.0 at �78 8C.
The solution was extracted with CH2Cl2, and the combined organic layer
was dried over Na2SO4, followed by concentration under reduced pres-
sure. The residue was purified by flash column chromatography to give
cis-d-lactones as the major product. Lactone 4h-c : white solid; Yield:
71%; Rf=0.35 (petroleum ether/EtOAc 9:1); m.p. 48–50 8C; [a]25D =


+255.1 (c=1.04, CHCl3);
1H NMR (300 MHz, CDCl3): d =7.53 (d, J=


8.7 Hz, 2H), 7.46 (d, J=8.9 Hz, 2H), 7.30–7.15 (m, 4H), 5.79 (d, J=


6.4 Hz, 1H), 3.90–3.80 (m, 4H), 2H), 3.56 (d, J=6.4 Hz, 1H), 2.20–2.00
(m, 2H), 0.95 (t, J=7.1 Hz, 3H), 0.72 ppm (t, J=7.5 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d=170.00, 167.44, 150.50, 135.83, 135.64, 133.39,
130.01, 129.40, 128.83, 128.30, 126.13, 96.96, 61.60, 50.44, 45.19, 29.77,
13.73, 8.64 ppm; IR (KBr film): n = 1771, 1731, 1492, 1187, 1093, cm�1;
HRMS (EI): m/z : calcd for C22H20O4Cl2: 418.0739, found 418.0742 [M]+ ;
HPLC analysis: 90% ee, [Daicel CHIRALPAK AD-H column; 20 8C;
1.0 mLmin�1; solvent system: isopropanol/hexanes 10:90; tR = 23.6 min
(minor), 29.7 min (major)].
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Synthesis and Characterization of Amidinate–Iron(I) Complexes: Analogies
with b-Diketiminate Chemistry
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Andreas Stasch[a]


Over the past five years sterically hindered examples of b-
diketiminates (e.g., Nacnac�, that is, [{ArNC(Me)}2CH]�


Ar=2,6-diisopropylphenyl) have been enlisted for the prep-
aration of a variety of stable Group 5–12 first-row transi-
tion-metal(I) complexes, for example, 1.[1] These are gener-


ally synthesized by the reduction of b-diketiminate metal
halide precursors with s-block metals. The high reactivity of
such metallacycles is lending them to an increasing array of
synthetic applications, which include uses as reagents for
small-molecule activation, reductive coupling, metal–imide
formation, and so forth.[1] Of most relevance to this study is
the work of Holland et al. , who have shown that b-diketimi-
nate–iron(I) fragments can activate dinitrogen to give com-
plexes (2) with partially reduced N�N bonds that are signifi-
cantly elongated with respect to that in gaseous N2.


[1d,2] Ac-
cordingly, complexes such as 2 have been suggested as


models for the likely FeNNFe intermediates in the binding
of N2 to iron sites (e.g., the iron–molybdenum cofactor) of
nitrogenase enzymes.[3] Such enzymes are of immense bio-
logical importance as they catalyze the reduction of dinitro-
gen to ammonium salts, which are used as building blocks in
numerous biosynthetic processes.


Recently we have utilized bulky amidinate and guanidi-
nate ligands ([(ArN)2CR]� R= tBu (Piso�), N ACHTUNGTRENNUNG(C6H11)2
(Giso�) or NiPr2 (Priso�)) for the stabilization of a variety
of Group 2,[4] 13,[5] 14,[6] and 15[7] metal(I) complexes, and
planar four-coordinate lanthanide(II) complexes.[8] Through-
out these investigations, the stabilizing and ligating proper-
ties of the bulky amidinates and guanidinates have been
shown to be strikingly similar to those of b-diketiminates.
As a result, we saw the potential to extend their coordina-
tion chemistry to the formation of first-row transition-
metal(I) complexes. This is of interest for a number of rea-
sons. Firstly, such compounds should show enhanced and/or
differing patterns of reactivity relative to their b-diketimi-
nate counterparts, as the greater angular extent of the cavity
between their N-aryl substituents should provide less steric
protection to the coordinated transition-metal center. Also,
despite the plethora of less bulky amidinate and guanidinate
first-row d-block complexes in the literature,[9] there are no
known examples of carbonyl-free metal(I) species incorpo-
rating N,N’-chelating ligands. Indeed, the only metal(I) com-
plexes are di- or polynuclear species with the amidinate or
guanidinate acting as a bridging ligand between copper[9,10]


or, in one case, nickel[11] centers. Here, we report the first
amidinate–iron(I) complex and discuss its reactivity towards
dinitrogen and carbon monoxide.


The amidinato–iron(II) bromide precursor complex 3 was
readily prepared in good yield by treating FeBr2 with one
equivalent of K ACHTUNGTRENNUNG[Piso] in THF.[12] An X-ray crystallographic
analysis (see Supporting Information) of the complex re-
vealed it to be a bromide-bridged dimer with iron centers
coordinated by delocalized Piso� ligands. The metal centers
have differing geometries that both lie between square
planar and tetrahedral. It is of note that the complex is ther-
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mally stable in the solid state and in solutions of non-coordi-
nating solvents. This differs from the closely related, but less
hindered, heteroleptic amidinate–iron(II) complex, [Fe-
ACHTUNGTRENNUNG{(ArN)2CPh}(Cl) ACHTUNGTRENNUNG(m-Cl)Li ACHTUNGTRENNUNG(THF)3],


[13] which readily redistrib-
utes in toluene at room temperature to give homoleptic [Fe-
ACHTUNGTRENNUNG{(ArN)2CPh}2].


The solution-state thermal stability of 3 allowed us to in-
vestigate its reduction with magnesium metal in toluene/
THF under an argon atmosphere. This afforded the mono-
meric iron(I) complex 4 in moderate yield after recrystalli-
zation from hexane (Scheme 1). Alternatively, when the re-


duction was carried out in toluene/THF or THF under an at-
mosphere of dinitrogen, the N2-bridged dimeric complex 5
was formed in good yield. Although the similarities between
1 and 4 are evident, it is interesting to note that 1 is formed
by the irreversible displacement of neutral N2 from 2 (R=


Me) upon its treatment with benzene.[1d] This occurs despite
the significant Fe�N multiple bond character implied by
marked reduction of the bridging N2 ligand of 2. Conversely,
treatment of solutions of 4 in toluene with N2 slowly led to
the displacement of its toluene ligand and the formation of
5, despite the fact that the degree of N2 reduction (and con-
comitant Fe�N multiple bond character) is much less pro-
nounced than for the b-diketiminate analogues (vide infra).
This displacement is irreversible, as evidenced by the fact
that 5 can be recrystallized intact from toluene under an
argon atmosphere. The differences in the reactivity of 2 and
5 towards arene solvents most likely result from the ability
of the Piso� ligand to vary its coordination mode between
N,N’ and N,arene chelating. In the case of 5, this presumably
leads to its FeI centers being more electronically satisfied
than those of 2. There are, however, parallels between the
reactivities of 2 and 5, in that their treatment with CO leads
to the structurally similar square-based pyramidal com-


plexes, [FeI
ACHTUNGTRENNUNG(Nacnac)(CO)3]


[1d] and [FeI
ACHTUNGTRENNUNG(Piso)(CO)3] (6), re-


spectively, through displacement of the N2 ligand. In addi-
tion, the toluene ligand of 4 is readily displaced by CO to
give 6.


It is of note that the bulky guanidinate ligands Giso� and
Priso� have comparable, if not enhanced, abilities to stabi-
lize low-oxidation metal systems, relative to the amidinate
(Piso�).[5–7] Accordingly, the guanidinato–iron(II) halides,
[{Fe ACHTUNGTRENNUNG(Giso)I}2] and [{Fe ACHTUNGTRENNUNG(Priso)Cl}2], were prepared and struc-
turally characterized (see Supporting Information). Their re-
ductions with either magnesium or potassium in toluene/
THF under atmospheres of either argon or dinitrogen, were
attempted. In all cases, however, only intractable mixtures
of products were obtained.


The X-ray crystal structures of 4–6 were determined and
the molecular structures of 4 and 5 are depicted in Figures 1
and 2.[14] That for 6 is included in the Supporting Informa-
tion. The structure of 4 is closely related to that of 1 in that


Scheme 1. Synthesis of compounds 4–6. Figure 1. Molecular structure of 4 (25% thermal ellipsoids; hydrogen
atoms omitted). Selected bond lengths (N) and angles (o): Fe1�N2
1.969(2), Fe1�N1 1.9724(18), N1�C1 1.339(3), N2�C1 1.344(3), Fe1�cent-
roid 1.564(3), N2-Fe1-N1 66.57(8), N1-C1-N2 107.4(2).


Figure 2. Molecular structure of 5 (25% thermal ellipsoids; hydrogen
atoms omitted). Selected bond lengths (N) and angles (o): Fe1�N3
1.834(3), Fe1�N2 1.945(3), N3�N3’ 1.124(6), N1�C1 1.307(5), N2�C1
1.373(5), N1�C6 1.407(5), Fe1�centroid 1.560(3), N3-Fe1-N2 100.30(14),
N3’-N3-Fe1 176.9(4), C1-N2-Fe1 114.4(2), N1-C1-N2 120.0(3), C1-N1-C6
111.4(3). Symmetry operation: �x, �y+1, �z+2.
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its delocalized amidinate ligand coordinates an iron(I)
center in an N,N’-chelating fashion. The distance from the
iron center to the centroid of the h6-coordinated toluene
ligand of 4 (1.564(3) N) is markedly shorter than the equiva-
lent distance in 1 (1.63 N).[1d,15] A reasonable explanation
for this observation derives from the smaller cone angle of
the Piso� ligand (vs. Nacnac�), which leads to a less steric
interaction with the h6-arene ligand. In addition, toluene
might be expected to be a better donor towards FeI than the
less electron-rich benzene ligand in 1.


There are significant differences between the structures of
4 and 5. Most notably, the Piso� ligands in the latter act as
localized iminoamides that chelate the iron(I) centers in an
N,arene fashion. A similar coordination mode has been seen
for this ligand in its monomeric indium(I) and thallium(I)
complexes.[16] Despite the differences in the structures, the
Fe�h6-arene centroid and Fe�N ACHTUNGTRENNUNG(amido) distances are similar
in both complexes. The coordinative flexibility of Piso�


leads to the iron centers of 5 having a higher coordination
number (CN=5) than they would if the ligand were acting
in an N,N’-chelating mode. In contrast, b-diketiminates
almost invariably act as N,N’-chelating ligands,[1] which in
the case of 2, results in three-coordinate iron centers. It has
been proposed that there is an inverse correlation between
the metal coordination number and degree of N2 ligand re-
duction (i.e., Fe!N(p*) back-bonding) in Fe(N2) complex-
es.[1d] In line with this proposal is the significant N2 reduction
observed for three-coordinate 2 (R=Me: N�N distance
1.18 N mean; R= tBu: N�N distance 1.182(5) N[1d,2]) and
the apparently minimal reduction of the N2 ligand of five-
coordinate 5 (N�N distance 1.124(6) N). These values can
be compared to those for the only other structurally charac-
terized dinuclear, b-diketiminate-free FeI complexes bearing
bridging N2 ligands, namely [{FeACHTUNGTRENNUNG[PhB ACHTUNGTRENNUNG(CH2PiPr2)3]}2 ACHTUNGTRENNUNG(m-N2)]


[17]


and [{Fe[N(SiMe2NtBu)(C2H4PiPr2)2]}2 ACHTUNGTRENNUNG(m-N2)],
[18] which are


four-coordinate and display intermediate degrees of N2 re-
duction (N�N distances of 1.138(6) and 1.166(3) N, respec-
tively).


The Raman spectrum of 5 exhibits a strong N�N stretch-
ing band centered at 2005 cm�1 (cf. n(N2)=2331 cm�1),
which is consistent with the proposed minimal N2 activation
in that complex (cf. other five-coordinate Fe(N2) complexes
in the literature[1d]). In comparison, the stretching bands of
the low-coordinate, N2-activated complexes 2 appear at sig-
nificantly lower frequencies (R=Me: 1810 cm�1; R= tBu:
1778 cm�1 [1d,2]). Little useful information could be obtained
from the NMR spectra of the paramagnetic complexes 4
and 5, though the solution magnetic moment (Evans
method) of each complex was determined. The value mea-
sured for 4 (2.3 mB) is similar to that for 1 (2.5 mB),


[2] and
both are indicative of low-spin FeI systems (S=1/2 ground
state). The value obtained for 5 (2.6 mB per dimer) suggests
the compound possesses two low-spin (S=1/2) iron(I) cen-
ters, though the nature of any interaction between these
centers is yet to be determined.[19] In contrast, the low-coor-
dinate iron complexes 2 have much higher solution magnetic
moments (R=Me: 7.9 mB; R= tBu: 8.4 mB


[1d,2]). These have


been assigned as arising from the ferromagnetic coupling of
two high-spin FeI centers (each S=3/2) leading to an S=3
ground state.[2] An alternative assignment also proposes an
S=3 ground state, but resulting from strong antiferromag-
netic coupling of two high-spin FeII centers (SA=SB=2;
SAB=4) with a bridging triplet N2


2� (SC=1) ligand.[20]


In summary, the first amidinate–iron(I) complexes have
been prepared. These can exhibit close structural similarities
to related b-diketiminate complexes, but also significant dif-
ferences due to the greater coordinative flexibility of the
amidinate ligand. Given the emerging synthetic importance
of b-diketiminate complexes of first-row transition-metals,
the development of related, highly reactive species incorpo-
rating bulky, but coordinatively flexible, amidinate or guani-
dinate ligands is a current priority in our group. Further re-
sults from this study will appear in forthcoming reports.
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Efficient Assembly of Allenes, 1,3-Dienes, and 4H-Pyrans by Catalytic
Regioselective Nucleophilic Addition to Electron-Deficient 1,3-Conjugated
Enynes


Xiuzhao Yu, Hongjun Ren, Yuanjing Xiao, and Junliang Zhang*[a]


Catalytic nucleophilic addition[1] to electron-deficient ole-
fins is an example of one of the cornerstones in modern syn-
thetic organic chemistry, since the atom economy[2] of such
addition reactions can be 100%. In this context, acroleins,
acrylates, acrylnitriles, vinyl ketones, and a-nitroalkenes
have been well studied as electrophiles for the 1,4-addition
of nucleophiles in past years. Despite this, it is necessary to
develop some readily available substrates as novel electro-
philes for the modern synthetic community. Very recently,
our group[4] and others[3] have found that 2-(1-alkynyl)-2-
alken-1-ones can react with nucleophiles catalyzed by transi-
tion-metals or mediated by electrophiles to give polysubsti-
tuted furans. A cyclopropanation reaction of 2-(1-alkynyl)-2-
alken-1-ones with dimethylsulfoxonium methylide for the
synthesis of 1-alkynylcyclopropyl ketones, which can react
with nucleophiles to afford highly substituted furans under
gold-complex catalysis, was also developed.[5] We hypothe-
sized that, in these transformations, 2-(1-alkynyl)-2-alken-1-
ones might act as electrophiles in the reaction pathway.
Thus, we became interested in the nucleophilic addition of
various nucleophiles to electron-deficient 1,3-conjugated
enynes. On comparison with simple electron-deficient ole-
fins, there is an obvious new regioselectivity issue in this
transformation of electron-deficient 1,3-enynes, that is,
whether or not the reaction occurs by 1,4-addition, 4,5’-addi-
tion, or 4’,5’-addition leading to functionalized alkynes, 1,2-
allenes, or 1,3-dienes, respectively (Scheme 1; EWG=elec-
tron-withdrawing group). Herein, we wish to report our
recent results on the simple base-catalyzed highly regiose-
lective nucleophilic addition to electron-deficient 1,3-conju-


gated enynes leading to highly functionalized 1,2-allenes,[6]


1,3-dienes,[7] and 4H-pyrans,[8] respectively. The regioselec-
tivity is controllable by a subtle choice of nucleophile.[9]


Initially, we tested the reaction of 1,3-conjugated enyne
(1a) with carbon-centered nucleophile dimethyl malonate
(2a) in the presence of different catalysts (Table 1). After
some attempts, we were pleased to find that the reaction of
1a with 2a (2.0 equiv) in THF at 0 8C for 4 h in the presence
of 10 mol% of KOH exclusively afforded 1,2-allene 3aa as
two diastereoisomers in 91% total isolated yield by a 4,5’-
addition reaction. No transition metal or Lewis acid are
needed in the reaction (Table 1, entry 5) and no alkyne or
1,3-diene were formed, as detected by 1H NMR spectroscop-
ic analysis of the crude product. Other bases, such as
Na2CO3 and K2CO3, did not catalyze this transformation in
THF at 0 8C, but they worked well in DMF at RT (Table 1,
entries 7–10). We also tested organic bases, such as Et3N
and DBU (Table 1, entries 1–2). The reaction proceeded
smoothly in DMF when DBU was used as the catalyst
(Table, entry 2). In contrast, no reaction occurred in the
presence of Et3N (Table 1, entry 1).


[a] X. Yu, Dr. H. Ren, Dr. Y. Xiao, Prof. Dr. J. Zhang
Shanghai Key Laboratory of Green Chemistry and
Chemical Processes Department of Chemistry
East China Normal University
3663 N. Zhangshan Road, Shanghai 200062 (P. R. China)
Fax: (+86)21-6223-5039
E-mail : jlzhang@chem.ecnu.edu.cn


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801004.


Scheme 1. a) Nucleophilic addition to simple electron-deficient alkenes.
b) Regioselective nucleophilic addition to electron-deficient 1,3-conjugat-
ed enyne 1.
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To determine the scope of this transformation, various
electron-deficient 1,3-conjugated enynes 1 were studied and
the results are summarized in Table 2. The reaction of 2-ary-
lidene 3-alkynoates 1b–d with dimethyl malonate 2a afford-
ed highly substituted functionalized 1,2-allenoates 3ba–3da
in high yields (Table 2, entries 1–3). Functionalized 1,2-allen-
yl ketones 3ea–3 ia could be produced in moderate to excel-
lent yields (Table 2, entries 4–8). When R1 is alkyl group in
the substrate, the reaction takes longer and could not com-
plete after 24 h giving a 55% yield of 3ga and 20% of re-
covered starting material (Table 2, entry 6). The reaction of
enyne 1e with dimethyl malonate 2a provided further evi-
dence for the structure and relative stereochemistry, since
we established the structure and relative stereochemistry of
3ea by single-crystal X-ray diffraction analysis of one of its
stereoisomers (Figure 1a).[10] Dibenzyl and diethyl malonates
can also be employed as nucle-
ophiles to afford the corre-
sponding functionalized 1,2-al-
lenes in excellent yields with
high regioselectivity (Table 2,
entries 9–10). The reactions of
dimethyl malonate 2a with 1,3-
enyne (Z)-1 j and its stereoiso-
mer (E)-1 j gave the same prod-
uct with the same diastereose-
lectivity; this indicates that they
have the same reaction inter-
mediary (Scheme 2).


Furthermore, it is surprising
but also interesting to observe a
totally different addition mode
when 4-methylthiophenol 2d
was used as the nucleophile in-
stead of dimethyl malonate 2a.
The reaction of 4-methylthio-


phenol 2d with 1a proceeds very well at RT in THF under
similar conditions to afford a highly regioselective and ste-
reospecific 4’,5’-addition product, 1,3-diene 4ad, in 99%
yield. No 1,2-allene and alkyne-type products were formed,
as detected by 1H NMR spectroscopic analysis of the crude
products [Eq. (1)]. The high stereoselectivity is quite surpris-
ing because 1a contains two different stereoisomers based
on the double bond; this indicates that the double bond of
the enyne 1a should be involved in the reaction pathway.
Similar to the case of nucleophilic addition of dimethyl mal-
onate 2a, the reactions of (Z)-1 j and its stereoisomer (E)-1 j
with 2d give the same product, (3Z,4E)-4 jd, which further


Table 1. Screening reaction conditions for the addition of malonate 2a to
electron-deficient conjugated enyne 1a.[a]


Entry Base Solvent T [8C] t [h] d.r.[b] Total yield [%]


1 Et3N DMF RT 12 – 0
2 DBU[c] DMF RT 2 1.7:1.0 86
3 DBU THF RT 52 1.5:1.0 31
4 KOH THF RT 2 1.6:1.0 88
5[d] KOH THF 0 4 1.7:1.0 91
6 KOH DMF 0 3 1.9:1.0 77
7 Na2CO3 THF 0 12 – 0
8 Na2CO3 DMF RT 50 1.6:1.0 83
9 K2CO3 THF 0 12 – 0
10 K2CO3 DMF RT 2 1.7:1.0 85


[a] The reaction was carried out by using 1a (0.5 mmol) and 2a
(1.0 mmol) in solvent (2 mL). The yield is the isolated yield. [b] d.r.=dia-
stereoisomer ratio. [c] DBU=1,8-diazabicycloACHTUNGTRENNUNG[5.4.0]undecen-7-ene.
[d] Even 1 mol% of KOH worked well on a 15 mmol scale.


Table 2. 4,5’-Addition of malonates to various electron-deficient 1,3-con-
jugated enynes 1 lead to highly functionalized 1,2-allenes 3.[a]


Entry Enyne 1 Total yield of 3 ([%], d.r.)
R1/R2/EWG


1 Ph/4-MeOPh/CO2Me (1b) 3ba (84, 1.1:1.0)
2 4-MeOph/Ph/CO2Me (1c) 3ca (93, 1.4:1.0)
3 1-naphthyl/Ph/CO2Me (1d) 3da (87, 1.8:1.0)
4[b] Ph/Ph/COMe (1e) 3ea (96, 1.2:1.0)
5[b] Ph/4-MeOPh/COMe (1 f) 3 fa (91, 1.3:1.0)
6[c] n-C4H9/Ph/COMe (1g) 3ga (55, 1.1:1.0)
7 4-MeOPh/4-MeOPh/COMe (1h) 3ha (95, 15:1.0)
8[b] 1-naphthyl/Ph/COMe (1 i) 3 ia (83, 1.7:1.0)
9[d] 1a 3ab (93, 1.5:1.0)
10[e] 1a 3ac (92, 1.4:1.0)


[a] All reactions were carried out with enyne 1 (0.5 mmol), dimethyl mal-
onate 2a (1.0 mmol), and KOH (10 mol%) in THF at 0 8C for 2–12 h,
unless otherwise specified. [b] Two diastereoisomers can be separated
easily by flash column chromatography. [c] 20% of 1g is recovered after
24 h. [d] Diethyl malonate 2b (1.0 mmol) was used instead of 2a. [e] Di-
benzyl malonate 2c (1.0 mmol) was used instead of 2a. [f] The designa-
tion 3ba for the product indicates that the reactants used were 1b and
2a, respectively.


Figure 1. X-ray crystal structures and line drawings of 1,2-allene 3ed (a) and 1, 3-diene 4ed (b).
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confirms that the double bond of the enyne is involved in
the reaction pathway (Scheme 3).


Various 1,3-enynes 1 and heteroatom nucleophiles 2d–g
were then studied and typical results are listed in Table 3.
Points to note: 1) not only arylenethiols, such as 4-methyl-
thiophenol 2d and 2-naphthalenethiol 2e, but also benzyl
mercaptan 2 f can act as S nucleophiles to give highly func-
tionalized tetrasubstituted 1,3-dienes 4bd–af with high re-
gioselectivity and stereoselectivity in good to excellent
yields (Table 3, entries 1–8); 2) initial results showed that
pyrrolidine 2g can act as a N nucleophile reacting with
enyne 1a to afford the corresponding substituted 3-pyrroli-
dinyl 1,3-diene 4ag in 77% yield (Table 3, entry 11); and
3) the structure and relative stereochemistry of the products
was established by single-crystal X-ray diffraction analysis
of (3Z,4E)-4ed (Figure 1b).[11]


Some initial results showed that b-keto compounds can
also react as nucleophiles with electron-deficient 1,3-conju-
gated enynes to give a very interesting heterocyclic com-
pound, 4H-pyran, with potential bioactivity[8] by a formal
[3+3] cycloaddition (cascade[12] intermolecular/intramolecu-
lar nucleophilic addition; Scheme 4). Although K2CO3 can
catalyze this transformation in THF, DBU gives better re-
sults.


A plausible mechanism for this simple base-catalyzed
highly regioselective nucleophilic addition to electron-defi-


cient 1,3-enynes is proposed in Scheme 5. The addition of a
nucleophilic anion, generated by the deprotonation of the
nucleophile in the presence of base, to electron-deficient
enyne 1 afforded intermediate 1,2-allenic/propargylic anion


Scheme 2. Reactions of 2a with (Z)-1 j and its stereoisomer (E)-1 j lead
to the same product, 3 ja. Conditions: KOH (10 mol%), THF, 0 8C, 2 h.


Scheme 3. Reactions of 2d with (Z)-1j and its stereoisomer (E)-1 j lead
to the same product (2Z,3E)-4 jd. Conditions: K2CO3 (10 mol%), THF,
RT, 1 h.


Table 3. Regioselective and stereoselective synthesis of highly substituted
functionalized 1,3-dienes.[a–c]


Entry Enyne 1 NuH 2 Yield of 4 [%]
R1/R2/EWG


1 Ph/4-MeOPh/CO2Me (1b) 2d 4bd (99)
2 4-MeOph/Ph/CO2Me (1c) 2d 4cd (82)
3 1-naphthyl/Ph/CO2Me (1d) 2d 4dd (87)
4[b] Ph/Ph/COMe (1e) 2d 4ed (94)
5[b] Ph/4-MeOPh/COMe (1 f) 2d 4 fd (92)
6[c] n-C4H9/Ph/COMe (1g) 2d 4gd (80)
7 4-MeOPh/4-MeOPh/COMe (1h) 2d 4hd (96)
8[b] 1-naphthyl/Ph/COMe (1 i) 2d 4 id (88)
9[d] 1a 2e 4ae (93)
10[e] 1a 2 f 4af (84)
11 1a 2g 4ag (77)


[a] All reactions were carried out with enyne 1 (0.5 mmol), 2d/2e/2 f/2g
(0.75 mmol), and K2CO3 (10 mol%) in THF at RT for 0.5–2 h. [b] Yields
are isolated yields. [c] The stereoselectivity is more than 95% if the ste-
reoselectivity issue exists.


Scheme 4. DBU-catalyzed formal [3+3] cycloaddition of b-keto com-
pounds with 1a.


Scheme 5. Plausible mechanism for the simple base-catalyzed highly re-
gioselective nucleophilic addition to electron-deficient 1,3-enynes.
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6/7, which can then undergo subsequent protonation (proton
from the nucleophile) to give 1,2-allene 3 or alkyne 8. The
alkyne 8, if formed, can then undergo a quick rearrange-
ment to give 1,2-allene 3 under the basic conditions.[13] 1,3-
Diene 4 was produced by a tandem stereospecific nucleo-
philic addition to electron-deficient 1,2-allene[14] from the
less bulky side and subsequent b-heteroatom elimination
when heteroatom nucleophiles, such as thiols and amines,
were used, since these heteroatom groups are also good
leaving groups. 4H-Pyrans were afforded by a cascade inter-
molecular/intramolecular nucleophilic addition under base
catalysis.


In summary, we have demonstrated that electron-deficient
1,3-conjugated enynes can serve as novel and readily avail-
able[15] electrophiles for the nucleophilic addition. The addi-
tion patterns depend on the nucleophiles. 4,5’-Addition lead-
ing to functionalized 1,2-allenes was realized when carbon-
centered nucleophiles, such as malonates, were used, where-
as functionalized 1,3-dienes were formed by a 4’,5’-addition
mode if heteroatom nucleophiles were applied and 4H-
pyrans were afforded by a formal [3+3] cycloaddition. This
methodology provides an efficient, atom-economic, and
mild route to synthesize highly functionalized 1,2-allenes,
1,3-dienes, and 4H-pyrans, which are useful building blocks
in organic synthesis. Investigations by our group into the
synthetic applications, scope, and asymmetric catalysis of
these reactions are actively underway.


Experimental Section


Synthesis of 1,2-allene 3aa (Table 1, entry 5): Solid KOH (0.05 mmol,
3 mg) was added in one portion to a solution of dimethyl malonate (2a ;
1.0 mmol, 132 mg) and methyl 2-benzylidene-4-phenylbut-3-ynoate (1a ;
0.5 mmol, 131 mg) in THF (2 mL) at 0 8C. The reaction mixture was then
stirred until the enyne 1a had been consumed, as determined by TLC
analysis. H2O (5 mL) was added to quench the reaction and the mixture
was extracted by diethyl ether (3M10 mL). The combined organic layer
was dried over MgSO4. After filtration and concentration, the residue
was purified by column chromatography on silica gel (hexanes/ethyl ace-
tate 2:1) to give 3aa (d.r.=1.7:1.0) in 91% yield.


First fraction : Solid; 1H NMR (500 MHz, CDCl3): d=7.39–7.30 (m, 10H),
6.83 (d, J=1.0 Hz, 1H), 4.74 (dd, J=12.0, 1.0 Hz, 1H), 3.97 (d, J=


12.0 Hz, 1H), 3.71 (s, 3H), 3.40 (s, 3H), 3.39 ppm (s, 3H); 13C NMR
(125.8 MHz, CDCl3): d =165.50, 210.67, 167.70, 167.68, 138.70, 131.37,
128.80, 128.46, 128.38, 128.28, 127.70, 127.52, 106.78, 101.68, 55.60, 53.41,
52.36, 52.32, 44.29 ppm; MS (70 eV): m/z (%): 394 (1.98) [M]+ , 105 (100)
[C6H5CO]+ ; HRMS: m/z : calcd for C23H22O6: 394.1416; found: 394.1416.


Second fraction : Colorless oil; 1H NMR (500 MHz, CDCl3): d =6.78 (d,
J=2.0 Hz, 1H), 7.25–7.38 (m, 10H); 4.74 (dd, J=12.0, 2.0 Hz, 1H), 4.04
(d, J=12.0 Hz, 1H), 3.82 (s, 3H), 3.71 (s, 3H), 3.43 ppm (s, 3H);
13C NMR (125.8 MHz, CDCl3): d=210.81, 167.82, 167.46, 165.43, 138.77,
131.39, 128.82, 128.36, 128.33, 128.28, 127.50, 127.39, 106.66, 101.51, 55.66,
52.68, 52.31, 52.24, 44.23 ppm; MS (70 eV): m/z (%): 394 (2.09) [M]+ ,
105 (100) [C6H5CO]+ ; HRMS m/z : calcd for C23H22O6: 394.1416; found:
394.1416.


Synthesis of 1,3-diene (2Z,3E)-4ad [Eq. (1)]: Solid K2CO3 (0.05 mmol,
6.9 mg) was added to a solution of 4-methylthiophenol 2d (0.75 mmol,
93.1 mg) and 1a (0.5 mmol, 131.0 mg) in THF (2 mL) at RT. The reaction
mixture was then stirred until the enyne 1a had been consumed, as deter-
mined by TLC analysis. After the routine workup, the crude product was
purified by column chromatography on silica gel to give (2Z,3E)-4ad


(190.5 mg) in 99% yield. 1H NMR (500 MHz, CDCl3): d =7.79 (s, 1H),
7.71–7.69 (m, 2H); 7.39–7.37 (m, 5H), 7.31 (d, J=7.5 Hz, 2H), 7.24 (t,
J=7.5 Hz, 2H), 7.18 (d, J=7.5 Hz, 1H), 7.12 (d, J=7.5 Hz, 2H), 6.69 (s,
1H), 3.72 (s, 3H), 2.37 ppm (s, 3H); 13C NMR (125.8 MHz, CDCl3): d=


166.81, 142.51, 139.09, 136.55, 135.45, 134.29, 133.92, 130.48, 129.94,
129.74, 129.26, 128.43, 128.38, 128.31, 127.79, 127.72, 127.16, 52.37,
21.27 ppm; MS (70 eV): m/z (%): 386 (100) [M+]; HRMS: m/z : calcd for
C25H22O2S: 386.1341; found: 386.1343.


Synthesis of 4H-pyran 5a : A solution of acetylactone (60 mg,
0.60 mmol), methyl 2-benzylidene-4-phenylbut-3-ynoate 1a (131.0 mg,
0.50 mmol), and DBU (7.6 mg, 0.05 mmol) in DMF (2 mL) was stirred at
100 8C. After stirring for 12 h, the reaction was complete, as determined
by TLC analysis. After cooling down to RT, H2O (10 mL) was added and
the mixture was extracted by diethyl ether (3M15 mL). The combined or-
ganic layers were washed with saturated brine solution and dried over
MgSO4. After filtration and evaporation, the residue was purified by
column chromatography on silica gel (hexanes/ethyl ether 3:1) to afford
164.3 mg (91%) of 5a. 1H NMR (500 MHz, CDCl3): d=7.30–7.18 (m,
10H), 4.83 (s, 1H), 4.19 (d, J=14.0 Hz, 1H), 4.01 (d, J=14.0 Hz, 1H),
3.72 (s, 3H), 2.27 (s, 3H), 2.15 ppm (s, 3H); 13C NMR (125.8 MHz,
CDCl3): d = 198.52, 166.71, 159.18, 157.19, 144.39, 136.95, 128.65, 128.45,
128.42, 128.38, 128.13, 126.93, 126.58, 115.82, 109.26, 51.52, 39.09, 37.15,
29.84, 18.90 ppm; MS (EI): m/z (%): 362 (89.76) [M]+ , 285 (100);
HRMS: m/z : calcd for C23H22O4: 362.1518; found: 362.1518.
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Introduction


The rational design of highly efficient and specific functional
materials is now a main area of research, as the so-called
top-down approach is reaching its limits of miniaturisation.[1]


The bottom-up approach represents an exciting alternative,
based on the idea that the miniaturisation limit of an elec-
tronic function is the molecule. Spin-crossover (SCO) sys-
tems fall in this category, and could work as molecular
switches or memory storage devices.[2,3] These materials,
mostly coordination complexes of d4 to d7 transition metal
ions and especially FeII, are able to undergo a low spin (LS)
to high spin (HS) transition by means of an external stimu-
lus.[4] This entropy driven phenomenon[5] is sometimes ac-
companied by a thermochromic effect, which makes these
systems valuable for optical-storage devices.
The spin-transition phenomenon is strictly molecular, but


its characteristics are dependent on the overall crystal lat-
tice. The narrow range of ligand field strength for which a
spin transition may be observed makes these systems sensi-
tive, not only to the first coordination sphere, but also to the
second coordination sphere. Entities such as counterions or


lattice-solvent molecules may have a drastic effect on the
spin-transition properties of the material.[4] Bis(tetrazole)-
based coordination polymers of FeII belong to this family of
compounds showing spin-transition properties.[6] Gradual to
steep temperature-dependent magnetic responses have been
reported with bis(tetrazole) compounds.[7] The variation of
the size of the spacer linking the two tetrazole rings has re-
sulted in compounds with different dimensionality.[8–10] The
size, conformation and flexibility of the spacer all seem to
have an important effect on the magnetic behaviour of the
resulting materials.[11] Weinberger and co-workers recently
published a study on the relationship between the size of
the alkyl spacer and the T1/2 (temperature at which half of
the metal centres are in LS states, the other half being in
the HS state) and the optical properties of the complexes.[12]


An effect of the length of the spacer on the thermomagnetic
and magneto-optical properties is expected, but a correla-
tion with the parity (number of carbons) of the spacer has
also been established. Further systematic studies are neces-
sary to better understand the role played by each chemical
piece constituting the metal–organic network.
In this respect, no study has yet been undertaken to try to


understand the influence of the counterion on the spin-tran-
sition behaviour within a family of bis(tetrazole) ligands.
This lack is mainly due to synthetic problems that arise
when preparing coordination compounds from these ligands
with different FeII salts. The role of the counterion is to tem-
plate the crystallisation process. Most importantly, the size
of the counterion has an effect on the quality of the crystal-
lisation.[12] In addition, the exchange of counterions very
often results in an annihilation of the SCO properties, re-
sulting from slight structural variations able to modify the
ligand-field strength or form a complete different structure.
Consequently, its influence on the spin transition is very dif-
ficult to investigate. So far, the only report mentioning the
preparation of FeII spin-transition compounds with two dif-
ferent counterions involves the ligand btzb (btzb=1,4-bis-
ACHTUNGTRENNUNG(tetrazole-1-yl)butane).[8,13] [Fe ACHTUNGTRENNUNG(btzb)3]ACHTUNGTRENNUNG[PF6]2 shows a two-
step steep transition, while the perchlorate derivative shows
a steep, incomplete transition,[13] or a gradual one-step tran-
sition,[12] suggesting two different phases.


Abstract: The influence of the counter-
anion on the structure and the spin-
transition properties of original 1D
bis(tetrazole) FeII systems, namely
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The compounds herein described are based on the btzx
ligand, which bears two tetrazoles rings bridged by a spacer,
namely m-xylene. So far such a rigid spacer has not been
used, as all previously reported bis(tetrazole) ligands are
based on aliphatic-chain linkers. The synthesis, characterisa-
tion and magnetic properties of a new series of compounds
containing the cation [FeACHTUNGTRENNUNG(btzx)3]


2+ (btzx=m-xylylenebis-
ACHTUNGTRENNUNG(tetrazole)) and various anions, that is, PF6


� (1), CF3SO3
�


(2), and ClO4
� (3) are reported below. The crystal structures


of PF6
� and CF3SO3


� derivatives are described in detail. We
show that the use of a rigid linker maintains the overall
structure when changing counterion, while it allows detailed
discussion of the influence of the counterion on the structur-
al, magnetic and photomagnetic properties.


Results


Crystal structure descriptions


[FeACHTUNGTRENNUNG(btzx)3]ACHTUNGTRENNUNG[PF6]2·MeOH (1): The space group for compound
1 at 200 and 100 K is P63/m (Table 1). Its structure is
formed of coordination chains separated by PF6


� ions that


are not disordered, while a methanol molecule is crystallo-
graphically disordered between two positions (Figure 1),
within cages along the chains. This disorder of the solvent
molecule is observed at both temperatures. The FeII metal
ion is surrounded by six crystallographically related tetra-
zole rings that coordinate through the ND atom, forming an
almost perfect octahedral environment (see Table 2). [ND


stands for nitrogen “donor atom”, and represents the atom
coordinated to the metal ion.] At 200 K, all Fe�ND distances
amount to 2.160(4) P, in the expected range for an FeII HS
centre (Table 2).[4] This bond length is close to those ob-
served in previously reported bis(tetrazole)-based com-
pounds,[8,14, 15] and slightly shorter than Fe�ND bonds found
for mononuclear tetrazole-based compounds.[16] At 100 K,


the Fe�ND distance is 2.001(3) P, which corresponds to a
7% decrease of the bond length upon the transition. The co-
ordination sphere for the HS centres is characterised by a
slightly distorted octahedron (set of angles N4-Fe1-N4;
90.48 and 89.528), while the LS iron(II) centres exhibit a
nearly regular octahedral geometry (set of angles N4-Fe1-
N4; 90.13 and 89.878). The distortion parameter, S, for com-
pound 1 is one of the smallest octahedral distortions in


both, the HS and the LS states,
for any previously reported
bis(tetrazole) Fe-based spin-
transition (ST) compounds.[17]


[S symbolises the sum of the
deviations from 908 of the 12
cis N-Fe-N angles.]
The bent conformation of the


ligands results in the formation
of a 1D polymer, extending
along the c axis. The FeII cen-
tres are bridged by three li-
gands that adopt the same con-
formation, forming cages in
which the disordered methanol
molecules (no interactions) are
trapped (Figure 1). The Fe···Fe
separation along the polymer
chains at 200 K is 11.397 P, and
is 11.205 P at 100 K, while the


interpolymeric Fe···Fe distance is 10.679 and 10.543 P at
these respective temperatures. The most important structur-
al changes caused by the spin transition are found along the
c axis (see Table 1). Surprisingly, there is no significant
modification of the structural arrangement of the ligand.
As for other bis(tetrazole)-based 1D polymers,[10,18] the


particular packing of the chains generates hollow spaces in
which the counterions are located (see Figure 2). Each poly-
mer chain is separated from its six neighbours by six PF6


�


ions (see Figure 2). Each PF6
� ion is shared by three poly-


mers, resulting in the expected Fe/PF6
� ratio of 1:2. The dis-


tance separating the counterions from the metal centres is
5.166 P for the HS state, and decreases by 0.068 P upon
switching to the LS state (see Table 4, below). All the


Table 1. Crystallographic data for complexes 1 and 2.


[Fe ACHTUNGTRENNUNG(btzx)3] ACHTUNGTRENNUNG[PF6]2·CH3OH
(1)


[Fe ACHTUNGTRENNUNG(btzx)3] ACHTUNGTRENNUNG[CF3SO3]2·CH3CN (2)


T [K] 200 100 320 170 100


formula C31H34F12FeN24OP2 C34H30F6FeN25O6S2 C102H99F18Fe3N75O18S6 C102H99F18Fe3N75O18S6
Mr [gmol


�1] 1104.61 1104.61 1118.80 3365.53 3365.53
crystal system hexagonal hexagonal hexagonal trigonal trigonal
space group P63/m P63/m P63/m P3̄ P3̄
a [P] 10.679(2) 10.543(2) 10.9539(18) 18.6954(10) 18.5942(12)
b [P] 10.679(2) 10.543(2) 10.9539(18) 18.6954(10) 18.5942(12)
c [P] 22.793(6) 22.409(6) 23.227(4) 23.293(2) 23.1106(15)
a [8] 90 90 90 90 90
b [8] 90 90 90 90 90
g [8]8 120 120 120 120 120
V [P3] 2251.1(8) 2157.2(8) 2413.5(8) 7050.6(8) 6919.9(8)
Z 2 2 2 2
1calcd [gcm


�3] 1.6297(6) 1.7006(6) 1.5853(2) 1.6152(2) –
crystal shape hexagon hexagon


Figure 1. View of the X-ray crystal structure along the b axis, showing the
polymeric nature of compound 1. The disordered methanol molecules
are represented in the space-filling mode.
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anions are lying in the plane formed by the FeII centres, and
each of them interacts through anion–p contacts with three


different chains (Figure 2). No solvent molecules are present
between the polymeric chains in the crystal lattice. Howev-
er, solvent molecules are trapped inside the cages formed by
three ditopic ligands (see Figure 1). No intermolecular inter-
actions between the polymer chains are observed. The solid-
state structure is most likely imposed by the coordination of
the ligands to the metal ions.


[FeACHTUNGTRENNUNG(btzx)3]ACHTUNGTRENNUNG[CF3SO3]2·CH3CN (2): At 320 K compound 2
crystallises in the same space group as the hexafluoridophos-
phate derivative 1, namely the P63/m hexagonal space
group. The structure is very similar to that of compound 1.
The Fe�ND distance is 2.163 P (Table 3), which suggests an


FeII high-spin centre at this temperature. The coordination
sphere is close to octahedral (S=0.68) with N-Fe-N angles
of 90.058 and 89.958 (see Table S1 in the Supporting Infor-
mation). The triflate anions are not disordered, while the
only solvent molecules present in the crystal lattice have
two different spatial orientations inside the benzene cages
(Figure 2). The solvent-to-metal distance is 4.095 P, which is
around 0.5 P shorter than the corresponding length ob-
served for compound 1. This short distance is most likely
due to the longer length of the acetonitrile molecule (com-
pare to methanol), which is confined inside the host cavity,
therefore forcing closer interactions with the metal ion. The
bent conformation of the ligand creates the same 1D poly-
meric structure extended along the c axis. The Fe···Fe intra-
polymeric distance is 11.613 P, thus 0.216 P longer than the
one observed for compound 1. The interpolymeric distance
is 10.954 P, which is also somewhat longer than the one in
compound 1. In both cases, the planes of the benzene rings
form an angle of 608 and the distance of the solvent mole-
cules to these planes is comparable. The distance that sepa-
rates the anion from the metal centre is 5.287 P (see
Table 4), slightly longer than the corresponding one in com-
pound 1. To define the spatial arrangement of the anion in
the crystal structure, the angle of the C�S axis with respect
to the c axis (axis along which the polymer extends) is used.
In the present case, the C�S axis is parallel to the c axis.
As the temperature is lowered, the compound undergoes


a structural phase transition to the less symmetric P3̄ space
group. At 170 K, at which the transition of [FeACHTUNGTRENNUNG(btzx)3]-
ACHTUNGTRENNUNG[CF3SO3]2·CH3CN (2) is finished, the compound now exhib-


Table 2. Selected interatomic distances [P] and angles [8] for compound
1 at 200 and 100 K. Symmetry operations: i=�y, x�y, z ; k=�x+y, �x,
z ; m=�x, �y, �z ; o=y, �x+y, �z ; q=x�y, x, �z.


200 K 100 K


Fe1�N4 (i, k, m, o, q) 2.160(4) 2.0011(29)
N4-Fe1-N4i 90.48(17) 90.13(11)
N4-Fe1-N4k 90.48(18) 90.13(11)
N4-Fe1-N4m 180.00 180.00
N4-Fe1-N4o 89.52(17) 89.87(11)
N4-Fe1-N4q 89.52(18) 89.87(11)
N4i-Fe1-N4k 90.5(2) 90.13(13)
N4i-Fe1-N4m 89.52(17) 89.87(11)
N4i-Fe1-N4o 180.0(3) 180.00(16)
N4i-Fe1-N4q 89.5(2) 89.87(13)
N4k-Fe1-N4m 89.52(18) 89.87(11)
N4k-Fe1-N4o 89.5(2) 89.87(13)
N4k-Fe1-N4q 180.0(3) 180.00(20)
N4m-Fe1-N4o 90.48(17) 90.13(11)
N4m-Fe1-N4q 90.48(18) 90.13(11)
N4o-Fe1-N4q 90.5(2) 90.13(13)


Figure 2. Top: Representation of the iron coordination sphere of com-
pound 1 showing the anion-p interactions (distance F1···centroid of the
tetrazole ring=3.137 P). Bottom: View of the X-ray crystal structure
along the c axis.


Table 3. Selected interatomic distances [P] and angles [8] for 2 at 320 K.
Symmetry operations: d=1�y, �1+x�y, z ; f=2�x+y, 1�x, z ; h=2�x,
�y, 1�z ; j=1+y, 1�x+y, 1�z ; l=x�y, �1+x, 1�z.
Fe1�N1 (d, f, h, j, l) 2.163(13) N1d-Fe1-N1j 180.0(8)
N1-Fe1-N1d 90.0(5) N1d-Fe1-N1L 90.1(6)
N1-Fe1-N1j 90.1(5) N1f- Fe1-N1h 90.1(5)
N1-Fe1-N1h 180.00 N1f -Fe1-N1j 90.1(6)
N1-Fe1-N1f 90.0(5) N1f -Fe1-N1L 180.0(9)
N1-Fe1-N1L 90.1(5) N1h-Fe1-N1j 90.0(5)
N1d-Fe1-N1f 90.0(6) N1h-Fe1-N1L 90.0(5)
N1d-Fe1-N1h 90.1(5) N1j-Fe1-N1L 90.0(6)
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its a more intricate structure. Nevertheless, a comparable
overall picture is maintained; the compound is still consti-
tuted of 1D polymeric chains that extend along the c axis.
The crystal turned out to be a merohedral twin, with a two-
fold rotation axis parallel to the c axis as the twin operation.
The compound crystallises in the P3̄ space group and, pos-
sesses two unique chains: 1) chain1 lies at a crystallographic
3 axis (symmetry C3) and contains the Fe1 and Fe2 centres
(Figure 3); 2) chain2 lies on a crystallographic �3 axis (sym-
metry S6) and contains the ions labelled as Fe3 and Fe4
(Figure 3). The twofold axis of the twin operation is parallel
to the 3 and �3 axes.


Chain1—Fe1 and Fe2 centres : Chain1 is formed by two
independent iron centres, namely Fe1 and Fe2, which are
both coordinated by six tetrazole rings and are alternatingly
connected by btzx ligands. At 170 K, the Fe�N bond lengths
for Fe1 are 2.208(4) (Fe1�N18) and 2.178(4) P (Fe1�N1),
and those for Fe2 are 2.192(4) (Fe2�N8) and 2.196(4) P
(Fe2�N11). These values are all in the range expected for
HS FeII centres (see Table S1 in the Supporting Informa-
tion).[4] At 100 K, the Fe�N distances for Fe2 amount to
2.061(3) (Fe2�N8) and 2.059 (3) P (Fe2�N11), correspond-
ing to a decrease of 6%. These distances are in the range
for LS FeII centres;[4] therefore, their shortening reflects the
HS!LS transition occurring in Fe2 (see below). In contrast,
Fe1 shows practically no variation of the Fe�N coordination
bond lengths at 100 K, indicating that this metal centre re-
mains HS throughout the entire temperature range. The dis-
tortion of the octahedral geometry can be estimated with
the parameter S. Both the Fe1 and the Fe2 ions are closer
to the ideal octahedron (S=08) at 100 K than at 170 K (see
Table 4). At 170 K, the octahedral coordination sphere is
significantly more distorted for Fe2, as compared to Fe1. At
lower temperatures, the distortion in both centres is compa-


rable. These S values contrast with those of the previous re-
lated 1D polymeric compound, that is, [FeACHTUNGTRENNUNG(btzx)3]-
ACHTUNGTRENNUNG[PF6]2·CH3OH (1), which shows S values closer to 0 (reflect-
ing a less important distortion) both in the HS and in the LS
states (see Table 4).
The metal centres are enclosed by six triflate counterions,


each shared by two other metal centres, thus resulting in the
expected triflate/Fe ratio of 2:1. The spatial arrangement of
these counterions differs depending on the metal centre. As
seen in Figure 3, two different types of arrangements for the
counterions around Fe1 are observed. Both types have their
CF3 group close to the metal ion, with Fe�F distances of
4.384 P (F21···Fe1) and 5.135 P (F23···Fe1). The torsion
angle formed by the C�S axis and the c axis is �22.908 and
142.078, which at low temperatures become �27.348 and
138.648 respectively. These torsion angles are far from 08,
the value observed for the structure determined at 320 K.
These counterions are alternating around the metal centre
(see Figure 3).
The counterions surrounding the Fe2 ions are organised


in a different way. As for Fe1, there are two different spatial
dispositions for the counterions around Fe2, which are alter-
natingly distributed. In this case, the two distinct types of tri-
flate ions are clearly differentiated, because one of them has
its CF3 group closer to the metal centre Fe2, while for the
other one, the �SO3 function is adjacent to Fe2. The corre-
sponding distances are 4.905 P for Fe2···O11SO3


, and 4.896 P
for Fe2···F13CF3 (Table 4). The torsion angles of their C�S
axis with respect to the polymeric axis are of 130.24 and
55.838, respectively. The former undergoes a negligible
change of orientation in the LS state, while the latter experi-
ences a change of about 28. When the temperature decreas-


Table 4. HS/LS anion-to-metal distances, anion–p separations, S (distor-
tion parameter reflecting the deformation of the octahedral coordination
environment) and cone angles for compound 1, and for the four inde-
pendent FeII centres of compound 2.


T [K] Anion–metal
distance [P]


Ttz–anion
interaction [P]


S [8] Cone
angle[b] [8]


compound 1
200 5.166, 5.146 3.137 5.82 85.67
100 5.098, 5.088 3.089 1.56 85.88
compound 2
320 5.287 3.111 0.6 85.29
170[a]


Fe1 HS 5.135, 4.384 2.998, 3.385 11.73 81.58/86.3
Fe2 HS 4.905, 4.896 2.968, 3.214 21.47 83.65/86.16
Fe3 HS 4.852 3.086 1.92 83.13
Fe4 HS 5.369 none 11.64 87.39


100[a]


Fe1 HS 5.063, 4.319 2.944, 3.32 10.89 81.55/86.23
Fe2 LS 4.867, 4.898 2.961 3.190 10.14 84.41/87.12
Fe3 HS 4.815 3.005 3.24 82.77
Fe4 LS 5.343 none 12.12 88.43


[a] Compound 2 has four crystallographically independent centres which
are shown separately. [b] The cone angle is the angle formed by the cent-
roids of two tetrazoles of the same side of the plane formed by the
iron(II) atoms.


Figure 3. View along the b axis of the two crystallographically independ-
ent chains, showing the orientation of the trapped solvent molecules in
a) Chain2 and b) Chain1 of compound 2. c) View of the different anion-
surroundings for each of the four independent FeII centres present in
compound 2, all depicted independently and viewed along the c axis.
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es, only the Fe1 centre experiences a significant variation of
the metal···counterion distances, with a shortening of the
F21···Fe1 and F23···Fe1 distances by more than 0.5 P. The
peculiar crystal packing of 1D bis(tetrazole)-based polymers
is responsible for this proximity of the counterion to the
metal centre.[17] These close contacts give rise to strong
anion–tetrazole interactions (Figure 4), observed for the


anions closest to Fe1 and Fe2 (Table 4). The deviation of the
anion–tetrazole (centroid) distance between the structure
measured at 170 K, and the one measured at 100 K is only
significant for the anion closest to Fe1.
The solvent molecules trapped in the cages formed by


three bridging btzx ligands present some differences with re-
spect to the structure solved at 320 K. Each cavity contains
one solvent molecule, and all these acetonitrile molecules
are orientated in the same direction (head-to-tail, namely
with the nitrogen atom alternatingly pointing to Fe1 and
Fe2 (see Figure 3). These acetonitrile molecules do show
weak solvent–p interactions with the coordinated tetrazole
rings, and are therefore not disordered in the cage, in con-
trast to the methanol molecules in 1. TGA analyses for both
compounds show that these solvent molecules are tightly


trapped in the cages, as they cannot be released before the
decomposition of the material.


Chain2—Fe3 and Fe4 centres : The chain2 is also consti-
tuted of two independent FeII centres, that is, Fe3 and Fe4,
which are alternately connected by three btzx ligands
(Figure 3). Similarly to chain1, the coordination sphere for
both Fe3 and Fe4 is formed by six tetrazoles rings, but all
tetrazoles are here crystallographically related. As a result,
chain2 has a higher symmetry than chain1. The metal-to-
ligand bond lengths for Fe3 (Fe3�N21) and Fe4 (Fe4�N28)
at 170 K are 2.178 (4) and 2.185(4) P, respectively (Table S1
in the Supporting Information). These bonds are slightly
shorter than those observed for chain1, but they are still
within the range for HS FeII systems.[4] At 100 K, the metal-
to-ligand bond lengths decrease (the values observed are
6.7% lower) for Fe4, indicating a HS!LS transition
(Table S1 in the Supporting Information).[4] As for the Fe1
ions found in chain1, the metal-to-ligand bond lengths re-
mains practically unchanged for Fe3 (Fe�Ntz=2.182 P), il-
lustrative of a HS centre. At 170 K, the octahedral distortion
for Fe4 is comparable to that observed for Fe1 and Fe2. Fe3
instead shows an almost perfect regular octahedral geometry
(see Table 4), close to that observed for both compounds 2
at 320 K and 1. Surprisingly, the low-temperature structure
(LS state) reveals slightly more distorted coordination
spheres for both Fe3 and Fe4, while more symmetric, or less
distorted coordination spheres are expected for LS com-
pared to the HS centres.
In chain2, six counterions “surround” each FeII centre,


and each anion is shared by two adjacent metal ions. The
counterions are regularly arranged around Fe3 and Fe4, in
contrast to the two different spatial arrangements observed
for Fe1 and Fe2 (see Figure 3). The torsion angles between
the C�S axis and the c axis for Fe3 are �64.66 and �115.358
and vary by 1.888 in the LS state. For Fe4 the torsion angles
are �156.09 and �23.918 in the HS state and are modified
by 1.48 at 100 K. The Fe3···F11CF3 distance is 4.852 P and the
Fe4···O23SO3


distance is 5.369 P. F11 also “interacts” with
Fe2, while the O23 atom also interacts with Fe1; according-
ly, the iron pairs Fe1/Fe4 and Fe2/Fe3 share the same coun-
terions (Figure 4). The distances do not vary significantly
with the temperature for both metal centres forming chain2.
This observation suggests that the variation noted for Fe1
(chain1) is due to a rearrangement of the spatial orientation
of the counterion (see torsion angles), and not to a displace-
ment. Anion–tetrazole interactions are only observed for
Fe3, with an anion···tetrazole (centroid) distance of 3.005 P
(Figure 4). Remarkably, Fe4 does not show this type of in-
teractions, which may be related to the solvent disposition
in the host cavities (see below).
As for chain1, chain2 also contains acetonitrile molecules


in its cages formed by the three bridging btzx ligands. How-
ever, the acetonitrile molecules are arranged here in a head-
to-head manner (see Figure 5). Consequently, they are
always pointing with their N41 atoms towards the Fe4 ions,
interacting with the coordinated tetrazoles by means of sol-
vent–p interactions. The N41-centroid distance is 3.275 P,


Figure 4. Top: Anion-p interactions occurring in chain1 and chain2 in
compound 2. All tetrazoles involved in anion-p interactions are marked
with their centroids. Bottom: View of the packing along the c axis for
compound 2.
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which is longer than those observed in the other chain. Fe4
possesses two acetonitrile molecules very close to the first
coordination sphere. The resulting increased electron densi-
ty at the metal centre may explain the lack of anion-p inter-
actions for Fe4.


Crystal packing : The crystal packing of [FeACHTUNGTRENNUNG(btzx)3]-
ACHTUNGTRENNUNG[CF3SO3]2·CH3CN (2) is similar to that previously observed
for other bis(tetrazole)-based 1D polymers.[17] In Figure 4
(bottom), a chain1/chain2 ratio of 2:1 is clearly evidenced.
Chain2 is surrounded by six chain1 units, and each chain1
is shared by three chain2 units. The asymmetry of the
chains and the spatial position of the counterions lead to a
less symmetrical crystal packing, by comparison with the
one of compound 1. The different tilting of the tetrazole
rings, and the disparate spatial arrangements of the counter-
ions are clearly visible in Figure 4 (bottom). The alignment
of the polymeric chains generates planes with the iron(II)
ions and the triflate counterions, which are separated by the
cages formed by the btzx ligands.
The solid-state structure of compound 2 at 100 K presents


an unusual crystal packing (Figure 5). As mentioned above,
only one of the two crystallographically independent FeII


centres of each chain undergoes the spin transition. This par-
ticular situation results in the first example of a 1D chain ex-
hibiting the unusual HS–LS pattern, typically observed for
dinuclear entities.[19] Polymeric spin-crossover materials,
such as the known [FeACHTUNGTRENNUNG(btrz)3]ACHTUNGTRENNUNG[ClO4]2 (btrz=bis ACHTUNGTRENNUNG(triazole)) or
{Fe ACHTUNGTRENNUNG(pmd)[Ag(CN)2]ACHTUNGTRENNUNG[Ag2(CN)3]}, do present the same type
of pattern.[20,21] In the present case, the ···HS–LS–HS··· alter-
nation observed in the chains does not produce full HS or
LS planes. In fact, the spin-transition (ST) centres of chain1
share the same plane (plane2) with the non-ST centres of
chain2, and vice versa (plane1). This arrangement in fact
produces the peculiar packing depicted in Figure 5. Thus in
plane1, each ST (Fe4) centre is surrounded by six non-ST


(Fe1) centres, whereas in plane2, the non-ST (Fe3) ion is
surrounded by six ST (Fe2) centres.


[FeACHTUNGTRENNUNG(btzx)3]ACHTUNGTRENNUNG[ClO4]2·CH3CN (3): The reaction conditions de-
scribed above were used to prepare [FeACHTUNGTRENNUNG(btzx)3]-
ACHTUNGTRENNUNG[ClO4]2·CH3CN (3). In contrast to the compounds 2 and 1,
suitable single crystals of compound 3 could not be ob-
tained, and thus the solid-state structure is not available.
The IR and Elemental analyses suggest that compound 3 is
structurally related to the previous two compounds. Consid-
ering that all the structural asymmetry observed for com-
pound 2 is due to the triflate anions, the structure of com-
pound 3 is expected to be comparable to that of compound
1. Unfortunately, no accurate structural information could
be obtained from X-ray powder diffraction analysis, due to
the poor crystallinity of the material. Nevertheless, the main
structural features observed for the previous compounds
most likely are also present in 3. Therefore, it is assumed
this compound is composed of 1D polymeric chains, which
presumably pack in a similar manner to compound 1.


Bulk magnetic properties and the LIESST effect : Magnetic
susceptibility measurements were performed on samples of
1–3, in the temperature range 6–300 K, under an applied
magnetic field of 1000 G (see Figure 6). Complex 1 shows a
gradual spin transition centred at T1/2=160 K. At room tem-
perature, the cmT value is 3.5 cm3molK�1. This value re-
mains constant until 210 K, at which the transition gradually
sets in, extending over more than 100 K. The cmT value then
remains constant at 0.5 cm3molK�1 and finally decreases at
very low temperatures, due to the zero-field splitting of re-
maining HS FeII centres. The residual high-spin fraction at
low temperatures would correspond to 14% (see Mçssbauer
section below) of the total amount of FeII atoms. Complex 2
shows a comparable behaviour. The transition is centred at
T1/2=110 K, with a lower completion compared to com-
pound 1. The cmT value at room temperature is about
3.5 cm3molK�1. At 146 K, cmT starts to gradually decrease


Figure 5. View of the HS–LS pattern observed for compound 2 at 100 K
(LS=dark grey, HS= light grey).


Figure 6. Plots of cmT versus T for compounds 1 (PF6, full circles), 2
(CF3SO3, empty circles) and 3 (ClO4, filled squares).
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until 80 K, at which a cmT value of 2.2 cm3molK�1 is
reached. In this case, the transition corresponds to 40% of
the iron(II) centres, thus indicating a 60% residual high-
spin fraction at low temperatures. For compound 3, the tran-
sition is centred at T1/2=90 K, involving only 20% of the
iron centres. At very low temperatures, cmT decreases as a
result of the zero-field splitting of the remaining HS FeII


ions. The completeness of the transitions for compound 3 is
dependent on both the cooling rate and the quality of the
sample (see Supporting Information). Indeed, the low tem-
perature at which it occurs gives a dominant role to kinetics,
which are slowed down, and to ZFS effects.
The magnetic behaviour of compounds 1 and 2 is in


agreement with their structural features. For compound 1,
the remnant HS fraction at low temperatures can be as-
signed to structural defects, like the extremities of the poly-
mers. In triazole-based compounds, the remnant HS fraction
at low temperatures is used to estimate the length of the
polymeric 1D chains.[22, 23] For instance, in compound 1, the
FeII centres at the end of the polymeric chains are most
likely coordinated by solvent molecules or non-bridging
btzx ligands. As these “end-centres” remain HS, and taking
into account that coordinated btzx ligands would create a fa-
vourable crystal field to produce ST FeII centres (like the
“in-chain” ST centres), it is therefore expected that metha-
nol molecules are completing the coordination spheres of
the terminal FeII ions (see Mçssbauer section below). For
compound 2, the incompleteness of the transition is also in
agreement with its structural features. As mentioned above,
in phase-II (P3̄ phase, typically below 290 K) only two out
of four crystallographically independent FeII centres present
undergo the spin transition, while the other two remain HS.
The transition temperature is 40 K lower than the one ob-
served for 1, but the slope of the curve remains practically
identical. Hence, the cooperativity seems not to be affected
by the change of counterion.
Compound 3 exhibits a very incomplete transition, ham-


pered by its low temperature of occurrence resulting in ki-
netics and ZFS to have dominant effects on the bulk mag-
netic properties. As mentioned earlier, this completeness is
to a certain extent dependent on the cooling rate[24] and on
the sample preparation (see Supporting Information).[25]


Samples which have been obtained by rapid precipitation
usually exhibit lower percentages of transition centres, while
more crystalline samples show slightly higher values (see
Figure S2 in the Supporting Information). The cooling rate
also influences this value, although its effect is smaller, com-
pared to the sample preparation (amorphous vs. crystalline).
Accordingly, if the temperature is kept at 120 K for about
22 h, only a negligible decrease of the cmT value is detected.
Hence, most of the incompleteness observed for compound
3 is independent of the sample preparation and/or the cool-
ing rate. The incompleteness is apparently caused by an in-
herent structural impossibility for the compound to achieve
a regular network in which all metallic centres are ST. A
structural change occurring during the transition may also
justify this incompleteness as seen for compound 2.


LIESST (light induced excited spin state trapping)[26]


measurements have been performed on compounds 1 and 2.
Compound 1 is not excited to the metastable HS state upon
irradiation at 530 nm at 10 K. In contrast, compound 2 can
be trapped at low temperatures in its HS metastable state.[26]


As shown in Figure 7, compound 2 not only shows LIESST,
but also exhibits LITH (light induced thermal hystere-
sis)[27,28] behaviour (see Figure S3 in Supporting Informa-
tion). This unambiguous behaviour suggests the presence of
cooperative interactions between the metal centres (see the
Discussion).


Mçssbauer spectroscopy : The Mçssbauer spectrum at 80 K
for compound 1 reveals a predominant single line with
isomer shift d=0.56 mms�1, typical for a LS FeII centre and
a smaller quadrupole doublet characteristic of HS FeII cen-
tres (d=1.21 mms�1, DEQ=3.46 mms�1, 10% relative inten-
sity, see Table 5 and Figure 8). The spectrum at 110 K is
practically identical with minor variations on the intensities
of the two signals (Figure 8). An additional doublet, charac-
teristic of HS FeII centres, appears at 175 K (isomer shift d=


1.14 mms�1; quadrupole splitting DEQ=0.90 mms�1, 31%
relative intensity) with a proportional decrease in intensity
of the main LS signal. This new signal can thus be assigned
to the transition of the iron centres from the LS to the HS
state. At this temperature, also a very asymmetric doublet is
observed, which is typical of FeIII centres, probably due to
the partial oxidation of the sample (d=0.34 mms�1, DEQ=


0.47 mms�1, 6%). The asymmetry of the lines is caused by
intermediate spin relaxation, which is typical of half-integer
systems (S=5/2). At room temperature, the LS signal has
completely disappeared and the HS doublet is the main
signal observed, which accounts for 74% of the iron centres
in the compound. The signal assigned to the FeIII impurity
increases in relative intensity, probably due to a more fa-
vourable Debye–Waller factor at higher temperatures. The


Figure 7. Plot of experimental cmT versus T (squares) and temperature
dependence of the product cmT after LIESST (circles), in the 6–300 K
range for compound 2. The inset shows the derivative of the product cmT
with a T ACHTUNGTRENNUNG(LIESST)=54 K.
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HS signal observed at all previous temperatures is still pres-
ent at room temperature. From these spectra, several con-
clusions can be made. First, the spin transition is observed
and its temperature agrees with that determined by magnet-
ic susceptibility measurements. Second, the sample contains
ferric impurities, most likely resulting from the partial oxida-
tion of the FeII ions. Third, the presence of a second HS
doublet could be related to the end of the polymeric chains,
as proposed above. Based on this last assumption, the re-
maining HS fraction at low temperatures corresponds to
about 9% (considering that the FeIII is still present), thus
suggesting a chain length of approximately 30 metal centres.
Compound 2 is a more intricate system than 1. The Mçss-


bauer spectra were recorded at 297, 170, 110 and 80 K
(Figure 9). The spectrum recorded at 297 K reflects the
structural phase transition in compound 2 (see above), as
two different phases are clearly visible at this temperature.
Indeed, the two main signals correspond to the HS FeII cen-
tres of the two different phases, while the smaller peaks can
be assigned to the corresponding end-chains (as above for
compound 1). From this spectrum it appears that the differ-
ent FeII centres of the trigonal phase (phase-II) are not dis-
tinguishable by Mçssbauer spectroscopy. At 175 K, the spec-
trum presents only one main HS signal, as indicated by its
quadrupole splitting and isomer shift values (see Table 5).
This observation confirms that the two previous signals
(spectrum recorded at 297 K) were due to the structural


phase transition, which is com-
pleted at 170 K (see above). A
very small peak is noticed,
which indicates the beginning
of the HS!LS transition for
some of the FeII centres (see
Table 5 for the corresponding
IS and QS values). The second
doublet signal (d=1.14 mms�1,
DEQ=0.36 mms�1, 2% relative
intensity, see Table 5 and
Figure 8) has an isomer shift,
which characterises a HS
centre, while its quadrupole
splitting is ascribed to a LS
centre. This signal can only be
assigned to an impurity of a
highly symmetrical FeII HS spe-
cies. When the temperature of
measurement is decreased to
110 K, the intensity of the LS
signal increases at the expense
of the main HS doublet. As ex-
pected, the other two peaks
remain constant. Finally, the
spectrum at 80 K illustrates the
HS/LS ratio in compound 2
once the spin transition is com-
pleted. Only 40% of the iron
centres experience the HS!LS,


the remaining 60% exhibiting a high spin state.


Discussion


Pinpoint on the structural characteristics of [FeACHTUNGTRENNUNG(btzx)3]-
ACHTUNGTRENNUNG[CF3SO3]2·CH3CN : The intricate crystal structure of com-
pound 2 observed at 170 K (phase-II) is a result of a struc-
tural phase transition occurring at room temperature.
Above room temperature, this compound presents a more
symmetrical structural phase, the features of which are com-
parable to those of compound 1. Indeed, both compounds 1
and 2 in phase-I crystallise in the trigonal space group P63/
m, have similar cell dimensions and even the same physical
crystal appearance (see Table 1). The cone angle, the octa-
hedral distortion and the anion-to-metal distances are
almost identical (see Table 4). However, compound 1 shows
an almost complete spin transition when the temperature is
decreased, while for compound 2 only 50% of the iron(II)
centres change to the LS state. This different behaviour sug-
gests that the non-occurrence of the transition for half of
the iron(II) centres is due to structural changes caused by
the phase transition observed for compound 2. The resultant
four crystallographically independent iron(II) centres of
compound 2 in phase-II possess very similar coordination
environments, but disparate magnetic behaviours. Therefore,
subtle differences in the coordination spheres of the metallic


Table 5. Mçssbauer data for compounds 1 and 2.


T [K] DEQ [mms
�1] d [mms�1] FWHM[a] Area [%] Assignment


compound 1
297 3.19 1.10 0.28 9 HS (end chain)


0.88 1.06 0.24 4 HS (main chain)
0.77 0.48 0.40/1.14[b] 17 FeIII


175 0 0.5 0.34 51 LS
3.38 1.18 0.33 12 HS (end chain)
0.90 1.14 0.26 31 HS (main)
0.47 0.34 0.40/1.14[b] 6 FeIII


110 0 0.56 0.40 89 L
3.46 1.21 0.34 11 HS (end chain)


80 0 0.56 0.39 90 LS
1.212 3.48 0.27 10 HS (end chain)


compound 2
297 3.25 1.13 0.22 7 HS (phase-II/end chain)


1. 24 1.07 0.29 42 HS (phase-II/main chain)
0.91 1.07 0.29 4 HS (phase-I/main chain)
2.38 1.17 0.37 7 HS (phase-I/end chain)


175 3.13 1.25 0.54 12 HS (phase-II/end chain)
1.25 1.14 0.36 77 HS (phase-II/main chain)
0.36 1.14 0.28 9 HS (impurity)
0.57 0.07 0.30 2 LS


110 3.09 1.26 0.63 6 HS (phase-II/end chain)
1.34 1.17 0.38 1 HS (phase-II/main chain)
0.30 1.16 0.28 10 HS (impurity)
0.08 0.57 0.30 24 LS


80 3.19 1.25 0.53 14 HS (phase-II/end chain)
1.39 1.18 0.37 6 HS (phase-II/main chain)
0.26 1.18 0.28 1 HS (impurity)
0.58 0.12 0.30 40 LS


[a] Full width at half maximum. [b] The doublet was asymmetrically broadened; the numbers indicate FWHM
of the low-energy line/high-energy line.
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centres or, minor but key structural variations due to the
crystal packing, may play a crucial role in the overall mag-
netic behaviour.
The alternate distribution of the LS and HS centres re-


sults in the first 1D polymeric chain showing the typical
HS–LS pattern observed for dinuclear species.[29,30] A re-
markable difference between the phases-I and -II of com-
pound 2 and all bis(tetrazole)-based 1D ST polymers (in-
cluding compound 1) is the comparatively lower symmetry
of its solid-state structure. The asymmetric nature of the
CF3SO3


� ions (in contrast to BF4
� or PF6


�), associated with
their spatial disposition in the crystal lattice (see crystal
structure descriptions), is responsible for the overall asym-
metry of the network. Indeed, many particular structural


features of 2 can be related to its counterion. The existence
of two distinct planes (plane1 containing the Fe1 and Fe4
ions, and plane2 the Fe2 and Fe3 centres) is evidently
caused by the different disposition adopted by the counter-
ions in each of these planes (see Figure S1 in the Supporting
Information). The position of the triflates in the lattice also
influences their association with the tetrazole moieties
through anion–p interactions, and vice versa. As a result of
these triflate···tetrazole contacts, the coordination angle of
the tetrazole rings (cone angle) is affected. The proximity of
the counterion to the metal centre sterically and electroni-
cally influences the ligand-field strength of the btzx ligands,
and thus the magnetic properties of the corresponding iron
ions (see cone angles). Furthermore, the orientation of the
solvent molecules in the cavities is most likely determined
by the interactions of the counterions with the tetrazole


Figure 8. Mçssbauer spectra for compound 1. From top to bottom: 297,
175, 110 and 80 K. Parameters are given in Table 5.


Figure 9. Mçssbauer spectra for compound 2. From top to bottom: 297,
175, 110 and 80 K. Parameters are given in Table 5.
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rings, resulting in the polarisation of the host cages. All
these structural characteristics, induced by the triflate
anions, apparently lead to a unique magnetic behaviour.
Dinuclear FeII complexes are known to be the most


common molecular systems that exhibit the HS–LS pattern,
which is observed in the present polynuclear compound.[29–31]


The occurrence of a two-step transition for these materials
is due to the stabilisation of the intermediate HS–LS
domain.[32,33] Interestingly, the first two-step spin-transition
phenomenon was observed in a mononuclear entity, that is,
[Fe ACHTUNGTRENNUNG(pic)3]Cl2·EtOH (pic=2-picolylamine).[34] Subsequent
studies have proven that the solid-state structure of this
complex is formed by 1D supramolecular chains through in-
termolecular interactions that stabilise the HS–LS pattern.[35]


Similarly, in phase-II of compound 2, a HS–LS domain is
observed; however, in this case, the metallic centres are part
of a polymer generated by means of coordination bonds.
Much effort has been devoted to the study and compre-


hension of the HS–LS domain formation. For dinuclear
complexes where the two FeII centres are identical, it has
been proposed that, in order to observe this supramolecular
phenomenon, the enthalpic energy of the HS–LS pairs
should be lower than half the sum of the enthalpic energies
of the HS and LS states.[32, 33] In addition, intermolecular in-
teractions are required to stabilise the HS–LS domain for-
mation.[32] In the case of compound 2 phase-II, HS–LS pairs
are likely to be even more stabilised than in [Fe-
ACHTUNGTRENNUNG(pic)3]Cl2·EtOH as a result of the stronger coordinative in-
teractions, and therefore only the plateau is observed, with-
out a second step. On the other hand, the presence of differ-
ent crystallographic iron(II) centres is probably the main
reason for their different magnetic behaviour. Structural fea-
tures (intra- and/or intermolecular supramolecular interac-
tions) may directly affect the spin-transition properties. 57Fe
Mçssbauer measurements show no distinction between the
different iron(II) centres when they have the same electron-
ic state (LS or HS), suggesting a structural/sterical origin for
the difference in magnetic behaviour (and not an electronic
one).[36] As mentioned above, the spatial arrangement of the
triflate anions in the lattice is the main factor influencing
most of the other structural characteristics. From the struc-
tural data of other 1D spin-transition bis(tetrazole)-based
compounds,[17] it is well established that this family of ST
materials usually experience a tilting of the coordinated tet-
razole rings upon the transition (this tilting is defined by the
(tetrazole-centroid)-ND-Fe angles). In the present case, this
change of angle is hampered by the disposition of the anions
for Fe1 and Fe3 (see below). Consequently, the anion signif-
icantly affects the characteristics of the spin-transition
curves of the [Fe ACHTUNGTRENNUNG(btzx)3]


2+ ions.


The effect of the counterion on the spin-transition proper-
ties : As mentioned above, the effect of the counterion on
the magnetic properties of bis(tetrazole)-based spin-transi-
tion materials has not yet been investigated thoroughly.
Indeed, the only ST cation reported[8,13] with two different
anions, namely ClO4


� and PF6
�, is [Fe ACHTUNGTRENNUNG(btzb)3]


2+ . It is known


that the crystallinity of bis(tetrazole)-based compounds is
dependent on the anion used.[12] The role of the anion in
this type of materials is to act as a template for the genera-
tion of the cationic polymeric network. Thus, the size of the
anion is crucial to obtain suitable single crystals of the mate-
rial, as observed for [FeACHTUNGTRENNUNG(btzb)3]


2+ . Surprisingly, crystalline
compounds of [FeACHTUNGTRENNUNG(btzx)3]


2+ with three different counterions
have been obtained that all exhibit spin-transition proper-
ties.
An evident effect of the counterion on the spin-transition


properties concerns the remaining fraction of HS species at
low temperatures, which is 10, 50 and 80% for 1–3, respec-
tively. For [Fe ACHTUNGTRENNUNG(btzb)3]ACHTUNGTRENNUNG[ClO4]2, the high fraction of HS iron
centres at low temperatures has been assigned to a phase
transition.[13] In the case of compound 2, the structural phase
transition and the spin crossover occur at different tempera-
tures, suggesting that these two events are independent. This
structural change may be responsible for the absence of
HS!LS transition for some of the iron(II) centres. The var-
iation of the anion-to-metal distance seems to affect the
electronic properties of the iron(II) centres (see below). It
has to be considered as well that the structural changes asso-
ciated with the spin transition may restrict the number of
FeII ions undergoing the transition, as proposed for [FeII-
ACHTUNGTRENNUNG(btzpol)1.8(btzpol-OBF3)1.2]ACHTUNGTRENNUNG[BF4]0.8 (btzpol=1,3-bis(tetrazol-
1-yl)-2-propanol).[11]


The nature of the counterion has also an effect on the
temperature of the spin transition (T1/2). Triazole-based ma-
terials have been intensively studied, and the influence of
the different chemical “pieces” constituting the compound
on the spin-transition properties has been thoroughly inves-
tigated.[37–42] In the case of spherical counterions, the small-
est ion leads to the highest transition temperature.[23] The
greater electrostatic pressure generated on the cation by the
smaller anions, stabilises the LS state over the HS state.[23]


In the present case, the smaller perchlorate anion (com-
pared to PF6


�) leads to a shift of the T1/2 value towards
lower values. In contrast to previous examples, the smaller
anion stabilises the HS state. Such behaviour has been ob-
served in a few cases, reported by Long et al. and Tuchagues
et al. .[43,44] This was explained by steric interactions close to
the metal centre that stabilise the HS state (shifting of T1/2


towards lower temperatures). Bis(tetrazole)-based 1D poly-
mers usually exhibit comparable crystal packings, in which
the counterions are situated around the FeII centres. The
size and shape of the counterion will determine the anion-
to-metal distance. Thus, the use of smaller anions will result
in shorter anion-to-metal distances, and will sterically limit
the “tilting freedom” of the tetrazole rings. As a result, steri-
cally hindered tetrazole rings give rise to low transition tem-
peratures. Ultimately, these steric effects may annihilate the
spin transition.[43,45] This is observed for compound 2, in
which the non-ST centres Fe1 and Fe3 exhibit shorter
anion-to-metal distances, compared to the ST centres Fe2
and Fe4. An approximation to estimate the steric constraint
around the metallic sphere consists in calculating the S


values. High S values are associated with weaker crystal
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fields and therefore with the stabilisation of the HS state.[46]


As the ligand is monodentate, the only possible source of
distortion is the anion. Based on the structural data avail-
able in the literature on bis(tetrazole) spin-transition com-
pounds, a correlation between the anion-to-metal distance
and the transition temperature is suggested (Figure 10 and
Table 6). Long anion-to-metal distances are associated with
small changes in the distortion of the octahedron during the
spin transition (Figure 10).


Interestingly, the cooperative nature of the spin transition
has not been altered by the change of counterion. Indeed,
both the triflate and the hexafluoridophosphate derivatives
show similar slopes. The slightly less steep transition for the
perchlorate compound is probably caused by the lower crys-
tallinity of the material, which is known to affect the proper-
ties of the transition.[4,25] This insignificant effect of the
anions suggests that the cooperative nature of this cationic
network arises from the intramolecular communication
along the polymeric chains. Based on solid-state dilution
studies that proved that the cooperativity is influenced by
the number of ST centres in the material,[47] the alternating
distribution of the ST centres along the chains most likely
affects the cooperativity within the system. Therefore, a
more cooperative behaviour is expected for compound 1
(for which all FeII centres are ST) than for 2 (which displays
an alternating distribution of HS and ST centres). This is
evidently not the case, as revealed by the similar transition
curves obtained from magnetic susceptibility measurements
for the two compounds. LITH experiments performed on
compound 2 unambiguously indicate the presence of cooper-
ative effects during the transition (Supporting Information).
Thus, a plausible explanation for the gradual nature of the
transition in this type of materials can be the involvement of
internal constraints (short-range intramolecular interactions)
that counterbalances the long-range cooperative interac-
tions.[36]


Compounds 1 and 2 do differ in their LIESST properties.
For compound 2 only the irradiation leads to the trapping of
the high-spin metastable state. The cmT value for the
LIESST-generated HS metastable state of [FeACHTUNGTRENNUNG(btzx)3]-
ACHTUNGTRENNUNG[CF3SO3]2 corresponds to the excitation of two iron(II) cen-
tres, namely Fe2 and Fe4. This metastable state relaxes back
to the LS states with a T ACHTUNGTRENNUNG(LIESST) of 54 K. The stability of
this metastable state depends on the cooperativity, as well as
on the transition temperature.[4,48] High T1/2 are associated
with lower energy barriers and faster relaxation to the LS
state. For compound 1, the T1/2 value is low enough and thus
can not explain the absence of a HS metastable state. Re-
cently, the distortion of the coordination sphere, Dq, has
been related to the T ACHTUNGTRENNUNG(LIESST) temperature.[49] [q corre-
sponds to the sum of the deviations from 608 of the 24 possi-
ble q angles.] High Dq values result in higher T ACHTUNGTRENNUNG(LIESST)
temperatures. The DS values corresponding to complexes 1
and 2 allow to compare the respective octahedral distor-
tions.[50] In this case, the octahedral distortion for compound
1 is much smaller than that observed for the atoms Fe2 and
Fe4 of compound 2. These distinct geometric distortions
may be responsible for the different photomagnetic behav-
iour.


Conclusion


The series of compounds [FeACHTUNGTRENNUNG(btzx)3]ACHTUNGTRENNUNG[PF6]2·CH3OH (1),
[Fe ACHTUNGTRENNUNG(btzx)3]ACHTUNGTRENNUNG[CF3SO3]2·CH3CN (2) and [Fe ACHTUNGTRENNUNG(btzx)3]-
ACHTUNGTRENNUNG[ClO4]2·CH3CN (3) has clearly shown the template role of


Figure 10. Top: T1/2 (temperature at which 50% of the molecular complex
is in the HS state) versus HS anion-to-metal distance. Bottom: Octahe-
dral distortion versus HS anion-to-metal distance. See Table 6 for a–f la-
belling.


Table 6. Transition temperatures (T1/2), references for bis(tetrazole)-
based spin-transition compounds and the labels assigned to each com-
pound for the data in Figure 10.


T1/2 [K] Reference Label
(Figure 10)


[Fe ACHTUNGTRENNUNG(endi)3] ACHTUNGTRENNUNG[BF4]2 140 [9] a
[Fe ACHTUNGTRENNUNG(btzp)3] ACHTUNGTRENNUNG[ClO4]2 130 [14] b
[Fe ACHTUNGTRENNUNG(btzmp)2m-(btzmp)2] ACHTUNGTRENNUNG[ClO4]2 135 [10] c
[Fe ACHTUNGTRENNUNG(btzb)3] ACHTUNGTRENNUNG[PF6]2 173 [8] d
[Fe ACHTUNGTRENNUNG(btzx)3] ACHTUNGTRENNUNG[PF6]2·CH3OH (1) 150 this paper e
[Fe ACHTUNGTRENNUNG(btzx)3] ACHTUNGTRENNUNG[CF3SO3]2·CH3CN (2) 110 this paper f
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the counterions, which determines the spin-transition prop-
erties, and allowed the first structural characterisation of an
HS–LS alternating coordination chain. Short anion-to-metal
distances lead to significant distortions of the octahedral co-
ordination environment of the iron(II) centres, resulting in
lower temperatures for the spin transition. For the [Fe-
ACHTUNGTRENNUNG(btzx)3]


2+ ion several structural features, that is, DS, the
cone angle and the (tetrazole-centroid)-ND-Fe angle, reflect
the steric hindrance around the FeII centre. These features
are all associated with the size and shape of the counterions,
as well as their position in the lattice. The HS fraction re-
maining at low temperatures is also linked to the distortion
of the octahedron. Apparently, for a certain degree of dis-
tortion, the FeII ion remains in HS state through the whole
temperature range. This is observed for the triflate deriva-
tive, the two HS centres of which show the highest distor-
tions of the octahedron. The cooperative nature of the cat-
ionic species barely depends on the nature of the anion
used, suggesting that the nature of the cooperativity is intra-
polymeric. This observation is in contradiction with the fact
that the alternating distribution of the ST centres in the 1D
chains (···HS–LS–HS···) of the triflate derivative does not
affect the cooperative nature of the [FeACHTUNGTRENNUNG(btzx)3]


2+-based ma-
terial. Compounds 1 and 2 also differ in their LIESST prop-
erties. Only the HS metastable state of the compound 2 can
be trapped under light irradiation. The origin of this dispari-
ty is not fully understood, but the greater distortion of the
octahedral environment around the FeII centres of com-
pound 2 appears to be critical. Further structural analysis,
including optical and pressure dependent studies, are neces-
sary for a better understanding of this cationic system.


Experimental Section


Elemental analysis : Elemental analyses (C, H, N, S) were performed on
a Perkin–Elmer 2400 series II at the Gorlaeus Laboratories.


UV/Vis spectroscopy : UV/Vis spectra were obtained on a Perkin–Elmer
Lambda 900 spectrophotometer by using the diffuse reflectance tech-
nique, with MgO as a reference. A sample holder mounted on a Dewar
and in thermal contact with the refrigerant through a copper rod was
used to perform measurements at temperatures around 100 K. The spec-
tral range used was 200–1200 nm. All samples, crystalline or powder,
were crushed when placed in the sample holder.


Magnetic susceptibility measurements : Magnetic susceptibility measure-
ments were carried out on a Quantum Design MPMS-5S SQUID magne-
tometer. The SQUID probes the total magnetisation of the sample by
measuring the induced currents in a Josephson junction when moving the
sample in between coils. The accessible field is up to 5 T, and the temper-
ature ranges from 1.8 to 400 K. The data were measured at 1000 G from
4 to 300 K. Data were corrected for magnetisation of the sample holder
and for the diamagnetic contributions, which were estimated from the
PascalWs tables.[51] Samples made out of single crystals were gently
crushed prior to measurement.


Mçssbauer spectroscopy : Mçssbauer data were recorded on a spectrome-
ter with alternating constant acceleration. The minimum experimental
line width was 0.24 mms�1 (full width at half-height). The sample temper-
ature was maintained in an Oxford Instrument Variox cryostat and the
57Co/Rh source (1.8 GBq) was at room temperature. Isomer shifts are
quoted relative to iron metal at 300 K.


X-ray data for [Fe ACHTUNGTRENNUNG(btzx)3] ACHTUNGTRENNUNG[PF6]2·MeOH (1): X-ray data were collected at
200 K and 100 K, respectively, on a Nonius KappaCCD diffractometer on
rotating anode with graphite-monochromated MoKa radiation (l=


0.71073 P). The structures were solved with direct methods using
SHELXS86[52] and refined on F2 with SHELXL-97.[53] The hydrogen
atoms were included in the refinement at calculated positions and refined
riding on the atoms to which they are attached with standard SHELXL-
97 geometry and isotropic displacement parameter constraints.[53] The
methanol inclusion solvent molecule was included with a disorder model.
Both the carbon and the oxygen atoms of the methanol molecule were
disordered in two positions with an occupational factor of 0.5.


X-ray data for [Fe ACHTUNGTRENNUNG(btzx)3] ACHTUNGTRENNUNG[CF3SO3]2·CH3CN (2): X-ray data were collect-
ed at 170 K and 100 K respectively on a Nonius KappaCCD diffractome-
ter on rotating anode with graphite-monochromated MoKa radiation (l=


0.71073 P). The structures were solved with direct methods using
SHELXS86[52] and refined on F2 with SHELXL-97.[53] The hydrogen
atoms were included in the refinement at calculated positions and refined
riding on the atoms to which they are attached with standard SHELXL-
97 geometry and isotropic displacement parameter constraints.[53] The
crystals are merohedrally twinned (matrix: [�100/0�10/001]) with twin
fraction �50:50. Merohedral twinning is a special case of crystallographic
twinning where the lattices of twin (different) domains (in a single crys-
tal) overlap in three dimensions. For instance, two domains in which one
of them is rotated 1808 with respect to the other.


Synthesis of m-xylylene ACHTUNGTRENNUNG(bis)tetrazole (btzx): m-Xylylenediamine(5 g,
0.037 mol), triethylorthoformate (54 g, 0.363 mol) and sodium azide
(4.79 g, 0.074 mol) were dissolved in acetic acid (90 mL) and heated at
90 8C for 2 d. After cooling down to room temperature, the solvent was
evaporated under reduced pressure. The remaining yellow solid was
washed with methanol and water yielding the ligand as a white powder.
Yield=64%; 1H NMR (300 MHz, [D6]DMSO): d =5.7 (s, 4H; ttz-CH2-
ph), 7.4 (m, 4H; ph), 9.5 ppm (s, 2H; ttz); IR: ñ =3116.5 cm�1 (nCttz-H); el-
emental analysis calcd (%) for C10H10N8: C 49.58, H, 4.16, N 46.26;
found: C 49.09, H 4.13, N 45.59.


Synthesis of [Fe ACHTUNGTRENNUNG(btzx)3] ACHTUNGTRENNUNG[PF6]2·MeOH (1): One equivalent of btzx (50 mg,
0.21 mmol) and two equivalents of NH4PF6 (68.5 mg, 0.42 mmol) dis-
solved in dry methanol (10 mL) were added to one equivalent of
FeCl2·4H2O (41.5 mg, 0.21 mmol) dissolved in dry methanol (5 mL), con-
taining ascorbic acid (ca. 20 mg) and triethylorthoformate (3 mL). The
resulting solution was heated for an hour at 50 8C. A white crystalline
solid appeared after approximately 4 d, through the slow evaporation of
the solvent at room temperature. The crystals were washed with metha-
nol. Yield=30%; IR: ñ =3160 (nCttz-H), 833 cm


�1 (nP-F); elemental analysis
calcd (%) for C31H34F12FeN24OP2: C 33.71, H 3.10; N 30.43; found: C
33.81, H 3.34, N 30.11.


Synthesis of [Fe ACHTUNGTRENNUNG(btzx)3]ACHTUNGTRENNUNG[CF3SO3]2·CH3CN (2): Three equivalents of btzx
(50 mg, 0.21 mmol) dissolved in acetonitrile (5 mL) were added to one
equivalent of Fe ACHTUNGTRENNUNG(CF3SO3)2·6H2O (32.3 mg, 0.07 mmol) dissolved in aceto-
nitrile (5 mL) containing ascorbic acid (ca. 20 mg). The solution was
heated for an hour at 50 8C. The solution was then placed in a tube and
diethyl ether was added until a light white precipitate had formed. Next,
the tube was capped and left unperturbed for 2–3 h. Transparent single
crystals appeared on the walls of the tube. The crystals were then washed
with acetonitrile. Yield=56%; IR ñ =3112 (nCttz-H), 1265, 1233 (nC-F),
1145, 1035 cm�1 (nS-O); elemental analysis calcd (%) for
C34H33F6FeN25O6S2: C 36.4, H 2.97, N 31.22; found: C 35.94, H 3.03, N
30.67.


Synthesis of [Fe ACHTUNGTRENNUNG(btzx)3] ACHTUNGTRENNUNG[ClO4]2·CH3CN (3): Three equivalents of btzx
(100 mg, 0.41 mmol) were dissolved in acetonitrile (15 mL). A solution of
one equivalent of Fe ACHTUNGTRENNUNG(ClO4)2 (35 mg, 0.14 mmol) in acetonitrile (15 mL)
was added to the ligand solution. The resulting transparent solution was
heated for 2 h and filtered. The filtrate was left unperturbed to allow the
slow evaporation of the solvent. A white crystalline powder appeared
after a few days. This solid material was filtered and washed with acetoni-
trile. Yield=40%; IR: ñ=1080.3, 1354.7, 1435.5, 1505.4, 3136.3 cm�1; ele-
mental analysis calcd (%) for C32H33Cl2FeN25O8: C 37.59, H 3.25, N
34.25; found: C 37.29, H 3.01, N 33.95.
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Introduction


The self-assembly of molecular building blocks into well-de-
fined architectures has received considerable interest as a
promising approach to nanomaterials synthesis.[1] Recently,
various organosilane-based molecules have been found to
form nanostructured silica-based hybrids owing to the am-
phiphilic nature of hydrolyzed species[2–4] or to the specific
interactions, such as hydrogen bonding and p–p interactions


between organic groups.[5–7] In addition to monomeric pre-
cursors with the general formula of R’Si(OR)3 or (RO)3Si-
R’-Si(OR)3, the use of oligosiloxane precursors consisting of
both CSiO3 and SiO4 units will lead to diverse compositions
and structures.


We have reported the formation of hybrid mesostructures,
2D hexagonal (n=6–10), 2D monoclinic (n=12 and 13),
and lamellar (n= 14–18), from oligosiloxane precursors con-
sisting of an alkyl chain and a branched tetrasiloxane unit
(CnH2n+ 1SiACHTUNGTRENNUNG(OSi ACHTUNGTRENNUNG(OMe)3)3, hereafter called “tetrasiloxane pre-
cursors”).[8] Such an approach based on the use of single
hybrid precursors promises to produce mesostructured
hybrid materials with uniform distribution and configuration
of organic groups without phase-separation. Furthermore,
we can expect the construction of mesostructures with mo-
lecularly designed siloxane networks, which is very impor-
tant for a wide range of applications such as catalysis. How-
ever, the aforementioned tetrasiloxane precursors under-
went intramolecular rearrangement during hydrolysis of
alkoxy groups,[8b] which hampered the precise design of the
siloxane networks at the molecular scale.


The cubic octasiloxane cage, Si8O12, appears to be suitable
as an oligosiloxane unit because of its distinctive features,
such as rigidity, high symmetry, and functionalization capa-
bility. Previously, siloxane cage compounds (R8Si8O12, R=


H, O�, OCH3, and organic groups) have been widely used as


Abstract: Siloxane-organic hybrids
with well-ordered mesostructures were
synthesized through the self-assembly
of novel amphiphilic molecules that
consist of cubic siloxane heads and hy-
drophobic alkyl tails. The monoalkyl
precursors functionalized with ethoxy
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nanobuilding blocks of silica-based materials.[9] Ordered
nanocomposites have been constructed by the surfactant-di-
rected self-assembly process[10–12] and by the layer-by-layer
assembly process.[13] Several attempts have also been made
in the design of organically-modified octasiloxane cage ca-
pable of self-assembly, e.g., i) thermotropic liquid crystalline
molecules having Si8O12 cores,[14] ii) polyimide-based copoly-
mers grafted or end-capped with R7Si8O12 (R=cyclohex-
yl),[15] and iii) amphiphilic molecules in which hydrophilic
chains such as oligo(ethyleneoxide) is bonded to R7Si8O12


(R=H or Et) units.[16] However, most of these studies uti-
lized silsesquioxane cages (CSiO1.5)8, lacking the ability to
form siloxane networks due to the absence of alkoxysilyl
(SiOR) groups, and the design of the cubic siloxane-based
molecules that produce well-ordered mesostructures consist-
ing of cross-linked siloxane cages has been unprecedented.


Herein, we report the design of novel alkyl-substituted
cubic siloxane cages functionalized with alkoxy groups that
become amphiphilic upon hydrolysis. Although various
mono-substituted cages, including C6H13(H7)Si8O12,


[17, 18] have
previously been reported, self-assembly of alkyl-substituted
cubic siloxane cages has only been studied by computer sim-
ulation.[19] In the present work, self-assembly and subse-
quent polycondensation of amphiphilic molecules that have
a hydrophilic cage structure are experimentally verified for
the first time. We found that the monoalkyl-substituted pre-
cursors (1 Cn in Scheme 1) formed 2D hexagonal mesostruc-
tures with cylindrical assemblies, consisting of networks of
the cages. We also examined the use of dialkyl-substituted
precursors. The formation processes and the structures of
these hybrid mesostructures are described.


Results and Discussion


Hydrolysis of 1 Cn without cross-linking is crucial for subse-
quent self-assembly induced by evaporation of the solvent.
We first studied the hydrolysis processes of 1 Cn by liquid-
state 29Si NMR. Figure 1 shows the 29Si NMR spectra of
1 C16 and the solutions after 1 and 7 days of reaction. The
unreacted 1 C16 exhibits four signals corresponding to the
T3 (CSiACHTUNGTRENNUNG(OSi)3) site and three inequivalent Q3 (SiACHTUNGTRENNUNG(OSi)3-ACHTUNGTRENNUNG(OEt)) sites (Figure 1a). After 1 day of reaction (Figure 1b),
several unresolved signals are observed at around d=�65.5,
�100.5 and �102.5 ppm. The signals at around d=


�100.5 ppm arise from hydrolysis of SiOEt groups to form
SiOH groups.[20] The complexity of this spectrum is attribut-
ed to the slight variation in the environments of SiOH,
SiOEt and SiC16H33 sites depending on the number and posi-


tion of the SiOH groups. After
7 days (Figure 1c), the signals
due to Si ACHTUNGTRENNUNG(OSi)3ACHTUNGTRENNUNG(OEt) almost
disappear and the spectrum
mainly shows a T3 signal at d=


�65.8 ppm and three Q3 signals
at d=�100.13, �100.19 and
�100.24 ppm. These signals
have an approximate intensity
ratio of 1:1:3:3 and are assigned
to completely hydrolyzed spe-
cies (inset of Figure 1c). Similar
hydrolysis behaviors were also
observed for 1 C18 (Supporting
Information, Figure S1).


It is interesting to note that the hydrolysis of 1 Cn pro-
ceeds much slower than tetraethoxysilane (TEOS). Under
the identical conditions, TEOS was completely hydrolyzed
within 0.5 h. Such a large difference can be explained in
terms of hydrolysis mechanism: hydrolysis of 1 Cn should
proceed without the inversion of SiO4 tetrahedra, being in
contrast to the SN2 type reaction proposed for tetraalkoxysi-
lanes.[20] Notably, the hydrolysis of the Si-O-Si linkages is
very slow and is confirmed by the appearance of no T2 or
Q2 signals during the reaction. Furthermore, the absence of
the Q4 signal even after complete hydrolysis of 1 Cn indicat-


Scheme 1. Formation of hybrid mesostructure (1H) from monoalkyl-substituted cubic siloxanes (1 Cn) by i) hy-
drolysis, ii) evaporation-induced self-assembly, and iii) polycondensation.


Figure 1. Liquid-state 29Si NMR spectra of a) 1C16 and the solutions
after b) 1 day and c) 7 days of reaction.
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ed that condensation between the cages was suppressed,
which is probably due to steric repulsion between long alkyl
chains. Although the small, broad signal centered at d=


�100.4 ppm is indicative of the co-existence of a minor
amount of other species, hydrolysis of 1 Cn proceeded with
the retention of the original cage structure. This is one of
the specific features of the present self-assembly process,
being in clear contrast to the case of branching siloxane
units which undergo intramolecular condensation and cleav-
age of Si-O-Si bonds.[8b]


The hydrolyzed 1 Cn are amphiphilic molecules, and their
self-assembly indeed occurred upon evaporation of the sol-
vent. The xerogel films prepared by drying the fully hydro-
lyzed solution of 1 Cn (after 7 days) dropped on glass sub-
strates appear birefringent when viewed under a polarizing
microscope. The observed fan-like texture (Figure 2) is typi-
cal of a hexagonal columnar mesophase (p6mm).[21] A simi-
lar hexagonal phase was also obtained from the hydrolyzed
solution after 5 days of reaction at which time the degree of
SiOEt hydrolysis was �70 %, as roughly estimated by 13C
and 29Si NMR (data not shown), whereas the solution after
3 days of reaction gave an isotropic xerogel. Thus the
number of OH groups per cage dominates the amphiphilic
self-assembly of hydrolyzed 1 Cn.


The 2D hexagonal structure of the products derived from
fully hydrolyzed 1 Cn was actually confirmed by X-ray dif-
fraction (XRD) and transmission electron microscopy
(TEM). Figure 3 shows the powder XRD patterns of the
pulverized samples (1 H) before and after calcination. The
as-synthesized 1 H (n= 16, 18, and 20) exhibit the strongest
peaks corresponding to the d10 spacings of 3.72, 3.96, and
4.20 nm, respectively (Figure 3, left). Both hexagonal pat-
terns and striped patterns, typical of a 2D hexagonal struc-
ture, are observed by TEM (Figure 4, and Figure S2 in the
Supporting Information). Note that (11) peaks are not clear-
ly observed in the XRD patterns. This should be a result of
the preferential orientation of the plate-like particles origi-
nating from the xerogel films in which cylindrical assemblies
are aligned parallel to the surfaces.[22] These mesostructures
were retained even after calcination (Figure 3, right), al-


though the d10 spacing decreased by �0.5 nm, owing to the
thermal shrinkage of the siloxane networks.


As we reported previously,[8b] tetrasiloxane precursors
(CnH2n+ 1SiACHTUNGTRENNUNG(OSi ACHTUNGTRENNUNG(OMe)3)3) favored the formation of lamellar
structures when n=14. The formation of 2D hexagonal
structures from 1 Cn with n=16, 18, and even n=20 can be
attributed to the increase of the head group area that gener-
ally leads to the formation of higher curvature mesophas-
es.[23] Other mesophases such as 3D cubic and 3D hexagonal
phases, both of which comprised of spherical assemblies,
might be formed from 1 Cn with shorter chain length. How-
ever, our preliminary experiments suggested that well-or-
dered structures were not obtained under the present exper-
imental conditions. For example, the hybrid derived from
1 Cn with n= 14 exhibited a single XRD peak (d=3.51 nm)
owing to a less-ordered 2D hexagonal structure. The meso-
structure became more disordered when n=10 (data not
shown).


To further investigate the molecular factor affecting the
self-assembly processes, we examined the use of dialkyl pre-
cursors ((CnH2n+1)2Si8O12ACHTUNGTRENNUNG(OEt)6, 2 Cn, n= 16, 18, and 20),
which were obtained as a major by-product (�25 % yield).
As shown in Figure 5, there are three possible isomers of di-


Figure 2. Polarizing microscopy image of the thick film prepared by
drying of the hydrolyzed solution of 1C18. Scale bar: 50 mm.


Figure 3. Powder XRD patterns of the hybrids 1 H before (left) and after
(right) calcination: a) n=16, b) n =18, and c) n =20.


Figure 4. Typical TEM images of the hybrid derived from 1 C18 (before
calcination) showing the honeycomb (left) and striped (right) patterns.
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alkyl-substituted cages. The GPC chromatographs of 2 Cn
showed single peaks with shorter retention times than 1 Cn
(data not shown). The presence of three isomers in each
precursor was indeed suggested by NMR: i) the 29Si NMR
spectrum consists of three T3 signals and six Q3 signals,
ii) the 13C NMR spectrum shows three SiCH2 signals, and
iii) the 1H NMR spectrum shows the CH2OSi/CH2Si ratio of
3 (see the Supporting Information).


Although the separation of these isomers was unsuccess-
ful, single mesophases were obtained from the mixtures. Hy-
drolysis and polycondensation of 2 Cn led to the formation
of lamellar hybrids (2 H) independent of the alkyl chain
length. The XRD patterns show the peaks with d= 3.46,
3.60, and 3.88 nm when n=16, 18, and 20, respectively
(Figure 6), and these peaks disappeared after calcination,
owing to the collapse of the structure. The lamellar structure
of 2 H was also supported by their swelling behavior; the d
spacings were increased (Dd=0.5 nm for n=18) when the
samples were treated with decyl alcohol.


Solid-state 29Si NMR analysis gave us information about
the siloxane networks in the hybrid solids. The 29Si MAS
NMR spectra of 1 H and 2 H (n=18), are shown in Figur-
e 7a,b, respectively. Both spectra consist of five signals at


d=�55, �64, �91, �100, and �109 ppm, corresponding to
the T2, T3 (Tx, CSi ACHTUNGTRENNUNG(OSi)x(OH)3�x), Q2, Q3 and Q4 units (Qy,
SiACHTUNGTRENNUNG(OSi)y(OH)4�y), respectively. The T/Q ratios are consistent
with those in 1 C18 (T/Q =1/7) and 2 C18 (T/Q =1/3). The
appearance of the Q4 signal indicates the formation of the
siloxane networks of the octasiloxane cages. In the case of
1 H, on the basis of the relative intensity ratio of the Q4


signal (Q4/ ACHTUNGTRENNUNG(Q2+Q3+Q4)= 0.39), the average number of cage
corners linked to other cages is calculated to be 2.7 per
cage.


The presence of small T2 and Q2 signals in Figure 7a,b is
indicative of partial cleavage (�8 %) of siloxane bonds
during polycondensation. Such cleavage was also reported
for the sol–gel processes of a methoxy-derivative of cubic si-
loxane cage (Si8O12 ACHTUNGTRENNUNG(OMe)8).[24] However, the high T3/T2


ratios of 1 H and 2 H suggests that the cage units are at least
partly retained in the hybrid mesostructures. In fact, the hy-
brids derived from the mixtures of long-chain alkyltrialkoxy-
silane and tetraalkoxysilane predominantly contain the T2


units because of the steric repulsion between long alkyl
chains.[2b] The situation is the same even when tetrasiloxane
precursors having T3 units was used as the precursor, be-
cause partial cleavage of the Si-O-Si bonds occurred during
the reaction.[8] Further support was obtained by FT-IR anal-
ysis of 1 H (Supporting Information, Figure S3). The spec-
trum clearly shows the band at ñ�580 cm�1 which is typical-
ly observed for the siloxane-based materials containing
double-four-membered rings.[11,12, 25] It appears, however,
that the cages are randomly arranged because XRD peaks
assignable to short-range order were not observed.


Such a bottom up approach to control the structure of si-
loxane networks is potentially very important for the practi-


Figure 5. Three possible isomers of dialkyl-substituted cubic siloxane
cages (2 Cn).


Figure 6. Powder XRD patterns of the lamellar hybrids (2 H) derived
from 2Cn : a) n=16, b) n=18, and c) n =20. These samples were pre-
pared with a molar ratio of 2Cn/THF/H2O/HCl = 1:75:18:0.5. Other ex-
perimental conditions were identical to those for the preparation of 1H.


Figure 7. Solid-state 29Si MAS NMR spectra of a) 1 H (n=18) before cal-
cination, b) 2H (n=18) before calcination, and c) 1 H (n =18) after calci-
nation.
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cal applications concerning the porosity, density, and refrac-
tive index of silica. Klemperer et al. reported the formation
of high-surface-area silica xerogels from Si8O12 ACHTUNGTRENNUNG(OMe)8.


[24] It
was proposed that the rigidity of the cubic-siloxane unit in-
hibited extensive cross-linking, thereby generating porosi-
ties. However, in the case of the as-synthesized 1 H, there
was no porosity measurable by N2 adsorption (data not
shown), which is suggestive of denser siloxane networks in
1 H. This result may arise from the differences in the reac-
tion conditions and/or in the composition of the reaction
mixtures.


The 29Si MAS NMR spectrum of 1 H after calcination
(Figure 7c) shows broad signals corresponding to the Q3 and
Q4 units, suggesting that the CSiO3 (T) unit was converted
to SiO4 (Q) unit by thermal cleavage of Si�C bonds. The
relative intensity ratio of the Q4 signal (Q4/ ACHTUNGTRENNUNG(Q2+Q3+Q4)) in-
creased from 0.39 to 0.78, indicating that further condensa-
tion between residual silanol groups occurred. The complete
removal of organic moieties was confirmed by IR (Figure S3
in the Supporting Information). Also noted is that the signif-
icant change in the profile of the IR spectrum at around ñ=


550 cm�1, which is possibly a result of shrinkage of the silox-
ane networks and/or structural deformation of cubic silox-
ane units by calcination.


As expected from the fact that the calcined 1 H retained
the 2D hexagonal structures, they were found to have or-
dered mesopores. Figure 8 shows the nitrogen adsorption-


desorption isotherms for 1 H after calcination. These sam-
ples show type IV isotherms characteristic of mesoporous
silica. The BET surface area, pore volume, and average
pore diameter evaluated by the non-local density functional
theory (NLDFT) method are listed in Table 1. The surface
areas and the pore volumes are relatively lower than those
for the mesoporous silica derived from the tetrasiloxane pre-
cursors (e.g., 830 m2 g�1 and 0.58 cm3 g�1, respectively, when
the pore size was 3.2 nm).[8b] This should be explained by
thicker siloxane walls, owed to the increased number of Si
atoms per alkyl chain. Actually, the wall thicknesses calcu-


lated from the pore diameters and the interpore distances
(calculated from the d10 spacings) for the calcined 1 H are
0.93–0.98 nm, being larger than that for the above men-
tioned mesoporous silica (0.67 nm).[8b] Such an increase in
the pore wall thickness may contribute to the enhanced hy-
drothermal stability, which is of practical importance.


Conclusion


We have demonstrated the self-assembly of amphiphilic,
alkyl-substituted octasiloxane cages into ordered siloxane-
based hybrid materials. To the best of our knowledge, this is
the first report on the use of a cubic octasiloxane cage as
the hydrophilic head of amphiphilic molecules. Two differ-
ent mesostructures have been formed depending on the
number of alkyl chains per cage. Monoalkyl-substituted
cages led to the formation of 2D hexagonal mesostructures,
which were converted into mesoporous silica by calcination,
whereas dialkyl-substituted cages favored the formation of
lamellar phases. The liquid-state and solid-state 29Si NMR
and IR results suggested that the cage structure was at least
partly retained in the hybrid materials. The elaboration of
other types of cubic siloxane cages, such as those having
double-three and double-five membered rings, will allow the
creation of hybrid mesostructures with unique structures
and properties. Integration of other metallic species in the
cage framework is also important for catalytic applications.


Experimental Section


Synthesis of monoalkyl-substituted precursors (CnH2n+1Si8O12 ACHTUNGTRENNUNG(OEt)7, n=


16, 18, and 20, 1 Cn): The precursors 1Cn were synthesized by Pt-cata-
lyzed hydrosilylation of 1-alkenes (CH2 =CH ACHTUNGTRENNUNG(CH2)n-3CH3, n=16, 18, and
20) with H8Si8O12, followed by the reaction of residual seven Si�H
groups with ethanol. H8Si8O12 was synthesized from HSiCl3 (Tokyo Kasei
Kogyo) by using the method reported by Agaskar.[27] Hydrosilylation was
performed by the addition of an acetonitrile solution of H2PtCl6·6H2O
(0.02 m, Kanto Kagaku) to a mixture of H8Si8O12, 1-alkene (Tokyo Kasei),
and toluene (50 mL per 1 g of H8Si8O12). The molar ratio of H8Si8O12/1-
alkene/H2PtCl6·6 H2O was 1:1:8 � 10�4. After the mixture was stirred at
100 8C for 1 day under N2 atmosphere, the solvents were removed in
vacuo. The resulting waxy solids consisted mainly of mono- and di-addi-
tion products, along with unreacted H8Si8O12. The mono-addition prod-
ucts, CnH2n+1(H7)Si8O12, were isolated by gel permeation chromatography
(GPC) using chloroform as the eluent (waxy solids, yield: �40% based
on H8Si8O12). Derivatization of CnH2n +1(H7)Si8O12 with ethanol (dried)
was performed in the presence of (C2H5)2NOH (Tokyo Kasei)[28] with the
molar ratio of CnH2n+1(H7)Si8O12:EtOH: ACHTUNGTRENNUNG(C2H5)2NOH=1:21:0.01. The


Figure 8. Nitrogen adsorption-desorption isotherms of 1H after calcina-
tion. Open symbols and filled symbols denote adsorption and desorption
branches, respectively.


Table 1. Pore parameters of 1H after calcination calculated from the N2


adsorption-desorption isotherms.


Sample BET surface areaACHTUNGTRENNUNG[m2 g�1]
Pore volumeACHTUNGTRENNUNG[cm3 g�1]


Pore diameter
[nm][a]


1H (n=16) 650 0.41 2.8
1H (n=18) 670 0.46 3.0
1H (n=20) 660 0.47 3.3


[a] evaluated by using NLDFT.[26]


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8500 – 85068504


K. Kuroda and A. Shimojima et. al.



www.chemeurj.org





mixture of (C2H5)2NOH and ethanol was added to the toluene solution
(50 mL g�1) of CnH2n+1(H7)Si8O12, and the mixture was stirred at room
temperature for 16 h under N2 flow. In this step, special care was taken
to minimize water contamination that causes hydrolysis of Si-H. The re-
moval of solvent and residual ethanol in vacuo afforded clear and viscous
liquids. Finally, 1Cn was purified by GPC (yields: �70 % based on
CnH2n +1(H7)Si8O12). Selected data for 1 C18 : C18H37Si8O12 ACHTUNGTRENNUNG(OEt)7: clear,
colorless oil. 1H NMR (500 MHz, CDCl3): d=0.70–0.74 (t, 2H), 0.87–0.89
(t, 3 H; CH2CH2CH3), 1.24–1.27 (m, 51H), 1.42–1.45 (m, 2 H), 3.87–
3.92 ppm (m, 14H; OCH2); 13C NMR (125.7 MHz, CDCl3): d=11.23,
14.13, 17.79, 17.81, 22.42, 22.73, 29.27, 29.40, 29.54, 29.70, 29.73, 31.97,
32.65, 59.86, 59.92, 59.95 ppm; 29Si NMR (99.3 MHz, CDCl3): d=�64.17
(T3), �102.58 (Q3), �102.63 (Q3), �102.72 ppm (Q3); MS (FAB): m/z :
985.2 [M+H]+ . The spectroscopic data for 1C16 and 1 C20 are presented
in the Supporting Information.


Synthesis of hybrid mesostructures 1H : Hydrolysis of 1Cn was per-
formed in a solution with a molar ratio of 1Cn/THF/H2O/HCl =


1:75:21:0.5. After stirring at room temperature for 7 days, the hydrolyzed
solution was dropped onto glass substrates and slowly air-dried at room
temperature. Silica-based hybrids (1H) were obtained as transparent
thick films, which were scraped off from the substrates and pulverized.
Also, 1H was calcined at 500 8C for 8 h in air to remove organic moieties.


Characterization : The XRD patterns of the products were obtained on a
Mac Science M03XHF22 diffractometer with Mn-filtered FeKa radiation.
Transmission electron microscopy (TEM) observations were carried out
on a JEOL JEM-2010 microscope operated at 200 kV. To prepare TEM
samples, powders were ground with mortar and pestle and dispersed in
ethanol. A carbon-coated copper grid was immersed in this dispersion
and allowed to dry in air. Solid-state 29Si MAS NMR spectra were re-
corded on a JEOL JNM-CMX-400 spectrometer at a resonance frequen-
cy of 79.42 MHz with a 458 pulse and a recycle delay of 100 s. For solid-
state NMR measurements, the samples were put into 5 mm zirconia
rotors and spun at 5 kHz. Liquid-state 29Si NMR spectra of the precursor
solutions containing [D8]THF were recorded on a JEOL Lambda-500
spectrometer at a resonance frequency of 99.05 MHz with a pulse width
of 6.5 ms, and 64 scans were acquired with a recycle delay of 30 s. Chemi-
cal shifts for 29Si NMR were referenced to tetramethylsilane at 0 ppm.
Nitrogen adsorption-desorption measurements were performed by an
Autosorb-1 instrument (Quantachrome Instruments) at 77 K. The Bruna-
uer–Emmett–Teller (BET) surface area was calculated from the adsorp-
tion branch in the relative pressure range from 0.02 to 0.05. The pore
size distribution was evaluated using the non-local density functional
theory (NLDFT) equilibrium model (N2 at 77 K on silica, cylindrical
pore).[26]
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A Study in Mauve: Unveiling Perkin!s Dye in Historic Samples
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Henry S. Rzepa,[d] and J. S/rgio Seixas de Melo*[e]


Introduction


Mauveine in a historical context : The synthetic colourant
mauveine is a major landmark in the history of science and
technology, which led to the emergence of the synthetic dye
industry. The synthesis of mauveine—variously known as
aniline purple (1857), Tyrian purple (1858), mauve dye


(from 1859), phenamine or indisine[1]—is a story that dem-
onstrates how well-prepared minds can succeed, in this case
with new colours, in contributing to an important period in
the history of the modern world. The history of this discov-
ery and of Perkin(s life is well documented.[2–6] However,
perhaps the best account is that given by Perkin himself at
the banquet in his honour in New York City (October 6,
1906) on the occasion of the Jubilee of his discovery, as well
as his earlier research articles.[7,8] The original mauve
(Figure 1) is believed to have been synthesised by Perkin on
23 March 1856 and patented in 1856 (granted on 26 August
1856 and sealed on 20 February 1857).[6,9] Mauve was manu-
factured on a small industrial scale at Greenford, Middlesex,
by William Perkin, his father George Fowler Perkin and his
brother Thomas Dix Perkin, between late 1857 and the end
of 1873.[7] As mentioned by Perkin himself “the mauve was
supplied for silk dyeing as early as December 7 1857”.[7]


However, the commercial interest in mauve declined long
before Perkin sold his factory (in 1873). Hence the produc-
tion of mauveine (mauveine basic dye C.I.: 50245), and con-
sequently the dates of the existing historical samples, cov-
ered the period between 1857 to around 1864.


Mauve dye and mauveine salts were prepared by Perkin
in the pursuit of three different objectives: to manufacture a
product to be sold as a dye, to obtain a pure compound suit-
able for structure elucidation, and eventually, for patent pro-
tection. To be used as a textile dye, the chromophore should
display a desirable colour; it should also be resistant to


Abstract: The analysis of different his-
toric mauve samples—mauve salts and
dyed textiles—was undertaken to es-
tablish the exact nature of the iconic
dye produced by W. H. Perkin in the
nineteenth century. Fourteen samples
from important museum collections
were analyzed, and it was determined
that, in contrast to the general wisdom
that mauveine consists of C26 and C27


structures, Perkin(s mauveine is a com-


plex mixture of at least thirteen methyl
derivatives (C24 to C28) with a 7-amino-
5-phenyl-3-(phenylamino)phenazin-5-
ium core. A fingerprint was established
in which mauveines A or B were domi-
nant, and in which mauveines B2 and


C25 were found to be important tracers
to probe the original synthesis. Coun-
terion analysis showed that all the
mauve salts should be dated after 1862.
Perkin(s original recipe could be identi-
fied in three textile samples, and in
these cases, mauveines A and C25 were
found to be the major chromophores.
These are now shown to be the samples
containing the “original mauve”.
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light-induced and pollution-induced fading and to washing.
Mauve, as a successful dye, fulfilled all these criteria.


Perkin!s mauve: It is important to examine some of Perkin(s
own results, as they are of relevance to the understanding of
our results, namely, to the pioneering analysis of the historic
fabrics that will be discussed in this paper. Relevant data
from Perkin(s publications are the empirical formula for
mauveine, which was defined by him as the base of mauve,
C27H24N4, and that was communicated in August 19, 1863.
This formula was further confirmed in Perkin(s[10] 1879
paper, one of a series dedicated to research in mauve
chemistry.1 In between these two communications, Perkin
had assigned a C26 structure for mauveine.[10]2 In the 1879
paper, we also learn about the postulated formula for
pseudo-mauveine, C24H20N4, considered by Perkin as “the
second colouring matter in the mauve dye”.[10] Indeed in his
last published contribution to the chemical elucidation of
mauveine, his memorial lecture for Hofmann, Perkin assert-
ed that mauveine was a mixture of pseudo-mauveine (C24)
and of a trimethylated homologue (C27).


[8] Also, and most
importantly, in Perkin(s contributions, details were given
concerning the manufacture of the mauve dye. He explained
that he used at least two methods for the production of the
commercial mauve dye that afforded: “two different prod-
ucts, namely, a blue shade of mauve prepared from aniline,
containing little toluidine, and a red shade from an aniline
containing large quantities of toluidine”. Mauve was first
sold as an “amorphous body”, in the form of the sulfate salt.


After this first process, the mauve dye was then manufac-
tured in a second optimised process and sold as the acetate
salt of mauveine. This happened because the first salt, the
mauveine sulfate, obtained from the synthesis during the pu-
rification was not soluble enough to be used as a dye; as
Perkin stated it was “unsuitable for the dyer”.[10] To precipi-
tate the mauveines as acetate salts, the process was modi-
fied, and large quantities of the starting material toluidine
were used.[10] As we know now, and as Perkin would have
known in the late 1860(s, the aniline that he used when he
discovered mauve was a mixture of aniline with both ortho
and para-toluidine.[10]3 It is worth mentioning that, the gen-
eral synthetic procedure was already described by Perkin in
1862[1]4 and that, in 1879 Perkin concludes that “Up to the
present, very little is known of the constitution of mauveine,
but there can be no doubt it is derived from aniline and par-
atoluidine.”[10]


In conclusion, Perkin was able to determine a molecular
formula but not a molecular structure (although he did spec-
ulate upon one). With Perkin the chemical formula for mau-
veine changed from C27 to C26 and then back again to a final
C27.


What is mauve? Although the research on the molecular
structure of mauve began with Perkin himself,5 it was re-
solved only in 1994, with the work of Meth-Cohn and
Smith.[11] Other attempts to determine its structure were
made during the end of the 19th century,[12,13] and in the
20th century.[14,15] In their pioneering analysis of historic salt
samples, obtained from the Science Museum (London) and
from the then Zeneca archives at Blackley (Manchester)
published by Otto Meth-Cohn and Mandy Smith in 1994,
two compounds were considered to be the main chromo-
phores, mauveine A (major compound) and B, C26 and C27


structures, respectively, see Scheme 1.[11] Later on, by using a
modern synthesis, some of us verified[16] that it was possible
to obtain pseudo-mauveine (C24), mono (C25), di- (C26), tri-
(C27) and tetramethylated (C28) derivatives by using aniline,
o-toluidine and p-toluidine as starting materials, and de-
pending on the ortho to para ratios, to also obtain different
isomeric ratios. Two other compounds, mauveine B2 and C,
C27 and C28 compounds, respectively, were then discovered
during analysis.[16]


Figure 1. The Science Museum(s “Original Sample” of mauve (left). In
this work, it is shown that this sample was obtained by a second synthetic
process developed by Perkin, and therefore it cannot be considered to be
the result of Perkin(s pioneer synthesis. The result of the original process
of 1856–7 may still exist in three textile samples; the shawl shown on the
right, corresponding to the analysed Science Museum F6 fabric, is one of
these samples, see text. Figure reproduced with permission from the Sci-
ence Museum, London.


1 Quote from Perkin (see reference [10], p. 720): “These results therefore
confirm the original formula, C27H24N4”.


2 Quote from Perkin (see reference [10], p. 718): “After the publication
of my paper on Mauve or Aniline Purple, I was induced to modify the
formula of mauveine, and to regard it as containing C26 instead of
C27”.


3 This emerged from Hofmann(s studies in the early 1860(s (aniline and
toluidine were both present in the reactants used for aniline red synthe-
sis; see reference [22]) and from Rosenstiel(s studies (see refer-
ence [23]) on the isomerism of nitrotoluenes (which suggested the pres-
ence of isomers of aniline red).


4 Quote from Perkin (see reference [1], p. 233): “The method adopted
for the preparation of aniline purple is as follows: solutions of equiva-
lent proportions of sulphate of aniline and bichromate of potassium are
mixed and allowed to stand till the reaction is complete.”


5 While Perkin did not have the means to locate every atom in the mole-
cule and thereby draw the complete molecular structure in modern
terms, he could, from known properties of mauve, separate the mole-
cule into groups of atoms, in other words, attempt to determine its con-
stitutional formula.
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These data as well as the early data of Meth-Cohn and
Smith[11] contradict Perkin(s claim that the definite formula
for industrial mauveine was a C27, mauveine B or an isomer,
and that the second colouring matter was pseudo-mauveine.
As it will be shown in this work, mauveine is a complex mix-
ture and the conclusions of both the modern authors and
Perkin have their merits.


Results and Discussion


Analysis of Perkin!s mauve in salt samples


Chromophores : In this work, two sets of historical samples
were analysed: seven mauve salts and seven dyed textiles,
provided by the Science Museum (London), Museum of Sci-
ence and Industry (Manchester), Chandler Museum (Co-
lumbia University) and Perth Museum (Scotland). The sam-
ples investigated here are dated from a period that ranges


Scheme 1. Fully characterised products isolated from mauve samples. Depending on the initial ratio of aniline, o-toluidine and p-toluidine, the proportion
of the different mauveine compounds varies. Mauveine A and B are the major components of all analysed mauveine salts but one, that from the
Museum of Science and Industry of Manchester, in which pseudo-mauveine and mauveines C25a and C25b are predominant. Mauveine B2 and C are
minor components. These seven compounds could be isolated in sufficient amounts to allow for MS and NMR spectroscopic characterization, whereas
seven others could only be characterized by HPLC-MS. All thirteen compounds have wavelength absorption maxima in methanol in the range of 540
(mauveine E)–550 nm (mauveine B2), see Table S1 in the Supporting Information.
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from 1857 to 1879. An additional sample of mauve from
Edward Schunck (also from the early days of mauve synthe-
sis) was also analysed.


The samples were dissolved in methanol and analysed by
HPLC-DAD and HPLC-DAD-MS. The major components
were isolated and fully characterised by MS and NMR spec-
troscopy, in which minor components were only character-
ised by LCMS (see Tables S1–S6 and Figures S1–S5 in the
Supporting Information for details). Scheme 1 shows the
structures of the isolated compounds that could be fully
characterised and Table 1 the distribution of the different
chromophores amongst the historical samples.


The first striking observation is that all the mauveine salts
that were synthesised and purified by Perkin are actually
complex mixtures of at least thirteen different compounds,
all of which contain the 7-amino-5-phenyl-3-(phenylamino)-
phenazin-5-ium core (Scheme 1). Besides the C24 compound
with no methyl groups (pseudo-mauveine), two monomethy-
lated C25 isomers, named C25a and C25b, dimethylated mau-
veine A (C26), four trimethylated mauveines (B, B2, B3,
B4), two tetramethylated mauveines (C, C1), one pentame-
thylated (D) and one hexamethylated (E) mauveines could
be identified in the historical samples (see Table S1 in the
Supporting Information). These last two compounds show
that the commercial aniline used by Perkin was contaminat-
ed not only with toluidines but also with anilines containing
two methyl groups in the benzene ring (xylidine). All these
compounds have absorption wavelength maxima (lmax) in
methanol solution in the range 540–550 nm, which is in
agreement with previously reported results.[17]


Although the distribution of the mauveine compounds
amongst the salt samples (Table 1) shows rather large dis-
similarities, the two major chromophores present are (with
the exception of Schunck(s sample) mauveines A (C26) and
B (C27). Other C27 isomers (mauveines B3 and B4), as well
as C28 compounds (mauveines C and C1), are also present,
with mauveine B2 as the most important of these minor
compounds contributing approximately 10% to the overall
colour. In three of these samples (ScM1 and 3, CM1; ScM=


Science Museum, CM=Chandler Museum) mauveine A is
present in a larger amount and contributes approximately
50% of the overall chromophores. On the other hand, when


the C26/C27 ratio (Table 1) is considered in the other three
samples (ScM2, 4 and MSIM1; MSIM=Museum of Science
and Industry Manchester) the major chromophores are the
C27 isomers, which throws some light on Perkin(s flip-flop
between a C26 or C27 formula for mauveine.


It is also worth noting that the so-called “original” Sci-
ence Museum sample (ScM1) and the Chandler Museum
sample (CM) are identical, but differ in one aspect or anoth-
er from every other crystalline sample (Table 1). This could
support the following hypothesis: both samples were from
the batch made for the 1906 celebrations in France, which
was made by using a recipe given by Perkin, but presumably
with a mixture of pure aniline and toluidines rather than
impure amines; Perkin would have taken this batch with
him during his visit to New York to celebrate the Jubilee of
mauveine and offered it to Charles Chandler.


In the sample that belonged to Schunk(s (MSIM2) collec-
tion, a very different fingerprint was found. The major
purple chromophore present was the C24 pseudo-mauveine
(49%) together with two mono-methylated derivatives (C25a


and C25b (41%)). There was also a minor component of
mauveine A (7%) and no evidence of mauveine B (nor C).
This “outsider” sample could correspond to a different pro-
cess than the one that Perkin developed for the production
of mauveine; one that was moreover based on Perkin(s ob-
servation that “pseudo-mauveine is obtained in the largest
quantities when aniline of a low boiling point is used (ani-
line with low amounts of toluidine)” or in an unpublished
synthetic procedure.


Counterions : The major counterions determined by ion-ex-
change chromatography, in five of the investigated seven
samples, were acetate ions, thus confirming that these sam-
ples would have been prepared after 1862, and were to be
used for dyeing and sent to the market in the form of “crys-
tallised aniline purple”[8] (Table 1). Acetate ion was found in
two of these samples (ScM1 and CM) at approximately
100% and in the other four samples together with other
ions, such as sulfate and chloride (see Figure S6 and Ta-
bles S7 and S8 in the Supporting Information). Sulfate was
the major counterion found in the two samples, ScM2 and
ScM3. The sulfate salt is described by Perkin as the product
used to first precipitate the colouring matter from solution.
The mauveine sulfate thus obtained could be then trans-
formed in other salts.


We are led to conclude that the presence of acetate, as al-
ready mentioned by Morris,[18] shows that these samples
cannot be earlier than 1862, as there is no historical evi-
dence for the earlier synthesis of any salts as reasonably
pure samples.


Analysis of Perkin!s mauve in textile samples


Chromophores : Mauve-dyed textiles were also investigated
because they constitute the most valuable available samples
in terms of provenance and dating. These include the pieces
donated by Miss A. F. Perkin, daughter of W. H. Perkin, in


Table 1. Relative percentages of the main chromophores of the mauveine
salt samples[a] and respective counterions (A-acetate, S-sulfate).


C24 C25 C26 C27 C27 C27 C28 C28 C26/
C27


[b]
Anion
[%]


C25a+C25b A B B2 B3+B4 C C1


ScM1 1 2 50 23 10 5 4 5 1.3 97 A
ScM2 1 3 37 26 13 6 5 8 0.8 98 S
ScM3 1 2 54 16 9 4 5 8 1.8 67 S
ScM4 1 2 37 31 12 5 5 8 0.8 82 A
MSIM1 – 2 39 33 12 5 4 6 0.8 86 A
MSIM2 49 41 7 – 3 – – – – 68 A
CM 1 2 50 24 8 4 5 7 1.4 100 A


[a] Samples are described in the Supporting Information. [b] Defined as the
ratio between the sum of all C26 and all C27 compound percentages.
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1947 to the Science Museum in London,[18] which were a silk
skein, a woollen shawl and a piece taken from a length of
fabric (allegedly offered to Queen Victoria and possibly
dyed immediately after the discovery of mauve; Figure 2).
These samples might well date from 1857–60, and in the
case of the skein and dress fabric possibly even as early as
1856. The dress fabric preserved at Perth also has a similar
significance.


After extraction of the dyes from the textiles (see Figur-
es S1–S5 in the Supporting Information), the methanolic sol-
utions were analysed as described above for the mauveine
salts. The extraction procedure enabled a complete recovery
of the mauveine chromophores, and thus their chemical fin-
gerprint; this may be assumed because we know that the
dye was almost completely taken up by the silk or wool
fibres.[1]6


In the analyses of the textile fibres, evidence for two dif-
ferent processes seems clear, see Table 2, and consequently
the six studied samples can be grouped in two sets of respec-
tively four and three samples. 1) In the first sample, the
major chromophores are mauveines A and B, with the
mono-methyl derivatives C25 present in minor amounts (1–
5%) and no pseudo-mauveine is detected. 2) In the second
sample, the major chromophore is mauveine A (ca. 50%)
together with mono-methyl derivative isomers C25a+b (15–
20%); pseudo-mauveine is also present (ca. 5%) together
with mauveine B (5–12%).


The dye composition in the fibres, particularly for set
number 2, is consistent and consequently might reflect the
standard procedures for the production of mauve. In this
second set, we find samples that were most probably dyed
by professional dyers.


From the above, it is possible to conclude that the process
used to dye the first dated fabrics, set number 2, was based


on the method described by Perkin as enabling to obtain “a
blue shade of mauve prepared from aniline, containing but
little toluidine”.[10] This would correspond to the first large-
scale product introduced in the market, in which “commer-
cial mauve appeared as an almost perfectly amorphous
body”.[19] Only in a second period, “owing to the great im-
provements which have been made in its purification”[19]


was it sent “into the market pure and crystallized”.[19] This is
also in agreement with what Perkin wrote in his 1879 paper,
namely, that to obtain the mauveine acetate in the form of a
crystallised product, it was necessary to have a mauve dye
enriched in methylated derivatives.[10]7 This could potentially
explain the differences observed between several of the in-
vestigated mauve-dyed textiles: the skeins from the first
group correspond to a later process, when the dye was sold
as a crystallised acetate salt. Included in the second group
should be the textiles that would have been dyed by the
original process, when mauve was sold as an “amorphous
body” (or as a solution), including the only dated sample,
the beautiful mauve-dyed woollen shawl (see ScMF6 in
Figure 1).


The mauve used in the woollen scarf (ScMF6) and the
Perth silk fabric, allegedly from a textile dyed for Queen
Victoria, is very similar in composition. This indicates that
they were both very early and in the case of the Perth
sample, and given what is known of the history, it can proba-
bly be dated to 1856. The Science Museum silk sample
(ScMF5) is also similar in appearance to the Perth sample
and although it agrees in general terms with the other two
samples, it does differ in respect of one isomer (C27, mauvei-
ne B). However it is unlikely that this difference is signifi-
cant, and consequently all three samples should be consid-
ered to be examples of the earlier synthetic mauveine
period.


Figure 2. Textile samples from museum collections analysed in this work.
The designations are in accordance with those given in Table 2. Fibre a is
a fibre that was dyed by us with mauveine ScM1, by using an original
dyeing procedure described by Perkin.[1] The f fibers are all Science
Museum (ScM) specimens.


Table 2. Relative percentages of the main chromophores of the mau-
veine-dyed textile samples.


C24 C25 C26 C27 C27 C27 C28 C28 C26/C27
[a]


C25a+C25b A B B2 B3+B4 C C1


ScMF1 – 1 32 36 11 4 7 9 0.6
ScMF2[b] – 5 70 13 7 4 1 3.0
ScMF3 – 2 61 21 8 5 2 2 1.8
ScMF4 – 2 53 24 9 5 3 4 1.4


ScMF5 5 20 51 5 11 9 – – 2.1
Perth 4 18 50 12 9 7 – – 1.8
ScMF6 5 15 51 11 11 7 – – 1.7


[a] The structural assignment of these three (mauveine B3, B4 and C1)
structures was not made. However, based on the available analytical data
these could be clearly identified as isomers of mauveines B and C; see
Table S1 in the Supporting Information.[a] The concentration of mauve
in this sample was very low; see Figure S5 in the Supporting Information.


6 Quote from Perkin (see reference [1], p. 250): “Many of them, as ani-
line-purple and violine, are taken from their aqueous solution so per-
fectly by these substances, that the water in which they were dissolved
is left colourless.”


7 Quote from Perkin (see reference [10], pp. 717–718): “When manufac-
turing this product, it was always found best to use colouring matter
made from aniline containing large quantities of toluidine, otherwise
the crop of crystals was very small, most of the colouring matter re-
maining in solution.”
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Metal ions used as mordants : The use of mordants was an
issue that was addressed by Perkin because they were criti-
cal for the dyeing of cotton, although mauve is a basic dye
for silk with no need of mordant.[1] A mordant is a metallic
ion that binds simultaneously to the fibre and to the
dye.[20,21] It can also play an important role in the final
colour obtained. Alum, a source of the aluminium ion was
an important historical mordant, but it did not work for
binding mauve to cotton. Tannins were used to improve the
binding of the chromophores to the textile. Methods to fix
mauve to cotton had to be researched by Perkin himself and
by professional dyers, such as the Pullar family of Perth.
The optimised recipe involved the use of tannins and tin.[1]


Three textile samples with different fibres, cotton
(ScMF4), wool (ScMF6) and silk (Perth Museum) were ana-
lysed for the presence of aluminium, tin and iron by using
ICP-AES (see Table S9 in the Supporting Information). The
results obtained were in agreement with what was to be ex-
pected from Perkin(s papers; silk was not mordanted, and no
metal ions were necessary to dye silk with mauve. In wool,
aluminium and iron were detected at 5.9 and 5.6 mg per
gram of textile, respectively. The amounts of aluminium and
iron ions are in the concentration range of mordanted wool
textiles.[20] In his patent, Perkin mentioned that he found it
advantageous to boil the wool with the mauve dye and sul-
fate of iron. But, Perkin also claimed that Prussian Blue was
used to give a bluer shade to mauve-dyed textiles.[10] So the
presence of iron could be explained by its use as a mordant
in wool or/and by its use as Prussian blue. ScMF4 displays tin
as mordant, as predicted, because in 1857 Perkin and Pullars
started using tin to fix mauve (then known as Tyrian purple)
onto cellulose-based textiles. With this method, the mauveine
dye would withstand the action of soap.[1]


Conclusion


Two sets of historical samples were analysed: seven mauve
salts and seven dyed textiles. The only dated sample in this
set is a mauve-dyed shawl exhibited at the 1862 London In-
ternational Exhibition. Two C25 compounds were described
and characterised for the first time in historic mauve sam-
ples. With the exception of the mauve salt from the Schunk
collection, all contained a common fingerprint in which
mauveine A or B (and isomers) predominate. Besides these
two and three methyl derivatives of pseudo-mauveine, sever-
al other methylated derivatives were found (mono, tetra and
more). Amongst these, mauveine B2 (C27) and mauveines
C25a+b are important markers in the fingerprint of mauveine
salts and textiles, respectively. Pseudo-mauveine, which was
described by Perkin as a second colouring matter in the
mauve dye, was also identified for the first time in historical
samples.


Mauve is a complex mixture of methyl derivatives of 7-
amino-5-phenyl-3-(phenylamino)phenazin-5-ium. By investi-
gating mauveine samples and fabric tests dyed with mau-
veine from different sources, we were able to understand


the evolution of mauve as a commercial dye. In the first
commercial product, mauveine A is the major chromophore
(50%) followed by mauveines C25 (15–20%). Later, Perkin
changed the process to obtain more soluble mauve with ace-
tate as the counterion. In this second process, a higher con-
centration of toluidine was used as a starting material,
which led to higher percentages of mauveine B. We found
this fingerprint in several salt samples. In the majority of
these samples, acetate was found as the major counterion,
which confirms that all the mauve salts were made with the
second process and should be dated after 1862. The only ex-
ception to the general fingerprint (mauveine A or B as
major chromophores) is the sample from Schunk(s collection
(MSIM2), in which pseudo-mauveine and monomethyl mau-
veines C25 predominate; this reflects a different and possibly
later process for the synthesis of mauve after it had ceased
to be used as a commercial dye.


Mauve is now a chemical icon. Before achieving this
status mauve was a commercial dye that achieved great suc-
cess as a fashionable colour between 1858 and 1863. From
Perkin(s articles we know that mauve dyed silk very easily,
so efficiently indeed that no mordant was necessary to bind
the colouring matter to the textile. This was confirmed in
the present study. It was also possible to completely extract
the dye, enabling us to reconstitute the original chromo-
phore fingerprint. With this in mind, it was possible to con-
clude that mauve was made according to the original recipe
in three of the textile samples. These textiles, the shawl (ex-
hibited in the 1862 International Exhibition) and two fabrics
that were dyed by the Pullar family of Perth (Scotland) can
be considered to be the iconic representatives of the initial
mauve mania.


Experimental Section


Origin of the different samples : The samples studied in this work were
obtained from the Science Museum in London, Chandler Museum in
New York, Museum of Science and Industry in Manchester and Perth
Museum in Scotland. Two kinds of samples were analysed: seven mau-
veine salts and seven textile samples dyed with mauve.


Mauve salt samples : ScM1 sample came from Imperial College, and is
now displayed in the Science Museum with a label which reads “Original
Mauveine Prepared By Sir William Henry Perkin in 1856”. The samples
ScM2, 3 and 4 were donated to the Science Museum by Miss A. F.
Perkin, daughter of W. H. Perkin, in 1947. The MSIM1 sample was given
by the Kirkpatrick branch of the Perkin family to ICI and was subse-
quently transferred to the Museum of Science and Industry. MSIM2 was
a sample of mauveine from the Schunck collection and was labelled
“mauveine C27 H24 N4”. The handwriting looks like other samples in
the collections and was probably written by Schunck or his assistant. The
CM1 sample is a specimen from the Chandler Museum at Columbia Uni-
versity, New York City and was given to Prof. C. Chandler by W. H.
Perkin during his visit to New York in October 1906.


Textile samples : Samples from seven different textiles were analysed. The
ScMF1, F2, F3 and F4 samples were donated by Miss A. F. Perkin to the
Science Museum in 1947 and were possibly made for the 1862 interna-
tional exhibition. ScMF1 to F3 were mauve silk skeins and F4 is a cotton
skein; F1 is a dark mauve and F2 is a pale mauve. Both ScMF5 and F6
were samples from fabrics. ScMF5 is from a small piece of silk fabric
dyed with mauveine of a pattern that was allegedly supplied to Queen
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Victoria about 1860. ScMF6 comes from a mauve-dyed shawl that was
about 2 yards square, which was exhibited at the International Exhibition
of 1862. It was the only sample that could be accurately dated as having
been dyed before 1862.


The sample from the Perth Museum Scotland (Perth) comes from a
fabric given by the Pullar family in 1938 to the Perth and in the register
notes, it was written that this sample was “cut from the first length of ma-
terial dyed by Dr Perkins [sic] by his new process in Pullar(s works, Perth
in 1856”.


Sample characterisation : All the mauve salt samples were dissolved in
methanol. The chromophores in the textiles were isolated by using three
different soft extraction methods. HPLC-DAD and HPLC-MS were used
to analyse and isolate the compounds (salt samples and fabrics) that
were then characterised by 1H and 13C NMR spectroscopy and mass spec-
trometry (FD-MS and FTICR-MS).


The distribution of the several mauveine chromophores was quantified as
follows. The HPLC-DAD chromatograms of mauveine were acquired at
550 nm (see Figure S1 in the Supporting Information). The peak areas of
the chromophores were obtained with the chromatographic program
ChromQuest 4.1. These areas were then corrected for the different molar
absorptivity of each compound and are presented in Table 1 (dividing by
the correcting factors, see below). The following molar absorptivites were
determined: (e/m�1 cm�1) mauveine A=22000, mauveine B=29000, mau-
veine B2=33000, and mauveine C=36500; these gave rise to the follow-
ing correcting factors: mauveine A=0.6, mauveine B=0.8, mauvei-
ne B2=0.9 (value also used for mauveines B3 and B4); mauveine C=1
(value also used for mauveine C1). For a detailed description, see Sup-
porting Information, sections Data Summary, HPLC-DAD/LC-MS char-
acterization of historical maveines samples, and NMR characterization of
the compounds isolated by HPLC.


The counterions of salt samples were identified by using HPLC anion ex-
change chromatography (see for details see Figure S5 (counterion analy-
sis) in the Supporting Information). The textiles were analysed for the
presence of aluminium, iron and tin that might have been used as mor-
dants by ICP-AES, see mordent analysis in the Supporting Information.


Apparatus


HPLC : The dye analyses were performed in an analytical Thermofinni-
gan Surveyor HPLC–DAD system with a PDA 5 by using a RP-18 ana-
lytic column (250U4.6 Nucleosil 300–5 C18). A solvent gradient with
MeOH (A), 0.05m CH3CO2NH4 (B), acetonitrile (C) with a flow rate of
1.7 mLmin�1 for the chromophores separation was developed: 0–2 min:
20% A/50% B/30% C, isocratic; 10 min: 25% A/35% B/40% C linear;
20 min: 40% A/20% B/40% C linear; 25 min: 50% A/50% C linear; 25–
30 min: 50% A/50% C isocratic.


The analysis of ScMF6, F1 and MSIM2 samples were also performed on
a HPLC-MS instrument with a ProStar 410 autosampler, two 212-LC
chromatography pumps, a ProStar 335 diode array detector and a 500-
MS ion-trap mass spectrometer with an ES ion source (Varian, Inc., Palo
Alto, CA, USA). The LC separations were carried out by using a Polaris
C18 A, with 5 mm of particle size (150U2mm). The mobile phase was
composed by MeOH (A) and 0.08% ACHTUNGTRENNUNG(v/v) formic acid (aq.) (B). The fol-
lowing gradient was used at a flow rate of 0.03 mLmin�1: 0–2 min: 50%
A/50% B isocratic; 10 min: 60% A/40% Blinear; 20 min: 75% A/25% B
linear; 30–35 min: 100% A isocratic.


The isolation of major compounds of mauve dye was performed in a sem-
ipreparative 6000 Merck Hitachi HPLC-DAD system with a L-6200 A In-
telligent Pump, a L-5025 Column Thermostat and a L-4500 DAD. The
separations were carried out by using a RP-18 semipreparative column
(250U10 Nucleosil 300–7 C18), by using the acidic H2Oand MeOH
method described elsewhere.[16]


Mass spectrometry : The mass spectra carried out in the 500-MS ion-trap
mass spectrometer with an ES ion source (Varian, Palo Alto, CA, USA)
were acquired in positive-ion mode The operating parameters were opti-
mised for the sample ScMF1: the spray needle voltage was set at
�5.7 kV, nitrogen was used both as nebulising and drying gas (35 psi and
15 psi, respectively), drying gas temperature 350 8C; capillary voltage
157 V for positive ions, and RF loading of 94 V.


Field-desorption mass spectra (FD-MS) were run on a Micromass GC-
TOF spectrometer in positive mode.


High-resolution mass spectra (HRMS) were obtained by laser desorp-
tion/ionization (LDI) with a Finnigan FT/MS 2001-DT Fourier-transform
ion-cyclotron-resonance mass spectrometer (FTICR/MS), equipped with
a 3 Tesla superconducting magnet and coupled to a Spectra-Physics
Quanta-Ray GCR-11 Nd:YAG laser operated at the fundamental wave-
length (1064 nm).


NMR spectroscopy : The NMR spectra at 298.0 K were obtained either
on a Bruker AMX400 operating at 400.13 MHz (1H) and 100 MHz (13C)
or on a Bruker Avance 600 operating at 600.13 Hz (1H) and 150.91 Hz
(13C). For each compound, 1H, 13C, COSY, HSQC or HMQC, HMBC
and eventually NOESY NMR spectra were run. Proton assignment was
done on the basis of chemical shifts and COSY spectra; to confirm these
assignments, NOESY spectra were run on one of the samples (pseudo-
mauveine; mixing times of 0.5, 1.0 and 1.5 s were used, and the best spec-
trum selected), to fully confirm the assignments. Carbon assignments
were made on the basis of chemical shifts, HSQC or HMQC, and HMBC
NMR spectra. For more details see Supporting Information.
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Molecules with New Topologies Derived from Hydrogen-Bonded Dimers of
Tetraurea Calix[4]arenes


Anca Bogdan,[a] Michael Bolte,*[b] and Volker Bçhmer*[a]


Introduction


The preparation of topologically nontrivial molecules is pri-
marily an intellectual challenge.[1] Their controlled synthesis
usually requires a suitable prearrangement of the molecular
building blocks to ensure their correct covalent connec-
tion.[2] The dimerization of calix[4]arenes substituted with
four urea residues at the wide rim[3,4] may be used to ar-
range functional groups attached to these urea residues in
well-defined positions.[5] In this way controlled intramolecu-
lar reactions between these functions are possible.


We obtained multimacrocyclic molecules from heterodi-
ACHTUNGTRENNUNGmers with a tetratosyl urea group through a metathesis reac-
tion between the alkenyl groups (followed by hydrogenation
of the double bonds).[6,7] Fourfold [2]rotaxanes are formed


for shorter loops.[8] The exclusive heterodimerization of bis-
or tetraloop tetraureas with tetra- or octaalkenyl ureas was
successfully used to prepare bis[2]catenanes,[9] bis[3]cate-
nanes, or even cyclic[8]catenanes.[10]


Alternatively, bis[2]catenanes can be prepared by meta-
thesis of homodimers formed by bisalkenyl monoloop ureas
1 (Figure 1).[9] Starting with a monoloop (n=8; see
Scheme 1 for n and p nomenclature) bisalkenyl (p=6) com-
pound it was possible to synthesize a bis[2]catenane in
which two loops of different sizes were attached to each cal-
ix[4]arene, whereas for longer alkenyl residues (p=9) a
pure compound could not be isolated from the reaction mix-
ture, although the reaction product clearly had the expected
molar mass according to ESIMS.


Abstract: Tetraurea calix[4]arenes 2
have been synthesized in which two ad-
jacent aryl urea residues are connected
to a loop by an aliphatic chain -O-
(CH2)n-O-. The remaining urea resi-
dues have a bulky 3,5-di-tert-butylphen-
yl residue and an w-alkenyloxyphenyl
residue. Since this bulky residue cannot
pass through the loop, only one homo-


dimer (2·2) is formed in apolar sol-
vents, for steric reasons, in which the
two alkenyl residues penetrate the two
macrocyclic loops. Covalent connection
of these alkenyl groups by olefin meta-


thesis followed by hydrogenation cre-
ates compounds 3, which consist of
molecules with hitherto unknown top-
ology. Their molecular structure was
confirmed by 1H NMR spectroscopy
and ESIMS, and for one example by
single-crystal X-ray analysis.Keywords: calixarenes · dimers ·


knots · macrocycles · topology
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Figure 1. Synthesis of bis[2]catenanes by metathesis of homodimers 1·1
(2Ka connections). Possible side reactions through b and subsequent b’
connections are also shown.
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To obtain bis[2]catenanes, alkenyl groups attached to the
same calixarene must be connected by the metathesis reac-
tion (a connections). In principle, connections between al-
kenyl groups attached to different calixarenes are also possi-
ble (b connections), at least when these groups are in adja-
cent positions in the dimer.[11] Such a b connection would
leave two “isolated” alkenyl groups that could be connected
in a second step to form a product isomeric to the expected
bis[2]catenane (Figure 1). Since the separation of these iso-
mers can be difficult, we were primarily interested to see if
the connection of remote alkenyl residues within the dimer
(b’ connection) is possible at all.


Results and Discussion


To check, if alkenyl groups of different calixarenes can be
covalently linked by metathesis within a dimer when they
are not in adjacent positions, we prepared monoloop com-
pounds 2 with one alkenyl urea (of different lengths) and
one bulky urea residue (Figure 2). These compounds should


form only one homodimer because, for steric reasons, the
loops cannot overlap and the bulky residue cannot penetrate
the loop.[12] Thus, if an intramolecular metathesis reaction is
possible for such a dimer, the product 3 must contain the
discussed b’ connection.


Compounds 2 were synthesized in four steps starting with
the bis-BOC protected tetraamine 4,[13] as shown in
Scheme 1: Cyclization with an activated bisurethane[14]


under dilution led to the formation of macrocyclic diureas
(60–80%), which were quantitatively deprotected. Diamines
5a,b were first monoacylated with the activated urethane 7a
to introduce the bulky urea residue (47–52% of 6a,b). Fi-
nally the alkenyl urea residue was introduced analogously
by acylation with 7b,c in the last step to give 2b,d in 60–
80% yield. Alternatively, the alkenyl group was introduced
first by acylation of 5a,b with active ester 7b (44–59% of
6c,d) followed by acylation with 7a in the second step to
give 2a,c in yields of 58–80%. No clear advantage was
found for one of these two possible pathways.


The structure of compounds 2 was confirmed by ESIMS
and 1H NMR spectroscopy in [D6]DMSO or [D8]THF. Since
the molecules are fixed in the cone conformation, they are
chiral (C1 symmetry) and this chirality can be demonstrated


by the splitting of signals after addition of Pirkles reagent. It
is worth noting that the dimerization of 2 can occur stereo-
selectively only between molecules of the same enantiomer.
Hence, the dimer has “structurally” C2 symmetry, which is
reduced to C1 symmetry by the directionality of the hydro-
gen-bonded belt.[15]


1H NMR spectra in CDCl3 or [D6]benzene are in agree-
ment with the formation of a single dimer 2·2 with C1 sym-
metry. They show for instance (in 2d for example) eight sig-
nals for the NHa protons at d=10.06–9.90 ppm (two are
overlapped), eight doublets with meta coupling in the d=


6.41–6.24 ppm region, which have the corresponding signals
at d=8.25–8.0 ppm (eight signals were found in the Cosy
spectra, but four of them are overlapped). The aromatic
protons of the bulky residue appear as two doublets (d=


8.33 and 8.26 ppm) and two broad triplets (d=7.29 and
7.23 ppm). Also the two singlets for tert-butyl groups at d=


1.35 and 1.32 ppm demonstrate that the two 3,5-di-tert-butyl-
phenyl residues are different in the C1-symmetrical dimer.[16]


Olefin metathesis with dimers 2·2 followed by hydrogena-
tion led to a single reaction product, 3b,d in the case of
2b,d, which was isolated in 40 and 57% yield, respectively,
after the usual chromatographic work up. The yield drops to
15–20% for compounds 3a,b with the shorter loop and the
crude product contains several byproducts. In the case of
3b,d, ESI mass spectra were measured for samples dissolved
in chloroform/methanol (2:1) and peaks corresponding to
[M+2Na]2+ (3b) and [M+H+Na]2+ (3d) were observed
with the highest (99–100%) abundance. For compounds
3a,c, samples prepared in a similar way gave spectra in
which the peaks could not be interpreted. Clear ESI mass
spectra were obtained, however, when the samples were dis-
solved in chloroform and tetraethylammonium tetrafluoro-
borate was added. In these cases only the peaks correspond-
ing to [M+Et4N]+ were found with 100% abundance.[17] At
this point it is important to notice that the encapsulation of
the cation took place in minutes and no peak corresponding
to a solvent containing capsule was detected.


1H NMR spectra (Figure 3) reveal the expected C1 sym-
metry (no symmetry element), showing for instance eight
low-field signals for NHa of the urea groups and eight pairs
of m-coupled doublets for the aromatic protons of the calix-
arene parts, which are completely resolved for the low-field
part.


All these results prove that the envisaged b’ connection
was in fact achieved in all cases.


Many early attempts to confirm the complicated connec-
tivities in compounds 3 by crystallography failed. Although
several single crystals were grown from 3d, it was impossible
to solve their structure by X-ray analysis. Since heavy atoms
often facilitate the determination of the structure, we started
the synthesis of compound(s) in which bromine atoms re-
place the tert-butyl groups as the bulky residues. Unfortu-
nately the bromine atoms are too small to ensure a selective
dimerization, at least in combination with a loop of n=10.
After a crystal structure was eventually obtained for 3d
these studies were not continued.


Figure 2. Dimerization of tetraurea 2 and metathesis reaction (followed
by hydrogenation) of the alkenyl residues within the dimer 2·2 (= b’ con-
nection).
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Crystal structure : After numerous attempts with various
crystals the structure of 3d could be finally solved. Crystals
were obtained by slow evaporation of a solution in chloro-
form/acetonitrile. Two crystallographically independent mol-
ecules (I, II) were found, in which both calixarene parts


form a hydrogen-bonded capsule. They differ mainly by the
conformation of the aliphatic (CH2)10 chains connecting two
adjacent phenylurea groups (a, b) within each calixarene
part (A ,B) and the (CH2)20 chain connecting the two calix-
arene parts (via c). The capsule includes two acetonitrile


Scheme 1. Synthesis of monoloop compounds 2a–d.
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molecules in a roughly antiparallel orientation. Five chloro-
form and five acetonitrile molecules are additionally incor-
porated into the crystal lattice. The molecular conformation
of molecule I is shown in Figure 4a and the packing of mole-
cules I and II is shown in Figure 4b.


The first crystal structure described for a hydrogen-
bonded dimer of a tetraurea calix[4]arene[18] shows a mole-
cule with a fourfold axis.[19] Such a fourfold symmetry is im-
possible for the present molecule 3d, but the shape of the
capsules itself, without the connecting aliphatic chains is
rather similar, as shown by the values compared in
Table 1.[20] The distance between the centers of the two ref-
erence planes defined by the carbon atoms of the calixarene
methylene bridges is nearly identical for I and II (10.226/
10.217 R), but significantly larger (by 0.438 R) than in the
tetraester capsule.[18] A significant distortion and a slight dif-


ference of both capsules is indicated by the interplanar
angle for the best planes through the phenolic oxygen atoms
(7.4 and 9.58) and the carbon atoms of the methylene
bridges (3.2/5.58), whereas the cyclic belt of hydrogen bonds
requires nearly parallel planes (1.4/2.98) for the carbonyl
carbons.


The distortion of the single calix[4]arenes may be charac-
terized by the diagonal distances of the phenolic oxygen
atoms, which differ by 0.981 and 1.073 R for both calixar-
enes forming capsule I and by 1.17 and 0.688 R for those of
II. They are also indicated by the inclination angles of the
aromatic planes of the calixarene, which range from 54.2 to
72.18. However, these slight distortions are not (necessarily)
caused by the aliphatic chains within and between the cal-
ix[4]arenes, which contain many anti and gauche conforma-
tions characteristic for an unstrained aliphatic chain.


The crystal structure reveals a rather “relaxed” situation
despite the different phenyl substituents attached to the
four urea groups. Probably the difference of the four phe-
nolic units is not pronounced enough, to entirely prevent
the incorporation of the molecules under (slightly) different
orientations in the crystal lattice. Such a disorder, obtained
for instance by rotation around the axis of the dimeric cap-
sule, would explain the difficulties in solving the structure
that we initially faced.


Figure 3. Sections of the 1H NMR-spectrum of 3b in C6D6. Top: aryl NH.
Bottom: calix NH protons (*), aromatic protons of the calixarene skele-
ton (*), and aromatic protons of the 3,5-di-tert-butylphenyl groups (*)
are indicated and the rest of the signals are the meta-substituted phenolic
rings of the loops.


Figure 4. a) Molecular conformation of 3d (molecule I) seen from the
top (left) and from the side (right). Hydrogen atoms are omitted for
clarity. Loops connecting adjacent urea groups within a calixarene are
green and blue; the chain connecting the two calixarenes is yellow.
b) Packing of 3d in the crystal lattice, as seen along the a axis. The two
crystallographically independent molecules are indicated by I and II.


Table 1. Comparison of some characteristic crystallographic data.


Dimer I[a] II[a] Tetraester[18]


planes of calix O atoms
distance between centers [R] 12.819 12.818 12.487
angle [8] 7.4 9.5 0.0


planes of methylene C atoms
distance between centers [R] 10.226 10.217 9.784
angle [8] 3.2 5.5 0.0


planes of carbonyl C atoms
distance between centers [R] 1.422 1.375 1.100
angle [8] 1.4 2.9 0.0


calixarene A[b]


O�O distance diagonal [R] 4.944 5.025 4.376
3.963 3.855


angle calix-phenyl plane/ 64.9[c] 58.6[c] 62.4
reference plane [8] 57.1[c] 72.1[c]


63.4 69.8
70.8[d] 56.0[d]


calixarene B[b]


O�O distance diagonal [R] 4.951 4.899 4.469
3.878 4.211


angle calix-phenyl plane/ 62.0[c] 66.5[c] 64.1
reference plane [8] 70.9[c] 67.5[c]


68.5 68.0
54.2[d] 56.8[d]


[a] Two crystallographically independent molecules. [b] Two calixarene
parts per molecule. [c] Adjacent phenyl rings connected by the loop.
[d] Phenyl ring with the voluminous residue.
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Conclusion


Molecules 3 show an interesting and, to the best of our
knowledge, unprecedented topology that can be explained
by the “transformations” shown in Figure 5.


First the nonconnected urea arms can be omitted and the
calixarene macrocycles may be reduced to a point because
they are not involved in catenation. Further deformations fi-
nally lead to a topological representation that may be de-


scribed as follows: Two rings with an attached axle form a
“double” rotaxane by mutual penetration. Additionally the
open ends of the axles are connected to a macrocycle. Thus,
the molecule combines structural elements of rotaxanes and
catenanes and shows in addition some similarities to knots.
To the best of our knowledge, such a topology has not yet
been described and synthetically realized.


Experimental Section


General : DMF (peptide synthesis grade) was purchased from Acros, the
Grubbs catalyst (first generation) from Strem and deuterated solvents
from Deutero GmbH. All reactions were carried out under nitrogen.
Column chromatography was performed with silica gel (Merck, 0.040–
0.063 mm). 1H and 13C NMR spectra were recorded on a Bruker
DRX400 Avance Instrument at 400 and 100.6 MHz, respectively. Chemi-
cal shifts were calibrated to the residual signal of the deuterated solvent.
Mass spectra were obtained on a Finnigan MAT 8230 spectrometer.


Syntheses : Compounds 4,[12] 5, and 7b,c were prepared as described pre-
viously.[19] The active urethane 7d was synthesized in three steps and is
reported in the Supporting Information. For compounds 6, 2, and 3, rep-
resentative examples are described herein, together with 1H NMR and
MS data. The remaining compounds and all 13C NMR data are included
in the Supporting Information.


General procedure for the synthesis of the compound 6 : A solution of
active urethane 7 (0.84 mmol) in DMF (peptide synthesis grade, 25 mL)
was added dropwise (5 mLh�1) to a solution of diamine 5 (0.7 mmol) and
diisopropylethylamine (1 mL) in DMF (200 mL). The reaction mixture
was stirred for an additional hour and then the solvent was evaporated.
The dry residue was dissolved in dichloromethane and washed with a so-
lution of K2CO3 until the water phase remained colorless. After drying
over MgSO4, the solvent was evaporated and the product was purified by
column chromatography (silica gel, THF or ethyl acetate/hexane mixture
as the eluent). The product was used in the next step after being analyzed
by MS.


6a : Yield=52%; ESIMS: m/z (%): 1398.9 (100) [M+Na]+ .


General procedure for the synthesis of the compound 2 : A solution of 6 in
THF, the corresponding active urethane 7 (in a molar ratio of 1:1) and
diisopropylethylamine (1 mL) was heated at reflux for 12 h. The reaction
mixture was diluted with dichloromethane and washed with a solution of
K2CO3 until the water phase remained colorless. After drying over
MgSO4, the solvent was evaporated and the product was crystallized
from chloroform/methanol. If the product was not yet pure it was further
purified by column chromatography (THF or ethyl acetate/hexane mix-
ture as the eluent).


2a : Yield=58%; 1H NMR ([D6]DMSO, 400 MHz, 25 8C): d =8.34 (s, 1H;
NH), 8.26 (s, 1H; NH), 8.23 (s, 1H; NH), 8.22 (s, 1H; NH), 8.12 (s, 1H;
NH), 8.07 (s, 1H; NH), 8.02 (s, 1H; NH), 8.01 (s, 1H; NH), 7.17 (br t,
1H; Armeta-H), 7.12 (brd, 2H; Ar-H), 7.09 (br t, 1H; Armeta-H), 7.03 (d,
1H; 4J�1.5 Hz, Arcalix-H), 7.00–6.96 (3 m, 3H; Armeta-H), 6.90 (m, 2H;
Arcalix-H+Ar-H), 6.84 (br s, 1H; Arcalix-H), 6.76 (br s, 1H; Arcalix-H), 6.73
(br s, 1H; Arcalix-H), 6.67 (dd, 1H; 3J=8.2 Hz, 4J�1.0 Hz, Armeta-H),
6.48–6.45 (m, 4H; 2Arcalix-H+2Armeta-H), 6.42–6.38 (m, 5H; Arcalix-H+


4Armeta-H), 5.74–5.67 (m, 1H, =C-H), 4.93–4.83 (m, 2H, =C-H2), 4.27
(d, 4H; 2J=11.44 Hz, Ar-CH2-Arax), 3.85–3.72 (m, 12H; -OCH2), 3.08–
3.00 (m, 4H; Ar-CH2-Areq), 1.93 (m, 2H; -CH2-), 1.83 (m, 10H; -CH2-),
1.59 (m, 4H; -CH2-), 1.36–1.30 (m, 16H; -CH2-), 1.26–1.24 (m, 4H; -CH2-
), 1.16(s, 18H; tBu) 0.87 ppm (t, 3J=5.6 Hz, 12H; -CH3); ESIMS: m/z
(%): 1645.01 (100) [M+Na]+ .


2b : Yield=58%; 1H NMR ([D6]benzene, 400 MHz, 60 8C): d=9.92 (s,
1H; NH), 9.88 (s, 1H; NH), 9.86 (s, 3H; NH), 9.84 (s, 1H; NH), 9.72 (s,
2H; NH), 9.69 (s, 2H; NH), 8.39 (br s, 2H; Armeta-H), 8.23 (brd, 2H; Ar-
H), 8.23–8.21 (m, 2H; Armeta-H), 8.19 (m, 3H; Ar-H+Arcalix-H+Arcalix-
H), 8.11 (br t, 1H; Armeta-H), 8.09 (d, 4J=1.8 Hz, 1H; Arcalix-H), 8.05
(br t, 1H; Armeta-H), 8.03 (d, 4J=2.6 Hz, 1H; Arcalix-H), 8.02 (d, 4J=


2.6 Hz, 1H; Arcalix-H), 7.96 (br s, 2H; Arcalix-H), 7.92 (d, 4J=1.8 Hz, 1H;
Arcalix-H), 7.61 (m, 2H; Armeta-H+Armeta-H), 7.55 (br t, 1H; Armeta-H),
7.53 (s, 1H; NH), 7.49 and 7.47 (brdd, 3J=8.1 Hz, 1H; Armeta-H), 7.46 (s,
1H; NH), 7.36 (m, 2H; Armeta-H), 7.29 (br s, 1H; Ar-H), 7.27 (s, 1H;
NH), 7.24 (br s, 1H; Ar-H), 7.24 (m, 2H; Armeta-H+NH), 7.22 (t, 3J=


8.2 Hz, 1H; Armeta-H), 7.07 (t, 3J=7.8 Hz, 1H; Armeta-H), 7.03 (t, 1H;
3J=8.2 Hz, Armeta-H), 6.75–6.69 (m, 4H; 2Armeta-H+2NH), 6.62–6.55
(m, 5H; 4Armeta-H+NH), 6.39 (d, 4J=2.0 Hz, 1H; Arcalix-H), 6.33 (m,
2H; Arcalix-H), 6.31 (d, 4J=2.0 Hz, 1H; Arcalix-H), 6.29 (m, 2H; Arcalix-H),
6.19 (d, 4J=2.0 Hz, 1H; Arcalix-H), 6.04 (d, 4J=2.0 Hz, 1H; Arcalix-H),
5.85–5.75 (m, 2H; =C-H), 5.05–4.95 (m, 4H; =C-H2), 4.63 (d, 2J=


12.0 Hz, 1H; Ar-CH2-Arax), 4.57 (d, 2J=12.0 Hz, 2H; Ar-CH2-Arax), 4.55
(d, 2J=10.6 Hz, 1H; Ar-CH2-Arax), 4.53 (d, 2J=12.3 Hz, 1H; Ar-CH2-
Arax), 4.48 (d, 2J=11.2 Hz, 1H; Ar-CH2-Arax), 4.46 (d, 2J=11.7 Hz, 1H;
Ar-CH2-Arax), 4.45 (d, 2J=10.9 Hz, 1H; Ar-CH2-Arax), 4.25–3.10 (2Km,
4H; -OCH2), 3.9–3.75 (m, 24H; -OCH2), 3.30 (d, 2J=11.7 Hz, 1H; Ar-
CH2-Areq), 3.25 (d, 2J=11.7 Hz, 1H; Ar-CH2-Areq), 3.24 (d, 2J=11.7 Hz,
1H; Ar-CH2-Areq), 3.22 (d, 2J=12.0 Hz, 1H; Ar-CH2-Areq), 3.15 (d, 2J=


11.7 Hz, 1H; Ar-CH2-Areq), 3.13 (d, 2J=11.7 Hz, 1H; Ar-CH2-Areq), 3.06
(d, 2J=12.0 Hz, 1H; Ar-CH2-Areq), 3.01 (d, 2J=12.3 Hz, 1H; Ar-CH2-
Areq), 2.1–1.2 (5Km, 106H; -CH2-), 1.36 (s, 18H; tBu), 1.34 (s, 18H;
tBu), 1.0–0.91 ppm (m, 24H; -CH3).


2c : Yield=80%; ESIMS: m/z (%): 1673.16 (100) [M+Na]+ .


2d : Yield=60%; ESIMS: m/z (%): 1715.04 (100) [M+Na]+ , 1693.07 (46)
[M+H+].


General procedure for the synthesis of 3 : A 0.5 mmol solution of 2 in ben-
zene was heated at 60 8C for 2–6 h and the formation of the homodimer
was confirmed by NMR spectroscopy measurements. After cooling at
room temperature the reaction mixture was purged with nitrogen for
30 min and a solution of the Grubbs catalyst (0.15 mmol/double bond) in
benzene (5 mL) was added in one portion. The reaction mixture was
stirred at room temperature for two days. The catalyst was destroyed by
adding triethylamine (1 mL) and additional stirring for 30 min. The reac-
tion mixture was concentrated at low pressure and hydrogenated in the
presence of platinum dioxide. After filtration and evaporation the crude
product was purified by column chromatography (THF/hexane mixture
as the eluent). The pure compound was obtained after crystallization
from THF/methanol.


Figure 5. Illustration of the topology of molecules 3 by graphical simplifi-
cations: a) omission of the bulky “open ended” urea residue;
b) “shrinkage” of the calixarene to a point; and c) graphical rearrange-
ment.
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3a : M.p.>270 8C decomposition without melting; yield=18%; 1H NMR
([D6]benzene, 400 MHz, 25 and 60 8C): very broad and insignificant;
ESIMS (complex with (C2H5)4N


+PF6
�): m/z (%): 3348.61 (100)


[M+Et4N]+ .


3b : M.p.>250 8C decomposition without melting; yield=57%; 1H NMR
([D6]benzene, 400 MHz, 25 8C): d=10.14 (s, 1H; NH), 10.12 (s, 1H; NH),
10.08 (s, 1H; NH), 10.03 (s, 1H; NH), 10.02 (s, 1H; NH), 9.98 (s, 1H;
NH), 9.92 (s, 2H; NH), 8.52 (br s, 3H; Armeta-H), 8.36 and 8.34 (brdd,
3J=8.2 Hz, 2H; Armeta-H), 8.33 (d, 4J=1.6 Hz, 2H; Ar-H), 8.33 and 8.31
(brdd, 3J=8.2 Hz, 2H; Armeta-H), 8.33 and 8.31 (brdd, 3J=8.2, 4J=


1.4 Hz, 2H; Armeta-H), 8.28 and 8.26 (brdd, 2H; 3J=8.2 Hz, 4J=1.4 Hz,
Armeta-H), 8.26 (d, 2H; 4J=1.6 Hz, Ar-H), 8.23 (d, 4J=2.3 Hz, 1H; Arcalix-
H), 8.19 (d, 4J=2.5 Hz, 1H; Arcalix-H), 8.15 (d, 4J=2.5 Hz, 1H; Arcalix-H),
8.13 (d, 4J=2.5 Hz, 1H; Arcalix-H), 8.09 (d, 4J=2.5 Hz, 1H; Arcalix-H),
8.05 (d, 4J=2.3 Hz, 1H; Arcalix-H), 8.03 (d, 4J=2.3 Hz, 1H; Arcalix-H),
7.80 (d, 4J=2.3 Hz, 1H; Arcalix-H), 7.64 (t, 4J=1.8 Hz, 1H; Armeta-H),
7.62 (s, 2H; NH), 7.59 (t, 4J=1.7 Hz, 1H; Armeta-H), 7.56 (t, 4J=1.8 Hz,
1H; Armeta-H), 7.50 and 7.48 (brdd, 3J=8.1 Hz, 1H; Armeta-H), 7.48 (s,
1H; NH), 7.39 (t, 3J=8.1 Hz, 1H; Armeta-H), 7.36 (s, 1H; NH), 7.310 (t,
3J=8.1 Hz, 1H; Armeta-H), 7.316 (s, 1H; NH), 7.27 (t, 4J=1.5 Hz, 1H;
Ar-H), 7.27 and 7.25 (brdd, 3J=8.2 Hz, 1H; Armeta-H), 7.23 (t, 4J=


1.6 Hz, 1H; Ar-H), 7.12 (t, 3J=8.2 Hz, 1H; Armeta-H), 7.08 (t, 3J=6.3 Hz,
1H; Armeta-H), 7.01 (t, 3J=8.2 Hz, 1H; Armeta-H), 6.99 (t, 3J=8.1 Hz, 1H;
Armeta-H), 6.88 (s, 1H; NH), 6.68 and 6.66 (dd, 3J=8.2, 4J=1.8 Hz, 1H;
Armeta-H), 6.78 and 6.76 (dd, 3J=8.4, 4J=1.6 Hz, 1H; Armeta-H), 6.70 (m,
1H; Armeta-H), 6.67 and 6.65 (dd, 3J=8.2, 4J�2 Hz, 1H; Armeta-H), 6.65
and 6.63 (dd, 3J=8.2, 4J�2 Hz, 1H; Armeta-H), 6.60 (s, 1H; NH), 6.59
and 6.57 (dd, 3J=8.2, 4J=2.1 Hz, 1H; Armeta-H), 6.41 (d, 4J=2.5 Hz, 1H;
Arcalix-H), 6.32 (m, 4H; Arcalix-H), 6.24 (d, 4J=2.5 Hz, 1H; Arcalix-H), 6.21
(d, 4J=2.3 Hz, 1H; Arcalix-H), 6.01 (d, 4J=2.5 Hz, 1H; Arcalix-H), 4.59–
4.40 (m, 8H; Ar-CH2-Arax), 4.3–3.50 (four m, 28H; -OCH2), 3.28–3.07
(m, 8H; Ar-CH2-Areq), 2.1–1.9 (m, 16H; -CH2-), 1.8–1.7 (m, 6H; -CH2-),
1.5–1.1 (m, 80H; -CH2-), 1.37 (s, 18H; tBu), 1.32 (s, 18H; tBu), 1.0–
0.91 ppm (m, 12H; -CH3); ESIMS: m/z (%): 1674.02 (100) [M+2Na]2+ ,
3324.94 (61) [M+Na]+ .


3c : M.p.>270 8C decomposition without melting; yield=15%; 1H NMR
([D6]benzene, 400 MHz, 25 and 60 8C): very broad and insignificant;
ESIMS (complex of the molecule with C8H20NPF6): m/z (%): 3404.65
(100) [M+Et4N]+ .


3d : M.p.>265 8C decomposition without melting; yield=37%; 1H NMR
([D6]benzene, 400 MHz, 25 8C): d=10.13 (s, 1H; NH), 10.06 (s, 1H; NH),
10.05 (s, 1H; NH), 10.03 (s, 1H; NH), 10.00 (s, 1H; NH), 9.97 (s, 1H;
NH), 9.95 (s, 1H; NH), 9.92 (s, 1H; NH), 8.50 (br s, 2H; Armeta-H), 8.44
(br s, 1H; Armeta-H), 8.38 and 8.36 (brdd, 3J=8.2 Hz, 2H; Armeta-H), 8.30
(d, 4J=1.5 Hz, 2H; Ar-H), 8.26 (d, 4J=1.3 Hz, 2H; Ar-H), 8.26 and 8.24
(brdd, 3J=8.2 Hz, 2H; Armeta-H), 8.19 (d, 4J=2.3 Hz, 1H; Arcalix-H), 8.18
(d, 4J=2.3 Hz, 1H; Arcalix-H), 8.16 (d, 4J=2.0 Hz, 1H; Arcalix-H), 8.13 (d,
4J=2.2 Hz, 1H; Arcalix-H), 8.09 (d, 4J=2.5 Hz, 1H; Arcalix-H), 8.08 (d,
4J=2.5 Hz, 1H; Arcalix-H), 8.06 (d, 4J=2.2 Hz, 1H; Arcalix-H), 7.90 (d,
4J=2.3 Hz, 1H; Arcalix-H), 7.62 (s, 1H; NH), 7.60 (br s, 2H; Armeta-H),
7.57 (m, 2H; NH+Armeta-H), 7.53 (br s, 1H; Armeta-H), 7.50 and 7.48
(brdd, 3J=8.1 Hz, 2H; Armeta-H), 7.40 (s, 1H; NH), 7.38 (t, 3J=8.3 Hz,
1H; Armeta-H), 7.35 (s, 1H; NH), 7.27 (m, 2H; Armeta-H+Ar-H), 7.26 (t,
3J=8.1 Hz, 1H; Armeta-H), 7.23 (m, 2H; NH+Ar-H), 7.11 (t, 3J=8.1 Hz,
1H; Armeta-H), 7.08 (br s, 1H; Armeta-H), 7.05 (s, 1H; NH), 7.04 (s, 1H;
NH), 7.01 (t, 3J=8.2 Hz, 1H; Armeta-H), 6.98 (t, 3J=8.4 Hz, 1H; Armeta-
H), 6.79 (s, 1H; NH), 6.73–6.71 (m, 3H; Armeta-H), 6.66 and 6.64 (dd,
3J=8.2, 4J=1.7 Hz, 1H; Armeta-H), 6.57 and 6.55 (dd, 3J=8.2, 4J=2.0 Hz,
1H; Armeta-H), 6.56 and 6.54 (dd, 3J=7.9, 4J=2.0 Hz, 1H; Armeta-H), 6.38
(d, 4J=2.0 Hz, 1H; Arcalix-H), 6.35 (d, 4J=2.3 Hz, 1H; Arcalix-H), 6.32 (m,
4H; Arcalix-H), 6.26 (d, 4J=2.2 Hz, 1H; Arcalix-H), 6.19 (d, 4J=2.2 Hz,
1H; Arcalix-H), 4.54–4.41 (m, 8H; Ar-CH2-Arax), 4.00–3.52 (m, 28H;
-OCH2), 3.36–3.18 (m, 8H; Ar-CH2-Areq), 2.1–1.9 (m, 16H; -CH2-), 1.72–
1.63 (m, 6H; -CH2-), 1.5–0.9 (m, 88H; -CH2-), 1.35 (s, 18H; tBu), 1.31 (s,
18H; tBu), 0.99–0.92 ppm (m, 12H; -CH3); ESIMS: m/z (%): 1691.06
(100) [M+H+Na]2+ , 1680.07 (99) [M+2H]2+ , 1702.06 (30) [M+2Na]2+ .


X-ray structure analysis : 2(C208H282N16O22)·5CHCl3·5C2H3N; Mr=


3759.55; triclinic; space group P1̄; a=20.2740(4), b=28.4843(6), c=


40.4609(10) R; a=77.373(2), b =88.180(2), g=72.699(2)o; V=


21755.2(8) R3; Z=4; colorless block-shaped crystal; STOE-IPDS-II two-
circle diffractometer; T=173 K; MoKa radiation; 2q range=2.82–51.38o;
416706 reflections collected; 81625 independent reflections (Rint=


0.0949); empirical absorption correction (MULABS);[21] structure solu-
tion with SHELXS-90;[22] refinement on F2 with SHELXL-97;[23] R1-
ACHTUNGTRENNUNG[I>2s(I)]=0.1495; GOF=1.596. The methylene chains were refined with
restraints of 1.50(1) R for 1–2 and 2.45(1) R for 1–3 distances. The disor-
dered aromatic ring was refined with restraints of 1.40(1) R for 1–2 and
2.45(1) R for 1–3 distances.


CCDC-689511 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


The structural motif of the semicorrin ligands 1 has inspired
the development of a variety of related neutral and anionic
N,N ligands such as 2–6.[1–3] C2-Symmetric bisoxazolines of
this type are particularly attractive because they are readily
assembled from commercially available enantiopure amino
alcohols. Among them, the neutral bisoxazoline (box) li-
gands 6 have emerged as the most versatile representatives
of this ligand class, as can be seen in the impressive range of
applications they have found in asymmetric catalysis.[3] As a
further variant of this structure we have recently introduced
anionic bisoxazolines 7 (borabox ligands) with a tetrasubsti-


tuted boron atom connecting the two oxazoline rings.[4] The
borabox ligands would be expected to be weaker electron
donors towards a coordinated metal center than other struc-
turally related anionic ligands such as 1–3, which each pos-
sess an electron-rich p-system with high electron density at
the coordinating N atoms, and in this respect to resemble
more closely the neutral box ligands 6.
The geometrical properties of borabox and box ligands 6


are very similar, as each possesses a tetrahedral bridging
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atom, in contrast to ligands 1–5 with their rigid, planar p


systems. The anionic charges of borabox ligands could offer
advantages—by enforcing the binding of a metal cation due
to Coulomb attraction, for example, or by increasing the sol-
ubilities of metal-borabox complexes in apolar solvents—
relative to complexes derived from neutral ligands, which
are more polar, due to the higher charge of the complex and
the additional external anion.[5] The absence of an additional
external anion that might interfere with catalysis through
coordination could also prove beneficial for certain reac-
tions. We therefore thought that borabox ligands would be a
useful addition to the bisoxazoline ligand family.


Results and Discussion


Synthesis of the ligands : Borabox ligands were assembled in
a one-step procedure through coupling of 2H-oxazolines
8a–f with dialkyl- or diarylhaloboranes 9w–z (Scheme 1).[4a]


A library of 15 different ligands was prepared by this ap-
proach. Lithiation of oxazolines 8a–f[6] and subsequent
treatment with the appropriate haloborane (0.5 equiv) at
low temperature in THF led to the lithium salts 7-Li. In gen-
eral, these compounds could be isolated in high purity ac-
cording to NMR spectroscopy (1H, 13C, 11B), as highly hygro-
scopic, white powders in moderate to excellent yields. In
general, for practical reasons, the lithium salts were convert-
ed into the air-stable protonated ligands 7-H by simple chro-
matographic workup on silica gel with mixtures of hexane,


ethyl acetate and triethylamine as eluents. When necessary,
the lithium salts 7-Li could be quantitatively regenerated by
treatment of compounds 7-H with n-butyllithium (1 mol
equiv) in diethyl ether or THF at 0 8C.


Synthesis of palladium complexes : Protonated borabox li-
gands 7ax–az were converted into the corresponding lithium
salts by slow addition at 0 8C of nBuLi (1 equiv) in THF
(Scheme 2). Subsequent treatment with a solution of [Pd-
ACHTUNGTRENNUNG(C3H5)Cl]2 (0.5 equiv) in THF at room temperature led to
the desired palladium complexes 10ax–az, which were iso-
lated after removal of lithium chloride by filtration. In the
cases of 10ay and 10az, recrystallization from EtOH/H2O
gave colorless crystals suitable for X-ray analysis. Similarly,
complex 11cx was obtained by treatment of [Pd(1,3-diphe-
nylallyl)Cl]2 (0.5 equiv) with 7cx-H (1 equiv) and K2CO3 in
a CH2Cl2/THF/methanol mixture[7] at 50 8C. Crystallization
from EtOH/H2O gave single crystals suitable for X-ray anal-
ysis. Crystalline borabox palladium complexes can be han-
dled under air, although they were usually stored under N2


either at room temperature (11cx) or at �20 8C (10ax–az).
The analogous box palladium complexes 12a and 12b were
prepared by published procedures.[7]


NMR studies and DFT calculations of Pd–borabox com-
plexes : Palladium box and aza-semicorrin complexes cata-
lyze the allylic alkylation of rac-(E)-1,3-diphenylpropenyl
acetate with dimethyl malonate with high efficiency
(2 mol% catalyst precursor, 23 8C, 48 h, 94–99% yield) and


high enantiomeric excesses (88–
97%).[7] In contrast, borabox
complex 10az does not induce
any reaction between rac-(E)-
1,3-diphenylprop-2-enyl 1-ace-
tate and dimethyl malonate.
Furthermore, complex 11cx,
which is structurally very simi-
lar to the box complex 13, did
not show any decomposition,
nor was any product formation
observed when it was treated
with stoichiometric amounts of
dimethyl malonate/BSA/
ACHTUNGTRENNUNG[Bu4N]OAc.
Rapid apparent allyl rotation


was observed by 1D 1H NMR
spectroscopy after the prepara-
tion of box complex 12a by a
published procedure[7] that in-
volves washing of the filtered
reaction mixture with NaCl so-
lution. Since the promoting ef-
fects of halides on apparent
allyl rotation of Pd complexes
are known,[8] we investigated
the influence of chloride ions
on box complex 12b, prepared


Scheme 1. Synthesis of borabox ligands in their lithiated (7-Li; 34–98%) or protonated (7-H; 5–89%) forms.
a) tBuLi, �78 8C (�100 8C for 7ex, 7ey), THF; b) (R1)2BX (X=Cl, Br), toluene, �78 8C (�100 8C for 7ex,
7ey); c) hexane/ethyl acetate/Et3N, silica gel; d) nBuLi, Et2O or THF, 0 8C.
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with omission of the NaCl
washing step, and its borabox
analogue 10ay in a NMR titra-
tion experiment. In the absence
of chloride the spectrum shows
the signals of a C1-symmetric
complex, with separate signals
for the four methyl groups.
Upon addition of [Bu4N]Cl
(8 mol%), the signal sets of the
two oxazoline rings and of each
pair of methyl groups in com-
plex 12b merged, whereas the
five protons of the allyl frag-
ment remained distinguishable
(Figure 1). The observed dy-
namic effect was clearly caused
by the presence of chloride
ions, since addition of excess
AgPF6 reversed the effect. In
contrast, similar apparent rota-
tion of the allyl fragment could
not be detected when a solution
of the analogous borabox com-
plex 10ay was treated with
[Bu4N]Cl, even when one
equivalent of chloride was
added.
To investigate whether this


contrasting behavior of com-
plexes 12b and 10ay was due to
stronger binding of the anionic
borabox ligand to the cationic
palladium center, a ligand-ex-
change reaction with dppp [1,3-
bis(diphenylphosphino)pro-
pane] was performed. In both
complexes the N,N ligands were
displaced upon addition of di-
phosphine (1 molequiv), lead-
ing in the case of complex 10ay
to a dppp palladium-allyl com-
plex with the borabox ligand
7ay as counter-ion. The most
likely explanation for the different behavior of the two com-
plexes upon addition of chloride is the lower electrophilicity
of the palladium atom in 10ay, which therefore has a
weaker tendency to coordinate a chloride ion.
Further information about the electronic properties of the


borabox-palladium complexes, as well as their differences
from analogous box complexes, was obtained from
13C NMR spectra and density functional theory (DFT) cal-
culations. The 13C chemical shifts of the carbon atoms of the
allyl fragment are known to reflect the electronic properties
of the complex.[7,9] Comparison of the 13C NMR spectra of
complexes 12a, 12b and 10ax–az revealed that allyl C


atoms of the borabox complexes resonate at higher field,
consistent with more electron-rich allyl moieties.
This conclusion was corroborated by DFT calculations.


Natural population analyses (NPA) at the B3LYP level of
theory were carried out for all five palladium complexes.[10]


A correlation between the net atomic charges of the allyl C
atoms and the 13C NMR chemical shifts is given in Figure 2.
The allyl systems in the box-complexes 12a and 12b were


found to be less electron-rich than those in their borabox
congeners 10ax–az. The relative charges on the three
carbon atoms were clearly related to the natures of the sub-
stituents at boron. Electron-withdrawing 3,5-(CF3)2C6H3-
groups resulted in lower electron densities at the allyl frag-


Scheme 2. Synthesis of box and borabox palladium complexes. a) nBuLi, THF, 0 8C; b) [PdACHTUNGTRENNUNG(C3H5)Cl]2, THF,
RT; c) K2CO3, [Pd ACHTUNGTRENNUNG(C13H15)Cl]2, CH2Cl2/THF/methanol, 50 8C; d) [Pd ACHTUNGTRENNUNG(C3H5)Cl]2, CH2Cl2, RT; e) AgPF6, THF,
RT. Complexes 13, 14 : ref. [7].


Figure 1. 1H NMR spectra (500 MHz, CD2Cl2, 295 K) showing a titration experiment of complex 12b (16 mm)
with a solution of [Bu4N]Cl (10 mm in CD2Cl2). Spectrum at top: addition of [Bu4N]Cl (8 mol%) and AgPF6


(1.7 equiv).
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ment (charge=�0.543, �0.249 and �0.555 e at C(9), C(10)
and C(11), respectively) than ethyl groups did (charge=


�0.552, �0.251 and �0.567 e at C(9), C(10) and C(11), re-
spectively).
In addition, complex 11cx exhibited unexpected behavior


in solution. When single crystals of the pure (syn, syn)
isomer were dissolved in CDCl3, partial isomerization of the
1,3-diphenylallyl ligand to form an (anti, syn) isomer was
observed by NMR spectroscopy (Scheme 3). The isomers of
11cx were distinguished by the different 3JH,H coupling con-
stants in the allyl system. The two 3JH,H coupling constants
of the two terminal allyl protons are 11.4 Hz and 10.7 Hz in
the (syn, syn) isomer, whereas coupling constants of 11.5 Hz


and 7.7 Hz were observed for
the (anti, syn) isomer. The
latter value is clearly indicative
of a cis relationship of the cen-
tral proton of the allyl system
with one of the protons at the
allyl termini.
In contrast, the analogous


box complex 13 exists exclu-
sively in the (syn,syn) form.[7]


On the other hand, partial syn–
anti isomerization of a 1,3-di-
phenylallyl ligand in palladium–
box complexes bearing phenyl
substituents at C(4) and C(4’)
of the oxazoline rings and addi-
tional substituents at C(5) and
C(5’) has been described by
PericNs et al.[11]


Assignment of the NMR signals
for complexes 10ax, 10ay, 12a
and 12b : In order to allow com-
parison of the 13C shifts of the
terminal carbon atoms of the
allylic fragments of complexes
10ax, 10ay, 12a and 12b, the
relative positions of the allyl
termini with regard to the oxa-
zoline ligands were determined
by 2D-NOE spectroscopy
(Figure 3).


The C(6)�H bond preferen-
tially points toward the allyl
ligand and is oriented parallel
to the C(4)�C(5) bond, as
shown by the sizes of 3 Hz of
the coupling constants between
HC(4) and HC(6) in complexes
10ax, 10ay, 10az, 12a and 12b,
the strong NOEs between
HC(4) and HC(6), the strong
differences in intensities of the
NOEs of the spectroscopically
distinguishable methyl groups


and HC(4), and the weak—or
complete absence of—NOE sig-
nals between HC(6) and the
protons at C(5). The same ori-
entation is also found for the
C(6’)�H bonds. Although the
analyses were hampered by
overlapping oxazoline signals
for some of the complexes, and
additionally, in the case of com-
plex 12b, by dynamic processes


Figure 2. Correlation between 13C NMR chemical shifts (500 MHz) and charge densities (DFT, B3LYP, NPA)
of the C atoms of the allyl fragments for box and borabox palladium complexes.


Scheme 3. syn–anti Isomerization of complex 11cx.


Figure 3. Relevant NOEs for
the determination of the rela-
tive positions of the allyl ter-
mini in complexes 10ax, 10ay,
12a and 12b. X=C, B.
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(see below), overall the data confirmed the conformation of
the iPr groups depicted in Figure 3 for all complexes.
The NOEs between HC(4’) and HantiC(11) and between


HC(6) and HantiC(9) allowed unambiguous assignment of
the relative positions of C(9) and C(11). Complex 10ax
showed additional signals between HC(6’) and HsynC(11)
and between H3C(7’) and HsynC(11) (Figure 3). Dynamic be-
havior was found for bisoxazoline complex 12b,[12] in which
exchange peaks were observed between HC(6) and HC(6’)
and between H3C(8) and H3C(8’). A combination of ex-
change peaks and NOE signals between HC(6’) and
HantiC(9) and between HC(6) and HsynC(11) indicated rapid
apparent allyl rotation on the timescale of the NOE experi-
ment. Nevertheless, assignment of the two sets of 13C and
1H NMR signals for the spectroscopically distinguishable ox-
azoline rings was also possible in this case by consideration
of all observed NOE signals between the bisoxazoline
ligand and the allyl fragment.
The relative chemical shifts of the 13C signals of the allyl


termini are in agreement with the results of a previous study
of the analogous box complex 14 (see Scheme 2): the allyl
terminus of which the syn proton points toward the substitu-
ent of the oxazoline ring resonates at lower field.[7]


Crystal structures of complexes 10ay, 10az and 11cx :[13] The
bonds between the bridging atom and the oxazoline rings
are approximately 0.1 O longer in the borabox complexes
10ay and 10az than in the reported analogous box complex
14[14] (Figure 4, Table 1), in accordance with the bond
lengths measured in analogous borabox copper complexe-
s.[4a] The bite angles of the ligand are very close to 908, as
expected for square planar metal complexes (90.88 for 10ay
and 10az). The Coxa-B-Coxa angle is close to the ideal tetra-
hedral angle in both structures (110.78 for 10ay and 111.28
for 10az).
Although the allyl fragments were disordered in both


complexes, analysis of the residual electron density allowed


the refinement for complex 10ay. Distances between the Pd
center and the allyl termini are very similar: 2.12 O for Pd�
C(9) and 2.11 O for Pd�C(11). Likewise, the angles between
the carbon atoms of the allyl termini and the neighbouring
nitrogen atoms at the palladium center differ only marginal-
ly (101.28 for N-Pd-C(9) and 99.78 for N’-Pd-C(11)). The
Pd�N bonds have nearly the same lengths (10az=


2.0846(18) and 2.070(2) O; 10ay=2.0753(16) and
2.0746(17) O). Both complexes form flat chelate rings
(Figure 4).
Borabox complex 11cx has shorter Pd�N bonds than box


analogue 13, and the benzylic C atoms of the ligand are no-
ticeably closer to the ipso carbon atoms of the 1,3-dipheny-
lallyl fragment in the former (closest distance: 3.32 O for
11cx, 3.67 O for 13). The resulting larger strain in the bora-
box complex, which destabilizes the (syn, syn) arrangement,
provides an explanation for the observed syn–anti isomeriza-
tion in complex 11cx in solution.
Although the deviation from the ideal planar coordination


geometry is small in both complexes, the allyl fragment of
the borabox complex 11cx is bent in the opposite direction
relative to the ligand, compared to the box complex 13. As
a consequence, the dihedral angles between the plane
formed by the N atoms of the ligand and the Pd atom and
the plane formed by the allyl termini and the Pd atom are
of opposite sign in the two complexes (+48, �48).[15]


Synthesis and x-ray analysis of copper complexes 15ax–az
and 15cx : Copper(II) complexes of borabox ligands were
prepared either by treating the lithium salts (7-Li) of the li-
gands (7ax, 7ay, 7cx) with CuSO4·H2O (1.0 equiv) in a bi-
phasic mixture of water and CH2Cl2, or by treating the pro-
tonated ligand 7az-H with CuACHTUNGTRENNUNG(OAc)2 (1.0 equiv) in
MeOH.[16] Crystallization was achieved by layering concen-
trated solutions of the complexes in CH2Cl2 or Et2O with
hexane or pentane. Complex 15ax crystallized upon slow
evaporation of a CH2Cl2 solution (Scheme 4).


Single homoleptic copper
complexes were found in the
asymmetric units for 15ax and
15cx, whereas two complexes,
with slightly different geome-
tries, occupied the asymmetric
unit in the case of 15az. The
structure of complex 15ay has
an additional C2 axis that
allows superposition of the two
ligand fragments as depicted in
Figure 5. For conciseness, aver-
aged angles and bond lengths
are used in the following discus-
sion.
All complexes adopt a dis-


torted tetrahedral geometry,
and the geometric parameters
of the four complexes are very
similar, the Coxa-B-Coxa angles


Table 1. Selected interatomic distances [O] and angles [8] in palladium complexes.


10ay[a] 10az[a,b] 14[c] 11cx[d] 13[c]


C(2)�X[e] 1.614(3) 1.619(3) 1.499 1.644(3) 1.504
C(2’)�X[e] 1.612(3) 1.618(4) 1.501 1.635(3) 1.510
Pd�C(9) 2.124(2) – 2.110(4) 2.1360(18) 2.118(3)
Pd�C(10) 2.109(2) – 2.108 2.1119(17) 2.100
Pd�C(11) 2.114(2) – 2.117(4) 2.1621(17) 2.169(3)
N�Pd 2.0753(16) 2.070(2) 2.075(3) 2.0837(15) 2.105(3)
N’�Pd 2.0746(17) 2.0846(18) 2.099(3) 2.0966(16) 2.130(3)
C(2)=N 1.287(4) 1.290(3) 1.266 1.289(2) 1.272
C(2’)=N’ 1.282(3) 1.286(3) 1.267 1.293(3) 1.268
N’-Pd-N 90.85(11) 90.76(7) 87.6(1) 86.22(6) 84.5(1)
C(2’)-X-C(2)[e] 110.71(17) 111.19(18) 113.48 102.60(15) 105.98
N-Pd-C(9) 101.20(12) – 101.3(1) 99.19(7) 99.3(1)
N’-Pd-C(11) 99.71(12) – 102.8(1) 106.17(7) 108.0(1)
C(11)-Pd-C(9) 68.17(14) – 68.2(2) 68.55(7) 68.3(1)


[a] Data were collected at 173 K. [b] The allyl ligand was disordered and its position relative to the oxazoline
rings could not be determined. Distinctions made between the left and right half of the molecule are therefore
arbitrary. [c] Interatomic distances and angles for these compounds were taken from reference [7] or calculated
with ORTEP-3 (Version 1.08) from the fractional coordinates deposited in the CCDC. Data for these com-
pounds were collected at 250 K. [d] Data for this compound were collected at 123 K. [e] X=B, C.
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being close to the ideal tetrahedral angle, with values be-
tween 108.88 (15ax) and 110.48 (15az). Bond lengths be-
tween boron and the quaternary carbon atoms of the oxazo-
line rings vary from 1.61 O (15ay, 15cx) to 1.62 O (15ax,
15az), whereas C=N bond lengths are in the range from
1.28 O (15ax) to 1.30 O (15cx). These values are in good
agreement with the corresponding interatomic distances and
angles in the Pd complexes 10ay and 10az discussed
above.[17]


Allylic oxidation of cycloalkenes : Borabox ligands were
evaluated in Cu-catalyzed asymmetric allylic oxidations of
cyclohexene and cyclopentene (Table 2). Initial investiga-
tions showed that enantioselectivities were significantly
higher when the protonated borabox ligands 7-H and
K2CO3 were used for catalyst preparation instead of the lith-
ium salts 7-Li. A direct comparison with box ligand 6b re-


vealed that borabox ligand 7ay
with the same substitution pat-
tern gives higher enantioselec-
tivity in the oxidation of cyclo-
hexene. In contrast with box li-
gands,[18] tert-butyl substituents
at the stereogenic centers were
not suitable for this reaction
when borabox ligands were
used.
The observed enantioselectiv-


ities compare well with the best
results obtained with box li-
gands.[19] Cyclohexene reacted
with 79% ee at room tempera-
ture (Table 2) and cyclopentene
with 86% ee at �15 8C
(Table 3) when ligand 7cx
(R1=Et, R2=Bn) was em-
ployed. Ligand 7dx, bearing
two additional phenyl substitu-
ents at the 5-positions of the
oxazoline rings, allowed the ox-
idation of cyclopentene in
86% ee even at room tempera-
ture (Table 2).[20,21]


The reaction of cyclopentene
in the presence of the catalyst derived from borabox ligand
7cx showed only a weak temperature dependence of the ee,
in contrast with the oxidation of cyclohexene (Table 3 and
Figure 6). Thus, at 80 8C cyclopentene could be fully con-
verted into the benzoate within 1 hour and with a respecta-
ble ee of 76%. The ee values obtained in the oxidation of
cyclopentene are among the best results reported to date for
this reaction.[18,19,22] As with other ligands, relatively high
catalyst loadings and long reaction times are required. In
this respect, further studies of borabox ligands might be re-
warding, in view of the fast rates combined with relatively
high enantioselectivities observed with ligand 7cx at elevat-
ed temperatures (Figure 6).


Conclusion


Borabox ligands are readily prepared in a modular fashion
from chiral oxazolines and diaryl- or dialkylhaloboranes.
Variation of the substituents in the oxazoline rings and at
boron allows steric and electronic fine-tuning of the corre-
sponding metal complexes. Borabox ligands are stronger
electron donors than their neutral box counterparts, as
shown by NMR data and DFT calculations. As a conse-
quence of the longer bonds between the bridging atom and
the adjacent oxazoline rings, the Coxa-B-Coxa angles in metal
complexes are smaller, whereas the bite angles are wider
than the corresponding angles in box complexes. With the
exception of sterically overcrowded derivatives (11cx), bora-
box complexes form almost flat chelate rings.


Figure 4. a) Crystal structures of complexes 10ay and 10az (allyl fragment and one CF3 group are disordered);
side view of the chelate rings. b) Comparison between complexes 11cx and 13 ; side view of the chelate rings
and superposition of relevant fragments (middle). Data for complex 13 are taken from ref. [7].


Scheme 4. Synthesis of the homoleptic borabox copper complexes 72Cu.
a) CuACHTUNGTRENNUNG(SO4), H2O/CH2Cl2 for 15ax, 15ay and 15cx ; Cu ACHTUNGTRENNUNG(OAc)2, MeOH for
15az.
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In contrast with Pd–box complexes, Pd–borabox com-
plexes do not catalyze allylic substitution reactions, which
can be explained by the higher electron densities in their


allyl fragments. Borabox li-
gands, on the other hand, are
well suited for copper-catalyzed
allylic oxidation reactions. The
results described here, together
with previous work on enantio-
selective cyclopropanation[4a]


and acylation of 1,2-diols and
pyridyl alcohols,[4a,b] demon-
strate that borabox ligands are
a useful addition to the previ-
ously developed bisoxazolines,
with different electronic and
geometric properties. Further
applications of borabox ligands
in asymmetric catalysis are cur-
rently under investigation.


Experimental Section


General : All reactions were carried
out under argon or nitrogen unless
otherwise noted. Solvents were puri-
fied by standard procedures or were
used as purchased from FLUKA
(puriss., absolute, over molecular
sieves). NMR spectra were recorded
on 400 and 500 Bruker Avance spec-
trometers at 295 K, if not otherwise
noted. NOE spectra for 10ax–z and
11cx were acquired at 295 K with use
of a mixing time of 350 ms and 256
points in the F1 dimension and 2048
points in the F2 dimension with corre-
sponding acquisition times of 26 and
205 ms. In the case of 12a, two NOE
spectra were acquired at 275 K and
295 K, with use of a mixing time of 1 s
and 128 and 2048 points with acquisi-
tion times of 13 ms and 205 ms in the
F1 and F2 dimensions, respectively. In-
frared spectra were obtained on a Shi-
madzu FTIR-8400S spectrometer
fitted with a Specac Golden Gate
Mk II ATR unit, with use of neat sam-
ples. Optical rotations were measured
on a Perkin–Elmer 341 polarimeter
fitted with a Na lamp. Elemental anal-
yses were obtained from the Micro-
Analytical Laboratory of the Depart-
ment of Chemistry of the University
of Basel. Ph2BCl,


[23a] Et2BBr,
[23] bis-


ACHTUNGTRENNUNG[3,5-bis(trifluoromethyl)phenyl]boron
chloride,[5d, 23c,24] oxazolines 8a–c, 8e
and 8 f,[25] box ligands 6a and 6b (R1=


Ph, R2= iPr[4a,23c] and R1=Me, R2=


iPr[26]) and [Pd(1,3-diphenylallyl)Cl]2
[7]


were prepared by literature proce-
dures. All other reagents were avail-


able from commercial suppliers and were used without further purifica-
tion. For conciseness the abbreviation “oxa” has been used for “oxazo-
line”.


Figure 5. Crystal structures of four different homoleptic borabox copper complexes. CF3 groups in 15az were
disordered.


Table 2. Allylic oxidation of cyclopentene and cyclohexene in the presence of different Cu catalysts.[a]


L* R1 R2 R3 n t [d] Yield [%][b] ee [%][c]


7ay-Li Ph iPr H 2 19 59 60
7aw-Li Cy iPr H 2 18 56 31
7bw-Li Cy tBu H 2 19 63 rac.
7az-Li 3,5-(CF3)2C6H3 iPr H 2 24 78 71
7ay-Li Ph iPr H 1 34 53 71
7ay-H Ph iPr H 2 8 53 74
7ax-H Et iPr H 2 2–3 71[d] 64
7cy-H Ph Bn H 2 5 69[d] 78
7cx-H Et Bn H 2 10 69[d] 79
7cz-H 3,5-(CF3)2C6H3 Bn H 2 14 76 70
7dx-H Et Bn Ph 2 5 20[d] 78
7ey-H Ph Ph H 2 2 80 65
7 fy-H Ph CH2iPr H 2 4 77 72
7ay-H Ph iPr H 1 2 70 75
7bx-H Et tBu H 1 1.5 65 8
7cx-H Et Bn H 1 2 79 82
7dx-H Et Bn Ph 1 3 87 86
7ey-H Ph Ph H 1 2 75 78
6b Ph iPr H 2 19 75 48


[a] Reactions were performed on a 0.5 mmol scale with [Cu ACHTUNGTRENNUNG(CH3CN)4] ACHTUNGTRENNUNG[PF6] (5 mol%), ligand (7.5 mol%) and
K2CO3 (M=H, 15 mol%). [b] After column chromatography. [c] ee and absolute configuration determined by
HPLC by literature procedures; see Experimental Section. [d] Reaction performed on a 0.25 mmol scale.
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Synthesis of protonated borabox ligands 7-H : tBuLi (1.7m in hexane,
1.78 mL, 3.03 mmol) was added at �78 8C over a 10 min period to a solu-
tion of oxazoline (2.75 mmol) in THF (100 mL), resulting in a pale
yellow solution. After the system had been stirred for 30 min at this tem-
perature, a solution of R2BCl (1.38 mmol) in toluene (5 mL) was added
by cannula, and the cooling bath was removed immediately after addi-
tion. After 4 to 12 h, the reaction was complete, and volatile compounds
were removed under vacuum. The remaining foamy residue was redis-
solved in benzene and filtered to remove LiCl, and the solvent was
evaporated again. The crude product was washed with pentane (3U
20 mL) and dried. The lithium salt 7-Li was then dissolved in the mini-
mum possible amount of the eluent mixture (typically: hexane/ethyl ace-
tate/Et3N 10:1:0.5 unless otherwise mentioned) and directly transferred
to a silica gel column (h=10–12 cm; 1=2 cm). After elution and evapo-
ration of the solvents, the product was isolated in its protonated form.


Lithium salts 7ax-Li and 7bx-Li were extracted from the crude product
with dichloromethane instead of benzene. Lithium salts of entirely alkyl-
substituted ligands (7aw-Li, 7ax-Li, 7bw-Li, 7bx-Li) are soluble in alka-
nes, and the amount of pentane used to wash the crude products should
be reduced in these cases to avoid loss of product.


Note : Although the lithium salts 7-Li can be isolated as highly hygroscop-
ic white solids, it was generally preferable to convert them directly into
the protonated ligands, which are less hygroscopic, easier to handle and


purifiable by chromatography. If necessary, the lithium salts can be readi-
ly prepared from the protonated derivatives (see below).


Compound 7aw-H : Yield: 70%; Rf=0.30 (hexane/ethyl acetate/Et3N
10:1:0.5); [a]20D =�63 (c=0.11 in CH2Cl2);


1H NMR (500 MHz, CDCl3):
d=13.09 (br s, 1H; NHN), 4.37 (m, 2H; oxa), 4.00 (m, 2H; oxa), 3.75 (m,
2H; oxa), 1.61–1.48 (m, 6H; Cy), 1.43 (brd, 3JH,H=9.5 Hz, 4H; Cy),
1.21–0.28 (m, 12H; Cy), 1.15 (m, 2H; CH ACHTUNGTRENNUNG(CH3)2), 0.98 (d, 3JH,H=7.0 Hz,
6H; CH3), 0.92 ppm (d, 3JH,H=7.0 Hz, 6H; CH3);


13C NMR (126 MHz,
CDCl3): d=197.5 (N=C), 71.3 (oxa), 67.1 (oxa), 32.9 (CH ACHTUNGTRENNUNG(CH3)2), 31.5
(Cy), 31.3 (Cy), 29.1 (Cy), 27.9 (Cy), 19.1 (CH3), 18.9 ppm (CH3);
11B NMR (161 MHz, CDCl3): d =�12.9 ppm (s); IR: ñ =2962, 2908, 2839,
1573, 1465, 1442, 1411, 1311, 1203, 1018, 956, 933, 864 cm�1; MS (FAB):
m/z (%): 403 [M+H]+ (100), 208 [M�oxa�Cy+H]+ (18); elemental
analysis calcd (%) for C24H43BN2O2 (402.43): C 71.63, H 10.77, N 6.96;
found: C 71.53, H 10.75, N 6.90.


Conversion of the protonated ligands into their lithium salts : nBuLi
(0.14 mL, 0.23 mmol) was added at 0 8C to a solution of 7ay-H (84 mg,
0.22 mmol) in THF (10 mL). After 2 h of additional stirring at room tem-
perature, the volatiles were removed under reduced pressure and 7ay-Li
was isolated as a white solid (82.0 mg, 0.207 mmol, 96%). [a]20D =�49 (c=


0.11 in CH2Cl2);
1H NMR (500 MHz, (CD3)2CO): d=7.31 (brd, 3JH,H=


6.9 Hz, 4H; arom CH ortho), 6.98 (m, 4H; arom CH meta), 6.90 (m, 2H;
arom CH para), 3.86–3.73 (m, 4H; oxa), 3.64 (“t”, JH,H=7–8 Hz, 2H;
oxa), 1.79 (m, 2H; CHACHTUNGTRENNUNG(CH3)2), 0.85 (d, 3JH,H=6.9 Hz, 6H; CH3),
0.73 ppm (d, 3JH,H=6.9 Hz, 6H; CH3);


13C NMR (126 MHz, (CD3)2CO):
arom C ipso to B: not detected, d=209.4 (N=C), 134.5 (arom CH), 125.7
(arom CH ortho), 123.1 (arom CH para), 71.1 (oxa), 65.4 (oxa), 31.6
(CH ACHTUNGTRENNUNG(CH3)2), 18.9 (CH3); 16.3 ppm (CH3);


11B NMR (160 MHz,
(CD3)2CO): d=�12.7 ppm (s); IR: ñ =2962, 2877, 2360, 1635, 1589, 1465,
1388, 1265, 1157, 1103, 1033, 964, 864, 732 cm�1.


For analytical data for ligands 7aw-Li, 7bw-Li, 7bx-Li, 7by-Li, 7bz-Li,
see Supporting Information of reference [4a].


General procedure for the synthesis of palladium complexes 10ax–az : A
solution of 7ay-H (54 mg, 0.14 mmol) in THF (2 mL) was cooled to 0 8C,
and nBuLi (1.6m in hexane, 95 mL, 0.15 mmol) was slowly added with
stirring. After 30 min the reaction mixture was allowed to warm up to
room temperature, and a solution of [Pd ACHTUNGTRENNUNG(C3H5)Cl]2 (25.3 mg, 69.2 mmol)
in THF (1 mL) was slowly added. After a further 20 minutes, the vola-
tiles were removed in vacuo, benzene (5 mL) was added, and the turbid
solution was filtered. After removal of volatiles, the solid was redissolved
in hot EtOH, and the minimum possible amount of water was added.
Upon cooling to room temperature and standing overnight the product
recrystallized as colorless needles,
which were suitable for X-ray analysis.
Crystallization was repeated twice
from the mother liquors (65 mg,
88%).


M.p. 164 8C; [a]20D =�24 (c=0.42 in
CH2Cl2);


1H NMR (500 MHz,
CD2Cl2): d=7.25 (d, 3JH,H=6.9 Hz,
2H; arom CH), 7.16–7.01 (m, 8H;
arom CH), 5.54 (“ddt”, 3JH,H=12.4,
12.0, 6.9 Hz, 1H; HC(10)), 4.07 (dd,
2JH,H=9.0 Hz, 3JH,H=4.3 Hz, 1H;
HC(5) trans to HC(4)), 4.05 (m, 2H;
H2C(5’)), 3.99 (dd, 3JH,H=9.6 Hz, 2J=9.0 Hz, 1H; HC(5) cis to HC(4)),
3.94 (td, 3JH,H=6.9, 3.1 Hz, 1H; HC(4’)), 3.83 (ddd, 3JH,H=9.6, 4.3,
3.1 Hz, 1H; HC(4)), 3.74 (“dd”, 3JH,H=6.9 Hz, 4JH,H=2.2 Hz, 1H;
HC(11) syn), 3.57 (“dd”, 3JH,H=6.9 Hz, 4JH,H=2.2 Hz, 1H; HC(9) syn),
2.93 (m, 3JH,H=12.4 Hz, 1H; HC(11) anti), 2.85 (m, 3JH,H=12.0 Hz, 1H;
HC(9) anti), 2.01 (qqd, 3JH,H=7.1, 6.9, 3.1 Hz, 1H; HC(6)), 1.89 (qqd,
3JH,H=7.1, 6.9, 3.1 Hz, 1H; HC(6’)), 0.86 (d, 3JH,H=7.1 Hz, 3H; H3C(7)),
0.85 (d, 3JH,H=7.1 Hz, 3H; H3C(7’)), 0.49 (d, 3JH,H=6.9 Hz, 3H; H3C(8)),
0.44 ppm (d, 3JH,H=6.9 Hz, 3H; H3C(8’));


13C NMR (126 MHz, CD2Cl2):
d=193.2 (br, 2C; C(2), C(2’)), 152.2 (br, 2C; arom C ipso), 134.6, 127.2,
127.1, 125.1, 125.0 (10C; arom CH), 115.1 (C(10)), 74.5 (2C; C(4),
C(4’)), 67.1, 67.0 (C(5), C(5’)), 59.9 (C(11)), 56.7 (C(9)), 31.3 (2C; C(6),
C(6’)), 19.6, 19.5 (C(7), C(7’)), 14.3 (H3C(8’)), 14.2 ppm (H3C(8));


Table 3. Temperature effect on the allylic oxidation in the presence of
catalyst Cu ACHTUNGTRENNUNG(7cx).[a]


n T [8C] t [h] Yield [%][b] ee [%][c]


1 �15 360 30 86
1 5 141 80 82
1 25 48 79 82
1 40 8 78 81
1 60 2 70 78
1 80 1 69 76
2 25 219 69 79
2 60 86 72 68
2 80 11 61 65


[a] Reactions were performed on a 0.5 mmol scale in the presence of [Cu-
ACHTUNGTRENNUNG(CH3CN)4] ACHTUNGTRENNUNG[PF6] (5 mol%), (7cx)-H (7.5 mol%) and K2CO3 (15 mol%).
[b] After column chromatography. [c] ee and absolute configuration de-
termined by HPLC by literature procedures; see Experimental Section.


Figure 6. Temperature dependence of ee in the copper-catalyzed allylic
oxidation of cyclopentene (conditions, see Table 2).
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11B NMR (161 MHz, CD2Cl2): d =�12.8 ppm (s); IR: ñ =3070, 3058,
3041, 2989, 2954, 2923, 1577, 1558, 1481, 1188, 1172, 1114, 974, 960, 948,
788, 742, 727, 700 cm�1; MS (FAB): m/z (%): 536 [M]+ (22), 495
[M�C3H5]


+ (13), 459 [M�C6H5]
+ (58), 391 [M�Pd ACHTUNGTRENNUNG(C3H5)+2H]+ (30),


278 [M�Pd ACHTUNGTRENNUNG(C3H5)�oxa+H]+ (27), 41 (100); elemental analysis calcd
(%) for C27H35N2O2B1Pd1 (536.8): C 60.41, H 6.57, N 5.22; found: C
60.59, H 6.56, N 5.23.


Synthesis of palladium complex 11cx : Ligand 7cx-H (230 mg, 589 mmol),
(1,3-diphenylallyl)palladium chloride dimer (196 mg, 292mmol)[7] and
K2CO3 (81.6 mg, 590 mmol) were stirred at 50 8C for 80 min in a mixture
of CH2Cl2 (12 mL), THF (10 mL) and methanol (10 mL) in a sealed
Schlenk flask. After the system had cooled to room temperature, the so-
lution was filtered, and the volatiles were removed. The residue was dis-
solved in CH2Cl2 (50 mL) and washed with water (2U20 mL). The organ-
ic phase was separated and dried over Na2SO4. After removal of volatiles
the remaining solid was recrystallized from hot EtOH/H2O by slow cool-
ing to room temperature. During the first crystallization the formation of
a black precipitate was observed, which made another filtration and
evaporation of solvents necessary. The product finallyrecrystallized as
yellow blocks (179 mg), which were washed with a small amount of
MeOH. Another batch (49 mg) was obtained by crystallization from the
mother liquor. The crystals obtained were suitable for x-ray diffraction


(228 mg, 56%); m.p. 156–158 8C.


NMR data for the (syn,syn)-isomer :
The ratio of (syn, syn) to (anti, syn)
isomer in the sample was 91:9.
1H NMR (500 MHz, CD2Cl2, 275 K):
d=7.53–7.48 (m, 2H; arom CH (E)
ortho), 7.46–7.41 (m, 4H; arom CH
(F) ortho, arom CH (D) meta), 7.36–
7.20 (m, 10H; arom CH), 7.16 (m,
2H; arom CH (D) ortho), 6.87 (m,
2H; arom CH (A) ortho), 5.86 (dd,
3JH,Ph(E)CH=11.3 Hz, 3JH,Ph(F)CH=


10.7 Hz, 1H; (PhCH)2CH), 4.01 (d,
3JH,H=10.7 Hz, 1H; Ph(F)CH), 3.90 (m, overlaid signal, 1H; oxa CH
(B)), 3.86 (“t”, 2JH,H=8.0 Hz, 3JH,H=8.0 Hz, 1H; oxa CHH (B)), 3.75 (dd,
2JH,H=8.5 Hz, 3JH,H=4.1 Hz, 1H; oxa CHH (C)), 3.50 (“t”, 2JH,H=9 Hz,
3JH,H=9 Hz, 1H; oxa CHH (C)), 3.46 (“t”, JH,H=8.0 Hz, 1H; oxa CHH
(B)), 3.01 (d, 3JH,H=11.3 Hz, 1H; Ph(E)CH), 2.81 (“tdd”, 3JH,H=9.3, 5.5,
4.1 Hz, 1H; oxa CH (C)), 2.68 (dd, 2JH,H=13.8 Hz, 3JH,H=4.1 Hz, 1H;
Ph(A)CHH), 2.53 (dd, 2JH,H=13.1 Hz, 3JH,H=5.5 Hz, 1H; Ph(D)CHH),
2.45 (dd, 2JH,H=13.1 Hz, 3JH,H=9.3 Hz, 1H; Ph(D)CHH), 1.35 (dd,
2JH,H=13.8 Hz, 3JH,H=10.3 Hz, 1H; Ph(A)CHH), 0.78 (m, 6H; CH3),
0.77 (m, 2H; CH2CH3), 0.33 ppm (m, 2H; CH2CH3);


13C NMR
(126 MHz, CD2Cl2, 275 K): d=196.9 (b, N=C), 140.9 (arom C (E) ipso),
140.2 (arom C (F) ipso), 139.1 (arom C (D) ipso), 138.5 (arom C (A)
ipso), 130.1 (2C; arom CH (D) ortho), 129.4 (2C; arom CH), 129.3 (2C;
arom CH), 129.2 (2C; arom CH), 128.7 (2C; arom CH), 128.6 (2C; arom
CH), 128.3 (4C, arom CH (E+F) ortho), 127.7 (2C; arom CH (E+F)
para), 126.8 (arom CH (D) para), 126.6 (arom CH (A) para), 109.2
((PhCH)2CH), 74.1 (Ph(E)CH), 72.1 (oxa CH2 (C)), 71.3 (oxa CH2 (B)),
71.1 (Ph(F)CH), 66.9 (oxa CH (B)), 63.8 (oxa CH (C)), 43.4


(Ph(D)CH2), 41.2 (Ph(A)CH2), 18.8,
12.3 (b, CH2CH3), 12.1, 11.7 ppm
(CH3).


NMR data for the (anti,syn) isomer
1H NMR (500 MHz, CD2Cl2, 275 K):
d=7.51 (m, overlaid signal, 2H; arom
CH (F)), 7.40–7.36 (m, 6H; arom
CH), 7.31 (fully overlaid signal, as-
signed by 2D-NMR, arom CH (A)
ortho), 7.12–7.09 (m, 3H; arom CH),
6.61 (m, 2H; arom CH (D) ortho),
5.62 (d, 3JH,H=7.7 Hz, 1H; Ph(E)CH),


5.48 (dd, 3JH,H=11.5, 7.7 Hz, 1H; (PhCH)2CH), 4.56 (d, 3JH,H=11.5 Hz,
1H; Ph(F)CH), 4.44 (“tdd”, 3JH,H=8.8, 5.5, 3.3 Hz, 1H; oxa CH (B)),
4.16 (dd, 2JH,H=8.8 Hz, 3JH,H=3.3 Hz, 1H; oxa CHH (B)), 4.08 (“t”,


2JH,H=8.8 Hz, 3JH,H=8.8 Hz, 1H; oxa CHH (B)), 3.70 (dd, 2JH,H=8.5 Hz,
3JH,H=3.3 Hz, 1H; oxa CHH (C)), 3.52 (overlaid signal, JH,H=8–9 Hz,
1H; oxa CHH (C)), 3.13 (dddd, 3JH,H=9.8, 8.8, 4.2, 3.3 Hz, 1H; oxa CH
(C)), 3.07 (dd, 2JH,H=13.6 Hz, 3JH,H=5.5 Hz, 1H; Ph(A)CHH), 2.70
(overlaid signal, 1H; Ph(D)CHH), 2.68 (overlaid signal, 1H;
Ph(A)CHH), 2.24 (dd, 2JH,H=14.2 Hz, 3JH,H=9.8 Hz, 1H; Ph(D)CHH),
0.63 (t, 3JH,H=7.6 Hz, 3H; CH3), 0.54 (t, 3JH,H=7.7 Hz, 3H; CH3), �0.32,
�0.26 ppm (overlaid signals, assignment by HMQC, CH2CH3); the re-
maining aromatic proton signals of the (anti, syn) isomer were overlaid
by the signals of the (syn, syn) isomer and were not assigned; 13C NMR
(126 MHz, CD2Cl2, 275 K): d=138.2, 137.6, 137.5 (arom C ipso), 130.0,
129.6, 129.6, 126.5, 129.3, 129.1, 128.8, 128.4, 128.2, 127.8, 127.1 (arom
CH), 106.7 ((PhCH)2CH), 78.7 (Ph(E)CH), 71.4 (Ph(F)CH), 70.6 (oxa
CH2 (B)), 70.2 (oxa CH (B)), 69.3 (oxa CH2 (C)), 64.2 (oxa CH (C)),
43.1 (Ph(A)CH2), 41.3 (Ph(D)CH2), 17.0, 16.7 (assignment by HMQC,
CH2CH3), 12.6, 12.4 ppm (CH3); no further signals were detected;
11B NMR (161 MHz, CD2Cl2): d=�15.9 ppm (s); only one signal was de-
tected, although both isomers were present according to 1H NMR; IR:
ñ=3060, 3027, 2934, 2894, 2872, 2857, 1600, 1568, 1497, 1489, 1453, 1190,
1182, 1171, 1074, 1035, 1028, 948, 942, 836, 756, 735, 694 cm�1; MS
(FAB): m/z (%): 689 [M+H]+ (10), 659 [M�C2H5]


+ (42), 528 [M�oxa]+


(6), 299 [Pd ACHTUNGTRENNUNG(C3H3Ph2)]
+ (33); elemental analysis calcd (%) for


C39H43BN2O2Pd (689.0): C 67.98, H 6.29, N 4.07; found: C 68.14, H 6.39,
N 4.09.


Synthesis of copper complexes : CuSO4·H2O (21.0 mg, 0.132 mmol) in
H2O (10 mL) was combined with a solution of 7ay-Li (105 mg,
0.265 mmol) in CH2Cl2 (20 mL) with vigorous stirring at room tempera-
ture. After 25 minutes a saturated aqueous solution of NaHCO3 (5 mL)
was added. Stirring was continued for an additional 25 minutes, during
which the organic phase changed from blue to green. The organic phase
was separated and filtered through a plug of CeliteW, and volatiles were
evaporated. The remaining green crystalline solid was dissolved in the
minimum possible amount of CH2Cl2/Et2O (1 mL) and layered with
hexane. After 2 days, blue-green plates had started to grow. They were
collected and subjected to single-crystal analysis. Compound 15ay :
[a]20D =�931 (c=0.11 in CH2Cl2); MS (MALDI-TOF, 2,5-dihydrobenzoic
acid): m/z : 842 [M+H]+ ; elemental analysis calcd (%) for
C48H60B2CuN4O4 (842.19): C 68.46, H 7.18, N 6.65; found: C 68.78, H
7.23, N 6.60.


Copper-catalyzed allylic oxidation of alkenes—Procedure A with Li salts
7-Li : In a glovebox, a ligand 7-Li (37.6 mmol) and [CuACHTUNGTRENNUNG(CH3CN)4


]PF6


(9.3 mg, 25 mmol) were placed in a 10 mLYoungW tube, fitted with a mag-
netic stirring bar. CH3CN (2 mL) was added, and the tube was sealed
and removed from the glovebox. The mixture was stirred for 1 h at room
temperature. The olefin (2.0 mmol) was then added, followed by tert-
butyl perbenzoate (95 mL, 0.50 mmol) under a stream of argon. The flask
was sealed, and stirring was continued at the desired temperature. Reac-
tion progress was monitored by TLC (hexane/Et2O 15:1; Rf=0.30 (tert-
butyl peroxybenzoate) and either 0.41 (cyclohex-2-enyl benzoate) or 0.50
(cyclopent-2-enyl benzoate). When the reaction was complete, volatiles
were removed in vacuo, and the crude product was purified by column
chromatography (SiO2, 1=2 cm, h=14 cm, hexane/Et2O 15:1) to give a
colorless oil.


Procedure B with protonated ligands 7-H : In a glovebox, a ligand 7-H
(37.6 mmol), [Cu ACHTUNGTRENNUNG(CH3CN)4


]PF6 (9.1 mg, 24 mmol) and K2CO3 (10.7 mg,
77.4 mmol) were mixed in a 10 mL YoungW tube, fitted with a magnetic
stirring bar. CH3CN (2 mL) was added, and the tube was sealed and re-
moved from the glovebox. The mixture was stirred for 1 hour at room
temperature. The reaction and workup were carried out as described in
procedure A.


The complexation reaction with ligand 7dx-H was performed at 86 8C to
circumvent solubility problems.


HPLC conditions


Cyclohex-2-enyl benzoate : Chiracel OD-H; heptane/iPrOH 99.8:0.2;
20 8C; 0.5 mLmin�1; l1=210, l2=230 nm; retention time (minutes): 17.7
(major, S), 19.2 min (minor, R).
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Cyclopent-2-enyl benzoate : Chiracel OD-H; heptane/iPrOH 99.8:0.2;
20 8C; 0.5 mLmin�1; l1=210, l2=230 nm; retention time (minutes): 17.2
(major, S), 20.4 min (minor, R).
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Introduction


Bacterial infections, including nosocomial diseases contract-
ed in hospital from antibiotic-resistant strains of pathogenic
bacteria, are a public health problem of major concern. Tu-
berculosis (TB) is one of the most common infectious dis-
eases known to man. The increasing occurrence of multiple-
drug resistant TB, even in developed countries, is also
alarming because there are only a few effective drugs avail-
able, and infection with drug-resistant Mycobacterium tuber-
culosis (M. tb) could give rise to a potentially untreatable
form of disease. It must be noted that there have been no
new major anti-TB drugs introduced into widespread use
since rifampicin in the 1960s. Helicobacter pylori is another
very widespread bacterium, responsible for most gastric


ulcers and the sole known microorganism directly involved
in the development of cancer.[1]


There is clearly an urgent need for new drugs with bacter-
icidal mechanisms different from those of currently avail-
able agents.[2] This implies identification of new metabolic
targets, specific to microbes, as likely sites of action for ra-
tionally designed drugs. The search for new therapeutic tar-
gets resulted in our interest in ATP synthesis from glucose
in microbial pathogens, and more specifically in fructose-
1,6-bisphosphate aldolase (Fba; E.C. 4.1.2.13).


Fba is an enzyme involved in glycolysis, in which it cataly-
ses the retro-ketolic cleavage of fructose-1,6-bisphosphate
(FBP) to yield dihydroxyacetone phosphate (DHAP) and
glyceraldehyde-3-phosphate (G3P), and it also plays a role
in gluconeogenesis and the Calvin cycle, in which it catalyses
the condensation of DHAP with G3P.


Selective inhibition of microbial Fba would be expected
to disrupt glycolysis, thereby affecting a major metabolic
pathway and hindering survival and persistence of patho-
gens within their human host.[3] Although ubiquitous in
living organisms, Fbas can be divided into two classes that
differ in their structures and catalytic mechanisms. Class I
Fbas are found in mammals and higher plants and form
Schiff-base intermediates between the carbonyl substrates
(FBP or DHAP) and lysine residues in their active sites.
Class II Fbas, in contrast, require divalent metal ions (usu-
ally zinc or cobalt) to polarize the carbonyl groups of the
substrates (FBP or DHAP) and to stabilize the enediolate
intermediates during catalysis (Figure 1). They are found
mainly in micro-organisms such as bacteria, yeasts, micro-
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Abstract: We report the synthesis and
biochemical evaluation of selective in-
hibitors of class II (zinc-dependent)
fructose bisphosphate aldolases. The
most active compound is a simplified
analogue of fructose bisphosphate,
bearing a well-positioned metal chelat-


ing group. It is a powerful and highly
selective competitive inhibitor of isolat-


ed class II aldolases. We report crystal-
lographic studies of this inhibitor
bound in the active site of the Helico-
bacter pylori enzyme. The compound
also shows activity against Mycobacte-
rium tuberculosis isolates.


Keywords: aldolases · antibiotics ·
bioorganic chemistry · enzyme in-
hibitors
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algae and protozoa (occasionally in combination with class I
enzymes).


Because of their occurrence in many pathogenic bacteria
(M. tb, Pseudomonas aeruginosa, Burkholderia cepacia,
H. pylori, Yersinia pestis, Clostridium difficile), yeasts (Can-
dida albicans) and parasites (Giardia lamblia) and their ab-
sence in animals, it has been suggested that class II Fbas
may serve as drug targets.[4] This assumption was further
supported by the inability to knock out the class II FBP al-
dolase genes of E. coli and Streptomyces.[5,6] Also, the condi-
tional loss of class II aldolase activity in temperature-sensi-
tive mutants of E. coli harbouring point mutations in the
class II FBP aldolase gene (fda) was found to result in loss
of viability attributable to inhibition of rRNA synthesis.[7,8]


M. tb, like E. coli, is distinctive in that it possesses both a
class I and a class II FBP aldolase.[9,10] A recombinant form
of the class II M. tb Fba protein was recently produced in
E. coli.[11] However, hypoxic conditions, generally believed
to be determinant in establishment of a latent infection by
M. tb, have been shown to induce both increased levels and
increased activity of the class II Fba.[9,12] The apparent es-
sentiality of class II Fbas in various micro-organisms and the
likely importance of these enzymes during latent infection
thus make Fbas an attractive and specific target for the de-
velopment of novel anti-TB drugs.


Surprisingly, while dozens of class I Fba inhibitors have
been reported,[13] only one potent inhibitor of class II en-
zymes was known when we started this work. Phosphoglyco-
lohydroxamate (PGH; Figure 2) was first prepared inde-
pendently by two groups in 1973.[4,14] It is a very powerful
inhibitor of the E. coli class II Fba (Ki�10–50 nm). Howev-
er, PGH is poorly stable in water, releasing (toxic) hydroxyl-
amine through hydrolysis within a few hours. It has limited
selectivity for class II Fbas over class I Fbas, and is a power-


ful inhibitor of several other enzymes. PGH has been shown
to act both as a stable analogue of the high-energy inter-
mediate of the reaction (Figure 2) and as a strong chelator
of Zn2+ . The report of structural data on PGH-fuculose
phosphate aldolase complexes[15] was a major breakthrough
for understanding of the role of PGH as an inhibitor of met-
alloenzymes.


We first reasoned that through changing the hydroxamate
chelating group for other functions we might be able to
retain strong inhibition while at the same time increasing se-
lectivity and resistance to hydrolysis. This goal was only
partly achieved with PGHz (phosphoglycolohydrazide) and
PGA (phosphoglycoloamidoxime; Figure 2). The selectivi-
ties of both compounds for class II aldolases were increased
and they were much more stable in water, but their Ki


values were much higher than that of PGH (Table 1).[16]


PGHz and PGA probably behaved as analogues of
DHAP rather than as analogues of a high-energy intermedi-
ate. PGH was unambiguously shown to be present in its s-Z
conformation within the active sites of several enzymes
(Fbas from E. coli and H. pylori,[17–19] fuculose bisphosphate
aldolase from E. coli,[15] methylglyoxal synthase[20] and triose
phosphate isomerase[21]). Similarly, PGHz in complexation
with H. pylori Fba chelates the Zn2+ ion in the s-Z confor-
mation (M. CoinÅon, J. Sygusch, unpublished results). Al-
though we have no structural data on the structure of PGA
in the active site of Fba yet, the Z configuration is very
likely.


Results and Discussion


Chemistry : We therefore decided to design and synthesize
analogues of the substrate of the forward reaction: FBP.
Previous studies on class I Fbas had indicated that very
simple structures can be potent inhibitors, provided that two
phosphate groups, separated by an appropriate distance, are
present.[13] The selectivity for class II Fbas would be induced
by the presence, at the appropriate position, of a function
capable of chelating the divalent Zn2+ ion in the active site.
Taking into consideration the good inhibitory properties of
PGH and PGHz,[16] we chose an N-substituted hydroxamate
and an N-substituted hydrazide as basic structures. We fur-
ther decided to omit the two secondary hydroxyl groups
present in FBP, leading as a first step to the simplified ana-
logues 1 and 2 (Figure 3).


Figure 1. Mechanisms of class I (e.g., human) and class II (e.g., bacterial)
FBP aldolases.


Figure 2. Substrate, reaction intermediate and inhibitors of class II Fbas.


Table 1. Activities of DHAP analogues as selective inhibitors of class II
Fbas.


Inhibitor Ki [mm] class I Fba Ki [mm] class II Fba Selectivity[b]


PGH[a] 2 0.05 273
PGHz 370 0.34 8900
PGA >1000 2.3 3560


[a] Data from ref. [4]. [b] (KM/Kiclass II)/(KM/Kiclass I). KM class I (rabbit
muscle)=55 mm ; KM class II (S. cerevisiae)=450 mm.
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Even if active in vitro, these bisphosphorylated com-
pounds would be very unlikely readily to undergo passive
diffusion across cellular membranes. The removal of one
phosphoryl group could, however, favour permeation. The
phosphoryl group at the 1-position of FBP has been report-
ed to be essential for recognition by Fbas, while the one at
the 6-position is not. Compound 3 can thus be considered a
simplified analogue of fructose-1-phosphate, which is a
rather weak inhibitor of class I Fbas, with Ki >2 mm.[13] Syn-
theses of these three products are shown in Scheme 1.


Biochemical studies : All three compounds were tested as in-
hibitors of class I (from rabbit muscle) and class II (from
Saccharomyces cerevisiae, H. pylori and Mycobacterium
bovis BCG) aldolases.


Fba from H. pylori was a recombinant form produced in
E. coli. The activities of the M. bovis BCG (Pasteur strain;
an attenuated strain of M. bovis used for vaccination against
tuberculosis) and yeast enzymes were monitored in crude or
partially purified cell-free extracts obtained by breaking
fresh cells in a French press. The primary sequence of the
M. bovis BCG enzyme is 100% identical to that of the
pathogenic species: M. tuberculosis H37Rv. The compounds
behaved as purely competitive inhibitors of all tested en-
zymes. Results are shown in Table 2.


The hydrazide 1 acted as a modest inhibitor, both in
terms of Ki and in terms of selectivity. In contrast, the hy-
droxamate 2 was very active, with a Ki comparable to that
of PGH but a greatly increased selectivity for class II Fbas.


The important difference be-
tween compounds 1 and 2 can
be explained in part by the dif-
ferent affinities of a hydrazide
and a hydroxamate for Zn2+ .
Also, the 1H NMR spectrum of
1 as a cyclohexylammonium
salt indicates the presence of
three cyclohexylamines (see
Experimental Section), which
means that one acidity of a
phosphate is neutralized by
the NH2 of the neighbouring
hydrazide (pKa values of
normal hydrazides are usually
close to 7). Should this ampho-
teric form exist within the
active site of the enzyme, it
could lower the affinity of the
hydrazide function for the zinc
ion. As would be expected for
N-alkylated hydroxamic acids,
2 and 3 were also much more
stable in water than PGH (as
verified by NMR of the prod-
uct dissolved in D2O). The
higher Ki value of 3 confirmed
that a phosphoryl group at the
6-position is an important, al-
though non-essential, element
of class II enzyme inhibitors.


Figure 3. Substrate analogues designed as selective inhibitors of class II
Fbas (with labelling of phosphates 1 and 6 on FBP).


Scheme 1. Synthesis of hydrazide 1 and of hydroxamates 2 and 3. Reagents and conditions: i) a) NaH, BnBr
(0.2equiv), 75%; b) PCC/CH2Cl2, 47%; c) BocNHNH2/THF, 68%. ii) DIBAH/toluene, 62%. iii) a) ClCO-
CH2OAc/THF/pyridine, 76%; b) NEt3/MeOH/H2O 2:8:1, 100%. iv) a) ClPO ACHTUNGTRENNUNG(OPh)2/pyridine, 82%; b) H2/Pd-
C, 96%; c) ClPO ACHTUNGTRENNUNG(OPh)2/pyridine, 81%. v) a) H2/PtO2, 83%; b) H2O/TFA 2:1, 100%. vi) a) BnONH2/EtOH
reflux, 63%; b) ClCOCH2OAc/MeOH/NEt3, 70%. vii) a) ClPO ACHTUNGTRENNUNG(OPh)2/pyridine, 81%; b) NEt3/MeOH/H2O
2:8:1, 100%; c) ClPO ACHTUNGTRENNUNG(OPh)2/pyridine, 52%. viii) a) H2/Pd-C, 98%; b) H2/PtO2, 98%. ix) a) NaH, BnBr
(0.2equiv), 67%; b) PCC/CH2Cl2, 88%. c) BnONH2, EtOH/pyridine 80 8C, 24 h. x) NaBH3CN, EtOH/AcOH
1:1, RT, 4 h, 61% from ix. xi) ClCOCH2OAc/THF/pyridine, 90%. xii) a) NEt3/MeOH/H2O 2:8:1, 68%; b)
P ACHTUNGTRENNUNG(OBn)2NiPr/imidazole/triazole/AcCN, 24 h RT; c) tBuOOH, 77% from xi. xiii) H2/Pd-C, 100%.


Table 2. In vitro inhibition of various class I and class II Fbas by FBP an-
alogues.


Inhibitor Class I Fba Class II Fba
Rabbit muscle S. cerevisiae H. pylori M. bovis


Ki [mm] (selectivity)[a]


1 524 49 (90) 21 (23) 3.1[b] (180)
2 264 0.025[b] (86500) 0.013 (18500) 0.013 (22200)
3 2500[b] 1.6 (12800) 4.7[b] (480) 0.17 (16000)


[a] (KM/Kiclass II)/(KM/Kiclass I). [b] Estimated from IC50 value. KM rabbit muscle=


55 mm ; KM S. cerevisiae =450 mm ; KM H. pylori =50 mm ; KM M. bovis=60 mm.
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Against the M. bovis BCG enzyme, 3 was “only” ten times
less active than 2, a particularly encouraging result for an
analogue of fructose-1-phosphate. We believe that com-
pound 3 might represent an interesting basis lead compound
for the further synthesis of improved monophosphorylated
compounds and lipophilic prodrugs.


Biological studies—growth inhibition of cultivated bacteria :
Minimal inhibitory concentration values of compound 2
against M. tb H37Rv were determined in 7H9-ADC broth at
37 8C by the colorimetric resazurin microtiter assay de-
scribed by Martin and collaborators.[22] The bacteria were
grown aerobically under conditions compatible with class II
Fba expression[9] and similar to those used for the prepara-
tion of the M. bovis BCG extracts (see above). Compound 2
inhibited the growth of M. tb H37Rv at a concentration of
1 mm. Although modest, this result was unexpected in view
of the high polarity of compound 2 at physiological pH. The
presence of the class I aldolase (not verified) might in part
have offset the effect of 2. We have no evidence yet that
growth inhibition of cultivated M. tuberculosis by 2 corre-
lates with inhibitory properties observed in vitro. If it is as-
sumed, however, that this product kills M. tb through the in-
hibition of Fba, this effect could also be accounted for by an
extra-cytosolic location of the enzyme.[12] We are now inves-
tigating the question of the permeation of compound 2 into
M. tb cells (active transport or passive diffusion) and wheth-
er the inhibition of mycobacterial growth results directly
from the effect of this compound on the M. tb class II Fba.
Experiments to measure the MIC of 2 against M. tb grown
under anaerobic conditions—under which substrate-level
phosphorylation-dependent (and thus Fba-dependent) syn-
thesis of ATP would be expected to prevail—are also under-
way.


Crystallographic studies : To examine the high affinity and
selectivity of 2 for class II aldolases, crystallographic struc-
tures of Fba from H. pylori alone and bound with compound
2 were solved to 1.8 and 2.3 Q resolutions, respectively.
Crystals of H. pylori Fba used for the studies were grown by
vapour diffusion from a protein solution (10 mgmL�1) dilut-
ed with an equal volume of precipitant buffer [PEG 1000
(12%), PEG 8000 (12%), calcium acetate (0.2m) and Tris/
HOAc (pH 8, 50 mm)] equilibrated against a reservoir of the
same buffer. The H. pylori Fba structure was solved by mo-
lecular replacement with use of Thermus aquaticus Fba as
search model. The refined native structure was then used as
search model to determine the structure of H. pylori Fba
bound with 2 by molecular replacement.


Superposition of native Fba with bound Fba (RMSD
0.48 Q based on all Ca atoms) revealed several significant
localized conformational changes (Figure 4).


A loop (residues 177–191) in native Fba undergoes a 16 Q
displacement (calculated from Ca atoms) upon binding of 2,
allowing Gly181 and Lys184 to interact with the P1 phospho-
ryl group. The same loop also repositions His180, which
binds the catalytic zinc ion. A second, adjacent loop (resi-


dues 210–214) adjusts by 1.7 Q, enabling Ser213 also to bind
the P1 phosphoryl group. Concomitantly with this move-
ment, the catalytic zinc ion is displaced by 3.7 Q from its
buried position in the native structure towards the active
site surface, chelating the C=O and N�O oxygens of 2 while
maintaining its interaction with the chelating His residues of
the active site. Interactions between 2 and neighbouring res-
idues in the H. pylori Fba active site are summarized in
Figure 5.


The structural data obtained with 2 in H. pylori Fba indi-
cate, consistently with data previously reported for PGH
bound in E. coli Fba,[17,18] that the interaction with the hy-
droxamate-based inhibitor results in a loosely coordinated
trigonal bipyramid geometry around the catalytic Zn2+ ion
(Figure 6). The conformational change stabilized by attach-
ment of the P1 phosphoryl results in tighter oxyanion bind-
ing (seven interactions; Figure 5) in relation to the interac-
tions stabilizing attachment with the P6 phosphoryl (three
interactions; Figure 5) and corroborates P1 phosphoryl as es-
sential for active site binding. The hydroxamate moiety
atoms C2, O2, N3 and O3 in compound 2 are coplanar (di-
hedral angle <18) and in the s-Z conformation (Figure 6 A),
mimicking an enediolate transition-state analogue, which
would favour a potent Ki value. Because the catalytic Zn2+


ion is significantly out of the plane containing the putative
enediolate, however, optimal chelation is unlikely. The same
hydroxamate atoms in active site complexes formed by
PGH bound with E. coli[17,18] and H. pylori Fba,[19] although
not coplanar (dihedral angle �458), do chelate the catalytic
Zn2+ ion in an approximately s-Z conformation (Figure 6B).
Further synthetic exploration of simplified substrate ana-
logues using the PGH scaffold that optimizes Zn2+ ion che-


Figure 4. Difference electron density (F0�FC) annealed omit map show-
ing fit of compound 2 bound in the active site of H. pylori Fba. Confor-
mational changes induced upon binding of 2 are also highlighted. Loops
and catalytic zinc ion that undergo positional changes are shown in red
for the native Fba structure and in yellow for the bound Fba structure.
P1 and P6 phosphoryls are identified. Figure and superposition were pre-
pared with the program PyMOL.[23]
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lation while ensuring hydroxamate coplanarity should afford
compounds with more potent Ki values.


Compound 2 differs from the aldolase substrate and
class I aldolase inhibitor hexitol-bisphosphate (Ki


�0.5 mm)[17] in the absence of hydroxyl moieties at its C4 and
C5 atoms. In class I aldolases, both C4 and C5 hydroxyls par-
ticipate directly and indirectly in hydrogen-bonding interac-
tions with active site residues.[25] We postulate that 2, be-
cause it lacks hydroxyl moieties at positions C4 and C5, is
less able to participate in hydrogen bonding interactions
with active site residues of class I aldolases and that this, to-
gether with the apparent coplanarity of the hydroxamate
moiety atoms in 2—that would further hinder optimal fit
into the class I aldolase active site—forms a basis for the
high selectivity of 2 for class II aldolases.


Although our initial goal
was the synthesis of simplified
analogues of the substrate
FBP, the potent Ki value of
compound 2 and the planarity
of its hydroxamate moiety sug-
gests that it behaves more like
a transition-state analogue.
One reasonable hypothesis is
that the planar geometry ena-
bles internal electronic delocal-
ization of the hydroxamic acid
function in 2 that mimics in
part the movement of electrons
during the retro-ketolic cleav-
age of FBP (Figure 7).


Conclusion


Taking advantage of previous results on analogues of
DHAP as inhibitors of Fba, we have prepared several ana-
logues of FBP. We introduced a well-positioned chelating
function in the hope of making these inhibitors selective for
class II (zinc-dependent) Fbas. Compound 2 gave the best
results, with low Ki values (10–20 nm) and good selectivity
for class II over class I (more than 20000). The inhibition re-
sults, however, with KM/Ki >2000, indicate that 2 is not only
a simple substrate analogue, but probably acts as a transi-
tion-state analogue. This inhibitor was co-crystallized with
H. pylori Fba (representative of class II Fbas). The resolved
structure of the complex unambiguously indicates that the
inhibitor is linked to the active site around the catalytic zinc
ion. Compound 2 is weakly active against cultivated M. tu-
berculosis (MIC 1 mm). The discrepancy between in vitro in-
hibition tests and biological assays can be partly explained
by the high polarity of 2, bearing four negative charges at
physiological pH, and thus unlikely to cross biological mem-
branes by simple diffusion. Compound 3, in which the non-
essential phosphoryl group is missing, is “only” ten times
less efficient than 2 in inhibition tests. It could be a lead
compound for further synthesis of lipophilic derivatives
acting as prodrugs.


Experimental section


Chemical syntheses


N-(3-Hydroxypropyl)-glycolohydrazide-bisphosphate (compound 1)


Compound 1a : NaH (8 g) was added in portions to propane-1,3-diol
(60 g, 0.79 mol) dissolved in anhydrous DMF (350 mL), followed by
drop-by-drop addition of benzyl bromide (34.2 g, 0.2 mol). After 12 h at
RT with stirring, the solvent was evaporated, the residue was dissolved in
Et2O, and the organic phase was washed with water, dried and concen-
trated. The product was purified by flash chromatography (Et2O/pentane
1:1) to give 1a (25 g, 75%). 1H NMR (250 MHz, CDCl3): d=7.36 (m,
5H), 4.55 (s, 2H), 3.80 (dt, J=11 Hz, 6 Hz, 2H), 3.68 (t, J=6 Hz, 2H),
1.89 ppm (q, J=6 Hz, 2H).


Figure 5. Interactions of inhibitor 2 with proximal residues in the H. pylori Fba active site (P1 and P6 phos-
phates of 2 are explicitly labelled).


Figure 6. Coordination of catalytic Zn2+ ion in H. pylori Fba structure in
binding of A) compound 2, and B) PGH. View was obtained by first
overlaying bound structures.


Figure 7. Presumed transition state of the retro-ketolic cleavage of FBP
and mesomeric structure of compound 2.
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Compound 1b : PCC (19.4 g, 90.2 mmol) was suspended in anhydrous di-
chloromethane (250 mL) with vigorous stirring. Compound 1a (10 g) was
added dropwise, and the mixture was stirred overnight at RT. The black
mixture was then filtered on a column of silica gel (200 mL), washed
through with dichloromethane. After evaporation, the crude product was
purified by flash chromatography (Et2O/pentane 1:1) to give 1b (4.61 g,
47%). 1H NMR (250 MHz, CDCl3): d=9.78 (s, 1H), 7.36 (m, 5H), 4.55
(s, 2H), 3.82 (t, J=6 Hz, 2H), 2.68 ppm (t, J=7 Hz, 2H); 13C NMR
(62.9 MHz, CDCl3): d=201.15, 137.99, 128.47, 127.79, 127.72, 73.21,
63.89, 43.87 ppm.


Compound 1c : Boc-hydrazine (1.74 g, 13.2 mmol) was added to com-
pound 1b (2.18 g, 13.45 mmol) in THF (25 mL). The mixture was stirred
overnight at RT and was then concentrated. The residue was recrystal-
lized from anhydrous pentane, giving 1c (2.5 g, 68%). 1H NMR
(250 MHz, CDCl3): d =7.31 (m, 5H), 7.25 (t, J=5 Hz, 1H), 4.51 (s, 2H),
3.67 (t, J=6 Hz, 2H), 2.60 (q, J=6 Hz, 2H), 1.48 ppm (s, 9H); 13C NMR
(62.9 MHz, CDCl3): d =152.58, 144.64, 134.07, 129.74, 128.54, 128.41,
127.69, 127.16, 81.02, 73.00, 67.59, 32.76, 28.00 ppm; HR-MS (ESI): m/z :
calcd for C15H22N2O3 [M+Na+]: 301.1523; found: 301.1524.


Compound 1d : DIBAL-H (20% in toluene, 45 mL, 55 mmol) was added
dropwise under Ar at 0 8C over 1 h to 1c (5 g, 18.3 mmol) in toluene
(100 mL). After the system had been kept for 5 h at RT, NaOH solution
(1m, 100 mL) was added slowly (exothermic reaction). After evaporation
of the toluene, the remaining aqueous phase was extracted with dichloro-
methane. The organic phase was then washed successively with NaOH
(1m) and brine. Compound 1d was purified by flash chromatography
(pentane/ethyl acetate/NEt3 30:70:0.1, 3.18 g, 62%). 1H NMR (250 MHz,
CDCl3): d=7.32 (m, 5H), 6.3 (br s, 1H), 4.52 (s, 2H), 3.56 (t, J=6 Hz,
2H), 2.96 (t, J=6 Hz, 2H), 1.79 (quint, J=6 Hz, 2H), 1.47 ppm (s, 9H);
13C NMR (62.9 MHz, CDCl3): d =156.67, 138.38, 128.27, 127.55, 127.44,
80.24, 72.88, 68.47, 49.41, 28.29, 28.04 ppm; HR-MS (ESI): m/z : calcd for
C15H24N2O3 [M+Na+]: 303.1679; found: 303.1681.


Compound 1e : Pyridine (1.19 mL, 15.7 mmol) was added to 1d (3.18 g,
11.34 mmol) in anhydrous THF (50 mL), followed dropwise by acetoxy-
acetyl chloride (2.15 g, 15.7 mL) in THF (25 mL). After the system had
been kept for 3 h at RT, water (20 mL) and dichloromethane (100 mL)
were added, and the organic phase was washed with water and brine,
dried over sodium sulfate and concentrated. Compound 1e was obtained
after flash chromatography (pentane/Et2O/Et3N 1:1:0.01, 3.38 g, 76%).
1H NMR (250 MHz, CDCl3): d=7.40 (m, 5H), 4.85 (m, 2H), 4.57 (s,
2H), 4.26 (m, 1H), 3.61 (m, 2H), 3.19 (m, 1H), 2.24 (s, 3H), 1.93 (m,
2H), 1.54 ppm (s, 9H); 13C NMR (62.9 MHz, CDCl3): d =170.39, 168.87,
154.22, 137.64, 128.23, 127.23, 81.90, 72.97, 68.35, 61.10, 46.02, 27.88,
26.64, 20.39 ppm; HR-MS (ESI): m/z : calcd for C19H28N2O6 [M+Na+]:
403.1840; found: 403.1850.


Compound 1 f : Compound 1e (3.38 g, 8.87 mmol) was stirred overnight
at RT in a methanol/Et3N/water mixture (8:2:1). After concentration, 1 f
was obtained (3 g, 100%). 1H NMR (250 MHz, CDCl3): d=7.25 (m, 5H),
4.45 (s, 2H), 4.11 (m, 2H), 4.06 (br s, 2H), 3.61 (t, J=7 Hz, 2H), 3.19 (m,
1H), 1.93 (quint, J=7 Hz, 2H), 1.45 ppm (s, 9H); 13C NMR (62.9 MHz,
CDCl3): d=174.39, 154.16, 137.48, 128.15, 127.23, 81.75, 72.91, 68.15,
59.65, 46.02, 27.88, 26.59 ppm; HR-MS (ESI): m/z : calcd for C17H26N2O5


[M+Na+]: 361.1734; found: 361.1738.


Compound 1g : Compound 1 f (3 g, 8.87 mmol) was dissolved in anhy-
drous pyridine (100 mL). Diphenylphosphoroyl chloride (2.8 mL,
35.5 mmol) and DMAP (0.1 mmol) were added at once. The solution was
stirred overnight at RT. Water was added, and after 10 min the reaction
mixture was concentrated. Water and dichloromethane were added to
the residue. The organic phase was washed with water, dried and concen-
trated. Compound 1 f was obtained after flash chromatography (AcOEt,
4.16 g, 82%). 1H NMR (250 MHz,CDCl3): d=7.32 (m, 15H), 4.77 (m,
1H), 4.95 (s, 1H), 4.49 (s, 2H), 4.16 (m, 1H), 3.36 (t, J=6 Hz, 2H), 3.23
(m, 1H), 1.87 (dquint, J=6 Hz, 2H), 1.47 ppm (s, 9H); 13C NMR
(62.9 MHz, CDCl3): d=167.00, 168.90, 154.26, 150.27, 15.,25, 137.54,
129.5, 128.35, 127.69, 125.25, 120.08, 82.18, 73.15, 68.52, 65.42, 46.15,
27.96, 26.74 ppm; 31P NMR (101.3 MHz, CDCl3): d=�11.70 ppm; HR-
MS (ESI): m/z : calcd for C29H35N2O8P [M+Na+]: 593.2023; found:
593.2037.


Compound 1h : Compound 1g (4.16 g, 7.29 mmol) was dissolved in etha-
nol (50 mL). Pd/C (10%, 425 mg) was added, and the suspension was
stirred overnight under dihydrogen (4 bar). The catalyst was filtered, and
the solution was concentrated to give 1h (3.38 g, 96%). 1H NMR
(250 MHz, CDCl3): d=8.07 (br s, 1H), 7.30 (m, 10H), 5.05 (m, H), 4.76
(m, 1H), 3.99 (m, 1H), 3.59 (m, 2H), 3.28 (m, 1H), 1.71 (m, 2H),
1.45 ppm (s, 9H); 13C NMR (62.9 MHz, CDCl3): d=168.85, 168.76,
129.65, 125.42, 120.08, 82.18, 65.58, 59.58, 45.92, 28.91, 28.00 ppm;
31P NMR (101.3 MHz, CDCl3): d=�11.72 ppm; HR-MS (ESI): m/z :
calcd for C22H29N2O8P [M+Na+]: 503.1554; found: 503.1561.


Compound 1 i : Compound 1h was phosphorylated with diphenylphos-
phoroyl chloride as described for 1g. Yield 2.99 g (81%); 1H NMR
(250 MHz, CDCl3): d=8.21 (br s, 1H), 7.24 (m, 20H), 5.28 (m, 1H), 5.03
(m, 1H), 4.31 (m, 1H), 3.88 (m, 2H), 3.88 (m, 1H), 3.40 (m, 1H), 2.01
(m, 2H), 1.48 ppm (s, 9H); 13C NMR (62.9 MHz, CDCl3): d=168.3,
154.3, 150.2, 129.70, 125.3, 119.9, 81.9, 66.7, 65.4, 45.5, 27.9, 27.2 ppm;
31P NMR (101.3 MHz, CDCl3): d=�11.76, �11.66 ppm; HR-MS (ESI):
m/z : calcd for C34H38N2O10P2 [M+Na+]: 735.1843; found: 735.1847.


N-(3-Hydroxypropyl)-glycolohydrazide bisphosphate (compound 1) (tris-
cyclohexylammonium salt): Compound 1 i (1.87 g, 2.63 mmol) was dis-
solved in ethanol (20 mL). PtO2 (200 mg) was added, and the suspension
was treated under dihydrogen (40 bar) overnight with vigorous stirring.
After filtration and evaporation, solid 1 j (977 mg, 83%) was recovered.
The product was dissolved in a H2O/CF3COOH mixture (2:1, 10 mL),
and the solution was kept for 12 h at RT. After evaporation, the residue
was dissolved in aqueous cyclohexylamine (1m), concentrated and recrys-
tallized from EtOH. Yield 0.9 g (49%); 1H NMR (250 MHz, D2O): d=


4.49 (d, JH,P=6 Hz, 2H; -CO-CH2-OPO3H
�), 3.62 (dt, JH,P=6 Hz, JH,H=


7 Hz, 2H; 2�O3PO-CH2-CH2-), 3.40 (t, J=7 Hz, 2H; -CH2-CH2-N),
1.74 ppm (m, 2H; -CH2-CH2-CH2-) [CHA+: 2.90 (m, 3H), 1.40–1.80 (m,
15H), 0.95–1.19 (m, 15H)]; 13C NMR (62.9 MHz, D2O): d=174.20,
174.09, 63.41, 48.36, 27.90, 27.82 ppm [CHA: 51.18, 31.34, 25.20,
24.7 ppm]; 31P NMR (101.3 MHz, D2O): d=� 0.46 (s, 1P), �0.17 ppm (s,
1P); HR-MS (ESI, negative): m/z : calcd for C5H13N2O9P2


� : 307.01018;
found: 307.01021.


N-(3-Hydroxypropyl)-glycolohydroxamic acid bisphosphate (compound
2)


Compound 2a : O-Benzylhydroxylamine (4.63 g, 37 mmol) was added to
3-bromopropanol (2.72 g, 18 mmol) in anhydrous ethanol (30 mL), and
the mixture was heated at reflux for 45 h. After complete concentration
of the mixture, ethyl acetate (200 mL) was added, and the precipitated
O-benzylhydroxylamine hydrobromide was removed by filtration. After
repeated concentration of the mixture, the oily residue was redissolved in
Et2O. This organic solution was washed with potassium hydrogencarbon-
ate (1m), dried and concentrated. The product was purified by flash chro-
matography (Et2O/NEt3 100:0.1). Yield 2.04 g (63%); 1H NMR
(250 MHz, CDCl3): d=7.33 (m, 5H), 5.62 (br s, 1H), 4.73 (s, 2H), 3.74 (t,
J=7 Hz, 2H), 3.18 (t, J=7 Hz, 2H), 2.85 (br s, 1H), 1.76 ppm (quint, J=


7 Hz, 2H); 13C NMR (62.9 MHz, CDCl3): d=135.3, 128.5, 128.1, 76.3,
62.6, 51.0, 29.6, 25.20 ppm; HR-MS (ESI): m/z : calcd for C10H15NO2


[M+Na+]: 204.0995; found: 204.0996.


Compound 2b : Compound 2a (0.839 g, 4.64 mmol) and triethylamine
(0.563 g, 5.6 mmol) were dissolved in methanol (10 mL) at 0 8C. Acetoxy-
acetyl chloride (0.76 g, 5.57 mmol) in anhydrous Et2O was added drop-
wise to this solution. The reaction mixture was stirred for 15 min at RT
and was then diluted with Et2O and treated with water (30 mL). The or-
ganic phase was washed with water, dried and concentrated. The product
was purified by flash chromatography (Et2O/NEt3 100:0.1) to yield 2b
(0.914 g, 70%). 1H NMR (250 MHz, CDCl3): d=7.4 (m, 5H), 4.89 (s,
2H), 4.73 (s, 2H), 3.83 (t, J=7 Hz, 2H), 3.58 (t, J=7 Hz, 2H), 2.15 (s,
3H), 1.83 ppm (quint, J=7 Hz, 2H); 13C NMR (62.9 MHz, CDCl3): d=


170.36, 168.88, 133.55, 129.01, 128.54, 76.23, 60.81, 58.39, 42.22, 29.18,
20.21 ppm; HR-MS (ESI): m/z : calcd for C14H19NO5 [M+Na+]: 304.1155;
found: 304.1156.


Compound 2c : Compound 2b (1.38 g, 4.9 mmol) was phosphorylated
with diphenylphosphoroyl chloride as described for 1 f. Yield 2.05 g
(81%); 1H NMR (250 MHz, CDCl3): d=7.15–7.4 (m, 15H), 4.87 (s, 2H),
4.69 (s, 2H), 4.31 (dt, J=12, 7 Hz, 2H), 3.73 (t, J=7 Hz, 2H), 2.15 (s,
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3H), 2.06 ppm (quint, J=7 Hz, 2H); 13C NMR (62.9 MHz, CDCl3): d=


170.4, 168.6, 150.3, 150.2, 133.6, 129.0, 129.2, 129.1, 128.7, 125.2, 119.9,
119.8, 76.5, 66.7, 66.6, 61.1, 42.4, 27.5, 27.4, 20.4 ppm; 31P NMR
(101.3 MHz, CDCl3): d=�12 ppm; HR-MS (ESI): m/z : calcd for
C28H28NO8P [M+Na+]: 536.1445; found: 536.1452.


Compound 2d : Compound 2c (2.2 g, 4.2 mmol) was deprotected as de-
scribed for 1e. Yield 2 g (100%); 1H NMR (250 MHz, CDCl3): d=7.15–
7.4 (m, 15H), 4.73 (s, 2H), 4.30 (dt, J=12, 7 Hz, 2H), 4.21 (s, 2H), 3.75
(t, J=7 Hz, 2H), 2.04 ppm (quint, J=7 Hz, 2H); 13C NMR (62.9 MHz,
CDCl3): d=173.66, 150.24, 150.13, 133.46, 129.61, 129.08, 128.58, 125.23,
119.81, 119.75, 76.41, 66.51, 66.43, 59.97, 42.45, 27.46, 27.36 ppm;
31P NMR (101.3 MHz, CDCl3): d=�11.98 ppm; HR-MS (ESI): m/z :
calcd for C24H26NO7P [M+Na+]: 494.1339; found: 494.1347.


Compound 2e : Compound 2d (2 g, 4.24 mmol) was phosphorylated as
described for 1 f. Yield 1.56 g (52%); 1H NMR (250 MHz, CDCl3): d=


7.15–7.4 (m, 25H), 4.83 (d, J=11 Hz, 2H), 4.76 (s, 2H), 4.33 (dt, J=7.5,
7 Hz, 2H), 3.77 (t, J=7 Hz, 2H), 2.10 ppm (quint, J=7 Hz, 2H);
13C NMR (250 MHz, CDCl3): d=167.91, 150.54, 150.42, 133.58, 129.91,
129.82, 129.44, 128.95, 125.51, 120.30, 120.23, 120.13, 76.71, 66.85, 66.77,
65.41, 42.68, 27.74, 27.65 ppm; 31P NMR (101.3 MHz, CDCl3): d=�11.98,
�11.53 ppm; HR-MS (ESI): m/z : calcd for C36H35NO10P2 [M+Na+]:
726.1628; found: 726.1628.


Compound 2 f : Compound 2e (0.945 g, 1.34 mmol) was dissolved in etha-
nol (20 mL). Pd-C (10%, 100 mg) was added, and the suspension was vig-
orously stirred under dihydrogen overnight. After filtration and evapora-
tion, 2 f (0.805 g, 98%) was recovered. 1H NMR (250 MHz, CDCl3): d=


7.15–7.4 (m, 20H), 4.97 (d, J=11 Hz, 2H), 4.33 (dt, J=6 Hz, 2H), 3.67
(t, J=6 Hz, 2H), 2.10 ppm (quint, J=6 Hz, 2H); 13C NMR (62.9 MHz,
CDCl3): d=167.39, 167.28, 150.38, 150.29, 150.20, 129.85, 129.75, 125.57,
120.19, 120.13, 12.01, 119.95, 67.04, 66.37, 65.71, 65.65, 45.09, 27.42,
27.34 ppm; 31P NMR (101.3 MHz, CDCl3): d=�11.26, �11.64 ppm; HR-
MS (ESI): m/z : calcd for C29H29N2O10P2 [M+Na+]: 636.1159; found:
636.1171.


N-(3-Hydroxypropyl)-glycolohydroxamic acid bisphosphate (compound
2) tetrakis-cyclohexylammonium salt : Compound 2g (0.805 g, 1.31 mmol)
was dephenylated as described for 1 i. The residue was dissolved in etha-
nol (20 mL), and an excess of cyclohexylamine was added. The solution
was evaporated to afford a white powder, which was recrystallized from
ethanol. Yield 0.32 g (34%); 1H NMR (250 MHz, D2O): d=430 (d, JH,P=


6 Hz, 2H; -CO-CH2-OPO3
2�), 3.54 (dt, JH,P=JH,H=6 Hz, 2H; 2�O3PO-


CH2-CH2-), 3.45 (t, J=7 Hz, 2H; -CH2-CH2-N), 1.66 ppm (quint, J=


7 Hz, 2H; -CH2-CH2-CH2) [CHA+: 2.85 (m, 4H), 1.25–1.80 (m, 20H),
0.80–1.25 (m, 20H)]; 13C NMR (62.9 MHz, D2O): d =172.13, 62.30, 62.24,
62.08, 50.92, 47.00, 31.04, 28.13, 28.04, 24.99, 24.49 ppm; 31P NMR
(101.3 MHz, D2O): d=3.52, 3.65 ppm; HR-MS (ESI, negative): m/z :
calcd for C5H12NO10P2


� : 307.99420; found: 307.99427


N-(3-Hydroxypropyl)-phosphoglycolohydroxamic acid (compound 3)


Compound 3a : BnBr (0.1 mol, 17 g) was added dropwise over 20 minutes
to a solution of propane-1,3-diol (0.3 mol, 21.67 mL) in anhydrous DMF
(100 mL). After cooling of the mixture in an ice-bath, NaH (60%, 3 g,
0.125 mol) was added in portions. This mixture was stirred under argon
overnight at RT. The solvent was concentrated under reduced pressure.
Water (75 mL) was added, and the water phase was extracted with
CH2Cl2 (2S75 mL). The combined organic phases were dried with
Na2SO4 and concentrated under reduced pressure. The product was an
oil (0.067 mol, 11.24 g, 67%). Rf=0.18 (pentane/Et2O 8:2). 1H NMR
(250 MHz, CDCl3): d =7.3–7.4 (m, 5H), 4.54 (s, 2H), 3.76 (m, 2H), 3.64–
3.67 (t, J=6 Hz, 2H), 1.9 ppm (quint, J=5.8 Hz, 2H); 13C NMR
(62.9 MHz, CDCl3): d =138.2, 128.5, 127.7, 127.6, 32.31 73.2, 68.84,
61.09 ppm.


Compound 3b : PCC (0.036 mol, 7.74 g), 3-benzyloxypropan-1-ol (3a,
0.018 mol, 3 g) and powdered molecular sieves were added to dry CH2Cl2
(72 mL). This mixture was stirred under argon for 2.5 h. Et2O (500 mL)
was then added to the reaction mixture, which was filtered through a
short column of silica gel. The solvent was evaporated under reduced
pressure. The product was an oil (0.0157 mol, 2.584 g, 88%). Rf=0.77
(pentane/ethyl acetate 8:2). 1H NMR (250 MHz, CDCl3): d=9.81 (t, J=


2 Hz, 1H), 7.4 (m, 5H), 4.57 (s, 2H), 3.84 (t, J=6 Hz, 2H), 2.72 ppm (dt,


J=6, 2 Hz, 2H); 13C NMR (62.9 MHz, CDCl3): d=201.3, 137.9, 128.5,
127.7, 127.6, 73.27, 63.9, 43.9 ppm.


Compound 3c : 3-Benzyloxypropionaldehyde (3b, 0.0157 mol, 2.57 g) was
dissolved in methanol (78.5 mL). O-Benzylhydroxylamine (0.024 mol,
2.89 g) and pyridine (0.145 mol, 11.72 mL) were added. The mixture was
stirred at reflux at 65 8C for 3.5 h and concentrated under reduced pres-
sure. The resultant product was dissolved in CH2Cl2 (50 mL), washed
with water (3S50 mL), dried with Na2SO4 and concentrated under re-
duced pressure. The product was an oily mixture of two Z/E stereoiso-
mers (together with remaining benzylhydroxylamaine). Yield 4.211 g,
Rf1=0.94, Rf2=0.88 (pentane/ethyl acetate 8:2). 1H NMR (250 MHz,
CDCl3): d=7.4 (m, 10H), 6.9 and 7.5 (t, J=5.5 Hz, 1H), 5.14 and 5.19 (s,
2H), 4.76 (s, 2H), 3.65 and 3.68 (t, J=6.5 Hz, 2H), 2.56 and 2.75 ppm (q,
J=6.5 Hz, 2H); 13C NMR (62.9 MHz, CDCl3): d=149.0, 137.75, 137.5,
128.5, 128.3, 128.0, 127.9, 127.7, 127.1, 75.9, 75.7, 66.7, 30.4 ppm.


Compound 3d : Sodium cyanoborohydride (0.0188 mol, 1.18 g) was added
in portions, with cooling in an ice-bath, to 3c (0.0157 mol, 4.211 g) dis-
solved in a mixture of ethanol and acetic acid (1:1, 25 mL). This was
stirred at RT for 7.5 h. The solvent was then evaporated under reduced
pressure, and the resultant product was made alkaline (pH 8.00) with sa-
turated NaHCO3. The mixture was extracted with CH2Cl2 (3S150 mL),
washed with water (150 mL) and sat. NaCl (150 mL), dried with Na2SO4


and concentrated under reduced pressure. The product was purified by
column chromatography (pentane/AcOEt 9:1). Yield 2.61 g (61% from
3b). Rf=0.1 (pentane/Et2O 9:1); 1H NMR (250 MHz, CDCl3): d =7.4 (m,
10H), 4.76 (s, 2H), 4.55 (s, 2H), 3.6 (t, J=6.5 Hz, 2H), 3.12 (t, J=6.5 Hz,
2H), 1.9 ppm (quint, J=6.5 Hz, 2H); 13C NMR (62.9 MHz, CDCl3): d=


138.55, 138.1, 128.55, 128.45, 128.08, 127.85, 127.7, 76.2, 73.0, 68.65, 49.65,
27.6 ppm.


Compound 3e : Compound 3d (6.47 mmol, 1.754 g), triethylamine
(9.7 mmol, 1.36 mL) and acetoxyacetyl chloride (7.764 mmol, 0.83 mL)
were dissolved in dry CH2Cl2 (10 mL). This mixture was stirred at RT for
20 minutes. The organic phase was washed with water (3S10 mL), dried
with Na2SO4 and concentrated under reduced pressure. The product was
an oil (2.167 g, 90%). Rf=0.49 (pentane/ethyl acetate 6:4); 1H NMR
(250 MHz, CDCl3): d=7.4 (m, 10H), 4.88 (s, 2H), 4.75 (s, 2H), 4.5 (s,
2H), 3.8 (br t, J=6.5 Hz, 2H), 3.55 (t, J=6.5 Hz, 2H), 2.2 (s, 3H),
2.0 ppm (quint, J=6.5 Hz, 2H); 13C NMR (62.9 MHz, CDCl3): d =170.7,
168.5, 138.4, 134.0, 129.3, 129.2, 128.9, 128.4, 127.74, 127.6, 76.5, 73.0,
67.5, 61.4, 43.45, 27.12, 20.7 ppm.


Compound 3 f : Compound 3e was dissolved in a methanol/triethylamine/
water mixture (8:2:1, 44 mL). This was stirred at RT for 18 h. After com-
plete evaporation, the product was purified by flash chromatography
(pentane/AcOEt 6:4). The product was an oil (1.305 g, 68%). Rf=0.38
(pentane/ethyl acetate 7:3); 1H NMR (250 MHz, CDCl3): d =7.4 (m,
10H), 4.82 (s, 2H), 4.52 (s, 2H), 4.25 (s, 2H), 3.85 (m, 2H), 3.55 (t, J=


6 Hz, 2H), 3.23 (br s, 1H), 2.0 ppm (quint, J=6 Hz, 2H); 13C NMR
(62.9 MHz, CDCl3): d=173.75, 138.3, 133.95, 129.35, 128.9, 128.5, 127.8,
76.6, 73.1, 67.45, 60.25, 43.7, 27.14 ppm.


Compound 3g : A mixture of 3 f (3.96 mmol, 1.305 g), dibenzyl N,N-diiso-
propylphosphoramidite (7.923 mmol, 2.73 g), imidazole (11.88 mmol,
0.808 g) and 1,2,4-triazole (7.92 mmol, 0.55 g) was dissolved in dry aceto-
nitrile (27 mL). This system was stirred at RT under argon for 27 h.
tBuOOH (7.92 mmol, 1.08 mL, 7.3m) and CH2Cl2 (30 mL) were then
added. This mixture was stirred for 2 h at RT. An aqueous solution of
sodium thiosulfate (1m, 75 mL) and CH2Cl2 (30 mL) were added. The
aqueous phase was extracted with CH2Cl2 (3S100 mL). The collected or-
ganic phases were washed with sat. Na2CO3 (200 mL), dried with
Na2SO4, concentrated under reduced pressure and purified by flash chro-
matography (pentane/AcOEt). The product was an oil (1.794 g, 77%).
Rf=0.67 (pentane/ethyl acetate 1:1); 1H NMR (250 MHz, CDCl3): d =7.4
(m, 20H), 5.2 (m, 4H), 4.78 (s, 2H), 4.7 (d, J=11.25 Hz, 2H), 4.5 (s, 2
H), 3.8 (br t, J=8.7 Hz, 2H), 3.5 (t, J=8.7 Hz, 2H), 2.0 ppm (quint, J=


8.75 Hz, 2H); 13C NMR (62.9 MHz, CDCl3): d=168.5, 138.4, 135.9, 133.9,
129.3, 128.9, 128.6, 128.5, 128.4, 128.0, 127.7, 127.6, 76.5, 73.0, 69.6, 67.5,
64.4, 43.5, 27 ppm; 31P NMR (101.3 MHz, CDCl3): d=0.8 ppm.


N-(3-Hydroxypropyl)-phosphoglycolohydroxamic acid (compound 3) bis-
cyclohexylammonium salt : A mixture of 3g (1.5 mmol, 0.9 g), Na2CO3
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(1.5 mmol, 0.15 g) and Pd/C (170 mg) in water/ethanol (1:1, 40 mL) was
stirred under hydrogen (3 bar) for 36 h. It was then filtered through
celite and concentrated under reduced pressure. The product, dissolved
in water, was then filtered through a Dowex-50 column (cyclohexylam-
monium form), and the eluate was concentrated under reduced pressure
to give the crystalline product (0.566 g, 86%). 1H NMR (250 MHz, D2O):
d=4.4 (d, JH,P=5.75 Hz, 2H; CO-CH2-OPO3


2�), 3.55 (t, J=6.5 Hz, 2H;
-CH2-OH), 3.5 (t, J=6.5 Hz, 2H; -CH2-N-), 1.9 ppm (quint, J=6.5 Hz,
2H; -CH2-CH2-CH2-) [CHA+: 3.0 (m, 2H), 1–2 (m, 22H)]; 13C NMR
(62.9 MHz, D2O): d =171.7, 63.3, 61.6, 58.8, 50.2, 45.3, 30.3, 28.4, 24.2,
23.8 ppm; 31P NMR (101.3 MHz, D2O): d =3.6 ppm; HR-MS (ESI, nega-
tive): m/z : calcd for C5H11NO7P


� [M�H]+ : 228.0273; found: 228.0272.


Compound 3 is apparently subject to the following rearrangement in
acidic medium:


Biochemistry


Biochemical evaluation of inhibitors 1–3


Enzymes : Rabbit muscle Fba was a commercial preparation, available
from Sigma or Fluka.


H. pylori Fba was a recombinant enzyme expressed in E. coli strain
JM109. Yeast Fba was isolated from S. cerevisiae. Cells were disrupted in
a French press (110 psi). The enzyme was partly purified by precipitation
with ammonium sulfate.[38]


M. bovis Fba was isolated from cultivated cells by disruption in a French
press. Crude extracts were used.


Solutions


Glycylglycine buffer (0.1m, pH 7.4, with 0.2m potassium acetate for clas-
s II aldolases).


NADH 1.41 mm in buffer.


Fructose bisphosphate 2 mm in buffer.


Glycerophosphate dehydrogenase (GPDH, 274 UmL�1).


Enzymatic test : Fructose bisphosphate and inhibitor at the convenient
concentration, NADH (0.12 mm), GPDH (11 U) and aldolase (4 mU)
were placed in a cuvette to give a final volume of 1.2 mL. The decrease
in absorbance of NADH at 340 nm was monitored on a spectrophotome-
ter over 1–2 min.


Purification and recrystallization of H. pylori Fba : Plasmid pKK223-3
coding for H. pylori Fba was transformed and over-expressed in E. coli
strain JM109. Recombinant H. pylori Fba was purified by a combination
of anion exchange (DEAE), hydrophobic exchange chromatography
(Phenyl-Sepharose) and size exclusion chromatography.[26] Aldolase con-
centration was determined by use of BCA Protein Assay Reagent
(Pierce) with bovine serum albumin serving as standard. Enzymatic activ-
ity was monitored by spectrophotometry with use of a coupled assay and
monitoring of NADH oxidation at 340 nm. The purified protein was
stored at 4 8C in 85% saturated ammonium sulfate solution (25 mm


Tris·HCl, pH 8).


H. pylori aldolase crystals were grown by vapour diffusion from a mix-
ture (1:1) of protein solution (10 mgmL�1 initial protein concentration
made up in 25 mm Tris·HCl pH 7.0) and precipitant buffer [PEG 1000
(12%), PEG 8000 (12%), calcium acetate (0.2m) and Tris/HOAc (pH 8,
50 mm)]; 4 m drops were equilibrated at 23 8C against 1 mL reservoirs of
precipitant solution. Crystals grew over two weeks.


Data collection and processing : Aldolase crystals were soaked in com-
pound 2 buffer [mother liquor plus compound 2 (10 mm)] or in PGH
buffer [mother liquor plus PGH (10 mm)]. Prior to data collection, crys-
tals were cryoprotected by transfer through a cryobuffer solution [com-
pound 2 or PGH buffer plus glycerol (10%)] and immediately flash
frozen in a stream of gaseous N2 cooled to 100 K. Diffraction data were
collected from single crystals at beamlines X8C and X29 of the National


Synchrotron Light Source (Brookhaven National Laboratory, Upton,
USA). As control, a native data set was also collected with use of beam-
line X8C. A fluorescence energy scan, collected at beamline X8C by
energy scanning about the Zn Ka edge (1.2818 Q), demonstrated that
the H. pylori Fba crystals contained zinc, although no exogenous zinc
had been added during purification or recrystallization of the protein. All
data sets were processed by use of HKL2000[27] , and the results are sum-
marized in Table I in the Supporting Information.


Structure solution and refinement : A model structure of H. pylori aldo-
lase was generated by feeding to the molecular replacement (MR) pro-
gram AMORE[28] 20 comparative homology models obtained with the
program MODELLER[29] with use of the structure of class II T. aquaticus
aldolase[30] as template (PDB code 1RVG). The best solution was used as
starting point for refinement. The native structure was solved by iterative
rounds of refinement (simulated annealing and minimization) with
CNS[31] and model building.[32] Initial phases used for model building of li-
ganded structures were obtained by using the refined native structure as
template for input into the program Phenix autoMR/autoBuild.[33] The
native and PGH structures belong to the monoclinic space group P21 and
each have one aldolase homodimer in the asymmetric unit. The structure
in complexation with compound 2 belongs to space group P1 and also
has one aldolase homodimer in the asymmetric unit. All reflections with
I/s(I) >1 were used in refinement; however, electron density maps were
calculated to the resolution shown in Table I in the Supporting Informa-
tion and corresponded to completeness of greater than 70% in the high-
est-resolution shell. The liganded structures were subjected to iterative
rounds of refinement Phenix and model building with Coot[34] and
PyMol.[23] The Molprobity server[35] and the Coot validating tools were
used to optimize the structures during the refinement. Water molecules
were added automatically by CNS or Phenix in the initial rounds and
manually near the end of refinement. Loop regions (residues 139–153) in
each subunit were associated with regions of weak electron density.


Ligand modelling was based on interpretation of electron density shapes
of 2Fo�Fc and Fo�Fc annealed omit maps and use of the phenix.elbow
command for generation of topology and parameters. Binding by com-
pound 2 and PGH were readily discernable and were associated with
clearly defined electron densities in the active site. Difference electron
density (Fo�Fc) annealed omit maps calculated in the final round of re-
finement confirmed identical binding of ligands in both subunits. Final
model statistics, calculated with CNS and PROCHECK,[36] are shown in
Table I in the Supporting Information. The coordinates and structure fac-
tors of H. pylori aldolase, as well as those of the native enzyme in com-
plexation with PGH and with compound 2, have been deposited with the
Protein Data Bank (PDB entry codes 3C4U, 3C52 and 3C56, respective-
ly).[37] The final structure models of native aldolase, compound 2 and
PGH enzymatic complexes have Rcryst (Rfree) values of 0.185 (0.207), 0.172
(0.208) and 0.204 (0.249), respectively. The corresponding Luzzati atomic
coordinate errors were estimated at 0.20, 0.23 and 0.28 Q, respectively.
Ramachandran analysis with PROCHECK placed at least 90% of non-
glycine and non-proline residues of the four structures in the most fa-
vourable region and with the remainder found in allowed regions, attest-
ing to good model geometry in the structures.


Comparisons : Superpositions were performed with the program PyMOL
with use of Ca atom coordinates of identical regions of amino acid se-
quences. Root mean square (rms) deviations based on superposition of
equivalent Ca atoms are reported. The dihedral angles for the hydroxa-
mate moieties in compound 2 and PGH are the angles between the
planes defined by atoms C2, N3 and O2 and by atoms C2, N3 and O3. A
dihedral angle of 08 indicates coplanarity and has atoms O2 and O3 posi-
tioned cis to each other and coplanar with atoms C2 and N3.


Biology


Growth inhibition of cultivated bacteria : Minimal inhibitory concentra-
tion values of compound 2 against M. tb H37Rv were determined in
7H9-ADC broth at 37 8C by the colorimetric resazurin microtiter assay
described by Martin and collaborators.[22] The bacteria were grown aerob-
ically under conditions compatible with class II Fba expression[9] and sim-
ilar to those used for the preparation of the M. bovis BCG extracts.
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Harnessing a Ratiometric Fluorescence Output from a Sensor Array


Zhuo Wang, Manuel A. Palacios, Grigory Zyryanov, and Pavel Anzenbacher, Jr.*[a]


Introduction


Sensing of metal cations is a focus of numerous studies mo-
tivated by human health-related[1] as well as environmental
concerns[2] and by the needs for analyses of industrial water
streams.[3] Here, the sensors based on metal-induced changes
in fluorescence are very attractive as they offer a potential
for high sensitivity at a low analyte concentration.[4–6] Fluo-
rescent probes displaying turn-on or ratiometric fluores-
cence signaling are particularly valuable as this signal trans-
duction is less likely to be biased by nonspecific interactions
with background impurities, and offer an improved signal-
to-noise ratio.[4,5] Therefore, the design of fluorophores that


allow ratiometric sensing is attracting the attention of nu-
merous research groups.


The ratiometric approach circumvents many of the prob-
lems of the intensity-based methods, including signal varia-
tions due to dye bleaching, fluctuations in source intensity
or temperature, and color background of the media.[7] Ratio-
metric probes and sensor ensembles with a fluorescence
output were developed for a number of substrates including
pH,[8] alcohol,[9] alkali metal ions,[10] magnesium,[11] calci-
um,[12] and heavy metals[13] such as cadmium,[14] copper,[15]


silver,[16] zinc,[17] carboxylic acids,[18] saccharides,[19] and
anions[20] such as phosphates,[21] cyanide[22] and DNA,[23] as
well as chemical warfare agents.[24] Of particular interest is
the fluorescence and fluorescence-ratiometric sensing of
ZnII. This is partly due to the potential utility of such probes
in ZnII imaging in biological samples, which is of importance
owing to the role of zinc in a variety of physiological func-
tions.[17, 25,26]


Ratiometric sensor materials are in many respects unique
chromophoric species and their photophysical behavior is
often difficult to predict. This may be partly circumvented
by a two-chromophore strategy developed for sensing of
ZnII, which utilizes two covalently bound chromophores,
one of them turned off while the second is turned on in the
presence of ZnII, thus generating a different emission output


Abstract: Ratiometric fluorescence-
based sensors are widely sought after
because they can effectively convert
even relatively small changes in optical
output into a strong and easy-to-read
signal. However, ratiometric sensor
molecules are usually difficult to make.
We present a proof-of-principle experi-
ment that shows that efficient ratiomet-
ric sensing may be achieved by an
array of two chromophores, one pro-
viding an on-to-off response and the
second yielding an off-to-on response
in a complementary fashion. In the
case that both chromophores emit light


of different color, the result is a switch-
ing of colors that may be utilized in the
same way as from a true ratiometric
probe. The chromophore array com-
prises two sensor elements: i) a polyur-
ethane membrane with embedded N-
anthracen-9-yl-methyl-N-7-nitrobenz-
oxa-[1,2,5]diazo-4-yl-N’,N’-dimethyl-
ethylenediamine hydrochloride and ii)
a membrane with N,N-dimethyl-N’-(9-


methylanthracenyl)ethylenediamine. A
combination of photoinduced electron
transfer (PET) and fluorescence reso-
nance energy transfer (FRET) allows
for green-to-blue emission switching in
the presence of ZnII ions. The sensing
experiments carried out with different
ZnII salts at controlled pH revealed
that the degree of color switching in
the individual sensor elements depends
on both the presence of ZnII ions and
the counter anion. These results sug-
gest that sensing of both cations and
anions may perhaps be extended to dif-
ferent cation–anion pairs.


Keywords: array · electron transfer ·
energy transfer · fluorescence ·
sensors


[a] Dr. Z. Wang, M. A. Palacios, Dr. G. Zyryanov,
Prof. P. Anzenbacher, Jr.
Department of Chemistry
and Center for Photochemical Sciences
Bowling Green State University (BGSU)
Bowling Green, OH 43403 (USA)
Fax: (+1)419-372-9809
E-mail : pavel@bgsu.edu


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800775: Details of the photo-
physical properties of 1 and 1·HCl, crystallographic data for 1 and
1·HCl, and NMR spectra of 1, 2, and 1·HCl.


D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8540 – 85468540







in the presence and absence of ZnII ions.[26f] Recently, ratio-
metric behavior was also demonstrated in mixtures of two
lanthanide luminophores, in which the changes in lumines-
cence correspond to chemical/enzymatic processes, thus gen-
erating a ratiometric output independent on a probe concen-
tration. In such probe mixtures the relative intensities of the
emission lines can be tuned by adjusting the stoichiometry
of the cocktail to obtain a desired information-rich compo-
site luminescence spectrum as a sensor output.[27] A very
similar approach was also used to prepare fiber membranes
for sensing of dissolved oxygen.[28]


The previous examples of mixture methods, in our opin-
ion, offer a potential change in the paradigm of ratiometric
sensing as it applies to the construction of sensor arrays. It is
conceivable that for the purpose of fabrication of solid-state
array sensors (e.g. using microtiter plates), the cocktail com-
ponents are placed each in a different well of the array. The
information-rich output generally associated with ratiomet-
ric sensors may then be effectively obtained numerically
from individual sensor elements of the sensor array. This
aspect is very important for fabrication of solid-state arrays
where the ratiometric mixture may be virtual, derived nu-
merically from the individual components of the virtual ra-
tiometric mixture in separate wells. This is very important
because in the solid state or in sensor membranes the com-
ponents could appear in a close proximity to each other and
display undesirable interactions and self-quenching, form ex-
ciplexes or ground-state complexes resulting in different lu-
minescence output, etc.[4]


In this study, we show two probes that display a ratiomet-
ric output in solution as demonstrated by their fluorescence
spectra, and a fluorescence output clearly observable by a
naked eye. We identify the structural features responsible
for the components of the ratiometric output using fluores-
cence spectroscopy and X-ray crystallography. Finally, we
will show that the fluorescence features observed in the so-
lution are also reflected in the behavior of the sensor array
elements fabricated using a polyurethane membrane doped
with the individual probes and deposited in a microtiter
plate. The sensor performance of such membranes will then
be tested using aqueous solutions of ZnII salts. Because even
at controlled pH each of the ZnII counter-anions shows a
different degree of dissociation, basicity, and so on, the
output obtained from the two sensor membranes will com-
prise the emission-ratiometric output of two different colors
of emitted light, but their relative intensity will also be af-
fected by the counter-anion. This may perhaps be later used
for determination of salts as cation–anion mixtures.


Results and Discussion


To demonstrate the above principle, we chose N-anthracen-
9-ylmethyl-N-7-nitrobenzoxa ACHTUNGTRENNUNG[1,2,5]diazol-4-yl-N’,N’-dime-
thylethylenediamine (1), a recently reported ZnII sensitive
fluorescent probe,[29] as the first component of the virtual ra-
tiometric mixture. Compound 1 (see below) can be easily


synthesized on a gram scale and purified to photonic-materi-
al purity, recrystallized in the form of non-fluorescent mono-
crystals and its structure determined by X-ray crystallogra-
phy (see Figure 2). As the second component we chose N,N-
dimethyl-N’-(9-methylanthracenyl)ethylenediamine (2).


Probe 1 displays only very weak fluorescence (F �0.001)
for the ANBD-like emission (lexc=477 nm) due to the PET
quenching mediated by the dimethylaminoethyl moiety.
Similarly, the excitation of the anthracene moiety (lexc=


350 nm) does not yield appreciable fluorescence due to the
PET/FRET quenching of both the anthracene and 7-
nitrobenzoxa ACHTUNGTRENNUNG[1,2,5]diazole (NBD) moieties. This dark probe
does not react to the presence of ZnII salt by appreciable
change in fluorescence (Figure 1). Apparently, the presence
of ZnII does not preclude the PET quenching by the amine.


We reasoned that since 1 is quenched by the amine-medi-
ated PET, the possibility to make 1 fluorescent is to block
the amine-mediated PET, for example, by protonation.
Toward this end, we carried out a titration of 1 with HClO4.
As expected, the protonation of the amino group results in
a dramatic increase in the fluorescence emission from the
NBD moiety (lmax=526 nm), which is also enhanced by


Figure 1. Fluorescence titration of a THF solution of 1 (5 mM) upon addi-
tion of 0–10 equiv of ZnII salts, lexc=370 nm. Top: ZnCl2. Bottom: Zn-
ACHTUNGTRENNUNG(AcO)2.
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FRET from the anthracene moiety. Again, to confirm the
structure of both the non-fluorescent 1 and the fluorescent
compound, we prepared the hydrochloride salt of 1 (1·HCl).
The resulting brightly green fluorescent crystals of 1·HCl
were analyzed spectrally and the structure was unambigu-
ously determined by X-ray crystallography (Figure 2). In the
X-ray structure of 1·HCl, one can clearly see the protonated
amine-side chain and the chloride anion coordinated to this
proton. The salt 1·HCl shows an emission maximum at
526 nm corresponding to the NBD moiety.


The NBD-based emission at 526 nm of 1·HCl is quenched
in the presence of ZnCl2 or Zn ACHTUNGTRENNUNG(AcO)2. As presented in
Figure 3, 1·HCl shows quenching saturation after the addi-
tion of two equivalents of ZnCl2, while about 0.7–0.9 equiva-
lents suffice for the saturation of the quenching with Zn-
ACHTUNGTRENNUNG(AcO)2. The degree of quenching seems to be directly relat-
ed to the basicity of the counter anion. Furthermore, the
final fluorescence spectrum after a quenching process re-
sembles that of a free base 1 (see Figure 1). These observa-
tions suggest that the NBD-type fluorescence is quenched
largely by anion-mediated deprotonation of 1·HCl, and that
the presence of ZnII does have a relatively small effect in
terms of preventing the amine-mediated PET quenching
(Figure 3).
N,N-Dimethyl-N’-(9-methylanthracenyl)ethylenediamine


(2) was selected as the second component of the sensor be-
cause this probe does not show appreciable emission due to
the efficient PET quenching of the anthracene fluorophore
by the amino residues. However, both aliphatic amine moi-
eties of 2 are capable of coordinating ZnII in a process ac-
companied by two orders of a magnitude increase of fluores-
cence intensity (PL lmax=413 nm, 2 : F �0.002; 2·Zn: F


�0.265 in THF).[30]


After careful examination of the data, we realized that
the desired ratiometric response of the probe mixture 1·HCl
and 2 is a about 200:1 ratio. In such a dilute mixture of
1·HCl and 2 the intermolecular PET does not readily take


place (10�5m). To demonstrate the photophysical properties
of such a system, we prepared a solution containing both
compounds (1·HCl 5 mm and 2) in a 200:1 ratio. The changes
in the fluorescence spectra were recorded after addition of
ZnCl2 and ZnACHTUNGTRENNUNG(AcO)2 (Figure 4). From the titrations it is
clear that the ratiometric behavior of the system depends to
a large extent on the counter anion basicity. While the chlo-
ride salt quenches the signal from 1·HCl after addition of
�20 equiv, the acetate salt quenches 1·HCl after the addi-
tion of only 1–2 equivalents.


These changes in fluorescence upon addition of Zn2+ salts
may be observed by naked eye (Figure 5). Finally, the mech-
anism proposed for the ratiometric signalling of the mixture
of green fluorescent 1·HCl and non-fluorescent 2 is summar-
ized in Figure 5 (bottom). In organic solution the chloride
provided by ZnCl2 is basic enough to shift the equilibrium
towards the formation of 1 (quenched species) while the
Zn2+ is coordinated by 2 to form a blue fluorescent com-
plex.


The cocktail of mixed sensors with a ratiometric output
was found to operate quite well in solution. However, their
behavior in the polymer film is often modulated due to the
close proximity of both probes in the film. For example,


Figure 2. X-ray structure of 1, and its green fluorescent hydrochloride
salt, 1·HCl. Thermal ellipsoids were scaled to 50% probability level.


Figure 3. Fluorescence titration of a THF solution of 1·HCl (5 mm) upon
addition of 0–10 equiv of ZnII salts, lexc=370 nm, lem = 526 nm. Top: Zn-
ACHTUNGTRENNUNG(AcO)2. Bottom: ZnCl2.
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blue fluorescent 2·ZnCl2 when in the close proximity of 1 or
1·HCl may become an effective FRET donor for any of
these species, which would result in quenched fluorescence
or quenched blue and increased green NBD emission, re-
spectively. In any case, the desired ratiometric output could
easily be compromised and would quite likely depend on
the concentration of the probes in the polymer film, thus po-
tentially hampering the quality ratiometric action of such
sensor film.


For the reasons above, we pursued the virtual ratiometric
arrangement, where each of the two sensor membranes
comprising probes 1·HCl and 2 are deposited in separate
wells of the microtiter plates. The ratiometric signal may
then be “synthesized” numerically and used in the same way
the two isotherms (blue for anthracene and green for NBD)
were recorded using the probe mixtures (Figure 5). The im-
portant difference is that one does not risk potential unde-
sirable interactions between the two probes in the polymer


film. To prove this point, we fabricated a simple two-
member array using 1·HCl and 2 dispersed in polyurethane
in THF and solution-cast into micro-well plates (Figure 6).
Zinc salts water solutions (pH 6.1) were then added to the
dry polymer in the wells. The hydrophilic polyurethane
serves as a support for the probes and to draw the aqueous
analyte into the film and into the close proximity of probes
dispersed in the polyurethane material. Seven zinc salts
were tested in the array. In the case of a sensor film com-
prising 1·HCl, the green NBD fluorescence is quenched pre-
sumably due to the deprotonation by counter anions of zinc
salts. In agreement with this hypothesis, the salts of less
basic anions such as ClO4


�, Cl�, SO4
2�, and NO3


� showed a
lower degree of quenching while the more basic anions such
as AcO� and CF3COO� displayed stronger quenching of
1·HCl. In the case of a film comprising a probe 2, the blue
fluorescence is turned on due to the formation of the com-
plex of 2 with zinc (2·ZnCl2, the mechanism is shown in
Figure 5). The net fluorescence response of the compounds
2 and 1·HCl with zinc salts is a change from green to blue
(Figure 6).


Figure 6 shows that, compared to the control, the 1·HCl
films exposed to ZnII salts give a varying degree of quench-
ing of the green NBD emission. Also, the films with a probe
2 show a dramatic increase in the blue emission upon addi-
tion of ZnII salts. Both these features are even clearer from
the integrated light intensities in blue and green channel,
Figure 6B and C. Figure 6B displays the blue emission,
which shows that only blue light is emitted from compound
2, and that, compared to the control, the films exposed to


Figure 4. Fluorescence titration of a THF solution of a mixture of 1·HCl
(5 mM) and 2 in a 200:1 molar ratio, lexc=370 nm. Top: Zn ACHTUNGTRENNUNG(AcO)2;
Bottom: ZnCl2.


Figure 5. Top: Visualization of changes in the emission of a) 1, b) 1·HCl,
and c) 1·HCl (100 mm) + 2 (200:1), upon addition of 20 equiv of ZnCl2.
The excitation was carried out with broad band UV excitation lmax=


365 nm. Bottom: A proposed mechanism for the observed ratiometric
response.
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ZnII salts display a strong increase in blue emission. This be-
havior is consistent with the observation of the behavior in
solution described in Figures 4 and 5.


To illustrate the point that the cocktails or solid-state mix-
tures may not display the ratiometric behavior observed in
solution, we included into the array also a polymer doped
with a mixture of 1·HCl and 2. The Figure 6A shows only
green emission and the blue channel (Figure 6B) does not
show appreciable blue emission from the solid-state mixture.
The green channel (Figure 6C) shows only weak green emis-
sion. This suggests possible PET quenching of the NBD
emission by the amine of 2 as well as FRET from the
2·ZnCl2 to the NBD moiety of 1·HCl. Most importantly, the
ratiometric behavior was not observed in the mixture.


The above observation suggested that the sensor films
may also be useful in co-determination of counter-anion of
the ZnII salt. To investigate the effect of an anion, we used
the digital output of the 12-bit CCD camera.[31] The actual
responses of the array films were analyzed by recording the
amount of light in three channels (blue, green, and yellow,
BGY) and compared to the corresponding control (a film
without addition of a ZnII salt). The BGY patterns of com-
pound 2 and 1·HCl were shown in Figure 7. The BGY pat-
terns clearly show that despite the salts having the same pH
(pH�6.1), the anions contribute to different fluorescence
output.


The integrated pixel intensities in the BGY channels re-
corded for various ZnII salts (Figure 7) confirm a varying in-
tensity in the green versus blue channel that could be used
to construct the desirable information-rich ratiometric
output.[27] Interestingly, different anions yielded a different
degree of green-quenching versus blue-increase. This may
be due to the several factors including anion basicity,
cation–anion dissociation and relative hydrophilicity of
anions may be modulating the overall response of the
sensor films. It is, however, conceivable that this feature
could be used for future identification of salts using both
cation and anion contributions. This feature will be a matter
of further studies in our laboratory.


Conclusion


In summary, we present a method for generating a virtual
ratiometric output from two fluorescent probes displaying
turn-off and turn-on signals in the presence of ZnII ions.
While the classical ratiometric single molecule probes per-
forming this task are quite rare and difficult to design, the
cocktail method using a mixture of two probes, each provid-
ing one type of a signal (turn-off or turn-on) is a powerful


Figure 6. Fluorescent array patterns: A) Micro-wells with sensors 1·HCl
show decreasing intensity of the green emission of 1·HCl in the presence
of ZnII salts and increased intensity in the blue emission of 2. The
1·HCl+2 mixture shows mainly green emission suggesting FRET from 2
to 1·HCl, which results in a loss of the ratiometric behavior. B) 8-bit
Image of the blue channel intensity shows that blue emission appeared
chiefly in probe 2 wells. C) 8-bit Image of the green channel intensity
shows decrease in the emission of 1·HCl and a FRET in the 1·HCl+2
mixture where the blue emission is absorbed by 1·HCl and emitted as a
green light. ZnII salt solutions: 5 mm, 200 nL, pH 6.1�0.2.


Figure 7. Top: BGY response pattern generated by 1·HCl upon addition
of zinc salts. Bottom: BGY response pattern generated by 2 upon addi-
tion of zinc salts. ZnII salt samples: 200 nL, 5 mm, pH 6.1�0.2.
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tool allowing to generate a ratiometric output, which even
though it is not generated by a single species has most of
the qualities of the typical single-molecule ratiometric
probes. However, this mixture or a cocktail method often
fails in the solid state sensors and arrays where the ratiomet-
ric quality of the cocktail signal is compromised by compet-
ing photophysical processes. We show that for the purpose
of sensor micro-arrays utilizing solid or semi-solid sensor
films it is better to use each probe independently and syn-
thesize the ratiometric signal numerically. This simple
method, demonstrated here on the example of ZnII salts
allows for better predictability and control of the obtained
output from the array. Ability to design sensor arrays with
predictable behavior of sensor elements is essential for ra-
tional design of arrays, which will make it possible to de-
crease the number of sensor elements without compromising
their analytical performance. Last but not least, most likely
due to the limited number of intermolecular photophysical
processes the separated sensors display analyte specific
changes to counter anions, which may allow analyzing
metal-anion salts. In part due to its simplicity, we believe
this approach is general and will contribute to the design
and development of sensor arrays with improved analytical
performance in the near future.


Experimental Section


General : Commercially available solvents and reagents were used as re-
ceived from the chemical suppliers. All reactions were monitored using
Whatman K6F Silica Gel 60 P analytical TLC plates by UV detection
(254 and 365 nm). Silica gel (60 P, 32–63 mm) from EMD Science was
used for column chromatography. Melting points (uncorrected) were
measured using Hoover capillary melting point apparatus. 1H and 13C
APT NMR spectra were recorded using either a Varian spectrometer
with working frequency 400 MHz or a Bruker instrument (300 MHz).
Chemical shifts were referenced to the residual resonance signal of the
solvent. MALDI-TOF/MS were recorded using a Bruker Omniflex spec-
trometer. GC-MS was recorded using Shimadzu GCMS-QP5050.


Absorption spectra were recorded using a Hitachi U-3010 spectropho-
tometer. Fluorescence measurements were performed on a single photon
counting fluorimeter (Edinburgh Analytical FL/FS 920). Optically dilute
solutions used for all photophysical experiments were prepared using
spectroscopic grade solvents. For titration experiments the samples were
excited at the isosbestic point.


N-Anthracen-9-ylmethyl-N-7-nitrobenzoxa ACHTUNGTRENNUNG[1,2,5]diazol-4-yl-N’,N’-dime-
thylethylenediamine (1) and N,N-dimethyl-N’-(9-methylanthracenyl)ethy-
lenediamine (2): 9-Formylathracene (0.52 g, 2.52 mmol) and N, N-dime-
thylethylendiamine (0.30 mL, 2.77 mmol) were taken in ethanol and the
reaction mixture was stirred for 36 h at room temperature. The Schiff
base formed was not isolated. An excess of NaBH4 (0.48 g, 12.50 mmol)
was added, and the mixture was refluxed for 4 h. The pale yellow solid
remained after removal of the solvent under reduced pressure. Water
was added to the flask, and the desired product was extracted with
CH2Cl2. The combined organic phase was dried by anhydrous Na2SO4,
and evaporated to yield 2 as yellow oil (0.67 g, 96%).


Compound 2 (0.65 g, 2.33 mmol) and anhydrous K2CO3 (0.35 g,
2.56 mmol) were taken in ethyl acetate and the mixture was stirred for
30 min. The solution was then cooled to 0 8C and subsequently a solution
of NBD chloride dissolved in ethyl acetate was added drop-wise with
continued stirring for 2 h maintaining the temperature at 0–5 8C. The re-
action mixture was then brought to room temperature and stirred for an-


other 2 h to ensure the completion of the reaction. Subsequently, the sol-
vent was evaporated under vacuum and the residue was purified by
column chromatography (silica gel) with EtOAc/hexanes 3:1. The orange
yellow powder 1 was obtained finally. (Conversion 60% after chromato-
graphic column the yield is 16.6%.)


Characterization of 1: m.p. 207–209 8C; 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=1.725 (s, 6H), 2.171 (t, J=7.2 Hz, 2H), 3.682 (t, J=


7.2 Hz, 2H), 6.106 (s, 2H), 6.601 (d, J=9 Hz, 1H), 7.528–7.604 (m, 4H),
8.084–8.142 (m, 4H), 8.605 ppm (m, 2H); 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=1.717 (s, 6H), 2.161 (t, J=7.2 Hz, 2H), 3.667 (t, J=


7.2 Hz, 2H), 6.079 (s, 2H), 6.577 (d, J=9 Hz, 1H,), 7.525–7.589 (m, 4H),
8.077–8.123 (m, 4H), 8.585 ppm (m, 2H); 13C ATP NMR: (75 MHz,
CDCl3, 25 8C, TMS): d=45.20 (CH3), 47.63 (CH2), 49.10 (CH2), 56.46
(CH2), 102.18 (CH), 123.13 (CH), 123.28 (C), 124.02 (C), 125.44 (CH),
127.57 (CH), 129.69 (CH), 129.87 (CH), 131.40 (C), 131.65 (C), 135.34
(CH), 145.05 (C), 145.20 (C), 145.56 ppm (C); MALDI-MS: m/z : calcd
for: 441.18; found: 441.13 [M+].


Characterization of 2 : 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=2.187
(s, 6H), 2.481 (t, J=6 Hz, 2H), 2.950 (t, J=6 Hz, 2H), 4.752 (s, 2H),
7.260–7.561 (m, 4H), 7.990–8.022 (m, 2H), 8.350–8.353 ppm (m, 2H);
13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=45.50 (CH3), 45.79 (CH2),
47.77 (CH2), 58.99 (CH2), 124.34 (CH), 124.93 (CH), 126.04 (CH), 127.16
(C), 129.18 (CH), 130.44 (C), 131.62 (CH), 131.96 ppm (C); MALDI-MS:
m/z : calcd for: 278.18; found: 278.13 [M+].


Characterization of 1·HCl: m.p. 196–198 8C; 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=2.030 (s, 6H), 2.492 (t, J=7.2 Hz, 2H), 4.108 (t, J=


7.2 Hz, 2H), 6.210 ACHTUNGTRENNUNG(s, 2H), 6.978 (d, J=9 Hz, 1H), 7.585–7.661 (m, 4H),
8.090–8.131 (m, 4H), 8.632–8.665 ppm (m, 2H); 13C NMR (75 MHz,
DMSO-d6, 25 8C): 42.53 ACHTUNGTRENNUNG(CH3), 43.59 (CH2), 48.52 (CH2), 53.36 (CH2),
105.54 (CH), 118.52 (C), 123.50 (C), 124.01 (CH), 124.89 (C), 126.05
(CH), 127.23 (C), 128.20 (CH), 129.98 (CH), 130.16 (CH), 131.47 (C),
131.70 (C), 136.78 (CH), 145.26 (C), 145.65 (C), 145.81 ppm (C);
MALDI-MS: m/z : calcd for: 477.16; found: 442.23 [M�Cl]+ .


Sensor arrays : The array chips were fabricated by ultrasonic drilling of
microscope slides (m-well diameter: 500�10 mm, depth: 500�10 mm).
The wells were filled with 200 nL (approx. 0.08% sensor in polyurethane,
w/w) in a Tecophilic THF solution (4% w/w) and dried to form a 5 mm
thick polymer film in each well. In a typical assay, the zinc salts were
added as aqueous solutions (200 nL, 5 mm, pH 6.1�0.2). Images from the
arrays were recorded using a Kodak Image Station 440CF. The sensor
arrays were excited with a broadband UV lamp (300–400 nm, lmax=


365 nm) and an emission intensity in three channels was utilized for
signal output using the following filters: (B) Blue: band-pass filter 380–
500 nm lmax=435 nm (G) Green: band pass filter 480–600 nm lmax=


525 nm (Y) Yellow: long pass filter 523 nm. After acquiring the images,
the integrated (non zero) grey pixel (n) value is calculated for each well
of each channel. Images of the sensor chip were recorded before (b) and
after (a) the addition of analyte and their relative intensities (R) were
calculated as follows:


R ¼
X


n


an
bn
�1


The gray pixel value is a numerical value of the grey shade that for a 12-
bit pixel depth detector ranges between 0–4095.
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Introduction


The properties of nanoparticles and nanoclusters differ with
respect to those of their corresponding bulk material. How-
ever, as their bulk counterparts, nanoclusters can also be
doped and, consequently, their properties be modified at
will.[1]


Among nanocluster structural motifs, interest in hollow
spherical structures has increased since the discovery of
carbon buckminsterfullerenes.[2] These carbon clusters are
able to build up molecular solids, in which each unit keeps
its structure, similar to that of our isolated cluster.[3]


The electronic properties of these fullerenes and the
solids made of them, fullerites, may be altered by the intro-


duction of dopants, thereby yielding new materials with tail-
ored properties. Fullerenes have been doped in three differ-
ent ways: i) By substituting one or several carbon atoms by
other similar atoms, such as B, N, or Si to yield the so called
heterofullerenes, first produced by Smalley)s group[4] in
1991; ii) Exohedrally, compounds in which atoms are placed
outside the fullerene cages. It has been found that by exohe-
dral doping a number of fullerites can be altered from the
non-doped insulator to semiconductors,[5] or even high-tem-
perature superconductors;[6,7] iii) Endohedrally, whereby
atoms or molecules are trapped inside the fullerenes. The
earliest one, La@C60, was discovered by Heath et al. in
1985,[8] and after that many others have been found and
their electronic structures explained.[9–13] Remarkably, no
transition-metal atoms have been found encapsulated inside
fullerenes.[14]


Boron nitride (BN) clusters are the ones next most widely
studied hollow nanoclusters, owing to the fact that the BN
unit is isoelectronic to C2. A large amount of BN fullerenes,
such as BiNi, i=12,15,24,28–60, have been investigated both
theoretically and experimentally.[15–26]


Abstract: Endohedral first-row transi-
tion-metal-doped TM@ZniSi nanoclus-
ters, in which TM stands for the first-
row transition-metals from Sc to Zn,
and i=12, 16, have been characterized.
In these structures the dopant metals
are trapped inside spheroidal hollow
semiconducting nanoclusters. It is ob-
served that some of the transition
metals are trapped in the center of
mass of the cluster, whereas others are
found to be displaced from that center,
leading to structures in which the tran-
sition metals display a complex dynam-
ical behavior upon encapsulation. This
fact was confirmed by quantum molec-


ular dynamics calculations, which fur-
ther confirmed the thermal stability of
endohedral compounds. In the endohe-
drally-doped nanoclusters in which the
transition-metal atom sits on the center
of mass, the host hollow cluster struc-
ture remains undistorted after dopant
encapsulation. Conversely, if the encap-
sulated transition-metal atom is dis-
placed from the center of mass, the


host hollow cluster structure suffers a
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found that there is negligible charge
transfer between the dopant transition-
metal atom and its hollow cluster host
and, after encapsulation, the spin den-
sities remain localized on the transi-
tion-metal atom. This allows for the
atomic-like behavior of the trapped
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to their atomic-like magnetic proper-
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are negative, suggesting that these
compounds are thermodynamically
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Interestingly, the smallest synthesized BN fullerene,
B12N12, has been seen to form stable solids, in which the
structure of the cluster is not substantially altered. Namely,
the structure of the boron nitride E-phase, discovered by
Batsanov et al. in 1965,[27] and recently explained by Pokro-
pivny to be a solid built by B12N12 fullerenes.


[28] Other cova-
lent crystals based on B12N12 fullerenes have been also char-
acterized recently.[29,30]


Hollow nanoclusters of elemental metals have also been
synthesized. For instance, experimental evidence of “free-
standing” hollow clusters consisting of gold atoms,
Au16–18


�,[31] and lead atoms, Pb12
2�,[32] have recently been re-


ported. As these gold cages have an average diameter larger
than 5.5 M, it was hypothesized that they could easily ac-
commodate a guest atom inside. Indeed, this was further ex-
perimentally confirmed by Wang et al. ,[33] who were able to
isolate in the gas phase Cu@Au16 and Cu@Au17 nanoclusters.
Similarly, the so called stannaspherene cluster, Sn12


2� has
also been characterized,[34] as a hollow cluster with icosahe-
dral Ih symmetry and large enough diameter (>6 M) as to
encapsulate atoms inside. In particular, TM@Sn12


� (TM
stands for transition metal) compounds have been found to
be stable even in the gas phase, for most transition
metals.[35] These endohedral clusters attain their stability by
substantial charge transfer from the encapsulated atom to
the cage Sn12, which is an unsaturated cluster that gets stabi-
lized by two additional electrons. Additionally, the Mn@Sn12
endohedral compound has been characterized,[36] as an inter-
esting high-spin endohedral transition-metal-doped nano-
cluster.
In addition to the C, BN, and metallic hollow nanoclusters


mentioned above, binary hollow nanoclusters of semicon-
ductor elements, such as II–VI elements, have also been in-
vestigated.[37–45] However, studies of the properties of endo-
hedral compounds made of these hollow nanoclusters are
scarce. Of particular relevance to the present research are
the recent studies on the Mn@Zn12O12 endohedral com-
pound,[46] and on the endohedral compounds of the type
(X@ZniOi)i=4–16


0,�1, in which X is either an alkali metal or a
halogen.[30]


The aim of this work is to study the endohedral first-row
transition metals (TM@ZniSi)i=12,16. Endohedral transition-
metal compounds are interesting, owing to their magnetic
properties, which may lead to dimers with (anti)ferromag-
netic coupling.[36]


We have considered trapped first row transition metals
within Zn12S12 and Zn16S16 nanoclusters. The structures of
these hollow ZniSi nanoclusters have been characterized in
previous works.[38,41] These two semiconducting nanoclusters
have been chosen because of their high symmetry and
highly spheroidal shape, which allow for favored endohedral
structures as compared to other nanoclusters,[30] rather than
for their experimentally proven enhanced stability.
Experimental evidence of the stability of ZniSi, CdiSi and


CdiSei nanocluters was provided by Kasuya et al.,
[47] who


found that, in paticular, Cd33Se33 and Cd34Se34 are extermely
stable in solution.


Additional evidence has recently been provided by Bel-
Bruno and coworkers,[44,45] who found a number of stable
ZniSi nanoclusters in the gas phase.


Computational Details


All geometries have been fully optimized by using the gradient corrected
hybrid B3LYP[48–50] functional within the Kohn–Sham implementation[51]


of density functional theory.[52] Harmonic vibrational frequencies are de-
termined by analytical differentiation of gradients, in order to determine
whether the structures found are true minima or not, and to extract zero-
point energies and vibrational contributions to Gibbs free energy, DG,
which is reported at room temperature. The relativistic compact effective
core potentials and shared-exponent basis set[53] of Stevens et al. (SKBJ)
has been used for Zn and S, as described in the study of the isolated clus-
ters,[41] and the fully relativistic multielectron-fit pseudopotentials, with
10 electrons in the core, developed by Dolg et al. , were used for the trap-
ped atoms.[54,55] Note that pure angular momentum functions were used
throughout this study. To check for the reliability of this methodology, we
have calculated the energy difference between high-spin and low-spin
states of all first row TM, calculated as DE=ELS�EHS, and are given in
Table 1. Our calculations predict correctly the electronic state of the
ground states, with energy differences which correlate correctly with the
experimental ones. All the geometry optimizations and frequency calcu-
lations were carried out with the GAUSSIAN03 package.[56]


To further explore the thermal stability of these compounds, we also un-
dertook ab initio thermal MD simulations at 298 K on some selected
cases, controlled by means of the Nose thermostat as implemented in the
SIESTA code,[57] within a DFT approach. Exchange and correlation ef-
fects were described using the generalized gradient approximation
(GGA), within the revised Perdew–Burke–Ernzerhof (rPBE) function-
al.[58–60] Core electrons were replaced by Troullier–Martins norm-conserv-
ing pseudopotentials[61] in the Kleinman–Bylander factorized form.[62]


Within the context of SIESTA, the use of pseudopotentials imposes basis
orbitals adapted to them. Furthermore, SIESTA employs a localized
basis set to represent the Kohn–Sham orbitals for valence electrons. Ac-
cordingly, the basis set of atomic orbitals is constructed from numerical
solutions of the atomic pseudopotential, and are constrained to be zero
beyond a cutoff radius. We used one basis set of double-z plus polariza-
tion quality (DZP). The single parameter (orbital energy shift) that de-
fines the confinement radii of different orbitals was DEPAO=150 meV,
which gives typical precision within the accuracy of the used GGA func-
tional. With this basis set, SIESTA calculates the self-consistent potential
on a grid in real space. The fineness of this grid is determined in terms of
an energy cutoff in analogy to the energy cutoff when the basis set in-
volves plane waves. In our calculations, we used an equivalent plane
wave cutoff energy of 200 Ry. These simulations were carried out for 5 ps
with a chosen time step of 1 fs.


Table 1. Experimental and theoretical DE, the energy difference between
the high (HS) and low spin (LS) states, of the first row transition-metal
atoms, calculated as EHS�ELS.
Atom DEExp


[kcalmol�1]
DETheor
[kcalmol�1]


Sc 4F–2D �32.94 �24.44
Ti 5F–3F �18.68 �13.93
V 6D–4F �6.04 �5.98
Cr 7S–5S 21.71 19.47
Mn 6S–4D 66.61 52.55
Fe 5D–3F 34.24 29.18
Co 4F–2F 21.27 12.87
Ni 3F–1D 9.75 3.60
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Results and Discussion


In this section the characterized first-row transition-metal
endohedrally-doped nanoclusters, TM@Zn12S12 and TM@
Zn16S16, are shown and their properties discussed. For each
TM, the two lowest-lying spin states have been considered.
In Table 2, the geometrical properties, such as the symmetry
group of the endohedral compounds, the distance of the TM
with respect to the center of the nanoclusters, R, and the
rcavity of the cluster are given, in M, along with electronic
properties such as the charge (q) and spin density (1S) of
the encapsulated transition metal. Energies like the energy
difference between the high and low spin complexes (DE)
and the encapsulation energy (DGenc), in kcalmol


�1, are also
given in Table 2, and will be compared to the energy differ-
ences observed for isolated transition-metal atoms.
A quick glance to the geometrical values given in Table 2


reveals that two types of stable endohedral compounds have
been found. On the one hand, compounds in which the tran-
sition-metal atom is placed in the center of the cluster, R=


0, and on the other hand, compounds where the transition-
metal atom is displaced from the center of the cluster, R>0.
These structures are depicted in Figure 1. Recall that the
isolated Zn12S12 and Zn16S16 belong to the D2h and D2d sym-
metry groups and have rcavity 2.54 and 3.14 M, respectively,
with standard deviations of 0 and 0.02. This indicates that
these two nanoclusters are spherical.[30]


Comparing the rcavity and standard deviations of the calcu-
lated endohedrally-doped compounds with respect to the
isolated nanoclusters, it is observed that the nanoclusters do
not get distorted appreciably upon encapsulation, an indica-
tion that the interaction between the host and the guest is
small. Indeed, the small atomic charge of the trapped transi-
tion-metal atom, along with the fact that the spin densities
are localized on the trapped atom, confirm that the charge


Table 2. The distance of the TM with respect to the center of the nanocluster, and rcavity [M], with the standard deviation in parenthesis. Symm stands for
the symmetry group of each structure. q is the atomic charge of the TM and, 1S its spin density. Finally, DE is the relative energy of the low-spin state
with respect to the high-spin state, and DGenc is the free energy of encapsulation, both are in kcalmol


�1.


Zn12S12 Zn16S16
R rcavity Symm q 1S DE DGenc R rcavity Symm q 1S DE DGenc


Sc 2D – – – – – – – 0 3.09 (0.03) D2d 0.44 0.87 – �2.47
Sc 4F – – – – – – – – – – – – – –
Ti 3F – – – – – – – 0 3.08 (0.04) D2d 0.38 1.86 8.82 �8.38
Ti 5F 0.90 2.54 (0.13) CS 0.18 3.17 – �17.54 1.54 3.09 (0.06) C1 0.02 3.49 – �21.14
V 4F 1.03 2.53 (0.18) C1 0.20 2.91 7.24 �7.41 0 3.09 (0.03) D2d 0.34 2.86 20.60 3.63
V 6D 0.72 2.53 (0.07) CS 0.28 4.46 – �15.63 1.21 3.09 (0.07) CS 0.12 4.61 – �17.95
Cr 5S 0 2.51 (0.00) D2h 0.49 3.94 14.81 �14.71 1.25 3.09 (0.09) C1 0.08 3.94 15.80 �16.57
Cr 7S 0 2.52 (0.00) D2h 0.38 5.53 – �10.04 0.83 3.09 (0.03) C1 0.22 5.61 – �12.90
Mn 4D 1.10 2.53 (0.09) C1 0.17 3.16 24.41 �21.21 1.66 3.09 (0.07) C1 0.05 3.35 30.05 �25.10
Mn 6S 0 2.53 (0.00) D2h 0.44 4.65 – 6.93 0 3.09 (0.03) D2d 0.22 4.80 – �2.60
Fe 3F 1.04 2.52 (0.07) C1 0.17 2.23 6.44 �26.62 1.47 3.09 (0.06) C1 0.09 2.27 6.75 �26.28
Fe 5D 0 2.51 (0.00) D2h 0.34 3.60 – �3.87 0 3.09 (0.03) D2d 0.19 3.85 – �3.85
Co 2F 0.82 2.52 (0.05) C2n �0.09 1.25 8.55 �15.38 1.44 3.09 (0.04) CS 0.04 2.69 �3.85 �20.35
Co 4F 1.06 2.52 (0.05) C1 0.15 2.70 – �11.06 0 3.09 (0.03) D2d 0.16 2.90 – �3.63
Ni 1D – – – – – – – 1.84 3.10 (0.07) CS �0.03 � 0.44 �17.47
Ni 3F 0.75 2.52 (0.02) C2n 0.21 1.64 – �14.36 1.46 3.09 (0.05) CS 0.05 1.71 – �14.30
Cu 2S 0.71 2.52 (0.02) C1 0.25 0.66 – �13.12 1.50 3.09 (0.04) CS 0.01 0.70 – �15.03
Zn 1S 0 2.54 (0.00) D2h 0.20 – – 5.98 0 3.09 (0.02) D2d 0.09 0.00 – �2.14


Figure 1. The structures of the isolated (top row) nanoclusters and stable
endohedrally-doped TM@Zn12S12 (left column) and TM@Zn16S16 (right
column) R=0 and R>0 nanoclusters.
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and spin transfers from the TM to the nanocluster are negli-
gible.
This allows us to draw a schematical picture of these en-


dohedral structures as a neutral transition-metal atom inside
a neutral nanocluster, with the spin density localized on the
transition-metal atom, for both R=0 and R>0 compounds.
The relative high-spin and low-spin energies shown in


Table 2 reveal that endohedral transition-metal-doped nano-
clusters favor high-spin states, with the sole exception of
Co@Zn16S16, for which its low-spin state is 3.85 kcalmol


�1


more stable than its high-spin state.
Additionally, as shown in Table 2, we observe that the en-


capsulation free energies are negative, which means that the
formation of these endohedral compounds is thermodynami-
cally allowed. There are three exceptions, however,
Mn(6S)@Zn12S12, Zn(


1S)@Zn12S12 and V(
4F)@Zn16S16, have


positive encapsulation energies. In Table 2 notice that the Sc
atom, both in its doublet or quartet state, the Ti atom in its
triplet state and the Ni atom in the singlet state do not form
stable endohedral structures inside Zn12S12. Let us discuss in
more detail the results obtained for R=0 and R>0 com-
pounds.


Structural properties : The middle transition-metal elements
are found to remain stable at the center of the Zn12S12 nano-
cluster. Namely, TM@Zn12S12, with TM=Cr (5S, 7S), Mn
(6S), Fe (5D) are stable structures. For the Zn16S16, both the
early and middle transition-metal elements are found to
remain stable at the center of the nanocluster, i.e. : TM@
Zn16S16, with TM=Sc (2D), Ti (3F), V (4F), Mn (6S), Fe (5D),
Co (4F) are stable structures. Finally, the late transition-
metal endohedral nanoclusters of Ni and Cu have the metal
displaced from the center of the nanocluster, whereas Zn
favors a centered position inside both Zn12S12 and Zn16S16
clusters. The endohedral nanoclusters with R>0, in which
the metal is forced to be at the center of the clusters, are
high order stationary points that have several vibrational
modes with a negative force constant. Both types of struc-
tural families, namely, R=0 and R>0, are depicted in
Figure 1, along with their corresponding isolated nanostruc-
tures.
Observe that transition-metal elements that can be trap-


ped at the center of the Zn12S12 nanocluster have high-spin
state. Conversely, for the Zn16S16 nanocluster, the earlier
transition-metal elements have low-spin, whereas the middle
transition-metal elements have high-spin state. Thus the
highest spin state corresponds to the Cr@Zn12S12 endohedral
nanocluster, which is predicted to posses large atomic-like
magnetism and carry a magnetic moment of 6 mB.
A study of the rcavity values of these compounds reveals


that they differ slightly from the 2.54 (0.00) and 3.14
(0.02) M values of the isolated Zn12S12 and Zn16S16 cavities.


[30]


In addition, the symmetry groups of these endohedral struc-
tures are the same as those of the isolated nanoclusters,
which means that the nanoclusters are not geometrically al-
tered upon transition-metal encapsulation.


Focusing on the geometrical properties of the endohedral-
ly-doped nanoclusters with the metal-displaced off-center,
R>0 structures, it is observed that the displacement of the
metal leads to a loss of symmetry of the structures, as a con-
sequence of the distortion on the hollow cluster structure
upon the encapsulation of the transition metal. Recall, nev-
ertheless, the small values of the standard deviation and
how similar are the radii of the cavities as compared to the
radii of the corresponding nanoclusters with the transition-
metal atom placed at the center. Notice, finally, that the
value of R in TM@Zn16S16 endohedral nanoclusters is larger
than in TM@Zn12S12, as one could expect owing to the
larger cavity radius of the former.
For R=0 compounds the charge of the transition-metal


atom decreases as it moves towards the right in the periodic
table. Thus, for TM@Zn12S12 nanoclusters, the transition-
metal atomic charge decreases from the 0.49 e of Cr (5S)
nanocluster to 0.20 e of the Zn (1S) nanocluster. Additional-
ly, in the TM@Zn16S16 case this decrease occurs from the
0.44 e of Sc (2D) to the 0.09 e of Zn (1S). The electron densi-
ty cloud of the transition-metal atom gets more compact as
one moves to the right in the periodic table, hence, the
charge transfer from the transition-metal atom to the nano-
cluster decreases.
For off-center endohedral nanoclusters, R>0 structures,


the atomic charge of the transition metal fluctuates very
little between a minimum charge transfer of 0.12 e in
V(6D)@Zn16S16 and a maximum of 0.28 e for V(


6D)@Zn12S12.
The calculated spin densities for both R=0 and R>0 fami-
lies reveal that the spin is mainly located on the trapped
transition-metal atom.
Consequently, we may conclude that in these endohedral


compounds both the transition metal and the nanocluster
maintain their isolated structure. This was not the case of
the endohedral X@ZniSi nanoclusters, in which X stands for
alkali metal and halogens. For the former an electron was
transferred from the alkali metal atom to the nanocluster
and for the latter and electron was transferred from the
nanocluster to the halogen atom.[30]


Energies : In this subsection the relative energies, DE, be-
tween of the low-spin (LS) states with respect to their corre-
sponding high-spin state (HS) and the encapsulation free en-
ergies, DGenc, for the dopant transition-metal atom to be en-
capsulated inside the (ZnSi)i=12,16, shown in Table 2, are dis-
cussed. The DGenc for a given endohedral cluster is calculat-
ed with respect to the isolated cluster and the transition-
metal atom with the same spin multiplicity as the endohe-
dral complex.
The calculated DE values suggest that the high-spin states


of the endohedral nanoclusters are lower in energy than
their low-spin states, irrespective of whether the transition-
metal atom is trapped at the center or off-center. The only
exception to this rule is Co@Zn16S16. Observe that the calcu-
lated spin densities, shown in Table 2, are very supportive of
the almost pure spin localization at the metal center. How-
ever, a word of caution is due here, concerning the inaccur-
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ateness of the hybrid approximated functionals to treat
“localized” spin systems.[63]


Recall that for the isolated transition-metal atoms the
high spin states are favored with respect to their low-spin
states, except for Sc, Ti, and V, which have the low-spin
ground states (See Table 1). The energy differences of the
Mn nanoclusters peak at 24.41 and 30.05 kcalmol�1 for
Mn@Zn12S12 and Mn@Zn16S16, respectively. Then, the energy
difference decreases as one moves from Mn towards either
end, the left or the right, of the periodic table. Additionally,
the DE values of the endohedral nanoclusters are smaller
than those of isolated transition-metal atoms, indicating a
higher relative stabilization of the excited states of the tran-
sition-metal atoms upon encapsulation. This higher relative
stabilization is remarkable for Ti, V, and Co endohedral
nanoclusters, since the excited state of the isolated atom
becomes now the ground state in the endohedral nano-
cluster.
The negative values of DGenc show that most of these en-


dohedral transition-metal-doped nanoclusters are thermody-
namically stable. Note that DGenc are more negative for
those spin states that are excited states in the corresponding
isolated metal atoms. This means that these states are stabi-
lized more in the endohedral structures, in agreement with
the calculated DEs. In general, the most exergonic com-
pounds are those of low-spin middle transition-metal nano-
clusters, irrespective of whether the trapped transition-metal
atoms in on the center or off-center. Thus, the most exer-
gonic endohedral nanoclusters are those of Fe(3F), with
values around �26 kcalmol�1. In general, the DGenc are
slightly more negative in TM@Zn16S16 than in TM@Zn12S12
nanoclusters by ��2 kcalmol�1. This is an indication that
TM@Zn16S16 nanoclusters are somewhat more stable than
their corresponding TM@Zn12S12 nanoclusters.


Quantum dynamics of the trapped atom : Ab initio molecu-
lar dynamics simulations have been carried out for two se-
lected cases, Zn(1S)@Zn12S12 and Ti(


5F)@Zn12S12, as repre-
sentatives of the endohedral nanoclusters with the trapped
dopant atom at the center and off-center, respectively. We
have set a simulation time of 5 ps, with a time step of 1 fs,
and the trajectories have been calculated at a constant aver-
age temperature of 298 K. Figure 2 shows how the energies
of these nanoclusters vary during the simulation.
It can be observed, from the Figure 2, that the energies of


both nanoclusters oscillate around the same value over the
whole simulation period. A fact which is very supportive of
the thermal stability of the endohedral nanostructures.
Therefore, these endohedral structures are predicted to be
stable enough to survive long time at room temperature as
to allow for their experimental characterization.
The distances of the trapped transition metal with respect


to the center of mass of the Zn(1S)@Zn12S12 and Ti(
5F)@


Zn12S12 endohedral nanoclusters during the simulation time
are depicted in Figure 3. Recall that in the optimum struc-
ture of Zn(1S)@Zn12S12, the endohedral dopant Zn atom is
at the center, R=0, of the nanocluster. Conversely, in the


optimum structure of Ti(5F)@Zn12S12, the titanium atom is
at R=0.90 M.
In the case of Zn(1S)@Zn12S12, the quantum molecular dy-


namics calculations show that the Zn moves around the
nanocluster)s center, up to a maximum radial distance of
0.4 M. The average radial separation of the endohedral Zn
atom being 0.18�0.07 M. The dynamical trajectory of the
Zn atom inside Zn12S12 is outlined in Figure 4. It is observed
that the Zn atom remains confined at the center of the
nanocluster.
However, the dynamical behavior of the trapped titanium


atom in the Ti(5F)@Zn12S12 is very different. Our calcula-
tions show that Ti localizes in one off-center grove, which


Figure 2. Variation of the energy, in eV, of Ti(5F)@Zn12S12 (top panel)
and Zn(1S)@Zn12S12 (bottom panel) endohedral nanoclusters as a func-
tion of time.


Figure 3. Variation of the distance, R, in M, of the trapped transition-
metal atom from the center of mass of the nanocluster as a function of
time. Ti@Zn12S12 (c) and Zn@Zn12S12 (a).
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expands radially from 0.7 to 1.3 M from the center. The
average radial distance of the titanium within such grove
has been calculated to be 1.03�0.16 M, a radial distance
very similar to the R=0.90 M obtained for the optimum
minimum structure. Observe that there are four equivalent
such groves for the trapped titanium atom in the Ti@Zn12S12
nanoclusters. We have observed no passing from one such
grove to another during our simulation time. This is indica-
tive that such groves are separated by energy barriers larger
than kT.
One can envisage two main paths connecting the above


mentioned groves. One passing through the center of mass
of the nanocluster and another one along a “constant”
radius path. The former will denoted as the radial path and
the latter as the angular path. We have been able to opti-
mize the structures that correspond to the highest energy
point on each path and, consequently, this allows us to esti-
mate the barrier heights of the two paths. We have collected
these barrier heights in Table 3.


Observe that most barriers lie well above kT for T=


298 K, namely, �0.6 kcalmol�1. Consequently, the trapped
atom will not jump from grove to grove, as shown by our
quantum molecular dynamic calculations, for it has not
enough energy as to surmount the energy barrier. Finally, it
is worth noting that in spite of the predicted “weak” host-
guest interaction, our calculations demonstrate that for a
number of these TM@ZniSi nanoclusters, it turs out to be
large enough as to raise barriers, larger than kT, which pre-
vent off-center trapped transition metals to cross the nano-
cluster)s center.


Conclusions


In this work the endohedrally-doped TM@ZniSi nanoclus-
ters have been characterized. TM stands for the first-row
transition-metals from Sc to Zn, and i=12,16. Two type of
structures have been observed. On the one hand structures
where the dopant transition-metal atom is placed at the
center of the nanoclusters, denoted as R=0 and, on the
other hand, nanoclusters where the dopant transition-metal
atom is displaced from the center to a distance R, denoted
as R>0 structures. In all these structures the transition-
metal atom causes a small or negligible distortion on the
nanocluster upon encapsulation. The small atomic charge of
the trapped transition-metal atom, along with the fact that
the spin densities are localized on the metal atom, reveal
that in most cases there is little charge and spin transfer
from the transition-metal atom to the nanocluster. This is in-
dicative of a weak guest–host interaction.
The calculated relative energies of the low-spin states


with respect to their corresponding high-spin states, DE,
reveal that the high-spin doped nanoclusters are more stable
than the low-spin ones, irrespective of whether the trapped
atom lies on the center of mass of the cluster or displaced
off-center.
The encapsulation free energies, DGenc, are found to be


negative. This means that the formation of these endohedral
compounds is thermodynamically allowed. The DGenc encap-
sulation free energies of the trapped excited states of the
transition-metal atoms are more negative than those of their
corresponding ground states. This indicates a higher relative
stabilization of the excited states of the transition-metal
atom upon encapsulation.
Quantum molecular dynamics calculations carried out on


these endohedrally-doped nanoclusters are very supportive
of the thermal stability of the characterized structures.
Those with optimum geometries having the trapped transi-
tion atom at the center of mass of the nanocluster, present a
deep enough confinement well as to retain the dopant atom
around its equilibrium position. Structures where the opti-
mum geometry shows the dopant trapped transition-metal
atom displaced from the center of mass, have a number of
symmetry dictated confinement groves for the transition-
metal atom. The calculated energy barriers of the angular
and the radial paths, connecting the various groves of the


Figure 4. Dynamical trajectories of the transition-metal atom inside the
nanocluster. Top Zn(1S)@Zn12S12 and bottom for Ti(5F)@Zn12S12. The
plots were prepared as follows. For each saved structure along the dy-
namics, the center of mass of the spheroid was set on the origin (red
dot), and the coordinates of all atoms in the system referred to this
center of mass. Then, the average position for each of the atoms of the
spheroid along the dynamics was calculated and the corresponding aver-
age spheroid structure is the one shown in the figure. Finally, the blue
line corresponds to the positions of the inner atom (Zn or Ti) with
ACHTUNGTRENNUNGrespect to the center of mass of the spheroid for each saved structure.


Table 3. Estimated energy barries, in kcalmol�1, connecting the various
confinement groves of the endohedral nanoclusters which have the trap-
ped transition-metal atom indicated in first column, displaced from the
center of the nanocluster. DE�rad, stands for the barrier along the path
connecting the groves through the center of mass of the nanocluster and
DE�


ang is the barrier along the lateral path.


Zn12S12 Zn16S16
2S+1 DE�


rad DE�
ang DE�


rad DE�
ang


Ti 5 9.84 1.77 12.47 9.90
V 4 12.67 1.32 – –
V 6 4.46 3.60 9.44 5.96
Cr 5 – – 8.73 7.13
Cr 7 – – 5.50 2.01
Mn 4 9.49 2.51
Fe 3 9.18 2.32 12.18 1.39
Co 2 19.34 0.00 6.67 10.31
Co 4 6.59 4.04 – –
Ni 1 – – 42.59 15.13
Ni 3 2.89 0.00 7.86 0.82
Cu 2 3.38 0.05 8.95 7.71
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off-center trapped endohedral nanoclusters, suggest that, at
room temperature, the transition metal will not move from
grove to grove.
Our calculations indicate that the (ZniSi)i=12,16 clusters act


as a host protecting the spins of the trapped dopant transi-
tion-metal atom, giving rise to the atomic magnetism. It is
well-known that the local properties of a dopant transition-
metal atom strongly depend on their vicinal environment.
For these particular endohedral nanoclusters, the interaction
between the trapped dopant transition-metal atoms and the
(ZniSi)i=12,16 hosts is weak, allowing them to behave atomic-
like and keep their spin states unaltered.
Continued experimental and theoretical studies of similar


doped nanoclusters may lead to the discovery of new fami-
lies molecular magnets with tunable magnetic properties.
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Introduction


Tripodal molecular scaffolds with different degrees of cavity
preorganization have long been envisaged as attractive
motifs in supramolecular chemistry[1] to create, among other
things, synthetic receptors, metal-encapsulating ligands, mo-
lecular switches, or sensing devices.


Numerous supramolecular systems have been constructed
based on rigid platforms, which primarily determine the
shape, and flexibly attached pendant groups; these systems
have a thermodynamically favored tripodal conformation
that is determined by the chemical nature of the backbone
and pendant groups. By exploiting this concept of conformer
discrimination by thermodynamically favored preorganiza-
tion, a great number of tripodal persubstituted benzene-


based supramolecular hosts for small- and medium-sized
guests have been synthesized.[2,3] Comparably few examples
have been reported with extended aromatic cores to target
bigger, more complex structures.[4]


Herein, we wish to report the syntheses and conformation
studies for N-(hetero)arylmethyl derivatives of heptacyclic
10,15-dihydro-5H-diindolo[3,2-a :3’,2’-c]carbazole (triindole),
a C3-symmetric molecule that can be considered as an ex-
tended p system in which three carbazole units share a cen-
tral aromatic ring. Curiously, whereas its all-carbon counter-
part, truxene, has been recognized as a potential starting
material for the construction of fullerene fragments,[5] C3 tri-
podal materials,[6] electrooptical devices,[7] and liquid–crys-
talline compounds,[8] triindole derivatives have only recently
been explored,[9] probably due to the lack of a general, ver-
satile synthetic access to this molecule. We have recently re-
ported a convenient synthesis of 1 from a known symmetri-
cal hexabromotriindole[10] by palladium-catalyzed reductive
debromination with triethylammonium formate; this allows
for the preparation of 1 on a large scale.[11] With the aim of
developing systems for the construction of C3 tripods based
on the triindole platform 1, we have studied and are report-
ing herein the alkylation of this electron-rich molecule. The-
oretical investigations predict a preference for an all-syn
conformation for these derivatives. Additionally, X-ray anal-


Abstract: A new series of C3-symmetri-
cal N-(hetero)arylmethyl triindoles has
been synthesized in a straightforward
procedure. The structure and confor-
mation in the solid state have been de-
termined for three derivatives (3, 4,
and 6) by X-ray crystallographic analy-
sis. In all three cases, the molecules
adopt a tripodal conformation with all
of the flexible arms directed towards
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and forms C3-symmetric dimeric cage-
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within the resulting cavities with stabi-
lization by different intermolecular in-
teractions; this highlights the potential
of these compounds in the construction
of supramolecular systems. A computa-


tional analysis has been performed to
predict the most stable conformers. As
a general trend, a preference for a con-
formation with all branches directed to
the same side has been predicted.
Comparison between theoretical and
experimental results indicates that the
computational level selected for the
present study, B3LYP/6-31G*, is able
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conformations and the rotation barriers
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ysis confirms that this is the favored conformation in the
solid state.


Results and Discussion


Synthesis : The synthesis of 2–9 (Scheme 1) was achieved by
alkylation of 1 under phase-transfer conditions. Thus, treat-
ment of 1 with the corresponding alkyl halides in the pres-
ence of KOH as a base and tetrabutylammonium hydrogen
sulfate as a solid–liquid phase-transfer catalyst in acetone
under reflux conditions yielded the tris-alkylated triindoles
2–9 in good yields.


Static aspects: X-ray crystallography : Crystals of compounds
3, 4, and 6 suitable for single-crystal X-ray analysis were ob-
tained from slow evaporation of tetrachloroethane (for 3) or
chloroform solutions (for 4 and 6 ; Figure 1). Compounds 3
and 6 recrystallize in a trigonal system, whereas compound
4 recrystallizes in a monoclinic one.


X-ray structure analysis revealed that the triindole plat-
forms are slightly twisted, with the three peripheral rings
bending (�88) out of the plane of the central ring, all
toward the same side. In all cases, the N-(hetero)aryl
branches are placed above and nearly orthogonal to the
triindole platform in an all-syn conformation (u,u,u)[12] with
the CH2 groups below the triindole platform (B,B,B).[12] In
all three molecules, a cavity is formed (Figure 1) by the
three (hetero)aryl groups. In compound 6, the nitrogen
atoms of the pyridyl moieties adopt an exo arrangement
with respect to the inner cavity (out).[12]


The molecular packing of the naphthyl derivatives 3 and 4
in the crystal is characterized by a face-to-face arrangement
of the triindole units, which are placed with a distance of
3.64 N between the centroids of the central benzene rings.
In the crystal packing, each naphthalene branch on the triin-
dole base interacts with two naphthalene units of two differ-
ent adjacent molecules; this gives rise to short intermolecu-
lar contacts.


The unit cell of 6 consists of six molecules forming three
crystallographically independent C3-symmetric dimeric ag-
gregates (average distance between the centroids of the cen-
tral aromatic rings of the platforms is 7.25 N), one of them
encaging a molecule of water and the others housing chloro-
form (Figure 2).


The water-housing dimers are composed of two equal en-
antiomers facing each other with the pyridyl substituents in
an alternate arrangement (Figure 2a). A molecular unit is
rotated 608 with respect to the next one, so the central aro-
matic rings of the triindole platforms are perfectly superim-
posable. One positionally disordered water molecule is enc-
aged in each of these dimers. By contrast, the chloroform-
housing dimeric cages are formed by two different enantio-


Scheme 1. Synthesis of the N-substituted triindoles 2–9.


Figure 1. ORTEP plots for a) 3, b) 4 and c) one crystallographically inde-
pendent molecule of 6.
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mers, with the pyridyl moieties mutually facing each other
and with each molecule rotated 308 with respect to the next
molecular unit (Figure 2b). The molecule of chloroform is
placed within the cavity with the carbon and hydrogen
atoms located on the C3 axis. The hydrogen atom in the
chloroform molecule points toward one of the triindole plat-
forms, establishing a CH/p interaction with the central ben-
zene ring, while the chlorine atoms form nonconventional
C�H···Cl hydrogen bonds with the three inward hydrogen
atoms of the pyridyl branches. Short contacts between the
chlorine atoms and the three inward hydrogen atoms of the
pyridyl branches of the opposite molecular unit are also ob-
served (Figure 2b).


Cages of the same class form columns by stacking along
the crystallographic c axis. In the stacks, the dimeric com-
plexes encaging a molecule of water are at an average dis-
tance of 3.45 N (centroid–centroid distance between the
central benzene rings of the platforms). Columns formed by
cages housing a water molecule are surrounded by six col-
umns of dimers encaging chloroform (Figure 3).


Dynamic aspects: NMR study : The 1H NMR spectra of 2–9
show single sets of resonances that are indicative of time-
averaged C3 symmetry in solution. The two methylene pro-


tons on the arylmethyl substituents are magnetically equiva-
lent, which suggests rapid rotation of the three branches
about the C�N bonds on the NMR timescale. To gain in-
sight into this dynamic process and to assess conformation
preferences, variable-temperature 1H NMR experiments in
CD2Cl2 were performed.


The signals of the methylene protons on the arylmethyl
substituents gradually broaden upon cooling; this reflects a
progressive freezing of the side arms. By using the chemical
shifts, n, of diastereotopic protons Ha and Hb of the N�CH2


group (which, upon a decrease in the temperature, move
from an A2 towards an AB system), a geminal coupling con-
stant of JAB =�14 Hz (from an N-benzyl heterocycle),[13] and
the fact that, at the coalescence temperature, the rate of ro-
tation k= p/


p
2 ACHTUNGTRENNUNG[(nA�nB)2+6JAB


2]1/2 and the rotation barrier
at temperature T DGT


�
= 19.12T(10.32+lgT/k) (in kJ mol�1),


we have obtained the data in Table 1.


The low precision in the estimation of the temperature of
coalescence prevents discussion of individual values; the
main conclusion is that these compounds show rotation bar-
riers of about (35�2) kJ mol�1. These barriers correspond to
a triple u,u,u/d,d,d[12] rotation (Scheme 2), the only one that
is able to exchange the Ha and Hb protons of the CH2�Ar-
ACHTUNGTRENNUNG(Het) groups. There is only one series of signals for the
three CH2 groups on the NMR timescale because the three
inversion processes take place simultaneously. The nitrogen
inversion does not affect the observed coalescence.


Figure 4 shows the experimental 1H NMR methylene
proton signals of compound 6 between 178 and 298 K and
the simulated spectra obtained with different rate constants.
The simulations were generated by using the gNMR pro-
gram.[14] Even at the lowest temperature reached (178 K),
the AB pattern is not observed, but a coupling of �14 Hz is
necessary to reproduce the spectra. By eliminating the two
highest temperature values (273 and 298 K) for being too


Figure 2. a) View of the 62·H2O complex, which shows an H2O molecule
disordered in three different positions. b) View of one of the 62·CHCl3


complexes, which shows the CHCl3 molecule and the intermolecular in-
teractions between the chloroform molecule and the triindole cage. The
complex has C3v symmetry, so only one third of the interactions are rep-
resented.


Figure 3. Packing of 6 along the c axis.


Table 1. Estimation of the rotation barriers of N-(hetero)arylmethyl
triindoles from the 1H NMR spectra at 500 MHz.


Compound Tcoalescence [K] nA�nB [ppm, Hz] DGT
�


[kJ mol�1]


3 �195 1.256, 628 35.3
6 �187 1.0895, 545 34.0
7 �180 0.873, 436 33.0
8 �200 1.068, 534 36.5
9 �200 1.132, 566 36.4
average 35.0


Scheme 2. Triple rotation process.
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imprecise and by using the Eyring equation, we have calcu-
lated that DH� =31.6 kJ mol�1 and DS� =�12.4 J mol�1 K�1


(6 values: R2 = 0.97) for compound 6.


Theoretical study : In order to predict conformation prefer-
ences, we have calculated the relative energies correspond-
ing to different conformers at the B3LYP/6-31G* level
(Table 2).


As a general trend, it has been observed that conformers
in which the CH2 groups of the (hetero)aryl branches are
placed below the triindole platform (B,B,B) are the most
stable. In all of the studied derivatives (Table 2), except
compound 3, a preference for a conformation with all
branches on the same side (u,u,u) has been predicted. For
compounds 4 and 6, there is a perfect agreement between
the calculated minimum energy conformation (Table 2) and
the determined X-ray structure, whereas, the conformation
determined by X-ray crystallography in the case of 3 lies
only 2.5 kJ mol�1 higher than the most stable conformation
calculated.


The experimental barriers appear to be almost independ-
ent of the nature of substituent R, so we have calculated the
rotation barrier for the simplest compound 2. To transform
the u,u,u,B,B,B minimum into its d,d,d,B,B,B enantiomer,
the three R groups must rotate. This process, which per-
mutes the a/b protons of the methylene groups, has the pro-
file represented in Figure 5. The calculated values, including
the zero-point energy correction, are TS1= 31.4 kJ mol�1


and TS2=38.5 kJ mol�1 (for 6, TS1= 33.0 kJ mol�1). These
values compare very well with the experimental value of
35�2 kJ mol�1 (Table 1).


Conclusion


In conclusion, a new series of N-(hetero)arylmethyl triin-
doles have been synthesized. Theoretical investigations pre-
dict a preference for an all-syn conformation for these deriv-
atives. Additionally, X-ray analyses confirm that this is the
favored conformation in the solid state.


The computational level selected for the present study,
B3LYP/6-31G*, is able to reproduce both the minimum
energy conformations and the rotation barriers about the
N�CH2 bond. For compounds 4 and 6, there is a perfect
agreement between the calculated minimum energy confor-
mation (Table 2) and the determined X-ray structure,
whereas the conformation determined by the X-ray study in
the case of 3 lies only 2.5 kJ mol�1 higher than the most
stable conformation calculated.


The triindole platform offers an electron-rich surface with
several unique features, such as ready availability, structural
simplicity, and versatility in derivatization. These character-


Figure 4. Left: Experimental temperature dependence of the 1H NMR
(500 MHz) methylene proton signals of 6 in CD2Cl2. Right: Line-shape
simulation obtained with the rate constants indicated.


Table 2. Energy results.


Compound Configuration[a] Etotal [Hartree] Erel [kJ mol�1]


2 u,u,u, A,A,A �1898.96585 22.7
u,u,d, A,A,A �1898.96865 15.4
u,u,u, B,B,B �1898.97451 0.0
u,u,d, B,B,B �1898.97156 7.7


3 u,u,u, B,B,B �2359.90773 2.5
u,u,d, B,B,B �2359.90868 0.0


4 u,u,u, B,B,B �2359.90069 0.0
u,u,d, B,B,B �2359.89606 12.1


6 u,u,u, in, B,B,B �1947.08190 28.0
u,u,u, out, B,B,B �1947.09256 0.0
u,u,d, out, B,B,B �1947.09070 4.9
u,u,u, out, A,A,A �1947.07617 43.0
u,u,u, out, B,B,A �1947.09085 4.5


7 u,u,u, in, A,A,A �1947.07112 28.4
u,u,d, out, A,A,A �1947.07468 19.0
u,u,u, in, B,B,B �1947.07872 8.4
u,u,u, out, B,B,B �1947.08193 0.0


[a] u and d : Position of the aryl rings (up or down). There are only two
conformations: u,u,u�d,d,d and u,u,d�u,d,d. in and out : Inside or out-
side position of the N atom. A and B : Relative position of CH2 and (het-
ero)aryl groups with respect to the platform (on the same or the opposite
side to the triindole).


Figure 5. Profile of the triple rotation. TS: transition state.
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istics, together with the flexible yet preorganized geometry
of trialkylated triindoles, render this platform an attractive
candidate in the construction of supramolecular systems.


Experimental Section


General : Routine 1H and 13C NMR spectra were recorded on Bruker
AMX 300 and Bruker AC-200 spectrometers. Solvents were purified and
dried by using standard procedures. Chromatography purifications were
carried out by using flash-grade silica gel with distilled solvents. All reac-
tions were carried out under Ar.


5,10,15-Tribenzyl-10,15-dihydro-5H-diindolo[3,2-a :3’,2’-c]carbazole (2): A
mixture of 1 (170 mg, 0.5 mmol), KOH (560 mg, 10 mmol), and [CH3-
ACHTUNGTRENNUNG(CH2)3]4N ACHTUNGTRENNUNG(HSO4) (8.5 mg, 0.025 mmol) was heated to reflux in acetone
(25 mL). Benzyl bromide (400 mL, 3.36 mmol) was then added and the
mixture was stirred for 3 h. The mixture was diluted with EtOAc, washed
with 10% aqueous HCl and with saturated aqueous NaCl solution, and
dried (Na2SO4); the solvent was then evaporated. The residue was tritu-
rated with hexanes to give 2 as a white solid (289 mg, 94 %). M.p.>
250 8C; 1H NMR (300 MHz, CDCl3): d =8.00 (d, J=8.1 Hz, 3 H), 7.52 (d,
J=7.1 Hz, 6H), 7.44 (t, J=7.3 Hz, 6 H), 7.39–7.33 (m, 3H), 7.28–7.20 (m,
6H), 7.04–6.99 (m, 3 H), 6.09 ppm (s, 6 H); 13C NMR (50 MHz, CDCl3):
d=141.70, 139.62, 138.15, 129.01, 127.37, 126.53, 123.15, 121.51, 120.21,
110.79, 103.23, 51.38 ppm; FAB MS: m/z (%): 615 [M+] (9), 307 (25), 154
(100); HRMS (FAB): calcd for C45H33N3: 615.2674; found: 615.2683.


5,10,15-Tris(naphthalen-2-ylmethyl)-10,15-dihydro-5H-diindolo[3,2-a :
3’,2’-c]carbazole (3): A mixture of 1 (170 mg, 0.5 mmol), KOH (560 mg,
10 mmol), and [CH3 ACHTUNGTRENNUNG(CH2)3]4N ACHTUNGTRENNUNG(HSO4) (8.5 mg, 0.025 mmol) was heated to
reflux in acetone (25 mL). 2-(Bromomethyl)naphthalene (718 mg,
3.25 mmol) was added and the mixture was stirred for 3 h. The mixture
was diluted with EtOAc, washed with 10% aqueous HCl and with satu-
rated aqueous NaCl solution, and dried (Na2SO4); the solvent was then
evaporated. The residue was triturated with CH3CN to give 3 as a white
solid (351 mg, 92%). M.p.>250 8C; 1H NMR (300 MHz, CDCl3): d=8.05
(d, J=7.6 Hz, 3H), 8.05 (s, 3 H), 7.98 (d, J=8.2 Hz, 3 H), 7.92 (d, J=


8.8 Hz, 3H), 7.77 (d, J=7.1 Hz, 3H), 7.65 (d, J=8.8 Hz, 3H), 7.54–7.45
(m, 6H), 7.28 (d, J=8.2 Hz, 3 H), 7.19–7.14 (m, 3 H), 6.94 (t, J=7.6 Hz,
3H), 6.26 ppm (s, 6 H); 13C NMR (75 MHz, CDCl3): d=142.07, 139.90,
135.88, 133.74, 132.93, 129.25, 128.16, 128.02, 126.62, 126.23, 125.62,
124.76, 123.61, 123.42, 121.72, 120.72, 111.23, 103.64, 51.95 ppm; MALDI-
TOF MS: m/z : 765; HRMS (MALDI-TOF): calcd for C57H39N3:
765.3138; found: 765.3147.


5,10,15-Tris(naphthalen-1-ylmethyl)-10,15-dihydro-5H-diindolo[3,2-a :
3’,2’-c]carbazole (4): A mixture of 1 (170 mg, 0.5 mmol), KOH (560 mg,
10 mmol), and [CH3 ACHTUNGTRENNUNG(CH2)3]4N ACHTUNGTRENNUNG(HSO4) (8.5 mg, 0.025 mmol) was heated to
reflux in acetone (25 mL). 1-(Chloromethyl)naphthalene (610 mL,
3.25 mmol) was added and the mixture was stirred for 3 h. The mixture
was diluted with EtOAc, washed with 10% aqueous HCl and with satu-
rated aqueous NaCl solution, and dried (Na2SO4); the solvent was then
evaporated. The residue was triturated with CH3CN to give 4 as a white
solid (321 mg, 84%). M.p.>250 8C; 1H NMR (200 MHz, CDCl3): d=


8.16–8.11 (m, 3 H), 8.08–8.03 (m, 3 H), 7.90 (d, J=8.7 Hz, 3 H), 7.78 (d,
J=8.1 Hz, 3H), 7.69–7.61 (m, 9 H), 7.42 (t, J=7.8 Hz, 3H), 7.17–7.04 (m,
6H), 6.65 (t, J=6.7 Hz, 3H), 6.41 ppm (s, 6H); 13C NMR (50 MHz,
CDCl3): d= 141.72, 139.70, 133.86, 133.06, 130.35, 129.12, 128.13, 126.77,
126.16, 126.02, 124.82, 123.18, 122.99, 122.35, 121.43, 120.33, 110.63,
103.42, 49.66 ppm; MALDI-TOF MS: m/z : 765; HRMS (MALDI-TOF):
calcd for C57H39N3: 765.3138; found: 765.3149.


5,10,15-Tris(anthracen-9-ylmethyl)-10,15-dihydro-5H-diindolo[3,2-a :3’,2’-c]-
carbazole (5): A mixture of 1 (102 mg, 0.3 mmol), KOH (336 mg,
6 mmol), and [CH3ACHTUNGTRENNUNG(CH2)3]4N ACHTUNGTRENNUNG(HSO4) (5.1 mg, 0.015 mmol) was heated to
reflux in acetone (25 mL). 9-(Bromomethyl)anthracene (542 mg, 2 mmol)
was added and the mixture was stirred for 16 h. The mixture was diluted
with Et2O, washed with 10% aqueous HCl and with saturated aqueous
NaCl solution, and dried (Na2SO4); the solvent was then evaporated. The
residue was triturated with CH3CN to give 5 as a yellow solid (230 mg,


84%). M.p.>250 8C; 1H NMR (300 MHz, C2D2Cl4, 110 8C): d=8.43 (d,
J=8.1 Hz, 3H), 8.42 (s, 3H), 8.30 (d, J=7.9 Hz, 6 H), 7.97 (d, J=7.9 Hz,
6H), 7.39–7.28 (m, 12H), 7.23 (s, 6 H), 6.91–6.86 (m, 6H), 6.73 ppm (t,
J=7.9 Hz, 3H); MALDI-TOF MS: m/z : 915; HRMS (MALDI-TOF):
calcd for C69H45N3: 915.3608; found: 915.3627.


5,10,15-Tris(pyridin-2-ylmethyl)-10,15-dihydro-5H-diindolo[3,2-a :3’,2’-c]-
carbazole (6): A mixture of 1 (60 mg, 0.173 mmol), KOH (277 mg,
4.97 mmol), and [CH3 ACHTUNGTRENNUNG(CH2)3]4N ACHTUNGTRENNUNG(HSO4) (19.6 mg, 0.058 mmol) was
heated to reflux in acetone (9 mL). 2-Picolylchloride hydrochloride
(171 mg, 1.04 mmol) was added and the mixture was stirred for 24 h. The
mixture was cooled to room temperature and the solvent was evaporated.
The mixture was diluted with CH2Cl2, washed with water, and dried
(Na2SO4); the solvent was then evaporated. The residue was triturated
with CH3CN to give 6 as a white solid (54 mg, 50%). M.p. 231–233 8C;
1H NMR (200 MHz, CDCl3): d =8.82–8.78 (m, 3H), 7.94 (d, J=8.1 Hz,
3H), 7.66–7.58 (m, 3H), 7.32–7.23 (m, 9 H), 7.12–7.02 (m, 6 H), 6.27 ppm
(s, 6 H); 13C NMR (50 MHz, CDCl3): d=158.43, 149.93, 141.48, 139.34,
137.38, 123.50, 122.97, 122.46, 121.66, 121.45, 120.60, 110.62, 103.54,
53.27 ppm; MALDI-TOF MS: m/z : 618 [M+]; HRMS (MALDI-TOF):
calcd for C42H30N6: 618.25265; found: 618.25146.


5,10,15-Tris(pyridin-3-ylmethyl)-10,15-dihydro-5H-diindolo[3,2-a :3’,2’-c]-
carbazole (7): A mixture of 1 (60 mg, 0.173 mmol), KOH (280 mg,
5 mmol), and [CH3 ACHTUNGTRENNUNG(CH2)3]4N ACHTUNGTRENNUNG(HSO4) (20 mg, 0.059 mmol) was heated to
reflux in acetone (10 mL). 3-Picolylchloride hydrochloride (195 mg,
1.18 mmol) was added and the mixture was stirred for 21 h. The mixture
was cooled to room temperature and the solvent was evaporated. The
mixture was diluted with CH2Cl2, washed with water, and dried
(Na2SO4); the solvent was then evaporated. The residue was triturated
with CH3CN to give 7 as a white solid (89 mg, 83%). M.p. 280–282 8C;
1H NMR (200 MHz, CDCl3): d= 8.77–8.76 (m, 3H), 8.62–8.59 (m, 3H),
7.92 (d, J=8.0 Hz, 3H), 7.69–7.65 (m, 3 H), 7.32–7.23 (m, 9H), 7.14–7.06
(m, 3H), 6.09 ppm (s, 6 H); 13C NMR (50 MHz, CDCl3): d=148.98,
148.16, 141.55, 139.45, 134.71, 133.72, 124.05, 123.84, 123.28, 121.40,
120.91, 111.01, 103.83, 49.27 ppm; MALDI-TOF MS: m/z : 618 [M+];
HRMS (MALDI-TOF): calcd for C42H30N6: 618.25265; found: 618.25067.


5,10,15-Tris(pyridin-4-ylmethyl)-10,15-dihydro-5H-diindolo[3,2-a :3’,2’-c]
carbazole (8): A mixture of 1 (60 mg, 0.173 mmol), KOH (510 mg,
9 mmol), and [CH3 ACHTUNGTRENNUNG(CH2)3]4N ACHTUNGTRENNUNG(HSO4) (20 mg, 0.059 mmol) was heated to
reflux conditions in acetone (10 mL). 4-Picolylchloride hydrochloride
(360 mg, 2.19 mmol) was added and the mixture was stirred for 21 h. The
mixture was cooled to room temperature and the solvent was evaporated.
The mixture was diluted with CH2Cl2, washed with water, and dried
(Na2SO4); the solvent was then evaporated. The residue was triturated
with CH3CN to give 8 as a white solid (72 mg, 67%). M.p. 262–265 8C;
1H NMR (200 MHz, CDCl3): d =8.71–8.68 (m, 6H), 7.82 (d, J=7.9 Hz,
3H), 7.44–7.41 (m, 6H), 7.33–7.17 (m, 6 H), 7.12–7.04 (m, 3 H), 6.40 ppm
(s, 6 H); 13C NMR (50 MHz, CDCl3): d=150.54, 147.49, 141.68, 139.42,
123.93, 123.11, 121.71, 121.31, 120.97, 110.84, 103.77, 50.63 ppm; MALDI-
TOF MS: m/z : 618 [M+]; HRMS (MALDI-TOF): calcd for C42H30N6:
618.25265; found: 618.25165.


5,10,15-Tris(quinolin-2-ylmethyl)-10,15-dihydro-5H-diindolo[3,2-a:3’,2’-c]-
carbazole (9): A mixture of 1 (60 mg, 0.173 mmol), KOH (510 mg,
9 mmol), and [CH3 ACHTUNGTRENNUNG(CH2)3]4N ACHTUNGTRENNUNG(HSO4) (20 mg, 0.059 mmol) was heated to
reflux in acetone (10 mL). 2-(Chloromethyl)quinoline hydrochloride
(333 mg, 1.55 mmol) was added and the mixture was stirred for 21 h. The
mixture was cooled to room temperature and the solvent was evaporated.
The mixture was diluted with CH2Cl2, washed with water, and dried
(Na2SO4); the solvent was then evaporated. The residue was triturated
with CH3CN to give 9 as a brown solid (66 mg, 49%). M.p. 248–250 8C;
1H NMR (200 MHz, CDCl3): d =8.24 (d, J=8.7 Hz, 3 H), 8.10–8.04 (m,
6H), 7.87–7.79 (m, 6 H), 7.64–7.56 (m, 3H), 7.38–7.27 (m, 6 H), 7.22–7.15
(m, 3H), 7.05–6.97 (m, 3 H), 6.49 ppm (s, 6H); 13C NMR (50 MHz,
CDCl3): d= 158.94, 148.08, 141.65, 139.53, 137.63, 130.07, 129.08, 127.85,
127.41, 126.61, 123.59, 123.07, 121.75, 120.77, 119.11, 110.93, 103.68,
54.04 ppm; MALDI-TOF MS: m/z : 618 [M+]; HRMS (MALDI-TOF):
calcd for C54H36N6: 768.29960; found: 768.30023.
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NMR experiments : Variable-temperature NMR experiments in the range
298–178 K were recorded in CD2Cl2 on a Bruker DRX-500 spectrometer
operating at 500 MHz (1H NMR).


X-ray structure determinations


Compound 3 : Colorless crystals of 3 showing well-defined faces were
mounted on a Bruker Smart CCD diffractometer equipped with a
normal-focus, 2.4 kW sealed-tube X-ray source (MoKa radiation, l=


0.71067 N) operating at 50 kV and 20 mA. Data were collected over a
hemisphere of the reciprocal space by a combination of three exposure
sets. Each exposure of 10 s covered 0.38 in the w angle over the range
28<q<288. The first 100 frames were recollected at the end of the data
collection to monitor crystal decay. The intensities were corrected for
Lorentz and polarization effects. The structures were solved by the
Multan and Fourier methods. Crystal dimensions: 0.30 S 0.20 S 0.20 mm3;
unit-cell dimensions: a=15.9573(7), b= 15.9573(7), c= 38.361(2) N; g=


120(0)8 ; V=8459.4(7) N3; Z=6; trigonal; R3̄ space group; 1calcd =


0.902 mg m�3. 3 was refined anisotropically; R1(F)= 0.0696 for observed
data (I>2s(I)); R1(F)=0.1540 for all data; GOF(F2)=0.91.


Compound 4 : Colorless crystals of 4 showing well-defined faces were
mounted on a Bruker SMART 6 K CCD area-detector three-circle dif-
fractometer with a rotating anode generator (Cu-Ka radiation, l=


1.54178 N) equipped with Goebel mirrors operating at 50 kV and
100 mA. Data were collected over a hemisphere of the reciprocal space
by a combination of six exposure sets. Each exposure of 10 s covered 0.38
in the w angle over the range 38<q<708. The first 100 frames were rec-
ollected at the end of the data collection to monitor crystal decay. The in-
tensities were corrected for Lorentz and polarization effects. The struc-
tures were solved by the Multan and Fourier methods. Crystal dimen-
sions: 0.20 S 0.20 S 0.20 mm3; unit-cell dimensions: a=21.0405(4), b=


16.5374(3), c=26.5569(5) N; monoclinic; C2/c space group; b=


98.253(1)8 ; V=9144.9(3) N3; Z=8; 1calcd = 1.113 mg m�3. 4 was refined
anisotropically; R1(F) =0.0752 for observed data (I>2s(I)); R1(F)=


0.1138 for all data; GOF(F2)= 0.966.


Compound 6 : Colorless crystals of 6 showing well-defined faces were
mounted on a Bruker Smart CCD diffractometer equipped with a
normal-focus, 2.4 kW sealed-tube X-ray source (MoKa radiation, l=


0.71067 N) operating at 50 kV and 30 mA. Data were collected over a
hemisphere of the reciprocal space by a combination of three exposure
sets. Each exposure of 10 s covered 0.38 in the w angle over the range
28<q<268. The first 100 frames were recollected at the end of the data
collection to monitor crystal decay. The intensities were corrected for
Lorentz and polarization effects. The structures were solved by the
Multan and Fourier methods. Crystal dimensions: 0.46 S 0.18 S 0.18 mm3;
unit-cell dimensions: a=22.7626(8), b=22.7626(8), c=10.7613(5) N; g=


120(0)8 ; V=4828.8(3) N3; Z=3; trigonal; P3 space group; 1calcd =


1.364 mg m�3. 6 was refined anisotropically; R1(F)= 0.091 for observed
data (I>2s(I)); R1(F)=0.133 for all data; GOF(F2)=1.07.


Although this structure is apparently centrosymmetric (P�3 space
group), the guest molecules break the symmetry of the inversion center.
Therefore, the structure was solved and refined in P3 group.


Most of the calculations were carried out with SMART[15] software for
data collection and reduction and with SHELXTL[16] software for struc-
ture solutions and refinements of 3, 4, and 6. CCDC 633826 (3), 633827
(4), and 687516 (6) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif. The solvent molecules in 3 and 4 could not be modeled proper-
ly and have been disregarded. The SQUEEZE[17] program was used to
calculate the solvent disorder area and remove its contribution to the
overall intensity data. The calculated density for 3 is lower than
1.0 mg m�3 because of this.


Computational Details


Optimizations of geometries of the structures were carried out at the
B3LYP/6-31G*[18–21] within the Gaussian 03 package.[22] The transition


states were located by the synchronous transit-guided quasi-Newton
(STQN) method by using the QST2 keyword.[23] Frequency calculations
at the same computational level were carried out to confirm that the ob-
tained structures correspond to energy minima or transition states. GIAO
absolute shieldings[24, 25] were calculated on the B3LYP/6-311++G** opti-
mized geometries.
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Phosphoric Acid Catalyzed Enantioselective Transfer Hydrogenation
of Imines: A Density Functional Theory Study of Reaction Mechanism
and the Origins of Enantioselectivity
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Introduction


Nature makes extensive use of the reducing power of 1,4-di-
hydropyridines. Nicotinamide adenine dinucleotide
(NADH), nicotinamide adenine dinucleotide phosphate
(NADPH), and their oxidized counterparts NAD+ and
NADP+ are the key cofactors for in vivo oxidoreductions.[1]


Since their structural determination, the development of
synthetically accessible NAD(P)H mimics has been at the
forefront of research in bioorganic chemistry. Throughout
the second half of the 20th century many synthetic 1,4-dihy-
dropyridines were employed in the reduction of different
functional groups due to their ability to undergo the reversi-


ble loss of either one electron and one hydrogen atom (elec-
tron transfer mechanism) or alternatively one hydride (hy-
dride transfer mechanism) to yield a stable N-alkylpyridini-
um cation.[2]


The first synthesis of 1,4-di-
hydropyridines was reported by
Hantzsch in 1881[3] and in-
volved the Lewis acid catalyzed
condensation of formaldehyde,
a b-keto ester (2 equiv), and
ammonium acetate, which
yielded compounds 1, known as
Hantzsch esters. Even after
such a long time, this remains
one of the easiest synthetic en-
tries to dihydropyridines. Both
Hantzsch esters 1 and N-substi-
tuted nicotinamides 2 have
been extensively used as syn-
thetic models to study the
mechanism of NAD(P)H-de-


Abstract: The phosphoric acid cata-
lyzed reaction of 1,4-dihydropyridines
with N-arylimines has been investigat-
ed by using density functional theory.
We first considered the reaction of ace-
tophenone PMP-imine (PMP=p-me-
thoxyphenyl) with the dimethyl
Hantzsch ester catalyzed by diphenyl
phosphate. Our study showed that, in
agreement with what has previously
been postulated for other reactions, di-
phenyl phosphate acts as a Lewis base/
Brønsted acid bifunctional catalyst in
this transformation, simultaneously ac-
tivating both reaction partners. The cal-
culations also showed that the hydride
transfer transition states for the E and


Z isomers of the iminium ion have
comparable energies. This observation
turned out to be crucial to the under-
standing of the enantioselectivity of the
process. Our results indicate that when
using a chiral 3,3’-disubstituted biaryl
phosphoric acid, hydride transfer to the
Re face of the (Z)-iminium is energeti-
cally more favorable and is responsible
for the enantioselectivity, whereas the
corresponding transition states for nu-
cleophilic attack on the two faces of


the (E)-iminium are virtually degener-
ate. Moreover, model calculations pre-
dict the reversal in enantioselectivity
observed in the hydrogenation of 2-ar-
ylquinolines, which during the catalytic
cycle are converted into (E)-iminium
ions that lack the flexibility of those
derived from acyclic N-arylimines. In
this respect, the conformational rigidity
of the dihydroquinolinium cation im-
poses an unfavorable binding geometry
on the transition state for hydride
transfer on the Re face and is therefore
responsible for the high enantioselec-
tivity.
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pendent enzymes.[4] Whether NAD(P)H reacts according to
a radical or a hydride transfer mechanism has been at the
center of scientific debate for many years. Today, there is
still no universal consensus about this issue.


Attempts to reproduce the enantioselectivity observed in
enzymatic reductions employing NAD(P)H as cofactors led
chemists to design and synthesize enantiomerically pure
chiral dihydropyridines to be used as stoichiometric asym-
metric reducing agents. Successful examples of this class of
compound range from nicotinamide 3,[5] featuring one ste-
reogenic center on the amide part of the molecule and an-
other one on C4, to more sophisticated miniaturized enzyme
mimics such as dihydropyridine 4,[6] which has a cyclic ali-
phatic chain with the dual role of mimicking the hydropho-
bic enzyme binding pocket and of inducing asymmetry in
the hydride transfer reaction. Both compounds gave excel-
lent enantiomeric excesses in the reduction of ketones such
as methyl benzoylformate (97 and 99%, respectively).
In 1989, Singh and Batra reported up to 62% ee in the re-


duction of N-arylimines with ester 1b in the presence of the
hydrochlorides of a-amino acids, with (S)-cysteine giving the
best results.[7] To the best of our knowledge, this was the
first example of an enantioselective catalytic transfer hydro-
genation using Hantzsch esters.
The last decade witnessed the explosion of asymmetric or-


ganocatalysis, which in a very short time has emerged from
a laboratory curiosity to a well-established discipline of or-
ganic chemistry. This ignited a new wave of research into
the use of 1,4-dihydropyridines as reducing agents, this time
more with the aim of developing synthetically useful and en-
vironmentally friendly procedures rather than gaining mech-
anistic insights into biochemical processes.[8]


List[9] and MacMillan[10] and their co-workers indepen-
ACHTUNGTRENNUNGdently reported protocols for the enantioselective conjugate
reduction of a,b-unsaturated aldehydes using chiral imidazo-
linone catalysts. Rueping et al. screened different Brønsted
acids as catalysts for the reduction of PMP-ketimines
(PMP=p-methoxyphenyl) with Hantzsch esters: the best re-
sults were obtained with 5 mol% diphenyl phosphate in di-
chloromethane (Scheme 1).[11] This result paved the way for


the development of the phosphoric acid catalyzed enantiose-
lective transfer hydrogenation of imines, which is the object
of this study.


Although known for a long time, chiral phosphoric acids
have only recently been recognized as powerful asymmetric
catalysts. In 2004 Akiyama and Terada and their co-workers
independently reported asymmetric organocatalytic Man-
nich reactions (involving silyl enol ethers[12] and acetyl ace-
tone,[13] respectively) catalyzed by 3,3’-disubstituted 1,1’-bi-
naphthol (BINOL)-derived phosphoric acids. Since then a
plethora of phosphoric acid catalyzed enantioselective reac-
tions have been reported, mainly involving nucleophilic ad-
dition to imines.[14]


As a natural follow-up to their initial results with diphenyl
phosphate, Rueping et al. next evaluated several enantio-
merically pure BINOL-derived phosphoric acids as enantio-
selective catalysts for the same transformation: catalyst 8a
promoted the transfer hydrogenation in up to 84% enantio-
meric excess (Table 1).[15] In the same year, List and co-
workers independently reported that the use of catalyst 8b
in toluene allowed a 20-fold reduction in catalyst loading
whilst retaining acceptable reaction times and, most impor-
tantly, improving the enantiomeric excesses (up to 93%).[16]


The next step to making this procedure an even more at-
tractive synthetic tool for the preparation of enantiomeri-
cally enriched amines was to avoid preliminary preparation
of the Schiff bases, thereby expanding the scope of this reac-


Scheme 1. Diphenyl phosphate catalyzed transfer hydrogenation of N-ar-
ylimines with Hantzsch ester 1a as the hydride source.


Table 1. Comparison of the organocatalytic transfer hydrogenation pro-
tocols.


Ref. Conditions Preformed
imine


In situ imine


[15] ent-8a (20 mol%), 1a (1.4 equiv),
benzene, 60 8C


76% yield,
�74% ee


not reported


[16] 8b (1 mol%), 1a (1.4 equiv), tolu-
ene, 35 8C


96% yield,
88% ee


92% yield,
88% ee


[19] ent-8c (10 mol%), 1a (1.2 equiv),
benzene, 40 8C


not reported 87% yield,
�94% ee
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tion to aliphatic ketimines, the instability of which prevents
straightforward isolation, as in the case of aromatic ones.
The Brønsted acid catalyzed reductive amination of alde-
hydes employing a Hantzsch ester as the hydride donor was
first reported by Singh and Sharma in 1979.[17] More recent-
ly, this reaction was reinvestigated by Menche and co-work-
ers, who replaced glacial acetic acid (solvent and catalyst in
the original protocol) with substoichiometric amounts of
ACHTUNGTRENNUNGthio ACHTUNGTRENNUNGurea and expanded the scope of this transformation to
ketones.[18] In their publication on the enantioselective trans-
fer hydrogenation of PMP-imines,[16] List and co-workers
showed for one example that comparable results could be
obtained by generating the imine in situ rather than by
using a preformed imine, thus by just mixing the ketone and
p-anisidine for 9 h in the presence of molecular sieves at
room temperature before adding the catalyst and Hantzsch
ester and warming the reaction mixture to 35 8C. Shortly
after, MacMillan and co-workers reported a thorough inves-
tigation of a similar reaction, replacing the 3,3’-aromatic
substituents with even bulkier triphenylsilyl groups, which
resulted in improved enantioselectivities.[19] Remarkably, the
reaction provided high levels of asymmetric induction even
with challenging substrates such as imines derived from 2-
butanone (83% ee). A summary of these three methodolo-
gies for the transfer hydrogenation of the PMP-imine de-
rived from acetophenone is given in Table 1.
Following these exciting results, the use of phosphoric


acid catalysis in combination with Hantzsch esters for the
reduction of C=N bonds was explored in depth, including
protocols for the enantioselective transfer hydrogenation of
a-imino esters,[20] quinolines,[21] benzoxazines,[22] benzothia-
zines,[22] and benzoxazinones.[22] Despite the impressive ef-
forts devoted to the experiment-driven development of
novel synthetic methodologies using this successful reagent/
catalyst combination, very little attention has been devoted
to the elucidation of the exact mechanism of this intriguing
class of reactions. A detailed understanding of both reaction
mechanism and reasons for enantioselectivity would be very
helpful for further advances in asymmetric organocatalytic
hydrogenation.
Herein, we present a density functional theory study of


the mechanism of the phospho-
ric acid catalyzed hydride trans-
fer of Hantzsch esters to N-aryl
imines. The key factors contri-
buting to the enantioselectivity
of this process are discussed for
both PMP-ketimines and 2-aryl-
quinolines.


Computational Methods


All calculations were performed by
using the B3LYP hybrid density func-
tional[23] as implemented in the Gaus-
sian 03 package.[24] Geometry optimi-


zations were carried out at the 6-31G ACHTUNGTRENNUNG(d,p) level of theory. Final energies
were calculated by using a larger basis set, 6-311+GACHTUNGTRENNUNG(2d,2p). The effect
of solvation was taken into account by performing single-point calcula-
tions on the optimized structures using the CPCM polarizable continuum
model[25] with toluene (e =2.379) as the solvent and by adding the result-
ing value to the final energies. For the mechanistic study with diphenyl
phosphate as the catalyst, all structures (=91 atoms) were verified as
being either minima or transition states by vibrational analysis at the
same level of theory as the optimization. In these cases, the final energies
were corrected for zero-point vibrational effects. On the other hand, the
size of the models employed to study the enantioselectivity (123–127
atoms) rendered frequency calculations prohibitive. When diphenyl phos-
phate was used as the catalyst, the impact of the zero-point vibrational
corrections on the relative energies of the transition states for hydride
transfer was less than 1 kcalmol�1. We therefore chose to ignore this cor-
rection in the modeling of the enantioselective reaction, which consists of
a comparison of diastereomeric transition states for the same transforma-
tion. The overall adequacy of the chosen computational protocol has
ACHTUNGTRENNUNGpreviously been established in numerous studies on organocatalytic
ACHTUNGTRENNUNGreactions.[26]


Results and Discussion


Mechanism of the diphenyl phosphate catalyzed reaction :
As shown by Rueping et al. , compound 1a does not react
spontaneously with N-arylimines in the absence of a Brønst-
ed acid, even at elevated temperatures.[11] We will therefore
exclusively focus on the acid-catalyzed process, depicted in
Scheme 2.
The first step is the protonation of the imine, which re-


sults in the formation of an iminium/phosphate ion pair. The
calculations show that this step is substantially thermoneu-
tral and very fast, with an estimated barrier of only around
1.0–1.5 kcalmol�1.[27]


In the vast majority of publications describing acid-cata-
lyzed addition to imines (therefore presumably involving
the formation of an iminium ion), it is generally assumed
that the (E)-iminium is the one undergoing nucleophilic
attack. At room temperature, the NMR spectrum of imine 6
shows only one set of peaks corresponding to the E
isomer.[28] This result is compatible with the calculated
energy difference between E and Z isomers being slightly
higher than 2 kcalmol�1 (Scheme 3).


Scheme 2. Transfer hydrogenation of imine 6.
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Nevertheless, the interconversion of the N-arylimines is
fast in the presence of a Brønsted acid, even at room tem-
perature.[29] The mechanism of imine isomerization may in-
volve acid-catalyzed tautomerization to the enamine, rota-
tion along the C=N bond of the iminium, or the reversible
attack of a nucleophilic species (such as the conjugated base
of catalyst 5) on the imine moiety leading to a tetrahedral
intermediate.[30] Hence, it is sound to assume that the E and
Z forms of imine 6 (and, more importantly, of the forming
iminium) can easily interconvert and therefore participate in
the reactions studied. This turns out to be important for ex-
plaining the stereochemistry of the reaction (see below).
Although in most synthetic protocols compound 1a is pre-


ferred, we chose to model all the transfer hydrogenation re-
actions by using the Hantzsch dimethyl ester 1b as the hy-
dride source. In related transformations, the nature of the
esters was shown to have virtually no effect on the asym-
metric induction.[10,20b]


In general, phosphoric acids are regarded as purely
Brønsted acid organocatalysts: protonation of a basic site on
the substrate leads to an ion-pair complex with increased
electrophilicity, which lowers the barrier to nucleophilic
attack (in this case hydride transfer). Nevertheless, diaryl
phosphates are in every respect bifunctional catalysts. It is
somewhat surprising how this aspect of their reactivity has
often been overlooked since it was unambiguously estab-
lished by Akiyama et al. in their seminal publication on the
addition of silyl enol ethers to 2-hydroxyphenylimines.[12a]


Mechanistic hypotheses involving the interaction of either
one or both phosphate oxygen atoms with two reaction part-
ners in the bond-forming transition state were also formulat-
ed for other reactions.[31] In the case of the transfer hydroge-
nation reaction, the amine proton of Hantzsch ester 1b
could engage in a hydrogen bond with the phosphate group.
In the transition state for hydride transfer this interaction
might become important to stabilize the developing positive
charge on the Hantzsch ester nitrogen atom, which would
lead to a lowering of the energy
barrier. Furthermore, the same
proton might subsequently be
transferred to the phosphate,
thereby regenerating the cata-
lyst and closing the catalytic
cycle.
We envisioned three different


mechanistic scenarios with re-
spect to the nature of the inter-
actions between the two reac-
tion partners (iminium ion and
Hantzsch ester) and the phos-
phate catalyst in the transition
state for the hydride transfer.
These are schematically depict-
ed in Scheme 4.
Upon protonation of the


imine, both of the oxygen
atoms of the resulting phos-


phate anion become hydrogen-bond acceptors. In what we
refer to as a di-coordinated Lewis base/Brønsted acid path-
way (di-LBBA, Scheme 4a) one phosphate oxygen atom en-
gages in a hydrogen bond with the iminium whereas the
other coordinates to the N�H of the Hantzsch ester. In a
mono-coordinated Lewis base/Brønsted acid pathway
(mono-LBBA, Scheme 4b) just one phosphate oxygen atom
simultaneously forms two hydrogen bonds with the reac-
tants. Finally, in the Brønsted acid pathway (BA, Scheme 4c)
there are no hydrogen bonds between the phosphate anion
and the Hantzsch ester.
The structures of the calculated transition states for hy-


dride transfer for both LBBA pathways are depicted in
Figure 1 (for full-color figures see the Supporting Informa-
tion). The calculated energies show that the di-LBBA path-
way is clearly favored over mono-LBBA by approximately
6 kcalmol�1. Although there are no kinetic data available
for this reaction, we consider the calculated overall reaction
barrier (18.7 kcalmol�1 for the di-LBBA pathway, (E)-imini-
um) compatible with the reaction time and conditions.
These results are in very good agreement with the computa-
tional study of the phosphoric acid catalyzed Mannich reac-
tion previously reported by Yamanaka, Akiyama, and co-
workers who also found a difference of about 6 kcalmol�1


between the di- and mono-LBBA pathways (although in
their case both hydrogen bonds were established with differ-
ent sites of the electrophile).[12b]


The small energy difference between the two transition
states for the di-LBBA pathway (TSE1 and TSZ2 ;
0.7 kcalmol�1) suggests that, although hydride transfer to
the (E)-iminium appears slightly favored, both isomers are
suitable substrates for this reaction. This trend is reversed in
the two transition states for the mono-LBBA pathway (TSE3


and TSZ4). In the transition states for the mono-LBBA path-
way the phosphate oxygen atom that is not directly engaged
in hydrogen bonds with the substrates has weak interactions
with either one (TSZ4) or two (TSE3) ortho-hydrogen atoms


Scheme 3. Calculated energies for the two imine isomers of 6 and stereochemical conventions for nucleophilic
addition. Energies are in kcalmol�1; gas-phase energies are given in parentheses.


Scheme 4. Different mechanisms for the hydride transfer reaction. a) Di-coordinated Lewis base/Brønsted acid
(di-LBBA) pathway; b) mono-coordinated Lewis base/Brønsted acid (mono-LBBA) pathway; c) Brønsted
acid (BA) pathway. For clarity, the Hantzsch ester is depicted as the 1,4-dihydropyridine.
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of the phenyl rings of 6. All at-
tempts to locate alternative
mono-LBBA transition states
with the above-mentioned
oxygen atom on the same side
of the Hantzsch ester con-
verged to the di-LBBA transi-
tion states, for both the (E)-
and (Z)-iminium.
For both pathways the


moving hydride is substantially
equidistant from C4 of the di-
hydropyridine and the imine carbon atom. We also note that
the hydrogen bond between the phosphate and the dihydro-
pyridine is weaker in the transition states for the mono-
LBBA pathway.
Garden et al. proposed that in the reduction of electron-


poor olefins the conformation of the ester groups of dihy-
dropyridine 1a is particularly important for hydride trans-
fer,[32] in agreement with what was previously found for the
conformation of the amide group in nicotinamide-mediated
reductions.[33]


To assess the magnitude of this effect in our case, starting
from TSE1, we located the transition states corresponding to
the other relative cis/trans orientation of the ester groups
(Scheme 5). The energies of these four transition states lie
within 0.2 kcalmol�1, which suggests that, for this reaction,
ester orientation does not play any significant role. We


therefore chose to use a cis/cis
relative orientation for the
ester groups in Hantzsch ester
1b throughout the rest of this
study.
As previously mentioned,


most of the articles that deal
with the reaction under study
do not propose a specific inter-
action between the Hantzsch
ester and the phosphoric acid
catalyst (Brønsted acid mecha-
nism, Scheme 4c). The transi-
tion states for hydride transfer
that correspond to this scenario
are depicted in Figure 2.
The relative positions of the


phosphate group and the
Hantzsch ester are opposite in
the two pairs of transition
states: in TSE5 and TSZ6 there is
an anti relationship between
the two groups, whereas in TSE7


and TSZ8 the dihydropyridine is
relatively close to the phos-
phate oxygen atom not engaged
in a hydrogen bond with the
iminium.


All transition states for the Brønsted acid (BA) pathway
have a considerably higher energy than those for the di-
LBBA pathway (>10 kcalmol�1). Unlike what was observed
in the case of bifunctional catalysis, these four transition
states lie late on the reaction coordinate, with the moving
hydride being closer to the imine carbon atom. Hydrogen
bonds between the iminium and the phosphate are shorter
for the BA pathway than for the LBBA ones, in particular
for the Z isomer of the iminium. We ascribe the high barri-
ers for this pathway to the absence of stabilization of the de-
veloping charge on the dihydropyridine nitrogen atom. In
two out of four cases (Table 2, entries 6 and 8), during opti-
mization of the reaction product, the resulting pyridinium
rotated and transferred a proton to the phosphate, as ob-
served for the LBBA pathways. In the case of the (E)-imini-
ums (Table 2, entries 5 and 7) we could locate a local mini-


Figure 1. Transition states for the hydride transfer reaction (bifunctional Lewis base/Brønsted acid pathways).
All energies are expressed in kcalmol�1 relative to TSE1; gas-phase energies are given in parentheses.


Scheme 5. Effect of the ester conformation on the energies of the hydride transfer transition state (di-LBBA
pathway, (E)-imine). All energies are in kcalmol�1 relative to TSE1 (cis,cis in this figure); gas-phase energies
are given in parentheses.
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mum with formal charge separation (hence a phosphate
anion and a pyridinium cation). This observation explains
the significant discrepancies in energy between the products
of this pathway.


Enantioselectivity : The use of any of the catalysts depicted
in Table 1 to model the enantioselective hydride transfer
would have been prohibitive in terms of computational
costs. As previously proposed by Yamanaka, Akiyama, and


co-workers, we also considered
that replacement of the bi-
naphthyl backbone with a
smaller biaryl would not signifi-
cantly alter the geometry
around the reaction center
given the strain imposed on the
cyclic catalyst by the phosphate
linkage between the two phe-
nols.[12b] The presence of large
substituents at the 3,3’-positions
is a crucial element in BINOL-
derived phosphoric acid orga-
nocatalysts. We chose the mesi-
tyl group due to its bulkiness
and close resemblance to the
2,4,6-triisopropylphenyl group
employed by List and co-work-
ers.[16] Compound 10 was hence
used as the catalyst to model
the enantioselective reaction
(Figure 3).
Based on our results for the


diphenyl phosphate catalyzed
reaction, we chose to investi-
gate the hydride transfer to the
(E)- and (Z)-iminium ions de-
rived from compound 6 accord-
ing to the di-LBBA mechanism.


The optimized structures of the two diastereomeric pairs of
transition states are shown in Figure 4.
The calculations show that attack on the Re face of the


(Z)-iminium has the lowest energy, lying more than 2 kcal
mol�1 below all of the other transition states. The two transi-
tion states for hydride transfer to the (E)-iminium have very
similar energies, which suggests that reaction of this isomer
with Hantzsch ester 1b proceeds with no asymmetric induc-
tion. Inspection of the geometric parameters for the four
transition states highlights some elements that indeed might
be responsible for the observed enantioselectivity. First, we
note that TSZ-(S) has the shortest hydrogen-bond distance be-


Figure 2. Transition states for the hydride transfer reaction (Brønsted acid pathway). All energies are relative
to TSE1; gas-phase energies are given in parentheses.


Table 2. Energies for the stationary points in the diphenyl phosphate cat-
alyzed hydride transfer reaction.[a]


Entry TS
name


Pathway Ereactant
[kcalmol�1]


ETS
[kcalmol�1]


Eproduct
[kcalmol�1]


1 TSE1 di-LBBA 0.0 (0.0) 18.7 (19.5) �8.0 (�8.4)
2 TSZ2 di-LBBA �0.6 (�0.4) 19.4 (20.5) �10.8 (�10.8)
3 TSE3 mono-


LBBA
�0.7 (1.6) 25.8 (26.9) �9.9 (�8.8)


4 TSZ4 mono-
LBBA


�1.0 (2.2) 24.6 (26.7) �10.4 (�9.6)


5 TSE5 BA 6.8 (9.1) 33.5 (39.8) 5.4 (6.2)
6 TSZ6 BA 3.7 (8.0) 30.7 (35.2) �9.3 (�7.7)
7 TSE7 BA 2.8 (7.9) 30.2 (37.9) 5.0 (7.7)
8 TSZ8 BA 4.0 (8.2) 29.2 (38.7) �12.2 (�10.7)


[a] All energies are given relative to the reactant of the di-coordinated
Lewis base/Brønsted acid pathway for the E isomer of imine 6. Gas-
phase energies are given in parentheses.


Figure 3. Phosphoric acid 10 used to model the enantioselective hydride
transfer reaction (Mes=2,4,6-trimethylphenyl).
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tween the iminium and the phosphate. The Z geometry of
the C=N double bond confers more compactness to the imi-
nium ion derived from compound 6, a factor that appears to
be crucial for the species to enter the binding pocket of cat-
alyst 10. TSZ-(S) is the only transition state in which binding
of the iminium occurs in an “empty quadrant” (Figure 5),
with both phenyl rings being far from the bulky mesityl
groups (see the Supporting Information for representation
of the quadrants of the other transition states).


This observation explains both the low energy of TSZ-(S)


relative to the other transition states and the short distance
between the catalyst and the iminium. All other transition
states experience some steric repulsion between catalyst and
reactants. In TSZ-(R) the PMP group is relatively close to one
mesityl group. In the two other transition states the more
extended (E)-iminium cannot approach the phosphate with-
out suffering from steric interactions from one or both mesi-
tyl groups. These results hence explain the importance of
the bulky substituents at the 3,3’-positions to inducing
ACHTUNGTRENNUNGasymmetry.
As previously mentioned, Rueping et al. extended the


phosphoric acid transfer hydrogenation of imines to 2-sub-
stituted quinolines.[21] The reaction, which is performed by
using slightly more than two equivalents of Hantzsch ester
1a, is likely to involve hydrogenation of the 3,4 double bond
followed by isomerization to yield a dihydroquinoline (not
isolated). We reasoned that this postulated intermediate is,
in some respects, an N-aryl-arylketimine constrained in an E
geometry (Scheme 6).
Rueping et al. showed that in the presence of phosphoric


acid 8d, many quinolines could be hydrogenated with ex-
tremely high enantioselectivity.[21a] Note that, in this case,
the sense of asymmetric induction is reversed relative to the
reaction with N-PMP-imines. For simplicity we employed
phosphoric acid 10 to model this reaction too. Hence we
used the opposite enantiomer of the catalyst compared with
that employed by Rueping and co-workers in their work. To


Figure 5. Quadrant representation of TSZ-(S) showing the proposed reason
for the enantioselectivity. For clarity, the Hantzsch ester has been re-
moved from the picture.


Figure 4. Transition states for the hydride transfer reaction catalyzed by biaryl phosphoric acid 10. All energies are relative to TSZ-(S) ; gas-phase energies
are given in parentheses. For clarity, a mesityl group, corresponding to the carbon atom marked with an arrow, has been removed from all structures.
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unravel the reasons for this
switch in enantioselectivity, we
located the transition states for
hydride transfer to the 2-aryl-
3,4-dihydroquinolinium ion, the
intermediate postulated for the
hydrogenation of compound 11.
Gratifyingly, also in this case
the diastereomeric transition
state with the lower energy was
also in agreement with experi-
ment (Figure 6).
For the 3,4-dihydroquinolini-


um, the magnitude of the
energy difference (3.6 kcal
mol�1) calculated between the
transition states leading to op-
posite enantiomers reflects the
higher enantioselectivities ob-
served in the reaction of this
class of substrate. Inspection of
the geometrically optimized ge-
ometries of TSQ-(S) and TSQ-(R)


reveals that, again, a tighter
iminium···phosphate hydrogen
bond corresponds to a lower
energy. For these two transition
states, however, rationalization
of the enantioselectivity in
terms of the quadrants rule is
not possible. The energy differ-
ence is likely to originate from
the different binding geome-
tries required to accommodate
the two hydrogen bonds be-
tween the substrate and catalyst
and to place the mobile hydride
between the C4 of diester 1b
and the imine carbon atom.


Unlike what was previously observed for PMP-imine 6, the
iminium ion derived from quinoline 11 has a substantially
flat geometry because its N-aryl group cannot rotate out of
the plane of the C=N double bond. As shown by the front
view and, more clearly, by the schematic representation
(Figure 6b,c), the Hantzsch ester and the dihydroquinolini-
um ion are practically parallel in both transition states. Al-
though in TSQ-(R) binding of the reactants between the two
mesityl groups results in a sandwichlike structure, in TSQ-(S)


both the dihydroquinolinium ion and the 2-phenyl ring ex-
perience severe steric interactions with the 3,3’-substituents
of catalyst 10.


Scheme 6. Reversed enantioselectivity in the hydrogenation of 2-substi-
tuted quinoline 11.


Figure 6. Transition states for the hydride transfer to the 3,4-dihydroquinolinium ion catalyzed by biaryl phos-
phoric acid 10. Energies are in kcalmol�1; gas-phase energies are given in parentheses. a) Side view. For clarity,
a mesityl group, corresponding to the carbon atom marked with an arrow, has been removed from both struc-
tures; b) front view; c) schematic representation of the transition states, the solid bars represent the mesityl
groups.
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Summary and Conclusions


We have performed a density functional theory study of the
hydride transfer step in the phosphoric acid catalyzed trans-
fer hydrogenation of imines with Hantzsch esters. In the
first part we investigated the reaction of an N-arylketimine
with an achiral phosphoric acid catalyst. The main conclu-
sion of this section is that the diphenyl phosphate functions
as a Lewis base/Brønsted acid bifunctional catalyst in this
reaction. Simultaneous activation of the reaction partners by
hydrogen bonding to both phosphate oxygen atoms (di-
LBBA pathway) is crucial to promote the reaction. In this
case we calculate the barrier of the reaction to be slightly
lower than 20 kcalmol�1, in qualitative agreement with the
reported experimental conditions for this transformation.
The calculations show that transition state with two hydro-
gen bonds to the same phosphate oxygen atom (mono-
LBBA pathway) or with no hydrogen bonds between the
Hantzsch ester and the catalyst (BA pathway) are energeti-
cally not viable. We have also shown that hydride transfer to
the E and Z isomers of the iminium ion have comparable
energies. Considering that interconversion between these
two isomers is presumably fast in the presence of a Brønsted
acid, we propose that both participate in the reaction.
We have also investigated the enantioselective transfer


hydrogenation promoted by axially chiral phosphoric acids.
The computational model reproduces the observed enantio-
selectivities for the reactions of both N-PMP-ketimines and
2-arylquinolines. The steric repulsion between the aryl rings
of the iminium and the mesityl groups of the catalyst is ulti-
mately responsible for the enantioselectivity of the reac-
tions. In the case of the N-PMP-ketimine, we show that hy-
dride transfer to the Re face of the Z form of the iminium
(which is more compact and fits better in the binding pocket
of the catalyst) minimizes these steric interactions. In the
case of the 3,4-dihydroquinolinium, the flatness and rigidity
of the substrate dictates its interaction with the catalyst
pocket. This results in hydride transfer to the Si face of the
substrate being favored.[34]


These findings will definitely aid the design of new im-
proved catalytic systems for transfer hydrogenation, possibly
with multiple interactions between suitable dihydropyridine
derivatives and phosphoric acids possessing additional bind-
ing sites.
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Introduction


Recently, much attention has been paid to the synthesis of
various cyclic compounds by using easily available function-
alized allenes as the starting materials.[1,2] In addition to the
oxidative addition/insertion/intramolecular allylic substitu-
tion mechanism,[1d,f] we[3] and others[4] also noted that the
cyclization of functionalized allenes may be initiated by nu-
cleometallation. Thus, we envisioned that the nucleometalla-
tion of 2-(2’,3’-allenyl)acetylacetates may, in principle, form
cyclopropanyl, 4,5-dihydrofuryl, cyclopentenyl, or 2,5-dihy-
droxepinyl organometallic intermediates, which form oxa-
or carbocycles, respectively (Scheme 1). On the other hand,
the ene reaction between an enol and an alkyne is a well-es-
tablished synthetic reaction with respect to its carbon-ring-


forming variant, which is known as the Conia reaction.[5] In
addition to the thermal Conia reactions, which were usually
carried out under harsh conditions, such as at high tempera-
tures or in the vapor phase,[5] [InACHTUNGTRENNUNG(NTf2)3] (Tf= trifluorosulfo-
nyl),[6a] AuI,[6b,f,g] PdII,[6c,e] Ni ACHTUNGTRENNUNG(acac)2 with YbACHTUNGTRENNUNG(OTf)3,


[6d]


[CoCp(CO)2] (Cp=cyclopentadienyl),[6h,m] CuI,[6i] TiCl4,
[6j]


[Mo(CO)5 ACHTUNGTRENNUNG(NEt3)],
[6k] and ZnBr2


[6l] have been reported as
the catalysts. Widenhoefer et al. applied [PdCl2ACHTUNGTRENNUNG(CH3CN)2]-
catalyzed hydroalkylation of 5,7-dioxoalkenes to afford 2-
acetylcyclohexanone derivatives.[7] Because cyclopentenes[8]
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chemoselectivity · gold · palladium ·
regioselectivity


Abstract: Efficient room-temperature syntheses of cyclopentenes and 4,5-dihydro-
furans with different substitution patterns were performed starting from the same
materials (i.e., 2-(2’,3’-allenyl)acetylacetates). Depending on the choice of metal
catalyst, the Au-catalyzed reaction afforded C-attack-5-endo cyclization products
2, whereas the Pd-catalyzed one led to the formation of O-attack-5-exo cyclization
products 3. The selectivity may be explained by the steric and electronic effects of
the substrates and catalysts.


[a] Dr. X. Jiang, Z. Zheng, Prof. Dr. S. Ma
State Key Laboratory of Organometallic Chemistry
Shanghai Institute of Organic Chemistry
Chinese Academy of Sciences, 354 Fenglin Road
Shanghai 200032 (China)
E-mail : masm@mail.sioc.ac.cn


[b] X. Ma, Prof. Dr. S. Ma
Shanghai Key Laboratory of Green Chemistry and Chemical Process
Department of Chemistry, East China Normal University
3663 North Zhongshan Road Shanghai 200062 (China)
Fax: (+86)216-416-7510


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800793.


Scheme 1. Possible transition-metal-catalyzed cyclization modes of 2-
(2’,3’-allenyl)acetylacetates.
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and dihydrofurans[9] are all-important units in natural prod-
ucts and pharmaceutically interesting compounds, we wish
to report in this paper a highly selective synthesis of these
two classes of compounds by using 2-(2’,3’-allenyl)acetylace-
tates as the starting materials and by a subtle choice of
[AuCl ACHTUNGTRENNUNG(PPh3)], [PdCl2ACHTUNGTRENNUNG(PhCN)2], or [Pd ACHTUNGTRENNUNG(dba)2] (dba=diben-
zylideneacetone) as the catalyst.


Results and Discussion


In this study, we first tested [AuClACHTUNGTRENNUNG(PPh3)] as the catalyst to
cyclize 2-(2’,3’-allenyl)acetylacetate 1a. However, no reac-
tion was observed in CH2Cl2 (entry 1, Table 1). Further stud-


ies indicated that the addition of 5 mol% of AgBF4 afforded
a carbocycle, that is, 1-acetyl-1-(ethoxycarbonyl)-3-cyclopen-
tene 2a, very slowly (entry 2, Table 1). The addition of
AgOTf or AgSbF6 was much better, affording 2a in 43 or
68% isolated yields, respectively (entries 3 and 4, Table 1).
This is different from the Conia-ene reaction of ketoesters
with alkynes observed by TosteKs group, in which AgOTf is
superior to AgSbF6.


[6b,f,g] AgOTf alone may also catalyze this
transformation very slowly (entry 5, Table 1). To the best of
our knowledge, this is the first allene Conia-ene-type
ACHTUNGTRENNUNGreaction.


In fact, this Au+/Ag+ co-catalyzed reaction (Table 1,
entry 4, method A) is quite general, and some of the typical
results are presented in Table 2. R1 may not only be a
normal alkyl group, such as Me, Et, and nPr (entries 1–4,
Table 2), but also an iPr (entry 5, Table 2), Bn (entry 6,
Table 2), and Ph (entry 7, Table 2) group. A substituent may
also be introduced onto the allene moiety to afford the
same type of product 2h in 73% yield (entry 8, Table 2).
The structures of these cyclopentenes were further con-
firmed by the X-ray diffraction study of 4-benzoyl-4-(me-


thoxycarbonyl)cyclopentene 2g (Figure 1).
[10] It should be


noted that the formation of all-carbon quaternary centers is
not easy, because the process requires the creation of a new
C�C bond at a sterically hindered carbon center.[11]


Table 1. Optimization of AuI-catalyzed cyclization of 2-(2’,3’-allenyl)ace-
tylacetate 1a.


Entry ACHTUNGTRENNUNG[AuClACHTUNGTRENNUNG(PPh3)]
[mol%]


AgX
(X [mol%])


t
[h]


Isolated Yield of
2a [%]


1 5 0 24 0[a]


2 5 BF4 (5) 17 5[b]


3 5 OTf (5) 3 43
4 5 SbF6 (5) 1 68
5 0 OTf (5) 12 8[c]


6[d] 5 SbF6 (5) 24 64


[a] 80% of 1a was recovered. [b] A mixture of 1a and 2a was isolated in
a combined isolated yield of 77%. The ratio of 1a/2a is 100:7, as deter-
mined by 1H NMR analysis. [c] A mixture of 1a and 2a was isolated in a
combined isolated yield of 70%. The ratio of 1a/2a is 100:13, as deter-
mined by 1H NMR analysis. [d] The reaction was conducted in the pres-
ence of allyl bromide (5 equiv).


Table 2. Cyclization of 2-(2’,3’-allenyl)acetylacetates 1 by using methods
A or B.[a]


Entry 1 Method A Method B
R1 R2 R3 Isolated yield of


2 [%]
Isolated yield of
3 [%]


1 Me CO2Et H 1a 68 (2a) 73 (3a)
2 Me CO2Me H 1b 51 (2b) 57 (3b)
3 Et CO2Me H 1c 42 (2c) 60 (3c)
4 nPr CO2Et H 1d 93 (2d) 82 (3d)
5 iPr CO2Me H 1e 76 (2e)[b] 77 (3e)
6 Bn CO2Me H 1 f 71 (2 f) 33 (3 f)
7 Ph CO2Me H 1g 67 (2g)[c] 60 (3g)
8 Me CO2Et Bn 1h 73 (2h) 40 (3h)[d]


[a] Method A: A mixture of 0.15–0.50 mmol of 1, [AuCl ACHTUNGTRENNUNG(PPh3)]
(5 mol%), and AgSbF6 (5 mol%) in CH2Cl2 (2 mL) was stirred under Ar
at RT for 1 h. Method B: 0.25 mmol of 1 was stirred with [PdCl2 ACHTUNGTRENNUNG(PhCN)2]
(5–7 mol%), K2CO3 (2 equiv), and allyl bromide (2 equiv) in MeCN
(2 mL) under Ar at room temperature for 4 h. [b] The reaction was con-
ducted in dichloroethane at reflux instead of CH2Cl2 (76% of 1e was re-
covered when the reaction was conducted by using Method A. [c] 31%
of hydrated product 4g was also formed. [d] 30% of the carbocyclic
product 5h was also formed.


Figure 1. ORTEP representation of 2g with thermal ellipsoids at the 30%
probability level.
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Furthermore, [PdCl2ACHTUNGTRENNUNG(MeCN)2], which has also been suc-
cessfully used to catalyze the intramolecular Conia-ene reac-
tion of enols with alkenes,[6c,e,7] was applied to see if it would
catalyze this transformation. However, no reaction was ob-
served in the absence or presence of K2CO3 (entries 1 and 2,
Table 3). Luckily and unexpectedly, it was observed that the


same reaction in the presence of two equivalents of allyl
bromide and K2CO3 afforded the oxymetallation–allylation
product 4,5-dihydrofuran 3a in 56% yield (entry 3,
Table 3).[12] PdCl2 (entry 4, Table 3), Pd ACHTUNGTRENNUNG(OAc)2 (entry 5,
Table 3), or [PdCl2ACHTUNGTRENNUNG(PhCN)2] (entry 7, Table 3) all catalyze
this transformation and [PdCl2ACHTUNGTRENNUNG(PhCN)2] was the best cata-
lyst. [PdCl2 ACHTUNGTRENNUNG(PPh3)2] failed to catalyze this reaction (entry 6,
Table 3). Under this new set of conditions, that is, method B
(entry 7, Table 3), 4,5-dihydrofuran derivatives were formed
in 33–82% isolated yields (Table 2). It should be noted that
the [AuCl ACHTUNGTRENNUNG(PPh3)]-catalyzed cyclization reaction of 1a in the
presence of allyl bromide failed to afford the allylated prod-
uct (entry 6, Table 1).[13]


However, it should be noted that in some cases, the yield
or selectivity is not very good (entries 6 and 8, Table 2). Fur-
ther screening led to the observation that [Pd ACHTUNGTRENNUNG(dba)2] may be
the catalyst of choice for promoting this cyclization reaction.
Then, we tested the base and solvent effects in this [Pd-
ACHTUNGTRENNUNG(dba)2]-catalyzed reaction of 1a with allyl bromide. The re-
action in MeCN failed to yield the coupling–cyclization
product 3a with Et3N (entry 1, Table 4), Na2CO3 (entry 2,
Table 4), NaHCO3 (entry 3, Table 4), or KOAc (entry 4,
Table 4) as the base; the reaction was complicated when
PhthK (entry 5, Table 4, PhthK=potassium phthalimide) or
tBuOK (entry 6, Table 4) was used; KF (entry 7, Table 4)
and KOH (entry 8, Table 4) afforded the product 3a in 44
and 56% yields, respectively; and K2CO3 (entry 9, Table 4)
and K3PO4·3H2O (entry 10, Table 4) both afforded the prod-
uct 3a in 66% yield.


Furthermore, a comprehensive study on the solvent effect
indicated that MeCN was the best (entry 1, Table 5). Thus,
we developed method C for the reaction of relatively steri-


cally hindered 1 and allylic halides: [Pd ACHTUNGTRENNUNG(dba)2] (5 mol%),
K2CO3 (2 equiv), and allyl bromide 7 in MeCN under Ar at
room temperature for 4 h.


Thus, we demonstrated that the [Pd ACHTUNGTRENNUNG(dba)2]-catalyzed cou-
pling–cyclization reaction of methyl 2-(2’,3’-butadienyl)-4-
phenylacetoacetate 1 f and sterically hindered ethyl 2-(2’-
benzyl-2’,3’-butadienyl)acetylacetate 1h in the presence of
allyl bromide proceeded smoothly to afford 3 f and 3h in 70
and 61% yields, respectively (compare entries 6 and 8 of
Table 2 with entries 1 and 2 of Table 6). Furthermore, the
coupling–cyclization reaction of 1c, 1e, 1 i, and 1 j with
structurally different allylic compounds 7 also afforded the
related allylated cyclization products 3cb–jb smoothly,
showing the generality of method C (Table 6).


It should be noted that the cyclization reaction of 1a or
1e in the presence of (E)-cinnamyl bromide 7e afforded the
coupling–cyclization products (E)-3ae and (E)-3ee with the


Table 3. Different PdII-complex-catalyzed coupling–cyclization reactions
of 2-(2’,3’-allenyl)acetylacetate 1a with allyl bromide.


Entry Catalyst t [h] Isolated yield of
3a [%]


Isolated yield of
6a [%]


1[a]
ACHTUNGTRENNUNG[PdCl2 ACHTUNGTRENNUNG(MeCN)2] 5 0 0


2[b]
ACHTUNGTRENNUNG[PdCl2 ACHTUNGTRENNUNG(MeCN)2] 5 0 0


3 ACHTUNGTRENNUNG[PdCl2 ACHTUNGTRENNUNG(MeCN)2] 4 56 0
4 PdCl2 4 47 0
5 Pd ACHTUNGTRENNUNG(OAc)2 4 62 0
6 ACHTUNGTRENNUNG[PdCl2 ACHTUNGTRENNUNG(PPh3)2] 3 0 95
7 ACHTUNGTRENNUNG[PdCl2 ACHTUNGTRENNUNG(PhCN)2] 4 73 0


[a] The reaction was conducted in the absence of allyl bromide and 39%
of 1a was recovered. [b] The reaction was conducted without K2CO3. 2-
(2’,3’-Allenyl)acetylacetate 1a (59%) was recovered.


Table 4. The effect of bases on the Pd-catalyzed coupling–cyclization of
2-(2’,3’-allenyl)acetylacetate 1a with allyl bromide.


Entry Base Reaction time [h] Isolated yield of 3a [%]


1 Et3N 4 NR (91%)[a]


2 Na2CO3 12 trace
3 NaHCO3 12 trace
4 KOAc 24 0
5 PhthK 24 complicated
6 tBuOK 4 complicated
7 KF 4 44
8 KOH 4 56
9 K2CO3 4 66
10 K3PO4·3H2O 4 66


[a] NR=no reaction. The number in parenthesis is the yield of recovered
allene 1a.


Table 5. Solvent effects in the Pd-catalyzed coupling–cyclization of 2-
(2’,3’-allenyl)acetylacetate 1a with allyl bromide.


Entry Solvent t [h] Isolated yield of 3a [%]


1 MeCN 4 66
2 toluene 24 40
3 CH2Cl2 24 56
4 MeNO2 19 58
5 THF 27 52
9 DMF 10 49
7 acetone 5 63
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phenyl group at the terminal position of the (E)-carbon–
carbon double bond. In addition, even the reaction of 1e
and 1 i with 3-chlorobutene 7 f afforded the corresponding
products (E)-3ef and (E)-3 if with the methyl group at the
terminal position of the (E)-carbon–carbon double bond
(Table 7).


To explain the different selectivity demonstrated by Au
and Pd, we reasoned that Au+ may be preferable for coordi-
nation with the terminal carbon–carbon double bond of 2-
(2’,3’-allenyl)acetylacetate 1 due to the steric bulk caused by
its relatively large ionic radius[14] and the bulkier phosphine


ligand to afford coordination
complex 8 (Scheme 2), then,
the carbon atom of the enol
unit in the b-ketoester acted as
a nucleophile, which has been
clearly demonstrated[15] in the
context of Au+-catalyzed enyne
cyclization reactions,[16] the
Conia-ene reaction of ketoest-
ers with alkynes,[6b,f,g] and the
nucleophilic substitution reac-
tion of alkynes with arenes or
heteroarenes,[17] to form the
five-membered cyclic inter-
mediate 9. On the other hand,
Pd2+ favors coordination with
the more substituted relatively
electron-rich double bond of al-
lenes to afford the coordination


complex 10,[1a,f, 18] the oxygen atom in the enolate form of b-
ketoesters then attacked the carbon atom connected with R3


to form the 4,5-dihydrofuran intermediate 11 exclusively,
probably due to the “harder” Lewis acidic nature of Pd2+ .[19]


Subsequent intermolecular insertion with allyl bromide to
form 12 and the subsequent b-dehalopalladation afforded


Table 6. Pd-catalyzed coupling–cyclization of 2-(2’,3’-allenyl)acetylacetates 1 with symmetric allylic halides
7a–d by using Method C.[a]


Entry 1 7 Isolated yield of 3 [%]
R1 R2 R3 R4 X


1 Bn CO2Me H ACHTUNGTRENNUNG(1 f) H Br ACHTUNGTRENNUNG(7a) 70 (3 f)
2 Me CO2Et Bn ACHTUNGTRENNUNG(1h) H Br ACHTUNGTRENNUNG(7a) 61 (3h)[b]


3 Et CO2Me H ACHTUNGTRENNUNG(1c) Ph Br ACHTUNGTRENNUNG(7b) 59 (3cb)
4 iPr CO2Me H ACHTUNGTRENNUNG(1e) Ph Br ACHTUNGTRENNUNG(7b) 51 (3eb)
5 iPr CO2Me H ACHTUNGTRENNUNG(1e) nBu Br ACHTUNGTRENNUNG(7c) 66 (3ec)
6 iPr CO2Me H ACHTUNGTRENNUNG(1e) Me Cl ACHTUNGTRENNUNG(7d) 55 (3ed)
7 Me CO2tBu H ACHTUNGTRENNUNG(1 i) Ph Br ACHTUNGTRENNUNG(7b) 52 (3 ib)
8 nPr CO2Me H ACHTUNGTRENNUNG(1 j) Ph Br ACHTUNGTRENNUNG(7b) 53 (3 jb)


[a] Method C: The reaction was conducted with of 1 (0.25 mmol), [Pd ACHTUNGTRENNUNG(dba)2] (5 mol%), K2CO3 (1.2 equiv),
and allyl bromide 7 (2 equiv) in MeCN (2 mL) under Ar at room temperature for 4 h. [b] 22% of product 5h
was also formed.


Table 7. Pd-catalyzed coupling–cyclization of 2-(2’,3’-allenyl)acetylace-
tates 1 with unsymmetric allylic halides 7e–f by using Method C.


Entry 1 7 3 Isolated
yield of 3
[%]


1 58


2 49


3 1e 56


4 53


Scheme 2. Proposed mechanisms for gold- and palladium-catalyzed cycli-
zation reactions of 2-(2’,3’-allenyl)acetylacetates.
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the 3-type allylated products 3a–h and the catalytically
active PdII. In the presence of relatively sterically hindered
allylic halides 7a–e, the related insertion is obviously slow.
However, in the presence of Pd0, the oxidative addition of
differently substituted allylic halides with Pd0 would afford
the thermodynamically more stable divalent p-allyl palladi-
um complex syn-13.[20] When this complex coordinated with
1, syn-14 was formed highly regioselectively due to the same
reason, which would also trigger the oxymetallation to pro-
duce syn-15.[12b] Subsequent highly regioselective reductive
elimination would form the carbon–carbon bond at the less-
substituted terminus of the allylic moiety to yield the prod-
ucts 3cb–if and regenerate Pd0. This also explains the regio-
and stereoselectivity demonstrated in Table 7.


Conclusion


We have demonstrated two different types of cyclization re-
actions of 2-(2’,3’-allenyl)acetylacetates that enable highly
selective syntheses of substituted cyclopentenes with a qua-
ternary stereocenter[11] and 4,5-dihydrofuran derivatives by
applying [AuClACHTUNGTRENNUNG(PPh3)] or [PdCl2ACHTUNGTRENNUNG(PhCN)2] as the catalyst in
C-attack-5-endo cyclization reactions or by using catalytic
[Pd ACHTUNGTRENNUNG(dba)2] in O-attack-5-exo cyclization processes. The dif-
ferent cyclization modes are probably due to the steric and
electronic effects of the substrates and catalysts. In the [Pd-
ACHTUNGTRENNUNG(dba)2]-catalyzed cyclization reaction, the regio- and stereo-
selectivity for the unsymmetric allylic halides is very high,
affording products with the allylic substituent at the termi-
nal position of the (E)-carbon–carbon double bond in the
products. In view of the easy availability of the starting ma-
terials and the catalysts, these types of transformations may
be useful in organic synthesis. Further studies, such as the
asymmetric variants of these cyclization reactions are being
conducted in our laboratory.


Experimental Section


General : 1H (300 MHz) and 13C (75.4 MHz) spectra were recorded in
CDCl3 with a Varian Mercury 300 MHz spectrometer. Chemical shifts
are reported in ppm with reference to the signals of the residual CHCl3
in CDCl3 (1H NMR (d=7.26 ppm) and 13C NMR (d=77.0 ppm)). Mass
spectra of the products were obtained by using a HP 5989A instrument.
IR spectra were obtained with a Perkin–Elmer 983 instrument. Elemen-
tal analyses were carried out by using a Vario EL III system and high-res-
olution (HR) MS analyses were performed by using a Finnigan MAT
8430 instrument. Thin-layer chromatography (TLC) was carried out by
using plates coated with 0.15–0.20 mm thick silica gel (Huanghai, Yantai,
China), and column chromatography was performed by using silica gel H
(Huanghai, Yantai, China). DCM and MeCN were distilled over CaH2


before use. All of the reactions were carried out under a dry argon at-
mosphere. The starting materials 2-(2’,3’-allenyl)acetylacetates were syn-
thesized by SN2 substitution reactions of acetylacetates with 2,3-allenyl
bromide.[21]


Method A: Synthesis of 4-acetyl-4-(ethoxycarbonyl)cyclopentene (2a):[22]


A mixture of 1a (47 mg, 0.26 mmol), [AuCl ACHTUNGTRENNUNG(PPh3)] (6 mg, 0.0121 mmol),
and AgSbF6 (3 mg, 0.0117 mmol) in CH2Cl2 (2 mL) was stirred under Ar
in a flame-dried Schlenk tube at room temperature for 1 h. After the re-


action was complete (monitored by TLC, petroleum ether/ethyl acetate
10:1), rotary evaporation and flash chromatography on silica gel (petro-
leum ether/ethyl ether 20:1) afforded 2a (32 mg, 68%) as a liquid.
1H NMR (300 MHz, CDCl3): d =5.57 (s, 2H), 4.20 (q, J=6.9 Hz, 2H),
2.92 (s, 4H), 2.17 (s, 3H), 1.25 ppm (t, J=6.9 Hz, 3H); 13C NMR
(75.4 MHz, CDCl3): d=202.6, 172.8, 127.6, 65.3, 61.5, 39.1, 25.8,
13.9 ppm; IR (neat): ñ=3062, 2983, 2928, 2856, 1716, 1626, 1446, 1358,
1237, 1157 cm�1; MS (ESI): m/z : 183 [M+H+]; HRMS (EI): m/z calcd
for C10H14O3: 182.0943 [M+]; found: 182.0935.


Method B: Synthesis of 2-methyl-3-(ethoxycarbonyl)-5-(penta-1,4-dien-2-
yl)-4,5-dihydrofuran (3a): A mixture of 1a (28 mg, 0.15 mmol), [PdCl2-
ACHTUNGTRENNUNG(PhCN)2] (4 mg, 0.010 mmol), K2CO3 (42 mg, 0.30 mmol), and allyl bro-
mide (27 mg, 0.22 mmol) in MeCN (2 mL) was stirred at room tempera-
ture under Ar in a flame-dried Schlenk tube for 4 h. After the reaction
was complete (monitored by TLC, petroleum ether/ethyl acetate 10:1),
rotary evaporation and flash chromatography on silica gel (petroleum
ether/ethyl ether 20:1) afforded 3a (25 mg, 73%) as a liquid. 1H NMR
(300 MHz, CDCl3): d =5.90–5.75 (m, 1H), 5.20–4.95 (m, 4H), 4.91 (s,
1H), 4.15 (q, J=7.8 Hz, 2H), 3.10–2.95 (m, 1H), 2.90–2.75 (m, 2H),
2.75–2.65 (m, 1H), 2.21 (s, 3H), 1.27 ppm (t, J=6.9 Hz, 3H); 13C NMR
(75.4 MHz, CDCl3): d =167.7, 166.0, 146.2, 135.2, 116.9, 111.5, 101.7, 83.8,
59.4, 35.6, 34.9, 14.4, 14.0 ppm; IR (neat): ñ =3080, 2980, 2928, 2873,
1700, 1650, 1433, 1384, 1342, 1321, 1259, 1225, 1143, 1127, 1084 cm�1; MS
(EI): m/z (%): 223 (0.40) [M+H+], 222 (0.08) [M+], 194 (2.91)
[M�Et+H+], 43 (100); HRMS (ESI): m/z calcd for C13H18O3: 222.1256
[M+H+]; found: 222.1265.


Method C: Synthesis of 2-ethyl-3-(methoxycarbonyl)-5-(4-phenylpenta-
1,4-dien-2-yl)-4,5-dihydrofuran (3cb): A mixture of 1c (45 mg,
0.25 mmol), [Pd ACHTUNGTRENNUNG(dba)2] (7 mg, 0.0122 mmol), K2CO3 (42 mg, 0.30 mmol),
and 7b (99 mg, 0.50 mmol) in MeCN (2 mL) was stirred in a flame dried
Schlenk tube at room temperature for 13 h. After the reaction was com-
plete (monitored by TLC, petroleum ether/ethyl acetate 10:1), rotary
evaporation and flash chromatography on silica gel (petroleum ether/di-
ethyl ether 50:1) afforded 3cb (43 mg, 59%) as a liquid. 1H NMR
(300 MHz, CDCl3): d =7.48–7.40 (m, 2H), 7.36–7.24 (m, 3H), 5.52 (s,
1H), 5.17 (s, 1H), 5.11 (s, 1H), 5.06 (dd, J=10.5, 8.7 Hz, 1H), 4.93 (s,
1H), 3.70 (s, 3H), 3.32 (d, J=16.5 Hz, 1H), 3.23 (d, J=16.5 Hz, 1H),
3.05 (dd, J=14.4, 11.7 Hz, 1H), 2.85–2.60 (m, 3H), 1.15 ppm (t, J=


7.2 Hz, 3H); 13C NMR (CDCl3, 75.4 MHz): d=172.7, 166.3, 145.4, 144.3,
140.3, 128.3, 127.5, 126.0, 115.4, 112.7, 100.3, 83.6, 50.8, 37.2, 34.8, 21.2,
11.2 ppm; IR (neat): ñ=3083, 2975, 2947, 1704, 1642, 1435, 1247, 1136,
1096 cm�1; MS (EI): m/z (%): 298 (7.00) [M+], 43 (100); HRMS (EI):
m/z calcd for C19H22O3: 298.1569 [M+]; found: 298.1577.
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Oligo(para-phenylenevinylene)–Melamine and Perylene Bisimide


Freek J. M. Hoeben,[a] Jian Zhang,[b] Cameron C. Lee,[a] Maarten J. Pouderoijen,[a]


Martin Wolffs,[a] Frank W8rthner,[c] Albertus P. H. J. Schenning,*[a] E. W. Meijer,*[a] and
Steven De Feyter*[b]


Introduction


The design of functional p-conjugated structures for imple-
mentation in the field of organic electronics has been shown
to be a promising strategy.[1] Our previous work focused on
the combination of oligo(para-phenylenevinylene) (OPV)
and perylene bisimide (PBI) dyes and yielded a variety of
multicomponent supramolecular architectures based on p–p


stacking and hydrogen-bonding interactions.[2] The electron-
ic nature of the constituting OPV (p-type) and PBI (n-type)
units ensured that the resulting co-assemblies were generally
characterized by efficient electron transfer from the OPV to
the PBI species. Eventually, such an approach may result in
efficient components for solar cells by preorganizing the
system for charge separation.[3] Furthermore, the quest for
well-defined donor–acceptor co-assemblies yields valuable
noncovalent model systems for fundamental charge-transfer
studies in addition to their covalent counterparts.[4]


Abstract: A melamine derivative has
been covalently equipped with two oli-
go(para-phenylenevinylene) (OPV)
chromophores. This procedure yields a
bifunctional molecule with two hydro-
gen-bonding arrays available for com-
plementary binding to perylene bisi-
mide derivatives. Depending on the
solvent, hydrogen-bonded trimers, tet-
ramers, and dimers on a graphite sur-
face are observed for pure OPV–mela-
mine by using scanning tunneling mi-
croscopy (STM). Upon the addition of
perylene bisimide, linear tapes of pery-
lene bisimide, 12-membered rosettes
that consist of alternating hydrogen-
bonded OPV–melamine and perylene
bisimide moieties are visualized. These


results provide direct evidence for the
possible modes of hydrogen bonding
within a supramolecular co-assembly in
solution. Subsequently, the optical
properties of pure OPV–melamine and
co-assemblies with a perylene bisimide
derivative were characterized in solu-
tion. In an apolar solvent, OPV–mela-
mine self-assembles into chiral super-
structures. Disassembly into molecular-
ly dissolved species is reversibly con-
trolled by concentration and tempera-


ture. Complementary hydrogen
bonding to a perylene bisimide deriva-
tive in an apolar solvent yields multi-
component, p-stacked dye assemblies
of enhanced stability that are charac-
terized by fluorescence quenching of
the constituent chromophores. Titra-
tion experiments reveal that a mixture
of hydrogen-bonded oligomers is pres-
ent in solution, rather than a single dis-
crete assembly. The solution experi-
ments are consistent with the STM re-
sults, which revealed various supra-
molecular assemblies. Our system is
likely not to be optimally programmed
to obtain a discrete co-assembled struc-
ture in quantitative yield.
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Complementary hydrogen-
bonding interactions are ideally
suited for creating well-defined
nanostructures as a result of
their high specificity and direc-
tionality.[5] Pioneering studies
on the melamine/barbituric (cy-
anuric) acid hydrogen-bonding
couple by the groups of White-
sides and Reinhoudt revealed
the existence of beautiful struc-
tural motifs, such as linear
tapes, crinkled tapes, six-mem-
bered rosettes, and double ro-
settes.[6] The successful combi-
nation of synthetic accessibility
and directional hydrogen bond-
ing of both moieties has rapidly
transformed this molecular recognition principle into a
flourishing area of supramolecular chemistry.[7] Using a com-
bination of complementary hydrogen bonding to melamine
derivatives and p–p stacking interactions, the groups of
ACHTUNGTRENNUNGKimizuka[8] and WArthner[9] have formed well-defined


ACHTUNGTRENNUNGmesoscopic assemblies of, respectively, naphthalene bisimide
and PBI derivatives in methylcyclohexane (MCH). Recently,
Wasielewski and co-workers showed the formation of cylin-
drical nanostructures that consist of hydrogen-bonded build-
ing blocks comprised of covalently attached melamine and


Scheme 1. Synthesis of (OPV4)2M: a) diisopropylethylamine, dioxane, 100 8C, 120 h (15%). PBI is used for co-
assembly with (OPV4)2M by hydrogen bonding and p–p stacking. R*= (S)-2-methylbutyl.


Scheme 2. Possible structures of stoichiometric co-assemblies of (OPV4)2M and PBI. A linear tapes shown here and six-membered rosette shown over.
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PBI.[10] Additionally, Champness, Beton, and co-workers re-
ported that PBI and melamine form two-dimensional hydro-
gen-bonded networks when the two molecules self-assemble
on a silicon surface.[11] The individual cells of the thus-
formed honeycomb structure were composed of 12-mem-
bered rosettes, as expected based on the geometry of the
molecules. Inspired by these hydrogen-bonded systems, the
covalent connection of OPV derivatives to a melamine unit
is an intriguing option as this behavior may yield a new type
of donor–acceptor assembly upon binding PBI derivatives.


Herein, the complexity in donor–acceptor co-assembly is
enhanced by increasing the OPV density with respect to the
systems studied previously.[2a,b] We explore the formation of
the structural motif and subsequent self-assembly behavior
at the liquid–solid interface and in solution for a novel mela-
mine-appended OPV derivative and a complementary PBI
derivative. Substitution of melamine with two OPV units re-
sults in a chromophore with two identical hydrogen-bonding
arrays. This process yields bifunctional (OPV4)2M
(Scheme 1), which can bind up to two PBI molecules,[12] thus


giving rise to extended or cyclic structures with potentially
interesting morphological and optical properties. Supra-
molecular donor–acceptor oligomers and cyclic hydrogen-
bonded structures (Scheme 2) are observed on graphite by
using scanning tunneling microscopy (STM). The ring-like
structures[13] represent well-organized, densely packed chro-
mophore ensembles. Ultimately, we show that although a
number of interesting aggregate structures are observed, it
is not possible to obtain a discrete supramolecular architec-
ture in quantitative yield either in the solid state or in solu-
tion; the system, presumably, lacks a driving force to bias it
towards the formation of a single aggregate type.[5]


Results and Discussion


Synthesis and characterization : Compound (OPV4)2M was
readily synthesized by employing the difference in reactivity
of the three electrophilic sites upon substitution of cyanuric
chloride (Scheme 1). Reaction with ammonia at �5 8C re-
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sulted in the formation of the monoaminated adduct[14] and
subsequent reaction with the previously reported enantio-
merically pure OPV4NH2


[15] yielded the desired bifunctional
target compound. Pure (OPV4)2M was obtained as an
orange solid in a poor yield of 15% (as a result of the rela-
tively low reactivity of OPV4NH2) after column chromatog-
raphy and preparative size-exclusion chromatography; char-
acterization was carried out with 1H NMR, 13C NMR, and
IR spectroscopic and mass-spectrometric analysis. The syn-
thesis of tetra(tert-butylphenoxy)perylene bisimide has been
reported previously.[12]


STM analysis : As a prelude to the solution-based studies,
STM analysis at the liquid–solid interface was used to
obtain information on the structure of the possible co-as-
semblies.[16] To explore the optimum conditions under which
bicomponent hydrogen-bonded supramolecular structures
form, the 2D self-assembly of (OPV4)2M in 1-phenyloctane,
1,2,4-trichlorobenzene, and tetradecane was explored first.
No effort was made to investigate PBI at the liquid–solid in-
terface as this compound failed to form regular 2D lattices
in previous studies.[17] The above mentioned solvents were
chosen as they dissolve the compounds of interest, have low
vapor pressures (a prerequisite for measurements at the
liquid–solid interface without a closed cell), are electro-
chemically inert under the experimental conditions, and
show a low tendency toward self-assembly on surfaces at
room temperature.[18] In a typical experiment, a drop of sol-
vent containing the compound(s) of interest was applied to
a freshly cleaved surface of highly oriented pyrolytic graph-
ite (HOPG). Upon spontaneous monolayer formation, STM
images were acquired in the variable current mode by scan-
ning with the STM tip immersed in the solution.


Interestingly, (OPV4)2M shows a range of different con-
formations and hydrogen-bonding modes at the liquid–solid
interface. Typical STM images of physisorbed monolayers in
the three solvents used are shown in Figure 1. The bright
strips correspond to the conjugated backbone of the OPVs
and indicate that the phenyl rings are adsorbed flatly on the
surface. The self-assembled monolayer is disordered at the
1-phenyloctane/HOPG interface. Cyclic structures of
dimers, trimers, and tetramers can be distinguished (Fig-
ure 1a; tetramer and trimer models in Figure 1d), but no
preferential binding modes or conformations are obvious.
Hydrogen bonding between the melamine units is likely but
the precise interaction mode can not be distinguished. Do-
mains that consist of hydrogen-bonded dimers are observed
with molecules that adopt mainly a small V-shape conforma-
tion at the tetradecane/HOPG interface (Figure 1b). The
point defects (missing V-shape structures) indicate that a V-
shape structure corresponds to one molecule (indicated by
arrows in Figure 1b).


Highly ordered 2D monolayers consisting of hydrogen-
bonded dimers were obtained at the 1,2,4-trichlorobenzene/
HOPG interface (Figure 1c). The molecules in the monolay-
ers adopt a big V-shape conformation with well-separated
OPV moieties. The difference in the appearance of


(OPV4)2M is attributed to molecular conformational effects
that most likely occur as the result of rotation around the
single C�N bond that links the OPV moiety to the s-triazine
ring. The domain sizes of the monolayers correlate to the
degree of monolayer order. Thus, the well-ordered monolay-
ers at the 1,2,4-trichlorobenzene/HOPG interface are the
largest and cover areas as large as 40000 nm2. The domains
are typically smaller than 2500 nm2 at the tetradecane/
HOPG interface, and disordered regions often appear be-
tween the ordered domains. The most disordered monolayer
(amorphous) is found at the 1-phenyloctane/HOPG inter-
face. In all cases, hydrogen bonding is presumably involved
in stabilizing the supramolecular structures. Because of the
disorder present at the 1-phenyloctane/HOPG interface, the
exact interaction mode between the melamine units is un-
clear. The images suggest that the melamine units interact
through two hydrogen bonds at the tetradecane/HOPG and
1,2,4-trichlorobenzene/HOPG interfaces, thus leading to the
formation of dimers (Figure 1e and Figure 1f).


The above-mentioned results highlight the importance of
surface confinement and the solvent on the self-assembly
process at the liquid–solid interface. Stacking between


Figure 1. STM images showing monolayers of (OPV4)2M on HOPG
physisorbed from a) 1-phenyloctane (image size: 40N40 nm2, Iset =
0.48 nA, Vset=�0.486 V), b) tetradecane (image size: 48.5N48.5 nm2,
Iset =0.56 nA, Vset =�0.66 ; the arrows indicate vacancies in the 2D lat-
tice), and c) 1,2,4-trichlorobenzene (image size: 45.5N45.5 nm2, Iset =0.7
nA, Vset =�1.2 V). d)–f) Tentative molecular models for the repetitive
units of the self-assembled structures observed in (a)–(c), respectively.
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solute molecules at the interface is unlikely because mole-
cule–graphite p–p interactions are expected to overrule in-
termolecular p–p interactions. Furthermore, the surface
itself can exert (geometrical) constraints on the ways in
which the molecules adsorb through molecule–substrate in-
teractions. In addition, solvent–substrate interactions can
affect the way in which molecules initially pack onto the sur-
face. These aspects may be the origin of the differences in
the solvent-dependent surface-confined assemblies. The co-
assembly of (OPV4)2M and PBI at the liquid–solid interface
was also assessed by using the three solvents mentioned. To
successfully image (OPV4)2M/PBI complexes at the liquid–
solid interface, a large excess of PBI had to be used, typical-
ly in a 1:40 ratio. This ratio is in line with our previous study
on bicomponent complexes of PBI on surfaces, in which it
was observed that increasing the concentration of the
weakly adsorbing PBI led to an increase of heterocomplex
content on the surface.[17] Despite this high ratio, no multi-
component hydrogen-bonded complexes were observed at
the 1,2,4-trichlorobenzene/HOPG interface upon mixing
(OPV4)2M and PBI in various ratios. Instead, only domains
containing (OPV4)2M were observed, and the molecular or-
dering was identical to that obtained upon physisorption
from a monocomponent solution.


With 1-phenyloctane and tetradecane, however, it was
possible to visualize the heterocomplexes. The types of 2D
self-assembled patterns formed after deposition of a drop of
a solution of (OPV4)2M/PBI in 1-phenyloctane on HOPG
are shown in Figure 2a,b. The monolayers imaged for the
mixed assemblies are largely disordered. However, occasion-
ally 2D tape-like supramolecular oligomers (Figure 2a) and
12-membered rosettes (Figure 2b) are observed. Pairs of
bright OPV rods with V-shaped conformations are visible
with faint rod-like structures that link their vertices (Fig-
ure 2a). Although the features are faint, the rods could cor-
respond to PBI molecules as the measured lengths are in
good agreement with those predicted (1.13 nm; see the
model in Figure 2d). Under the specific imaging conditions,
cyclic structures were observed sporadically, but the full ro-
sette proved to be very unstable and quickly became partial
or disappeared. The rosettes are composed of six bright and
V-shaped (OPV4)2M molecules, whereas the PBI molecules
are not clearly visible (Figure 2b). The measured head-to-
head distance between opposite V-shaped structures in a ro-
sette is 3.6–3.7 nm, which corresponds nicely to the observed
distance in the model presented in Figure 2e. Based on this
model, the inner radius of the 12-membered supramolecular
rosette is estimated to be r=0.89 nm.


Similar to the situation in 1-phenyloctane, mixtures of
(OPV4)2M and PBI in tetradecane gave rise to mixed mono-
layers. In this solvent, only half as many PBI molecules
were present in the lattice, and instead of tapes and rosettes,
trimers consisting of two (OPV4)2M molecules hydrogen
bonded to a central PBI molecule were found (Figure 2c).
The trimers are shifted with respect to each other, and as
such it is not geometrically possible for another PBI mole-
cule to link the two trimers to form a tape. As a conse-


quence, only one of the two triple hydrogen-bonding sites of
each (OPV4)2M molecule is involved in hydrogen bonding
(Figure 2f).


Bias-dependent STM imaging was utilized to identify the
PBI units on the surface.[19] At high negative sample bias
(electrons tunneling from the substrate into the tip), the
OPV units appear brighter than the PBI moieties because
the tunneling process is more efficient through OPV than
through PBI, whereas at less negative bias voltages both the
OPV and PBI units are visible. Figure 3a,b are STM images
obtained sequentially at the same location, thus revealing a
tape-like structure at the 1-phenyloctane/HOPG interface.
These images differ in the value of the negative sample bias.
In Figure 3a, recorded at Vset=�1.21 V, the OPV rods
appear fuzzy and no PBI molecules are visible. In Figure 3b,
recorded at Vset=�0.914 V, V-shaped (OPV4)2M molecules
are observed with relatively bright features that appear be-
tween them, which we attribute to PBI.


At the appropriate bias voltage (Vset=�0.572 V), the PBI
molecules in partial rosettes were also revealed (Figure 4).
An OPV mismatch (indicated by the arrow) appeared as a
result of one of the (OPV4)2M molecules not existing in the
required V-shaped conformation. In this case, it seems that
rotation about the N�C bond linking one of the OPV units


Figure 2. STM images showing co-assemblies of (OPV4)2M and PBI
physisorbed on HOPG from a) 1-phenyloctane (image size: 13.0N
13.2 nm2, Iset=0.62 nA, Vset =�0.42 V), b) 1-phenyloctane (image size:
12.3N19.7 nm2, Iset =0.63 nA, Vset=�0.996 V), and c) tetradecane (image
size: 21.4N28.2 nm2, Iset=0.46 nA, Vset =�0.402 V; a unit cell is indicat-
ed). d)–f) The corresponding tentative models for the structures observed
in (a)–(c).
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to the melamine core results in a conformational isomer
that is not capable of completing the rosette for geometric
reasons. This behavior shows that the conformational flexi-
bility of (OPV4)2M hampers the ability of these molecules
to form discrete rosette structures with PBI. Moreover, this
flexibility is likely to influence the self-assembly behavior in
solution as well.


Optical properties of (OPV4)2M in solution : The optical
properties of pure (OPV4)2M were examined in CHCl3 and
MCH (Figure 5). In CHCl3 (1.4N10�5


m), the p–p* transition
of the OPV backbone is observed at lmax=436 nm (e=1.4N
105 Lmol�1 cm�1), which corresponds to the position found
for previously reported similar OPV systems.[20] The com-
pound exhibits bright fluorescence at its main emission
wavelength of lem=502 nm and its first vibrational progres-
sion at lem=531 nm. Upon dissolving the molecule in MCH
at an elevated concentration (7.5N10�5


m), the absorption
maximum exhibits a hypsochromic shift to lmax=419 nm ac-
companied by the appearance of a red-shifted shoulder at
l=500 nm. Moreover, the fluorescence is strongly quenched


and bathochromically shifted to lem=522 nm and lem=


547 nm. These combined features are typically observed for
OPV aggregation into H-type assemblies.[21] A concentra-
tion-dependent UV/vis spectroscopic study shows that the
self-assembly of (OPV4)2M in MCH occurs at concentra-
tions higher than 10�5


m (Figure 5b, inset).
Concomitant with the observed spectral changes upon


self-assembly, a clear Cotton effect arises for (OPV4)2M
that coincides with the observed UV/vis absorption bands,
thus indicating that the chiral information stored in the side
chains directs the aggregation process into chiral architec-
tures. No linear dichroism was observed at these wave-
lengths and thus we are confident that the measured CD
signal is not the result of macroscopic alignment artifacts.[22]


Interestingly, the effect is largely negative, not bisignate as
is usually observed for self-assembled OPVs,[20,23] thus indi-


Figure 5. a) UV/vis, normalized PL, and CD spectra for (OPV4)2M in
CHCl3 (1.4N10�5


m, dashed line) and MCH (7.5N10�5
m, solid line), the


value of lexc is the respective value of lmax. b) Concentration-dependent
UV/vis spectra of (OPV4)2M in MCH at room temperature; the arrows
indicate increasing concentration. The inset shows the fraction of aggre-
gated species (aagg) as a function of concentration, determined by nor-
malizing the measured absorption at l=500 nm. Line to guide the eye.
Int.= intensity.


Figure 4. STM image of a partial rosette with an OPV mismatch (indi-
cated by the arrow) on HOPG physisorbed from 1-phenyloctane (image
size: 13.3N11.7 nm, Iset =0.62 nA, Vset =�0.572 V).


Figure 3. Bias-dependent imaging of the same area (image size: 11.3N
18.7 nm2) of an alternating tape structure of (OPV4)2M and PBI on
HOPG physisorbed from 1-phenyloctane. a) Iset =0.57 nA, Vset=�1.21 V;
b) Iset=0.57 nA, Vset =�0.914 V. The arrows in both images indicate iden-
tical sites, which correspond to a PBI molecule.
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cating a lack of exciton coupling in the (OPV4)2M structures
formed. The (OPV4)2M moiety is similar in structure to a
previously reported OPV4 species equipped with a diamino
s-triazine hydrogen-bonding array (OPV4T),[24] the latter of
which may be regarded a mono-OPV-substituted melamine
derivative. Both (OPV4)2M and OPV4T form face-to-face
packed assemblies in MCH; however, supramolecular chiral-
ity is expressed in a different fashion for both molecules.
Obviously, the ability of the bifunctional molecule to rotate
around the bonds centered by the nitrogen atoms that con-
nect the OPV molecules to the s-triazine ring yields various
chiral conformations (also see the STM data). Moreover, it
is well known that the phenyl rings on a disubstituted mela-
mine unit can be highly twisted, as found for 1:1 co-crystals
with barbituric acid derivatives.[25]


Temperature-dependent UV/vis, photoluminescence (PL),
and circular dichroism (CD) measurements were performed
on (OPV4)2M in MCH (7.5N10�5


m ; Figure 6). The spectra
exhibited fully reversible shifts upon heating that are consis-
tent with disassembly to a molecularly dissolved state. At
temperatures above about 24 8C, the optical properties even-
tually saturated at values similar to those in CHCl3, thus
yielding evidence that the molecules are present as dissolved
species. This behavior indicates relatively weak assemblies
relative to the systems studied previously,[20,24] which is also
revealed in the concentration-dependent measurements. The
variation of the CD spectra with increasing temperature in-
dicates that an intermediate state is present, as the shape of
the spectrum completely changes during cooling (Figure 6c,
inset).


Co-assemblies with PBI that display fluorescence quench-
ing : To investigate the feasibility of mixed-assembly forma-
tion in solution, mixing experiments were performed in
MCH (Figure 7). Studies were performed in dilute solution
(<10�5


m) to ensure complete solubility of each component
in MCH. Upon mixing of (OPV4)2M and PBI in various
ratios, distinct shifts in the UV/vis spectra occur that are
generally characteristic for the co-assembly of OPV and PBI
chromophores into J-type assemblies (Figure 7a,b,d).[2b]


Complexation was also monitored using fluorescence spec-
troscopy (Figure 7c,f). After addition of one equivalent of
(OPV4)2M to PBI (5.0N10�6


m), PBI fluorescence at lem=


590 nm is almost completely quenched and very little OPV
emission is observed (Figure 7c). OPV emission is observed
for (OPV4)2M/PBI ratios greater than 1:1, thus indicating
that disassembled (OPV4)2M is present in solution (pure
(OPV4)2M is molecularly dissolved at this concentration).
Similarly, in the reverse titration experiment, (OPV4)2M
fluorescence at lem=491 nm is completely quenched after
the addition of one equivalent of PBI, and very little PBI
emission is observed when the PBI/ ACHTUNGTRENNUNG(OPV4)2M ratio is %1:1
(Figure 7f). PBI emission is observed at PBI/ ACHTUNGTRENNUNG(OPV4)2M
ratios of >1:1, thus indicating that disassembled PBI is pres-
ent in solution.


Near-complete fluorescence quenching for both chromo-
phores in a 1:1 mixed assembly is an indication of electron


transfer from (OPV4)2M to PBI, as observed for closely re-
lated systems.[2b] However, we were not able to distinguish
between the formation of a charge-separated state or energy
transfer to a nonemissive state from femtosecond transient
absorption measurements (data not shown).


The lack of fluorescence at 1:1 stoichiometries suggests
that strong binding occurs between (OPV4)2M and PBI.
However, if hydrogen bonding is the only intermolecular in-
teraction responsible for the assembly of the two chromo-
phores, full binding should not be achieved at micromolar
concentrations as the association constant for triple hydro-
gen bonding between melamine and PBI is at the most k=


105
m
�1 in MCH.[9a,12] Even when the possibility of cycle for-


Figure 6. Temperature-dependent a) UV/vis, b) PL, and c) CD spectra for
(OPV4)2M in MCH (7.5N10�5


m). The arrows indicate a temperature in-
crease from 5 to 40 8C. The inset in (b) shows the fraction of aggregated
species as a function of temperature, determined by normalizing the mea-
sured UV/vis (l=500 nm, squares), PL (l =522 nm, circles), and CD (l=


390 nm, triangles) data. The inset in (c) shows the CD intensity at l=


420 nm as a function of temperature. Lines to guide the eye. Abs.=ab-
sorption.
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mation is considered,[26] rough calculations predict that there
should be significant quantities of disassembled (and thus
fluorescent) PBI and (OPV4)2M remaining in solution. The
stronger than anticipated binding between (OPV4)2M and
PBI implies that in addition to hydrogen bonding other in-
teractions, such as p–p stacking and solvophobic effects,
contribute to the overall stability of the co-assembly in
MCH. A combination of hydrogen bonding and p–p stack-
ing is consistent with the UV/vis spectral changes, and simi-
lar observations have been made in related systems.[2b,12]


Interestingly, the position of the maximum of the PBI ab-
sorption changes more than once during the titration (Fig-
ure 7a, inset). For example, lmax=564 nm when (OPV4)2M/
PBI is 0, lmax=591 nm when (OPV4)2M/PBI is 0.75–1.25:1,
and lmax=602 nm when (OPV4)2M/PBI is 2:1. These find-


ings, plus a lack of clear iso-
sbestic points, indicate that the
structure of the most abundant
PBI-containing species in solu-
tion changes more than once
while varying the (OPV4)2M/
PBI ratio, thus suggesting that a
single favored oligomeric as-
sembly (e.g., a 12-membered
rosette) does not exist.[27] A re-
verse titration of (OPV4)2M
with PBI provided similar re-
sults (Figure 7d). Additionally,
when monitoring the absorb-
ance at a single wavelength,
curves with single or multiple
kinks are obtained, and the
PBI/ ACHTUNGTRENNUNG(OPV4)2M ratio at which a
kink occurs depends on the
chosen wavelength. For exam-
ple (Figure 7e), when titrating
(OPV4)2M with PBI, the OPV
absorbance at l=443 nm
(mainly assembled OPV wave-
length) displays a kink near
0.5 equivalents of PBI. When
monitoring the PBI absorbance
at l=591 nm (assembled PBI
wavelength), however, a kink is
found near 1.0 equivalents of
PBI. This evidence is further
support for the presence of
multiple-assembly stoichiome-
tries and demonstrates that
each chromophore shows a dif-
ferent sensitivity to changes in
the aggregate structure.


Proof of the lack of a single
self-assembled product is pro-
vided by the fluorescence titra-
tion experiments as well. When
PBI is titrated with (OPV4)2M,


the PBI emission intensity versus (OPV4)2M/PBI ratio
curve is concave upward rather than linear, thus showing
that PBI fluorescence quenching occurs faster than one
would expect for the quantitative formation of only a 1:1 ag-
gregate (Figure 7c, inset). When (OPV4)2M is titrated with
PBI, again OPV fluorescence decreases faster than one
would expect if a single 1:1 aggregate was being formed in a
quantitative manner (Figure 7f, inset). If it is assumed that
PBI or (OPV4)2M must be intimately incorporated into a
co-assembly to have its fluorescence quenched, then these
pieces of evidence strongly suggest that complex stoichiome-
tries other than 1:1 are obtained with this system.


The aggregation behavior was further studied in tempera-
ture-dependent optical studies performed on a 1:1 mixture
of (OPV4)2M and PBI (1.4N10�5


m ; Figure 8). At high tem-


Figure 7. a,b) UV/vis and c) PL (lexc =350 nm) data showing the spectral changes upon addition of 0–2 equiva-
lents of (OPV4)2M to a 5.0N10�6


m solution of PBI in MCH at room temperature; b) an enlargement of (a).
d,e) UV/vis and f) PL (lexc=350 nm) data of the spectral changes upon addition of 0–2 equivalents of PBI to a
5.1N10�6


m solution of (OPV4)2M in MCH at room temperature; e) how the absorbances at l=443 and
591 nm vary during the titration. The insets of (a) and (d) show how lmax of PBI varies. Quenching of PBI
(lexc=535 nm) and (OPV4)2M (lexc =350 nm) fluorescence is shown in the insets of (c) and (f), respectively;
the dotted line in each inset demonstrates that the quenching curves are concave upward.
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peratures, the spectra display features expected for molecu-
larly dissolved (OPV4)2M and PBI. Therefore, the UV/vis
spectrum is a summation of the contributions from both
compounds. Upon self-assembly at lower temperatures,
clear bathochromic shifts of the OPV absorption from lmax=


424 to 438 nm and the PBI absorption from lmax=559 to
595 nm indicate co-assembly of the building blocks into a
mixed J-type aggregate (Figure 8a).[2b] Concomitantly, the
fluorescence of (OPV4)2M and PBI is completely quenched,
both upon predominant OPV excitation at lexc=417 nm and
selective PBI excitation at lexc =568 nm (Figure 8b). Surpris-
ingly, a bisignate Cotton effect with a zero-crossing at l=


429 nm is recovered for the OPV chromophores upon co-as-
sembly (Figure 8c). This behavior indicates that in the


(OPV4)2M/PBI hydrogen-bonded oligomers there is a left-
handed, helical stacking of the OPV moieties. Also, PBI
seems to exhibit a similar bisignate Cotton effect with a
zero-crossing at l=597 nm. However, the weakness of the
measured signal in combination with the significant baseline
drift with increasing temperature troubles a conclusive inter-
pretation.


From the temperature-dependent UV/vis spectra, the
transition from co-assemblies to molecularly dissolved spe-
cies is detected at around 66 8C (1.4N10�5


m ; Figure 8a), thus
indicating enhanced stability with respect to previously stud-
ied systems.[2b] This finding was further corroborated by a
concentration-dependent UV/vis study on the 1:1
(OPV4)2M/PBI complex, in which the system showed little
change in aggregated character when diluted from 10�4


m to
2.5N10�7


m.
The combination of hydrogen bonding and p–p stacking


in the aggregates complicates the determination of a clear
molecular picture. A mechanism consistent with our obser-
vations is proposed: In the absence of stacking, based on
our STM results, we expect an equilibrating mixture of mon-
omers and linear/cyclic oligomers of varying lengths. The
main demands for the specific formation of cyclic hydrogen-
bonded structures, namely, high binding constant and highly
preorganized monomeric subunits, are both not fulfilled. We
propose that steric effects that select between cyclization
and linear polymerization (although the mechanistic inter-
pretations differ)[26,28] will not play a major role in the
(OPV4)2M/PBI system as a consequence of the large dis-
tance that the PBI unit spans. In addition, the multiple con-
formational stereoisomers possible for (OPV4)2M (which
result from rotation around the N�C bonds that link the
OPV units to the s-triazine ring) and PBI (which result from
interconversion between the two axially chiral forms of the
highly substituted, and thus nonplanar, PBI derivative)[2b]


may hinder cyclization and favor the formation of linear
structures when the appropriate combination of geometries
for the interacting subunits is not attained. Ultimately, we
propose that these conditions give rise to an oligomer mix-
ture of a more or less statistical nature, which is expressed
both in solution (in which the oligomers are p stacked) and
on HOPG (in which the oligomers are absorbed to the sur-
face). In principle, a multitude of different structures can be
envisaged (Scheme 3).


Conclusion


Co-assembly of an OPV–melamine moiety with a perylene
bisimide derivative has been investigated. Bias-dependent
STM studies reveal various assembly modes at the 1-phenyl-
octane/HOPG interface, which result in the formation of oli-
gomeric tapes, 12-membered rosettes, and partial rosettes
consisting of alternating hydrogen-bonded chromophores.
Additionally, optical techniques demonstrate that OPV–mel-
amine forms stable self-assembled heterocomplexes with
perylene bisimide in solution. Titration experiments suggest


Figure 8. Temperature-dependent a) UV/vis, b) PL (lexc=417 nm), and
c) CD spectra of a 1:1 mixture of (OPV4)2M with PBI in MCH (1.4N
10�5


m). The arrows indicate a temperature increase from 10 to 90 8C. The
inset in (b) shows PBI fluorescence when selectively excited at lexc=


568 nm.
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that multiple aggregate stoichiometries exist for the mixed
system that depend on the ratio of OPV–melamine to pery-
lene bisimide. The origin of the disorder exhibited by the
mixed system, which is expressed both on HOPG and in so-
lution, most likely stems (amongst other factors) from the
inherent conformational flexibility and lack of preorganiza-
tion contained in the OPV and perylene building blocks.
This behavior results in an insufficient energetic preference
for one specific self-assembly mode amongst the possible
cyclic and linear supramolecular motifs. It was not possible
to obtain a specific discrete co-assembly in quantitative
yield by adjusting common variables, such as solvent, tem-
perature, or concentrations. Our results show that for the
construction of functional multicomponent systems preorga-
nization of the building blocks become increasingly impor-
tant when using common self-assembly tools.


Experimental Section


General : 1H and 13C NMR spectra were recorded by using a 400 MHz
NMR (Varian Mercury, 400 MHz for 1H NMR and 100 MHz for
13C NMR) or a 300 MHz NMR (Varian Gemini, 300 MHz for 1H NMR
and 75 MHz for 13C NMR) spectrometer. In the 1H and 13C NMR spectra,
chemical shifts are reported in ppm downfield from tetramethylsilane
(TMS). IR spectra were recorded by using a Perkin–Elmer 1600 FT-IR.
Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass-spectrometric analysis was performed by using a PerSeptive Biosys-
tems Voyager-DE PRO spectrometer. Elemental analysis was carried out
by using a Perkin–Elmer 2400. UV/vis spectra were recorded by using a
Perkin–Elmer Lambda 40 spectrometer. Generally, fluorescence spectra
were recorded by using a Perkin–Elmer LS50B luminescence spectrome-
ter, but the fluorescence spectra in the titration experiments were record-
ed by using an Edinburgh Instruments luminescence spectrometer. CD
spectra were recorded by using a JASCO J-600 spectropolarimeter (sensi-
tivity, time constant, and scan-rate were chosen appropriately).


Materials : All the solvents were of analytical reagent quality unless speci-
fied further. Dichloromethane was freshly distilled over potassium/
sodium, dioxane was freshly distilled over LiAlH4, and N,N-dimethylfor-
mamide (DMF) was dried over 4 P molecular sieves. Reagents were pur-
chased from Acros or Aldrich and were used without further purification.
Bio-Beads SX-1 were obtained from Bio-Rad Laboratories. PBI,[12] 2-


amino-4,6-dichloro-1,3,5-triazine,[14] and OPV4NH2
[15] were prepared ac-


cording to reported procedures.


Synthesis of (OPV4)2M : 2-Amino-4,6-dichloro-1,3,5-triazine (47 mg,
0.29 mmol) was dissolved in freshly distilled dioxane (2 mL) and the solu-
tion was heated to 40 8C. Half the amount of a solution of OPV4NH2


(768 mg, 0.59 mmol, 2.1 equiv) and diisopropylethylamine (78 mg,
0.61 mmol, 2.1 equiv) in freshly distilled dioxane (16 mL) warmed to
60 8C was added dropwise. After stirring at 40 8C for 30 min, the other
half of the OPV4NH2 solution was added dropwise, and the reaction mix-
ture was heated to reflux for 120 h. After cooling down to room tempera-
ture, the product was precipitated in MeOH and the orange precipitate
was further purified using column chromatography on silica gel (eluent
gradient: CH2Cl2 to 10% ethanol in CH2Cl2). Final purification using
ACHTUNGTRENNUNGBioBeads SX-1 afforded the pure title compound as an orange solid
(120 mg, 0.045 mmol, 15%). M.p. 140 8C; 1H NMR (CDCl3): d =0.91 (t,
18H, OCH2CH2CH2ACHTUNGTRENNUNG(CH2)9CH3), 1.03 (t, 24H, OCH2CH ACHTUNGTRENNUNG(CH3)CH2CH3),
1.13 (d, 24H, OCH2CH ACHTUNGTRENNUNG(CH3)CH2CH3), 1.29–1.45 (m, 96H,
OCH2CH2CH2ACHTUNGTRENNUNG(CH2)9CH3), 1.46–1.53 (m, 12H, OCH2CH2CH2-
ACHTUNGTRENNUNG(CH2)9CH3), 1.60–1.89 (m, 28H, OCH2CH ACHTUNGTRENNUNG(CH3)CH2CH3, OCH2CH2CH2-
ACHTUNGTRENNUNG(CH2)9CH3), 1.95–2.03 (m, 8H, OCH2CH ACHTUNGTRENNUNG(CH3)CH2CH3), 3.82–3.97 (m,
16H, OCH2CH ACHTUNGTRENNUNG(CH3)CH2CH3), 3.98–4.08 (m, 12H, OCH2CH2CH2-
ACHTUNGTRENNUNG(CH2)9CH3), 5.11 (br, 2H, NH2), 6.77 (s, 4H, ArH), 7.06 (d, 2H, CH=


CH), 7.13 (s, 2H, ArH), 7.15 (s, 2H, ArH), 7.16 (d, 2H, CH=CH), 7.21
(s, 4H, CH=CH, CH=CH), 7.28 (br, 2H, NH), 7.43 (d, 2H, CH=CH),
7.46 (d, 2H, CH=CH), 7.52 (d, 4H, ArH), 7.55 (s, 4H, ArH), 7.62 ppm
(d, 4H, ArH); 13C NMR (CDCl3): d=11.66, 11.73, 11.8, 14.4, 17.0, 17.11,
17.15, 22.9, 26.4, 26.62, 26.65, 29.62, 29.65, 29.70, 29.92, 29.97, 29.99,
30.01, 30.6, 32.18, 32.20, 35.2, 35.3, 35.4, 69.3, 73.8, 74.3, 74.4, 74.7, 74.8,
105.3, 109.8, 110.1, 110.7, 110.9, 120.9, 122.6, 122.8, 122.9, 127.0, 127.1,
127.2, 127.66, 127.72, 128.3, 128.8, 133.51, 133.53, 138.1, 138.4, 151.28,
151.32, 151.4, 151.5, 153.5, 164.9, 167.3 ppm; IR (UATR): ñ=3406, 3320,
3174, 3061, 2957, 2922, 2875, 2853, 1598, 1571, 1497, 1464, 1420, 1386,
1340, 1314, 1302, 1241, 1201, 1153, 1116, 1045, 1010, 962, 916, 852, 808,
773, 722, 698 cm�1; MALDI-TOF MS (Mr =2685.10): m/z 2686.02 [M]+ .


STM analysis : All the STM experiments were performed at room tem-
perature under ambient conditions. The STM images were obtained at
the liquid–solid interface with a Discoverer scanning tunneling micro-
scope (Topometrix Inc., Santa Barbara, CA) along with an external
pulse/function generator (model HP 8111 A). The STM tips were electro-
chemically etched from Pt/Ir wire (80:20; diameter: 0.2 nm) in a solution
of 2n KOH/6n NaCN in water. Prior to imaging, (OPV4)2M and PBI
were dissolved in 1-phenyloctane (Aldrich) in concentrations of approxi-
mately 0.005 and 0.08 mgmL�1, respectively. A drop of the solution was
applied onto a freshly cleaved surface of HOPG (grade ZYB; Advanced
Ceramics Inc., Cleveland, OH). The STM images were acquired in the
variable current mode by scanning the STM tip immersed in solution at a
negative sample bias (electrons tunnel from the sample to the tip). The
measured tunneling currents are converted into a gray scale: black
(white) refers to a low (high) measured tunneling current. After the suc-
cessful imaging of the monolayer, an atomically resolved image of the
graphite substrate was recorded at exactly the same location with identi-
cal scanning parameters except for the sample bias. The images were cor-
rected for scanner drift by using SPIP software (Image Metrology ApS)
with graphite as the calibration grid. Only images containing a small drift
were used for analysis.


Titration experiments : Stock solutions of (OPV4)2M (5.1N10�6
m) and


PBI (5.0N10�6
m) were prepared in spectrophotometric grade methylcy-


clohexane (MCH; heating was required to ensure full dissolution of the
compounds in this solvent). Stock solutions of (OPV4)2M (7.0N10�5


m)
and PBI (6.8N10�5


m) were also prepared in dichloromethane. PBI was ti-
trated with (OPV4)2M as follows: the (OPV4)2M stock solution in di-
chloromethane (0–72.5 mL) was added to a silanized vial (Supelco) with a
syringe, and the solvent was then evaporated under a stream of nitrogen.
The PBI stock solution in MCH (0.5 mL) was added by syringe to the
(OPV4)2M residue. The vial was capped and shaken at room temperature
in the dark for 12 h. (OPV4)2M was titrated with PBI using the same
method. UV/vis and photoluminescence spectra were recorded for the
solutions in a 2-mm quartz cuvette at room temperature. The PL meas-


Scheme 3. a) Monomeric building blocks PBI (far left) and (OPV4)2M in
three of its possible conformational isomers; b) hydrogen bonding in 1:2
and 2:1 complexes; c) stacking possibilities for 1:2 and 2:1 complexes;
d) a 12-membered hydrogen-bonded rosette; e) a linear hydrogen-
bonded tape; f) stacked linear hydrogen-bonded tapes; g) stacked 12-
membered hydrogen-bonded rosettes. According to the spectroscopic evi-
dence, all stacked structures should, in principle, be J-type assemblies.
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urements were collected in the front-face mode with excitation occurring
at either lexc =350 nm (for OPV and PBI excitation) or lexc=535 nm (for
PBI excitation).
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Is an M�N s-Bond Insertion Route a Viable Alternative to the M=N [2+2]
Cycloaddition Route in Intramolecular Aminoallene Hydroamination/
Cyclisation Catalysed by Neutral Zirconium Bis ACHTUNGTRENNUNG(amido) Complexes?
A Computational Mechanistic Study


Sven Tobisch*[a]


Introduction


Catalytic hydroamination, that is, the direct addition of
amine R2N�H bonds across unsaturated carbon-carbon
functionalities, is a valuable, desirable and atom-economical
means of synthesising organonitrogen compounds.[1] The in-
tramolecular hydroamination/cyclisation (IHC) constitutes a
particularly powerful route for the generation of functional-
ised azacycles. Group 4 metal complexes have been demon-


strated to efficiently effect the IHC of various amine-teth-
ered unsaturated carbon-carbon linkages.[2,3] Titanium- and
zirconium-based catalysts benefit from their availability and
easy preparation, in contrast to organolanthanide com-
pounds,[4] which have also been widely explored as catalysts
for this process.[5]


Although there are numerous accounts that describe the
application of titanium and zirconium complexes in cyclohy-
droamination catalysis, the identity of the catalytically active
species, namely, whether it possesses a metal–nitrogen single
or double bond, is in most cases not unambiguously identi-
fied and thus largely speculated upon. Neutral Group 4
metal compounds[2,6,7] are commonly believed to engage a
reactive metal-imido species, involving [2+2] cycloaddition
of the unsaturated CC linkage across the M=N bond and
subsequent protonolytic cleavage of the metallacyclobutane/
butene intermediate. This mechanistic pathway was original-
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Abstract: This study examines alterna-
tive reaction channels for intramolecu-
lar hydroamination/cyclisation (IHC) of
primary 4,5-hexadien-1-ylamine amino-
allene (1) by a neutral [Cp2ZrMe2] zir-
conocene precatalyst (2) by using the
density functional theory (DFT)
method. The first channel proceeds
through a [Cp2Zr ACHTUNGTRENNUNG(NHR)2] complex as
the reactive species and relevant steps
including the insertion of an allenic C=


C linkage into the Zr�NHR s-bond
and ensuing protonolysis. This is con-
trasted to the [2+2] cycloaddition
mechanism involving a [Cp2Zr=NR]
transient species. The salient features
of the rival mechanisms are disclosed.
The cycloaddition route entails the first
transformation of the dormant [Cp2Zr-


ACHTUNGTRENNUNG(NHR)2] complex 3B into the transient
[Cp2Zr=NR] intermediate 3A’, which
is turnover limiting. This route features
a highly facile ring closure together
with a substantially slower protonolysis
(kcycloadd@kprotonolysis) and can display in-
hibition by high substrate concentra-
tion. In contrast, protonolysis is the
more facile step for the channel pro-
ceeding through the [Cp2Zr ACHTUNGTRENNUNG(NHR)2]
complex as the catalytically active spe-
cies. Here, C=C insertion into the
Zr�C s-bond of 3B, which represents


the catalyst resting state, is turnover
limiting and substrate concentration is
unlikely to influence the rate. The reg-
ulation of the selectivity is elucidated
for the two channels. DFT predicts that
five-ring allylamine and six-ring imine
are generated upon traversing the
ACHTUNGTRENNUNGcycloaddition route, thereby comparing
favourably with experiment, whereas
the cycloimine should be formed solely
along the s-bond insertion route. The
mechanistic analysis is indicative of an
operating [2+2] cycloaddition mecha-
nism. The Zr�NHR s-bond insertion
route, although appearing not to be
employed for the reactants studied
herein, is clearly suggested as being
viable for hydroamination by charge
neutral organozirconium compounds.


Keywords: allenes · density func-
tional calculations · hydroamina-
tion · reaction mechanisms · zirconi-
um
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ly proposed by Bergman and co-workers for intermolecular
alkyne and allene hydroamination with primary amines
mediated by zirconocene compounds[8] and was later extend-
ed to cyclohydroamination.[6] Various experimental studies,[9]


of which the detailed kinetic investigation of Doye[9a] is
most notable, and also computational[10] examination have
substantiated this mechanism. Cationic Group 4 metal pre-
catalysts, on the other hand, are likely to follow a different
route employing a metal-amido active species,[3] a mecha-
nism that was first proposed by Marks for organolantha-
ACHTUNGTRENNUNGnides.[5b,11] A computational survey of aminoallene IHC by a
cationic zirconocene-amido species revealed a smooth
energy profile, which is consistent with observed activity
and selectivity.[12] Recently, MarkFs group provided the first
compelling evidence for an M�N s-bond insertion route op-
erating for aminoalkene IHC mediated by charge-neutral Zr
complexes.[13, 14]


The ambiguity as to whether the catalytically active spe-
cies in hydroamination mediated by neutral Group 4 metal
precatalysts actually bears a metal–nitrogen single or double
bond prompted a computational exploration of alternative
reaction channels by considering aminoallene IHC as an ex-
perimentally well studied reaction. Neutral titanium and zir-
conium compounds have been reported as being capable of
promoting the cyclohydroamination of aminoallenes to fur-
nish functionalised five- and six-membered azacycles.[15, 16]


As an example, zirconocene precatalyst 2 has been shown to
promote the conversion of 4,5-hexadien-1-ylamine (1),
albeit not regioselectively, into the six-membered imine as
the predominant cycloamine (Scheme 1).[15b]


The computational survey of the plausible reaction chan-
nels shown in Scheme 2 employed the DFT method as an
established and predictive means to aid in mechanistic un-
derstanding. The present study examines the channel pro-
ceeding through the [Cp2ZrACHTUNGTRENNUNG(NHR)2] complex (channel B in
Scheme 2) and characterises all relevant elementary steps,
both structurally and energetically. In a companion contribu-
tion we have recently communicated the salient features of
the cycle that engages the [Cp2Zr=NR] intermediate (chan-
nel A in Scheme 2).[17] The free-energy profiles of the two
channels are critically analysed and compared with experi-
mental observation. Herein we show that Zr�N s-bond in-
sertion, although not being employed for the studied reac-
tion partners, is still viable for aminoallene IHC mediated
by neutral zirconium complexes. The present study, there-
fore, contributes towards a more detailed mechanistic under-
standing and enhances insight into the catalytic structure–re-
activity relationship in Group 4 metal-mediated cyclo-
ACHTUNGTRENNUNGhydroamination.


Results and Discussion


The mechanistic examination starts with the assessment of
plausible routes for transformation of precatalyst 2 into
[Cp2Zr=NR] and [Cp2ZrACHTUNGTRENNUNG(NHR)2] compounds. This is fol-
lowed by the exploration of reaction channel B shown in
Scheme 4, whereas the main mechanistic features of channel
A, as unveiled in a recent computational study,[17] are sum-
marised thereafter. The discussion will concentrate primarily
on the most favourable of the several conceivable pathways
for each step, whereas alternative, but less probable, path-
ways are referred to only briefly. The full account of the ex-
amined pathways is provided in the Supporting Information
(Tables S1 and S2; Figures S1–S8). Finally, the reaction pro-
files of the two channels are compared with experimental
evidence.


Conversion of precatalyst 2 into [Cp2Zr=NR] and [Cp2Zr-
ACHTUNGTRENNUNG(NHR)2] compounds : Plausible routes have already been
examined previously[17] and major conclusions are recalled
here briefly. As revealed from the free energy profile shown
in Scheme 3[18] the dominant route involves protonolytic
cleavage of the two Zr�Me bonds in 2 by 1 to furnish first
the [Cp2Zr=NR] intermediate (2+1!I1 ACHTUNGTRENNUNG(+CH4)!3AQ3A’-
ACHTUNGTRENNUNG(+2CH4)), which is consistent with experimental observa-
tion.[19a] The substrate-free forms of [Cp2Zr=NR] with a
monohapto (3A) or chelating (3A’) imidoallene unit are
rapidly interconvertible[20] and complex additional 1 readily
to yield the adduct 3A-S in an exergonic and barrierless
process.[20] Subsequent proton shift between amido and
amino units converts 3A-S into 3B.
The I1!3AQ3A’+CH4 a-elimination of methane is the


step with the highest barrier along the most accessible route
for transformation of 2 into imido- and bis ACHTUNGTRENNUNG(amido)-zircono-


Scheme 1.


Scheme 2. Plausible alternative reaction channels for intramolecular hy-
droamination/cyclisation mediated by a charge-neutral zirconocene pre-
catalyst. 4,5-Hexadien-1-yl-amine 1 and [Cp2ZrMe2] compound 2 were
chosen as archetypical terminal aminoallene substrate and precatalyst,
ACHTUNGTRENNUNGrespectively.
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cenes. The computed free energy of activation of 33.3 kcal
mol�1 (Scheme 3) agrees well with the measured rate con-
stant for a similar zirconocene transformation.[21]


The bis ACHTUNGTRENNUNG(amido)-Zr complex 3B is found to be the most
stable of all compounds participating in plausible precatalyst
transformation steps. Its formation is driven by a substantial
thermodynamic force of 44.2 kcalmol�1, hence 2 is trans-
formed initially into 3B almost quantitatively. It has been
demonstrated experimentally that stable bis ACHTUNGTRENNUNG(amido)-zircono-
cenes undergo a reversible transformation into [Cp2Zr=NR]
intermediates through the a-abstraction of amine.[19] This


equilibrium is far to the left, but its kinetics have not been
communicated. Indeed, the imido-zirconocene substrate
adduct 3A-S is found to be 14.2 kcalmol�1 higher in free
energy than 3B and the substrate free 3A’ is 23.3 kcalmol�1


above, thereby indicating that 3A’ is a transient species.[22]


However, a substantial barrier of 32.6 kcalmol�1 (DG� for
3BQ3A-SQ3A’+1, Scheme 3) is associated with the trans-
formation of the abundant [Cp2ZrACHTUNGTRENNUNG(NHR)2] complex into
[Cp2Zr=NR] intermediates.


Reaction channel proceeding through the [Cp2Zr ACHTUNGTRENNUNG(NHR)2]
complex : Scheme 4 shows a plausible catalytic cycle pro-
ceeding through the [Cp2Zr ACHTUNGTRENNUNG(NHR)2] compound 3B. Inser-
tion of an allenic C=C linkage into a Zr�NHR s-bond gives
rise to five- and six-membered azacyclic intermediates 4B
and 5B bearing a functionalised tether, following 5-exo and
6-endo paths, respectively. The azacycle of the 6-endo cycli-
sation intermediate can interact with the Zr centre through
its N-donor functionality (5B) or by an allylic interaction
(5B’). These forms are likely to be readily interconvertible,
that is 5BQ5B’. The successive transfer of a proton from
the second amidoallene unit in 4B and 5BQ5B’ yields first
cycloamine-imido-Zr compounds 7B and 10B, 11B. Alter-
natively, protonolysis by 1 generates cycloamine-bis ACHTUNGTRENNUNG(amido)-
Zr compounds 6B and 8B, 9B (Scheme 7).[23] Intramolecu-
lar proton transfer onto the C6 centre in 4B furnishes first
7B, from which 1 liberates 2-vinyl-pyrroline P10, thereby
completing the catalytic cycle by regenerating 3B via 3A-S.
The alternative protonolysis of the Zr�C6 bond in 4B by 1
affords 6B from which P10 is readily released to rebuild 3B.
The regioisomeric paths for intramolecular protonation at
C5 and C7 centres in 5BQ5B’ lead initially to 2-methylenepi-
peridine P12 and 6-methyl-1,2,3,4-tetrahydropyridine P11 by
passing through 11B and 10B, respectively. Other plausible


Scheme 3. Condensed free-energy profile for conversion of precatalyst 2
into [Cp2Zr=NR] and [Cp2Zr ACHTUNGTRENNUNG(NHR)2] compounds.


[18]


Scheme 4. Reaction channel proceeding through the bis ACHTUNGTRENNUNG(amido)-zirconocene complex 3B in aminoallene IHC to afford functionalised five- and six-mem-
bered azacycles, based on experimental[5b,11,13] and computational[12] mechanistic studies.[23]
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pathways via cycloamine-bis ACHTUNGTRENNUNG(amido)-Zr intermediates (8B,
9B, Scheme 7) have been omitted for the sake of clarity. Cy-
cloamines P11 and P12 are subsequently converted into the
thermodynamically favourable 2-methyl-3,4,5,6-tetrahydro-
pyridine P11’ through a 1,3-hy-
drogen shift.


Intramolecular cyclisation :
After precatalyst 2 is quantita-
tively transformed into 3B,
C�N bond formation through
intramolecular addition of an
allenic C=C linkage across the
Zr�NHR s-bond is the first
step of the catalytic cycle. The
bis ACHTUNGTRENNUNG(amido)-Zr complex 3B pre-
fers to have two monohapto
amidoallene units. Other forms
in which I) one or both ami-
doallene groups are linked to
Zr in a chelating fashion
through nitrogen and an allenic
double bond, or II) a substrate
adduct could not be located.
This is understandable, because
the suitable orbitals are in-
volved in bonding to the two
strong p-donating amido
groups,[24] a state which is much
preferred to an allenic double
bond or amine molecule.
Two trajectories are conceiv-


able for cyclisation
(Scheme 5);[25] firstly, the frontal approach of the C=C
double bond along the ring-centroid-Zr-ring-centroid bisec-
tor, and secondly, the lateral approach along the perpendic-
ular to the ring-centroid-Zr-ring-centroid plane. Ring clo-
sure along the exocyclic pathway is found to proceed exclu-
sively by the lateral approach, whereas the two trajectories
towards the six-membered azacycle are almost degenerate
energetically (Table S1 and Figure S1 in the Supporting
Information). Unfavourable interactions between the azacy-
cleFs vinyl tether and the second amido ligand together with
the trans disposition of two nitrogen donor centres are seen
to disfavour transition state (TS) TS ACHTUNGTRENNUNG[3B-4B] along the fron-
tal approach (Figure S1 in the Supporting Information). The
following discussion will thus concentrate on the lateral ap-
proach for the regioisomeric 5-exo and 6-endo pathways.


These are characterised structurally in Figure 1, whereas the
energy profiles are collated in Table 1.
Cyclisation proceeds through a chair-like transition-state


structures occurring at a distance of 2.14J for the emerging


C�N bond in TS ACHTUNGTRENNUNG[3B-4B] and somewhat later at 1.92J in
TS ACHTUNGTRENNUNG[3B-5B], which appears more product-like. Ring closure
in 3B does not benefit from the stabilisation of the TS struc-
ture by an azacyleFs vinyl tether (5-exo) or allylic functional-
ity (6-endo) that is closely attached to Zr, as discovered pre-
viously for a cationic [Cp2Zr�NHR]+ complex.[12] Similarly,
this is prevented on electronic grounds by the presence of a
strong p-donating amido spectator ligand. As a result, intra-
molecular cyclisation in 3B is kinetically challenging and
has a barrier of 29.2 kcalmol�1 (DG�) for the favoured 6-
endo pathway.
Following this pathway further leads initially to 5B, in


which the azacycle interacts with Zr through its N-donor


Figure 1. Selected structural parameters [J] of the optimised structures of key stationary points for 5-exo (top)
and 6-endo (bottom) cyclisation of 3B. The cut-off for drawing Zr�C bonds was arbitrarily set to 2.8 J. Note
that the amidoallene units are displayed in a truncated fashion for several of the species.


Table 1. Enthalpies and free energies of activation and reaction for cycli-
sation of 3B through regioisomeric 5-exo and 6-endo pathways.[a–c]


Cyclisation pathway Precursor TS Product[d]


5-exo 0.0/0.0 (3B) 35.4/36.6 4.3/5.8 ACHTUNGTRENNUNG(4B)
6-endo 0.0/0.0 (3B) 27.4/29.2 �2.4/�0.6 ACHTUNGTRENNUNG(5B)


�13.6/�11.8 ACHTUNGTRENNUNG(5B’)


[a] See Scheme 4. [b] Enthalpies and free energies of activation (DH�/
DG�) and reaction (DH/DG) are given in kilocalories per mole; the num-
bers in italic type are the Gibbs free energies. [c] The most accessible
paths are referred to. See also Table S1. [d] See the text (or Figure 1 and
S1) for a description of the azacyclic intermediates.


Scheme 5.
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and allylic C7 centres. Transient species 5B transforms readi-
ly into the more stable 5B’, which has the azacycle coordi-
nated exclusively by its allylic C7 centre to Zr (Figure 1).
Several modes are conceivable for an allylic azacycle liga-
tion. It comes as no surprise that an h1-C7-allylic interaction
is favoured versus an h3-allylic ligation by 9.2 kcalmol�1 in
the presence of the second amido ligand. All these forms
are supposedly in a dynamic equilibrium.[26] The 3B!5B’
cyclisation is driven by a thermodynamic force of �11.8 kcal
mol�1 and is therefore likely to proceed in an irreversible
fashion. On the other hand, exocyclic 3B!4B ring closure
is endergonic (DG=5.8 kcalmol�1) and is connected with a
free-energy of activation that amounts to 36.6 kcalmol�1


(Table 1). The most stable form of 4B sees the azacycle
bound to Zr exclusively by its vinylic C6 centre, whereas an-
other form, which has the azacycle ligated by its N-donor
centre and a somewhat more distant C5 centre, is slightly
higher in energy (DG=1.6 kcalmol�1, Table S1 in the Sup-
porting Information).
To summarise, ring closure in 3B is kinetically demanding


and connected with a substantial barrier of 29.2 kcalmol�1


(DG�) for the most accessible 6-endo pathway. DFT predicts
that this pathway should be traversed almost exclusively, as
the rival exocyclic pathway is kinetically impeded (DDG�


gap of 7.4 kcalmol�1). Thermodynamic grounds also favour
the generation of the six-membered azacycle, which occurs
in an irreversible fashion.


Protonolysis of azacyclic intermediates : Protonation of the
azacyclic unit in 4B and 5BQ5B’ is encountered next in the
course of the reaction. Various conceivable pathways have
been critically explored (Scheme 4). The most accessible
pathways, which are likely to be traversed in the catalytic
process, are discussed in this section, whereas the full ac-
count of structural (Figures S2–S8) and energetic aspects
(Table S2) of all the examined pathways is included in the
Supporting Information.


Intermediate 4B : Considering firstly the protonolytic cleav-
age of the Zr�C6 bond in 4B by the substrate, the initial
uptake of a substrate molecule leads to adduct 4B-S, which
has the amine rather loosely attached to Zr (Figure S2 in
the Supporting Information). Amine association is facile,[20]


but again, disfavoured in competition with the more strongly
bound amido and azacycle ligands; hence 4B-S is uphill in
enthalpy and free energy relative to {4B+1} (Table 2).
Proton transfer onto the C6 centre of the azacycleFs tether
evolves through a TS structure constituting the simultaneous
N�H bond cleavage and C�H bond formation. This process
requires a free energy of activation of 32.3 kcalmol�1


(Table 2) and has an associated negative activation entropy
of �20.0 calmol�1 K�1 with respect to the entrance channel
{4B+1}. Continuing further on this pathway leads to the
liberation of cycloamine P10, thereby regenerating 3B. This
may well involve the transient cycloamine-bisACHTUNGTRENNUNG(amido)-Zr
species 6B, which has the pyrrolidine weakly bond by its N-
donor centre (Figure S2 in the Supporting Information). In-


Table 2. Enthalpies and free energies of activation and reaction for protonolysis of the azacycle-amido-Zr intermediates 4B and 5B’ to afford cyclo-
amine-bis ACHTUNGTRENNUNG(amido)-Zr compounds 6B, 8B, 9B or cycloamine-imido-Zr compounds 7B, 10B, 11B through various pathways for proton transfer.[a-c]


Proton transfer pathway[d] 4B/5B’-S[e] TS Product[e]


H transfer onto C6 of 4B 2-vinyl-pyrrolidine
4B+1!6B 9.4/15.4 (4B-S) 26.4/32.3 0.9/6.5 (6B)
4B!7B 30.0/29.6 -1.4/-2.8 (7B)


H transfer onto C7 of 5B’ 6-methyl-tetrahydropyridine
5B’+1!8B 21.6/27.5 (5B’-S)[g] 27.4/34.3[g] –/– (8B)[h]


5B’!10B 27.8/28.1[g] 11.9/10.4 (10B)[g]


H transfer onto C5 of 5B’ 2-methylene-piperidine
5B’+1!9B 10.6/16.5 (5B’-S)[f] 22.1/29.2[f] 9.6/15.1 (9B)[f]


5B’!11B 23.6/23.7[f] 10.6/9.7 (11B)[f]


Aminoallene substrate-assisted process[I]


Proton transfer pathway[d] TS
H transfer onto C6 of 4B


4B+1!6B 38.9/50.3
4B!7B 32.0/36.9


H transfer onto C7 of 5B’
5B’+1!8B 36.0/47.4[g]


5B’!10B 28.7/34.5[g]


H transfer onto C5 of 5B’
5B’+1!9B 28.2/41.1[f]


5B’!11B 23.5/28.7[f]


[a] See Scheme 4. [b] The activation barriers and reaction energies are given relative to the most stable form of the respective precursor species. [c] En-
thalpies and free energies of activation (DH�/DG�) and reaction (DH/DG) are given in kilocalories per mole; the numbers in italic type are the Gibbs
free energies. [d] The most accessible pathways are referred to. See also Table S2. [e] See the text (or Figure S2, S5) for description of the various isomers
of amine adducts 4B-S, 5B’-S, and of the cycloamine-bis ACHTUNGTRENNUNG(amido)-Zr (6B, 8B, 9B) or cycloamine-imido-Zr (7B, 10B, 11B) product species. [f] The azacy-
cle moiety is attached to Zr by its C7 centre. [g] The azacycle moiety is attached to Zr by its C5 centre. [h]All attempts to locate this species were unsuc-
cessful. [i] The proton transfer has been studied in the presence of an additional methylamine (MeNH2, S’) model substrate acting as a mediating
“proton shuttle”. Total barriers and reaction energies are relative to {4B+1+MeNH2} and {5B’+1+MeNH2}, respectively.
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termediate 6B decays afterwards almost instantaneously[20]


into 3B+P10 (DG=�28.5 kcalmol�1), thus driving the
overall 4B+1!3B+P10 protonolysis step strongly down-
hill.
Another proton transfer path without explicit amine par-


ticipation is examined next and its key stationary points are
shown in Figure 2. It can commence from the two isomers


of 4B generated through frontal and lateral cyclisation tra-
jectories (see above). The most accessible pathway engages
the former isomer (Table S2, Figure S3 in the Supporting In-
formation), whereas cyclisation proceeds preferably through
the lateral trajectory (see above). Accordingly, the two iso-
mers of 4B must interconvert prior to proton transfer,
which is effectively realised through a kinetically less de-
manding rotation about the Zr�C6 bond (Scheme 6).[27]


Following the minimum energy pathway to commence
from 4B, the C6 carbon to be protonated becomes displaced
from the immediate proximity of the metal upon traversing
through the transition state. TS ACHTUNGTRENNUNG[4B-7B] features the transfer
of an amido a-proton onto the vinylic tether that is accom-
panied by a partial amido!imido conversion and is stabi-
lised by a closely attached azacycle by its N-donor centre
(Figure 2). Decay of the transition state first leads to the
cycloamine-imido-Zr compound 7B, from which incoming 1
liberates pyrrolidine P10 in a kinetically facile,[20] exergonic
step (DG=�19.2 kcalmol�1). The initially regenerated 3A-S
is then converted into 3B through an a-abstraction pathway
(Scheme 3).


The activation enthalpy for 4B!7B is somewhat larger
when compared with 4B+1!6B (Table 2). However, in
contrast to the latter bimolecular step, the 4B!7B pathway
is not handicapped by the entropy costs for substrate partici-
pation. Hence, the amido a-proton abstraction (4B!7B,
DG� =29.6 kcalmol�1) is the dominant path for protonolysis
of 4B to generate allylcycloamine P10.


A possible role of substrate
has been gauged by employing
methylamine as model substrate
(S’). Given the already dis-
cussed electronic structure of
the studied zirconocene com-
pounds, it is rather unlikely that
additional amine molecules can
stabilise the metal centre by its
association. In a more probable
scenario, the amine may act in-
stead as a mediating agent.[28]


The associated TS structures
feature the simultaneous proto-
nation/deprotonation of an ex-
ternal molecule S’ bearing a for-
mally quaternary nitrogen
centre and reveal a concerted,
but asynchronous proton trans-
fer (Figure S6 in the Supporting


Information). Considering the 4B+1!6B and 4B!7B
pathways, the located transition states TS[4B-S-6B-S’] and
TS ACHTUNGTRENNUNG[4B-7B-S’] are higher in enthalpy than {TSACHTUNGTRENNUNG[4B-S-6B]+S’}
and {TS ACHTUNGTRENNUNG[4B-7B]+S’}, respectively, and even more so in free
energy. It may thus be concluded that excess amine acting
as a “proton shuttle” is unlikely to accelerate the protonoly-
sis of 4B.


Intermediates 5BQ5B’: The 5BQ5B’ forms of the 6-endo
azacyclic intermediate can be equally envisaged as precursor
for the protonolysis step. Alternative pathways, with or
without amine involvement, have been scrutinised and indi-
cate that the most accessible pathways commence from the
more stable 5B’ with a monohaptic allylic ligation of the
azacycle. There is a preference for a h1-C7-azacycle ligation
over the h1-C5-azacycle-Zr form (DG=10.4 kcalmol�1), both
of which are readily interconvertible.[26] The same order of
stability is preserved in the substrate adduct 5B’-S, which,
comparable to 4B-S, are transient species.
Several trajectories are conceivable for protonation of the


azacycle, of which the following have been examined
(Scheme 7): I) Protonolysis at the allylic h1-azacycle-Zr
bond and II) protonation at the remote allylic carbon that is
opposite to the allylic h1-azacycle-Zr linkage. Protonation of
the azacycle, whereas it is bound by its N-donor centre, de-
scribes a third alternative.[29] The most accessible pathway
evolves through a TS structure featuring proton transfer
onto the unbound allylic centre and the azacycle is linked to
Zr by its opposite allylic carbon (Table S2, Figures S4 and
S5 in the Supporting Information). Hence, protonation at C7


and C5 carbons of 5B’ proceeds through TS structures


Figure 2. Selected structural parameters [J] of the optimised structures of key stationary points for proton
transfer in azacycle-amido-Zr intermediate 4B to afford cycloamine-imido-Zr compound 7B. The cut-off for
drawing Zr�C bonds was arbitrarily set to 2.8 J. Note that the amido/imidoallene unit is displayed in a trun-
cated fashion for several of the species.


Scheme 6.
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having the azacycle h1-coordinated at C5 and C7 centres, re-
spectively, thereby taking advantage of the stabilising influ-
ence of the bound azacycle. This preference for the various
trajectories holds true irrespective of whether amine (5B’+
1!8B/9B) or the amido group (5B’!10B/11B) serves as
the proton source (Table S2 in
the Supporting Information).
Similar to the findings for


4B, a-proton abstraction from
the amido group is the kineti-
cally advantageous scenario
against azacycle aminolysis. As
revealed from Figure 3, the lo-
cated TS structures for regioi-
someric 5B’!10B and 5B’!
11B pathways bear structural
similarity to its counterpart
discussed in the previous sec-
tion for 4B (Figure 2), featur-
ing proton transfer onto the
unbound allylic carbon togeth-
er with a partially accom-
plished amido!imido trans-
formation. The 5B’!11B
proton transfer onto the C5


carbon appears as the most ac-
cessible of the various exam-
ined pathways with a comput-
ed free energy of activation of
23.7 kcalmol�1. On the other
hand, protonation at the C7


centre to preferably proceed through 5B’!10B is kinetical-
ly less feasible (DG� =28.1 kcalmol�1, Table 2). Hence, DFT
predicts that 5B’!11B is predominantly traversed along the
endocyclic branch, initially giving rise to P12 in an overall
exergonic step (DG=�13.4 kcalmol�1 for 5B’!11B to be
followed by 11B+1!3B+P12). Piperidine P12 is subse-
quently converted into the more stable cycloimine P11’ by a
1,3-hydrogen shift (DG=�5.7 kcalmol�1).[30]
With regards to the possible supportive effect of additive


amine a scenario similar to that discussed above for 4B has
been assessed, in which model substrate S’ is functioning as
a proton shuttle. The examination of the various pathways
and trajectories revealed that the associated TS structures
are not stabilised by an external S’ moiety at the free energy
surface in either case (Table 2 and S2). Hence, added amine
substrate does not appear to accelerate any of these path-
ways, which conforms to the findings for 4B, and is there-
fore unlikely to assist the protonolysis of either 4B or
5BQ5B’.


Free-energy profile : The condensed Gibbs free-energy
profile, considering only viable pathways for relevant steps
of the tentative catalytic cycle (Scheme 4) is displayed in
Scheme 8. The following conclusions can be drawn: I) The
[Cp2Zr ACHTUNGTRENNUNG(NHR)2] complex 3B bearing two h1-amido groups is
the catalytically active species that undergoes intramolecular
insertion of an allenic C=C linkage into the Zr�NHR s-
bond. This complex represents the resting state of the cycle.
II) Ring closure evolves through a chairlike TS structure for
both regioisomeric pathways, which is not stabilised by close
interactions between the unsaturated azacycleFs tether func-
tionality and Zr. Cyclisation in 3B is kinetically demanding


Scheme 7.


Figure 3. Selected structural parameters [J] of the optimised structures of key stationary points for proton
transfer in azacycle-amido-Zr intermediate 5B’ to afford cycloamine-imido-Zr compounds 10B, 11B. See
Table S2 for the energetics. The cut-off for drawing Zr�C bonds was arbitrarily set to 2.8 J. Note that the
amido/imidoallene unit is displayed in a truncated fashion for several of the species.
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and excess substrate does not appear to assist this step. A
free energy barrier of 29.2 kcalmol�1 is computed for the
preferred endocyclic pathway that furnishes 5B’ in an over-
all exergonic process. III) a-Proton abstraction from the
amido group is revealed as the dominant path for protonoly-
sis of azacyclic intermediates 4B and 5B’. It proceeds
through a TS structure featuring the concomitant amido N�
H bond cleavage and C�H bond formation. External amine
molecules acting as a mediating agent are not likely to ac-
celerate the proton transfer step. Pyrrolidine P10 is generat-
ed preferably by protonation at the vinylic C6 centre of 4B
following the 4B!7B(+1)!3A-S+P10!3B ACHTUNGTRENNUNG(+P10) path-
way. Proton transfer onto the allylic C5 carbon is most acces-
sible for 5B’ initially giving rise to P12 along 5B’!11B
(+1)!3A-S+P12!3B ACHTUNGTRENNUNG(+P12). Piperidine P12 is readily
converted afterwards into cycloimine P11’. IV) The reaction
branch that commences with 6-endo cyclisation sees the
highest barrier for ring closure (DG� =29.2 kcalmol�1),
whereas protonolysis is indicated to be more facile (DG� =


23.7 kcalmol�1). On the other hand, the computed total bar-
rier (i.e. relative to 3B) for cyclisation and protonation are
of comparable magnitude along the branch that leads to
P10. This, however, is of little relevance in further mechanis-
tic discussions, since this branch is likely to remain almost
closed throughout (see below). V)Accordingly, ring closure
occurring in the thermodynamically prevalent 3B is turn-
over limiting.


Elucidation of the regioselectivi-
ty : Within the mechanistic sce-
nario analysed thus far, C=C in-
sertion into the Zr�N s-bond is
the rate-limiting step that also
controls the regioselectivity.
Scheme 8 shows that the pro-
pensity of 3B to undergo cycli-
sation following 5-exo and 6-
endo pathways is distinctly dif-
ferent. The latter is favourable
on both thermodynamic and ki-
netic grounds. Considering the
computed kinetic gap of
7.4 kcalmol�1 (DDG�), the exo-
cyclic pathway appears to be ki-
netically prevented, thereby re-
maining inaccessible throughout
the process, which therefore
should proceed through the 6-
endo pathway almost exclusive-
ly.[31] Accordingly, DFT predicts
cycloimine P12 as the sole
product generated along the re-
action channel that employs 3B
as the catalytically active spe-
cies.


Reaction channel proceeding
through the [Cp2Zr=NR] inter-


mediate : The reaction cycle involving the [Cp2Zr=NR] inter-
mediate 3A’ as catalytically active species is shown in
Scheme 9. It comprises accessible pathways for all relevant
steps that have been recently identified by computational
examination.[17] Commencing from 3A’, an allenic C=C link-
age adds across the Zr=NR bond through a [2+2] cycload-
dition reaction. Ring closure can proceed through regioiso-
meric 5-exo and 6-endo paths, thereby affording azazircona-
cyclobutane intermediates 4A and 5A carrying five- and
six-membered rings, respectively. Protonolytic cleavage of
the metallacycle unit in 4A and 5A by 1 generates azacycle-
amido-Zr compounds 6A–9A following various pathways.
Subsequent proton transfer from the amido-Zr unit onto the
azacyle leads to cycloamine-imido-Zr complexes 10A–12A,
from which cycloamines P10–P12 are liberated to regener-
ate 3A-SQ3A’+1 and complete the cycle. Formation of
allylcycloamine P10 occurs preferably through protonolytic
cleavage of the Zr�C6 bond in 4A, followed by a-hydrogen
elimination.[17] The dominant route for the six-membered cy-
cloimine involves protonolysis of the cyclobutane unit in 5A
at the Zr�N bond and subsequent proton transfer onto the
azacycleFs C5 centre.[17] This leads initially to P12, which is
likely to be readily transformed into the thermodynamically
more stable P11’.


Free-energy profile : This reaction channel has been previ-
ously scrutinised in a detailed manner,[17] and its free energy


Scheme 8. Condensed Gibbs free-energy profile of the intramolecular hydroamination/cyclisation of 1 mediat-
ed by 2 to proceed through the [Cp2ZrACHTUNGTRENNUNG(NHR)2] complex 3B. Note that 3BQ3A-S has a free energy of activa-
tion of 32.6 kcalmol�1 (Scheme 3). The most accessible pathways for individual steps are drawn by solid lines,
whereas some alternative, but less favourable pathways are represented by dashed lines.
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profile is shown in Scheme 10.[18] Important mechanistic con-
clusions derived from this Scheme are briefly summarised
here. I) Transient species 3A’ is the catalytically active spe-
cies that directly undergoes [2+


2] cycloaddition. II) Ring clo-
sure has small intrinsic barriers
of comparable magnitude asso-
ciated to 5-exo- and 6-endo
pathways, thereby indicating it
as a highly facile process.
III) The stepwise protonation
of azazirconacyclobutane inter-
mediates 4A and 5A is sub-
stantially slower when com-
pared with cycloaddition. The
first protonolytic cleavage of
the azazirconacyclobutane unit
is less demanding kinetically
than the second protonation
step. Excess substrate appears
to accelerate the favourable
pathways of the second step.
IV) The most accessible route
for generation of the five-mem-
bered allylamine involves 4A+


1!6A protonolytic metallacy-
cle cleavage at the Zr�C6 bond
and subsequent 6A!10A (+
1)!3A-S+P10 a-proton elimi-
nation. On the other hand, pro-
tonolysis of 5A at the Zr�N


linkage to be followed by proton transfer onto azacycleFs C5


centre in 9A is the dominant path towards the six-mem-
bered imine (5A+1!9A!12A(+1)!3A-S+P12QP11’).


Scheme 9. Reaction channel proceeding through the imido-zirconocene intermediate 3A’ in aminoallene IHC to afford functionalised five- and six-mem-
bered azacycles, based on experimental[2b,6,8,9a] and computational[10,17] mechanistic studies.[32]


Scheme 10. Condensed Gibbs free-energy profile of the intramolecular hydroamination/cyclisation of 1 mediat-
ed by 2 to proceed through the [Cp2Zr=NR] intermediate 3A’. Note that 3A-SQ3B has a free-energy barrier
of 18.4 kcalmol�1 (Scheme 3). Only the most accessible pathways for individual steps are included, whereas al-
ternative, but less favourable pathways are omitted for the sake of clarity. See ref.[17] for full details.
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V) Effective catalysis entails the conversion of the dormant
complex 3B first into the highly reactive, transient species
3A’. The 3BQ3A-SQ3A’+1 transformation is turnover
limiting (DG� =32.6 kcalmol�1, Scheme 3) and 3A’, which
immediately undergoes cycloaddition, becomes regenerated
after each successful loop through the cycle. This scenario is
similar to the mechanism established for the Zr-catalysed in-
termolecular hydroamination of alkynes and allenes with
primary amines.[8] The kinetically most demanding step of
the productive cycle (i.e., 9A!12A along the predominant-
ly traversed branch) has a somewhat lower barrier (DG� =


28.8 kcalmol�1, Scheme 10).


Elucidation of the regioselectivity : The two branches towards
generation of five-ring and six-ring cycloamines are linked
together by the [2+2] cycloaddition, but proceed independ-
ently afterwards. Consequently, this step regulates the regio-
selective outcome. Ring closure is highly facile and has a
small intrinsic barrier of 2.0 and 3.1 kcalmol�1 for 5-exo and
6-endo pathways, respectively. This disparity would indicate
that P10 is the predominant product together with a minor
proportion of P11’.[33] It relies, however, on the circumstance
that both pathways are driven by a comparable thermody-
namic force, which turns out not to be the case. Ring closure
along 3A’!5A is strongly downhill and hence irreversible
(Scheme 10). On the other hand, 4A is formed in a less ex-
ergonic process and its consumption (4A+1!6A) has a
comparable, but somewhat higher barrier than 4A!3A’ cy-
clorevision. In contrast to irreversible 6-endo ring closure,
the 5-exo pathway is reversible. The kinetic model shown in
Scheme 11 is employed for the assessment of the regioselec-
tivity. It predicts that P11’ is prevalent and is together with
P10 among the reaction prod-
ucts in a 61:39 ratio.[34]


Comparison of alternative reac-
tion channels : Below is a sum-
mary of the prominent features
of the rival IHC routes that are
revealed from the mechanistic
analysis thus far (Scheme 12).
The channel proceeding


through the [Cp2Zr=NR] inter-
mediate entails first the conver-
sion of dormant 3B into highly
reactive, transient 3A’ to tra-
verse the cycle. The 3BQ3A-
SQ3A’+1 transformation is
turnover limiting and 3B must
be considered as the catalyst
resting state. Protonolysis is the
kinetically most demanding
step (kprot<k’prot) in the produc-
tive cycle, whereas [2+2] cyclo-
addition (kclos) is highly facile.
Kinetic analysis, assuming all
steps to be reversible, with the


exception of irreversible cycloaddition and product expul-
sion (see Scheme 10) and applying steady-state concentra-
tions[35] for 3A-S, 3A’, 5A, 9A and 12A yields a rate law
(n~ [3B][1]�1),[34] which predicts first-order and inverse first-
order dependence in [3B] and substrate concentration. This
channel can thus display a rate increase at low substrate
concentration and a rate decrease at high substrate concen-
tration, owing to acceleration and inhibition of [Cp2Zr=NR]
formation via 3BQ3A-SQ3A’+1, respectively.
The rival route that involves the [Cp2ZrACHTUNGTRENNUNG(NHR)2] complex


3B as the catalytically active species features turnover-limit-
ing C=C insertion into the Zr�C s-bond of 3B, which repre-
sents the catalyst resting state. On the other hand, protonol-
ysis is the more facile step in this case. This scenario is de-
scribed by a simple rate law (n~ [3B]),[34] and accordingly
substrate concentration is unlikely to influence the rate.
The likelihood of traversing the competing routes under a


true catalytic regime is dictated by its associated turnover
frequency. The TOF of a steady state catalytic system is de-
termined by the free-energy span dGmax (with r~
exp(�dGmax/RT)) between the highest energy transition


Scheme 11. Kinetic Scheme for the prediction of the regioselectivity for
the reaction channel that proceeds through the [Cp2Zr=NR] intermediate
3A’.


Scheme 12. Rival IHC routes revealed by mechanistic analysis.
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state and the most stable intermediate preceding it.[36] An
efficient process should display the smallest possible value
for dGmax. We apply this concept to the free-energy profiles
shown in Scheme 8 and 10 following a recently reported
procedure.[37] The [Cp2Zr=NR] cycloaddition route has a
free-energy span of 32.6 kcalmol�1 (between TS ACHTUNGTRENNUNG[3B-3A-S]
and 3B), whereas dGmax amounts to 29.2 kcalmol�1 (be-
tween TS ACHTUNGTRENNUNG[3B-5B] and 3B) for the [Cp2Zr ACHTUNGTRENNUNG(NHR)2] s-bond
insertion route. The small disparity in dGmax renders any
firm conclusion about which of the routes is operative diffi-
cult to make. It does, however, indicate that the two routes
are energetically very similar, and therefore equally viable
for the type of hydroamination catalysis studied here, such
that neither mechanism can be discarded a priori from a
mechanistic analysis.
The IHC of 1 by 2 has been reported to furnish cyclo-


imine P11’ predominantly together with allylamine P10 as a
minor product.[15b] This is consistent with the characteristics
of the [Cp2Zr=NR] cycloaddition route (see above). The
computationally predicted 61:39 composition of P11’:P10
products compares favourably with the observed 84:16 ratio
(Scheme 1). On the other hand, P11’ should be generated as
the sole product through the s-bond insertion route.[31] This
leads one to conclude that the Zr=N [2+2] cycloaddition
route involving the [Cp2Zr=NR] intermediate 3A’ is most
probably traversed in the IHC of aminoallene 1 by
[Cp2ZrMe2] precatalyst 2. The Zr�N s-bond insertion path-
way appears not to be employed in the present case, but is
clearly indicated as a viable mechanism for IHC of various
unsaturated carbon�carbon linkages mediated by neutral or-
ganozirconium compounds and can perhaps be favourable
in other cases. The delicate balance discovered between the
alternative routes can be significantly influenced by the
nature of the unsaturated carbon�carbon functionality, the
size and accessibility of the Group 4 metal, the electronic
and steric properties of spectator ligands and, of course, the
substitution pattern at the nitrogen centre. These aspects
will be the subject of further exploration.


Concluding Remarks


Presented herein is a computational study of alternative re-
action channels for intramolecular hydroamination/cyclisa-
tion (IHC) of a prototypical primary aminoallene mediated
by a charge neutral zirconocene precatalyst. Firstly, the
route that uses [Cp2Zr ACHTUNGTRENNUNG(NHR)2] as the reactive species, in-
volves the insertion of an allenic C=C linkage into the Zr�
NHR s-bond and subsequent protonolysis, has been ex-
plored and its key features have been defined. This route
has been compared to the [2+2] cycloaddition path pro-
ceeding via an [Cp2Zr=NR] intermediate. The salient fea-
tures of the rival mechanisms are disclosed and critically
compared with experiment. This detailed insight provides a
rationale for the difference in product regioselectivity of the
two mechanisms. The present study is indicative of an oper-
ating [2+2] cycloaddition mechanism, whereas the Zr�N s-


bond insertion mechanism appears not to be employed for
the present case. The mechanistic analysis does, however,
clearly indicate the Zr�N s-bond insertion route is viable
for IHC of amine-tethered unsaturated carbon-carbon link-
ages by charge neutral organozirconium compounds, and
this corroborates recent experimental discoveries.[13,14] Over-
all, the findings disclosed herein provide additional insight
into fundamental aspects of hydroamination mediated by
early metals and may facilitate further advances in this area.


Computational Methods


All DFT calculations were performed by means of the program package
TURBOMOLE[38] using the TPSS density functional[39] within the RI-J
approximation[40] in conjunction with flexible basis sets of triple-z quality.
For Zr we used the Stuttgart–Dresden quasirelativistic effective core po-
tential (SDD) with the associate (8s7p6d)/ ACHTUNGTRENNUNG[6s5p3d] valence basis set
contracted according to a (311111/22111/411) scheme.[41] All other ele-
ments were represented by AhlrichFs valence triple-z TZVP basis set[42]


with polarization functions on all atoms. The good to excellent perfor-
mance of the TPSS functional for a wide range of applications has been
demonstrated previously.[43] The growing string method[44] was employed
for exploring of reaction paths, in which two string fragments (commenc-
ing from reactant and product side, respectively) are grown until the two
fragments join. As this was performed in mass-weighted coordinates, an
approximate to the minimum energy path (MEP) was obtained. This
identified the reactant and product states to be linked to the associated
transition state. The approximate saddle point connected with the MEP
was subjected to an exact localisation of the TS structure. All stationary
points were located by utilizing analytical/numerical gradients/Hessians
according to standard algorithms and were identified exactly by the cur-
vature of the potential-energy surface at these points corresponding to
the eigenvalues of the Hessian. The gas-phase reaction and activation en-
thalpies and free energies (DH, DH� and DG, DG� at 298 K and 1 atm)
were evaluated according to standard textbook procedures[45] by using
computed harmonic frequencies. Enthalpies were reported as DE+zero-
point-energy corrections at 0 K+ thermal-motion corrections at 298 K
and Gibbs free-energies were obtained as DG=DH�TDS at 298 K. The
influence of the solvent was taken into explicit consideration by making
use of a continuum model. The experimentally used benzene solvent[15b]


was described as a homogeneous, isotropic dielectric medium (character-
ised by its relative static dielectric permittivity e=2.247 at 298 K)[46]


within the conductor-like screening model (COSMO) due to Klamt and
SchPPrmann[47] as implemented in TURBOMOLE.[48] Nonelectrostatic
contributions to solvation were not included. The solvation effects were
included self-consistently, and all the key species were fully located with
inclusion of solvation. The solvation enthalpy was approximated by the
difference between the electronic energy computed by using the
COSMO solvation model and the gas-phase energy. The entropy contri-
butions for condensed-phase conditions were estimated on the basis of
the computed gas-phase entropies by employing the procedure of
Wertz.[49] Further details of the computational methodology employed
are given in the Supporting Information. The mechanistic conclusions
drawn in this study were based on the computed Gibbs free-energy pro-
file of the overall reaction for experimental condensed phase conditions.
All the drawings were prepared by employing the StrukEd program.[50]
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step, which is, according to Scheme 3, I1!3A’+CH4.


[22] It should be noted that steric bulk at the nitrogen centre is known
to greatly affect the relative stability of species 3A, 3A’, 3A-S,
3AD, 3B and also the kinetics of a-elimination (see, for instance,
ref. [9a,10]).


[23] Scheme 4 displays plausible protonolysis pathways to furnish cyclo-
amine-bisACHTUNGTRENNUNG(amido)-Zr and cycloamine-imido-Zr intermediates for
4B, whereas the former are omitted for 5BQ5B’ for the sake of
clarity.


[24] J. W. Lauher, R. Hoffmann, J. Am. Chem. Soc. 1976, 98, 1729.
[25] a) M. R. GagnS, L. Brard, V. P. Conticello, M. A. Giardello, C. L.


Stern, T. J. Marks, Organometallics 1992, 11, 2003; b) G. A. Moland-
er, J. A. C. Romero, Chem. Rev. 2002, 102, 2161.


[26] The interconversion of h1-C7-azacycle-Zr and h1-C5-azacycle-Zr iso-
mers of 5B’ proceeds through an h3-allylic intermediate, which has
been examined by a linear-transit approach.


[27] The rotational process has been examined in a linear transit fashion
by varying a dihedral angle about the Zr�C6 bond, which led to an
estimated barrier of 7.4 kcalmol�1.


[28] a) H. M. Senn, P. E. Blçchl, A. Togni, J. Am. Chem. Soc. 2000, 122,
4098; b) S. Ilieva, B. Gabalov, D. G. Musaev, K. Morokuma, H. F.
Schaefer, III, J. Org. Chem. 2003, 68, 1496.


[29] Despite several attempts a transition state could not be located for
this trajectory, but indicated that it would be at high energy, and
therefore unlikely to be involved along the minimum energy path-
way. This again reflects the reduced abilities of the azacycleFs N-
donor centre to compete for coordination with other more strongly
bond ligands.
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[30] The 1,3-hydrogen shift is presumably a viable process. The kinetics
of this process has not been investigated in the present study.


[31] Note that DFT is capable of predicting the relative kinetics of ste-
reoisomeric pathways in high accuracy (that is with a disparity of
less than 1 kcalmol�1). See, for instance , a) S. Tobisch, T. Ziegler, J.
Am. Chem. Soc. 2002, 124, 13290; b) S. Tobisch, Chem. Eur. J. 2003,
9, 1217; c) S. Tobisch, T. Ziegler, J. Am. Chem. Soc. 2004, 126, 9059.
The computed free energy gap of 7.4 kcalmol�1 therefore allows one
to conclude with some confidence that allylamine P10 is not among
the products for the s-bond insertion reaction channel.


[32] Scheme 9 comprises accessible pathways for protonolysis of inter-
mediates 4A and 5A. See ref. [17] for a detailed computational
scrutiny of an almost complete set of alternative pathways for rele-
vant steps in aminoallene IHC.


[33] The assessed DDG� gap of 1.1 kcalmol�1 corresponds to a P10 :P11’
ratio of 86:14 (298.15 K) on application of Maxwell–Boltzmann sta-
tistics.


[34] See the Supporting Information for more details.
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Preparation of a-Aminobenzylphosphonic Acids with a Stereogenic
Quaternary Carbon Atom via Microscopically Configurationally
Stable a-Aminobenzyllithiums


Edyta Kuliszewska, Martin Hanbauer, and Friedrich Hammerschmidt*[a]


Introduction


Proteinogenic and non-proteinogenic amino acids, primarily
the a ones, play vital roles in biological systems. To interfere
with their metabolism and to block biosynthetic pathways, a
variety of analogues have been prepared and tested. As the
phosphonic acid group is considered an isosteric replace-
ment for the carboxyl group and it mimics the tetrahedral
intermediate of reactions of carboxylic acid derivatives, a-
aminophosphonic acids are an attractive group of analogues
for amino acids.[1] Therefore, racemic and preferably chiral,
non-racemic a-aminophosphonic acids and peptides contain-
ing them have been synthesised to address various biological


effects.[2] N-Benzyl a-aminobenzylphosphonic acids were
found to be potent inhibitors of human prostatic acid phos-
phatase.[3] (R)-Phosphatyrosine (the phosphonic acid ana-
logue of l-tyrosine) is a component of naturally occurring
hypotensive tripeptides.[4]


Not surprisingly, the widespread interest in aminophos-
phonic acids gave rise to the development of many methods
for their asymmetric preparation, but a limited number for
quaternary ones. For the first time, enantiomerically pure
quaternary a-aminophosphonic acids were prepared by
chemical resolution of racemic esters by using tartaric acid
or its dibenzoyl derivative as resolving agents.[5a] One abso-
lute configuration was assigned on the basis of a single-crys-
tal X-ray structure analysis.[5b] Methods are known for the
preparation of chiral, non-racemic individual compounds,
such as a-methylphosphaphenylalanine,[6] a-aminocyclopro-
pylphosphonic acids[7] and those obtainable by means of cat-
alytic asymmetric allylation of a-aminophosphonates[8] and
rhodium-catalysed enantioselective Michael addition[9] of di-
ethyl a-cyanoethylphosphonate to vinyl ketones. More gen-


Abstract: The enantiomers of 1-phenyl-
ethylamine were phosphorylated with
diethyl chlorophosphate/Et3N and then
Boc-protected (Boc= tert-butoxycar-
bonyl) at the nitrogen atom. These
phosphoramidates were metalated by
using sBuLi/N,N,N’,N’-tetramethylethy-
lenediamine (TMEDA) to give a-ami-
nobenzyllithiums that isomerised to a-
aminophosphonates in yields of up to
80% with retention of the configura-
tion at the carbon atom. The inter-
mediate tertiary organolithiums were
found to be microscopically configura-
tionally stable from �78 to 0 8C in
Et2O. The protected a-aminophospho-
nates were deblocked by using boiling
6m HCl or preferably


Me3SiBr/ ACHTUNGTRENNUNG(allyl)SiMe3. When the Boc
group was replaced by the diethoxy-
phosphinyl group, the a-aminobenzyl-
lithium intermediate partially enantio-
merised even at �78 8C and rearranged
to yield an a-aminophosphonate with
50% ee (ee=enantiomeric excess).
Similarly, N-Boc-protected phosphor-
ACHTUNGTRENNUNGamidates derived from racemates and/
or enantiomers of 1-(1-naphthyl)ethyl-,
1-indanyl- and 1,2,3,4-tetrahydro-1-
naphthylamine or 1-azidoindan- and 1-
azido-1,2,3,4-tetrahydronaphthalene


were converted to aminophosphonates
in good yields. Deblocking gave a-ami-
nophosphonic acids of excellent enan-
tiomeric excess (97–99%), as deter-
mined by means of HPLC on a chiral
ion-exchange stationary phase based
on quinine carbamate. When racemic
Boc-protected diethyl phosphorami-
date derived from 1,2,3,4-tetrahydro-1-
naphthylamine was metalated with
LiTMP/TMEDA (TMP=2,2,6,6-tetra-
methylpiperidine), 1-hydroxyethylphos-
phonamidates resulted. The configura-
tion of the main isomer was deter-
mined by means of a single-crystal X-
ray structure analysis.


Keywords: aminophosphonic acids ·
carbanions · configurational
stability · lithium · rearrangement


[a] Dr. E. Kuliszewska, Dr. M. Hanbauer, Prof. Dr. F. Hammerschmidt
Department of Organic Chemistry
University of Vienna
WAhringerstrasse 38, 1090 Vienna (Austria)
Fax: (+43)4277-9521
E-mail : friedrich.hammerschmidt@univie.ac.at


Chem. Eur. J. 2008, 14, 8603 – 8614 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 8603


FULL PAPER







erally applicable accesses are based on the diastereoselec-
tive alkylation[10] of homochiral imidazolinylphosphonates
and the highly diastereoselective addition[11] of lithium di-
ethyl phosphite to a-ketosulfinimines.


We have found that N-protected N-benzylphosphorami-
dates undergo a phosphoramidate–a-aminophosphonate re-
arrangement induced by sBuLi or lithium amides at �78 8C
to give chiral, non-racemic a-aminobenzylphosphonates.[12]


The intermediary a-aminocarbanions are in part configura-
tionally stable. These are reminiscent of those obtained by
Beak et al. from N-Boc-protected pyrrolidines (Boc= tert-
butoxycarbonyl) and benzylamines by (�)-sparteine-mediat-
ed lithiation.[13] We reasoned that this method could serve as
a platform for the preparation of quaternary a-aminobenzyl-
phosphonic acids. These are potential inhibitors of the phe-
nylalanine ammonia-lyase.[14]


Results and Discussion


The commercially available (R)-1-phenylethylamine of
96% ee (ee=enantiomeric excess) was selected to study the
feasibility of the approach. It seemed to be convenient to
use a diethoxyphosphinyl group as a protecting group at the
nitrogen atom for the respective phosphoramidate
(Scheme 1). As the phosphorylation could not be performed
in one step, it had to be effected in two.[12] (R)-1-Phenyl-
ACHTUNGTRENNUNGethylamine ((R)-(+)-1a) was phosphorylated first with di-
ethyl chlorophosphate/Et3N and then with lithium
diisopropylACHTUNGTRENNUNGamide (LDA)/diethyl chlorophosphate in THF to
yield the N-protected phosphoramidate (R)-(+)-3, the ana-
lytical sample of which could be obtained only by means of
preparative HPLC. When it was treated with sBuLi/


N,N,N’,N’-tetramethylethylenediamine (TMEDA) in Et2O at
�78 8C, it rearranged smoothly to phosphonate (S)-(�)-6 in
73% yield. To determine its enantiomeric excess, we tried to
deblock the nitrogen atom and react it with a-methoxy-a-
trifluoromethyl phenylacetyl chloride ((S)-MTPACl). Even
harsh conditions (5m HCl, 60 8C; Scheme 2) did not cleave


the very stable N�P bond in (S)-(�)-6. Consequently, all
protecting groups were removed by heating the solution at
reflux in 6m HCl to get the free a-aminophosphonic acid
(S)-(�)-8a to determine its enantiomeric excess by using
HPLC[15] on a chiral stationary phase based on quinine car-
bamate, after pre-column derivatisation with the Sanger re-
agent (2,4-dinitrofluorobenzene) to yield the N-2,4-dinitro-
phenyl (DNP) derivative (S)-9a. Surprisingly, its enantio-
meric excess was found to be 50% compared with 96% for
the starting (R)-1-phenylethylamine. We assigned the S con-
figuration to a-aminophosphonic acid (�)-8a on the basis
that 1) its levorotatory p-methyl and p-nitro analogues have
the S configuration,[11] 2) the binding model for DNP deriva-
tives of chiral a-aminophosphonic acids gives the S configu-
ration[15] for chiral stationary phases based on quinine carba-
mate and 3) migration of the dialkoxyphosphinyl group
from the oxygen or nitrogen atom to the carbon atom fol-
lowed, so far, a retentive course[16] consistently. Evidently,
the intermediate a-aminocarbanion (R)-4 was configuration-
ally unstable and partly enantiomerised (23%) resulting in
phosphonate (S)-(�)-6 with 50% ee, in which the S enantio-
mer predominated. This result, in combination with the tedi-
ous purification of the analytical sample of the starting
phosphoramidate by means of HPLC, convinced us to probe
the N-Boc-protected phosphoramidate next.


Thus, (S)-1-phenylethylamine ((S)-(�)-1a, 98% ee) was
phosphorylated to give phosphoramidate (S)-(�)-2a in 85%
yield, which was metalated at the nitrogen atom with sBuLi
in Et2O at �78 8C. This was followed by addition of Boc2O
and then the reaction mixture was allowed to warm up to
room temperature (Scheme 3). The N-Boc-protected phos-
phoramidate (S)-(�)-10a isolated in 82% yield was metalat-
ed with sBuLi/TMEDA (1.5 equiv) in THF at �78 8C at the
benzylic position to induce a phosphoramidate–a-amino-
phosphonate rearrangement. The reaction mixture was


Scheme 1. Conversion of (R)-1-phenylethylamine to aminophosphonate
(S)-(�)-6.


Scheme 2. Deblocking of quaternary a-aminophosphonate (S)-(�)-6.
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quenched with AcOH after 1 h and worked up by using
standard procedures. The crude product contained a small
amount of phosphoramidate (S)-(�)-2a (determined by
using TLC), formed by deprotection of starting material at
the nitrogen atom with sBuLi, and a-aminophosphonate
(R)-(+)-13a obtained by means of flash chromatography in
80% yield. The free acid (R)-(�)-8a was obtained by fully
deprotecting (R)-13a by heating the solution in 6m HCl at
reflux and purification by means of ion-exchange chroma-
tography using Dowex 50W,H+ as before. The HPLC data
showed it to have 97% ee and to be of the opposite configu-
ration to the a-aminophosphonic acid prepared from the N-
phosphorylated analogue (S)-(�)-6. As the enantiomeric
excess of the starting (R)-1-phenylethylACHTUNGTRENNUNGamine (96% ee) and
that of the phosphonic acid agreed within experimental
error, the dipole-stabilised tertiary intermediate a-amino-
benzyllithium 11a had to be microscopically configurational-
ly stable at �78 8C. We assume that it is a short-lived species
that isomerised with migration of the diethoxyphosphinyl
group from the nitrogen atom to the carbon atom with re-
tention of configuration.


To study the configurational stability of lithium-com-
plexed carbanion 11a, the phosphoramidate–a-amino-
phosphonate rearrangement was also performed in Et2O
and at various temperatures (�78, �30 and 0 8C; Table 1,
which also contains the above-described reaction in THF for
comparison). The isomerisation could be effected nearly
equally well in Et2O and in THF at �78 8C in 45 min. At a
longer reaction time (3 h), side reactions such as removal of
an ethyl group by excess sBuLi from the phosphorus atom
by E2 elimination consumed product. The same effect was
even more pronounced at �30 8C, where the yield doubled
when the reaction time was shortened from 1 h to 10 min.
The rearrangement yielded 59% of phosphonate (R)-(+)-
13a at 0 8C at the very short reaction time of 3 min. In the
latter two cases, the phosphonate was deblocked for the de-
termination of the enantiomeric excess by means of HPLC.


Surprisingly, the enantiomeric excesses for entries 5 and 6
were 97 and 98%, respectively. This result reflects the mi-
croscopic configurational stability of the short-lived a-ami-
nobenzyllithium (S)-11a, even at 0 8C, relative to the dieth-
oxyphosphinyl analogue (R)-4. If the methyl group is re-
placed by a hydrogen atom as reported previously, the re-
spective secondary benzyllithiums were much less configura-
tionally stable.[12] At �78 8C they yielded phosphonates of 4
and 43% ee, respectively. It is well known that a-aminocar-
banions[17] are less stable than a-oxyanions and that the con-
figurational stability increases from secondary to tertiary.


Finally, we tried to secure the absolute configuration of
(R)-(+)-13a by an additional independent method, that is,
by use of 1H NMR spectroscopy of the Mosher amide. Its
Boc group was selectively removed with CF3CO2H and the
amine (R)-(+)-14a was derivatised with (S)-MTPACl[18] to
give amide (R)-(+)-14a·MTPA-(R) (Scheme 4). The
1H NMR spectrum showed four significant resonances, two
strong ones (d=3.45 (q, J ACHTUNGTRENNUNG(H,F)=1.6 Hz; OMe), 2.06 ppm
(d, J ACHTUNGTRENNUNG(H,P)=16.2 Hz; CH3)) and two weak ones (d=3.57 (q,
J ACHTUNGTRENNUNG(H,F)=1.6 Hz; OMe), 2.13 ppm (d, J ACHTUNGTRENNUNG(H,P)=16.2 Hz;
CH3)) in a ratio of 98:2, respectively. This corresponds to an
enantiomeric excess of 96% for the underlying amine (R)-
(+)-14a. When racemic 14a was prepared and derivatised
similarly to the enantiomer, the two sets of signals were of
equal intensity. The determination of absolute configura-
tions of alcohols and amines with a quaternary centre is not
well established and is problematic, especially for the


Scheme 3. Conversion of 1-phenyl- and 1-(1-naphthyl)ethylamines into
quaternary a-aminophosphonic acids 8a,b.


Table 1. Phosphoramidate–a-aminophosphonate rearrangement of (S)-
(�)-10a under various conditions and ee of a-aminophosphonic acid (R)-
(+)-8a.


Entry Solvent[a] T [8C] t Yield of
(R)-13a [%]


ee of
(R)-8a [%]


1 THF �78 1 h 80 98
2 Et2O �78 3 h 65 [b]


3 Et2O �78 45 min 76 [b]


4 Et2O �30 1 h 39 [b]


5 Et2O �30 10 min 75 97
6 Et2O 0 3 min 59 98


[a] sBuLi/TMEDA (1.5 equiv) was used. [b] Not determined.


Scheme 4. Transformation of (R)-13a into (R)-Mosher amide.
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latter.[18] Assuming that the predominant conformations of
the two diastereomeric Mosher amides are A and B
(Scheme 4) with the methyl and the carbonyl groups being
syn periplanar, the methoxy group of the (R)-MTPA portion
should be shielded in A, but deshielded in B, which is in
agreement with the shifts found (d=3.45 vs. 3.57 ppm).
Therefore, this finding also supported the assigned R config-
uration, which necessitates a retentive course for the phos-
phoramidate–a-aminophosphonate rearrangement. On the
other hand, the phosphorus atom is shielded in A, but de-
shielded in B. However, the shift difference is too small to
be of relevance and opposite to expectation (31P NMR:
major diastereomer: d=24.98 ppm, with a shoulder at
24.96 ppm for the minor one).


Similarly, the (R)-1-phenylethylamine ((R)-(+)-1a) and
its racemic and S-configured 1-naphthyl analogue 1b were
converted to the corresponding a-aminophosphonic acids 8a
and 8b (see Scheme 3). The rearrangements were performed
under the optimised conditions, that is, by using sBuLi/
TMEDA in THF at �78 8C. A small amount of the N-Boc-
protected phosphoramidate was deprotected at the nitrogen
atom by removal of Boc. All protecting groups (Boc; ethyl
at the phosphorus atom) could be removed by heating the
solution at reflux in 6m HCl followed by ion-exchange chro-
matography (Dowex 50W,H+) or under milder conditions
using bromotrimethylsilane/allylsilane at 50 8C in 1,2-di-
chloroethane (Scheme 5).[19] After removal of volatile com-


ponents under reduced pressure, hydrolysis of the silyl
esters furnished the free acids 8a,b, which were crystallised
from water. The enantiomeric excesses were determined by
means of HPLC from samples taken from the crude prod-
ucts. The yields of the individual steps and the enantiomeric
excesses of the free acids are compiled in Table 2. The two
steps, the conversion of 2 to 13 via 10, can also be per-
formed as a one-pot reaction in 66% yield.


To show that cyclic benzylic amines can be similarly trans-
formed into a-aminophosphonic acids, we selected 1-indan-
yl- and 1,2,3,4-tetrahydro-1-naphthylamine. In the case of
the 1-indanyl derivatives we demonstrate that the corre-
sponding alcohols can be used as starting materials as well
as the amines. Thus, (� )-1-azidoindan ((� )-15a) prepared


by using Ph3P/diisopropyl azodicarboxylate (DIAD)/HN3
[20]


was treated with triethyl phosphite (Staudinger reaction) in
toluene (Scheme 6). The iminophosphorane (� )-16a was


hydrolysed[21] to give phosphoramidate (� )-19a, which was
protected at the nitrogen atom with a Boc group in high
yield (91%). N-Boc-protected phosphoramidate (� )-17a
was then subjected to the phosphoramidate–a-amino-
phosphonate rearrangement under our standard conditions
(sBuLi/TMEDA/THF/�78 8C) to furnish aminophosphonate
(� )-22a in 54% yield, which was deprotected. The low
yield for the rearrangement, in part caused by removal of
the Boc group, induced us to probe the more bulky isopro-
pyl group as protecting groups at the phosphorus atom in
the optically active series. (S)-1-Indanol (98% ee)[22] was
converted to azide (R)-(+)-15 by using diphenylphosphoryl
azide/1,8-diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU)[23] giving a
higher enantiomeric excess than the Mitsunobu method.
The azide was reacted with triisopropyl phosphite and then
with water to give phosphoramidate (R)-(+)-19b in high
yield. The remaining steps were similar to those with the
racemic compounds. Alternatively, we tried to directly use
the iminophosphorane (R)-16b for the protection at the ni-
trogen atom with Boc by reaction with Boc2O. As the yield
was merely 58% after heating for 72 h at 80 8C, this ap-
proach was abandoned in favour of the method via 19b. The
yield for the rearrangement was only marginally higher
(60%) compared with the ethyl analogue in the racemic
series. The enantiomeric excess of a-aminophosphonic acid
(S)-(+)-23, the first quaternary cyclic one known, was 96%,
which reflects complete inversion of configuration at the
benzylic position for the introduction of the azide group


Scheme 5. Deblocking of N-Boc-protected aminophosphonates 13a,b.


Table 2. Conversion of amines 1a,b into a-aminophosphonic acids 8a,b.


Amine/ee [%] 2/Yield [%] 10/Yield [%] 13/Yield [%] 8/Yield/ee [%]


(R)-1a/96 (R)-2a/96 (R)-10a/96 (S)-13a/79 (S)-8a/74/92
(�)-1b/– (�)-2b/89 (�)-10b/96 (�)-13b/75 (�)-13b/90/–
(S)-1b/99 (S)-2b/90 (S)-10b/95 (R)-13b/61 (R)-13b/53/99


Scheme 6. Conversion of (� )- and (R)-1-azidoindan to a-aminophos-
phonic acids (� )- and (S)-(+)-23.
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(SN2 reaction) and stereospecificity for the rearrangement,
for which we assume a retentive course by analogy to the
open-chain amines.


As the Boc protecting group proved insufficiently stable
towards sBuLi used for metalation, there were two options:
1) replacing it by the lithiocarboxyl group or 2) using a
strong and sterically demanding lithium amide as a base. We
reasoned that the former group should be more stable to al-
kyllithiums than Boc, although possibly less activating for
metalation. Phosphoramidate (� )-19a was lithiated and re-
acted with CO2 to give lithium salt (� )-24 (Scheme 7). Re-
moval of excess CO2 under reduced pressure and addition
of sBuLi/TMEDA to effect rearrangement and workup after
1 h furnished the desired phosphonate (� )-25, but in low
yield (26%).


As we wanted to prepare the a-aminophosphonic acid de-
rived from 1,2,3,4-tetrahydro-1-naphthylamine ((� )-26) as
well, we used LiTMP/TMEDA (TMP=2,2,6,6-tetramethyl-
piperidine) as base and compared it with sBuLi/TMEDA.
The amine was protected to furnish N-Boc-protected phos-
phoramidate (� )-28, which was metalated and rearranged
to give a-aminophosphonate (� )-30 in 38% yield, so far the
lowest for the rearrangement (Scheme 8). To minimise re-
moval of the Boc group, (� )-28 was also metalated with
LiTMP/TMEDA at �78 8C in Et2O and the progress of the
reaction was followed by TLC analyses. As expected, re-
moval of the Boc group was insignificant, but surprisingly
no a-aminophosphonate was formed. Instead, a new spot
appeared, increasing with reaction time. After 4 h the TLC
results obtained from withdrawn samples did not change
any more. The crude product was a complex mixture of
compounds. Flash chromatography furnished starting mate-
rial (37%) and a product (37%), which seemed to be nearly
homogeneous according to the TLC data, but was heteroge-
neous according to the spectroscopy data (1H, 31P NMR).
On the basis of the 31P NMR spectrum, it was determined to
be a mixture of four phosphonamidates (d=34.1, 32.9, 32.5,
and 31.7 ppm) in a ratio of 3:2:27:68. The 1H NMR spec-
trum showed that one of the CH3 groups of the ethyl groups
resonated as a doublet of a doublet (J=7.1, 18.7 Hz), which
indicated a P-CH-CH3 group. The signal of the benzylic


CHN (d=5.20 ppm) was still present. These characteristic
features are in agreement with the tentatively assigned
structures (� )-32a–d of isomeric a-hydroxyphosphonates
with three stereogenic centres. When the sample was kept
for a while, crystals of isomer (� )-32a formed that corre-
sponded to the predominant phosphonamidate in the mix-
ture (d=31.7 ppm). Its 1H and 13C NMR spectrum support-
ed the assignment, but did not give the configuration at the
stereogenic centres. Single-crystal X-ray structure analysis
secured the proposed structure (� )-32a with the relative
configurations (Figure 1, Table 3). Clearly, LiTMP did not
metalate (� )-28 in the position a to the nitrogen atom at
the benzylic position, but instead in the position a to the
oxygen atom at the ethyl group. The a-oxyethyllithium in-
termediates (� )-31a–d isomerised to a-hydroxyphosphon-
amidates (� )-32a–d (phosphate–a-hydroxyphosphonate re-
arrangement). This result shows that the sterically encum-
bered base LiTMP removed the more easily accessible hy-
drogen atom from the methylene group rather than from
the benzylic position, which should be of roughly equal acid-
ity. For the first time, this allows the acidity of hydrogen
atoms in the position a to the oxygen atom in phosphorami-
dates (and phosphates) and in the position a to the nitrogen
atom in N-benzyl phosphoramidates to be estimated. Their
pKa should be about 37, the pKa of 2,2,6,6-tetramethylpiper-
idine.[24] The low yield of (� )-32a–d is very likely caused by
elimination of ethylene from the phosphoramidate (� )-28
by LiTMP, giving water-soluble salts. It was therefore not
surprising that N-alkyl phosphoramidates could not yet be


Scheme 7. Use of N-lithiooxycarbonyl-protected phosphoramidate (� )-
24 for phosphoramidate–a-aminophosphonate rearrangement.


Scheme 8. Conversion of racemic 1,2,3,4-tetrahydro-1-naphthylamine to
a-aminophosphonate (� )-30 and hydroxyphosphonates (� )-32a–d.
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metalated at the position a to the nitrogen atom to get a-
aminophosphonates, because the pKa of the hydrogen atoms
in the position a to the nitrogen atom will be significantly
higher than those in the position a to the oxygen atom.
When the experiment was repeated, except that the temper-
ature was kept between �50 and �45 8C, only 4% of start-
ing material was recovered and the yield (39%) of the mix-
ture of the a-hydroxyphosphonates with minor changes in
their ratio was virtually the same as before (37%). The
higher reaction temperature increased elimination relative
to rearrangement. This reaction could form the basis for the
preparation of optically active a-hydroxyphosphonates start-
ing from phosphoramidates derived from optically active
amines.


To improve the yield for the phosphoramidate–amino-
phosphonate rearrangement in the 1,2,3,4-tetrahydro-1-
naphthylamine series, we switched from the ethyl to the iso-
propyl protecting groups (Scheme 9). The racemic and (S)-
1-tetralol[22] 33 were first converted in high yield via azides
34 into phosphoramidates 35 and then into N-Boc-protected
amides 36. Base-induced rearrangement furnished a-amino-
phosphonates 37 in acceptable yields of 59 and 53%, respec-
tively. Complete removal of protecting groups gave the free
a-aminophosphonic acids (� )- and (S)-(�)-38, the latter
with an enantiomeric excess of 97% as determined by using
HPLC after pre-column derivatisation with the Sanger re-
agent. The configuration was assigned on the basis of assum-
ing retention for the rearrangement.


Conclusion


We have shown that secondary benzylic amines and azides
can be transformed easily first into N-benzyl phosphorami-
dates and then into N-Boc-protected derivatives. These
could then be lithiated with sBuLi/TMEDA in THF or Et2O
to give at �78 8C microscopically configurationally stable
tertiary a-amino carbanions. These carbanion intermediates
were stable up to 0 8C as proven for the reaction in Et2O
before rearranging to a-aminophosphonates (phosphorami-
date–aminophosphonate rearrangement), as demonstrated
for 1-phenylethylamine. Removal of protecting groups with
bromotrimethylsilane/allytrimethylsilane followed by hy-
drolysis, gave crystalline quaternary benzylic a-aminophos-
phonic acids. In one case, when LiTMP was used as base to
induce the rearrangement of the diethyl phosphoramidate
derived from (� )-1,2,3,4-tetrahydro-1-naphthylamine, a hy-
drogen atom in the position a to the oxygen atom in the
ethyl protecting group was removed. The ensuing phosphor-
amidate–a-hydroxyphosphonate rearrangement furnished a
mixture of four a-hydroxyphosphonates. The predominating
diastereomer was isolated as a crystalline product amenable
to X-ray structure analysis. This enabled us to secure the rel-
ative configurations of the three stereogenic centres. This
product allowed the pKa of the respective hydrogen atoms
in the position a to the oxygen atom in phosphates to be es-
timated to be below 37.


Experimental Section


General : Reactions were carried out under argon in oven-dried glass-
ware. 1H, 13C and 31P NMR spectra were usually measured in CDCl3 at
300 K on a Bruker Avance DRX 400 at 400.1, 100.6 and 162 MHz, re-
spectively, or on a Bruker DPX 250 (1H: 250.1 MHz; 13C: 62.9 MHz) in
rare cases. Chemical shifts were referenced to residual CHCl3 (dH =


7.24 ppm), CDCl3 (dC =77.00 ppm) or H3PO4 (external). Additional 1H
and 13C (J modulated) spectra were measured at 360 K in [D8]toluene on
a DRX 400 at 400.1 and 100.6 MHz, respectively, and referenced to the


Figure 1. Structural views of two of the four independent molecules in
the solid-state structure of (� )-32a (50% thermal ellipsoids). Note the
difference in the orientation of the Boc group of the two molecules.


Table 3. Selected bond lengths [L] and angles [8] for (� )-32a. The
values given are averages of the four independent molecules.


P1�O1 1.475(2) N1-C1 1.495(2)
P1�O2 1.575(2) N1�C15 1.397(2)
P1�N1 1.697(2) O2�C11 1.455(3)
P1�C13 1.824(2) O3�C13 1.418(2)
O3�(H)···O1’ 2.731(2)
P1-N1-C1 119.8(1) O1-P1-O2 115.0(1)
P1-N1-C15 120.0(1) P1-O2-C11 119.8(2)
C1-N1-C15 119.3(1) P1-C13-O3 109.0(2)


Scheme 9. Conversion of (� )- and (S)-1,2,3,4-tetrahydro-1-naphthol to a-
aminophosphonic acids (� )- and (S)-(�)-38.
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CHD2 (dH =2.09 ppm) and the CD3 group (dC =21.04 ppm). IR spectra
were run as films on a silicon disc on a Perkin-Elmer 1600 FTIR spec-
trometer.[25] IR spectra of the ground aminophosphonic acids were re-
corded on an attenuated total internal reflection (ATR) diamond on a
Perkin-Elmer Spektrum 2000 IR spectrometer. Optical rotations were
measured at 20 8C on a Perkin-Elmer 351 polarimeter in a 1 dm cell.
TLC analyses were carried out on 0.25 mm-thick Merck plates of silica
gel 60 F254. Flash column chromatography was performed with Merck
silica gel 60 (230–400 mesh). Spots were visualised by using UV and/or
dipping the plate into a solution of (NH4)6Mo7O24·4H2O (23.0 g) and of
Ce ACHTUNGTRENNUNG(SO4)2·4H2O (1.0 g) in 10% aqueous H2SO4 (500 mL), followed by
heating with a heat gun. Melting points were determined on a Reichert
Thermovar instrument and are uncorrected.


TMEDA, Et3N and pyridine were heated at reflux over powdered CaH2


and toluene was heated at reflux over sodium/benzophenone; they were
then distilled and stored over molecular sieves (4 L). Et2O was heated at
reflux over LiAlH4 and THF was heated at reflux over potassium under
argon; they were then distilled prior to use. CH2Cl2 was dried by being
passed through aluminium oxide 90 (active, neutral, 0.063–0.200 mm, ac-
tivity I) and stored over molecular sieves (3 L). TMP was used as sup-
plied.


HPLC control for enantiomeric excess determination of a-aminophos-
phonic acids was performed as reported[15] by using pre-column derivati-
sation with the Sanger reagent to yield DNP derivatives and a chiral ion-
exchange stationary phase based on quinine carbamate (CSP I in
ref. [15], 150M4 mm i.d.): mobile phase: 80% MeOH/20% 50 mm


NaH2PO4; pHapp 5.6; T=40 8C; flow rate: 1 mLmin�1; compound/reten-
tion factor: (R)-(+)-8a/3.49, (S)-(�)-8a/4.81, (R)-(+)-8b/4.00, (S)-(�)-
8b/6.94, (R)-(�)-23/2.88, (S)-(+)-23/3.90, (R)-(+)-38/3.37, (S)-(�)-38/
4.28.


Phosphorylation of benzyl amines with diethyl chlorophosphate—Gener-
al Procedure A : Diethyl chlorophosphate (3.45 g, 2.89 mL, 20 mmol) was
added dropwise to a solution of amine (20 mmol) und triethylamine
(3.04 g, 4.20 mL, 30 mmol) in dry CH2Cl2 (15 mL) at 0 8C. Stirring was
continued at 20 8C until the starting material was consumed (TLC, 8 h).
Water (10 mL) and HCl (6 mL, 2m) were added. The organic layer was
separated and the aqueous layer was extracted with CH2Cl2 (3M10 mL).
The combined organic layers were dried (Na2SO4) and concentrated
under reduced pressure. The crude product was purified by bulb-to-bulb
distillation or flash chromatography.


Phosphorylation of benzyl amines with diisopropyl bromophosphate—
General Procedure B : A solution of bromine (18.0 mL, 18.0 mmol, 1m in
dry CH2Cl2) was added dropwise to a solution of triisopropyl phosphite
(3.75 g, 4.44 mL, 18.0 mmol) in dry CH2Cl2 (10 mL) under argon at
�50 8C. The mixture was stirred for 30 min at 0 8C, re-cooled to �50 8C
and benzyl amine (15 mmol) and Et3N (3.04 g, 4.18 mL, 30 mmol) were
added. After stirring the mixture at 20 8C until the starting material was
consumed (TLC, several hours), HCl (12 mL, 2m) und water (20 mL)
were added. The organic layer was separated and the aqueous layer was
extracted with CH2Cl2 (3M10 mL). The combined organic layers were
dried (Na2SO4) and concentrated under reduced pressure. The crude
product was purified by means of flash chromatography.


Preparation of N-Boc-protected phosphoramidates from phosphorami-
dates by using sBuLi/Boc2O—General Procedure C : sBuLi (5.14 mL,
7.2 mmol, 1.4m in cyclohexane) was added to a stirred solution of phos-
phoramidate (6 mmol) in dry Et2O or THF (10 mL) under argon at
�78 8C. After 15 min di-t-butyl dicarbonate (1.48 g, 6.6 mmol, Boc2O) dis-
solved in dry Et2O (5 mL) was added. The mixture was allowed to warm
up in the cooling bath and was stirred until the starting material was con-
sumed (18 h). After addition of AcOH (3 mL, 2m in Et2O) and water
(10 mL), the organic layer was separated and the aqueous layer was ex-
tracted with CH2Cl2 (3M10 mL). The combined organic layers were
washed with a saturated aqueous solution of NaHCO3, dried (Na2SO4)
and concentrated under reduced pressure. The residue was purified by
means of flash chromatography.


Phosphoramidate–a-aminophosphonate rearrangement of N-Boc-pro-
tected phosphoramidates with sBuLi/TMEDA—General Procedure D :
TMEDA (0.17 g, 0.23 mL, 1.5 mmol) and sBuLi (1.1 mL, 1.5 mmol, 1.4m


in cyclohexane) were added to a solution of an N-Boc-protected phos-
phoramidate (1.0 mmol) in dry Et2O (or THF) (5 mL) under argon at
�78 8C. When the product did not increase anymore (monitored by TLC,
up to 1 h), AcOH (2 mL, 4 mmol, 2m in Et2O) and water (5 mL) were
added. The organic layer was separated and the aqueous layer was ex-
tracted with CH2Cl2 (3M10 mL). The combined organic layers were dried
(Na2SO4) and concentrated under reduced pressure. The residue was pu-
rified by means of flash chromatography.


Deprotection of N-protected a-aminophosphonates with hot HCl (6m)—
General Procedure E : A mixture of aminophosphonate (1.0 mmol) and
concentrated HCl (4 mL) und water (4 mL) was heated at reflux for 16
to 18 h. After concentration under reduced pressure, the residue was
dried in a vacuum desiccator (KOH) and then purified by means of ion
exchange chromatography (Dowex 50W,H+ , 50–100 mesh). Fractions
(TLC: iPrOH/H2O/NH3 6:3:1) containing aminophosphonic acid were
pooled, lyophilised and crystallised from water.


Deprotection of N-protected a-aminophosphonates with bromotrimethyl-
silane/allyltrimethylsilane—General Procedure F : Allyltrimethylsilane
(0.46 g, 0.64 mL 4.0 mmol) and bromotrimethylsilane (0.77 g, 0.65 mL,
5.0 mmol) were added to a stirred solution of a-aminophosphonate
(1 mmol) in dry 1,2-C2H4Cl2 (6 mL) at 0 8C under argon. Then, the mix-
ture was heated for 5 h at 50 8C (bath temperature). After cooling, vola-
tile components were removed (5 mm Hg). The residue was dissolved in
dry CH2Cl2 (5 mL) and concentrated under reduced pressure three times,
the last time at 0.5 mbar. Methanol (10 mL) and water (5 mL) were
added to the residue and stirred for 30 min. The mixture was concentrat-
ed under reduced pressure. Water was added and removed again under
reduced pressure. After addition of water (20 mL) the mixture was
lyophilised. The crude product was crystallised from water or water/
EtOH.


(R)-(+)- and (S)-(�)-Diethyl N-(1-phenylethyl)phosphoramidate ((R)-
(+)- and (S)-(�)-2a): (R)-(+)-1-Phenylethylamine (0.727 g, 6.0 mmol,
0.77 mL, 96% ee) was converted to (R)-(+)-2a by using General Proce-
dure A. The residue was purified by bulb-to-bulb distillation (140 8C,
0.08 mbar) to give phosphoramidate (R)-(+)-2a (1.479 g, 96%) as a col-
ourless oil; [a]20


D =++40.9 (c=2.37, acetone). Similarly, (S)-(�)-1-phenyl-
ACHTUNGTRENNUNGethylamine (20 mmol, 2.42 g, 2.54 mL, 98% ee) was converted to (S)-(�)-
2a (4.35 g, 85%); [a]20


D =�43.1 (c=1.61, acetone). 1H NMR (400.1 MHz,
CDCl3): d=1.07 (dt, J=0.8, 7.1 Hz, 3H), 1.28 (dt, J=0.5, 7.1 Hz, 3H),
1.44 (dd, J=0.5, 6.8 Hz, 3H), 3.22 (br t, J=8.8 Hz), 3.69 (m, 1H), 3.90
(m, 1H), 4.02 (m, 2H), 4.28 (dquint, J=6.8, 7.1 Hz, 1H), 7.20 ppm (m,
5H); 13C NMR (100.6 MHz, CDCl3): d=15.8 (d, J=6.9 Hz), 16.1 (d, J=


6.9 Hz), 25.2 (d, J=6.1 Hz), 51.4, 62.0 (d, J=4.6 Hz), 62.2 (d, J=5.4 Hz),
125.8 (2C), 127.0, 128.4 (2C), 145.1 ppm (d, J=4.6 Hz); IR (Si): ñ =3212,
2978, 2904, 1457, 1232, 1031, 966 cm�1; 31P NMR (162 MHz, CDCl3): d=


8.7 ppm; elemental analysis calcd (%) for C12H20NO3P (257.3): C 56.02,
H 7.84, N 5.44; found: C 56.19, H 7.37, N 5.06.


(R)-(+)-Tetraethyl N-(1-phenylethyl)bis(phosphoramidate) ((R)-(+)-3):
Phosphoramidate (R)-(+)-2a (1.30 g, 5.0 mmol) was phosphorylated at
the nitrogen atom (flash chromatography: CH2Cl2/EtOAc 1:8, Rf =0.28)
to give (R)-(+)-3 (0.94 g, 47%) as a colourless oil by using General Pro-
cedure B.[12] The analytical sample was additionally purified by using
HPLC (Superspher Si 60: 4 mm; 237 mmM32 mm i.d.; 80 mLmin�1; hex-
anes/EtOAc 3:7; 2a : tR =26.7 min; 3 : tR =32 min); [a]20


D =++8.8 (c=1.06,
acetone). 1H NMR (250.1 MHz, CDCl3): d=1.20 (t, J=7.1 Hz, 6H), 1.27
(t, J=7.1 Hz, 6H), 1.81 (d, J=7.1 Hz, 3H), 5.12 (tq, J=7.1, 19.9 Hz,
1H), 7.26 (m, 3H), 7.55 ppm (m, 2H); 13C NMR (62.9 MHz, CDCl3): d=


15.8 (d, J=3.7 Hz), 15.88 (d, J=4.1 Hz, 2C), 15.93 (d, J=4.1 Hz), 19.2,
56.5, 62.85 (d, J=2.6 Hz), 62.89 (d, J=2.6 Hz), 63.1 (d, J=2.6 Hz), 63.2
(d, J=2.6 Hz), 127.0, 127.6 (2C), 128.0 (2C), 141.7 ppm; 31P NMR
(162 MHz, CDCl3): d =4.9 ppm; IR (Si): ñ=3491, 2983, 2934, 2909, 1497,
1478, 1449, 1392, 1370, 1260, 1210, 1166, 1028, 982 cm�1; elemental analy-
sis calcd (%) for C16H29NO6P2 (393.3): C 48.86, H 7.43, N 3.56; found: C
48.92, H 7.44, N 3.43.


(S)-(�)-Diethyl 1-(diethoxyphosphinylamino)-1-phenylethylphosphonate
((S)-(�)-6): Phosphoramidate (R)-(+)-3 (0.39 g, 1 mmol) was rearranged
by using General Procedure D (Et2O, 3.5 h; flash chromatography:
CH2Cl2/EtOAc 1:8, Rf =0.08) to give phosphonate (S)-(�)-6 (0.288 g,
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73%) as a colourless oil. [a]20
D =�24.6 (c=0.57, acetone); 1H NMR


(250.1 MHz, CDCl3): d =1.00 (dt, J=0.9, 7.1 Hz, 3H), 1.12 (dt, J=0.5,
7.1 Hz, 3H), 1.20 (dt, J=0.5, 7.1 Hz, 6H), 1.27 (dt, J=0.9, 7.1 Hz, 3H),
1.94 (d, J=17.1 Hz, 3H), 3.67 (m, 2H), 3.98 (m, 7H), 7.29 (m, 3H),
7.58 ppm (m, 2H); 13C NMR (62.9 MHz, CDCl3): d=15.7 (d, J=7.4 Hz),
15.9 (d, J=7.8 Hz), 16.1 (d, J=6.0 Hz), 16.2 (d, J=5.5 Hz), 20.0 (dd, J=


1.8, 5.5 Hz), 56.7 (d, J=155.3 Hz), 62.1 (d, J=5.5 Hz), 62.3 (d, J=


5.5 Hz), 63.2 (d, J=7.4 Hz), 63.4 (d, J=7.4 Hz), 127.0 (d, J=5.1 Hz, 2C),
127.4 (d, J=2.7 Hz), 127.8 (d, J=2.3 Hz, 2C), 140.7 ppm; 31P NMR
(162 MHz, CDCl3): d =26.1 (d, J=46.6 Hz), 7.0 ppm (d, J=46.6 Hz); IR
(Si): ñ=3480, 3240, 2982, 1444, 1393, 1243, 1164, 1029, 970 cm�1; elemen-
tal analysis calcd (%) for C16H29NO6P2 (393.3): C 48.86, H 7.43, N 3.56;
found: C 48.83, H 7.22, N 3.39.


Deblocking of (S)-(�)-diethyl 1-(diethoxyphosphinylamino)-1-phenyl-
ACHTUNGTRENNUNGethylphosphonate ((S)-(�)-6): The phosphonate (250 mg, 0.64 mmol) was
deblocked by using General Procedure E (ion-exchange chromatogra-
phy: water as eluent; TLC: iPrOH/H2O/NH3 6:3:1, Rf =0.62) to give ami-
nophosphonic acid (S)-(�)-8a (0.091 g, 71%, 50% ee). [a]20


D =�24.6 (c=


0.94, 1m NaOH).


(S)-(�)- and (R)-(+)-Diethyl N-(t-butoxycarbonyl)-N-(1-phenylethyl)-
phosphoramidate ((S)-(�)- and (R)-(+)-10a): Compounds 10a were pre-
pared by using General Procedure C. The crude products were purified
by means of flash chromatography (hexanes/EtOAc 1:2, Rf =0.61) to give
colourless oils. Phosphoramidate (S)-(�)-2a (1.54 g, 6.0 mmol) gave (S)-
(�)-10a (1.75 g, 82%); [a]20


D =�10.3 (c=0.81, acetone). Similarly, diethyl
N-(1-phenylethyl)phosphoramidate ((R)-(+)-2a) (0.50 g, 1.9 mmol) gave
phosphoramidate (R)-(+)-10a (0.65 g, 96%); [a]20


D =++10.1 (c=2.51, ace-
tone). 1H NMR (400.1 MHz, CDCl3): d=1.29 (s, 9H), 1.29 (dt, J=1.0,
7.1 Hz, 3H), 1.32 (dt, J=1.0, 7.1 Hz, 3H), 1.76 (d, J=6.8 Hz, 3H), 4.09
(m, 4H), 5.42 (dq, J=6.8, 13.9 Hz, 1H), 7.19 (m, 1H), 7.28 (m, 2H),
7.39 ppm (m, 2H); 13C NMR (100.6 MHz, CDCl3): d=16.1 (d, J=


6.9 Hz), 16.2 (d, J=6.9 Hz), 18.2, 27.9 (3C), 54.8 (d, J=3.1 Hz), 63.2 (d,
J=6.1 Hz), 63.7 (d, J=6.1 Hz), 82.2, 126.6, 126.8 (2C), 127.9 (2C), 142.3
(d, J=3.6 Hz), 153.2 ppm (d, J=6.9 Hz); 31P NMR (162 MHz, CDCl3):
d=17.5 ppm; IR (Si): ñ =2980, 1721, 1292, 1162, 1028 cm�1; elemental
analysis calcd (%) for C17H28NO5P (357.4): C 57.13, H 7.90, N 3.92;
found: C 56.93, H 7.62, N 3.84.


(R)-(+)- and (S)-(�)-Diethyl 1-(t-butoxycarbonylamino)-1-phenylethyl-
phosphonate ((R)-(+)- and (S)-(�)-13a): Phosphoramidate (S)-(�)-10a
(0.73 g, 2 mmol) was rearranged in dry THF at �78 8C in 1 h according to
General Procedure D. Flash chromatography (EtOAc/hexanes 1:1, Rf =


0.28) furnished phosphonate (R)-(+)-13a (0.58 g, 80%) as a colourless
oil; [a]20


D =++2.9 (c=1.50, acetone). Analogously, (S)-(�)-10a (0.357 g,
1 mmol) was transformed in dry Et2O at �78 8C (3 h) into phosphonate
(R)-(+)-13a (0.26 g, 65%). (R)-(+)-13a (0.26 g, 76%) was furnished
from (S)-(�)-10a (0.357 g, 1 mmol) in dry Et2O at �78 8C in 45 min.
After 1 h, (S)-(�)-10a (0.357 g, 1 mmol) yielded 0.139 g (39%) (R)-(+)-
13a in dry Et2O at �30 8C, but after 10 min, also at �30 8C, 0.26 g (73%)
of product were obtained; [a]20


D =++3.4 (c=0.83, acetone). (S)-(�)-10a
(0.71 g, 2 mmol) gave (R)-(+)-13a (0.42 g, 59%) in dry Et2O at 0 8C in
3 min; [a]20


D =++2.4 (c=2.31, acetone). Phosphoramidate (R)-(+)-10a
(0.50 g, 1.4 mmol) was rearranged by means of General Procedure D in
dry Et2O at �78 8C in 45 min to aminophosphonate (S)-(�)-13a (0.39 g,
79%); [a]20


D =�2.9 (c=1.52, acetone). 1H NMR (400.1 MHz, CDCl3): d=


1.15 (t, J=7.1 Hz, 3H), 1.21 (t, J=7.1 Hz, 3H), 1.31 (br s, 9H), 2.02 (d,
J=16.2 Hz, 3H), 3.69 (m, 1H), 3.86 (m, 3H), 5.61 (br s, 1H), 7.22 (m,
1H), 7.30 (m, 2H), 7.45 ppm (m, 2H); 31P NMR (162 MHz, CDCl3): d=


25.9 ppm; 1H NMR (400.1 MHz, C6D5CD3, 350 K): d=0.90 (t, J=7.1 Hz,
3H), 0.95 (t, J=7.1 Hz, 3H), 1.28 (s, 9H), 2.14 (dd, J=1.5, 15.9 Hz, 3H),
3.53 (m, 1H), 3.72 (m, 3H), 5.75 (brd, J=10.6 Hz, 1H), one Har over-
lapped with signals of [D8]toluene, 7.13 (m, 2H), 7.57 ppm (m, 2H);
13C NMR (100.6 MHz, C6D5CD3, 350 K, 137.5): d=16.2 (d, J=6.1 Hz),
16.2 (d, J=5.4 Hz), 21.7 (d, J=4.6 Hz), 28.4 (3C), 58.5 (d, J=147.6 Hz),
63.1 (d, J=6.9 Hz), 63.1 (d, J=6.9 Hz), 79.3, 127.1 (d, J=3.1 Hz), 127.7
(d, J=4.6 Hz, 2C), 127.9 (d, J=3.1 Hz, 2C), 141.0 (d, J=4.6 Hz),
154.4 ppm; 31P NMR (162 MHz, C6D5CD3, 350 K): d=26.2 ppm; IR (Si):
ñ=3401, 2979, 2930, 1734, 1495, 1250, 1165, 1047, 1023, 965 cm�1; ele-


mental analysis calcd (%) for C17H28NO5P (357.4): C 57.13, H 7.90, N
3.92; found: C 56.91, H 7.74, N 4.14.


Deblocking of (R)-(+)-13a and derivatisation of (R)-(+)-14a with (S)-
MTPACl : Phosphonate (R)-(+)-13a (0.11 g, 0.30 mmol) was dissolved in
dry CH2Cl2 (1 mL). After addition of CF3CO2H (1 mL) the mixture was
stirred for 3 h at 20 8C (TLC: CH2Cl2/MeOH 10:1) and then concentrated
under reduced pressure. CH2Cl2 (10 mL), water (3 mL) and concentrated
ammonia (5 drops) were added. The organic phase was separated and the
aqueous phase was extracted with CH2Cl2 (10 mL). The combined organ-
ic layers were washed with water (3 mL), dried (Na2SO4) and concentrat-
ed under reduced pressure. Flash chromatography (CH2Cl2/MeOH 15:1,
TLC: 10:1, Rf =0.72) gave aminophosphonate (R)-(+)-14a (65 mg, 84%)
as a colourless oil. [a]20


D =++26.4 (c=1.23, dry ethanol); 1H NMR
(250.1 MHz, CDCl3): d =1.12 (dt, J=0.5, 6.9 Hz, 3H), 1.23 (dt, J=0.5,
6.9 Hz, 3H), 1.69 (d, J=15.8 Hz, 3H), 1.88 (br s, 2H), 3.85 (m, 4H), 7.30
(m, 3H), 7.61 ppm (m, 2H); 31P NMR (162 MHz, CDCl3): d=29.10 ppm;
IR (Si): ñ=3455, 2986, 1682, 1556, 1447, 1207, 1140, 1025 cm�1.


A mixture of aminophosphonate (R)-(+)-14a (26 mg, 0.10 mol), (S)-
MTPACl (63 mg, 0.25 mmol), dry CH2Cl2 (0.5 mL), and dry pyridine
(1 mL) was stirred for 16 h at 20 8C. Water (a few drops) were added and
the mixture was concentrated under reduced pressure. CH2Cl2 (10 mL)
and HCl (5 mL, 2m) were added. The organic layer was separated,
washed with a saturated aqueous solution of NaHCO3, dried (Na2SO4)
and concentrated under reduced pressure. The residue was purified by
means of flash chromatography (hexanes/EtOAc 1:5, Rf =0.70) to give
the (R)-Mosher amide of (R)-(+)-14a (40 mg, 85%, 96% ee) as a colour-
less oil. 1H NMR (250.1 MHz, CDCl3): d =1.11 (t, J=7.1 Hz; CH3, minor
diastereomer), 1.15 (t, J=7.1 Hz; CH3, major), 1.17 (t, J=7.1 Hz; CH3,
major), 1.21 (J=7.1 Hz; CH3, minor), 2.06 (d, J=16.2 Hz; CH3, 98%),
2.13 (d, J=16.2 Hz; CH3, 2%), 3.45 (q, J=1.6 Hz; OCH3, 98%), 3.57 (q,
J=1.6 Hz; OCH3, 2%), 3.69–4.00 (m, 4H), 7.21–7.58 (m, 10H), 7.86 ppm
(brd, J=10.7 Hz, 1H; NH, major); 31P NMR (162 MHz, CDCl3): d=


24.96 (minor diastereomer), 24.98 ppm (major).


(R)-(+)- and (S)-(�)-1-Amino-1-phenylethylphosphonic acid ((R)-(+)-
and (S)-(�)-8a) as monohydrates : Phosphonate (R)-(+)-13a (0.13 g,
0.37 mmol) was deprotected according to General Procedure E (Dowex
50W,H+ ; TLC: iPrOH/H2O/NH3 6:3:1, Rf =0.37; eluent: at first water,
then aqueous AcOH (10%)) to yield aminophosphonic acid (R)-(+)-8a
(0.05 g, 67%) as colourless crystals: m.p. 221–223 8C (H2O); [a]20


D =++43.6
(c=0.81, 1m NaOH); ee of crude product: 97% (ee of crude product of
rearrangement at �30 8C: 98%). Phosphonate (R)-(+)-13a (0.31 g,
0.85 mmol, from rearrangement at 0 8C) gave aminophosphonic acid (R)-
(+)-8a (0.11 g, 56%) according to General Procedure F and crystallisa-
tion from water: ee of crude product: 98%; [a]20


D =++49.5 (c=0.48, 1m


NaOH). Phosphonate (S)-(�)-13a (0.454 g, 1.27 mmol) yielded amino-
phosphonic acid (S)-(�)-8a (0.21 g, 74%) according to General Proce-
dure F and crystallisation from water; m.p. 222–223 8C (ref. [26]: 235 8C
for monohydrate of racemate); ee of crude product: 92% (prepared from
(R)-1-phenylethylamine ((R)-(+)-1a, 96% ee)); [a]20


D =�50.2 (c=0.45,
1m NaOH). 1H NMR (400.1 MHz, D2O/NaOD, HDO=4.67): d=1.62 (d,
J=12.1 Hz, 3H), 7.23 (m, 1H), 7.32 (m, 2H), 7.43 ppm (m, 2H);
13C NMR (100.6 MHz, D2O/NaOD): d=24.1, 57.7 (d, J=130.0 Hz), 126.4
(d, J=3.1 Hz, 2C), 126.9 (d, J=1.5 Hz), 128.4 (d, J=1.5 Hz, 2C),
142.9 ppm; 31P NMR (162 MHz, D2O/NaOD): d=8.1 ppm; IR (ATR):
ñ=3113, 2929, 1614, 1538, 1500, 1446, 1380, 1177, 1056, 1028, 924 cm�1;
elemental analysis calcd (%) for C8H14NO3P·H2O (219.2): C 43.84, H
6.44, N 6.39; found: C 43.56, H 5.83, N 5.86.


(�)- and (S)-(�)-Diethyl N-[1-(1-naphthyl)ethyl]phosphoramidate ((� )-
and (S)-(�)-2b): 1-(1-Naphthyl)ethylamine ((� )-1b) (1.00 g, 5.84 mmol)
was phosphorylated by using General Procedure A. Flash chromatogra-
phy (EtOAc, Rf =0.25) gave phosphoramidate (� )-2b (1.59 g, 89%) as
colourless crystals; m.p. 82–83 8C (hexanes). Similarly, 1-(1-naphthyl)-
ACHTUNGTRENNUNGethylamine ((S)-(�)-1b) (0.51 g, 3.0 mmol, 99% ee) furnished phosphora-
midate (S)-(�)-2b (0.83 g, 90%); m.p. 85–88 8C (hexanes); [a]20


D =�16.9
(c=0.80, acetone). 1H NMR (400.1 MHz, CDCl3): d=1.03 (t, J=7.1 Hz,
3H), 1.24 (t, J=7.1 Hz, 3H), 1.28 (t, J=7.1 Hz, 6H), 1.62 (d, J=6.8 Hz,
3H), 3.19 (br s, 1H), 3.74 (m, 1H), 3.93 (m, 1H), 4.05 (m, 2H), 5.16 (sext,
J=6.8 Hz, 1H), 7.50 (m, 4H), 7.75 (d, J=8.1 Hz, 1H), 7.85 (dd, J=1.3,
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8.1 Hz, 1H), 8.14 ppm (d, J=8.6 Hz, 1H); 13C NMR (100.6 MHz,
CDCl3): d=15.9 (d, J=7.7 Hz), 16.2 (d, J=6.9 Hz), 24.9 (d, J=4.6 Hz),
47.4, 62.3 (d, J=5.4 Hz), 62.4 (d, J=5.4 Hz), 122.3, 123.0, 125.4, 125.6,
126.1, 127.8, 128.9, 130.3, 133.9, 140.8 ppm (d, J=5.4 Hz); 31P NMR
(162 MHz, CDCl3): d=18.1 ppm; IR (Si, racemate): ñ=3215, 2979, 1232,
1031, 967 cm�1; elemental analysis calcd (%) for C16H22NO3P (307.3): C
62.53, H 7.22, N 4.56; found for (� )-2b : C 62.70, H 7.29, N 4.54.


(�)- and (S)-(+)-Diethyl N-(t-butoxycarbonyl)-N-[1-(1-naphthyl)ethyl]-
phosphoramidate ((� )- and (S)-(+)-10b): Diethyl N-[1-(1-naphthyl)-
ACHTUNGTRENNUNGethyl]phosphoramidate ((� )-2b) (1.54 g, 5 mmol) was converted by using
General Procedure C (THF, flash chromatography: hexanes/EtOAc 2:1,
Rf =0.32) to phosphoramidate (� )-10b (1.96 g, 96%) as colourless crys-
tals; m.p. 71 8C (hexanes). Similarly, diethyl N-[1-(1-naphthyl)ethyl]phos-
phoramidate ((S)-(�)-2b) (0.73 g, 2.36 mmol) was converted to phos-
phoramidate (S)-(+)-10b (0.91 g, 95%); m.p. 63–64 8C (hexanes); [a]20


D =


+16.1 (c=1.12, acetone). 1H NMR (400.1 MHz, CDCl3): d=0.94 (dt, J=


0.5, 7.1 Hz, 3H), 1.26 (dt, J=1.0, 7.1 Hz, 3H), 1.40 (s, 9H), 1.95 (d, J=


7.1 Hz, 3H), 3.38 (m, 1H), 3.57 (m, 1H), 4.00 (m, 1H), 4.10 (m, 1H),
6.14 (dq, J=7.1, 17.7 Hz, 1H), 7.45 (m, 3H), 7.76 (br t, J=7.8 Hz, 2H),
7.82 (dd, J=1.5, 7.8 Hz, 1H), 8.18 ppm (d, J=8.4 Hz, 1H); 13C NMR
(100.6 MHz, CDCl3): d =15.7 (d, J=7.6 Hz), 16.1 (d, J=6.9 Hz), 19.1,
28.0 (3C), 52.1 (d, J=3.1 Hz), 62.5 (d, J=5.4 Hz), 63.2 (d, J=6.1 Hz),
82.3, 123.9, 124.8, 125.1, 125.9, 127.2, 128.1, 128.7, 131.8, 133.6, 136.1 (d,
J=2.3 Hz), 153.8 ppm (d, J=5.4 Hz); 31P NMR (162 MHz, CDCl3): d=


2.2 ppm; IR (Si, racemate): ñ=2980, 1708, 1298, 1163, 1027, 978 cm�1; el-
emental analysis calcd (%) for C21H30NO5P (407.4): C 61.90, H 7.42, N
3.44; found for (� )-10b : C 62.12, H 7.36, N 3.43.


(�)- and (R)-(�)-Diethyl 1-(t-butoxycarbonylamino)-1-(1-naphthyl)ethyl-
phosphonate ((� )- and (R)-(�)-13b): Phosphoramidate (� )-10b (1.10 g,
2.70 mmol) was transformed (General Procedure D, flash chromatogra-
phy: hexanes/EtOAc 1:1, Rf =0.28) into phosphonate (� )-13b (0.83 g,
75%) as colourless crystals; m.p. 76–78 8C (hexanes). Similarly, phosphor-
amidate (S)-(+)-10b (0.66 g, 1.61 mmol) gave aminophosphonate (R)-
(�)-13b (0.49 g, 75%); [a]20


D =�68.3 (c=1.06, acetone). 1H NMR
(400.1 MHz, C6D5CD3, 353 K): d=0.77 (t, J=7.1 Hz, 3H), 0.92 (t, J=


7.1 Hz, 3H), 1.09 (br s, 9H), 2.27 (d, J=14.9 Hz, 3H), 3.51 (m, 1H), 3.66
(m, 2H), 3.81 (m, 1H), 5.78 (brd, J=9.9 Hz, 1H), 7.21 (m, 2H), 7.33
(ddd, J=1.5, 6.8, 8.6 Hz, 1H), 7.53 (brd, J=8.1 Hz, 1H), 7.60 (d, J=


8.1 Hz, 1H), 7.65 (dd, J=3.0, 7.6 Hz, 1H), 9.07 ppm (d, J=8.8 Hz, 1H);
13C NMR (100.6 MHz, C6D5CD3, 353 K): d=16.2 (d, J=5.4 Hz), 16.4 (d,
J=5.4 Hz), 25.7 (br s), 28.3 (3C), 30.4 (d, J=148.4 Hz), 63.1 (d, J=


6.9 Hz), 63.2 (d, J=6.1 Hz), 79.3, 125.0, 127.2 (d, J=6.1 Hz), 128.0, 129.3,
133.0 (d, J=4.6 Hz), 135.4, 137.1 (d, J=4.6 Hz), 154.1 ppm (d, J=


15.3 Hz); 31P NMR (162 MHz, C6D5CD3, 353 K): d=26.1 ppm; IR (Si,
racemate): ñ =3436, 3271, 2979, 1697, 1367, 1248, 1165, 1048, 1165, 1048,
1025 cm�1; elemental analysis calcd (%) for C21H30NO5P (407.4): C 61.90,
H 7.42, N 3.44; found for (� )-13b : C 61.94, H 7.43, N 3.22.


(�)- and (R)-(+)-1-Amino-1-(1-naphthyl)ethylphosphonic acid ((� )- and
(R)-(+)-8b)) as hemihydrate and monohydrate, respectively : Phospho-
nate (� )-13b (0.33 g, 0.81 mmol) was converted (General Procedure E,
Dowex 50W,H+ , H2O; TLC: iPrOH/H2O/NH3 6:3:1, Rf =0.32) to 1-ami-
nophosphonic acid (� )-8b (0.03 g, 14%) as brownish crystals. Phospho-
nate (� )-13b (0.15 g, 0.38 mmol) was also converted (General Procedure
F) to aminophosphonic acid (� )-8b·0.5H2O (0.09 g, 90%) as colourless
crystals; m.p. 205–208 8C (water, low solubility even in hot water). Ami-
nophosphonate (R)-(�)-13b (0.30 g, 0.74 mmol) analogously gave amino-
phosphonic acid (R)-(+)-8b·H2O (0.11 g, 53%); m.p. 212 8C (water);
[a]20


D =++101.1 (c=0.44, 1m NaOH) (ee of crude product: 99%, R config-
uration). 1H NMR (400.1 MHz, D2O/NaOD, d =4.67): d=1.74 (d, J=


12.4 Hz, 3H), 7.41 (m, 3H), 7.62 (dd, J=0.5, 6.3 Hz, 1H), 7.72 (d, J=


8.1 Hz, 1H), 7.83 (m, 1H), 8.89 ppm (m, 1H); 13C NMR (100.6 MHz,
D2O/NaOD): d=27.3, 58.2 (d, J=130.8 Hz), 124.8, 125.5, 125.5 (d, J=


6.1 Hz), 125.7 (d, J=2.3 Hz), 127.7, 129.1, 130.4, 131.7 (d, J=3.1 Hz),
134.8 (d, J=1.5 Hz), 142.6 ppm; 31P NMR (162 MHz, D2O): d=


22.2 ppm; IR (ATR, racemate): ñ=3049, 1615, 1515, 1445, 1390, 1138,
1108, 913 cm�1; elemental analysis calcd (%) for C12H14NO3P·0.5H2O
(260.2): C 55.39, H 5.81, N 5.38; found for (� )-8b : C 55.35, H 5.1, N


5.36; elemental analysis calcd (%) for C12H14NO3P·H2O (269.2): C 53.53,
H 5.99, N 5.20; found for (R)-(+)-8b : C 53.50, H 5.95, N 5.18.


(�)-1-Azidoindan ((� )-15) by Mitsunobu reaction : HN3 (5.60 mmol,
7.30 mL, 0.77m in toluene, HN3) was added to a stirred solution of triphe-
nylphosphane (1.26 g, 4.80 mmol) and (� )-1-indanol (0.537 g, 4 mmol) in
dry THF (5 mL) at 0 8C under argon; this was followed immediately by
addition of DIAD (0.97 g, 0.95 mL, 4.80 mmol). The mixture was stirred
for 18 h at 20 8C. After the addition of MeOH (5 drops) it was concen-
trated under reduced pressure and heated with hexanes. After cooling,
the mother liquor was removed, concentrated under reduced pressure
and purified by means of flash chromatography (hexanes/CH2Cl2 2:1,
Rf =0.48) to give (� )-1-azidoindan ((� )-15) (0.56 g, 88%) as a colourless
liquid.


Preparation of (R)-(+)-1-azidoindan ((R)-(+)-15) by use of diphenyl-
phosphoryl azide/DBU : DBU (0.93 g, 0.92 mL, 6.12 mmol) and
(PhO)2P(O)N3 (1.68 g, 1.31 mL, 6.10 mmol) were added to a stirred solu-
tion of (S)-(+)-1-indanol (0.68 g, 5.10 mmol, >98% ee) in dry toluene
(8 mL) at 0 8C under argon. After stirring for 2 h at 0 8C and 5 h at 20 8C,
water (10 mL) and 5% HCl (10 mL) were added. The organic phase was
separated and the aqueous phase was extracted with CH2Cl2 (2M15 mL).
The combined organic layers were dried (Na2SO4) and concentrated
under reduced pressure. The residue was purified by means of flash chro-
matography (hexanes/CH2Cl2 5:1, Rf =0.77) to give (R)-(+)-15 (0.57 g,
70%, 94.1% ee) as a colourless liquid. [a]20


D =++29.3 (c=1.61, hexane)
(ref. [22]: [a]20


D =++25.3 (c=1.10, hexane)).


(�)-Diethyl N-(1-indanyl)phosphoramidate ((� )-19a) from amine : 1-In-
danamine ((� )-18) (0.240 g, 1.80 mmol) was converted (General Proce-
dure A, flash chromatography: EtOAc, Rf =0.40) to phosphoramidate
(�)-19a (0.29 g, 59%) as colourless crystals. M.p. 65 8C (hexanes).


(�)-Diethyl N-(1-indanyl)phosphoramidate ((� )-19a) from azide : A
stirred solution of triethyl phosphite (0.997 g, 1.03 mL, 6 mmol) and 1-
azidoindan ((� )-15) (5 mmol) in dry toluene (10 mL) was heated for 4 h
at 50 8C. The cooled mixture was diluted with THF and water (5 mL
each) and concentrated under reduced pressure. Flash chromatography
(EtOAc/hexanes 1:2, Rf =0.39) of the crude product gave phosphorami-
date (� )-19a (1.32 g, 98%). M.p. 65 8C (hexanes); 1H NMR (400.1 MHz,
CDCl3): d=1.34 (dt, J=0.8, 7.1 Hz, 3H), 1.35 (dt, J=0.8, 7.1 Hz, 3H),
1.77 (m, 1H), 2.55 (ddt, J=2.8, 7.6, 12.6 Hz, 1H), 2.76 (m, 1H), 2.78 (t,
J=10.9 Hz, 1H), 2.91 (ddd J=2.8, 8.6, 15.7 Hz, 1H), 4.11 (m, 4H), 4.65
(m, 1H), 7.20 (m, 3H), 7.39 ppm (m, 1H); 13C NMR (100.6 MHz,
CDCl3): d=16.2 (d, J=6.9 Hz), 16.3 (d, J=6.9 Hz), 29.8, 36.7 (d, J=


2.3 Hz), 57.0, 62.4 (d, J=6.1 Hz), 62.4 (d, J=6.1 Hz), 123.9, 124.7, 126 6,
127.7, 142.7, 144.5 ppm; 31P NMR (162 MHz, CDCl3): d=9.4 ppm; IR
(Si): ñ =3207, 2980, 1459, 1232, 1058, 1032, 999 cm�1; elemental analysis
calcd (%) for C13H20NO3P (269.3): C 57.98, H 7.49, N 5.20; found: C
57.93, H 7.44, N 5.14.


(�)-Diethyl N-(t-butoxycarbonyl)-N-(1-indanyl)phosphoramidate ((� )-
17a): Reaction of phosphoramidate (� )-19a (1.06 g, 3.94 mmol) gave
(General Procedure C; flash chromatography: EtOAc/hexanes 1:1, Rf =


0.51) phosphoramidate (� )-17a (1.32 g, 91%) as a colourless oil.
1H NMR (400.1 MHz, CDCl3): d=1.20 (s, 9H), 1.33 (dt, J=0.8, 7.1 Hz,
3H), 1.36 (dt, J=1.0, 7.1 Hz, 3H), 2.33 (m, 1H), 2.47 (m, 1H), 2.84 (m,
1H), 3.03 (ddd, J=2.8, 9.9, 15.9 Hz, 1H), 4.18 (m, 4H), 5.68 (dt, J=8.3,
11.4 Hz, 1H), 7.15 ppm (s, 4H); 13C NMR (100.6 MHz, CDCl3): d=16.1
(d, J=6.8 Hz), 16.3 (d, J=7.6 Hz), 27.7 (3C), 30.3, 30.7 (d, J=1.5 Hz),
62.2 (d, J=3.8 Hz), 63.4 (d, J=6.1 Hz), 63.8 (d, J=5.4 Hz), 82.0, 122.5,
124.7, 126.2, 127.0, 142.2, 143.3 (d, J=3.8 Hz), 153.0 ppm (d, J=7.7 Hz);
31P NMR (162 MHz, CDCl3): d=4.3 ppm; IR (Si): ñ =2980, 1718, 1457,
1394, 1368, 1295, 1160, 1028, 979 cm�1; elemental analysis calcd (%) for
C18H28NO5P (369.4): C 58.53, H 7.64, N 3.79; found: C 58.29, H 7.68, N
3.84.


(�)-Diethyl 1-(t-butoxycarbonylamino)-1-indanylphosphonate ((� )-22a):
Phosphoramidate (� )-17a (0.37 g, 1.0 mmol) was rearranged (General
Procedure D; sBuLi/TMEDA, THF; flash chromatography: EtOAc/hex-
anes 1:1, Rf =0.35) to give phosphonate (� )-22a (0.20 g, 54%) as colour-
less crystals. M.p. 100–101 8C (hexanes); 1H NMR (400.1 MHz, C6D5CD3,
353 K): d=0.84 (t, J=7.1 Hz, 3H), 1.04 (t, J=7.1 Hz, 3H), 1.27 (s, 9H),
2.78–3.01 (m, 4H), 3.56 (m, 1H), 3.75 (m, 1H), 3.88 (m, 2H), 5.52 (brd,
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J=6.6 Hz, 1H), 7.01 (m, 3H), 7.46 ppm (m, 1H); 13C NMR (100.6 MHz,
C6D5CD3, 353 K): d=16.3 (d, J=5.4 Hz), 16.5 (d, J=4.6 Hz), 28.5 (3C),
31.2 (d, J=1.5 Hz), 34.2, 53.5 (d, J=186.6 Hz), 62.8 (d, J=7.7 Hz), 63.2
(d, J=6.9 Hz), 79.4, 124.9 (d, J=2.3 Hz), 125.3 (d, J=3.1 Hz), 126.6 (d,
J=2.3 Hz), 128.5 (d, J=3.1 Hz), 141.9 (d, J=3.8 Hz), 145.2 (d, J=


6.9 Hz), 153.5 ppm; 31P NMR (162 MHz, C6D5CD3, 353 K): d=25.8 ppm;
IR (Si): ñ=3271, 2979, 2930, 1718, 1490, 1457, 1391, 1367, 1249, 1163,
1062, 1024, 966 cm�1; elemental analysis calcd (%) for C18H28NO5P
(369.4): C 58.53, H 7.64, N 3.79; found: C 58.27, H 7.61, N 3.80.


(R)-(+)-Diisopropyl N-(1-indanyl)phosphoramidate ((R)-(+)-19b): (R)-
(+)-1-Azidoindan ((R)-(+)-15) (0.88 g, 5.5 mmol) and triisopropyl phos-
phite were transformed (flash chromatography: EtOAc/hexanes 1:1; Rf =


0.55) according to the procedure used for the preparation of (� )-diethyl
N-(1-indanyl)phosphoramidate from the azide to phosphoramidate (R)-
(+)-19b (1.51 g, 93%) as colourless crystals. M.p. 46–51 8C (hexanes);
[a]20


D =++51.3 (c=0.94, hexanes); 1H NMR (400.1 MHz, CDCl3): d=1.34
(d, J=6.3 Hz, 3H), 1.35 (d, J=6.3 Hz, 9H), 1.76 (m, 1H), 2.56 (ddt, J=


2.6, 7.6, 12.6 Hz, 1H), 2.70 (br t, J=10.6 Hz, 1H), 2.76 (m, 1H), 2.90
(ddd, J=2.6, 8.6, 15.9 Hz, 1H), 4.67 (m, 3H), 7.21 (m, 3H), 7.43 ppm (m,
1H); 13C NMR (100.6 MHz, CDCl3): d=23.9 (d, J=5.3 Hz), 23.9 (d, J=


4.6 Hz), 24.0 (d, J=4.6 Hz), 24.0 (d, J=4.6 Hz), 29.9, 36.8 (d, J=3.8 Hz),
57.1, 70.9 (d, J=6.1 Hz), 70.9 (d, J=6.1 Hz), 124.0, 124.6, 126.6, 127.7,
142.8, 144.8 ppm (d, J=7.7 Hz); 31P NMR (162 MHz, CDCl3): d=


7.6 ppm; IR (Si): ñ=3210, 2977, 2935, 1460, 1385, 1232, 1109, 1017,
986 cm�1; elemental analysis calcd (%) for C15H24NO3P (297.3): C 60.59,
H 8.14, N 4.71; found: C 60.55, H 7.93, N 4.70.


(R)-(+)-Diisopropyl N-(t-butoxycarbonyl)-N-(1-indanyl)phosphorami-
date ((R)-(+)-17b): Phosphoramidate (R)-(+)-19b (1.19 g, 4.0 mmol)
was transformed in dry THF according to General Procedure C (flash
chromatography: hexanes/EtOAc 2:1, Rf =0.48) into phosphoramidate
(R)-(+)-17b (1.18 g, 74%) as a colourless oil. [a]20


D =++8.1 (c=2.40, hex-
anes).


Preparation of (R)-(+)-17b by reaction of (R)-1-azidoindan ((R)-(+)-15)
with triisopropyl phosphite, followed by reaction with Boc2O : A solution
of (R)-(+)-15 (0.35 g, 2.2 mmol) and triisopropyl phosphite (0.50 g,
0.59 mL, 2.4 mmol) in dry toluene (8 mL) was stirred at 50 8C for 18 h
(TLC: EtOAc) under argon. After cooling, Boc2O (0.52 g, 2.4 mmol) dis-
solved in dry toluene (1 mL) was added; then heating was continued for
72 h at +80 8C and finally AcOH (2 mL, 2m, in Et2O) was added. The
mixture was concentrated under reduced pressure and dissolved in hex-
anes. The mixture was filtered to remove a small amount of urea derived
from 1-aminoindan and the concentrated mother liquor was purified by
means of flash chromatography (EtOAc/hexanes 1:1, Rf =0.67) to give
(R)-(+)-17b (0.51 g, 58%). 1H NMR (400.1 MHz, CDCl3): d =1.20 (s,
9H), 1.31 (d, J=6.1 Hz, 3H), 1.34 (d, J=6.1 Hz, 3H), 1.37 (d, J=6.1 Hz,
3H), 1.38 (d, J=6.1 Hz, 3H), 2.34 (m, 1H), 2.46 (m, 1H), 2.83 (dt, J=


8.6, 15.9 Hz, 1H), 3.03 (ddd, J=2.8, 9.9, 15.9 Hz, 1H), 4.67 (dsept, J=


6.2, 7.8 Hz, 1H), 4.80 (dsept, J=6.2, 7.8 Hz, 1H), 5.71 (dt, J=8.6,
11.1 Hz, 1H), 7.14 ppm (m, 4H); 13C NMR (100.6 MHz, CDCl3): d=23.5
(d, J=5.4 Hz), 23.8 (d, J=5.4 Hz), 23.8 (d, J=5.4 Hz, 2C), 27.7 (3C),
30.3, 30.7, 62.3 (d, J=3.1 Hz), 72.1 (d, J=6.1 Hz), 72.5 (d, J=6.1 Hz),
81.7, 122.4, 124.6, 126.1, 126.9, 142.2, 143.5, 153.0 ppm (d, J=6.9 Hz);
31P NMR (162 MHz, CDCl3): d=1.9 ppm; IR (Si): ñ =2980, 2934, 1724,
1293, 1270, 1161, 1001 cm�1; elemental analysis calcd (%) for
C20H32NO5P (397.5): C 60.44, H 8.12, N 3.52; found: C 60.42, H 8.08, N
3.58.


(S)-(�)-Diisopropyl 1-(t-butoxycarbonylamino)-1-indanylphosphonate
((S)-(�)-22b): Phosphoramidate (R)-(+)-17b (0.40 g, 1.0 mmol) was rear-
ranged in dry THF by using General Procedure D (flash chromatogra-
phy: hexanes/EtOAc 2:1, Rf =0.27) to give phosphonate (S)-(�)-22b
(0.24 g, 60%) as a colourless oil. [a]20


D =�1.2 (c=1.30, hexanes);
1H NMR (400.1 MHz, CDCl3): d=0.77 (d, J=6.1 Hz, 3H), 1.16 (d, J=


6.1 Hz, 3H), 1.19 (s, 9H), 1.22 (d, J=6.1 Hz, 3H), 1.25 (d, J=6.1 Hz,
3H), 2.66 (m, 2H), 2.92 (m, 2H), 4.30 (dsept, J=6.1, 6.6 Hz, 1H), 4.56
(dsept, J=6.1, 6.6 Hz, 1H), 5.38 (d, J=8.8 Hz, 1H), 7.11 (m, 3H),
7.31 ppm (m, 1H); 13C NMR (100.6 MHz, CDCl3): d=22.7 (d, J=


6.1 Hz), 23.7 (d, J=5.4 Hz), 23.8 (d, J=3.1 Hz), 24.2 (d, J=2.3 Hz), 27.9
(3C), 30.4 (2C), 65.4 (d, J=157.6 Hz), 71.3 (d, J=7.7 Hz), 72.3 (d, J=


7.7 Hz), 79.4, 124.4 (d, J=1.5 Hz), 124.5, 126.0 (d, J=3.1 Hz), 128.0 (d,
J=2.3 Hz), 140.1, 144.1 (d, J=6.9 Hz), 154.0 ppm (d, J=13.8 Hz);
31P NMR (162 MHz, CDCl3): d=24.0 ppm; IR (Si): ñ=3443, 3071, 2978,
2932, 1718, 1701, 1491, 1457, 1386, 1367, 1248, 1172, 1142, 1106, 1058,
1042, 985 cm�1; elemental analysis calcd (%) for C20H32NO5P (397.5): C
60.44, H 8.12, N 3.52; found: C 60.42, H 8.15, N 3.26.


(�)-Diethyl 1-amino-1-indanylphosphonate ((� )-24) by means of carbox-
ylation : sBuLi (1.1 mL, 1.54 mmol, 1.4m, in cyclohexane) was added to a
stirred solution of N-(1-indanyl)phosphoramidate (� )-19a (0.27 g,
1.0 mmol) in dry Et2O (4 mL) at �78 8C under argon. A few minutes
later, the argon was replaced by CO2 (in a balloon). After 10 min, the
volatiles were removed at �30 8C under reduced pressure (5 mm) and
the flask was flushed three times with argon and then filled with it. Dry
Et2O (4 mL) was added to the residue. The mixture was cooled to �78 8C
and dry TMEDA (0.29 g, 0.38 mL, 2.5 mmol) and sBuLi (1.79 mL,
2.51 mmol, 1.4m, in cyclohexane) were added. After stirring for 1 h at
�78 8C, ethanol (5 mL) was added. The mixture was concentrated under
reduced pressure. The residue was treated with water (10 mL) and ex-
tracted with CH2Cl2 (3M12 mL). The combined organic layers were dried
(Na2SO4) and concentrated under reduced pressure. The residue was pu-
rified by means of flash chromatography (CH2Cl2/EtOH 15:1, Rf =0.64)
to give 1-amino-1-indanylphosphonate (� )-25 (0.07 g, 26%) as a colour-
less oil. 1H NMR (400.1 MHz, CDCl3): d =1.12 (t, J=7.1 Hz, 3H), 1.28
(t, J=7.1 Hz, 3H), 1.87 (br s, 2H), 1.97 (ddt, J=9.1, 13.4, 21.2 Hz, 1H),
2.79 (dddd, J=4.0, 7.3, 13.4, 14.7 Hz, 1H), 2.99 (m, 2H), 3.78 (m, 1H),
3.95 (m, 1H), 4.08 (m, 2H), 7.21 (m, 3H), 7.45 ppm (m, 1H); 13C NMR
(100.6 MHz, CDCl3): d=16.3 (d, J=5.4 Hz), 16.5 (d, J=6.1 Hz), 30.4 (d,
J=2.3 Hz), 38.4 (d, J=3.1 Hz), 62.5 (d, J=7.6 Hz), 63.0 (d, J=6.9 Hz),
124.7 (d, J=3.1 Hz), 124.7 (d, J=3.1 Hz), 126.7 (d, J=3.1 Hz), 128.4 (d,
J=2.3 Hz), 144.1, 144.2 ppm, PC (n.d.); 31P NMR (162 MHz, CDCl3): d=


28.7 ppm; IR (Si): ñ=3368, 2980, 1235, 1025, 963 cm�1; elemental analysis
calcd (%) for C13H20NO3P (269.3): C 57.98, H 7.49, N 5.20; found: C
57.76, H 7.19, N 5.13.


(�)-and (S)-(+)-1-Amino-1-indanylphosphonic acid ((� )- and (S)-(+)-
23), the former as monohydrate : Phosphonate (� )-22a (0.45 g,
1.21 mmol) was deblocked by using General Procedure F and crystallised
from water to give (� )-aminophosphonic acid (� )-23·H2O (0.14 g, 55%)
as colourless crystals; m.p. 213–214 8C. Diisopropyl 1-(t-butoxycarbonyl-
ACHTUNGTRENNUNGamino)-1-indanylphosphonate ((S)-(�)-22b) (0.18 g, 0.46 mmol) was de-
blocked by using General Procedure E and purified by means of ion-ex-
change chromatography (Dowex 50W,H+ , H2O; TLC: iPrOH/H2O/NH3


6:3:1, Rf =0.43) to furnish aminophosphonic acid (S)-(+)-23 (0.065 g,
67%) as colourless crystals; m.p. 232–233 8C (water/ethanol), [a]20


D =


+30.5 (c=0.43, water) (ee of crude product: 96%, S configuration).
1H NMR (400.1 MHz, D2O, d =4.67): d=2.19 (dddd, J=7.6, 8.8, 14.0,
23.0 Hz, 1H), 2.74 (dddd, J=4.6, 8.2, 14.0, 21.1 Hz, 1H), 3.03 (m, 2H),
7.30 (m, 3H), 7.49 ppm (brd, J=7.6 Hz, 1H); 13C NMR (100.6 MHz,
D2O): d=32.9 (d, J=2.3 Hz), 36.3, 67.7 (d, J=148.4 Hz), 127.4 (d, J=


1.5 Hz), 128.2, 129.3 (d, J=1.5 Hz), 132.5 (d, J=2.3 Hz), 141.0, 147.6 ppm
(d, J=6.1 Hz); 31P NMR (162 MHz, D2O): d =15.1 ppm; IR (ATR, race-
mate): ñ=2926, 1630, 1602, 1531, 1479, 1459, 1180, 1141, 1090, 1030,
913 cm�1; elemental analysis calcd (%) for C9H12NO3P·H2O (231.2): C
46.76, H 6.10, N 6.06; found for (� )-23 : C 46.35, H 5.86, N 5.97; elemen-
tal analysis calcd (%) for C9H12NO3P (213.2): C 50.71, H 5.67, N 6.57;
found for (S)-(+)-23 : C 50.55, H 5.61, N 6.46.


(�)-Diethyl N-(1,2,3,4-tetrahydronaphthalen-1-yl)phosphoramidate ((� )-
27): 1-Amino-1,2,3,4-tetrahydronaphthalene ((� )-26) (0.88 g, 6.0 mmol)
was phosphorylated by using General Procedure A (flash chromatogra-
phy: hexanes/EtOAc 2:1, Rf =0.32) to furnish phosphoramidate (� )-27
(1.58 g, 93%) as colourless crystals. M.p. 72–74 8C (hexanes); 1H NMR
(400.1 MHz, CDCl3): d=1.34 (t, J=7.1 Hz, 6H), 1.78 (m, 2H), 2.07 (m,
1H), 2.74 (m, 3H), 4.11 (m, 4H), 4.34 (m, 1H), 7.05 (m, 1H), 7.15 (m,
2H), 8.74 ppm (m, 1H); 13C NMR: (100.6 MHz, CDCl3): d =16.7 (d, J=


6.9 Hz), 20.2, 29.6, 33.0, 50.5, 62.9 (d, J=5.4 Hz, 2C), 126.5, 127.5, 129.0,
129.4, 137.6, 138.8 ppm (d, J=7.7 Hz); 31P NMR: (162 MHz, CDCl3): d=


9.1 ppm; IR (Si): ñ=3181, 2981, 2935, 1451, 1235, 1040 cm�1; elemental
analysis calcd (%) for C14H22NO3P (283.3): C 59.35, H 7.83, N 4.94;
found: C 59.14, H 7.96, N 4.90.
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(�)-Diethyl N-(t-butoxycarbonyl)-N-(1,2,3,4-tetrahydronaphthalen-1-yl)-
phosphoramidate ((� )-28): Phosphoramidate (� )-27 (0.57 g, 2.0 mmol)
was Boc-protected by using General Procedure C (flash chromatography:
EtOAc/hexanes 2:1, Rf =0.71) to give phosphoramidate (� )-28 (0.66 g,
86%) as a colourless oil. 1H NMR (400.1 MHz, CDCl3): d=1.20 (s, 9H),
1.34 (dt, J=0.8, 7.1 Hz, 3H), 1.38 (br t, J=7.1 Hz, 3H), 1.73 (ddq, J=3.0,
4.8, 13.4 Hz, 1H), 1.97 (m, 1H), 2.13 (m, 1H), 2.27 (m, 1H), 2.75 (m,
2H), 4.18 (m, 4H), 5.27 (dt, J=6.1, 11.6 Hz, 1H), 7.06 (m, 3H), 7.25 ppm
(m, 1H); 13C NMR: (100.6 MHz, CDCl3): d =16.1 (d, J=6.9 Hz), 16.3 (d,
J=6.9 Hz), 23.0, 27.7 (3C), 29.7, 29.7, 56.9 (d, J=3.1 Hz), 63.4 (d, J=


5.4 Hz), 64.1 (d, J=6.1 Hz), 82.0, 125.5, 125.9, 126.0, 128.7, 137.3,
138.1 ppm (d, J=3.8 Hz), C=O (n.d.); 31P NMR: (162 MHz, CDCl3): d=


4.6 ppm; IR (Si): ñ =2980, 2935, 1723, 1394, 1368, 1287, 1160, 1032 cm�1;
elemental analysis calcd (%) for C19H30NO5P (383.4): C 59.52, H 7.89, N
3.65; found: C 59.55, H 7.62, N 3.59.


(�)-Diethyl 1-(t-butoxycarbonylamino)-(1,2,3,4-tetrahydronaphthalen-1-
yl)phosphonate ((� )-30): Phosphoramidate (� )-28 (0.24 g, 0.64 mmol)
was rearranged by using General Procedure D (THF, flash chromatogra-
phy: CH2Cl2/EtOAc 3:1, Rf =0.58) to give phosphonate (� )-30 (0.09 g,
38%) as a colourless oil. 1H NMR: (400.1 MHz, 353 K, C6D5CD3): d=


0.77 (t, J=7.1 Hz, 3H, CH3), 1.05 (t, J=7.1 Hz, 3H), 1.28 (s, 9H), 1.84
(m, 1H), 2.14 (m, 1H), 2.45 (dddt, J=0.5, 3.5, 6.8, 13.7 Hz), 2.74 (m,
2H), 2.93 (dddd, J=3.8, 11.2, 13.7, 25.5 Hz, 1H), 3.35 (ddq, J=7.1, 8.9,
10.1 Hz, 1H), 3.66 (dquint, J=7.1, 10.1 Hz, 1H), 3.89 (m, 2H), 5.90 (brd,
J=10.1 Hz), 6.88 (m, 1H), 6.96 (m, 2H), 7.79 ppm (dt, J=1.8, 7.6 Hz,
1H); 13C NMR (100.6 MHz, 353 K, C6D5CD3): d=16.2 (d, J=5.4 Hz),
16.5 (d, J=5.4 Hz), 20.8 (d, J=2.3 Hz), 28.5 (3C), 30.1, 31.2 (d, J=


3.1 Hz), 58.3 (d, J=148.4 Hz), 62.9 (d, J=6.9 Hz), 63.3 (d, J=6.9 Hz),
79.4, 126.0 (d, J=3.1 Hz), 127.5 (d, J=3.1 Hz), 128.5 (d, J=3.8 Hz), 129.3
(d, J=2.3 Hz), 136.2 (d, J=5.4 Hz), 139.5 (d, J=6.9 Hz), 154.4 ppm (d,
J=16.1 Hz); 31P NMR :(162 MHz, C6D5CD3, 350 K): d =27.4 ppm; IR
(Si): ñ =2927, 1730, 1489, 1165, 1050, 1024, 966 cm�1; elemental analysis
calcd (%) for C19H30NO5P (383.4): C 59.52, H 7.89, N 3.65; found: C
59.61, H 7.71, N 3.60.


Rearrangement of (� )-diethyl N-(t-butoxycarbonyl)-N-(1,2,3,4-tetrahy-
dronaphthalen-1-yl)phosphoramidate ((� )-28) with LiTMP/TMEDA as
base : nBuLi (2.54 mL, 1.6m in hexane, 4.06 mmol) was added to a stirred
solution of 2,2,6,6-tetramethylpiperidine (0.574 g, 0.69 mL, 4.06 mmol)
and TMEDA (0.472 g, 0.61 mL, 4.06 mmol) in dry Et2O (6 mL) at �20 8C
under argon. After stirring for 30 min, the solution was cooled to �78 8C
and (� )-28 (0.778 g, 2.03 mmol, dissolved in 5 mL of dry Et2O) was
added. Four hours later, the reaction was quenched with AcOH (5 mL,
2m in Et2O) and water (10 mL). The organic phase was separated and
the aqueous phase was extracted three times with Et2O. The combined
organic layers were washed with water, dried (MgSO4) and concentrated
under reduced pressure. The residue was subjected to flash chromatogra-
phy (hexanes/EtOAc 1:1, Rf =0.30) to give starting material (0.287 g,
37%) and a mixture of hydroxyphosphonamidates (� )-32a–d (0.287 g,
37%), from which isomer (� )-32a was obtained as colourless crystals by
crystallising twice from hexanes. M.p. 116–117 8C.


ACHTUNGTRENNUNG(SP*)-Ethyl N-(t-butoxycarbonyl)-N-[(R*)-1,2,3,4-tetrahydronaphthalen-
1-yl)]-[(S*)-1-hydroxyethyl]phosphonamidate ((� )-32a): 1H NMR
(400.1 MHz, 353 K, C6D5CD3): d=1.03 (s, 9H), 1.13 (t, J=7.1 Hz, 3H),
1.55 (m, 1H), 1.62 (dd, J=7.1, 18.4 Hz, 3H), 1.77 (m, 1H), 2.14 (m, 1H),
2.24 (m, 1H), 2.47 (m, 1H), 2.68 (m, 1H), 3.97 (m, 1H), 4.07 (m, 1H),
4.13 (t, J=6.6 Hz, 1H), 4.50 (m, 1H), 5.48 (dt, J=7.8, 10.1 Hz, 1H), 6.84
(brd, J=7.5 Hz, 1H), 6.93 (brd, J=7.5 Hz, 1H), 6.99 (brd, J=7.5 Hz,
1H), 7.36 ppm (brd, J=7.5 Hz, 1H); 13C NMR: (100.6 MHz, 353 K,
C6D5CD3): d=16.4 (d, J=6.1 Hz), 18.7, 23.4, 27.9 (3C), 30.3, 30.9, 55.8,
61.9 (d, J=8.4 Hz), 67.6 (d, J=138.44 Hz), 82.6, 126.3, 126.4, 126.5, 129.2,
138.2, 139.0 (d, J=4.6 Hz), 155.6 ppm (d, J=8.4 Hz); 31P NMR
(162 MHz, C6D5CD3, 350 K): d=31.9 ppm; IR (Si): ñ =3317, 2979, 1707,
1399, 1368, 1282, 1157, 1100, 1029 cm�1; elemental analysis calcd (%) for
C19H32NO5P (385.4): C 59.21, H 8.37, N 3.63; found: C 59.49, H 8.08, N
3.63.


Crystal structure analysis : X-ray data of (� )-32a were collected at 100 K
on a Bruker Smart APEX CCD area detector diffractometer with graph-
ite-monochromated MoKa radiation, l=0.71073 L, using 0.38 w-scan


frames covering a hemisphere of the reciprocal space. After data integra-
tion, corrections for absorption and l/2 effects were applied. The struc-
ture was solved with direct methods and was then refined on F2 with hy-
drogen atoms in idealised positions by using SHELXTL.[27] CCDC-
668518 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Crystal data for (� )-32a : C19H30NO5P; Mr =383.41; monoclinic; space
group P21/c (no. 14); T=100(2) K; a=14.5683(9), b=11.5085(7), c=


48.043(3) L; b=91.007(1)8 ; V=8053.6(9) L3; Z=16; Z’=4; 1calcd =


1.265 gcm�3 ; m=0.165 mm�1; 69485 reflections collected up to qmax =308 ;
23239 independent reflections (Rint =0.035); 18774 observed reflections
(I>2s(I)); final R indices: R1 =0.065 (I>2s(I)), wR2 =0.155 (all data).
The structure contains four independent molecules, which are cyclically
linked into two pseudocentrosymmetric pairs by means of pairs of CH-
O-H···O=P hydrogen bonds. The four molecules differ significantly in
conformation (P-N-(CO)-O-tBu for two molecules in a cisoid and for two
molecules in a transoid configuration; variations in the orientation of the
(P)-O-Et groups).


(�)- and (R)-(+)-1-Azido-1,2,3,4-tetrahydronaphthalene ((� )- and (R)-
(+)-34): (� )-a-Tetralol (0.15 g, 1.0 mmol) was prepared in analogy to
(R)-(+)-1-azidoindan (flash chromatography: EtOAc/hexanes 1:19, Rf =


0.80) to give (� )-34 (0.16 g, 92%) as a colourless liquid. Similarly, (S)-
(�)-1,2,3,4-tetrahydro-1-naphthol (1.26 g, 8.47 mmol, 99.8% ee, [a]20


D =


�30.9 (c=4.9, CHCl3)) was converted to (R)-(+)-34 (1.32 g, 90%);
[a]20


D =++45.0 (c=3.67, acetone). 1H NMR (400.1 MHz, CDCl3): d=1.81
(m, 1H), 1.98 (m, 3H), 2.74 (m, 1H), 2.84 (m, 1H), 4.56 (� t, J=4.3 Hz,
1H), 7.13 (m, 1H), 7.22 (m, 2H), 7.28 ppm (m, 2H); 13C NMR
(100.6 MHz, CDCl3): d=19.0, 28.8, 29.1, 59.5, 126.1, 128.1, 129.1, 129.4,
133.7, 137.3 ppm; IR (Si, racemate): ñ=2940, 2096, 1492, 1455, 1245,
1060, 944 cm�1; elemental analysis calcd (%) for C10H11N3 (173.2): C
69.34, H 6.40, N 24.26; found: C 69.40, H 6.33, N 24.45.


(�)- and (R)-(+)-Diisopropyl N-(1,2,3,4-tetrahydronaphthalen-1-yl)phos-
phoramidate ((� )- and (R)-(+)-35): Compound (� )-34 (0.16 g,
0.92 mmol) was reacted with triisopropyl phosphite in analogy to the
preparation of diethyl N-(1-indanyl)phosphoramidate ((� )-15) from
azide. The crude product was subjected to flash chromatography (hex-
anes/EtOAc 2:1, Rf =0.42) to yield phosphoramidate (� )-35 (0.26 g,
91%) as colourless crystals; m.p. 76–77 8C (hexanes). Similarly, (R)-(+)-
1-azido-1,2,3,4-tetrahydronaphthalene ((R)-(+)-34) (1.20 g, 6.91 mmol)
gave phosphoramidate (R)-(+)-35 (2.14 g, 99%); m.p. 65–68 8C, [a]20


D =


+41.1 (c=0.95, hexane). 1H NMR (400.1 MHz, CDCl3): d=1.32 (d, J=


6.1 Hz, 6H), 1.33 (d, J=6.1 Hz, 3H), 1.34 (d, J=6.1 Hz, 3H), 1.83 (m,
3H), 2.08 (m, 1H), 2.64 (t, J=10.1 Hz, 1H), 2.75 (m, 2H), 4.34 (ddd, J=


6.3, 9.6, 10.1 Hz), 4.64 (m, 2H), 7.04 (m, 1H), 7.14 (m, 2H), 7.53 ppm (m,
1H); 13C NMR (100.6 MHz, CDCl3): d=19.9, 23.9 (d, J=4.6 Hz), 23.9 (d,
J=5.4 Hz), 24.0 (d, J=5.4 Hz, 2C), 29.2, 32.6 (d, J=1.5 Hz), 50.1, 70.9
(d, J=6.1 Hz), 70.9 (d, J=5.4 Hz), 126.0, 127.0, 128.7, 128.9, 137.2,
138.7 ppm (d, J=8.4 Hz); 31P NMR (162 MHz, CDCl3): d =7.5 ppm; IR
(Si, racemate): ñ =3201, 2976, 2930, 1458, 1221, 1100, 1020, 993 cm�1; ele-
mental analysis calcd (%) for C16H26NO3P (311.4): C 61.72, H 8.42, N
4.50; found: C 61.42, H 8.15, N 4.26.


(�)- and (R)-(�)-Diisopropyl N-(t-butoxycarbonyl)-N-(1,2,3,4-tetrahy-
dronaphthalen-1-yl)phosphoramidate ((� )- and (R)-(�)-36): Phosphor-
ACHTUNGTRENNUNGamidate (� )-35 (0.50 g, 1.60 mmol) was Boc-protected by using General
Procedure C (flash chromatography: CH2Cl2/EtOAc 10:1, Rf =0.35) to
give phosphoramidate (� )-36 (0.61 g, 93%) as a colourless oil. Analo-
gously, phosphoramidate (R)-(+)-35 (2.03 g, 6.51 mmol) gave Boc-pro-
tected phosphoramidate (R)-(�)-36 (2.43 g, 91%); [a]20


D =�26.1 (c=1.57,
hexane). 1H NMR (400.1 MHz, CDCl3): d=1.19 (s, 9H), 1.30 (d, J=


6.1 Hz, 3H), 1.34 (d, J=6.1 Hz, 3H), 1.37 (d, J=6.1 Hz, 3H), 1.38 (d, J=


6.1 Hz, 3H), 1.73 (ddq, J=2.8, 4.6, 13.1 Hz, 1H), 1.97 (m, 1H), 2.11 (m,
1H), 2.29 (m, 1H), 2.68 (m, 1H), 2.80 (m, 1H), 4.68 (oct, J=6.1 Hz,
1H), 4.82 (oct, J=6.1 Hz, 1H), 5.29 (dt, J=6.8, 11.2 Hz, 1H), 7.00 (m,
1H), 7.04 (m, 3H), 7.24 ppm (m, 1H); 13C NMR (100.6 MHz, CDCl3):
d=23.0, 23.4 (d, J=5.4 Hz), 23.8 (d, J=5.4 Hz), 23.8 (d, J=3.8 Hz), 23.9
(d, J=4.6 Hz), 27.7 (3C), 29.7 (2C), 56.9 (d, J=3.1 Hz), 72.0 (d, J=


6.1 Hz), 72.7 (d, J=6.9 Hz,), 81.6, 125.4, 125.8, 125.8, 128.7, 137.3, 138.4
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(d, J=3.8 Hz), 153.1 ppm; 31P NMR (162 MHz, CDCl3): d=2.2 ppm; IR
(Si, racemate): ñ=2980, 2935, 1724, 1386, 1368, 1287, 1162, 1071,
1000 cm�1; elemental analysis calcd (%) for C21H34NO5P (411.5): C 61.30,
H 8.33, N 3.40; found: C 61.38, H 8.16, N 3.39.


(�)- and (S)-(�)-Diisopropyl [1-(t-butoxycarbonylamino)-1,2,3,4-tetrahy-
dronaphthalen-1-yl]phosphonate ((� )- and (S)-(�)-37): Phosphorami-
date (� )-36 (0.29 g, 0.70 mmol) was rearranged (THF; flash chromatog-
raphy: CH2Cl2/EtOAc 3:1, Rf =0.61) by using General Procedure D to
give phosphonate (� )-37 (0.17 g, 59%) as a colourless oil. Analogously,
phosphoramidate (R)-(�)-36 (0.82 g, 2.0 mmol) yielded aminophospho-
nate (S)-(�)-37 (0.44 g, 53%); [a]20


D =�25.9 (c=0.64, hexane). 1H NMR
(400.1 MHz, 353 K, C6D5CD3): d=0.62 (d, J=6.1 Hz, 3H), 1.04 (d, J=


6.3 Hz, 3H), 1.14 (d, J=6.1 Hz, 3H), 1.17 (d, J=6.3 Hz, 3H), 1.27 (s,
9H), 1.87 (m, 1H), 2.12 (m, 1H), 2.47 (dddt, J=0.5, 3.5, 6.6, 13.6 Hz,
1H), 2.70 (m, 2H), 2.96 (dddd, J=3.8, 11.1, 13.4, 25.4 Hz, 1H), 4.20 (oct,
J=6.1 Hz, 1H), 4.62 (oct, J=6.3 Hz, 1H), 5.95 (brd, J=10.1 Hz, 1H),
6.97 (3H overlapped with signals of C6D5CD3), 7.82 ppm (m, 1H);
13C NMR (100.6 MHz, 353 K, C6D5CD3): d =20.9, 22.9 (d, J=6.1 Hz),
23.9 (d, J=5.4 Hz), 24.2 (d, J=3.1 Hz), 24.5 (d, J=2.3 Hz), 28.6 (3C),
30.2, 31.3 (d, J=4.6 Hz), 58.4 (d, J=149.9 Hz), 71.4 (d, J=7.7 Hz), 72.5
(d, J=7.7 Hz), 79.3, 126.0 (d, J=3.1 Hz), 127.3 (d, J=3.1 Hz), 128.6 (d,
J=4.6 Hz), 129.2 (d, J=3.4 Hz), 136.6 (d, J=4.6 Hz), 139.6 (d, J=


6.9 Hz), 154.5 ppm (d, J=16.8 Hz); 31P NMR (162 MHz, 353 K,
C6D5CD3): d=25.8 ppm; IR (Si, racemate): ñ =3401, 2978, 2934, 1730,
1488, 1367, 1248, 1167, 1103, 987 cm�1; elemental analysis calcd (%) for
C21H34NO5P (411.5): C 61.30, H 8.33, N 3.40; found: C 61.10, H 8.06, N
3.30.


(�)- and (S)-(�)-(1-Amino-1,2,3,4-tetrahydronaphthalen-1-yl)phosphonic
acid ((� )- and (S)-(�)-38), the former as a sesquihydrate : Phosphonate
� )-37 (0.96 g, 2.3 mmol) was deblocked by using General Procedure E
and purified by means of ion-exchange chromatography (Dowex 50W,
H+ , water; TLC: iPrOH/H2O/NH3 6:3:1, Rf =0.48) to give 1-aminophos-
phonic acid (� )-38 (0.40 g, 67%) as colourless crystals; m.p. 218 8C
(water). Analogously, aminophosphonate (S)-(�)-37·1.5H20 (0.50 g,
1.21 mmol) was deblocked by using General Procedure F and lyophilised
crude product was crystallised from water (25 8C)/ethanol (25 8C to
+4 8C; seemed to be less soluble in hot water than water of 25 8C) to
give aminophosphonic acid (S)-(�)-38 (0.11 g, 40%); ee of crude prod-
uct: 97%; m.p. 230–232 8C; [a]20


D =�13.9 (c=0.43, water). 1H NMR
(400.1 MHz, D2O): d=1.75 (m, 1H), 2.02 (m, 2H), 2.43 (m, 1H), 2.77
(m, 2H), 7.22 (m, 3H), 7.64 ppm (dt, J=1.0, 7.6 Hz, 1H); 13C NMR
(100.6 MHz, D2O): d=18.8 (d, J=3.8 Hz), 29.1, 31.4, 56.8 (d, J=


142.3 Hz), 126.7 (d, J=1.5 Hz), 127.7 (d, J=3.1 Hz), 128.9 (d, J=1.5 Hz),
130.3, 132.0 (d, J=2.3 Hz), 139.0 ppm (d, J=5.4 Hz); 31P NMR
(162 MHz, D2O): d=15.8 ppm; IR (ATR, racemate): ñ=3401, 3198,
2859, 1614, 1525, 1494, 1448, 1182, 1024, 921 cm�1; elemental analysis
calcd (%) for C10H14NO3P (227.2): C 52.86, H 6.21, N 6.17; found for (S)-
(�)-38 : C 52.62, H 6.20, N 6.07; elemental analysis calcd (%) for
C10H14NO3P·1.5H2O (254.2): C 47.24, H 6.74, N 5.51; found for (� )-38):
C 46.97, H 6.51, N 5.43.
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Is there an Intrinsic Limit to the Size of 2D Supracrystals Built from
Weakly Interacting Nanoparticles?


Christian Amatore*[a]


Introduction


Intense research efforts are being devoted to the synthesis
of perfect silicon-supported flat macroscopic 2D supracrys-
tals composed of nanometric metal nanoparticles. Based on
specific electromagnetic characteristics such arrays have
been predicted to offer several innovative applications in
optics, electronics, and magnetism.[1] However, central to the
expected future devices is the requirement that the nanopar-
ticles composing such arrays should have minimal electronic
interactions between themselves or with the base substrate
on which these 2D supracrystals are grown.[1] A technologi-
cal requirement for mass production of effective devices


based on this concept is that the 2D supracrystals must be
defect-free while extending over significant areas (i.e.,
�1 cm2). Even if the first requirement is certainly achieved,
the second one appears extremely difficult to reach.[2–4]


Self-organization, i.e., involving weak enthalpic interac-
tions between arrayed objects (e.g., such as van der Waals
forces),[2,3] appears to be the present method of choice for
constructing 2D supracrystals with the characteristics de-
scribed above. However, though this is one of the basic in-
teractions retained by nature to create 2D or 3D assemblies
(e.g., viruses), and despite the importance and increasing
number of synthetic works relying on this concept for pro-
ducing high quality 2D supracrystals of metal nanoparti-
cles,[2,4] it appears that the best defect-free 2D-single-crystal
arrays reported up-to-date are generally far from meeting
the minimum sizes required for any practical industrial ap-
plications. In practice, the nanoparticles arrange at most in
neat defect-less micrometric subdomains whose juxtaposi-
tion covers the base substrate,[2–4] a prohibitory situation.[1]


Present size limits cannot be ascribed to distortions intro-
duced by dispersion of the nanoparticle sizes composing the


Abstract: This work establishes that an
extremely stringent, but dismissed ther-
modynamic condition governs the size
of perfect 2D supracrystals that consist
of weakly interacting nanoparticles.
This severe condition is ultimately im-
posed by the large modulus of the neg-
ative entropy, which accumulates in
any large defect-free (or defectless)
crystal, owing to the high demand for
the precise ordering of its arrayed ele-
ments. This thermodynamic toll is espe-
cially difficult to compensate for when
interaction enthalpies within the lattice
and its underlying substrate are weak,
as is required for these arrays, which
are valuable for innovative applications
such as optics, electronics and magnet-


ism. This constraint is formulated here
by a simple scale law which predicts
the maximum size achievable for 2D
supracrystals as a function of their sur-
face and edge enthalpies. This scale
law analysis is ultimately based on the
recognition that the modulus of entrop-
ic contributions grows faster (as
lnACHTUNGTRENNUNG(N0!) in which N0 is the number of
perfectly arrayed particles) than that of
enthalpic ones (/N0) when the size of
any perfectly ordered structure increas-
es. Hence, disorder must be introduced


into the network to relax the entropic
demand to allow sufficient stability.
This intrinsic characteristic is shown to
be extremely prohibitory if the en-
thalpic interactions between the ar-
ranged objects are close to the thermal
quantum, as is imposed for the applica-
tions mentioned above. To substantiate
this concept, we have evaluated the
thermodynamics of 2D supracrystals
composed of nanoparticles arranged
into the most common crystallographic
arrays (square, c, square-centered, cc,
or hexagonal, hex, lattices). The essen-
tially identical results obtained for
these there lattices establish that the
scale law developed here is valid for
most realistic lattices.
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2D supracrystals, as this has been under appropriate control
already for several years.[5] It seems implicitly assumed by
many authors that the origin of the defects that limit the
size of 2D-single crystals is mostly related to the complexity
of the delicate interplay between growth kinetics and trans-
port of nanoparticles to the crystallization sites, as well as to
the control of nucleation rates, so that great efforts are
being devoted to controlling growth kinetics through differ-
ent strategies adapted to different contexts.[2–9]


Kinetics is certainly a key issue as is very well known for
the growth of any single crystals. This has been demonstrat-
ed and rationalized in great detail for 2D supracrystals by
Chaikin,[6] Kramer,[7] Nelson,[8] and Ertl[9] in a series of semi-
nal works. However, we wish here to examine the problem
from a different angle. Namely, even if such kinetic prob-
lems could be brought under perfect control by adequate
synthetic strategies, would that be sufficient to solve the
problem of manufacturing large size 2D supracrystals of
weakly interacting nanoparticles?
In evaluating the potential stability of 2D crystals only


strict enthalpic contributions (H) are generally consid-
ered.[3,10] However, if the magnitude of the enthalpy of a su-
pracrystal grows as the number, N0, of arrayed particles, the
entropic demand (S) grows faster than the number of ar-
rayed particles reflecting the increasing demand for order
when more and more nanoparticles are assembled.
Whenever the absolute value of the enthalpy per nanopar-


ticle (in the Madelung sense, i.e. , including all interactions:
between the particles themselves, with the underlying sub-
strate and accounting for any change incurred by the base
substrate, owing to the presence of the nanoparticle cover-
age; however this does not include the enthalpy of forma-
tion of the nanoparticles from their atomic components) is
much larger than the thermal quantum, kBT, as occurs for
example in classical inorganic crystals (e.g., NaCl, quartz, di-
amond, etc.) the overall negative enthalpy of the arrayed
particles compensates easily for the large order demand cre-
ated when the crystal size becomes excessively large. How-
ever, this may not be the case if the enthalpy per nanoparti-
cle needs to be small as is required for the applications de-
scribed above.
Under such delicate conditions (i.e. , when the enthalpic


drive is poor), the system must find ways to relax its too de-
manding order to achieve any thermodynamic stability. This
necessarily corresponds to the spontaneous creation of sev-
eral types of defects and dislocations. Such states are gener-
ally associated with weaker enthalpies than those of the per-
fectly arrayed elements in the crystalline network, but they
may help to lower the overall Gibbs free energies (i.e. , free
enthalpies) because the corresponding amount of disorder
introduced in the crystal corresponds to positive entropic
contributions relative to a perfect array. This view seems to
justify qualitatively the segregation of would-be macroscopi-
cally perfect 2D supracrystals into a series of juxtaposed mi-
crometric perfectly ordered subdomains.[2–4]


In the following, we wish to examine if a would-be perfect
single-domain 2D supracrystal (that we take everywhere as


the reference state even if it may not actually exist experi-
mentally) may experience a thermodynamic drive for rear-
ranging into subdomains so as to decrease its primitive too-
high order and minimize locally its overall Gibbs energy (in
this work we use the term “Gibbs free energy” to represent
the “standard free enthalpy”, i.e., the thermodynamic state
function G0=H0�TS0 in which T is the absolute tempera-
ture, H0 the standard enthalpy, and S0 the standard entropy).
For this reason we do not need to specify the initial state


in which the nanoparticles are before they assemble onto
the substrate. Because our thermodynamic reference state is
a perfectly arrayed 2D supracystal, the property that we
wish to establish here is independent of the initial status of
the nanoparticles before they assemble into the array. It
only determines the most favorable ordered structure of the
assembly, if any one may be formed. By all means, the pres-
ent analysis does not imply that such most stable state has
any intrinsic thermodynamic stability, since this depends on
external factors defining the system before it assembles.
From a strict point of view the very chemical nature of


defects matters. However, spontaneous formation of disloca-
tions defining perfectly organized subdomains whose juxta-
position fully covers the underlying substrate is often report-
ed for actual 2D supracrystals of the type envisioned
here.[1–4] Keeping in view that the ultimate synthetic goal is
the possibility of manufacturing defectless 2D supracrystals
with feebly interacting objects, we propose to consider only
this single type of defect. In doing so we certainly particular-
ize a single mode of relaxing the too large entropic demand.
On the other hand, this choice is representative of many ex-
perimental situations[1–4] and is particularly helpful in evalu-
ating the compromise between enthalpic and entropic con-
tributions. In a real case the thermodynamic constraint that
we ascribe to a single specific type of defect may be
“shared” by the presence of other defects, e.g., such as those
identified and thoroughly investigated by Chaikin,[6]


Kramer,[7] and Nelson[8] or other specific ones, e.g., as hexat-
ic defects,[10,11] or any others. Yet, by essence, such defects
will distribute over the whole assembly and prevent anyway
the use of the ensuing 2D supracrystals for the presently tar-
geted innovative applications in optics, electronics and mag-
netism.[1] Hence, our analysis is aimed to provide a minimal
thermodynamic requirement for 2D supracrystals prone to
such type of applications. For the same reason we consider
only statistical Boltzmannian entropic contributions[13a] and
we do not specify the exact chemical nature of the interac-
tions of nanoparticles with its neighbors or with the base
surface, nor the exact changes in surface and edge tension
energies experienced by the base substrate.
For the sake of pedagogical presentation we chose to


present in the main text a thorough analysis considering spe-
cifically squared crystallographic arrangements (c) since this
simplifies the formulations while keeping intact its principle
(note that in all this work, we use the classical notations for
3D lattices, c, cc, or hex, though we investigate 2D lattices).
In selecting a squared lattice to illustrate the present scaling
law analysis, we fully appreciate that generally the experi-
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mental supracrystals arrange into centered squared (cc) or
hexagonal (hex) arrays,[2,4] owing to the maximization of
density and interactions. For this reason we report also the
final outcomes of our approach for cc and hex 2D supracrys-
tals in the main text, but fully disclose their analyses in the
Appendix. Regardless, the problem that we examine here-
after does not significantly depend on the precise crystallo-
graphic lattice type, but rather on essential scale factors that
are related only to the number of particles arranged in 2D
supracrystals as soon as this number is large enough for any
realistic application such as those envisioned here.[1]


Theory


Defining a general scaling law for 2D-supracystals : Let us
consider a perfectly flat 2D wafer of surface area A0 covered
by a perfectly ordered 2D array consisting of N0 nanoparti-
cles of individual radius rp. This is taken as the thermody-
namic reference state without presuming that such an array
may actually be formed even transiently. Let us assume that
such perfect array may evolve so that, although still covering
the same surface of the wafer with the same number of par-
ticles,[14] it gives rise to a series of extremely thin dislocations
that separate the initial continuous 2D crystal in a juxta-
posed series of ND perfectly ordered 2D subdomains consist-
ing each of 2D supracrystals (see Figure 1). Such composite


supracrystals have indeed been frequently reported experi-
mentally when enthalpies of interactions in the array are
weak.[1–4] In this view, the single 2D supracrystal used as our
reference state is represented by ND=1 to represent that a
single perfect domain is achieved. Our first aim here is to
evaluate the Gibbs energy variation, DGN0


ND
=GN0


ND
�GN0


ND¼1,
experienced if a single domain splits into ND subdomains.
This will serve to examine afterwards if a particular value of
ND confers a local stability on a particular component of
this family, if DGN0


ND
experiences a single minimum when ND


varies between unity and its limit for a fully random array
(i.e., ND!N0).
The present model is not aimed to solve any specific situa-


tion (as performed in previous seminal works),[6–9] but to


propose a general scaling law that may result useful to syn-
thetic chemists for designing new strategies for manufactur-
ing large 2D supracrystals consisting of weakly bound nano-
particles. Its root consists in remarking that the main en-
thalpic drive in creating a perfect 2D supracystal is approxi-
mately proportional to the cumulative surface area of the
ordered domains, taking into account core and edge interac-
tions, although the entropic contribution consists of two
terms. One is negative and features the high “order
demand”, owing to the population of perfectly arrayed par-
ticles. The second one is positive and represents the “disor-
der allowance” within the composite supracrystal ; this in-
cludes the defects (misplaced particles, defects, absence of
particles). We assume that for the minimization of energy
these defects assemble into chain boundaries defining the
subdomains.[6a] In this regard, we exclude the possibility that
these boundaries may result fractal to any significant
degree, even if they are possibly crossing (see Figure 1) to
delimit ordered subdomains. It is essential to our analysis
that the boundaries keep a dimensionality equal or closely
equivalent to that of a length.
If a general scaling law exists to define the most thermo-


dynamically stable arrangement, the number ND of subdo-
mains for a given number N0 of nanoparticles, it is intuitive-
ly expected to depend on the specific lattice (e.g., c, cc, hex)
assumed by the nanoparticles. However, from the general
theoretical point of view developed here, the precise nature
of the crystallographic array influences the following theo-
retical description only through the introduction of specific
geometrical factors whose values are commensurable to
unity (see below and Appendix). For this reason we will
pursue our analysis by considering squared supra-crystallo-
graphic arrangements (c) of nanoparticles (Figure 1c), as
this is the 2D-crystallographic arrangement that leads to the
simplest intermediate formulations while keeping intact the
general principle and outcome of the present model (see
below). The Appendix presents the same analyses for
squared centered (cc) and hexagonal arrays (hex), hence
validating quantitatively this choice for simplification of our
presentation.
Finally, we wish to recall that when ND@1 it is probable


that a distribution of clusters sizes (presenting a distribution
of their surface areas AD) should be observed. However, as
will become evident in the following we are interested in
the situation when ND=1, as this is the one which matters
for any practical application.[1] Therefore, for keeping a gen-
eral character to our analysis while simplifying its presenta-
tion we will consider that all subdomains are identical (that
the distribution of AD is close to a Dirac delta function). In
doing so we certainly minimize the entropic contributions
related to disorder by minimizing ex abrupto one configura-
tional component.[12] Yet, as the final outcome of our ap-
proach is to produce a scaling law that describes the condi-
tion required for obtaining ND=1, this assumption is not
critical for the final outcome of our theoretical model.
Let then the common lateral dimension of each single


defect-free 2D-supracrystal square domain be aD (Fig-


Figure 1. Schematic representation of a wafer covered by independent
domains consisting of 2D supracrystals (this is illustrated for squared (c)
arrangements). a) View of a squared-wafer covered with a squared ar-
rangement of ND identical perfect 2D supracrystalline juxtaposed subdo-
mains. b) Schematic illustration of the arrangement of distinct single crys-
tals. c) Schematic view defining the different classes of nanoparticles in
any subdomain.
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ure 1c), and that of the composite 2D supracrystal be a0
(Figure 1a). To proceed let us introduce first the following
parameters that transcribe the above geometrical descrip-
tions into dimensionless values. Equation (1) is the overall
number of particles assembled onto the 2D wafer:[15]


N0 ¼
A0


4 r2p
¼
�
a0
2 rp


�2
ð1Þ


Equation (2) is the number of identical perfect 2D domains:


ND ¼
A0


AD
¼
�
a0
aD


�2
ð2Þ


Equation (3) is the number of particles in each subdomain:


Np ¼
�
aD
2 rp


�2
ð3Þ


Each 2D subdomain (Figure 1c) includes Ncore
p “core” nano-


particles, i.e., located within the subdomain core, Nedge
p


“edge” particles, lined along the domain edge and experi-
encing a relative destabilization, owing to edge effects, and
Napex
p “apex” particles located at each corner of the 2D clus-


ter. Then, Np=Ncore
p +Nedge


p +Napex
p . Upon considering that


edge perturbations are attenuated after a single row of
nanoparticles (note that, if required, any appropriate factor
may be introduced to account for an edge perturbation af-
fecting other rows), one has Napex


p =4 for the c arrange-
ment,[15] hence Np=Ncore


p +Nedge
p +4 (Figure 1c) in which


[Eq. (4)]:


Nedge
p ¼ 4


�
aD�4 rp
2 rp


�
¼ 4
�
aD
2 rp
�2
�


ð4Þ


It is of interest to remark that from Equations (1 and 2),
Equation (5):


Nedge
p ¼ 4


�
aD
2 rp
�2
�
¼ 4
�
aD
a0


a0
2 rp
�2
�
¼ 4


� ffiffiffiffiffiffiffi
N0


ND


r
�2
�


¼ 4 ðq�2Þ
ð5Þ


in which q is defined as a dimensionless parameter charac-
terizing the crystalline quality of the overall arrangement
over the whole wafer for a given number N0 of nanoparticles
[Eq. (6)]:


q ¼
ffiffiffiffiffiffiffi
N0


ND


r
ð6Þ


q=
ffiffiffiffiffiffi
N0


p
(i.e., ND=1) represents the perfectly ordered 2D


supracrystal that we use as our reference state. Conversely,
q!1 represents the trend towards a full randomization of
the nanoparticles (i.e., ND!N0).


[16] It ensues that with this
definition [Eq. (7)]:


Np ¼
�
aD
2 rp


�2
¼
��


aD
a0


��
a0
2rp


��2
¼ N0


ND
¼ q2 ð7Þ


so that ACHTUNGTRENNUNG[Eq. (8)]:


Ncore
p ¼ Np�ðNedge


p þ4Þ ¼
N0


ND
�4


ffiffiffiffiffiffiffi
N0


ND


r
þ4 ¼ ðq�2Þ2 ð8Þ


Based on the above considerations, the overall enthalpic
change, DHN0


ND
, experienced by the system during its transi-


tion from the reference state (i.e., ND=1) to any situation
in which ND>1 is given by the following summation which
encompasses all the changes experienced by each particle
type of each of the ND subdomains [Eq. (9)]:


DHN0
ND
¼ ðHN0


ND
�HN0


ND¼1
Þ


¼ NDðNcore
p Hcore


0 þNedge
p Hedge


0 þ4Hapex
0 Þ�N0h0


ð9Þ


in which h0 is the enthalpy per nanoparticle in the reference
state (note that h0 is given by the same expression as the
first term of the right-hand side of Equation (9) when im-
posing ND=1 and q=


ffiffiffiffiffiffi
N0


p
). In Equation (9), Hj


0 terms rep-
resent all the enthalpic contributions experienced by each
lattice point of type ’j’ of the array (see Figure 1c).[10] This is
defined in the MadelungNs sense and accounts for the en-
thalpic interactions between neighboring particles and with
the base substrate, of chemical nature or featuring tension
energies incurred by the array or its base substrate surface,
including surface tension in/under the subdomain cores or
line tensions in/under the boundaries between subdomains.
Hence, provided that we focus on ND values that are not ex-
cessively large and ND ones which are excessively large, H


j
0


values may be considered independent of ND or N0.
From Equations (5, 7 and 8) it follows that the average


enthalpy per particle is [Eq. (10)]:


DHN0
ND


N0
¼ Hcore


0


ðq�2Þ2þ4ðq�2ÞHedge
0 =Hcore


0 þ4 Hapex
0 =Hcore


0


q2
�h0


ð10Þ


For simplifying the notations, it is of interest to remark that
the “core” enthalpies Hcore


0 are necessarily negative if the
overall arrangement presents any stability, whereas Hedge


0


values are presumably less negative (or even positive) be-
cause of the presence of disfavoring interactions prevailing
at the edges between perfect 2D clusters. This is certainly
even more true for Hapex


0 . To account for this observation, let
us rewrite Hedge


0 and Hapex
0 as Hedge


0 = Hcore
0 ACHTUNGTRENNUNG(1�e) and Hapex


0 =


Hcore
0 ACHTUNGTRENNUNG(1�eg) in which e is most presumably a positive term


and g
1 (though the notation and the following analysis
remain valid even when this is not the case). Then
[Eq. (11)]:


DHN0
ND


N0
¼ Hcore


0


�
1�4e


ðq�2Þþg


q2


�
�h0 ð11Þ
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To assess the relative stability of the overall arrangement vs.
the reference state one needs to consider the whole Gibbs
energy variation, DGN0


ND
, experienced by the array during the


transition from ND=1 to ND>1. This includes the entropy
variation, DSN0


ND
, and not only the enthalpic one. DSN0


ND
is eval-


uated hereafter upon considering the Boltzmann statistical
entropy,[13a] upon considering iso-energetic permutations,
i.e., within each type of position: cores, NDN


core
p , edges,


NDN
edge
p , and apexes, 4ND. Posing NDDSN0


ND
=N0ACHTUNGTRENNUNG(kBS0) in


which kB is the Boltzmann constant and S0 is a characteristic
of the perfect array (hence independent of ND or of q for a
given number, N0, of nanoparticles), one obtains
[Eq. (12)]:[13]


DSN0
ND


kB
¼ ln ðN0Þ!


ðNDN
core
p Þ!ðNDN


edge
p Þ!ð4NDÞ!


�N0s0 ð12Þ


Finally, since we consider here large numbers of particles of
each subtype, we may use the classical approximation
ln(X!)�X lnX in the expression of DSN0


ND
so that [Eq. (13)]:


DSN0
ND


kBN0
¼ 2


�
lnq�ðq�2Þlnðq�2Þ


q
�2 ðq�1Þln4


q2


�
�s0 ð13Þ


Combining Equations (11 and 13) affords Equation (14):


DGN0
ND


N0
¼Hcore


0


�
1�4e


ðq�2Þþg


q2


�


�2 kBT
�
lnq�ðq�2Þlnðq�2Þ


q
�2 ðq�1Þln 4


q2


�


�½h0�TðkBs0Þ�


ð14Þ


The term g0=h0�T ACHTUNGTRENNUNG(kBs0) in the last bracket of Equa-
tion (14) is the standard Gibbs free energy per nanoparticle
in the reference state so that it is independent of q for a
fixed value of N0. This equation thus establishes that when
ND varies while N0 is constant (as we consider here), DGN0


ND
/


N0 is a function of q being modulated by three parameters,
Hcore


0 , e, g, which have also constant values. Within this
framework, the thermodynamically most stable array is then
that corresponding to the value, qmin, of q which minimizes
DGN0


ND
/N0 when q (i.e. , ND) varies over its possible range.


[16]


As @2DGN0
ND
/@q2>0 over the whole range of possible q


values, if any exists, the extremum presented by DGN0
ND


at
qmin characterizes the Gibbs energy minimum relative to our
reference state (defined by qref=


ffiffiffiffiffiffi
N0


p
). Thus, qmin is the


single solution of @(DGN0
ND
/N0)@q=0, of Equation (15):


f½qþ2ðg�2Þ� eH
core
0


kBT
þq lnðq�2Þ�ðq�2Þln4gq¼qmin ¼ 0 ð15Þ


qmin characterizes the most stable thermodynamic state of
the system of N0 arrayed nanoparticles vs. the perfect array
taken as the reference state in this work. Hence, though it
characterizes the single local Gibbs energy minimum, it


does not at all characterize the propensity of the individual
nanoparticles to arrange into this best 2D array, as this de-
pends also on the exact starting conditions characterizing
the nanoparticles (or their atomic components) and the sub-
strate before the 2D-supracrystal assembly is made. Howev-
er, numerous experimental systems have been reported pre-
viously to establish that is indeed feasible.[1,2,4–11]


Equation (15) may be solved numerically to afford the
variations of qmin as a function of eHcore


0 /kBT for any g value
(see Figure 2). Owing to its definition, g is a parameter com-
mensurable to unity, so Figure 2 shows that its influence is


very modest and restricted to a range of jeH0
core/kBT j


values which are close to unity, i.e. , within a range in which
qmin would be too small to account for any realistic applica-
tion of the kind envisioned here.[1]


To proceed we may then restrict our analysis to the situa-
tions of practical interest,[1] when q is extremely large and
N0@1 as is desired for any realistic applications. Thus, for
any case of practical interest here Equation (15) simplifies
into Equation (16):


eHcore
0


kBT
þ ln q


min


4
¼ 0 ð16Þ


to which the solution is Equation (17):


qmin ¼ 4 exp
�
� eHcore


0


kBT


�
¼ 4 exp


�
�H


core
0 �Hedge


0


kBT


�
ð17Þ


This asymptotic analytical solution is superimposed in
Figure 2. This establishes the validity of Equation (17) as
soon as jeHcore


0 /kBT j exceeds a few units, i.e., whenever qmin
reaches any value of practical interest.
It ensues that the most stable c arrangement of N0 parti-


cles onto the wafer corresponds to the juxtaposition of
ND


stable perfect 2D supracrystals such as Equation (18):


Figure 2. Numerical solution of Equation (15) as a function of eHcore
0 /kBT


and g for a squared (c) configuration (solid curves; from bottom to top:
g=1,2,3,4 and 5). The dashed curve is the asymptotic solution given in
Equation (17).
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ND
stable ¼ N0


16
exp
�
2
Hcore
0 �Hedge


0


kBT


�
ð18Þ


To obtain a single 2D supracrystal including all the N0 nano-
particles, the above value of Nstable


D must be at most equal to
unity, i.e. Equation (19):


DHc
0 ¼ Hcore


0 �Hedge
0 � DHc


max ¼ �
kBT
2
ln
N0


16
ð19Þ


The condition in Equation (19) shows that the constraint,
Hc


0�DHc
max, imposed on DHc


0= (H
core
0 �Hedge


0 ) for a c lattice
results more and more severe when N0 increases, when the
array size increases. Almost identical limits are obtained for
arrays involving higher density packings such as squared
centered (cc) or hexagonal (hex) ones (see Appendix) Equa-
tion (20):


DHcc
max ¼ �


kBT
2
ln
N0


8
ð20Þ


and Equation (21):


DHhex
max ¼ �


kBT
2
ln
N0


12
ð21Þ


Note that Equations (20 and 21) differ from Equation (19)
only by the denominators associated to N0 in the logarithmic
terms of their right-hand sides. As for any macroscopic 2D
supracystal these factors are considerably much smaller than
N0, their moderate changes are negligible in the logarithmic
values (compare Table 1). In fact the three equations are
equivalent to Equation (22):


ln
ffiffiffiffiffiffi
N0


p
� �DHc, cc, or hex


0


kBT
ð22Þ


Interestingly, this scale law features that irrespective of the
lattice type N0 must be small enough for the positive entrop-
ic contribution introduced by the


ffiffiffiffiffiffi
N0


p
particles located onto


the edges of the perfect single 2D supracrystal to compen-
sate the weak enthalpies and the large negative entropy im-
posed by the N0 nanoparticles perfectly arranged within its
core. In other terms, the surface area of the supracrystal


(/N0) must remain small enough for its edges overall length
(/


ffiffiffiffiffiffi
N0


p
) to compensate its internal entropic demand.


To illustrate quantitatively the constraints in Equa-
tions (19–21), and validate the simplification in Equa-
tion (22), Table 1 reports the corresponding threshold values
of DHmax


c,cc, or hex for typical sizes of 2D-single crystals com-
posed by nanoparticles of radius of rp�1 nm arranged in
each of the three array types. The extremely weak depend-
ence on the type of lattice, even for the smallest supracrys-
tals, validates our point in proposing the general scaling law
in Equation (22).
We may particularize further the application of the above


scaling law by remarking that upon placing a nanoparticle
onto an edge position rather than within the core one
cannot impose a too unfavorable enthalpic change since the
interactions prevailing in the bulk are already weak. Recog-
nizing that “edge nanoparticles” necessarily experience a
loss of stability, owing at least to the absence of half of their
neighbors (see, e.g., Figure 1c), one may plausibly assume
that e values fall around 1=2. On the other hand, for most
cases reported in the literature up to now,[2,4] average enthal-
py per site reaches a few �kBT at most (i.e., a few times
�2.5 kJmol�1 or a few mJm�2 at most when expressed in
macroscopic units at 300 K).[3] This is required for avoiding
the involvement of any strong interactions between particles
or with the base substrate which would prevent the sought
optical, electronic or magnetic properties.[1] From Table 1 it
is then predicted that the maximum expectable size of such
arrays lies around a few square micrometers. This predicted
range compares extremely well with the largest sizes of de-
fectless areas in 2D supracrystals reported up to date even
when crystal growth kinetics seem fully mastered.[2,4]


Conclusion


Though kinetics defects are certainly an important factor
that may ultimately limit the size of 2D supracrystals
formed by weakly interacting metallic nanoparticles[1–4] it
has been shown in this work that a drastic thermodynamic
constraint already limits the size of such arrays. Hence, even
perfect control of growth kinetics and fast kinetics of defect
rearrangements[6–9] cannot solve the problem borne by or-
dering weakly interacting nanoparticles into large 2D supra-


crystals except maybe under
metastable circumstances.
Indeed, a stringent threshold is
ultimately imposed by the in-
trinsic thermodynamics of the
system at hand.
This severe condition is ulti-


mately forced onto the system
to compensate for the extreme-
ly high entropic constraint im-
posed by a perfect ordering of
the 2D-supracrystal elements.
Such unfavorable entropic


Table 1. Thermodynamical constraints on DHc, cc, or hex
0 = (Hcore


0 -Hedge
0 ) for a few selected sizes of 2D-single


ACHTUNGTRENNUNGsupracrystals (squared (c), centered square (cc), or hexagonal (hex) lattices) composed of 1 nm radius nanopar-
ticles as a function of the 2D-supracrystal size, as predicted by Equations (19–21).


DHc, cc, or hex
max


2D-Single crystal size
(a0)


Number of
nanoparticles (N0)


Microscopic units
[kBT]


Macroscopic units[a]


[kJmol�1]
c cc hex c cc hex


1 cm 2.5Q1013 �14.0 �14.4 �14.2 �35 �36 �35
1 mm 2.5Q1011 �11.7 �12.1 �11.9 �29 �30 �30
1 mm 2.5Q105 �4.8 �5.2 �5.0 �12 �13 �12


[a] i.e., in RT units (2.5 kJmol�1 at 300 K); note that for rp�1 nm, RT � 1 mJm�2 at 300 K (compare with
ref. [3]).
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demand may be easily compensated in crystals involving
large negative enthalpies, but results especially difficult to
balance by weak enthalpies of interaction between the nano-
particles. Hence, it may be relaxed only by the introduction
of enough disorder in the array, by considering sufficiently
small crystals so that their edge length (/


ffiffiffiffiffiffi
N0


p
) is compara-


tively large enough vs. its surface area (/
ffiffiffiffiffiffi
N0


p
).


We have evaluated the thermodynamics of the system for
a coverage of 2D supracrystals composed of nanoparticles
arranged in three typical lattices (c, cc, and hex). The very
similar results obtained for c, cc, or hex arrangements estab-
lish that the exact crystallographic structure has minimal in-
fluence whenever N0 is extremely large as expected for real-
istic devices.[1] Therefore the principle of the present ap-
proach and, most importantly, its general outcome in the
form of the scaling law in Equation (22) appear to be readily
transposable to almost any other realistic crystalline 2D con-
figuration whenever the defects may aggregate to form one-
dimensional domains limiting perfect 2D domains.
This clearly evidences that perfect kinetic control is not


sufficient for allowing large 2D supracrystals of weakly in-
teracting objects to be grown.[1] Thus, new synthetic strat-
egies must be developed to achieve supracrystals ordering
over surface areas which may lead to industrial applica-
tions.[17]


It is also of interest to consider that the same concept
may certainly be transposed to 3D networks. Indeed, in such
a case the number of ordered objects, N0, to be arranged
grows as the cube of the crystal size (vs. growing as its
square for a 2D network) while those on its surface grow as
its square (as /N0


2/3 instead of /N0
1/2 for a 2D network).


This may impose different, but still stringent conditions onto
the size of single 3D crystals which may be obtained from
weakly interacting objects (large organic molecules, proteins,
etc.), as is frequently observed when single crystals are
grown for X-ray structural analyses. Therefore the present
approach may serve as a qualitative basis for explaining the
great difficulties experienced in obtaining even micrometric
single crystals from these objects.
To conclude, we wish to recall that the scaling law concept


developed here is somewhat akin to that introduced by P. G.
de Gennes in his “blob theory” to predict the statistical con-
formation of long polymers and polyelectrolytes in solu-
tion.[18] Though the exact rationales and physicochemical
areas are different, the concepts underlying the two models
and their outcomes in terms of thermodynamically favored
structures have similar roots. Indeed, both find ultimately
their origin in the fact that in ordered systems entropic de-
mands grow faster than enthalpic ones when the number of
arrayed elements increases. Therefore, the trend to fragment
into subdomains is to be considered as a natural outcome
which becomes especially visible for systems involving weak
interaction enthalpies as it is the case for 2D arrays of
weakly interacting nanoparticles, 3D crystals of organic and
biological molecules, as well as long chains of polymers or
polyelectrolytes.


Appendix


Thermodynamical threshold for 2D supracrystals with higher density
packings : For the sake of simplicity in the intermediate derivations, in
the main text we purposely considered 2D-squared arrays, as for these
lattices the accounting of edge, apex, and core particles is the simplest,
although bearing intact the essential factors and attributes that control
the validity of our scaling law. Yet as expressed in the Introduction,
higher-density packings such as hexagonal or squared-centered arrays are
generally spontaneously preferred in real 2D-supra lattices of nano-
ACHTUNGTRENNUNGparticles.


It is the purpose of this Appendix to disclose the results for these higher
density 2D packings and to justify our statement about the generality of
the laws disclosed above provided that geometrical factors commensura-
ble to unity are taken into account according to the specificity of the 2D
packing. We use hereafter the same notations as in the main text.


For the centered square (cc) packing, the values of N0, ND, Np and N
apex
p


given in Equations (1–3) for a c lattice remain identical. The difference
between simple squared and centered squared arrays reveals only in
Napex
p , owing to the change in compactness. Thus, upon the introduction


of the crystalline quality parameter q=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N0=ND


p
[Eq. (6)], one obtains


now [Eq. (23)]:


ðNedge
p Þcc ¼ 4


�
aD


2
ffiffiffi
2
p
rp
�2
�
¼ 4
�
qffiffiffi
2
p �2


�
ð23Þ


and, noting that [Eq. (24)]


ðNpÞcc ¼ q2 ð24Þ


one obtains [Eq. (25)]:


ðNcore
p Þcc ¼ ðNpÞcc�½ðNedge


p Þcc þ 4� ¼ q2�2
ffiffiffi
2
p
qþ 4 ¼ ðq�


ffiffiffi
2
p
Þ2 þ 2 ð25Þ


instead of Equations (5,7, and 8). Based on these definitions, one finally
obtains the counterparts of Equations (11 and 13) for a squared centered
2D supracrystal [Eq. (26)]:


�
DHN0


ND


N0


�cc


¼ Hcore
0


�
1�2e


ffiffiffi
2
p
qþ 2ðg�2Þ
q2


�
�h0 ð26Þ


and [Eq. (27)]:


�
DSN0


ND


kBN0


�cc


¼2 lnq�ðq�
ffiffiffi
2
p
Þ2 þ 2


q2
ln½ðq�


ffiffiffi
2
p
Þ2 þ 2�


� 2
ffiffiffi
2
p
q�8
q2


ln½2
ffiffiffi
2
p
q�8�� 4


q2
ln4�s0


ð27Þ


For a hexagonal array, considering now that a0 is the side length of a
macroscopic hexagonal substrate (instead of a squared one as in Fig-
ure 1a), one obtains [Eq. (28)]:


ðN0Þhex ¼ 3
�
a0
2 rp


�2
�3 a0


2 rp
þ 1


a0�rp



!3


�
a0
2 rp


�2
ð28Þ


in which the limit in the right-hand-side is achieved when a0 is considera-
bly large compared to the nanoparticles sizes. Similarly, one has
[Eq. (29)]:


ðNDÞhex ¼
A0


AD
¼


3
ffiffi
3
p


2 a0
2


3
ffiffi
3
p


2 aD2
¼
�
a0
aD


�2
ð29Þ


and [Eq. (30)]:
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ðNpÞhex ¼ 3
�
aD
2 rp


�2
�3 aD
2 rp
þ 1


a0�rp



!3


�
aD
2 rp


�2
ð30Þ


so that upon remarking that Np
apex=6 for hexagonal packing, so that


Np=Np
core+Np


edge+6, the counterpart of Equation (5) is [Eq. (31)]:


ðNedge
p Þhex ¼ 6


�
aD
2 rp
�2
�


ð31Þ


Introducing the crystalline quality parameter q=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N0=ND


p
[Eq. (6)], and


noting that [Eq. (32)]:


ðNpÞhex ¼ q2 ð32Þ


finally allows to express the counterparts of Equations (5 and 8) for a
2D-hexagonal packing [Eq. (33)]:


ðNedge
p Þhex ¼ 6


�
aD
2 rp
�2
�
¼ 6
�
aD
a0


a0
2 rp
�2
�
¼ 6
�
1ffiffiffi
3
p


ffiffiffiffiffiffiffi
N0


ND


r
�2
�


¼ 6
�
1ffiffiffi
3
p q�2


� ð33Þ


and [Eq. (34)]:


ðNcore
p Þhex ¼ ðNpÞhex�½ðNedge


p Þhex þ 6� ¼ q2�2
ffiffiffi
3
p
qþ 6 ¼ ðq�


ffiffiffi
3
p
Þ2 þ 3 ð34Þ


Thus, one obtains finally the enthalpy per particle [Eq. (35)]:


�
DHN0


ND


N0


�hex


¼ Hcore
0


�
1�2e


ffiffiffi
3
p
qþ 3ðg�2Þ
q2


�
�h0 ð35Þ


and the corresponding Boltzmann entropic contribution [Eq. (36)]:


�
DSN0


ND


kBN0


�hex


¼2 lnq�ðq�
ffiffiffi
3
p
Þ2 þ 3


q2
ln½ðq�


ffiffiffi
3
p
Þ2 þ 3�


� 2
ffiffiffi
3
p
q�12
q2


ln½2
ffiffiffi
3
p
q�12�� 6


q2
ln 6�s0


ð36Þ


Based on the above derivations for squared centered [Eqs. (26 and 27)]
or hexagonal [Eqs. (35 and 36)] arrays, one may readily evaluate the cor-
responding values qmin which minimize the standard Gibbs free energies
of each type of lattice. These are shown graphically in Figure 3 as a func-
tion of eHcore


0 /kBT for different values of g as was performed above for
simple squared arrays (compare Figure 2). It is again observed that for
arrays of sizes which are relevant to our purpose here, when qmin is not
much less than


ffiffiffiffiffiffi
N0


p
, its dependence on eHcore


0 /kBT becomes asymptotical-
ly independent of g. The corresponding asymptotic limits are readily
evaluated through the same procedure as that disclosed in detail in the
main text for simple squared arrays. This affords the counterparts of
Equation (17) for centered squared arrays of sufficiently large sizes (such
as qmin be comparable to


ffiffiffiffiffiffi
N0


p
) [Eq. (37)]:


qmin ¼ 2
ffiffiffi
2
p


exp
�
� eHcore


0


kBT


�
¼ 2


ffiffiffi
2
p


exp
�
�H


core
0 �Hedge


0


kBT


�
ð37Þ


or for hexagonal ones under the same conditions [Eq. (38)]:


qmin ¼ 2
ffiffiffi
3
p


exp
�
� eHcore


0


kBT


�
¼ 2


ffiffiffi
3
p


exp
�
�H


core
0 �Hedge


0


kBT


�
ð38Þ


Note that, as stated in the Introduction, the exact crystallographic nature
of the 2D supracrystal shows up only through small variations in the nu-
merical factors of the exponential terms: indeed, the factor 4 in Equa-
tion (17) is now replaced by 2


ffiffiffi
2
p
�2.8 or 2


ffiffiffi
3
p
�3.5 respectively for the


squared centered or the hexagonal cases. Equations (37 and 38) show
that the values of Nstable


D , which characterize the most stable number of
clusters when N0 particles are arranged onto the wafer in each case are


[compare with Equation (18)] [Eq. (39)]:


Nstable
D ¼ N0


8
exp
�
2
Hcore
0 �Hedge


0


kBT


�
ð39Þ


for a squared-centered configuration and [Eq. (40)]:


Nstable
D ¼ N0


12
exp
�
2
Hcore
0 �Hedge


0


kBT


�
ð40Þ


for a hexagonal one. It ensues that in order to obtain a single 2D supra-
crystal involving all the N0 nanoparticles onto the wafer (N


stable
D �1) the


following conditions must be fulfilled [Eq. (41)]:


ðHcore
0 �Hedge


0 Þcc � ðHcore
0 �Hedge


0 Þccmax ¼ �
kBT
2
ln
N0


8
ð41Þ


for a square centered array or [Eq. (42)]:


ðHcore
0 �Hedge


0 Þhex � ðHcore
0 �Hedge


0 Þhexmax ¼ �
kBT
2
ln
N0


12
ð42Þ


Figure 3. Variations of qmin as a function of eHcore
0 /kBT and g (solid curves;


from bottom to top: g =1,2,3,4 and 5) for a) centered square arrange-
ment, or b) for a hexagonal one. The dashed lines in (a, b) are the asymp-
totic solutions given in Equations (37 or 38), respectively.
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for a hexagonal one [compare with Equation (19)]. These conditions cor-
respond respectively to Equations (20 and 21) reported in the main text.
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Introduction


Self-assembly of block copolymers occurs in the bulk state
or in a selective solvent, driven by the immiscibility of the
constituent segments.[1] This approach is a powerful way to
obtain nanostructured materials with well-defined shapes
and functions.[2] Polypeptide hybrid-block copolymers have
attracted considerable attention as interesting building
blocks for novel supramolecular materials. Molecular design
by combining the structural and functional control of poly-
peptides with the versatility of synthetic polymers has given
access to materials with applications in areas as diverse as


nanotechnology, drug delivery, tissue engineering, biominer-
alization and bioanalysis.[3] The incorporation of metallopo-
lymer segments into block copolymer structures results in
materials with novel chemical and physical characteristics.[4]


For example, block copolymers with a polyferrocenylsilane
(PFS) block have shown interesting redox, preceramic, etch-
resistant, and catalytic properties.[5]


Research on the bulk state behavior of polypeptide block
polymers has been focused mainly on rod-coil type copoly-
mers with a rod-like rigid polypeptide segment such as
poly(g-benzyl-l-glutamate) (PBLG) or poly(e-benzyloxycar-
bonyl-l-lysine) (PZLys).[6] The self-assembly of coil–coil
block copolymers is controlled primarily by two parameters,
the volume fraction F of each block and the Flory–Huggins
interaction parameter cN.[1b] The behavior of rod-coil block
copolymers is complicated by the liquid crystalline ordering
of the rod blocks and the topological disparity between the
rod and the coil blocks. To describe their influence on self-
assembly, two additional parameters have been introduced,
the Maier–Saupe parameter mN expressing the rod-rod
aligning interactions, and a geometrical parameter n that
characterizes the relative block size.[7]


The self-assembly of block copolymers in solution gener-
ally results in three basic types of structures whose shapes
are, in order of decreasing curvature, spherical micelles, cy-
lindrical micelles, and vesicles/lamellar platelets.[8] The size
and shape of the micelles is normally determined by the


Abstract: A new type of metallopoly-
mer-polypeptide block copolymer poly-
ACHTUNGTRENNUNG(ferrocenyldimethylsilane)-b-poly
(e-benzyloxycarbonyl-l-lysine) was syn-
thesized by ring-opening polymeri-
zation of e-benzyloxycarbonyl-l-lysine
N-carboxyanhydride initiated by using
a primary amino-terminated poly(fer-
rocenyldimethylsilane). Studies on the
self-organization behavior of this poly-
peptide block copolymer in both the


bulk state and in solution were per-
formed. In the bulk state, a cylindrical-
in-lamellar structure was observed in a
compositionally asymmetric sample.
Rod-like micelles with a polyferroce-
nylsilane core formed in a polypeptide-


selective solvent alone or in the pres-
ence of a common solvent. Significant-
ly, an additional small quantity of the
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volume fractions of the constituent blocks and environmen-
tal factors such as the solvent and ionic strength.[9] More
complex superstructures can form when specific factors,
such as chirality and secondary structure effects,[10] as well as
the crystallization of the core-forming block,[11,12] are in-
volved. In most of cases, block copolymers with soluble,
corona-forming polypeptide blocks form spherical micelles
or vesicles.[10b] Non-spherical aggregates generated from
polystyrene-b-poly ACHTUNGTRENNUNG(l-lysine) copolymers were reported by
Klok and coworkers based on light scattering and small-
angle neutron scattering data.[10c] Recently, Savin reported
elongated aggregates from polybutadiene-b-poly ACHTUNGTRENNUNG(l-lysine)
block ACHTUNGTRENNUNGcopolymers.[10d]


The micellization of asymmetric block copolymers with a
core-forming PFS block as the minority component have
been studied by our group and also by other researchers.[12]


For example, well-defined rod-like micelles have been ob-
tained with various PFS block copolymers and we have in-
ferred that the crystallization of the core-forming PFS block
can act as the driving force for their formation. We have
also shown that the formation of rod-like micelles behaves
as a living supramolecular polymerization allowed micelle
length control and the formation of block co-micelle archi-
tectures.[12g,h] With this background in mind, we anticipated
that PFS-b-polypeptide copolymers could couple the ability
of PFS block copolymer to form well-defined rod-like mi-
celles and the advantageous features of polypeptides, such
as secondary structure formation, diverse functionality and
biocompatibility. Previously, our group reported the synthe-
sis and self-assembly of a PFS-b-PBLG diblock copoly-
mer.[13] Spherical micelles in water were prepared from the
deprotected polymer, PFS-b-poly(l-glutamic acid). In this
paper we present the synthesis and characterization of PFS-
b-PZLys diblock copolymers, as well as an examination of
the self-assembly of these materials in bulk and in solvents
selective for the PZLys block.


Results and Discussion


Synthesis of PFS-b-PZLys block copolymers : The block co-
polymers were synthesized in a two-step reaction as shown
in Scheme 1. The first step involved the synthesis of PFS ter-
minated with a primary amine group by using a method sim-
ilar to that reported by Kim et al.[13] Dimethyl[1]silaferroce-
nophane was polymerized anionically at room temperature
in THF using n-butyllithium as an initiator.[14] An aliquot of
the solution was removed 40 minutes after the initiation and
quenched with degassed methanol to obtain an H-terminat-
ed PFS sample for GPC analysis. Subsequently, the living
anionic PFS chains were quenched with 1-(3-bromopropyl)-
2,2,5,5-tetramethyl-1-aza-2,5-disilacyclopentane at low tem-
perature. The primary amino groups were deprotected by
simply precipitating the reaction solution into methanol.
The tetramethyl-1-aza-2,5-disilacyclopentane protective
group is very labile toward methanol; thus complete depro-
tection was achieved during this precipitation step. The pri-


mary amino-terminated PFS homopolymer was successfully
separated from unfunctionalized PFS using flash silica
column chromatography in a 50–60% yield. Aliquots of H-
terminated polymer were analyzed by GPC and yielded
values of Mn=11000, corresponding to 45 repeat units. The
molecular weight distribution of the PFS homopolymer was
very narrow, with a polydispersity index (PDI) of 1.03.
The quenching of a living anionic polymer with an alkyl


halide is often accompanied with a side reaction that in-
volves polymer dimerization, resulting from a Wurtz-type
coupling reaction between two living polymer chains.[15,16]


Formation of dimers in our system was confirmed by GPC
as shown previously by Kim et al,[13] which may account for
the relatively low yield here. The susceptibility of an alkyl
halide toward the Wurtz-type reaction is in the order RI>
RBr>RCl. To avoid Wurtz-type coupling, other researchers
have used 1-(3-chloropropyl)-2,2,5,5-tetramethyl-1-aza-2,5-
disilacyclo-pentane as a quencher for anionic chains to pre-
pare primary amino-terminated polystyrene,[15,17] polyiso-
prene[18] and polybutadiene.[10d,19] Therefore, we also tested
the suitability of this alkyl chloride as a quencher of anionic
PFS. The quenching processes were carried out at T=�78,
0, 25, and 50 8C, respectively. Unfortunately, the yield of the
amino functionality on the PFS was always lower than 10%.
We assume that this low yield was caused by the relatively
low nucleophilicity of the PFS carbanion. The conditions de-
scribed above using the 3-bromopropyl derivative at �78 8C
represent our optimum coupling conditions.
In the second synthetic step, the primary amino-terminat-


ed PFS homopolymer was used as macroinitiator to initiate
the ring-opening polymerization (ROP) of e-benzyloxycar-
bonyl-l-lysine N-carboxyanhydride (Z-Lys NCA) in order
to obtain diblock copolymers. This ROP of Z-Lys NCA was
carried out in a THF/DMF mixed solvent, because the PFS
macroinitiators we used here are insoluble in DMF, which is
generally used as the solvent for the ROP of N-carboxyan-
hydrides. The reaction was allowed to proceed over 5 days
under a purified nitrogen atmosphere in a dry box, after
which the resulting viscous amber solution was precipitated
into methanol. After vacuum-drying, the amber block co-
polymers were obtained as glassy solids. All block copoly-
mers were easily soluble in common organic solvents such


Scheme 1. Synthesis of PFS-b-PZLys block copolymers.
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as THF, CH2Cl2, and chloroform. The block copolymers
were separated from any macroinitiator residues by repeat-
ed precipitations of CH2Cl2 solutions of block copolymers
into warm cyclohexane until PFS homopolymer was not de-
tectable with a UV-vis detector (l=450 nm) on GPC analy-
sis. Figure 1 shows the GPC profiles of PFS-b-PZLys 1


before and after purification. The GPC traces showed
narrow molecular weight distributions for the block poly-
mers with PDI values of 1.1 to 1.3. The 1H NMR spectrum
of PFS-b-PZLys 2 recorded in CD2Cl2 with the peak assign-
ments is shown in Figure 2. The block ratios for the block
copolymers were deduced from the integration of the signals
from PFS and PZLys. The molecular characteristics of the
PFS-b-PZLys samples are summarized in Table 1.


Self-assembly in the bulk state: PFS-b-PZLys block copoly-
mer films were cast from THF solution onto glass slides.
The films were annealed in a vacuum oven first at 50 8C for
one hour, then at 160 8C for 3 days, before they were rapidly


removed from the oven and quenched in liquid nitrogen to
suppress PFS crystallization.
The films were microtomed at room temperature to


obtain block copolymer sections with a thickness of �70 nm
for TEM measurements. Because of the presence of iron
and silicon as heavy atoms in the PFS domains, no staining
was needed to obtain sufficient contrast in the TEM images.
TEM studies of PFS-b-PZLys 1 revealed a lamellar structure
(see Figure S1 in the Supporting Information). Babin et al.
observed that the a-helix to b-sheet transition temperature
for PZLys blocks in polyisoprene-b-PZLys block copolymers
increases with increasing the degree of polymerization (DP)
of PZLys blocks.[18] The transition temperature for a PZLys
block with a DPn of 75 is �155 8C,[18] which is close to the
temperature (160 8C) at which we annealed our PFS-b-
PZLys block copolymer samples. Therefore, our study was
focused on block copolymer PFS-b-PZLys 2, in which the
DPn of PZLys block is 180, corresponding to a transition
temperature higher than 200 8C.[18]


The bright field TEM images of PFS-b-PZLys 2 in
Figure 3 revealed a lamellar structure. The dark domains
correspond to the electron-rich PFS phase, and the brighter
domains represent the PZLys domains. This assignment was
confirmed by EDX, as shown in Figure 3C. The small angle
X-ray scattering (SAXS) pattern in Figure 4A shows peaks
at approximate q ratios of 1:2:3:4, indicating a lamellar
structure. The spacing calculated from the SAXS pattern
ACHTUNGTRENNUNG(�36 nm) is consistent with that estimated from TEM (30–
45 nm). The peaks in the SAXS pattern are quite broad.
The reason for the observation of broad SAXS peaks in po-
lypeptide block copolymers has been discussed by Schlaad
et al.[20] It is caused by fluctuations in the thickness of poly-
peptide layers, as a consequence of the packing of helices
with different lengths. A fluctuation in the thickness of
PZLys layers can be seen in Figure 3B and Figure 3C.
Figure 4B shows the wide angle X-ray scattering (WAXS)


pattern of a PFS-b-PZLys 2 film. The pattern displays a set
of three Bragg peaks at q=0.46, 0.79 and 0.92 L�1 and in a
ratio of 1:31=2 :2, corresponding to hexagonal packing of
PZLys a-helices with a spacing of 13.7 L. The spacing can
be assigned to the distance between neighboring PZLys
chains.[21] The bulk state morphology of a series of polypep-
tide-b-polyvinyl rod-coil diblock copolymers have been stud-


Figure 1. Gel permeation chromatograms (UV-vis detector, l=450 nm)
of PFS-b-PZLys 1 in THF (0.003m tetrabutylammonium bromide) at
25 8C (A) before and (B) after purification. The shoulder (arrow) in pro-
file A is due to the PFS macroinitiator residue.


Figure 2. 1H NMR spectrum of PFS-b-PZLys 2 in CD2Cl2 at 25 8C. (? sol-
vent residue)


Table 1. Molecular characteristics of PFS macroinitiator and PFS-b-
PZLys block copolymers.


polymer DPn (PFS)
[a] DPn (PZLys)


[b] Mn
[c] PDI (Mw/Mn)


PFS macroinitiator 45 – 11000 1.03[d]


PFS-b-PZLys 1 45 75 30500 1.25[e]


PFS-b-PZLys 2 45 180 58800 1.16[e]


[a] Degree of polymerization of PFS obtained by gel permeation chroma-
tography (GPC) with a triple detector and THF as the eluant. [b] Degree
of polymerization of PZLys obtained by 1H NMR. [c] Number average
molecular weight obtained by calculation based on the degree of poly-
merization. [d] Polydispersity index (PDI) of the PFS macroinitiator ob-
tained by GPC with a triple detector and THF as eluant. [e] PDI of PFS-
b-PZLys obtained by GPC with a triple detector and THF (0.003m tetra-
butyl ammonium bromide) as the eluant.
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ied by other researchers.[6] For most of the block copolymer
samples studied, regardless of the volume fraction of the
two components, only a lamellar morphology was observed.
This organization has been termed a hexagonal-in-lamellar
(HL) morphology, referring to the local hexagonal packing
of the a-helical polypeptide chains within phase-segregated
lamellas. The lack of more complex phases for rod-coil
block copolymers originates from the anisotropic liquid crys-
talline behavior of the rod blocks.[7] Therefore, it is not sur-
prising that PFS-b-PZLys 2 presents a lamellar structure, al-
though the volume fraction of PFS is as low as 0.19, calculat-
ed using a PFS density of 1.26 gmL�1[22] and a PZLys density
of 1.26 gmL�1.[23] A schematic representation of HL mor-
phology for PFS-b-PZLys 2 is given in Figure 4C.
Poly(ferrocenyldimethylsilane) is a semicrystalline poly-


mer with a melting point of �130–145 8C.[24] The WAXS pat-
tern of the as-cast PFS-b-PZLys 2 film indicated the pres-
ence of PFS crystallites. The purpose of thermal annealing
was to eliminate the influence of crystallization of PFS on
the self-assembly of the block copolymer. The necessity for
a thermal annealing step makes it difficult to study this
block copolymer systematically. Future work will involve
more detailed and systematic studies on PFS-b-PZLys block
copolymers, in which the PFS block is amorphous such as
poly(ferrocenylethylmethylsilane) or poly(ferrocenylmethyl-
phenyl-silane).[25]


Self-assembly in solution: We attempted to prepare PFS-b-
PZLys block copolymer micelles by two methods. In the
first method, the block copolymer was dissolved directly in
DMF at room temperature with stirring. DMF is a good sol-
vent only for the PZLys block. Therefore, the formation of


micelles with a PFS core and a PZLys corona was expected.
Micelles were prepared from PFS-b-PZLys 1 in this way.
Two days after the preparation, a micelle sample was col-
lected on a carbon-coated grid for TEM imaging. Figure 5A
and Figure 5B are TEM images showing the presence of
rod-like micelles. Owing to the high electron density of the
PFS core, the PZLys corona is invisible in the images. The
lengths of the micelles ranged from 40 to 300 nm and the
widths of the PFS core varied from 10 to 20 nm. The mi-
celles have somewhat irregular shapes, characterized by the
rough surface profiles of the PFS cores.
By TEM, the morphology of the micelles exhibited no ob-


vious change after a two-week aging period at room temper-
ature in DMF. The micelle solution was then divided into
two portions. To one portion a small amount of THF was
added. THF is a good solvent for both the PFS and the
PZLys blocks. Figure 5C and Figure 5D show the TEM
images of micelles after aging in the DMF/THF mixed sol-
vent for 2 weeks. The shape of micelles became more uni-
form. Most of the micelles have a smooth surface. The mor-


Figure 3. Bright field TEM images of PFS-b-PZLys 2 section. A) Under
low magnification; Scale bar: 300 nm. The bright spots correspond to
very thin areas or holes in the section. B) Under high magnification;
Scale bar: 100 nm. C) Under high magnification with EDX analysis pro-
files (top: iron; bottom: silicon); Scale bar: 100 nm.


Figure 4. A) SAXS and B) WAXS Patterns for a PFS-b-PZLys 2 film.
C) A schematic representation of HL morphology for PFS-b-PZLys 2
(not to scale). Helices are presented as rods.
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phology of the micelles in the other portion, without the
presence of THF, showed no apparent change.
In the second method, a sample of PFS-b-PZLys block co-


polymer was first dissolved in THF. Then DMF was added
dropwise to reach a 90% volume fraction of DMF. In this
way, longer micelles with a well-defined rod-like shape were
obtained. Figure 6 shows the evolution of micelle morpholo-
gy over time. The micelles were prepared from PFS-b-
PZLys 1. Irregular elongated structures with a core diameter
of 25 to 40 nm were observed 3 days after sample prepara-
tion. A small portion of the micelles appear to possess thin


filaments at the ends. After 7 days, longer micelles with one
or two thin filaments at the ends formed. After 9 days, all
the micelles evolved into well-defined rod-like objects with
lengths up to 1 mm. The widths of the micelle cores are
quite uniform and are estimated to be 12–14 nm, significant-
ly smaller than the irregular structures formed initially and
more similar to the values for the filament structures appar-
ent in Figure 6A,B.[26]


Micelles of PFS-b-PZLys 2 were prepared by method 2.
The TEM image in Figure 7A shows the presence of


rod-like micelles with lengths up to a few mm. The widths of
the micelle cores are similar to those of PFS-b-PZLys 1 mi-
celles. An AFM image of the micelles in Figure 7B reveals a
uniform height of �11 nm and an apparent width of
�60 nm. The latter distance presumably reflects the width
of both the core and corona of the micelle.
Micelle films for WAXS measurements were cast from


PFS-b-PZLys 2 micelle solutions 5 and 14 days after the mi-
celle preparation. The presence of rod-like micelles in the
micelle solution 5 days after the preparation was confirmed
by TEM (see Figure S3). Both WAXS patterns in Figure 8
show a strong peak at 2q=13.78 corresponding to a lattice
spacing of 6.4 L, which can be assigned to the distance
between adjacent planes containing planar zigzag PFS
chains.[24a,b] The WAXS pattern of the film cast 5 days after
the micelle preparation also shows a set of three Bragg
peaks with q ratio of 1:31=2 :2, characterizing the hexagonal
packing of PZLys a-helices. This may originate from the
presence of free PFS-b-PZLys polymer chains in the micelle
solution. The self-assembly of the free chains upon casting


Figure 5. Bright field TEM images at low (A,C) and higher magnification
(B,D) of the micelles prepared from PFS-b-PZLys 1 by method 1. A) and
B) 2 days after preparation; C) and D) after aging 2 weeks in DMF and
another 2 weeks in DMF/THF (9/1 by volume); Scale bar: 100 nm.


Figure 6. Bright field TEM images of micelles prepared from PFS-b-
PZLys 1 by method 2. A) 3 days, B) 7 days, C) 9 days after preparation;
Scale bar: 300 nm.


Figure 7. Morphology of PFS-b-PZLys 2 micelles 2 weeks after prepara-
tion. A) Bright field TEM image; Scale bar: 1000 nm. B) AFM image in
height mode and line profile.


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8624 – 86318628


I. Manners, M. A. Winnik et al.



www.chemeurj.org





may then have induced the hexagonal packing of PZLys a-
helices. By comparing the WAXS pattern of the film cast 14
days after the micelle preparation to that of the film cast 5
days after the micelle preparation, a decrease in the intensi-
ty at angles associated with the hexagonal packing of PZLys
a-helices relative to that at 13.78 can be observed. This is
due to the decrease of free polymer in the micelle solution
upon aging.[27] Similar WAXS results were obtained from
PFS-b-PZLys 1. (see Figure S5 in the Supporting Informa-
tion)
The crystallization of PFS appears to be the dominating


factor for the formation of long rod-like micelles from most
asymmetric PFS block copolymers.[12a,b] In this context, we
assume the effect of THF on the shape regularity and length
of the PFS-b-PZLys micelles is related to its ability to in-
crease the block copolymer solubility and to influence the
crystallization of PFS. The crystallization process consists of
two major events: nucleation and crystal growth. In the nu-
cleation stage, some of the PFS chains gather and arrange
themselves to form nuclei. In the crystal growth stage, more
PFS chains add to the nuclei and then to the growing crys-
tal, which results in the formation of larger/longer micelles.
We observed that the common solvent THF can improve


the shape regularity of the micelles when we tried to pre-
pare micelles using method 1. Using this method, short mi-
celles with an irregular shape formed upon dissolving the
PFS-b-PZLys block copolymer directly in DMF. The irregu-
lar shape of the micelles may be caused by kinetic factors
that leave defects in the semi-crystalline PFS core. The PFS
chains at the defect points would be less stable thermody-
namically than in crystalline domains of the PFS core, but
they might be “frozen” because of the low mobility of the
PFS. The addition of THF may plasticize regions of the core
and increase the mobility of PFS chains at the defect point.
The PFS-b-PZLys chains could then reorganize to eliminate
many of the defects, and yield micelles with a more uniform
shape.
If the micelles were prepared by the second method, THF


was introduced into the system before the formation of mi-
celles and longer micelles formed. We believe that fewer
PFS nuclei formed in the mixed solvent, as the PFS block is


more soluble, leading to the formation of longer micelles.
Again, the irregular shape of the micelles shown in Fig-
ure 6A may be caused by kinetic factors in the early stage
of micellization. Further growth of the micelles was less ki-
netically controlled. Therefore, the addition of more PFS
chains to the micelles resulted in the thin filaments with uni-
form width as shown in Figure 6B. The growth of the mi-
celles accompanied with the removal of some defects
formed in the early stages eventually led to micelles with
uniform shape as shown in Figure 6C.
Figure 9 summarizes the micellizaton process for PFS-b-


PZLys block copolymer in DMF alone or in the presence of
a small amount of the common solvent THF. A detailed
light scattering study of the kinetic process of micellization
would be useful to probe the exact role of THF in this


system.


Summary


A new type of metallopolymer-polypeptide block copolymer
poly(ferrocenyldimethylsilane)-b-poly(e-benzyloxycarbonyl-
l-lysine) was synthesized by ring-opening polymerization of
e-benzyloxycarbonyl-l-lysine N-carboxyanhydride initiated
with primary amino-terminated poly(ferrocenyldimethylsi-
lane). Studies on the self-organization behavior of this poly-
peptide block copolymer in both the bulk state and in solu-
tion were carried out. In the bulk state, a cylindrical-in-la-
mellar structure was observed in a compositionally asym-
metric sample. Micelles with a rod-like shape were obtained
in a selective solvent alone or in the presence of a common
solvent. The presence of a small amount of the common sol-
vent resulted in the formation of longer micelles or micelles
with improved structural uniformity. We suggest that this is
a result of a decrease in the number of nucleation events
and the facilitation of PFS core chain reorganization.


Figure 8. WAXS patterns of PFS-b-PZLys 2 micelle films cast A) 5 and
B) 14 days after the preparation of micelle solution.


Figure 9. A mechanism for the self-assembly of PFS-b-PZLys diblock co-
polymer in a selective solvent DMF alone or in the presence of common
solvent THF. The shape of the micelles is shown as cylindrical for simpli-
fication.
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Experimental Section


Materials and instrumentation: All reagents were purchased from Al-
drich. THF was distilled over Na/benzophenone and redistilled over
n-butyllithium under vacuum. DMF was vacuum distilled over CaH2. 1-
(3-bromopropyl)-2,2,5,5-tetramethyl-1-aza-2,5-disilacyclopentane was
vacuum distilled over CaH2. Distilled reagents were used immediately.
[1]Dimethylsilaferrocenophane,[14] 1-(3-chloropropyl)-2,2,5,5-tetramethyl-
1-aza-2,5-disilacyclopentane[15] and e-benzyloxycarbonyl-l-lysine N-car-
boxyanhydride (Z-Lys NCA)[28] were synthesized according to the meth-
ods reported in the literature.


All of the polymerizations were carried out in an M-Braun dry box
under a purified N2 atmosphere.


1H NMR spectra were obtained by using
a Varian 400 spectrometer with CD2Cl2 as solvent. Molecular weights of
the polymers were measured by using a Viscotek GPC max system (VE
2001 GPC solvent/sample module and TriSEC Model 302 triple detector
array) or a Viscotek GPC max liquid system equipped with a UV-Vis de-
tector (model 2501) with THF or THF (0.003m tetrabutylammonium bro-
mide) as the eluant. Small angle X-ray scattering (SAXS) measurement
was performed by using a Nanostar SAXS system (CuKa radiation, l=


1.54 L) from Bruker AXS GmbH. The sample-to-detector distance was
set to 0.6 m. The SAXS pattern was smoothed in order to obtain a better
resolution of the peaks. Wide angle X-ray scattering (WAXS) measure-
ments were performed in the reflection mode by means of a Bruker AXS
D8 Discovery Diffraction System (CuKa radiation, l =1.54 L). TEM
measurements were made by using a Hitachi H-600 instrument at an ac-
celeration voltage of 75 kV or a Hitachi S-5200 instrument equipped with
an Oxford Instruments Inca EDX system at an accelerating voltage of
30 kV. EDX measurements were performed in the line-scan mode. Di-
block copolymer thin sections were prepared by microtoming the block
copolymer film by using a Leica UCT ultramicrotome. TEM specimens
were prepared on a 200 mesh carbon-coated copper grid. AFM imaging
was carried out in air using the tapping mode feature of a Nanoscope
IIIa Dimension 5000 microscope (Veeco Digital Instruments). The silicon
probe cantilevers (MikroMasch, resonance frequencies in the range of
135–190 kHz, free amplitude: 20–25 nm) were used with nominal spring
constants of between 3.5 and 12.5 Nm�1. In the AFM experiments, mi-
celles were deposited onto a freshly cleaved mica surface.


Synthesis of amino-terminated PFS macroinitiator: Dimethyl[1]silaferro-
cenophane (1.0 g) was dissolved in THF (10 mL) followed by the addi-
tion of nBuLi (63 mL, 1.6m in hexanes). The polymerization was allowed
to proceed for 40 min at room temperature. The polymer solution was
then cooled to �78 8C with a dry ice acetone bath. An aliquot of the solu-
tion was removed and quenched with degassed methanol to obtain an H-
terminated PFS sample for GPC analysis. In the polymerization reaction,
the living chains end were quenched with a 5-fold excess of 1-(3-bromo-
propyl)-2,2,5,5-tetramethyl-1-aza-2,5-disilacyclopentane (150 mg). After
stirring for 1 hour at �78 8C, the solution was allowed to warm slowly to
room temperature by removing the dry ice acetone bath, and the reaction
was stirred for another 2 h. Then, the solution was precipitated into
methanol to release the amino functionality. The amino-terminated PFS
was successfully separated from unfunctionalized PFS using flash column
chromatography over silica (30 g). First the column was eluted with
CH2Cl2 to separate unfunctionalized PFS. Then the eluant was changed
to THF, and amino-terminated PFS was collected. Yield: 55% (0.55 g).


Synthesis of PFS-b-PZLys block copolymers (1–2): The procedure for
the synthesis of various block copolymer samples was identical except for
the molecular weight of the PFS macroinitiators and the feed ratio of a-
NCA to PFS macroinitiator. A representative diblock copolymerization
to form 2 is described here. e-Benzyloxycarbonyl-l-lysine N-carboxyan-
hydride (Z-Lys NCA) (0.70 g) was dissolved in dry DMF (4.0 mL). To
this solution was added at once a THF solution of PFS macroinitiator
(0.12 g in 4.0 mL). The solution was stirred for 5 days at ambient temper-
ature. The amber viscous solution was then precipitated into methanol.
The amber precipitate was filtered, thoroughly washed with methanol,
and then vacuum dried overnight. Yield: 80% for 1 (0.42 g), 87% for 2
ACHTUNGTRENNUNG(0.73 g). Each copolymer was purified by repeated precipitations of
CH2Cl2 solutions (2 mL) of block copolymers into warm cyclohexane


(50 mL) until PFS homopolymer was not detectable by a UV-vis detector
(450 nm) by GPC. 1H NMR (400 MHz, CD2Cl2, 25 8C): d=7.90–8.40
ACHTUNGTRENNUNG(-NHCO-), 7.17–7.37 (Ph-), 5.02 (Ph-CH2-), 4.24 (Cp), 4.03 (Cp), 3.81–
3.98 (a-CH), 2.93–3.25 (a-CH-(CH2)3-CH2-), 0.90–2.17 (a-CH-(CH2)3),
0.48 ppm (CH3-Si).


Preparation of PFS-b-PZLys films: The films were cast from THF solu-
tion of diblock copolymer samples (�20 mg/mL) onto a glass slide. The
films were allowed to dry slowly in a half-sealed 200 mL vial loaded with
100 mL of THF. The films were annealed in a vacuum oven first at 50 8C
for one hour, then at 160 8C for 3 days before they were rapidly removed
from the oven and quenched in liquid nitrogen. The films were scratched
off from the glass slide by a razor blade.


Preparation of PFS-b-PZLys micelles: Two methods were employed to
prepare PFS-b-PZLys micelles. Method 1: a sample of block copolymer
(1.0 mg) was dissolved directly in dry DMF (1.0 mL) with stirring.
Method 2: a sample of block copolymer (1.0 mg) was dissolved first in
THF (0.1 mL) with stirring, followed by the dropwise addition of dry
DMF (0.9 mL).


Preparation of PFS-b-PZLys micelle films: Micelle films were prepared
by casting micelle solutions onto glass slides. The films were dried in air
at room temperature for 1 day and then dried under vacuum for 1 day.
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Tuning the Acyclic Ether Moiety of Anticancer Agent AA005 with
Conformationally Constrained Fragments


Hai-Xia Liu, Fei Shao, Gang-Qin Li, Guo-Liang Xun, and Zhu-Jun Yao*[a]


Introduction


Annonaceous acetogenins are a large family of fatty acid de-
rived natural products that feature an a,b-unsaturated g-
methylbutenolide at one terminal, one to three THF rings in
the middle region, and a hydrocarbon chain between these
two functional parts, as well as another hydrocarbon chain
at the other terminal.[1,2] Many members of this family ex-
hibit a broad spectrum of biological activities, among which
the most impressive is their anticancer activity (cytotoxic-
ity). They were considered to be the most powerful inhibi-
tors of complex I (NADH: ubiquinone oxidoreductase) in
mitochondria.[3] Due to their potent bioactivities and unique
structures, we have been engaged in modifying natural ace-
togenins (e.g. bullatacin) into the corresponding mimetics
with simpler structures for several years. In our previous
successful studies,[4,5] both the THF rings of natural bullata-


cin (a representative of this family) were replaced by an eth-
ylene glycol ether unit. These studies finally led to our in-
vention of AA005 (Scheme 1). This bis-ether compound not
only shows potent antitumor activities against a variety of
human cancer cells in the 50–100 nm range, but also exhibits
significant selectivities between a number of human normal
and cancerous cells. To generate further improved analogues
of AA005, a parallel fragment-assembly strategy was thus
developed in a systematic fashion.[6] However, all our previ-
ous works used the same protocol, in which the conforma-
tionally constrained bis-THF rings of natural acetogenin
were simply replaced by linear and rotation-free ethylene-
glycol-ether functionalities. Little is known about the confor-
mational contributions to the bioactivity when changing the
THF rings of natural products to the ethylene glycol ethers
of AA005.


To explore the above, a number of new AA005-like mole-
cules with various conformational constraints were designed
(Scheme 1). The structure of AA005 indicated that incorpo-
ration of conformationally constrained fragments into the
middle ether-bond region of AA005 is feasible by our previ-
ously developed strategy.[6] Among these, one series contain
a 1,2-disubstituted ethylene glycol unit and exist in either
the linear (e.g. compounds 1, 2,[7] Scheme 1) or cyclic state
(e.g. compounds 3–6). The other series are equipped with a
bis-amide moiety to alter the corresponding ether function-
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ality in AA005. Amides are generally more rigid in confor-
mation than the corresponding ether compounds. Their con-
formations are, therefore, more constrained at various ex-
tents. Relative to the corresponding ether bonds, formation
of the amide bonds is more efficient and convenient in the
synthesis. In addition, the further expansion of structural di-
versity can be easily achieved by simply altering the diamine
fragments. With the above advantageous considerations, sev-
eral 1,2-diamines, 1,3-diamines, and 1,2-disubstituted ethyl-
ene glycol fragments were chosen for constructing new
AA005-like molecules in this work.


Results and Discussion


Chemical synthesis : Synthesis of the first series of com-
pounds with an ether linkage is depicted in Scheme 2. Selec-
tive protection of the secondary alcohol of known diol 7[4]


afforded the corresponding MOM ether 8, the remaining
primary alcohol of which was then converted to the mesy-
late 9. Successive O-alkylation of diols 1–6 with mesylate 9
followed by (�)-(R)-epichlorohydrin[8] afforded the building
blocks 16–21 (in parallel). Regioselective opening of 16–21
by the lithium salt of trimethylsilyl acetylene in the presence
of BF3·Et2O


[9] followed by treatment with MOMCl and re-
moval of TMS with TBAF afforded compounds 22–27. De-
protonation of the terminal alkynes 22–27 with nBuLi fol-
lowed by treatment with epoxide 28 in the presence of
BF3·Et2O at �78 8C gave the whole skeleton precursors 29–
34. Elimination of the newly born hydroxyl group with
MsCl, Et3N, and DBU afforded compounds 35–40. Selective
reduction of the middle triple and double bonds was ach-


ieved with tosyl hydrazide
based conditions. Global depro-
tection of the MOM ethers with
BF3·Et2O in Me2S


[10] provided
the final products 41–46.


Accordingly, bis-amide com-
pounds were constructed with
sequential couplings of two car-
boxylic acids (47 and 52) with
certain diamine fragments. Syn-
thesis of the left carboxylic acid
47 and the right carboxylic acid
52 is shown in Scheme 3. Initial
direct oxidation of the primary
alcohol of diol 7 by using a
TEMPO-based method[11]


(TEMPO=2,2,6,6-tetramethyl-
piperidene N-oxyl) failed,
giving very complicated results.
A two-step alternative, Dess–
Martin oxidation of 8 followed
by treatment with sodium chlor-
ite[12] afforded the desired car-
boxylic acid 47. Synthesis of the
other carboxylic acid 52 started


from an inexpensive commercially available material, cis-
eruic acid (Scheme 3). By using a known procedure,[5] diol
48 could be prepared in a large scale. Iterative protections
of the primary alcohol and secondary alcohol of 48 afforded
the methyl ester 49. The a,b-unsaturated lactone moiety was
constructed by a three-step sequence. Aldol condensation of
compound 49 with O-THP-(S)-lactadehyde, hydrolysis of O-
THP protecting groups, and in situ lactonization, followed
by b-elimination gave compound 50. Removal of the
TBDPS group with HF/pyridine 1:1 followed by a two-step
oxidation afforded the second acid 52.


Sequential assembly of the corresponding fragments into
the final products was carried out in parallel under standard
amide-formation conditions (EDCI and HOBt) to give dia-
mides 59–64 (Scheme 4). The final global deprotection of
the MOM ethers of 59–64 was performed in a dichlorome-
thane solution containing 30% trifluoroacetic acid and af-
forded the targets 65–70 in satisfactory yields.


Biological evaluation : The preliminary screening of all
newly synthesized AA005 analogues revealed that most
compounds exhibited comparable or more active potencies
than their parent AA005 against a number of cancer cell
lines. Similar to AA005, they are inactive to human normal
hepatic cell line HL7702. Such cell-type selectivity has been
observed in our previous studies on AA005 and (4R)-hy-
droxy-AA005,[5,13] though the detailed mechanisms are still
unclear.[14] Further evaluation of their inhibitory activities
against human breast cancer cell lines MDA-MB-435 and
MDA-MB-468, and non-cancerous human mammary epithe-
lial cells (HMEC) was accomplished by WST methods, by
using AA005 as a positive reference. The inhibitory poten-


Scheme 1. Design of new AA005-like molecules with conformational constraints. MOM=methoxymethyl.
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cies of compounds 41–46 and 65–70, in terms of IC50 values,
are listed in Table 1. All compounds except 69 and 70 show
low micromolar and submicromolar potencies against the
human breast cancer cells MDA-MB-468, whereas they are


Scheme 2. Syntheses of new mimetics 41–46 : a) i) HCACHTUNGTRENNUNG(OCH3)3, (D)-CSA,
CH2Cl2; ii) DIBALH in toluene, CH2Cl2, 0 8C, 88% over 2 steps;
b) MsCl, Et3N, CH2Cl2, 100%; c) NaH, DMF, 80 8C, 79–82%; d) 50%
NaOH, Bu4NHSO4, (R)-epichlorohydrin, hexane, 60–70%; e) i) nBuLi,
BF3·Et2O, trimethylsilyacetylene, THF, �78 8C; ii) MOMCl, iPr2NEt,
CH2Cl2; iii) TBAF, THF, 0 8C, 85–88% over 3 steps; f) n-BuLi, BF3·Et2O,
30, THF, �78 8C, 58–68%; g) MsCl, Et3N then DBU, CH2Cl2, 60–65%;
h) i) TsNHNH2, NaOAc, DME/H2O, reflux; ii) conc. HCl, MeOH, 43–
57% over 2 steps. CSA=10-camphorsulfonic acid; DIBALH=diisobutyl-
aluminum hydride; MsCl=methanesulfonyl chloride; TBAF= tetrabutyl-
ammonium fluoride; DBU=1,8-diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene; DME=


1,2-dimethoxyethane.


Scheme 3. Syntheses of acids 47 and 52 : a) i) DMP, CH2Cl2; ii) NaClO2,
KH2PO4, 2-methyl-2-bulene, tBuOH/H2O 4:1, 90% over 2 steps;
b) i) TBDPSCl, imidazole, CH2Cl2; ii) MOMCl, iPr2Net, CH2Cl2, 90%
over 2 steps; c) i) LDA, O-THP-(S)-lactaldehyde, THF; ii) 10% H2SO4,
THF; ii) (CF3CO)2O, Et3N, 60% over 3 steps; d) HF/pyridine 1:1, THF,
RT, 75%; e) i) DMP, CH2Cl2; ii) KH2PO4, NaClO2, 2-methyl-2-butene,
tBuOH/H2O, 86% in 2 steps. TBDPSCl= tert-butyldiphenylchlorosilane;
LDA= lithium diisopropylamide; DMP=Dess–Martin periodinane;
THP= tetrahydropyran.


Scheme 4. Syntheses of amide compounds 65–70 : a) EDCI, HOBt,
CH2Cl2, 85–90%; b) i) Pd/C, H2 (1 atm), MeOH; ii) 52, EDCI, HOBt, 73–
90% in 2 steps; c) 30% TFA, CH2Cl2, 57–70%. EDCI=N-(3-dimethyl-
aminopropyl)-N’-ethylcarbodiimide hydrochloride; HOBt=1-hydroxy-
benzotriazole hydrate; TFA= trifluoroacetic acid.
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less active against the other type of human breast cancer
cells MDA-MB-435. Eight samples presented at least 10
times less potency, and four of them are inactive (IC50>


100 mm) against noncancerous HMEC, when compared to
MDA-MB-468. Compound 67, the most potent compound
in this study, exhibits 69 times more potency against MDA-
MB-468 than HMEC cells.


Based on their cytotoxicities against MDA-MB-468, some
conclusions can be drawn with relevance to their structural
features. In general, all the newly synthesized compounds
are more active than their parent AA005, with the exception
of two more rigid compounds 69 and 70 (Table 1, entries 12
and 13). Among them, compound 67 (entry 10) exhibited
the highest potency with an IC50 of 0.218 mm, 30-times great-
er than that of AA005. Obviously, the introduction of ap-
propriate conformational constraints into the middle ether
region of AA005 is a useful strategy for the improvement of
anticancer activity. Furthermore, compound 67 (entry 10,
SI=69) shows a better selectivity for inhibitory effects be-
tween cancerous MDA-MB-468 cells and noncancerous
HMEC cells than its parent AA005 (entry 1, SI=14).


For the first series of compounds with ether functionalities
(Table 1, entries 2–7), either in the open or cyclic state, the
bioactivities are similar. Only limited improvements were
achieved. The best of this series are compounds 41 and 43
(IC50�1 mm, entries 2 and 4), as both of these compounds
acquired a potency 5–6 times that of AA005. However,
much more different results were observed in the second
series, the amide-containing compounds. It was the first op-
portunity to introduce nitrogen atom(s) into the middle
region of the AA005 skeleton. Among the six nitrogen-con-
taining compounds, we can find the best (67; IC50 =0.218 mm,
entry 10) and worst compound (70 ; IC50 =61.59 mm,
entry 13) in this study. Linear amides 65 (with 1,2-ethanedi-
amine as the linkage) and 66 (with 1,3-propanediamine as
the linkage) slightly improved their cytotoxicities (entries 8
and 9). More interestingly, a great extent of enhancement


(approximately 14 times) was achieved when both amides of
65 were N-methyalted (compound 67, entry 10). A similar
but more rigid compound 68 with a 1,4-piperazine moiety
(entry 11) could not afford a better record, though it is 2–3
times more potent than amides 65 and 66. To our surprise,
introduction of 1,2-trans-cyclohexanediamine into the skele-
ton of AA005 yielded negative results (entries 12 and 13).
Generally, the amide is more rigid in conformation than the
corresponding ether, even in the acyclic states. Based on the
above results, it can be concluded that conformational con-
straint is a double-edged sword for the bioactivity of such
AA005-like molecules: An appropriate conformational con-
straint with slightly rigid properties, such as that introduced
into 67, is mostly favorable. Second, stereochemistry affects
the bioactivity of these AA005-like compounds little or to a
very limited extent. A similar phenomenon was also ob-
served in the naturally occurring annonaceous acetogenins
with the hydroxylated bis-THF ring(s), the stereochemistries
of which hardly affect the inhibitory potency.[15] In this
study, for instance, pairs of diastereomerically different (en-
antiomers, each in the modification region) compounds, 41
and 42 (entries 2 and 3), 43 and 44 (entries 4 and 5), and 45
and 46 (entries 6 and 7), exhibit almost the same potencies.
The two worst compounds in this study, 69 and 70 (en-
tries 12 and 13), gave only a five times potency difference
against MDA-MB468. In addition, the nature of heteroa-
toms (O, S, or N) introduced in these compounds is not cru-
cial to the bioactivity, though nitrogen-containing com-
pounds give relatively better results.


Conclusion


A number of new analogues based on anticancer annona-
ceous acetogenin mimetic AA005 were designed and synthe-
sized by the introduction of conformational constraints to
the linear skeleton of AA005. Biological results demonstrate
that stereochemical variations in the modification region ex-
erted little effects on the bioactivity. Most AA005 analogues
in this study were found to be more potent against breast
cancer cell line MDA-MB-468 than the other cancer cell
line MDA-MB-435 and showed satisfactory selectivity to
noncancerous cell line HMEC. The generally improved bio-
activities clearly indicate that the introduction of appropri-
ate conformational constraints into the linear AA005 skele-
ton is a useful optimizing tool for this unique class of anti-
cancer agents. In addition, success with the amide analogues
of AA005 makes the AA005-based anticancer agents much
simpler to synthesize and more flexible for future further
development.


Experimental Section


General methods : Optical rotations were measured by a Perkin–Elmer
341mC polarimeter at room temperature. IR spectra were obtained by
using a Fourier-transform IR spectrometer (FTIR). 1H NMR spectra


Table 1. Bioactivity screening of newly synthesized AA005 analogues.[a–c]


Entry Compounds IC50 [mm]
MDA-MB-435 MDA-MB-468 HMEC


1 AA005 >100 5.932 82.11
2 41 6.467 0.830 14.25
3 42 4.170 1.005 10.86
4 43 5.500 0.994 13.60
5 44 11.24 1.630 17.68
6 45 25.69 2.559 20.63
7 46 18.40 3.007 17.95
8 65 >100 2.953 >100
9 66 >100 2.019 >100
10 67 3.784 0.218 15.11
11 68 12.61 0.858 70.00
12 69 >100 11.81 >100
13 70 >100 61.59 >100


[a] AA005 was used as a positive control. [b] MDA-MB-435: human
breast cancer cell; MDA-MB-468: human breast cancer cell; HMEC:
non-cancerous human mammary epithelial cells. [c] Inhibition of cell
growth by the listed compounds in MDA-MB-435, MDA-MB-468, and
HMEC cells was determined by using a WST assay.
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were recorded with Varian EM and Bruker AMX machines at 300, 400,
or 500 MHz and are reported in ppm (d) downfield relative to TMS as
the internal standard, and 13C NMR spectra were recorded at 100 and
150 MHz and assigned in ppm (d). HRMS spectra were recorded by
using either a Kratos Concept instrument, a Q-Tof micro instrument, or
an APEXIII 7.0 TESLA FTMS. Elemental analysis was preformed by
using an Elemental VARIO EL apparatus. All melting points were un-
corrected. Flash column chromatography was performed on silica gel
(10–40 mm).


General procedure for 29–34 : nBuLi (1.6m in hexanes, 2 mmol) at
�78 8C was added to a solution of 22–27 (2 mmol) in THF (5 mL). After
the mixture had been stirred for 30 min, BF3·Et2O (2 mmol) was added.
After an additional 30 min at �78 8C, a solution of 28 (2 mmol) in THF
(5 mL) was added dropwise. The reaction mixture was quenched after 2 h
by the addition of aq. NH4Cl solution and subsequently extracted with
ethyl acetate (3M25 mL). The combined organic layers were washed with
water and brine, concentrated, and then purified by column chromatogra-
phy with EtOAc/petroleum ether 1:5 to 1:2 as the eluent to give com-
pounds 29–34, respectively.


Data for 29 : Yellowish oil; yield: 58%; IR (film): ñ =3487, 2926, 2856,
2249, 1757, 1465, 1320, 1314, 1152, 1111, 1038, 919, 733 cm�1; 1H NMR
(500 MHz, CDCl3): d=0.88 (3H, t, J=7.0 Hz), 1.26 (24H, m), 1.40 (3H,
d, J=6.8 Hz), 1.54 (6H, m), 2.26 (2H, t, J=7.3 Hz), 2.47 (4H, m), 3.36
(6H, s), 3.37 (3H, s), 3.38 (3H, s), 3.37 (1H, m), 3.56–3.85 (12H, m), 4.62
(4H, s), 4.63 (1H, d, J=6.7 Hz), 4.72 (2H, s), 4.76 (1H, d, J=6.8 Hz),
4.99 (1H, dq, J=1.5, 6.7 Hz), 6.99 ppm (1H, d, J=1.0 Hz); 13C NMR
(100 MHz, CDCl3): d=173.7, 148.8, 134.1, 96.6, 95.9, 95.8, 79.4, 79.1, 78.2,
76.4, 74.8, 73.8, 69.9, 66.9, 55.37, 55.33, 55.1, 36.2, 32.0, 31.7, 29.6, 29.5,
29.3, 29.2, 29.1, 29.0, 27.7, 27.2, 25.5, 25.3, 25.0, 22.5, 22.1, 19.0, 13.9 ppm;
MS (ESI): m/z : 825 [M++Na]; HRMS (ESI): m/z : calcd for
C43H78O13Na: 825.5334; found: 825.5362.


Data for 30 : Yellowish oil; yield: 58%; IR (film): ñ =3494, 2927, 2856,
2249, 1757, 1465, 1319, 1214, 1152, 1037, 919, 756, 734 cm�1; 1H NMR
(500 MHz, CDCl3): d=0.88 (3H, t, J=7.0 Hz), 1.26 (24H, m), 1.40 (3H,
d, J=6.8 Hz), 1.53 (6H, m), 2.26 (2H, t, J=7.0 Hz), 2.47 (4H, m), 3.36
(6H, s), 3.37 (3H, s), 3.38 (3H, s), 3.37 (1H, m), 3.62 (8H, m), 3.76 (4H,
m), 4.62 (4H, s), 4.64 (1H, d, J=6.8 Hz), 4.72 (2H, m), 4.77 (1H, d, J=


6.8 Hz), 4.99 (1H, dq, J=1.5, 6.8 Hz), 6.99 ppm (1H, d, J=1.3 Hz);
13C NMR (100 MHz, CDCl3): d =173.7, 148.8, 134.1, 96.6, 96.0, 95.8, 79.3,
79.1, 76.5, 74.9, 74.0, 72.3, 69.9, 66.9, 55.36, 55.33, 55.1, 36.2, 32.0, 31.7,
29.6, 29.5, 29.3, 29.2, 29.1, 28.9, 27.7, 27.2, 25.5, 25.2, 25.0, 22.5, 22.1, 19.0,
13.9 ppm; MS (ESI): m/z : 825 [M++Na]; HRMS (ESI): m/z : calcd for
C43H78O13Na: 825.5334; found: 825.5301.


Data for 31: Yellowish oil; yield: 60%; IR (film): ñ=3489, 2926, 2856,
1756, 1467, 1319, 1214, 1151, 1105, 1033, 919 cm�1; 1H NMR (500 MHz,
CDCl3): d=0.88 (3H, t, J=7.0 Hz), 1.26 (24H, m), 1.40 (3H, d, J=


6.8 Hz), 1.53 (4H, m), 2.27 (2H+1OH, m), 2.45 (4H, m), 3.37 (3H, s),
3.38 (3H, s), 3.51 (2H, m), 3.67 (4H, m), 3.80 (3H, m), 3.92 (2H, m),
3.98 (2H, m), 4.64 (1H, d, J=6.8 Hz), 4.73 (3H, m), 4.99 (1H, dq, J=1.5,
6.7 Hz), 6.99 ppm (1H, s); 13C NMR (100 MHz, CDCl3): d =173.0, 148.1,
133.4, 95.2, 95.1, 82.8, 77.7, 75.4, 73.8, 71.4, 70.6, 70.4, 69.7, 69.3, 54.7,
54.6, 35.5, 31.2, 31.1, 28.9, 28.8, 28.6, 28.5, 28.4, 28.3, 27.0, 26.6, 24.8, 24.6,
24.3, 21.8, 21.3, 18.4, 13.3 ppm; MS (ESI): m/z : 719 [M++Na]; HRMS
(ESI): m/z : calcd for C39H68O10Na: 719.4704; found: 719.4726.


Data for 32 : Yellowish oil; yield: 60%; IR (film): ñ =3489, 2927, 2856,
1757, 1465, 1319, 1213, 1152, 1106, 1035, 919 cm�1; 1H NMR (500 MHz,
CDCl3): d=0.88 (3H, t, J=7.0 Hz), 1.26 (24H, m), 1.40 (3H, d, J=


6.8 Hz), 1.53 (4H, m), 2.27 (2H+1OH, m), 2.46 (4H, m), 3.38 (3H, s),
3.39 (3H, s), 3.50 (2H, m), 3.62 (2H, m), 3.67 (2H, m), 3.81 (3H, m),
3.94 (4H, m), 4.65 (1H, d, J=6.8 Hz), 4.72 (3H, m), 4.99 (1H, dq, J=1.6,
6.8 Hz), 7.00 ppm (1H, d, J=1.4 Hz); 13C NMR (100 MHz, CDCl3): d=


173.0, 148.1, 133.4, 95.3, 95.1, 82.8, 82.7, 77.8, 75.5, 73.9, 71.5, 70.6, 70.5,
69.8, 69.2, 54.7, 54.6, 35.5, 31.2, 31.0, 28.8, 28.7, 28.6, 28.5, 28.4, 28.2, 27.0,
26.5, 24.8, 24.6, 24.3, 21.8, 21.2, 18.3, 13.2 ppm; MS (ESI): m/z : 719
[M++Na]; HRMS (ESI): m/z : calcd for C39H68O10Na: 719.4704; found:
719.4733.


Data for 33 : Yellowish oil; yield: 67%; IR (film): ñ =3489, 2927, 2855,
1756, 1465, 1318, 1204, 1152, 1105, 1036„ 918 cm�1; 1H NMR (500 MHz,


CDCl3): d=0.87 (3H, t, J=7.2 Hz), 1.25–1.53 (30H, m), 1.40 (3H, d, J=


6.9 Hz), 2.25 (2H+1OH, m), 2.46 (4H, m), 2.83 (2H, m), 2.96 (1H, d,
J=3.9 Hz), 3.01 (1H, d, J=3.9 Hz), 3.37 (3H, s), 3.38 (3H, s), 3.45–3.69
(7H, m), 3.81 (1H, m), 4.06 (2H, m), 4.64 (1H, d, J=6.6 Hz), 4.71 (2H,
s), 4.74 (1H, d, J=6.6 Hz), 4.99 (1H, dq, J=1.5, 6.6 Hz), 6.98 ppm (1H,
d, J=1.2 Hz); 13C NMR (100 MHz, CDCl3): d =173.9, 148.9, 134.2, 96.0,
95.9, 84.6, 84.4, 78.8, 78.4, 77.4, 76.2, 74.7, 72.2, 70.6, 70.1, 55.56, 55.51,
36.3, 32.87, 32.82, 31.97, 31.92, 29.7, 29.5, 29.4, 29.3, 29.2, 29.1, 27.8, 27.3,
25.6, 25.4, 25.1, 22.7, 22.1, 19.2, 14.1 ppm; MS (ESI): m/z : 735 (M++Na);
HRMS (ESI): m/z : calcd for C39H68O9SNa: 735.4476; found: 735.4484; el-
emental analysis calcd (%) for C39H68O9S: C 65.70, H 9.61; found: C
66.00, H 9.61.


Data for 34 : Yellowish oil; yield: 68%; IR (film): ñ =3496, 2927, 2855,
1757, 1465, 1357, 1318, 1204, 1152, 1106, 1036, 918 cm�1; 1H NMR
(500 MHz, CDCl3): d=0.86 (3H, t, J=7.2 Hz), 1.25–1.53 (30H, m), 1.39
(3H, d, J=6.9 Hz), 2.25 (2H+1OH, m), 2.46 (4H, m), 2.82 (2H, m),
2.97 (1H, d, J=4.2 Hz), 3.01 (1H, d, J=4.2 Hz), 3.37 (3H, s), 3.38 (3H,
s), 3.43–3.69 (7H, m), 3.80 (1H, m), 4.05 (2H, m), 4.63 (1H, d, J=


6.6 Hz), 4.71 (2H, s), 4.74 (1H, d, J=6.6 Hz), 4.99 (1H, dq, J=1.8,
6.6 Hz), 6.98 ppm (1H, d, J=1.5 Hz); 13C NMR (100 MHz, CDCl3): d=


173.9, 148.9, 134.2, 96.1, 95.9, 84.6, 84.4, 78.8, 77.4, 76.4, 74.7, 72.3, 70.7,
70.1, 55.5, 36.3, 32.8, 32.0, 31.9, 29.7, 29.5, 29.4, 29.3, 29.2, 29.1, 27.8, 27.3,
25.6, 25.3, 25.1, 22.7, 22.1, 19.2, 14.1 ppm; MS (ESI): m/z : 735 [M++Na];
HRMS (ESI): m/z : calcd for C39H68O9SNa: 735.4476; found: 735.4481; el-
emental analysis calcd (%) for C39H68O9S: C 65.70, H 9.61; found: C
65.69, H 9.85.


General procedure for compounds 35–40 : MsCl (1 mmol) in CH2Cl2
(2 mL) was added to a stirred solution of 29–34 (0.5 mmol) and Et3N
(1.5 mmol) in CH2Cl2 (5 mL) at 0 8C. The reaction mixture was stirred at
RT for 30 min, and then DBU (1 mmol) was added. The mixture was
stirred for a further 2 h, and was then quenched with water (5 mL) and
extracted with CH2Cl2 (3M20 mL). The combined organic layers were
washed with HCl (1n), water, and brine, and then dried over Na2SO4.
Removal of the solvent followed by column chromatography with
EtOAc/petroleum ether 1:3 to 1:1 as the eluent gave compounds 35–40,
respectively.


Data for 35 : Yellowish oil; yield: 62%; IR (film): ñ =2928, 2856, 1759,
1465, 1319, 1214, 1152, 1110, 1039, 919 cm�1; 1H NMR (400 MHz,
CDCl3): d=0.88 (3H, t, J=7.0 Hz), 1.26 (24H, m), 1.40 (3H, d, J=


6.8 Hz), 1.52 (6H, m), 2.06 (1H, m), 2.26 (3H,m), 2.62 (2H, m), 3.35
(6H, s), 3.37 (3H, s), 3.39 (3H, s), 3.53–3.87 (13H, m), 4.62 (5H, m), 4.74
(3H, m), 4.99 (1H, dq, J=1.6, 6.8 Hz), 5.43 (1H, m), 5.81 (0.55H, dt, J=


10.7, 7.3 Hz), 6.04 (0.46H, dt, J=15.8, 7.0 Hz), 6.99 ppm (1H, d, J=


1.5 Hz); MS (ESI): m/z : 807 [M++Na]; HRMS (ESI): m/z : calcd for
C43H76O12Na: 807.5229; found: 807.5254.


Data for 36 : Yellowish oil; yield: 62%; IR (film): ñ =2928, 2856, 1759,
1465, 1401, 1319, 1214, 1153, 1111, 954, 919 cm�1; 1H NMR (400 MHz,
CDCl3): d=0.88 (3H, t, J=7.0 Hz), 1.26 (24H, m), 1.40 (3H, d, J=


6.8 Hz), 1.52 (6H, m), 2.06 (1H, m), 2.26 (3H,m), 2.62 (2H, m), 3.36
(6H, s), 3.37 (3H, s), 3.39 (3H, s), 3.37 (2H, m), 3.53–3.87 (11H, m), 4.63
(5H, m), 4.74 (3H, m), 4.99 (1H, dq, J=1.6, 6.8 Hz), 5.43 (1H, m), 5.81
(0.55H, dt, J=10.7, 7.3 Hz), 6.04 (0.46H, dt, J=15.8, 7.0 Hz), 6.99 ppm
(1H, d, J=1.5 Hz); MS (ESI): m/z : 807 [M++Na]; HRMS (ESI): m/z :
calcd for C43H76O12Na: 807.5229; found 807.5233.


Data for 37: Yellowish oil; yield: 60%; IR (film): 3489, 2926, 2856, 1756,
1467, 1319, 1214, 1151, 1105, 1033, 919 cm�1; 1H NMR (500 MHz,
CDCl3): d=0.88 (3H, t, J=7.0 Hz), 1.26 (24H, m), 1.40 (3H, d, J=


6.8 Hz), 1.53 (4H, m), 2.27 (2H+1OH, m), 2.45 (4H, m), 3.37 (3H, s),
3.38 (3H, s), 3.51 (2H, m), 3.67 (4H, m), 3.80 (3H, m), 3.92 (2H, m),
3.98 (2H, m), 4.64 (1H, d, J=6.8 Hz), 4.73 (3H, m), 4.99 (1H, dq, J=1.5,
6.7 Hz), 6.99 ppm (1H, s); MS (ESI): m/z : 719 [M++Na]; HRMS (ESI):
m/z : calcd for C39H68O10Na: 719.4704; found: 719.4726.


Data for 38 : Yellowish oil; yield: 60%; IR (film): ñ =2927, 2855, 1758,
1464, 1356, 1318, 1216, 1152, 1105, 1037, 918 cm�1; 1H NMR (500 MHz,
CDCl3): d=0.88 (3H, t, J=7.1 Hz), 1.26 (24H, m), 1.40 (3H, d, J=


6.8 Hz), 1.53 (4H, m), 2.06 (1H, m), 2.26 (3H, m), 2.61 (2H, m), 3.37
(3H, s), 3.39 (3H, s), 3.49 (2H, m), 3.78 (2H, m), 3.85 (1H, m), 3.94
(4H, m), 4.64 (1H, d, J=6.8 Hz), 4.73 (3H, m), 5.00 (1H, dq, J=1.5,
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6.8 Hz), 5.43 (1H, m), 5.83 (0.55H, dt, J=10.6, 7.4 Hz), 6.05 (0.45H, dt,
J=15.2, 7.4 Hz), 6.99 ppm (1H, s); MS (ESI): m/z : 701 [M++Na];
HRMS (ESI): m/z : calcd for C39H66O9Na: 701.4599; found: 701.4588.


Data for 39 : Yellowish oil; yield: 65%; IR (film): ñ =2926, 2854, 1758,
1465, 1318, 1152, 1105, 1037, 918 cm�1; 1H NMR (500 MHz, CDCl3): d=


0.88 (3H, t, J=7.2 Hz), 1.26–1.53 (30H, m), 1.41 (3H, d, J=6.9 Hz), 2.07
(1H, m), 2.26 (2H, t, J=7.5 Hz), 2.26 (1H, m), 2.58 (1H, m), 2.64 (1H,
m), 2.86 (2H, m), 2.99 (1H, d, J=3.6 Hz), 3.02 (1H, d, J=6.6 Hz), 3.38
(3H, s), 3.39 (3H, s), 3.46–3.71 (5H, m), 3.85 (1H, m), 4.08 (2H, m), 4.65
(1H, d, J=6.6 Hz), 4.73 (2H, s), 4.74 (1H, d, J=6.6 Hz), 4.99 (1H, dq,
J=1.8, 6.6 Hz), 5.44 (1H, m), 5.83 (0.55H, dt, J=11.1, 7.5 Hz), 6.05
(0.45H, dt, J=15.9, 6.9 Hz), 6.99 ppm (1H, d, J=1.5 Hz); MS (ESI):
m/z : 717 [M++Na]; HRMS (ESI): m/z : calcd for C39H66O8SNa: 717.4370;
found: 717.4399.


Data for 40 : Yellowish oil; yield: 65%; IR (film): ñ =2926, 2854, 1758,
1465, 1318, 1152, 1105, 1037, 918 cm�1; 1H NMR (500 MHz, CDCl3): d=


0.88 (3H, t, J=7.2 Hz), 1.25–1.53 (30H, m), 1.41 (3H, d, J=6.9 Hz), 2.07
(1H, m), 2.26 (2H, t, J=7.5 Hz), 2.26 (1H, m), 2.58 (1H, m), 2.64 (1H,
m), 2.82 (1H, dd, J=3.3, 6.3 Hz), 2.87 (1H, dd, J=3.3, 5.4 Hz), 2.99 (1H,
d, J=4.2 Hz), 3.02 (1H, J=4.2 Hz), 3.38 (3H, s), 3.39 (3H, s), 3.44–3.71
(5H, m), 3.84 (1H, m), 4.08 (2H, m), 4.65 (1H, d, J=6.6 Hz), 4.73 (2H,
s), 4.74 (1H, d, J=6.6 Hz), 4.99 (1H, dq, J=1.5, 6.6 Hz), 5.45 (1H, m),
5.83 (0.55H, dt, J=11.1, 7.5 Hz), 6.06 (0.45H, dt, J=14.4, 7.8 Hz),
6.99 ppm (1H, d, J=1.5 Hz); MS (ESI): m/z : 717 [M++Na]; HRMS
(ESI): m/z : calcd for C39H66O8SNa: 717.4370; found: 717.4382.


General procedure for compounds 41–46 : NaOAc (22.0 mmol) in water
(30 mL) was added over 5 h to a stirred solution of 35–40 (0.15 mmol)
and p-toluenesulfonyl hydrazide (18.6 mmol) in dimethoxyethane
(25 mL) under reflux. The mixture was then cooled down to RT, poured
into water, and extracted with ether (3M20 mL). The combined organic
layers were dried over Na2SO4 and concentrated under reduced pressure.
The residue was directly used in the next step without further purifica-
tion. Concentrated HCl (0.5 mL) was added to a stirred solution of the
above crude product in methanol (2 mL) at 0 8C. Then, the reaction mix-
ture was warmed to RT and stirred for 24 h. Finally, the mixture was
quenched with sat. NaHCO3 at 0 8C. The mixture was extracted with
ethyl acetate (3M15 mL) and the extracts were washed with brine, dried
over Na2SO4, and concentrated under reduced pressure. The residue was
purified by column chromatography with EtOAc/petroleum ether 1:5 to
1:1 as the eluent to afford compounds 41–46, respectively.


Data for 41: White wax; yield: 46%; [a]25
D =�16.1 (c=0.6 in CHCl3); IR


(film): ñ=3353, 2925, 2851, 1749, 1471, 1326, 1201, 1144, 1113, 1033, 880,
720 cm�1; 1H NMR (400 MHz, CDCl3): d =0.88 (3H, t, J=7.0 Hz), 1.26–
1.50 (38H, m), 1.40 (3H, d, J=6.8 Hz), 1.54 (2H, m), 2.26 (2H, t, J=


8.0 Hz), 3.18 (4OH, br s), 3.44 (2H, m), 3.65 (6H, m), 3.79 (4H, m), 4.99
(1H, dq, J=1.6, 6.8 Hz), 6.99 ppm (1H, d, J=1.5 Hz); 13C NMR
(100 MHz, CDCl3): d=173.9, 148.9, 134.3, 80.6, 77.4, 75.2, 70.7, 60.5, 33.1,
31.9, 29.7, 29.68, 29.63, 29.5, 29.4, 29.3, 29.2, 29.1, 27.4, 25.5, 25.1, 22.6,
19.1, 14.0 ppm; MS (ESI): m/z : 637 [M++Na]; HRMS (ESI): m/z : calcd
for C35H66O8Na: 637.4649; found: 637.4678.


Data for 42 : White wax; yield: 54%; [a]25
D =�0.11 (c=1.45 in CHCl3);


IR (film): ñ =3356, 2920, 2851, 1753, 1469, 1321, 1084, 1029, 889,
721 cm�1; 1H NMR (400 MHz, CDCl3): d =0.88 (3H, t, J=7.0 Hz), 1.26–
1.50 (38H, m), 1.40 (3H, d, J=6.8 Hz), 1.54 (2H, m), 2.26 (2H, t, J=


8.0 Hz), 3.39 (2H, m), 3.44 (4OH, br s), 3.75 (10H, m), 4.99 (1H, dq, J=


1.6, 6.8 Hz), 6.99 ppm (1H, d, J=1.5 Hz); 13C NMR (100 MHz, CDCl3):
d=173.9, 148.9, 134.2, 80.8, 77.4, 75.5, 71.0, 60.7, 32.9, 31.8, 29.68, 29.66,
29.60, 29.5, 29.4, 29.3, 29.2, 29.1, 27.3, 25.6, 25.1, 22.6, 19.1, 14.0 ppm; MS
(ESI): m/z : 637 [M++Na]; HRMS (ESI): m/z : calcd for C35H66O8Na:
637.4649; found: 637.4676.


Data for 43 : White wax; yield: 57%; [a]25
D =++12.5 (c=0.95 in CHCl3);


IR (film): ñ =3500, 2919, 2850, 1747, 1467, 1323, 1138, 1122, 1079, 1027,
880, 722 cm�1; 1H NMR (500 MHz, CDCl3): d=0.88 (3H, t, J=7.1 Hz),
1.26 (32H, m), 1.40 (3H, d, J=6.8 Hz), 1.44 (6H, m), 1.54 (2H, m), 2.26
(2H+2OH, m), 3.31 (2H, m), 3.52 (2H, m), 3.73 (2H, m), 3.79 (2H, m),
3.94 (2H, m), 3.99 (2H, m), 4.99 (1H, dq, J=1.6, 6.8 Hz), 6.99 ppm (1H,
J=1.5 Hz); 13C NMR (100 MHz, CDCl3): d=173.8, 148.8, 134.2, 83.4,
77.3, 73.9, 71.4, 70.3, 70.2, 33.0, 31.8, 29.6, 29.5, 29.27, 29.23, 29.1, 27.3,


25.4, 25.1, 22.6, 19.1, 14.0 ppm; MS (ESI): m/z : 619 [M++Na]; HRMS
(ESI): m/z : calcd for C35H64O7Na: 619.4568; found: 619.4524.


Data for 44 : White wax; yield: 57%; IR (film): ñ=3500, 2920, 2851,
1743, 1467, 1325, 1147, 1074, 1031, 953, 727 cm�1; [a]25


D =++0.14 (c=0.8 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=0.88 (3H, t, J=7.1 Hz), 1.26
(32H, m), 1.40 (3H, d, J=6.8 Hz), 1.44 (6H, m), 1.54 (2H, m), 2.26 (2H,
t, J=7.7 Hz), 2.30 (2OH, br s), 3.33 (2H, m), 3.51 (2H, m), 3.77 (4H, m),
3.94 (2H, m), 3.99 (2H, m), 4.99 (1H, dq, J=1.5, 6.8 Hz), 6.99 ppm (1H,
J=1.2 Hz); 13C NMR (100 MHz, CDCl3): d=173.8, 148.8, 134.3, 83.4,
77.3, 73.9, 71.4, 70.3, 33.0, 31.8, 29.6, 29.5, 29.2, 29.1, 27.3, 25.4, 25.1, 22.6,
19.1, 14.0 ppm; MS (ESI): m/z : 619 [M++Na]; HRMS (ESI): calcd for
C35H64O7Na: 619.4568; found: 619.4562.


Data for 45 : White wax; yield: 46%; [a]25
D =++38.1 (c=2.0 in CHCl3); IR


(film): ñ =3498, 2926, 2850, 1745, 1468, 1324, 1166, 1121, 1029, 953, 863,
721 cm�1; 1H NMR (500 MHz, CDCl3): d =0.88 (3H, t, J=7.1 Hz), 1.26–
1.56 (40H, m), 1.41 (3H, d, J=6.8 Hz), 2.26 (2H, t, J=7.9 Hz), 2.47
(2OH, br s), 2.84 (2H, m), 3.00 (2H, m), 3.36 (2H, dd, J=7.9, 9.4 Hz),
3.53 (2H, dd, J=2.8, 9.6 Hz), 3.74 (2H, m), 4.08 (2H, m), 4.99 (1H, dq,
J=1.4, 6.6 Hz), 6.99 ppm (1H, d, J=1.4 Hz); 13C NMR (100 MHz,
CDCl3): d=173.8, 148.8, 134.2, 83.9, 77.3, 73.8, 70.1, 33.0, 32.9, 32.2, 31.8,
29.6, 29.4, 29.2, 29.1, 27.3, 25.4, 25.1, 22.6, 19.1, 14.0 ppm; MS (ESI): m/z :
635 [M++Na]; HRMS (ESI): m/z : calcd for C35H64O6SNa: 635.4315;
found: 635.4331.


Data for 46 : White wax; yield: 43%; IR (film): ñ=3463, 2924, 2851,
1750, 1467, 1320, 1175, 1087, 1027, 948, 869, 722 cm�1; [a]25


D =�29.0 (c=


1.55 in CHCl3);
1H NMR (500 MHz, CDCl3): d =0.88 (3H, t, J=7.0 Hz),


1.26–1.56 (40H, m), 1.41 (3H, d, J=6.8 Hz), 2.26 (2H, t, J=7.7 Hz), 2.83
(2H, m), 2.99 (1H, d, J=3.4 Hz), 3.02 (1H, d, J=3.6 Hz), 3.33 (2H, dd,
J=8.5, 8.5 Hz), 3.59 (2H, dd, J=2.9, 9.5 Hz), 3.74 (2H, m), 4.09 (2H, m),
4.99 (1H, q, J=6.6 Hz), 6.99 ppm (1H, s); 13C NMR (100 MHz, CDCl3):
d=173.7, 148.8, 134.2, 84.5, 77.3, 74.3, 70.5, 33.0, 32.9, 32.0, 31.8, 29.5,
29.4, 29.2, 29.1, 27.3, 25.4, 25.1, 22.6, 19.1, 14.0 ppm; MS (ESI): m/z : 635
[M++Na]; HRMS (ESI): m/z : calcd for C35H64O6SNa: 635.4315; found:
635.4332.


General procedure for 59–64 : Compounds 53–58 (1 mmol) in methanol
(10 mL) were hydrogenated under H2 (1 atm) in the presence of 10%
Pd/C at room temperature for 4 h. After removal of solid through Celite
and evaporation of solvents, the crude product was directly used in the
next step. The mixture of this crude product, compound 52 (0.19 g,
0.5 mmol), and HOBt (0.13 g, 1.0 mmol) in dry CH2Cl2 (15 mL) was
treated with EDCI (0.19 g, 1.0 mmol) at 0 8C. The reaction mixture was
stirred for 4 h at RT, quenched with saturated NH4Cl, and extracted with
ethyl acetate. The extracts were washed with saturated NaHCO3 and
brine, dried over Na2SO4, and concentrated under reduced pressure. The
residue was purified by column chromatography with EtOAc/petroleum
ether 1:5 to 1:1 as the eluent to give compounds 59–64, respectively.


Data for 59 : White solid; yield: 77%; [a]25
D =�37.8 (c=1.90 in CHCl3);


IR (film): ñ =3291, 3077, 2920, 2851, 1745, 1660, 1547, 1471, 1382, 1323,
1233, 1161, 1104, 1051, 1036, 958, 920, 719 cm�1; 1H NMR (500 MHz,
CDCl3): d=0.88 (3H, t, J=7.1 Hz), 1.25 (34H, m), 1.40 (3H, d, J=


6.8 Hz), 1.54 (2H, m), 1.75 (4H, m), 2.26 (2H, t, J=8.0 Hz), 3.39 (6H, s),
3.47 (4H, m), 4.03 (2H, m), 4.62 (2H, d, J=6.6 Hz), 4.65 (2H, d, J=


6.6 Hz), 4.99 (1H, q, J=6.8 Hz), 6.99 (1H, s), 7.02 ppm (2H, br s);
13C NMR (125 MHz, CDCl3): d=173.8, 173.5, 148.8, 134.3, 96.2, 77.9,
77.3, 56.0, 39.2, 32.9, 31.8, 29.5, 29.4, 29.3, 29.2, 29.1, 27.3, 25.1, 24.8, 22.6,
19.1, 14.0 ppm; MS (ESI): m/z : 691 [M++Na]; HRMS (MALDI): m/z :
calcd for C37H68N2O8Na: 691.4867; found: 691.4854.


Data for 60 : White solid; yield: 90%; [a]25
D =�40.6 (c=2.40 in CHCl3);


IR (film): ñ =3295, 2923, 2852, 2822, 1755, 1652, 1535, 1468, 1434, 1371,
1319, 1215, 1152, 1128, 1095, 1038, 919, 723, 670 cm�1; 1H NMR
(500 MHz, CDCl3): d=0.88 (3H, t, J=7.1 Hz), 1.25 (32H, m), 1.40 (3H,
d, J=6.8 Hz), 1.52 (2H, m), 1.73 (6H, m), 2.26 (2H, t, J=8.0 Hz), 3.30
(4H, m), 3.40 (6H, s), 4.05 (2H, m), 4.67 (2H, d, J=6.6 Hz), 4.69 (2H, d,
J=6.6 Hz), 5.00 (1H, dq, J=1.6, 6.8 Hz), 6.99 (1H, d, J=1.6 Hz),
7.06 ppm (2H, m); 13C NMR (125 MHz, CDCl3): d =173.7, 173.0, 148.8,
134.2, 96.2, 77.9, 77.2, 56.0, 35.3, 33.0, 31.8, 29.9, 29.6, 29.5, 29.4, 29.3,
29.2, 29.1, 27.3, 25.1, 24.8, 22.6, 19.1, 14.0 ppm; MS (ESI): m/z : 705 [M+
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+Na]; HRMS (MALDI): m/z : calcd for C38H70N2O8Na: 705.5024; found:
705.5035.


Data for 61: Yellowish oil; yield: 75%; [a]25
D =�53.8 (c=1.60 in CHCl3);


IR (film): ñ =2925, 2854, 1756, 1655, 1466, 1406, 1318, 1151, 1105, 1039,
919, 722 cm�1; 1H NMR (500 MHz, CDCl3): d=0.84 (3H, t, J=7.1 Hz),
1.22 (34H, m), 1.37 (3H, d, J=6.8 Hz), 1.52 (6H, m), 2.23 (2H, t, J=


7.0 Hz), 2.96 (1H, s), 3.07 (5H, s), 3.33 (6H, s), 3.31 (1H, m), 3.48 (2H,
m), 3.69 (1H, m), 4.32 (2H, m), 4.59 (4H, m), 4.95 (1H, dq, J=1.6,
6.8 Hz), 6.96 ppm (1H, d, J=1.5 Hz); 13C NMR (125 MHz, CDCl3): d=


173.7, 172.2, 148.7, 134.2, 95.5, 73.8, 55.87, 55.80, 55.7, 45.3, 35.2, 32.3,
31.8, 29.5, 29.4, 29.2, 29.1, 27.3, 25.6, 25.5, 25.1, 22.5, 19.1, 14.0 ppm; MS
(ESI): m/z : 719 [M++Na]; HRMS (MALDI): m/z : calcd for
C39H72N2O8Na: 719.5180; found: 719.5162.


Data for 62 : Yellowish oil; yield: 73%; [a]25
D =�28.4 (c=3.32 in CHCl3);


IR (film): ñ =2925, 2854, 1756, 1651, 1463, 1371, 1318, 1216, 1153, 1105,
1041, 920, 722 cm�1; 1H NMR (500 MHz, CDCl3): d =0.81 (3H, t, J=


7.0 Hz), 1.19 (32H, m), 1.33 (3H, d, J=6.8 Hz), 1.46 (4H, m), 1.64 (4H,
m), 2.19 (2H, t, J=7.9 Hz), 3.30 (6H, s), 3.58 (8H, m), 4.30 (2H, s), 4.57
(4H, s), 4.92 (1H, dq, J=1.4, 6.8 Hz), 6.92 ppm (1H, d, J=1.4 Hz);
13C NMR (125 MHz, CDCl3): d=173.7, 170.7, 148.7, 134.2, 95.7, 75.3,
55.9, 45.3, 45.0, 42.2, 32.7, 31.7, 29.5, 29.4, 29.3, 29.2, 29.1, 27.3, 25.5, 25.0,
22.5, 19.1, 14.0 ppm; MS (ESI): m/z : 717 [M++Na]; HRMS (MALDI):
m/z : calcd for C39H70N2O8Na: 717.5024; found: 717.5034.


Data for 63 : White solid; yield: 73%; [a]25
D =�62.0 (c=3.35 in CHCl3);


IR (film): ñ =3269, 3086, 2923, 2853, 1757, 1648, 1552, 1467, 1319, 1219,
1107, 1041, 919, 721 cm�1; 1H NMR (500 MHz, CDCl3): d=0.80 (3H, t,
J=7.0 Hz), 1.18 (38H, m), 1.33 (3H, d, J=6.8 Hz), 1.47 (2H, m), 1.64
(6H, m), 1.95 (2H, d, J=12.1 Hz), 2.19 (2H, t, J=7.9 Hz), 3.28 (6H, s),
3.63 (2H, m), 3.88 (2H, m), 4.44 (2H, d, J=6.8 Hz), 4.55 (2H, d, J=


6.8 Hz), 4.92 (1H, dq, J=1.5, 6.8 Hz), 6.68 (2H, br s), 6.91 ppm (1H, d,
J=1.4 Hz); 13C NMR (125 MHz, CDCl3): d=173.7, 172.6, 148.7, 134.2,
96.0, 77.4, 55.9, 52.69, 52.64, 32.9, 32.4, 31.8, 29.4, 29.3, 29.2, 29.1, 27.3,
25.1, 24.6, 24.5, 22.5, 19.1, 14.0 ppm; MS (ESI): m/z : 745 [M++Na];
HRMS (MALDI): m/z : calcd for C41H74N2O8Na: 745.5337; found:
745.5342.


Data for 64 : White solid; yield: 75%; [a]25
D =�22.7 (c=3.45 in CHCl3);


IR (film): ñ =3278, 3075, 2924, 2854, 1758, 1643, 1526, 1467, 1319, 1288,
1154, 1103, 1032, 920, 721 cm�1; 1H NMR (500 MHz, CDCl3): d =0.80
(3H, t, J=7.0 Hz), 1.18 (38H, m), 1.33 (3H, d, J=6.8 Hz), 1.49 (4H, m),
1.70 (4H, m), 2.03 (2H, d, J=11.8 Hz), 2.19 (2H, t, J=7.9 Hz), 3.32 (6H,
s), 3.59 (2H, m), 3.88 (2H, m), 4.56 (4H, s), 4.92 (1H, dq, J=1.6,
6.8 Hz), 6.77 (2H, br s), 6.91 ppm (1H, d, J=1.5 Hz); 13C NMR
(125 MHz, CDCl3): d=173.7, 173.2, 148.7, 134.2, 96.3, 78.2, 56.1, 52.9,
52.8, 33.4, 32.3, 31.8, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 27.3, 25.5, 25.1, 24.5,
22.6, 19.1, 14.0 ppm; MS (ESI): m/z : 745 [M++Na]; HRMS (MALDI):
m/z : calcd for C41H74N2O8Na: 745.5337; found: 745.5333.


General procedure for 65–70 : A solution of compounds 59–64
(0.10 mmol) in CH2Cl2 (2 mL) was treated with TFA (1 mL) at 0 8C.
After stirring at RT for 1 h, the solvent was removed under reduced pres-
sure. The residue was purified by column chromatography with CH2Cl2/
MeOH 20:1 to 10:1 to give compounds 65–70, respectively.


Data for 65 : White wax; yield: 70%; [a]25
D =�21.2 (c=0.42 in CHCl3);


IR (film): ñ =3404, 3298, 2918, 2849, 2530, 2457, 1747, 1618, 1482, 1468,
1429, 1378, 1319, 1260, 1104, 1081, 1027, 951, 721 cm�1; 1H NMR
(500 MHz, CDCl3/MeOD): d =0.88 (3H, t, J=7.1 Hz), 1.26 (34H, m),
1.41 (3H, d, J=6.8 Hz), 1.55 (4H, m), 1.78 (2H, m), 2.26 (2H, t, J=


8.0 Hz), 3.30 (2H, m), 3.46 (2H, m), 3.98 (2H, m), 5.00 (1H, dq, J=1.2,
6.8 Hz), 7.05 ppm (1H, J=1.5 Hz); 13C NMR (125 MHz, CDCl3/MeOD):
d=174.2, 172.3, 147.3, 131.8, 75.6, 69.5, 51.1, 36.6, 32.1, 29.6, 27.3, 27.2,
27.1, 27.0, 26.8, 25.1, 22.9, 20.3, 16.7 ppm; MS (ESI): m/z : 603 [M++Na];
HRMS (MALDI): m/z : calcd for C33H60N2O6Na: 603.4343; found:
603.4373.


Data for 66 : White wax; yield: 65%; [a]25
D =�11.0 (c=0.60 in CHCl3);


IR (film): ñ =3401, 3299, 2919, 2848, 2523, 2456, 1748, 1614, 1538, 1484,
1468, 1437, 1376, 1317, 1080, 1027, 934, 721 cm�1; 1H NMR (500 MHz,
CDCl3/MeOD): d=0.88 (3H, t, J=7.0 Hz), 1.26 (34H, m), 1.40 (3H, d,
J=6.8 Hz), 1.56 (4H, m), 1.72 (2H, m), 1.79 (2H, m), 2.26 (2H, t, J=


7.8 Hz), 3.21 (2H, m), 3.37 (2H, m), 4.02 (2H, m), 5.00 (1H, q, J=


6.8 Hz), 7.01 (1H, s), 7.24 ppm (2H, br s); 13C NMR (125 MHz, CDCl3/
MeOD): d =175.6, 174.1, 149.1, 134.2, 77.5, 71.9, 34.5, 31.8, 29.5, 29.4,
29.3, 29.2, 29.1, 29.0, 27.3, 25.1, 25.0, 22.5, 19.0, 13.9 ppm; MS (ESI): m/z :
617 [M++Na]; HRMS (MALDI): m/z : calcd for C34H63N2O6Na:
595.4680; found: 595.4678.


Data for 67: White wax; yield: 57%; [a]25
D =++10.3 (c=0.90, CHCl3); IR


(film): ñ=3412, 2924, 2852, 2457, 1755, 1642, 1466, 1387, 1318, 1286,
1199, 1080, 1027, 722 cm�1; 1H NMR (500 MHz, CDCl3): d=0.88 (3H, t,
J=7.0 Hz), 1.26 (36H, m), 1.40 (3H, d, J=6.8 Hz), 1.54 (4H, m), 2.26
(2H, t, J=8.0 Hz), 3.01 (6H, m),3.56 (4H+2OH, m), 4.30 (2H, m), 4.99
(1H, dq, J=1.5, 6.8 Hz), 7.01 ppm (1H, d, J=1.2 Hz); 13C NMR
(125 MHz, CDCl3): d=175.2, 173.8, 148.8, 134.3, 77.3, 68.1, 45.3, 34.9,
34.7, 31.8, 29.6, 29.5, 29.4, 29.3, 29.1, 27.4, 25.3, 25.1, 25.0, 22.6, 19.2,
14.0 ppm; MS (ESI): m/z : 631 [M++Na]; HRMS (MALDI): m/z : calcd
for C35H64N2O6Na: 631.4656; found: 631.4685.


Data for 68 : White wax; yield: 70%; [a]25
D =�2.43 (c=0.90 in CHCl3);


IR (film): ñ =3419, 2924, 2853, 1754, 1641, 1467, 1395, 1319, 1283, 1255,
1082, 1022, 721 cm�1; 1H NMR (500 MHz, CDCl3): d =0.88 (3H, t, J=


7.0 Hz), 1.29 (32H, m), 1.34 (3H, d, J=6.8 Hz), 1.49 (5H, m), 1.59 (3H,
m), 2.26 (2H, t, J=8.0 Hz), 3.43 (5H+2OH, m), 3.70 (2H, m), 3.83 (1H,
m), 4.36 (2H, m), 4.99 (1H, dq, J=1.4, 6.8 Hz), 6.98 ppm (1H, d, J=


1.2 Hz); 13C NMR (125 MHz, CDCl3): d=173.8, 148.8, 134.3, 77.3, 68.0,
44.6, 42.2, 35.1, 31.8, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 27.4, 25.1, 24.9, 22.6,
19.2, 14.0 ppm; MS (ESI): m/z : 629 [M++Na]; HRMS (MALDI): m/z :
calcd for C35H62N2O6Na: 629.4500; found: 629.4513.


Data for 69 : White wax; yield: 70%; [a]25
D =�61.2 (c=1.25 in CHCl3);


IR (film): ñ =3281, 3090, 2920, 2851, 1753, 1649, 1618, 1552, 1467, 1320,
1202, 1147, 1115, 1082, 1027, 950, 856, 721 cm�1; 1H NMR (500 MHz,
CDCl3): d=0.88 (3H, t, J=7.1 Hz), 1.29 (38H, m), 1.40 (3H, d, J=


6.8 Hz), 1.55 (4H, m), 1.72 (4H, m), 1.94 (2H, m), 2.26 (2H, t, J=


8.0 Hz), 3.72 (2H, m), 3.98 (2H, m), 4.99 (1H, dq, J=1.6, 6.8 Hz), 6.98
(1H, d, J=1.4 Hz), 7.02 ppm (2H, m); 13C NMR (125 MHz, CDCl3): d=


175.8, 173.8, 148.8, 134.3, 77.3, 72.2, 53.2, 34.4, 32.0, 31.8, 29.6, 29.5, 29.4,
29.3, 29.2, 29.1, 27.4, 25.2, 25.1, 24.7, 22.6, 19.1, 14.0 ppm; MS (ESI): m/z :
657 [M++Na]; HRMS (MALDI): m/z : calcd for C37H66N2O6Na:
657.4813; found: 657.4814.


Data for 70 : White wax; yield: 70%; [a]25
D =++20.5 (c=0.95 in CHCl3);


IR (film): ñ =3340, 3260, 2919, 2451, 1752, 1651, 1617, 1539, 1467, 1320,
1202, 1114, 1082, 1027, 721 cm�1; 1H NMR (500 MHz, CDCl3): d =0.87
(3H, t, J=7.1 Hz), 1.25 (38H, m), 1.40 (3H, d, J=6.8 Hz), 1.54 (4H, m),
1.77 (4H, m), 2.01 (2H, m), 2.26 (2H, t, J=8.0 Hz), 3.69 (2H, m), 4.00
(2H, m), 4.99 (1H, dq, J=1.5, 6.8 Hz), 6.88 (2H, br s), 6.98 ppm (1H, d,
J=1.4 Hz); 13C NMR (125 MHz, CDCl3): d =175.0, 173.9, 148.98, 134.3,
77.4, 72.0, 53.3, 35.0, 31.90, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 27.4, 25.1,
24.6, 22.6, 19.1, 14.0 ppm; MS (ESI): m/z : 657 [M++Na]; HRMS
(MALDI): m/z : calcd for C37H66N2O6Na: 657.4813; found: 657.4822.


WST cell growth assay : The anticancer activities of newly synthesized
AA005 analogues were determined using the MDA-MB-468 and and
MDA-MB-435 human breast cancer cell lines. To test their selectivity,
normal mammary epithelial cells (HMEC) were used. Cells were seeded
in 96-well flat bottom cell culture plates at a density of 3000–4000 cells
per well with different concentrations of the tested compounds and incu-
bated for four days. Cell growth inhibition was determined using the
WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-
phenyl)-2H-tetrazolium monosodium salt; Dojindo Molecular Technolo-
gies Inc., Gaithersburg, Maryland). WST-8 was added at a final concen-
tration of 10% to each well, and then the plates were incubated at 37 8C
for 2–3 h. The absorbance of the samples was measured at 450 nm using
a Molecular Device Reader. Concentration of the compounds that inhib-
ited cell growth by 50% (IC50) was calculated by comparing absorbance
in the untreated cells (DMSO control) and the cells treated with the
tested compounds.
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A Simple and Efficient Strategy To Enhance the Antioxidant Activities of
Amino-Substituted Glutathione Peroxidase Mimics


Krishna P. Bhabak and Govindasamy Mugesh*[a]


Introduction


Glutathione peroxidase (GPx) is a selenocysteine-containing
mammalian antioxidant enzyme that protects various organ-
isms from oxidative damage by catalyzing the reduction of
harmful peroxides in the presence of glutathione (GSH).[1]


The GPx redox cycle involves the oxidation of the catalyti-
cally active selenol (E-SeH) moiety by the peroxides to pro-
duce the corresponding selenenic acid (E-SeOH), which
upon reaction with the thiol cofactor GSH generates the
key intermediate selenenyl sulfide (E-SeSG). The attack of
a second GSH moiety at the -Se-S- bond regenerates the
active site selenol with release of the cofactor in its oxidized
form, GSSG (Scheme 1).[1e–g] When the GSH cofactor is de-


pleted in the reaction mixture, the selenenic acid produced
in response to GPx oxidation may undergo further oxidation
to seleninic (E-SeO2H) or selenonic (E-SeO3H) acids that
disturb the main catalytic pathway. In the catalytic cycle, the
rapid reactions of the selenenic acid with GSH and of the
resulting selenenyl sulfide (E-SeSG) with a second GSH to
produce the selenol appear to be very important, because
these reactions ensure that the selenium moiety in the
enzyme is not irreversibly inactivated.


Because of the importance of GPx as a natural antioxi-
dant enzyme that plays a crucial role in oxidative stress,[2]


several groups have been working toward the design and
synthesis of small-molecule organoselenium compounds that
mimic the peroxide-reducing ability of GPx in the presence
of thiols. After the successful identification of ebselen (1) as
a clinically useful antioxidant and anti-inflammatory drug,[3]


several other selenium compounds displaying GPx-like ac-
tivities were reported in the literature (Figure 1.). These
compounds can be classified into two categories depending
upon their reaction behavior with thiols and peroxides. In
the first category, the compounds (e.g., 1, 2, 4–8, 11, and 12)
undergo one- or two-step reactions with excess amounts of


Abstract: The glutathione peroxidase
(GPx) activities of some diaryl disele-
nides incorporating tertiary amino
groups were studied with H2O2, Cum-
OOH, and tBuOOH as substrates and
with PhSH as thiol co-substrate. Simple
replacement of a hydrogen atom with a
methoxy group dramatically enhances
the GPx activity. The introduction of
methoxy substituents ortho to selenium
in N,N-dialkylbenzylamine-based com-
pounds makes the basicity of the
amino groups perfect for the catalysis.
The presence of 6-OMe groups pre-
vents possible Se···N interactions in the
selenols, increasing their zwitterionic
characters. The methoxy substituents


also protect the selenium in the sele-
nenic acid intermediates from overoxi-
dation to seleninic acids or irreversible
inactivation to selenonic acid deriva-
tives. The additional substituents also
play a crucial role in the selenenyl sul-
fide intermediates, by preventing thiol
exchange reactions—which would nor-
mally lead to an inactivation path-
way—at the selenium centers. The
strengths of Se···N interactions in the
selenenyl sulfide intermediates are dra-


matically reduced upon introduction of
the methoxy substituents, which not
only reduce the thiol exchange reac-
tions at selenium but also enhance the
nucleophilic attack of the incoming
thiols at sulfur. The facile attack of
thiols at sulfur in the selenenyl sulfides
also prevents the reactions between the
selenenyl sulfides and H2O2 that can
regenerate the selenenic acids (reverse-
GPx cycle). These studies reveal that
the simple 6-OMe groups play multiple
roles in each of the catalytically active
intermediates by introducing steric and
electronic effects that are required for
efficient catalysis.
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thiols to generate reactive selenols, which undergo reactions
with the peroxides to produce the corresponding selenenic
acids.[3a, 4] The selenenic acids thus produced undergo further
reactions with thiols to regenerate the selenols through the
formation of selenenyl sulfides as the key intermediates.
The second class of compounds (e.g., 3, 9, 10, 13), on the
other hand, do not produce any selenols, but they effectively
reduce the peroxides in the presence of thiols through SeII–
SeIV redox cycles.[5]


If we consider the GPx catalytic cycle, the reaction of E-
SeOH with GSH would be expected to be facile, due to the
electrophilic nature of selenium. On the other hand, the re-
action of E-SeSG with GSH to produce the selenol form of
the enzyme is an unusual and unexpected reaction, because
the selenium center in the E-SeSG intermediate would also
be expected to display electrophilic reactivity.[1e] This would


lead to a thiol exchange reaction at the selenium center
rather than a nucleophilic attack of the incoming thiol at the
sulfur center. Recent model studies on low-molecular-
weight selenium compounds show that reductions of sele-
nenyl sulfides to selenols need to overcome large energy
barriers, and so the nucleophilic attack of thiols (or thio-
lates) at the selenium centers of the Se�S moieties are
therefore more favorable than at sulfur.[6] The thiol attack at
the selenium center in a selenenyl sulfide is further en-
hanced by nonbonding interactions between selenium and
other heteroatoms such as O and N.[7,8b–d] The effect of
thiols on the GPx activity of ebselen is one of the interesting
examples in which these nonbonding interactions play an
important role. These thiol exchange reactions, hampering
the regeneration of the catalytically active selenol species,
may account for the relatively low catalytic activities of syn-
thetic selenium compounds with certain thiol cofactors. Eb-
selen, for example, has been found to be an inefficient cata-
lyst in the reduction of hydroperoxides with aryl and benzyl
thiols (such as PhSH and BnSH) as cofactors,[5c,d,8] due to
the thiol exchange that takes place at the selenium center in
the selenenyl sulfide intermediate (14, Scheme 2).[8b]


The amino-substituted diselenide 4 exhibits much higher
GPx activity than ebselen in the presence of aromatic thio-
ls.[4b,e] This is probably due to the relatively weak Se···N in-
teractions in compound 17 relative to the Se···O interactions
in compound 14. However, the selenenyl sulfide 17 does un-
dergo a thiol exchange reaction in addition to the reaction
that leads to the formation of selenol 18. Furthermore, the
strength of Se···N interactions in 17 is sufficient to perform a
reverse-GPx cycle (i.e., the reaction of selenenyl sulfides
with peroxides to regenerate the corresponding selenenic
acids), which considerably reduces the GPx activity.[4e] These
observations suggest that the prevention of strong Se···N in-
teractions in amino-substituted diaryl diselenides might lead
to the development of better GPx mimics.


Unfortunately, it has not been possible to design and syn-
thesize diaryl diselenides that have basic amino groups in
close proximity to selenium but do not exhibit any strong
Se···N interactions in the selenenyl sulfide intermediates. In
this paper we report that the replacement of an aryl proton
in compound 4 by a methoxy group prevents the Se···N in-


Scheme 1. Proposed catalytic mechanism of GPx, involving selenol, sele-
nenyl sulfide, and selenenic acid intermediates. In the absence of thiols,
the selenenic acid undergoes overoxidation to produce the seleninic acid
species.


Figure 1. Ebselen and some other important synthetic GPx mimics re-
ported in the literature.


Scheme 2. The two possible reactions of the selenenyl sulfides derived
from ebselen (1) and of diaryl diselenides incorporating tertiary amino
groups.
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teractions in the key intermediates and dramatically enhan-
ces the GPx activities of 4 and of some related compounds.
We also show that the strong Se···N interactions reduce the
basicity of the tertiary amino group and that the introduc-
tion of a methoxy substituent helps the tertiary amino group
to act as a general base during the catalytic cycles of benzyl-
amine-based compounds.


Results and Discussion


The amino-substituted diselenides (4, 20–24) required for
this study were synthesized from N,N-dialkylbenzylamines,
2-bromo-N,N-dialkylbenzylamines, or 3-methoxy-N,N-dia-


lkylbenzylamines by the well-established heteroatom-direct-
ed ortho-lithiation methodology. Metallation of substituted
benzylamines with nBuLi in diethyl ether afforded the cor-
responding ortho-lithiated compounds. Subsequent treat-
ment with selenium powder and oxidative workup afforded
diselenides in moderate yields. The GPx-like activities of
these compounds were studied with hydrogen peroxide
(H2O2), cumene hydroperoxide (Cum-OOH), and tert-butyl
hydroperoxide (tBuOOH) as the substrates and with PhSH
as the thiol co-substrate. The catalytic reduction of perox-
ides by PhSH in the presence of various selenium com-
pounds was studied by a method similar to that of Back and
co-workers.[4c,5c,d] The formation of PhSSPh in the reactions
was studied by a reversed-phase HPLC method, and the
times required for 50% conversion of PhSH into PhSSPh
(t1=2) were calculated by determining the peak areas at differ-
ent time intervals. A calibration plot was used to calculate
the amounts of PhSSPh formed during the reactions.


As expected, the diselenides based on N,N-dialkylbenzyla-
mine moieties (4, 20, 21) exhibited much higher GPx activi-
ties than ebselen in all three peroxide systems used. It has
previously been shown that the high GPx activity of 4 is
probably due to the presence of the dimethylamino group,
which can deprotonate the selenol 18 to generate a more re-
active selenolate.[4b,e] Similar activation may occur in com-
pounds 20 and 21, containing a diethyl- and a dipropylamino
group, respectively.


Interestingly, remarkable enhancements in the activity
were observed when the protons at the 6-positions in com-
pounds 4, 20, and 21 were replaced by simple methoxy sub-
stituents. Wirth and co-workers had previously reported an
interesting observation that the substitution of aryl protons
by methoxy groups in certain chiral diselenides incorporat-
ing alcohol moieties improved the stereoselectivity in asym-


metric selenenylation reactions.[9] They showed the in-
creased transfers of chirality to be due to the presence of
the methoxy substituents, which exhibit Se···O noncovalent
interactions. The additional substituents may also provide
the necessary steric environments around the selenium moi-
eties.[10]


From Table 1 and Figure 2, it is clear that the methoxy-
substituted diselenides (22–24) are much better catalysts
than the diselenides 4, 20, and 21 and that compounds 22–24
show very high activities in all three peroxide (H2O2, Cum-
OOH, tBuOOH) systems. In particular, the diselenide 22
was found to be a remarkably active catalyst, with the t1=2
value (3.8 min) obtained for this compound at 5 mm concen-
tration being much lower than that found for 4 (19.2 min) at
10 mm concentration. This indicates that the catalytic activity
of the methoxy-substituted compound 22 is almost one
order of magnitude higher than that of 4. Furthermore,
quantitative conversion of PhSH into PhSSPh over the
given time period was observed only with compounds 22–24.
The times required for complete conversion were found to
be 12.5 min for 22, 23 min for 23, and 30 min for 24
(Figure 2). In contrast, only 90%, 77%, and 86% conver-
sions were observed after 58 min, 44 min, and 69 min, re-
spectively, when compounds 4, 20, and 21 were used as cata-
lysts. In the presence of ebselen, only 11.5% conversion was
observed after a reaction time of 100 min (Figure 2). This is


due to the thiol exchange reactions that take place at the se-
lenium centers in the selenenyl sulfides derived from com-
pounds 4, 20, 21, and ebselen, which lead to the accumula-
tion of the corresponding selenenyl sulfide species in the
solutions.[8b] Our HPLC experiments indicated that the sele-
nenyl sulfides were the predominant species in the reaction
mixtures, particularly when higher concentrations of the se-
lenium compounds (4, 20, 21, and ebselen) were used. In the
case of compound 4, the accumulation of the selenenyl sul-
fide species was observed even at lower concentrations of


Figure 2. Catalytic reduction of Cum-OOH by PhSH in the presence of
various selenium compounds. The formation of PhSSPh was followed by
reversed-phase HPLC, and the % conversions were calculated from cali-
bration plots: a) 22, b) 23, c) 24, d) 4, e) 20, f) 21, g) 1, and h) control.
Assay conditions: catalyst (10.0 mm, except compound 22 ; [catalyst 22]=
5 mm), PhSH (1.0 mm), Cum-OOH (2.0 mm) in MeOH at 22 8C.
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catalyst (10 mm). In contrast, no such species was detected
for compound 22 during the entire catalytic cycle (Figure S2,
Supporting Information).


To understand the higher GPx activities of compounds
22–24 in relation to those of the parent diselenides (4, 20–
21), we have undertaken a detailed study to probe the role
of amino and methoxy substituents. We have studied the
catalytic cycles of compounds 4, 20, and 21 individually and
have compared them with those of 22–24 (Scheme 3) to un-
derstand the role of amino substituents in each catalytically
active intermediate. Although the catalytic mechanisms of
diselenides 22–24 were found to be identical with those of 4,
20, and 21, these studies revealed that the introduction of
the methoxy substituents leads to dramatic changes in the
reactivity of selenium. Our DFT calculations and experi-
mentally measured 77Se NMR chemical shifts (Table 2) sug-
gest that the strengths of the Se···N interactions in com-
pounds 22–24 are significantly less than those in 4, 20, and
21, which is consistent with the report by Wirth et al. that
the presence of a methoxy substituent in the 6-position pre-
vents interaction between selenium and the alcohol side-
chain.[9] Although the strong Se···N interactions in com-
pound 4 and related diselenides have been shown to be im-
portant for the reductive cleavage of the -Se-Se- bond by
thiols,[4b,e] we have found that the relatively weak Se···N in-


teractions in compounds 22–24 are sufficient for facile re-
duction of the diselenide bonds by thiols (Scheme 3).


Treatment of the diselenides 4, 20, and 21 with PhSH
(1 equiv in each case) produced the corresponding selenols


25, 27, and 29, together with the selenenyl sufides 31, 33,
and 35, respectively, in nearly 1:1 ratios. The addition of fur-
ther PhSH (a second equivalent in each case) does not lead


to complete conversion of the selenenyl sufides into the se-
lenols. This is due to the presence of Se···N interactions in
the selenenyl sulfides 31, 33, and 35, which lead to thiol ex-
change reactions rather than to the formation of the corre-
sponding selenols. The 77Se NMR chemical shifts (Table 2)
for compounds 31 (564 ppm), 33 (558 ppm), and 35
(555 ppm) show significant downfield shifts relative to that
of PhSeSPh (526 ppm). Large excesses of thiol are therefore
required for the conversion of the selenenyl sulfides into the
selenols. However, the selenenyl sulfides 31, 33, and 35 were
found to be the major species during the catalytic cycle. The
addition of 4-Me-C6H4SH to solutions containing 31, 33, or
35 produced new selenenyl sulfides through thiol exchange
reactions (Figure S3, Supporting Information). Interestingly,
the reactions of compounds 22–24 with PhSH (1 equiv in
each case) readily produced the corresponding selenols (26,
28, and 30) with the formation of only trace amounts of the
corresponding selenenyl sulfides (32, 34, and 36). As the
amounts of thiol were not sufficient for quantitative conver-
sion of 22–24 into the selenols, we detected some unreacted
diselenides in the reaction mixtures. However, the addition
of further PhSH (a second equivalent in each case) to the
reaction mixtures converted the diselenides and selenenyl


Table 1. Values of t1=2 for the reduction of peroxides by PhSH in the pres-
ence of compounds 1, 4, and 20–24 at 22 8C.


Compound t1=2 values [min][a]


H2O2 Cum-OOH tBuOOH


control 1460.0 1053.0 780.0
1 (ebselen) 821.0 522.0 744.0
4 19.2 16.5 24.4
20 19.9 17.6 35.2
21 22.7 24.3 49.7
22[b] 3.8 2.6 6.3
23 12.5 9.1 29.0
24 13.2 12.1 35.2


[a] Assay conditions: the reactions were carried out in MeOH at 22 8C
[catalyst (10.0 mm, except compound 22), PhSH (1.0 mm), peroxide
(2.0 mm)]. [b]The conversion was too fast to be measured at 10 mm con-
centration, and so a 5 mm concentration of the catalyst was used.


Table 2. The theoretical data for 14 and 31–36 obtained by DFT calcula-
tions at the B3LYP/6-31+G(d)//B3LYP/6-311+G ACHTUNGTRENNUNG(d,p) levels, along with
the experimentally measured and theoretically calculated 77Se NMR
chemical shifts.


Compd rSe···O/N qO/N-Se-S
77Se [ppm] 77Se [ppm]


[L] [8] ACHTUNGTRENNUNG(calcd)[a] ACHTUNGTRENNUNG(exptl)


14 (R=Ph) 2.456 176.2 660 588
31 2.680 175.5 556 564
32 2.869 158.5 419 470
33 2.690 168.6 494 558
34 2.819 158.3 414 461
35 2.663 176.2 522 555
36 2.846 158.7 423 451


[a] The values are cited with respect to Me2Se.


Scheme 3. Proposed catalytic mechanism for the reduction of H2O2 by
PhSH in the presence of compounds 22–24.
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sulfides completely into the se-
lenols. The 77Se NMR chemical
shifts for the selenenyl sulfides
32 (470 ppm), 34 (461 ppm),
and 36 (451 ppm) show dra-
matic upfield shifts
ACHTUNGTRENNUNG(�100 ppm) with respect to
those of the selenenyl sulfides
31, 33, and 35, indicating the
absence of strong Se···N inter-
actions. The absence of any
strong Se···N interactions and
the presence of the methoxy
groups at the 6-positions pre-
vent the thiol exchange reac-
tions at the selenium centers.
Therefore, the addition of one
equivalent of thiol to a sele-
nenyl sulfide 32, 34, or 36 is
sufficient to generate the cor-
responding selenol.


To complement the experi-
mental findings, we have also
carried out detailed DFT stud-
ies on the selenenyl sulfide in-
termediates. The geometries
were fully optimized at the
B3LYP level with use of the 6-
31+G(d) basis set. The inter-
action energies between the
selenium and nitrogen atoms
were calculated by natural bond orbital (NBO) calcula-
tions.[11] These studies have revealed that the strengths of
Se···N interactions in compounds 31, 33, and 35 are dramati-
cally decreased upon incorporation of methoxy groups at
the 6-positions (Table 3, Figure 3). As an example, the
Se···N distance in compound 32, with a methoxy substituent
(2.869 L), is significantly longer than that in 31 (2.680 L).
Similarly, the Se···N interaction energy in compound 32
(ESe···N: 5.78 kcalmol�1) is much lower than that in 31 (ESe···N:
11.20 kcalmol�1). Consistently with our experimental data,
the calculated 77Se NMR chemical shift values for 32, 34,
and 36 are shifted upfield by �120 ppm relative to those of
31, 33, and 35. This indicates that the selenium centers in
compounds 31, 33, and 35 are more deshielded than in the
methoxy-substituted compounds, due to the strong Se···N in-


teractions. The NBO analysis shows that the introduction of
the methoxy substituents and the subsequent weakening of
the Se···N interactions lead to increases in the positive
charges on the sulfur atoms in the selenenyl sulfides
(Table 3), which would enhance the possibility of nucleo-
philic attack of incoming thiol/thiolate at the sulfur centers.
These changes in the electronic properties of selenium and
sulfur and the increases in the steric hindrance around sele-
nium upon introduction of methoxy substituents drive the
conversion of selenenyl sulfides into the corresponding sele-
nols.[12]


Because the reactions of selenenyl sulfides with thiols
should produce the corresponding selenols for the catalytic
activity, we have also studied the natures of the selenols by
experimental and computational methods (Figure 4). The
N,N-dialkylamino groups in the methoxy-substituted sele-
nols (26, 28, and 30) have been found to be stronger bases
than those in the selenols 25, 27, and 29. This can easily be
explained by comparing the 77Se NMR chemical shifts. The
experimentally measured 77Se NMR chemical shifts for the
methoxy-substituted selenols are shifted almost 100 ppm up-
field [26 (�58 ppm), 28 (�42 ppm), 30 (�37 ppm)] relative
to those for the unsubstituted selenols [25 (35 ppm), 27
(54 ppm), 29 (56 ppm)] (Table 4), indicating that the intro-
duction of a methoxy substituent significantly increases zwit-
terionic character.[13] The selenium centers in compounds 26,


Table 3. Theoretical data for 14 and 31–36 obtained by NBO analysis at
the B3LYP/6-31+G(d)//B3LYP/6-311+G ACHTUNGTRENNUNG(d,p) level of theory.


Compd qSe qS ESe···O/N [kcalmol�1]


14 (R=Ph) 0.408 0.023 15.20
31 0.309 0.039 11.20
32 0.304 0.067 5.78
33 0.297 0.040 11.23
34 0.301 0.063 7.02
35 0.306 0.035 12.57
36 0.305 0.065 6.59


Figure 3. Energy-optimized geometries of the selenenyl sulfide intermediates 31–36. The optimizations of the
geometries were performed at the B3LYP/6-31+G(d) level of theory.
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28, and 30 are, therefore, more nucleophilic than those in
25, 27, and 29. Furthermore, the selenol moieties in 26, 28,
and 30 are significantly different from that in the ebselen-se-
lenol (15), which shows a large downfield shift in the
77Se NMR (232 ppm, Table 2), due to the strong Se···O inter-
actions (ESe···O=7.10 kcalmol�1). We have previously shown
that the zwitterionic form of 25 (i.e., 25b) in water is about


2.37 kcalmol�1 more stable
than its counterpart with weak
Se···N interactions, and that
the zwitterionic form of 15 is
about 5.45 kcalmol�1 less
stable than its counterpart with
weak Se···O interactions.[8b] In
this study, we have found that
the zwitterionic form 25b is
about 5.0 kcalmol�1 more
stable than the undissociated
form (25a), which is consistent
with the experimentally mea-
sured 77Se NMR data. The
zwitterionic form of 26 (i.e.,
26b), on the other hand, is
�9.0 kcalmol�1 more stable
than the undissociated 26a, in-
dicating that the prevention of
Se···N interactions through the
introduction of a methoxy sub-
stituent increases the stability
of the zwitterionic form.[13]


Having established the role
of methoxy substituents in the
selenols and selenenyl sulfides,
we have also studied the effect
of Se···N interactions in the se-
lenenic acids, one of the crucial
intermediate types in the GPx
catalytic cycle. Treatment of
compound 25 with hydrogen
peroxide produced two signals
in the 77Se NMR spectrum, at
1168 and 1347 ppm, that can
be ascribed to the selenenic
acid 37 and the seleninic acid
43, respectively.


Treatment of selenol 27 with H2O2 produced a mixture of
selenenic acid 39 (1171 ppm) and seleninic acid 45
(1349 ppm), although the required selenenic acid 39 was de-
tected only in trace amounts. On the other hand, compound
29 did not produce any detectable quantities of the selenen-
ic acid (41), but produced only the overoxidized seleninic
acid 47 (1349 ppm).[14,15] The selenenic acid 37 was convert-
ed completely into the seleninic acid 43 and the selenonic


Figure 4. Energy-optimized geometries of the selenol species 25–30. The optimizations of the geometries were
performed at the B3LYP/6-31+G(d) level of theory.


Table 4. The theoretical data for 15 and for 25–30 obtained by DFT calculations at the B3LYP/6-31+G(d)//
B3LYP/6-311+G ACHTUNGTRENNUNG(d,p) levels, along with the experimentally measured and theoretically calculated 77Se NMR
chemical shifts.


Compd rSe···O/N qSe
77Se [ppm] 77Se [ppm] ESe···O/N


[L] ACHTUNGTRENNUNG(calcd)[a] ACHTUNGTRENNUNG(exptl)[a] [kcalmol�1]


15 2.577 0.269 206 232 7.10
25 3.028 �0.289 �30 35 0.00
26 3.016 �0.246 �94 �58 0.00
27 3.062 �0.312 84 54 0.00
28 3.055 �0.279 �2 �42 0.00
29 3.059 �0.314 63 56 0.00
30 3.078 �0.295 0 �37 0.00


[a] The values are cited with respect to Me2Se.
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acid 49 upon addition of an
excess amount of H2O2. This is
consistent with previous re-
ports on the GPx activities of
amino-substituted com-
pounds.[4b,e] The 77Se NMR
chemical shift for the selenonic
acid 49 (1019 ppm) is almost
identical with that of the struc-
turally characterized com-
pound 50 (1022 ppm) reported
by Iwaoka and Tomoda.[4b] In-
terestingly, treatment of sele-
nols 26, 28, and 30 with H2O2


produced the selenenic acids
38 (1170 ppm), 40 (1174 ppm),
and 42 (1172 ppm), respective-
ly, and the formation of the
overoxidized seleninic acids
(44, 46, and 48) or selenonic
acids was not observed even at
very high peroxide concentra-
tions.[14, 15]


The optimized geometries
(Figure 5) and NBO analysis
(Table 5) indicate that all the
selenenic acids (37–42) exhibit
strong Se···N interactions,
which help nucleophilic attack
by incoming thiols at the sele-
nium centers. Interestingly, the
addition of PhSH (1 equiv in
each case) led to clean conversions of the selenenic acids 38,
40, and 42 into the corresponding selenenyl sulfides. No spe-
cies other than the selenols, selenenyl sulfides, and selenenic
acids were observed during the entire catalytic cycles of the
diselenides 22–24, and this type of selectivity appears to be
remarkable in amino-substituted benzylic compounds. The
DFT calculations on the selenenic and seleninic acids have
revealed that the introduction of methoxy substituents at
their 6-positions prevents the overoxidation of the selenenic
acids to the corresponding seleninic acids. The energy differ-
ence between 37 and 43 is almost 4.0 kcalmol�1 lower than
that between 38 and 44, indicating that the conversion of 37
into 43 is more favored than the conversion of 38 into 44.


In addition to the thiol exchange, the reactions of selenen-
yl sulfides with H2O2 to produce the corresponding selenenic
and/or seleninic acids (reverse-GPx cycle) also reduce GPx
activity. The addition of one equivalent of H2O2 to the sele-
nenyl sulfide 31 readily produced the selenenic acid 37
(Scheme 4), which underwent further reaction with H2O2 to
generate the seleninic acid 43. The presence of strong Se···N
interactions and subsequent stabilization of the Se�S bond
by thiol exchange reactions permit the selenenyl sulfide 31
to stay longer in the solution. As a result, a facile cleavage
of the Se�S bond by H2O2 occurs, leading to the production
of the selenenic and seleninic acids. Because of the back-
ward reaction, the reaction between selenenic acid 37 and


PhSH always produces a mix-
ture of the selenenyl sulfide 31
and the selenenic acid 37. The
reverse-GPx cycle has been ob-
served previously with com-
pounds 4, 6, and related disele-
nides.[4b,e] The introduction of
methoxy substituents in the 6-
positions makes the selenenyl
sulfides short-lived, and the re-
actions therefore proceed in
the forward direction. As an


Table 5. Theoretical data for 37–42 obtained by DFT calculations at the B3LYP/631+G(d)//B3LYP/6-311+G-
ACHTUNGTRENNUNG(d,p) levels, along with the experimentally measured and theoretically calculated 77Se NMR chemical shifts.


Compd rSe···O/N qO/N-Se-O qSe
77Se (ppm) ESe···O/N


[L] [8] ACHTUNGTRENNUNG(calcd)[a] [kcalmol�1]


37 2.473 172.7 0.631 1047 (1168) 20.47
38 2.630 167.3 0.625 1068 (1170) 12.84
39 2.579 172.9 0.629 1056 (1171) 16.02
40 2.658 165.8 0.622 1060 (1174) 12.41
41 2.576 172.4 0.626 1062 (n.d) 16.24
42 2.665 165.6 0.620 1062 (1172) 12.04


[a] The 77Se chemical shifts were calculated in the gas phase and are cited with respect to Me2Se. The experi-
mentally measured 77Se chemical shifts are given in parentheses.


Figure 5. Energy-optimized geometries of the selenenic acid (37–42) intermediates. The optimizations of the
geometries were performed at the B3LYP/6-31+G(d) level of theory.
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example, the 77Se NMR signal at 1170 ppm due to the sele-
nenic acid 38 disappeared completely upon addition of one
equivalent of PhSH. This reaction produced a new signal for
the selenenyl sulfide 32 at 470 ppm, which was unaffected
by the addition of an excess amount of H2O2. Similar reac-
tivity was observed with compounds 40 and 42. This clearly
indicates that the backward reaction involving the selenenyl
sulfides and H2O2 would reduce the GPx activity.


To understand the effect of thiol co-substrate on the cata-
lytic activities of these amine-based compounds, we deter-
mined the initial rates at various concentrations of PhSH
with fixed catalyst and peroxide concentrations. The double
reciprocal or Lineweaver–Burk plots obtained for com-
pounds 4 and 20–24 by plotting the reciprocals of initial
rates (1/v0) against the reciprocals of substrate concentra-
tions (1/[substrate]) were used to determine the catalytic pa-
rameters (Table 6). The KM (Michaelis constant) values ob-
tained for 22–24 are much lower than those for 4, 20, and 21
under similar experimental conditions, suggesting that the
thiol exchange reactions significantly increase the KM values.
The catalytic efficiencies (h) for the methoxy-substituted
compounds are found to be much higher than those of the
parent benzylamine-based compounds. The catalytic effi-
ciency of 22 (9.75M103m


�1min�1) is almost eight times
higher than that of 4 (1.24M103m


�1min�1). Similarly, the cat-
alytic efficiencies of compounds 23 and 24 are found to be
around two and around five times higher than those of 20
and 21, respectively. The higher catalytic efficiencies of com-
pounds 22–24 relative to the parent compounds suggest that


the methoxy groups at the 6-positions play a crucial role in
modulating the reactivities of the key intermediates in the
GPx cycle.


To gain further insight into the effect of Se···N/O interac-
tions on the kinetic behavior of synthetic GPx mimics, we
have carried out detailed kinetic studies on compounds 4
and 22. The initial rates were measured with increasing con-
centrations of thiol and fixed concentrations of catalyst and
hydrogen peroxide. The reaction rate for compound 22 in-
creased rapidly at the beginning with an increase in the thiol
concentration, and after a certain concentration of thiol, the
rate became constant. This indicates that compound 22 fol-
lows typical saturation kinetics similar to those of the native
GPx.[16] Interestingly, a linear increase in the reaction rate
was observed for compound 4 with an increase in the con-
centration of PhSH, indicating non-saturation kinetics up to
a concentration of 3 mm. The change in the kinetics pattern
can be attributed to the various degrees of thiol exchange
reactions in the selenenyl sulfides derived from compounds
4 and 22. When there are thiol exchange reactions due to
strong Se···N interactions, the Se�S bonds become readily
exchangeable, and the selenium centers in such compounds
therefore do not get saturated with thiols. This leads to rela-
tively high KM values, as observed in the case of 4. In con-
trast with 4, compounds 20 and 21 exhibited saturation ki-
netics (Tables S27 and S28, Supporting Information), indi-
cating that the replacement of the methyl groups in 4 by
ethyl or propyl groups had considerably reduced the thiol
exchange reactions at the selenium center. This is evident
from the reactions of 31, 33, and 35 with 4-Me-C6H4SH, in
which the thiol exchange reaction rate for compound 31 is
significantly higher than those for 33 and 35 (Figure S3, Sup-
porting Information). However, the introduction of sterical-
ly more demanding substituents at the nitrogen does not
appear to be sufficient for enhancing the catalytic activity,
because the strengths of Se···N interactions in 33 and 35
were found to be almost identical with those in 31 (Table 3).


In contrast with the diselenides, ebselen exhibited com-
pletely different kinetics in the presence of various concen-
trations of PhSH. When ebselen was treated with PhSH, a
decrease in the reaction rate with increasing thiol concentra-
tion (up to �2 mm) was observed. After this, a rapid in-
crease in the reaction rate with increasing PhSH concentra-
tion was observed. For example, the difference in the rate


(1.94 mmmin�1) due to the
change in thiol concentration
from 7 mm to 14 mm was found
to be much higher than the dif-
ference in the rate
(0.62 mmmin�1) over the first
7 mm (Figure 6B). This indi-
cates that a very high concen-
tration of PhSH is required to
overcome the thiol exchange
reaction in the selenenyl sul-
fide derived from ebselen,
which is consistent with our


Scheme 4. The reaction between selenenic acid 37 and PhSH produces
the selenenyl sulfide 31, which upon treatment with H2O2 regenerates 37
through a reverse-GPx cycle. Compound 38 undergoes only the forward
reaction, with the reverse reaction not being observed because of the
presence of the OMe group.


Table 6. Catalytic parameters [maximum velocities (Vmax), Michaelis constants (KM), catalytic constants (kcat),
and catalytic efficiencies (h)] for the reduction of H2O2 by PhSH in the presence of diselenides 4 and 20–24.[a]


Compd Vmax [mmmin�1] KM [mm] kcat [min�1] h [m�1 min�1]


4 158.7[b] 12.76[b,c] 15.87 1.24M103


20 21.9 1.04 2.19 2.10M103


21 17.9 1.70 1.79 1.05M103


22 42.9 0.44 4.29 9.75M103


23 9.7 0.22 0.98 4.45M103


24 8.7 0.16 0.87 5.43M103


[a] Assay conditions: PhSH (0.0–4.0 mm), H2O2 (1.0 mm), and catalyst (10.0 mm) in MeOH at 22 8C. [b] The ex-
tremely high Vmax and KM values are due to the use of saturation kinetics method for a compound that follows
non-saturation kinetics. [c] The KM value is much higher than the largest concentration of PhSH.
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previous observations.[8b] As a result of this unusual behav-
ior, the kinetic parameters for the reduction of H2O2 by
PhSH could not be determined for ebselen. This is consis-
tent with the report by Shi et al. that the effect of ebselen in
cells is beneficial only when thiols are present in sufficiently
high concentrations, and that the detrimental effects of ebse-
len may dominate in a system with thiols in low concentra-
tions.[17]


Although compounds 4 and 22 exert their catalytic cycle
through the formation of the selenols, selenenyl sulfides,
and selenenic acids, comparison of the initial rates for differ-
ent selenium compounds can lead to unreliable results when
the initial rates are measured at only one thiol concentra-
tion. As an example, the initial rates for 10 mm concentra-
tions of compounds 4 and 22 are identical at a 3.4 mm con-
centration of PhSH (Figure 6A). This is due to the differ-
ence in the kinetics behavior (saturation vs. non-saturation
kinetics), which does not allow a reliable comparison. The
activity of 22 must therefore be compared with that of 4 at
PhSH concentrations of 1 mm or less, at which both com-
pounds exhibit linear increases in their activities with in-
creasing thiol concentrations (Figure 6A). These observa-
tions suggest that the determination of initial rates at only
one thiol concentration can be erroneous even for com-
pounds with similar structures if the reactivities of the sele-
nium centers are altered by Se···N or other noncovalent in-
teractions.


Conclusion


In this study we have shown that simple replacement of hy-
drogen atoms by methoxy substituents in N,N-dialkylbenzyl-
amine-based diselenides can lead to dramatic increases in
the catalytic activity. The methoxy substituents enhance
GPx-like activity by altering the steric and electronic envi-
ronments around selenium and sulfur atoms in the key inter-
mediates. Protection of the selenium moieties from overoxi-
dation by peroxides and the prevention of thiol exchange re-
actions at the selenium atoms in the selenenyl sulfide inter-
mediates upon introduction of the methoxy substituents
have been found to be the crucial factors for the enhance-
ment of catalytic activity. These studies have revealed that
the basic amino groups in close proximity to selenium in dis-
elenides possessing tertiary amino groups play more positive
roles when methoxy groups are present at the 6-positions.
From our present study and the literature data, we propose
the following revised roles for the basic amino groups in
GPx mimics. The tertiary amino substituents: i) should not
be involved in any Se···N interactions in the selenols, but
should be sufficiently basic to deprotonate the selenols to
produce more reactive selenolates, ii) should not participate
in strong interactions with selenium in the selenenyl sulfide
intermediates, and iii) should exhibit some noncovalent in-
teractions with selenium in the selenenic acid intermediates
to increase the electrophilic reactivity of selenium.


Experimental Section


General procedure : n-Butyllithium (nBuLi) was purchased from Acros
Chemical Co. (Belgium). Methanol was obtained from Merck and dried
before use. All other chemicals were of the highest purity available. All
the reactions were carried out under nitrogen with use of standard
vacuum-line techniques. Because of the unpleasant odors and toxic
nature of several of the reaction mixtures involved, most manipulations
were carried out in a well-ventilated fume hood. Et2O was dried over
sodium metal with benzophenone. Thin-layer chromatography analyses
were carried out on pre-coated silica gel plates (Merck), and spots were
visualized with UV irradiation. Column chromatography was performed
on glass columns loaded with silica gel or on automated flash chromatog-
raphy systems (Biotage) with use of preloaded silica cartridges. 1H
(400 MHz), 13C (100.56 MHz), and 77Se (76.29 MHz) NMR spectra were
obtained on a Bruker 400 MHz NMR spectrometer. Chemical shifts are
cited with respect to SiMe4 as internal (


1H and 13C) and Me2Se as exter-
nal (77Se) standard. Mass spectral studies were carried out on a Q-TOF
micro mass spectrometer with ESI MS mode analysis. The synthetic pro-
cedures for the ligands are described in the Supporting Information.
Compound 4 was synthesized by the literature method.[18]


Synthesis of 20 : nBuLi (1.4 mL of a 1.6m hexane solution) was added
dropwise with stirring to a cooled (�78 8C) solution of 2-bromo-N,N-di-
ethylbenzylamine (0.50 g, 2.06 mmol) in dry Et2O (15 mL), which was
then allowed slowly to attain room temperature. After 1.5 h, the solvent
was removed completely under reduced pressure, to remove butyl bro-
mide produced in the reaction. Freshly distilled Et2O (15 mL) was added,
followed by the addition at 0 8C of finely ground selenium powder
(0.16 g, 2.06 mmol). After the addition of selenium powder the color
turned brownish. After the reaction mixture had been stirred for another
3 h, the mixture was poured into an ice-cooled saturated sodium bicar-
bonate solution. Oxygen was passed through the solution at a moderate
rate for 15 min. The compound was extracted with ether and dried over


Figure 6. Effect of thiol co-substrate on initial rates for the reduction of
H2O2 (1.0 mm) by PhSH in the presence of 4 and 22 (10 mm) or of ebselen
(1, 20 mm). The reactions were carried out in methanol at 22 8C.
A) Line a) 22 ; line b) 4. B) 1 (ebselen).
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sodium sulfate. The solvent was evaporated to obtain a yellow colored
liquid, which was purified by flash chromatography. The expected com-
pound was eluted with ethyl acetate in petroleum ether (5%). Yield
0.48 g (49%); 1H NMR (CDCl3): d=1.02–1.06 (m, 6H), 2.54–2.60 (m,
4H), 3.63 (s, 2H), 7.07–7.10 (m, 1H), 7.25–7.29 (t, J=8 Hz, 1H), 7.49–
7.51 (d, J=8 Hz, 1H), 7.54–7.56 ppm (d, J=8 Hz, 1H); 13C NMR
(CDCl3): d =12.0, 47.2, 57.2, 124.2, 127.2, 128.0, 130.6, 132.5, 139.6 ppm;
77Se NMR (CDCl3): d=424 ppm; HRMS: m/z : calcd for C22H32N2Se2
[M+H]+ : 485.0974; found: 485.0977.


Synthesis of 21: nBuLi (1.4 mL of a 1.6m solution in hexane) was added
dropwise with stirring at �78 8C to a solution of 2-bromo-N,N-dipropyl-
benzylamine (0.50 g, 1.85 mmol) in dry Et2O (15 mL), and the mixture
was allowed to reach room temperature slowly over 1.5 h. The solvent
was removed under reduced pressure to remove the butyl bromide pro-
duced in the reaction. Freshly distilled Et2O (15 mL) was then added, fol-
lowed by the addition at 0 8C of finely ground selenium powder (0.15 g,
1.85 mmol). After the addition of selenium powder the color turned
brownish. After the reaction mixture had been stirred for another 3 h,
the mixture was poured into an ice-cooled saturated sodium bicarbonate
solution. Oxygen was passed through the solution at a moderate rate for
15 min. The compound was extracted with ether and dried over sodium
sulfate. The solvent was evaporated to provide a yellow colored liquid,
which was purified by flash chromatography. The expected compound
was eluted with ethyl acetate in petroleum ether (2–3%). Yield 0.52 g
(52%); 1H NMR (CDCl3): d =0.74–0.80 (m, 6H), 1.36–1.45 ACHTUNGTRENNUNG(m, 4H),
2.32–2.39 (m, 4H), 3.54 (s, 2H), 6.97–7.02 (m, 1H), 7.17–7.21 (m, 1H),
7.41–7.43 (d, J=8 Hz, 1H), 7.50–7.52 ppm (d, J=8 Hz, 1H); 13C NMR
(CDCl3): d =12.9, 21.3, 57.2, 125.0, 128.1, 128.8, 131.4, 133.4, 140.7 ppm;
77Se NMR (CDCl3): d=420 ppm; HRMS: m/z : calcd for C26H40N2Se2
[M+H]+ : 541.1600; found: 541.1597.


Synthesis of 22 : nBuLi (4.0 mL of a 1.6m solution in hexane) was added
dropwise with stirring at �5 8C to a solution of 3-methoxy-N,N-dimethyl-
benzylamine (0.75 g, 4.55 mmol) in dry THF (25 mL), and the mixture
was allowed slowly to attain room temperature. After 1.5 h, finely
ground selenium powder (0.43 g, 5.46 mmol) was added at 0 8C. After the
addition of selenium powder the color turned brownish and the reaction
mixture was stirred overnight. The mixture was then poured into an ice-
cooled saturated sodium bicarbonate solution. Oxygen was passed
through the solution at a moderate rate for 15 min. The compound was
extracted with ether and dried over sodium sulfate, and the solvent was
evaporated to provide a yellow-colored liquid, which was purified by
flash chromatography with ethyl acetate and petroleum ether. Yield
1.28 g (58%); 1H NMR (CDCl3): d=2.15 (s, 6H), 3.31 ACHTUNGTRENNUNG(s, 2H), 3.72 (s,
3H), 6.71–6.73 (d, J=8 Hz, 1H), 6.79–6.81 (d, J=8 Hz, 2H), 7.12–
7.16 ppm (t, J=8 Hz, 1H); 13C NMR (CDCl3): d=45.4, 55.2, 64.4, 112.8,
114.3, 121.5, 129.2, 140.5, 159.7 ppm; 77Se NMR (CDCl3): d=374 ppm;
HRMS: m/z : calcd for C20H28N2O2Se2 [M+H]+ : 489.0559; found:
489.0559.


Synthesis of 23 : nBuLi (1.9 mL of a 1.6m solution in hexane) was added
dropwise with stirring at �5 8C to a solution of 3-methoxy-N,N-diethyl-
benzylamine (0.50 g, 2.59 mmol) in dry Et2O (15 mL), and the mixture
was allowed slowly to attain room temperature, by which time the color-
less solution had turned yellow. After the reaction mixture had been
stirred for 1.0 h, finely ground selenium powder (0.20 g, 2.59 mmol) was
added at 0 8C. Soon after the addition of selenium powder, the color
turned brownish. After the reaction mixture had been stirred for 2 h at
room temperature, the mixture was poured into an ice-cooled saturated
sodium bicarbonate solution, and oxygen was passed through the solution
at a moderate rate for 15 min. The compound was extracted with ether
and dried over sodium sulfate. The solvent was evaporated to provide a
yellow colored liquid, which was purified on an active neutral alumina
column with ethyl acetate and petroleum ether as eluents. Yield 0.74 g
(53%); 1H NMR (CDCl3): d =0.93–0.96 (t, J=7.2 Hz, 6H), 2.40–2.45 (q,
J=7.2 Hz, 4H), 3.44 (s, 2H), 3.70 (s, 3H), 6.67–6.69 (d, J=7.2 Hz, 1H),
6.81–6.83 (d, J=6.8 Hz, 1H), 7.09–7.13 ppm (t, J=8 Hz, 1H); 13C NMR
(CDCl3): d=10.7, 45.7, 54.1, 56.5, 111.1, 113.2, 120.1, 128.0, 140.7,
158.5 ppm; 77Se NMR (CDCl3): d =375 ppm; HRMS: m/z : calcd for
C24H36N2O2Se2 [M+H]+ : 545.1107; found: 544.9161.


Synthesis of 24 : nBuLi (1.7 mL of a 1.6m solution in hexane) was added
dropwise with stirring at �5 8C to a solution of 3-methoxy-N,N-dipropyl-
benzylamine (0.50 g, 2.26 mmol) in dry Et2O (15 mL), and the mixture
was allowed slowly to attain room temperature. After 1.5 h, finely
ground selenium powder (0.18 g, 2.26 mmol) was added at 0 8C. After the
addition of selenium powder the color turned brownish, and the system
was stirred for another 2 h at room temperature. The mixture was then
poured into an ice-cooled saturated sodium bicarbonate solution. Oxygen
was passed through the solution at a moderate rate for 15 min. The com-
pound was extracted with ether and dried over sodium sulfate. The sol-
vent was evaporated to provide a yellow-colored liquid, which was puri-
fied on an active neutral alumina column with ethyl acetate and petrole-
um ether as eluents. Yield 0.62 g (46%); 1H NMR (CDCl3): d=0.75–0.79
(t, J=7.2 Hz, 6H), 1.36–1.41 (q, J=7.2 Hz, 4H), 2.25–2.29 (t, J=7.6 Hz,
4H), 3.43 (s, 2H), 3.70 (s, 3H), 6.66–6.68 (d, J=7.6 Hz, 1H), 6.80–6.82
(d, J=7.2 Hz, 1H), 7.08–7.12 ppm (t, J=7.2 Hz, 1H); 13C NMR (CDCl3):
d=10.9, 19.2, 54.0, 54.8, 57.6, 111.0, 112.9, 120.0, 127.9, 141.2, 158.5 ppm;
77Se NMR (CDCl3): d=371 ppm; HRMS: m/z : calcd for C28H44N2O2Se2
[M+H]+ : 601.1733; found: 601.0029.


Synthesis of 31: Thiophenol (20 mL, 0.17 mmol) was added at room tem-
perature to the stirred solution of 4 (50 mg, 0.12 mmol) in dichlorome-
thane (5 mL). The reaction mixture was stirred for 30 min, and the sol-
vent was then evaporated. The expected compound was purified by flash
chromatography on a silica gel column with ethyl acetate and petroleum
ether as eluents to provide a pale yellow-colored oil. Yield: 21 mg
(56%); 1H NMR (CDCl3): d =2.32 (s, 6H), 3.61 (s, 2H), 7.11–7.16 (m,
3H), 7.94–7.25 (m, 3H), 7.51–7.53 (d, J=7.6 Hz, 2H), 7.96–7.98 ppm (d,
J=7.6 Hz, 1H); 13C NMR (CDCl3): d=44.3, 64.6, 126.3, 126.4, 128.1,
128.7, 129.2, 129.4, 136.2, 138.9 ppm; 77Se NMR (CDCl3): d=564 ppm;
HRMS: m/z : calcd for C15H17NSSe [M+H]+ : 324.0247; found: 323.8765.


Synthesis of 33 : Thiophenol (17 mL, 0.15 mmol) was added at room tem-
perature to the stirred solution of 20 (50 mg, 0.10 mmol) in dichlorome-
thane (5 mL). The reaction mixture was stirred for 30 min, and the sol-
vent was then evaporated. The expected compound was purified by flash
chromatography on a silica gel column with ethyl acetate and petroleum
ether as eluents to provide a pale yellow-colored oil. Yield: 18 mg
(51%); 1H NMR (CDCl3): d =0.97–1.00 (t, J=6.8 Hz, 6H), 2.55–2.60 (q,
J=6.8 Hz, 4H), 3.64 (s, 2H), 7.01–7.03 (m, 3H), 7.08–7.17 (m, 3H), 7.41–
7.43 (d, J=7.6 Hz, 2H), 7.85–7.87 ppm (d, J=8.0 Hz, 1H); 13C NMR
(CDCl3): d=9.2, 43.4, 57.8, 124.6, 124.8, 126.7, 127.0, 127.7, 134.1, 137.4,
138.0 ppm; 77Se NMR (CDCl3): d =558 ppm; HRMS: m/z : calcd for
C17H21NSSe [M+H]+ : 352.0560; found: 351.9353.


Synthesis of 35 : Thiophenol (16 mL, 0.14 mmol) was added at room tem-
perature to the stirred solution of 21 (50 mg, 0.09 mmol) in dichlorome-
thane (5 mL), the reaction mixture was stirred for 30 min, and the solvent
was then evaporated. The expected compound was purified by flash chro-
matography on a silica gel column with ethyl acetate and petroleum
ether as eluents to provide a yellow-colored oil. Yield: 16.7 mg (49%);
1H NMR (CDCl3): d=0.75–0.79 (t, J=7.2 Hz, 6H), 1.41–1.51 (m, 4H),
2.41–2.45 (t, J=8.0 Hz, 4H), 3.65 (s, 2H), 7.02–7.05 (m, 3H), 7.09–7.17
(m, 3H), 7.40–7.42 (d, J=7.6 Hz, 2H), 7.83–7.85 ppm (d, J=7.6 Hz, 1H);
13C NMR (CDCl3): d =12.6, 18.9, 54.2, 60.6, 126.2, 126.3, 128.3, 128.6,
129.2, 135.6, 138.8, 139.6 ppm; 77Se NMR (CDCl3): d =556 ppm; HRMS:
m/z : calcd for C19H25NSSe [M+H]+ : 380.0873; found: 379.9544.


GPx activity—HPLC assay : GPx-like activity was measured by high-per-
formance liquid chromatography (HPLC) with use of a 2695 separation
module and a 2996 photodiode-array detector and a fraction collector.
The assays were performed in sample vials (1.8 mL), and a built-in auto-
sampler was used for sample injection. In this assay, we employed mix-
tures containing a 1:2 molar ratio of PhSH and peroxide in methanol at
room temperature (22 8C) as our model system. Runs with and without
catalyst were carried out under the same conditions. Periodically, aliquots
were injected onto the reversed-phase column (Lichrosphere 60, RP-se-
lect B, 5 mm) and eluted with methanol and water (85:15), and the con-
centrations of the diphenyl disulfide (PhSSPh) product were determined
at 254 nm with the aid of pure PhSSPh as an external standard. The
amount of disulfide formed during the course of the reaction was calcu-
lated from the calibration plot for the standard (PhSSPh). The plots for
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kinetic parameters were obtained by use either of linear or of sigmoidal
curve fitting.


Computational methods : All calculations were performed by use of the
Gaussian98 suite[19] of quantum chemical programs. The hybrid Becke 3-
Lee–Yang–Parr (B3LYP) exchange correlation functional was applied
for DFT calculations.[20] Geometries were fully optimized at the B3LYP
level of theory with use of the 6-31+G(d) basis sets. The NMR calcula-
tions were performed at the B3LYP/6-311+G ACHTUNGTRENNUNG(d,p) level on B3LYP/6-
31+G(d) level optimized geometries by the GIAO method.[21] Orbital in-
teractions were analyzed by the natural bond orbital (NBO) method at
the B3LYP/6-311+G ACHTUNGTRENNUNG(d,p) level, and charges were calculated by natural
population analysis (NPA).[11] To examine the effect of solvent on the ge-
ometries of the selenol intermediates, single-point energy calculations
were performed in aqueous medium on the B3LYP/6-31+G(d)-level-op-
timized gas-phase geometries by use of the isodensity polarized continu-
um model (IPCM).[22]
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acids in the cases of 4, 20, and 21, and only the selenenic acids in
the case of 22–24. Treatment of selenols 25–30 with H2O2 produced
identical signals in the 77Se NMR. This precludes the possibility of
the formation of any thiol esters in the reactions. The reactions of
the oxidized species with PhSH are also helpful for assignation of
the signals for the selenenic acid and seleninic acid intermediates.
While the selenenic acids 38, 40, and 42 required only one equiva-
lent of PhSH each to produce the corresponding selenenyl sulfides
quantitatively, higher concentrations of PhSH were required for
complete conversions of the oxidized compounds derived from 4,
20, and 21 into the corresponding selenenyl sulfides. As an example,
the signal due to the selenenic acid 37 disappeared completely upon
addition of one equivalent of PhSH to a mixture containing selenen-
ic acid 37 and seleninic acid 43. The addition of an excess amount of
PhSH to the mixture converted both 37 and 43 into the selenenyl
sulfide 31.


[15] It should be noted that selenenic acids are generally quite unstable
and may not survive in solution for long times. They tend to dispro-
portionate in solution to give the corresponding seleninic acids and
diselenides (3RSeOH!RSeO2H+RSeSeR+H2O). However, no
such disproportionation was observed in the cases of selenenic acids
38, 40, and 42, which were stable enough to be detected by
77Se NMR spectroscopy. This is due to the presence of the methoxy
substituents, which protect the selenium moieties from overoxida-
tion. For structurally characterized stable selenenic acids, see: a) T.
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Do the Local Softness and Hardness Indicate the Softest and Hardest
Regions of a Molecule?


Miquel Torrent-Sucarrat,*[a] Frank De Proft,[a] Paul Geerlings,[a] and Paul W. Ayers[b]


Introduction


Density functional theory (DFT) based reactivity descriptors
provide a powerful framework to explain and predict the re-
activity and regioselectivity of the molecular systems.[1–3]


The most commonly used among these descriptors are the
chemical potential,[4] the Fukui function,[5,6] the global hard-
ness,[7] and the global softness[8] (which is merely the recip-
rocal of the global hardness). The overall type and intensity
of a molecule*s reactivity is determined by the global de-
scriptors (chemical potential, hardness, and softness). To go
beyond this and determine not just how a molecule reacts,
but where it reacts, requires local reactivity indicators. The
Fukui function is one such indicator. Other key local indica-
tors are the local hardness[9,10] and local softness.[8] The local
hardness and local softness provide pointwise representa-
tions of the corresponding global quantities and, naively,
should allow one to identify the “hardest” and “softest” re-
active sites in a molecule. One goal of this paper is to show
that this expectation is incorrect: one cannot reliably identi-
fy the hardest and softest places in a molecule based on the
local hardness and local softness alone. How, then, should


the local hardness and local softness be interpreted? An-
swering that question is the second goal of this paper. Our
results suggest that that the local hardness and local softness
are best understood as mathematical representations for the
“local abundance” or “concentration” of the corresponding
global property.


The concept of chemical hardness was originally proposed
by Pearson to explain certain well-known trends in inorganic
chemical reactivity. He proposed classifying reagents into
two categories: a) hard, for reagents that are small, highly
charged, and relatively unpolarizable, b) soft, for reagents
that are large and polarizable.[11–14] The hard/soft acid/base
(HSAB) principle-that hard acids prefer binding to hard
bases and soft acids prefer binding to soft bases-coupled
with information about acid/base strengths;[13–16] then suf-
ficed to explain many experimentally observed reactivity
patterns in inorganic[11,12] and organic[17] chemistry.


The theory of chemical hardness was transformed in 1983,
when Parr and Pearson formulated a quantitative hardness
scale based on the realization that the hardness measured
the resistance of a molecule to changes in electronic struc-
ture. This led to the definition,[7,18]


h ¼
�
@2E
@N2


�
vð r!Þ


¼
�
@m


@N


�
vð r!Þ


ð1Þ


Here, m is the chemical potential;[4] the chemical potential is
minus one times electronegativity and measures the “intrin-
sic strength” of a Lewis acid or base.[16] It is related to the
energy levels of the frontier Kohn-Sham orbitals.[19–21]


Keywords: density functional
calculations · Fukui function ·
local hardness · local softness


Abstract: In this work, we will show that the largest values of the local softness
and hardness do not necessarily correspond to the softest and hardest regions of
the molecule, respectively. Based on our results, we will argue that it is more
useful to interpret the local softness and the local hardness as functions that mea-
sure the “local abundance” or “concentration” of the corresponding global proper-
ties. This new point of view helps reveal how and when these local reactivity indi-
ces are most useful.
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The global softness, S, is simply the multiplicative inverse
of the global hardness,[8]


S ¼ h�1 ¼
�
@N
@m


�
vð r!Þ


ð2Þ


With these definitions it has been possible to motivate the
qualitative correlations of chemical hardness with physical
properties (molecular size,[22–24] polarizability,[22, 24–26] etc.)
and, more importantly, to provide mathematical justifica-
tions for the HSAB principle.[16,24,27, 28] The formulation of
the maximum hardness principle, the idea that high hardness
is ordinary associated with chemical stability, was inconceiv-
able before Parr and Pearson established a quantitative
hardness scale.[29–35]


In the original work of Pearson,[11] he also proposed a
“local” HSAB principle that describes the regioselectivity of
ambident electrophiles and nucleophiles. Thus hard acids
tend to bind to the hardest reactive site of an ambident
base, while soft acids tend to bind to the softest reactive
site. Extending the mathematical description of the HSAB
principle to the local level requires a reactivity indicator for
the relative hardness/softness of a molecule*s different possi-
ble reactive sites. This motivated Parr, Yang, Ghosh, and
Berkowitz to define local versions of the hardness and the
softness. The local softness is defined by recalling that the
electron density, 1( r!) is the distribution function for the N
electrons in a molecule. The “local” counterpart of the
global softness indicator [Eq. (2)], is defined as the local re-
sponse of the number of electrons to a change in chemical
potential,[8]


sð r!Þ ¼
�
@1ð r!Þ
@m


�
vð r!Þ


ð3Þ


The local softness is related to the Fukui function, f( r!),
using the chain rule,


sð r!Þ ¼
�
@1ð r!Þ
@m


�
vð r!Þ


¼
�
@1ð r!Þ
@N


�
vð r!Þ


�
@N
@m


�
vð r!Þ


¼ fð r!ÞS


ð4Þ


The Fukui function measures the propensity of a reagent to
accept (or donate) electrons from (to) another chemical
system.[5,6] Because the Fukui function is normalized to one,
the local softness is normalized to the global softness value,


S ¼
Z


sð r!Þd r! ð5Þ


Although the electron density is a probability distribution
function for the number of electrons, the local softness is
not a probability distribution function for the global soft-
ness. For example, the local softness can be negative (be-
cause the Fukui function can be negative).[36–40] This suggests


that there may be some problem with interpreting s( r!) as
the “local representation” of the global softness.


The local hardness, h( r!), is similarly defined. In Equa-
tion (1), replacement of the number of electrons by the elec-
tron density gives:[9,10,18]


hð r!Þ ¼
�


dm


d1ð r!Þ


�
vð r!Þ


ð6Þ


In analogy to the global quantities, h( r!) and s( r!) are also
interconnected with the following relationship:


Z
hð r!Þsð r!Þd r!¼ 1 ð7Þ


Notice that this relationship between local hardness and
local softness is fundamentally different from the simple in-
verse relationship between the global hardness and the
global softness [Eq. (2)]. In particular, h( r!) is not equal to
1/s( r!). In addition, this definition of the local hardness
[Eq. (6)], does not define a unique function but, instead, de-
fines an (very large) equivalence class of functions.[41–47] The
main problem is that, according to the Hohenberg–Kohn
theorem,[48] the variation in the chemical potential can be
determined completely from the variation in the electron
density, even without the constraint of constant external po-
tential.[41] If, as in Equation (6), one then imposes the con-
straint that v( r!) does not change, the possible variations of
the electron density become very limited, and it is impossi-
ble to determine the general response of the chemical po-
tential to an arbitrary change in the electron density from
this limited set of variations. The result is an inherent arbi-
trariness in the definition of the local hardness: every func-
tion which will correctly predict the change in chemical po-
tential associated with changes in density that do not change
v( r!), but each of these functions give different (and typical-
ly incorrect) predictions when considering changes in the
electron density that do change v( r!).[41] One obvious way
to avoid this difficulty is to remove the constraint of fixed
external potential:[33]


hð r!Þ ¼ dm


d1ð r!Þ ð8Þ


Unfortunately, it seems very difficult to compute this form
of the local hardness.[49]


It is most practical to compute the local hardness using
the relationship between the local hardness and the hard-
ness kernel, h( r!, r!’),[10,18,50]


hð r!Þ ¼
Z


hð r!, r!0Þgð r!0Þd r!0 ¼
Z


d2F½1ð r!Þ�
d1ð r!Þd1ð r!0Þ


gð r!0Þd r!0


ð9Þ


The hardness kernel is the second functional derivative of
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the universal Hohenberg–Kohn functional, F[1( r!)]. In
Equation (9), the inherent arbitrariness in the definition of
the local hardness is reflected by the fact that, according to
an identity derived by Ghosh, Harbola, Chattaraj, Cedillo,
and Parr, g( r!) can be any normalized function.[33,41,42, 51]


Again, most of possible choices of g( r!) are not chemically
interesting, and most of the work on the local hardness has
chosen g( r!) to be either the shape function,[52–54] g( r!)=


1( r!)/N,[9,10] or the Fukui function, f( r!).[41,55] In a very
recent article[56] it has shown that for polyatomic systems the
Fukui function is the best option to obtain reliable local
hardness profile and we will apply this approximation for
this work. Using the relationship between the Fukui func-
tion and the local softness, [Eqs. (4) and (7)] can be rewrit-
ten as a relationship between the local hardness and the
Fukui function:


h ¼
Z


hð r!Þfð r!Þd r! ð10Þ


Notice that in these definitions, h( r!) can be negative and
so it is not a distribution function for the global hardness. In
very recent works, some of the present authors have been
successfully applied Equations (9) and (10) to calculate the
global and local hardnesses for atomic and polyatomic sys-
tems using different approximations for the Fukui function
and hardness kernel.[56–60]


The aim of the present paper is to analyze the concepts of
local hardness and softness in more detail. We have already
seen that the relationship between local hardness and local
softness [Eq. (7)], is not enough to define the local hardness
uniquely; this is fundamentally different from the simple in-
verse relationship between the global hardness and the
global softness [Eq. (2)]. We have also seen that, unlike the
electron density, the local softness and local hardness are
not probability distribution functions for the corresponding
global quantities. This raises questions about the utility of
s( r!) and h( r!) in the context of the local HSAB principle.


Finding an appropriate quantitative representation of the
local HSAB principle has been, and continues to be, one of
the largest areas of research in the DFT-based approach of
chemical reactivity. Much of our current understanding of
the issue can be attributed to Klopman, who was the first to
note that soft–soft interactions tend to be covalent in nature
and thus dictated by the shapes of the frontier orbitals.[61]


The Fukui function is the DFT analogue of the frontier orbi-
tals,[62] and so the preferred site for chemical reactions be-
tween soft compounds is hypothesized to be the site with
the maximum Fukui function or, equivalently, the site with
maximum local softness, s( r!)=Sf( r!).[63–66] GLzquez and
MMndez were the first to suggest a “local softness matching
condition” (similar to the global HSAB rule), which would
indicate that a molecule*s most reactive site is the one that
resembles most closely the local softness of the attacking re-
agent.[64] So the idea that the local softness should be largest
in the “softest” places in a molecule is considered to be gen-
erally reliable, even though there are other factors associat-


ed with the softness of a reactive site (e.g., the size and po-
larizability of the electron cloud at the site) that are at best
imperfectly captured by the value of the local softness.[24]


The question of how to identify the hard reactive sites is
much less clear.[61,63–68] Li and Evans suggested that hard re-
actions tend to occur at the site with the smallest Fukui
function.[65] This “minimum Fukui function rule” has been
broadly applied,[69–71] but also criticized as overly simplis-
tic.[67, 72] Klopman asserts that hard–hard interactions are
predominately ionic in nature, and so electrostatic effects
dominate and frontier-orbital effects are relatively unimpor-
tant. The minimum Fukui function principle captures the ir-
relevance of the frontier orbitals but misses the fact that
electrostatic interactions normally dominate hard–hard in-
teractions.[67, 68,72] In contrast to the well studied local soft-
ness, few studies of the local hardness are reported in the lit-
erature, mainly by our group using the local hardness as an
indicator for charge concentration in studies on zeolite-cata-
lyzed reactions,[73–75] noncovalent intermolecular interac-
tions,[76–80] and local HSAB.[81] Then, one of the goals of this
work is to see if the local hardness is able to locate the hard-
est reactive sites in a molecule.


To obtain complete and quantitative description of the
local HSAB principle, one needs to combine a reactivity in-
dicator appropriate for soft reactive sites (associated with
frontier-orbital control) with a reactivity indicator appropri-
ate for hard reactive sites (associated with electrostatic con-
trol), as suggested earlier by two of the present authors.[44]


With an appropriate choice of and weight for the reactivity
indicators, then one can describe the whole gamut of chemi-
cal reactivity, ranging from strong frontier-orbital control
(for reactions between very soft reagents) to strong electro-
static control (for reactions between very hard reagents).
One of the authors recently formulated a “general purpose
reactivity indicator” of this type.[68,82,83] That study showed
that for reactions that are in the strong electrostatic control
regime, small values of the Fukui function are favourable;
for reactions in the weak electrostatic control regime, large
values of the Fukui function are favourable. In both cases,
however, the reactivity preferences are ordinarily governed
by electrostatic effects.


The purpose of mathematical definitions of a local hard-
ness and local softness is to provide a quantitative represen-
tation of qualititative concepts. If the mathematical defini-
tions are good ones, then they will agree with clear qualita-
tive trends based on “chemical intuition.” So our approach
is to compute the local hardness and local softness for sever-
al families of molecules in which “trends” in the local hard-
ness and local softness are well-known. The quantitative re-
sults can then be compared against the qualitative trends,
and the quality of the proposed definitions can be assessed.


The next section of the paper will summarize our compu-
tational methods; we present and interpret our results in the
Results settion. The Discussion section summarizes our find-
ings and our perspective on the local hardness and local
softness concepts.
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Computational Details


All calculations were carried with 6-31+G(d) and 6-311++G(2d,2p)
basis sets[84,85] at the B3LYP[86,87] level using the Gaussian03 package.[88]


The calculations have been done within the restricted formalism except
for open-shell systems, where the unrestricted approach has been used.


There are many different approaches to computing the global hardness.
First of all, the Parr–Pearson formula[7] in terms of the vertical ionization
potential and the vertical electron affinity,


h ffi I�A ð11Þ


which can be approximated using Koopmans’ theorem,[89]


h ffi eLUMO�eHOMO ð12Þ


Here, eHOMO and eLUMO are the orbital energies of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), respectively. The global softness can be computed from the
Equation (2).


In addition the global hardness can be also evaluated from Equa-
tions (10) and (9), but approximations for the universal Hohenberg–
Kohn functional and the Fukui function are required to calculate the
global and local hardness. As we have done in our previous article,[60] the
hardness kernel is approximated by the second functional derivative of
the Coulombic–Thomas–Fermi-1=9thWeizsOcker–Dirac–Wigner density
functional. Since we are considering electrophilic attack on organic nu-
cleophiles, the Fukui function appropriate for nucleophiles is the “Fukui
function from below,”


fð r!Þ ffi f�ð r!Þ ¼ 1Nð r!Þ�1N�1ð r!Þ ffi 1HOMOð r!Þ ¼ j�HOMOð r!Þj2 ð13Þ


For simplicity, we have chosen to approximate the Fukui function with
the orbital density of the highest-occupied Kohn–Sham orbital (HOMO).
This approximation is accurate whenever orbital relaxation effects can be
ignored, and it seems that orbital relaxation is negligible almost all of the
time.[62,90–93] (This approximation certainly seems to be very reliable for
small organic molecules like the ones of interest in this paper.) One ad-
vantage of this approximation to the Fukui function is that it leads to
simpler figures, without the qualitatively insignificant, but visually confus-
ing, near-nuclear nodes associated with orbital relaxation.[39,40]


Then the local hardness is evaluated by integrating the product of
1HOMO( r


!) and the hardness kernel, as in Equation (9) and the global
hardness is evaluated by integrating the product of 1HOMO( r


!) and the
local hardness, as in Equation (10). As in our previous works,[58,60] the in-
tegrals of Equations (9) and (10) have been evaluated numerically using
Becke*s multicenter integration scheme,[94] as implemented in a program
developed in our laboratory. In addition, the condensed atomic hardness
can be obtained by integrating Equation (10) atomic domains,


hi ¼
Z
Wi


hð r!Þfð r!Þd r! ð14Þ


For instance, using the “fuzzy Voronoi polyhedra”, which is the basis of
our integration method, one obtains


hi ¼
Z
Wi


wið r!Þhð r!Þfð r!Þd r! ð15Þ


where wi( r
!) is the “weight function” for the atomic integration; this


function is one in the interior of the atomic Voronoi polyhedron and falls
off smoothly to zero outside the atom. In a very similar way, one can
obtain the condensed local softness using the formula proposed by Gilar-
doni et al. ,[95]


si ¼
Z
Wi


wið r!Þsð r!Þd r! ¼ S
Z
Wi


wið r!Þfð r!Þd r! ð16Þ


Then, applying the frontier orbital approximation to the global softness
and the Fukui function,


si ffi
1


eLUMO�eHOMO


Z
Wi


wið r!Þ1HOMOð r!Þd r! ð17Þ


In addition, the global softness and condensed local softness can be eval-
uated using the finite difference approximation[96] and integrating over
regions with different population analysis techniques.


si ffi
1


I�A ðqi,N�qi,N�1Þ ð18Þ


where qi,N and qi,N�1 are the charges on atom i with N and N�1 electrons,
respectively. In this work we will present results for Mulliken,[97] Merz–
Kollman (MK),[98] and natural population analysis (NPA).[99] The Mullik-
en scheme is known to be generally unreliable for large, diffuse, basis
sets like the one used here. The Merz–Kollmann scheme is rather differ-
ent from the other two methods because it is based on choosing charges
to fit the electrostatic potential, not orbital analysis. Notice that the
Equations (15) and (16) are examples of what Bultinck et al.[100] refer to
as the “fragment of molecular response” approach to condensed reactivi-
ty indicators,[39] while the Equation (17) is an example of the “response
of molecular fragment” approach.[96]


Results and Discussion


In Figures 1 and 2, we plot the local hardness, local softness,
and Fukui function for a soft molecule (benzocyclobuta-
diene, hexp(C8H6)=7.55 eV[101,102]) and a hard molecule
(water, hexp(H2O)=19 eV[103]). Benzocyclobutadiene can be
seen as fusion of an aromatic benzene ring and an antiaro-
matic cyclobutadiene ring. Using the well-known relation-
ship between aromaticity and hardness, the six-membered
ring should be harder than the four-membered ring.[104,105]


However, Figure 1 shows that the largest values of the local
hardness are located on the four-membered ring. Even more
surprisingly, the largest values of the local softness are also
attained on the four-membered ring. The hardest and softest
rings are the same!


Lest the reader suppose that benzocyclobutadiene is ex-
ceptional, we provide analogous plots for a very hard mole-
cule (water) in Figure 2. In this case, the local hardness suc-
cessfully locates the hard reactive site (the oxygen atom).


Figure 1. Three-dimensional contour plots of a) f( r!) ffi 1HOMO( r
!) (0.003


a.u.), b) s( r!) = 1HOMO( r
!)/eLUMO�eHOMO (0.003 a.u.), and c)


h( r!)[1HOMO( r
!’)] (0.3 a.u.) for the benzocyclobutadiene molecule evalu-


ated at B3LYP/6-31+G(d,p). h( r!)[1HOMO( r
!’)] has been evaluated with


Eq. (9), where g( r!) and h( r!, r!’) have been approximated using the
density of the HOMO and the second order derivative of the Coulom-
bic–Thomas–Fermi–1=9thWeizsOcker–Dirac–Wigner functional with re-
spect to the density, respectively.
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However, the local hardness and local softness functions are
almost entirely located on the oxygen atom. Again, the
hardest reactive site and the softest reactive site are the
same.


How can the local hardness and local softness be large in
the same places? First, recall that the Fukui function and
the local softness are strictly proportional to one another, so
they contain the same information about relative site reac-
tivity. For the Coulombic–Thomas–Fermi–1=9thWeizsOcker–
Dirac–Wigner hardness kernel used here, previous studies
have shown that the Coulomb term is usually domi-
nant,[59,106–109] although the contribution from the kinetic
energy term is occasionally comparable.[57,58] If one considers
only the dominant term, the Coulomb energy, then it follows
from Equations (9) and (10) that the local hardness is equal
to the Fukui potential,


hð r!Þ ffi
Z


fð r!0Þ
j r!� r!0j


d r!0 ¼ nfð r!Þ ð19Þ


and the global hardness is equal to the Fukui electrostatic
repulsion,


h ffi
Z Z


fð r!Þfð r!0Þ
j r!� r!0j


d r!d r!0 ¼ Jf ð20Þ


As first established by Berkowitz,[63] these expressions play
a key role in the density-functional theory of frontier-orbital
controlled reactions. It is unsurprising, then, that the Cou-


lombic contribution to the local hardness is closely related
to the Fukui function and, through Equation (4), the local
softness. We expect, then, that the profiles of s( r!) and
h( r!) will be “similar.” In addition, a more severe approxi-
mation to the hardness kernel can be applied using the
Dirac delta function, h( r!, r!’)ffid( r!� r!’), giving a direct
link between the Fukui function and local and global hard-
nesses


hð r!Þ ¼ fð r!Þ ð21Þ


h ¼
Z


f2ð r!Þd r! ð22Þ


It is worth noting that that the crude approximation of
Equation (22) has been successfully applied to a large set of
acid and base Lewis systems.[109,110] Once again, the local
hardness and local softness are predicted to be similar.
Therefore the similarity between the local softness, Fukui
function, and the local hardness that revealed by Figures 1
and 2 is not surprising.


In Table 1 and 2, the global hardness, local hardness, and
local softness values are computed for four families of mole-
cules: OR2, SR2, NR3, and PR3, with R denoting hydrogen
atoms and/or methyl groups. The trends in these molecules
are well known:[96,111,112] the central atom becomes softer
when hydrogen atoms are replaced by methyl groups; for
example, the oxygen atom in water is harder than the
oxygen atom in methanol. Similarly, replacing oxygen with
sulfur or nitrogen with phosphorous results in a softer nucle-
ophilic reactive site; for example, the oxygen atom in meth-
anol is harder than the sulfur atom in methyl mercaptan.


In Table 1 we see that all of three definitions recover the
correct trends for the global hardness: the global hardness
decreases as hydrogen atoms are replaced by methyl groups
and the global hardness decreases when the oxygen atom is
replaced with sulfur. Although the different computational
approaches all give the same trends, the values they give for
the global hardness are rather different, with the local-hard-
ness-based formula, Equation (10), giving the largest values
and the frontier-orbital formula, Equation (12), giving the
smallest values.


Figure 2. Three-dimensional contour plots of a) f( r!) (0.05 a.u.), b) s( r!)
(0.05 a.u.), and c) h( r!)[1HOMO( r


!’)] (0.8 a.u.) for the water molecule
evaluated at B3LYP/6-311++G(2d,2p) level. h( r!)[1HOMO( r


!’)] has been
evaluated with Eq. (9), where g( r!) and h( r!, r!’) have been approximat-
ed using the density of the HOMO and the second order derivative of
the Coulombic–Thomas–Fermi–1=9thWeizsOcker–Dirac–Wigner functional
with respect to the density, respectively.


Table 1. Global softness, S, global hardness, h, condensed local softness, sX, and condensed atomic hardness, hX, of oxygen and sulfur atoms for six select-
ed molecules evaluated at B3LYP/6-311++G(2d,2p) level. All units are eV.


S[a] S[b] h[a] h[b] h[1HOMO( r
!)][c] sO or sN


[d] sO or sS
[e] h0 or hN


[f]


Mulliken MK NPA


H2O 0.122 0.074 8.187 13.492 28.525 0.055 0.056 0.065 0.111 27.265
CH3OH 0.135 0.086 7.390 11.568 21.743 0.043 0.052 0.053 0.095 18.650
CH3OCH3 0.143 0.094 6.994 10.621 19.661 0.036 0.041 0.052 0.090 16.355
H2S 0.148 0.091 6.751 11.006 15.228 0.067 0.078 0.084 0.140 14.724
CH3SH 0.164 0.100 6.090 9.976 14.329 0.065 0.078 0.080 0.144 13.415
CH3SCH3 0.422 0.145 2.370 6.889 12.144 0.080 0.089 0.084 0.280 8.817


[a] Calculated with the frontier orbital approximation, Eq. (11). [b] Calculated with the Parr–Pearson approximation, Eq. (12). [c] Global hardness ob-
tained from Eq. (10). For more details see ref. [60]. [d] Condensed local softness evaluated from Eq. (18). [e] Condensed local softness obtained from
Eq. (17). [f] Condensed atomic hardness obtained from the numerical integration of the Eq. (16). For more details see ref. [60].
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The results in Table 2 are less clear-cut. Within the fami-
lies, NR3 and PR3, the correct trends are obtained: replacing
H with CH3 reduces the global hardness. Between the fami-
lies, the results are less favourable. All three methods for
computing the hardness correctly predict that PH3 is softer
than NH3. However, the frontier molecular orbital formula
incorrectly predicts that PH2CH3 is harder than NH2CH3,
and both the frontier-molecular orbitals formulae and the
Parr–Pearson approximation incorrectly predict that
PH(CH3)2 and P (CH3)3 are harder than their nitrogen ana-
logues. Only the local-hardness-based formula, Equa-
tion (10), gives the correct result in all cases.


Tables 1 and 2 also contain the values of the condensed
local softness, Equations (17) and (18), and the condensed
atomic hardness, Equation (15), on the nucleophilic atoms
(O, S, N, and P). Condensed reactivity indicators are used to
provide a numerical—as opposed to a pictorial—representa-
tion for local reactivity indicators.[39,96,113,114] Then, we can
examine whether these definitions of local hardness and
local softness are likely to suffice for the purposes of the
local HSAB principle. The condensed atomic hardness,
Equation (15), seems to perform very well. It successfully
predicts that the hardness of the nucleophilic site in OR2,
SR2, NR3, and PR3 families decreases when a methyl group
replaces a hydrogen atom. It also correctly predicts that re-
placing a first-row heteroatom (N,O) with its second-row an-
alogue (P,S) decreases the hardness of the nucleophilic site.


Like the condensed atomic hardness, the condensed local
softness almost always reproduces our intuition about heter-
oatom substitution. The only exceptions are a) every
method for computing the condensed local softness errone-
ously predicts that the nitrogen atom in ammonia is softer
than the phosphorous atom in phosphine and b) the Mullik-
en population analysis predicts that the nitrogen atom in tri-
methylamine is softer than the phosphorous atom in trime-
thylphosphine.


Within families of molecules, the condensed local softness
does not recover the expected chemical trends nearly as
well. The effect on the condensed local softness of replacing
hydrogen with methyl groups is generally, but not always,
monotonic. For example, using the Merz–Kollman method,
the softness of the nitrogen atom in ammonia increases


when one performs the first methyl replacement (to form
NH2CH3), but decreases when a second methyl group is
added. The condensed local softness approach of Equa-
tion (17) produces monotonic results. The overall trends of
all four methods of computing the condensed local softness
are broadly similar. The sulfur and phosphorous series give
results in agreement with chemical intuition: replacing H
with CH3 increases the softness of the nucleophilic site. The
oxygen and nitrogen series give results that are exactly op-
posed to chemical intuition: replacing H with CH3 decreases
the softness of the nucleophilic site. This suggests that the
local softness may not be a very reliable reactivity indicator
for hard molecules (like those in the OR2 and NR3 families),
though it seems to be generally satisfactory for softer mole-
cules.


The local hardness values agree with chemical intuition
even for the hard molecules, which leads to another para-
dox: in the oxygen and nitrogen series, replacing H with
CH3 decreases the softness of the nucleophilic site and de-
creases the hardness of the nucleophilic site. This counterin-
tuitive observation reinforces the fact that the local softness
and local hardness are not “inverse quantities” in the same
sense that the global softness and the global hardness are.


The basic strategy of this paper is in accord what Parr and
his research group have called the “noumenistic” nature of
chemical concepts.[115] Chemical concepts like the “hard-
ness” and the “electronegativity” are, by their nature, im-
possible to define precisely and uniquely. Instead, one must
take what a mathematician would call an “axiomatic” ap-
proach: one defines what properties one wants a concept to
have, and then seeks to design a mathematical object that
reproduces those properties.[115] Such a mathematical repre-
sentation represents one (of many) possible reifications of
that abstract chemical concept.[24]


In this paper we have examined different nucleophiles
where chemical intuition provides very clear expectations
for what the hard and soft reactive sites of a molecule
should be. We then computed the local hardness and local
softness as they are commonly defined, and examined
whether the usual definitions agreed with our chemical re-
quirements. Sometimes they did; often they did not. This
leads to the inescapable conclusion that the “mathematical”


Table 2. Global softness, S, global hardness, h, condensed local softness, sX, and condensed atomic hardness, hX, of nitrogen and phosphorus atoms for
eight selected molecules evaluated at B3LYP/6–311++G(2d,2p) level. All units are eV.


S[a] S[b] h[a] h[b] h[1HOMO( r
!)][c] sS or sP


[d] sN or sp
[e] hS or hP


[f]


Mulliken MK NPA


NH3 0.143 0.086 7.016 11.666 22.737 0.056 0.087 0.071 0.120 20.966
NH2CH3 0.158 0.097 6.341 10.300 19.500 0.044 0.095 0.062 0.113 16.795
NH(CH3)2 0.168 0.105 5.944 9.487 17.997 0.032 0.090 0.060 0.110 15.019
N(CH3)3 0.176 0.112 5.695 8.951 16.983 0.020 0.068 0.061 0.107 13.870
PH3 0.137 0.089 7.311 11.227 13.634 0.049 0.085 0.065 0.111 12.063
PH2CH3 0.153 0.098 6.533 10.231 12.938 0.046 0.100 0.063 0.118 11.122
PH(CH3)2 0.162 0.102 6.173 9.813 12.530 0.035 0.099 0.061 0.120 10.626
P(CH3)3 0.169 0.107 5.926 9.372 12.234 0.005 0.103 0.064 0.122 10.291


[a] Calculated with the frontier orbital approximation, Eq. (11). [b] Calculated with the Parr–Pearson approximation, Eq. (12). [c] Global hardness ob-
tained from Eq. (10). For more details see ref. [60]. [d] Condensed local softness evaluated from Eq. (18). [e] Condensed local softness obtained from
Eq. (17). [f] Condensed atomic hardness obtained from the numerical integration of the Eq. (16). For more details see ref. [60].
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local softness and local hardness [cf. Eqs. (3) and (9)] are
not adequate reifications for the “chemical” concepts of
local hardness and local softness.


How should we then interpret the “mathematical” defini-
tions for the local softness and the local hardness? We
would argue for a minimalist interpretation wherein the
local softness and the local hardness represent pointwise
measures of the “local abundance” of the corresponding
global quantity. In this interpretation, the fact that the local
softness value at the oxygen atom in water is large does not
mean that the oxygen atom in water is soft in a “chemical”
sense; it just means that the oxygen atom in water makes a
large contribution to the global softness of the molecule.
Similarly, the results in Table 1 (s0(H2O)=0.111 eV and
s0(CH3OH)=0.095 eV) do not imply that the oxygen atom
in water is actually softer than the oxygen atom in methanol
in a chemical sense. Rather, one merely states that the
oxygen atom in water contributes 91% (=0.111/0.122T
100%) to the global softness of the molecule while the
oxygen atom in methanol contributes just 70% (=0.095/
0.135T100%) to the global softness of the molecule.


The corresponding “local abundance function” for the
local hardness is not the local hardness itself, but the hard-
ness density, f( r!)h( r!)[44] [see Eq. (10)]. But because the
local hardness typically resembles the Fukui function, simi-
lar statements about the local hardness are justifiable. So we
can say—with only a little imprecision—that the fact that
the largest values of the local hardness in benzocyclobuta-
diene occur on the four-membered ring does not mean that
the four-membered ring is harder in a chemical sense; it
only means that the contribution of the four-membered ring
to the global hardness is larger than the contribution of the
six-membered ring.


It is disappointing, of course, that the popular “mathemat-
ical” representations of local softness and local hardness
often do not correspond to the tried-and-true chemical ana-
logues. This is even more disappointing if one considers that
the same considerations almost certainly apply to the local
representations of other global reactivity indicators like, for
example, the local electrophilicity.[116–118]


Then, we can conclude that s( r!) and h( r!) contain the
same potential “information” and they can be used to com-
pare site reactivity when the molecules have similar values
of the global property (global hardness or softness). In the
traditional context s( r!) and h( r!) can be only applied to
soft and hard systems, respectively, where the “local abun-
dance” interpretation of the local softness and hardness is
similar to the “chemical” interpretation. However in this
new framework, these indices become more general, be-
cause they can be applied both to hard and soft systems. In
a soft system s( r!) and h( r!) both describe the soft site of
the molecule, while in a hard system s( r!) and h( r!) both
describe the hard site of the molecule. The difference is that
the integration of the former will result in the global soft-
ness, while the integration of f( r!)h( r!) will result in the
global hardness.


Conclusion


In summary, it seems that the only universally acceptable in-
terpretation for the local softness and the local hardness is
that these functions are pointwise measures of the “local
abundance” of the corresponding global quantities. This
“mathematical” interpretation sometimes, but not always,
gives results that agree with “chemical” intuition about the
relative softness and hardness of reactive sites. Further work
is certainly warranted. In particular, the conditions under
which the “mathematical” and the “chemical” formulations
of the local softness and local hardness coincide need to be
precisely delineated. The extent to which the arguments in
this paper extend to other local reactivity indicators, like the
local electrophilicity, needs to be explored.[116–118] Finally,
and most ambitiously, the community of density-functional
theorists should examine whether there may be alternative
mathematical definitions for the local softness and the local
hardness that more faithfully model the eponymous chemi-
cal concepts.
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Introduction


Catecholamines, such as the neurotransmitter dopamine
(DA) and its precursor l-dopa, and oxidative stress are mu-
tually implicated in neurodegeneration. DA-induced neuro-
toxicity is in particular involved in the pathogenesis of Par-
kinson�s disease (PD), a degenerative neurological disorder
characterized by hypokinesia, rigidity, and tremor.[1–4] Oxida-
tive stress has long been linked to the neuronal cell death
associated with various neurodegenerative pathologies, such
as Alzheimer�s disease, PD, and amyotrophic lateral sclero-
sis, but it is still unclear whether oxidative stress is a major
cause or merely a consequence of neurodegeneration.[5] PD,
in particular, is characterized by high levels of DA in dopa-


minergic neurons of the substantia nigra (SN), reduced anti-
oxidant capacity due to glutathione (GSH) deficiency,[6–8]


and by an increase in iron concentration in the SN.[9–11]


In the brain, tyrosinase (Ty) may enzymatically oxidize
excess amounts of DA to form melanin, thus preventing the
slow progression of cell damage induced by the reactive
oxygen species (ROS) generated by the competing autoxida-
tion of DA.[12–14] Two types of melanin pigments are pro-
duced in mammals, the normal black-to-brown eumelanins
and the reddish-brown pheomelanins. Both eumelanin and
pheomelanin are generated from dopaquinone through a
series of redox reactions, but pheomelanin also needs the
presence of thiols (such as cysteine or GSH), as the units of
pheomelanins (benzothiazines) are formed from addition re-
actions of cysteine to dopaquinone.[15] Furthermore, the qui-
none formed upon oxidation of DA, dopamine quinone
(DAQ), forms an addition product with cysteine (cysteinyl–
DA).


The potential relevance of the oxidation products of DA
and cysteinyl–DA to PD prompted several groups to charac-
terize their structure, the metabolic pathways, and their tox-
icity.[16–24] The initial products from the reactions of cysteine


Abstract: The generation of reactive
quinone species (DAQ) from oxidation
of dopamine (DA) is involved in neu-
rodegenerative pathologies like Parkin-
son�s disease (A. Borta, G. U. Hçglin-
ger, J. Neurochem. 2007, 100, 587–595).
The oxidation of DA to DAQ can
occur either in a single two-electron
process or in two consecutive one-elec-
tron steps, through semiquinone radi-
cals, giving rise to different patterns of
reactions. The former type of reaction
can be promoted by tyrosinase, the
latter by peroxidases in the presence of
H2O2, which can be formed under oxi-
dative stress conditions. Both enzymes
were employed for the characterization


of the thiol–catechol adducts formed
by reaction of DA and cysteine or glu-
tathione, and for the identification of
specific amino acid residues modified
by DAQs in two representative target
proteins, human and horse heart myo-
globin. Our results indicate that the
cysteinyl–DA adducts are formed from
the same quinone intermediate inde-
pendently of the mechanism of DA ox-
idation, and that the hallmark of a rad-
ical mechanism is the formation of the


cystine dimer. The reactivity of qui-
none species also controls the DA-pro-
moted derivatization of histidine resi-
dues in proteins. However, for the
modification of the cysteine residue in
human myoglobin, a radical intramo-
lecular mechanism has been proposed,
in which the protein acts both as the
catalyst and target of the reaction.
Most importantly, the modification of
myoglobins through DAQ linkages,
and in particular by DA oligomers, has
dramatic effects on their stability, as it
induces protein unfolding and incorpo-
ration into insoluble melanic precipi-
tates.
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with catecholamine quinones generated with a variety of
methods (electrochemically,[20] enzymatically with Ty/O2


[21]


or peroxidase/H2O2,
[22] with a system generating O2C


� and
H2O2,


[23] or with FeII/H2O2
[24]) have been shown to be the 2-


S- and 5-S-cysteinyl–catecholamine (always the predominant
product), and the 2-S,5-S-dicysteinyl–catecholamine conju-
gates.


The cytotoxicity of catechols has been ascribed to cova-
lent binding of the quinones to various proteins, giving rise
to pathological modifications.[25–33] DAQ modification of
target proteins can apparently induce changes in their struc-
tures and properties, aggregation, precipitation, and in some
instances promote cell death. Actually, the accumulation of
aberrant or misfolded proteins, protofibril formation, and
deposits in Lewy bodies in the brain is one important fea-
ture in PD.[12,34,35] Quinones are reactive towards a variety of
nucleophiles, including the amino group of DA or l-dopa
and the side chains of many amino acids. Most amino acids
add relatively slowly to quinones, except for cysteine, which
not only favorably competes with intracyclization of the
amino group in DAQ, but adds to this quinone three orders
of magnitude faster than the side chain amino group of
other amino acids.[36] The reactivity of various quinones with
the cysteine residues of bovine serum albumin, alcohol de-
hydrogenase, isocitrate dehydrogenase,[37,38] and the human
DA transporter[39] have been reported.


The oxidation of DA to DAQ is a two-electron process
and it may occur either in a single step or in two consecutive
one-electron oxidations. In the latter case, a reactive semi-
quinone radical intermediate is formed, which may give rise
to a different pattern of reactions with respect to DAQ. In
this context, it is interesting that a simpler pattern of gluta-
thionyl–catechin adducts was obtained by using peroxidase
and H2O2 with respect to tyrosinase and O2.


[40] Since a varie-
ty of oxidants of biological relevance are able to oxidize
DA, it would be important to assess whether the various ox-
idants may lead to different products in DA reactions. Here
we report on the analysis of the thiol–catechol adducts ob-
tained when lactoperoxidase (LPO), in the presence of
H2O2, or Ty are used for the oxidation of DA. The kinetic
analysis of the peroxidase-catalyzed oxidation of DA and
thiols leads to the proposal of a reaction pathway for the
generation of the thiol–catechol conjugates. In the case of
tyrosinase the activity is limited to DA, whereas thiols like
cysteine are inhibitors of the enzyme.[41] The reactive species
generated by the two enzyme systems have been also stud-
ied for their capability to modify amino acid residues in pro-
teins. To this end, two representative globular proteins were
used as targets, human myoglobin (HMb) and horse heart
myoglobin (hhMb), with the aim of investigating the com-
petitive occurrence of modification at cysteinyl, histidyl, or
lysyl residues, since only HMb contains a cysteine residue
(Cys110). Mbs have been chosen as target proteins for their
relatively small size, compact structure, and the extensively
accumulated biochemical and biophysical characterization
data, which includes a large number of X-ray crystal struc-
tures.[42] In addition, the modification of these proteins by


reactive oxygen and nitrogen species has been extensively
studied previously by our group, and this allows us to apply
an established protocol for protein fragmentation and analy-
sis of the modification sites.[43,44]


Results


Catalytic activity of LPO and the Mbs in catechol oxidation :
LPO, hhMb, and HMb, in the presence of hydrogen perox-
ide, catalyze the oxidation of DA and l-dopa to the corre-
sponding quinones, which rapidly evolve to cyclic com-
pounds (aminochrome and dopachrome, respectively) with a
characteristic absorption band at l=476 nm. The reaction
rates depend on both the H2O2 and catechol concentration.
Under H2O2 saturating conditions, the protein activity de-
pends on the catechol concentration through Michaelis–
Menten-type behavior. From data analysis, the following ki-
netic parameters were obtained: the catalytic rate constant
(kcat), the Michaelis–Menten constant (KM), and kcat/KM; the
data are collected in Table 1. As expected, LPO exhibits


higher catalytic activity than hhMb and HMb. HMb is much
more effective than hhMb in discriminating between DA
and l-dopa. This behavior depends entirely upon a strong
difference in the KM values (�270 and �1 mm for DA and
l-dopa, respectively). As a result, the catalytic efficiency of
HMb at low catechol concentration (expressed by the pa-
rameter kcat/KM) is also significantly higher in the oxidation
of l-dopa with respect to the oxidation of DA.


To understand if this difference in selectivity between the
Mbs were connected to the mode of protein–substrate inter-
action, 1H NMR spectroscopy relaxation time measurements
were performed for both DA and l-dopa in the presence of
hhMb or HMb. In these experiments, the paramagnetic con-
tribution to relaxation by the high-spin Fe3+ center of the
protein can be exploited to get an estimate of the distances
of the protons of bound catechol from the iron atom.[45] The
data show that the effect of the Mbs on the relaxation of the
catechol protons is negligible: assuming an electron relaxa-
tion time (ts) of 5N10�11 s,[45] the iron–proton distances for
the Mb-bound catechols was evaluated to be above 11 O in
all cases. This suggests that DA and l-dopa cannot enter
into the distal cavity of the protein and approach the heme;
therefore, substrate discrimination likely depends on specific


Table 1. Steady-state kinetic parameters for the LPO-, hhMb-, and
HMb-dependent oxidation of DA and l-dopa by H2O2 in 200 mm phos-
phate buffer (pH 7.5) at 25 8C.[a]


Protein Substrate KM [mm] kcat [s
�1] kcat/KM [m�1 s�1]


LPO DA 3.6�0.5 2010�90 ACHTUNGTRENNUNG(5.6�0.6)N105


LPO l-dopa n.d. n.d. ACHTUNGTRENNUNG(1.0�0.2)N104


hhMb DA 46�5 1.42�0.05 31�3
hhMb l-dopa 22�5 0.98�0.11 44�5
HMb DA �270 �5.1 19.4�0.9
HMb l-dopa 1.06�0.07 0.60�0.01 570�30


[a] n.d.=not determined.
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electrostatic or polar interactions of the catechols with resi-
dues on the protein surface.


Reaction of LPO and hhMb compound II derivatives with
N-acetylcysteine and DA : The reaction of heme proteins
with hydrogen peroxide yields an unstable compound I in-
termediate that rapidly evolves to an appreciably longer-
lived compound II intermediate, the reduction of which con-
stitutes the rate-limiting step of the peroxidase catalytic
cycle. The reduction of the compound II intermediate LPO�
FeIV=O to the resting, met form LPO�FeIII by N-acetyl-l-
cysteine or DA was followed spectrophotometrically through
the shift of the Soret band under pseudo-first-order condi-
tions; with N-acetyl-l-cysteine (cys), the observed rate con-
stant (kobs) was linearly dependent on the substrate concen-
tration (Figure 1) according to Equation (1):


kobs ¼ kII½cys� þ b ð1Þ


in which the nonzero value for the intercept on the y axis
(b) is due to self-reduction of LPO�FeIV=O to the met
form. Fitting of the experimental data to Equation (1) gave
the rate constant kII= (268�7)m


�1 s�1 for the reduction of
LPO compound II with N-acetyl-l-cysteine.


In the presence of DA, the reduction of LPO compoun-
d II is very fast; with the amount of DA required by the
pseudo-first-order conditions, the reaction was over in less
than 1 s. Therefore, only an esti-
mate of the rate constant kII


could be obtained, approxi-
mately 2.5N105


m
�1 s�1, that is,


in the range of the kcat/KM pa-
rameter obtained from steady-
state studies (Table 1). A com-
parison of the kII values shows
that the reaction of the LPO


compound II species with catechol is by far more efficient
than that with N-acetyl-l-cysteine.


The reactivity of the compound II derivative of the Mbs
was studied for hhMb, as it is known that HMb in the pres-
ence of H2O2 (and in the absence of substrates) does not
form a stable compound II but undergoes homodimer for-
mation through cross-linking between two cysteine resi-
dues.[46] Therefore, HMb is not suitable for mechanistic anal-
ysis. In the reduction of hhMb compound II to the met
form, the spectral changes for hhMb�FeIV=O reduction by
either DA or N-acetyl-l-cysteine with time followed first-
order behavior. The observed rate constants depend on the
substrate concentration with a saturating behavior, and can
be described by Equation (2):


kobs ¼
kmax½S�
KD þ ½S�


þ b ð2Þ


in which KD represents the dissociation constant of the
hhMb�FeIV=O/substrate (S) (i.e., DA or N-acetyl-l-cys-
teine) complex, and kmax is the first-order decay constant of
the ferryl complex to the met form. Also in this case, to
take into account the self-decay of the compound II inter-
mediate, the b constant was introduced into Equation (2).
Fitting of the experimental data to Equation (2) gave the ki-
netic parameters reported in Table 2.


Regarding the reduction of hhMb compound II by DA,
the high efficiency of the reaction precludes the possibility
of obtaining rate data employing [DA]>8 mm (above which
the reaction finishes in the mixing time), thus making the es-
timate of kmax unreliable. Therefore, the only reliable param-
eter obtained from the reduction of hhMb�FeIV=O by DA is
the ratio kmax/KD=32m


�1 s�1, which is very similar to the kcat/
KM value obtained from steady-state studies (Table 1).
Moreover, from the comparison of the curves and the kinet-
ic parameters obtained with dopamine and N-acetyl-l-cys-
teine (reported in Figure 2 and Table 2, respectively), it
emerges that also for myoglobin (as for LPO) the reaction
of the compound II species with catechol is by far more effi-
cient than that with cysteine.


Identification of cysteinyl–DA and glutathionyl–DA conju-
gates : The Cys–dopa conjugates were isolated and charac-
terized by reacting l-dopa with Cys in the presence of tyro-
sinase and O2,


[21] which oxidize the catechol to quinone in a
two-electron process. The adducts formed were 2-S-cystein-
yl–l-dopa, 5-S-cysteinyl–l-dopa (most abundant), and 2-S-5-
S-dicysteinyl–l-dopa. This product pattern is similar to that


Figure 1. Dependence of the pseudo-first-order rate constant for reduc-
tion of LPO compound II (3.7 mm) to LPO�FeIII on N-acetylcysteine con-
centration in 0.2m phosphate buffer (pH 7.5) at 25 8C. The inset shows, as
an example, the absorbance changes (l =412–436 nm) with time in the
experiment with N-acetylcysteine (0.015 mm).


Table 2. Kinetic parameters for LPO�FeIV=O and hhMb�FeIV=O reduction by DA and N-acetylcysteine in
200 mm phosphate buffer (pH 7.5) at 25 8C.


Protein Substrate KD [mm] kmax [s
�1] kmax/KD [m�1 s�1] kII [m


�1 s�1]


LPO DA – – – �2.5N105


LPO N-acetyl-l-cysteine – – – 268�7
hhMb DA 19�9 0.6�0.2 32�4 –
hhMb N-acetyl-l-cysteine <2 0.025�0.003 �15 –
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obtained by generating DAQ electrochemically from dopa-
mine,[20] whereas the 5-S-isomer was the only detectable
adduct when DA was oxidized by a system generating O2C


�


and H2O2 (as a model of oxidative stress).[23] With these last
two methods, catechol oxidation may occur through a one-
electron oxidation process leading to a transient dopamine
semiquinone radical, which then dismutates in solution to
DAQ and DA. To investigate the reactivity of the DA semi-
quinone radical, N-acetyl-l-cysteine was employed, in which
the protected amino group prevents the cyclization of cys-
teinyl–DA conjugates to generate benzothiazines.[47] The
semiquinone radical was generated by LPO in the presence
of H2O2, which is very efficient in this reaction.[48,49] The
products of the enzymatic reaction were separated by using
HPLC and characterized by using MS and NMR spectrosco-
py (with 1H and 1H-1H DQF-COSY spectra). Besides the
peak of unreacted DA, four major compounds were isolat-
ed, corresponding to 2-S-N-acetyl-l-cysteinyl–DA, 5-S-N-
acetyl-l-cysteinyl–DA (the predominant product), 2-S-5-S-
di-N-acetyl-l-cysteinyl–DA, and N-acetyl-l-cystine; no sig-
nificant amount of 6-S-N-acetyl-l-cysteinyl–DA was detect-
ed. An analogous mixture of products was reported for the
horseradish peroxidase catalyzed oxidation of l-dopa in the
presence of Cys.[22] Figure 3 shows the HPLC profile, togeth-
er with the assignment of the peaks to the various products.
The spectroscopic characterization for all the products is re-
ported in Table S1 in the Supporting Information; for the
cysteinyl–DA conjugates, the data are similar to those re-
ported previously by Xu et al.[20]


A product pattern of Cys–DA adducts similar to that ob-
tained with LPO, but with lower yields, was obtained with
the Mbs, indicating a similar mechanism for the Mb and per-
oxidase-mediated formation of the adducts. Also, when the
reaction of N-acetyl-l-cysteine with DA was carried out in
the presence of Ty, under the same experimental conditions
as before but without H2O2, the products and relative yields
were similar, except for N-acetyl-l-cystine, which in this
case was formed only in trace amounts by autoxidation of


cysteine (data not shown). Thus, the only marker for DA
semiquinone formation is the cystine dimer, whereas the
Cys–DA adducts are formed from the same quinone inter-
mediate independently of the mechanism of DA oxidation.


With the aim of modeling the reactivity of the Cys residue
in a peptide environment, the tripeptide glutathione (GSH)
was taken into consideration. When GSH was reacted with
LPO-generated dopamine semiquinone and quinone species,
the mixture of DA conjugates contained 2-S-glutathionyl–
DA, 5-S-glutathionyl–DA (see Figure S3 in the Supporting
Information for its 1H-1H DQF-COSY spectrum), 2-S-5-S-
diglutathionyl–DA, and the glutathionyl dimer (Table S2 in
the Supporting Information), which are analogous to the
products derived from the reaction of N-acetyl-l-cysteine,
but also 6-S-glutathionyl–DA, which was obtained in a sig-
nificant amount to allow its NMR spectroscopic and MS
characterization. Also Ito et al.[50] reported, for l-dopa con-
jugates obtained by Ty oxidation, that the yield of 6-S-gluta-
thionyl–l-dopa is much higher than that of the 6-S-cystein-
yl–l-dopa adduct. The complete spectroscopic characteriza-
tion of the 2-S- and 6-S-glutathionyl–dopamine conjugates is
reported here for the first time, whereas the other adducts
have been previously characterized.[51]


Also in this case, for the reaction of GSH with DA in the
presence of Ty, under the same experimental conditions as
with LPO/H2O2, the same products with similar relative
yields were obtained, except for the absence of the gluta-
thionyl dimer. Thus, the latter compound is in vitro a
marker of the occurrence of dopamine semiquinone radi-
cals.


Histidinyl–DA and lysyl–DA conjugates : Besides cysteine,
histidine can also form addition products with quinones, but
with lower efficiency (the reaction of DAQ with N-acetyl-
cysteine is estimated to be at least 106 times faster than that
of N-acetylhistidine) and a different regioselectivity.[52,53] By
operating under the same conditions as those described pre-


Figure 2. Dependence of the pseudo-first-order rate constant for reduc-
tion of hhMb compound II (3.7 mm) to hhMb�FeIII on DA (*) or N-ace-
tylcysteine (*) concentration in 0.2m phosphate buffer (pH 7.5) at 25 8C.


Figure 3. HPLC elution profile, with absorbance reading at l=220 nm,
for the LPO (8N10�8 m) catalyzed reaction of N-acetylcysteine (20 mm)
with DA (30 mm) in the presence of H2O2 (5 mm) in 200 mm phosphate
buffer, pH 7.5, at room temperature. The assignment of the peaks is
shown.
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viously for cysteine in the presence of LPO and H2O2, and
also with different concentrations of the reagents, both histi-
dine and N-a-acetylhistidine gave only the DA oxidation
products, which indicated that the reaction of imidazole
with the quinone is too slow to compete with the internal
cyclization of DAQ and the consequent oligomerization.
The same absence of nucleophilic reactivity towards
enzyme-generated DAQ species, at least under the relatively
mild conditions employed here, was observed for lysine.
These results agree with those obtained by Whitehead
et al.[39] regarding the reactivity of the electrochemically
generated DA quinone with cysteine, lysine, and histidine
(at pH 7.4); also in that case DAQ was found to react only
with cysteine. Products from the reaction of histidine with
quinones were obtained when N-acetyldopamine was em-
ployed,[53] in which the amino protecting group prevents the
faster DAQ cyclization reaction.[36]


Modification of HMb and hhMb by reactive DA quinones :
Although histidine (His) and lysine (Lys) as free amino
acids exhibit very low reactivity against DAQ and dopamine
semiquinone, their reactivity in a protein could be different
due to the influence of the protein environment. To assess
this point, the derivatization of Cys, His, and Lys residues in
the Mbs by the reactive quinone species generated from DA
was investigated. The modifications undergone by HMb and
hhMb were analyzed by using HPLC–ESI-MS/MS upon re-
acting DA (1 mm) and Mb (6N10�5m) under various condi-
tions: 1) in the presence of H2O2 alone (0.3 mm), in which
the Mbs act both as a source and a target of the quinones;
2) in the presence of H2O2 (0.3 mm) and LPO (8N10�8m);
and 3) in the presence of Ty (8N10�8m). In the second and
third cases, the high reactivity of LPO[54] and Ty[55,56] with
DA make the contribution of the Mbs self-promoted deriva-
tization negligible. In these experiments, the reactants (H2O2


and DA) were added to the solutions divided into small ali-
quots; in this way, the concentration of the reactive quinone
or semiquinone species was always kept very low, with the
aim of simulating a pathophysiological condition.[57,58] More-
over, it is worth noting that no derivatization was observed
for the fraction of HMb or hhMb left in solution when these
proteins were reacted with higher concentrations of H2O2


(up to 3 mm concentration); this may indicate that under
forcing conditions the proteins were incorporated into the
melanic precipitate that is formed in the reactions (see
below).


The modifications undergone by the proteins were identi-
fied by tandem MS studies on the polypeptide fragments re-
sulting from tryptic digestion of the apomyoglobin (apoMb)
derivatives. The data are reported in Table 3, together with
the percentage of derivatization obtained from the integra-
tion of the peaks in the chromatograms with extracted ion
current (EIC). The HPLC–ESI-MS/MS analysis with the
SEQUEST algorithm showed the presence of two types of
derivatization in the Mbs. In HMb, the Cys110 residue in
the 103–118 peptide was found modified with a DA moiety,
with a mass increase of 151 amu with respect to the unmodi-


fied peptide. The MS/MS spectrum of this modified peptide
is shown in Figure 4. In the case of hhMb, the modification
is observed at the histidine residues His81 and/or His82 in
the 79–87 peptide, with an increment of 302 amu with re-


spect to the molecular weight of the unmodified peptide. In
the latter case, the MS/MS data are consistent both with the
addition of one DA molecule to each His or a DA dimer to
a single His.


It has been reported that the oxidation of DA by perox-
idase/H2O2 (but not by Ty/O2) could also lead to the neuro-
toxin 6-hydroxydopamine, the toxicity of which is related to
the susceptibility to nucleophilic attack by the protein resi-
dues to the corresponding quinone.[59] Nevertheless, in our


Table 3. Percentage derivatization of Mb residues (Cys110 in HMb,
His81 and/or His82 in hhMb derivatives, respectively) upon modification
of the proteins with DA in the presence of the catalytic systems indicat-
ed, operating in 200 mm phosphate buffer (pH 7.5). The percentage deri-
vatization of each modified residue was calculated from the HPLC–MS/
MS traces by considering the ratio of the ion current of the modified pep-
tide relative to the total ion current of the same peptide (in both the un-
modified and modified form).


Protein target Catalytic system Cys110
+151 amu [%]


His81/His82
+302 amu [%]


HMb HMb/H2O2 30 0
HMb LPO/H2O2 5 0
HMb Ty/O2 0 0
hhMb hhMb/H2O2


[a] �3
hhMb LPO/H2O2


[a] �2
hhMb Ty/O2


[a] �2


[a] Cys110 is absent in hhMb.


Figure 4. MS/MS spectrum of the m/z 1033.1 peak (mass of 2064.3 amu)
assigned to the 103–118 peptide of HMb in a double-charged state con-
taining the Cys110–DA adduct. The assignment of the y and b ion series
are shown. Above the spectrum, the sequence of the 103–118 peptide is
shown with the modified residue in bold and with the summary of the y
and b ions found in the spectrum.
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conditions we never observed this type of protein derivatiza-
tion, which would correspond to the presence of a modified
HMb or hhMb peptide with a mass increment of 167 amu
with respect to the unmodified peptide.


The greater reactivity of Cys relative to His residues ap-
pears both from the absence of His modification in HMb
and by the much larger amount of Cys110 derivatization in
HMb with respect to the His81/His82 derivatization in
hhMb. Interestingly, His modification is not observed in
HMb, possibly because Cys110 in HMb protects His resi-
dues from the reaction with the quinone species. Regarding
the amount of Cys110–DA formed in the various experi-
ments, the endogenous derivatization promoted by HMb ap-
pears to be the most efficient mechanism, as Cys110–DA is
formed in much higher yield (30%) than in the presence of
LPO as external catalyst (5%). On the other hand, at least
under the mild conditions employed here, Ty does not
appear to promote the formation of a DA adduct of the Cys
residue to any appreciable extent, possibly because the com-
peting melanization process is faster.


The reactivity of the His81/His82 residues in hhMb to-
wards DAQ appears to be different from the above-dis-
cussed Cys reactivity in HMb, since a low (<5% yield) and
comparable extent of derivatization was obtained in all the
conditions (hhMb/H2O2, LPO/H2O2, or Ty/O2).


Tandem MS analysis of the protein/melanic precipitate : The
formation of a dark brown precipitate was observed in the
reaction mixtures obtained upon modification of both HMb
and hhMb in the presence of reactive DAQ species, whatev-
er their source (Mb/H2O2, LPO/H2O2, or Ty/O2). The
amount of insoluble material increased by dialyzing the
apoMb derivatives before subjecting them to tryptic frag-
mentation. The dark color of the precipitate, both before
and after heme extraction from the Mbs, indicates the pres-
ence of a melanin-type DA polymer. Upon melanin forma-
tion, the oligomers of reactive quinones may covalently link
the proteins, thus producing insoluble melanin–protein con-
jugates. For this reason, the precipitates collected from the
reaction mixtures were also subjected to peptic, tryptic, or
consecutive peptic–tryptic digestion, and the resulting poly-
peptide fragments were analyzed by using HPLC–ESI-MS/
MS. For both the HMb and hhMb derivatives, the peptides
resulting from each proteolytic treatment cover the com-
plete Mbs sequence and, together with the unmodified pep-
tides, also the modification at Cys110 (+151 amu) in HMb
and at His81/His82 (+302 amu) in hhMb were observed.
Numerous attempts were performed with the aim of identi-
fying other possible derivatization sites; in particular, the
SEQUEST algorithm was applied to the search of peptide
fragments containing histidine or lysine residues modified
with up to eight DA moieties per protein molecule. Actual-
ly, the hhMb/melanin precipitates obtained both in the ab-
sence and in the presence of LPO, and proteolyzed with
pepsin followed by trypsin, clearly revealed the presence of
the 80–96 peptide with a mass increment of 1359 amu (i.e.,
nine DA moieties) with respect to the corresponding un-


modified peptide. The MS/MS spectra are consistent with
the addition of five DA units at the His81/His82 cluster and
four DA units at the His93 residue (see Figure S4 in the
Supporting Information for its MS/MS spectrum). It is likely
that other multiderivatized sites exist in the protein–melanic
deposits, even though their detection may be complicated.


Guanidine hydrochloride (Gdn-HCl) denaturation assay :
The unfolding midpoint [Gdn-HCl]0 and thermodynamic pa-
rameters obtained for Gdn-HCl-induced denaturation of
native Mbs and the Mbs resulting from covalent DA modifi-
cation are reported in Table 4. In the case of hhMb, the deri-


vatization of the His81/His82 residues with two DA mole-
cules, even at low levels (�3%, Table 3), appreciably affects
the stability of the protein, lowering both the free energy
change for conversion of native to unfolded protein in the
absence of denaturant (DGA


N�U) and the solvent-exposed sur-
face area (�m). These results indicate that the modification
of polar residues (i.e., histidine) make the protein less sensi-
tive to a hydrophilic denaturant like Gdn-HCl, as confirmed
also by the higher Gdn-HCl concentration causing 50% de-
naturation ([Gdn-HCl]0) obtained in the case of modified
hhMb with respect to the native protein (Table 4).


A more considerable effect on protein stability is induced
by DA derivatization of the Cys110 residue in HMb. Actual-
ly, the presence of a significant fraction of modified protein
in the case of HMb reacted with DA/H2O2 (�30%, Table 3)
significantly alters the curve of absorbance versus [Gdn-
HCl]. The graph does not show a single sigmoid and there-
fore could not be fitted with the equation corresponding to
a simple two-state model employed for native HMb.


Discussion


Mechanism of the catalytic formation of cysteinyl–DA con-
jugates : The high reactivity of tyrosinase in the oxidation of
catechols like DA and l-dopa[55,56] requires the formation of
the quinone followed by the nucleophilic addition of the
�SH group for the cysteinyl–catechol conjugates, obtained
from the reaction of catechols with N-acetylcysteine (or
GSH). In the case of peroxidases, the situation is complicat-


Table 4. Thermodynamic parameters for unfolding induced by Gdn-HCl
(DGA


N�U and �m) and Gdn-HCl concentration causing 50% denaturation
([Gdn-HCl]0) of native and modified Mbs (labeled Mbs*, and obtained
by reaction of the proteins with 1 mm DA and 0.3 mm H2O2), in 200 mm


phosphate buffer (pH 6.0) at 25 8C.


Protein DGA


N�U [kcalmol�1] �m [kcalmol�1m
�1] ACHTUNGTRENNUNG[Gdn-HCl]0 [m]


hhMb 6.17�0.09 6.05�0.09 1.028�0.003
hhMb* 5.54�0.04 5.31�0.04 1.039�0.002
HMb 5.17�0.06 5.04�0.06 1.030�0.003
HMb* n.d.[a] n.d.[a] n.d.[a]


[a] The experimental data of protein absorbance versus [Gdn-HCl] show
a complex pseudosigmoidal behavior that cannot be fitted with the equa-
tion involving the denaturation of a single protein.
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ed since the enzyme-active species can react with both the
thiol and the catechol and with the latter substrate both the
quinone and semiquinone species are formed in the solu-
tion. The kinetic studies on the activity of the LPO or Mb
intermediates and the analysis of the composition of the
product mixture obtained from the reaction of DA with N-
acetylcysteine, or GSH, in the presence of LPO or Mb/
H2O2, in comparison with those obtained with Ty, supports
the reaction mechanism reported in Scheme 1.


In particular, as the second reduction step in the perox-
idase catalytic cycle[60] , involving the compound II inter-
mediate, is generally the slow step, we determined the rate
constants for the reduction of the LPO�FeIV=O intermedi-
ate by DA and N-acetylcysteine. The rate constants (kII) ob-
tained for the reaction of N-acetylcysteine and DA, 268 and
2.5N105


m
�1 s�1, respectively, indicate that when both of


these substrates are present in solution, the peroxidase will
strongly prefer the reaction with catechol, which will be oxi-
dized to the semiquinone radical (DAC). As an example,
with [DA]=18 mm, the LPO�FeIV=O species is converted
into the native form in less than 1 s, whereas with cysteine
at a similar concentration (15 mm) the reaction requires 400–
500 s (inset in Figure 1). In the case of myoglobin, the pref-
erence for the oxidation of DA with respect to cysteine is
not so striking, but at the concentration of the two sub-
strates employed in the formation of the cysteinyl–DA con-
jugates ([DA]=30 mm and [N-acetylcysteine]=20 mm), it is
possible to evaluate from the data in Table 2 that only a
minor fraction (�6%) of hhMb�FeIV=O is reduced by cys-
teine rather than by DA. The higher DA reactivity could
also be evaluated from the extrapolation of the curves in
Figure 2 at high substrate concentration.


The DAC radical generated from the one-electron oxida-
tion of dopamine by the LPO or Mb compound I and II,
can either disproportionate, thus generating DAQ (path b,
Scheme 1), or oxidize a cysteine molecule to a cysteinyl rad-
ical (path a). In the former case, the nucleophilic attack of


the cysteinyl thiol group on the electron-deficient quinone
leads to the monocysteinyl adducts (2-S-Cys–DA, 5-S-Cys–
DA, or 2-S-GSH–DA, 5-S-GSH–DA, and 6-S-GSH–DA).
Conversely, the cystine dimer is generated by a coupling re-
action of two cysteinyl radicals.


Another possible pathway for the generation of the cys-
teinyl–dopamine adducts is the coupling between semiqui-
none and cysteinyl radicals. Nevertheless, such a reaction
can be excluded by considering the similar product composi-
tion for the Cys–DA adducts obtained by one-electron oxi-
dation (catalyzed by LPO or Mb) and two-electron oxida-
tion (catalyzed by Ty). The product distribution is controlled
by the reactivity of DAQ with cysteine, both for the LPO/
Mb-promoted and the Ty-promoted reactions, and not by
the reactivity of the semiquinone species. The formation of
the cystine dimer in the former reaction is significant, since
it can be considered the hallmark of a radical mechanism,
which is also that supposed to occur under oxidative stress
conditions. Regarding the regioselectivity of the nucleophilic
attack, the preference for the C5 position of the quinone
ring has been explained to result from an intramolecular
base-catalyzed Michael 1,6-addition, based on the formation
of a hydrogen bond between the carbonyl group at the C4
position and the thiol proton.[61,62]


The dicysteinyl–DA conjugates (2-S-5-S-diCys/GSH–DA)
can be obtained by reaction of cysteine with the 5-S-Cys–
DAQ adduct (or 2-S-Cys–DAQ, see below) generated from
the reaction between the DA and 5-S-Cys–DA semiqui-
nones, according to Scheme 2. The latter species is derived
from the direct one-electron oxidation of 5-S-Cys–DA by
LPO/Mb compounds I and II (path c), or by the DAC-medi-
ated oxidation of 5-S-Cys–DA (path d). Actually, dopamine
and cysteinyl–dopamine compete for the reaction with LPO/
Mb reactive species, the former being favored by its higher
concentration (path d) and the latter by its lower redox po-
tential[20] (path c).


Scheme 1. Mechanism for the LPO/Mb-promoted formation of cystine (path a) and monocysteinyl–DA conjugates (path b).
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Scheme 2 shows the formation of 2-S-5-S-diCys–DA start-
ing from 5-S-Cys–DA, since this is the predominant mono-
cysteinyl adduct in the reaction mixture, but the dicysteinyl
conjugate could also be obtained from 2-S-Cys–DA accord-
ing to an analogous reaction pathway.


The similarity in product pattern observed when GSH is
used instead of N-acetylcysteine indicates that Schemes 1
and 2 can be extended to cysteine-containing peptides such
as GSH and proteins, and also explains the generation of
the mono- and diglutathionyl conjugates (2-S-glutathionyl–
dopamine, 5-S-glutathionyl–dopamine, 6-S-glutathionyl–dop-
amine, and 2-S-5-S-diglutathionyl–dopamine, respectively).
It is worth noting that a key role has been attributed to
GSH in neuron degeneration; its translocation from glial
cells (where it is largely synthesized)[63] into the cytoplasm
of dopaminergic cell bodies in the SN, increases in response
to chronic brain insult.[16,64] Interestingly, the glutathionyl–
DA adducts, resulting from the scavenging of DAQ by
GSH, are hydrolyzed to cysteinyl–DA adducts by intra-
neuronal peptidase enzymes.[57,65,66] The possibility that
GSH, rather than cysteine, is the precursor of cysteinyl–DA
is supported by the higher GSH concentration in the brain
with respect to cysteine.[57,67] A neuroprotective role of GSH
has been also suggested since it can act as a DAQ scaveng-
er.[68]


Myoglobin modification by DA reactive species—the initial
steps : Under oxidative stress conditions, where relatively
high levels of hydrogen peroxide are produced, activation of
heme proteins and in particular peroxidases can occur. In
the presence of catecholamines, such as DA, the consequent
DAQ reaction with target proteins can induce changes in
their structures and properties, with pathological implica-
tions.[25–33]


The reactive species formed upon oxidation of DA can
diffuse into the solution but also react with the protein re-
sponsible for their formation. The Mbs are good targets for
the investigation of the capability of the DA-generated reac-
tive species of modifying amino acid residues of the heme
protein generating them since, due to their limited reactivity,
they act both as the catalyst and substrate. In particular,
HMb contains several histidines and lysines, and a single
cysteine, which is expected to be the most reactive residue
towards quinone species.[52] The high Cys reactivity has been


confirmed by our results, since Cys110 was modified to a sig-
nificant extent in the HMb self-promoted reaction (Table 3).
It is interesting to note that with the enzymes used to pro-
mote DA oxidation, LPO is less efficient than HMb itself in
the DA derivatization of cysteine, and that Ty does not pro-
mote Cys110 derivatization to any detectable extent. This
could indicate a different reactivity of the HMb cysteine res-
idue in the one-electron and two-electron oxidation path-
ways. Although the three-dimensional structure of wild-type
HMb is not available, a reference structure for localizing the
residues subjected to modifications is the crystal structure of
the HMb mutant Lys45Arg/Cys110Ala (Figure 5).[69] In par-


ticular, Cys110 is not directly exposed to the protein surface,
therefore its modification probably indicates that the active
species, that is, DAC or DAQ, diffuses from outside the distal
cavity (where DA binds to the Mbs according to our NMR
spectroscopy relaxation-time results) inside the protein. Ac-
cording to the data reported in Table 3, the diffusion of the
semiquinone species to the site of derivatization is more ef-
ficient, in particular when generated by the same HMb pro-
tein molecule that also contains the target residue of the de-
rivatization.


Another possibility is that the Cys110 residue is oxidized
to the cysteine radical upon reaction of HMb with
H2O2.


[44,70] In this case, Cys110C will be formed by the HMb
active species analogue of compound I of peroxidases. This


Scheme 2. Mechanism for the LPO/Mb-promoted formation of the dicysteinyl–DA conjugate through protein-active species (path c) and DAC (path d).


Figure 5. Structure of the Lys45Arg/Cys110Ala mutant of HMb.[69] The
disposition of the side chains of Cys110, Hys81, and His82 present in the
wild-type protein are shown.
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yields an HMb compound II-like species that in turn reacts
with a DA molecule oxidizing it to semiquinone. The cou-
pling between DAC and Cys110C radicals gives rise to the ob-
served HMb–DA adduct (Scheme 3). The DAC radical may


approach the thiol radical from the active site of HMb or
from the bulk of the solution in an intermolecular process.
This hypothesis outlines a completely different mechanism
for the HMb Cys110–DA adduct formation with respect to
that formed with free cysteine. In this case, in fact, the reac-
tion occurs through radical coupling, whereas the previous
mechanism consists of a nucleophilic addition of the thiol to
the DA–quinone. Some indication of the actual mechanism
could be deduced from the regiochemistry of the Cys–DA
covalent linking in the protein. The MS/MS fragmentation
pattern of the DA-modified peptide 103–118 shown in
Figure 4 does not allow one to distinguish between the pos-
sible isomers (2-S, 5-S, or 6-S). However, the presence of a
single peptide containing the DA modification on Cys110 in
the HPLC chromatogram seems to indicate that only one of
the possible Cys–DA isomers is present as the major or only
species in the modified protein, possibly at C5 of the aro-
matic ring, which is the principal site of attack with the free
amino acid with both nucleophilic or radical mechanisms.[20]


The reduced extent of modification of Cys110 produced
by LPO/H2O2 (Table 3) may be related to the fraction of hy-
drogen peroxide that, instead of giving rise to compound I
of the peroxidase, reacts with HMb to give the thiol radical.
In fact, although the rate constant for the formation of LPO
compound I is several orders of magnitude larger[71,72] than
that of Mb,[73] the concentration of the latter protein in solu-
tion is much larger (thousands fold). The relatively high
yield observed for Cys110 self-modification by HMb may be
seen as a protecting effect of the protein when it acts in
“side reactions” such as that generating the undesirable
DAQ reactive species. The scavenging effect of Cys110 is
also in agreement with the lack of His modification in HMb.


With hhMb it is possible to analyze the reactivity of histi-
dine residues, as cysteine is absent. Whereas upon treatment
of free histidine with the DAQ-generating systems no hysti-
dinyl–DA conjugates were formed, hhMb DA derivatization
occurred at H81 and/or H82 residues even under mild con-
ditions. This indicates that the hhMb environment can influ-
ence the reactivity of histidines, and enhance it. The effect
could be derived from a lowering of the pKa of the imida-
zole residue, which is induced by the protein residues in the
local environment through their (partial) positive charge
and polarity; this is suggested by the fact that modification
occurs at a His cluster. Regarding the regiochemistry of the


nucleophilic attack, we could extend the results obtained
from the free amino acid–catechol adduct to the protein
system by considering the C6 position of the DA aromatic
ring[53] as the main derivatization site. The reactivity of His


residues of hhMb towards DAQ
species differs from that of Cys
in HMb in that a similar extent
of His81/His82 modification is
obtained in the former case
with all of the DAQ-generating
protein systems (Table 3),
which indicates an intermolecu-
lar mechanism of derivatization.


Thus, in this process the reactive DAQ species is generated
by a protein molecule different from that containing the his-
tidine targets of modification.


Myoglobin modification by DA reactive species—protein–
melanic conjugates : Modification of proteins through DAQ
linkages has dramatic effects on their stability, as it may
induce unfolding and protein precipitation. Even at early
stages, the reaction of quinone species with protein residues
depresses the thermodynamic stability of the protein
(Table 4), but further reactions lead to more dramatic conse-
quences. We systematically observed that the modification
of HMb or hhMb by reactive DAQ species occurs with the
concomitant formation of a dark melanic precipitate. Also,
the oligomers formed as intermediates in the process of mel-
anin formation are reactive species that may react with pro-
tein residues. The observation of Mb peptides in the tryptic
fragments from treatment of the protein–melanic precipitate
indicates that Mb molecules are incorporated into the pre-
cipitate. The inability to control these side reactions and the
precipitation of the protein prevents the full detection of the
protein residues modified by DAQ species. In addition, an
extensive modification of protein residues masks the recog-
nition sites to the proteolytic enzymes, thus preventing frag-
mentation of the protein and thorough analysis of the modi-
fication sites. Actually, the HPLC–MS/MS analysis always
showed the His81/His82-modified peptide in the hhMb–mel-
anin precipitates; it was also found left in solution. Since
this modification by itself does not induce the protein pre-
cipitation (as deduced from the unfolding studies), we can
presume that what causes hhMb precipitation is the cross-
linking between the protein and DAQ oligomers. In fact,
proteolytic digestion of hhMb–melanin precipitate showed
the peculiar modification of the His81/His82 cluster with
five DA units and the His93 residue with a 4-DA oligomer.
We can speculate that the derivatization of the His81/His82
cluster promotes the unfolding of the protein and this facili-
tates the attack of dopamine oligomers to other protein resi-
dues and causes the incorporation of the protein into the
precipitate. In this respect, it is worth noting that His93 is
the heme proximal ligand in the native protein and there-
fore it can become accessible only upon unfolding of hhMb.


Scheme 4 describes a possible mechanism for the forma-
tion of adducts between histidine residues and DA oligo-


Scheme 3. Radical mechanism for the HMb self-promoted formation of the Cys110–DA adduct.
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mers. The process starts with the initial addition of DAQ to
a histidine residue. Since His–DA, like Cys–DA,[20] is more
readily oxidized to quinone than DA itself, the protein-
bound DA can be an end product but also a potential elec-
tron-donor agent, as similarly proposed by Akagawa et al.
for the precipitation of the Cys–DA modified proteins.[13]


For hhMb and other proteins lacking cysteine it is necessary
to evoke the reaction between histidine residues and DA
oligomers as most likely responsible for the formation of


protein–melanic conjugates. It should be also appreciated
that DAQ undergoes a fast intramolecular cyclization and
that this reaction reduces its half-life in solution and com-
petes with the addition of an external nucleophilic group.
But in the oxidized form of His–DA the cyclization is pre-
vented, as the imidazole moiety blocks the C6 position of
the quinone ring, thus allowing the addition of the amino
group of another DA molecule. Therefore, in the mechanism
proposed in Scheme 4, the formation of the growing DA oli-


Scheme 4. Proposed mechanism for the formation of the adducts of histidine–DA oligomers in hhMb.
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gomeric chain occurs in several steps, in which the oxidation
of the catechol species bound to the protein yields quinone
derivatives that are unable to give internal cyclization. The
oxidation is then followed by the addition of a DA mole-
cule, instead of DAQ, to the modified protein. This type of
nucleophilic addition by DA amino groups to the quinone
species is in agreement with the constant mass increment of
151 amu observed in tandem MS studies, which corresponds
to the addition of entire DA units. In the mechanism report-
ed in Scheme 4, both the oxidation of the catechol ring of
the DA molecule directly connected to the histidine residue
and the terminal DA, according to path a and path b, re-
spectively, have been considered. The terminal arrows re-
ported in the scheme indicate that the DA oligomerization
process can proceed with the oxidation of every catechol
moiety present in the growing protein–melanic conjugate.
Furthermore, besides the reaction of the DA amino group,
the nucleophilic addition of DA hydroxyl groups to the qui-
none form of the growing adduct, which would lead to the
formation of ether bonds, also cannot be excluded as a fur-
ther modification pathway.


Conclusion


The present study has shown that, notwithstanding the high
reactivity of the catechol-derived reactive species (semiqui-
nones and quinones), only specific amino acid residues are
modified in the proteins. Their surface exposure and the
local environment in the protein seems to be a key factor
ruling the reactivity. The extent of protein modification also
depends upon the system generating the reactive quinone
species, and whether the mechanism is of radical type and
involves intra- or intermolecular processes. Most important-
ly, when the derivatization becomes extensive it induces pro-
tein precipitation and its incorporation into the melanic pre-
cipitate. We are currently trying to set up new protocols for
the fragmentation and analysis of the insoluble protein–mel-
anic conjugates, as this type of investigation represents a
fundamental step in the understanding of the nature, com-
position, and mechanism of formation of neuromelanins and
other protective neuronal pigments.[74] We are currently ex-
tending the investigation of the effect of dopamine modifi-
cation to another protein of the globin family, human neuro-
globin, a protein that is expressed in the brain, and contains
three cysteine residues, but the function of which is still un-
clear.[75]


Experimental Section


Reagents : All buffer solutions were prepared with deionized Milli-Q
water. Hydrogen peroxide (30% solution), dopamine hydrochloride, l-
dopa, N-acetyl-l-cysteine, N-a-acetyl-l-histidine, l-histidine, N-a-acetyl-
l-lysine, reduced l-glutathione, guanidine hydrochloride, trypsin, pepsin,
horse heart Mb, and mushroom tyrosinase were obtained from Sigma.
The other reagents were obtained at the best grade available. The con-
centration of hydrogen peroxide solutions was controlled by monitoring


the formation of the 2,2’-azinobis(3-ethylbenzothizoline-6-sulfonic acid)
(ABTS) radical cation according to a standard enzymatic method.[76] Lac-
toperoxidase was purified from bovine milk as previously described;[77]


recombinant human Mb was expressed and purified as previously report-
ed.[44] In all the experiments the Mbs were utilized in their met form. All
spectrophotometric measurements were performed on a Hewlett Packard
HP 8452A diode array spectrophotometer.


Kinetic studies of catechol oxidation : The kinetic experiments were car-
ried out in 200 mm phosphate buffer, pH 7.5, using a quartz cuvette with
path length of 1 cm, kept at (25.0�0.1) 8C by using a thermostat, and
equipped with a magnetic stirrer. The initial solution containing the pro-
tein (LPO, hhMb, or HMb) and variable substrate (DA or l-dopa) con-
centrations (final volume 1600 mL) was obtained by mixing solutions of
appropriate concentration of the reagents in the buffer. The reaction was
started by the addition of the H2O2 solution and was followed during the
initial 10–15 s by monitoring the absorbance change at l=476 nm for
both the substrates (the lmax of both dopaminechrome (DAC) and dopa-
chrome (dopaC)). The conversion of the rate data from absorbance per
second into molarity per second was done by using the extinction coeffi-
cients of DAC and dopaC at l=476 nm (e =3300 and 3600m


�1 cm�1, re-
spectively).[78] The kinetic parameters were obtained by fitting the plots
of experimental rates at different catechol concentrations to the Michae-
lis–Menten equation.


For each substrate, the rate dependence on the reactant concentrations
was studied through two steps: 1) finding a suitable [H2O2] that maximiz-
es the rate but avoids unwanted excess of the oxidant, and then using
this [H2O2] for step 2) in which the dependence of the rate versus [cate-
chol] was studied. The LPO and hhMb (or HMb) concentrations were
0.01 and 1 mm, respectively, while the concentrations of the other reac-
tants were as follows: with LPO and DA, [H2O2]=0.53 mm, [DA]=5–
50 mm ; with LPO and l-dopa, [H2O2]=0.53 mm, [l-dopa]=2–40 mm ;
with hhMb and DA, [H2O2]=36 mm, [DA]=5–250 mm ; with hhMb and
l-dopa, [H2O2]=36 mm, [l-dopa]=2–33 mm ; with HMb and DA,
[H2O2]=136 mm, [DA]=0.7–30 mm ; with HMb and l-dopa, [H2O2]=


136 mm, [l-dopa]=0.6–25 mm.


The reaction rates observed for the noncatalytic reaction, that is, in the
absence of the protein, or without hydrogen peroxide are completely
negligible.


Reactions of LPO�FeIV=O and hhMb�FeIV=O with N-acetylcysteine or
DA : The LPO and hhMb compound II intermediates were prepared by
incubating the proteins (3.7 mm in 200 mm phosphate buffer, pH 7.5) with
H2O2 (2 equiv) for about 15 min, until the Soret band shifted from 412 to
430 nm in the case of LPO, and from 410 to 420 nm in the case of hhMb,
and stabilized at the final wavelengths. The reduction of LPO�FeIV=O to
LPO�FeIII, and hhMb�FeIV=O to hhMb�FeIII, after the addition of the
reducing substrate, was followed spectrophotometrically by recording the
variation of absorbance at 412 and 436 nm, and at 410 and 428 nm, re-
spectively, at (25.0�0.1) 8C.


The reaction of LPO�FeIV=O with DA was carried out by adding the
substrate at 18 mm final concentration; in the case of N-acetylcysteine,
different substrate concentrations (from 0.015 to 4.7 mm) were employed.
The reactions of hhMb�FeIV=O with both DA and N-acetylcysteine were
studied by employing different substrate concentrations, from 0.15 to
7.8 mm for DA, and from 0.31 to 10 mm for N-acetylcysteine.


NMR spectroscopy relaxation measurements : The effect of the addition
of variable amounts of hhMb or HMb (0–200 mm) on the T1 relaxation
time for the protons of both DA (40 mm) and l-dopa (40 mm), in deuter-
ated 0.2m sodium phosphate buffer pD 7.5, was determined at 25 8C with
a Bruker AVANCE 400 NMR spectrometer operating at 400.13 MHz
proton resonance, by using the standard inversion recovery method.[79] To
eliminate interference by metal impurities, a small amount of ethylene-
diaminetetraacetic acid (EDTA) was added to the solutions.


HPLC analysis of amino acid–DA and GSH–DA conjugates : The prod-
uct mixtures derived from the reaction of amino acids (N-acetyl-l-cys-
teine, N-a-acetyl-l-histidine, l-histidine, and N-a-acetyl-l-lysine) and
GSH with the DA–oxidation products generated by LPO/H2O2, Mb/
H2O2, or Ty/O2 were obtained by allowing the reaction to occur for
10 min at room temperature in 200 mm phosphate buffer pH 7.5. The
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concentration of the reactants were as follows: 1) using N-acetyl-l-cys-
teine or GSH as nucleophiles, with LPO: [nucleophile]=20 mm, [DA]=


30 mm, [LPO]=8N10�8m, [H2O2]=5 mm (divided into 5 aliquots of 1 mm


each, added every 5 min); with Mbs: [nucleophile]=20 mm, [DA]=


30 mm, [Mb]=2N10�6m, [H2O2]=5 mm (divided into 5 aliquots of 1 mm


each, added every 5 min); with Ty: [nucleophile]=20 mm, [DA]=30 mm,
[Ty]=1N10�8m ; 2) in the case of N-a-acetyl-l-histidine, l-histidine, or N-
a-acetyl-l-lysine several runs were performed using DA (30 mm), and
changing the reagent concentrations as follows: [nucleophile]=20–
40 mm, [LPO]=8N10�8m, [H2O2]=1–25 mm (divided into 5 aliquots, with
additions every 5 min). The products were analyzed by HPLC by using a
Jasco MD-1510 instrument with spectrophotometric diode array detec-
tion equipped with a Supelcosil LC18 reverse-phase semipreparative
column (5 mm, 250N10 mm). Elution was carried out starting with 0.1%
trifluoroacetic acid (TFA) in water for 5 min, followed by a linear gradi-
ent, in 55 min, to 20% acetonitrile in water containing 0.1% TFA. The
flow rate was 5 mLmin�1. Spectrophotometric detection of the eluate
was performed in the range 200–600 nm. The retention times of the prod-
ucts obtained with N-acetyl-l-cysteine and GSH are reported in Ta-
bles S1 and S2 in the Supporting Information, respectively; no derivatiza-
tion of N-a-acetyl-l-histidine, histidine, or N-a-acetyl-l-lysine was ob-
served.


MS and NMR spectroscopic characterization of cysteinyl and glutathion-
yl derivatives of DA : The products eluted from HPLC were collected,
taken to dryness, and analyzed by NMR spectroscopy and MS. 1H NMR
spectra of the compounds dissolved in D2O were recorded at 25 8C on a
Bruker AVANCE 400 spectrometer, operating at 9.37 T; 1H resonances
were assigned through the 1H and 1H-1H DQF-COSY spectra.


Electrospray ionization MS spectra were acquired by using an LCQ
ADV MAX ion-trap mass spectrometer equipped with an ESI ion source
and controlled by Xcalibur software 1.3 (Thermo-Finnigan, San Jose,
CA, USA). ESI experiments were carried out in positive-ion mode under
the following constant instrumental conditions: source voltage 5.0 kV, ca-
pillary voltage 46 V, capillary temperature 210 8C, tube lens voltage 55 V.


Modification of the Mbs by quinone species and tandem MS analysis of
protein fragments : Samples of modified HMb and hhMb were prepared
by adding DA (1 mm) and the following reagents to the protein solutions
(6N10�5m, in 50 mm phosphate buffer, pH 7.5): a) for the Mb/H2O2 cata-
lytic system: 0.3 mm H2O2; b) for the LPO/H2O2 catalytic system: 8N
10�8m LPO, 0.3 mm H2O2; c) for the Ty/O2 catalytic system: 1N10�8m Ty.
The solutions of DA, H2O2, and Ty were added in 5 aliquots; after the
last addition, the proteins were allowed to react at room temperature for
10 min.


For the analysis of protein fragments, the modified HMb and hhMb de-
rivatives (and, for comparison purposes, the unmodified proteins) (about
1 mg) were transformed into the apoproteins by the standard hydrochlo-
ric acid/2-butanone method.[80] After overnight dialysis against 20 mm am-
monium bicarbonate buffer at pH 8.0, the melanic precipitates were sepa-
rated by centrifugation from the apoMb derivatives, washed three times
with water (to retain only the covalent melanin–protein conjugates in the
precipitate), acidified to pH 3 with HCl, washed again with water, and
subsequently resuspended in 20 mm ammonium bicarbonate buffer
(pH 8.0) for proteolysis with trypsin, and 20 mm phosphate buffer
(pH 2.5) for proteolysis with pepsin, respectively. All the digestions were
performed at 37 8C with the protease (trypsin or pepsin) 1:50 (w/w) for
3 h and overnight for the apoproteins and melanic residues, respectively.
The samples of HMb derivatives were further reacted with 5 mm dithio-
threitol for 15 min at 37 8C prior to the HPLC–MS/MS analysis, since
Cys-containing peptides generally couple during digestion. The reduction
of the disulfide bonds was necessary for the quantification of the unreact-
ed cysteine residues in HMb derivatives.


LC–MS and LC–MS/MS data were obtained by using the LCQ ADV
MAX ion-trap mass spectrometer with the instrumental conditions re-
ported in the previous section. The system was run in automated LC–
MS/MS mode and using a Surveyor HPLC system (Thermo Finnigan,
San Jose, CA, USA) equipped with a BioBasic C18 column (5 mm, 150N
2.1 mm). The elution was performed by using 0.1% HCOOH in distilled
water (solvent A) and 0.1% HCOOH in acetonitrile (solvent B), with a


flow rate of 0.2 mLmin�1; elution started with 98% solvent A for 5 min,
followed by a linear gradient from 98 to 55% A in 65 min. MS/MS spec-
tra obtained by collision-induced dissociation (CID) were performed
with an isolation width of 2 Th (m/z); the activation amplitude was
around 35% of the ejection radiofrequency (RF) amplitude of the instru-
ment. For the analysis of protein fragments derived from Mb derivatives,
the mass spectrometer was set such that one full MS scan was followed
by using ZoomScan mode and an MS/MS scan on the most intense ion
from the MS spectrum. To identify the modified residues, the acquired
MS/MS spectra were automatically searched against a protein database
for human or horse heart Mb using the SEQUEST algorithm incorporat-
ed into Bioworks 3.1 (ThermoFinnigan, San Jose, CA (USA)).


Guanidine hydrochloride denaturation assay : The stability to denatura-
tion of the modified HMb and hhMb derivatives, which were obtained by
reaction of the proteins (�5 mm), with 1 mm DA and 0.3 mm H2O2, and,
for comparison purposes, of the unmodified proteins, were determined in
200 mm phosphate buffer (pH 6.0) by monitoring the absorbance varia-
tion of the Soret band of the proteins upon addition of increasing
amounts (up to 1.7m final concentration) of a 8m guanidine hydrochlo-
ride solution in the same buffer. Data were corrected for dilution by the
Gdn–HCl addition. The Gdn–HCl concentration at 50% unfolding of the
proteins and the thermodynamic parameters for denaturation were evalu-
ated from the absorbance versus denaturant concentration curves accord-
ing to a standard method.[81]
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Reaction Mechanism of Molybdoenzyme Formate Dehydrogenase
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Introduction


Molybdenum is a widespread metal in biological systems
and it is mainly contained in two classes of enzymes: the ni-
trogen-fixating nitrogenases, which have an iron–molybde-
num cofactor,[1] and the mononuclear molybdenum enzymes
(molybdoenzymes).[2] The latter catalyze oxygen-atom trans-
fer reactions to and from biological substrates in the nitro-
gen, sulfur and carbon cycles.[3]


On the basis of the coordination at the active site, the mo-
lybdoenzymes are subdivided into three families: the xan-
thine oxidase, the sulfite oxidase and the dimethysulfoxide
(DMSO) reductase.[2,4] All of them possess an organic pterin
cofactor that contains a dithiolene moiety, the molybdopter-
in guanine dinucleotide (MGD). The cofactor is usually
found to be coordinated by the dithiolene sulfur atoms to
the metal.[5]


Formate dehydrogenase, FDH (EC: 1.2.1.2), belongs to
the DMSO reductase family and catalyzes the oxidation of


formate to carbon dioxide. The enzyme from anaerobic bac-
teria is bound to membranes and is typically found to pos-
sess molybdenum, whereas the enzyme from archaea may
contain either a molybdenum or tungsten centre.[2] Even if it
is a member of the DMSO reductase family, FDH does not
catalyze oxygen-atom transfer reactions, but favours the
cleavage of a C�H bond.[2] FDH contains a selenocysteine
residue bound to the Mo centre which is crucial for its cata-
lytic activity.


In E. coli, three FDHs are expressed, namely FDH-N,
FDH-O and FDH-H. FDH-H is a part of the formate–hy-
drogen lyase complex of E. coli that is expressed under
anaerobic conditions, and it is involved in biological hydro-
gen production from formate through fermentative process-
es.[6–8]


The first crystal structure of both oxidized and reduced
FDH-H was solved by Boyington et al.[8] The structure is
made up by four a/b domains, and among them domain I
coordinates a Fe4S4 cluster, which is involved in the electron
flow. Domains II and III bind the two MGD cofactors. The
molybdenum, which is coordinated to two cofactors, the
Fe4S4 cluster and the selenocysteine residue, are central to
the catalytic activity.


In the reduced MoIV form, the molybdenum in the active
site is coordinated by four sulfur atoms, which come from
the cofactors, and by the selenium atom of the SeCys140
residue. Other residues, His141 and Arg333, are well con-
served in all Mo-containing formate dehydrogenases.
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The oxidized MoVI form, in complex with the nitrite inhib-
itor, shows a Mo�O bond length of 2.58 F; the other oxygen
atom is involved in a hydrogen bond with the positive
Arg333 residue.[8]


On the basis of the crystallographic data concerning both
the oxidized and the reduced form of the enzyme, Boying-
ton et al. proposed a reaction mechanism, which is reported
in Scheme 1 (mechanism A).[8] The catalysis starts with the


coordination of the formate substrate by its oxygen atom to
the molybdenum, probably by replacing a SH ligand. Weak
interactions are established between the formate and the
nearby residues His141 and Arg333. The selenium atom ab-
stracts the proton by cleaving the C�H bond in the sub-
strate, while two electrons are transferred to the Mo centre.
Upon oxidation, the proton is most likely transferred from
the selenocysteine to the His141 residue. The MoVI form is
restored in another step, with the two electrons travelling to
the Fe4S4 cluster through the MGD moiety.


Recently, another formate-reduced E. coli FDH crystal
structure was solved by Raaijmakers et al. at 2.27 F.[9] In
this structure, the selenium atom of the SeCys140 residue is
located 12 F away from the molybdenum; this implies that
the selenium is not a metal ligand in the reduced form of
the enzyme. Furthermore, Arg333 with its positive charge
establishes a salt-type interaction with the negative selenol
group. A SH group (or S2�) is identified as the apical ligand
at the Mo centre rather than a hydroxyl/water ligand. By
taking into account these latter experimental data, Raaij-
makers et al. proposed a new mechanism for the formate ox-
idation; this is schematically depicted in the Scheme 1 and
referred to as mechanism B.[9] The formate binding displaces
the selenocysteine ligand, which, once away from the metal-
lic centre, interacts through a hydrogen bond with the
Arg333 residue. The SH group is retained as the Mo ligand.
Also in this mechanism, the negative selenol abstracts the


proton from the substrate to give the CO2 product, which is
released from the active site, and to the MoIV form of the
enzyme. The latter mechanism seems to be supported by
EPR studies on Desulfovibrio desulfuricans FDH according
to which SH is retained in the MoV state of the enzyme
upon CO2 formation.[10]


The two mechanisms, A and B, differ in the role played
by the SeCys140 residue as a Mo ligand or in an unbound


form during catalysis.[8,9]


With the aim of determining
which mechanism represents
the preferred reaction path
that is followed by FDH
enzyme, we performed a densi-
ty-functional-based study on
formate oxidation by using a
Mo-containing cluster as sim-
plified model of the active site.


Method


All the computations were car-
ried out with the Gaussian 03
code, Revision C.02.[11] The
hybrid Becke exchange and
Lee, Yang and Parr correlation
(B3LYP) functional was used
to perform geometry optimiza-
tion.[12–15] The 6�31+G* basis


set was chosen for the C, N, O, S, Se and H atoms,[16–19]


whereas the LANL2DZ pseudo-potential in connection with
the relative orbital basis set[20] was used for the metal.


Frequency calculations were performed on all stationary
points of the reaction paths to evaluate their character as
minima or saddle points, and to compute zero-point energy
corrections, which were then included in all the relative
energy values.


Intrinsic reaction coordinate (IRC) calculations[21,22] were
performed with the aim to confirm that a given transition
state connects a particular couple of consecutive minima.


The check of stability for the open-shell optimised struc-
ture wave functions was carried out by means of the Stable
procedure implemented in the G03 code.[23–25]


Solvent effects were introduced as single-point computa-
tions on the optimised gas-phase structures in the frame-
work of Self Consistent Reaction Field Polarisable Continu-
um Model (SCRF-PCM),[26–28] in which the cavity is created
by a series of overlapping spheres. The United Atom Topo-
logical (UAO) Model applied on atomic radii of the UFF
force field[29] was used to build the cavity in the gas-phase
equilibrium geometry. The dielectric constant value e=4
was chosen by taking into account the coupled effect of the
protein itself and the water medium that surrounds the pro-
tein, according to previous suggestions.[30–36] The relative sol-
vent effects between minima and transition states are nor-
mally calculated to be quite small, within 2 kcalmol�1.[30, 31]


Scheme 1. Bound SeCys (A) and unbound SeCys (B) reaction mechanisms proposed for the oxidation of for-
mate to carbon dioxide by FDH.
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The performance of the B3LYP functional in predicting
properties of transition-metal-containing systems is well sup-
ported by the literature, especially concerning enzymatic
catalysis.[30–36] It still represents the most widely used DF
functional. However, new functionals were developed
during the last decade and tested towards several chemical
properties, including the determination of barrier heights.[37]


For the B3LYP, a tendency to underestimate this quantity
was observed in some cases,[38–42] even if it is a valid method
for some chemical properties, such as geometry determina-
tion and calculation of atomisation energies and other ther-
mochemical quantities.[37] Recently, BB1K[43] and
MPWB1K[44] have been proposed as effective tools for the
calculation of barrier heights, thermochemical kinetics and
non-bonded interactions. Taking into account these studies
and the growing use of DFT methods for enzymatic cataly-
sis, it is important to investigate the suitability of alternative
functionals for studying enzymatic reactions. So, for the pur-
pose of comparison, we have employed different exchange–
correlation functionals to compute barrier heights. In addi-
tion to B3LYP, the BHandHLYP[12,13,15] and the
PBE1PBE,[45] as examples of hybrid generalized gradient ap-
proximation (H-GGA) functionals, were considered. The
MPWB1K[44,46,47] and BB1K,[15,43,46] which belong to the class
of hybrid-meta GGA (HM-GGA) methods were also
chosen.


The active-site model cluster that was used in this work
was built by starting from the 2.9 F X-ray structure of the
oxidized form of formate dehydrogenase H from E. coli,
which was complexed with the inhibitor nitrite (PDB code=


1FDI).[8] The cluster is made up of a Mo–bis(dithiolene)
complex that reproduces the [Mo ACHTUNGTRENNUNG(mgd)2] complex, by the
dipeptide SeCys140-His141, by the CH3CH2NHC ACHTUNGTRENNUNG(NH2)2


+


group, modelling the Arg333 residue, and an SH� (see
Scheme 2). Similar cluster models were successfully used to
theoretically mimic the active site of molybdoenzymes.


An atom of each amino acid residue and of the MGD
models was kept frozen at its crystallographic position to
mimic the steric effects produced by the surrounding pro-
tein, and to avoid an unrealistic expansion of the cluster
during the optimization procedure. The substrate HCOO�


and the product CO2 were left free from constraints during
the optimization procedure.


Natural bond orbital (NBO) analysis[48] was carried out to
determine net charges and some electronic properties.


Results and Discussion


Mechanism A : To our knowledge, no experimental data
exist on the electronic ground state of molybdoenzymes
active site. Experimental studies on molybdoenzymes sug-
gested a diamagnetic state for both MoIV and MoVI.[49] In a
photoelectron spectroscopy study on the [MoIVO ACHTUNGTRENNUNG(mnt)2]


2�


(mnt=maleonitriledithiolate) complex, the singlet configu-
ration was indicated to be the ground state, even if no fur-
ther electronic states were taken into account.[50] Because
the multiplicity of the species involved in the catalytic cycle
is far from certain, we have explored both the singlet and
triplet potential energy surfaces (PES), as encountered for
the DF/B3LYP computations on the nitrate reductase
enzyme.[33]


The minimized structures of all the stationary points that
belong to the reaction catalytic sequence of Scheme 1 for
mechanism A are sketched in Figure 1, for singlet (Fig-
ure 1a) and triplet (Figure 1b) multiplicities, respectively.


The complex between the HCOO� substrate and the
enzyme, ESa, is obtained when the former coordinates the
Mo at 2.05 F, for both the singlet and triplet. The selenium
atom, which is bound to molybdenum at 2.55 (singlet) and


Scheme 2. Model used for the FDH active site.
Figure 1. B3LYP-optimised geometries for the stationary points that
belong to mechanism A, for singlet (a) and triplet (b) states, respectively.
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at 2.61 F (triplet) lies in a good position to perform the H
abstraction from the formate (Se�H distance is 2.59 and
2.69 F for the singlet and triplet, respectively). This adduct
is stabilized by some hydrogen bonds between the Arg333
and the formate, and the Arg333 and the carbonyl oxygen
atoms from the SeCys-His dipeptide (see Figure 1).


The reaction passes through a transition state, TSa, that is
characterised by the C�H and H�Se critical distances of
1.72 and 1.70 F, for singlet, and 1.67 and 1.69 F, for triplet.
The vibrational normal modes that occur at the imaginary
frequencies of 1022 and 1056 cm�1 correspond to the stretch-
ing of the C�H and H�Se bonds. The same type of weak in-
teractions established in the ESa species are retained in the
structures of the transition states (see Figure 1).


Upon oxidation of the substrate to carbon dioxide, the re-
action evolves towards the complex between the active site
and the product, EPa. As far as the singlet electronic state is
concerned, the CO2 molecule in the EPa species appears to
be practically not coordinated to the molybdenum (the O�
Mo distance is 2.52 F) and arranges itself in a linear disposi-
tion. As a consequence of the protonation of selenium of se-
lenocysteine, the Mo�Se distance lengthens up to 2.68 F.
Hydrogen bonds are found between the peptide NH and ter-
minal NH2 groups of Arg333 and the carbonyl oxygen
atoms of the SeCys–His dipeptide (see Figure 1).


In the case of the triplet multiplicity, the EPa complex is
characterized by an angular CO2 molecule still bound to the
Mo at 2.14 F, whereas the Se�Mo distance is computed to
be 2.78 F. As a consequence, one oxygen atom from the
CO2 is involved in two H bonds with the Arg333 NH2


groups (1.98 and 2.04 F). So, the product molecule is not re-
leased from the metallic site when the enzyme is in the trip-
let electronic state.


All structures of the stationary points for both singlet and
triplet, are well described as trigonal prisms. The only excep-
tion is represented by the EPa complex in the triplet elec-
tronic state, the structure of which is closer to the octahedral
geometry (see Figure 1b). This is due to the fact that, in this
multiplicity, the CO2 is a good p-donor ligand, as its angular
disposition may confirm. In the other stationary points, s


bonding involving the d orbitals of molybdenum seems to
favour the trigonal prismatic arrangement. This preference
for the trigonal prismatic rather than for the octahedral co-
ordination around the metal as a function of the s and p-
donor character of the ligands was already described else-
where.[33,51]


Mechanism B : The B3LYP-optimized geometries of the spe-
cies belonging to the reaction catalytic sequence of
Scheme 1 for mechanism B are sketched in Figure 2, for sin-
glet (Figure 2a) and triplet (Figure 2b) multiplicities, respec-
tively.


The singlet ESb species shows a formate molecule bound
to the molybdenum atom through the oxygen atom at
2.07 F, whereas the SH group is located 2.43 F away from
the metallic centre. The negatively charged selenium of the
selenocysteine residue is involved in a H bond with the posi-


tive NH2 group of the Arg333 (2.31 F). As a consequence,
the distance between the hydrogen atom of the substrate
and the selenium is 5.16 F. This kind of interaction was also
found by Raaijmakers et al. in the reduced MoIV formate
dehydrogenase crystal structure,[9] and is claimed to be a
direct indication for the mechanism B.


Other hydrogen bonds are established between the for-
mate oxygen atom and one of two NH2 groups, and between
the terminal carboxyl of the SeCys–His dipeptide and both
the NH and NH2 moieties of Arg333.


For the ESb in the triplet state, the Oformate�Mo and the
Mo�SH distances are 2.12 and 2.54 F, respectively. In this
species, both the terminal Arg333 NH2 groups are involved
in two H bonds with the formate-unbound oxygen (bond
lengths are 1.70 and 2.30 F, see Figure 2). Because of this,
one of the NH2 groups of the arginine amino acid weakly in-
teracts with both the selenium and peptide carbonyl oxygen
atoms, but not with the terminal COOH of the SeCys–His
sequence.


The transition states in the two different multiplicities, the
nature of the saddle points of which is confirmed by the
imaginary frequencies at 907 and 416 cm�1, respectively, are


Figure 2. B3LYP-optimised geometries for the stationary points that
belong to the mechanism B, for singlet (a) and triplet (b) states, respec-
tively.
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characterized by the same network of hydrogen bonds that
involves the unbound oxygen atom of the substrate and the
terminal Arg333 NH2, and the other Arg333 NH2 group and
both the selenium and the carboxyl oxygen atom (see
Figure 2). The C�H and H�Se bonds assume values of 1.56
and 1.67 F, and 1.69 and 1.61 F, for the singlet and triplet,
respectively.


In the EPb species, the CO2 molecule is released from the
molybdenum centre (O�Mo distance is 4.62 and 4.51 F, for
the singlet and triplet, respectively). The SH group is re-
tained as a Mo ligand, and is involved in a hydrogen bond
with the protonated selenium (see distances in Figure 2).
Also for this adduct, the selenocysteine and the arginine res-
idues are involved in a weak interaction (NH2�SeH distance
is 2.46 and 2.49 F, for the singlet and triplet, respectively).
The coordination around the molybdenum in the low-spin
electronic state is square pyramidal, but for the high-spin
state the ligands are arranged in a distorted trigonal bipyra-
midal geometry. The other stationary points can all be de-
scribed as trigonal prismatic, as in the case of mechanism A.


The EPb adduct in the low-spin state possesses a structure
that is very similar to that shown by the E. coli FDH-H re-
duced form obtained by Raaijmakers et al.[9] The coordina-
tion around the Mo atom is best described as a square pyra-
mid in both cases. The average Mo�Sdithiolene distance is 2.32
and 2.36 F, in the crystal and optimised structure, respec-
tively. The apical sulfur atom is located at 2.07 F in the crys-
tal structure, and at 2.44 F in the B3LYP one. This discrep-
ancy might be due the fact that the apical ligand in the crys-
tallographic structure could be a S2� ion rather than SH�, as
questioned by authors.


The selenocysteine residue is still in the active site in the
EPb-optimised structure (Mo�Se distance is 6.13 F). This
means that it retains a very slight interaction with Arg333.
Instead, this residue lies at 12.23 F from Mo in the crystal
structure.[9] However, even if the crystal structure could
refer to a later step of the catalytic process, the hydrogen-
bonding pattern between the SeCys140 and Arg333 is well
reproduced.


Energetics of the two reaction mechanisms : The potential
energy surfaces (PESs) for both oxidation mechanisms A
and B of the formate substrate by the Mo-containing cluster
in the gas phase and in the protein environment (values in
parenthesis) are reported in Figure 3.


For both reaction paths, the rate-determining step is the
hydrogen abstraction from the carbon atom of the substrate,
which is performed by the selenium of the SeCys residue.


As far as mechanism A, which involves the SeCys140 resi-
due as a Mo ligand, is concerned the two ESa complexes in
the different multiplicities are practically degenerate (the
gas-phase energetic gap is only 0.9 kcalmol�1 and it becomes
0.2 kcalmol�1 as far as the protein environment is con-
cerned), so they may coexist.


TSa is found at 35.6 (singlet) and 38.6 kcalmol�1 (triplet),
above the initial minimum. Product complexes lie at 24.0
and 33.9 kcalmol�1, for the singlet and triplet, respectively.


Although the energetic profile seems to be more favoura-
ble for the reaction in the ground state, the activation ener-
gies required to oxidize the substrate to carbon dioxide are
in both cases very high (34.7 and 38.6 kcalmol�1, for singlet
and triplet, respectively). In addition, the complex between
the reduced active site and the CO2, in which the latter is
still bound to Mo, is decidedly less stable than ESa, so that
the reaction turns out to be very endothermic.


The presence of the protein environment, which is de-
scribed by a dielectric constant of e=4, does not introduce
meaningful effects, except for a strong stabilisation of the
EPa complex in the singlet state; this, however, does not
change the thermodynamic of the process.


In the mechanism in which the SeCys140 is in the un-
bound form (mechanism B), the energy gap between the
singlet and triplet ESb species is 8 kcalmol�1; the triplet is
the minimum-energy structure.


Transition states are found at 23.1 and 19.2 kcalmol�1, for
the singlet and triplet, respectively.


Finally, products are found 5.8 and 8.6 kcalmol�1 below
the minimum.


The triplet potential energy profile lies below that ob-
tained for the low-spin state, thus representing the minimum
energy path.


Figure 3. B3LYP potential energy profiles for mechanisms A (a) and
B (b), in the gas phase and protein environment (values in parenthesis).
a : singlet state, c : triplet state (e =4)
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As can be immediately noted from the PESs shown in
Figure 3, in mechanism B, the height of the barriers for the
formate oxidation are lower than those computed for mech-
anism A (19.2 for triplet, and 23.1 kcalmol�1, for singlet). In
particular, the one computed as far as the high-spin is con-
cerned is now in the range normally accepted for the enzy-
matic catalysis.


The formation of the EPb product is exothermic for both
electronic states.


Computations in the protein environment also indicate
the triplet PES as the minimum energy path, with an activa-
tion energy of 16.6 kcalmol�1, lower than the corresponding
one in the vacuum.


A simple explanation for the reliability of the mechanism
B with respect to the mechanism A can be found in the dif-
ferent values of net charge (see Table S1 in the Supporting
Information) exhibited by selenium in some key stationary
points on the PESs. When the selenium atom is coordinated
to the molybdenum atom (mechanism A), the lone pair nec-
essary to abstract the proton from the substrate is not fully
available because it is involved in the bonding with the clus-
ter (the net charge on Se is 0.149 and 0.062 je j , in the ESa
singlet and triplet species, respectively).


In the case of mechanism B, the net charge on Se is
�0.242 for singlet ESb and �0.319 je j for the triplet ESb.
This different charge distribution accounts for the better
character of catalytic base exhibited by the SeCys140 resi-
due in the mechanism B.


Thus, we can conclude that the selenium atom is a better
base at performing the proton abstraction from the substrate
when it is not bound to the metallic centre because in this
case, the lone pair present on the negative selenocysteine is
more available.


The role played by the Arg333 residue is to stabilize the
negative charge on the free selenol and to favour the coordi-
nation of the HCOO� to the metallic centre by orienting the
latter into a good position to undergo oxidation. For the step
sequence considered here, the His141 residue is involved in
catalysis by establishing weak interactions with the active site.


The main role is played by the catalytic base SeCys140, so
that the molybdenum has to first anchor the substrate in a
good position to be oxidized, and later participate in the cat-
alysis by accepting the electrons that come upon oxidation.


Although FDH and the other enzymes from the DMSO
reductase family catalyze very different reactions, we note
that, for the mechanism B, activation energies that occur in
the FDH catalysis are not so different from those obtained
for nitrate reductase (DE�=19.3 kcalmol�1).[33]


All these calculations were performed by assuming a
small effect on the energetic profiles by the surrounding
protein, which we have simulated by dielectric continuum
methods in the framework of a static representation of the
studied systems. In addition to these QM computations,
other calculations regarding the surrounding protein and the
dynamic behaviour should be carried out through QM/MM
and MD methods to enlarge the knowledge of the working
mechanism of this enzyme.


Prediction of barrier height of H-GGA and HM-GGA
methods : Table 1 summarizes the gas-phase activation ener-
gies computed for mechanism B at different levels of theory.
They were computed by considering the high-spin electronic
state.


H-GGA BHandHLYP and PBE1PBE provide an activa-
tion energy of 17.9 and 19.9 kcalmol�1, respectively. These
values are very similar to the one obtained with B3LYP
(19.2 kcalmol�1); PBE1PBE is the one that more closely
matches. This is quite expected because the behaviour of the
B3LYP functional is closer to the one of PBE1PBE rather
than to the BHandLYP, as was obtained for non-H-atom
transfer and H-atom transfer barrier heights.[52]


The values obtained with the HM-GGA functionals are
23.6 kcalmol�1 for MPWB1K, and 22.8 kcalmol�1 for
BB1K, with a difference of 0.8 kcalmol�1 between them.
The similarity of these two methods in the barrier height de-
termination is in agreement with the literature.[37]


H-GGA methods are found to provide smaller activation
energies than the HM-GGA methods, which seem to over-
estimate the barrier heights. Taking into account the most
recent benchmarking studies,[37] the B3LYP functional seems
to provide lower activation energies for our investigation
too.


To our knowledge, no kinetic data exist on Mo-containing
formate dehydrogenase, so that a direct comparison cannot
be made.


Conclusions


The catalytic mechanism of the Mo-containing formate de-
hydrogenase H enzyme was widely investigated at the densi-
ty functional level of theory. The model cluster used to sim-
ulate the active site of the enzyme was large enough to relia-
bly reproduce the oxidation of the formate molecule to CO2


as it is performed by this enzyme in the hydrogen metabolic
pathway.


The two different mechanisms derived from the presence
of bound (mechanism A) or unbound (mechanism B) sele-
nocysteine residue to the molybdenum site were taken into
account. For both mechanisms, two different electronic
states (singlet and triplet) were considered.


The oxidation reaction starts with the formation of a com-
plex between the substrate and the active site by the coordi-
nation of formate oxygen atom to the metal. Next, abstrac-


Table 1. Activation energy (in kcalmol�1) for the formate oxidation by
formate dehydrogenase at different DF levels.


Activation energy [kcalmol�1]


B3LYP 19.2
BHandHLYP 17.9
MPWB1K 23.6
BB1K 22.8
PBE1PBE 19.9
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tion of the proton from the formate carbon atom by the se-
lenium atom of the SeCys140 residue leads finally to the
products.


The activation barrier involved in the mechanism A, in
which the SeCys140 residue is retained as the Mo ligand,
was found to be higher than that computed for mechanism
B; this indicates that the oxidation reaction of HCOO� is ki-
netically favoured when this residue is in the unbound form.
Mechanism A is also unfavourable from the thermodynamic
point of view. Activation barriers become suitable for catal-
ysis only when the cluster is present as a high-spin triplet
species.


The Arg333 residue, which is highly conserved among all
the formate dehydrogenases H has a key role in catalysis be-
cause it stabilizes the negative charge present on the free se-
lenol.


The effects of the solvent are quite small, and, in the case
of minimum energetic path, reduce the activation barrier of
2.6 kcalmol�1.


Gas-phase activation energies have been computed with
some DFT functionals. HM-GGA methods, such as BB1K
and MPWB1K, provide a value for the activation energy
that is higher than the B3LYP one.


Based on these findings, the “unbound SeCys” mechanism
can be regarded with confidence as the preferred reaction
path followed by the Mo-containing formate dehydrogenase
enzyme.
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Combining G-Quadruplex Targeting Motifs on a Single Peptide Nucleic Acid
Scaffold: A Hybrid (3+1) PNA–DNA Bimolecular Quadruplex**


Alexis Paul,[a] Poulami Sengupta,[b] Yamuna Krishnan,[b] and Sylvain Ladame*[a]


Introduction


It has been known for several decades that DNA sequences
containing a high density of clustered guanine units are able
to adopt four-stranded secondary structures named guanine
(G) quadruplexes or tetraplexes in the presence of physio-
logical cations, notably K+ and Na+ (Scheme 1).[1] Converg-
ing data collected from computer simulation and in vitro
have revealed the high prevalence of such G-rich DNA se-
quences throughout the human genome.[2] Recently, there
has been considerable focus on quadruplexes, their cellular
functions, and their exploitation for biological intervention
towards therapeutics. The most widely studied DNA quad-
ruplexes are those derived from telomeric repeat sequen-
ces.[3–6] Biophysical studies on the human telomeric quadru-


Abstract: We describe the first G-
quadruplex targeting approach that
combines intercalation and hybridiza-
tion strategies by investigating the in-
teraction of a G-rich petide nucleic
acid (PNA) acridone conjugate 1 with
a three-repeat fragment of the human
telomere G3 to form a hybrid PNA–
DNA quadruplex that mimicks the bio-
logically relevant (3+1) pure DNA di-
meric telomeric quadruplex. Using a
combination of UV and fluorescence


spectroscopy, circular dichroism (CD),
and mass-spectrometry, we show that
PNA 1 can induce the formation of a
bimolecular hybrid quadruplex even at
low salt concentration upon interaction
with a single-stranded three-repeat
fragment of telomeric DNA. However,


PNA 1 cannot invade a short fragment
of B-DNA even if the latter contains a
CCC motif complementary to the PNA
sequence. These studies could open up
new possibilities for the design of a
novel generation of quadruplex ligands
that target not only the external fea-
tures of the quadruplex but also its
central core constituted by the tetrads
themselves.
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chroism · DNA recognition · eptide
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[**] 1 PNA+1 DNA= (3+1) quadruplex


Scheme 1. Top: structure of the first generation acridone–PNA conjugate
1. Bottom: planar array of four guanine units or a G tetrad (left) and
schematic representation of a bimolecular (3+1) G-quadruplex structure
(right) determined by NMR spectroscopy by Patel and co-workers.[16] .
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plex have provided valuable insight into its structural and
dynamic properties.[3]


NMR spectroscopic and X-ray crystallographic studies of
the intramolecular quadruplex formed from four human te-
lomeric repeats (GGGTTA) have revealed that it is highly
polymorphic.[4] Several lines of evidence link G quadruplex-
es with telomere maintenance[5] , given that telomeric DNA
in the quadruplex form is not a competent substrate for te-
lomerase.[6] Telomerase is crucial for immortality in most
human cancers, and therefore ligand-induced quadruplex
stabilization in telomeric DNA has potential as an antican-
ACHTUNGTRENNUNGcer therapeutic strategy.[7] Thus far, strategies for targeting
quadruplexes include small molecules,[8] complementary oli-
gonucleotides,[9] or engineered DNA-binding proteins.[10] An
original approach was also recently reported that uses an an-
thracene/diethylene triamine conjugate to induce intramo-
lecular parallel quadruplex formation from single-stranded
DNA through stacking of the anthracene moiety onto the
external G tetard and invasion of the central ion channel by
the triamine side chain.[11] Peptide nucleic acid (PNA) is a
synthetic mimic of DNA in which the negatively charged
phosphate backbone is replaced by a neutral polyamide
backbone, thus allowing it to hybridise in a sequence specif-
ic manner and with high affinity to either DNA or RNA.
Recently, it has been shown that carefully designed G-rich
PNA oligomers were also capable of forming PNA4 quadru-
plexes[12] , hybrid PNA2–DNA2,


[13] PNA2—DNA,[14] or
(PNA–DNA chimeras)4


[15] tetramolecular and trimolecular
quadruplexes.


A recent NMR spectroscopic study reported an unprece-
dented structure of a DNA fragment of the human telomer-
ic region containing three G-rich repeats, namely,
d(GGGTTAGGGTTAGGGT) in a solution of sodium cat-
ions.[16] An asymmetric dimeric quadruplex was formed in
which the G-tetrad core involved all three G tracts of one of
the strands and the G tract at the 3’-end of the second
strand. The three-repeat sequence could also associate with
the solitary G-rich unit d ACHTUNGTRENNUNG(GGGTTA) to form a bimolecular
complex called the (3+1) assembly. We, therefore, reasoned
that this bimolecular (3+1) structure could represent the
basis of a promising new design strategy for G-quadruplex
stabilizing ligands. These ligands could combine on a single
scaffold, binding elements that target simultaneously the
central core of the G-quadruplex structure and key external
features, that is, a G-rich PNA strand attached to a quadru-
plex binding platform. The G-rich PNA region could hybrid-
ize with the G-rich DNA clusters to form three hybrid G
tetrads, whereas the quadruplex binding platform could
stack on the resultant terminal G tetrad of the hybrid quad-
ruplex core. We chose an acridone as our DNA-binding
platform as it is a well-characterized G-tetrad end-stacker[17]


for which high quadruplex versus duplex DNA discrimina-
tion capabilities have been demonstrated when appending
appropriate side chains (e.g., 3-pyrrolidine propionamide).


We report herein the synthesis of ligand 1, a G-rich PNA–
acridone conjugate (Scheme 1), and demonstrate the suc-
cessful targeting of a three-repeat fragment of human telo-


meric DNA by the formation of a bimolecular (3+1) hybrid
quadruplex.


Results and Discussion


Design and synthesis : We designed PNA–acridone conjugate
1 such that 1) it incorporated a lysine moiety for water solu-
bility, 2) it contained three consecutive guanine units that
could each be part of a different G tetrad, and 3) the acri-
done was linked to PNA by a flexible linker and can there-
fore stack favorably with the top G tetrad of the hybrid
quadruplex once formed. Compound 1 was synthesized on
rink amide 4-methylbenzhydrylamine (MBHA) resin
(Merck Biosciences) using standard (9H-fluoren-9-yl-
ACHTUNGTRENNUNGmethoxy)carbonyl (Fmoc) chemistry. The structure of the
acridone was based on the bis(aminoalkylamido)acridone
quadruplex ligands[17] and was attached to the PNA by a gly-
cine linker. The acridone monomer 6 was synthesized in so-
lution in six steps that required no purification on silica gel
(Scheme 2).


The Ullman reaction between commercially available
methyl anthranilate and 2-chloro-5-nitrobenzoic acid by
using a modified version of a previously reported protocol[18]


afforded the bis ACHTUNGTRENNUNG(aryl)amine, which was almost quantitatively
converted into the corresponding acridone 2 after treatment
in polyphosphoric acid and precipitation in water. Reduc-
tion of the nitro group with tin(II) chloride under acidic
conditions afforded the amino acridone 3, which was treated
with 3-chloropropionyl chloride to form the corresponding
acridone amide 4. Nucleophilic addition of pyrrolidine on
the aliphatic halide generated the desired 3-pyrrolidine pro-
prionamide-substituted acridone methyl ester 5, which was


Scheme 2. Synthesis of the acridone carboxylic acid building block 6. Re-
agents and conditions: a) Cu, Cu2O, Cu ACHTUNGTRENNUNG(OAc)2, DMF, 160 8C, 1 h (50%);
b) PPA, 130 8C, 45 min (85%); c) SnCl2·2H2O, AcOH, HCl, 15 min, RT,
then 45 min, 80 8C (66%); d) 3-CPC, 60 8C, 24 h (85%); e) pyrrolidine,
DMF, 60 8C, 30 min (92%); f) NaOH, H2O, DMF, 50 8C, 40 min (89%).
DMF=N,N-dimethylformamide, PPA=polyphosphonic acid, 3-CPC=3-
chloropropionyl chloride.
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finally hydrolyzed under basic conditions to afford the de-
sired acridone carboxylate 6.


Characterization of a DNA1/PNA1 quadruplex : By using a
combination of UV, circular dichroism (CD), and fluores-
cence spectroscopic and mass-spectrometric analysis, we
have established the interactions between a three-repeat
fragment of human telomeric DNA d(GGGTTAGGGT-
TAGGG) G3 and the PNA–acridone 1. Fragment G3
formed a stable quadruplex (Tm=59.5 8C) in potassium
phosphate buffer (100 mm, pH 7.4 also containing 100 mm


KCl) at a strand concentration of 20 mm. Fragment G3 ex-
hibited a CD signature with two maxima at 260 and 295 nm
characteristic of a mixture of parallel and antiparallel G-
quadruplex conformations, respectively. When annealed in
the presence of an equimolar amount of PNA 1, the UV
thermal denaturation curve showed a melting transition at
Tm=60.5 8C, only one degree higher than for the DNA
alone (Table 1). However the CD profile was significantly


different with a main maximum at l=260 nm and a smaller
one at l=295 nm (Figure 1), thus indicting either 1) a
ligand-induced conformational switch of the dimeric DNA
quadruplex or 2) the formation of an alternative hybrid
PNA–DNA quadruplex structure that accounts for the new
CD signature.


Similar CD and UV spectroscopic experiments were car-
ried out but with decreasing concentrations of salt (either in
100 mm potassium phosphate buffer with no added KCl first
or in neat water at controlled pH 7.4). As expected for the
20 mm solution of G3, the Tm value decreased significantly
on lowering the potassium concentration: the Tm value went
from 59.5 to 51 8C on removing the additional 100 mm KCl
of the initial potassium phosphate buffer, and Tm<10 8C
when annealed in neat water (Table 1). A salt-dependent
shift in the Tm values was also observed for the equimolar
PNA/DNA mixture: the Tm value went from 60.5 to 55 8C
with no added KCl and Tm=23 8C in neat water (Table 1).
Interestingly, the difference in the Tm values between G3
alone and G3+1 equiv PNA 1 gradually increases on de-
creasing the salt concentration.


Cation-mediated stabilization of DNA quadruplexes is
mainly through 1) electrostatic screening of the negatively
charged DNA strands and 2) coordination of the eight O6


functional groups on the guanine units between the tet-
rads.[19] Contrary to this behavior, noncovalent PNA com-
plexes were shown to be slightly destabilized by cations[20]


and the previously reported PNA4 quadruplex showed com-
parable stability when annealed either in neat water or
100 mm sodium phosphate buffer.[12] Herein, we demonstrate
that the PNA/DNA complex is stabilized by potassium cat-
ions, although not as strongly as a pure DNA quadruplex. It
is also noteworthy that in experiments carried out with stoi-
chiometric mixtures of G3 and acridone 6 that lack the
PNA strand, no thermal stabilization or structural changes
of the quadruplex were observed (data not shown). This
finding rules out the possibility of a conformational change
of the G3 dimeric quadruplex induced by the acridone only
and reinforces the initial hypothesis of an active participa-
tion of the PNA in PNA–DNA hybrid quadruplex forma-
tion.


CD spectroscopic experiments were also carried out on
G3 and G3/PNA 1 complexes annealed either in potassium
phosphate buffer (with or without 100 mm KCl) or neat
water at pH 7.4 (Figure 1). Fragment G3 formed a mixed
parallel/antiparallel quadruplex in potassium phosphate
buffer but remained unstructured when annealed in neat
water, which is consistent with the reported data.[3] When
annealed in the presence of an equimolar amount of PNA 1,
G3 formed a mixed parallel/antiparallel quadruplex in po-
tassium phosphate buffer and neat water, which is consistent
with the UV/melting experiments that demonstrated that
PNA 1 could induce the formation of a quadruplex even
under conditions in which the dimeric DNA quadruplex


Table 1. Melting temperatures of DNA (20 mm G3) and DNA/PNA
(20 mm G3+20 mm PNA 1) in buffers containing different potassium con-
centrations.


Buffer composition Complex Tm [8C] DTm [8C][a]


100mm KH2PO4


pH 7.4+100mm KCl
G3 59.5


+1
G3+PNA 1 60.5


100mm KH2PO4 pH 7.4
G3 51.0


+4
G3+PNA 1 55.0


H20 pH 7.4
G3 <10 >+13
G3+PNA 1 23.0


[a] Difference in Tm values obtained under identical conditions for the
solutions of 20 mm G3+20 mm PNA 1 and 20 mm G3.


Figure 1. CD spectra of solutions of 20 mm G3 and 20 mm G3+20 mm


PNA 1 annealed in either potassium phosphate buffer 100 mm at pH 7.4
containing 100 mm KCl (empty triangles and squares), potassium phos-
phate buffer 100 mm at pH 7.4 (full triangles and squares) or neat water
at pH 7.4 (half-full triangles and squares).
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cannot form. Interestingly, 1) the absolute amount of quad-
ruplex formed decreased on decreasing the salt concentra-
tion, 2) the ratio of emissions at l=260/295 nm in the CD
spectra remains almost constant for either the G3 or G3/
PNA 1 complex whatever the buffer, and 3) this ratio re-
mains significantly higher for the PNA/DNA quadruplex
than for the pure DNA quadruplex. Taken all together,
these CD and UV spectroscopic data confirm that G3
forms a stable mixed parallel/antiparallel quadruplex struc-
ture, the stability of which is highly dependent on the salt
concentration. When annealed with a stoichiometric amount
of PNA 1, G3 also folds into a quadruplex, but with a differ-
ent conformation (more parallel-like), and the stability of
this new quadruplex is significantly less influenced by the
salt concentration. This outcome is consistent with the for-
mation of a hybrid PNA/DNA quadruplex with a participa-
tion of the PNA guanine units into mixed tetrads with the
guanine moieties of the G3 DNA strand. The difference in
the CD spectra between the pure DNA and hybrid PNA/
DNA quadruplex could be explained by an acridone-in-
duced orientation of the PNA strand. Indeed, whereas in
the dimeric DNA quadruplex the lagging strand that partici-
pates in only a quarter of each G tetrad can freely and
equally orientate in either way (all three guanine units are
in a syn or anti conformation), it is anticipated that the acri-
done will preferentially bind to the most polar face of a
quadruplex, and by this means will direct the positioning of
the PNA with respect to the DNA strand. Indeed, it was
previously reported that as a consequence of the position of
the loops, quadruplexes often have one face rich in nega-
tive-charge potential whereas the other is more hydropho-
bic.[21] Given that the acridone possesses a positively charged
side chain it is likely that it will preferentially interact with
the most polar face.


To determine the stoichiometry of this quadruplex, we
performed nano-electospray ionization mass spectrometry


(nano ESI-MS) on a mixture of DNA G3 and PNA 1. The
nano ESI mass spectrum showed multiple equidistant peaks
in the regime m/z 1540–1560 (Figure 2). The peak centred at
m/z 1546.2 showed fine structure (Figure 2, inset) with a
constant separation of 0.25�0.01, which indicates that the
peaks in this regime correspond to a quadruply charged spe-
cies. The associated molecular weight of this species (MW=


6181.5�2.5 Da) corresponds to a bimolecular complex that
is composed of one DNA strand and one PNA strand (cal-
culated molecular weight=6181.6 Da). Moreover, the family
of peaks in this regime centred at m/z 1550.59 and 1555.57
corresponded to the same complex associated with one
NH4


+ and one K+ cation, respectively. These results confirm
the formation of a (3+1) hybrid PNA1–DNA1 quadruplex.


To delineate the ability of acridone-bearing PNA 1 to effi-
ciently target such three G repeat sequences, its binding
with the former was further investigated. Quadruplex li-
gands such as quinacridines[22] or carbazoles[23] exhibit
changes in their fluorescent properties upon quadruplex
binding that efficiently report on their DNA binding affinity
and/or binding mode. Fluorescently labeled nucleic acid
probes that are capable of detecting DNA single-base mis-
matches were recently reported that exploit the fact that the
fluorescence of the intercalator is directly responsive to
local perturbations that arise upon hybridization of the
probe to the DNA target.[24] In these systems, interaction of
the fluorophore with G bases or G–C base pairs often result
in a significant quenching of fluorescence.


The emission of fluorescence of a solution of PNA 1 was
recorded under different conditions to ascertain whether
indeed the acridone moiety behaved as a quadruplex bind-
ing ligand (Figure 3). When 3 mm PNA 1 was annealed with
3 mm DNA G3 under quadruplex forming conditions, a pal-
pable increase in the fluorescence intensity (�40%) was
observed. This fluorescence enhancement was also accompa-
nied by a moderate red shift from l=431 to 436 nm. How-
ever, when 3 mm PNA 1 was incubated with 3 mm ssDNA (of
sequence similar to that of G3 but carrying three G!T mu-
tations to prevent quadruplex formation), it did not lead to
any significant changes in the fluorescence properties of the
acridone moiety. This result is consistent with a specific in-
teraction of PNA 1 with G3 that additionally incorporates a
stacking mode of the acridone moiety on a quadruplex core.
Indeed, whereas in the case of PNA 1 the fluorescence of
the acridone is likely to be quenched by free neighboring G
bases, a structuration of PNA 1 within a quadruplex confor-
mation, and of the three free guanine units in G-tertad for-
mation could prevent such quenching and account for the
observed fluorescence exhaltation.


To further investigate the nature of the binding interac-
tion between PNA 1 and the DNA fragment G3, we first ti-
trated a solution of 1 (3 mm) with increasing amounts of G3
prefolded into the quadruplex form as confirmed by CD
spectroscopic analysis. This procedure resulted in a gradual
decrease in the fluorescence intensity of the acridone
moiety. Interestingly, when the same experiment was per-
formed with increasing amounts of G3 in the unfolded


Figure 2. Nano ESI mass spectrum of an equimolar solution of DNA G3
and PNA 1 annealed in ammonium acetate buffer.
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single-stranded state it led to a significant increase in acri-
done fluorescence (Figure 3). Additionally, when a fixed
amount of PNA 1 was annealed with increasing amounts of
DNA G3 an increase in fluorescence intensity was observed
(data not shown) similar to that seen for the unfolded DNA
G3 (Figure 3). These results reflect two different binding
modes for 1 on interacting with either a preformed quadru-
plex or a quadruplex forming sequence in the single-strand-
ed state. Unlike nonfunctionalized G-rich PNA, PNA 1 is
not capable of invading the dimeric quadruplex of G3 once
formed within the timescales investigated. However, it is ca-
pable of inducing G-rich single-stranded DNA folding into a
quadruplex conformation even at room temperature and in
neat water, thus leading to a thermodynamically favored
hybrid structure (Scheme 3).


To demonstrate the influence of the acridone moiety on
both the stability and conformation of the complex formed
between PNA 1 and G3, an analogue of 1 that lacks the ac-
ridone platform, PNA 1b (of general sequence Lys-GGG-
NH2), was synthesized (Figure 4). The ability of 1b to form
a stable bimolecular quadruplex upon binding to DNA G3
was investigated using both UV and CD spectroscopic anal-


ysis in either 100 mm potassium phosphate buffer (pH 7.4)
with no added KCl or neat water (pH 7.4). A stoichiometric
mixture of PNA 1b and DNA G3 formed a stable quadru-
plex (Tm=52.5 8C) in 100 mm potassium phosphate buffer
that was slightly more stable than the G3 dimeric quadru-
plex (+1.5 8C) but less stable than the bimolecular hybrid
quadruplex formed from PNA 1 and G3 (�2.5 8C) under
similar conditions. The CD spectrum of this new hybrid 1b/
G3 quadruplex revealed a mixed parallel/antiparallel con-
formation with a main maximum at l=260 nm (Figure 4),
as previously observed with PNA 1. More striking is the ob-
servation that PNA 1b (which lacks the acridone platform)
proved unable to form a hybrid PNA/DNA quadruplex in


Figure 3. Top: fluorescence emission spectra (lex=410 nm) of 3 mm PNA
(dark-grey triangles), 3 mm PNA+3 mm ssDNA (pale grey squares), and
3 mm PNA+3 mm G3 DNA (black circles) in 100 mm potassium phos-
phate buffer at pH 7.4 containing 100 mm KCl. Bottom: plots of F/F0


(F= fluorescence intensity) versus the concentration of DNA G3 for the
titration of a 3 mm solution of PNA 1 in potassium phosphate buffer
100 mm at pH 7.4 containing 100 mm KCl with a solution of annealed G3
(black squares) or unstructured G3 (black triangles). Excitation was at
l=410 nm and emission was recorded at l=436 nm.


Scheme 3. Proposed modes of interaction of PNA 1 with G3 DNA.


Figure 4. Structure of PNA 1b and CD spectra of a stoichiometric mix-
ture of (20 mm G3+20 mm PNA 1b) annealed in either in potassium
phosphate buffer 100 mm at pH 7.4 (full line) or water at pH 7.4 (dotted
line).
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the absence of any salt, unlike that observed with PNA acri-
done conjugate 1 (Figure 4). This observation along with the
differences in Tm values measured in phosphate buffer dem-
onstrates the influence of the acridone moiety on the stabili-
ty of the hybrid quadruplex formed.


Interaction of PNA 1 with duplex DNA : The ability of the
PNA acridone conjugate to stabilize double-stranded DNA
was also examined using UV and fluorescence spectroscopic
analysis. PNA binding to double-stranded DNA can happen
through different binding modes. For example, one PNA
strand can interact with two complementary DNA strands
to form a PNA–DNA triplex or can also lead to duplex in-
vasion with the formation of a PNA–DNA heteroduplex.
Such an invasion has been demonstrated using a homopur-
ine PNA decamer that only forms a duplex with the comple-
mentary oligonucleotides.[25] Herein, we investigated the ca-
pacity of our PNA 1 to either invade or associate with two
B-DNA undecamers containing either a CCC motif comple-
mentary to the GGG PNA sequence (duplex B) or no se-
quence complementarity with PNA 1 (duplex A).


UV thermal denaturation experiments were carried out
on duplexes A and B alone and with a stoichiometric
amount of PNA 1. Melting temperatures (Tm) of 53 8C were
obtained for both duplexes A and B. Interestingly, no shift
in the Tm values was observed on incubating either duplex
A or B with PNA 1, thus suggesting that our GGG PNA ac-
ridone conjugate cannot invade and stabilize B-DNA, even
if the latter contains a CCC complementary sequence
(Figure 5). To further investigate the specificity of PNA 1
toward quadruplex versus double-stranded DNA, additional
UV thermal denaturation studies were carried out under
low salt conditions (i.e. , 10 mm potassium phosphate buffer,
pH 7.4 and no added salt). Conditions employing low salt
concentrations were previously reported to favor PNA bind-
ing to double-helix DNA.[26] Under those conditions, duplex
B proved moderately stable (Tm=36 8C). When incubated
with a stoichiometric amount of PNA 1, duplex B showed a
similar melting temperature of 36 8C, indicative again of an
absence of PNA-induced B-DNA stabilization. It is also
noteworthy that 1) most PNA moieties commonly designed
to invade duplex DNA and therefore interfere with DNA
transcription are significantly longer than PNA 1 and 2) hy-
bridization of 1 with a single strand of DNA containing a
complementary CCC motif (i.e. , ACGCCCTAAGC) did not
lead to the formation of stable hybrid PNA/DNA duplexes
or triplexes.


On titrating in a solution of 1 (3 mm) with increasing
amounts of B-DNA, a decrease in the fluorescence intensity
of the acridone was observed, which is comparable to that
observed for the titration with a solution of folded G3 quad-
ruplex (Figure 5). This finding is consistent with our previ-
ous model that the nonspecific interaction of PNA 1 with
either prefolded quadruplex or duplex DNA results in fluo-
rescence quenching, whereas only the specific involvement
of the PNA guanine units in G-tetrad formation leads to a
significant fluorescence enhancement.


Conclusion


We have reported a novel approach to target the human te-
lomeric DNA sequence that combines a hybridization and
an intercalation motif within a single scaffold. We have
shown that this strategy is successful and have characterized
the resultant (3+1) hybrid PNA1/DNA1 quadruplex, which
is the first of a new genre of hybrid quadruplexes that also
mimics one of the biologically relevant structures of the
human telomeric quadruplex. The hybrid PNA–DNA bimo-
lecular quadruplex showed increased stability at low salt
concentration relative to the corresponding DNA2 dimeric
quadruplex. These studies open up new possibilities for the
next generation of quadruplex ligands that target not only
the external features of the quadruplex but also its central
core constituted by the tetrads themselves. The absence of
PNA-induced B-DNA stabilization also reinforces the po-
tential of such conjugates as quadruplex specific ligands.
However, because of the inability of PNA 1 to invade a di-
meric quadruplex by displacement of one DNA strand,
PNAs with increased affinity will be necessary before such
quadruplex targeting strategy can be used in vivo. The
design of second generation ligands containing two quadru-


Figure 5. Top: Virtually superposed UV thermal denaturation curves
(heating curve) of 4 mm duplex A, 4 mm duplex A+4 mm PNA 1, 4 mm


duplex B, and 4 mm duplex B+4 mm PNA 1. Buffer was potassium phos-
phate buffer 100 mm at pH 7.4 containing 100 mm KCl. Bottom: plots of
F/F0 versus B-DNA concentration for the titration of a 3 mm solution of
PNA 1 in potassium phosphate buffer 100 mm at pH 7.4 containing
100 mm KCl, with a solution of either noncomplementary duplex A
(squares) or complementary duplex B (circles). Excitation was at l=


410 nm and emission was recorded at l =436 nm.
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plex binding platforms at both ends of the PNA strand that
could significantly improve the stability of the hybrid quad-
ruplex are currently being developed. Considering the in-
creasing interest in DNA quadruplexes as either therapeutic
targets in biology or supramolecular objects in nanosciences,
ligands that can target DNA sequences containing only
three clusters of guanine units, even under conditions in
which DNA quadruplexes cannot readily form (low salt con-
centration), could be highly valuable.


Experimental Section


1H and 13C NMR spectra were recorded by using a Bruker Avance DRX
400 spectrometer at 400 and 100.6 MHz, respectively. Chemical shifts are
reported as d values (ppm) with reference to the residual solvent peaks.
All the reagents and solvents were obtained from commercial sources
and used without further purification. Purification of PNA acridone con-
jugate 1 was performed using a Gilson HPLC using a reverse-phase C18


column with gradients combining buffers A and B: buffer A=H2O+


0.1% trifluoroacetic acid (TFA)); buffer B= (MeCN+0.1% TFA).


2-{[2-(Methoxycarbonyl)phenyl]amino}-para-nitrobenzoic acid :[17] A mix-
ture of 2-chloro-para-nitrobenzoic acid (5 g, 25 mmol), methyl anthrani-
late (5 g, 33 mmol), copper powder (190 mg, 3 mmol), Cu2O (140 mg,
1 mmol), and Cu ACHTUNGTRENNUNG(OAc)2 (360 mg, 2 mmol) were stirred at 160 8C in DMF
(120 mL) for 3 h and then allowed to slowly warm to room temperature.
After filtration through a thin layer of silica between two layers of celite,
the addition of aqueous 0.1m HCl (120 mL) and vigorous stirring led to
the formation of an orange precipitate. The desired product was obtained
as an orange solid (4 g) by filtration and used for the subsequent step
without further purification (50%). 1H NMR ([D6]DMSO, 400 MHz): d=


8.15 (brm, 2H), 7.98 (d, J=7.6 Hz, 1H), 7.67 (d, J=7.8 Hz, 1H), 7.66 (s,
1H), 7.60 (t, J=7.8 Hz, 1H), 7.17 (t, J=7.6 Hz, 1H), 3.88 ppm (s, 3H).


Methyl-3-nitro-acridone-5-carboxylate (2):[17] A mixture of 2-{[2-(meth-
ACHTUNGTRENNUNGoxycarbonyl)phenyl]amino}-para-nitrobenzoic acid (1 g, 3.2 mmol) and
polyphosphoric acid (10 g) was heated at 130 8C for 45 min. Water was
added after cooling to room temperature, which led to the formation of a
bright-yellow solid. The solid was removed by filtration, washed with
water, and dried under vacuum. The acridone compound was obtained as
a yellow solid (0.8 g, 85%). 1H NMR ([D6]DMSO, 400 MHz): d =9.02 (s,
1H), 8.55 (d, J=7.2 Hz, 1H), 8.47 (d, J=7.2 Hz, 1H), 8.41 (d, J=8.4 Hz,
1H), 8.02 (d, J=8.4 Hz, 1H), 7.44 (t, J=7.2 Hz, 1H), 4.03 ppm (s, 3H).


Methyl-3-aminoacridone-5-carboxylate
(3):[17] A mixture of 2 (1 g, 3.4 mmol),
tin(II) chloride (3 g), and concentrated
HCl (5 mL) was stirred vigorously for
20 min in glacial AcOH (20 mL). The
reaction mixture was heated at 80 8C
for 40 min and cooled to room temper-
ature before water (80 mL) was added
to allow the amino acridone to precipi-
tate. After filtration and subsequent
washes with ethyl acetate and diethyl
ether, the desired product was ob-
tained pure as a yellow powder (0.6 g,
66%). 1H NMR ([D6]DMSO, 400 MHz): d=8.46 (dd, 2J=8 Hz, 3J=


1.8 Hz, 1H), 8.33 (dd, 2J=8 Hz, 3J=1.8 Hz, 1H), 7.93 (d, J=8 Hz, 1H),
7.28 (t, J=8 Hz, 1H), 6.62 (dd, 2J=8 Hz, 3J=1.8 Hz, 1H), 6.54 (d, J=


1.8 Hz, 1H), 3.98 ppm (s, 3H); HRMS: m/z calcd for C15H13N2O3
+ :


269.0921; found: 269.0914.


Methyl-3-(3-chloropropionamide)-acridone-5-carboxylate (4): A suspen-
sion of 3 (0.5 g, 1.9 mmol) in 3-chloropropionyl chloride (20 mL) was
heated at 60 8C for 24 h. The product precipitated at room temperature
by the addition of diethyl ether and was collected by filtration. The re-
sulting dark-yellow powder was washed with ethyl acetate, water, and di-


ethyl ether, thus affording the desired product pure as a pale-brown solid
(0.6 g, 85%). 1H NMR ([D6]DMSO, 400 MHz): d =7.61 (d, J=8.4 Hz,
1H), 7.47 (d, J=8 Hz, 1H), 7.32 (s, 3H), 7.26 (d, J=8.4 Hz, 1H), 6.44 (t,
J=8 Hz, 1H), 6.40 (d, J=8 Hz, 1H), 3.08 (s, 3H), 3.02 (t, J=6 Hz, 4H),
2.03 ppm (t, J=6 Hz, 2H); 13C NMR (DMSO, 100 MHz): d=176, 169.5,
168, 144.5, 141.4, 141.3, 136.5, 133, 127.5, 122, 120.5, 117, 115.2, 114.8,
106.4, 53.2, 41, 24 ppm; HRMS: m/z calcd for C18H15ClLiN2O4


+ :
365.0875; found: 365.0861.


Methyl-3-[3-(pyrrolidin-1-yl)propanamido]-acridone-5-carboxylate (5):
Pyrrolidine (500 mL, 5.6 mmol) was added to a solution of 4 (0.5 g,
1.4 mmol) in DMF (2.5 mL). The reaction mixture was stirred at 60 8C
for 30 min until the reaction had gone to completion. After cooling to
room temperature, diethyl ether was added to precipitate a yellow solid.
After recrystallization from diethyl ether, the desired product was ob-
tained pure as a yellow solid (0.5 g, 92%). 1H NMR ([D6]DMSO,
400 MHz): d=8.54 ( d, J=7.8 Hz, 1H), 8.42 (d, J=7.8 Hz, 1H), 8.20 (s,
1H), 8.20 (d, J=7.8 Hz, 1H), 7.39 (t, J=7.8 Hz, 1H), 7.38 (d, J=7.8 Hz,
1H), 4.00 (s, 3H), 3.47 (t, J=6 Hz, 2H), 1.85 (t, J=6 Hz, 2H), 3.10 (brm,
4H), 1.97 ppm (brm, 4H); 13C NMR ([D6]DMSO, 100 MHz): d =176,
169.5, 168, 144.5, 141.4, 141.3, 136.5, 133, 127.5, 122, 120.5, 117, 115.2,
114.8, 106, (53.5, 2C), 53.2, 50, 33 ppm (23, 2C); HRMS: m/z calcd for
C22H24N3O4


+ : 394.1761; found: 394.1789.


Sodium-3-[3-(pyrrolidin-1-yl)propanamido]-acridone-5-carboxylate (6):
An aqueous solution of NaOH (0.96 mL, 1m, 1.5 equiv) was added to a
solution of 5 (0.25 g, 0.64 mmol) in DMF (10 mL). The reaction mixture
was stirred at 50 8C for 40 min. After removal of the water through evap-
oration, diethyl ether was added. The resulting precipitate was collected
by filtration and triturated with diethyl ether until a yellow solid was ob-
tained. The solid was washed with ethyl acetate and diethyl ether, thus
leading to the desired carboxylate acridone pure as a light-yellow solid
(0.23 g, 89%). 1H NMR (D2O, 400 MHz): d=7.88 (d, J=7.2 Hz, 1H),
7.72 (d, J=7.2 Hz, 1H), 7.18 (d, J=8.8 Hz, 1H), 6.85 (t, J=7.2 Hz, 1H),
6.51 (s, 3H), 6.17 (d, J=8.8 Hz, 1H), 2.64 (t, J=7.2 Hz, 2H), 2.55 (brm,
4H, brm), 2.20 (t, J=7.2 Hz, 2H), 1.73 ppm (brm, 4H); 13C NMR (D2O,
100 MHz): d=177, 173, 171, 141.5, 140, 139, 136, 129, 126, 120.5, 119.9,
119.8, 115, 113.5, 104, (53.5, 2C), 50, 35 ppm (23, 2C); HRMS:
m/z calcd for C21H22N3O4


+ : 380.1605; found: 380.1616.


MALDI-TOF spectra of PNA 1 and 1b : PNA 1 and 1b were synthesized
on a solid support using Fmoc chemistry. The PNA strand was cleaved
from the resin with a 95% TFA solution and purified by HPLC. The
final compounds were characterized by HRMS (MALDI-TOF): PNA 1:
m/z : calcd for C62H77N28O14: 1437.617; found: 1437.675 [M+H]+ . PNA
1b : m/z : calcd for C39H55N24O10: 1019.446; found: 1019.542 [M+H]+ .


DNA oligonucleotide preparation : All oligonucleotides were purchased
from Sigma Genosis. All concentrations were expressed in strand molari-


ty with a nearest-neighbor approximation for the absorption concentra-
tions of the unfolded species. The DNA and hybrid PNA: DNA quadru-
plexes were prepared in 100 mm potassium phosphate buffer containing
100 mm KCl at pH 7.4. After heating to 95 8C for 5 min, the solution was
slowly cooled for 6 h to room temperature and the oligonucleotide solu-
tions were finally stored at 4 8C.


Oligonucleotide sequences : G3 d(GGGTTAGGGTTAGGG), ssDNA
d(GTGTTAGTGTTAGTG), duplex A d(GCATAGTGCGT) hybridized
with its complementary sequence, and duplex B d(GCTTAGGGCGT)
hybridized with its complementary sequence.
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Fluorescence spectroscopy: Fluorescence emission spectra were recorded
in quartz cells at 20 8C by means of a Jobin Yvon Fluorolog 3.22 instru-
ment. The excitation and emission bandwidths were fixed to 5 and 5 nm,
respectively. Fluorescence titration experiments were carried out by
using a 500-mL quartz cuvette containing a solution of 3 mm PNA–acri-
done conjugate 1 in 100 mm potassium phosphate buffer containing
100 mm KCl (pH 7.4). Concentrated DNA aliquots (from a 150 mm stock
solution) were directly added to the PNA solution. The spectra were re-
corded between l=420 and 520 nm while exciting at 410 nm.


UV spectroscopy : Absorption spectra were recorded by using a Uvicon
XL spectrophotometer. Quadruplex and duplex DNA melting curves
were recorded at wavelengths of l =295 and 260 nm, respectively, be-
tween 15 and 90 8C at 0.5 8Cmin�1. For quadruplex melting, the DNA
(and PNA when appropriate) concentration was 20 mm. For duplex melt-
ing, the DNA (and PNA when appropriate) concentration was 4 mm.


CD spectroscopy : CD spectra were recorded by using a Jobin-Yvon spec-
trophotometer in a 2 mm pathlength cuvette (300 mL). Spectra were re-
corded at 25 8C from l=320 to 220 nm and are presented at an average
of three successive scans. Finally, all the spectra were subtracted from a
baseline corresponding to the buffer alone (100 mm potassium phosphate
buffer containing 100 mm KCl) when appropriate.


Nano ESI-MS : All mass-spectrometric measurements were performed by
using a Micromass ESI-MS Q-TOF Ultima Mass Spectrometer (Man-
chester, UK) with microchannel plate detector. Noncovalent nano ESI-
MS spectra were collected in positive-ion mode for the PNA–DNA com-
plex and the negative-ion mode for the sample containing DNA alone. A
1:1 PNA/DNA solution with a strand concentration of 1 mm, prepared in
150 mm ammonium acetate buffer (pH 7) was heated to 95 8C, annealed
to room temperature over 3 h, and equilibrated at 4 8C overnight. A
500 mm solution containing DNA was also prepared similarly. Just prior to
injection, the equilibrated DNA/PNA complex was diluted fivefold with
isopropanol/water (1:4). The solution of DNA was similarly diluted five-
fold with methanol/water (1:4) The source parameters employed during
acquisition of the mass spectra: source temperature: 20 8C; capillary volt-
age: 2 and �2.23 kV for the PNA/DNA and DNA complexes, respective-
ly; cone voltage: 70 V.
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Mechanistically Inspired Catalysts for Enantioselective Desymmetrizations
by Olefin Metathesis
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Alain Grandbois, and Shawn K. Collins*[a]


Introduction


Asymmetric olefin metathesis has tremendous potential as
an asymmetric technology because it has both inter- and in-
tramolecular variants, and results in the effective formation
of carbon–carbon bonds under mild and neutral condi-
tions.[1] Although the standard for asymmetric olefin meta-
thesis remains the Mo-based catalysts developed by Schrock
and Hoveyda, the development of chiral Ru-based catalysts
such as 1 and 2 (Figure 1), has continued to gain momentum
due to their bench stability and tolerance of functional
groups.[2–5] In many instances, the enantioselectivity in asym-
metric olefin metathesis reactions catalyzed by Ru-based
catalysts is improved through the addition of NaI as an addi-
tive. This results in substitution of the Cl� ligands bound to
Ru by I� ligands and increases the enantioselectivity of sev-
eral different asymmetric processes. A downside to this
strategy is that iodide substitution can also affect the reac-
tivity of the catalyst, which is normally decreased. The lack
of sufficient reactivity in a catalyst can limit its substrate
scope. Herein we report the development of new highly re-
active catalysts for asymmetric desymmetrization reactions that afford high enantiomeric excess (ee) values without the


use of halide additives.


Results and Discussion


Recent studies into the ligand dynamics[6] of Ru-based cata-
lysts and the origin of stereoinduction in asymmetric Ru-cat-
alyzed metathesis reactions[7] have shed light onto how to
design more effective catalyst systems. Recently, our group
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Figure 1. Olefin metathesis catalysts. PCy3= tricyclohexylphosphine;
Mes=2,4,6-trimethylphenyl.
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designed the new Ru-based catalyst 4, which possesses a C1-
symmetric N-heterocyclic carbene (NHC) ligand for desym-
metrization reactions.[8] The ligand design was based upon
work by Chen and co-workers who prepared a Ru-based
olefin metathesis catalyst 3 containing a bidentate phosphine
ligand (Figure 1). During the metathesis catalytic cycle, the
two different diastereomeric carbenes possible, each exhibit
a different reactivity.[9] Moreover, stereoisomeric carbenes
have been implicated in AROM/CM (AROM=asymmetric
ring-opening metathesis, CM=cross metathesis) processes
involving catalyst 2.[10] We attempted to exploit these con-
cepts in the design of an asymmetric catalyst. Thus, the C1-
symmetric NHC ligand of catalyst 4,[11] was constructed with
an N-methyl group located syn to the carbene to afford in-
creased levels of reactivity. The enantioselectivity would be
controlled by the tBu groups of the NHC backbone, which
exert a chiral relay effect upon the adjacent N-aryl group.
Unfortunately, when catalyst 4 was used in the desymmetri-
zation of trienes, the enantioselectivity (ee) varied depend-
ing on the size of the ring formed. The triene 7 underwent
cyclization with 4 to afford the corresponding five-mem-
bered ring heterocycle in 82% ee, but the triene 8 cyclized
to the corresponding six-membered ring in only 28% ee
(Scheme 1).


Due to the abundant literature precedent indicating that
iodide additives can help boost enantioselectivities in de-
symmetrization processes, we investigated the use of both
NaBr and NaI as additives in the desymmetrization of tri-
enes (Table 1). When the cyclization of triene 7 was con-
ducted in the presence of NaBr, the ee decreased to 68%
and was even lower when NaI was used (48% ee). This was
surprising as there were no previous reports of diminished ee
values when halide additives were used. In fact, Grubbs and
co-workers observed a large increase in ee (35 to 90%)
during the desymmetrization of 7, by using NaI as an addi-
tive with catalyst 1a. The conversion of triene 7 with either
1a or 4 was not affected by the halide additives. Intrigued
by these observations, we also conducted the same experi-
ments with triene 8. In the presence of NaBr or NaI addi-
tives, the ee values for the cyclization of 8 with catalyst 4
were observed to increase incrementally to 34 and 42% ee
respectively. Grubbs and co-workers have reported that cyc-


lization of 8 with catalyst 1a in the presence of NaI affords
excellent conversion (>98%) and ee (90%). The cyclization
of triene 9 in the presence of NaBr afforded only a slight in-
crease in ee to 64% from 60% and no conversion was ob-
served when NaI was used. Triene 10 differs from 7 in that
it lacks methyl groups on the olefins. The cyclization of 10
in the presence of additives afforded slight increases in ee.
This is in contrast to what was observed with triene 7, how-
ever the slight increase in ee for substrate 10 is similar to
what was observed by Grubbs.
The above studies demonstrate that the use of halide ad-


ditives is not certain to afford high ee values with all sub-
strates and catalysts. Given the failure of halide additives to
induce higher levels of enantiomeric excess with catalyst 4,
we were forced to envision new catalyst modifications that
could improve the enantioselection for desymmetrization of
trienes such as 8 and 9. However, any catalyst modifications
would have to conserve the high reactivity observed with 4.
On examining the mechanism for olefin metathesis, we the-
orized that a possible explanation for the lower ee values
observed with these trienes might be that NHC rotation is
possible during the catalytic cycle (Scheme 2). The oscilla-
tion of the carbene of 4 during the catalytic cycle is depicted
in Scheme 2. During the desymmetrization of trienes 7 and
8, the ring-closing step takes place at intermediate C, but


Scheme 1. Desymmetrization reactions of alkenes 7 and 8 with catalyst 4.


Table 1. ARCM[a] reactions with NaI and NaBr as additives.


Triene n Additive[b] ee [%][c] Conv [%][d]


1 none 82 >98
NaBr 68 >98
NaI 48 >98


2 none 28 >98
NaBr 34 >98
NaI 42 41


3 none 60 >98
NaBr 64 93
NaI – –


none 33 >98
NaBr 35 >98
NaI 42 >98


[a] ARCM=asymmetric ring-closing metathesis. [b] The solvent was
CH2Cl2 in the absence of additives and THF when additives were used.
Catalyst 4 and the additive were stirred in THF for one hour prior to the
addition of substrate. [c] Enantiomeric excesses were determined by
chiral GC: see the Supporting Information for chromatograms. [d] Deter-
mined by 1H NMR spectroscopy of the crude reaction mixture.
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the relative rate at which the ring-closing process occurs
should differ because cyclization of 7 produces a five-mem-
bered ring and cyclization of 8 produces a six-membered
ring. If the ring-closing reaction of 8 were to be sufficiently
slow as to permit NHC rotation at intermediate C during
the catalytic cycle, then intermediate D would be formed.
The subsequent ring closure of intermediate D would take
place in an achiral environment and erode the ee. Thus,
NHC rotation may be the cause of the low ee values ob-
tained in the desymmetrization to form six- and seven-mem-
bered rings,[8] in which the rate of ring closure may compete
with NHC rotation.
NHC rotation has been observed in derivatives of catalyst


4, such as when its corresponding Hoveyda version 11 was
prepared. Interestingly, catalyst 11 was not formed as a
single rotational isomer like 4. In addition, NOE studies
confirmed that the NHC ligand of 11 was rotating at room
temperature (Figure 2).[12] If the NHC was capable of rota-
tion in the precatalyst, it was highly likely that NHC rota-
tion could occur during the catalytic cycle.
We were interested in seeing if NHC rotation in catalyst


11 would affect the enantioselective desymmetrizations to a
significant extent compared with catalyst 4. Interestingly,
when 11 was evaluated in two desymmetrization reactions,
the reactivity profile and enantioselectivities were similar to
those observed with 4 (Table 2). For example, the ring clo-
sure of trienes 7 and 9 with either 4 or 11 afforded ee values
within 1–3% of each other. Given the similarity of the re-
sults and that the NHC ligands of catalysts 4 and 11 are
identical, we assume that although the NHC in 11 is rotating
at room temperature, the reaction takes place in the confor-
mation in which the N-methyl group is syn to the carbene at


a much faster rate than when the N-aryl group is syn to the
carbene. This is purely an assumption, and it should be
noted that the rates of initiation of 4 and 11 are likely to be
significantly different.
Consequently, we envisioned preparing catalysts 5 and 6,


which possess additional aryl substituents (R1, see
Scheme 2). It was believed that the bulky tBu or Me groups


Scheme 2. Catalytic cycle for olefin metathesis, which involves carbene
rotation during a desymmetrization process.


Table 2. ARCM reactions with chiral ruthenium catalysts 4 and 11.


Entry Triene Catalyst ee [%][a] conv [%][b]


1 7 4 82 >98
11 81 >98


2 9 4 60 >98
11 57 >98


[a] Enantiomeric excesses determined by chiral GC: see the Supporting
Information for chromatograms. [b] Determined by 1H NMR spectrum of
the crude reaction mixture.


Figure 2. NOE spectroscopic analysis of catalyst 11 indicates rotation at
21 8C.
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on the N-aryl substituent would be oriented towards the car-
bene and chloride ligands and hence, might significantly
hinder rotation of the NHC ligand and thus increase the
energy barrier between intermediates C and D during the
catalytic cycle.
The NHC ligands 14 and 15 were prepared by using estab-


lished synthetic protocols[12] that were based upon those
used for the preparation of catalyst 4. The tetrafluoroborate
salts 14 or 15 were treated with (CF3)2CH3COK and Grubbs
1st generation catalyst in toluene at 60 8C for 6 h to afford
the catalysts 5 and 6 in 42 and 44% yield respectively
(Scheme 3). Both catalysts were isolated as a mixture of ro-


tational isomers, in which NOE studies were used to deduce
that there was no NHC rotation in either precatalyst at
room temperature. The catalyst 5 was isolated in a 16:1 syn/
anti ratio, whereas catalyst 6 was isolated in a 3.9:1 syn/anti
ratio.[13] Neither of the two rotational isomers of either cata-
lyst could be separated by column chromatography.
Based upon the prior observations with catalyst 4, we as-


sumed that metathesis reactions involving the catalysts 5
and 6 would still show a high reactivity profile similar to
what was observed for catalyst 4. Indeed, in a series of test
reactions, catalysts 4 and 6 were allowed to react with triene
7 for five minutes and a >95% conversion was observed in
both cases.[14] A similar experiment was carried out with
triene 16. After five minutes, the catalyst 4 had achieved
37% conversion to the product while catalyst 6 had already
achieved 93% conversion. Despite the fact that catalysts 5
and 6 were obtained as a mixture of isomers, their reactivity
profiles are similar to or better than the parent catalyst 4.
We assume that all significant reactivity from catalysts 5 and
6 occurs from the major syn isomer. Hence, we would also
assume that the anti isomers of catalysts 5 and 6 would not
significantly contribute to any observed enantioselectivity
obtained during desymmetrizations.[15]


We then tested catalysts 5 and 6 in various desymmetriza-
tion reactions and compared their results with those ob-
tained with catalysts 4 and 1 ACHTUNGTRENNUNG(Table 3).[16, 17] For all entries,
catalysts 4, 5, and 6 are compared with catalysts containing
similar N-aryl substituents, and with the best results ob-
tained to date for that particular substrate.


We were particularly interested in whether it was possible
to consistently attain high ee values in the absence of addi-
tives. For the ring closure of triene 7 to afford a five-mem-
bered ring, the ee values obtained with catalysts 5 and 6
were similar to those obtained with catalysts 4 and 1b when
NaI was used as an additive. Catalyst 1c can produce simi-
larly high levels of enantiomeric excess in the desymmetriza-
tion of 7 with additives, however in the absence of NaI the
ee decreases.
In the desymmetrization to form six-membered rings, cat-


alyst 6 was the optimal catalyst. In the desymmetrization of
8, the six-membered ring product was obtained in 92% ee—
a significant increase from the 28% ee that was obtained
with catalyst 4! In addition, the ee is again slightly improved
from that obtained with a mixture of 1a and NaI. Similar re-
sults were obtained for the ring-closing reaction of triene 16,
which was previously isolated in very low ee by using cata-
lyst 4. Gratifyingly, the cyclization with catalysts 5 and 6
gave the product in 75 and 94% ee respectively. Catalyst 1c
has been shown to afford similarly high levels of ee with
substrate 16, both with and without the use of NaI as an ad-
ditive, however use of NaI causes the conversion to decrease


Scheme 3. Synthesis of new catalysts: reaction conditions:
a) (CF3)2CH3COK (1.5 equiv), PhMe then (PCy3)2Cl2Ru=CHPh
(1 equiv), 60 8C, 6 h. Only the major syn rotational isomer is shown
above.


Table 3. ARCM reactions to form five- and six-membered rings.


Triene n Catalyst[a] Additive ee [%][b] conv [%][c]


1 1b – 30 >98
1b NaI 87 >98
1c – 46 >98
1c NaI 90 >98
4 – 82 >98
6 – 82 >98
5 – 81 >98


2 1a NaI 90 >98
4 – 28 >98
6 – 92 >98


1b – 75 >98
1b NaI 85 >98
1c – 92 >98
1c NaI 92 58
4 – 6 >98
6 – 94 >98
5 – 75 >98


1a – 16 72
1a NaI nd[d] <2
1d – 45 92
4 – 15 >98
6 – 37 >98


[a] Catalyst loadings: 1 (2 mol%), 1 with NaI (4.0 mol%), 4–6
(2.5 mol%). The solvent was CH2Cl2 in the absence of additives and
THF when additives were used. Catalysts and 25 equiv of NaI were
stirred in THF for one hour prior to the addition of substrate. [b] Enan-
tiomeric excesses were determined by chiral GC (see the Supporting In-
formation for chromatograms). [c] Determined by 1H NMR spectroscopy
of the crude reaction mixture. For catalysts 4–6, no other products result-
ing from decomposition or from homocoupling are ever observed.
[d] nd=not determined.


Chem. Eur. J. 2008, 14, 8690 – 8695 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8693


FULL PAPEREnantioselective Desymmetrizations by Olefin Metathesis



www.chemeurj.org





significantly. In addition, the ring closure of triene 17 with
catalyst 6 also afforded a higher ee than was observed with 4
(37% vs. 15%). Catalyst 1a affords the product in only
16% ee in the cyclization of 17 and lower conversion. Cata-
lyst 1d affords the highest ee for this substrate. In this case,
the use of NaI as an additive with catalyst 1a caused the re-
action to completely shutdown, demonstrating the possible
pitfalls of adding halides.
We also surveyed desymmetrizations to form seven-mem-


bered rings (Table 4). In the desymmetrization of 9 and 18,


catalyst 6 gave either comparable or slightly higher enantio-
selectivities than those obtained with 1c. For example, the
trienes 9 and 18 were cyclized in 88 and 94% ee respectively
with catalyst 6. Again, the advantage of these catalysts is
that halide additives, typically added with Ru-based cata-
lysts,[2,3, 18] are not necessary to obtain high enantioselectivi-
ties. For example, the cyclization of 18 with catalyst 1a using
a NaI additive could afford similar ee values to catalyst 6,
but the conversion dropped to 5%. In addition, the conver-
sions of triene 18 are higher with catalyst 6 than with 1c.


Conclusion


The catalyst 6 was prepared by using mechanistic insight
gained from previous studies. This catalyst affords high
enantioselectivities in desymmetrization reactions without
the need for halide additives. The monodentate NHC ligand
of 6 was constructed by using a C1-symmetric design to
afford both high reactivity and high enantioselectivity. Cata-


lyst 6 highlights that the rotational barrier of NHC ligands
in these catalysts may play a large role in determining their
reactivity and that it may be exploited in designing new
asymmetric catalysts. Although many studies into improving
the reactivity of Ru-based metathesis catalysts have cen-
tered on varying the structure of the benzylidene ligand,[19]


there has been renewed interest in employing modified
NHCs[20] to develop better catalysts, hence the studies de-
scribed herein should be of interest. The results with catalyst
6 also add further weight to the molecular modelling and ex-
perimental studies, which suggest that the carbene oscillates
during the catalytic cycle. The N-alkyl unit of the C1-sym-
metric NHC is of interest. The electronic and steric effects
of this unit on asymmetric olefin metathesis reactions are
currently under study. We are currently evaluating catalysts
analogous to 5 and 6, which contain different N-alkyl groups
in the hope of further clarifying the hypothesis of NHC ro-
tation. Nonetheless, the high level of reactivity and selectivi-
ty of these catalysts could open new avenues for asymmetric
olefin metathesis.
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Probing Metal Binding in the 8–17 DNAzyme by TbIII Luminescence
Spectroscopy


Hee-Kyung Kim, Jing Li, Nandini Nagraj, and Yi Lu*[a]


Introduction


Metal ions are important cofactors in biology for expanding
the functionality of biomolecules. They are found in one
third of structurally characterized proteins and almost half
of all proteins overall. Ribozymes and deoxyribozymes (or
DNAzymes), with even smaller numbers of available func-
tional groups, depend even more on metal ions for their
functions than proteins do. Not surprisingly, most ribozymes
and deoxyribozymes require metal ions for structure and ac-
tivity.[1–5] A good example is the 8–17 DNAzyme, isolated by
in vitro selection under several different sets of conditions
for cleaving substrate DNA possessing an RNA base at the
cleavage site.[6–10] It was found to be its most active in the
presence of PbII, with the order of relative activities follow-


ing: PbII @ZnII @MnII�CoII>NiII>MgII�CaII>SrII�BaII.
The high reactivity and metal ion selectivity of this DNA-
zyme have allowed its conversion into metal ion sen-
sors.[11–14]


In contrast with the abundance of research into and infor-
mation about metal-binding sites in proteins, our under-
standing of metal-binding sites in nucleic acids is lacking.
The information is critical to enriching fundamental knowl-
edge about metal–nucleic acid coordination chemistry and
its role in the function of ribozymes and deoxyribozymes,
and also to application of the knowledge to the design of
better sensors. To this end, a number of biochemical and
biophysical studies have been carried out on nucleic acids,
including ribozymes.[15–30] For metal-binding sites in DNA-
zymes, even less is known than for studies on ribozymes. Be-
cause of the interesting applications of 8–17 DNAzymes as
metal ion sensors, it would be interesting to find out how
the DNAzyme carries out its reactions in the presence of
different metal ions and what structural features are respon-
sible for its selectivity. Recently, FRET studies on the 8–
17 DNAzyme both in the bulk solution[31] and at single-mol-
ecule level[32] have been carried out. The results strongly


Abstract: Metal-dependent cleavage
activities of the 8–17 DNAzyme were
found to be inhibited by TbIII ions, and
the apparent inhibition constant in the
presence of 100 mm of ZnII was mea-
sured to be 3.3�0.3 mm. The apparent
inhibition constants increased linearly
with increasing ZnII concentration, and
the inhibition effect could be fully res-
cued with addition of active metal ions,
indicating that TbIII is a competitive in-
hibitor and that the effect is completely
reversible. The sensitized TbIII lumines-
cence at 543 nm was dramatically en-
hanced when TbIII was added to the
DNAzyme–substrate complex. With an
inactive DNAzyme in which the GT


wobble pair was replaced with a GC
Watson–Crick base pair, the lumines-
cence enhancement was slightly de-
creased. In addition, when the DNA-
zyme strand was replaced with a com-
plete complementary strand to the sub-
strate, no significant luminescence en-
hancement was observed. These
observations suggest that TbIII may
bind to an unpaired region of the
DNAzyme, with the GT wobble pair
playing a role. Luminescence lifetime
measurements in D2O and H2O sug-


gested that TbIII bound to DNAzyme is
coordinated by 6.7�0.2 water mole-
cules and two or three functional
groups from the DNAzyme. Divalent
metal ions competed for the TbIII bind-
ing site(s) in the order CoII>ZnII>


MnII>PbII>CaII�MgII. This order
closely follows the order of DNAzyme
activity, with the exception of PbII.
These results indicate that PbII, the
most active metal ion, competes for
TbIII binding differently from other
metal ions such as ZnII, suggesting that
PbII may bind to a different site from
that for the other metal ions including
ZnII and TbIII.
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suggested that metal-dependent folding played an important
role in DNAzyme activity in the presence of some metal
ions, but not others. Since these FRET studies probe only
the metal-dependent global folding, more information is re-
quired in order to obtain detailed information about the
local metal-binding sites in the DNAzyme.


Many spectroscopic techniques have been shown to be
valuable tools to provide such local metal-binding informa-
tion in proteins, especially when diffraction-quality crystals
cannot be obtained. For example, spectroscopic titrations
have been used to study metal-binding in ribozymes.[18,20,33]


A special challenge for ribozymes and deoxyribozymes,
however, is that many active metal ions, such as MgII, CaII,
ZnII, and PbII, do not have rich spectroscopic properties
such as color and magnetism, making it difficult to probe
the metal-binding sites by metal-based spectroscopic tech-
niques. An effective strategy is to substitute those metal
ions with spectroscopically rich metal ions that are either
active[34–36] or inhibitive competitively.[37–40]


One of the most often used spectroscopic probes is the tri-
valent lanthanide ion, LnIII, which shows sensitized lumines-
cence by energy transfer from nucleic acids with different
structural or sequential sensitivity.[37–45] Lanthanide ions
have been shown to be good probes for studying metal-bind-
ing sites in proteins,[46–49] tRNA,[37] ribozymes such as ham-
merhead[38,39] and hairpin ribozymes,[40] and a lead-depen-
dent DNAzyme.[50] TbIII and EuIII, for example, were shown
to inhibit the hammerhead ribozyme cleavage reaction by
competing for a binding site with MgII ion, which made it
possible to study the MgII binding sites.[38, 39] TbIII also inhib-
its hairpin ribozyme activity by competing with all cation co-
factors.[40] Lanthanide ions were used as effective cofactors
for a PbII-dependent DNAzyme to probe metal-binding
sites,[50] and luminescence lifetime experiments were used to
find the number of coordinated waters on the lanthanide
ions binding to the hammerhead ribozyme[39] and RNA hair-
pin loops.[51]


In this study, we report that TbIII is a competitive and re-
versible inhibitor for the ZnII- and PbII-dependent 8–
17 DNAzyme activity. This finding allowed us to use sensi-
tized TbIII luminescence spectroscopy to provide informa-
tion about the metal-binding site in the 8–17 DNAzyme,
such as possible locations and number of functional groups
involved in metal binding in the DNAzyme. Interestingly,
we found that PbII, the most active metal ion, competes for
TbIII binding differently from other metal ions such as ZnII,
suggesting that PbII may bind to a site different from that in-
volved with the other metal ions including ZnII and TbIII.


Results


DNA constructs : The sequences of the enzyme strand
(called 17 E) and substrate strand (called 17 S) of the 8–
17 DNAzyme are shown in Figure 1A. Previous studies had
shown that a single base change—T2.1C—producing a GC
base pair instead of the GT wobble pair adjacent to the


cleavage site abolished the metal-dependent activity.[6,8,52]


Therefore this variant, called 17 E ACHTUNGTRENNUNG(T2.1C)-S (Figure 1B),
was used as a control for inactive DNAzyme–substrate com-
plex in this study. A further control is a complete comple-
mentary double-stranded DNA, called 17 S duplex (Fig-
ure 1C), in which the enzyme strand has been replaced by a
completely complementary strand (Anti-17 S) to the sub-
strate to form double-stranded DNA. For the luminescence
spectroscopic studies involving divalent metal ions as an
active cofactor, a non-cleavable substrate (17DDS) in which
the ribonucleotide at the cleavage site has been replaced by
a deoxyribonucleotide (Figure 1D) was used in order to pre-
vent cleavage of the substrate strand.


Inhibition of the 8–17 DNAzyme activity by TbIII : As re-
ported previously,[8,52] the 8–17 DNAzyme is active in the
presence of ZnII (100 mm), showing a fast increase in cleav-
age product with increase in time (Figure 2). When TbIII was
added to the above reaction mixture to a final concentration
of 20 mm at the 5 min time point, however, no further reac-
tion product was observed and the reaction was stopped im-
mediately (Figure 2). This single-chase experiment indicates
that TbIII is an effective inhibitor of the reaction. In a
double-chasing experiment, ZnII (2 mm final concentration)
was added 15 min after TbIII had been added to the reaction
mixture. Upon addition of the ZnII, an immediate increase


Figure 1. Sequences and secondary structures of: A) 8–17 DNAzyme con-
sisting of the 17 E enzyme strand and the 17 S substrate strand, B) an in-
active mutant complex (17 E ACHTUNGTRENNUNG(T2.1C)-S) containing a GC base pair instead
of the GT wobble pair immediately adjacent to the cleavage site, C) 17S
duplex, a complete complementary double-stranded DNA with an anti-
17S instead of a 17E enzyme strand, and D) non-cleavable complex
(17 E-DDS), in which the ribonucleotide (rA) at the cleavage site has
been replaced with a deoxyribonucleotide. The arrow indicates the cleav-
age site.
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in the reaction product was again observed, and the final
percentage product is almost identical to that of TbIII-free
reaction, suggesting that the TbIII inhibitory effect is fully re-
versible and that TbIII ions do not permanently damage the
active structure of the DNAzyme–substrate complex.


To obtain the apparent TbIII inhibition constant—Ki app—
the extent of inhibition of ZnII-dependent DNAzyme activi-
ty was plotted against increasing TbIII concentrations (Fig-
ure 3A). A spectral fitting to a competitive inhibition equa-
tion as described in the Experimental Section resulted in a
Ki app value of 3.3�0.3 mm TbIII in the presence of ZnII


(100 mm), indicating a much higher affinity of TbIII towards
the DNAzyme than that of ZnII. The apparent inhibition
constants increased linearly as concentration of ZnII in-
creased, as shown in Figure 3C, suggesting that TbIII is a
competitive inhibitor to ZnII. To find out whether nonspecif-
ic binding of TbIII ions could be captured, we fit the plots
with a modified equation that includes a second, nonspecific
TbIII binding term: k=kmax [S]/ ACHTUNGTRENNUNG[Ks {1+[I](1/Ki app1+1/
Ki app2)}+[S]]. Such a fitting using a second term did not
result in improvement in the curve fitting, with the same R2


values for all fitting. Moreover, the errors in the inhibition
constants increased significantly, indicating that fitting the
plot with a single binding site provides more reliable values.


TbIII was also observed to inhibit the PbII-dependent
cleavage reaction catalyzed by the DNAzyme in a similar
way as in the ZnII-dependent reaction (data not shown). In
agreement with the fact that PbII is more active than
ZnII,[8,52] PbII (100 mm) was enough to recover the full activity
inhibited by TbIII (20 mm). As shown in ZnII case, the ob-
served rate constant (kobs) of the PbII-dependent reaction
was observed to decrease as TbIII concentration increased
while final cleavage percentage remained constant, inde-
pendent of TbIII concentration (Figure 3B). It was difficult
to obtain a TbIII inhibition constant for the PbII-dependent
reaction, however, because the apparent binding constant of


PbII (13.5 mm) is too strong to allow study of competitive in-
hibition at suitable conditions. These results, even though
not quantitative, indicate that TbIII is also a competitive in-
hibitor of PbII.


Terbium luminescence spectroscopy : Since the active ZnII


and PbII metal ions have a limited spectroscopic signature, it
has been difficult to obtain structural information about the
active metal-binding site(s) of the 8–17 DNAzyme. The
strong reversible TbIII inhibition of ZnII- and PbII-dependent
DNAzyme activity provides an opportunity to probe at or
close to the active binding site by TbIII luminescence spec-
troscopy. In order to avoid cleavage of the substrate strand
during the spectroscopic studies involving divalent metal
ions, a noncleavable substrate (17DDS) in which the ribonu-
cleotide at the cleavage site had been replaced by a deoxyri-


Figure 2. Effect of TbIII on ZnII-dependent substrate cleavage catalyzed
by 17E. The reaction was carried out with 17S (1 nm) and 17E (5 mm) in
MES buffer (50 mm, pH 6.0). The reaction was initiated with ZnII


(100 mm, *). In the single-chased reaction (~), TbCl3 (20 mm) was added
to the reaction mixture 5 min after addition of ZnII. In the double-chased
reaction (&), ZnII (2 mm) was also added 15 minutes after addition of
TbCl3.


Figure 3. A) Extent of inhibition of the 8–17 DNAzyme activity as a func-
tion of TbIII concentration in the presence of ZnII ; k is the observed rate
constant (kobs) measured from activity assays as described in the Experi-
mental Section. The data were fitted to a competitive inhibition equation
as described in the Experimental Section. The reaction was carried out
with 17 S (1 nm) and 17E (5 mm) in the presence of ZnII and various con-
centrations of TbIII in MES (50 mm, pH 6.0). B) Same as a), but in the
presence of PbII. C) Apparent inhibition constants—Ki app—obtained
from a) in the presence of various concentrations of ZnII.
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bonucleotide (Figure 1D) was used for measuring lumines-
cence. In the absence of TbIII the DNAzyme did not show
luminescence in the 450–650 nm region (Figure 4). Addition
of TbIII to a final concentration of 10 mm resulted in four
strong luminescence peaks (488, 543, 584, and 620 nm), typi-
cal of the fine structure of a TbIII ion. Solvated TbIII ion
alone at 100 mm showed very weak luminescence from direct
excitation of the TbIII. These results indicated that TbIII was
bound to the DNAzyme and that the observed luminescence
was due to the effective energy transfer from the DNAzyme
to the TbIII ion. The same results were obtained with cleava-
ble substrate complex (17 E-S) in the absence of ZnII. This
result is consistent with TbIII effectively inhibiting the DNA-
zyme cleavage reaction through binding to the DNAzyme.


To obtain more quantitative information on TbIII binding
to the DNAzyme, the active DNAzyme–substrate complex
(17 E-S) in MES (50 mm, pH 6.0) and NaNO3 (50 mm) was
titrated with TbIII ion, and the corresponding sensitized lu-
minescence at 543 nm was measured as shown in Figure 5.
Gradual luminescence enhancement was observed as TbIII


concentrations increased from 0 to 20 mm, at which TbIII in-
hibits DNAzyme activity. Interestingly, the inactive variant
17 E ACHTUNGTRENNUNG(T2.1C)-S complex showed the same trend as in the


case of 17 E-S, but the luminescence intensity was always
lower than the corresponding intensity from active complex.
Three different experimental sets on two different dates
showed consistent results relating to the slight difference in
the luminescence between the 17 E-S and the inactive var-
iant. Furthermore, the 17 S–anti17 S duplex containing the
same 17 S sequence, but with the completely complementary
sequence in the other strand (Figure 1C) showed little en-
hancement of the luminescence by TbIII. This result is con-
sistent with the observation that TbIII ions bound to double-
stranded DNA do not enhance luminescence.[41,42] Therefore,
the clear enhancement of the luminescence with the DNA-
zyme indicates that TbIII ion(s) bind(s) to the unpaired
bases at the bulge and the stem loop around the active core
region in the enzyme strand. The lower luminescence with
the inactive variant suggests that TbIII binding may involve
the GT wobble pair, which is critical to the cleavage activity.


The luminescence spectra cannot be fit to a standard
binding equation as the curves do not reach saturation at
high metal ion concentrations, indicating that the binding
constant is >10 mm. The difference between the binding con-
stant (>10 mm, Figure 5) and the apparent inhibition con-
stant (Ki app = 3.3 mm ; Figure 3) implies the presence of more
than one single TbIII binding site in the DNAzyme, with dif-
ferent binding affinities, and that one of the binding sites is
critical for the inhibition. Also, when the titration was ex-
tended above 20 mm, the concentration used in the activity
assay shown in Figure 2, the luminescence intensity in-
creased dramatically and finally saturated at around 40 mm


TbIII (data not shown). This observation is most likely the
result of the disruption of the secondary structure of the
DNAzyme resulting in nonspecific binding of TbIII in the
region of high TbIII concentrations. It has been shown that
TbIII binding to bases can induce conformational changes in
DNA by interrupting hydrogen bonding between base
pairs.[53] Simultaneous chelation of the phosphate group and
the N-7 guanine by TbIII alters the geometry of the sugar–
phosphate backbone and the stacking interaction between
the bases in double-stranded DNA. However, it is still possi-
ble that TbIII ions may cooperatively bind to other site(s)
with weak affinities in the catalytic core area containing un-
paired base pairs after saturation of the site(s) with strong
affinities.


Luminescence lifetime measurements : Another advantage
of lanthanide luminescence is that its lifetime measurement
in aqueous solution can provide information relating to the
inner-sphere coordination environment of the ion.[39,54–56]


The primary pathway for nonradiative decay of the lantha-
nide ion excited state is through the O�H vibrational mani-
fold of bound water molecules. The decay rate of this pro-
cess is directly proportional to the number of OH oscillators
in the first coordination sphere. Moreover, this nonradiative
relaxation path exhibits a very large isotope effect such that
O�D oscillators are much less efficient at affecting this re-
laxation process. The difference in the luminescence decay
rate in H2O versus D2O has been shown empirically to vary


Figure 4. Sensitized TbIII luminescence spectra in the presence and the
absence of 17 E-DDS in MES (50 mm, pH 6.0) and ZnCl2 (100 mm).


Figure 5. Sensitized TbIII-dependent luminescence at 543 nm as a function
of TbIII concentration. Concentrated TbCl3 solutions were titrated into
DNA solutions (2 mm, 500 mL) in MES (50 mm, pH 6.0) and NaNO3


(50 mm); 17 E-S is the wild-type DNAzyme with a cleavable substrate,
17E ACHTUNGTRENNUNG(T2.1C)-S is an inactive DNAzyme with a cleavable substrate, and
17S duplex is a completely base-paired duplex.
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linearly with the number of water molecules (q) in the inner
coordination sphere:


q ¼ A ðt�1
H2O�t�1


D2OÞ ð1Þ


where t�1
D2O is the luminescence lifetime in D2O and t�1


H2O is
the lifetime in H2O. The constant A is 4.2 for TbIII for t�1


values in ms�1.[57]


To measure the luminescence lifetime of TbIII, the lumi-
nescence decays in D2O and in H2O were measured, and
their normalized plots are shown in Figure 6. The lumines-
cence decay curves were fit to a single exponential decay
equation with R2 >0.999, suggesting a single class of TbIII


binding to the DNAzyme. As expected, the lifetime of
TbIII–DNAzyme adduct in H2O (t�1 =1.97 ms�1) was shorter
than that in D2O (t�1 =0.368 ms�1), due to the efficient vi-
brational energy transfer to H2O bound to TbIII. The
number of water molecules coordinated to TbIII in the
enzyme–substrate complex is estimated to be 6.7�0.2 ac-
cording to Equation (1). Since it has been found that nine
water molecules are coordinated to TbIII, two or three water
molecules are thus replaced by functional groups in the
DNAzyme upon binding.


Metal competition studies monitored by TbIII luminescence
spectroscopy: To provide further support for the conjecture
that TbIII binds at or close to the active metal-binding
site(s), sensitized TbIII luminescence intensity at 543 nm was
monitored after different metal ions had been titrated into
the preequilibrated TbIII–DNAzyme adducts. The DNA-
zyme construct with the noncleavable substrate (17DDS)
(Figure 1D) was used in order to avoid cleavage of the sub-
strate strand during the luminescence measurements. Use of
different counter anions of the same metal cation, such as
CoCl2 and CoACHTUNGTRENNUNG(NO3)2, or MnCl2 and Mn ACHTUNGTRENNUNG(OAc)2, made little
difference in luminescence intensity (data not shown). This
result is consistent with the findings that DNAzyme activity
and sensor ability are independent of anions present in the


solution. Typical metal competition curves for several metal
ions are shown in Figure 7A. The sensitized TbIII lumines-
cence intensity decreased as the titrating metal ionsN concen-
trations increased, indicating that metal ions compete for a


binding site or binding sites and drive bound TbIII ion out of
the DNAzyme. The TbIII luminescence intensity finally
reached background level in the presence of millimolar
metal ions except in the case of ZnII ion, which showed re-
sidual luminescence. Regrettably, higher ZnII concentrations,
which might be required to take all residual TbIII ion out of
the DNAzyme, could not be tested because of precipitation
problems over 10 mm of ZnII. The competition curves were
fit to nonlinear least-squares equations described in the Ex-
perimental Section with an assumption that the metals com-
pete for one TbIII binding site in the enzyme–substrate com-
plex. The pKcomp values for the metal ions were obtained
and shown to be in the order of CoII>ZnII>MnII>PbII>


CaII�MgII (Figure 7B), indicating that transition metal ions
such as CoII and ZnII bind strongly to the DNAzyme where-
as alkaline earth metal ions such as MgII and CaII have
much weaker affinities. With the exception of PbII, this
order of pKcomp closely follows the order of fluorescent
sensor selectivity as measured by initial rate of fluorescent


Figure 6. Normalized TbIII luminescence decay plots in D2O and in H2O
for lifetime measurement. Lifetimes (t) were obtained by fitting the plots
to single exponential decay curves (solid lines). An aliquot of 17E-S
(2 mm) was preincubated with TbCl3 (15 mm) in MES (50 mm, pH/pD 6.0)
and NaNO3 (50 mm).


Figure 7. A) Typical sensitized TbIII luminescence curves titrated with di-
valent metal ions. Kcomp values were obtained by fitting the curves to non-
linear square equations as described in the Experimental Section. Con-
centrated metal ions were added to TbIII (15 mm) equilibrated with 17E-
DDS (2 mm) in MES (50 mm, pH 6.0), and NaNO3 (50 mm). B) A plot of
pKcomp versus cleavage reaction rate of vfluoro taken from ref. [11]. vfluoro is
the initial fluorescence response rate to the cleavage reaction of a fluoro-
phore-labeled enzyme–substrate complex in the presence of divalent
metal ions (500 nm) in HEPES (50 mm, pH 7.5).
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increase for the same group of metal ions.[11] These results
suggest that TbIII may bind to the same site as other active
metal ions except in the case of PbII.


Discussion


Similarities in the inhibition and binding of TbIII to the 8–
17 DNAzyme and ribozymes : Fully reversible inhibitory ef-
fects of TbIII have also been observed in hammerhead[38] and
hairpin ribozymes.[40] It has been reported that TbIII binds to
the ribozymes tightly, with a Ki app of 0.2–3.5 mm in the pres-
ence of MgII ion (5–50 mm) for a hammerhead ribozyme,[38]


and of 16 mm in the presence of MgII ion (12 mm) for a hair-
pin ribozyme.[40] Crystallographic studies showed that TbIII


binds to a site adjacent to G5, an unpaired base in the uri-
dine-turn motif of hammerhead ribozyme, where MgII and
MnII also bind,[38] which plays a significant role for the activ-
ity of the ribozyme.[58, 59] The similar reversible competitive
TbIII inhibition in the 8–17 DNAzyme catalysis suggests that
TbIII may bind either to the same or close to the active
metal-binding site(s) in the DNAzyme, where TbIII binding
can critically affect the DNAzyme activity through, for ex-
ample, preventing binding of active metal ion(s) or changing
the conformation of the DNAzyme. Also, similar numbers
of water molecules (two or three) were substituted by func-
tional groups in a hammerhead ribozyme,[39] indicating that
TbIII binding modes in these ribozymes and deoxyribozymes
are analogous.


Difference in PbII-dependent catalysis : The PbII competition
with TbIII shown in Figure 7A and B shows relatively low
pKcomp values for PbII. One contributing factor is that PbII


ions may have precipitated at high concentrations, resulting
in less effective PbII concentration for the competition bind-
ing, and thus that the pKcomp value for PbII may not be as ac-
curate as those for other metal ions. Despite this problem,
though, there is still no qualitative correlation between
pKcomp of PbII and the apparent kobs of PbII-dependent activi-
ty; while PbII is the most active and the most selective in
DNAzyme activity, it competed with TbIII less effectively
than CoII, ZnII, and MnII as measured by TbIII luminescence
spectroscopy. This relatively low pKcomp value for PbII in re-
lation to TbIII is also inconsistent with the findings that
much less PbII (100 mm) was needed fully to rescue the activ-
ity inhibited by TbIII (20 mm) than in the case of ZnII, which
required �2 mm. This observation suggests that PbII may
bind to a different metal-binding site from TbIII and other
less active metal ions. Rather than competing directly with
PbII for the same site, TbIII binding may cause indirect local
conformational change to disallow a suitable coordination
of PbII in the DNAzyme, resulting in inhibition of the activi-
ty. In return, the rescue of PbII-dependent activity depends
mainly on restoration of the appropriate conformation. In-
hibition by structural change upon lanthanide binding to an
enzyme has been reported previously.[60,61] Activity of the 3’-
5’-exonuclease of the Klenow fragment (KF) of Escherichia


coli DNA polymerase was inhibited by EuIII binding to one
of two metal-binding sites, inducing structural changes and
thus preventing a critical metal ion from binding to another
metal-binding site, the KF exo active site.


This proposal of different binding sites for PbII than for
other metal ions is further supported by recent folding stud-
ies of the DNAzyme. Metal-ion-dependent conformational
changes and cleavage reactions of the 8–17 DNAzyme have
been studied by fluorescence resonance energy transfer
(FRET).[31,32] Both bulk and single-molecule FRET studies
showed that the DNAzyme folds into a compact structure in
the presence of ZnII and MgII, followed by a cleavage reac-
tion, suggesting that the DNAzyme may require metal-de-
pendent global folding for activation. In the presence of
PbII, however, cleavage occurred without a preceding fold-
ing step, suggesting that the DNAzyme does not require
global conformational changes for PbII-dependent activity.
Two different reaction pathways in the presence of PbII and
ZnII were proposed on the basis of the FRET studies, ac-
counting for the remarkably fast PbII-dependent reaction of
the DNAzyme.


Conclusion


In summary, TbIII effectively inhibits the ZnII- or PbII-depen-
dent activity of the 8–17 DNAzyme. PbII and ZnII compete
differently for the TbIII binding. The harder ZnII ion com-
petes competitively, which is indicative of binding to the
same, or at least overlapping, TbIII site. For the softer PbII


ion, the evidence suggests the presence of a novel binding
site different from that at which ZnII or TbIII bind. The TbIII


was found to bind to the unpaired region of the DNAzyme,
and the GT wobble pair played a role in TbIII binding. Of
the nine possible water molecules in the TbIII coordination
sphere, two or three molecules were shown to be replaced
by functional groups from the DNAzyme. Further studies
including X-ray crystallography and NMR spectroscopy
should help in elucidation of the metal-binding sites in the
DNAzyme.


Experimental Section


DNAzyme activity assay : HPLC-purified oligonucleotides were pur-
chased from Integrated DNA Technology, Inc. (Coralville, IA). All solu-
tions were made in autoclaved water purified with a Millipore (Milli-Q,
Synthesis) system. Concentrated 4-morpholineethanesulfonic acid (MES)
buffer was treated with Chelex 100 (Sigma, St. Louis, MO) to remove
possible contaminated divalent metal ions in the buffer and was adjusted
to pH 6.0 by addition of 99.999 % concentrated HCl. The substrate
strand (17 S) was labeled with g-32P at the 5’ end and desalted by use of a
Sep-pak column (Waters, Milford, MA).


Kinetic studies of the ZnII-dependent cleavage and inhibition reactions in
the presence of lanthanide ions were performed in the presence of a
5000-fold excess enzyme strand (17 E) under single-turnover conditions.
The 17E and the radioisotope-labeled 17 S were annealed in MES buffer
(50 mm, pH 6.0) by heating at 95 8C for 2 min and cooling to room tem-
perature over 15 minutes. The reaction was initiated by addition of the
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2R concentrated ZnII and TbIII mixture to the 2 R concentrated DNA so-
lution. The final concentrations were 17 E enzyme (5 mm), 17S substrate
(1 nm), ZnII (100 mm), and varied concentrations of TbIII as stated. The re-
action was quenched at various time points by addition of aliquots (usu-
ally 4 mL) of reaction mixture to a stop-buffer containing urea (8 m),
EDTA (50 mm), xylene cyanol (0.05 %), and bromophenol blue (0.05 %).
For single-chase experiments, a small volume of concentrated TbIII solu-
tion was added to the reaction mixture at certain time points. Double-
chase experiments were carried out by addition of TbIII and ZnII in series.


The reaction products and uncleaved substrate were separated by elec-
trophoresis on a denaturing polyacrylamide gel (20 %) and analyzed with
a Molecular Dynamics Strom 430 PhosphorImager (Amersham Biosci-
ences). The percentage of product was plotted against time and was
fitted to pseudo first-order kinetics. The observed rate constant (kobs) was
obtained by nonlinear curve fitting with the aid of SigmaPlot 8.0 software
on the basis of the equation y=y0+a ACHTUNGTRENNUNG(1�e�kt), where y is the percentage
of product at time t, y0 is the background cleavage at t=0, a is the frac-
tion reacted at t=1, and k is the observed rate constant (kobs). The
extent of inhibition of the DNAzyme cleavage activity by TbIII was stud-
ied with different concentrations of TbIII. The data were fitted to the
competitive inhibition systems equation: k=kmax [S]/ ACHTUNGTRENNUNG{Ks (1+[I]/
Ki app)+[S]},[62] where k is the observed reaction rate constant (kobs), kmax


is the maximum observed reaction rate constant in the absence of TbIII,
[S]= [ZnII], Ks is [S] required for 1=2kmax, and [I] = [TbIII] . The apparent
inhibition constant, Ki app, was obtained through curve fittings with Ks


ACHTUNGTRENNUNG(ZnII) =997 mm
[52] with the aid of SigmaPlot 8.0.


Terbium luminescence spectroscopy: Sensitized luminescence spectrosco-
py was performed with a Fluromax-P fluorimeter (HORIBA Jobin Yvon,
Inc., NJ). Enzyme and substrate (2 mm each) were annealed in MES
(50 mm, pH 6.0) and NaNO3 (50 mm) by heating the mixture at 90 8C for
5 min and then cooling to 4 8C over 3 h. The annealed enzyme–substrate
complex was allowed to reach room temperature before each measure-
ment. Sensitized TbIII luminescence titration was carried out by slow ad-
dition of concentrated TbIII solution to the DNA complex while the solu-
tion was stirred at room temperature. Lifetimes of TbIII–DNA complex
adduct in H2O and in D2O were obtained with the Fluoromax-P phos-
phorimeter (HORIBA Jobin Yvon, Inc., NJ). For the lifetime measure-
ments in D2O, all reagents were dissolved in D2O (99.9 %, Sigma–Al-
drich), lyophilized, and then dissolved again in D2O. All data points in-
clude at least three replicates with three different samples.


Metal competition for TbIII-binding site(s): Metal stock solutions of
MgCl2, Ca ACHTUNGTRENNUNG(NO3)2, MnCl2, Mn ACHTUNGTRENNUNG(OAc)2, CoCl2, Co ACHTUNGTRENNUNG(NO3)2, ZnCl2, and Pb-
ACHTUNGTRENNUNG(OAc)2 were prepared from >99.99 % pure chemicals. A concentrated
PbII stock solution was prepared in acetic acid (5 %) in order to prevent
precipitation. Enzyme–substrate complex was prepared as described
above in the TbIII luminescence spectroscopy section. Aliquots (1–5 mL)
of concentrated metal ion solutions were added to preequilibrated TbIII–
DNA adduct while the solution was stirred. Luminescence decrease due
to a dilution effect from the metal additions was corrected for by measur-
ing the luminescence changes upon addition of buffer to a sample. The
DNA samples were excited at 260 nm, and the corresponding emission at
543 nm was collected. In the case of PbII titrations, the luminescence was
measured at 620 nm to avoid the interference by PbII luminescence. A
330 nm cut-off filter was used to prevent the second-order diffraction of
the grating. Luminescence was fit to an equation, Li=L8+DL {1�
ACHTUNGTRENNUNG[metal]i/ ACHTUNGTRENNUNG([metal]i+Kcomp)}, where Li is the luminescence intensity at a cer-
tain concentration i of the metal, L8 is the luminescence at saturated
metal concentration showing minimal luminescence, DL is total change
of the luminescence over the titration, and Kcomp is the ratio of the disso-
ciation constants of TbIII to the competitor metal ion, KTb


d /Kmetal
d .[38]
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Selectivity of Neutral/Weakly Basic P1 Group Inhibitors of Thrombin and
Trypsin by a Molecular Dynamics Study
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Introduction


Owing to its remarkable variety of functions in homeostasis
and thrombosis, thrombin has been a special target for mo-
lecular drug design. A number of medically important disor-
ders are related to thrombin. Thromboembolic disorders are
the major cause of morbidity and mortality in the developed
world. Several acute diseases including deep venous throm-
bosis, pulmonary embolism, unstable angina, restenosis fol-


lowing angioplasty, and arterial thrombosis are also caused
by undesired blood-clotting events.[1,2] The clinical syn-
dromes of thromboembolism are triggered by an excessive
stimulation of the coagulation cascade.[3–6] Two crucial steps
in the cascade are 1) the formation of thrombin via the pro-
thrombinase complex, consisting of factor Va, Xa, and phos-
pholipids, and 2) the subsequent proteolytic cleavage of fi-
brinogen by thrombin, which results in the generation of the
insoluble fibrin clot matrix. Additionally, thrombin mediates
platelet activation, thereby inducing their adhesion to the
fibrin network. Inhibition or activation of enzymes in the co-
agulation cascade will thus influence blood-clotting events.
Not surprisingly, thrombin, as a key player in the cascade,
has been the subject of intensive pharmaceutical research,
and numerous inhibitors of thrombin have been reported.
An ideal thrombin inhibitor should be potent, orally bio-
available, and selective with regards to related serine pro-
teases, such as trypsin.[7] However, finding an inhibitor that
comprises both selectivity and suitable pharmacokinetics ACHTUNGTRENNUNGhas
been difficult to identify, prompting research to
ACHTUNGTRENNUNGcontinue.[8–11]


The selectivity of small-molecule inhibitors toward a pro-
tein or enzyme target is often of crucial importance in the
development of therapeutically useful molecules. Engineer-
ing high selectivity can be especially challenging when the
site of interaction between the inhibitor and enzyme is


Abstract: Molecular dynamics (MD)
simulations followed by molecular me-
chanics generalized Born surface area
(MM-GBSA) analyses have been car-
ried out to study the selectivity of two
neutral and weakly basic P1 group in-
hibitors (177 and CDA) to thrombin
and trypsin. Detailed binding free ener-
gies between these inhibitors and indi-
vidual protein residues are calculated
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tion method. The analysis of the de-
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sight on the protein–inhibitor-binding
mechanism and helps to elucidate the
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interpretation of the structural and en-
ergetic results from the simulations.
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within a highly homologous region of a large family of en-
zymes, such as the catalytic site of trypsin-like serine pro-
teases.[12] As a member of the trypsin-like serine protease
family, thrombin processes a catalytic site with high se-
quence homology and similar substrate specificity, therefore,
their inhibitors need to be highly potent and selective
among the closely related enzymes with adequate pharma-
codynamic properties.[13] Selectivity relative to other serine
protease inhibitors, particularly those that share thrombinJs
preference for P1 groups containing strong bases, such as
guanidines and amidines, is a critical hurdle to overcome in
the design of such a compound.[14] Trypsin (chosen as the
benchmark serine protease) is arguably the most demanding
serine protease in this regard owing to the similarity of their
active sites and its location in the gut.[15]


Crystallographic investigations have revealed that throm-
bin is composed of disulfide-linked A and B chains.[16] It
also has an anion-binding exosite positioned approximately
20 K from the active site along a groove. The active site of
thrombin is mainly defined by the specificity (S1) pocket,
the hydrophobic proximal (S2) pocket, and the hydrophobic
distal (S3) pocket. A schematic representation of the active
site is shown in Figure 1.[8] The specificity pocket consists of


a hydrophobic “channel” with the carboxylic acid of
Asp189[17] and two backbone carbonyl groups in the bottom
of the pocket. The former forms strong ionic interactions
with amine-, guanidine-, or amidine-type structures located
at the terminus of a hydrophobic spacer. The proximal
pocket is defined on three sides by the Tyr60A and Trp60D
side chains of the 60-insertion loop, the imidazole ring of
His57, and the isobutyl group of Leu99 in the enzyme. The
larger distal pocket is mainly made up of the side chains of
Trp215, Ile174, and Leu99. Other important interactions
with potential inhibitors include hydrogen bonding to the b-
sheet segment from Ser214-Trp215-Gly216.[1] The catalytic
triad of Asp102, His57, and Ser195 is responsible for the
proteolytic activity.


Crystal structures of thrombin and trypsin have a consid-
erable number of similarities but also some differences,
which mediate the selectivity and are crucial in the design of
selective thrombin inhibitors.[18] A focus in the design of se-
lective thrombin inhibitors has been on the S1 pocket.
ThrombinJs S1 pocket is identical to that of trypsin except at
residue 190, which is alanine or serine, respectively. Conse-
quently the pocket is slightly larger and more lipophilic in
thrombin than it is in trypsin.[19] The S2 pocket of thrombin
is formed by an insertion loop and is lacking in trypsin,
which is another structural difference. This proximal pocket
is unique to thrombin and its occupancy by a stereoelectron-
ically complementary group provides a significant contribu-
tion to the narrow substrate specificity of the enzyme.[10]


These differences in the active site constitute a unique signa-
ture of each protease that can markedly affect the inhibitor-
binding interactions and affinity even when the local se-
quences that form these sites are the same.[20,21]


The majority of available potent inhibitors generally show
very poor oral bioavailability, bind strongly to plasma pro-
teins, and/or do not have an appropriate plasma half-life
after oral dosing.[22–24] Many of these pharmacokinetic prob-
lems are due to the high basicity of the first-generation
thrombin inhibitors, which contain arginine or amidine-
based S1 anchoring moieties. The high basicity of guanidine
(pKa=13)/benzamidine (pKa=11.6) groups has translated
into a high desolvation cost during passive absorption
through the epithelial layer of the gut wall, which results in
poor oral absorption. Overall, the short duration of action
and poor oral absorption has precluded the development of
these compounds as oral agents. As such, many pharmaceut-
ical companies have invested significant efforts to identify
less basic and neutral mimics to try to improve the pharma-
cokinetic properties of these compounds.[25]


In this study, molecular dynamics (MD) simulations fol-
lowed by molecular mechanics generalized Born surface
area (MM-GBSA)[26] analyses have been carried out to
study the selectivity of two neutral and weakly basic P1
group inhibitors (177[27] and CDA[28]) with thrombin and
trypsin. Both inhibitors exhibit excellent selectivity of
thrombin versus trypsin despite the lack of a strong interac-
tion with the specificity pocket.[27,28] Detailed binding free
energies between these inhibitors and individual protein res-
idues are calculated by using a per-residue basis decomposi-
tion method.[26] The analysis of detailed interaction energies
provides insight on the protein–inhibitor-binding mechanism
and helps elucidate the basis for achieving selectivity
through interpretation of the structural and energetic results
from the simulation. Thus, the study would be advantageous
to produce small-molecule scaffolds of neutral and weakly
basic P1 groups with greater intrinsic specificity toward
thrombin and against anti-targets such as trypsin.


Figure 1. The schematic representation of the active site of thrombin.
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Computational Details


Thrombin system setups: Atomic coordinates of thrombin complexes
were obtained from the Protein Data Bank (PDB). Two different crystal
structures of thrombin bound to different inhibitors were used as starting
structures in this study. The inhibitors are 177 (1 AT6) and CDA
(1MU6), which were designed and synthesized by Merck Research Labo-
ratories (West Point, PA).[27,28] The structures of the two inhibitors are
shown in Scheme 1. Protons were added to the system by using the Leap


module of AMBER9.[29] In accordance
with crystallographic conditions of the
complexes, all ionizable side chains
were configured in their characteristic
ionized states at pH 7.3. The guanidine
side chain of arginine and the terminal
amino group of lysine were protonat-
ed, whereas the carboxy groups of as-
partic and glutamic acid were depro-
tonated. The crystallographic water
molecules in the PDB files were dis-
carded and counterions were added to
maintain the electroneutrality of the
system. These starting structures were
then placed in a truncated octahedral
periodic box of TIP3P water mole-
cules. The distance between the edges
of the water box and the closest atom
of solutes was at least 8 K. The miss-
ing residues are simply ignored
ACHTUNGTRENNUNGbecause they are all located far from
the active site in the crystallographic
ACHTUNGTRENNUNGstructures.


Atomic partial charges of the inhibi-
tors were derived for this study by
using the RESP method with the Antechamber module of AMBER9.[30]


To obtain minimized geometries for electrostatic potential calculations,
inhibitor geometries were first optimized with Gaussian 03 by using the
Hartree-Fock/6-31G* level of theory.[31] Single-point calculations with
Gaussion 03 were then performed to obtain the electrostatic potential
around each compound by using the same basis set and level of theory as
in the optimization step. Fitting charges to the electrostatic potential was
performed with RESP.


The inhibitor of 177 was given a formal charge of +1 with a protonated
amino group within the P3 group, whereas CDA was treated as neutral
because the pyridine ring nitrogen atoms were relatively nonbasic owing
to the strong electron-withdrawing effect of fluorin.[32]


Docking to trypsin : No crystallographic structure of trypsin complexed
with 177 or CDA is currently available. Docking of 177/CDA to the


active site of trypsin was performed with Autodock3[33] by using the ge-
netic search algorithm. The initial structure of trypsin was taken from the
crystal structure 1BTY,[34] and minimized to eliminate bad contacts. The
two inhibitors were first placed in the binding site of the original inhibi-
tor benzamidine, and 60P60P60 grids with a step size of 0.375 K were
added with inhibitors at the center. After 200 docking runs, we choose
structures based on the dock energy and cluster popularity for further
molecular simulation studies, and system setup protocols are the same as
the thrombin system. In Figure 2, we show the orientations of the two in-
hibitors in the thrombin and trypsin active sites with the MD lowest-
energy structures.


MD simulations : The MD simulations were performed by using the
AMBER9[29] suite of programs with the Parm99[35] force field to parame-
trize the protein. The system was minimized by steepest descent followed
by conjugate gradient minimization. The particle mesh Ewald method[36]


was used to treat long-range electrostatic interactions in a periodic boun-
dary condition, and bond lengths involving bonds to hydrogen atoms
were constrained by using SHAKE.[37] The time step for all MD simula-
tions was 2 fs, with a direct-space, nonbonded cutoff of 10 K. Applying
position restraints with a force constant to all solute atoms and using the
Langevin dynamics to control the temperature with a collision frequency
of 1.0 ps�1, 20 ps MD was carried out at constant volume, during which
the system was heated from 0 to 300 K. A subsequent isothermal isobaric
MD simulation was used for 5 ns to adjust the solvent density without
any restraints on all the solute atoms. Finally, conformations were collect-
ed every 1 ps for the last 100 ps of the simulation, and 100 snapshots
were collected for the MM-GBSA calculations.[26]


Owing to the flexible nature of the inhibitors, it is incorrect to assume
that the inhibitor conformations are the same in the bound state versus
free in solution. The solution conformations of the inhibitors were deter-
mined with separate simulations.[38,39] Initial inhibitor conformations were
taken directly from the corresponding complex structure. The inhibitors
were then minimized and equilibrated by using the same protocols as de-
scribed above. After 5 ns of MD simulations, the conformations generat-
ed from this set of simulations were also used for MM-GBSA calcula-
tions for comparison. Because thrombin and trypsin are relatively rigid
proteins,[40] separate simulations for unbound proteins have not been per-
formed owing to the large computational demand.


The MM-GBSA method : Although free energy perturbation (FEP) and
thermodynamic integration (TI) calculations should give more accurate
binding free energies, they are extremely time-consuming and require


Scheme 1. Molecular structures of two inhibitors 177 (A) and CDA (B).


Figure 2. The orientations of 177 in the active site of A) thrombin and B) trypsin; and those of CDA in the
active site of C) thrombin and D) trypsin.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8704 – 87148706


E. L. Wu, K. L. Han, and J. Z. H. Zhang



www.chemeurj.org





sufficient statistical samplings. The heavy computational cost prevents
FEP and TI from being routinely used for free energy calculations in
structure-based drug design.[41–43] In this work, the binding free energy is
calculated by using MM-GBSA[26] and normal-mode analysis. We chose
100 snapshots evenly from the last 100 ps MD simulation and calculate
the binding free energies between the two inhibitors and thrombin/tryp-
sin with MM-GBSA module in Amber9.[29] In MM-GBSA, the free
energy of A+B!AB is calculated through the thermodynamic cycle,[43]


as shown in Figure 3. The absolute binding free energy in the condensed
phase can be calculated according to Equation (1):


DGbinding¼ DGgas�DGA
solv�DGB


solvþDGAB
solv


¼ DHgas�TDS�DGA
GBSA�DGB


GBSAþDGAB
solv


¼ DHgas�TDSþ DDGGBþDDGSA


ð1Þ


The definition of various energy terms for Equation (1), are clear from
Figure 3. DHgas in Equation (1) is the total molecular mechanical energy
in the gas phase, and it was calculated for the unsolvated molecule by
using the standard Amber force field with the Sander module of the
Amber9 program. The polar contribution to the free energy (DDGGB)
was calculated with the GB model developed by Onufriev and Case as
implemented in AMBER9.[44] The nonpolar contribution to the solvation
free energy (DDGSA) owing to cavity formation and van der Waals inter-
actions between the solute and solvent is estimated by a solvent-accessi-
ble surface area (SA) dependent term given in Equation (2):


DGnonpolar ¼ gSA ð2Þ


The SA was determined with the LCPO method[45] as implemented in
AMBER9, and g was set to 0.0072 kcalmol�1K�2.[26]


Finally, entropy contributions arising from changes in the degrees of free-
dom (translational, rotational, and vibrational) of the solute molecules
are included by applying classical statistical thermodynamics.[26] Because


the normal-mode calculation of entropy is extremely time consuming for
large systems, only 20 snapshots (every fifth snapshot of the 100 snap-
shots) for each inhibitor were used to estimate the contribution of the en-
tropies to lower the computational cost. Contributions to the vibrational
entropy are obtained by normal-mode analysis. After minimization of
each snapshot in the gas phase by using the conjugated gradient method
with a distance-dependent dielectric of 4r (in which r is the distance be-
tween two atoms) until the root-mean-square of the elements of the gra-
dient vector is less than 10�4 kcalmol�1K�1, frequencies of the vibrational
modes are computed at 300 K for these minimized structures by using a
harmonic approximation of the energies. The Nmode module of the
AMBER9 package was used to perform this part of the calculation.[46]


Decomposition of free energies on a per-residue basis : Free energy de-
composition in terms of contributions from structural subunits of both
binding partners provides insight into the origin of binding on an atomic
level. We demonstrated the decomposition of DGgas+ solv on a per-residue
basis into contributions from van der Waals energy, the sum of coulomb
interactions and polar solvation free energy and nonpolar contribution to
solvation free energy for residues with jDGgas+ solv j�1.5 kcalmol�1, and
the contributions per residue were further subdivided into those from
backbone atoms and those from side-chain atoms.[26] By providing a list
of important or detrimental residues for the binding, and indications re-
garding the origin of their favorable or unfavorable role, the decomposi-
tion approach not only helps in selecting residues that are worth investi-
gating, but also suggests some possible mutation.[47]


Hydrogen-bond analysis : A full analysis of all possible hydrogen bonds
formed between the protein and inhibitors was carried out with the Ptraj
subroutine of AMBER9.[26] We consider a hydrogen bond defined by dis-
tances of the heavy atoms of donor and acceptor of no more than 3.2 K,
and angles of donor and acceptor diatomic groups of no less than
1208.The occupancy of a hydrogen bond was computed by dividing the
number of snapshots showing the hydrogen bond by the total number of
snapshots along the MD trajectory.[48]


Results and Discussion


Inhibitor 177 binding to thrombin versus trypsin : To gain in-
sights into different contributions to the affinity of protein–
inhibitor binding, absolute binding free energies were com-
puted for the thrombin–177 and trypsin–177 complexes.
Table 1 lists contributions to binding free energy (i.e., gas-
phase energies, solvation free energies, and contributions
owing to changes in the translational, rotational, and vibra-


Figure 3. Thermodynamic cycle for the calculation of the absolute bind-
ing free energy. DGA


solv, DGB
solv, and DGAB


solv are solvation free energy of A,
B, and AB respectively. DGgas and DGbinding are binding free energy in the
gas phase and condensed phase, respectively.


Table 1. Binding free energy components for the protein–inhibitor complex.


Contrib.[b] Thrombin–177 Trypsin–177 Thrombin–CDA Trypsin–CDA
Mean[a] s[c] Mean[a] s[c] Mean[a] s[c] Mean[a] s[c]


DHelec �44.5 ACHTUNGTRENNUNG(�59.2)[d] 0.3 ACHTUNGTRENNUNG(0.8) 34.4 ACHTUNGTRENNUNG(26.9)[d] 0.7 ACHTUNGTRENNUNG(0.8) �18.2 ACHTUNGTRENNUNG(�18.6)[d] 0.4 ACHTUNGTRENNUNG(1.3) �21.5 ACHTUNGTRENNUNG(�20.5)[d] 0.4 ACHTUNGTRENNUNG(0.5)
DHvdW �66.7 ACHTUNGTRENNUNG(�66.1) 0.2 ACHTUNGTRENNUNG(0.4) �51.3 ACHTUNGTRENNUNG(�50.9) 0.3 ACHTUNGTRENNUNG(0.4) �54.5 ACHTUNGTRENNUNG(�56.6) 0.2 ACHTUNGTRENNUNG(1.1) �36.9 ACHTUNGTRENNUNG(�37.5) 0.3 ACHTUNGTRENNUNG(0.4)
DHint 0.0 ACHTUNGTRENNUNG(4.4) 0.6 ACHTUNGTRENNUNG(0.9) 0.0 ACHTUNGTRENNUNG(3.5) 0.0 ACHTUNGTRENNUNG(0.8) �0.1 ACHTUNGTRENNUNG(2.0) 0.0 ACHTUNGTRENNUNG(2.3) �0.1 ACHTUNGTRENNUNG(2.4) 0.0 ACHTUNGTRENNUNG(0.8)
DHgas �111.2 ACHTUNGTRENNUNG(�120.9) 0.7 ACHTUNGTRENNUNG(1.3) �17.0 ACHTUNGTRENNUNG(�20.5) 0.7 ACHTUNGTRENNUNG(1.2) �72.7 ACHTUNGTRENNUNG(�73.2) 0.4 ACHTUNGTRENNUNG(2.5) �58.5 ACHTUNGTRENNUNG(�55.6) 0.4 ACHTUNGTRENNUNG(0.9)
DGnp �7.4 ACHTUNGTRENNUNG(�7.4) 0.0 ACHTUNGTRENNUNG(0.0) �5.6 ACHTUNGTRENNUNG(�5.5) 0.0 ACHTUNGTRENNUNG(0.0) �6.7 ACHTUNGTRENNUNG(�6.9) 0.0 ACHTUNGTRENNUNG(0.0) �5.8 ACHTUNGTRENNUNG(�5.8) 0.0 ACHTUNGTRENNUNG(0.0)
DGGB 61.1 ACHTUNGTRENNUNG(75.1) 0.2 ACHTUNGTRENNUNG(0.7) �22.8 ACHTUNGTRENNUNG(�14.2) 0.5 ACHTUNGTRENNUNG(0.6) 35.6 ACHTUNGTRENNUNG(37.5) 0.3 ACHTUNGTRENNUNG(1.0) 36.6 ACHTUNGTRENNUNG(35.4) 0.3 ACHTUNGTRENNUNG(0.4)
DGsolv 53.7 ACHTUNGTRENNUNG(67.7) 0.2 ACHTUNGTRENNUNG(0.7) �28.4 ACHTUNGTRENNUNG(�19.7) 0.5 ACHTUNGTRENNUNG(0.6) 28.9 ACHTUNGTRENNUNG(30.6) 0.3 ACHTUNGTRENNUNG(1.0) 30.8 ACHTUNGTRENNUNG(29.6) 0.3 ACHTUNGTRENNUNG(0.4)
DGgas+ solv �57.4 ACHTUNGTRENNUNG(�53.2) 0.6 ACHTUNGTRENNUNG(�0.9) �45.4 ACHTUNGTRENNUNG(�40.2) 0.3 ACHTUNGTRENNUNG(0.9) �43.8 ACHTUNGTRENNUNG(�42.6) 0.2 ACHTUNGTRENNUNG(2.2) �27.7 ACHTUNGTRENNUNG(�25.9) 0.3 ACHTUNGTRENNUNG(0.8)
DTStotal �18.0 ACHTUNGTRENNUNG(�18.3) 0.2 ACHTUNGTRENNUNG(2.5) �20.3 ACHTUNGTRENNUNG(�20.9) 1.7 ACHTUNGTRENNUNG(1.7) �29.7 ACHTUNGTRENNUNG(�30.9) 3.0 ACHTUNGTRENNUNG(3.0) �21.0 ACHTUNGTRENNUNG(�20.7) 1.6 ACHTUNGTRENNUNG(1.5)
DGtotal �38.8 ACHTUNGTRENNUNG(�32.6) 2.2 ACHTUNGTRENNUNG(3.0) �25.4 ACHTUNGTRENNUNG(�19.4) 2.3 ACHTUNGTRENNUNG(3.8) �14.9 ACHTUNGTRENNUNG(�12.4) 3.0 ACHTUNGTRENNUNG(3.9) �7.1 ACHTUNGTRENNUNG(�5.6) 1.3 ACHTUNGTRENNUNG(3.0)


All values are given in kcalmol�1. The standard state is taken to be 1m. [a] Average over 100 (10 in the case of entropy contributions) snapshots of
contribution ACHTUNGTRENNUNG(complex)–contribution(inhibitor)–contribution ACHTUNGTRENNUNG(protein). [b] Contribution: Helec : coulombic energy; HvdW: van der Waals energy; Hint : inter-
nal energy; Hgas=Hele+HvdW+Hint ; Gnp, nonpolar solvation free energy; GGB, polar solvation free energy; Gsolv=Gnp+GGB; Ggas+ solv=Hgas+Gsolv ; TStotal,
total entropy contribution; Gtotal=Ggas+ solv�TStotal. [c] Standard error of mean values. [d] Contribution and standard error of mean values calculated from
separate MD of inhibitors are shown in the parentheses.
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tional degrees of freedom of the solute molecules) averaged
over the MD trajectory for each protein–inhibitor complex,
as well as contributions calculated from separate MD of in-
hibitors in the parentheses. The ideal mimicry of a binding
event in vitro would be to run three separate simulations
and calculate the energetic components of each. This would
include the effects of the conformational changes upon bind-
ing, for example, protein and inhibitor flexibility.[49] We only
ran the separate simulation of the inhibitor to obtain more
reliable binding free energy considering the huge computa-
tional cost and relatively rigid protein structures.[40] As can
be seen from Table 1, the binding free energy is �38.8 kcal
mol�1 of the single simulation for the thrombin–177 complex
and it changes to �32.6 kcalmol�1 after the separate inhibi-
tor simulation correction. The relaxation energy of 177 is
about 6.2 kcalmol�1 in the thrombin–177 complex. Similarly
we obtained about 6.0 kcalmol�1 relaxation energy for the
trypsin–177 complex, which is almost the same as that of the
thrombin–177 complex.


The comparison between the calculated binding free ener-
gies and the experimental values are shown in Table 2. The


difference between DGthrombin and DGtrypsin is used to analyze
the selectivity for thrombin over trypsin. Our calculations
correctly predict that 177 will bind more tightly to thrombin
than trypsin. We also notice that the absolute values overes-
timate the binding affinities and the values of the calculated
DDG are about twice as much as the experimental data for
177. A likely explanation for this discrepancy is that large
deviations in the coulombic and solvation terms are difficult
to balance out effectively for charged inhibitors,[50] such as
177. Nevertheless, the calculated and experimental binding
free energies of protein–177 complexes are highly correlat-
ed, and in fact, if the calculated binding energies are scaled
by a factor of about 2.7, they will be in very good agreement
with the experimental values.


To elucidate the mechanism driving the selective binding
of 177 to thrombin over trypsin, we compared some inde-


pendent binding free energy components between throm-
bin–177 and trypsin–177 complexes (Figure 4A). We found
that the selectivity for thrombin over trypsin primarily origi-


nates from the contribution of van der Waals energy
(DHvdW), thus thrombin achieves better shape complemen-
tarity than trypsin with 177. The nonpolar solvation free
energy (DGnp) also drives binding, which suggests better
cavity packing. Although the internal energy (DHint) and
total entropy contribution (TStotal) are disfavorable for ob-
taining selectivity, the differences between thrombin–177
and trypsin–177 are very small, which indicates that they are
less important factors for selectivity. The coulomb energy
(DHelec) and polar solvation free energy (GGB) are highly
anti-correlated and are approximately equal but opposite in
sign for each complex because a large contribution to polar
solvation free energy is the screening of the electrostatic in-
teractions between the protein and the inhibitor.[51] The two
competing effects nearly cancel each other and the selectivi-


Table 2. Binding free energies [kcalmol�1] and selectivity analysis from
MM-GBSA calculation and experiment measurement for four protein–
inhibitor complexes.


Complexes Thrombin–
177


Trypsin–
177


Thrombin–
CDA


Trypsin–
CDA


DGtotal �38.8 �25.4 �14.9 �7.1
DGtotal (sep
MD)


�32.6 �19.4 �12.4 �5.6


DGbind


(exptl)[a]
�12.5 �6.4 �11.5 �4.9


DDG[b] 13.4 7.8
DDG (sep
MD)[c]


13.2 6.8


DDG (exptl)[d] 6.1 6.6


[a] Experimental data given as Ki values for all the complexes.[27, 28] For
direct comparison to calculated affinities, conversion to DG was estimat-
ed by DG=�RTlnKi. [b] The difference between thrombin DGThr and
trypsin DGTry. [c] The difference of DG between thrombin and trypsin
calculated from separated (sep) MD of inhibitors. [d] The difference of
DG between thrombin and trypsin from experimental values.


Figure 4. Comparison between the binding free energy components of
A) thrombin–177 and trypsin–177 complexes, B) thrombin–CDA and
trypsin–CDA complexes. Helec=coloumbic energy, HvdW=van der Waals
energy, Hint= internal energy, Gnp=nonpolar solvation free energy, GGB=


polar solvation free energy, and TStotal= total entropy contribution.
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ty of binding is thus dominated by the favorable van der
Waals energy and nonpolar solvation free energy.[52]


To gain a more-detailed insight into the basis of the selec-
tivity, structure and binding mode analyses have been per-
formed to complement the energy analysis. The decomposi-
tion analysis generates a protein–inhibitor interaction spec-
trum showing binding interactions with individual residues
as shown in Figure 5. The spectrum shows that the over-
whelming majority of thrombin residues have negligible in-
teraction with 177 (Figure 5A), and the dominant binding
residues are Trp215, Gly216, Ser214, Cys191, Glu217, and
Cys220 in order of reducing strength. Figure 6 and Table 3
show the decomposition of DGgas+ solv values on a per-residue
basis into contributions from van der Waals energy, the sum
of coulomb interactions, polar solvation free energy, and
nonpolar contribution to solvation free energy for residues
with jDGgas+ solv j�1.5 kcalmol�1 for four protein–inhibitor
complexes. The contributions per residue were further sub-
divided into those from backbone atoms and those from
side-chain atoms.[26] The sum of electrostatic interactions in
the gas-phase plus the change of the polar part of the solva-
tion free energy is shown instead of the separated contribu-
tions for the reason mentioned above. Figure 7 shows the
relative position of the inhibitor in the binding complex with
the residues to which it has strong interactions by using the
lowest-energy structure extract from the MD trajectory. Hy-
drogen bonds observed are listed in Table 4 together with
their occupancy during the 5 ns simulation. If more than one
hydrogen bond is formed between two groups, only the larg-
est occupancy value is reported.


The main binding attractions come from approximately
six residues with individual jDGgas+ solv j�1.5 kcalmol�1 for
the 177–thrombin complex (Figure 5A and Table 3). For all
six residues, the van der Waals energy and nonpolar solva-
tion energy are favorable for binding (Figure 6A). The dom-
inating driving force of 177 binding to Trp215 is van der
Waals energy, and the total van der Waals energy is
�4.89 kcalmol�1 (Table 3). This result is in agreement with
the strong hydrophobic and aromatic stacking interaction
found between the P3 cyclohexyl ring moiety of 177 and the
indole ring of Trp215 (Figure 7A). The N3 atom of 177
forms one hydrogen bond with the backbone carbonyl
oxygen of Ser214, and the O1 and N1 atoms form two hy-
drogen bonds with Gly216 (Table 4 and Figure 7A). The dis-
tances between the corresponding oxygen and nitrogen
atoms are 2.87, 2.88, and 2.85 K, and thus the overall contri-
bution of electrostatic energy is another important driving
force for 177 binding to Ser214 and Gly216 (Figure 6A and
Table 3). Additionally, the P1 aromatic ring contacts the
sulfur atoms of Cys191–Cys220 disulfide linkage, forming a
donor–p interaction similar to that observed in other
groups[53] (Figure 7A), thus the van der Waals energy favors
binding for these two residues. Although there is a strong
ion-pair interaction between Glu217 and 177 (�17.89 kcal
mol�1 in Table 3), the overall electrostatic energy disfavors
the binding because of the penalty of the desolvation free
energy (18.03 kcalmol�1 in Table 3).


The computed interaction spectrum in Figure 5B shows
that the dominant interactions between 177 and trypsin are
the bindings to Trp215, Gly216, Ser214, Leu99, and Gln192.


Figure 5. Decomposition of DGgas+ solv on a per-residue basis for the protein–inhibitor complex. A) thrombin–177; B) trypsin–177; C) thrombin–CDA; and
D) trypsin–CDA.
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Figure 6. Decomposition of DGgas+ solv on a per-residue basis into contributions from the van der Waals energy (vdW), sum of Coulomb interactions and
polar solvation free energy (Coul+GB), and the nonpolar (NP) part of solvation free energy for residues of protein–inhibitor complex for which
jDGgas+ solv j�1.5 kcalmol�1. A) thrombin–177; =B) trypsin–177; C) thrombin–CDA; and D) trypsin–CDA.


Table 3. Decomposition of DGgas+ solv (GBTOT) on a per-residue basis.[a]


Residue SvdW BvdW TvdW Selec Belec Telec SGB BGB TGB TGBSUR TGBTOT


thrombin–177
Cys191 �0.62 �1.52 �2.14 �0.65 0.46 �0.19 0.42 0.40 0.81 �0.11 �1.61
Ser214 �0.17 �1.18 �1.35 0.52 �6.05 �5.53 �0.57 4.44 3.88 �0.07 �3.08
Trp215 �2.32 �2.57 �4.89 0.09 �0.64 �0.55 0.11 0.74 0.85 �0.28 �4.87
Gly216 0.00 �2.14 �2.14 0.00 �6.17 �6.17 0.00 4.59 4.59 �0.27 �3.99
Glu217 �0.54 �1.05 �1.59 �15.35 �2.53 �17.89 15.56 2.47 18.03 �0.15 �1.59
Cys220 �0.72 �0.38 �1.09 �0.92 0.05 �0.87 0.56 �0.13 0.43 �0.05 �1.58
trypsin–177
Leu99 �1.82 �0.28 �2.10 1.91 �1.70 0.20 �1.63 1.68 0.04 �0.26 �2.12
Gln192 �1.79 �1.10 �2.89 �0.13 0.48 0.35 1.16 �0.02 1.13 �0.44 �1.84
Ser214 �0.15 �1.00 �1.15 �0.04 �5.42 �5.47 0.01 4.10 4.11 �0.05 �2.57
Trp215 �1.77 �2.43 �4.21 0.13 �0.33 �0.20 0.11 0.68 0.79 �0.26 �3.88
Gly216 0.00 �1.97 �1.97 0.00 �6.66 �6.66 0.00 5.00 5.00 �0.28 �3.91
thrombin–CDA
Leu99 �1.68 �0.30 �1.97 0.27 �0.35 �0.07 �0.11 0.26 0.16 �0.21 �2.10
Ile174 �1.35 �0.09 �1.44 �0.01 0.06 0.04 0.04 0.01 0.05 �0.17 �1.52
Ser214 �0.13 �0.74 �0.87 �0.06 �2.50 �2.56 0.01 1.16 1.17 �0.03 �2.29
Trp215 �2.06 �1.99 �4.06 �0.36 �2.03 �2.39 0.25 2.07 2.32 �0.24 �4.37
Gly216 0.00 �1.91 �1.91 0.00 �2.11 �2.11 0.00 1.90 1.90 �0.27 �2.38
trypsin–CDA
His57 �2.31 �0.30 �2.61 �1.14 0.46 �0.67 2.22 �0.28 1.93 �0.47 �1.82
Gln192 �1.27 �0.92 �2.20 �3.13 �2.11 �5.24 3.42 2.46 5.88 �0.53 �2.09
Ser195 �0.84 �0.94 �1.77 �1.05 0.10 �0.95 0.36 0.27 0.63 �0.18 �2.27


[a] Energies shown as contributions from van der Waals energy (vdW), coulomb interactions (elec), polar solvation free energy (GB), the nonpolar
(GBSUR) part of solvation free energy of side chain atoms (S), backbone atoms (B), and sum of them (T) of protein–inhibitor complex. Only residues
making a significant favorable or unfavorable contribution are shown (jDGgas+ solv j�1.5 kcalmol�1). Energies are in kcalmol�1.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8704 – 87148710


E. L. Wu, K. L. Han, and J. Z. H. Zhang



www.chemeurj.org





By comparing results in Figure 6B and geometries in Fig-
ure 7B, we can explain the binding character of 177 to tryp-
sin as follows: As in thrombin–177 binding, the van der
Waals and nonpolar solvation energies are all favorable for
177 binding to these five residues, and the contribution of


nonpolar solvation energy is
much smaller than that of van
der Waals energy. Similar to
thrombin, inhibitor 177 also
forms one hydrogen bond to
the backbone carbonyl oxygen
of Ser214, two hydrogen bonds
to Gly216 of trypsin in an anti-
parallel b-strand fashion, and
the distances between the
donor and acceptor are shown
in Figure 7B. Both the van der
Waals and overall electrostatic
energies favor binding for these
two residues. There is also sig-
nificant aromatic stacking inter-
action (�4.21 kcalmol�1 in
Table 3) between 177 and
Trp215, and the van der Waals
energy is �2.10 kcalmol�1 be-
tween 177 and Leu99. Besides
the van der Waals energy of
�2.89 kcalmol�1, an unstable
hydrogen bond is formed be-
tween the O4 atom of 177 and
Gln192 with an occupancy per-
centage of 12.77 (Table 4) from
the simulation. The overall
electrostatic energy of Gln192
disfavors binding to 177, be-
cause the favorable electrostatic
interaction in the gas-phase is
offset by the desolvation free
energy required.


Based on the energy and structure analysis above, we be-
lieve that the selectivity of 177 arises from the difference in
van der Waals and nonpolar solvation energies, and the van
der Waals energy is the dominant factor. We also notice that
177 binds to thrombin and trypsin in a similar binding mode,
and it primarily binds to the antiparallel b-strand segment of
Ser214-Trp215-Gly216 and adjacent residues.


Inhibitor CDA binding to thrombin versus trypsin : Com-
pared with the protein–177 complex, the computational re-
sults of the absolute binding free energy for the protein–
CDA complex agree well with the experimental values
(Tables 1 and 2) in an absolute scale (�14.9 kcalmol�1 for
thrombin and �7.1 kcalmol�1 for trypsin). The reason for
this is that CDA is treated as neutrally charged, whereas 177
is protonated, and reliable solvation energy of a charged in-
hibitor is not easy to calculate at present. The calculated
DDG between thrombin and trypsin (7.8 kcalmol�1 in
Table 2) was also found to be in accordance with the experi-
mental data (6.6 kcalmol�1 in Table 2). Considering that the
separate inhibitor simulation correction, both the absolute
values (�12.4 kcalmol�1 for thrombin and �5.6 kcalmol�1


for trypsin) and the calculated DDG (6.8 kcalmol�1 in


Figure 7. Some major interactions between the protein residues and the inhibitors with complex structures de-
termined from the lowest-energy structures obtained from the MD simulation. The dashed line represents a
hydrogen bond between the inhibitor and protein and its length. The inhibitor is shown in ball-and-stick repre-
sentation. A) thrombin–177; B) trypsin/177; C) thrombin–CDA; D) trypsin–CDA.


Table 4. Hydrogen-bond formation between inhibitors and proteins.


Thrombin–177 Trypsin–177


thrombin 177 occupancy[a] trypsin 177 occupancy[a]


Ser214 N3[b] 65.43 Gln192 O4[b] 12.77
Gly216 O1 49.02 Ser214 N3 79.23
Gly216 N1 31.47 Gly216 O1 45.21


Gly216 N1 24.13
thrombin–CDA trypsin–CDA


thrombin CDA occupancy trypsin CDA occupancy
Ser214 N5[c] 66.47 Gln192 N5[c] 41.78
Gly216 N2 48.44 Gln192 O1 12.18
Gly216 O1 30.11


Hydrogen bonds were defined by acceptor···donor atom distances of less
than 3.2 K and acceptor···H-donor angles of greater than 1208. Hydrogen
bonds are reported only if they exit for greater than 10% of the investi-
gated time period. [a] Occupancy is in units of percentage of the investi-
gated time period. If more than one hydrogen bond is formed between
the donor and acceptor, only the largest occupancy value is reported.
[b] Atom name of 177. [c] Atom name of CDA
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Table 2) are improved, although the relaxation energies are
not as large as those of the 177 complexes.


Comparison between the free energy components of
thrombin–CDA and trypsin–CDA complexes was performed
to understand the mechanism driving binding selectivity.
Figure 4B shows that selectivity originates from the van der
Waals energy, the total entropy contribution, and nonpolar
solvation energy. Similar to the 177 complexes, the van der
Waals energy is also the dominant factor responsible for dif-
ferent binding affinity between thrombin and trypsin. The
overall contribution of the electrostatic energy is not in
favor of the selectivity.


Decomposition analysis suggests that five residues play
key roles for CDA binding to thrombin, and they are
Trp215, Gly216, Ser214, Leu99, and Ile174 (Table 3 and Fig-
ure 5C). For all of the residues, van der Waals and nonpolar
solvation energies are favorable for binding, except for the
vanishing nonpolar solvation energy of Ser214 (Figure 6C).
The antiparallel b-strand hydrogen bonding motif between
the aminopyrazinone and Gly216 is maintained; similarly
the Ser214 hydrogen bond to the inhibitor amide is con-
served.[28] The distances between the donor and acceptor are
2.87, 2.91, and 2.87 K, as shown in Table 4 and Figure 7C.
Besides the van der Waals energy, the overall electrostatic
energy of Ser214 also makes a significant contribution to
binding, even larger than the contribution of van der Waals
interactions. For the other three residues in the S3 pocket
(Trp215, Leu99, and Ile174), van der Waals energy is found
to be the main energy term favoring binding. With the most
favorable van der Waals energy of �4.06 kcalmol�1


(Table 3), CDA makes the edge-to-face s–p interaction be-
tween the P3 aryl group and the p-rich Trp215 further rein-
forced by the incorporation of the electron-deficient P3
ACHTUNGTRENNUNGpyridine.[28]


The residues responsible for CDA binding to trypsin are
Ser195, Gln192, and His57 as shown in the interaction spec-
trum shown in Figure 5D. For Ser195, favorable contribution
to binding affinity mostly arises from van der Waals energy
(�1.77 kcalmol�1 in Table 3 and Figure 6D).The overall
electrostatic energy and nonpolar solvation energy provide
the additional increase in binding energy, but much smaller.
CDA makes two hydrogen bonds with Gln192 (Table 4 and
Figure 7D), but the favorable coulomb interactions are also
compensated by unfavorable contributions from polar solva-
tion free energy, thus van der Waals energy provides the
driving force for binding. Further stabilization is provided
by the van der Waals energy of �2.61 kcalmol�1 (Table 3)
owing to the favorable interaction between the imidazole
ring of His57 and aminopyrazinone moiety of CDA, al-
though the overall contribution of electrostatic energy of
His57 is disfavorable for binding.


To summarize, the present results show that the selectivity
of CDA binding to thrombin over trypsin originates from
the van der Waals energy, nonpolar solvation energy, and
the total entropy contribution. As is the case for 177, the
van der Waals energy is the dominant factor for selectivity.
Notably, CDA binds to thrombin and trypsin in very differ-


ent modes. Specifically, CDA binds to the antiparallel b


strand (Ser214 and Gly216) and S3 pocket residues (Trp215,
Leu99, and Ile174) of thrombin, whereas it binds to the cat-
alytic triad of trypsin (Ser195 and His57) and the residues in
the vicinity of them.


Conclusion


We used MD simulations in conjunction with free-energy
analysis by using the MM-GBSA method to analyze the
basis of selectivity of two inhibitors, and also provide insight
into the protein–inhibitor-binding mechanism. In particular,
inhibitors were selected to exclude the strong basic P1
motif, such as an amidine or guanidine, and instead to focus
on identifying hits with better druglike properties. We also
performed a separate MD simulation of the inhibitor to in-
clude the effects of the conformational changes upon bind-
ing. The computed absolute values of binding free energies
of protein–CDA complexes are in good accordance with ex-
perimental data, whereas those of the protein–177 complex
overestimate binding. This is likely to be owing to the fact
that the large deviations in the Coulombic and solvation
terms are difficult to balance effectively for charged
ACHTUNGTRENNUNGinhibitors.[50]


In each case, the simulation results correctly predict that a
given inhibitor will bind more tightly to thrombin than tryp-
sin. The decomposition analysis shows that the dominant
factor of selectivity of the two inhibitors is van der Waals
energy, which suggests better shape complementarity and
packing. Most of the favorable coulomb interactions are
offset by unfavorable contributions from polar solvation
free energy, so the overall contribution of electrostatic
energy provides no direct thermodynamic advantage for se-
lectivity, or even oppose achieving it. Some other free
energy components of nonpolar solvation free energy and
total entropy contribution are also in favor of achieving se-
lectivity, but the contributions are much smaller.


Binding mode and structure analyses indicate that 177
binds to thrombin and trypsin in a similar binding mode,
and it primarily binds to the antiparallel b-strand segment of
Ser214-Trp215-Gly216 and adjacent residues, whereas CDA
binds to thrombin and trypsin in very different modes. CDA
binds to the antiparallel b strand (Ser214, and Gly216) and
S3 pocket residues (Trp215, Leu99 and Ile174) of thrombin,
but it binds to the catalytic triad of trypsin (Ser195 and
His57) and nearby residues. Based on the analysis above,
the higher selectivity of CDA is likely to be owing to the dif-
ferent binding mode between thrombin and trypsin, which
results in a greater difference in the binding free energy.


By accurately modeling known thrombin–inhibitor sys-
tems and analyzing the structure information, selective and
potent thrombin inhibitors may be proposed with greater
confidence. The information gained from this study should
help lead to the discovery of new inhibitors with improved
binding properties.
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Introduction


The discovery of photoinduced electron transfer between
conjugated polymers and fullerene (C60)


[1] and the optimized


photovoltaic devices fabricated from regioregular poly(3-
hexylthiophene)s (rrP3HT) and a soluble derivative of full-
erene (PCBM),[2] opened new possibilities for the fabrica-
tion of flexible photovoltaics (PVs) based on semiconduct-
ing polymers. The demand for further optimization of the
PV efficiency has stimulated an intensive research effort
both for new low-band-gap polymeric materials,[3] capable of
serving as electron donors, and for new efficient electron-ac-
cepting materials. As regards the latter, carbon nanotubes
(CNTs) have gained interest as an alternative to the fuller-
ene derivatives, because their nanometer dimensions enable
charge transport along the long axis of their carbon struc-
tures and can contribute to a reduced probability of back-
transfer to the oxidized electron-donor polymer. The first
report of a polymer/SWNTs photovoltaic device was in
2002,[4] which concerned composites of SWNTs with regiore-
gular poly(3-octylthiophene) (rrP3OT). Since then, many ef-
forts aimed at the fabrication of CNT-based photovoltaic de-
vices have been reported.[5] However, limited power conver-
sion efficiencies were found. Thus, several obstacles need to
be properly addressed, such as the processability of the
nanotubes and the selection of an appropriate set of elec-
tron donors to facilitate higher power conversion efficiencies
from such photovoltaic devices.


The initial disadvantage of poor solubility of CNTs has
been partially overcome by various functionalization tech-
niques[6] based on either the covalent attachment[7] of differ-
ent organic groups to the p-conjugated backbone of the
SWNTs through appropriate reactions or the noncovalent
absorption[8] or wrapping of various functional polymers.[9]


Keywords: conjugated polymers ·
electron transfer · nanotubes ·
photovoltaics · solar cells


Abstract: Facile routes for the synthesis of hybrid materials consisting of regiore-
gular poly(3-octylthiophene)s covalently attached to single-wall carbon nanotubes
are presented for the first time. These materials are easily processable using
common organic solvents, and at the same time combine the properties of regiore-
gular poly(3-alkylthiophene)s with those of single-wall carbon nanotubes. More-
over, studies of the properties of these materials have provided strong evidence
for an electron transfer from the regioregular poly(3-octylthiophene) to the single-
wall carbon nanotube.
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“Grafting to”[10a] or “grafting from”[10b] techniques have also
been used for the conventional polymer modification of
nanotubes. In order to prevent the disruption of p-conjuga-
tion, various modifications[11] that allow weak functionaliza-
tion of the SWNTs, resulting in the lowest possible distor-
tion of their electronic properties, can be used.


The main objective of this work was to find a synthetic
method for functionalizing CNTs with regioregular poly(3-
alkylthiophene)s (rrP3ATs). In this regard, we present for
the first time the synthesis of easily processable hybrid ma-
terials consisting of rrP3OT covalently attached to SWNTs.
Using suitably monofunctionalized rrP3OT, we have investi-
gated its direct attachment to the SWNT surface by two dif-
ferent synthetic routes, as shown in Schemes 1 and 2. We
chose to use rrP3OT for this work due to the superior opto-
electronic properties and chemical stability of the rrP3ATs
and the improved processability of the synthesized materials
because of the long alkyl chains of P3OT. The materials ob-
tained have been characterized by thermogravimetric analy-
sis (TGA), Raman and Fourier-transform infrared (FTIR)
spectroscopies, UV/Vis spectrophotometry, steady-state pho-
toluminescence spectroscopy, and by X-ray and UV photo-
electron spectroscopies (XPS and UPS). Strong evidence for
an electron transfer from the rrP3OT to the SWNT has
been obtained, considering the results obtained from the ap-
plication of all of the aforementioned techniques. This gives
a first indication that these materials fulfill the prerequisites
as promising candidates for photovoltaic applications.


Results and Discussion


The first goal of this work was the preparation of rrP3OT
functionalized at one end with terminal phenol groups. The
approach that we used was a two-step process that differed
slightly from the one reported by McCullough et al.[12] for
the end-functionalization of rrP3ATs, in order to avoid the
synthesis of difunctionalized phenol-terminated rrP3ATs.
First, we synthesized and isolated the H/Br-terminated
rrP3OT 1, as described in the Experimental Section. The
1H NMR spectrum of 1 is presented in Figure 1a, which
allows accurate determination of its molecular weight based
on the relative integrals of the peak at d=2.8 ppm, assigned
to the a-methylene protons of the octyl groups (a), and the
broad peak at d=2.6–2.5 ppm, assigned to the methylene
protons on the first carbon substituent (b and b’) on the end
units. For example, the number of repeat units n for the po-
lymer 1 is equal to 13, corresponding to Mn=2600. This mo-
lecular weight is lower than that obtained from GPC meas-
urements (Mn �4350), in agreement with previous find-
ings.[12] Subsequently, 1 was subjected to a palladium-mediat-
ed Suzuki coupling reaction[13] with M1 in order to prepare
the phenoxy-tetrahydropyranyl-terminated rrP3OT 2
(Scheme 1). The 1H NMR spectrum of 2 is shown in Fig-
ure 1b. The characteristic peaks of the tetrahydropyranyl
protecting group as well as two small doublet peaks attribut-
able to the phenyl ring at d �7.4 and 7.1 ppm can clearly be


observed. Monofunctionalization of the rrP3OT was also
confirmed by the 1H NMR spectrum shown in Figure 1b.
Based on the peak at 1.9 ppm assigned to the protons of the
tetrahydropyranyl group and the peak at 0.9 ppm assigned
to the methyl protons of the octyl group, a degree of poly-
merization of 15 repeating units was estimated for this poly-
mer, which is close to the DPn=13 obtained for rrP3OT 1.
Finally, hydrolysis of 2 with 37% hydrochloric acid afforded
the desired compound 3 in quantitative yield.


The reaction of pristine SWNTs with 2-aminoethanol in
DMF led to the synthesis of 4, which has free hydroxyl
groups at the periphery of the SWNT. The direct reaction of
amino derivatives at the surface of carbon nanotubes has
been described in the literature,[11b,14] and offers a facile
route for preparing functionalized carbon nanotube materi-
als. Based on the TGA results shown in Figure 2, the pris-
tine SWNT and compound 4 display weight losses of about
8 and 17.5%, respectively, at 800 8C. This corresponds to the
presence of one functional hydroxy-terminated group per 60
carbon atoms.


Raman spectroscopy is one of the most extensively em-
ployed methods for probing the modification of the elec-
tronic and vibrational properties of carbon nanotubes
caused by various chemical functionalization strategies. Fig-
ure 3a shows Raman spectra, normalized to the G-band in-
tensity, of pristine and aminoethanol-modified SWNTs. For


Scheme 1. Synthetic route towards regioregular poly(3-octylthiophene)-
modified single-wall carbon nanotube 5.
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a valid comparison, the same protocol leading to the synthe-
sis of 4 was followed for the raw SWNT material in the ab-
sence of 2-aminoethanol.


The high-frequency region spectrum of pristine SWNTs
contains three main components. The features located at
�1592 cm�1 and �1565 cm�1 constitute the so-called G-
band resulting from the tangential C�C vibrations both lon-
gitudinally (G+-band) and transversally (G�-band) on the
axis of the nanotube. The weak feature at around 1343 cm�1,
the so-called D-band, involves scattering of an electron
through phonon emission by the disordered sp2 network.
The intensity ratio between the D- and G-bands is common-


ly used to characterize the degree of nanotube functionaliza-
tion. Any changes on the nanotube walls that affect its struc-
tural periodicity, namely vacancies, covalent bond formation,
or disorder of any kind in the graphitic lattice may enhance
the D-band scattering.[15] The Raman spectrum of aminoe-
thanol-modified SWNT 4 shows similar features to those of
the washed pristine material. However, after the reaction of
SWNTs with amino derivatives, the D-band intensity is sig-
nificantly increased compared to the washed pristine


Figure 1. 1H NMR spectra (400 MHz) of a) rrP3OT 1, b) phenoxy-tetra-
hydropyranyl-terminated rrP3OT 2, and c) rrP3OT macroinitiator 6. The
asterisk denotes the solvent.


Figure 2. TGA curves of pristine SWNT, the rrP3OT 1, the nanotube de-
rivative 4, the rrP3OT-co-SWNT 5, and the rrP3OT-SWNT 7 (10 8Cmin�1


under nitrogen atmosphere).


Figure 3. a) Normalized Raman spectra of the washed pristine (c)
SWNT material (see text) and the aminoethanol-modified (a) SWNT,
excited at 514.5 nm. b) Raman spectrum of rrP3OT-co-SWNT 5, excited
at 514.5 nm.
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sample. The intensity ratio I(D)/(I(G+)+ I(G�)) exhibits a
significant enhancement of �30%, suggesting a conversion
of a substantial amount of sp2- to sp3-hybridized carbon due
to the introduction of covalently bound amino groups within
the nanotube framework.


Decoration of the modified SWNT 4 with the phenol-ter-
minated rrP3OT 3 was accomplished by an ether bond for-
mation in the presence of triphenylphosphine (TPP) and di-
ACHTUNGTRENNUNGisopropylazodicarboxylate (DIAD) (Mitsunobu-type reac-
tion),[16] providing compound 5. The amount of the polymer
chemically bonded to 4 was evaluated by TGA (Figure 2).
The aminoethanol-modified SWNT 4 showed very good
thermal stability up to 800 8C under an inert nitrogen atmos-
phere, while the presence of the grafted polymer in 5 is veri-
fied by the occurrence of polymer decomposition in this
temperature range. TGA measurements demonstrated that
the polythiophene precursor accounted for approximately
11 wt% of 5. Considering the molecular weight of the poly-
mer of 2600, the functionalization percentage of rrP3OT-co-
SWNT 5 was estimated to be approximately 0.12%. A
simple calculation yields a maximum functionalization per-
centage of 1.9% if all the hydroxyl groups of derivative 4
are connected to units of phenol-terminated rrP3OT 3. This
indicates that not all of the hydroxyl groups of the deriva-
tive 4 had reacted with the phenol groups of 3, and we esti-
mate that there was an average of one regioregular poly-
thiophene chain per 17 aminoethanol groups.


In the second synthetic route (Scheme 2), esterification of
the free phenol group of 3 with 2-chloropropionyl chloride
furnished the desired macroinitiator 6. The 1H NMR spec-
trum of 6 is depicted in Figure 1c, which clearly shows the
disappearance of the characteristic signals of the tetrahydro-
pyranyl protecting group and the concomitant appearance
of new peaks at d �4.6 and 1.8 ppm, which may be assigned
to the proton next to the halogen atom and the methyl pro-
tons of the chloropropionyl group, respectively. The degree
of polymerization of the rrP3OT 1 was further corroborated
by the 1H NMR spectrum in Figure 1c. Based on the methyl
protons of the chloropropionyl group and the methyl pro-
tons of the octyl group, a degree of polymerization of 15 re-
peating units was obtained for this polymer, in agreement
with the DPn=15 obtained for the phenoxy-tetrahydropyr-
anyl-terminated rrP3OT 2.


A method for introducing fullerene into a polymer back-
bone that has been reported in the literature involves atom-
transfer radical polymerization conditions.[17] By employing
similar conditions for the reaction between 6 and SWNT, we
succeeded in synthesizing the functionalized rrP3OT-SWNT
7. The amount of polymer grafted onto the surface of the
SWNT was estimated by TGA (Figure 2). TGA measure-
ments demonstrated that approximately 15 wt% of 7 was
due to the polythiophene chains, corresponding to a func-
tionalization percentage of 0.09%. The degree of functional-
ization in both cases was about 0.1%, a value that is signifi-
cantly higher than that quoted in a recent report[18] concern-
ing the preparation of polymer-modified nanohorns under
anionic polymerization conditions.


Figure 3b presents the Raman spectrum of 5 excited at
514.5 nm, in which contributions from both the nanotubes
(see also Figure 3a) and the rrP3OT can clearly be observed.
The peaks at ñ 1369, 1442, and 1514 cm�1 may be attributed
to vibrations within the polymeric chains.[19] The Raman
spectrum is dominated by the mode at 1442 cm�1, which can
be assigned to a C=C symmetric stretching deformation of
the thiophene ring.[19] At a laser power of 0.4 mW, the neat
rrP3OT sample shows the appearance of intense lumines-
cence light accompanied by visible damage to the sample
surface at the illumination spot. The polymeric Raman
peaks could only be detected at a laser power of less than
0.02 mW. In this case, the characteristic Raman features
were poorly resolved on top of a huge luminescence back-
ground in the observed Raman spectrum. This behavior, in
combination with the absence of a luminescence signal from
rrP3OT-co-SWNT 5, indicates significant SWNT–polymer
interactions, resulting in efficient polymer photolumines-
cence quenching. It is important to note that SWNT/rrP3OT
blend, with the same percentage of rrP3OT by weight as 5,
exhibits similar behavior to that observed for 5, suggesting
that the polymer did not have to be directly attached on the
SWNT surface, but that the polymer chains could interact
non-covalently with the sidewalls.


Investigation of the low-frequency radial breathing mode
(RBM) region, in which all of the tube atoms vibrate radial-
ly in phase, gives valuable information concerning the bind-
ing of addends on SWNTs. Figure 4 shows the room temper-
ature Raman spectra of pristine SWNT, rrP3OT-co-SWNT
5, and rrP3OT/SWNT blend in the RBM region. In the case
of pristine SWNT (Figure 4a), many discrete RBM peaks
can clearly be observed, reflecting the presence of a wide
distribution of SWNT diameters. The dominant RBM peak
for the pristine sample is that at �190 cm�1, attributable to


Scheme 2. Synthetic route towards regioregular poly(3-octylthiophene)-
modified single-wall carbon nanotube 7.
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tubes of 1.29 nm in diameter.[20] Despite the fact that Raman
scattering originating from the polymer chains themselves
contributes to the spectrum of the functionalized material,
the RBM bands of the modified tubes (Figure 4b) display
strong intensity attenuation compared to the unmodified
ones (Figure 4a). Only the peak located at �190 cm�1 in the
spectrum of the pristine material remains clearly resolved,
exhibiting a frequency upshift of �6 cm�1 in the modified
sample. The results obtained reveal that the proposed func-
tionalization scheme causes substantial alterations to the
electronic band structure, significantly reducing the reso-
nance enhancement of the Raman scattering, and/or modi-
fies the overall symmetry and the bonding strength of the
tubes. Moreover, it is evident from Figure 4c that the spec-
trum obtained from the control experiment exhibits a less
pronounced loss of scattering intensity compared to that of
5, although there is significant intensity redistribution of the
RBM peaks. Also, the aforementioned peak of the pristine
sample at �190 cm�1 is subject to a quite small shift of
�1 cm�1. The observed changes in the RBM modes of the
rrP3OT/SWNT blend can be rationalized by considering
non-covalent interactions between the polymer and the
graphite sheet.


FTIR characterization was also used to verify the attach-
ment of the rrP3OT precursor on the SWNT surface in both
5 and 7. The spectrum of rrP3OT 1 show peaks at 2926 and
2853 cm�1, attributable to the methyl and methylene protons
of the octyl side chain group (Figure 5), while the IR spectra


of materials 5 and 7 feature similar peaks at 2926 and
2853 cm�1, respectively (Figure 5).


The UV/Vis and emission spectra of 1, both in solution
and the solid state, are shown in Figure S1 (see the Support-


ing Information). The UV/Vis spectra of 1 display an ab-
sorption maximum at 440 nm in solution and at 512, 554,
and 606 nm in the solid state (Figure S1a), characteristic of
rrP3ATs.[21] In addition, the photoluminescence spectra of 1
exhibit two electronic transitions, at 572 and 620 nm in solu-
tion and at 650 and 715 nm in the solid state, respectively
(Figure S1b).


The UV/Vis spectra of 5 and 7 in the solid state are
shown in Figure 6a. Strong evidence for efficient attachment
of the polythiophene precursor to the SWNT is provided by
the corresponding absorption spectra. Although SWNTs do
not show any absorption band between 400 and 700 nm in
the solid state, the functionalized materials 5 and 7 display
broad absorption bands between 400 and 700 nm attributa-
ble to the rrP3OTs. Furthermore, it is shown that the ab-
sorption spectra of the rrP3OTs are less resolved when they
are attached to the SWNTs, as compared to the spectra of
the regioregular polythiophene precursors. In addition, com-
paring the emission spectra of the modified 5 or 7 in the
solid state with those of the rrP3OT thin film, one can see
that although the absorption spectra are adjusted to almost
the same absorption value, the emission from 5 or 7 is total-
ly quenched (Figure 6b), in agreement with the results ob-
tained from the Raman measurements.


The XP spectra of the C1s core level for the rrP3OT-co-
SWNT 5, the SWNT/rrP3OT blend, the pristine SWNT, and
the P3OT film are shown in Figure 7. All XP spectra were
fitted with mixed Gaussian–Lorentzian peaks after Shirley
background subtraction. The C1s peak of the pristine
SWNT (Figure 7d) is found at a binding energy of 284.6 eV,
with a full-width at half-maximum (FWHM) of 1.15 eV. The
spectrum consists of three components: one sharp peak at
284.6 eV, which is assigned to sp2 carbon; a broad tail near
285 eV, which indicates the presence of sp3 carbon; and a
small satellite peak that differs in energy from the main


Figure 4. Raman spectra of a) pristine SWNTs, b) rrP3OT-co-SWNT 5,
and c) rrP3OT/SWNT blend at 514.5 nm excitation.


Figure 5. FTIR spectra of rrP3OT 1 (d), rrP3OT-co-SWNT 5 (a),
and rrP3OT-SWNT 7 (c) in the 3300–2500 cm�1 region.
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peak by about 5.5 eV, which is
a loss feature corresponding to
p-plasma excitation, in agree-
ment with literature data.[22, 23]


In the spectrum of the rrP3OT
film, the C1s core level is mea-
sured at 285.1 eV, with an
FWHM of 1.5 eV (Figure 7c),
and the S2p level is at 164.1 eV
(not shown), in agreement with
previous observations for simi-
lar films.[24] If the C1s XP spec-
trum is fitted with two compo-
nents (285 and 286.7 eV) with
an energy separation of 1.7 eV
and an area ratio of 6:1, where-
by the low-binding-energy peak
relates to a C=C�C environ-
ment and the high-binding-
energy peak relates to a C=C�S
environment,[25] there exists a
residual signal which requires
the addition of a third compo-
nent at 285.2 eV. Accordingly,
the peak at 285.2 eV is attribut-


ed to an extra carbon concentration, which is present on the
surface of the film due to its exposure to the atmosphere.


The C1s XPS peak for material 5 is broader (FWHM
1.5 eV) and it appears at a binding energy of 284.90 eV,
0.3 eV higher than that for the pristine SWNT (Figure 7a).
Four components are used in the fitting, two (284.60 and
285.60 eV) for the SWNT contribution (the satellite feature
is completely quenched) and two (285.10 and 286.80 eV) for
the rrP3OT. Figure 7b shows the C1s XP peak for the corre-
sponding blend. This peak is situated at 284.70 eV with an
FWHM of 1.30 eV. It is also fitted by two groups of peaks
because of the SWNT and rrP3OT contributions (in this
case, a small satellite contribution is still present). A com-
parison of the total areas of the SWNT and rrP3OT compo-
nents in Figures 7a and b shows that the rrP3OT contribu-
tion in 5 exceeds 60%, whereas in the blend the SWNT con-
tribution dominates, amounting to about 65%. This indi-
cates that the rrP3OT in 5 has a tendency to cover the
SWNT, which leads to a more intimate contact and possibly
facilitates electronic interaction.


Figure 8 shows the C1s XP peaks of the SWNT, the
SWNT/rrP3OT blend, and 5 over a wider binding energy
range, in which the plasmon peak is clearly shown. The plas-
mon peak disappears in the case of 5, which is an indication


Figure 6. a) UV/Vis and b) photolumi-
nescence spectra of rrP3OT 1 (d),
rrP3OT-co-SWNT 5 (a), and
rrP3OT-SWNT 7 (c) in the solid
state.


Figure 7. C1s XPS peaks of a) the rrP3OT-co-SWNT 5, b) SWNT/rrP3OT blend, c) rrP3OT film, and d) pris-
tine SWNT. The fitting of the XP spectra consists of the following components (dashed lines): 1) that at
284.6 eV binding energy is assigned to sp2 carbon, 2) that at 285.6 eV corresponds to sp3 carbon, 3) that at
290.1 eV corresponds to p-plasma excitation, 4) that at 285.0 eV is related to C=C�C bonds, 5) that at
286.7 eV is related to C=C�S bonding, and 6) that at 285.2 eV is attributed to atmospheric contamination.
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that the features of the carbon nanotube are changed, since
the plasmon peak is related to the curved nature of the gra-
phene sheets in the nanotubes.[22] In the case of the blend,
this feature is still present, albeit with lower intensity than
in the pristine SWNT, which means that the carbon nano-
tube contribution is still high enough compared to 5, in
agreement with the results obtained from the abovemen-
tioned analysis of the C1s peaks.


The valence bands of the SWNT, the rrP3OT-co-SWNT 5,
and the SWNT/rrP3OT blend, as measured by UPS, are
shown in Figure 9a, while a more detailed view near the
low-binding-energy region, which also includes the rrP3OT
valence band, is shown in Figure 9b. The prominent peak of
the SWNT valence band, which extends up to the Fermi
edge cut-off, is observed at a binding energy of 3 eV from
the Fermi level and may be attributed to p-band states, as
reported in previous studies.[23]


The low-binding-energy region of the rrP3OT film, up to
4 eV, contains only p contributions from the conjugated
backbone, which are related to the electronic structure of
the polymer.[24] The HOMO position is measured at 1 eV
from the Fermi level (Eb =0). The valence band of 5 shows
a peak at about 3.5 eV with lower intensity and a HOMO
position at about 0.5 eV, which indicates that the modifica-
tion affects the electronic structure of the carbon nanotubes,
shifting the Fermi level upwards. In the case of the SWNT/
rrP3OT blend, the peak is quite strong; it is located at about
3.2 eV and there is still density of states near the Fermi
edge, which means that the carbon nanotube features are
still present. The work function value decreases from 4.7 eV
for the pristine SWNT to 4.4 eV for the blend and to 4.2 eV
for 5. This lowering of the work function is an indication of


a partial charge transfer from the rrP3OT to the carbon
nanotubes.


A correlation of the XPS and UPS results shows that the
chemical modification of the SWNT by rrP3OT affects the
electronic structure of the carbon nanotubes, decreasing the
work function value, as rrP3OT covers a large area of the
carbon nanotubes. In a blend with the same percentage of
rrP3OT by weight, the features of the carbon nanotubes are
less affected and the influence of the rrP3OT does not sig-
nificantly alter their electronic structure.


Conclusion


In summary, novel materials consisting of rrP3OT covalently
attached to SWNT have been effectively synthesized. These
have been extensively characterized using a variety of spec-
troscopic techniques, such as TGA, Raman, FTIR, UV/Vis,
steady-state photoluminescence, XPS, and UPS. These


Figure 8. C1s XPS peak in a wider binding energy range, in which the
plasmon peak is clearly shown, for a) SWNT, b) rrP3OT/SWNT blend,
and c) rrP3OT-co-SWNT 5.


Figure 9. a) UPS spectra of i) rrP3OT-co-SWNT 5, ii) rrP3OT/SWNT
blend and iii) SWNT. b) A detailed view of the valence band near the
low-binding-energy region of SWNT (c), rrP3OT-co-SWNT 5 (a),
rrP3OT/SWNT blend (d), and rrP3OT (b).


Chem. Eur. J. 2008, 14, 8715 – 8724 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8721


FULL PAPERPolymer–Nanotube Hybrid Materials



www.chemeurj.org





hybrid materials are easily processable since they are com-
pletely dispersable in common organic solvents, while all of
the relevant experimental observations indicate an electron
transfer from the excited polythiophene chains to the
SWNT backbone, showing that this type of modification
does not significantly disturb the electronic properties of the
SWNT, while at the same time the processability of the
nanotube is greatly improved. Using this methodology, we
can efficiently synthesize hybrid materials that combine the
outstanding physicochemical properties of SWNTs with
those of rrP3ATs, which can be expected to find application
in practical optoelectronic devices.


Experimental Section


Instrumentation and measurements : The structures of the synthesized
materials were clarified by 1H NMR spectroscopy using a Bruker Avance
DPX 400 MHz spectrometer. Gel-permeation chromatography (GPC)
was carried out at 25 8C using a Polymer Lab chromatographer with two
Ultra Styragel linear columns (104, 500 A), a UV detector, polystyrene
standards, and CHCl3 as eluent at a flow rate of 1 mLmin�1. Centrifuga-
tion was performed using a Hettich Zentrifugen Universal 320 centrifuge,
and sonication was carried out with a Bransonic (Branson) 2510 model
ultrasonic cleaner. TGA experiments were performed on a Q50 series
TA instrument. The degree of functionalization of compound 4 was esti-
mated according to the formula: (% carbon/atomic weight of carbon)/(%
functional group/molecular weight of the functional group). Raman spec-
tra were recorded using a microscope equipped with a triple monochro-
mator combined with a Peltier cooled charge-coupled device detector
system. The spectra were acquired in the back-scattering geometry using
the 514.5 nm excitation line provided by an argon laser. The light was fo-
cused on the sample using an 80P objective. The data were recorded at a
laser power of 0.4 mW, measured directly before the sample, in order to
minimize heating effects. To avoid problems related to inhomogeneities
in the samples, all spectra were acquired from three to five different
spots for each sample. The phonon frequencies were obtained by fitting
Lorentzian line shapes to the experimental peaks. Transmission FTIR
spectra were recorded using a BRUKER Tensor-27 spectrometer. Photo-
electron spectroscopy measurements were carried out in a commercial
ultra-high vacuum (UHV) system consisting of fast entry specimen as-
sembly, preparation, and analysis chambers. The analysis chamber was
equipped with a hemispherical electron analyzer (SPECS LH-10), a twin-
anode X-ray gun, and a discharge lamp for X-ray and UV photoelectron
spectroscopy (XPS and UPS) measurements. The base pressure was 5P
10�10 mbar. XPS measurements were made with the unmonochromated
MgKa line at 1253.6 eV and a constant analyzer pass energy of 36 eV,
while HeI (21.22 eV) radiation was used for UPS. The spectrometer was
calibrated by reference to the Au4f7/2 core level (84.00�0.05 eV) for a
clean Au foil. The XPS resolution, measured from the full-width at half-
maximum (FWHM) of the Au4f7/2 line, was 1.10 eV for a constant pass
energy of 36 eV. The analyzer resolution for the UPS measurements was
determined from the width of the Au Fermi edge, and was found to be
0.16 eV. A negative bias of 12.30 V was applied to the sample during
UPS measurements in order to separate sample and analyzer high-bind-
ing-energy cut-offs and to estimate the absolute work function from the
UV photoemission spectra. Detailed XPS and UPS measurements were
carried out on the system 5 (rrP3OT covalently attached to SWNT;
P3OT-co-SWNT). For comparison, pristine single-wall carbon nanotubes
(NANOCYL S.A.; SWNT purity>90 wt%), an SWNT/rrP3OT blend
with the same percentage by weight of rrP3OT, as well as an rrP3OT
film obtained by spin coating from a 1 mgmL�1 solution of the polymer
in chloroform were also investigated. UV/Vis spectra were recorded on
both Hewlett Packard 8452A diode-array and Perkin-Elmer Lambda-16
spectrophotometers. Steady-state fluorescence spectra were measured
with an Edinburgh Instruments Model FS-900 spectrofluorimeter. The


excitation wavelength was 450 nm for solution measurements and 514 nm
for those in the solid state. The samples for the UV/Vis and photolumi-
nescence experiments were prepared as follows: 5 or 7 (1 mg) was dis-
solved in 1,1,2,2-tetrachloroethane (10 mL) and the solution was sonicat-
ed for 1 h. Then, uniform thin films of the above materials were prepared
by slow evaporation of the solvent from the substrate (quartz plates
2.5 cm P 2.5 cm P 1.5 mm thick) in a desiccator using a mechanical
pump. Moreover, thin films of rrP3OT 1 were prepared following the
same procedure as described above for 5 or 7, but starting by injecting
6 mL of a concentrated solution of 1 (1 mg) in 1,1,2,2-tetrachloroethane
(1 mL) into pure 1,1,2,2-tetrachloroethane (3 mL).


Monomer and polymer synthesis : All solvents and reagents were pur-
chased from Aldrich and were used without further purification unless
otherwise stated. The SWNTs used in this work were obtained from
NANOCYL S.A. (SWNT purity>90 wt%). All reactions were per-
formed under an inert atmosphere (argon). Tetrahydrofuran (THF) was
distilled from benzophenone and metallic sodium; dimethylformamide
(DMF) was distilled from calcium hydride. 2,5-Dibromo-3-octylthiophe-
ne[26a] and 4-(tetrahydro-2H-pyranyloxy)phenylboronic acid M1[26b] were
synthesized according to published procedures. The synthesis of the H/
Br-rrP3OT 1 was based on synthetic procedures reported in the literatur-
e[26a, 27] and involved the Ni-catalyzed chain-growth polymerization of 2-
bromo-3-octylthiophene-5-magnesium bromide. The crude polymer was
fractionated by Soxhlet extraction with solvents of an increasing ability
to solubilize P3OT (methanol, acetone, hexane, and chloroform). The po-
lymer was isolated from the hexane extract. 1H NMR (400 MHz, CDCl3):
d=0.89 (t, 3H), 1.29 (m, 8H), 1.40 (m, 2H), 1.69 (t, 2H), 2.80 (t, 2H),
6.98 ppm (s, 1H); GPC: Mn : 4350, PDI: 1.7; 1H NMR: DPn=13, Mn :
2600.


Synthesis of phenoxy-tetrahydropyranyl terminated rrP3OT (2): A reac-
tion flask was charged with rrP3OT 1 (1 g), M1 (1.211 g, 5.454 mmol),
and tetrakis(triphenylphosphine)palladium [Pd ACHTUNGTRENNUNG(PPh3)4] (126 mg). The
flask was degassed and filled with argon several times. THF (100 mL)
and 2m Na2CO3 (6.1 mL) were then added and the mixture was heated at
reflux for 48 h under an argon atmosphere. Thereafter, the solvent was
partially removed under reduced pressure and the concentrated mixture
was poured into methanol to precipitate the crude polymer. The polymer
was collected by filtration and washed by a series of Soxhlet extractions
with methanol, acetone (in order to remove the excess M1), and chloro-
form. Polymer 2 (0.91 g) was recovered from the chloroform extract.
1H NMR (400 MHz, CDCl3): d=0.88 (t, 45H), 1.31 (m, 120H), 1.42 (m,
30H), 1.70 (t, 30H), 1.88 (br, 2H), 2.01 (br, 2H), 2.81 (t, 30H), 3.63 (m,
2H), 3.94 (m, 2H), 5.47 (s, 1H) 6.99 (s, 15H), 7.11 (d, 2H), 7.34 ppm (d,
2H); GPC: Mn : 4820, PDI: 1.6; 1H NMR: DPn=15, Mn : 3088.


Synthesis of phenol-terminated rrP3OT (3): In a round-bottomed flask,
the phenoxy-tetrahydropyranyl-terminated rrP3OT 2 was dissolved in
THF (50 mL). The solution was heated to reflux and then six drops of
37% HCl were added. The reaction mixture was heated overnight and
then poured into methanol to precipitate the polymer, which was collect-
ed by filtration, washed with deionized water and methanol, and dried in
vacuum. Polymer 3 was recovered in quantitative yield. 1H NMR
(400 MHz, CDCl3): dH=0.88 (t, 45H), 1.28 (m, 120H), 1.41 (m, 30H),
1.70 (t, 30H), 2.80 (t, 30H), 6.99 (s, 15H), 7.07 (d, 2H), 7.26 ppm (d,
2H); GPC: Mn : 4760, PDI: 1.6; 1H NMR: DPn=15, Mn : 3004.


Synthesis of aminoethanol-modified SWNT (4): A suspension of pristine
SWNTs (50 mg) in DMF (50 mL) was sonicated for 10 min and then 2-
aminoethanol (3 mL, 49.8 mmol) was added. The reaction mixture was
stirred at 80 8C for 5 days, and then filtered through a Millipore mem-
brane (PTFE, 0.22 mm). The collected material was washed with DMF,
dichloromethane, and diethyl ether and dried under high vacuum to
afford 35 mg of compound 4.


Synthesis of rrP3OT-co-SWNT (5): Phenol-terminated rrP3OT 3 (22 mg),
aminoethanol-modified SWNT 4 (15 mg), and triphenylphosphine (TPP)
(20.06 mg, 0.076 mmol) were combined in a previously degassed round-
bottomed flask. DMF (10 mL) and THF (10 mL) were added and the re-
action mixture was sonicated for 15 min. Diisopropylazodicarboxylate
(DIAD) (15 mL, 0.076 mmol) was then added and the flask was degassed
and filled with argon several times. The reaction mixture was stirred at
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80 8C for 24 h under argon atmosphere. The same amounts of TPP and
DIAD were then added to the flask once more and the resulting mixture
was allowed to react at 80 8C for a further 24 h under argon atmosphere.
After being cooled to room temperature, the suspension was sonicated
and centrifuged in order to remove any unreacted 4. The supernatant
was filtered through a Millipore membrane (PTFE, 0.22 mm), and the
brownish solid collected was washed several times with DMF, chloroform
(in order to remove any excess 3), and diethyl ether, affording 32 mg of
compound 5. The solubility of this material was found to be 1 mg/3 mL in
o-dichlorobenzene or 1 mg/10 mL in chloroform. FTIR (KBr): ñ =2926,
2853 cm�1.


Synthesis of rrP3OT macroinitiator (6): In a degassed round-bottomed
flask, 3 (195 mg) was dissolved in distilled dichloromethane (30 mL). The
polymer solution was cooled to 0 8C. Chloropropionyl chloride (CPC)
(0.22 mL) and distilled triethylamine (Et3N) (70 mL) were then added
and after 10 min the mixture was heated at 80 8C for 24 h. It was then
cooled to 0 8C, whereupon the same amounts of CPC and Et3N were
added once more. After 10 min, the mixture was heated at 80 8C for a fur-
ther 24 h. This procedure was repeated once more, and the final mixture
was left to react at 80 8C for 48 h. Finally, an excess of MeOH was added
to the flask and the resulting mixture was stirred for 1 h. The mixture
was filtered, and the collected initiator was repeatedly washed with
MeOH before being dried to afford 6 in quantitative yield. 1H NMR
(400 MHz, CDCl3): d =0.88 (t, 45H), 1.28 (m, 120H), 1.41 (m, 30H), 1.70
(t, 30H), 1.84 (dd, 3H), 2.81 (t, 30H), 4.64 (m, 1H), 6.99 (s, 15H), 7.04
(d, 2H), 7.20 ppm (d, 2H); GPC: Mn : 4870, PDI: 1.7; 1H NMR: DPn=


15, Mn : 3091.5.


Synthesis of rrP3OT-SWNT (7): The rrP3OT macroinitiator 6 (30 mg),
CuBr (6.66 mmol), and bpy (13.13 mmol) were placed in a reaction flask,
which was degassed and filled with argon three times. o-Dichlorobenzene
(8 mL) and SWNT (30 mg) were then added to the flask and the mixture
was sonicated for 15 min. The mixture was then heated at 110 8C for 3 d.
After being cooled to room temperature, the suspension obtained was so-
nicated and centrifuged in order to remove any unreacted SWNT. The
supernatant was filtered through a Millipore membrane (PTFE,
0.22 mm), and the brownish solid collected was washed several times with
DMF, THF (in order to remove any unreacted 6), and diethyl ether, to
afford 31 mg of compound 7. FTIR (KBr): ñ=2926, 2853 cm�1.
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Lewis Acid Catalyzed Cascade Reactions of Diarylvinylidenecyclopropanes
and 1,1,3-Triarylprop-2-yn-1-ols or Their Methyl Ethers


Min Shi*[a, b] and Liang-Feng Yao[b]


Introduction


Vinylidenecyclopropanes (VDCPs) are highly strained but
readily accessible and stable molecules that can serve as
useful building blocks in organic synthesis (Scheme 1).[1] It is
known that VDCPs can undergo a variety of ring-opening–
cycloaddition reactions upon heating or photoirradiation


and by using Lewis acids as the catalysts because the relief
of ring strain can provide a powerful thermodynamic driving
force.[2,3] Thus far, a number of interesting skeletal conver-
sions of VDCPs have been explored. For example, we have
recently reported an interesting Lewis acid catalyzed intra-
molecular rearrangement of diarylvinylidenecyclopropanes
containing one, two, or three substituents at the 1- and/or 2-
position of the corresponding cyclopropane, which gave
6aH-benzo[c]fluorine derivatives in a double-intramolecular
Friedel–Crafts reaction or indene or naphthalene derivatives
via an intramolecular Friedel–Crafts reaction
(Scheme 2).[3a,b,c] In addition, we have also succeeded in an
effective Lewis acid catalyzed synthesis of substituted
indene derivatives by the intermolecular reactions of arylvi-
nylidenecyclopropanes 1 with acetals under mild conditions,
which is believed to proceed via regioselective addition of
an oxonium intermediate to an arylvinylidenecyclopropane
and a subsequent intramolecular Friedel–Crafts reaction
(Scheme 3).[3d] These results stimulated us to further explore
the transformation of VDCPs under mild conditions. Previ-
ously, we reported that arylmethylenecyclopropanes (MCPs)
can react with 3-methoxy-1,3,3-triarylprop-1-yne or 1,1,3-tri-
arylprop-2-yn-1-ol to give the corresponding functionalized
methylenecyclobutene, cyclobutane, and cyclopropane deriv-
atives in the presence of a Lewis acid (BF3·OEt2) under
mild conditions.[4a] Herein, we wish to present a highly effi-
cient Lewis acid catalyzed cascade intermolecular reaction
of VDCPs 1 with 1,1,3-triarylprop-2-yn-1-ols or their methyl
ethers 2 that selectively produces 4-dihydro-1H-cyclopen-
ta[b]naphthalene derivatives 3 and 1,2,3,8-tetrahydrocyclo-


Abstract: The reactions of vinylidene-
cyclopropanes 1 with 1,1,3-triarylprop-
2-yn-1-ols or their methyl ethers 2 in
the presence of a Lewis acid selectively
produce 4-dihydro-1H-cyclopenta[b]-
naphthalene derivatives 3 or 1,2,3,8-tet-
rahydrocyclopenta[a]indene derivatives
4 depending on the substituents on the
cyclopropane. Good to high yields are


obtained under mild conditions. A
plausible cascade Meyer–Schuster rear-
rangement and Friedel–Crafts reaction


mechanism has been proposed. More-
over, novel functionalized methylene-
cyclobutene derivatives 5 could also be
obtained in moderate to good yields
under similar conditions when strongly
electron-donating methoxy groups
were introduced into the benzene rings
of 2.


Keywords: ACHTUNGTRENNUNGalkynes · ACHTUNGTRENNUNGdomino reac-
tions · ACHTUNGTRENNUNGFriedel–Crafts reaction ·
ACHTUNGTRENNUNGindenes · Meyer–Schuster rear-
rangement · naphthalenes


[a] Prof. Dr. M. Shi
State Key Laboratory of Organometallic Chemistry
Shanghai Institute of Organic Chemistry
Chinese Academy of Sciences
354 Fenglin Road, Shanghai 200032 (China)
Fax: (+86)21-6416-6128
E-mail : Mshi@mail.sioc.ac.cn


[b] Prof. Dr. M. Shi, Mr. L.-F. Yao
East China University of Science and Technology
130 Mei Long Lu, Shanghai 200237 (China)


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800421. It includes spectro-
scopic data (1H and 13C NMR spectroscopic data) and analytic data
of the compounds shown in Tables 1–5, the X-ray crystal structures of
3a and 4d, and detailed descriptions of experimental procedures.


Scheme 1. Preparation of vinylidenecyclopropanes.
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penta[a]indene derivatives 4 in good to high yields under
mild conditions.


Results and Discussion


Lewis acid catalyzed reactions of VDCPs 1 with 1,1,3-triar-
ylprop-2-yn-1-ols or their methyl ethers 2 : Initial examina-
tions with diphenylvinylidenecyclopropane (1a) and 1,1,3-
triphenylprop-2-yn-1-ol (2a) or its methyl ether (2b) as the
substrates in the presence of various Lewis acids or a
Brønsted acid (TfOH) in a variety of solvents were aimed at
determining the optimal conditions and the results of these
experiments are summarized in Table 1. We found that the
reaction proceeded smoothly in 1,2-dichloroethane (DCE)
to afford 2-benzhydrylidene-3,4,4,9-tetraphenyl-2,4-dihydro-
1H-cyclopenta[b]naphthalene 3a in 93% yield within 6 h at
�20 8C in the presence of Zr ACHTUNGTRENNUNG(OTf)4 (10 mol%, OTf= tri-
fluoromethanesulfonate) (Table 1, entry 2). When the reac-
tions were carried out in dichloromethane and acetonitrile
under identical conditions, 3a was obtained in 86 and 53%


yields, respectively (Table 1,
entries 7 and 8). In THF, a
trace of 3a was obtained
(Table 1, entry 9) and, in tolu-
ene, complex product mixtures
were formed (Table 1,
entry 10). Other Lewis acids
such as BF3·OEt2, Sc ACHTUNGTRENNUNG(OTf)3,
NdACHTUNGTRENNUNG(OTf)3, Sn ACHTUNGTRENNUNG(OTf)2, and the
Brønsted acid (TfOH) were
not as effective as ZrACHTUNGTRENNUNG(OTf)4


under the standard conditions
(Table 1, entries 1–6). When
2b was used as a reactant,
complex product mixtures
were obtained at room temper-
ature (20 8C) or even at 0 8C by
using YbACHTUNGTRENNUNG(OTf)3 or BF3·OEt2 as
a Lewis acid in DCE (Table 1,
entries 12–14). However, the
Lewis acids BF3·OEt2 and Zr-
ACHTUNGTRENNUNG(OTf)4 (10 mol%) produced
3a in 78 and 85% yields, re-
spectively at �20 8C (Table 1,
entries 15 and 16). Therefore,
on the basis of the above re-
sults, the best reaction condi-
tions for the formation of 3
were to carry out the reaction
of VDCPs 1 with 2a in DCE
at �20 8C with ZrACHTUNGTRENNUNG(OTf)4 (10
mol%) as a Lewis acid.


Scheme 2. Lewis acid catalyzed intramolecular rearrangement of VDCPS 1.


Scheme 3. Lewis acid catalyzed intermolecular reaction of VDCPs 1 with acetals.


Table 1. Optimization of the reaction conditions of 1a with 2a or 2b.


Entry[a] Lewis acid Solvent T [oC] t [h] R 2 Yield of 3a [%][b]


1 BF3·OEt2 DCE �20 8 H 2a 80
2 Zr ACHTUNGTRENNUNG(OTf)4 DCE �20 6 H 2a 93
3 Sc ACHTUNGTRENNUNG(OTf)3 DCE �20 8 H 2a 70
4 TfOH DCE �20 6 H 2a 85
5 Nd ACHTUNGTRENNUNG(OTf)3 DCE �20 6 H 2a 84
6 Sn ACHTUNGTRENNUNG(OTf)2 DCE �20 10 H 2a 75
7 Zr ACHTUNGTRENNUNG(OTf)4 CH2Cl2 �20 6 H 2a 86
8 Zr ACHTUNGTRENNUNG(OTf)4 MeCN �20 6 H 2a 53
9 Zr ACHTUNGTRENNUNG(OTf)4 THF �20 24 H 2a trace


10 Zr ACHTUNGTRENNUNG(OTf)4 toluene �20 12 H 2a complex
11 Zr ACHTUNGTRENNUNG(OTf)4 DCE �25 6 H 2a 77
12 Yb ACHTUNGTRENNUNG(OTf)3 DCE RT 6 Me 2b complex
13 Yb ACHTUNGTRENNUNG(OTf)3 DCE 0 6 Me 2b complex
14 BF3·OEt2 DCE RT 6 Me 2b complex
15 BF3·OEt2 DCE �20 6 Me 2b 78
16 Zr ACHTUNGTRENNUNG(OTf)4 DCE �20 6 Me 2b 85


[a] All reactions were carried out by using 1a (0.2 mmol), 2 (0.24 mmol)
and Lewis acid (10 mol%) in various solvents (2.0 mL). [b] Isolated
yields.
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Under these optimal reaction conditions, we next carried
out this interesting reaction by using a variety of starting
materials 1 and 1,1,3-triarylprop-2-yn-1-ols 2. The results are
summarized in Table 2. As can be seen in Table 2, these re-
actions proceeded smoothly to afford the corresponding 4-
dihydro-1H-cyclopenta[b]naphthalene derivatives 3 in mod-
erate to high yields (Table 2). Substituents on the aromatic
rings of 1 have a modest influence on the reaction outcomes.
Adding a moderately electron-donating group, such as a
methyl group, on the aromatic ring of 1 afforded the corre-
sponding 4-dihydro-1H-cyclopenta[b]naphthalene derivative
3 f in somewhat lower yield (52%) (Table 2, entry 5). Simi-
larly, introducing a strongly electron-donating methoxy
group onto the aromatic ring of 2 produced the correspond-
ing 4-dihydro-1H-cyclopenta[b]naphthalene derivative 3k in
45% yield (Table 2, entry 10). The presence of electron-
withdrawing groups, such as fluoro- or chloro-substituents,
on the benzene rings in R1 and R2 of 1 or at the benzene
rings R7 and R8 of 2 gave the corresponding 4-dihydro-1H-
cyclopenta[b]naphthalene derivatives 3g or 3 j in higher
yields (Table 2, entries 6 and 9). A similar result was ob-
tained by using unsymmetrical VDCP 1h (R1 =p-ClC6H4,
R2 =C6H5) as the substrate (Table 2, entry 7). In the case of
aliphatic VDCP substrate 1 i (R1 =R2 =Me), the correspond-
ing product 3 l was obtained in 30% yield (Table 2,
entry 11). As for VDCP 1 j in which R3 and R4 are not iden-
tical, two stereoisomeric mixtures were obtained in a ratio
of 1:1 (Table 2, entry 12). Product structures were deter-
mined from 1H and 13C NMR spectroscopic data, HRMS,
and microanalysis. Furthermore, the X-ray crystal structure
of 3a was determined (Figure 1).[5]


Lewis acid catalyzed reactions of VDCPs 1 containing four
methyl groups on the cyclopropane with 1,1,3-triarylprop-2-
yn-1-ols or their methyl ethers 2 : Interestingly, by using
VDCPs 1k–r with four methyl groups on the cyclopropane


as the substrates under the standard conditions, 1,2,3,8-tetra-
hydrocyclopenta[a]indene derivatives 4 were obtained in
good yields. The reaction conditions have been carefully ex-
amined in a similar way (Table 3). The examination of
Lewis acids and solvent effects revealed that Sc ACHTUNGTRENNUNG(OTf)3 is the
best catalyst in the reaction of 1k with 2b and DCE is the
solvent of choice (Table 3, entries 1–15). Examination of the
reaction temperature also indicated that this reaction should


Table 2. Zr ACHTUNGTRENNUNG(OTf)4 catalyzed reactions of VCPs with 1,1,3-triphenyl-prop-2-yn-1-ols.


Entry 1 R1 R2 R3 R4 R5 R6 2 R7 R8 Yield of 3 [%][a]


1 1b C6H5 C6H5 C6H5 C6H5 Me H 2a Ph Ph 3b, 80
2 1c C6H5 C6H5 p-FC6H4 p-FC6H4 H H 2a Ph Ph 3c, 80
3 1d C6H5 C6H5 p-ClC6H4 p-ClC6H4 H H 2a Ph Ph 3d, 65
4 1e C6H5 C6H5 p-MeC6H4 p-MeC6H4 H H 2a Ph Ph 3e, 80
5 1 f p-MeC6H4 p-MeC6H4 C6H5 C6H5 H H 2a Ph Ph 3 f, 52
6 1g p-FC6H4 p-FC6H4 C6H5 C6H5 H H 2a Ph Ph 3g, 91
7 1h p-ClC6H4 C6H5 C6H5 C6H5 H H 2a Ph Ph 3h, 88
8 1a C6H5 C6H5 C6H5 C6H5 H H 2c p-MeC6H4 p-MeC6H4 3 i, 65
9 1a C6H5 C6H5 C6H5 C6H5 H H 2d p-ClC6H4 p-ClC6H4 3 j, 80[b]


10 1a C6H5 C6H5 C6H5 C6H5 H H 2e p-MeOC6H4 p-MeOC6H4 3k, 45
11 1 i Me Me C6H5 C6H5 H H 2a Ph Ph 3 l, 30
12 1j C6H5 C6H5 p-ClC6H4 C6H5 H H 2a Ph Ph 3m, 81 (1:1)[c]


[a] Isolated yields. [b] 24% of 1a was recovered. [c] Ratio of two stereoisomers (R3’=H, R4 =p-ClC6H4)/(R
3’=Cl, R4 =C6H5).


Table 3. Optimization of the reaction conditions of 1k with 2b or 2a.


Entry[a] Lewis acid Solvent T [oC] Yield of 4a [%][b]


1 Yb ACHTUNGTRENNUNG(OTf)3 DCE 40 83
2 Sc ACHTUNGTRENNUNG(OTf)3 DCE 40 87
3 BF3. OEt2 DCE 40 85
4 Sn ACHTUNGTRENNUNG(OTf)2 DCE 40 68
5 Zr ACHTUNGTRENNUNG(OTf)4 DCE 40 81
6 TfOH DCE 40 82
7 La ACHTUNGTRENNUNG(OTf)3 DCE 40 68
8 Nd ACHTUNGTRENNUNG(OTf)3 DCE 40 69
9 Gd ACHTUNGTRENNUNG(OTf)3 DCE 40 72


10 Sc ACHTUNGTRENNUNG(OTf)3 CH2Cl2 40 83
11 Sc ACHTUNGTRENNUNG(OTf)3 THF 40 NR
12 Sc ACHTUNGTRENNUNG(OTf)3 MeCN 40 47
13 Sc ACHTUNGTRENNUNG(OTf)3 toluene 40 40
14 Sc ACHTUNGTRENNUNG(OTf)3 EtOH 40 28
15 Sc ACHTUNGTRENNUNG(OTf)3 hexane 40 51
16 Sc ACHTUNGTRENNUNG(OTf)3 DCE RT trace
17 Sc ACHTUNGTRENNUNG(OTf)3 DCE 60 86
18 Sc ACHTUNGTRENNUNG(OTf)3 DCE 40 93[c]


19 Sc ACHTUNGTRENNUNG(OTf)3 DCE 40 68[d]


[a] All reactions were carried out by using 1k (0.2 mmol), 2b
(0.24 mmol), and catalyst (10 mol%) in various solvents (2.0 mL). [b] Iso-
lated yields. [c] 2b (0.3 mmol) was used. [d] 2a was used.
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be carried out at 40 8C (Table 3, entries 16 and 17). More-
over, 4a could be obtained in 93% yield by using 1.5 equiv
of 2b under the standard conditions (Table 3, entry 18). By
using 2a as a reactant, 4a was formed in 68% yield under
otherwise identical conditions (Table 3, entry 19). Therefore,
we found that the best reaction conditions for the formation
of 4 were to carry out the reactions of VDCPs 1k–r with 2b


(1.5 equiv) in DCE at 40 8C by using Sc ACHTUNGTRENNUNG(OTf)3 (10 mol%) as
a Lewis acid. Subsequently, we also examined the generality
of this reaction under these optimized conditions, and the
results of these experiments are summarized in Table 4. As
for the reaction of 1k with 2g and 2 i, in which R7 and R8 or
R9 are electron-rich aromatic groups, the corresponding
1,2,3,8-tetrahydrocyclopenta[a]indene derivatives 4c and 4e
were obtained in somewhat lower yields (40 and 55%)
(Table 4, entries 3 and 5). In other cases, the corresponding
1,2,3,8-tetrahydrocyclopenta[a]indene derivatives 4 were ob-
tained in 66–92% yields (Table 4, entries 1–9). As for the
substrates 1p–r containing substituents at the meta- and/or
ortho-position of the benzene ring, the corresponding prod-
ucts 4 j–l were obtained in 70, 75, and 25% yields, respec-
tively, suggesting that the sterically encumbered VDCP did
not facilitate the formation of 4 (Table 4, entries 10–12). In
the reaction of 1k with 2 j, in which R7 and R8 are not iden-
tical, the corresponding product 4m was formed as E- and
Z-isomeric mixtures (Table 4, entry 13). The product 4n was
formed in 60% yield by using 1,1-diphenyl-prop-2-yn-1-ol
2k as a substrate (Table 4, entry 14). The crystal structure of
4d was determined by X-ray diffraction (Figure 2).[5]


It should be noted that in the reactions of VDCP 1a with
1,1-diphenyl-non-2-yn-1-ol 2 l and VDCP 1k with 2-methyl-
4-phenyl-but-3-yn-2-ol 2m under these optimized conditions,
complex product mixtures were formed, respectively, sug-
gesting that R7, R8, and R9 in 2 should be aromatic groups
(Scheme 4).


Figure 1. ORTEP drawing of 3a.


Table 4. Sc ACHTUNGTRENNUNG(OTf)3-catalyzed reactions of VCPs 1k–r with 3-methoxy-1,3,3-triarylprop-1-yne.


Entry 1 R1 R2 2 R9 R7 R8 Yield of 4 [%][a]


1 1k C6H5 C6H5 2b C6H5 C6H5 C6H5 4a, 93
2 1k C6H5 C6H5 2 f C6H5 p-ClC6H4 p-ClC6H4 4b, 79
3 1k C6H5 C6H5 2g C6H5 p-MeC6H4 p-MeC6H4 4c, 40
4 1k C6H5 C6H5 2h C6H5 p-FC6H4 p-FC6H4 4d, 67
5 1k C6H5 C6H5 2 i p-MeOC6H4 C6H5 C6H5 4e, 55
6 1 l p-FC6H4 p-FC6H4 2b C6H5 C6H5 C6H5 4 f, 74
7 1m p-MeC6H4 p-MeC6H4 2b C6H5 C6H5 C6H5 4g, 82
8 1n p-ClC6H4 p-ClC6H4 2b C6H5 C6H5 C6H5 4h, 66
9 1o p-MeC6H4 C6H4 2b C6H5 C6H5 C6H5 4 i, 92


10 1p m,p-Cl2C6H3 C6H5 2b C6H5 C6H5 C6H5 4j, 70
11 1q m,p-(CH3)2C6H3 C6H5 2b C6H5 C6H5 C6H5 4k, 75
12 1r p-ClC6H4 o-ClC6H4 2b C6H5 C6H5 C6H5 4 l, 25
13 1k C6H5 C6H5 2j C6H5 C6H5 p-ClC6H4 4m, 95 (40:60)[b]


14 1k


[a] Isolated yields. [b] Ratio of E/Z or Z/E 40:60.


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8725 – 87318728


M. Shi and L.-F. Yao



www.chemeurj.org





Exploration of the reaction mechanism : A plausible mecha-
nism based on a Meyer–Schuster rearrangement is outlined
in Scheme 5.[6] In the presence of a Lewis acid, an intermedi-
ate propargylic cation A is produced from 1,1,3-triarylprop-
2-yn-1-ol or its methyl ether 2. Nucleophilic attack of the
central carbon in 1 on intermediate A, along with allylic re-
arrangement affords cationic intermediate B.[7] Cyclization
of intermediate B produces cationic intermediates C and D
via an allylic rearrangement.[8] When R3 =R4 =R5 =R6 =Me,
a Friedel–Crafts reaction with the adjacent aromatic group
takes place to afford 1,2,3,8-tetrahydrocyclopenta[a]indene
derivative 4. When R3 and R4 =aromatic groups, a Friedel–
Crafts reaction with R3 or R4 takes place, presumably due to
steric effects, to afford 4-dihydro-1H-cyclopenta[b]naphtha-
lene derivative 3. The formation of a stable cationic inter-
mediate A is the key step in this reaction because when R7,
R8 or R9 are aliphatic groups, complex mixtures of products
are formed (Scheme 4).


Moreover, we found that, as for the reaction of 1k with
2n, which contains two p-methoxyphenyl groups, a novel
functionalized methylenecyclobutene derivative 5a was
formed in 50% yield instead of the 1,2,3,8-tetrahydrocyclo-
penta[a]indene derivative (Scheme 6). The structure of 5a
was determined by 1H and 13C NMR spectroscopic data and
from the DEPT spectrum (see the Supporting Information).
This might be because the intermediate formed, cation E,
produces allyl cationic intermediate F, which can be stabi-
lized by two electron-rich aromatic groups, through an intra-
molecular proton transfer. Subsequent cyclization and de-
protonation afford methylenecyclobutene derivative 5a
(Scheme 6).


Because this functionalized methylenecyclobutene deriva-
tive is quite interesting, we next examined the generality of


this reaction. The results are
shown in Table 5. As can be
seen from Table 5, the corre-
sponding functionalized meth-
ylenecyclobutene derivatives
5b–f were obtained in moder-
ate to high yields for a variety
of symmetrical or unsymmetri-
cal VDCPs 1 l–p (Table 5, en-
tries 1–5). A sterically hindered
unsymmetrical VDCP 1p pro-
duced the corresponding func-
tionalized methylenecyclobu-
tene derivative 5 f in 50%
yield (Table 5, entry 5).


Conclusion


We have found an interesting
Lewis acid catalyzed intermo-
lecular reaction procedure, in
which VDCPs 1 react with
1,1,3-triarylprop-2-yn-1-ols or


Figure 2. ORTEP drawing of 4d.


Scheme 4. Lewis acid catalyzed reaction of VDCP 1a with 1,1-diphenyl-
non-2-yn-1-ol 2 l and VDCP 1k with 2-methyl-4-phenyl-but-3-yn-2-ol 2m.


Scheme 5. Plausible reaction mechanism.
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their methyl ethers 2 to provide 4-dihydro-1H-cyclopen-
ta[b]naphthalene derivatives 3 and 1,2,3,8-tetrahydrocyclo-
penta[a]indene derivatives 4 in good to high yields. A plausi-
ble reaction mechanism has been proposed that is based on
a cascade Meyer–Schuster rearrangement and Friedel–
Crafts reaction pathway. On the basis of this synthetic proto-
col, a series of novel functionalized naphthalene and indene
derivatives were obtained selectively depending on the sub-
stituents on the cyclopropane, by using easily available re-
agents under mild conditions and in moderate to good
yields. Moreover, novel functionalized methylenecyclobu-
tene derivatives 5 could also be obtained in moderate to
good yields when strongly electron-donating methoxy
groups were introduced into the benzene rings of 2 under
similar conditions. Further studies regarding the mechanistic
details and scope of this process are in progress.


Experimental Section


General methods : Melting points are
uncorrected. 1H and 13C NMR spectra
were recorded at 300 and 75 MHz, re-
spectively. Mass spectra were recorded
by EI, ESI, or Maldi methods, and
HRMS measurements were made on a
Finnegan MA+ mass spectrometer.
Organic solvents were dried by stan-
dard methods when necessary. Satis-
factory CHN microanalyses were ob-
tained with a Carlo–Erba 1106 ana-
lyzer. The commercially obtained re-
agents were used directly without fur-
ther purification. All reactions were
monitored by TLC with Huanghai
GF254 silica-gel-coated plates. Flash
column chromatography was carried
out by using 300–400 mesh silica gel at
increased pressure.


General procedure for Lewis acid cat-
alyzed reactions of arylvinylidenecy-
clopropanes with 1,1,3-triarylprop-2-
yn-1-ols or their methyl ethers : Arylvi-
nylidenecyclopropane 1 (0.2 mmol),
1,1,3-triarylprop-2-yn-1-ols or their


methyl ethers 2 (0.4 mmol) and Zr ACHTUNGTRENNUNG(OTf)4 or Sc ACHTUNGTRENNUNG(OTf)3 (10 mol%) were
added into a Schlenk tube under an argon atmosphere. The reaction mix-
ture was stirred at �20 8C for 6 h in DCE, then the solvent was removed
under reduced pressure and the residue was purified by flash column
chromatography.


Compound 3a : A yellow solid, m.p. 141–143 8C; 1H NMR (300 MHz,
CDCl3, Me4Si): d =3.48 (s, 2H, CH2), 6.02 (d, J=7.5 Hz, 2H, Ar), 6.34 (t,
J=7.5 Hz, 2H, Ar), 6.51–6.73 (m, 6H, Ar), 6.89–6.90 (m, 3H, Ar), 7.04–
7.21 (m, 16H, Ar), 7.26 (d, J=7.8 Hz, 2H, Ar), 7.32 (d, J=7.8 Hz, 1H,
Ar), 7.41 ppm (t, J=7.2 Hz, 2H, Ar); 13C NMR (75 MHz, CDCl3, Me4Si):
d=36.7, 57.4, 124.6, 125.0, 125.2, 125.67, 125.72, 125.9, 126.28, 126.31,
126.8, 127.1, 127.3, 127.6, 128.2, 128.7, 129.0, 129.7, 129.8, 130.07, 130.12,
130.5, 133.8, 134.9, 136.5, 138.7, 139.1, 141.2, 141.9, 144.63, 144.66, 146.0,
149.3, 152.0 ppm; IR ACHTUNGTRENNUNG(CH2Cl2): ñ=3055, 3023, 1597, 1489, 1441, 1265,
1074, 1030, 1003, 912, 771, 740, 697, 669, 649, 627, 619, 572 cm�1; MS
(MALDI): m/z (%): 636 [M+]; elemental analysis calcd (%) for
C50H36·0.75CH3 ACHTUNGTRENNUNG(CH2)4CH3: C 93.22, H 6.68, found: C 93.55, H 6.54.


Compound 4a : A yellow solid, m.p. 203–205 8C; 1H NMR (300 MHz,
CDCl3, Me4Si): d =1.49 (s, 3H, CH3), 1.51 (s, 6H, CH3), 1.70 (s, 3H,
CH3), 5.45 (d, J=7.2 Hz, 1H, Ar), 6.57 (t, J=7.8 Hz, 1H, Ar), 6.80 (t,
J=7.8 Hz, 1H, Ar), 7.07–7.10 (m, 5H, Ar), 7.19–7.47 (m, 12H, Ar),
7.51 ppm (d, J=7.2 Hz, 4H, Ar); 13C NMR (75 MHz, CDCl3, Me4Si): d=


23.0, 26.8, 27.0, 55.4, 63.5, 122.7, 123.9, 125.4, 125.5, 125.8, 126.4, 126.6,
126.7, 127.5, 127.8, 128.1, 129.0, 131.0, 131.6, 133.3, 136.5, 141.7, 142.2,
143.7, 146.0, 146.8, 149.5, 159.7, 163.9 ppm; IR (CH2Cl2): ñ =3057, 2911,
2840, 1597, 1490, 1440, 1361, 1265, 1077, 1035, 763, 740, 700, 623, 558,
551, 535, 527, 513, 506 cm�1; MS m/z (%): 540 (100) [M+], 541 (47), 44
(17), 167 (13), 165 (11), 542 (11), 43 (9), 91 (9); HRMS (EI): m/z : calcd
for C42H36: 529.2817; found: 529.2816.


Compound 5a, A yellow oil; 1H NMR (300 MHz, CDCl3, Me4Si): d =0.88
(s, 3H, CH3), 1.49 (s, 3H, CH3), 1.54 (s, 3H, CH3), 3.65 (s, 3H, OCH3),
3.66 (s, 3H, OCH3), 4.52 (s, 1H,=CH), 4.71 (s, 1H,=CH), 6.42 (d, J=


8.7 Hz, 2H, Ar), 6.47 (d, J=8.7 Hz, 2H, Ar), 6.66 (d, J=8.7 Hz, 2H, Ar),
6.90–7.03 (m, 7H, Ar), 7.13–7.24 (m, 6H, Ar), 7.36–7.39 ppm (m, 4H,
Ar); 13C NMR (75 MHz, CDCl3, Me4Si): d =20.8, 21.0, 23.3, 55.0, 55.2,
68.7, 112.56, 112.61, 115.3, 125.7, 126.3, 126.4, 127.2, 129.0, 130.1, 131.3,
131.6, 133.5, 133.8, 133.9, 134.0, 141.8, 143.5, 144.2, 146.9, 155.8, 157.7,
158.2 ppm; IR (CH2Cl2): ñ=3075, 3062, 3032, 2996, 2965, 2947, 2933,
2905, 2837, 2059, 1957, 1886, 1809, 1659, 1638, 1601, 1573, 1516, 1506,
1494, 1456, 1444, 1433, 1409, 1379, 1369, 1330, 1292, 1269, 1244, 1206,
1185, 1170, 1159, 1146, 1111, 1085, 1072, 1049, 1045, 1038, 1003, 989, 984,


Table 5. Sc ACHTUNGTRENNUNG(OTf)3-catalyzed reaction of VDCPs 1 l–1p with 2n.


Entry R1 R2 1 Yield of 5 [%][a]


1 p-FC6H4 p-FC6H4 1 l 5b, 86
2 p-MeC6H4 p-MeC6H4 1m 5c, 84
3 p-ClC6H4 p-ClC6H4 1n 5d, 96
4 p-MeC6H4 C6H5 1o 5e, 98
5 m,p-Cl2C6H3 C6H5 1p 5 f, 50


[a] Isolated yields.


Scheme 6. ScACHTUNGTRENNUNG(OTf)3-catalyzed reaction of 1k with 2n.
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974, 958, 941, 925, 909, 897, 885, 866, 849, 843, 825, 801, 787, 777, 766,
758, 746, 740, 729, 715, 701, 692, 683, 668, 658, 642, 631, 614, 600, 593,
580, 575, 569, 549, 540, 535, 526, 507 cm�1; MS (MALDI): m/z : 612 [M+];
HRMS (MALDI): m/z : calcd for C44H40O2Na+ : 623.2920 [M+Na]+ ;
found: 623.2920.
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